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Preface

RONALD BRESLOW

Department of Chemistry
Columbia University
New York. New York 10027

Bioorganic chemistry is a ficld undergoing explosive growth, or rather, it is a set of
expanding fields. Natural product chemistry, an area of classic concern, has new
targets and new methods; 1t now addresses many of the detailed questions about
metabolism formerly reserved to biochemistry. Mecanwhile, new techniques permit
chemists to perform the kinds of detailed studies on large biomolecules-—proteins and
nucleic acids—that were previously possible only on small molecules. Structure-
reactivity relationships and reaction mechanisms can be studied in enzymes. Finally,
our increased understanding of enzyme mechanisms has stimulated the growth of the
field of biomimetic chemistry, in which new molecules are designed and synthesized
with the aim of initiating enzymatic processes.

Although each of these areas of rescarch is the subject of myriad conferences, it
seemed time for a unifying scientific mecting at which some of the outsianding work in
the various areas of bicorganic chemistry might be presented. It is a strength of the
field that most bicorganic chemists can understand the entire range of subjects. and be
stimulated by hearing about them.

The International Symposium on Bioorganic Chemistry was held in New York
City on May 6- 8, 1985, under the sponsorship of the New York Academy of Sciences
and the International Union of Pure and Applied Chemistry (IUPAC). The conference
was organized by a committee of three: E. T. Kaiser. Koji Nakanishi. and Ronald
Breslow.

Although limited space and publicity prevented many active bioorganic chemists
from participating, we hope that this volume will convey some of the excitement of this
fic'd




PART 1. MIMICS OF BIOLOGICAL SYSTEMS

Attempted Chemical Construction of
Artificial Single Cells

IWAO TABUSHI

Kyoto University
Kyoto, Japan

INTRODUCTION

Biological activity of native single cells may be described by two important and
almost independent functions: the function of gene (G) and the function of the rest of
the cell, which provides chemical environment (E). Genetic science is then described
as

E
amino acid (precursor) + G — polypeptides. (h

Naturally, E is composed of a variety of elemental functions:

n

E-) E. (2)
Polypeptides thus prepared provide chemical functions, £, E, . ... . E, ., (j ~ m «
n), of which total E 1s partly composed. In genetic scncnce howcver the rest of the
functions, E,... . E, 1 E ..\ ... E,arcstill in a “black box,” which are afforded by

native cells such as E. coli, but are used in a way as yct unclarified. In order to study
the total G, there must be an alternative approach to studying the total E in the absence
of G to gain further insights into biological activity of native single cells:

E + energy + material — cell function. 3)

This approach will be supported if artificial cells with necessary function E. but
without gene are prepared.

The total function E may be prepared by the use of native polypeptides,
polysaccharides, and lipids, and/or corresponding artificial catalysts, Carricrs, recep-
tors, surface recognition elements, membranes, ctc. The chemistry of these artificial
speciality compounds has developed remarkably in this decade.

This paper describes how to provide E (in which some still uncertain functions are
involved) aritificially, in order to understand the chemical function of living single
cells.

FLUX COUPLING AND FLUX CONJUGATION CONTROLLING
ARTIFICIAL CELL DYNAMICS

Single cell systems are unique in that two topologically distinct aqueous phases are
present which are “insulated™ by a hydrophobic membrane of low permeability for ions
or hydrophilic substarces (see FIGURE 1). As a result, a free energy gradient can be
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applied across the membrane simply by changing the concentration of A. an ion or
other hydrophilic substance, in the exterior phase:

AG - RTIn i 4
A,

However, the “stimulation™ caused by this concentration difference has no effect if
the membrane is completely inert and its permeability to 4 is infinitely small. In the
presence of a mediator assisting the transport of A, simple passive transport takes
place. The flux of 4 now interacts with the “generalized force field.” X,. as described
by Onsager’s equation:

Jo=Lyg - AA + Ly, X (%)

The change of .\, thus induced may drive a new flux of another substance (or of energy,

exterior interior
aqg. aq.
phase phase

hydrophobic

membrane
FIGURE. 1. General picture of a single cell.

ete.), B.against the B gradient if there is an appropriate mediator for B. This is “active
transport”™ of B across the membrane:

Jyg- Lig- AB L X 6
This leads to “coupling™ of fluxes 4 to B

Loy |
Jo- Lo A4 Ly -2 .aB 0 — U, (T
L:p s

This simple situation becomes very exciting when we take clectron flux as a
coupling component.' * Nature uses this idea in the ATP synthesis system, in which
clectron flux is coupled to H° flux as shown by chemiosmosis theory (see FIGURE 2).
although the topological situation is much more complicated.*

In order to study the coupling of electron and proton flux in a simple, well-defined
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Ht
FIGURE 2. ATP synthesis driven by ATPase and proton gradient.

system. we have prepared artificial liposomes modified with Cyt ¢;, an eflicient
clectron channel, an exterior clectron source, and an interior electron sink (sec
ARTIFICIAL ENERGY-CONVERTING CELLS OF MITOCHONDRIA TYPE below). In carly
siages of the conversion. the observed “dynamic H™ permeability™ of /= coupled to J,
was 100 times larger than the H' permeability for the passive transport.' *

The total H* flux is then given by' *

d[H"],
di

=Jy coupled - P," [H],. (8)

ATP synthesis from ADP + P, is known to be driven in water by ATPase bound to
membrane when sufficient ApH (.~ 3) is applied across the membrane.®” Based on (9)
and (10), an artificial membrane least permeable to H* for passive transport and vet
capable of driving maximum clectron flux should be used for artificial single cells of
mitochondria type:

Ju~ coupled - J, )]
maximum [H '], - Jy~ coupled /Py, ". (10

When energy flux is introduced into the system, energy flux will be converted to
chemical flux. A typical example of such chemical flux generation is scen in
photosynthesis. Within the photosystem molecular assemblies, photon flux is converted
to electron flux. In order to clucidate this phenomenon, we have prepared artificial
single cells of photosynthesis bacteria type. in which viologen was used as an ¢lectron
carrier (sec below).” 2

When electron flux (in a form of V+ formation rate, r,. in the present system) is

o) _
D+A 2 O +A
I'O—

SCHEME 1
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+ e ++ + e +4
CuV' <———cuv CGV' G——CGV
16 3 ~ 99 % H,0 3¢ 99 3
WW/\"VVVVVVVVV\- MMM/W
84 3 <19 CHCL 97 ¢ <1

SCHEME 2. Phase transfer of viologen cation radical.

generated in aqueous phase [ (exterior) of an artificial liposome system, it can be
“conjugated”"’ with electron flux from outer aqueous phase to membrane, J,* . leading
to accumulation of V* in the liposomal membrane, or to decrease in the V* con-
centration in the exterior aqueous phase to suppress undesired side reaction. When an
appropriate final electron acceptor is present in the phase Il (interior aqueous so-
lution), then electron influx J,* is again “conjugated™ with interphasial flux /,* and
further with r, the internal electron flux “convergence.” Now a new V?* flux
“emerges” (see SCHEMES [-3)."" This situation is depicted in ScHEME 1. This
conjugation between fluxes at different topology leads to a quasi (short-lived) steady
state shown in (11}; (12) gives the stable steady state (see also FIGURES 2 and 3):

ro=J, = Jt =, (1)
ro=Jy = —r = J = I (12)

The phase transfer fluxes are independently measured in two phase systems. Some
of our preliminary measurements of phase transfer rate constants are listed in TABLE 1.
An example of independent flux rate measurement is shown below for J,*. Exterior
phase transfer flux is given by

‘In: = k4r~m [V:]osn - krrr~u [V:]mso' (13)
++ +4+

J

<__-__0__— _——l _____
A

r'o Y'l

st J.-

(o] |
[ > C >~ =

\
\

SCHEME 3. Flux conjugation.
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0 1 9 1
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where rate constants &, ., are obtained by rapid mixing of an aqueous V* solution with
a solution of liposome containing either 1-naphthol or anthracene as a fluorescence
probe in the hydrophobic core. Fluorescence quenching rates are then measured. Rate
constant k,_, is obtained from k, .,, and two-phase equilibrium constant, K -
Ko em/ K s 1s independently measured.

The steady-state concentration of (V*); (see FIGURE 3) calculated from (12) by use
of independently measured rate constants is in a good agreement with the observed
value.

The interphasial fluxes (conjugation fluxes) are driven by the potential gradient
temporarily applied at the interphases, which is simply produced by (1) overloading of
V* at the photocenter, and (2) limited rates of the phase transfer at the interphases.

Thus, flux conjugation and flux coupling play important roles to control dynamics
of artificial single cells. Based on the concept, total functions of native cells are

TABLE 1. Rate Constants of Viologen Cation Radical-Liposome Association and
Dissociation

Rate Constant

Alky! Viologen V;i»-N;pAhilhol 7 Antilrécene K!m(s"'cm )
C,V? (7.6 + 0.8) x 10°° 16 x 10°% (1.6 +02)x10*
CVt (40 + 1.0)x 10°° — (29 £+ 0.6) x 10°°

C.V! (3.5:20)x 10} 2.5 % 10°° (1.3 +04) x 10°*
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conveniently mimicked by the use of optimized molecular system, as will be discussed
later.

ARTIFICIAL PHOTOSYNTHETIC CELLS OF BACTERIA TYPE*"

Some bacteria are capable of storing energy by producing compounds of higher
~ AG’ (or — AH’ ) photosynthetically from compounds of lower —AG” (or —AH’ ) and
photon energy. A simplified scheme for the overall chemical events involved in bacteria
photosynthesis is given in SCHEME 4. Usually bacteria use H,S, SO,?", or other

h * +
» — + e (charge separation)
e t @ - @ (electron transport)
®_ + A ——» @ + A
AL ——» P (reduction end)

red
@+ » —e(E) ¢ 0

pt —— o
OoX

(oxidation end)

PS = photosystem

ET = electron transport system
A = acceptor

D = donor

SCHEME 4. Schematic description of the chemical events involved in bacterial photosynthesis.




TABUSHI: ARTIFICIAL SINGLE CELLS 7

++

TSO3NaPP

(or Zn-+*TPPS)

PS: (Zn }

ET: R-ND) P n-r

D: NaZSO3 (same as native bacteria)
A: FMN'
+ . .
NAD (same as native bacteria)
P : FMNH, NADH
red

SCHEME 5. Compounds used in artificial photosynthesis.

inorganic weak reducing reagents (SCHEME 4) as electron donors (D) and NAD* asan
electron acceptor (4). Bacterial ferredoxin and NAD (NADP) reductase are used as
electron transport catalysts (ET). These important species were found to be replacable
by the simpler artificial compounds shown in SCHEME 5.

One of the serious problems in the artificial systems is the undesirable *‘back
reaction” between the charge-separated species:

*+e-solv—’
® O -6 6
++ Pm,—'+A
etc. (14)

This reduces quantum yields of the photosynthetic products (P, and Po,) considera-
bly. Nature uses organized molecular assemblies for the electron transport catalysts so
as to retard the back reaction. Electrons are transported from the electron donor to the
electron acceptor in a “vectorial flow.”
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One of the best ways to mimic this strategy of “‘vectorial flow” is to use an interface
or a membrane modified with an efficient electron transport catalyst.'*'* When an
appropriate potential difference is applied across the membrane, electron transport
becomes “vectorial,”” as shown in SCHEME 6.

The successful preparation of electron transporting membranes should make it
possible to retard satisfactorily the back reaction between charge-separated species,
provided the connection between the electron transport reaction and the charge
separation is efficient. The problem of how to provide the ideal connection was solved
after detailed studies of the participating membrane kinetics. Based on these kinetic
studies, a simple model system, or “artificial bacteria,” was designed and prepared (see
SCHEME 7).

Monotonic decrease of reduction potential in the order ZnP* » RV® » FMNH
made the electron flow in FMN type efficient (see SCHEME 7). However, for

liquid
aqg membrane aq
o
+ //7 FeIII "yvectorial"
RV > electron flow
Q

Q : Hydrophobic quinone or

Alkyl viologen

SCHEME 6. Typical artificial membranes for accelerated electron flow.

NADH-type artificial cells, electron flow became much less efficient due to the very
slow electron convergence reaction

2VY 4+ NAD* + H* —2V?* + NADH.

This problem was solved by our recent finding that colloidal Pt remarkably
catalyzes the conversion. Artificial cells having colloidal Pt and NAD" in only the
interior phase were successfully prepared by making artificial liposomes containing
NADH and K,PtCl, in the interior phase, followed by ultracentrifugation, brief
dialysis against buffered water, and rapid gel filtration. Rapid photolysis of the
functionalized cells and treatment with O, gave the cells with colloidal Pt and NAD".

The effectiveness of the total artificial system is closely dependent on the
experimental conditions, such as concentrations of the components, pH. or intensity of
light. The whole chemical conversion is well analyzed based on the flux conjugation
together with elementary kinetics.

ARTIFICIAL ENERGY-CONVERTING CELLS OF MITOCHONDRIA TYPE

As discussed above, photon energy may be stored in the form of an oxidation-
reduction potential gradient across the “functionalized™ membrane of artificial cells.
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A remaining problem is the conversion of the oxidation-reduction potential gradient
into other forms of chemical energy such as concentration gradients or high-energy
linkages. A typical example of the encrgy conversion in living systems is respiration
(oxidative phosphorylation), where ATP is synthesized from ADP and P; during the
complex exoergonic oxidation of organic compounds (nutrients) with molecular
oxygen. Respiration (oxidative phosphorylation), however, involves a very sophisti-
cated and complicated system and hence is not very appropriate as a first target to
mimic. Instead, the energy conversion system in the SO,”  reducting bacteria, one of
the most primitive energy conversion systems in nature, was chosen as our first target
for chemical mimicking, or total functionalization (reconstruction of total function)
(ScHEME 8)."™*

A great deal of difficult chemistry is involved, even in this very simplified chemical
equation. One of the most difficult aspects involved in this equation seems tc be the
mechanism of *“‘coupling” between two independent reactions, the oxidation-reduction
reaction (15) and the dehydration (16) in aqueous solution:

(PFe"), + SO, + 2H" - (PFe'™, + SO.*" + H,0 (15)
ADP + P, - ATP + H,0. (16)

“Chemical osmosis theory™ seems to be a most plausible concept for interpreting

2H III

(RH,) cevTes ‘\ /'503= + ATP + 2H,0
oxido-

hydrogenase reductase

2H+ II_/ \ = +

cyt—c3 SO4 + ADP + Pi + 2H

(R + 2HY)

SCHEME 8. Simplified total chemical function of sulfate-reducing bacteria.

the coupling process. Unfortunately, no detailed information is available to help
understand the mechanism. In order to gain further insights, artificial liposomes with
various chemical modifications were prepared (see FIGURE 4). Cyt ¢, was prepared
from Desulfovibrio vulgaris Miyazaki and carefully purified as reported previously.
The efficient electron-transporting enzyme, Cyt c;, has four heme units in a single
protein of MW 13,900 as shown in FIGURE 5.

When aqueous Na,S,0, was mixed with one of the above artificial liposomes with
electron-transporting capacity, a rapid reduction of the interior K,Fo(CN), was
observed. For the artificial liposomes modified with Cyt ¢, the electron transport rates
were extremely large. Interestingly, in this system, the observed kinetics were second
order with respect to Cyt c;. By contrast, artificial liposomes modified with Cyt ¢ or
n-butyl viologen showed only moderate (C,V2*) or small (Cyt c) rate enhancements
and first-order dependencies. Based on these kinetic investigations, the formation of
electron channels by the self-aggregation (or “self-organization™) of Cyt ¢, molecules
was proposed (FIGURE 6).

In appropriately modified artificial liposomes containing an electron transport
catalyst, the rate of the observed electron flux (driven by the large oxidation-reduction
potential gradient across the lecithin bimolecular membrane) was much faster than the
rate of spontaneous H* or metal ion flow. According to the “fux coupling”
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III,.
I

Fe (1) Lip_.cyt—c3

Q111 Lip~.c vt

(i) CNDS (1) 4

Similarly, F

FelTT(i)+CNDS(i) | Lip -cyt-cy
: .= ++
FelTT (1) cwps(i) | wLip -c V' -cyt-c,
relll(i) | Lip .cyt-c
OH
HO3S cl
CNDS @@
SO3H

FIGURE 4a. Artificial liposome modified with oxidant and Cyt ¢;,.

mechanism, remarkably accelerated ion flux must also be produced:

H,0" (or M*) cotransport
and/or

OH " (or X ") countertransport.

Cotransport of H;O" and countertransport of OH™, combined, give rise to the H,0*
concentration difference generated across the membrane. The H;O™ concentration
difference was obtained from the absorption change of an indicator, CNDS, contained
in the interior of the liposome.

egg lecithin bimolecular membrane

@® n-butyl viologen

@) K;Fe (CN) 4

Lip~ cardiolipin - lecithin

. .- ++
FeIII(l) I Lip -C4V

FIGURE 4b. Artificial liposomes modified with oxidant and viologen.
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"gable"~type
conformation

Fe porphyrin

FIGURE §. Conformational characteristics of four heme units in Cyt ¢;.

Interestingly,

+
HBO transported = Ctransported

at the initial stages of the reaction (see FIGURE 7).

When the buffering action of the indicator is taken into consideration, a ApH value
of 3.8 in the absence of indicator was calculated. This pH difference, generated across
the membrane, is large enough for ATP synthesis in the presence of ATPase.

The situation, therefore, may be schematically depicted in SCHEME 9. In order to

)

a — — slow electron flow

(
")

Na28204 rapid electron flow

FIGURE 6
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test the first step of the above scheme, H, was used as the simplest nutrient.
Sulfur-reducing bacteria use hydrogenase to assist the first reaction. Aithough the
structural aspects of iron-sulfur cubic complexes, the essential catalytic group of
hydrogenase, have been well documented, no artificial iron-sulfur cubic complex is
known to have both satisfactory oxidation reduction potential for hydrogenase activity
and satisfactory stability in water. Colloidal Pt, however, has been shown®? to be
extremely efficient in the production of H, from H,0* or H, mediated TPP - Mn™

8
X 10 “eqy
181 o
:L
1.0
[
- —
Rl SRR AP
ii-o
" 1 L . L \ L " i " "IILL
0 100 200 2000 sec

FIGURE 7. Amount of H;0* transported vs. amount of e transported. Indicator, CNDS.

reduction in the P-450 type O, activation-oxygenation system.’*?” These observations
demonstrate that colloidal Pt catalyzes the following interconversions:

col Pt + H—H == col Pt~ + H—H"*
7
colPt™ + Ox —col Pt + Ox".

It may be used as a hydrogenase model. Therefore, the artificial liposomes with
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electron transport capacity were treated with H, in the presence of colloidal Pt in the
exterior phase. Very rapid electron flux from external H, to interior Fe'! was observed.
At the same time, a pH gradient was generated across the membrane by the H* flux
coupled to the energetically downhill electron flux (see FIGURE 8).

For mimicking mitochondria cells, two important key reactions must be known: (1)
efficient electron flux generation using an ordinary nutrient or NADH. and (2)

large oxidation-reduction potential

gradient across the membrane (nutrient)
[functionalized membrane] L

extremely accelerated electron flux

[flux coupling]

\

H3OJr cotransport

HO™ countertransport

[small permeability
of H', OH ]
large pH gradient

[ATP synthetase activity]

ADP + P, = ATP + h,0

SCHEME 9. Generalized molecular mechanism interpreting coupling between oxidation/
reductton and ATP synthesis.

efficient electron flux convergence using O,. We have found the following reactions to
be satisfactory candidates:

col Pt .
NADH + v?¥ — NAD" + V= (18)
as electron flux generation, and
col Pt

\/: +P. Fc'M — VIt L P. Fc" (19a)

P.Fe'+ 0, p. Fe"Oz (19b)
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+

C“V

FIGURE 8. Artificial bacteria metabolizing H, to generate pH gradient.

P.Fe". 0,4+ P.Fe"  —P.FM". 0 O-Fep (19¢)
~~-~P.Fe""—O—Fe". p (19d)
~--=P. e (19¢)

as electron flux convergence, where P is an appropriate porphyrin.

Under the conditions where P . Fe'' - O, is reasonably stable and reactions (19¢)
through (19e) can be neglected. H* flux coupled to the rapid electron influx may
generate pH gradient across the membrane. As much slower steps, (19¢) and (194)
regenerate the initial P - Fe'" state. Therefore, an artificial single cell of mitochondria
activity was provided by following the molecular system shown in SCHEME 10.

O2
NADH vt ——— oll.p
| . { ) 5. () rellpoo,
NAD <« ~——ta yi A prrell
+ slow
H > +
H
exterior membrane interior

SCHEME 10. Artificial single cells of mitochondria type.
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ARTIFICIAL OXYGEN TRANSPORT SYSTEMS

For continuous operation of artificial cells of mitochondrial type, a constant supply
of O, to the interior of the artificial cells is necessary. O, permeability across ordinary
artificial membranes is shown to be considerably high. Therefore, artificial cells
incorporating artificial oxygen transporting molecules are necessary and sufficient for
the total functionalization of the respiration system.

Nature uses the hemoglobin/myoglobin (H,/M,) couple for efficient O, transport.
An important principle underlying the efficient O, transfer from H, to M, is so-called
“allosterism.” A mechanism for the H, allosterism is very much complicated but
reasonably well established, as shown in FIGURE 9.

Recently we have prepared an artificial allosteric molecular system which binds O,
or CO cooperatively.”° The molecular system consists of Co or Fe gable porphyrin
(20), and a dimeric ligand bridging two subunits of the metallogable porphyrin.

M M!
a Co Co
@ b Zn H2
% c Zn Zn
& d Fe3+ Fe 3+
e Fe2+ Fe2+

(20)

The allosteric O, or CO binding is understood based on the mechanism involving T
(tense) to R (relaxed) form conversion by the O, (CO) binding at the first subunit,
followed by cleavage of the intersubunit bond, as shown in SCHEMES 11 and 12. The
intersubunit bond cleavage induces the structure change from 7 to R at the free
(deoxy) subunit. Thus, second O, (CO) binding is much favored over the first, leading
to observed sigmoid adsorption characteristics (see FIGURE 10). This sigmoid behavior
provides O, transfer capacity from the dimeric porphyrin (gable) - metal complex to
the corresponding monomeric porphyrin . metal complex.




20 ANNALS NEW YORK ACADEMY OF SCIENCES

CONCLUSIONS

Total chemical functions of native single cells were successfully provided by
appropriate modification of artificial liposomes (“total functionalization™ of single
cells). The nonequilibrium dynamics in the artificial single cells are satisfactorily
described by flux conjugation and flux coupling. Further sophistication of the
molecular system was achieved by the addition of a suitable supporting molecular
system such as artificial O, transport couple.

1.0p 4o 160 D710
s
e
] ; n=1.5
0.5} ¢
H A A [} i
0 200 400 600 800 (torr)
P
9,

FIGURE 10. Partial O, pressure vs. fractional saturation. O: (TPP) = Co' (L); @: (gable) Coll
(£): —20°C, DMN. [Co} (gable)] = 2.0 x 107 M, [L-L] = 15 x 10~ M; Co(TPP) = 2.0 x
1075 M, [L] = 0.04 M.
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Synthesis of a Partial
Transacylase Mimic”

DONALD J. CRAM, PATRICK YUK-SUN LAM,
AND SIEW PENG HO

Department of Chemistry and Biochemistry
University of California at Los Angeles
Los Angeles, California 90024

The design and synthesis of enzyme mimics stands at the confluence of three streams of
research effort. Sufficient structural and mechanistic information about some enzymes
is available to guide the organic chemist in his projection of model “active site”
assemblies of functional groups for binding and catalysis. Sufficient methodology is
available to allow long synthetic sequences to be designed that lead to target
compounds of required molecular weight and complexity. Physical methods have been
developed to monitor the progress of such elaborate syntheses and to determine at
intermediate stages whether the groups already in place perform their envisioned
tasks.

We assume in this research that the catalytic activity of enzymes depends mainly
on the composition and organization of their active sites. It is likely that the massive
protein support structures of enzymes can be substituted with simpler moieties without
substantial loss of their catalytic power provided the synthetic support structure makes
the same provision as does the enzyme for the subtle mechanistic requirements for
catalytic activity.

PRINCIPLES THAT GUIDE THE DESIGN OF ENZYME MIMICS

Complexation between host-catalyst and guest-substrate is central to attempts to
design enzyme mimics. Host-guest complexation collects and orients the reactants and
catalytic groups so they act cooperatively in lowering the activation free energy for the
rate-limiting steps of the reaction being studied. Several principles guide our host
design. Although these principles are self-evident in retrospect, large numbers of single
observations led to their explicit formulations. Our research group would have saved
much effort had the following principles been recognized early and applied rigorous-

ly:

1. The principle of complementarity requires that in complexes of substantial
stability and high organization, the binding sites of host and guest components
must simultaneously contact and attract one another.! Useful binding frec
energies range between 5 and 15 kcal mol ', and are too low 1o provide for
deformation or compression to accomplish contacts between binding sites.

2. The principle of preorganization requires that the more highly hosts and guests
are organized for binding and for low solvation prior to complexation, the more

“This work was supported by grants from the U.S. Public Health Service and the National
Science Foundation, which the authors gratefully acknowledge.
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stable will be their complexes. Complexation in many systems is essentially
organized solvation. It competes with nonorganized solvation. Thus. strongly
binding hosts and guests should be maximally organized during their synthesis
rather than during their complexing acts.'

3. The principle of role differentiation requires that each binding and catalytic site
of a host must have properties that uniquely qualify it for its individual task.
Presume 4, B, C, and D are binding or catalytic groups of a host-catalyst
designed to interact with guest sites 4, B, (', and D', respectively. If A, B, C, or
D strongly bind each other, their involvement with guests has been at least
partially preempted. If 4 interacts with not only A4’ but also with B', B with
either B or ("', etc., a variety of nonproductive complexes result. and structural
recognition is reduced.

0 . 0
" " 25

R-(‘:H-E-O-@-Noz + ResH ——s R-CH-E-5-R' + Ho<O)No,
NH:y OAc” E”'%‘L'Z NH3 OAc”

reaction
chiral  Site

cea iV Ing

complexation —'UL Cz

»
[}
7

(Y]
O0—CH
@ \sk’°\J ?

Open chain model
(poorer complexer)

Popain model (SH nucleophile in transacylation)

Trypsin model (amine group of substrate is complexed)

SCHEME 1. Catalysis by complexation in transacylation.

A PARTIAL PAPAIN MIMIC

In an early paper,”’ a chorand binding site was combined with a chiral steric
barrier and a thiol nucleophile to provide host-catalyst (1) in SCHEME 1. This compound
was found through use of Corey-Pauling-Koltun (CPK) molecular model examination
to be complementary to amino acid ester salts. The complex involved tripod-binding of
R-NH," toa 20-crown-6 assembly of ether oxygens in such a way as to locate the ester
group of a bound guest proximate to the thiol nucleophile of the host. The rate of
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transacylation of the host by the guest in 80% CH,Cl,-20% EtOH was up to 10’ times
faster than the rate of acylation of the noncomplexing model compound (2) in SCHEME
2. As predicted from model examination, S-host reacted nearly a power of ten faster
with the ester of L-valine than with that of D-valine. Ester hydrolysis of the covalent
intermediate occurred at much slower rates. This system models some of the features
of the acylation of the enzymes papain and trypsin. These documented, and later,
preliminary accounts of others using chorand binders and thiol nucleophiles*® pointed
to the feasibility of designing more sophisticated models of the transacylases.

DESIGN OF PARTIAL CHYMOTRYPSIN MIMIC

Inspired by the extensive knowledge of the structures and mechanism of action of
chymotrypsin and other serine transacylases®’ (see SCHEME 3), we set out on a totally
synthetic and physical organic approach to modeling these enzymes. Their catalysis
involves formation of enzyme-substrate complexes, acylation of the enzymes by the
ester or peptide substrates, followed by hydrolysis of the acylated enzymes to provide

Mechanism R-ﬁ-x + Enz~OH = Enz-OH - R-%-X
peptide or complex
ester

Enz-OH-R—(I:I-X = Enz—O—(lfl,—R +HX

—0-C— — —OH+
Enz-0 g R+ H,0 Enz—OH+ RCQH

Active site /
.H-N
. o

o)
ASP-—( C—\ O—Ser
0 H=N_N-H \_
= H\/’ Nucleophile
is

Proton transfer
cotalyst

SCHEME 3. Serine transacylases.

turnover. The active sites combine a complexing site with three proximate groups: a
serine hydroxyl that acts as a nucleophile, a histidine imidazole that provides for proton
transfers, and an aspartate carboxyl hydrogen bonded to the imidazole complcting a
proton relay system.

With the help of CPK molecular models, we designed the target host catalyst (3),
which combines the four structural features common to the serine transacylases
(SCHEME 4). Although (3) is much simpler than any of the enzymes, its total synthesis
represents a challenging and demanding research problem. Accerdingly. an incremen-
tal approach was developed in which the various parts of the catalyst could be
assembled and tested through a series of intermediate compounds of increasing
complexity.® '°

The strategy involved the following steps (SCHEME 5):

1. Compound (4), which contains only the binding site, was prepared and tested to
see if it strongly complexed alkylammonium ions to give complexes of expected
structure.’
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0
[}
Nucleophile A'\O/C\C',R
H\&,H
) +
Proton transfer H
Guest

catalyst

(3)
Host (target catalyst)

SCHEME 4. Hypothetical mimic.

@ fés:\"’j (o)

EH’ | fq% . | o RN/RyNHCIO,
0¢" o¢
CH3 N* > CHy CH3 N*:s CHy

N

(4) (5

0

(6) I (no added (3) (target
base) catalyst)

SCHEME S. Incremental approach.
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. A nucleophilic hydroxyl and the binding site were combined in compound (5). Its
acylation rate in the presence of an external base was compared to that of
compound (6), which contains no binding group.’

3. In (7), the binding site, the hydroxyl, and imidazole groups occupy their desired
places relative to one another.'® Its acylation rate was compared to that of a
mixture of (6) and phenylimidazole."'

4. Compound (3), which has not yet been synthesized, combines all of the features
of (7), as well as a carboxyl group hydrogen bonded to the imidazole. When in
hand, its rate of acylation will be compared with those of (5) and (7).

DESIGN OF SYNTHESES

A synthetic scheme for (4), (5), and (7) was devised that allowed the synthesis of (4)
to model that of (5), and that of (§) to model that of (7). In all three syntheses, trisurea
compound (8) is subjected to macrocyclic ring closure with the appropriate m-xylyl
dibromide spacing unit. The highly convergent synthetic plan for (7) is outlined in the
retrosynthetic flow sheet (SCHEME 6). Notice that a relatively rigid quaterphenyl unit
composed of benzene rings 4, B, C, and D in (7) is used to hold together the binding site,
the nucleophilic hydroxyl, and the imidazole groups.

SYNTHESIS AND PROPERTIES OF MODEL COMPOUNDS

The syntheses of model compounds (4) and (5) utilized 2,6-dinitro-4-methylanisole
as a starting material, and were accomplished by conventional reactions (SCHEME 7).'
Two different methods of closing the cyclic urea rings were used, ¢ — 10,and 11 — 8.
The trisurea compound (8) is very slightly soluble in water. Compounds (8), (4), and (5),
which contain the three cyclic urea units, all strongly complex water, and are difficult
to obtain in a completely dry state. The synthesis of dibromide (12) is trivial. The
general method used to prepare dibromide (13) is indicated in the retrosynthetic
sequence (SCHEME 6).°

Host compounds (4} and (5) were both found to complex strongly alkylammonium
salts in CDCl;. Complex (14) formed crystals suitable for X-ray structure determina-
tion. To the last detail, the crystal structure turned out to be that expected from CPK
model examination made when this research problem was at its conceptual stage. Since
inhibition of catalysis by competitive complexing guests was part of the research plan,
host (4) was also designed to bind Na™. In the absence of suitable crystals of the Na*
complex of (4}, the crystal structure of a similar complex, (15), was determined. and
found to possess the anticipated structure plus a mole of water ligating the guest
(SCHEME 8).

SYNTHESIS OF HOST CONTAINING BINDING SITE,
HYDROXYL, AND IMIDAZOLE

The synthesis of host-catalyst (7) is portrayed in retrograde and abbreviated form
in the previous section (SCHEME 6). In this section, we discuss the assembly of the
quaterphenyl A-B-C-D system with its attached substituents with their protecting
groups. The overall synthesis of (7) from purchasable starting materials took thirty
steps, and gave an overall yield of 0.9%. The synthesis is noteworthy as much from the
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OCH, OCHs O  OCHj
O,N No, NFe HO o NS NO,
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CHy Hy CHs
9 5h%

Br (CH, )48 Qs 0 e e

r (CH. r e,

i’ OZN NB\N Noz —_—
NoOH N

CH3 CHs
(1) 70%

AHH
OCH, o OCHj N
NH, 1) C|(CH2)3NCO Ao )
k/’ 2)' BuOK @0 o '9;@
CHy it CH
CH3 '@3 CHy

ity 982 8) 65%

/H Wy
/j OCH3 o CH3 J:j
CH) Br -—’ CH3
Pt N & S0,
H3

(8 (12)

N/H N
eH C
° 30 1) NaH N
C"! —_— ij_g
Br 2)HBr 0 D-
CH3 N N CH3

(8 (13)

SCHEME 7. Syntheses.
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absence of standard chain- and ring-building reactions encountered in natural product
synthesis as it is for the variety of relatively new rcactions employed.

Ring A started in the form of m-bromoacetophenone, which was protected by
formation of its ketal of cthylene glycol (SCHEME 9). Application of the Negishi

tH;
féw GH3
(NIo C“’oi:j g A CDCly Q c"‘noj‘:.‘j

{
CUSD o ,Nt 250 C::%CH
CHy R | °H éH’jS”:
chi ni CHs H cHS k)N CHs
4) U

(14)
Host Guest Complex

MODELS CRYSTAL STRUCTURES

o
L
N

14

SCHEME 8. Complex formation.

coupling reaction'? to this ketal and o-diiodobenzene, the source of ring B, produced
after hydrolysis iodoketone (16). Compound (16) was converted by the reactions
indicated" into (17), which contains a trityl-protected imidazole on ring A and an iodo
group on ring B.
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The assembly of rings C and D makes use of the Meyer’s aryl-aryl coupling
reaction' (SCHEME 10). The dimetallated Grignard reagent formed from 2,5-
dibromotoluene (the origin of ring () acted as a nucleophile to displace the active
fluorine of compound (18)."* The less hindered position of the bisorgano-metallic
reacted with (18). The reaction mixture was quenched with bromine to regenerate the
aryl bromide of (19). The standard reactions that are formulated were used to convert

1} 1-BuLi, ZnCl2
—_—erp
2) Pd-4PPh3

(220 85%

O(CH2CHR)20
Ha0*, 60°C

(25) 100% 1260 60%

SCHEME 11. Syntheses.

(19) into (21), which contains the C-D rings. three protected hydroxyl groups, and a
bromine in the appropriate positions.

The unsymmetrical Negishi'? aryl-aryl coupling reaction (SCHEME 11) was applied
to compounds (17) and (21). Compound (17) contains the A4 and B rings, compound (21)
the C'and D rings. The product, (22), obtained in 85% yield, contained four protecting
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M

CHCly, 25° | .
_—— = . CHs "HnH 104~ + p=NO,CeH,OH
RaN, RyNHCIO, o H ,oJ:Oio‘ R~ NCCeHd

CH3 Nﬁ:s

(30)
SCHEME 14. Templated transacylation.

Acylotion by CHy-CH-CO,CeHgNO,- in CHCly ot 25°%C
+

NH
® o4

; 40
@ * RyN/R,NHCIO, Clooj‘;j

CH R.N/R,NHCIC,

3 ¢ Ry 3 4
l ,

CH: U CHy

6) )
1 ~10" (no NaClOq )
~10° (1mole NaCIO,)

SCHEME 15. Kinetics. R;N/R;NHCIO, buffer, first order in buffer ratio. Calculated second-
order rate constant ratios, based on uncomplexed starting states.

H
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groups. The oxygens associated with ring D were desilylated and converted with
N-bromosuccinimide (NBS) and triphenylphosphine into (24) without disturbing the
trityl or methoxymethyl groups. Dibromide (24) was unstable, and had to be used
immediately. This instability might be associated with the proximity (clearly visible in
CPK madels) of the nucleophilic imidazole and the eacilv disnlaceable bromines. Since
compound (26) combines the nucleophilic hydroxyl with the imidazole but does not
contain the complexing group, it was needed for kinetic comparisons. Hence, the two

e
; " LX)

[]
¢ A
R-NO,CHO™ Nc=CHy CH3
i, 0 0
H A R
H CHy CH3

2y 9% k)

+ R- NO,CHOH

(31

SCHEME 16. Templated transacylation,

hydroxyl groups of (23) were methylated to give (25), whose protective groups were
removed with strong acid to produce (26).

The important ring-closing reaction of (8) with (24) gave (27) in 68% yield (SCHEME
12). This compound was detritylated with weak acid to produce (28), whose methoxy-
methyl protecting group was intact. This compound (28) was nceded for kinctic
comparisons. With stronger acid, (27) gave target compound (7}, which combines the
complexing site with the nucleophilic hydroxyl and imidazole groups all proximate to
one another.
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COMPLEXING ABILITIES OF HOSTS

The tHree hosts, (4), (5), and (7), all contain an assembly of three cyclic urea groups
whose carbonyls converge to provide a binding site. Their abilitics to bind methylam-
monium and sodium picrate guests were measured by determining the distribution

host.!® The host and its complexes are virtually insoluble in the D,O layer, and the
picrates without the host present are nearly insoluble in the CDCl, layer. From the
results, the association constants (K,, M ') and free energies of complexation (- AG°,
kcal mol ') were calculated (SCHEME 13). The latter are recorded beneath the
formulas of the hosts.™'® These values, particularly for (4), are among the highest we
have observed for CH,;NH," picrate ~. The decrease in binding in passing from (4), to
(5), to (7) is attributed to the need to break an increasing number of hydrogen bonds to
the water that must be displaced from the cavity by the guest during complexation.

ACYLATIONS OF HOSTS

Host (5) was mixed with the p-nitrophenyl ester of alanine perchlorate salt (29) at
25°C in CHCl,. The solution contained diisopropylethylamine (R;N) buffered with its
perchlorate salt. The host underwent essentially instantaneous acylation to give (30) in
ScHEME 14, The rate of the reaction was followed under saturation kinetics conditions,
and was found to be first order in buffer ratio. Thus, the alkoxide ion appears to be the
nucleophile. From the results, a second-order rate constant was calculated based on
uncomplexed starting states for (5) reacting with (29) in SCHEME 15. This rate constant
is greater by a factor of ~10" than the second-order rate constant for the reaction of
model compound (6) with (29) under the same conditions. This large factor is composed
of a K, value of about 10° M~! for complexation of (5) with (29), and a ks/k, factor of
about 10° M. When the competitive inhibitor, NaClO,, was added to the reaction
mixtures, the second-order rate constant factor decreased to ~10° (ref. 9).

As hoped, when (29) was mixed at 25°C with (7) in CDCl,, transacylation occurred
rapidly in the absence of added basc to give (31) in SCHEME 16. This compound in turn
acylated traces of water much more slowly in the medium. The kinetics of these
reactions, those of model compounds (25) through (28), and that of 4-phenylimidazole
will be reported elsewhere.
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Recent Studies of Supramolecular
Catalysis and Transport Processes

JEAN-MARIE LEHN

Institut de Chimie
Université Louis Pasteur
670n0} Strasbourg, France
and
College de Frunce
75005 Paris, France

A molecular receptor bearing reactive sites in addition to binding sites may act on the
bound substrate, thus becoming a supramolecular reagent or catalyst. If it is fitted with
lipophilic groups that allow it to dissolve in a membrane and extract its substrate into
it, it may act as a carrier molecule. Thus, the functional properties of the supermole-
cule formed by binding o a suhstrate to a receptor cover molecular recognition,
catalysis, and transport."” The latter two functions perform two main operations:
substrate binding (which occurs with given stability, selectivity, and kinetic features)
followed by a chemical transformation (reactivity, catalysis) or a physical transloca-
tion (transport).

SUPRAMOLECULAR REACTIVITY AND CATALYSIS

Supramolecular catalysis, catalysis within a supermolecule, involves substrate
binding followed by reaction with the bound species and thereafter, release of the
products, regenerating the catalyst for a new cycle (FiG. 1).

The design of efficient and selective molecular catalysts may give mechanistic
insight into the clementary steps of catalysis. provide new types of chemical reagents.
and allow us to set up model systems, “‘artificial enzymes™ revealing factors which
contribute to enzyme catalysis.' ¢

Binding and Catalysis on Cationic Substrates

Our earlier work in this area made use of the ability of macrocyclic polyethers to
bind primary ammonium cations for performing chemical reactions on such substrates
bound to an appropriately functionalized macrocycle, as shown in (1).

Hydrogen transfer from 1.4-dihydropyridyl side chains attached to a chiral
macrocyclic ammonium receptor (derived from tartaric acid) to bound pyridinium
substrates, as shown in (2), was found to occur at enhanced rates. Addition of a
complexable cation, which displaced the substrate, inhibited the monomolecular
intracomplex reaction and made it bimolecular.’

Cleavage of activated esters has been induced with the tetra-L-cysteinyl derivative
of the same macrocycle; it binds p-nitrophenyl (PNP) esters of amino acids and reacts
with the bound species, releasing p-nitrophenol at various rates as shown in (3). The
intracomplex reaction displayed substrate selectivity with marked rate enhancement in
favor of bound dipeptide esters such as glycyl-glycine-OPNP in (3), inhibition by

41
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(1)

complexable metal cations, and high chiral recognition between the enantiomeric
dipeptide esters Gly-L-Phe-OPNP and Gly-p-Phe-OPNP, the former reacting more
than 50 times faster than the latter.®

NO,

0, SH
HS ! H,cooa

SH SH

2) 3

Activation and orientation by binding was observed for the hydrolysis of
O-acetylhydroxylamine. In view of the high binding constants displayed by the parent
macrocyclic tetracarboxylate,” CH;COONH,;’ forms such a stable complex [~10°
M ' in aqueous solution, see (1) with X = CO, and R = CH,COO] that it remains
protonated and bound even at about neutral pH, despite the low pK, of the free species
(~2.15). As a consequence, its hydrolysis is accelerated (by a factor of about 20-30)
and exclusively gives acetate and hydroxylamine, whereas in presence of K' ions,
which displace the substrate, the latter rearranges to acetylhydroxamic acid
CH,CONH-OH (~50%)."
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Binding and Catalysis with Anionic Substrates

The development of anion coordination chemistry and of anion receptor mole-
cules'? has made it possible to perform molecular catalysis on bound anionic substrates
of chemical and biochemical interest. In view of its fundamental biological role and of
the numerous studies performed on it, adenosine triphosphate (ATP) is a polyanionic
substrate of special significance.

ATP hydrolysis was studied by **P-NMR spectroscopy and found to be catalyzed
by a number of protonated macrocyclic polyamines, among which [24]-N,O,, shown in
(4), was the most efficient. It strongly binds ATP and markedly accelerates its
hydrolysis to ADP and inorganic phosphate over a wide pH range.'"'? The reaction
presents first-order kinetics and is truly catalytic with turnover.

N\H
<\N N/> a X = LONE PAIR : NucLEoPHILIC ATTACK
HL_ O H b x= n . WATER ADDITION
4) 5

The mechanism proceeds via initial formation of a complex between ATP and
protonated (4), followed by an intracomplex reaction which may involve a combination
of acid, electrostatic, and nucleophilic catalysis. The structure of the ATP-(4) complex
is not known at present; (5) represents schematically one of the possible binding modes
and indicates how cleavage of the terminal phosphory! groups could take place. The
occurrence of a nucleophilic pathway is supported by the detection of a transicnt
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species, identified as the phosphoramidate intermediate (6), which results from
phosphorylation of the macrocycle and is subsequently hydiviyzed. I nis process
confers to catalyst (4) prototypical ATPase activity, ie., it behaves as a proto-
ATPase.

Cocatalysis: Pyrophosphate Synthesis

In order to realize bond-making rather than bond-breaking catalytic processcs, the
presence of several binding and reactive groups within the supramolecular complex is

Regeneration
Intramolecular

Reaction

Transfer

v X
&

| Ligation
T 7—_‘_ 2 -—
/

FIGURE 2. Schematic representation of cocatalysis in the specific case of a macrotricyclic
coreceptor molecule mediating group transfer and ligation reactions between two substrates
bound to its macrocyclic subunits.

essential. Such is the case for coreceptor molecules, in which subunits may cooperate
for bringing species into reaction, thus performing cocatalysis.” FIGURE 2 illustrates
schematically group transfer and ligation reactions occurring within the supramolecu-
lar complex formed by the binding of substrates to the two macrocyclic subunits of a
macrotricyclic coreceptor molecule.

A process of such type has been achieved recently.' Indeced. when the same
macrocycle (4) used in the studies of ATP hydrolysis was employed as catalyst for the
hydrolysis of acetylphosphate (AcP = CH,COQPO,’ ). it was found to mediate the
synthesis of pyrophosphate from AcP. Substrate consumption was accelerated and
catalytic with turnover. The results obtained agree with the formulation of a catalvtic
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cycle involving the following steps:

1. Substrate (AcP) binding bv the protonated molecular catalyst (4), protons
omitted:

AcP « (4) - [(4) - ACP).

2. Phosphorylation of (4) within the supramolecular complex, giving the phospho-
rylated intermediate (6), the structure of which was established by extensive
proton and phosphorus-31 NMR experiments:

{(4)- AcP] - [(4) PN] - AcO .
3. Binding of the substrate HPO,” (P):
[(4)  PN] - P[4y PN.P|
4. Phosphoryl transfer trom the phosphoramidate to P with formation of PP:
[(4y  PNOP] -+ [i4), PP].

N

. Release of the product and of the free catalyst for a new cycle:
[, PP] 4« PP

Steps 3 and 4 were supported by formation of "O-labeled PP when isotopically
enriched P was used. as well as by the obscervation of saturation behavior and
compeltitive inhibition. Again the structure of the complex specics is not known:
FIGURE 3 gives a tentative picture of the phosphoryl transfer step generating PP

The fact that (4) is a ditopic coreceptor'™ containing two diethvlenetriamine
subunits may be of special significance for both PN and PP formation. These subunits
may cooperate in binding AcP and activating it for phosphoryl transfer via the
ammonium sites, in providing an unprotonated nitrogen site for PN formation, as well
as in mediating phosphoryl transfer from the phosphoramidate group to the bound
HPO,  substrate. Thus. (4) would combine in the same molecule electrostatic and
nucleophilic catalysis in a defined structural arrangement, providing at the moiecular
level conditions suitable for PP synthesis.

Two successive phosphoryl transfer processes are mediated by (4, forming from
AcP the phosphorylated intermediate (6) which reacts with either water or with
phosphate. When water is the substrate, (4) shows prototvpical phosphatase behavior.
i.e., it behaves as a protophosphatase. When P is the substrate, (4) displays protokinase
activity. The latter bond-making process is of special significance since it extends

(0]
e O
\O HO- 8 _-0 O\\pe/ O\r/
©pe I}’\e o l\e
N
/™ Y H® X o 9% He
N 0 o N o e H
4 N He HOSPHOR YL H H
k Ho\ o Hon - e
NH TRANSFER NH

N
H H
OJ

FIGURE 3. Schematic representation of pyrophosphate formation by phosphors transler from
the phosphoramidite (51 to inorganic phosphate.
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FIGURE 4. Schematic representation of carrier-mediated
transport through 4 membrane comprising substrate binding by
the carrier at one interface with extraction 1 1to the membrane,
diffusion of the complex through the membrane. substrate
release at the sccond interfuce, and back-diffusion of the
carrier.

Membrane

e U @

Substrate Carrier Complex

supramolecular reactivity to cocatalysis, mediating specific synthetic reactions within
the supramolecular entities formed by coreceptor molecules.

TRANSPORT PROCESSES AND CARRIER DESIGN

It was pointed out above that transport processes represent processes of physical
catalysis facilitating the translocation of substrote from one phase to another through a
barrier (membrane). as chemical catalysis mediates the transformation of reagents
into products. The carrier is the transport catalyst that strongly increases the rate of
passage through the membrane and displays enzyme-like features (saturation kinetics.
competition. and inhibition phenomena. etc.). FIGURE 4 represents schematically the
steps of carrier-mediated transport or facilitated diffusion.

Appropriate design of the carrier molecule allows us in principle to control the
efficiency and sclectivity of the process as well as to couple it to physical and chemical
gradients. In particular, when the carrier possesses sites for several species (metal jons.
protons, electrons, ete.) the flow of a given substrate may be coupled to the flow of
another one in the same (symport) or in opposite (antiport) direction.

We have studied several types of transport processes involving cations, anions,
electrons. and coupling 1o proton or redox gradients or to light.'*

We shall here select only one recent iltustration of carrier design which shows how
not only sclectivity but especially regulation can be achieved by coupling of processes.
It concerns the pH regulation of divalent/monovalent Ca®* /K cation transport
selectivity by a suitably designed macrocyclic carrier molecule.

A particularly interesting problem in carrier design is how to achieve control over
the divalent/monovalent M?*/M* metal cation transport sclectivity. Because M**
ions have much higher hydration energy than M ions. they are much morce unlikely to
enter into the membrane phase. Transport of Ca®* deserves special attention in view of
the very important biological role of this cation.

Qur approach to the design of an artificial carrier that might effect regulation of
M?' /M" transport selectivity consisted of fitting a macrocyclic ligand molecule
possessing only a single cation binding site (monotopic receptor) with two anionic
groups. This is the case for the lipophilic dicarboxylic acid-dicarboxamide [18]-O,
macrocycle shown in (7). As dicarboxylate, such a species may form a neutral complex
in the membrane by extracting cither onc divalent cation or two monovalent oncs;
however, because a single cation receptor site is available. only onc of the two M ™ ions
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has the possibility to bind inside the macrocyclic cavity, the other being confined
outside, whereas only inside binding occurs with a single M?* cation (see also FIGURE 7
in ref. 15). Thus binding and extraction of M?* should be favored over 2M ", resulting
in selective M2*/M"* transport. On the other hand, protonation of one of the two
anionic groups should lead to preferential M * uptake and therefore invert the transport
selectivity in favor of M*. This is indeed observed.

- ~

oV

: o)
COOH N\ g/ 00K
Z = BENZYL
(N

Carrier (7) selectively transports Ca®" with respect to K* above pH ~5.5 (in the
starting aqueous phase) and K* with respect to Ca’* below that pH (FIGURE 5A).
Thus a striking pH regulation of Ca®* /K" transport takes place which is coupled 10 a
proton pump by Ca?* /2H* and K*/H " antiport.'®

Taking into account three forms of (7) and its complexes, the mechanism of the
process may be represented by the scheme given in FIGURE 5B. [t involves competitive
Ca®*' /K" symport coupled to proton antiport in a pH gradient.

These results show how regulation of cation transport and selectivity by coupling to
proton flows may be achieved with a suitably designed carrier molecule combining a
receptor site with ionizable groups. They demonstrate that, in more general terms.
appropriate design is able to provide carriers endowed with a given function.

Transport studies open ways to numerous developments of this chemically and
biologically most important function: effector design, analysis of elementary steps and
mechanisms, coupling to chemical potentials, energy and signal transduction, models
of biological transport processes, construction of vesicular microreactors and artificial
cells, etc., with a variety of possible applications, for instance in separation and
purification or in batteries and systems for artificial photosynthesis. Again, the
multiple sites of coreceptors should enable us to design cocarriers capable of transport-
ing several substrates with coupling to electrochemical g:« Jients.

CONCLUSION

Catalysis and transport add new functions to the chemistry of supramolecular
species. Efficient and selective processes have been realized with receptors bearing a
single binding unit. The multiple sites of coreceptors open the wayv to cocatalysts
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achieving bond-making reactions between substrates and to cocarriers capable of
transporting several substrates, making possible also regulation of these processes by
coupling to chemical or physical gradients. Appropriate design provides a wide open
door to the discovery of effectors of ever greater variety in their nature and complexity
in their functions.

SO X NN =
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Design of Sequence-specific
DNA Cleaving Molecules

Comparison of Distamycin-EDTA . Fe(Il) and
N-Bromoacetyldistamycin®

PETER B. DERVAN AND BRENDA F. BAKER

Division of Chemistry and Chemical Engineering
California Institute of Technology
Pasadena, California 91125

The design of sequence-specific cleaving molecules for double-helical DNA requires
the attachment of DNA cleaving moicties to sequence-specific DNA binding mole-
cules. The site of attachment and choice of cleaving strategy will be dependent on the
availability of molecular models for the sequence-specific binding of small molecules
(i.e.. 1000 MW) to right-handed double-helical DNA. Productive model building is
possible because of recent progress in the development of analytical methods, such as
footprinting''® and affinity cleaving,'" " to determine the preferred binding locations,
binding site sizes, and orientations of natural or synthetic sequence-specific DNA
binding molecules on large DNA such as DNA restriction fragments (100-500 bp).

The natural product distamycin is a crescent-shaped tripeptide containing three
N-methylpyrrolecarboxamides which binds in the minor groove of right-handed
double-helical DNA with a strong perference for A - T rich sequences (FIG. 1)."? The
preferred sequences, binding site size, and orientation preference for tris-V-methylpyr-
rolecarboxamide are known from footprinting and affinity cleaving data.'®'*'* More-
over, from recent X-ray analysis of the complex of the dipeptide, netropsin, with the
B-DNA dodecamer, 5-CGCGAATTCGCG-3'", Dickerson and co-workers have pro-
vided a molecular basis for the recognition of DNA by netropsin, and by extension.
distamycin.?” They find that netropsin sits symmetrically in the center of the minor
groove of A.T rich right-handed DNA and displaces the water molecules of the spine
of hydration. Each of its three amide NH groups forms a bridge between adjacent
adenine N3 or thymine O2 atoms on opposite helix strands.”” Dickerson and co-
workers suggest that the base specificity of netropsin for contiguous sequences of A.T
base pairs in B-DNA is provided not by hydrogen bonding but by close van der Waals
contacts between adenine C2 hydrogens and CH groups on the pyrrole rings of the
oligopeptide molecules.”

Cleaving Strategy

The choice of DNA cleaving moiety is dependent on the site of cleavage on the
DNA. For example, one could consider oxidative degradation of the sugar back-
bone.*? electrophilic attack at the base, or nucleophilic attack at the phosphodiester

“The authors gratefully acknowledge gencrous support from the National Institutes of Health
(grant GM-27681), the American Cancer Socicty (grant NP-428), and the Burroughs Wellcome
Co.
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backbone. Assuming the rates of hydrolysis of the DNA backbone or oxidation of the
deoxyribose ring are not significantly base dependent, an oxidative or hydrolytic
cleavage strategy could be considered relatively sequence neutral with regard to DNA
cleaving function. Electrophilic attack at nucleophilic centers on the edges of the bases
on the floor of the helix may be expected to be base dependent and hence a
sequence-specific DNA cleaving function. A diffusible reactive species (electrophile,
nucleophile, or oxidant) would allow some flexibility in the proximal placement of the
cleaving function next to the site of DNA cleavage. However, the disadvantage may be
the observation of several contiguous cleavages at any specific location, depending on
the lifetime of the reactive species. A nondiffusible cleaving function is more
demanding with regard to placement because one can imagine that exact positioning of
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FIGURE 2. Scheme for the affinity cleaving method. Left, Sequence-specific DNA binding
molecule equipped with EDTA.Fe(1l) can assume two orientations affording asymmetric
cleavage patterns on opposite strands of a 5 (and 3') *?P end-labeled restriction fragment.
Lengths of arrows indicate frequency of cleavage. Center, Autoradiogram of cleavage patterns on
a high-resolution denaturing gel. Right, Assignment of binding site boundarics based on the
model in Figiee 3. Reprinted with permission from Science 232: 464-471 (1986).

the cleaving moiety proximal to the site of reaction on DNA will require some trial and
error because of our still primitive state of model building. Finally, we have added the
constraint that all DNA cleaving strategies work at pH 7-8, 37°C, and within a
reasonable reaction period (hours).

Sequence-specific Cleavage of DNA by a Nonspecific Diffusible Species

Distamycin-EDTA-Fe(ll)

Attachment of EDTA-Fe(il) to a DNA binding molecule creates an cfficient
DNA cleaving molecule (25°, pH 7.0).*” EDTA was tethered to the amino terminus
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of tris-N-methylpyrrolecarboxamide to give distamycin-EDTA (DE)—sce FIGURE
1.'"2 De. Fe(I1) at uM concentrations cleaves pBR322 plasmid DNA in the presence
of oxygen and reducing agents such as dithiothreitol.""'? Using sequencing gel
analyses, we find that DE.Fe(Il) affords DNA cleavage patterns covering four
contiguous base pairs adjacent to five base-pair sites consisting of adenines and
thymines (FIG. 2)."""? The multiple contiguous cleavages at each site are taken as
evidence for a short-lived diffusible oxidizing species, perhaps hydroxyl radical.''22%%
The relative intensity of cleavage flanking each side of the five-base-pair site permits
assignment of major and minor orientations of the tripeptide binding unit. The
cleavage patterns on opposite DNA strands are asymmetric, shifted to the 3 side which
can be understood by examination of a model of B-DNA (FIG. 3). In the minor groove
of right-handed DN A the proximal deoxyriboses on opposite strands are two base pairs
apart to the 3' side. Assuming the multiple cleavage events result from a diffusible
reactive species, the average position of the EDTA-Fe(Il) group is given by the
approximate twofold symmetry of the cleavage pattern (FiG. 3). From this position the
site of the attached DNA binding unit can be estimated. If the major and minor
orientations of DE-Fe(Il) bind the same site, it appears the tripeptide unit of
distamycin covers five basc pairs.'*"* The solution data supports a model where each of
the four carboxamide NH’s can hydrogen bond to two bases. either O2 of thymine or
N3 of adenine located on the floor of the minor groove on adjacent base pairs on
opposite strands of the helix (FIG. 4)."

Sequence-specific Cleavage of DNA by a Specific Nondiffusible Species
N-Bromoacetvldistamycin
The modification of double-helical DNA by electrophiles which results in cleavage

of the PN A hackbone has played = useful role in the chemical sequencing of nucleic
acids (see ref. 30U and refs. therein). From model building studies, an electrophile

FIGURE 3. Model for the asvmmetric DNA cleav-
age pattern generated by a diffusible oxidizing species
in the minor groove of right-handed DNA. Reprinted
with permission from Science 232: 464-471 (1986).
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FIGURE 4. Model for tris-N-methylpyrrolecarboxamide binding in the minor groove of DNA at
A -T rich sequences five base pairs in size based on affinity cleaving data in solution'*" and X-ray
crystal structure of netropsin: DNA.” Circles with two dots represent lone pairs of electrons on
N3 of adenine and O2 of thymine at the edge of the base pairs on the floor of the minor groove of
right-handed double-helical DNA. Dorted lines are bridged hydrogen bonds to the amide NH's.
Reprinted with permission from Science 232: 464-471 (1986).

attached to the terminal amide NH of tris-V-methylpyrrolecarboxamide would be
proximal to the edges of the bases of the five-base-pair A - T rich binding site (FiG. 4)."!
If electrophilic attack at adenine in the minor groove of B-DNA occurs, then under
appropriate workup procedures depurination and DNA backbone cleavage at that site
would occur. There are other nucleophilic sites in the minor groove of DNA such as O2
of thymine and therefore, N3 may not be the exclusive site of electrophilic attack, but
only one potential site for base labilization and DNA backbone cleavage.

After S h at 37° (pH 7.0) we find that N-bromoacetyldistamcyin (BD) which
contains the electrophile N-bromoacetyl on the amino end of the tripeptide, tris-
N-methylpyrrolecarboxamide, has a major cleavage site at a single adenine within a
restriction fragment containing 167 base pairs of DNA.*' The tripeptide. tris-
N-methylpyrrolecarboxamide, has been shown by footprinting and affinity cleaving
methods to bind four five-base-pair sites on a 167-base-pair DNA restriction fragment
(EcoR1/Rsal) from pBR322 plasmid DNA.” BD at 5.0 uM concentration was
allowed to equilibrate at 37°C (pH 7.0) with this *’P end-labeled DNA restriction
fragment (100 M in base pairs of DNA). After reaction times of 0.5. 5, and 10 h at
37°C, the DNA was precipitated with EtOH. Following a modified Maxam-Gilbert
base labilization-DNA cleavage workup procedure, the DNA in cach casc was heated
at 90° (15 min, phosphate buffer, pH 7.0) and then at 90° with piperidine (15 min). At
the 0.5 h reaction time (37°C) after workup. no significant DNA cleavage was
visualized on autoradiogram of the high-resolution denaturing electrophoresis gel.
However, after 5 h reaction times (37°) followed by workup, analysis of the DNA
cleavage products by high-resolution denaturing gel electrophoresis reveals a major
cleavage site at a single adenine (F1G. 5).*' The location of this adenine on the plasmid
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pBR322 and the 167-bp restriction fragment is base pair number 4837 At reaction
times longer than 10 h (37°C) a second cleavage site appears at base pair number 58.
Footprinting with the synthetic DNA cleaving reagent, MPE. Fe(11), under conditions
of little observable cleavage by BD (0.5 h, 37°C) reveals that BD is binding four
five-base-pair sites at S uM concentration on the 167-bp fragment (5'-3') TTTAA,
GTTTA. AAATT, and GAAAT (FiG. 5). These are the same sites bound by
distamycin. The major cleavage site is contained within one of these four equilibrium
binding sites on the complementary strand of the S-GTTTA-3" site as shown by the
arrow in FIGURE 5. The minor cleavage site at longer reaction times occurs at the first
adenine in the site 5-AAATT-3".

An understanding of the mechanistic details by which the synthetic BD exhibits
major cleavage at one nucleotide in the four binding sites on the 167-bp DNA
fragment must await characterization of the cleavage products and kinetic analyses.
The DNA termini at the cleavage site are 5'-phosphate and 3’-phosphate. This is
consistent with alkylation of adenine followed by depurination and deoxyribose
hydrolysis to afford a gap at the cleavage site. From the MPE. Fe(ll) footprinting
results (37°C, 0.5 h), we find that the N-bromoacetyl moiety has not changed
significandly the equilibrium binding specificity of the tripeptide unit on DNA because
we observe the same DNA binding sites for BD as the natural product distamycin. The
major cleavage sites observed at 37° (S h) may indicate unequal relative rates of
reaction of the adenines proximal to the bound bromoacetyltripeptide within the four
tripeptide equilibrium binding sites. If this is true, the different rates of reaction at
proximal adenines may be a reflection of the sequence-dependent differences of local
structure of B-form DNA and the stercoclectronic requirement in the transition state
for the backside nucleophilic displacement reaction.

Conclusion

Tris-N-methylpyrrolecarboxamide equipped with EDTA - Fe(11) atfords multiple
cleavage patterns flanking both sides of four five-basc-pair AT rich binding sites. The
same tripeptide equipped with a bromoacetyl moiety affords a single major cleavage
event (after workup) under similar conditions (37°C, 5 h) at an adenine within one of
these four five-base-pair binding sites. By changing the DNA cleaving function
attached to the same DNA binding unit from a nonsequence-specific diffusible oxidant
to a sequence-specific nondiffusible electrophile, we find quite different fevels of
scquence-speciiic DNA cleavage. From thie point of view of determining the sequence
specificity of DNA binding molecules (aftinity cleaving), the diffusible nonspecific
DNA cleaving function EDTA - Fe(11) is preferred. From the point of view of designing
a highly specific DNA cleaving molecule, the combination of a nondiffusible
sequence-specific DNA cleaving element with a sequence-specific DNA binding
element affords a highly discriminating DNA cleaving moiecule.
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Approaches to Artificial Enzymes*

RONALD BRESLOW

Department of Chemistry
Columbia University
New York, New York 10027

How can one combine several catalytic or binding groups to produce polyfunctional
catalysts? Will two or more such groups cooperate or interfere? Cooperation is poor if
many degrees of freedom must be frozen in order to set up the polyfunctional
interaction; cooperation between such groups is even worse if they produce a “'short
circuit.” Thatis. if an acid group and a base group can directly interact with cach other
they are not likely to interact catalytically with the substrate. As another example, if a
catalytic group and a binding group can directly interfere so that the binding site is
occupied by the catalyst, then the binding site may no longer be available for the
substrate and the catalytic group may also be buried and unavailable. The trick in the
assembly of highly effective catalysts is to avoid such short circuits.

In an carly example of a multifunctional system. some years ago we attached two
imidazole rings to a cyclodextrin and found good cooperative effects.' An appropriate
phosphate ester substrate bound into the cyclodextrin cavity. and the two imidazole
rings then catalyzed the cleavage of the phosphate ester with a bifunctional mecha-
nism. This was demonstrated by a pH/rate profile that indicated 4 maximum rate
when one of the catalytic groups was present in the basic form and the other was
present as an acid. The geometric consequences of this mechanism were striking,
resulting in selective cleavage of the phosphate ester in a particular direction.

The two catalytic groups in this mode! were playing a role related to that in the
enzyvme ribonuclease, where the same catalytic groups are involved in phosphate ester
cleavage of ribonucleic acid (RNA).” We have now done some studies on the catalyvzed
cleavage of RNA itself that help to clarify the mechanisms that can be involved.

It has only recently been possible to do careful kinetic studies on the cleavage of
RNA. as the result of a new analvtical method we have developed.® This method
utilizes a treatment with snake venom phosphodiesterase, and high-pressure liguid
chromatography, to detect cach point at which RNA has suffered a catalyzed
cleavage. In our first studies using this system we have cxamined the catalyzed
cleavage of RNA by simple imidazole buffer itself; other studies are now underway
with more complex reagents. We find that imidazole buffer shows the maximum
catalytic rate when it is partially protonated. with a bell-shaped pH/rate profile (FiG.
1) that again suggests bifunctional catalysis. However. kinetic studies (FiG. 2) show
that the reaction is strictly first-order in total imidazole concentration: furthermore,
there is no evidence for any strong binding that might hide a higher order kinetic term.
Thus the bell-shaped pH/rate profile does not indicate simultanceous bifunctional
catalysis, but instead reflects sequential bifunctional catalysis.

The starting material is catalytically interconverted with an isomer, and the
conversion of this isomer to product is catalvzed by the other form of the bulfer.
Detailed fitting of our kinetic data to this mechanistic model suggests that in the

“This work has been supported by the National Institutes of Health and the Office of Naval
Rescarch.
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principal pathway imidazole, as a base, performs the first equilibration while imidaz-
olium ion, as an acid, catalyzes the second step. We also have evidence tor other kinetic
terms, such as one in which both steps are catalyzed by imidazole itself.

The initial increase in rate as more of the imidazole buffer is present in its acid
form corresponds to a situation in which the first equilibration is rapid, and the second
step is rate limiting. In the second par. of the reaction curve, where the reaction rate
decreases as the buffer is further protonated, we are dealing with a situation in which
the second step is now rapid and the first step is rate limiting. Such a change in
rate-limiting step is the best evidence for a two-step mechanism with a kinetically
significant intermediate in the reaction path, evidence that has not been available
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FIGURE 1. The pseudo-first-order rate constant for cleavage of poly (U) (3, §-polyuridvlic
acid) catalyzed by 1.3 M imidazole as a function of the protonation state of the imidazole.

previously. The kinetic behavior of the system indicates that the intermediate is an
isomer of the starting material (plus or minus water molecules, but not protons) and it
seems certain that what we have detected here is the often invoked five-coordinated
phosphorus intermediate (F1G. 3). These results also suggest that bifurctional catalysis
of other such phosphate ester cleavages. as in the enzyme ribonuclease or in the model
discussed above, could well be sequential rather than simultancous.

Another enzyme in which several functional groups have been demonstrated to
cooperate is carboxypeptidase. Much chemical work and X-ray structural work on this
enzyme indicated that three functional groups were involved in its catalytic action: the
zinc ion, a carboxylate group, and a phenolic group.® We set out to investigate this
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FIGURE 2. The pseudo-first-order rate constant for imidazole catalyzed cleavage of poly (U) as
a function of total imidazole concentration at various extents of protonation.

system by constructing a chemical model (FiG. 4) in which a peptide would be
coordinated to cobalt (I1T), with a neighboring carboxyl and phenol potential catalytic
group held in place on the peptide. By the use of the substitution-inert cobalt(IIl) we
guaranteed that the peptide remained bound to the metal as in the structurc seen in
X-ray studies of the enzyme, and at the same time guaranteed that there would be no
problem with short circuits involving the metal binding to another catalytic group.
We find that a neighboring phenol indeed cooperates with the cobalt in cleaving the
peptide (FI1G. 5), with the overall result being an almost 10" acceleration (of which 10°
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FIGURE 3. The proposed sequential catalytic mechanism, involving a tive-coordinate phospho-
rus isomer of the starting material.
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carrying potential catalytic phenol and carboxyl NH;
groups.

NH

Co

NHZ/ | \N
L 5
comes from the metal itself). However, the neighboring carboxylate ion did not
contribute anything to the metal-promoted reaction rate, although in the enzyme we
believe® that it acts as a general base to catalyze formation of the tetrahedral

intermediate. Again there must be reversible formation of a reaction intermediate. in
this case the metal-coordinated tetrahedral intermediate of peptide cleavage, but in

FIGURE 4. A cobalt complex of a glycine amide //\ 2 OH ;
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FIGURE 5. Cooperative catalysis of the amide cleavage by a phenol group and the cobalt.
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our model this step is never rate limiting so the carboxylate does not help. The acidic
phenol can help because (z< in the nucleic arid case described above) it can catalyze
the second step by protonating the leaving group.

These findings are particularly striking since it has been recently claimed® that the
phenol group of carboxypeptidase is not necessary for catalysis. Genetic engineering
experiments have replaced this tyrosine amino acid by a phenylalanine, with appar-
ently full retention of catalytic activity. If this is true, in the enzyme the carboxyl group
probably acts first as a base to generate the tetrahedral intermediate and then, having
picked up a proton, as an acid to protonate the leaving group (cf. ref. 7). We have not
yet found reaction conditions in which this mechanism will operate in the model
system. We are thus left with the interesting situation that indeed we can get
cooperative bifunctional catalysis in peptide cleavage, but with a functional group that
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FIGURE 6. A triple coupling reaction that assembles a cage molecule in one step.

may be irrelevant in the actual enzymatic mechanism. We also see another limitation
on cooperation in polyfunctional catalysts, i.c., catalysis of an early step does not help if
the later steps are rate limiting because they are not catalyzed well enough.

Synthetic catalysts can be constructed in which a coenzyme and binding group are
combined. The earliest example of this was our cyclodextrin carrying a pyridoxamine
nucleus attached to the primary side of the cyclodextrin.® This material showed
selectivity for substrates that could bind into the cavity at the same time that they
reacted with the coenzyme. The work was subsequently generalized to pyridoxamine
systems attached to the secondary side of a modified cyclodextrin,’ and also to
pyridoxamine catalysts attached to a synthetic binding cavity.'® In ali these cases we
got a similar preference for substrates that could bind into the cyclodextrin or synthetic
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FIGURE 7. A catalyst with pyridoxal attached to 8-cyclodextrin mimics tryptophan synthetase.

cavity, and in the cyclodextrin cases® we also got optical induction in the product
because of the chirality of the cyclodextrin unit.

Of course the synthetic cavity we used is only an example of a great host of
synthetic cage molecules now under construction around the world. In our laboratory
several three-dimensional cage molecules have been constructed with better binding
properties than a simple macrocycle has. In one striking example (FIG. 6), we found
that two triphenylmethane units can be linked in a triple coupling reaction performed
all at one time, to produce two different cage molecule systems. In one of these the cage
is fully ccustructed, and the methyl groups of the triphenylmethane unit are pointing
out of the cavity; in the other system one of these units is inverted. and one methyl
points into the cavity. This latter system can be thought of as two stacked cups, while in
the first system the two cups are face to face, defining the full cavity. One can expect
that novel binding cages of this sort will be the basis of future polyfunctional
catalysts.

In a study of cooperative catalysis,'"" we prepared a system (FiG. 7) in which
pyridoxal is covalently attached to the primary side of g-cyclodextrin. The pyridoxal
unit binds serine or 8-chloroalanine, and catalyzes the elimination of H,O or HC! to
generate a reactive acrylic acid derivative. The binding cavity complexes indole. and
the overall system promotes the reaction of the bound indole with this acrylic acid
intermediate to generate the amino acid tryptophan. The process involved is a close
parallel of that used by the enzyme tryptophan synthetase.

We have found that there is indeed a cooperative interaction between the catalytic
pyridoxal unit and the binding group, but we also have clear evidence for a partial short
circuit. The UV spectrum of the pyridoxal indicates that it is held in the binding site,
and this is also indicated by strong circular dichroism of the pyridoxal unit inside the
chiral cavity. As the result of this partial short circuit, the catalyst selected shows only
a modest improved ability to direct the synthesis of tryptophan. An improvement in
this system will require that we prevent the undesirable binding of the catalytic group
into the binding site.

R\h" CH,

W
FIGURE 8. Thiazolium salts attached to g- kS CH,CH,SCH,

cyclodextrin mimic the combination of thiamine
pyrophosphate coenzyme with an enzyme binding
group.
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A related problem arose in another system (FI1G. 8), in which we had attached
thiamine and related structures to the primary side of 8-cyclodextrin.'> With thiamine
itself we found evidence that the pyrimidine ring was bound in the cyclodextrin cavity,
and that this helped to inhibit the binding of an independent substrate into that cavity.
We partially solved this problem by substituting a charged group for the pyrimidine
system, since a charged group was much less likely to bind into a neutral cavity. As
expected the resulting catalyst showed an improved ability (F1G. 9) to bind a substrate
into the cyclodextrin cavity and then catalyze a reaction (isotopic exchange in an
aldehyde group) performed by the thiamine unit.

The effect of charge probably explains why there was not so much difficulty in the
reactions® '® in which a pyridoxamine unit was attached to cyclodextrin or a macrocy-
cle, since at the normal operating pH such a unit would be protonated and positively
charged. The general solution for such problems involves using a geometry that
prevents the undesirable binding of catalytic groups into a binding site.

It is also interesting to combine a coenzyme with a catalytic group typical of an
enzyme, such as a basic group to remove protons. The first example in which such a
study was performed with an internal base was our exploration'® of pyridoxamine
derivatives carrying basic groups on various flexible sidearms. We found that indeed
such sidearm base groups accelerated transamination reactions, in which pyridox-
amine derivatives react with keto acids to produce amino acids. The rate as a function
of chain length indicated that the base was not only removing a proton, but also then
adding it to the remote carbon which must pick up a proton in an overall transamina-

R\; ~CH,
T ~
O HO—C—C//\S/ ~CH,
- f \«\vcn,—gH’ T
¢-Bu "Zau'/\

Relative rates of exchange with and without

attached Cyclodextrin

L ked/Kree
—CH,@ 4.0

H,N
—CH, CH, 4.0

Y 0

FIGURE 9. Cooperative binding of a substrate and catalysis of its tritium exchange is more
effective with a thiazolium salt that does not compete well for the binding site.
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FIGURE 10. Transamination in a model enzyme systeni is promoted hy a basic sidearm that can
perform the needed proton transfer.

tion process. The remote carbon that gets protonated is the one that ends up as the
chiral atom in the product amino acid (FiG. 10).

Consistent with this mechanism was our finding’' that the shorter sidearms were
more effective in another process: the reaction of pyridoxamine with chloropyruvic
acid to form the acrylic acid derivative that is central in the synthesis of tryptophan. In
this reaction with chloropyruvic acid the base group must remove a nearby proton. but
no remote protonation is needed. Thus the shorter bases turn out to be more effective
than the longer ones.

When we synthesized a pyridoxamine carrying a flexible sidearm with a basic
group attached so that it can reach only one face of the transamination intermediate,
we were able to get controlled asymmetric synthesis of amino acids." We formed about
95% of the expected isomer and 5% of the wrong one; further work will be needed to
clarify the reason why there is any of the wrong material at all. When a sidearm is
attached lacking the basic group it is very ineffective at promoting asymmetric
synthesis. More to the point, it reverses the stereochemical preference. It is therefore
clear that the asymmetric induction we are seeing in our catalytic system involves the
cooperation between the base group and the coenzyme.

We have recently begun the study of a new system (FIG. 11) in which a different
kind of control is achieved by holding a base group in a definite geometric position
relative to a pyridoxal coenzyme. By the use of a rigid pyridineacrylate unit we are able
to hold the basic pyridine ring out at some distance from the pyridoxal. Under these
circumstances there is cooperative bifunctional catalysis of amino acid racemization.
The base group is able to reach the remote carbon of a bound amino acid and remove
the proton, but it tends to put the proton on that same carbon again, on either face. to
catalyze racemization. With the rigid structural unit there is less tendency for this
basic group to put the proton on the former aldehyde carbon of the pyridoxal,
promoting transamination. As expected, this selectivity in favor of racemization and
against transamination is diminished when the pyridine acrylate system is hydroge-
nated, so that a formerly rigid base system has now become flexible. This kind of
geometric control of the precise chemistry catalyzed by a pyridoxal unit, which has the
potential to catalyze many different reactions, is typical of the control exerted by
enzymes themselves.

Or course one would hope to combine all of these catalytically significant
functionalities in a single enzyme mimic. Some years ago we set about to produce a
molecule (F1G. 12) that would combine a cyclodextrin binding site, a pyridoxamine
cocnzyme group, and a basic flexible chain mounted in a chiral situation so that it
could catalyze the formation of optically active amino acids. Our approach to this has
been described at various scientific meetings in the past (sce for example ref. 15) and
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FIGURE 11. Racemization of amino acids is better catalyzed by a pyridoxal derivative with a
base group held in the desired region by a rigid unsaturated linkage.

recently we have overcome the synthetic problems and have pushed the process
through to success. We are now evaluating the properties of the synthesized catalyst.
Very recently Tabushi has successfully solved this problem in another way.'® using a
doubly activated cyclodextrin on which to attach the pyridoxamine and the basic
catalytic group. One can hope that in these new systems short circuits will not prove to
be a problem, su that we can get the sort of useful cooperative interaction among all the
catalytic elements characteristic of truc enzymes.

In this paper I have tried to indicate both the advances that have been made and the

CH,-NMe,
NHa #Ha
CHz  CH,
HO _ CH\S\
= CH;
cHy N

FIGURE 12. A mimic of transaminase enzymes that combines the coenzyme. the binding group,
and the base catalyst chirally mounted.
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problems still to be solved. Unfortuna'ly in this field, and in many others, therc is a
tendency for authors to oversell their results and to advertise real but modest
improvements as major victories. At the height of the Vietnam war, a U.S. senator
recommended that we announce we had won the war, and then withdraw our troops.
Appealing as this was as a solution to the moral dilemma of Vietnam. it is no guide to
the conduct of scientific research. The remaining problems on the road o full mimics
of enzymes can be solved only if those problems are acknowledged, and addressed.
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INTRODUCTION

The biomembrane is the most fundamental organizational unit of the living system
and is directly involved in most of the basic functions of cells, such as compartmentali-
zation, energy transduction, and information transfer. The major structural compo-
nents of the biomembrane are lipid bilayers and proteins. The formation of stable
bilayers from & iotally synthetic amphiphile was reported by us in 1977." During the
subsequent years, a large variety of synthetic amphiphiles were shown to produce
molecular membranes (bilayers and monolayers), and it is now established that the
bilayer formation is a general physicocheinical phenomenon.

In this article we summarize the molecular structure of bilayer-forming amphi-
philes and discuss organizational aspects of synthetic bilayers. The morphology of
bilayer aggregates is directly related to the organization of component amphiphiles.
The functions of bilayer membranes depend on dynamics, orientation, and distribution
of component molecules. in addition to their overall morphologies. The channel
formation will be discussed in terms of the molecular distribution, and the enhanced
interaction of chromophores in the bilayer will be related to the controlled molecular
orientation.

COMPONENTS OF SYNTHETIC BILAYERS

The phospholipid molecules. the major component of biomembrane bilayers.
usually contain two fatty acid chains as the hydrophobic moiety and a phosphate
derivative like phosphocholine as the hydrophilic moiety. Double-chain ammonium
salts are a simple synthetic analogue of phosphocholine lipids. These ammonium salts
form bilayer membranes spontaneously by dispersion in water, when the alkyl chain
length is C g 1o Cy."? Subsequent studies demonstrated that the alkyl chains and the
ammonium head group can be connected in manv ways. The ammonium head group
may be replaced with other hydrophilic units. Anionic double-chain amphiphiles
(sulfonate, phosphate, carboxylate) have been shown to produce bilayer membranes **
Nonionic (e.g.. polyoxyethylene) and zwitterionic counterparts also form bilayers.*

A second class of bilayer-forming compounds are single-chain amphiphiles.
Monoalkyl surfactants form fluid micelles in dilute solution. When aromatic units are
introduced as rigid segments, surfactant molecules become better oriented in aggre-
gates and can produce bilayer assemblies. The rigid aromatic segment includes
biphenyl, azobenzene, anthracene, etc.® More recently, ammonium salts with three
long alkyl chains were shown to undergo spontaneous bilayer formation.” Furthermore,
alkyl tails in the single-chain, double-chain, and triple-chain amphiphiles could be

70
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replaced with perfluorocarbon groups.®® When the hydrophilic heads are attached to
both ends of appropriate (linear and cyclic) molecules, stable monolayer aggregates
become available.'®!! Polymerization of bilayers or the bilayer formation by polymeric
amphiphiles are also possible.'>'* Examples of these bilayer- (or monolayer-) forming
amphiphiles are given in TABLE 1.

TABLE 1. Selected Examples of Bilayer-forming Amphiphiles

0
CH (CH,) _ CH Br -0t
3'-727q 1\\N‘/ 3 CH,(CH,) _,-0C THZ
-+
-0C~CH-SO0,N
cH, (CH,) 7 Ney CH(CH,)  _y=0C 3N,
n-1 3 o
26,N"2C, 2C,—suc—S0;y”
= -¢-v -
CH. (CH )-——@—N:CH—\ / —O%CHZXE—MC%):‘BY
3V T < >
C,,BBC (N*
o
It
CH4(CH,), ,COCH,
0 0 CH
i AN C|}:3 1 P43
—c- - : - -CH-NH-CCH,N -CH
CH; (CH,); , COCH, —C NH%CHzT CH3 CF4(CF,),CH,CH,0C ﬁH NH-CCH N ~CH
CH @] CH
3 CF(CF,) ,CH,CH,0C(CH,) 3
CH3(CH2)14ﬁOCH2 cl o cl
0 _ 2CHL-Glu—C,— N~
3C,—tris-C,N~
CHB(Cﬁz)lE—CEC—CsC—(CHZ)g-COO—THz
CH4(CH,)  5-C=C-C=C-(CH, ) g=COO-CH
- + -
CH5=0-PO,-(CH,)5=N(CH,) ;Br

polymerizable lipid

MORPHOLOGY OF MOLECULAR MEMBRANES
Static Morphology

The shapes of agueous aggregates have been discussed in terms of their surface
curvatures.”” Large curvatures produce small globular aggregates (micelles) and
lessened curvature will produce larger aggregates. Aqueous synthetic bilayers display
highly varied morphologies. A systematic study was conducted on the relation of
molecular structure and aggregate morphology in the case of single-chain ammonium
amphiphiles which contain rigid segments.® According to clectron microscopy. the
aggregate morphology includes globules, multi- and single-walled vesicles, rods. tubes,
and disks. Although the basic building block of these morphologies is the bilaver
assembly, incorporation of surface curvature can produce differing morphologies.
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globule lamella

FIGURE 1. Schematic illustrations of the representative morphologies of bilayer aggregates.

Schematic illustrations of the representative morphologies are given in FIGURE 1. A
globule is a siable morphological entity and is different from fluid, globular micelles.
Despite a lack of fine structures, the phase transition is detected for some globules.
Therefore, globules may be considered as collections of less developed (or fragmenta-
ry) lamellae. The two-dimersicnal developaiowi produces the typical bilayer mem-
brane. The lamellar structure consists of stacks of the well-developed bilaver and the
vesicle is made of closed bilayers. When the bilayer structure possesses large curvature
and develops unidimensionally, rod-like and tubular structures will result. The rod-like
structure is filled inside and the tubular structure has the inner aqueous hole. The
discrimination between rods and tubes may be made by the diameter, but both
aggregates look the same by electron microscopy. A combination of flat bilayers and
portions of large curvature will produce disk-like structures, which exist in isolation or
in stacked forms.

It was found recently that bilayer vesicles of chiral amphiphiles such as 2C,-
Glu-C, N (ScHEME 1) and 2C,Glu, (SCHEME 2) undergo metamorphoses to large
helical aggregates.'*'” Highly developed vesicles (single- and double-walled) with
diameters of 300-1000 A are found in an electron micrograph of aqueous 2C,,-
L-Glu-CN*. The vesicles are slowly transformed into helices upon prolonged
incubation. Helical structures (length ca. 10 um; diameter ca. 500 A: helical pitch ca.
5000 A) are present along with vesicles (diameter, 500-3000 A). The detailed
structure of the helix is not yet clear; however, an enlarged micrograph suggests that
helices are produced from twisted tapes. The helical structures are converted
completely to multivesicular and lamellar structures when a helix-rich aqueous sample
is kept at 35°C (only 1°C above T, of the helix) for 14 min.

An enantiomeric amphiphile, 2C,,-b-Glu-C; N, showed similar slow growth tc
helices. The sense of the helix of 2C,-L-Glu-C,\N" is right-handed, and that of

O «x
" +
CH3 (CHZ)n_lOC—CH-NHg—(CHZ)m_lN (CH3)3

CH3‘CH2)n-1Og(C“2)2~ X

SCHEME 1. 2C,-Glu-C N".
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Q
CH,(CH,) _NHC-CH-NH-(CO-CH-NH) _)-H

CH3(CH2)m_lNHg-(CH2)2 (CH,),

SCHEME 2. 2C,Glu,.

2C,,-D-Glu-C, N * is left-handed, as observed by optical microscopy. In the case of the
corresponding racemic compound, initially formed vesicles are converted to rod-like
aggregates, but not to helices. It is evident that the chirality of the component
amphiphile determines the helical sense.

Optical microscopy makes the direct observation of the helical growth passible.'®
When an aqueous dispersion of 2C,,-L-Glu-C,;N* is maintained at 20°C for several
hours, flexible filaments of length 5~50 pm are predominantly formed, as observed by
a dark-field optical microscope. Spherical vesicles (diameter, 1-10 um) are present as
a minor component. Upon aging at 15°-20°C for 1 day, the filaments begin to be
twisted. It takes severa] hours for one filament to turn completely into a helix such as
that shown in FIGURE 2. Furtlier growth occurs more gradually, and after one month,
rod-like structures become abundant. The growing process is shown schematically by
FIGURE 3. The pitches of the twisted tapes arc unchanged, and the changes from
helices of narrow tapes (FIG. 3a) to rods (FI1G. 3¢) probably occur via widening of the

FIGURE 2. Optical microscopy of helical superstructures of chiral bilayer membrancs of
2C,,-L-Glu-C \N* (1.0 x 107 M). Aging condition: 15°-20°C, 5 days. Bar = 10 um.
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FIGURE 3. Schematic illustrations of the helical growth

tape. The helical supersiructures are stable only at temperatures below the phase
trunsition temperature of the bilayer. The helices change to spherical vesicles and
flexible fibers at 7 - T, via constricted tubes,

Dynamic Morphology

Biomembrances are usually maintained in the Huid state under the physiological
conditions. The inorphological property of synthetic bilayers discussed in the preceding
section is mainly related to their erystalline phases. 1t is also »» nortant to examine the
morphological characteristics of fluid svnthetic bilavers.

Dircct observations by optical microscopy have been reported for static and
dvnamic morphological variations of lecithin liposomes. Hotani recently recorded
morphological changes of liposomes (dipalmitoyl phosphatidyicholine « cholesterol)
by dark-field light microscopy.” Liposames showed versatile polymorphisms which
change with time. and tinal shapes were spheres (ca. 1 um diameter) and flexible fibers
(a few um toa Tew hundred um i length). These changes should be closely related o
the function of binlogical membranes such as cell fusion and fission.

Analogous marphological changes are observable for simple. synthetic bilayvers. A
static observation of lamellar mesophases (vesicle and tubule) by light microscopy was
reported by Bacon e a/. Tor a mixture of dodecylammonium chloride and didodecyidi-
methylammonium chloride.”™ We observed very recently the formation of myvelin
ligures from Invdrated 2C.N"2C0 Dilution to transparent dispersions produces
remarkably variabic morphologies.”™ As shown in FiGURE 4. there are fTexible fibers
extending over o distance of several to several hundred um (o). large tubules ¢h),
sphertcal vesicles of diometer of 0.5 10 g (O vesicles cennected o tubules (J
twisted vesicles 1), tubules protruding trom sesicles €/ )0 and concave vesicles
Smaldler particles are seen as dots The Brownin motion s Clearls noticeable tor tibors
and vesicles A related observation has been made mdepend-ently by Kachar er af
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The dynamic aspect is recorded on a videotape by using an ultrasensitive TV
camera. In the case of a tubule attached to a vesicle, the tubule is enlongated while the
vesicle shrinks. A vesicle with protuberance is converted to a round vesicle via a rugged

These conversions occur instantancously or within a few seconds.

Morphological changes at the finer scale could be clucidated by electron micros-
copy.” Vesicles (diameter, 0.2-1 um) and fibrous aggregates (length, several tens to
hundreds of um) are found in agreement with the optical microscopic result of FIGURE
4. Many of the flexible fibers are attached to vesicles at one end. At the other end, the
fiber simply terminates or disintegrates into small particles. The particles with
diameter of less than 500 A are scattered all over the view field. An enlarged electron
micrograph shows that a tubule (diameter, 200 A) branches into smaller tubules and
fibers. In the final stage. smooth fibers are transformed into trains of particles
(diameter, 300-400 A) which gradually separate [rom each other.

PHASE SEPARATION AND CHANNEL FORMATION

When the bilayer is composed of more than one component. they are not
necessarily miscible. The inhomogeneity—phasc separation i3 kiowii to be an
important factor in controlling the physiological function of the biomembrane.

The phase separation in the synthetic bilayer membranes is detected by thermal
measurement (differential scanning calorimetry) or by absorption spectroscopy. A
single-chain amphiphile with the azobenzene rigid segment. C,,A70C,(N"3C,
(SCHEME 3). produces globular aggicgates (diameter: 200-300 A) made of lamellar
fragments. The absorption spectrum of this amphiphile possesses an absorption

FIGURE 4. Optical microscopy of fluid bilayer membranes of 2C,N"2C .
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CH, (CH, )-l—l—o~©-n=n-©-o—+cnz-)ﬁﬁ (CH,), Br

SCHEME 3. C,Az0C,N"3C,.

maximum (A,,) at 355 nm in cthanol and at 330 nm in water. It is well known that azo
dyes absorb at shorter wavelength upon aggregation. Therefore, the spectral shift in
water is caused by stacking of the chromophore. The spectrum in the 2C,N"2C,
bilayer matrix shows temperature dependence. FIGURE 5 gives the spectra of a 1:10
mixture of C,,AzoC (N *3C, and 2C (N *2C . The absorption maximum is located at
355 nm at 50°C, implying that the azobenzene chromomphore is in the monomeric
form. By lowering the temperature, the peak height at 355 nm diminishes, and a new
peak due to the stacked chromophore appears at 320 nm. It is thus suggested that the
azobenzene chromophore is miscible with the 2C (N *2C, bilayer matrix at a high
temperature range but that phase separation occurs at low temperatures. The phase
separation is apparently governed by the fluidity of the matrix membrane, and the

phase separation
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FIGURE 5. Spectral change of a mised membrane due to phase separation
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SCHEME 4. Amphotericin B.

azobenzene amphiphile separates as the matrix membrane crystallizes at T, (45°C for
2CN"2C)).

The phase separation phenomenon can be used for designing many bilayer
functions such as transduction of chemical signals** and the regulation of reaction rates
via control of the reactant distribution.”® The formation of localized channels is an
example of the function of phase-separated bilayers. Amphotericin B (SCHEME 4)
belongs to a class of polyene antibiotics and displays channel-forming activity in
membranes.? The presence of cholesterol is essential for the channel activity and the
channels have very little selectivity and transport anions somewhat better than cations.
Amphotericin B is a cyclic compound, which, when elongated, can produce a molecular
column with the hydrophobic side and the polyoxy hydrophilic side. Bis-ammonium
compounds diN'-H (ScHEME S) and diN*-F (SCHEME 6) were synthesized as
Amphotericin B analogues.”-*® The distance between the ammonium groups is close to
the thickness of common synthetic bilayers (SCHEME 7). Hydrophobic (hydrocarbon or
fluorocarbon) chains are on one side of the molecules and the other sides are made of
ether/ester linkages.

Alkali permeation was examined using fluorescence quenching of riboflavin
trapped in hydrocarbon and fluorocarbon vesicles. The fluorescence of riboflavin
bound to the outer surface of vesicles is quenched instantaneously by alkali addition
and the rest is quenched more slowly by the preudo-first-order kinetics. FIGURE 6
shows the temperature dependence of the rate constant of alkali permeation. The rate
constant increzses with temperature, probably due to enhanced membrane fluidity.
Addition of 1/800 moles of Amphotericin B (together with equimolar cholesterol) per
mole of the bilayer component increases the rate several times. Similar rate enhance-
ment is observed by addition of the same amount cf the hydrocarbon channel. The
fluorocarbon channel is less efficient. It is remarkable that these simple analogues
produce efficient channel activities similar to those of the natural channel compound.
These results suggest that the synthetic analogues produce channel-like structures by
cluster formation (phasc scparation), as illustrated in FIGURE 6.

Br~ ? CH3 CH3 CH3 CH3 (.? Br
HCL, /CSH.OCOCHZCHOCHCH;_O-C@C-OCHZCHOCHCHZOCCSH,Q A
A\ / \
e’ OﬁCHjOg-CHi(CHz)S-,CHJ CHICHEHOCHCH o

SCHEME §. diN"-H




78 ANNALS NEW YORK ACADEMY OF SCIENCES

B~ O  ChyCH Ghety @ e
3 GH3 Hy GH3
HG /cs»g-oéocnzcraomcnzw@éomzcnocncnzoccsﬂ,o v

e’ \cnzwogcwcufc HCF,  CFACF:CH, cnzgocmzﬂ/ \CH
SCHEME 6. diN"-F.

ORGANIZATION OF CHROMOPHORES AND METAL CHELATES
BASED ON THE BILAYER ASSEMBLY

The importance of organized chromcphores in biomembranes is exemplified best
by the role of antenna pigments and other chromophores in the photosynthetic system.
The synthetic bilayer is a useful vehicle for organizing chromophores. Peculiar spectral
behavior has been observed for chromophores that are convalently and noncovalently
bound to synthetic bilayers.

Bilayer membranes of azobenzene-containing. single-chain amphiphiles
(C,Az0C,, N, SCHEME 8) show varied absorption spectra.”” The isolated azobenzene
chromophore such as that in amphiphiles dissolved in organic solvents possesses
temperature-independent A, at 355 nm. In contrast, an extensive spectral variation is
observed in water for the identical chromophore with different alky! chain length. The
change in the alkyl chain length (spacer C,, and tail C,) alone should not affect the
spectral characteristics. Therefore, the observed variation needs to be explained in
terms of the choromophore interaction in the aggregate. An estimate on the extent of
chromophore interaction (A, shift) is made by using the molecular exciton model of
Kasha.® The calculated A,,, value varies from 300 nm to 430 nm, depending on the
mutual orientation and the aggregation number of the chromophore. The range of the
theoretical estimate covers the experimental A, variation.

TABLE 2 includes the classification and schematic illustrations of the chromophore
interaction in bilayers and micelles, which correspond to four representive absorption
spectra. Type A spectrum (A, at ca. 300 nm) is obtained for the aggregate with
parallel chromophore orientation (the so-called H aggregate). The CyAzoC N~
bilayer (at T < T.) is a typical case. Lamellar aqueous dispersions of C;AzoCgN ™ and
C,Az0C yN"* give spectra of the same type. It is interesting that type B spectra are
observed for the most of the bilayer assemblages which are in the liquid-crystalline
state. The chromophore interaction would not be extensive in this less-ordered bilayer.
and the average interaction appears to be dimeric. Type C spectra (A, 355 nm) are
attributed to the isolated chromophore, because they are observed for molecularly
dispersed azobenzene chromophores (see above). Micellar azobenzenes do not give
noticeable signs of the chromophore interaction. Type D spectra (A, 360-390 nm) are

o o
CHy(CHp)130CCHNHECH,N(CH3 )4

cl”
CH3(CH2)13O(‘}(CH2)2
0
SCHEME 7. Matrix bilaver.
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FIGURE 6. Influx rate of NaOH into bilayer vesicles.

most interesting. The red shift (relative to the isolated chromophore) is apparently
produced by the head-to-tail orientation (the so-called J aggregate). and has never
been observed for the azobenzene chromophore (the only exception is methyl orange
bound to the synthetic bilayer membrane).*! The direction of A, shift is determined
mainly by the spacer length (C,,). The blue shift is observed for the short (C,) and long
(Cy and C,,) spacers. The red shift is found for spacers of the intermediate length (C,
to C¢). The tail length produces smaller effects. These results establish that the
chromophore interaction in the rigid bilayer system can be controlled by varying the
spacer chain length.

Interestingly, these aqueous bilayer dispersions can be converted to self-supporting
films by casting on glass plates or on plastic films. The cast films give spectral
variations which correspond to those of the aqueous dispersions. This suggests that the
orientations of component molecules are analogous between aqueous bilayers and their
cast films. In fact, the X-ray diffraction of the cross-section of cast film of CyAzo, o\ "
gives a pattern for a highly ordered structure in the equatoriai direction.’? The
matching of the theoretical and experimental structure amplitudes indicated that the
azobenzene chromophores aic in the parallel orientation, in agreement with the
spectral data.

The carbazole ring is a principal chromophore in photoconducting polymers.
Therefore, the alignment of the carbazole unit based on the bilayer assembly is
interesting from the photophysical standpoint. A double-chain carbazole 2C,,-Cz-
C,N" (SCHEME 9) gives transparent aqueous dispersions ' Vesicles of diameters of
400-2000 A are found in an electron micrograph. In the fluorescence spectroscopy. the
bilayers produce typical monomeric ecmission with maxima at 370 and 386 nm, in spite

¢Hs
CH;(CHzﬁrO-Q—N=N-©—O+CHT};I(\I:CHZCHZOH Br~

CH,
SCHEME 8. C,A70C, N "
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of the extensive chromophore stacking. When the two hydrocarbon tails are replaced
with fluorocarbon tails, broad emission probably due to the excimer is present at 432
nm.

The carbazole emission is lessened because of energy transfer by addition of
anionic quenchers. When anthracene-9-carboxylate is used as quencher, the hopping
number of the excitation energy within its lifetime is 7 x 10, a value close to that
observed in single crystals of N-isopropylcarbazole.® It is clear therefore that the
excitation energy migrates very efficiently on the carbazole ring. Efficient encrgy
transfer was similarly observed for azobenzene-containing bilayers.*

Two-dimensional organization of metal chelates is similarly possible. We recently
prepared a bilayer-forming, single-chain amphiphile which contains the azobenzene
moiety in the hydrophobic part and a cyclic tetramine as the hydrophilic head.* The
Cu(ll) complex of the amphiphile gives bilayer aggregates in water. ESR and
magnetic measurements indicated the presence of strong anti-ferromagnetic interac-
tion. The bilayer assembly is thus useful for organizing electron spins.

N(CHo),N(CHy)3 Br

CH3(CH2)10CH2

SCHEME 9. 2C,,-Cz-C,N".

CONCLUDING REMARKS

In this article, recent developments in the static and dynamic morphologies of
synthetic bilayers have been summarized and membrane functions related to the
orientation and distribution of the component amphiphile discussed. Synthetic bilayers
are much more flexible in molecular design than biolipid bilayers. This advantage
should be highly useful for constructing biomimetic membrane systems with novel
functions.
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Chemical Studies Pertaining to the
Chemistry of Cytochrome P-450
and the Peroxidases’

THOMAS C. BRUICE

Department of Chemistry
University of California at Santa Barbara
Santa Barbara, California 93106

The cytochrome P-450 enzymes and the peroxidases contain iron(111) protoporphyrin
(IX) at their active site. In the case of the cytochrome P-450 the axial ligand for the
iron protoporphyrin (IX) is a cysteine thiolate, whereas the axial ligand for peroxidase
is an imidazole of a histidine residue. 'he mechanisms of these two classes of enzymes
are related but the full extent of this relationship is not quite clear because the
chemistry of the peroxidases is rather well understood, whereas there remains much 1o
be learned about the cytochrome P-450 enzymes. For the peroxidases the oxidizing
intermediates have been isolated and characterized. The iron(111) porphyrin moiety of
the peroxidases undergoes two-electron oxidation upon reaction with hyvdrogen perox-
ide, alkyl peroxides,' and percarboxylic acids® 1o yicld an intermediate knowa as
compound . On the basis of visible,* Massbauer.* ESR." and ENDOR® spectral data.
compound I has been assigned the structure of a low-spin oxo-ligated iron(1V)
porphyrin w-cation radical. One electron reduction of the w-cation radical of compound
I results in the formation of an iron(I1V)-oxo species termed compound 11.° It has been
proposed in the case of cytochrome P-450 that the oxidizing specics is an oxo-ligated
iron(IV) porphyrin w-cation radical resembling compound 1 of the peroxidases.™""

The cytochrome P-450 cycle can be discussed with the aid of SCHEME 1. Beginning
with the porphyrin iron(If) state. substrate binding is foliowed by le  reduction and
subsequent reaction with dioxygen. These steps have been observed and are well
characterized. The second fe  reduction is rate determining and is the commitment
step in the cycle. For this reason neither the chemistry for the formation of the
oxidizing intermediate nor its structure can be directly determined. The assumption
that the oxidizing intermediate is an iron(1V)-oxo porphyrin m-cation radical rests on
the known chemistry of the peroxidases. A principal difference between the active
oxidizing agents of the two enzymes is the presence of an axial thiolate in cvtochrome
P-450 and the imidazole in the case of peroxidase. One must be concerned. therefore,
with the probability of the existence of a thiol anion ligated to a high valent iron, and
other possible structures are obvious. The formation of oxidizing species on reaction of
cytochrome P-450 with hydroperoxides (the “peroxide shunt™ of SCHEME 1) is of the
type of chemistry scen with the peroxidases. We shall return to model studies of this
reaction shortly.

The products formed on reaction of the peroxidases with various substrates may be
rationalized as arising via one-clectron transfer reactions or H- abstraction, whereas
the products formed by substrate oxidation with the cytochrome P-430 enzymes arise
by oxygen transfer. Traylor, Lce, and Stynes™ have proposed that for the peroxidases

“Ihe studies reported herein were supported by the National Insututes of Health and (he
American Cancer Society.
83
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CYTOCHROME P-450
(RH)

ROH ROOH o
PEROXIDE
SHUNT

+o
o R r (RH) ; ®/H)
SCHEME 1

the substrate is oxidized by one electron transfer to the porphyrin w-cation radical.
whereas with cytochrome P-450 the oxidation of the subsirate must occur at the
iron-oxo center (SCHEME 2).

Oxygen insertion into H-—C < bonds and the epoxidation of alkenes are reactions
mediated by cytochrome P-450 enzymes. From the results of stereochemical and
isotope distribution studies Groves has proposed, for the hydroxylation reaction, the
so-called rebound mechanism'*"?

."Porph(L)Fe"¥—0 + H- C« - » Porph(L)Fe""—OH + .C-.
Porph(L)Fe" + HO—C—. (1)

In (1) L represents the axial ligand attached to the porphyrin-bound iron moiety and

,fS

4\ fih

Su ( /Fe‘i (N/Fe\N

le” /N S
<N] Cytochrome
H

P-450
Peroxidase
SCHEME 2
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the structures for the iron(1V)-oxo porphyrin w-cation radical and hydroxy iron(1V)
porphyrin are in accord with recent model studies of Groves ef al.'* and electrochemi-
cal studies by Lee and Calderwood in the author’s laboratory.’® The mechanism of the
epoxidation reaction can not be said to be completely known. In model studies,
employing iodosobenzene as an “oxene” transfer agent to iron(111) meso-tetraphenyl-
porphyrin [i.e., TPP(L)Fe'] to generate the oxidizing intermediate - ~TPP(L)Fe'*-
O, Groves has reported that the epoxidation of several styrenes is accompanied by the
formation of phenyl acetaldehydes. This observation was explained by the formation of
a carbonium ion intermediate.'® Since manganese may replace iron in the reaction of
cytochrome P-540,,,,."" the oxygen transfer reactions of higher valent oxo-manganese
prophyrins are pertinent. In model studies using various agents for “‘oxene’ transfer to
manganese(111) porphyrins, the epoxidation of cis-stilbene yields both the cis- and
trans-stilbene epoxides.'®? Clearly, an intermediate is required which is sufficiently
long-lived to isomerize by rotation about the C-C bond. This intermediate has been
proposed to be radical in nature (SCHEME 3).%

Collman and collaborators have offered kinetic evidence in support of the
formation of quasi-stable metallaoxetane intermediates in epoxidations with a higher

(/Mnlv

0
H. _.H O=MaV(X)TPP H, _H H, H m
b - 71——6 —_— 7+ CIMAMTPP
Ph Ph most rapid Ph Ph Ph

Ph
H. _ph O=MaVOX)TPP W] | _ph He, _.-Ph
; - ,.L_ﬁ;‘ - A + cimnllTpp
Ph H

Ph H stowest Ph

SCHEME 3

valent manganese-oxo porphyrin.?'** Such intermediates could arise from and ievert to
the radical intermediates of SCHEME 3.

DISCUSSION OF RECENT STUDIES

What follows is a review of recent studies from this laboratory. These investiga-
tions have been concerned with the structure of the higher valent iron-oxo porphvrin,
the dynamics and mechanisms of oxygen transfer to iron(Itl) porphyrins. and the
dynamics and mechanisms of substrate oxidation by the resultant higher valent
iron-oxo porphyrin. As is so for the vast majority of investigations of models for
peroxidases and cytochrome P-450, we have cmployed one or another meso-
tetraphenylporphyrin ligated to iron(111) or manganese(l11). The meso-tetraphenyl-
porphyrin iron(IH) salts of structures 1-X, 2-X, 3-X, 4-X, and 5-X are currently under
investigation. Meso-tetraphenylporphyrin iron(111) chloride (1-C1) is generally abbre-
viated as TPPFc"'CL.




86 ANNAIS NEW YORK ACADEMY OF SCIENCES

X R
1- 0l H H
{- OMe H H
2-Q Me Me
2- 0OH Me Me
2- OMe Me Me
3-ql Me H
3-0H Me H
4-C} C1 H
4-0H CI H
4-0OMe CI H
5-¢q F H
S5-oH F H
5-0Me F H

As discussed above, the reaction of peroxidase with hydrogen peroxide provides
compound I, which has been shown to contain a low spin iron(IV)-oxo porphyrin
x-cation radical. The formation of compound [ involves both le oxidations of the
iron (1) and the porphyrin ring:

Porph(IM)Fe™ + H,0, — . “Porph(IM)Fe""—0O~ + H,0, 2)

where IM represents the enzyme-bound imidazolyl ligand. It has been presumed that
the “peroxide shunt™ reactions with cytochrome P-450 (SCHEME 1) involve similar
chemistry. The le ~ reduction of compound 1 occurs on the porphyrin ring so that the
compound I1 product represents a porphyrin iron(1V) species:

. Porph(IM)Fe"Y—-Q + ¢ — Porph(IM)Fe"™—O". (3)

In the cyclic voltammograms of Cl™. CIO; . etc. ligated iron(III) porphyrins (as
1-Cl) scanning in the anodic direction beyond the porphyrin iron(ll)/porphyrin
iron(111) couple. there are seen two reversible le  oxidation waves. It was originally
proposed that these le  oxidations pertained to the porphyrin 1ron(lll)/porph\nn
iron(1V) and porphyrin iron(1V)/iron(IV) porphyrin m-cation radical couples.™
This was shown to be incorrect by Gofl, who determined that the first oxidation of iron
porphyrins was not iron centered, since the measured potcmlal was independent of the
anion employed as the axial ligand bound to the iron atom.”* The physical properties
of the products associated with the two le oxidations are consistent with the oxidations
of (4) which involve oxidation of the porphyrin to the w-cation radical and then to its
dicatiorn:

TPPFe''Cl - e — ."TPPFe'Cl - ¢~ [TPPFe"'CI)* . (4)

We have inquirced into the question of why the oxidations of the peroxidases are iron
centered whereas the oxiddtions of simple C17. Cl0O, . etc. ligated iron(lI{) porphyrins
are porphyrin centered.” We find that the hydroxy- and methoxy-ligated tetraphenyl-
porphyrin iron(111) salts, 2-OH, 2-OCH,, 3-OH, 3-OCH;, 4-OH. 3-OCH;. §- OH, and
5-OCH, clectrochemically undergo (TABLE 1) metal-centered one-clectron oxida-
tions:

PorphFe™OH ¢ -+ PorphFeYOH. (5)
Work in Grove's laboratory' established that exchanging a C1 fora CH,O ligand on

a iron(111) porphyrin m-cation radical changes the latter to a methoxy-ligated iron(1V)
porphyrin. This change from porphyrin-centered to miztal-centered oxidation is due o
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TABLE 1. Redex Potentials of the Iron(111) Porphyrin Salts
Porphyrin FCIHP/ FCWP FCIIIP/ FCIIIP: FCIVP/FCI\’p: Fclllp:/FclUPZ» FCIVP:/I:CH P3~

t-Cl — 1.24V 155V

1-OMe IREIY - 110V 1.64V
2-Cl IR 149V —
2-OH 1.01 V 1.14 V — 1.58 V
2-OMe 1.01'V - 113V - 1.56 V
3-Cl 118V 151V —
3-OH 1.07V -- 119V — 1.60 V
+4-Ci 143V — 175V -
4-OH 1.26 V - 144V - 1.73V
+-OMe 1.26 V 144V - 1.73V
5-Cl 1.50V — — -
S-OH 1.38 V — 1.52V —

5-OMe 138V - 1.52V

the fact that higher oxidation states of metals are stabilized by coordination of the
metal to a strongly basic oxy anion.”” Our finding (TABLE 1) that the potentials for the
CH,O and HO-ligated iron (1) porphyrins 2, 3, 4. and 5 are almost identical shows
that the stabilization of the iron(IV) center by both ligands are comparable. The
electrochemical investigations' with the hydroxy- and methoxy-ligated iron(lll)
porphyrins 2 to S could give an explanation of the fact that the redox potentials of
peroxidase compounds | and I1 are quite similar.?”” In the electrochemical investigation
of the models the iron(11l) porphyrin/iron{1V) and iron(1V) porphyiin/iron(1V)
porphyrin m-cation radical couples the potentials are quite close. This is also true for
the compound I /compound 1! couple.

In the “peroxide shunt™ of SCHEME 1, oxygen transfer to the iron(111) porphyrin
may occur by either heterolyvtic or homolytic O-O bond scission (SCREME 4). [f
heterolytic and homolytic O-O bond scission were rate determining and if one could
determine the second-order rate constants for the peroxide shunt reaction with a scries
of hydroperoxides and peroxycarboxylic acids. then one would have some means of
judging the mechanism of the reaction. To this end, studies have been carried out with
the meso-tetraphenylporphyrin chromium(111) chioride, iron(111) chloride. and man-
ganese(!I1) chloride salts. respectively (i.e., TPPCr''Cl, TPPFe'"Cl, and
TPPMn"'(Cl).

H\
H{ ,O-R 0-R
0 -0
NN Heterolytic NI TGN
QVF ) (™ ,\ )t

Homolyt& "OR /

N, e"l )‘ — RO: *[PorphFe geopLs
x X

SCHEME 4
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Employing PhlO as “oxens” donor to TPPCr''Cl, it could be shown that
TPPCr™Cl serves as a trap of the generated TPP(CI)Cr¥-O~ species:

TPPCr'"'Cl + PRIO — TPP(C1)Cr'—O~ + Fhi
and
TPPCr™'Cl + TPP(C)Cr¥-0O~ + H,0 — 2 TPPCr'*—O~ + 2 HCl. (6)

With this in mind we have employed TPPCr'**C] as both “oxene™ acceptor and trap, as
in (6), to follow the time course for the reaction of TPPCr''"Cl with a series of
peroxycarboxylic acids and hydroperoxides®:

TPPCr'Cl + YOOH _Kvoon TPP(CHCr¥-0". (7)

In FIGURE 1 the values of log kygou are plotted vs. the pK, of the YOH species formed
on deoxygenation (carboxylic acids, water, and alcohols). Examination of FIGURE !
shows: (1) the free energies of reaction are a linear function of the standard free
energies for proton dissociation of YOH; (2) both peroxycarboxylic acids and alkyl
hydroperoxides follow the same linear free-energy relationship; and (3) steric
hindrance due to bulky substituents on YOOH molecules is not of importance in the
determination of the rate constants for the reaction of YOOH species with the

4.0}
_-m-CPBA
.2 5~ CH3(CHa1,0CO3H
Te 2.4t
T Ph
= Ph-C-00H
/ CDZMQ
I 1.6 [ J
8 cN
= \
4
g o.s
3 Ph3COOH 1\
cicellTpp
00 —
B =-0.34
Ig
4 8
pKq ROH

FIGURE 1. A plot of the log of the second-order rate constants for the reaction CICt'"TPP with
percarboxylic acids and hydroperoxides (kgroon) vs. the pK, of the carboxylic acid and alcohol
leaving groups.
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CH3
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FIGURE 2. Plot of log kggos vs- pK, of corresponding ROH. The reactions were studied under an
argon atmosphere in spectral grade methanol employing collidine buffer at pH 6.5 (collidine/
collidine - HC1 = 0.126): kgoon Was determined from the intercept of plots of kg, vs. collidine at
zero collidine buffer concentration. Values of kgooy S0 determined are in close agreement with
rate constants determined in methanol without buffer present. CiFe'!TPP - (0.15-1.5) x 107*
M; [TBFii] = 0.1-0.3 M: [ROOH] = (0.2--1.5) x 1072 M; T = 30°C

chromium atom of TPPCr'"'CI. The correlation line of FIGURE 1 is generated by:
log kyoou = —BigPKyoon + C. 8)

where — 3, = 0.34.

Phenylacetic acid could be isolated, after conversion to its methyl ester, in 90%
yield from a reaction of phenyl peroxyacetic acid with TPPCr'"'CI. Since it is known
that the phenylacetoxyl radical rapidly decomposes to CO, and benzyl radical.” we
may conclude that the reacticn of peroxycarboxylic acids with TPPCr'"Cl involves
heterolytic O-O bond scission. Because both peroxycarboxylic acids and alkyl hydro-
peroxides follow the same linear free-energy relationship as that shown in (8), it is
reasonable to assume that both share the same heterolytic mechanism of oxygen
transfer. A mechanism of heterolytic bond scission is also supported by the observa-
tion**?' that oxygen transfer accompanying nucieophilic attack upon the distal oxygen
of peroxycarboxylic acids and hydroperoxides, for example

YOOH + Nuc: — YOH + Nuc—O-, 9

where Nuc: = :S<, :N<,and [~ follows the linear free encrgy equation (8), with -3, =
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0.6. In these instances, as with TPPCr"!Cl, both alkyl hydroperoxides and percarbox-
ylic acids fall on a single linear free-energy plot with a given nucleophilic species.

To determine the second-order rate constants for the reaction of TPPFe"'Cl with
YOOH species we have employed 2.4,6-tri-fert-butylphenol as a trap for the higher
valent iron-oxo porphyrin species. This reagent was introduced by Traylor just for this
purpose.’** In FIGURE 2 the log of the second-order rate constants (kyooy) for reaction
of TPPFeCl with YOOH species are plotted.”® The plot may be noted to be
characterized by a sharp break in slope at pKyey of about 11. The peroxycarboxylic
acids and the most acidic alkyl hydroperoxide follow a linear free-energy relationship
with slope (- 3,) equal to that seen with TPPCt"'Cl. By this, and the criteria employed
with TPPCr™CLL the reaction of these YOOH species with TPPFe''Cl involves
Leierolvtic O-O bond scission. It is most reasonable to assume that the abrupt change
in the slope ot the plot represents a change in mechanism. Those alkyl hydroperoxides
derived from clcohols whose pK, values are greater than 11 would then be undergoing
reaction w. - TPPFe"'C1 via homolysis of the hydroperoxide O-O bond. The question
of heterolysis or homolysis of the O-O bond of alky! hydroperoxides and peroxycarbox-
vlic acids in their reactions with cytochrome P-450 has been given considerable
attention.” ™ ** One would not anticipate that TPPFe!"Cl could mimic the thiolate-
ligated iron(I1l) porphyvrin of cytochrome P-450 or the imidazole-ligated iron(I11)
porphyrin of the peroxidases in its reactions with peroxides and peroxycarboxylic acids.
Our results do show, however, that both heterolytic and homolytic mechanisms operate
with an iron(11l) porphyrin and that the alkyl hydroperoxides are the most prone to
homolysis.

The 2.4.6-tri-tert-butylphenol trap has been used to study the second-order
reaction of TPPMn''Cl with percarboxylic acids and hydroperoxides. The hydroperox-
ides proved to be unreactive. In FIGURE 3 there is shown a plot of log kypon for the
reaction of a series of peroxycarboxylic acids vs. the pK, of the corresponding
carboxylic acids.*® The lack of reactivity of hydroperoxides becomes understandable
from the value of -g,, which at 1.25 is much more negative than that seen with
TPPCr™Cl and TPPFe™Cl (both 0.34). As with the latter chloride-ligated metal
porphyrins, the mechanism of O-O bond scission is assigned as heterolytic on the basis
of the recovery of more than 95% phenyl acetic acid when phenyl peroxyacetic acid was
employed as ““oxene™ donor. The values of the —g,, constants in the plots of FIGURES
1-3 are indicative of the sensitivities of the sums of the standard frec energies for
YOOH complexation with chloride-ligated metallo tetraphenylporphyrin and the
reaction of the complex to provide the following product:

K. ,
TPPFe"'Cl + RCO,H - ATPP(CI)Fc”'(I)OC(O)R b

H
TPP(CHFe"O + RCO,H (10

The dependence of — 3, upon the nature of the solvent, porphyrin, and the axial ligand
has yet to be determined. The importance of the nature of the ligand is shown by our
observation that manganese(111) TPP rcacts with alkyl hydroperoxides when the axial
ligand is imidazole.

In order to understand completely a chemical process, it is necessary to be avle to
comprehend its dynamics. | have bricfly described a start in this direction for the
reaction of alkyl hydroperoxides and peroxycarboxylic acids with metallo porphyrins.
One would also like to understand the kinetics of oxidation of substrates by higher
valent oxo-metal porphyrins. This has posed a problem insofar as those rcagents
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previously used to transfer “oxene™ equivalents to metalloporphyrins also bring about
the oxidation of the metallo porphyrin catalyst. Such reagents include iodosobenzene
and its derivatives as well as peroxycarboxylic acids and alkyl hydroperoxides.
Peroxycarboxylic acids, alkyl hydroperoxides, and iodosobenzene diacetate may only
be used when the generated higher valent state oxo-metal porphyrin is rapidly trapped.
The use of iodosobenzene for kinetic studies is not really possible, even in the presence
of a trapping agent, because of the insolubility of this reagent and its polymeric
nature.* We have surveyed a host of potential reagents in order to determine if they
are capable of transferring an ‘“‘oxene” equivalent to TPPFe"'Cl or TPPMn"'Cl. The
most useful reagent found to date is p-cyano-N,N-dimethylaniline-N-oxide (NO).*

451
cimnItpp
Mot com
0o =
Big= -1.25
3.5
e
O
o
> 3.0}
by {@cuzcoan
-
2.5
/CI(CH2)4COSH
*
2.0+ / CHs(CHz)loCOSH
1.5 ' — . .
30 35 4.0 4.5 5.0 5.5

PKyon

FIGURE 3. Plot of the second-order rate constants (kyeo) for the reaction of CiMa'"TPP with
percarboxylic acids (YOOH) vs. pK, of the carboxylic acid leaving groups (pKyoun).

This N-oxide may be employed as an “‘oxene™ source with TPPFe"'Cl or TPPMn"'CL
An interesting obscrvation is that NO does not react with TPPCr"'Cl unless the
reaction i» carried out under photolytic conditions. Dimethylaniline- V-oxide transfers
an “oxene” equivalent to TPPFe"'Cl to yicld - TPP(C)Fe™YO and N.N-dimeth-
ylaniline. However, the dimethylaniline acts as a substrate for the iron(1V)-oxo
porphyrin w-cation radical, resulting in its demethylation.® Since alkenes (or other
hydrocarbons) can not compete with the rapid dealkylation reaciion, this N-oxide is of
little utility. The uscfulness of the p-cyano-N,N-dimethylaniline- N-oxide, with both
tontifiy und manganese(111) porphyrins, resides in its formation of the electron-
deficient p-cyano-N,N-dimethylanifine on “oxcine” transfer and the decreased reactiv-
ity of this dimethylaniline towards - * TPP(Cl)Fe'YO . When gencrated with NO, the
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higher valent iron-oxo and manganese-oxo porphyrin specics have the opportunity tc
react with added hydrocarbon substrates.

Benzenesulfonyi-3-( p-nitrophenyl)oxaziridine (OXA) is also useful as an “oxene™
transfer agent to manganese porphyrins, particularly for the epoxidation of primary
alkenes (TABLE 2), but it is of little use with iron(I1I) porhyrins.?® To these reagents
there should be added sodium and potassium hypochlorite as empioyed by Coltman®?’

TABLE 2. Hydrocarbon Oxidation with CIMn"'TPP and OXA (25°, CH,Cl,
Solvent, N, Atmosphere)

Reaction
Hydrocarbon  [Subst]}:[OXA):[CIMn"'TPP) Time/h Products % Yield®

= 10:5:1 2 >A( 100 (100)
2 2550 2 dx= 40(2)
100:5:1 2 b 36 (6)
25:5:1 3 28 (3)
1000:5:1 3 26 (1)
g 25:5:] 3 ~~~] 5(0)
25:5:1 3 W 15(2)
100:5:1 38 9 23 (4)
2550 44 O Q) s
trans-stilbenc oxide 36 (0)

“‘D 100:51 3 cis-stilbene oxide 46 (0)
@ . 25:5:1 46 trans-stilbene oxide 32 (0)

cis-stilbene oxide 39 (0)

C) 1000:10:1 18 Q ¢ 10 (0)
2551 17 1(0)

Qe

“Percentage yields are based on [OXA] added. Percentage yields obtained in the absence of
CIMn"'TPP are given in parentheses.

*The reactions were followed by GC analysis using a 25 m capillary column (Varian, WCOT,
Vit. Silica) or in the case of the stilbenes by HPLC analysis using an Ultrasphere-Octyl column
eluting with 70:36 = MeOH:H,0 (v/v).

‘Approximately 1% yields of 2-cyclohexene-1-ol and 2-cyclohexene-1-one were obtained in the
presence of CIMn'"TPP.

and Meunier®** with manganese(111) porphyrins. We find hypochlorite to be of little
use with iron(I1l) porphyrins.

The reaction of NO with TPPFe"'CI*' and TPPMn"'X (where X = F , Cl-, Br ,
CNO™)* has been investigated and at present these studies are being extended to
examine the influence of axial ligand changes with meso-tctraphenylporphyrin
iron(I11) and also the reaction of NO with the iron(I11) porphyrins 2, 3, 4, and S.
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The trapping of the higher valent iron-oxo porphyrin with 2,3-dimethyl-2-butene
(11) and 2,4,6-tri-t-butylphenol (12) showed that NO reacts with TPPFe!"'C} 1o yield
-*TPPFe' O~ plus p-cyanodimethylaniline:

k
a
(Cl) TPP =——= Complex

[
=-Q
\:b

NO + Fe"

—_— _ v + o (ll)
/\_< (M - 0=FeV (CHTPRI* + DA(100%)
AP
i kokb = -1t
+ CIFe TPP 5 M's
100 % k—q
Me X
|
neO-n-0m + FeicnTRP =—=no-Fe"(CI)TPP
| K.
Me ¢
(NO) ko
(12)

<Fa¥Y *
to=reV(cTeP + NC-@-NMez

2 X@ TRAP 100%

oH 2 TBP + H,0 + CIFe"TPP

The time course for these reactions was followed by observing the appearance of the
tri-t-butylphenol radical (630 nm) and appearance of both epoxide (GC) and
p-cyano-N,N-dimethylaniline (320 nm) respectively. The pseudo-first-order rate
constant determined for the reaction of (11) was found to be independent of the phenol
trap. In the case of the epoxidation reaction, trapping was quantitative at 1 M alkene.
The rate constant kk,/k _, was found to be in agreement when determined by the two
trapping techniques. These experiments demonstrate that the rate-determining step
involves the transfer of the “‘oxene” equivalent from NO to the iron of TPPFe"'Cl.
Isotope experiments support these kinetic results*>** That this occurs via pre-
equilibrium formation of a TPP(Cl)Fe"-ON complex can be shown from the
determination of the equilibrium constants for complexation of unreactive N-oxide
analogues with TPPFe''Cl and by following the reaction of NO with the iron(111)
porphyrin chloride in the Soret region at 410 nm.

In the absence of added oxidizable substrate, the species - * TPPFe(Cl)'YO~ reacts
with the p-cyanodimethylaniline product and also with the subsequent products of this
oxidation. This cascade of oxidations rapidly removes the -*TPP(Cl)Fe'YO from
solution and protects the porphyrin ring from destructive oxidation. The products of
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reaction and their percentage yields are as follows:

Me CH,OH CHO
/ Vanks /
N NC N
ey O O
Me Me Me
(DA) (caf) (FA)
M
N-CH,- N N
ne<O-N, Nc—<©>—| CHy H—@c
Me Me
(MA) (MD)
s ,CH,0H
NC N-N CN NC N NC NH
O hD-en 1O O,
CHy
(H} (CA2) (A)

The products MA and FA must arise by the oxidative demethvlation of DA. Also, the
precursor of H, MD, and A is MA. This was determined from 2xperiments where the
various products were employed as oxidizable substrates in the reaction of NO with
TPPFe(111)Cl. The percentage yield of each product was determined at the completion
of reaction and the time course for the formation of each individual product was
followed by HPLC at several wavelengths and the rate constants computed for their
appearance. Given this body of information, plus the correct mechanisms for the
required reactions for product formation, there may be obtained (by computer
simulation) the rate and equilibrium constants for each reaction step.

The very reasonable assumption has been made that the oxidative demethylation of
the methylanilines occurs via two le ™ abstractions or the one ¢~ rebound mechanism of
(1. In either case DA and MA would yield the carbinolamines CAl and CA2
respectively. The formamide FA can only arise from CAl. By dissociation of
formaldehyde from the carbinolamines CAl and CA2, MA and A are formed. The
products H and MD reasonably arise by the seif-coupling of two MA radicals obtained
in the le” oxidation of MA. The reactions 1-4 and 6-8 of SCHEME 5 provide the
simulated kinetic results which have been obtained by the fitting of the enumerated
experimental data to these reaction steps. The reactions 5, 13, and 14 have been added
to the scheme to account for the distribution of products when A is added to the
reaction mixture at zero time and in concentrations much greater than produced in the
TPPFe"'Cl decomposition of NO, even at very high ratios of NO/TPPFe"'Cl. Only a
few words need be said about the rate constants themselves. They are reasonable. The
rate constants for le™ oxidation of the dimethylaniline, monomethylaniline, and
aniline are essentially identical (ca. 300 M ' s') as would be expected from our
finding that their le” oxidation potentials are almost identical. The oxidations of the
cation radicals of these amines as well as the radical coupling reactions are close to the
diffusion-controlled limit for bimolecular reactions. Lastly, the dissociation of the
carbinolamine CA1l is endothermic. This is as expected in an aprotic solvent. The
absolute value of the dissociation constant is critical (K, = 7.7 x 10 > M) but the
associated rate constants are only required to be greater than 1/13 M.
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Rate Constants
(Seconds, Molar)

1. TPPFe(lI1)Cl + NO ~ TPP(Cl)Fe(II[)NO 288.0/16.0
2. TPP(C)Fe(III)NO — [TPP(Cl)Fe(IV) = O] - + DA 0.30
3. [TPP(Cl)Fe(1V) -=-O]*- + DA — [TPP(C})Fe(II)OH]*- + DA".  300.0
4. [TPP(Cl)Fe(lI1)OH]*- + DA*. — TPPFe(I11)Cl + CAl 3.0 x 10°
5. [TPP(CI)Fe(II)OH]*. + DA — TPPFe(Il1)Cl + DA" - 300.0
6. [TPP(Cl)Fe(1V) —O]*. + CAl1 — TPPFe(II1)C| + FA 5.0 x 10
7. CAl = MA + CH,0 1.0 x 10°/1.3 x 10*
8. [TPP(CHFe(1V) -~ O]*+ + MA — [TPP(CHFe(I1HOH]". + MA~. 3000
9. [TPP(Cl)Fe(IIDOH]*- + MA*. — TPPFe(IICl + A + CH,u 1.0 x 10’
10. 2MA*. —H 6.0 x 10°
I1. 2MA*. — MD 3.5 % 10°
12. [TPP(CHFe(lV) == 0O]"- + CH,0 — TPPFe(li1)C! + HCOOH 1.5 % 10°
13. [TPP(Cl)Fe(IV) -= O]*. + A — [TPP(Cl)Fe(IINHOH]'- + A"- 250.0
14. A~ + DA— A + DA". 250.0

SCHEME 5§

It is possible, through the use of the NO plus TPPFe"!Cl system. to determine the
rate constants for the reaction of . *TPP(Cl)Fe'YO~ with various compounds. A
worthy example is the determination of epoxidation rate constants for a number of
alkenes. 2,3-Dimethyl-2-butene was used as an added substrate at a number of
dilutions and the percentage yields of epoxide as well as DA, MA, FA, H, MD, and A
determined at the completion of reaction. The percentage yields of these seven
products are predictable by the addition of (13) to the series of reactions presented in
SCHEME 5:

25 M's™!
[TPPICIFE(VI=01"" + Yol o TRPFE(UNCT + A\ (13)

From competitive experiments (or experiments run under stringently comparable
conditions) using a number of alkenes there can be obtained the percentage yields of
epoxides relative to the epoxide of 2,3-dimethyl-2-butene. Since the percentage yields
relate directly to the rate constants for epoxidation and the rate constant for
cpoxidation of 2.3-dimethyl-2-butene has been determined, the rate constants for
cpoxidation of the other alkenes may be calculated. In considering the rate constants
for epoxidation of alkenes by - *TPP{C)Fe'YO, it is useful to make a comparison to
the rate constants of epoxidation by a well-recognized reagent. A reasonable correla-
tion of the log of the rate constants for epoxidation of 2,3-dimethyl-2-butene,
cyclohexene, norbornane, and trans-stilbene by m-chloroperbenzoic acid and
TPP(C)Fe™O is

log kirppciyrevo . = 0.3 log kycppa + 1.4. (14)

This linear free-energy relationship shows that the higher valent iron(1V)-oxo species
is more rcactive but less selective to the nucleophilicities of the alkenes, an expectation
of the reactivity selectivity principle.

The mechanism of reaction of TPPMn"' X salts (A = F . Cl . Br ,and OCN )
with NO differs in several respects from that of the reaction of the N-oxide with the
iron(111) tetraphenylporphyrin chloride.* In these studices, cyclohexene was employed
as an external substrate and the time course for the formation of products was followed
by GC. The epoxidation of cyclohexene occurred in 31-39% vield (little dependence on
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the nature of X~) based upon the concentration of NU with ca. 2% yield of
cyclohexene-2-0l when X~ = OCN ™. The only products formed from the N-oxide were
the dimethyi (DA) and mu..omcthyl (MA) anilines. Computer simulation of the time
courses for epoxide and MA formation were only successful with the assumption that
all demethylation occurred within an intimate pair of TPP(X)Mn'O" and DA and
that cyclohexene behaves as a trap for all TPP(X)Mn*O~ which dissociates intact
from this intimate pair, as shown in (15).

K
e
" el o [NO w Mn

NO + TPPMn {CHTPP

k \';
DA=O=Mn (C)TPP
CH,0 +MA + TPPMn" o

K, (15)

DA + TPP(CHMn'=0

TRAP
Q\— TPPMR'C) + O)o

Though the yields of products showed little dependence upon X ~, the kinetics of the
reactions were markedly so. For example, with comparable concentrations of manga-
nese(111) porphyrin, NO, and cyclohexene, the reaction when X~ = F~ is zero order in
product formation until all NO has been consumed, whereas with the other axial
ligands, product formation was more nearly first order. The dependence of the kinetics
upon the nature of the axial ligands was shown to be due to ligand control of the
equilibrium constant for the complexation of NO by the manganese(I11) porphyrin
(15).
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Biological Strategies for the
Manipulation of Dioxygen

The Chemistry of Cytochrome P-450°
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INTRODUCTION

Over thirty years ago it was recognized that the 3-hydroxy group of cholesterol
derived from dioxygen and not from water (see Hayaishi' for a historical perspective).
We now know that carefully controlled oxygenations by the family of enzymes known
as oxygenases is a general biological strategy for the manipulation of small molecules.
There are a number of ways to classify the oxygenases. but it is most useful 1o consider
active site structure. The flavin-dependent hydroxylases oxidize only relatively reactive
substrates such as phenols. The active species in the catalytic cycle is most likely a
flavin 4a-hydroperoxide which has chemical reactivity similar to that of a peroxvacid.
There are two copper ions at the active site of tyrosinase and similar cnzymes.
Non-heme iron is known to be at the active site of methane monooxygenase, the
w-hydroxylase of pscudomonas putida, catecholise, and the pterin-dependent hydrox-
ylases.

Cytochrome P-450. a heme-iron containing oxvgenase. mediates a wide variety of
oxidations.” 7 Several forms of this protein found in the liver apparently protect the
body from foreign chemical insult by oxidizing toxic compounds 10 more manageable.
hydrophilic materials. It is now recognized that some of the metabolic transformations
mediated by cytochrome P-450 produce toxic or carcinogenic products. The epoxide
produced from vinyl chloride by liver cytochrome P-4350 is known to produce tumors in
that organ, and benzpyrene is oxidized in the lung to a carcinogenic diol-epoxide.
Many of the oxidative transformations of organic compounds mediated by cytochrome
P-450 are carefully designed metabolic events. A cascade of very specific forms of
cytochrome P-450 found in the adrenal cortex. for example. is involved in many of the
important steps of lipid metabolism. After its biosynthesis, cholesterol undergoes a
scries of oxidations in which cytochrome P-450 is involved. The removal of the alkyl
side chain from ring D is known to proceed by two successive and stercosclective
hydroxylations at C-20 and C-22 followed by a glycol cleavage. The eventual
hydroxvlation of C-11 in ring C on the way to the corticosteroids is also 1 P-450
mediated process.

Cytochrome P-450 has begun to ecmerge as a paradigm for the metal-cortaining
oxygenases since the structure of one case is now known® and a detailed understanding
of the chemical mechanism appears to be at hand.

A single heme iron is ligated to the protein by a unique cysteine thiolate. The

“Support for this research from the National Institutes of Health, the National Science
Foundation, and the Dow Chemical Company is gratefully acknowledged.
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SCHEME 1. Oxygen activation and transfer by cytochrome P-450.

substrate is bound at the surface of the porphyrin ring on the side opposite the sulfur. It
is presumed that oxygen is bound at the iron, immediately adjacent to the site of
substrate oxygenation. An outline of the chemical events that are thought to take place
is presented in SCHEME 1.° The important concepts represented by this process are (1)
dioxygen is reduced 1o a peroxide bound to iron; (2) the peroxide oxidizes the iron (111)
heme to an intermediate functionally equivalent to an oxoiron(V) complex: and (3) this
oxoiron species is intrinsically reactive toward a wide variety of oxidizable organic
functional groups—the biological equivalent of permangarate ion.

The ability of cytochrome P-450 to function in the presence of exogenous oxvgen
donors such as alkyl hydroperoxides and iodosylbenzene'™'* has suggested mechanistic
similarities to the peroxidases for which oxoiron(1V) and oxoiron(V) equivalents are
isolable intermediates.'*'® A useful chemical simplification of the processes of oxygen
transfer by iron is the oxygen rebound mechanism (SCHEME 2)."° Heterolytic cleavage
of the O-X bond of a typical peroxidic oxygen donor at a metal center can lead to a
reactive metaloxo intermediate (/) which is able to transfer its oxo ligand to the
organic substrate molecule.

The intent of this paper is to discuss three aspects of recent work in our laboratorics
aimed at clucidating the chemistry employed by cytochrome P-450 for the activation

NS

:Iln.z: F'

SCHEME 2
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and transfer of dioxygen to substrate molecules. In the first, specifically designed
substrate molecules have been employed to probe the nature of unseen reactive
intermediates in the enzymic cycle such as /. A second approach has been the
preparation of highly oxidized synthetic iron porphyrins that have provided simple
chemical models of /. Finally, insights gained from the mode! studies have allowed the
rat - nal design of new catalysts for the oxygenation of hydrocarbons.

MOLECULAR PROBES OF THE MECHANISM OF CYTOCHROME P-450

A problem we confront in our attempts to understand the oxygen transfer steps
catalyzed by cytochrome P-450 is that the iron-oxo intermediate has not been
observed. An approach to elucidate the chemistry of this intermediate has been the
design of substrate molecules which could reveal the chemistry of the oxygen transfer
event through diagnostic rearrangements. Consider, for example, the oxidation of
cyclohexene by cytochrome P-450 which is known to produce only cyclohexene oxide

H
[ J - M H LN
. o—-m
Q. E Q‘o,
H M L H
(1) (2) (3) (4)
D D ﬁ

SCHEME 3

and 3-cyclohexenol. Let us focus on the hydroxylation reaction® (see Groves and
Subramanian® and refs. therein). SCHEME 3 shows several limiting mechanisms for the
initial interaction of an oxoiron species: (1) a concerted oxygen insertion into the allylic
C-H bond; (2) an allylic hydrogen atom abstraction and geminate radical recombina-
tion: (3) electron transfer from the olefin to the oxidized metal and subsequent loss of a
hydrogen; and (4) oxygen addition to the double bond followed by the elimination of a
proton.

The oxidation of specifically deuterated cyclohexenes has allowed a differentiation
of these possibilities. From the enzymic oxidation of 1,3,3.-trideuterocyciohexene one
learns that the allylic CH, group is five times more reactive than the chemically
equivalent CD, group on the other side of the double bond. Thus, whatever the
mechanism by which C-H bond is broken there must be an opportunity to express this
substantial isotope effect.
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Examination of the position of oxygenation of 3,3,6,6-tetradeuterocyclohexcne
gave an unusual result. The major site of hydroxylation (60-80%) was the allylic CD,
group but the significant remainder (20-40%) appeared at what was the double-bond
carbon. The result was the same whether oxygen or cumene hydroperoxide was used as
the oxidant. Accordingly, the allylic hydroxylation of cyclohexene occurred with
partial allylic rearrangement of the double bond. A reasonable process that accommo-
dates both the rearrangement and the isotope effect is shown in SCHEME 4. A hydrogen
abstraction process would be expected to show a large isotope effect since a linear
C...H...Ogeometrycan be accommodated in the transition state. By contrast,
the highly bent geometry required for an oxygen insertion would be expected to have an

A}
e

M—OH

HO—-M _ @
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SCHEME 4

isotope effect no larger than 2. If the allylic carbon radical formed upon hydrogen
abstraction is captured quickly, only the labeled sitc would bear a hydroxyl group.
However, if radical recombination is competiiive with allylic rearrangement at the
active site, a well-precedented event in radical chemistry of simple molecules, partial
allylic rearrangement can be explained by such a process.

CHARACTERIZATION OF REACTIVE IRON-OX0O COMPLEXES

In 1978 we discovered that synthetic iron (I11) porphyrin complexes would
catalyze the transfer of oxygen atoms from iodosylbenzene to both olefins and
paraffins (SCHEME 5).2'"** lodosylbenzene was chosen in part becausc it had been
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shown to be an acceptable oxygen source for cytochrome P-450. Subsequently,
chromium and manganese porphyrin systems were also shown to be effective.”” The
isolation and characterization of reactive oxometalloporphyrins has begun to provide a
rationale for this process and for the enzymic reaction as well."

The sterically hindered 5,10,15,20-tetramesityl-porphyrinatoiron complex has
been shown to produce an unusually stable oxidized species upon reaction with a
variety of oxidants. Thus, the oxidation of this complex with m-chloroperoxybenzoic
acid at - 78°C has been shown to produce a green species 2 (SCHEME 6). Several lines
of evidence now support the formulation of 2 as an oxoiron(1V) porphyrin cation
radical™? formally equivalent to the celebrated compound I of horseradish peroxi-
dase.'®"® The visible spectrum of 2 shows the characteristic long wavelength absorption
of a porphyrin radical. Further. large downfield shifts for the aryl hydrogens in the
proton NMR spectrum of 2 (5 68 {m-H], 24 and 26 [o-methyl] and 11.] | p-methyl])
are also indicative of substantial spin and charge density on the porphyrin ring. The
isomer shift in the iron Mgssbauer spectrum of 2 (6 0.06) is in the range of other
iron(1V) complexes. The complicated magnetic field and temperature dependence of

SCHEME 6
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the Massbauer data are closely modeled by an S=1 iron (IV) coupled strongly and
ferromagnetically to the S=! porphyrin. Magnetic moment measurements and the
EPR spectrum were also consistent with a % spin system for 2. Recent EXAFS data
have provided evidence that the iron-oxygen distance in 2is 1.6 A.

The high chemical reactivity of 2 toward hydrocarbons has indicated that it is
kinetically competent to be the reactive species in the iron porphyrin catalytic systems.
That the O-O bond is broken in the reactive complex is supported by the efficient
incorporation of 0 from water into the product epoxide in the presence of olefinic
substrates. Peroxyacids do not exchange the peroxidic oxygen with water, whereas the
oxo ligand of metaloxo complexes do. Thus, a mechanism for oxygen transfer to olefins
via 2 is that shown in SCHEME 7. Recent kinetic® and spectroscopic® evidence has
indicated that an intermediate olefin-iron porphyrin adduct is formed prior to epoxide
release.

TOWARD THE DEVELOPMENT OF BIOMIMETIC CATALYSTS

With a functional catalytic system in hand, one is challenged to develop practical
applications. One such application is the use of a chiral metalloporphyrin catalyst for

SCHEME 8
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SCHEME 9

the asymmetric oxidation of hydrocarbons using this biological analogy. The first
generation chiral porphyrin catalyst is one bearing four bulky binaphthyl groups, 3
{SCHEME 8).% Of the four possible rotational isomers of 3, the aBag disposition shown
has the useful topological property that with optically resolved binaphthyl appendages
an approaching substrate molecule will experience the same set of asymiucitic
nonbonded interactions regardless of the direction of its approach. Both front and rear
approaches to the top face of the oxoiron species 3 involve interactions with a
carbomethoxy group on the left and the edge of a naphthalene ring on the right.
Applied to the epoxidation of styrenes, this catalyst produced a mixture of styrene
oxide stereoisomers in good yield enriched by threefold in the R( + )-enantiomer.
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tnterest in hydrocarbon oxidation in chemical process research has stimulated a
major effort to find a practical system for the activation and transfer of oxygen based
on the strategy used by cytochrome P-450. As described above, the stoichiometry of
the reaction requires two electrons from an exogenous source. Thus, most of the model
systems have employed peroxidic oxidants such as iodosylbenzene or hypochlorite.’
The reductive activation of dioxygen has been reported in several cases’'*? but each
requires the consumption of at least stoichiometric amounts of a reducing agent.
Clearly, the development of a practical catalyst for the oxidation of hydrocarbons must
achieve access to reactive oxometal species without the need for a coreductant.

We have recently described the discovery that dioxo(tetramesitylporphyrinato)
ruthenium(VI) [Ru(TMP)O,, 4 in SCHEME 9], catalyzes the aerobic epoxidation of
olefins at ambient temperature and pressure.”™ A process such as that shown in
SCHEME 9 is consistent with the experimental observations. Manometric measure-
ments of oxygen uptake during the oxidation of cyclooctene indicated that two moles of
epoxide were produced for each mole of dioxygen consumed. The yield of cyclooctene
oxide was found to be independent of oxygen pressure and olefin concentrations. The
epoxide yield varied linearly with the amount of catalyst used.

The epoxidation of cis- and trans-3-methylstyrene proceeded with ncarly complete
retention of configuration, similar to the results we have reported for iron-and
chromium-based metalloporphyrin systems. Also similar to the iron tetramesityipor-
phyrin-iodosylbenzene system was the observation that the cis olefin was 14.5 times
more reactive than the trans in a competitive oxidation, suggesting a mechanistic
similarity between the iron and ruthenium systems.

Under anaerobic conditions Ru{TMP)O, was found to be a competent stoichio-
metric oxidant and the aerobic oxidation of Ru(II)TMP(THF), to 4 was also observed
under these reaction conditions. The ortho buttressing of the TMP ligand was found to
be essential for catalytic activity since unhindered porphyrins dimerized readily to
inert u-oxo dimers. These results are consistent with Ru(TMP)O,, 4, as the active
oxidant and a transient ruthenium(ll) complex as the species reactive toward
dioxygen. A reasonable expectation is that an initially formed oxoruthenium(IV)
complex disproportionates rapidly to 4 and Ru(I)TMP. Although the details of the
mechanism and the nature of the catalytic intermediate are not fully understood at this
time, it is nonetheless clear that mimicry of a biological strategy has led in this case to a
remarkably selective new catalytic system.
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PART 1I. CHEMISTRY OF NATURAL PRODUCTS OF BIOLOGICAL
IMPORTANCE

Chemistry of Corphinoids®

A. ESCHENMOSER

Organisch-chemisches Laboratorium
Eidgenbssische Technischen Hochschule Ziirich
CH-8092 Ziirich, Switzerland

Corphins are hexahydroporphinoid ligands that combine structural elements of both
the porphins and the corrins. They contain the carbon-nitrogen skeleton of porphins
and a chromophore system similar to that occurring in corrins. Pyrrocorphins are
corphin tautomers in which one of the four five-membered rings is in pyrrolic form
(FiG. 1).

The first corphin was a synthetic compound made in 1968 for the sake of studying
its chemical properties in context with the hypothesis that intermediates with a corphin
structure might play a role in vitamin B,, biosynthesis. This ‘“‘corphin hypothesis”
(F1G. 2) posited a conversion of uroporphyrinogen I1I into 2 corphin derivative by
consecutive peripheral C-methylations by S-adenosylmethionine,™'® followed by an
urknown but mechanistically justitiable reductive ring contraction through which the
C-20 meso carbon of the corphin becomes the angular methyl group'' of the corrin. At
that time, essentially nothing about vitamin B,, biosynthesis was known beyond
Shemin's*"! classical work which had shown that the corrin nucleus of vitamin B,,
stems from aminolevulinic acid and porphobilinogen and that the peripheral methyl
groups derived from S-adenosylmethionine. In our laboratory, the envisaged reductive
corphin — corrin ring contraction was intensively sought in experiments involving the
synthetic corphin complexes and metal-free corphins shown in FI1G. 3. However, the
search was uniformly unsuccessful in that reduction experiments, e.g., with zinc and
acetic acid under various conditions, simply led to partial reduction of the corphin
chromophore. This was, at the time, considered to be of lesser interest (which is no
longer the case today, as we have learned'*' that those very same reaction conditions
can convert the chromophore of a nickel(Il) corphin complex into the type of
chromophore system that occurs in the recently discovered'*'® coenzyme F430).

Finally, the “corphin hypothesis” in its original form was shattered by the
discovery of Shemin and Scott,'*-* made by means of '*C NMR spectroscopy in 1972,
that in the biosynthesis of vitamin B,,, the C-20 meso carbon of uroporphyrinogen does
not become the carbon of the corrin’s angular methyl group, but rather is expelled at an
unknown later stage of the biosynthetic sequence (FIG. 4). As a consequence of this
discovery, the corphin structure disappeared from the scene of interest for a number of
years, only to suddenly rise again almost a decade later. Today, we witness what we
refer to in our laboratory as the “corphin renaissance™ for reasons which become
evident from the summary of recent developments given in FIGURE 5.

The impetus for the renaissance came from various sources. First, it has come from
new insights gained from a systematic synthetic analysis of the mechanistic manifold

%This work was supported by the Swiss National Science Foundation.
For a formulation of the corphin hypothesis see Wehrli;> compare also Whitlock and
Buchanan,* and Scott et al.® For competing (contemporary) hypotheses on vitamin B,, biosynthe-
sis see Dolphin ef al.® and Dolphin.’
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CORRIN CORPHIN PYRROCORPHIN
FIGURE 1
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FIGURE 3. Synthesis of corphins (1968, 1973).




110 ANNALS NEW YORK ACADEMY OF SCIENCES

FIGURE 4
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of potentially biomimetic (A — D)-corrin ring closures.” Second. it has come from a
part of the experimental harvest collected in the wake of the consideration that the
origin of porphinoid and corrinoid structures is potentially prebiological.**% Third., it
has come from the discovery of coenzyme F430"°'* and, finally, from a series of
dramatic discoveries in the field of vitamin B,, biosvnthesis made in the research
groups of Battersby.” * Scot1t,**' Miiller.” ** and Arigoni** as these groups worked
towards the goal of establishing the exact sequence by which the peripheral methyl
groups are introduced into the corrin nucleus of vitamin B,,.

Around 1974, the ongoing search for potentially biomimetic (A — B) corrin ring
closures in our laboratory became dominated by the question of whether the expulsion
of a C, fragment (see above) could fulfill a specific mechanistic function in an
(A — D) ring closure reaction. From this emerged the (A — D)-cyclization of a
19-formyl-1,19-secocorrinate illustrated in FIGURE 6 and the demonstration that
19-formy! corrinates can be deformylated to corrinates.”® With this version of an
A /D-secocorrin — corrin cycloisomerization, the potential importance of Lue criterion
“constant oxidation level” for the elucidation of the biosynthetic path to vitamin B,
was recognized®™; the oxidation level of a 19-formy!l corrin is the same as that of a
corresponding uroporphyrinogen as well as that of the ensemble of the deformylation
products formic acid and the corrin. The reduction to be achicved in a conversion of a
porphyrinogen (8 double bonds) into a corrin (6 double bonds) can be brought about by
an intramolecular transfer and eventual extrusion of redox equivalents without an
external reducing agent.

The perhaps most surprising discovery at the frontier of the biosynthesis research
was made by Battersby er al.,”®* Scott er al..”"" and Miiller er a/..>* in 1979: namely.
in the sequence of peripheral C-methylations, the third methyl group is placed at the
C-20 meso carbon (not at C-5. as originally assumed) and this third methyl group is

1380 DIHYDROCORPHINOL - CORRIN RING CONTRACTION

1981 PORPHYRINOGEN - PYRROCORPHIN TAUTOMERIZATION

1982 COENZYME Fu30: A NICKEL(I1) TETRAHYDRO-ZORPHINATE

1983 PERIPHERAL C-METHYLATION OF PYRROCORPHINS

1985 METHYLATION SEQUENCE IN Byo-BIOSYNTHESIS (BATTERSBY, SCOTT)
IMPLICATES A CORPHIN DERIVATIVE AS INTERMEDIATE

FIGURE 5. The “corphin renaissance.”
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FIGURE 6. Corrins by cycloisomerization of 19-formyl-A /D-secocorrinates. (See ref. 35)

cxpelled again in a later stage of the biosynthesis. as is the C-20 meso carbon itself. The
consequence of this discovery was incisive: not a C-fragment but rather a C-fragment
has to be expelled in connection with the ring contraction process.

The structure shown in FIGURE 7 became the focal point of ceverything that
followed. Tt initiated the brilliant search for and the eventual finding of acetic acid as
the extrusion product by Arigoni er al.* and Battersby e a/*® In our laboratory it
induced. in the light of the ring closure chemistry of FIGURE 6, the conception and
experimental realization of the dihydrocorphinol - acetyleorrin ring contraction
chemistry of FIGURE 8 in a model system which was specificatly synthesized for that
purpose.*' In essence. this ring contraction process is the most advanced member of a
whole series of nonphotochemical vartations of the photochemical A/D-sccocorrin - »
corrin cycloisomerization originally explored in a model system in 1969*" for the
photochemical®** vitamin B,, synthesis. In its stepwise mechanistic version,* the
process embodies the acetyl analogue of the 19-formyl-A /D-secocorrinate cychization
referred toin FIGURE 6. What it additionally demonstrates is a remarkable connection
between the structural realms of the A/D-secocorrin — corrin-cycloisomerization and

FIGURE 7
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SCOTT, MULLER (1378}
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of macrocyclic precursors that turn out to be corphin derivatives. The model substrate
in the dihydrocorphinol — acetylcorrin ring contraction of FIGURE 8 is the product of a
Sformal methylative hydration at the C-1/C-20 double bond of the corresponding
corphin.

Very recently, the search for the methylation sequence in the laboratories of
Battersby***” and of Scott and Miiller* essentially reached its goal. The result is of
prime interest in the present context: the methylation sequence C-2 — C-7-— C-20 —
C-17 — C-12 — C-1 implies that not only pyrrocorphins,* but also a true corphin
derivative*’ occur as intermediates in the pathway of vitamin By, biosynthesis. It has
been a long way from the corphin of the sixties to the corphins of today, and a way that
could not possibly have been foreseen.

The second source out of which the “corphin renaissance™ arose is the discovery of
the porphyrinogen — pyrrocorphin tautomerization® (FI1G. 9).%? This process

MELT (2159/MIN}
OR N _-VIS/CR,Ci/RT
TRACE OF CFyCOOH

- -
M=Zn (CIO‘)

Mm:Ni*

ACOM/ELN 61

100° M:2n(CI + CH,COOH
CF3COOM/CHyCN

M= 2ol 20°

he-vIS  60°

BENZENE

[P (]
Col(CN),

2N XOH/70°

MELT|240% SMIN}

FIGURE 8. Dihydro-corphinol — corrin-ring contraction. Corrin ring formation with expulsion
of a C, fragment. (Sec refs. 34 and 42))

interrelates in one single operation the structural domains of the tetrapyrrolic
porphyrinogens and the monopyrrolic (and nonpyrrolic) pyrrocorphins and corphins.
This rcaction provided the first experimental answer to the question of whether a
kinetically accessible structural connection exists between porphyrinogens and corrins
or, more specifically, whether corrin complexes could form from porphyrinogens in the
presence of metal jons under conditions which would induce tautomerization, complex-
ation, nucleophile addition, and ring contraction.?* %

It is now experimentally established that, in the presence of a metal ion such as
nickel(H) and magnesium(11), a porphyrinogen can be converted essentially quantita-
tively into the corresponding pyrrocorphinate complexes, whereas in absence of metal

“For de novo syntheses of pyrrocorphin derivatives, sce Schwesinger ez al.*'
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ions the tautomeric equilibrium between the porphyrinogen and the pyrrocorphins lies
on the side o, the tetrapyrrole. Acidolytic demetallation of the magnesium pyrrocor-
phinates under kinetic control allows the isolation of metal-free pyrrocorphins.
FIGURES 10 and 11 illustrate the conversion in the octaethyl inodel series.**** The
product can be obtained as a pure but complex mixture of diastereomeric pyrrocor-
phins (FIG. 10); many of them were isolated in crystalline form and configurationally
assigned. The number of diastereomers in this mixture can easily be reduced to the
three thermodynamically most stable isomers (tctct, tttct, and ttitt) by the insertion of
an acid-catalyzed equilibration (MgBr, in moist benzene) between the tautomeriza-
tion and the demetallation steps (FiG. 11).
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Yt
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FIGURE 10. The porphyrinogen - pyrrocorphin tautomerization.
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Pyrrocorphins seem Lo be more potent structures chemically than their classical
tautomers, the corphins. This judgement is based on the reactivity of pyrrocorphin
compiexes with clectrophiles with high regioselectivity at once of the two peripheral
carbons of the pyrrocorphinate pyrrole ring. Protonation of pyrrocorphin complexes
reversibly forms the corresponding corphin complexes and. more interestingly, zinc(11)
and magnesium(ll) pyrrocorphinates are selectively C-methylated at the ligand
periphery.™ ** It is the pyrrocorphin system that finally is found to provide the
long-sought**7 opportunity for introducing peripheral methy! groups into hydropor-
phinoid ligands in a way that mimics the enzymic C-methylation in vitumin B,
biosynthesis. The attack of electrophiles at the peripheral carbons of the pyrrocorphi-
natec pyrrole ring is associated with the change of a (destabilizing) hydrazinoid
conjugation within the w-system of the pyrrocorphinate into a (stabilizing) amidinoid
conjugation within the w-system of the corphinate (FiG. 12): we think this to be the
factor that dictates the regioselectivity of the peripheral methylation. This hypothesis

6,57

R R
R R al TAUTOMERIZATION
bl EQUILIBRATION
c) DECOMPLEXATION
R R
R R tHt o tict
R =
CH2CH tetet [otttrt/ tttct)
fetet
EQUILIBRATION
[c) = 20 07M
BENZENE {H;0}
MgBe
20° / 15 min
R WADIT SCHATKA - T T T T T

FIGURE 11. The porphyrinogen  » pyrrocorphin tautomertzation.

led us to experiments™ which have shown that the pyrrocorphin ligand is but one of u
group of corphinoid ligands that can act as substrates for peripheral C-methylation by
chemical means: FIGURE 12 summarizes the present knowledge in this field.
Pvrrocorphins and especially pyrrocorphinates are highly sensitive toward dehy-
drogenation: the corresponding isobacteriochlorin and bacteriochlorin derivatives are
formed with great easc. The exploration ol the porphyrinogen  + pyrrocorphin
tautomerization in the octacthyl mode) series has, therefore. provided us with a
sizeable collecuon of diastereomeric metal complexes from several hydroporphinoid
familics. This has tu~ned out to be fortunate. The first two X-rav structure analyses in
the series, carried out for the purpose of assigning configurations o two diastercomeric
nickel(11) hexahydroporphinates, uncovered the important phenomenon of conforma-
tional coupling between hydropyrrolic rings. ™™ Systematic X-ray structural studies,
all done by Dr. C. Kratky in Graz. revevled the generality of the phenomenon of
coordination hole contraction®®* in tetrahydroporphin and hexahvdroporphin ligands
complexed to low spin nickel(11).°%* The contraction is characterized by a deformation
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FIGURE 12. Structural criterion for peripheral C-methylation of corphinoids.

of the ligand system towards a saddle-shaped, rufficd conformation of approximate S,
symmetry (sec the example in FIGURE 13). The central metal ion is coplanar with the
four coordinating nitrogen centers, whereas the four meso carbons are situated
alternately above and below this coordination plane (see cylinder projection in FIGURE
13). This phenomenon is clearly not due to crystal packing forces, as the uniformistic
collection of cylinder projections in FIGURE 14 of the structures of nickel(I1) complexes
with widely varying constitutions and configurations illustrates.*

The deformation is interpreted as resulting from the tendency of the nickel(11) ion

cccce
R = CH2CHy A A
R WADITSCHATKA
Ch KRATKY Graz, X - ray) A B C D

FIGURE 13. cccce-nickel(11)-octacthyl-pyrrocorphinate.
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to achieve saturation of its electrophilicity by pulling the four nitrogen atoms within
the equatorial plane towards the coordination center (see geometrical analogy in
FIGURE 15). Decreasing nickel-nitrogen distances are associated with increasing
steepness of the saddle. This relationship is clearly demonstrated by the structural data
(cylinder projection and average of metal-nitrogen distances) presented in FIGURE
16.7 The ligand systems of all three complexes have the same constitution and.
therefore, there should be no doubt about the significance of the inverse relationship
between saddle steepness and the metal-nitrogen distance. Of equal interest in this
context is the experimental information given in FIGURE 17, where cylinder projections
and averages of metal-nitrogen distances of a nickel(1I) tetrahydroporphinate®®* and
a constitutionally isomeric nickel(11) tetradehydrocorrinate® are juxtaposed. The
ligands of the two complexes have constitutionally identical chromophore systems:

Ni—N 1.863 A
+0.007

R

it

e ¢ W "’\,T/' [
N N
M Ny
) , / N N Ni~ N 1.912 A
N N J e
- R R gr)J\(/ F
[ R
CH KRATKY (GRAZ) citiiZe 20

FIGURE 17
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where they differ is in the size of the coordination hole. The observed average of the
nickel(II)-nitrogen distance in the corrinoid complex corresponds closely to the
statistical average of low spin nickel(I1)-nitrogen distances®” and the flatness of the
cylinder projection of this corrinoid ligand is, therefore, a coherent observation.

The nickel(1I) all-cis-octaethyl-pyrrocorphinate of FIGURE 13 has the steepest
saddle observed so far and it was possible to observe the conformational deformation of
its ligand system rot only in the solid state, but also in solution. FIGURE 18 illustrates
how in this special diastereomer two pairs of meso protons are constitutionally
homotopic but conformationally heterotopic and how saddle inversion between two
enantiomorphic saddle conformers interconverts the environments of two protons
within a given pair. Our observation of the 'H NMR signals of these meso proton pairs
at temperatures between —70° and +30° (coalescence temperature around —36°)
allowed Jaun and Heinzer (ETH Ziirich) to determine by iterative line shape analysis

— e e =770

B JAUN
R WADITSCHATKA J HEINZER - - -

FIGURE 18. Conformational inversion barrier in cccec-nickel(I1)-octacthyl-pyrrocorphinat-.

the saddle inversion barrier E, of this pyrrocorphinate complex in CS, solution to be
12.1 + 0.7 keal/mol 5

In the saddle conformation of hydroporphinoid nickel(I1) complexes, ail the
hydropyrrolic rings assume half-chair conformations (sec cylinder projections in
FIGURE 14) which are constrained in such a way that the inclination of their peripheral
single bonds parallels the inclination of the ligand saddle (F1G. 19}. The mechanism of
this constraint is an opposing twist exerted on the two trigonal carbons of the half
chairs by the adjacent meso carbons.

This conformational coupling of the hydropyrrolic rings makes the W-shaped
conformation of the ensemble of half chairs the thermudynamically preferred among
four possible types of ensemble conformations. Two W-shaped ensemble conforma-
tions remain available for each complex; they interrelate by saddle inversion with
concomitant inversion of the ensemble of half chairs. The conformations of the
peripheral substituents at the ligand periphery determine which of the two inverto-
meric W-conformations of the half-chair ensemble is thermodynamically preferred.
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FIGURE 19

This leads to the prediction that, in a nickel(11) pyrrocorphinate, the thermodynami-
cally most stable configuration at the ligand periphery is the trans-cis-trans-cis-trans
(tetet) configuration of the six substituents at the hydropyrrolic rings; in this specific
diastereomer, all six substituents are either quasi-equatorial or quasi-axial (see FIGURE
20). The same argument predicts that the thermodynamically preferred diastereomer
in nickel(11) isobacteriochlorinates is the tct isomer, and in nickel(11) bacteriochlori-
nates the ttt isomer.

~
s Y . S — A aaaaaa
--R | Y /|
7 NS
i v

fctet or

7\\&,_ v <7 cecece

tttct \7\ }:\ /\k eegéé

tcttt \.:: ‘Y Y

tity Ko ceaace

FIGURE 20. Conformational preference of tctct-diastercomer in (diamagnetic) nickel(11)
pyrrocorphinates.
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In the pyrrocorphinate as well as in the isobacteriochlorinate series, these predic-
tions are corroborated by experimental observations.®®® FIGURE 21 shows the equilib-
rium mixture of diastereomeric nickel(II) octaethylpyrrocorphinates in trifluoroacetic
acid at room temperature. Out of the 20 possible diastereomers, the tctct diastereomer
dominates to an extent of 87%; it is accompanied by minor amounts of the tcttt and the
ttttt diastereomers. This preference for the tctct isomer is less pronounced in the case of
the corresponding palladium(II) complex, in which the steepness of the ligand saddle is
expected (no X-ray analysis is available) to be reduced compared to the nickel(1I)
complex. The (statistical) diastereomer ratio expected for a planar octaethyl pyrrocor-
phinate complex is tctet:tettt:ttttt = 25:50:25.

The interlinkage of causes and effects appearing to exist in corphinoid nickel(11)
complexes seems truly remarkable. Since the nickel(IT) ion happens to possess less
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FIGURE 21. Peripheral equilibrium configurations of Ni(I1) vs. Pd(I1) corphinoids.

than the optimal size for a perfect fit within the coordination hole of a corphinoid
ligand, it tends to contract that hole by pulling the coordinating nitrogens towards
itself; the ligand system tolerates this hole contraction by ruffling itself to a saddle-
shaped conformation which, in turn, determines the conformation of the ensemble of
the hydropyrrolic rings and, thereby, determines the equilibrium configuration of the
substituents at the ligand periphery.

Equally remarkable is the source from which the thus far most interesting
demonstration of the nickel ion’s impact on the stereochemistry of a corphinoid
ligand’s periphery has come.® It is the recently discovered'*™"® coenzyme F430 from
methanogenic bacteria, the structure of which was elucidated in our group with A.
Pfaltz and B. Jaun in collaboration with the group of the microbiologist R. K. Thauer
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FIGURE 22. Factor F430 from methano-
genic bacteria.

COOH

(Mall;burg) and which, luckily indeed, turned out to be a corphin derivative (FiG.
22).

Among the various novel aspects of the coenzyme F430 structure, of special
interest in the present context is the characteristic and novel carbocyclic extra ring that
spans from ring D via the propionic acid function to the meso position between rings C
and D. Considerations of molecular models strongly support the view that the ring
C-propionic acid side chain cannot assume a quasi-equatorial conformation but must
be quasi-axial in order to avoid serious steric conflict with the carbonyl oxygen of the
extra ring (F1G. 23). Since the two ring C side chains are trans to each other, both
substituents must be quasi-axial, and this predetermines the absolute conformation of
the ring C half chair.

Factor F430 is thermodynamically unstable relative to an isomer in which nothing
is structurally changed except that the configuration of both ring C substituents is
inverted.® Natural F430 epimerizes in high yield to this unnatural diepimer when
heated in a neutral buffer solution at 100° (FIG. 24).%® What is the driving force for the
double epimerization in ring C? After all, the conformation of the two ring C
substituents in the di-epimer must again be quasi-diaxial because the steric argument
used above must apply equally to the di-epimer (FI1G. 25).

Our rationalization of the puzzle is illustrated in FIGURE 26. It shows three
conformational diagrams. The first of them is a reminder of the thermodynamicaily

COOH

FIGURE 23. Ring C side chains in Factor F430 must assume quasi-diaxial conformation.
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FIGURE 24. F430 is conformationally unstable, isomerizing to its 12-epi-13-epi diastereomer.

preferred type of W-shaped ensemble-conformation of the four hydropyrrolic rings of a
corphinoid nickel(Il) complex (see also FIGURE 13); the second is the corresponding
diagram for factor F430. In the latter, the conformation of ring A must be such that
the methyl group at position C-2 is quasi-axial (NOE '"H NMR analysis of F430M'7)
and both substituents in ring C must be quasi-axial (see above). For rings B and D the
conformational assignment made is considered to be necessary as a consequence of
their annulation with extra rings. All the arguments available support the thesis that
the ensemble conformation of the four rings in natural factor F430 does not correspond
to the most stable W-type, whereas that of the four rings in the di-epimer does (see
third diagram and also FIGURE 27). The double epimerization in ring C of factor F430

F430 12-epi-13-epi-F430

FIGURE 25. The side chains of ring C must assume quasi-diaxial conformation in 12-

epi-13-epi-1430 as well as in F430.
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emerges as a consequence of the nickel ion’s tendency to contract the coordination hole
of the coenzyme’s tetrahydrocorphinoid ligand.

Interesting as the nickel ion’s control of the stereochemistry of the ligand periphery
of corphinoid complexes may be, perhaps the biologically most important consequence
of the steric mismatch between the nickel ion and the coordination hole of corphinoid
ligands is the coordination reactivity of the metal ion itself. Having worked with
nickel(11) complexes of synthetic corrinoids for many years,®® we had become

Ring A B c D

12,13-di-epi-F430
FIGURE 26

conditioned by the fact that corrin nickel(I1) complexes are always diamagnetic and
show no discernible axial reactivity whatsoever. Therefore, the occurrence of nickel(11)
in a uroporphinoid coenzyme came to us as a surprise at first, but only to give way to
the insight that the tetrahydrocorphinoid ligand structure of factor F430, especially in
juxtaposition with the corrin structure of vitamin B,,, represents a marvelous example
of Nature varying a structural theme for a specific coenzymic task.

The nickel ion’s tendency to reach saturation of its electrophilicity in the equatorial
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plane is counteracted by the strain which builds up in the ligand as it becomes ruffled.
Residual electrophilicity of the nickel ion in the axial direction may therefore be
expected in such complexes. This is found to be the characteristic behavior of the
synthetic F430 model complex shown in FIGURE 28."“"** [t quantitatively reacts with
thiocyanate ion to give a paramagnetic pentacoordinate (in very dilute CH,Cl,
solution) isothiocyanate complex which exists in the solid state as the remarkable
hexacoordinate dimer shown in FIGURE 29. In such a hexacoordinate complex. where
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the nickel ion's electrophilicity is saturated by axial coordination, there no longer
should be any impetus for the nickel ion to contract the coordination hole of the
corphinoid ligand. The cvlinder projection in FIGURE 30 demonstrates the coherency of
this conclusion.

Finally, FIGURE 31 compares relative axial electrophilicities of the metal ion in
terms of its magnetic properties and voltammetric half-wave redox potentials, deter-
mined by Kriutler et al.* in a series of secocorrinoid, corrinoid, and corphinoid
nickel(11) complexes. The synthetic F430 model complex, which has the same
chromophore system as the natural factor and a cyano group at the meso positicn
where F430 has an acyl group, possesses the axially most electrophilic metal center vet
encountered among synthetic corrinoid and corphinoid nickel(Il) complexes. With
regard to the axial electrophilicity of the metal center, the ligand systems of factor

7
1CI0; 1 HyC PFE

R R R
R CN H CN H CN CN
uBM CH L, DA oA Dia Ola DA DA
CH3CN oA OtA DiA DA {Cla PARA(273)
CH30H oA o1A DIA DIA | PARAZ7) PARA (2 50)
EV2(V) CHyCN -097 -1.47 -1.18 a6 | o-10s 108
HGIOINCE 0.9WS)  -0.86ICH,C1p I -0.5HTHF)

FIGURE 31. Axial clectrophilicity of corphinoid vs. corrinoid Ni(I1) complexes. (See ref. 14.)

F430 and of vitamin B,, are at opposite extremes. It remains a challenge to
demonstrate experimentally how these disparate qualities refate to the specific
coenzymic tasks of the respective metal ions in coenzyme F430 and the coenzymes
By
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Stereochemical Studies of Natural
Products Biosynthesis”
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The study of natural products biosynthesis has undergone two revolutions in methodol-
ogy in the last decade. The first, the introduction and widespread use of stable isotopes,
particularly ">C, in conjunction with high-field NMR spectroscopy has allowed the
rapid identification of primary precursor-product relationships and the detection of
bond-making, bond-breaking, and bond-conserving processes. The second, involving
the increasing use of cell-free extracts and ever-more purified enzyme systems, has
brought the tools of modern enzymology to bear on the fascinating mechanisms by
which nature fashions complex organic structures.' One area with which we have been
particularly concerned is the biosynthesis of isoprenoid metabolites. Although numer-
ous investigations,”® both with radioactive and stable isotopes, have confirmed and
expanded the prescient biogenetic speculations of Ruzicka and his collaborators,* there
are compelling reasons for the development of viable cell-free preparations capable of
catalyzing the cyclization of the universal precursors of monoterpenes and sesquiter-
penes, geranyl pyrophosphate (1) and farnesyl pyrophosphate (2), respectively (FIGURE
1).> One practical, but certainly not trivial, impetus has come from the fact that allylic
pyrophosphate esters are frequently poorly incorporated. if at all, into cells of
experimental organisms such as fungi or higher plants, thereby requiring the use of
more distant but more efficiently utilized precursors such as acetate and mevalonic
acid. Of more consequence has been the desire to study the cyclization reactions
directly, without interference by subsequent metabolic transformations which fre-
quently obliterate essential mechanistic information.

ScHEME 1 summarizes the generally accepted hypothesis for cyclic terpenoid
biogenesis in which ionization of the simple acyclic precursors geranyl or farnesyl
pyrophosphate generates an allylic cation which can attack either the central (path-
ways a or b) or (in the case of farnesyl pyrophosphate) distal double bond (pathways ¢
and d) to form a new carbon-carbon bond in what appears to be an intramolecular
version of the by now well-understood prenyl transferase reaction by which (1) and (2)
are themselves biosynthesized.® The resulting monocyclic cations can undergo further
intramolecular electrophilic cyclization, deprotonation, reprotonation, hydride migra-
tion, or Wagner-Mcerwein processes to generate the 200-300 known monoterpene and
sesquiterpene skeletal types, all formed by simple variation of essentially the same
mechanism. In spite of the power of this simple scheme in rationalizing a wealth of
incorporation data, the need for a more explicit stereochemical model has been evident
for some time.” The need arises in part from the recognition that the direct formation of
six-membered rings from the trans-allylic pyrophosphate precursors is geometrically
forbidden. In spite of early speculation that this isomerization might be accomplished

“This work was supported by the National Institutes of Health (grants GM 22172 and GM
30301) and by a Research Career Development Award, 1978-1983.
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FIGURE 1. Monoterpene and sesquiterpene precursors: geranyl pyrophosphate (1), FPP (2),
linalyl pyrophosphate (3), and nerolidyl pyrophosphate (4).

SCHEME 1. Cyclization of farnesyl pyrophosphate by pathways a-d.
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by a redox process, the overwhelming weight of experimental evidence now favors the
intermediacy of the corresponding tertiary allylic pyrophosphate esters linalyl pyro-
phosphate (3) and nerolidyl pyrophosphate (4) which are free to rotate about the 2,3
single bond (see FIGURE 1) and can cyclize by a process closely related to the solvolytic
conversion of activated linalool esters to a-terpincol, a reaction discovered by Stephan
nearly 90 years ago.® It is also evident that the conventional planar representation of
geranyl pyrophosphate and farnesyl pyrophosphate cannot reflect the actual cyclizing
species, since bond formation requires overlap of the corresponding w-orbitals of the
precursor. The latter conformational requirement can be achieved, however, if the
individual double bonds of the allylic pyrophosphate precursor are mutually perpendic-
ular to a common plane.

Based on these considerations we have recently outlined a general stereochemical
model of monoterpene and sesquiterpene cyclization.” Only the general outlines of this
model need be recapitulated here. The presence of two or three trisubstituted
double-bond systems in geranyl pyrophosphate and farnesyl pyrophosphate, respec-
tively, significantly limits the number of degrees of freedom of the cyclizing 8- or
12-carbon chain. To further define the viable conformations capable of cyclizing by
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3A 38
SCHEME 2. Conformations of linalyl pyrophosphate

ppP
for cyclization by pathways a or b.
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pathways a-d of SCHEME [, one must impose three additional constraints:

1. The planes of the two (three) double-bond systems of geranyl pyrophosphate
(farnesyl pyrophosphate) must be perpendicular to a common plane.

2. C-1 must be brought to within bonding distance of either the C-6.7 double bond
(pathways a and b) or C-10,11 (pathways ¢ and d), with displacement of the
pyrophosphate moiety from C-1 taking place in an anti sense.

3. For those cases in which a cis double bond is generated as a consequence of
cyclization, the cyclization substrate will be cither linalyl pyrophosphate (3) or
nerolidyl pyrophosphate (4). Allylic displacement of the pyrophosphate moiety
will take place in an anti sense from a cisoid conformation of the tertiary allylic
pyrophosphate in which the dihedral angle 0¢,,,4 has a value between - 30°
and + 30°.

With the above constraints in mind, it is possible to generate systematically a
complete set of conformational prototypes corresponding to cyclization by pathways
a-d and illustrated in SCHEMES 2-5. These have been discussed in detail and are
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SCHEME 3. Conformations of nerolidyl pyrophosphate for cyclization by pathways a or b.

simply reproduced here. For our present purpose it is sufficient to note that for each
double bond in the acyclic precursor there are only two limiting orientations, in effect
up or down, whereas the single chiral center of the tertiary allylic pyrophosphate esters
can only be R or S. For a given cyclization mode of either farnesyl pyrophosphate or
nerolidyl pyrophosphate there are thus only 2* = 8 possible conformations. consisting
of 4 diastereomeric sets of enantiomeric conformational pairs, whereas for linalyl
pyrophosphate, there are a corresponding 4 conformations available. Assuming least
motion during the course of a terpenoid cyclization, there should be a one-to-one
correspondence between the observed relative and absolute configuration of the
product and the inferred coenformation of the precursor. Of course, degeneracies or
other ambiguities will necessarily exist for those cases in which no reaction has
occurred at a given double bond or where the eventual product is achiral. Even in the
latter cases, however, the hypothesis is that only one of several possible conformations
of the precursor is actually utilized in the cyclization itself.

Using the above stereochemical models as a frame of reference, we have been
examining the enzyme-catalyzed formation of a group of cyclic sesquiterpenes and
monoterpenes. Trichodiene synthetase, prepared from extracts of the apple mold
fungus Trichothecium roseum, catalyzes the cyclization of trans,trans-farnesy! pyro-
phosphate to trichodiene (5), the parent hydrocarbon of the trichothecane family of
antibiotics. The mechanism illustrated in SCHEME 6 is consistent with the results of
numerous incorporation experiments carried out at the whole cell level primarily by the
groups of Hanson, Nozoe, and Tamm.*'® In our own laboratories, we have demon-
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SCHEME 4. Conformations of farnesyl pyrophosphate cyclizing by pathways ¢ or d.
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SCHEME 5. Conformers of nerolidyl pyrophosphate cyclizing by pathways ¢ or d to give
products with a cis double bond.

strated that trichodiene synthetase will convert [1-*H,,12,13-"*C]farnesyl pyrophos-
phate to trichodiene without loss of tritium label." More recently we have further
confirmed the isomerization-cyclization mechanism of SCHEME 6 by the demonstration
that cyclization of both 1R-[1-’H,12,13-"*C]farnesyl pyrophosphate and 1S-[1-
3H,12,13-"*C]farnesy] pyrophosphate to trichodiene takes place with net retention of
configuration at C-1 of the farnesyl pyrophosphate precursor.'” The distribution and
stereochemistry of labeling was confirmed in each case by chemical degradation of the
derived labeled trichodiene. Completely analogous results have been obtained indepen-
dently by Professor Rodney Croteau of Washington State University for the conver-
sion of 1 R-[1-*H]geranyl pyrophosphate and 1.S-[1-*H]geranyl pyrophosphate to ( + )-
and (-)-bornyl pyrophosphate (6) by synthetases isolated from sage and tansy.
respectively (SCHEME 7).'* More recent experiments, carried out in collaboration with
Professor Croteau and his group, have confirmed the intermediacy of 3R- and

SCHEME 6. Enzymatic cyclization of 1S-{1-’H,12,13-"*C}farnesyl pyrophosphate (H, = T.
Hy - H). and 1 R-[1-*H,12,13-"*C]|farnesyl pyrophosphate (H, = H, Hy = T) to trichodicne
with retention of configuration at C-1.
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3S-linalyl pyrophosphate in the formation of the corresponding (+)- and (~)-bornyl
pyrophosphate enantiomers.

In parallel with the above studies we have been carrying out extensive studies of the
enzymatic conversion of farnesyl pyrophosphate to pentalenene (7).'* the parent
sesquiterpene hydrocarbon of the pentalenolactone family of antibiotics. The latter are
rare examples of cyclized terpenoids produced by procaryotic organisms, in this case a
species of Streptomyces. Earlier work, carried out in our laboratory using intact cells
and “C-NMR analysis of labeled metabolites, had established the mevalonoid origin
of the pentalenanes.’® Analysis of the labeling results had led to the recognition that the
farnesyl pyrophosphate precursor must be folded in the same absolute sense as the
implied humulene (8) intermediate, an intriguing correlation which we had previously
noted for a variety of related dimethylcyclopentane sesquiterpenes.'® We speculated
that the stereochemical correlation was simply a reflection of the fact that the
humulene intermediate is generated and further cyclized at a common active site. We
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SCHEME 7. Enzymatic conversion of 1S-[1-*H]geranyl pyrophosphate (H, = T, H, = H) and
1R-[1-*H]gerany} pyrophosphate (H, - H, Hy = T) to (+)- and ( - )-bornyl pyrophosphate (6)
with net retention of configuration.

have now confirmed this inference directly by incubation of [9-*H,.12.13-"*C]farnesyl
pyrophosphate with a partially purified preparation of pentalenene synthetase and
analysis by chemical and microbial degradation of the resulting labeled pentalenene."’
The finding that essentially all the original tritium label is retained in the cyclized
product, in spite of the necessity of initial removal of a proton from C-9 of the
precursor, requires that the entire cyclization take place at a single active site without
exchange of the transiently removed proton with the external medium. An alternative
hydride shift mechanism also requires the involvement of a single cyclase. More
recently, by incorporation of 9R-{9-*H,12,13-"*C]farnesyl pyrophosphate, we have
shown that the 9,,-proton of farnesy! pyrophosphate is retained at C-8 of the resulting
pentalenene, implying that the S, reaction by which the intermediate humzlene is
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formed takes place with net anti stereochemistry, a result completely in accord with
the illustrated stereochemical model, but in contrast to the known syn stereochemistry
of the corresponding S reaction catalyzed by prenyl transferase.'®

_© )

T«.
ﬁ/m
“OPP 8

7

SCHEME 8. Conversion of [9-'H,,12.13-"*C]farnesyl pyrophosphate, folded in conformer (2A),
to pentalenene (7). via humulene (8) with retention of the proton derived from C-9 of farnesyl
pyrophosphate.

The cyclization reactions discussed above are typical of those catalyzed by
terpenoid cyclases in that a single enzyme appears to catalyze a complex series of
transformations in which numerous sites within the substrate undergo extensive
changes in bonding, hybridization, or configuration. One of the challenges in the
coming years will be to factor these reactions into their component parts in order to
better understand the as yet obscure role of the cyclase in mediating these fascinating
transformations.
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My aim in this paper is to illustrate by examples some recent progress in our continuing
study of the biosynthesis of the pigments of life, which include heme, the cytochromes,
chlorophyll, and vitamin B,,. Our group in Cambridge has been working on the many
highly important biosynthetic problems in this area for almost 17 years. 1t is therefore
impossible to give a complete survey here. Instead, I shall provide the essential
background information for each example and then I will concentrate on the latest
results. You will see the interplay between enzymology, spectroscopy, and total
synthesis, the synthetic effort being a key component for our work on biosynthesis.
Indeed, it is becoming increasingly true to say that success in synthesis leads to
advances in knowledge of biosynthesis, provided of course that the synthetic target is
wisely chosen.

In the biosynthetic area, it is often the case that the answer to a problem comes
from the combined weight of evidence from several different sets of experiments when
each separate set alone is insufficient to provide a convincing solution. You will see how
we are progressing with an example of this type. Such problems are balanced by others
where, from a more compact set of experiments, results are obtained which are quite
beautiful in their precision; you will see examples of these also. Apart from introduc-
tory material for each topic, most of the remainder of this paper covers unpublished
work.

Our studies started out from the position reached in the 1950s by Bogorad,
Granick, Neuberger, Rimington, and Shemin, the pioneers in this area. They showed'
that uro’gen-111 [(3) in SCHEME 1] is biosynthesized from four molecules of porphobi-
linogen (PBG) (1) and that two enzymes must work cooperatively in order to produce
uro'gen-111 (3). These two enzymes are normally given the short names of deaminase
and cosynthetase; their full names are hydroxymethylbilane synthase and uroporphy-
rinogen-111 synthase, respectively. The structure of uro'gen-I11 (3) is for a chemist an
unexpected one because the acetic and propionic acid side chains do not run around the
macrocycle in sequence. Instead the sequence is broken when one reaches ring D, with
the result that two propionic residues are adjacent at the lower edge of uro’gen-111 as it
is drawn in SCHEME 1. The biosynthesis of uro’gen-111 is highly important because it is
known that this macrocycle is the parent substance for all the pigments of life. We took
up this problem in 1968 and as the result of a huge effort,”* which I am going to
summarize extremely bricfly, we found the following:

1. The biosynthesis of uro'gen-111 (3) involves a single intramolecular rearrange-
ment which affects only ring D and the atom which becomes C-15 in structure
(3): rings A, B, and C are derived from intact, unrearranged PBG units.*

2. The first PBG unit binds covalently to deaminase through some nucleophilic
group X and then a linear tetrapyrrole system, called a bilane, is assembled in

%The author gratefully acknowledges financial support for this work reccived from the Science
and Engineering Research Council, U.K., and Roche Products Ltd. (Welwyn, U.K.).
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this bound form on the enzyme (SCHEME 2). The illustrated direction for the
building of this bilane from ring A round to ring D was proved by direct
experiments.’

3. The fina) step for deaminase is release of the hydroxymethylbilane (4),*” a very
labile intermediate whose structure was rigorously established by total synthe-
sis.” Others independentiy detected the intermediate released from deaminase
but the structure they deduced for it was incorrect.?

4. The natural hydroxymethylbilane and the synthetic material proved to be
identical substrates for the second enzyme, cosynthetase,” which ring-closes the
bilane with intramolecular rearrangement to give uro’gen-111 (3). The triangles
and circles in the lower part of SCHEME 2 illustrate the two precise carbon-13
labeling experiments (one experiment had labeling at the triangles and the other
at the circles) which were carried out to elucidate the nature of the rearrange-
ment process.” Also in SCHEME 2 is shown a possible intermediate (5) for the
rearrangement process which fits all the labeling results; this putative interme-
diate is usually called the spiro-system.

HO,C COzH
_ 1\ , \Deaminase .
Decmnry n N \(;o:ynthetase
CO,H NH, Hom COzH
COzH PBG
HO,C,
COzH
HO,C
COzH
HO,C
CO,H COH  COH
Uro'gen - [ Uro'gen- I
(2) 3
SCHEME 1

So at this point it was possible o say for the first time® what roles the two enzymes,
deaminase and cosynthetase, play in producing uro'gen-111 (3). deaminase is an
assembling enzyme not a ring-closing enzyme, whereas cosynthetase is the ring-closing
and rearranging enzyme. With this thumbnail sketch complete, we are now ready to
look at the latest work. I would like first to consider experiments which were planned to
probe around and into the active site of deaminase and particularly to gain knowledge
of the nature of the X group on deaminase (see SCHEME 2) to which the growing bilane
system is attached. The X group could be an atom of O, N, or S.

In order to study this problem we could either label PBG (1) at its aminomethyl
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group (position 11) with a hydrogen isotope (*H or *H) or we could use ’C; in either
approach, the enzyme-bound pyrroles would be studied by NMR. Which is the better
approach to make the difficult distinction between N and S? Synthesis of the standard
compounds shown in SCHEME 3 for NMR analysis showed that the 'H-NMR signal
from the arrowed CH, group appeared aimost exactly at the same position in the
nitrogen and sulfur series. Even if the nitrogen is protonated, which moves the signal
downfield by ca. 0.4 ppm, the difference from the sulfur series is still small. Bearing
in mind that the chemical shift of the signal from the bound species could be
significantly affected by the environment in the active site, it is clear that the approach
using hydrogen isotopes is unsuitable for distinguishing between the possibilities of

A = CH,CO,H
P = CH,CH,CO,H

Urogen—Iil
(3)

SCHEME. 2
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nitrogen or sulfur even if sharp NMR signals were obtained. Should they be broad. as
one would expect from a large protein molecule, then ambiguity is certain. In contrast
there is a large difference between the chemical shifts of '*C signals from the CH,
group of interest for the N and S series, and therefore we adopted V’C labeling as the
method of choice.

We synthesized’ [11-*C]PBG and slightly more than one equivalent was bound to
deaminase to generate mainly the monopyrrolic specics shown in SCHEME 2 with a
little of the dipyrrolic system and probably traces of the tripyrrolic and tetrapyrrolic
substances. We also included in the ""C-PBG sample a small amount of [“C]PBG so
that bound material could be traced during subsequent steps. The carbon-13 NMR
spectrum of this protein loaded with [11-"C]PBG showed no cnhanced signal.
presumably because of the large size of the labeled species. Therefore the PBG-loaded
enzyme was denatured and degraded extensively using proteolytic enzymes (o give a
mixture of peptides which were gel filtered. The peptide fraction still carrying "*C label
was found to have an average molecular weight of roughly 1000. Now the carbon-13
NMR spectrum of this peptide fraction showed a family of weak signals in the 642 43
range which might have arisen from an aminomethylpyrrole unit carrying a substit-
uent on nitrogen.'® There were no signiticant signals in the spectrum corresponding to
the X group being oxygen. Finally, there were other even weaker signals elsewhere in
the "*C spectrum of the peptide fraction and I shall return to these later.

In no way do these experiments prove that the X group of deaminase is nitrogen,
but they did prompt further experiments to find out whether deaminase contains an
essential lysine residue, lysine being the most likely sciu. e of a nucleophilic amino
group. Pyridoxal phosphatc was used as the reagent for lysine, as applied earlier.! ihe
aim being to modify the lysine side-chain amino group by forming the corresponding
Schiff’s base. If lysine is a residue essential for deaminase, then activity Hf the enzyme
would be lost. This is indced what we found.'? There was a very considerable loss of
activity which reached an equilibrium value, as shown in FIGURE I. This inactivation
could be reversed by dialysis due to hydrolytic breakdown of the Schifl™s base, or it
could be made permanent by reducing the Schiff's base with borohydride. By repeating
the treatment of deaminase with pyridoxal phosphatc and then with borohydride, it
was possible 1o achieve essentially complete inactivation of the enzyme. Importantiy,
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FIGURE 1 also shows that prior binding of PBG to deaminase compleiely protected the
enzyme against inactivation by pyridoxal phosphate.

There are two further informative experiments to outline.'” One involved reducing
the Schiff’s base above with borotritiide to generate tritium-labeled pyridoxyl lysine
residues, followed by vigorous hydrolysis of the protein to produce free (and radioac-
tive) pyridoxyl lysine. We proved that this substance is indeed produced by these steps
using dilution analysis with a synthetic sample of unlabeled pyridoxyl lysine. This
establishes that lysine residues are being modified by the pyridoxal phosphate. We
went further and determined by absorption spectroscopy the number of lysine residues
of deaminase which had reacted with pyridoxal phosphate without prior incubation of
the enzyme with PBG and also with that prior incubation. In the latter case, and
remember that this gave complete protection of the enzyme, one less lysine residue
reacted with the pyridoxal phosphate.'?

The position at this stage can now be summarized. The results prove that the
enzyme deaminase possesses one lysine residue in or close to the active site which is
essential for activity. This lysine is completely protected by binding PBG to the enzyme
before adding the pyridoxal phosphate. These findings may mean that the X group of
deaminase is the side-chain amino group of lysine, but they do not prove this. It could
be that the lvsine residue detected by the foregoing experiments is essential for some
task other than covalent binding of PBG.

Let us now consider the alternative possibility. In the *C experiment described
earlier, | mentioned that there were even weaker signals than those just discussed:
these appeared around 25-30. They barely appeared above the noise but we must not
ignore them, and they might point to X being a sulfur atom.

Accordingly, we studied the modification of deaminase by reagents which are
specific for thiols. /V-Ethylmaleimide reacts by Michael addition with thiols, and
treatment of deaminase with this reagent caused almost complete inactivation of the
enzyme. An important finding was that this inactivation was not total and 3% of the
original activity remained even after massive treatment with the reagent. It was shown
by large-scale work that the remaining 5% of activity was real (SCHEME 4).

100
Activity
°ls
80
60}
A A
1 1
Time (min) 2 0

FIGURE 1. Inactivation of deaminase (@) or deaminase and cosynthetasce (B and 1) by
pyridoxal S-phosphate (lower curve). The upper curve (A and A) shows the protection of
deaminase against inactivation by prior incubation with PBG.
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RSH

Pre-incuabation with PBG: NO PROTECTION
SCHEME 4

Even more striking was the finding that treatment of deaminase with a huge excess
of methyl methanethiosulfonate (MMTS) caused 50% inactivation of the enzyme but
no more (SCHEME 4). This reagent converts SH groups into methylated disulfide
groups and the inactivation could be reversed by reduction using thiols. When this
modified enzyme at 50% of its original activity was treated with an excess of
N-ethylmaleimide. there was no further change in activity. So all the available SH
groups had been modified by the original treatment with MMTS and yet 50% of the
original activity remained. Presumably this remaining activity represents the level at
which modified deaminase works when all its available SH groups have been converted
into S-SMe groups.

Prior incubation of deaminase with PBG did not provide any protection against
N-ethylmaleimide or methyl methanethiosuifonate. In fact the results were more
remarkable in that deaminase which had been given a prior incubation with PBG was
inactivated more rapidly by MMTS than enzyme which was not carrying the bound
PBG.

In summary, the only pointer to the X group of deaminasc being sulfur comes from
the barely visible *C signals mentioned above in the 625-32 region. Experiments
designed to provide positive evidence for X being S have so far proved negative and
PBG does not protect the enzyme against SH-modifying reagents. The reader can
compare this summary with that above for the possibility that X is N and so make a
judgment about the likely final outcome. But for my part, both nitrogen and sulfur
remain as possibilities at present for the X group of deaminase until the evidence for
one becomes overwhelming. Before concluding this section, mention is needed of a
recent paper'’ which favors the X group being sulfur on the basis of very broad NMR
signals arising from the use of *H-labeled PBG. However, the reasons (and data) why
H-isotopic labeling in this case could lead to ambiguity were given carlier.

Let us now turn to our studies of the stereochemistry of action of deaminase. It
would be enormously helpful to know what occurs in stereochemical terms at each of
the methylene groups marked by an asterisk in SCHEME 2. That is our longer term goal.
here | would like to concentrate on the methylene group shown in SCHEME 2 which is
directly attached to the X group of deaminase.

One of the fascinating aspects of the chemistry of deaminase is that a highly
reactive intermediate is formed, very probably the azafulvenc' (6), shown in SCHEME
5. and this reacts with water to produce the hydroxymethylbilane (4) which was
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considered earlier. However if the incubation of deaminase with PBG (1) is carried out
in the presence of ammonia, then the azafulvene (6) is trapped to give the aminomethyl-
bilane (7). The formation of aminomethylbilane (7) under these conditions was first
observed many years ago.'*'® The aminomethylbilane (7) is a substance we know well
and have synthesized,® so we undertook the project of determining the stereochemical
change at the aminomethylene group as PBG (1) is converted through the steps shown
in SCHEME 5 into the aminomethylbilane (7).

For this, a synthesis is needed of PBG (1) which is chiral because of isotopic
substitution at the 1 1-methylene group. In planning the synthesis, it was important to
aim for a method which would provide both the & and S forms. The approach. in
SCHEME 6, makes usc of aminoephedrine which is readily made from natural
ephedrine.” It condensed with the pyrrole (8) and the resultant hydrazone was reduced
with cyanoborodeuteride to yield the chiral hydrazine. Finally, the N-N bond was
cleaved by hydrogenation to produce the PBG derivative (9), R = Me, which could be
thermally cyclized to form the crystalline lactam (10). The illustrated configurations
for these materials were established'® by converting base (9) into its amide with
camphanic acid followed by cleavage of the pyrrole ring with ozone, which finally after
esterification yielded the illustrated camphanic acid derivative of glycine ester (11).
The NMR signals from the R and S glycine camphanate derivatives had been
assigned'® and NMR analysis of our product (11) showed that 83% of the deuteriated
material had the S configuration and that 17% had the R configuration.

Exactly the same sequence of reactions was carried through on the opposite
enantiomer of aminoephedrine to yield eventually R-(11-*H,]PBG lactam ester (12).
This too was degraded in the same way as for the S series and the complementary
result was obtained, that i;, 83% Rand 17% S.

Our earlier synthesis® of the aminomethylbilane (7), shown in SCHEME 5, used PBG

(&) Y= HO,
(7) Y= HyN

SCHEME §
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lactam ester as one of the building blocks. Thus, the same synthetic route could now be
used to convert the two labeled PBG lactam esters (10) and (12) into the S- and
R-labeled forms of the aminomethylbilane (13) and (14). respectively (SCHEME 7).
These syntheses provided the labeled bilanes of rigorously established absolute
configuration and they were prepared to act as standards to allow development of an
assay to determine the chirality at this same center in labeled bilane samples of
unknown configuration which had been produced enzymically.

In principle, attachment of a chiral group to the aminomethy! group of the bilane
(13) or (14) should allow one to distinguish the R series from the S series by NMR as
was done earlier for glycine. In practice there were enormous practical difficulties; the
aminomethylbilane is very hydropailic and also it ring closes to the macrocycle
uro'gen-I (2) with great ease. I will not take you through the wilderness that we were
forced to traverse before emerging at the other side. The chemistry that brought us out
of the wilderness made use of an iminoecther (18), derived from ( + )-mandelonitrile
(SCHEME 8), which reacted at room temperature in water at pH 9 with the synthetic
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S-aminomethylbilane (13) to give the S-amidine (16). The 'H-NMR signal from the
asterisked center of this product showed a large low-field signal (from the 83% of S
material) and a small high-field signal (from the 17% of R material), shown in SCHEME
8. The synthetic R-bilane (14) gave the complementary result with a large high-field
signal (from R) and a small low-field signal (from S). Thus the analytical method for
assaying the configuration of labeled aminomethylbilanes of unknown configuration
was available.'®

The stage was set for the decisive enzymic experiments which involved treatment of
S-(i1-H,)PBG (9), R = H, with deaminase in the presence of ammonia to yield the
aminomethylbilane and this in turn was converted into its amidine derivative using the
chiral iminoether (15). The "H-NMR spectrum of this product showed a large low-field

Enzymic
R
FIGURE 2. 'H-NMR signals (400 MHz) from
derivatized aminomethylbilanes from enzymic ex- Enzymic
periments using R-PBG (upper signals) and S-PBG S
(center signals). The lower signals are from a b
mixture of the synthetic derivatized S and R bilanes
(16) and (17), containing more of the latter.
R
Synthetic

R+ S

signal and a small high-field one which established its S configuration. Thus, S-PBG
had been converted into S-aminomethylbilane. The complementary enzymic conver-
sion was carried out in the R series and the final amidine showed a large high-field
signal and a small low-field signal from the center of interest in the 'H-NMR
spectrum. Hence the R-PBG had been converted into the R-aminomethyibilane.
FIGURE 2 shows the relevant sections of the spectra from the two enzymic products set
one above the other. At the foot is shown the spectrum of a mixture of the synthetic §
and R samples, (16) and (17) respectively. These interlocking results make it certain
that as PBG (1) is converted by deaminase in the presence of ammonia into the
aminomethylbilane, the overall process occurs with retention of configuration.'®



148 ANNALS NEW YORK ACADEMY OF SCIENCES

HO

(19)
SCHEME 9

SCHEME § shows that this overall conversion involves the formation of two covalent
bonds, one as PBG is bound to the X group of deaminase and a second as the
tetrapyrrole is trapped in the enzymic active site by ammonia. Since we now know that
the overall conversion involves retention of configuration, it follows that the separate
processes for making these two covalent bonds must each occur with inversion or both
bond forming steps must take place with retention.

Of course, this work will be carried much further but we found that completion of
the first phase was very satisfying indeed.

The final topic concerns the biosynthesis of vitamin B,, (19). the Everest of
biosynthetic problems. The minimum essential background knowledge for this area
involves understanding that a very late precursor of vitamin B, (19} is cobyrinic acid
(18), SCHEME 9, and so the biosynthetic effort has concentrated on discovering how
cobyrinic acid is constructed in Nature. Our very brief consideration of this problem
can start early on the pathway at uro’gen-I11 (3), the parent precursor for cobyrinic
acid as it is for all the other pigments of life.® It is clear from inspection of the
structures of uro'gen-111 (3) and cobyrinic acid (18) that formation of the latter must
have involved extensive C-methylation of the former (and other transformations in
addition). It is necessary to determine the structures of all the intermediates on the
pathway corresponding to the various degrees of C-methylation. What has been found
is that the first C-methyl group is introduced into ring-A?' to form an intermediate
which probably has the structure (20) or a double-bond tautomer of that system. Ring
B is methylated next to yield the dihydroisobacteriochlorin (21} [dihydrosirohydrochlo-
rin] which was demonstrated to be the true intermediate by dircct isolation and
reincorporation experiments.”? It is highly probable that the trimethylated interme-
diate carrying the fascinating C-20 methyl group is similarly produced and enzymi-
cally transformed in the dihydro state illustrated as (22) in ScHEME 10. The
dimethylated and trimethylated systems are normally isolated as the aromatized
isobacteriochlorins and the structures of these aromatic macrocycles were worked out
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by several independent studies.”® Naturally, large efforts have been invested by us, and
no doubt others, in trying to isolate intermediates carrying four, five, or more methyl
groups but none has been found. Accordingly, we changed the approach completely in
1980 and aimed to gain information about the order of C-methylation by pulse
labeling.

The plan for the normal pulse was to incubate the dimethylated system (21) with a
cell-free enzyme system from a B,,-producing organism (Clostridium tetanomor-
phum) capable of biosynthesizing cobyrinic acid (18) but initially to add only a small
amount of unlabeled S-adenosylmethionine (SAM) as the methylating agent. After a
period of incubation to allow later C-methylated intermediates to be produced from the
dimethylated precursor (21), a large excess of [methyl-*C]SAM was to be added and
the incubation then allowed to run to completion, so forming cobyrinic acid (18) which
is isolated as its heptamethyl ester (cobester). This product should have a lower *C
content in the methyl groups introduced early in the sequence of methylations than in
those added during the later stages. The "*C labeling levels in the products from the
biosynthetic experiments were to be determined by '*C-NMR spectroscopy on cobester
and so assignment of the signals from all the C-methyl groups in the "*C spectrum of
cobester was necessary; this was carried out.2**

The striking result®® is shown in FIGURE 3, from which it can be seen that the signal
from the methyl group at C-17 was of considerably lower intensity than the rest of the
signals. Thus it was clear that the fourth methyl group for the biosynthesis of vitamin
B,, (19} is introduced at position 17. Such visual inspection is only sufficient for large
differences in "*C content; for medium-sized or smaller differences, it is essential to
carry out accurate determinations of signal intensities by integration and to compare
them with those from a standard sample of cobester uniformly C labeled at the
SAM-derived methyl groups. So by 1982 the locations of the first four methyl groups
to be introduced into vitamin B,, were known, and the power of the pulse fabeling
approach in studying the methylation sequence for this vitamin had been established.

The foregoing knowledge concerning C-17 methylation can now be applied.
Methylation of the dihydrotrimethylisobacteriochlorin (21} at C-17 yields a pyrrocor-
phin (24), SCHEME 11; there is the possibility that C-i7 methylation occurs on the
decarboxylated relative (23) of system (22) in which case a pyrrocorphin (25) with a
C-12 methyl group will be formed. Pyrrocorphins have been synthesized in Ziirich®

CI:OZH CO,H
LCO-H
‘ HOC Me. g—COzH
..—_—» R
HO,G
COH
CO,H COH CO,M CO,H
Tetrahydro Factor-1 (20) (21) R=H
(22) R=Me

SCHEME 10
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FIGURE 3. Proton-noise decoupled '*C spectra showing enhanced signals from (A) cobester
uniformly ’C labeled at the SAM-derived methyl groups. and (B) cobester from the normal-pulse
labeling experiment.
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A pyrrocorphin
SCHEME 1
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and in Cambridge?’; in each case the synthetic materials carried various alkyl groups
around the periphery.

It is obvious that the pulse labeling experiment can be run in the reverse sense, that
is, with the [methyl-'>*C]SAM added first followed by a large excess of unlabeled SAM
to complete the biosynthesis. This inverse pulse will cause the C-methyl groups which
are enzymically transferred early in the methylation sequence to have the higher '>C
content; the later ones will have a lower level of '*C. The spectrum obtained from this
experiment® was a joy to behold and even by simple inspection it is clear that the signal
from C-17 methyl group is now the largest one (FIG. 4). This confirms the earlier result
that methylation at C-17 occurs fourth in the sequence. The accurate determination of

17

15
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FIGURE 4. Proton-noise decoupled *C spectrum showing enhanced signals from cobester
derived from the inverse-pulse labeling experiment.

signal intensities was carried out as for the normal pulse. So it was possible at this stage
to take the difference values between the standardized integrals for the *C levels at the
various methyi groups for the inverted and the normal pulses. These difference values
give the maximum sensitivity in discrimination between labeling levels. The outcome
was to extend knowledge of the methylation sequence beyond the fourth methyl group.
the subsequent order being 12 followed by 1. 15, and 5 in that order.® The pulse
labeling approach has recently been adopted elsewhere® and used with our signal
assignments for cobester to conclude that beyond the already known fourth methyl
group, the order is 12 then I, followed by 5 and [5 in unknown sequence.

The results outlined above allow some of the major features of the biosynthetic
pathway for vitamin By, beyond the tetramethylated intermediate to be picked out.




152 ANNALS NEW YORK ACADEMY OF SCIENCES

The stage where cobalt is inserted is unknown but there have recently been some
indications®®' that insertion occurs at some point before the end. Accordingly cobalt
insertion is shown, for illustration, in SCHEME 12 at the stage of the pyrrocorphin (25)
to give (26). | emphasize strongly that this is simply for illustration and all the
chemistry shown could also proceed on the cobalt-free systems which must certainly
not be discarded from our thinking. (For a discussion of metal-frec systems see
Koppenhagen.’?)

Vitamin By, (19) <————— Cobyrinic acid (18)

SCHEME 12

SCHEME 12 shows the 12-methylpyrrocorphin (26) undergoing methylation at the
fifth site (C-12) which produces a corphin® (27), an old friend of Professor Fschen-
moser (sce his paper in this volume), which is pinpointed as an important intermediate
to seek on the biosynthetic pathway. Then methylation at C-1 sets up a cation at C-20
which is illustrated as being trapped by the acctate group at position C-18. The
resultant system (28) is well set up for ring contraction and the mechanism shown is
based on Eschenmoser’s biomimetic model experiments.™ This contraction produces
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the corrin system (29) and finally there is the loss of the acetyl group from position 19
as acetic acid; the extrusion of these two carbons in the form of acetic acid has been
firmly established experimentally %3

Of course, experiments are in hand to detect, isolate, and even synthesize the
possible intermediates shown in SCHEME 12 or their cobalt-free forms. [t is only by
having the intermediate substances in hand and properly characterized that the
conclusions from the pulse labeling work and NMR will be fully confirmed. That is the
object of our current research, with the aim of discovering the last unknown steps in the
total pathway to the fascinating vitamin B,.
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INTRODUCTION

Orange, red, violet, and blue colors of flower petals and fruits are mostly composed
of anthocyanins. Anthocyanin changes its color with pH change: in strongly acidic
medium it shows orange to red color, whereas reddish violet to violet color appears in
weakly acidic or neutral sclutions.! Blue color can be produced only in alkaline pH.
Willstdtter,? who determined the basic structure of anthocyanin around 1913, attri-
buted the variety of flower colors to pH variation in flower cell sap. Indeed, he had
isolated the same pigment, cyanin, from both blue cornflower and red rose.

Shibata, a Japanese botanist, had examined pH of a variety of flowers and found
that the flower cells are always weakly acidic and never basic: thus the blue cdlor of
flowers could not be explained by Willstitter's pH theory. In 1919, Shibata® proposed
the metal complex theory which states that blue color is produced by complexation of
anthocyanins with metal ions, such as magnesium ion. Everest,* one of Willstitter's
collaborators, strongly opposed this theory. After that the theory was long neglected.
but it again found application in Hayashi's work in 1957.* Hayashi, who was a
follower of Shibata, isolated a blue-colored anthocyanin, commelinin, in a crystalline
form from deep-blue flower petals of Commelina communis and reported that it
consists of two molecules each of an anthocyanin, awobanin (A), and a flavone,
flavocommelin (F), and one atom each of magnesium and potassium. This pigment is
so stable that its blue color is not changed by changing pH from 7 to 1. He explained its
color and stability in terms of a coordinated complex of magnesium and four molecules
of the flavonoids, potassium not being an essential component.”™® He named such a
metal complex of anthocyanin metalloanthocyanin.’ Bayer' opposed this explanation,
however, because in general magnesium ion does not form stable chelates with
anthocyanins.

“This work was supported by a Grant-in-Aid for Scientific Research from the Ministry of
Education. Science, and Culiure of Japan.
155



156 ANNALS NEW YORK ACADEMY OF SCIENCES

Bayer''isolated in 1958 another blue metallcanthocyanin named protocyanin from
blue cernflower, Centaurea cvanus. He reported that it contained 19.2% cyanin and
about 80% of a polysaccharide a< well as ferric and aluminum ions (molecular weight
about 6,200), and proposed a structure for it in which trivalent metal ions coordina-
tively bind two cyanin molecules and polygalacturonic acid. Hayashi ef al.'* reported
that protocyanin that they isolated in a crystalline form yielded, on hydrolysis. cyanin,
a flavone, a carbohydrate, and a peptide as well as iron, magnesium. and potassium
ons.

Asen and Jurd" isolated from cornflower a crystalline blue pigment and analyzed
it to be an iron complex of four molecules of ¢vanin and three molecules of 4 flavone
glucoside, the structure of which was determined' later to be apigenin 4'-0-3-
p-ghucoside 7-0-p-p-glucuronide: no information was given for the presence of high
molecular weight substances, They thought that this pigment differed markedly from
protocyanin and named it cyanocentaurin, but later Osawa'® compared them and
concluded that they are identical with each other. These two blue pigments. comme-
linin and protocyanin. showed two surprising properties that are distinctly ditferent
from other anthocyanin pigments®'®: they are not dialyzable and migrate to the anode
on clectrophoresis at pH 4- 6, indicating that they are high molecular pigments bearing
negative charge(s) on them. Before discussing the structure of these metalloanthe -
cyanins, we must explain characteristic features of anthocyanins in general.

Extensive studies on the correlation between the structure of anthocyanins and
Hower color variation have been carried out, but two important problems still remain
unsolved. One is stability and the other is color variation of anthoc anin in flower
petals. Anthocyanins are glucosides of anthocyanidin chromophore, which is the origin
of the beautiful color. Only a few anthocyanidin nuclei have been found in spite of a
variety of flower color. The main anthocyanidins found in nature are pelargonidin,
cyanidin, peonidin, delphinidin, petunidin, and malvidin (FiG. 1). Anthocyanins are
stable in strongly acidic media in the form of flavylium ion. whose color is usually
orange or red. When an acidic solution of anthocyanins is ncutralized to pH 4 to 7. the
violet anhydrobase is first formed. but it decolorizes rapidly to form a pseudobase by
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FIGURE 1. Representative simple matural anthocyanins
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FIGURE 2. Structure change of anthocyanin with pH in aqueous solution.

hydration (FIG. 2).'%"” The pH of flower cell sap is usually weakly acidic and hence
anthocyanins inust not be stable in the cell sap without any stabilization mechanism.
In 1931 Sir Robinson' found that flavones and tannins have bathochromic and
stabilization effects on anthocyanins. He called this phenomenon copigmentation.'* He
also pointed out' that insoluble polymers such as polysaccharides and polypeptides
have similar etTects. Unlike the metalloanthocyanins, copigmentation occurs only in
solutions nonstoichiometrically, gives bluish-violet at the most. and never produces
pure blue color.®* The copigmentation effect has long been considered to come from
hydrogen bonding between the host compound and the copigment used.'***

SELF-ASSOCIATION OF ANTHOCYANINS

We have found a very interesting phenomenon,”* in which a large splitting-type
circular dichroism appeared when delphin chloride was dissolved in neutral buffer in a
fairly high concentration. Scil-association™®**# of delphin anhydrobase produces a
remarkable hypsochromic shift on visible absorption as well as a large Cotton effect
(F16G. 3). These splitting CD curves belong to the typical exciton coupling tvpe: that is,
areas of the positive and the negative Cotton bands are nearly equal and both bands are
formed in the visible absorption band region of the anthocvanin. As shown in FIGURE 4,
two or more anthocyanidin chromophores must stack themselves in a left-handed screw
axis to cause this type of splitting CD curves. The magnitude of the 8 value is strongly
intensified by increasing concentration, thus indicating the greater f{ormation of
stacked molecules in the more concentrated solutions. '"H-NMR spectra of malvin at
pH 7.0 also indicated vertical stacking of malvin molecules: thus, proton signals of the
aromatic nucleus were all shifted toward higher ficlds as the solute concentration
increased. possibly by diamagnetic anisotropy caused by ring currents in the neighbor-
ing aromatic molecules. We suggest that the anthoeyanidin chromophores stack in a
helical form. as shown in FIGURE 4. The driving force of this stacking would be
hydrophobic interaction between the aromatic nuclei rather than hyvdrogen bonding,




158 ANNALS NEW YORK ACADEMY OF SCIENCES

because addition of urea, or an organic solvent such as DMSO strongly destroys this
stacking.™

Strong support for this type of stacking was obtained by nonempirical calculation
by the method of CD exciton chirality. FIGURE 5 shows the calculated curves of CD
and visible absorption using the exciton theory and SCF-CI-DV molecular orbital
theory. The result is that if the angle between two transition moments of the
anthocyanin molecules is smaller than 90°, the absorption maximum shifts toward a
shorter wavelength, that is, the hypsochromic shift, and the CD curve has a negative
first Cotton and a positive second Cotton. An example shown in FIGURE S has an angle
of 60° between the two transition moments. The 40 nm hypsochromic shift is apparent
by comparison of the maxima of free and stacked molecules. The magnitude of the
Cotton curve is in accord with the observed value of delphin aggregates. Similar results
were obtained from other simple anthocyanins. The concentration of anthocyanin in
flower petals is around 1072 M:? this is the sufficient concentration to form this type of
stacking. Therefore, we suggest that stability and color variation of these anthocyanins
in flower petals come from, at least in part, the intermolecular stacking.

COPIGMENTATION OF ANTHOCYANIN AND FLAVONE

In 1976 we proposed*** this hydrophobic stacking model also for copigmentation
between anthocyanin and flavone. This hydrophobic stacking is stabilized further by
the hydrophilic sugar moieties covering them. An example is shown in FIGURE 6.
Malvin anhydrobase in aqueous solution (5 x 10™* M) at pH 6.0 was almost
decolorized after 2 hours, but it was stabilized very much by addition of flavocommelin
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FIGURE 3. CD spectra of delphin anhydrobase in phosphate buffer (0.1 M. pH 7.0). Concentra-
tions: S x 10 "M (— - =) S x 10 *M (—- - —): 5 x 10 "M (——).
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FIGURE 4. A model of chiral stacking of anthocyanin molecules.

and the color of the solution was also changed from reddish violet to bluish violet.* A
charge transfer interaction might also be operating. This phenomenon is concentration
dependent and at a higher concentration of malvin, the copigmentation effect of
flavocommelin is strongly enhanced. On the other hand. the exciton-type Cotton effect
of malvin in aqueous solution disappearcd on the addition of flavocommelin (FiGs. 7
and 8), indicating that the self-association of malvin was destroyed by flavocommelin
to form a new intermolecular malvin-flavocommelin complex. In turn, this copigmen-
tation was inhibited by addition of dimethylsuiioxide cr urea, possibly by weakening
the hydrophobic interaction between malvin and flavocommelin.

INTRAMOLECULAR SANDWICH-TYPE STACKING

We have just discussed the self-association and copigmentation mechanisms for the
stabilization of the common anthocyanins. We are now going to discuss the third type
of stabilization mechanism, a sandwich type intramolecular stacking. in which two
aromatic acyl moieties stack on and under the anthocyanidin nucleus intramolecularly
(FiG. 9). In 1972 Saito ef al.* isolated platyconin from Chinese bell flower platycodon
grandiflorum (bluish violet) and proposed its strucurc to be delphinidin 3-dicaffeylru-
tinoside-5-glucoside. They also found that this pigment is unusually stable in neutral or
weakly acidic aqueous solutions. Yoshitama®®*" isolated cinerarin from garden ciner-
aria Cenecio cruentus (bluish violet) in 1974, Its structure was suggested to be
dicaffeyldelphinidin 3,7,3"-triglucoside. This pigment was also found to be very stable
in aqueous solutions. He suggested that the anthocyanidins having more than one
aromatic acyl group, such as caffeic acids, are stable in neutral or weakly acidic
solutions possibly by hydrogen bonding among phenolic hydroxyl groups in anthocya-
nidin and aromatic acids.




160

ANNALS NEW YORK ACADEMY OF SCIENCES

200 A(nm) 300 400 500 790. !OOO
Caled cyonin dimer 485(+87.0)
with negative chirality
+50F -3.44
+60°
AE OoH ]
4 ©
0 Gle OH
o}
= T
OGlc o
»
“w
_so-
13
Calcd .10
free 350(29,500) (19,900) 15
610
(=91.4)
-100f 1!
1 1 1
50 40 30 o (103em™h) 20 10

FIGURE 5. Calculated CD and Vis spectra of cvanin dimer (applicable to delphin dimer)
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We have suggested that in the case of copigmentation between an anthocyanin and
a flavone, the driving force is mainly intermolecular hydrophobic interaction between
the two pigments. We have also suggested that self-association of simple natural
anthocyanins is caused by hydrophobic interaction among the aromatic nuclei. From
the analogy of these cases, we have considered that diacylated anthocyanins must be
stabilized by forming a sandwich-type stacking by hydrophobic interaction between
the anthocyanidin ring and the two aromatic acyl groups. Brouillard*** also suggested
a similar mechanism. To see whether the sandwich-type stacking is possible or not, we
must first determine the complete structure, including the stereochemistry of these
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FIGURE 7. CD and UV-Vis spectra of malvin and malvin-flavocommelin complexes in 0.01 M
phosphate buffer at pH 6.0. 2 min after dissolving (concentration of malvin: 2 x 10 * M). A,
Malvin. F, Flavocommelin. Complexes: M {(——-—): M:F - 1:] (-meemee- EMF 14— —).

acylated anthocyanins. We have therefore carried out a determination of the complete
structures of diacylated or more acylated anthocyanins such as heavenly blue
anthocyanin (HBA), gentiodelphin, platyconin, and cinerarin.

Ishikura and Shimizu* reported HBA to be peonidin 3-diglucoside-S-glucoside
with two molecules of caffeic acid, which was further modified by Asen et al.*' to
peonidin 3-(dicaffeylsophoroside)-5-glucoside. In contrast to these reports, we have
determined the composition of HBA to be peonidin with six molecules of glucose and
three molecules of caffeic acid from PMR and FAB mass spectra of HBA, which
showed a peak at m/7z 1759 (M*). Thus, HBA is the targest monomeric anthocyanin
cver known. Controlled alkaline hydrolysis of HBA gave a glucosylealleylglucosyl-
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caffeic acid® and bis-deacyl HBA, which was hydrolyzed further to 3-O-glucosyl-
caffeic acid and tris-deacyl HBA. The structure of tris-deacyl HBA was determined
mainly by extensive 'H-NMR analysis to be 3-0-(8-sophorosyl)-5-O-(8-gluco-
syl)peonidin.*’ The position of attachment of the two acyl moieties (glucosylcaffeylglu-
cosylcaffeic acid and glucosylcaffeic acid) on tris-deacyl HBA was determined as
follows: PRFT (partially relaxed Fourier transform) '"H-NMR measurement of HBA
indicated that the two 6-CH,OH groups in the sophorose moiety are acylated, whereas
other primary and secondary hydroxyl groups on the sugar moieties are not acylated.
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FIGURE 8. CD and UV-Vis spectra of malvin and malvin-flavocommelin complexes in 0.01 M
phosphate buffer at pH 6.0. 2 hours after dissolving (abbreviations and symbols same as in

FIGURE 7).

The structure of HBA can be represented as shown in FIGURE 10, in which the position
of the two acyl side chains atiached to the sophorose moiety might be reversed.

Careful nuclear Overhauser effect (NOE) mezasurements of HBA showed several
long-distant NOEs, indicating a folded conformation of HBA. In comparison with
those of methyl glucosylcaffeates. the proton signals on the two caffeic acids that are
close to the anthocyanidin nucleus of HBA were shifted largely up-field, whereas the
third caffeic acid that is distant from the anthocyanidin showed only small shifts in the
proton signals, indicating that two of the aromatic acyl groups are stacked parallel with
the anthocyanidin nucleus. CD shows a strong Cotton effect around the absorption of
the acyl groups, whereas no exciton-type splitting Cotton cffect was observed in the
longer wavelength absorption of the anthocyanidin part (FI1G. 11).
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FIGURE 9. Stabilization mechanisms of anthocyanins.

Taking these results into account, we could make a model of HBA (F1G. 12) in the
form of intramolecular sandwich-type stacking. Although the measurements of NOE
and chemical shifts were carried out on the flavylium ion form of HBA
(CD,OD + DC), its anhydrobase could also undergo a similar type of stacking. Such
a stacking prevents the HBA molecule from reacting with water to form the
pseudobase, thus stabilizing the flavylium ion as well as the anhydrobase. The blue
color of *he flower petals is caused by a pH increase in the celi sap to 7.5,* an unusually
high pH. FIGURE 13 shows the stability of HBA, bis-deacyl HBA, and tris-deacyl HBA
in water. It shows clearly that the acyl groups in HBA strongly stabilize the
anthocyanidin chromophore.

Gentiodelphin.* platyconin,”® and cinerarin®® were isolated from Gentiana maki-
noi, Platycodon grandiflorum, and Cenecio cruentus, respectively. The colors of these

HO
o e 07 on N\,
HO 0.35 E-——b Trisdeacyl HBA «———
i
t——» Bisdeacyl HBA

FIGURE 10. Structure of heavenly blue anthocyanin (the positions of the two acyl side chains
attached to the sophorose mwoiety might be reversed). Numbers indicate the chemical shift
differences (ppm) between the 'H-NMR signal (at upper ficld) of heavenly bluc anthocyanin and
the corresponding signal of methyl glucasylcafleate (solvent: CG.OD « DCY.
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flowers are bluish-violet. These pigments are stable in weakly acidic or neutral aqueous
solutions. Their structures have been determined in a way similar to the case of HBA
(FIG. 14). The positions of attachment of the caffeic acid moieties on their glucosylan-
thocyanidin moiety are quite different among these pigments, but sandwich-type
conformations similar to the case of HBA are possible for all of them, which strongly
suggests that these pigments are stabilized intramolecularly by forming the sandwich-
type stacking between the anthocyanidin nucleus and the two aromatic acyl moieties
and by the hydrophilic sugar moieties covering them.
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FIGURE 11. CD (upper) and UV-Vis (lower) spectra of heavenly blue anthocyanin in water at
pH 7.0 (concentration: S x 10 * M).

METALLOANTHOCYANINS

Now we have discussed three types of stabilization mechanisms: self-association,
copigmentation, and intramolecular association with aromatic acyl groups. The most
complicated mechanism, which has not been fully characterized. is the metal chelation.
In 1976 we assumed™?? that in commelinin magnesium ion would not be essential.
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FIGURE 12. Molecular models of heavenly blue anthacyanin. Upper: extended form. Lower:

sandwich-type stacking form.
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FIGURE 13. Stability of heavenly blue anthocyanin and its deacylated derivatives in water.
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because we thought that we could produce a pigment identical with commelinin by
combination of A and F without magnesium ion. Then Takeda® repeated the
experiment and found that magnesium ion is indeed necessary, but zinc, cadmium,
cobalt, or manganese ion, instead of magnesium ion, can form a complex very similar
to commelinin. We reexamined our experiments very carefully and were inclined
toward the opinion that the ability of the complex formation with metal ions is so
strong that trace impurities of a divalent metal such as zinc could be incorporated in
our sample that was synthesized from A and F.

As we mentioned earlier, commelinin moves toward the positive pole on the
electrophoresis,® and hence it must have a negative charge(s). It has long been
mysterious, since neither awobanin nor flavocommelin has a negative charge, nor does
magnesium ion. However, this problem was solved by finding malonic acid on the
anthocyanin. Thus, we have found® that the true anthocyanin present in the flower is

—> Awobanin

0 0

Flavocommelin

FIGURE 15. Structures of malonylawobanin and flavocommelin.

not awobanin (A) but a new anthocyanin containing a malonic acid that we named
malenylawobanin (M) (FI1G. 15). Thus, awobanin is actually an artifact produced from
malonylawobanin during extraction from the flower petals or from commelinin with
metanolic hydrochloric acid.

Another r“ystenous finding is that natural commelinin gives several spots on
electrophoresis® (FiG. 16). We have found that commelinin prepared from malonyla-
wobanin, flavocommelin, and magnesium ions showed only onc spot, which coincides
with the spot which moved fastest. On the other hand, commelinin synthesized from
awobanin, flavocommelin, and magnesium ion gave a spot with the lcast movement.
We have mixed malonylawobanin and awobanin and used this mixture for synthesis of
commelinin. In this case we have found seven spots, each separated by an equal
distance from the adjacent spot. The spot (spot 1) that moved fastest was identical with
the spot prepared from malonylawobanin, and the spot (spot 7) that moved least was
identical with the spot prepared from awobanin. We extracted cach spot and analyzed
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"~ . MA+F+Mg™
A+F +Mg™

MA+A+FeMg™

-
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FIGURE 16. Electrophoresis of natural znd synthetic commelinin and demalonylcommelinins
(cellulose acetate fitm: 0.04 M acctate buffer at pH 5.7 for 2 hours at 300 V). 4, awobanin: M A,
malonylawobanin: . flavocommelin; €, commelinin. Aging time: | year (at room temperature).

the contents of malonylawobanin (M) and awobanin (A). Spot | gave only malonyl-
awobanin and spot 7 only awobanin. Other spots contained M and A in ratios of 5:1
(sput 2), 4:2 (spot 3). 3:3 (spot 4). 2:4 (spot 5), and 1:5 (spot 6). Natural commelinin
newly prepared from fresh petals of Commelina communis was identical with spot [,
whereas aged commelinin preparations gave several other spots. It is evident from this
result that commelinin (spot 1) must have six molecules each of malonylawobanin and
flavocommelin in its molecule.

If we assume that commelinin consists of 6 molecules of malonylawobanin, 6
molecules of flavocommelin, and metal ions, the calculated molecular weight is about
9.000. The observed value by analytical ultracentrifugation was around 10.000. Now
we can deduce the compositions of these seven spots, as shown in FIGURE 17. We could
not determine, however, whether magnesium has a negative charge or not. Essenaal
parts in the structure of the components that form such a metal complex were
examined by modifying the structure as shown in FIGURE 18; at least one hvdroxyl
group was necessary in the B ring to form the similar type of complex. suggesting that
the metal was chelated (o this position.

Hayashi has crystallized commelinin and attempted to analyze it by X-ray
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FIGURE 18. Commelinin-like complex formation in the presence of magnesium ion.

crystallography, so far without success. Takeda*” made crystals of cadmium analogue
of commelinin, which were subjected to X-ray crystallographic analysis by Saito ez
al® Although complete structural analysis of cadmium-commelinin has not becn
possible, its crystal datu were obtained as follows: trigonal, @ = 31.251 A, ¢ = 33.675 A,
space group P321. 12(7) (AF as one unit), U ~ 28.529 A, This crystal has a
threefold symmetry around ¢-axis. Considering these crystal data, we propose a gross
structure of commelinin as shown in FIGURES 19a and 19b. Commelinin molecule has a
composition of (MgF,Mg.}* (charge on magnesium is not apparent and not counted).
whose structure should have a threefold symmetry around c-axis. This is fulfitled by
putting three M,F, units around c-axis and two magnesium atoms at the center. Two
copigmented MF units are stacked chirally by hydrophobic interaction between the
two anthocyanin melecules to form FMMF unit: a farge exciton-type Cotton band
indicates the chiral stucking of the two anthocyanins (F1G. 20). Three FMMF units are
doubly linked by chelation with two magnesium atoms.

Protocyanin'' is another metaltoanthocyanin with blue color. It was isolated from
cornflower Centaurea cyanus. Willstiitter isolated cyanin from cornflower. which was

Flavocommelin ( F)

Malonylawobanin(M)

FIGURE 19a. A proposed structure of a half of commelinin molecule (M F Mg,) “ The charge
on magnesium s not counted
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FIGURE 19b. A proposed gross structure of commelinin. Magnesium hac an octahedral

structure.
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FIGURE 20, €D spectra of commelinin and commelimn-hike complexes in 0.1 M acetate bulter

at pH S0
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the origin of the general name anthocyanin. We have recently found that it was
actually an artifact, and the true anthocyanin in cornflower is succinylcyanin, which
has a carboxyl group similar to malonylawobanin in commelinin (F1G. 21). In the
meantime, a flavone was isolated from cornflower by Asen,' who determined its
structure to be apigenin 4'-0-glucoside-7-O-glucuronide. Interestingly, this flavone
was also an artifact and the true flavone had an additional malonic acid in its
molecule.”’ Bayer'® and Hayashi'? had reported independently that biue cornflower
contains a metalloanthocyanin, protocyanin, which consisted of cyanin, a flavone,
polysaccharides and/or polypeptides, in addition to metal ions such as Feand A1, or Fe
and Mg.

OH
] N OH

HO. 6\ >
HO—"\ & H HO :
HO 0 5 B H |
\

HO T H
HO ; o

Cyanin «—

Succinylcyanin

H

Apigenin 4-0-(6-0-malony!-3-D-glucoside)-
7-0-f3-D-glucuronide

FIGURE 21. Structures of succinylcyanin and the malonylflavone.

We have purified the cornflower pigment extensively and obtained a metalloantho-
cyanin (protocvanin) that had no macromolecular substances. It was composed of
succinylcyanin, the malonylflavone, and Fe and Mg ions. Reconstruction of this
pigment from the above components had been very difficult, but after many trials we
have found that it was necessary to add a limited amount (about 1/10 cquivalent) of
Fe(1l) ions to a mixture containing an equimolar each of succinylcyanin and the
malonylflavone, and excess of Mg ions. The pigment thus formed was identical with
the natural pigment, which had the following properties: on clectrophoresis, the
pigment moved toward the anode nearly twice as fast as commelinin, and it showed a
large exciton-type CD curve. Its molecular weight, determined by means of ultracen-
trifugation, was about 8,500. Thus, composition of the pigment was suggested to be
[(succinyleyanin) (malonylflavone) FeMg] ' or close to this. It suggests that its
gross structure would be similar to that of commelinin.
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NMR Studies of Biosynthetic Pathways’

A. L. SCOTT

Center for Biological NMR
Department of Chemistry
Texas A& M University
College Station, Texas 77843

The study of the biosynthesis of natural products has recently been enriched by the
application of high-field nuclear magnetic resonance (NMR) spectroscopy to examine
the effects of feeding substrates labeled with stable isotopes in such juxtaposition that
the timing of the making and breaking of C-C, C-O, C-N, and C-H bonds during the
assembly of a complex product from its constituent building blocks can frequently be
reconstructed by postmortem examination of the target molecule labeled with *C, **O,
>N, and ?H. These methods depend on direct observation of isotopic shifts ('*0. 2H) on
"C signals, on C-X spin coupling observation, and more recently. by spectral editing
and two-dimensional NMR techniques which, for example, will filter out and edit all
"*C nuclei bound directly to 'H. In this paper we provide examples of some novel NMR
techniques designed to probe the biosynthetic pathway at the single enzyme level. We
first discuss a “hidden™ pathway where it can be deduced that several methylating
enzymes are at work in sequence during the overall transformation of hexahydropor-
phyrin to corrin. Using the nucleus *H, we next dissect the stages of the actual
encounter of the small substrate, porphobilinogen (PBG), with its enzyme (PBG
deaminase), an event that initiates the first part of porphyrin (and corrin) synthesis.
Turning to a more common (but still mysterious) class of enzyme-catalyzed reaction.
we describe both high-field 'H and "*C NMR experiments that have been carefully
designed to characterize small, labile product molecules released from enzyme, and
more importantly, to detect transient covalent intermediates bound to enzyme, which
are part of the catalytic machinery. The high molecular weights of these productive
species (=-20,000 MW) require extreme rigor in defining the NMR parameters for
their detection. An example from a cognate study of stable transition state analogue
inhibitor complexes will be presented. Finally, the technique of cross-polarized magic
angle spinning (CPMAS) is applied to the study of dynamic turnover in solid
enzyme-substrate interactions, thus bridging the gap between X-ray diffraction and
NMR analysis of biomolecules.

BIOSYNTHESIS OF CORRINS: TIMING OF THE METHYLATION STEPS
BETWEEN URO’GEN III AND COBYRINIC ACID

The details of the pathway of corrin biosynthesis beyond the key intermediate
uro'gen Il (1) are still incomplete.'? The first three enzymatic steps consist of
successive C-methylations of uro'gen Il at C-2* C-7°* and C-20.°'? and the

%The author acknowledges the SERC (U.K.), the National Institutes of Health, the Texas
Agricultural Experiment Station, and the Robert A. Welch Foundation for generous support at
Edinburgh and Texas A&M Universities. and NATO for providing an exchange program with
our colleague Professor G. Miiller.
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corresponding intermediates have been isolated in their stable aromatized forms.? eg.
the 2,7-dimethyl isobacteriochlorin, sirohydrochlorin (2), and its 20-methy! derivative,
Factor 11T (3). In spite of an intensive search spanning the last 10 years (for further
information on these efforts, see refs. 1, 2, and 22), the remaining steps are unknown
with respect to isolation of intermediates containing four or more methyi groups (up to
a possible of 8) but, as noted previously,'? the proven biochemical conversion of Factor
I11 (3) to cobyrinic acid (4) must involve the following events (see SCHEME 1), not
necessarily in the order indicated: (i) the successive addition of five methyls derived
from S-adenosyl methionine (SAM) to Factor 111 (3); (ii) the contraction of the
permethylated (seven or eight methyls) macrocycle to corrin; (iii) the extrusion of
C-20 and its attached methyl group leading to the isolation of acetic acid'®'*'’; (iv)
decarboxylation of the acetic acid side chain in ring C (C-12); and (v) insertion of
Co?*. In order to justify the continuation of our search for such intermediates whose
inherent lability is predictable, we have applied "*C pulse-labeling methods to the
cell-free system from Propionibacterium shermanii,'® which converts uro'gen 111
(1)"*'® and sirohydrochlorin (2)**'” to cobyrinic acid (4), a technique used previously in
our laboratory to detect the flux of '*C label through the intermediates of alkaloid
biosynthesis in higher plants.'

It was argued that the full methylation cascade could be differentiated in time,
provided that enzyme-free intermediates accumulated in sufficient pool sizes to affect
the resultant methyl signals in the *C-NMR spectrum of the target molecule,
cobyrinic acid (4), when the cell-free system is challenged with a pulse of '?CH,-SAM
followsd by a second pulse of *CH;-SAM (or vice verse) at carefully chosen intervals
in the total incubation time (9-10 h). By this approach it should be possible to *“read™
the biochemical history of the methylation sequences as reflected in the dilution (or
enhancement in the reverse experiment) of *CH, label in the seven methionine-derived
methyl groups of cobyrinic acid after conversion to cnbester (5), whose *C-NMR
spectrum has been completely assigned.'*'%2

The validity of the method was tested in a preliminary experiment using a
two-phase system. CH,-methionine (90% '*C. 30 mg) was added to a whole-cell
(100 g) suspension of P. shermanii in phusphate buffer containing s-aminolevulinic
acid (20 mg), in the absence of Co®’. Under these conditions the celis produce uro'gen
I11 (1), sirohydrochlorin (2), and Factor HI (3), but no corrin. Cell disruption and
incubation of the extract'’ with added Co®" and pulses of "CH,-SAM at varied time
intervals was monitored for differential methylation by isolation of cobyrinic acid.
conversion to cobester (5), extensive purification, and finally *C NMR analysis of the
enriched samples (normally 50-150 ug). Optimization of these conditions led to the
spectrum shown in FIGURE 1, which reveals a clear distinction between the peak
heights of the seven methyl groups of cobester when compared with a spectrum
obtained by adding '*CH;-SAM at the outset. The high relative intensities of the C-2
and C-7 signals bear testimony to the initial formation in whole cells of the
2.7-dimethyl isobacteriochlorin, sirohydrochlorin (2), in the absence of Co*. The
differential dilution of methyl intensity in cobester not only suggests that free
intermediates have accumulated. but that even in this qualitative experiment, the
sequence of methylation is revealedas C-2 = C-7 = C-17 > C-12a > C-1 > C-5 = C-13
since the timing of the addition of "*CH,-SAM dilutes the pool sizes of *CH;-enriched

blsolalion and refeeding experiments have recently shown that sirohydrochlorin (2) most
probably enters the biochemical pathway at the dihydro level, although reisolated and reincorpo-
rated as the fully aromatized macrocycle (see Battersby ef al.').
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FIGURE 2a. Spectrum of enriched cobester (5}, 46 ug, accumulated as in FIGURE 1, wio 112340
FIDs. See text for incubation conditions.

‘ methylated intermediates in the order in which they are formed. Thus C-17 is the site
| of the fourth, C-12q the fifth, and C-1 the sixth methylation. Note that the experiment
‘ does not distinguish C-5 from C-15 (the seventh and cighth methylations).

Finer tuning of the experiment was achieved in the reversed pulse mode using a
porphyrin-free, cell-free system and unlabeled sirohydrochlorin (2). 900 ug. as
substrate. Incubation with "*CH,-SAM was followed by a pulse of "CH,-SAM'" after

\ an interval (ca. 6 h) which allowed the accumulation of unlabeled intermediates. The
| resultant cobester (5) will bear only five enriched methyls, at C-1, C-5, C-12q, C-15,
‘ and C-17. The spectrum shown in FIGURE 2a provides striking confirmation and
| extension of the preliminary experiment in that the relative intensitics of C-12« and
! C-17 are much lower than that of C-1 which, in turn, is differentiated from C-5 and

“In order to acquire a good signal/noise ratio in the minimum time (= 16 h), a pulse repetition
rate of 0.7 s was used to obtain the spectra shown in FIGURES | and 2. This has the effect of
reducing the relative intensities of the C-5 and C-15 methyl signals by about 30 40 duce to the
tong T, for C-Sand C-15(1.27 s and 1.31 s, respectively). This factor is included in our discussion
of the sequence of methylation.
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C-15, i.e., the pulse of "CH;-SAM is diluted by an accumulated pool of unlabeled
tetramethyl and pentamethyl intermediates, and becomes available for more efficient
labeling of the hexamethyl — octamethyl intermediates. Control experiments show
that very early pulsing (0-60 min) leads to a spectrum of cobester showing approxi-
mately equal intensity of all five methyls after “normalization™ for C-5 and C-15 (Fic.
2b). whereas late addition (=9 h) affords unlabeled cobester. Thus, the complete
sequence of methylation of uro’gen 111 can be described as C-2 > C-7 > C-20 > C-17 >
C-12a > C-1 > C-5 = C-15, a result which complements and extends a report on the
differentiation of C-17 as the fourth methylation site in a pulse experiment with
extracts of a different bacterium, Clostridium tetanomorphum.?

On the basis of this sequence, we propose the structures shown in SCHEME 2 as the
largets of the search for the “missing” intermediates of corrin biosynthesis. For
example, the pyrrocorphin structures suggested for Factors V and VI take into account
the sequence C-17 methylation, decarboxylation of the C-12 acetate side chain. and
C-12a methylation. Similarly, the structures of Factors VIl and VIII are proposed to

413 -

i) CH3 SAM
————--
2 2¢cH,-3AM

(celi free system)

diH-Factor 1T c—17 Cobyrinic acid

C—12a

i Cc—is

o ‘\WWW o U\“‘W“M

PPM

FIGURE 2b. Spectrum of enriched cobester (8), 105 pg. accumulated as in FIGURE 1. with 79,080
FIDs. See text for incubation conditions.
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rationalize the methylation of C-1 and the hydration of C-20 as a prelude to the ring
contraction/acetic acid extrusion (-— Factor X) for which we have used Eschenmoser’s
in vitro analogy.?*** The final methyl functionalization at C-5 and C-15 (Factors XI.
XI11) is suggested to follow Co®* insertion'? (based on the concept that cobalt-free
corrins exist in Nature; for alternative mechanisms and discussion of cobalt insertion,
see Scott™), since Factor X1 as hydrogeno cobyrinic acid is not involved in corrin
biosynthesis.?® However, the most important implications of the differential incorpora-
tions of SAM-derived methyl groups into cobester as a function of time are the
following: (1) several stable enzyme-free intermediates must accumulate: (2) there
appear to be at least five “methylases™ responsible for the uro’gen-corrin connection—
methylase 1 {C-2, C-7), which has already been shown'” to transform urogen I11 as far
as the monomethyl and dimethyl intermediates Factors 1 and I (2). methylase 11
(C-20), methylase 111 (C-17), and methylase I'V and methylase V (C-1, C-5. C-15):
(3) the fact that cobalt-deficient cells produce substantial amounts of C-2. C-7, and
C-20 methylated intermediates [as (2) and (3)] but insufficient tetramethyl —-
octamethyl intermediates to perturb the ratio of methyl labeling in cobester (FiG. 1)
suggests that similar pulse experiments with Co® should define the point at which
cobalt insertion takes place.

In summary, the experiments described above™ suggest that the search for
compounds related to the structures suggested in SCHEME 2 can now proceed with
confidence.

Further refinement of the experiment where the incubation was pulsed with
"CH,-SAM after an interval of only 3-4 h afforded a spectrum of cobester (5)in which
the signal C-17 had almost disappeared. leading to complete ditferentiation between
the methylation times for C-17 (3-4 h) and C-12« (4 6 h) (FiG. 3). This implies that
discrete methylating enzymes are involved at these two centers and at C-2/7, C-20.
C-1,and C-5/15.%

26

DIRECT OBSERVATION OF ENZYME-SUBSTRATE COMPLEXES BY
TRITIUM NMR SPECTROSCOPY

The central role of uro’gen 111 (1) in heme, chlorophyll, and corrin biosynthesis has
captured and maintained the interest of bio-organic chemists in the mechanism of
action of the two enzymes required for the synthesis of (1) from porphobilinogen. or
PBG (6). We now describe recent NMR experiments with the first of these enzymes.
PBG deaminasc (EC 4.3.1.8), which catalyzes the head-to-tail conden.ation of 4 mo!
of PBG (6) to pre-uro’gen, whose relcase and stabilization as the (hydroxymethy!)bi-
lane, or (12) has been the subject of extensive investigation.”” *' HMB may cvclize
chemically to uro’gen I (13) or serve as the substrate for uro’gen 11 cosynthetase (EC
4.2.1.75) to form uro’gen 11 (1) (SCHEME 3).

Deaminase (MW =~ 36,000) from human sources.”” Rhodupseudomonas sphe-
roides,® ** and Euglena gracilis® forms stable covalent complexes bearing up to four
condcensed PBG units. It has been suggested™ *7 that the amine function at C-11 of
PBG is replaced by a nucleophilic X group at the active site of dcaminase, where X -
0. S. or NH o form (7) through (10) (ScHgMi 3). The introduction of "*C enrichment
at C-11 should allow observation of the chemical shift for the new CH,.X group in the
region 25 60 ppm. In our hands, experiments using [2.011-""C,PBG to label the
complexes (7) through (10) provided no "*C NMR cvidence for enrichment above
natural abundance cither in the above complexes or in the proteolytic digests of the
mono-PBG complex (77" (for details on the preoperative procedures for complex
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formulation, see Evans),* due to the combination of large line widths and high density
of resonances in the region of interest. This result contrasts with a recent claim® for PC
signal enhancement near 42 ppm, consistent with amine functionality at the active site
of (7). X = NH. In view of the high natural abundance profile near 40 ppm in the *C
spectrum of deaminase®” and the resultant ambiguity of assignment in the CHX
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SCHEME 2

region. we sought a general solution to structural problems in covalent enzyme-
substrate complexes where the lack of a “window region™ precludes rigorous assign-
ment and now describe the first application of tritium. a nucleus of high sensitivity and
low (- 10 ') natural abundance™ as an NMR probe of chemical shift in the
environment of a productive covalent complex of enzyme and substrate.
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[2.6.6.11,11-H]PBG (6a)¢ (132 Ci/mmol) was synthesized from [3.3,5.5-'H,}-
S-aminolevulinic acid (ALA), prepared by New England Nuclear by custom tritiation
according 10 our directions,” by the action of ALA dehydratase from R. spheroides.”
The 'H-decoupled *H-NMR spectrum of (6a) (F1G. 4A) confirmed the position of *H
labeling by comparison with the "H-NMR spectrum of PBG. The resonances occur at
6.69 (C-2, CT), 4.15 (C-11, HCT), 2.62 (C-6, HCT), and 2.56 ppm (C-6, CT,). The
tritiated PBG was rapidly mixed with highly purified (>95%) deaminase®® (4000 units,
1 unit defined as the amount of enzyme required to consume 1 umol PBG per hour)
from R. spheroides and the covalent complexes separated from small molecules by gel
filtration on G-50 Sephadex. Analysis of the concentrate by analytical gel electropho-
resis showed it to be mare than 90% of the monopyrrole complex®* (7a), 16 mCi. The
*H spectrum (F1G. 4B) of (7a) exhibits resonances® at 6.18 (C-2, CT), 3.28 = 0.1
(pyrrole-CHT-X-Enz), and 2.48 ~ 0.1 ppm (pyrrole-CT,CH,CO,H) at 5.5°C. At
23°C (F1G. 4C) the signals at 6.18 and 3.28 ppm disappear and are replaced by new
resonances at 3.58 « 0.1 [imeso methylenes (CHT) of uro’gen | (13a) and methylenes
(CHT) of complexes (8) through (10), R = *HJ, 2.75 + 0.1 (CT,CH,CO,H of 8-10.
R = *H), 2.48 + 0.1 [CT,CH,CO;H of uro'gen 1 (13a), and 4.69 ppm (HOT.
exchanged from C-2, also present in FIGURE 4, spectra A and D]. The formation of
uro’gen [ (13), whose *H chemical shifts arc identical with the corresponding CH,
resonances in the '"H-NMR spectrum. in absence of free PBG is ascribed to
disproportionation of complex (7a) via (8-10) whose methylene (CHT) and side-chain
(C-T,CH,CO,H) groups can be observed along with those of uro’gen { in the signals at
3.58, 2.75, and 2.48 ppm. Such a disproportionation also accounts for the disappear-
ance of the signal at 3.28 ppm. which would be expected 10 lose up 10 90% of its original
intensity, on the basis of the statistical randomization of *H label, from (7a) —= (8) -+ (9}
-~ (10) - (13).

To demonstrate the catalytic competence of the monopyrrole complex (7). uria-
beled PBG (6) was added to the "H complex (7a) at 3.5°C and the formation of uro'gen |
monitored by 'H NMR. At 3.5°C a transient fow-intensity signal was observed at 4.76
ppm, a chemical shift consistent with the vinyl (R) hydrogen of the azafulvene (11a).*!
Interestingly, no NMR evidence for the accumulaticn of HMB (12a) was obtained
under these conditions involving high concentration (1mM}) of pure deaminase 3.5°C,
pH 8.0 (cf. refs. 27- 31). On warming to 23°C (Fig. 4D), sharp resonances for unbound
uro’gen | {13a) appeared at 3.58 (20-meso CHT) and 2.48 ppm (propionate CHT)
corresponding to the 'H chemical shifts in an enzyme-frec sample of uro’gen 1%

The large line widths of the spectrum in FiGURE 4 (spectra A and B, ~150-300 H7)
reflect an environment in which the active site of the enzyme is probably buried within
the protein. The line width of the propionate side chain also suggests that it is
covalently att.ched or ionically associated with the protein, which is consistent with
literature reports on the inhibitory effects of PBG analogues.* * The 'H chemical shift
(3.28 + 0.1 ppm) of the methylene directly attached to the enzyvme allows conclusions
to be drawn as to the nature of the nucleophilic group X\ in SCitEME 3. The possibility
that the methylene could be bound to the oxygen ot a serine ¢ sidue is ruled out, since

‘!Thc ["HIPBG employed contains all multiply Uitiated species up to the fully tritiated
[2.6,6,11.11-"HPBG but consisted mainly of [2-7H,, 6.6-'H. 11-"H, | PBG.

“H NMR referencing was performed as follows: o 'H NMR spectrum of [2.6.6.11,11-
"HPBG containing internal Me SiCD,CD,COLNg was recorded and the PBG 'H resomances
referenced. The same sunple was then examined by 'H N MR in the same probe and referenced 1o
the "Hospectrum (6'HE 4'HD). The absolute field frequencey was then used from this to caleudate
the chemical shifts of subsequent spectra
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HMB (12) and its methyl ether have chemical shifts of 4.4 and 4.2 ppm, respectively.*

Model studies predict 4 3.9 for methylene attached to amine; whereas the observed
value (3.28 + 0.1 ppm) is more consistent® with a thioether linkage in (7a), with X = S.
We therefore suggest that the active-site nucleophilic group in deaminase is a Cysteine
thiol residue or, less probably, an amino group in (7a), with X = NH, which on covalent
binding to C-11 of PBH leads to an upfield shift of ~0.6 ppm from the anticipated

2-48
HOT
3-58
—— A
2-48
2-75l
3.58 l
}
~ B
328 248

7 s 5 4 3 2 ppm
FIGURE 4. (A) 'H-decoupled 320 MHz *H-NMR spectrum of {2.6.6.11.11->’H;]PBG at pH 8.0,
25°C. (B) 'H-decoupled 320 MHz *H-NMR spectrum of [2,6,6.11,11-*H,]PBG deaminase

complex at pH 8.0, 5.5°C. (C) Same as (B) but at 23°C. (D) Same as (B) plus uniabeled PBG (950
ug) and after 40 min at 3.5°C and 6 h at 23°C.

value of 3.9 ppm. The former possibility is supported by the observation that
deaminase is reversibly inhibited by sulfhydryl blocking reagents.*

The example of deaminase discussed above® represents a specific and unique case
of stabilization of a productive intermediate due to insufliciency of substrate. We now
discuss the more general and technically more difficult problem of studying enzyme
mechanism by direct NMR methods.

/pBG (6) displays a resonance at 4.16 ppm for the C-11 methylene protons and shifts 0.05 ppm
upfield on deprotonation.* The (aminomethyl)bilane (12), where CH,OH = CH,NH,. displays a
resonance at 3.92 ppm at pH 12, which implies a methylene chemical shift of 3.97 ppm at pH
8.0.
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STUDYING ENZYME MECHANISM BY “C NMR

Almost all enzymatic processes utilize multistep reactions during catalysis, and the
characterization of each »f these stages is essential if one is to understand enzyme
mechanism at the molecular level. Earlier investigators have used spectrophotometric
methods for characterizing enzyme-catalyzed reactions, whereas inhibitors that form
stable “transition state analogues™ have been examined by other techniques that
require long periods of data accumulation, for example, X-ray analysis. However, the
advent of NMR and its subsequent use in enzymology are beginning to provide a novel
and penetrating probe for elucidating enzyme mechanism by directly characterizing
intermediates formed in catalysis. The studies of “‘transition state analogues™ allow
access to the unique properties of enzymes that enable them to stabilize labile
intermediates and therefore achieve their remarkable catalytic efficiency. We discuss
first the structures of an enzyme-inhibitor adduct of the serine proteasc—trypsin—and
compare the results of direct observation by *C NMR with the structural information
inferred by more classical techniques. We then review the powerful combination of
NMR and cryoenzymology. The development of this technique, whereby enzyme-
catalyzed reactions are studied at sub-zero temperatures in aqueous organic solvents
(cryosolvents) allows such reactions to be slowed down and can prolong the lifetime of
enzyme-substrate intermediates.™

SCHEME 4 shows the generally accepted mechanism for the hydrolysis of an amide
function by a serine protease and is representative of the mechanism for all the
hydrolyses. To confirm this mechanistic pathway, the visualization and rigorous
characterization of productive tetrahedral intermediates and acyl enzymes by *C
NMR is the ultimate goal, and we now discuss the progress made so far, particularly
with the serine and thiol proteases.

In the domain of synthetic inhibitors, chloromethylketone derivatives of specific
substrates are potent irreversible covalent inhibitors of the serine proteases, alkylating
the active-center histidine at N-2 (see SCHEME 4). X-ray crystallographic studies®® led
to the suggestion that, in addition to the above alkylation, there was also nucleophilic
attack by the active-center serine hydroxyl to form a hemiketal, which is stereochemi-
cally analogous to the tetrahedral intermediate purported to occur during catalysis.

In order to test this suggestion, trypsin was inhibited with the highly specific
reagent N°-carbobenzyloxylsylchloromethylketone® (RCOCH,Cl), labeled in the
ketone carbon with 90% "*C, for it was predicted that a tetrahedral adduct, if formed,
would be directly observable by this technique. In aqueous solution (FIGURE 5A),
RCOCH,CI exists as a mixture of the ketone (6 = 204.7 ppm) and its hydrate
(6 = 95.4 ppm). At pH 3.2 no alkylation or inhibition of the enzyme is observed and the
spectrum of [PC = OJRCOCH,CI is unperturbed (FIGS. 5B & 5C), showing that at
fow pH there is no detectable binding or tetrahedral adduct formation prior to
alkylation. At pH 6.9 there is rapid, irreversible inhibition, and resonances due to both
["*C = OJRCOCH,C! and its hydrate are replaced by a single resonance at 98.0 ppm
(Fig. 5D), an indication that the '*C-enriched carbonyl of the inhibitor is tetrahedrally
coordinated in the inhibitor-enzyme adduct. Cenaturation of the trypsin led to
reappearance of a carbony! resonance (205.5 ppm) and a decrease in the intensity of
the resonance at 98.0 ppm. This demonstrates that the tetrahedral adduct formed by
the attack of the serine hydroxyl on the inhibitor carbonyl and characterized by the
resonance at 98.0 ppm requires an intact trypsin structure.**

In the above experiments with [*C = O]RCOCH,Cl and trypsin, it is difficult to
discount the possibility that the resonance at 98.0 ppm could result from hydration of
the carbonyl of the covalently bound inhibitor. However, the use of '*O isotopic shifts
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on the *C spectrum of the tetrahedral adduct has now shown the adduct is indeed
formed by nucleophilic attack of the Ser'®* hydroxy! group.*

THE QUEST FOR TRUE INTERMEDIATE STRUCTURE:
CRYOENZYMOLOGY

The detection and characterization of a productive acvl intermediate by ?'C NMR
during catalysis with natural substrates at ambient temperatures is not possible at
present, because there is an inherent lack of sensitivity in *C NMR spectroscopy.
Therefore, the lifetimes of these intermediates must be extended into the domain of the
NMR experiment. One approach is to use synthetic substrate analogues which

}204.7
A 0 954y OH

R-C-CHCI R-C-CH,CI
w OH
B
] -
WMM-MW My TRYPSIN

o
A+B s pH 32
98.0
D HO 0—(SER-195)
pH6E-9 \. /s
c
fove
R/ \CH2~—(N—3.H-s
’ 260 T —ﬁ—_‘lg(_)‘ I T(’)}) o 6|PPM

FIGURE S. The “C-NMR spectra of (A) N"-carbobenzyloxylsylchloromethylketone
(RCOCH,CI); ® = ’C, 30% enrichment; 47.6 mM (by weight); | mM HCL D,0. 16.7% (by
volume); volume, 0.6 ml; 1660 accumulations; pH 3.1. (B-D) 20 mM sodium phosphate: 12.5
percent (by volume) D,0; 10,000 accumulations; trypsin, 0.28 mM (concentration of fully active
enzyme); volume, 8 ml. The RCOCH,C! concentrations, pH and enzyme activities were as
follows: (B) 0.00 mM, 3.2, 100%; (C) 0.38 mM, 3.2, 100% (D) 0.37 mM, 6.9, 0.06%. All spectra
were accnmulated on a Bruker WM 300 WB spectrometer at 75.4 MHz for ">C nuclei.

deacylate slowly. Another is to utilize low-temperature cryoenzymoiogical techniques
to extend the lifetimes of intermediates.

Since the ’C resonances of the carbonyl carbon of thioesters are shifted (from 20 to
30 ppm) upfield relative 1o their oxygen analogues (8 = 165 to 185 ppm), "C NMR
spectroscopy should allow the direct monitoring of the formation and decay of a
thioacyl intermediate. Using [*C = O] N-benzoylimidazole (5 - 168.7 ppm), we were
able to observe directly a thioacyl intermediate at 6 = 195.9 ppm in the presence of
papain under the cryoenzymological conditions of —6°C in 25% aqucous dimethy!
sulfoxide® (F1G. 6). Moreover, the thioacyl species is clearly a productive intermediate
since the decrease in its signal intensity was accompanied by an increase in the product
resonance and by release of free enzyme (half-life, <96 minutes) determined by
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titration of its thiol group. The line width of the resonance at 195.9 ppm was 25 + 5
Hz.

The trypsin-catalyzed hydrolysis (FiG. 7) of the highly specific substrate N*-
carbobenzyloxy-L-lysine-p-nitrophenylester (Z-lys-pNP) has been studied in detail
under cryoenzymological conditions by both spectrophotometry® and *C NMR
spectroscopy.” The kinetic data from both techniques confirm that the kinetics and

R—S—Ci-@ +H.O —» RS+ @-COOH
1
o

RSH = Papain

JWwM VM&W""I" 231-276 min.

) ‘f\_»\')\‘JM-L‘,W"",\‘ﬁ 185-231 min.

N
o kA
LAY ’W’MNW“ 141-186 min

A
|
L adh

S M
“.““Tw"f‘ W 96-141 min.

!

T
W\‘rr,"."\w‘}f,' Wi i 51-96 min

|
an A /L\
AL TWM\,\W\W 6-51 min.
195.9 ppm

FIGURE 6. Reaction of 1.7 mM papain (72% active enzyme). 5.4 mM potassium chloride, 25%
(by volume) dimethyl sulfoxide, 0.1 M sodium formate buffer (pH 4.1), and 23.6 mM
benzoylimidazole. ['*)C = O]Benzoylimidazole was added at 0°C:; after 15 min the reaction was
cooled to —6°C, and the NMR data acquisition commenced 6 min after the reaction was
initiated. Spectra represent 10,000 accumulations recorded sequentially starting 6, S1, 96, 141,
186, and 231 min after adding benzoylimidazole.* The spectral range shown is 192 to 200 ppm.

mechanism under cryoenzymological conditions are essentially the same as those
determined at ambient temperatures by rapid reaction techniques. The hydrolysis of
[1-3C]Z-1ys-pNP (S in FIGURE 7A, 8 = 173.6 ppm) by trypsin was monitored by the
decrease in intensity of this signal and the increase in the signal arising from the
product (P, in FIGURE 7A, 6 = 177.7 ppm) at —21°C in 41% aqueous dimethyl
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A NO,
; 2173.6 5176.5
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er 2 (CHz)a N3 + HO—@NOZ
NHZ
P, P,
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L(CH2)aNH3
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*NCOCH;Ph
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FIGURE 7. (A) Reaction of [1-"*C]Z-lys-pNP, 0.83 mM: active trypsin, 0.7 mM: 1 mM HCi
(apparent pH, 3.2). and 40% (by volume) dimethyl sulfoxide (sample volume, 10 ml: sample
temperature, -21°C); NHZ, carbobenzyloxy-. The reaction was initiated by the addition of
[1-1C]Z-1ys-pNP; after mixing (=1 min) NMR data acquisition (B) commenced within 3 min.
Each spectrum (1 to 58) represents 10.000 accumulations (time per spectrum, 41 min) recorded
sequentially.®® The spectral width was 0 to 220 ppm, but only the region from 172 to 180 is
shown.
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sulfoxide (F16. 7). The continued formation of product (P;) after all the substrate has
been consumed (Fig. 7B) provides indirect evidence for an enzyme-bound intermediate
whose line width is much greater than that of the free substrate or product and is
therefore not directlv observable in the individual *C-NMR spectra of FIGURE 7.
Improvement of the signal-to-noise ratio by summation of sets of the individual spectra
in FIGURE 7 made it possible to use difference techniques and allowed direct
observation (F1G. 8B) at —21°C of a resonance (8 = 176.5 ppm) that was assignable to
the acyl enzyme on the basis of its chemical shift and the kinetics of its breakdown-
formation. Experiments at — 1.5°C (FIG. 8A) showed that the acyl intermediate was
much more readily detected at this higher temperature, the resonance being clearly
resolved in individual spectra as a result of the smaller line width of the resonance at
—1.5°C compared to that at —21°C (22 = 3 Hz and 100 + 10 Hz, respectively). This
illustrates one of the main difficulties of a combined NMR-cryoenzymological
approach in which the line width of enzyme-bound species increases dramatically as
the cryosolvent viscosity increases on lowering the temperature.

b
-1-5°C -21°c
1)) ")LU

s =
f\J é)
A{:[;L— WM
o YPSIN ~a
e e

- B Tl e T T e o e

18¢ 176 80 170

o]

FIGURE 8. The "C-NMR spectra of the reaction of (a) [1-°C]Z-lys-pNP, 1.8 mM: active
trypsin, 0.64 mM; | mM HCI (apparent pH, 3.02): and 40% (by volume) dimethyl sulfoxide
(sample volume, 10 ml; sample temperature, — [.5°C). The reaction was initiated as described in
FIGURE 7, and spectra | to 15 (not shown) were recorded sequentially in the manner of FIGURE
7B. Each spectrum resulted from 5000 accumulations (time per spectrum, 20.5 min). A 10 Hz
exponential weighting factor was used. Spectra | and 2 represent the sums (25,000 accumulations
of spectra 1 1o 5 and spectra 11 to 15, respectively). Spectrum 3 is the difference between spectra
1 and 2. Spectrum 4 is spectrum 1, from which natural abundance trypsin and product have been
subtracted. (b) The free induction decay spectra from which the spectra in FIGURE 7B were
obtained were added together in groups of ten. Spectrum S represents the sum of spectra 210 11
(of FIGURE 7B). Spectra 6 to 9 represent progressive subtractions of added spectra 12t0 21,2210
31,32t041,and 49 10 58 from which product and natural abundance trypsin resonances had been
subtracted.
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FIGURE 9. (A) represents Gly-Tyr bound to CPA showing the indirect attack of Glu-270
promoting the attack of a water molecule on the substrate’s amido carbonyl group polarized by
interaction with zinc. {8} represents direct attack of Glu-270 on the substrate’s amido carbonyl
forming an anhydride.

SOLID-STATE NMR AS A PROBE FOR ENZYME-SUBSTRATE
STRUCTURE

The basis for all of the NMR studies with proteases has relied heavily on the crystal
structure determination of the enzyme and/or enzyme complex at the active sitc.*
Since the phase change from sofid to solution may well involve considerable conforma-
tional alteration, the correlation of the two physical methods (X ray, NMR) in the
same phasc would be a desirable objective in furthering our understanding of enzyme
mechanism. Our final theme concerns the application of solid-state cross-polarized
magic angle spinning (CPMAS) NMR spectroscopy to the direct observation of the
hydrolysis of a slow (pseudo) substrate catalyzed by an enzyme, Magic angle spinning
(MAS) NMR has already been shown to be a powerful technique for the study of
solids generally®' and has been usea extensively on inorganic systems.*

The crystal structures of several complexes of the metalloenzyme, carboxypepti-
dase Aa (CPA), EC 3.4.17.1, have been examined in considerable detail. The structure
of the complex with glycyl tyrosine (Gly-Tyr) has been refined to 2.0 A resolution® ™
and reveals inter alia interactiors between the amide carbonyl oxygen and catalyti-
caliy essential 7inc, and between the amide nitrogen and the hydroxyl of tyrosine-248
(Tyr-248, FiG. 9A). The proposed mechanisms for hydrolysis of peptide and ester
bonds by CPA have relied heavily on these crystal structures, but a clear distinction
between the possible roles of glutamate-270 (Glu-270) in nucleophilic attack either by
gencral base catalysis (F1G. 9A) or by covalent anhydride formation (F1G. 9B) remains
a major unresolved problem. Indeed, it is not yet certain whether esters and amides arc
hydrolyzed by CPA via identical mechanisms.® %

Gly-Tyr was synthesized as both the [*C]-amino (90 atom % enrichment) and
amido-["*C,"*N] (90 atom % and 99 atom % enrichment, respectively) isotopomers by
known methods.”® CPA, purchased from Sigma as a suspension in toluene, was
cross-linked” and soaked with Gly-Tyr as described previously**** and the washed,
dried crystals examined by solid-state NMR. The *C CPMAS NMR spectrum of the
BC-enriched Gly-Tyr (FiG. 10A) displays residual” ""C-"*N quadrupolar coupling
(6 = 176 ppm). However, the C CPMAS difference spectrum of CPA and the
CPA/Gly-Tyr complex (FIG. 10B) displays a single resonance (4 178 ppm. LW, ,, 60
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Hz) revealing that, under the experimental conditions, the peptide bond of this
slow-reacting substrate has been cleaved to the extent of more than 90%. In order to
confirm this result, doubly labeled amido-|"*C,"*"N]Gly-Tyr (FiG. 11A) was bound to
CPA under identical conditions and the complex examined by '*N CPMAS NMR
spectroscopy. As can be seen from FIGURE 11A, the '*N resonance of the substrate (5
120 ppm) is sufficiently broad (LW,;, 325 Hz) to conceal the '*N-'">C one-bond scalar
coupling (J = 16 Hz). In the enzyme complex (FiG. 11C), the observed *N resonances
correspond 1o the amide region of CPA (see FIGURE 11B; 6122 LW, , = 400 Hz) and
anamine” (842 ppm LW, ,, = 250 Hz), respectively. We infer from these experiments

% cemas

COZH o}

i 1 ]
Ll HO@CH2CHNH—(.ICHZNH2

Difference spectrum between crosslinked
B f. CPA with and without 13C Gly-Tyr ™N
I quadrupolar interaction absent

I \ | 5
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FIGURE 10. 25.15 MHz solid-state C CPMAS spectrum of (A) amido-| *C)Gly-Tyr. ® - '*C,
and (B) the difference CPMAS spucirum of CPA and CPA/["”C-amido|Glv-Tyr complex. All
spectra are 4 K data points with 10 Hz line broadening. (A) represents {076 scans and (B} 1s the
weighted difference of 58,027 scans and 50,225 scans.

that we are observing either the first stable intermediate of the catalytic pathway, i.e..
the anhydride of the cleaved glycine residue bound covalently to Glu-270 (F1G. 9B). or
the bound glycine accompanied in cither case by the second product, tyrosine (FIG.
11D) also bound to CPA, since in a separate experiment it could be shown that no
unbound tyrosine or glycine was present in the complex. A distinction between the two
glycine species (anhydride or acid) cannot be made at this stage since the ’C chemical
shifts of the carbonyl(s) in both the anhydride and the acid are within the observed
chemical shift range. However, these preliminary experiments clearly indicate the
feasibility of simultaneous X-ray and CPMAS NMR studies, especially with slow
substrates. In summary. a method of some generality for reaching the long-sought
correlation between X-ray diffraction data, the resultant geometry of a substrate
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undergoing slow catalysis, and the corresponding NMR chemical shifts for selected
atoms in the enriched substrate, obtained under identical conditions. is now available
through the use of the CPMAS technique.

['rom the discussion presented in this paper it is clear that the stage is now set for
intensive research into the mechanism of c¢nzyme action with cryoenzymology.
Although most of the enzymes discussed above lie in the molecular weight range of
20,000 to 35,000. an upper figure of =50.000 probably represents the maximum
convenient size for *C NMR studies on currently avaifable superconducting instru-
ments with substrates and inhibitors.

Finally, we can expect exciting developments in the application of 'C solid-state
NMR spectroscopy to structural problems in enzyme complexes, a ficld which.
although still in its infancy, alrcady shows considerable promise.”
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Molecular Messengers among Insects

JERROLD MEINWALD

Baker Laboratory
Department of Chemistry
Cornell University
Ithaca, New York 14853-1301

INTRODUCTION

Chemical communication plays a key role in the lives of all organisms. Molecules
which carry information at the intercellular level may be as simple as carbon dioxide or
as complex as insulin. We will not be concerned in this paper with the ubiquitous and
universally fascinating information transfer processes involving the nucleic acids, the
proteins, or the many networks of “‘primary”’ metabolites. Nor will we be concerned for
the moment with the highly conserved internal messenger molecules, the hormones and
neurotransmitters. Rather, our primary topic will be some recent studies involving
relatively small, externalized molecular messengers (which, in an evolutionary sense,
may be considered as the forerunners of the more widely studied and better understood
hormones and neurotransmitters).'”

Why should insects be singled out for research on chemical communication? The
enormous success of this class of animals, combined with the observation that this
spectacular success is attributable in part to their skills as organic chemists, provides
one strong motivation. About 800,000 insect species have been described, and up until
a few years ago, it was estimated that there are probably a few miltion insect species on
earth. Most recently, this estimate has undergone a dramatic upward revision: studies
of the fauna of tropical rain forests now bring the estimated number of insect species to
ca. 30 million!* This diversity surely suggests that insects are well fitted for the various
lives they lead, and it is not surprising that there is much bioorganic chemistry we can
learn from them,

What are some of the messages that an externalized signal molecule might
transmit? It turns out that small, organic molecules serve a wide variety of communi-
cative purposes. It should be noted, incidentally, that there is no compelling reason why
the message carried by a given compound should be defined by its structure. Some
substances serve as messengers for more than one species, and their meaning can be
defined independently for each user species. A wide variety of organic compounds
serve as defensive materials which are read as “Go away” by a diverse, interspecific
audience. Intraspecific signals include examples such as “Follow this trail” (to
foraging nest mates), “Come here,” or even “I am the partner you are seeking” (to
potential mates). We will discuss a few of these themes. The work to be described here
has been the fruit of long-term research collaborations, chiefly with two very good
friends and colleagues: Thomas Eisner, of the Section of Neurobiology and Behavior at
Cornell University, and Dietrich Schncider, of the Max-Planck-Institut fiir
Verhaltensphysiologic, in Seewiesen, FRG. Three specific topics will be discussed, the

®The author acknow!edges financial support of this research from the NIH (grant Al-12020),
the du Pont Company, and the Schering Corporation, without which this work would have been
impossible.
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first in detail, and the others in brief outline: (1) the nove! defensive terpenes of a
carrion beetle; (2) the relationships between pyrrolizidine alkaloids, male pheromones,
and mate selection in some lepidoptera; and (3) the courtship behavior and the
pheromonal chemistry of two species of East Asian arctiid moth.

DEFENSIVE CHEMISTRY OF A CARRION BEETLE

What considerations led Dr. Eisner to direct us to the defensive chemistry of
carrion beetles? These beetles are not normally pests, and the task of collecting them is
quite literally disgusting. One thought was that since carrion i< such a rich food
resource, one could expect to find some particularly effective chemistry designed to
drive off competitors. In fact, we have recently described one species of carrion bectle
which produces defensive iridoids,’ and another which secretes a group of oxygenated
pregnanes.® Necrodes surinamensis, the red-lined carrion beetle, proved to be the most
interesting of this group from a chemical viewpoint.” This beetle is unusual in that it
sprays its defensive compounds in response to provocation. The spray, which comes
from a tubular gland which opens into the hindgut, was found to contain a mixture of
saturated and unsaturated fatty acids accompanied by three isomeric, neutral
compounds with the molecular formula C,4H,50. One of these compounds proved to be

CH, CH, cH, CH,
HOH C LwiCHy  HOH,C wiCH,
1 “OH 2 CH, 3 cHy
SCHEME 1

lavandulol (1), a plant terpene previously unknown from an animal source. (The origin
of lavandulol in a carnivorous insect raises an intriguing biosynthetic question which
we will not address here.) The other two isomers proved to be new compounds which we
have named a-necrodol (the major component) and 3-necrodol (minor).® Since only a
few micrograms of each compound could be obtained from an individual beetle, we
relied almost entirely on mass spectrometric and NMR spectroscopic data to assign the
structures shown below to a-necrodol (2) and 3-necrodol (3). The 1,2.2,3.4-penta-
methylcyclopentane (“necrodane’) nucleus does not appear to have been found among
natural monoterpenes to date, although there are about thirty different monoterpenoid
skeletons known.’ Since neither plants nor animals have yiclded previous examples of
“necrodoids,™ it does not seem likely that this particular variation of the monoterpene
theme will prove to be widely distributed in nature. Nevertheless, the necrodols. which
are effective insect repellents,' are also intriguing from a biosynthetic viewpoint, since
the necrodane skeleton cannot be derived from geranyl pyrophosphate. the parent of
most monoterpenes, without a skeletal rearrangement.

We set out to synthesize the necrodols in order to confirm their structure and
relative stereochemistry, and to establish their absolute configuration.'" The reaction
sequence summarized in FIGURE | provided our starting material, methyl epi-
phenylcamphorate.'? This ester was obtained by base-catalyzed epimerization of
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0 COzH

— 2 = HOZC CH3

0 ¢ CHy —

CHy 0 4 H %
from (4)-camphoric
acid
Me0,C. . ..-CHy MeOzc ..-CHy
$ P

FIGURE 1

methyl phenylcamphorate, itself formed by esterification of (+)-phenylcamphoric
acid, the product produced by the aluminum chloride catalyzed Friedel-Crafts
reaction of the anhydride of ( +)-camphoric acid with benzene.

Ruthenium tetraoxide oxidation of methy! epi-phenylcamphorate gave the carbox-
ylic acid shown at the top of FIGURE 2, in which the completion of the synthesis of
(—)-B-necrodol is outlined. Selective borane-tetrahydrofuran reduction of this acid
gave the corresponding primary alcohol, which could be converted into the desired
exocyclic olefin either by pyrolysis (approx. 375°) of the derived xanthate ester, or
more conveniently by oxidative elimination from the corresponding ortho-nitrophenyl-
selenide. Lithium aluminum hydride reduction of the resulting unsaturated ester gave
(- )-B-necrodol, indistinguishable from the natural product by spectroscopic or
chromatographic means. This synthesis confirmed structure (3) for 8-necrodol, and
also confirmed the trans relationship between the secondary methyl and the hydroxy-
methyl substituents in this compound.

MeOZCﬁ . .CH3 MeOZCﬁ . .CH3 Meoac\éz . CH3
—re i —n ——i
CHaX

COzH CH20H
X = -0CS;Me
HaC CHj3 X = —SeCgHaNO2 (0)
MeOZC\Qﬂ.Cm HOHZC _.CH3
- ; é {-) - 3 -necrodol
CHz CH2

FIGURE 2
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H H
OAc OAc
0

(=) - bornyl acetate

OAc OAc

FIGURE 3

An alternative approach to 3-necrodol was based on the chromic acid oxidation of
(—)-bornyl acetate, as shown in FIGURE 3.'*'* Selenium dioxide oxidation of 5-
ketobornyl acetate gave the known diketone,"* further oxidized to the acetoxy
anhydride by treatment with hydrogen peroxide. Acidic methanol converted this
intermediate into the half ester shown in FIGURE 4, which upon chromic acid oxidation
gave the corresponding keto-acid. In spite of the fact that this intermediate already
possessed the trans arrangement of substituents desired for 8-necrodol, no decarbox-
ylation conditions could be found which did not invert the methyl substituent to give
the cis keto-ester. Fortunately, base treatment of this product gave an equilibrium
mixture of keto-esters, from which both the cis and trans forms of 8-necrodol could be

H
HO,C—
2 MeO,C- .. CHy
OH = “COH
MeOzC
“OH
MeO,C-.. A Meogc . LCH3  MeO,C-.. CHa
- — —_——
CO,H
o) 0 0
FIGURE 4
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HOH,C.. ...CHy HOH,C- .. CHy
CHg CHp
(+) - epi- B-necrodol {(+) - B - necrodol
FIGURE 5§

obtained by reaction with Nozaki's reagent,'® followed by lithium aluminum hydride
reduction (FIGURE 5).

The synthesis of the endocyclic isomer, a-necrodol, proved to be more difficult."
Our attempts to isomerize 8-necrodol directly (FiG. 6), by using a variety of transition
metal complexes [palladium (II), rhodium (1), and rhodium ([1T)] were unrewarding.
Similarly, phosphorus oxychloride dehydration of the hydroxy-ester produced by the
low temperature addition of methyllithium to our previously prepared keto-esters (FiG.
7) gave only the undesired double-bond isomers. FIGURES 8 and 9 summarize another
unsuccessful approach to a-necrodol, based on the hope that we could deconjugate the
a,B-unsaturated ester shown at the top of FIGURE 9. Although the preparation of this
conjugated ester presented no serious problem, we found ourselves unable to deproton-
ate it, a result which may in part reflect the unfavorable cclipsing that would be
required in the corresponding enolate ion.

The reaction sequence presented in FIGURES 10 and 11 represents our solution to
this problem."" The half ester shown at the top of FIGURE 10 (as a 4:1 trans/cis
mixture, which was readily available from our above-described efforts) was quantita-
tively reduced to the desired hydroxy acid by lithium in liquid ammonia. Recrystalliza-
tion of the product gave the pure trans isomer, which was converted in two steps into
the r-butyldimethylsilyl ether methyl ester. Phenylselenylation of this ester gave
almost exclusively (20:1)} the desired phenylselenide, as evidenced by subsequent
oxidation and elimination to produce the required «.5-unsaturated ester. It remained
only to convert the methoxy-carbonyl substituent to a methyl group, and to deprotect
the primary hydroxyl group. Lithium ethoxyaluminum hydride reduced the ester
function, and acetylation followed by lithium reduction in liquid ammonia gave the
necessary methyl substituent. Finally, deprotection via fluoride ion gave synthetic
(- )-a-necrodol, which was indistinguishable from the natural product by chromato-
graphic or spectroscopic means.

We hoped that a direct comparison of our synthetic (—)-a-necrodol with the
a-necrodol isolated from Necrodes surinamensis would establish the absolute configu-
ration of the natural product. However, the very small amount of natural material
available made it difficult to be confident about the significance of a direct measure-

HOH,C ..-CH; HOH,C .--CHy
—ff——

FIGURE 6
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RO,C LCHs RO.C LCHy
OH
0 CHy
RO,C CHa RO,C ...CH3
+
CHy CH,

FIGURE 7

ment of its optical rotation. Consequently, we used the method of Mosher'” to prepare
a-methoxy-a-trifluoromethylphenylacetyl esters from both the natural and synthetic
products (FIG. 12). Disappointingly. the diastereomeric esters prepared from synthetic
(—)-a-necrodol and the (+) and (—) forms of a-methoxy-c-trifluoromethylphenyl-
acetyl chloride were unresolved, using either packed or capillary column GLC
techniques, or using HPLC. Furthermore, the 'H-NMR spectra of these diastereomers
showed only subtle differences. Actually, these results are not surpising, considering
the distance between the relevant asymmetric centers in these molecules. Nevertheless,
the two esters showed sufficiently different '*F-NMR chemical shifts to permit a clear
distinction to be made. Thus, addition of a sample of the ester prepared from natural
a-necrodol and the (+)-reagent to a solution containing equal amounts of synthetic
(~)-a-necrodol esterified by (+)-reagent (which gives a more downfield '°F signal)
and (—)-reagent (more upficld signal) resulted in enhancement of the downfield peak.
Thus, the natural product has the same absolute configuration (3R, 5R) as our
synthetic product.

These results confirmn our conclusion that the defensive terpenes of Necrodes
surinamensis have contributed a new variation to the monoterpenoid theme.

Me0,C. CHy  MeOLC. ..CHy
P el
CH,0H CH,0Tos
MeO,C.. CHy  MeOzC _..CH3
_— 4>Se — -
CHs CHy
FIGURE 8
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Me0,C CH
.CH ..-CH3
MGOZC MeOgC 3 H
CHa
H CHy
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FIGURE 9

ALKALOIDS, MALE PHEROMONES, AND MATE SELECTION

Our first topic concerned chemical messengers that we believe serve chiefly a
defensive role. We turn now to compounds that interrelate defense and intraspecific
communication. Many years ago, we showed that males of several species of danaid
butterfly utilize a simple pyrrolizidine (4) as an “‘aphrodisiac™ pheromone.'*? We
showed subsequently that pyrrolizidine alkaloids must be ingested by the male insects
if they are to produce their pheromone and court with normal success.”® This
dependence of males on an exogenous. plant-produced, secondary metabolite for such
an important function was very difficult to understand. Recent studies on an arctiid
moth, Utetheisa ornatrix, have provided new insights into this curious plant-insect
relationship.?*

Meozcﬁ_ HOHzc\é ROHzc\Q
P .

COH CO,H CO.Me
R=t-BDMS
ROHZC\é ROch\Q~ ROHzc\Q. CH3
—_—
COaMe CO,Me CH,0H
'6.59 ppm

FIGURE 10
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ROH,C ...CHy HOH,C ...CHs
—
CHzoAC CH3
(-) -a - necrodol
FIGURE 11

In the case of U. ornatrix, larvae of both sexes feed on Crotolaria plants, which
produce pyrrolizidine alkaloids. These alkaloids are in part sequestered by the insects.
and they protect adults from predators such as spiders. In addition, males convert some
of their alkaloid into a simple pyrrolizidine, hydroxydanaidal (5), which serves as a sex
pheromone. Clearly, the use of a single alkaloid for these two purposes is economical. A
deeper conncction between the defensive use of the alkaloid and the messenger
function of its metabolite, however, can be suggested. Our most recent studies indicate
that alkaloid is transmitted from male to female during mating, and that females are
able to put this alkaloid into their eggs, thereby rendering them distasteful to
predators.” One can now see a distinct advantage to be gained for the offspring of those
females which can assess the defensive state (i.e., alkaloid content) of a courting male.
The male pheromone, since it can be produced only from acquired alkaloid, provides a
female with unambiguous chemical evidence that the male can contribute to the
defense of their offspring. This use of an alkalnid metabolite as a messenger compound
which provides a valuable criterion for sexual selection now makes very good sense. A
detailed study of alkaloid transfer in the Florida queen butterfly Danaus gilippus has
given closely analogous results,” and it seems likely that the chemical evaluation of
potential mates may be of importance in many other instances.

Our final topic concerns two East Asian arctiid moths, Creatonoios transiens and
Creatonotos gangis. As in the case of U. ornatrix, males of both species produce
hydroxydanaidal from pyrrolizidine alkaloids. What is especially dramatic, however, is
that the enormous scent dispersing coremata, characteristic of normal Creatonotos
adult males, fail to develop in the absence of dietary alkaloid.?® We have elucidated the
structural details of the chief components from both male and female pheromone

(=) - a-necrodol (syn.)

(+) - MTPACI/ \(—) - MTPACH

..CHs

é

(+) - MTPACI ?
a-necrodol (nat.) I9f-' NMR at 282.5 MHz
100 ng/mL (CDCl3)
AB = 3.95 Hz (0.014 ppm)

CH3 CHs

FIGURE 12
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glands in these species.”*® However, the Creatonotos mating system is exceedingly
complex.? It appears to be initiated by use of the coremata to induce the formation of
groups of males, which subsequently chemically attract females, followed by addi-
tional chemical calling by unmated females. In cases such as these, the analysis and
characterization of messenger molecules, although crucial, is nevertheless far from
sufficient for a full understanding of the biological phenomena which they mediate.
Only a closely integrated pursuit of the chemistry, electrophysiology, and behavior of
these insects is likely to reveal the significance of these preliminary observations.

CH QH HO

SCHEME 2

CONCLUDING REMARKS

In the course of this lecture, we have discussed a few examples of how insects use
organic chemistry for defense and for communication. For the organic chemist, studies
of this sort can be immensely exciting because they elucidate the chemistry underlying
a variety of linportant and sometimes previously unsuspected biological roles.
Although the structures of messenger molecules are often relatively simple. the small
quantities in which they are produced may still render their full characterization a
serious chemical challenge. Synthesis will continue to be very important in confirming
structures and in providing materials for bioassays. Overall, our understanding of
intraspecific and interspecific chemical interactions is still in its infancy. While
progress in the characterization of the messenger molecules themselves is going
forward rapidly, we are just beginning to understand the biosyntaesis of some of these
substances,”? and almost nothing at the molecular level is known about the ultimate
insect pheromone receptor and transducer systems that are responsible for the
generation of behavioral or developmental responses to the messages received. We can
look forward to many exciting advances in all of these areas during the coming
decades.
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PART 11l. CHEMISTRY OF BIOLOGICAL MACROMOLECULES

Bacterial Cyclohexanone Oxygenase

A Versatile Flavoprotein Oxygen Transfer Catalyst’

JOHN LATHAM AND CHRISTOPHER WALSH

Departments of Chemistry and Biology
Massachuserts Institute of Technology
Cambridge. Massachusetts 02139

INTRODUCTION

Enzymes that activate O, for transfer to a cosubstrate are divisible into dioxygen-
ases and monoxyvgenases. The dioxygenases are almost invanably iron-dependent
enzymes, whereas monoxygenases fit into four categories depending on O;-activating
cofactor: tron enzymes, pterin-linked iron enzymes. copper-containing enzymes, and
flavin-linked monoxygenases.” Although the iron-containing monoxygenascs appear to
be the most potent oxvgen transfer reagents, for example uniquely competent 1o
hydroxylate sp* carbon centers and epoxidize olefins, it is the flavoprotein monoxygen-
ases that are the focus of this paper, and in particular a Baever-Villiger oxidation
catalyst

Bacyer-Villiger oxygenation of ketones 1o esters apparently occurs in a variety of
biological transformations. as cxemptified in SCHEME 1 for camphor lactonization,’
steroid processing.’ and in two steps proposed in the biosynthesis of the carcinogenic
aflatoxin mold metabolites. at versiconal acetate and at aflatoxin G, stages.* To date
four enzymes catalyzing Bacyer-Villiger transformations, (1) through (4) of SCHEME 1,
have been purified to homogeneity and all are flavoprotein monoxygenases. No metals
are found in these enzymes or required for catalysis.

The best characterized of the Baeyer-Villiger biological catalysts is the bacterial
enzvme cyclohexanone oxygenase. induced by growt’ of Acinetobacteria and Nocar-
dia on cyclohexanol as carbon source.® To obtain energy from this alicvclic molecule
the key step is ring fragmentation, made possible by oxvgen insertion and ring
expansion of the ketone 1o e-caprolactone which is subsequently hyvdrolyzed enzymi-
cally to the straight-chain hydroxy acid. readily converted into utilizable metabolites.
The stoichiometry, typical for any monoxygenase, is to use one mole of a reductant.
here NADPH, and one mole of O,; one oxygen atom ends up in product, the other as
H,O (ScHEME 2). Initial studies by Trudgill and collecagues indicated cyclohexanone
oxygenase had broad specificity for cyclic ketones. from cyclobutanone to cycloocta-
none.* Some properties are summarized in TABLE 1. We initiated mechanistic studies
on this enzyme because the Baeyer-Villiger reaction differed from the prototypic
flavoprotein oxygenase reactions studied to that time, namely phenol to catechol
hydroxylations as exemplified by pseudomonal parahydroxybenzoate hydroxylase.®

“This work was supported in part by NIH srant ©*M Y1643 and NCI training grant
5 T32 CA09112.
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o 0
NADPH + 0, + @ ——> NADP + H,0 + O 1)
0
NADPH +0, + ——>NADP+ H O+
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NADPH + 0, + o% ———>- NADP -+ H,0 + Q:@ 3)
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NADPH + 0_ + CH_(CH ) CHCCH ——— NADP + H 0+ CH (CH,) C
» H(CH ) ¢ ©CH, + 2 + 3 ¢ H,0C CH 4)

3

SCHEME 1

BAEYER-VILLIGER ENZYMIC OXIDATION

On mechanistic examination. the pure cyclohexanone oxygenase does indeed show
the characteristics of a Baeyer-Villiger oxidation catalyst.”™ Schwab showed that
2-methylcyclohexanone was processed with migration of the more substituted carbon
center,’ and he and our group found that 2.2.6.6-D,-cyclohexanone was converted to
D-caprolactone,'® arguing against any mechanisms involving enolization and nucleo-
philic behavior of the substrate. We found phenylacetaldehyde is processed to a 65:33
mixture of benzyl alcohol and phenylacetic acid, the same ratio seen in nonenzvmic
Baeyer-Villiger oxidation of this alcohol."? Light emission was investigated in this
oxidization but none was detected; that differentiated this reaction from bacteriul
luciferase, which nonetheless can still be formulated as an FMN-dependent Baever-
Villiger enzyme. In model Baeyer-Villiger chemistry with peroxide (or peracid)
reagents the peroxide is the initiating nucleophile, adding to the electrophilic carbonyl
of substrate. The tetrahedral adduct then breaks down with migration of a carbon

0

0
NADPH + 0, + O ——- NADP + H,0 + @

SCHEME. 2
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TABLE 1. Properties of Cyclohexanone Oxygenasc®

Molecuiar weight 59.000
No. of polypeptide chains 1
Prosthetic group FAD
Motes FAD bound/mole enzyme I
pH optimum 9
Electron donor NADPH
Apparent K, values (M)

NADPH 18"

Cyclic ketone 7*
Ketone substrate specificity broad
Catalytic center activity 510

°From Trugill, P.W. In Microbial Degradation of Organic Compounds. D.T. Gibson. Ed.
Dekker. New York (1984).
*NADPH or cyclohexanone at infinite concentration, O; at 200 uM.

center to proximal oxygen of the peroxide concomitant with cleavage of the weak O-O
linkage. This is displayed in SCHEME 3 for the enzymic transformation of cyclohexa-
none, featuring the FAD-4a-OOH as the enzyme-peroxide equivalent. This flavin
peroxide is the common intermediate in both flavoprotein oxidase and monoxygenase
catalysis,” and flavin model studies of Bruice and colleagues have revealed the
FAD-4a-OO0H to be a powerful oxygen transfer reagent to N and S atoms,'* but have
not yet described its activity in model Baeyer-Villiger processes.

SULFUR OXIDATION: AMBIDENT REACTIVITY OF THE FAD-4a-O0OH

Peroxides can show ambident reactivity in chemical oxidations and we have probed
this capability of the proposed enzyme-FAD-4a-OOH reagent by analyzing the ability
of cyclohexanone oxygenase to act on a sulfur-containing substrate analogue. cyclo-
hexyl sulfide (thiane). In fact, thiane is readily sulfoxidized, with k., /K, values
approaching that of cyclohexanone.'' Formation of thiane S-oxide requires a reversal
of polarity in that now the substrate sulfur atom is nucleophilic and must recognize the
FAD-42-O0H in the active site as an electrophilic (not a nucleophilic) oxygen transfer
reagent as depicted in SCHEME 4. Thus. depending on specific electron demand of the
substrate bound at the cyclohexanone oxygenase active site, this enzyme shows
ambident reactivity in oxygen transfer, a versatility characteristic of a peroxide
rcagent (SCHEME 5).

E-FAD Q'\

- On
| NADPH 40, + ()  ——————> NADPH+HO + OO OH

CHO Cyclohexanone @1 ,
oxygenase [oe]0)
o NADH - FMN

oxidoreductase
2 NADPH +0, + CH3(CH2),2CHO ————— > NADP + HZO + CH:,(CHz)QCOO’a

b Luciferose FMN, + biue-green Iight

SCHEME 3
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CHEMOSELECTIVE OXYGEN TRANSFER BY CYCLOHEXANONE
OXYGENASE: 3-THIACYCLOHEXANONE AND 4-THIACYCLOHEXANONE

To probe the behavior of cyclohexanone oxygenase as a regioselective and
chemoselective oxygen transfer reagent, we incorporated both a sulfide and ketone
grouping into a potential substrate and analyzed products from processing of 3-
thiacyclohexanone and 4-thiacyclohexanone. Despite the expectation that sulfoxida-
tion may be easier to achieve, cyclohexanone oxygenase yields only Baeyer-Villiger-
type lactone products. The enzyme acts regioselectively and chemoselectively at the
ketone, presumably directed by initial binding selectivity of the ketone in apposition to
the FAD-4a-O0OH. Whether this selectivity would be useful in a synthetic context
remains to be seen, but pure enzyme is a readily available rcagent (SCHEME 6).

R
X ;L?LOIT ]@[ L

H

_OH
(o OH

O O

SCHEME 5
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SCHEME 6

MECHANISM-BASED INACTIVATION BY 2-THIACYCLOHEXANONE

When the sulfur atom is moved adjacent to the carbonyl group in the cyclohexa-
none ring the resulting 2-thiacyclohexanone is also a substrate, but now causes
time-dependent irreversible enzyme inactivation after 14 catalytic turnovers. 2-
Thiacyclohexanone is of course a thiolactone, itself an activated carbonyl group, but
i causes enzyme inactivation only in the presence of both NADPH and Q,, i.e., only
' when turnover is enabled. To analyze the nature of the oxygenation sequence and the
inactivation, the enzymic incubation was conducted in 5% methanol and the indicated
disulfide monoxide isolated. The disulfide monoxide is a typical rearrangement
product of sulfenic acids that could arise from the indicated pathway, featuring initial
oxygen transfer to sulfur of the thiolactone substrate to generate an acyl sulfoxide as
first product. Additional evidence for enzymic conversion of thioester groups to acyl
sulfoxides occurs with phenylthioacetate in glycine buffer. The two consequential
products are diphenyldisulfide monoxide and N-acetylglycine. The enzyme generates
as a nascent product an acetylating agent quantitatively captured by the glycine
buffer. Finally there are chemical precedents from Minato’s group * and {iom Barton’s
group'® for chemical conversion of thiolesters to acyl sulfoxides by peracid oxidation,
and such acyl sulfoxides are indeed reactive acylating agents (SCHEMES 7-9).

35S-labeled-y-thiobutyrolactone produces stoichiometrically inactivated enzyme,
where the apoprotein, not the coenzyme, is modified. No further information on the
enzyme group modified has yet been obtained, for the radioactive label is lost on tryptic
digestion and peptide separation. Why cyclic thiolactone substrates inactivate but
acyclic thiolester substrates do not is unclear. This could be due to cross-linking

0 0
. 2eq CH.OH 2
NADPH +0, + é EFAD (\:9’0 2ea CHPH 2[0'130)'\/\/\50”]

spontaneous

dehydration

CH o’&/\/\g-s/\/\/&ocn .~ o
3 3 and
coupling

SCHEME 7
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& coupling
R =Me
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possibilities in the former case since nucleophilic capture of the acy! sulfoxide would
release a sulfenic acid moiety for a second nucleophilic capture at that electrophilic
sulfur center.

OTHER HETEROATOM OXYGENATIONS

Ta test the scope of cyclohexanone oxygenase as an oxygenation catalyst we have
analyzed other potential substrates. Among these are alkyl and aryl boronic acids,
some of which turn out, by k.,/ K, ratios, 1o be better substrates than cyclic ketones.'
The observed products are the alcohols and phenols, respectively. presumably reflect-
ing the hydrolysis of nascent borate ester species. The conversion of boronic acids to
borate esters by peroxides is a prototypic peroxide reaction that is initiated by
nucleophilic addition of peroxide to the boron,” followed by decomposition with
migration of a carbon center to the proximal peroxide oxygen as the O-O bond cleaves
(SCHEME 10). In this sense the reaction bears mechanistic analogy to the Bayer-
Villiger oxygenation sequence, in adduct decomposition as well as in initial attack by
the FAD-4a-OOH as a nucleophile on the electrophilic site on a substrate. We have
recently argued that enzymic processing of alkyl boronates to alcohols would be a
useful probe for nucleophilic (rather than clectrophilic) oxygen species in monooxy-
genases and dioxygenases.'

We have also determined that cyclohexanone oxygenase will oxygenate selenides.
processing phenyl methyl selenide to the selenoxide isolable as the hydrate (SCHEME
11). Somewhat more interesting is the enzymic fate of propargyl phenyl selenide. We
felt that initial selenoxidation would be followed by 2.3-sigamatropic rearrangement,
with valence contraction at selenium, to yield an allenic seienenic ester. Compared to
the 2,3 rearrangements at sulfur, rates and equilibria greatly favor the 2,3-rearrange-
ment products in the selenium cases." No enzymic inactivation ensued and the only
detectable product, characterized by NMR, was the «-phenylselenoacrolein. This
same product was generated chemicaily by Reich and colleagues via ozonolysis of the
same propargy! phenylselenide in CH,Cl,."” The allenic sclenenic ester from the 2.3
process must fragment and then recombine, possibly by the radical route delineated
(SCHEME 12). Whether this fragmentation/recombination goes on in the enzyme
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SCHEME 10

active site is not yet known. The turnover number for propargylphenylselenide with
cyclohexanoneoxygenase is 340 min~'.

STEREOCHEMICAL OUTCOME OF CYCLOHEXANONE
OXYGENASE CATALYSIS

Given the versatility of cyclohexanone oxygenase towards diverse substrates, there
are several stereochemical probes of oxygen transfer mechanism possible. For the
Baeyer-Villiger sequences, chemical precedent indicates retention of configuration at
the migrating carbon center.'” Schwab has proved this stereochemical outcome for
2-R-2-D,-cyclohexanone'® with the enzyme, further substantiating the conversion to
e-caprolactone as a bona fide Baeyer-Villiger oxidation. We have recently used H.C.
Brown’s methodologies® to prepare (S,S)-2-methyicyclohexyl boronic acid (48% ee),
and on enzymic processing recovered (S,5)-2-methylcyclohexanol (49% ee), confirm-
ing retention of the migrating carbon center in this heteroatom oxygenation sequence
as well. This accords with chemical precedent for peroxide oxidations of chiral boronic
acids,” and substantiates the idea that the FAD-4a-OOH is the biological “‘oxygen
gun.” Finally, we have analyzed the stereochemical outcome of sulfur oxygenation of
p-tolylethylsulfide,? separating the R-sulfoxide and S-sulfoxide product diastereomers
on a Pirkle-type HPLC column, using a chiral 3,5-dinitrobenzoyl-D-phenylglycine
stationary phase. The S-sulfoxide isomer was the major isomer generated, but only
with 64% ce stereoselectively (SCHEME 13).

CONCLUSION

The bacterial flavoenzyme cyclohexanone monooxygenase is the best characterized
biological catalyst carrying out Baeyer-Villiger oxidations. It exhibits the migratory
aptitudes and stereochemical outcome for a peroxide-mediated chemical ketone to
lactone or aldehyde to acid conversion and may be prototypic for other such oxidations

0©
1
Se-CH, € FAD Se-CH3
@’ + NADPH + 0 — + NADP + H,0

SCHEME 11
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‘ in more complex natural product transformations. All four oxygenases purified to date
' that catalyze Baeyer-Villiger transformations are flavoproteins and this may be a
general paradigm for other cases since the FAD-4a-OOH, a highly activated organic
hydroperoxide, can function as initiating nucleophile. Cyclohexanone oxygenase is also
an efficient boronic acid to alcohol catalyst, again with the features expected of a
peroxide reagent. This flavoenzyme shows additional versatility in heteroatom oxygen-
ation, with high .,/ K, values for sulfide and selenide oxidation where the initial step
in oxygen transfer requires a reversal of polarity with these electron-rich hetero atoms.
The substrate sulfur or selenium atoms act as nucleophiles towards the same flavin
4a-OO0H species, emphasizing the useful ambident behavior of peroxides, now for
electrophilic oxygen transfer. Thus, cyclohexanone oxygenase is among the most
versatile of oxygenases in working at both nucleophilic and electrophilic sites on
substrates.

Cyclohexanone oxygenase acts exclusively as a Baeyer-Villiger catalyst with

O%-FAD -ent
i _B(OH), ! 5BIOH), i _OB(OH), i OH
O« . — O’ S.S (48%ee)
Enz-FAD-4a- migration hydrolysis -
OOH
4a-FAD adduct
(') o
£ FAD
NADPH + 0, + CHy—{ )-S5 ———— NADP + HO + CHy—€ S + CHy~ -5
p-tolylethylsuifide (gi ( ':_)

SCHEME 13
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4-thiacyclohexanones and 3-thiacyclohexanones, but with 2-thiacyclohexanone a
suicidal inactivation ensues, most probably by S-oxygenation to a highly reactive acyl
sulfoxide equivalent. Thiolester S-oxygenation by this mode is implicated in the
herbicidal activity of thiocarbamate herbicides.”*
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Phosphorothioate analogues of nucleotides have become very valuable tools in enzymo-
togy. The interest in these compounds is based on a variety of properties that
distinguish them from the naturally occurring nucleotides. These are the generally
slow rate of enzymatic hydrolysis of phosphorothioates, the chirality of the phosphorus
when the phosphorothioate is linked to two nonidentical groups, and the affinity to
metal ions. The various applications of phosphorothioate analogues of nucleotides to
the study of enzyme mechanisms have been reviewed extensively in recent years.'” In
this article the effect of incorporation of phosphorothioate groups into DNA will be
discussed.

Phosphorothioate groups can be incorporated enzymatically into DNA by replac-
ing any one of the four normal deoxynucleoside 5'-triphosphates by the corresponding
deoxynucleoside 5'-O-(1-thiotriphosphates) in a reaction catalyzed by DNA-polymer-
ase (F1G. 1). This was first observed for the reaction catalyzed by E. coli DNA-
dependent DNA polymerase 1.% For this reaction X, and V,,, values were also
determined.” These values are very similar to those observed for the normal substrates
and thus the analogues arc readily polym:rized. Subsequent studics have shown that
other DNA polymerases accept the analogues as substrates as well. Among these are
the M. luteus enzyme,® T4 and T7 DNA polymerases,*'° reverse transcriptase,'”'? and
DNA polymerases « and 8.'>'* Although at present there are no reports indicating the
existence of any polymerases that cannot readily employ these analogues as substrates,
caution should be exercised in such an extrapolation, for at least among the RNA
polymerases there exists one, the polynucleotide phosphorylase from M. lureus, which
shows an ¥, value approximately 100 times lower for the a-thiodiphosphate substrate
than for the unmodified substrate.'*"

Because of the chirality of the a-phosphorus, deoxynucleoside 5’-O-(1-thiotriphos-
phates) exist as pairs of diastereomers with Rp and Sp configuration, respectively.'*
The absolute configuration of these diastereomers has been determined by digestion
with snake venom phosphodiesterase'® (FIG. 2). This enzyme requires the Rp configu-
ration of the substrate, as wac shown by testina the two diastereomers of Up(S)A as
substrates. The configuration of the two diastereomers of the latter was determined by
transesterification catalyzed by RNase A, a reaction for which X-ray structural
analyses had provided the absolute configurations for substrate and product.'”'® Thus
that diastereomer of adenosine or deoxyadenosine 5'-O-(1-thiotriphosphate) which is
hydrolyzed by snake venom phosphodiesterase should also be of the Rp configuration.
A similar analysis was carried out using O-p-nitrophenyl phenylphosphonothioate and
snake venom phosphodiesterase and furnished the same result.'® These results were
further confirmed by two other independent methods.™®* For all the DNA polymer-
ases for which the stereoselectivity for these diastereomers has been investigated, the
diastereomer of the Sp configuration is the substrate and all of these enzymes catalyze
the polymerization reaction with inversion of configuration at phosphorus.’'®'*%
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Thus, DNA and polynucleotides synthesized enzymatically contain internucleotidic
phosphorothioate linkages of the Rp configuration (FIG. 3).

Such phosphorothioate-containing DNA or polynucieotides have been subjected to
the action of a variety of nucleases. The 5-3" exonuclease activity of £. coli DNA
polymerase | was shown not to hydrolyze the Rp internucleotidic linkages.”*'"** In a
polynucleotide that contains phosphate and phosphorothioate groups in an alternating
fashion, dinucleoside phosphorothioate phosphates are the exclusive reaction products.
The 3'-5" exonuclease activity of this enzyme was also reported not to hydrolyze these
modified linkages'': the 3'-5' exonuclease of T4 DNA polymerase does not distinguish
between phosphate and phosphorothioate internucleotidic linkages.® The 3'-5 exonu-
clease activities of bacterial and viral DNA polymerases exert a proofreading function
in the replication process by removing mismatched bases at the 3’ termini of growing
DNA strands before elongation.” Thus, the finding that the fidelity of replication
catalyzed by E. coli DNA polymerase | in the presence of deoxynucleoside 5'-
O-(1-thiotriphosphates), first observed for a C-A mismatch,'' is reduced is explainable
by the slow hydrolysis of the phosphorothioate group by this exonuclease.”** This
reaction is indeed utilized to prepare mutant DNA. It has the advantage that a high
degree of single mutants is obtained. due to single base substitutions. A decrease in
fidelity of replication, however. has also been observed in the presence of at least one

T T
HO— ;0;1 HO—\;Oy
0 o]
A A FIGURE 3. Structure of the two diasterco-
5’;‘0 OP;"HS mers of a dinucleoside phosphorothioate
O 0 A O~ O A exemplified by the structure of d[Tp(S)A].
OH OH
Sp Re

phosphorothioate substrate, dCTPaS, when either T4 DNA polymerase'' or DNA
polymerase «'® was employed. As the former hydrolyzes such groups at rates
comparable to phosphate groups, and the latter is devoid of this exonuclease, there
must be other mechanisms that play a role in recognition of complementarity of base
pairs which can be disturbed by the presence of phosphorothioate groups. The fidelity
of DNA polymerase 3, however, is not affected by the presence of dCTPaS.""
Exonuclease 11l is incapable of hydrolyzing the phosphorothioate group.®*** In
addition, by employing the diastcreomers of dinucleoside phosphorothioates, it has
been established that nucleases P! and S1 hydrolyze the internucleotidic phosphoro-
thioate linkage of the Sp but not of the Rp configuration.® * The opposite is true. of
course, for snake venom phosphodiesterase.

These examples show that DNA can be protected against the action of certain
nucleases by the incorporation of phosphorothioate groups. It therefore became of
interest to investigate the effect of phosphorothioate groups on restriction endonu-
cleases, as these sequence-specific enzymes are used widely in the manipulation of
DNA and a number of situations can be cnvisaged where the protection of certain
cleavage sites might be desirable. A first indication that phosphorothioate groups
present at the site of cleavage decrease the rate of hydrolysis by certain restriction
enzymes came from experiments where fd DNA was employed which exclusively
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contained phosphate groups in the (+) strand but introduced phosphorothioate groups
base specifically in the (—) strand. This study showed that hybrid DNA with
phosphorothioate groups present at the cleavage sites of the enzymes Haelll, BamH],
Hindll, Alul, and Tagql was linearized considerably more slowly than unmodified
DNA. In addition it was concluded that phosphorothioate groups present in the
recognition sequence at locations other than the cleavage site were not or only weakly
inhibitory. The gel analysis used in these experiments did not distinguish between
covalently closed and nicked DNA. Only linearized DNA was clearly separated from
the other two forms. In order to study the cleavage of phosphorothioate linkages by
restriction enzymes in more detail, two studies were undertaken. One of these was
aimed at investigating the stereospecificity of the restriction endonucleases EcoRI[ and
Aval, the other at determining whether phosphorothioate-substituted DNA was
cleaved by restriction enzymes in such a way that a nick only in one of the strands was
produced.

For the study of stereospecificity of EcoRI, we prepared the oligonucleotide
d{GGsAATTCC), which contains the recognition sequence for this enzyme and has a
phosphorothioate group at the site of cleavage.* The two diastereomers were synthe-
sized by the phosphite method on a polymer support in two ways. In one the fully
protected dinucleoside phosphorothioate d[Gp(S)A] was synthesized as a mixture of
diastereomers which were separated (FIG. 4), the 2'-OH protective group was removed,
and the isolated diastereomers were incorporated as a block into the oligonucleotide
(F1G. 5). In the other the oxidation after the addition to the deoxynucleoside
3'-phosphite to the growing oligonucleotide chain was replaced by the addition of
sulfur, yielding a mixture of diastereomers of the d{Gp(S)A] part of the molecule.
After completion of the synthesis by the coupling of another dG residue, these
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FIGURE 4. Synthesis of the diastercomers of d[Gp(S)A].
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FIGURE 5. Synthesis of single diastereomers of d(GGSAATTCC).

diastereomers could be separated afier 5’-phophorylation by HPLC (FI1G. 6). Only the
Rp diastereomer turned out to be a substrate, with a cleavage rate about 13 times lower
than that of the unmodified octamer. A stereochemical analysis of this reaction
revealed that it proceeded with inversion of configuration at phosphorus.”® In an
attempt to determine the stereospecificity of Aval, the diastereomers of the oligonu-
cleotide d(GCsCCGGGC) were prepared as described for d(GGSAATTCC) (R.
Cosstick and F. Eckstein, unpublished). it contains the recognition sequence for this
enzyme and again has a phosphorothioate at the cleavage site. Neither of the
diastercomers was hydrolyzed, even after prolonged incubation with the enzyme. On
the other hand, the all-phosphate-containing oligomer was readily hydrolyzed under
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these conditions. These studies showed that phosphorothioate internucleotidic linkages
are more slowly hydrolyzed than phosphate linkages and, in an extreme case, not at
all.

For the investigation of introducing nicks into the DNA strand by the specific use
of phosphorothioate-containing DNA and restriction enzymes, M13mp2 (+) strand
DNA was used as a template for the base-specific introduction of phosphorothioate
groups in the (—) strand in the replication reaction by using the appropriate dNTPaS
as substrates,*® a technique similar to that described above for fd DNA. Incubation of
such hybrid DNA with a phosphate group at the cleavage site in the (+) strand but a
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CpTpTpAgl
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FIGURE 7. Cleavage of M13mp9 DNA containing dAMPS in the () strand by EcoRI. (From
Potter & Eckstein.”® Reprinted by permission from the Journal of Biological Chemistry )

Recognition Sequence  (pTplpGpGpl - |

GpApGplplplip - - 5

t

FIGURE 8. Cleavage of M13mp2 DNA containing JCMPS in the (—) strand by Aval. (From
Potter & Eckstein.” Reprinted by permission from the Journal of Biological Chemistry.)
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phosphorothioate in the (—) strand showed that three classes of restriction enzymes
can be distinguished. The first group cleaves such DNA in a distinct two-step
mechanism where a nicked intermediate can be isolated but the final product is linear
DNA (e.g.. EcoR1) (F1G. 7), the second produces nicked DNA as the sole preduct
(e.g.. Aval) (FiG. 8), and the third cleaves both strands simultaneously by yielding
lincarized DNA as the product (e.g., Sall) (FiG. 9).

(mn.

RF T

Rf

|

b

v
Recognitior Sequenre © GpTplpGpApC

CpApGPCpTHG
A

FIGURE 9. Cleavage of M13mp9 DNA containing dTMPS in the (- ) strand by Sall. (From
Potter & Eckstein.’® Reprinted by permission from the Journal of Biological Chemistry-.)

The most interesting type of restriction enzyme is that which produces nicked
DNA. This offers the opportunity of introducing a nick at a particular position in the
(+) strand as a starting, point for a gapping reaction. Such a strategy would be useful
in oligonucleotide-directed mutagenesis in such a way that the gapping reaction could
be made to go past oligonucleotide-introduced mismatches. Filling the gap by a new
polymerization reaction would introduce the new sequence into both DNA strands.

This example shows that the resistance of phosphorothioate groups to the action of
at least certain restriction enzymes could be of practical use for DNA manipulation.
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The formation . { L-tyrosine from L-phenylalanine and molecular oxygen is catalyzed
by L-phenylalanine hydroxylase (phenylalanine 4-monooxygenase. EC 1.14.16.1)
through the agency of a tetrahydropterin.' In the course of this reaction the cofactor is
initially converted to a 4a-hydroxy tetrahydropterin adduc. (4a-carbinolamine) which
then is dehydrated to a quinonoid dihydropterin either enzymically by a 4a-
carbinolamine dehydratase or spontaneously by buffer species.** This hydroxy adduct
is formed stereospecifically. with the absolute configuration of this stereocenter being
established as (4a.S) by comparison to a stereoisomer of known configuration derived
from 5-deaza-4a-hydroxy-6-methyltetrahydropterin.® The source of the 4a-hydroxyl is
O,. as demonstrated by the observation of a '*O-induced "*C shift in the "C NMR
spectrum of the adduct when generated from [4a-'">C]-6-methyltetrahydropterin and
"*0,.* The magnitude of the shift (0.023 ppm) is diagnostic of a '*O-hydroxyl attached
toa tertiary carbon. The relative peak heights of the '*O- and "*0O-derived signals are in
the same ratio as the '*0,:"*0, composition, confirming that oxygen addition at the 4a
position is derived from O, and not H,0.

The enzyme isolated from rat liver is tetrameric and possesses a tightly bound
nonheme iron with a stoichiometry of one iron per subunit in the fuily active enzyme.*
The EPR spectrum of the resting enzyme (FIG. 1) exhibits signals at gr = 6.7 and 5.4,
consistent with high-spin rhombic Fe** (spin = 5/2). An additional EPR signal is
observed at g.q = 4.3 associated with a form of the enzyme incapable of turnover, the
specific activity of the enzyme sample being inversely proportional to the intensity of
this signal.’

In order to become catalytically active, the iron centers are reduced to the Fe™
state with initial loss of the low-field EPR signals (FIG. 1) in a reaction in which the
tetrahydropterin is oxidized directly to the quinonoid form * The stoichiometry of this
step is of considerable intcrest since the tetrahydropterin is a potential onc or two
clectron donor. Experiments suggest that the course of the reduction might be
influenced by the presence or absence of phenylalanine as well as oxygen.® It has now
been demonstrated that (1) there is no reduction of the hydroxylase under anaerobic
conditions,*® (2) under acrobic conditions one equivalent (subunit) of hydroxylase is
reduced per equivalent of tetrahydropterin oxidized but 0.5 cquivalents of O, are
consumed, and (3) in the presence of phenylalanine one equivalent of hydroxylase is
reduced per 0.5 equivalents of tetrahydropterin oxidized but no oxygen is consumed.
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We rationalize these results as follows:
0,
PAH + H4Pl—> PAHrcd + HZPt" e HZP[ + OZ”' + 2H"

Phe
2PAH + H,Pt — 2PAH, + H,Pt.

I 10006 3

Gopr =67 43

[

FIGURE 1. Reduction of PAH with 6MPH,. (a) Paramagnetic resonance spectrum of PAH (78
uM, specific activity = 6.5, 0.8 iron per subunit, pH 7.2, 4°C) at 5 K. Instrument settings as
follows: modulation amplitude 20 gauss: receiver gain 2 x 10% microwave power 0.1 mW: time
constant 0.25 s; scan time 8 min; scan range 0.4 10 2.4 kgauss. Values of prominent spectral
features are given. (b) EPR spectrum at 5 K of PAH (62 uM, specific activity = 2.4} after the
addition of haif an cquivalent of 6MPH,. Instrument settings are the same as in (a) (¢) EPR
spectrum of the sample described in (b) after treatment with Sephadex to remove 7.8-
dihydropterin (54 pM PAH. specific activity = 2.5); instrument scttings were as described for (a).
except time constant 0.5 s, scan time 16 min. gain 4 x 10%.

This finding partially clarifies the dual role phenylalanine plays as an enzyme activator
as well as a substrate.

Not all phenylalanine hydroxylases appear to require this combination of iron,
tetrahydropterin, and oxygen in order to carry out the hydroxy lation of phenylalanine.
Recent work in our laboratory has led to the purification of the enzyme from
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FIGURE 2. Paramagnetic resonance spectrum of Chromobacterium violaceum PAH. The
enzyme concentration was 235 uM in 0.1 M Hepes, pH 7.4. The instrument settings were as
follows: spectrometer frequency 9.08 GHz: microwave power 20 mW; modulation amplitude 8
gauss; receiver gain 2 x 10% scan time 4 min. The spectrum is the average of 2 scans and is
baseline corrected. Spectra were recorded at 77 K (liquid nitrogen).

Chromobacterium violaceum and a reexamination of its metal ion content. We have
confirmed the virtual absence of iron in this enzyme (< 0.3 mole iron/mole of enzyme).
which agrees with a previous report.'® However the enzyme does contain a mole of
copper per mole of enzyme, and gives rise to an EPR spectrum with resonances at g =
2.32and g = 2.06, characteristic of Cu®* (spin = 1/2) in an axial environment (FIG. 2).
Nevertheless similar mechanistic elements still are present, namely the hydroxylase is
only active after reduction to the Cu'* state, and the hydroxylation process is
accompanied by the formation of the 4a-carbinolamine adduct. It is remarkable that
the hydroxylation reaction does not occur with net conversion of Cu'* — Cu?* during
each turnover, particulariy given the fact that the enzyme is monomeric and possesses
only a single Cu center.

A key question for both enzymes is the structure of the actual hydroxylating
species. One approach to its definition is to examine the “uncoupled” reaction. During
normal catalytic turnover, a strict stiochiometry of one tetrahydropterin oxidized per
hydroxylation event is observed. However, in the presence of an unnatural substrate or
cofactor, tetrahydropterin oxidation in excess of substrate hydroxylation results."
Since this process presumably represents an alternative mode for discharge of the

TABLE 1. Products of Coupled and Uncoupled PAH Turnover

4a-Carbinolamine H,0,
Hydroxylation Formation O, Consumed  Produced
Substrate  Cofactor (uM) (uM) (uM) (uM)
Phe 6-MPH, 18.0 18.2 18.5 0.6
p-Cl-Phe  6-MPH, 6.4 6.7 126 1.3
Phe PH, 10.5 10.5 14.3 0.7
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hydroxylating intermediate, we have studied it in some detail.'? TABLE 1 summarizes

our findings when PAH is uncoupled with respect to substrate ( p-Cl-phenylalanine)
or cofactor (tetrahydropterin). The equal amount of hydroxylation and 4a-carbinolam-
ine formation clearly indicates that the latter species is generated only during catalytic
events involving substrate hydroxylation. In the absence of hydroxylation, tetrahydro-
pterins are oxidized directly to quinonoid dihydropterins; however, the partitioning
between the two pathways is insensitive to the tetrahydropterin level. TABLE ] also
records that the amount of O, consumption in turnover varies inversely with the extent
of uncoupling observed. When the coupled portion of each reaction system is factored
out, it can be demonstrated that two tetrahydropterins are oxidized per O, consumed in
uncoupled turnover, thus invoking the reduction of the latter to H,0. This observation
correlates with the lack of H,0, produced in the uncoupled systems (TABLE 1) which
contradicltls literature data suggesting that H,0, is produced during uncoupied PAH
turnover.

H—T T ]

m-chioroperoxybenzoic acid

peroxyphenylacetic acid

In (kqy)

t-butyl hydroperoxide

1 |
30 40 50

BHpg..on (keal/mole)

FIGURE 3. Plot of the In of the second-order rate constants for 6-MPH, oxidation by PAH and
peroxides vs. the bond strengths of the peroxide oxygen-oxygen bonds.

The tetrahydropterin-dependent reduction of O, to H,0O by PAH implies the
intermediacy of a ferrous peroxide capable of oxidizing tetrahydro to quinonoid
dihydropterins, We cvaluated the chemical feasibility of this process by testing
whether PAH could utilize exogenous peroxides to oxidize tetrahydropterins. When
ferrous PAH is incubated with peroxides in the absence of substrate. a rapid oxidation
of 6-MPH, is noted, stoichiometric with the amount of added peroxide. If PAH is
omitted, no 6-MPH, oxidation above background is noted. Kinetic studies indicate the
lack of the 4a-carbinolamine as an intermediate in 6-MPH, oxidation. Finally,
catechol trapping experiments indicate that both this tetrahydropterin oxidase activity
and uncoupled PAH tetrahydropterin oxidation proceed primarily through the ferric
state of the enzyme, in direct contrast to coupled PAH turnover.*”?
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The formation of ferric PAH during uncoupled turnover and during the tetrahy-
dropterin oxidase activity implies a homolytic cleavage of the peroxide oxygen-oxygen
bond, by direi analogy to Fentan chemistry!®

(PAH)(Fe’*) + HOOR — (PAH)(Fe’*) + OH™ + RO.

We have obtained three pieces of evidence suggesting that this is the mode of bond
cleavage by PAH. First, a linear relationship is observed between the rate of 6-MPH,
oxidation and peroxide oxygen-oxygen bond strength (F1G. 3) when all components are
at saturation. Second, we have utilized peroxyphenylacetic acid (PPAA) as a probe for
the mechanism of bond cleavage. When this compound is cleaved homolytically,
decarboxylation of the resulting phenylacetoxyl radical results,'® giving toluene as a
final product after hydrogen atom abstraction (SCHEME 1). When PPAA is reacted
with ferrous PAH, a stoichiometric formation of one toluene per active enzyme is seen,
but only in the absence of tetrahydropterin. In the presence of 6-MPH,, no toluene is
observed, suggesting that the phenvlacetoxyl radical abstracts an electron from the
tetrahydropterin before decarboxylation occurs. Finally, bleaching of the -OH-
specific radical trap N, N-dimethyl-p-nitrosoaniline occurs when H,0, is reacted with
ferrous PAH, but only in the absence of tetrahydropterins. These results suggest
scavenging of radical species potentially deleterious to PAH by tetrahydropterins.
Accordingly, incubating PAH with equimolar 6-MPH, and H,0, resuits in enzyme
inactivation at the rate of 1 per 50 peroxides reduced, versus a more rapid rate of
inactivation if H,0, is in excess.

A mechanistic proposal for uncoupled PAH turnover consistent with all of the
above results is presented in SCHEME 2.'2 Generation of the hydroxylating intermediate
(1) requires binding of substrate, tetrahydropterin, and O, to ferrous PAH. This
species discharges either through substrate hydroxylation concomitant with tetrahy-
dropterin oxygenation to a 4a-carbinolamine or by electron abstraction from tetrahy-
dropterin forming quinonoid dihydropterin and a ferrous-peroxide intermediate. This
species may then decompose by the homolytic cleavage mechanism outlined above, to

2
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SCHEME 2. Proposed mechanism for uncoupled and coupled PAH turnover.

generate a hydroxyl radical capable of oxidizing a half mole of tetrahydropterin and
ferric PAH. To resume catalytic turnover, another half mole of tetrahydropterin must
be oxidized to reduce the enzyme to its ferrous state. The overall result is the oxidation
of two tetrahydropterins per O, reduced in uncoupled PAH turnover. There is no
evidence for a higher oxidation state of iron as in cytochrome P,s,.'¢

A peroxytetrahydropterin has been proposed as the hydroxylating species formed
by PAH'"® in direct analogy to peroxy flavin intermediates observed during bacterial
aromatic amino acid hydroxylase turnover.” We have proposed®'* a (PAH)
(Fe?*)(0,)(tetrahydropterin) w-oxo bridged structure as an initial intermediate in
PAH oxygen activation. Formation of a peroxypterin from this intermediate involves
a shift of electron density into the oxygen from the tetrahydropterin. We envision
uncoupling occuriing via a complete transfer of electrons into the ferrous dioxygen
complex to form the proposed ferrous peroxide intermediate and quinonoid dihydro-
pterin without the intermediacy of the 4a-carbinolamine. Conversely, transfer of the
terminal oxygen from the peroxypterin into phenylalanine generates the 4a-carbi-
nolamine directly. The putative peroxypterin hydroxylating species can be regarded as
simply a tertiary hydroperoxide. Hence, experiments in which hydroperoxides are
utilized by ferrous PAH for phenylalanine hydroxylation, in the absence of added
tetrahydropterins, may be feasible. These experiments are currently in progress.
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The Design of Peptides and Proteins®

E. T. KAISER

Laboratory of Bioorganic Chemistry and Biochemistry
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New York, New York 10021

An eventual goal of our research effort is the complete design and construction of
functionally effective enzymes starting from the constituent amino acids. A current
limitation on our ability to attain this goal is that it is still not feasible tn predict with
certainty protein folding on the basis of amino acid sequences. For this reason our
research in protein design has taken two approaches which we hope will eventually 'ecad
us toward the target of preparation of enzymes from their fundamental building
blocks, the amino acids. In one approach we have taken existing tertiary structures
present in naturally occurring enzymes, and either by a process of “chemical
mutation’ or through the use of recombinant DNA techniques® we have succeeded in
introducing new active sites. In the nresent article we will focus briefly on the chemical
mutation approach rather than the recombinant DNA approach. which we have also
utilized.

In setting out to introduce new active sites into existing enzymes, we have felt that
it would be best to avoid systems where a series of rapid proton transfers are required
for effective catalysis to occur. Rather, we have tried to study systems where the
catalytic effects in the active site are likely to arise primarily from bringing a substrate
molecule in close proximity to the catalytic function and achieving a very suitable
steric fit of the enzyme’s binding pocket to the transition state for the reaction. In this
context it seemed to us that the study of flavin moieties as catalytic centers to be
introduced into existing enzymes would be likely to afford us an excellent opportunity
to see catalytic effects arising primarily from proximity considerations. It is known
that flavins can frequently catalyze reactions such as oxidation processes even in the
absence of an enzyme at respectable rates under fairly mild conditions in aqueous
solutions. To achieve flavoenzyme-like behavior in the semisynthetic enzymes resulting
from covalent modification of active sites of existing enzymes by appropriate flavin
derivatives, in principle we would not have to have rate accelerations in the enzyme
systems much greater than 10’ relative to simple model flavins. This contrasts with the
situation which would obtain if we were looking at hydrolytic processes which involve
rapid proton transfers where typical enzyme systems exhibit rates that are frequently
accelerated by 10’-108 relative to the rates of the corresponding models.

To date, we have used two naturally occurring enzyme systems as successful
templates for the preparation of semisynthetic enzymes. The template enzymes which
we have utilized are papain and glyceraldehyde 3-phosphate dehydrogenase. Papain is
a hydrolytic enzyme with an active-site sulfhydryl group that is transiently acylated
during the enzyme-catalyzed hydrolysis of peptide and ester substrates.* From the
X-ray structure determination of the enzyme’ it is known that there is a groove
approximately 25 A long in the vicinity of the Cys-25 sulfhydryl group where substrate
binding can take place. Our model building showed us that covalent modification of

“The partial support of this research by NSF grants CHE-8218637 and CHE-8418878 and a
grant from the Dow Chemical Company Foundation is gratefully acknowledged.
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the sulfhydryl with various flavin groups might result in a modified enzyme where
there would be sufficient room in the binding pocket to permit potential substrates such
as N-alkyl-1,4-dihydronicotinamides to bind.

We havc prepared a variety of Havonapaing. the most effective of which from the
cata,ytic standpoint has been that obtained by alkylation of the Cys-25 sulfhydryl with
8«-bromoacetyl-10-methylisoalloxazine.® This flavopapain shows high catalytic effi-
ciency in the oxidation of N-altkyl-1.4-dihydronicotinamides and, not surprisingly, is
not very effective in the oxidation of NADH itself. The preference for the N-
alkyl-1,4-dihydronicotinamides as substrates can be rationalized in terms of the rather
hydrophobic substrate binding site present in the flavopapain species. The reduction of
the flavopapain by the N-alkyl-1.4-dihydronicotinamides is so rapid that under the
aerobic conditions we have employed the air-oxidation of the dihydroflavin produced in
the reduction step is typically rate-limiting. Indeed, in order to study the oxidation of
the N-1.4-dihydronicotinamides by ﬂavo7papain under anaerobic conditions we had to
employ stopped-flow spectrophotometry.

In the case of the N-hexyl compound. the best substrate we studied, the &,
(reduction) step occurred with a rate constant of 370 + 70 s ' and K, for formation of
the Michaelis complex was (230 + 50) x 107° M at pH 7.6 and 24.5°. Because oxygen
oxidizes the dihydroflavopapain relatively slowly, we have examined other possible
electron acceptors as potential oxidants for the dihydroflavopzpain which might allow
us to observe high k, values in the oxidation of the N-alkyl-1,4-dihydronicotinamides
under turnover conditions. One of the best acceptors we found was 3-(4'.5-
dimethylthiazol-2-y1)2 4-diphenyltetrazolium bromide (MTT). By using this com-
povnd as an electron acceptor we were able to follow the oxidation of several
N-alkyl-1.4-diliydronicotinamides under turnover conditions, readily obtaining &,
values which were in good currespondence with the k, values measured by us by
anaerobic stopped-flow spectrophotometry in the reduction step leading to the
dihydroflavopapain. Thus, employing appropriate electron acceptors. it 15 possibie 16
take the hydrolytic enzyme papain and alter it by covalent modification witt - flavin to
give a semisynthetic flavoenzyme which rivals in its catalytic efficiency the aclivity of
naturally occurring flavoenzymes.

It should be pointed out that the generation of a catalytic effective flavopapain has
been exquisitely sensitive to the structure of the flavin-modifying papain. In particular.
if a derivative of e¢ither Jumiflavin or tetraacetylriboflavin in which the Cys-25
sulfhydryl is alkylated by the benzylic 8«-position is examined, the catalytic behavior
seen is not superior to that of a simple model.® Also, positioning of the acety! tether in
the flavin ring system is crucial to the success in producing an effective flavoenzyme.
Thus, while modest catalytic activity is scen for the flavopapain generated by
alkylation of Cys-25 with 7a-bromacetyl-10-methylisoalloxazine, the catalvtic effects
are very substantially less than was the case for the 8-acetyl compound. When a
structural model of flavopapain is examined. it is possible to rationalize the difference
between the 7-acetyl and 8-acetyl systems in terms of hydrogen bonding interactions
between the carbonyl oxygens of the acetyl groups of the respective flavin species and
enzyme-bound groups. which in the case of the 8-acetyl system allows it more readily
to assume a geometry of -oughly parallel planarity to those of the substrate-
N-alkyl-1,4-dihydronicotinamides when they are bound in the binding site.® Again,
when the flavopapain generated by alkylation of the Cys-25 residue by the 6c-
bromacetyl-10-methylisoalloxazine system is considered, it turns out that the modified
enzyme is no more effective than a simple model. This can be rationalized because it is
difficult for the modified enzyme to obtain the kind of paralie] planarity mentioned
above which seems to be important for reaction with the N-alkyl-1.4-dihydronicoti-
namides.

Recently, we have extended our chemical mutation studies to inciude a new, more
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complex protein template, glyceraldehyde-3-phosphate-dehydrogenase (GAPDH).
GAPDH is a readily available enzyme which is a tetramer consisting of four identical
subunits of molecular weight 36,000.° Each of the subunits contains a separate active
sitc where bui NAD*/NADH and glyceraldehyde-3-phosphate (GAP) bind. From
X-ray diffraction studies'® it is known that the nicotinamide cofactor sits within the
binding pocket such that its pyridinium ring is near the Cys-149 residuc. This
sulfhydryl group is crucially involved in catalysis and is thought to form a hemiacetal
with GAP. When it is selectively alkylated by a variety of reagents, the NAD'/
NADH binding site is still retained. For this reason we were encouraged to test the
possibility that the modification of the Cys sulfhydryl group with our flavin derivatives
might allow us to obtain flavo-GAPDH species.

We have empluyed rabbit muscle GAPDH in our modification experiments and
have alkylated the active site Cys-149 residue with both 7a-bromoacetyl-and 8a-
bromoacetyl-10-methylisoalloxazine. Although the X-ray structure of the rabbit
muscle enzyme has not been determined, that of a closely related form of the enzyme'®
has been. It allows us to consider in detail the steric environment of the flavins at the
active site and how substrate molecules may be brought in proximity to the flavin
moicties. NADH is a good substrate for both flavo-GAPDH enzymes. For example, in
the oxidation of NADH by 7-acetylflavo-GAPDH, saturation kinetics were observed
in air-saturated buffer at pH 8.0 and 25.0°, giving an apparent K, value of 25 uM. The
observed rate accelerations depend on the concentration of oxygen in the medium since
both k., and k. /K, increase for the lavo GAPDH with increasing amounts of
oxygen, while the k, values for the oxidation of NADH by either the model compounds
7-acetyl- or 8-acetyl-10-methylisoalloxazine are oxygen independent. In oxygen-
saturated buffer more than the 100-fold rate enhancements were seen for the action of
the 7-acetylflavo- and 8-acetylflavo-GAPDH enzymes relative to the corresponding
model systems.!" Thus, the catalytic efficiencies of the acetyiflavo-GAPDH enzymes.
like that of flavopapain, are limited by the dehydroflavoenzyme reoxidation step. One
point of contrast with flavopapain is that with the 7-acetylflavo- and 8-acetylflavo-
GAPDH cuzymes flavin reoxidation can occur with substrate/product bound at the
active site, whereas in the case of the flavopapain the air reaction with dihydrofifavin
apparently occurs in the absence of bound substrate or product.

Another point of contrast with flavopapain is that for the flavo-GAPDH enzymes
significant rate accelerations were not observed for the oxidation of simple N-
alkyl-1.4-dihydronicotinamides.' Thus, by using a different enzyme template we are
able to go from the situation as is observed with flavopapain where the N-alkyl-
1.4-dihydronicotinamides are the favored substrates because of the enzyme's hydro-
phobic binding cavity to the case of the flavo-GAPDH enzymes where the NADH
substrate is favored in oxidation reactions.

Finally, we have examined the stereochemistry of hydride transfer from chirally
deuterated NADH molecules. It is known that the pro-S hydrogen of NADH is
selectively transferred to diphosphoglycerate in the reaction catalyzed by native
GAPDH.® On this basis we predicted that the stereochemical preference would be
similar in reactions catalyzed by the acetylflavo-GAPDH enzymes. We have indeed
found that with the 7-acetyl-flavoenzyme the transfer of the pro-S hydrogen of NADH
to the enzyme-bound 7-acetyl flavin shows a roughly 7:1 preference in contrast to the
3:1 preference for transfer of the pro-R hydrogen in the model svstem 7-acetyl-
10-methylisoalloxazine. In the case of flavopapain derived from 7«-bromoacetyl-
10-methylisoalloxazine it has also been found that as with the model system, removal
of the pro-R hydrogen of NADH is favored. Thus, depending upon the enzyme
template chosen, the stereochemistry of hydride removal can be systematically
altered.

The results which have been briefly discussed for flavopapain and for the
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flavo-GAPDH species indicate that the preparation of new semisynthetic enzymes by
chemical modification of appropriate functional groups in suitable enzyme templates is
well underway. In further work we shall be exploring the use of other protein templates
as well as the development of other prosthetic groups as catalytic functions in the
semisynthetic enzymes.

In the other approach to protein design that we have been pursuing we have been
interested in the possibility of designing model peptides to simulate the behavior of
peptides and proteins that bind at biological interfaces.'? At first it might appear that
choosing to model such systems would pose considerable complexities because in
contrast to the situation for globular proteins where a great deal of X-ray structural
data are available, this is not in general the case for those systems which bind to
membranes and other biological interfaces. Despite the relative dearth of X-ray
crystallographic information, however, we are convinced that the problem of modeling
many of the peptides and proteins binding at biological interfaces is in fact easier than
modeling of globular protein systems. The reason for this viewpoint is that in the cases
of the peptides and proteins binding at the biological interfaces we believe that to a first
approximation tertiary structural considerations can often be ignored and that model
building can be based largely upon secondary structural ~onsiderations.

For the functional properties of many peptides and segments of larger protcins
interacting with biological interfaces amphiphilic seccondary structures have been
shown to play important roles.'? We have suggested that for peptide hormones
composed of 10 to 50 araino acids and having at most one disulfidc bridge, binding to
the amphiphilic environment of a receptor might require the presence of a complemen-
tary amphiphilic secondary structure in the peptide. There are several functions that
such structures may have. First, they may act to present the specific recognition sites
(“*active sites™) of the hormones in the proper geometry to interact productively with
the receptor. Second, induction of the amphiphilic secondary structures when the
peptide hormones encounter surfaces in the vicinity of the receptors may assist the
diffusion of the hormones to the receptors. In other words, induction of amphiphilic
secondary structures in the peptide hormone may allow the problem of diffusion of the
hormone to the receptor to be reduced to a two-dimensional rather than a three-
dimensional problem, since the hormone may utilize such structures in moving along a
surface searching for its receptor.”” Third, through intramolecular interactions of the
amphiphilic secondary structural region with other regions of the hormone molecule
stabilization of the hormone to enzymatic degradation may be achieved.

Recently, we proposed a structural mode! for the 32 amino acid calcium-regulating
hormone, calcitonin.'® According to this model, there are three structural regions
important to calcitonin’s biological activity: a 7-residue cyclic segment at the NH,
terminus tied together by a disulfide bond between Cys-1 and Cys-7. an amphiphilic
a-helix from residue 8 to the Pro residue at position 23, and a hydrophilic “spacer™ unit
from residue 23 to the carboxyl-terminal proline amide.

The first peptide model for the hormone MCT-I that we designed optimized the
amphiphilic a-helical structure in the region from residues 8 to 22 (FIGURE 1) while
maintaining as little sequence homology to any natural calcitonin as possible.'* In
agueous solution our model hormone exhibited higher a-helicity than salmon calci-
tonin I (SCT-I) and showed typically amphiphilic characteristics, forming stable
monolayers at the air-water interface. Nevertheless, MCT-1 was roughly tenfold less
potent than SCT-I, the most active natural hormone, showing biological activity
comparable to that of porcine calcitonin. From the examination of the biological
activity of a variety of naturally occurring calcitonins, together with their structures in
the ampbhiphilic helical region, we have hypothesized that the important differences
between the structure of SCT-1 and MCT-I are likely to involve the Glu (position 15)
of SCT-1 (Leu in position 15 of MCT-1) and Trp (position 12) of MCT-1 (Leu in
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FIGURE 1. (A) Amino acid sequences of SC T-1, MCT-1, and MCT-II. (B) Axial projection of the
a-helical region (residues 8 10 22) of SCT-1. MCT-{, and MCT-11.

position 12 of MCT-1) on the hydrophobic face of the «-helical segment. The natural
calcitonins all have hydrophilic amino acids. usually Asp or Glu. in position 13. Also.
the mammalian hormones which are less active have aromatic residues in positions 12,
16. or 19, whereas the more active ultimobranchial peptides do not. In our second
model we designed a system, MCT-11, nearly identical to MCT-I except that in
MCT-11 on the hydrophobic face of the amphiphilic helical region Leu is at position 12
and Tyr is at position 22 just as in SCT-L'* (See FIGURE | for comparisons of the
amphiphilic helical regions of MCT-11, MCT-1, and SCT-1).

Although in the region from residues 8 to 22 MCT-II has minimal sequence
homology to any natural analogue, its biological activity is similar to that of SCT-1.
Thus, it shows comparable receptor binding in brain and kidney membranes, activates
adenylate cyclase similarly, and has about the same hypocalcemic potency in vivo.
Clearly, we have demonstrated that the amphiphilic e-helical structure of MCT-11 is
important for binding to calcitonin receptors. Also, our results with MCT-11 show that
a hydrophilic residue (Asp or Glu) commonly occurring on the hydrophobic face of the
a-helical region in the natural calcitonins is not neeessary for high biological activity.
Frurthermore, comparison of the propertics of MCT-I and MCT-1I suggests that the
presence of Trp at position 12 in MCT-1 is responsible at least in part for the relatively
lower biological activity of MCT-I.

In summary, through our studies on semisynthetic enzymes we have shown that
given a defined tertiary structure it is possible to introduce effective new active sites.
On the other hand, in our work on models for peptides and proteins that act at
interfaces we have demonstrated that we can prepare biologically active peptides
celfective even in vivo by systematic design of important structural regions based on
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secondary structural considerations. We believe that it should be possible to ex’end our
secondary “tructural approach to tertiary structure. In our future work we hope to put
together the approach we have developed for active site design with that for structural
regions, and this should enable us to prepare complex protein molecules like enzymes
from the constituent amino acids.
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INTRODUCTION

As the biological activities of naturally occurring compounds and their analogues
reside primarily in one stereoisomer, efforts aimed at developing improved procedures
for the preparation of chiral compounds in enantiomerically pure forms remain
unabated. In recent years, interest in the use of enzymes as chiral catalysts has
increased rapidly. Hydrolytic enzymes and oxido-reductases are particularly suited for
synthetic applications because they accept a broad range of compounds as substrates
and many of them are highly enantioselective. The unique chiral catalytic properties of
these enzymes have allowed the preparation of a variety of useful chirons either via
kinetic resolution or preferably via asymmetric catalysis.

On the other hand, while the value of biochemical methods for overcoming difficult
problems in asymmetric synthesis is now well recognized, enzymes of high stereochem-
ical specificity are frequently not accessible. One often has to resort to the tedious task
¢f randomly screening for a suitable enzyme system. Moreover, commercial enzyme
preparations and microorganisms often contain competing enzymes of opposite
stereochemical preference, giving rise to products of opposite configuration at different
rates. Consequently, enzymic procedures have not yet been widely adopted as routine
synthetic methods. To circumvent these obstacles we herein introduce both a general
method of optical purity enhancement by extending the usefulness of enzymes of low to
moderate enantioselectivity as well as strategies for directing the stereochemical
pathway of competing enzyme systems. To facilitate the treatment of these concepts,
we shall first briefly discuss the general mechanistic principles of enzymic asymmetric
catalysis and kinetic resolution.

GENERAL MECHANISTIC PRINCIPLE
Asymmetric Catalysis

An enzyme such as an esterase interacts differently with the enantiotopic features
of a prochiral or meso substrate to form two diastereomers, ENZ-S and ENZ-§', as
shown in SCHEME 1.

To achieve high enantioselection, two energetically different diastereomeric transi-
tion states must be formed during the course of the reaction. The enantiomeric excess
(ee) is determined by the difference in free energy (AAGE) of the transition states. A

“This investigation was supported in part by grant GM 33149 from the National Institutes of
Health.
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ENZ-S ENZ-S’
SCHEME 1

value of AAGHE of approximately 3 kcal mole ' would result in an essentially optically
pure product.
A simplified enzymatic mechanism of ester hydrolysis is depicted in SCHEME 2,

k

/Enzs Enz'§ ——=— EnzP"—f:__“EnzHJ
‘4 k-2 ROM _ ks
\’\\
‘\ . Kk ‘H.0 k/
Enz'§' o= =—=Enz-s' -—3;2—' Enz'P‘——:_—- Enz+P'
k-'2 ‘ROH k-IB k_l4

SCHEME 2

The first irreversible step in cach pathway leading to the formation of P and P’
enantiomers is the chirality-determining step. In SCHEME 2, when the concentration of
ROH is tow, the conversions of ENZ-S - ENZ-S* and ENZ-S' -~ ENZ-S'* are
virtually irreversible. Hence, the relative rates of these two parallel steps (k,[ENZ-S]
and Ay [ENZ-81) determine the enantioselectivity (E7). For an enzyme system 1o
exhibit maximal enantioselection, a rapid equilibration of the diastercomeric com-
plexes

K, kY
ENZ-S. -ENZ +S. -ENZ-S§
ko, ""1

must occur (e, k , ~ kyand & - Aj), so that enantiosclection is governed by the
following equation:
[ENZ-S|ky  ky(k(/k )

P
| AP S AL AL L
P [ENZ-S'Tk,  kyki/k ) m

On the other hand, when the enzyme-complex dissociation steps are slow (ie A - A,
and K ~ k%), enantioselectior is dictated by the relative rates of formation of F\/ S
and li»\/ S"
X P A 2)
ST ‘
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In kinetic isotope effect studies, it is generally accepted that k, = ki, but in
enantioselective processes, the difference in the values of k, and k) may be significant.
For example, in the asymmetric hydrogenation of methyl-z-(«)-acetamido cinnamate,
catalyzed by [Rh(R,R-DIPAMP)]*, the ratio of k,/k; was determined to be 2,
corresponding to approximately 30% ee.' The reported observed values’ of &, for
enzymatic reactions range from 10° to 10® mole s', reflecting that , is not purely a
diffusion constant but includes binding and conformational effects. In any event, low
enantioselection results either if the enzyme-complex dissociation steps (i.e., k |, and
k'.,) are slow, or if the substrate binds too tightly to the enzyme.

Kinetic Resolution of Enantiomers

The enzyme binds with each chiral enantiomer to form two diastereomeric
complexes, ENZ-S and ENZ-S'. The principles governing enantioselection are the
same as those in asymmetric catalysis. However, in this case, the enantiomeric excess
of the substrate (ce,) and the product (eep, ) fractions are dependent on the extent of
conversion, C.

Although numerous kinetic resolution experiments have been conducted using
hydrolytic enzymes, these data, with few exceptions, have not been quantitatively
analyzed to allow comparison of enantiospecificity. Consider a typical kinetic resolu-
tion experiment using two different ester hydrolases, where one of the enantiomers is
preferentially hydrolyzed as shown:

H H
- <
‘. slow -
_Sl1ow .
0O2CHg3 COoH
H H
< fast >
‘\ —————'——-7 -
R R N
COaCH3 CO2H

For enzyme 1, the reaction is terminated at 30% conversion (C = 0.30) and the optical
purity, expressed as enantiomeric excess of the product fraction (ecp,) and the
remaining substrate (ceg,). was determined to be ecjpy = 0.89 and eci, — 0.38. For
enzyme 2, the reaction is terminated at 60% conversion (C - 0.60) with ecs, = 0.90
and ec¢p, = 0.60. The question now arises: Which of the two enzymes is the more
enantiospecific one? One obvious way 10 compare enantiospecificity would be to
terminate both enzymic reactions at the same cxtent of conversion. However, this is
tedious to achieve experimentally, because the kinetics of hydrolysis must be continu-
ously monitored carcfully. Even then, it would be difficult to terminate both reactions
exactly at the same cxtent of conversion. Consequently, there is a need to cxpress
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enantiospecificity in terms of an index that is independent of the variable C. The

enantiomeric ratio.’ £, is a biochemical constant that is independent of time and

substrate concentration; it is related to C and ee, by
In([1 — CJ[1 - ees)])
In([1 = CJ[1 + eew})

3

Thus, substituting the values of eeg, and C for the two enzymes, the E values for
enzymes | and 2 are calculated to be 24 and 12, respectively. A theoretical plot of cegg,
as a function of C for various values of £ is shown in FIGURE 1A. As can be seen, the
value of ee, increases with extent of conversion, C. Hence. highly enantiomericalily
enriched remaining substrate may be obtained with enzymes of low E value by simply
extending reaction times but with a sacrifice of chemical yield. A similar expression®
may be derived to relate eep), C, and E:

In[1 -- C(1 +Le(,,,)]:h @)

In[1 — C(1 - eep))]
The corresponding graph (FIG. | B) shows an abrupt decrease in eep, for values of C
bevond 0.5. Therefore, if the product fraction is of interest. the extent of conversion
(C') should be terminated prior to a value of 0.5 irrespective of the valuc of £. Although
the value of Cis usually experimentally determined via methods such as GC or HPLC,
it is much more accurate and convenient to calculate € from the experimentally
derived values of ee, and ecp, using the equation

. CCs
C - e (5)
CCs) t CCipy
Hence, in kinetic resolution experiments, if the time-independent values of ee, and
eep, dre defined. the values of £ and Cmay be calculated accurately from equations (3)

and (§), respectively.

OPTICAL PURITY ENHANCEMENT
Recycling of Carboxy Half-Esters

It is generally believed that a substrate is attached to the active site of the enzyme
at a minimum of three different loci (Ogsten effect) to achieve enantiosclection.®
Hence, by altering substituents on the substrate molecule, the degree of enantioselec-
tion may be enhanced or diminished. For hydrolases. it is convenient to alter the ester
group because chemically 1t is a trivial man.pulation. Unfortunately, at the present
time there are insufficient concrete data to allow the prediction of the effect of the size
of the ester grouping vs. enzymic enantioselectivity.

When a prochiral or meso dicarboxylic ester (A4) is exposed to carboxyesterases. the
reaction generally terminates at the monoester stage in most cases. Thus. the ratio of
the rates of formation of the R-enantiomer and the S-cnantiomer is dictated by the
constant « = k,/k, and the optical purity of the monoester fraction is simply defined by
B - (- Df(a+ 1)
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Pig liver esterase (PLE) is an enzyme widely used in asymmetric syntheses because of
its ability to catalyze enantiotopic group differentiation.” When methyl (/), ethyl (2).
and n-propyl (3) diesters of c¢is-2,4-dimethylglutaric acid were cxposed to PLE, the
corresponding chiral half-esters (4-6) were obtained. The absolute configurations of
the half-esters were established by their reduction with LiBH, to yield the lactone (2S5,
4R), 7. It is noteworthy that the enantioselcctivity of hydrolysis improved as the size of
the ester grouping was enlarged. The enantiomeric excesses (ee) were as follows: 6
(0.83); 5(0.63); 4 (0.64).

Hat (H3 H3C CH3 H3C CH3
PLE LiBH,
RO,C 02R HO2C CO2R
0
! R = CH, 4 R-CH,
2 R = C,H, 5 R =C,H, 7
3 R =n_C;H, 6 R -n CiH,

To improve the optical purity of 4 (ee = 0.64), it was converted into the mixed
diester 8 via reaction with propyl iodide and tetramethylammonium hydroxide. When
8 was incubated with PLE, the n-propyl ester group was again preferentially cleaved to
give back 4 (57% yield, reaction terminated at 70% conversion). Analysis revealed that
the optical purity was indeed enhanced to ee = 0.85:

HgaC CHg

PLE
_____ > 4
ce = .85
RO,C CO,CH3
8 R=-n-C;H,
ce = 0.64

This moderately successful observation encouraged us to examine further the gencral-
ity of this recycling method. Thus, the methy! (9). cthyl (/0). and n-propyl (/1)
diesters of 3-methylglutaric acid were incubated with PLE. The absolute configura-
tions of the resulting half-csters (/2-14) were established by their transformation into
( -) (S)-3-methylvalerolactone (/5). However, in this instance the enantiosclectivity
decreased as the size of the ester grouping was enlarged.
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HaC W H3Camy .+ \H H3C, ‘\\H
PLE LiBHg

—_—— >
RO,C CO5R HO2C COgR
0
e¢
9 R - CH, 12 R - CH, 0.84 s
10 R = CH, 13 R - CH, 0.70
11 Rn CiH, /4 R =n-CH, 0.40

The relative rates of hydrolysis of 9, /0, and /7 by PLE were approximately
100:94:38, respectively. Hence. we surmised that the optical purity in /4 might
perhaps be enriched by recycling, assuming that PLE would selectively cleave the
methyl ester grouping in /6a. In essence, one utilizes a subsequent kinetic resolution
step to enhance the optical purity of /4. However. contrary to our expectations, when
!6a prepared by diazomethare treatment of /4. was exposed to PLE. it was rapidly
transformed into a 9:1 mixture of /7a and /4a, respectively, which were not separable
by conventional silica gel chromatography:

HzC “\H H3C \\\H
>
CH305C CO2R R102C CO2R2
f6a R - n-C;H, f4a R, - H; Ry - n CH,4

17¢ R, - CHZR, H

Furthermore, the enantiomer /6h, prepared by reaction of /2 with propyl jodide and
tetramethylammonium hydroxide, was converted by PLE to a 98:2 mixture of 175 and
14b. respectively:

HaC ~H H3C i
—

RO,C CO2CH3 R104C CO2R2

16h R n CiH, I4h Ry - n C,Hu R, H

17b Ry - HiR, - CH,

These results demonstrate that no enantiomeric enrichment was achieved by recyeling,
for PLE preferentially cleaved the propyl ester grouping in both enantiomers /6q and
16h. Because this recyeling method does not appear to have general applicability, we
turned our attention to an alternative approach.

Asymmetric Hydrolysis of Meso Diesters
S is an achiral diacetoxy ester with a plane of symmetry, and it is converted by a

hydrolase into the two cnantiomeric monoesters. P (fast forming) and @ (slow
forming): thesc arc further hydrolyzed by the same enzyme to vield the diol. R:
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P
/ x
S R

x /
Q
Since the enzyme has the same stereochemical preference in the second step so that
K, > K, and K, > K,, the combined procedures of enantioselective hydrolysis and
concomitant kinetic resolution provide a convenient method of enriching the optical
purity of the monoester fraction (P + Q). Equations have been derived to determine
the three kinetic parameters, E,, E,. and «.® These constants allow the calculation of
the four rate constant. which in turn allow the prediction of the enantiomeric excess
(ee) of the monoester fraction and the optimization of optical and chemical yields.

To test the validity of this theory, the meso-diester, 1,5-diacetoxy-cis-2,4-dimethyl-
pentane (/8) was exposed to PLE. At various intervals, the amounts of /8, /9. and 20
and the ee of the monoacetate fraction (/9) were quantitatively determined. From
these results, the kinetic constants for the hydrolysis of /8 were calculated to be: o =
247 £ 0.36: E, = 0.22 + 0.05. and £, = 0.60 + 0.10 (mean + SD). It is noteworthy
that even with o as low as 2.47, it is still possible to prepare the monoacetate (/9) of
high optical purity (ee = 0.80, 36% yield; ee = 0.95, 15% yield). These kinetic
constants allow one to predict the ee of the monoester fraction for any degree of
conversion {FIG. 2). To establish the absolute stereochemistry of /9, a sample of /9 was
transtormed L.t - (2R, 45)-2.4-dimethylvalerolactone (2/). This result confirms that
PLE preferentially cleaved the pro-R-acetoxy group of /8.

1) Jones oxid

w\/'\/k/ PLE \/'\/'\/ 2) NaOH
A 0Ac ~——> RO I TR

18 19 R = CH,CO 21
20 R-H

One of the shortest and simplest routes to prostaglandins involves the [,4-addition
of the 8-chain to 4( R)-alkoxycyclopent-2-enone (23) and the trapping of the resulting
enolate (24) with the a-chain. This process has now been optimized and is commonly
known as the three-component coupling process’:

& -—> Hkamum] ——=>

R
N

RO

——>

22R-H by 25
23 R - THP
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The need for an improved process for the preparation of 22 prompted us to examine our
strategy of using the meso-diacetoxy ester, 26, as the substrate. The diacetate 26 was
exposed to PLE at pH 7.0 and, at various intervals, the extent of conversion (26-28)
was determined. These data were used to calculate the three kinetic constants®: « =
8.44 + 0.56, E; = 0.06 = 0.01,and E, = 0.12 + 0.02, which reveal that the maximal
recovery of the monoacetate, 27, was 83% with an ee of 0.81 (F1G. 2). Since 27 is a
crystalline solid, it can be readily crystallized from benzene-Skelly B (1:5) to yield 27
with an ee = 0.96. The absolute configuration of 27 was established by its transforma-
tion into the known (+)-3(S)-hydroxy-5(R)-(tetrahydropyranoxy)-cyclopent-1-ene,
confirming that the pro-R acetoxy group of 26 was preferentially attacked by PLE.

ArD OAC AcO H HO OH

26 27 28

A commercial synthesis of (+ )-biotin proceeds via the chiral lactone (29). which
had been prepared via the reduction of 3/% (R = cyclohexy! or cholesteryl). Recently,
Iriuchijima ef af.,” attempted to synthesize 3/ via asymmetric hydrolyses of 30 using
PLE. As expected, the reaction terminated at the monoester stage and satisfactory
chemical yields of 3/ were obtained, but the ee of 3/ was only moderate (i.e.. R = CH;,
ee = 0.38, 71%: R = n-C;H,, ee = 0.75, 85%). The need to improve the enantioselec-
tivity of this transforimaiion prompled us to examine our strategy of using the
meso-diacetoxy ester 32 as the substiate.

N Lo
. ——> LA > —-—>-~> (+)Biotin

H —7—\— H H mm— H
0
RDaC f‘an ROoC C02H 0

30 31 2y

1y,

o\~N)1N—/® PLE__ K—gjku-/o Q\—Nﬁ\ —j

The diacetate 32 was exposed to PLE at pH 7.0 and. at various intervals, the extent
of conversion (32, 33, and 36) and ee of 33 were determined. These data were used to
calculate the three kinetic constants: o« = 21.6 = 1.5, E, = 0.066 + 0.004, and F, =
0.44 + 0.01, which reveal that the optimal amount of 33 obtainable was 82% with anee
of 0.95 (FiG. 2):

LA A LA
H > H 7—T' el > H {20
AcO OAC R0 OR, ZO S: o
32 33 Ry = HiR, - CH,CO 37

34 R, = MOM; R, = CH,CO
35 R, = MOM:R, = H
36 R, -R,-H
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The absolute stereochemistry of 35 was established by its reaction with methoxymethyl
chloride (MOM chloride) and N, N-diisopropylethylamine in dichloromethane to yield
34. After reductive cleavage of the acetoxy group (LAH/ether-THF), the resulting
alcohol 35 was oxidized (Collins oxidation) and the MOM group removed to yield the
lactol 37, which upon Collins oxidation afforded the (4S5, 5R)-lactone (29). This
sequence of reactions confirms that PLE cleaved the pro-R acetoxy group of 32
preferentially. It is worthy of note that in both examples PLE preferentially cleaved the
pro-S ester group in carboalkoxy diesters, whereas it cleaved the pro-R acetoxy group
in diacetoxy diesters. However, further studies are needed to determine whether this
reversal of stereochemical preference by PLE is a general phenomenon.
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FIGURE 2. Plot of percent monoacetate vs. pereent enantiomeric excess (ee). PLE with: /8.
+ +.26.x  x:32.) A Thecurves are computer generated using the values of o, £,. and £,
given in the text: +. x, and A are cxperimentally determined values.

The essence of this approach lies in the recognition of the inherent consecutive
kinetic resolution step in enhancing the optical purity of the monoacetate fraction
during enantioselective hydrolysis of diesters. The cuccessful preparation of the chirons
19. 27, and 33 of high optical puritics illustrates the general applicability of this
strategy to biochemical processes involving enantiotopic group ditferentiation. Fur-
ther, this method extends the usefulness of hydrolases of low to moderate enantioselec-
tivity. so that synthetic chemists now have more flexibility in their selection of enzvme
systems for synthetic applications.
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MULTIPLICITY OF ENZYMES IN COMMERCIAL PREPARATIONS
AND MICROORGANISMS

Most of the biochemical catalysts used for synthetic applications are either
commerically available enzymes or intact microorganisms. In many instances, the
reaction is only partially enantioselective, which may be interpreted in two ways.
Either the preparation contains a single enzyme which is only partially enantioselec-
tive, or the preparation may contain more than one enzyme generating products of
opposite configuration at different rates (depending on ¥ and K'). These two conditions
may be readily distinguished from each other as one conducts the reaction at several
different substrate concentrations. In the former case, enantioselectivity is indepen-
dent of chanoes in substrate concentration, whereas the latter is not. At fow substrate
(S) concentrations (S — 0), the relative rates of the competing reactions depend on
V/K (apparent first-order rate constant) and the ee of the product is governed by
equation (6). whereas at high substrate concentrations (S — =), the ee is dictated by
equation (7), where Vg, Vs and Kg, K denote maximal velocities and Michaelis
constants for enzymes R and S, respectively'®:

Ve Vs
Ke K
=53 6
Ve (©
RS
KR KS’
Ve - Ve
ee - ——F (M
Ve + Vs

Consequently, when competing enzymes of opposing chirality are present in the
preparation, it is often possible to enhance the optical purity of the product by
conducting the reaction at low substrate concentrations {i.e., continuous slow feeding),
because the high V/K enzyme would be the major contributor in the competing
reaction.

Although there are a number of biochemical approaches (enzyme fractionation,
selective inhibition, etc.) to enhancing the enantioselectivity of the reaction, the one
most suited to the background of the synthetic chemist is to modify systematically the
structural features of the substrate molecule so that the Vg/Kg and Vg/Ks of the
competing ecnzymes become considerably different. We shall illustrate the underlying
principle of this straiegy using the reduction of 3-keto esters by bakers’ yeast as an
example.

The asymmetric reduction of ethyl acctoacetate by bakers™ yeast is a well-es-
tablished method for the synthesis of (S)-cthy! 3-hydroxybutanoate (38). a valuable
chiral building block. However, the yield (60-80%) and the optical purity (ee =
0.85-0.97) of the product vary depending on the procedure used. The most critical
factor affecting the enantioselectivity of this reduction is the substrate concentration,
because of the presence of competing enzymes of opposite chirality in bakers™ yeast.
Since the S enzyme(s) has (have) a competitive advantage by virtue of having a higher
V/K ratio than that of the R enzyme(s), optically pure (S)-cthyl 3-hydroxybutanoate
can be obtained by limiting the concentration of ethyl acetoacetate in the reaction
medium via continuous, slow addition of the substrate.

Whereas cthyl acetoacetate and acetoacetic acid are reduced mainfy to their
corresponding S (or L) isomers, cthyl 3-oxopentanocate. 3-oxohexanoic acid. 3-
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oxoheptanoic acid, and 3-oxv-6-heptenoic acid are all preferentially converted into
their respective R (or D) isomers (39-42). These results suggest that by extending the
length of the hydrocarbon chains of the g-keto carbony!l molecule the stercochemical
course of yeast reduction may be altered from L to 0."

The enantioselectivity of the reduction of g-keto carbonyl compounds by yeast is
also strongly influenced by changes in the carboxy substituents (R, ).

M 1 L
e ce

39 R, = OC;Hs, 38 R, - OC,Hq,

R, - CH,CH, 0.40 R, - CH, 0.95
40 R, = OH. 45 R, - OCyHys.

R, = CH,CH,CH, 210 R, - CH,Cl 0.97
41 R, - OH, 46 R, - OCH,

R, - CH,CH,CHCHy <10 R, - CHyCH, 0.99
42 R, = OH. 47 R, = OCyH,..

R, - CH,CH,CH - CH, 0.9 R, - CH,CH,CH, 0.71
43 R, - OCH,

R, - CHCl 0.65
44 R, - OC,H,,

R, - CH,Cl 0.55

A dramatic shift in the stereochemistry of the alcohol products was observed as the
size of the ester group was cnlarged. For example, methyl-4-chloroacetoacetate (43)
and ethyl-4-chloroacetoacetate (44) were reduced to their corresponding S-enantio-
mers, whereas the octyl-4-chloroacetoacetate was reduced to its R-enantiomer (45).
Similarly. octyl 3-oxopentanoate and octyl 3-oxohexanoate were reduced in excess to
their corresponding S isomers 46 and 47. respectively.

While the enantioselective reductions are dependent on the ratio of the apparent
V/K-values of the two types of competing enzymes of opposite chirality, the enzyme(s)
affording S (or L) alcohols appear to prefer large hydrophobic substituents at the
carboxy end, whereas the D enzyme(s) appear to prefer those at the carbon end."!

[¢] 6]
0] L R 0
® - ®

(L)-enzyme ‘.
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TABLE 1. Properties of p-Keto Reductases from Bakers' Yeast

Fatty Acid

Synthetase
Complex . Enzyme 1 Enzyme
Intracellular localization cytosol cytosel cytosol
Coenzyme NADPH NADPH NADPH
Mw 2,400,000 74,000 38,000
Stereochemical preference D L D

Very recently, we have purified three enzymes to homogeneity from the cytosolic

fraction of bakers’ yeast (Red Star) capable of actively reducing 4-chloroacetoacetic
esters 1o yield corresponding carbinolic products of high optical purity'? (>0.97 ce)
(TABLE 1).
i To gain an insight into the influence of the ester substituent on the enantioselective
reduction of y-chloro-g-keto esters by intact bakers® yeast, the A, (turnover number)
and K (Michaelis constant) for the three enzymes on various 4-chloroacetoacetic esters
were measured (TABLE 2).

The ke /K values for the D enzyme are comparatively low and are not affected by
changes in the substrate structure. However, a moderate decrease in k., /K is noted for
fatty acid synthetase (fas) as the ester grouping is enlarged. The more pronounced drop
in k., /K for the octyl ester is attributable to a decrease in the value of k., (TABLE 2).
More dramatic is the increase in the value of kg, /K as the ester grouping is changed
from ethyl to octyl for the L enzyme. Interestingly. this increase is due to a decrease in
K (TaBLE 2). These complementary relationships between ester substituents and
specificity constants for the two competing enzymes are compatible with the observed
stereochemical results of resting bakers’ yeasts. That is. the dependence of the
(Ve/Kr)/(Vs/Kg) of intact yeast cells on the size of the ester substituent'® (n) (FIG.
JA) is strikingly similar to the observed pattern of (k. /K, )/(kw/Kps) vs. n for the
isolated enzymes (F1G. 3B).

The relative contribution of cach of these enzymes to the overall enantioselective
reduction of intact cells could be examined using mutants lacking each one of these
enzymes. Mutants of S. cerevisiae devoid of various components of the fatty acid
: synthetase complex had been prepared.” and many of these are commercially
' available. To test this supposition, 48 was cxposed to two mutants of S. cerevisiae,
ATCC 26403 (3-keto reductase negative) and ATCC 26404 (pantotheine-free). As
expected, the latter mutant behaved like the parent and afforded 44 (ee = 0.57) in 507
yield. In contrast, mutant ATCC 26403 gave indeed the desired 57 in 557% vield but the
optical purity of the product was low (ee = 0.16). Nevertheless, these results contirm
the notion that the g-keto reductase component of the fatty acid synthetase complex is

TABLE 2. Kinctic Constants of g-Keto Reductases of Bakers™ Yeast

1 0o O Fatty Acid Synthetase n Enzyme 1 Enzyme
() R K k cat A l\ cat A I\ cat
(mM) Y ko /K (M) (s Y ko /K (M) (s ) kK
R C,H; 1.82 303 166 .00 0.2] 0.21 1.00 6.60 6.50
R (.t 1.33 20° 152 0.10 0.1 110 0.094 7.1} 76
R C.H,, 1.82 2382 138 020 023 115 0028 687 248
R CHy; .60 69 43 0.29 047 .62 0.01 6.12 612
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indeed 2 major competing enzyme engaged in the reduction of g-keto esters in vivo.
Moreover, the successful prediction of the sterecochemical outcome encouraged us to
make further refinements. By taking maximal advantage of the differences in the
k. /K of the L and D reductases, 48 was continuously fed to a growing culture of
mutant ATCC 26403 at a slow rate. Under these conditions, the optical purity of the
desired 57 obtained after 72 hours (537% yield) was enhanced markedly (ee = 0.90).

Mutant
cl N < c1\/u\)J\ 26403 ClM
OR OR OR
44 R - C,Hq 48 R - C,H; S0 R - CHy-
49 R = CyHy, 51 R - CH,

The present results confirm that the partial enantioselective reduction of 3-keto
esters by bakers’ veast is the consequence of the combined action of two dominant
competing enzymes of opposite stereochemical preference. It is noteworthy that the
purified g-keto-oxido-reductases are all highly enantiosclective. As such. they are
valuable catalysts for the preparation of g-hydroxybutanoates of either configuration.
Currently, we are investigating the substrate specificities of the relevant enzymes with
a view to defining their natural substrates. In turn. this knowledge should aid us in
developing more refined strategies for controlling the stereochemical course of veast
reductions.

PROJECTIONS

The value of enzymic procedures ier asymmetric synthesis is now recognized by
many synthetic chemists and their use in the preparation of chirons will continue to
gain momentum. Morcover, enzymic methods are now frequently incorporated into
complex total svntheses.

Although considerable progress has been made on the theoretical and practical
fronts, the field is still in its formative stage. The full range of plausible synthetic
apphications has not yet been realized largely because there are at present only a
limited number of commercially available enzymes with well-detined enantiosclective
properties. However, this situation is changing rapidly because the number of
laboratories engaged in the systematic examination of the chiral catalytic behavior of
enzymes is expanding. We envisage that the sense of chirality and the extent of
asymmetric induction may soon be predicted with accuracy for a number of enzymes.
Further. we are optimistic that more general methods of optical purity enhancement to
extend the usetulness of moderately enantioselective enzymes will be developed, so that
enzvmes will be routinely used as organic chiral reagents.
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INTRODUCTION

Purine-pyrimidine base pairs of the DNA,RNA Watson-Crick double-helical cross
sections have well-defined dimensions, but the hydrogen bonds that link them together,
because they are susceptible to bending and stretching, exhibit some variability in the
geometry of the X—H----- Y system.' It is a continuing challenge to learn how much
tolerance exists for modification of the spatial requirements of the cross sections. We
have been examining surrogates of these cross sections that either possess similar
peripheral dimensions and orientations or have dimensions that are altered by known
magnitude from those of the natural base-pair combinations.

POLY(3-ISOADENYLIC ACID)

For example, a close spatial relationship exists between 3-isoadenosine’ ® and
adenosine (FI1G. 1. left side). Moreover, 3-isoadenosine resembles adenosine in its
ability to support the adenine-requiring E. coli mutant B 97 and in its lack of toxicity
toward a variety of microorganisms. By contrast, it differs from adenosine in its failure
to support purine-dependent mammalian cells in tissue culture and is actually an
antagonist in the mammalian cell system.”® Poly(3-isoadenylic acid) was formed by
the action of Azotobacter polynucleotide phosphorylase on 3-isoadenosine 5'-diphos-
phate at essentially the same rate as that of the polymerization of ADP to polvadenylic
acid.? Poly(3-isoadenylic acid) was found to interact with polyuridylic acid to form an
extremely stable complex with a higher T)y in 0.02 M sodium phosphate at pH 7.1 (ca.
88°C) than that (ca. 43°C) for the complex poly A + poly U. Mixing curves confirmed
the interaction of poly 3-iso-A with poly U, and the stoichiometry of maximum
hypochromic effect occurred at a ratio of poly 3-iso-A to poly U of 1:1in 0.1 M NaCl,
0.05 M cacodylate buffer at pH 7.0, in the absence or presence of 0.01 M MgCl,. These
findings allow the duplex to be formulated as in FIGURE | (R = R" = OH). in which the
double hydrogen-bonding pattern involves the 6-NH, and the N7 of the 3-isoadenosine
in a central nine-membered ring. Inspection of the relative locations of the adenine-
ring nitrogens and of the ribosyl 5-hydroxyls in the upper and lower formulas aflirms
spatial similarity.

9This rescarch was supported by research grants CHE-81-21796 and CHE £4-16316 from the
National Science Foundation and in part by an unrestricted grant from Eli Lilly and Co.
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FORMULATED COMPLEMENTARITY TO LIN-BENZOADENOSINE AND
2-DEOXY-LIN-BENZOADENOSINE

As another example, a perfectly proportioned cross section corresponding o an

RNA double-helical coil can be formulated from a combination of the three-ring
analogue lin-benzoadenosine’ with a “zero-ring”™ complementary partner. the fore-
shortened analogue of uridine, N-(3-D-ribofuranosyl)formamide (F16. 2. R - R" -
OH). A polymer containing /in-benzoadenylate units was obtained by the action of
polynucleotide phosphorylase from Micrococcus luteus, which is primer independent.
on lin-benzoadenosine 5'-diphosphate in the presence of Mn*" at 37°C." While the
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initial diphosphate derivative is highly fluorescent. such polymeric material isolable by
gel chromatography is practically devoid of fluorescence. This is attributable to
vertical stacking interactions. The structural integrity of the polymer was establishable
by its hydrolysis with the aid of a mixture of enzymes or alkali to lin-benzoadenosine,
with the return of fluorescence.

Since the level of complexity at which base pairing is most commonly observed is by
the detection, by means of UV hypochromism, circular dichroism, digital scanning
calorimetry, or resistance to S, nuclease digestion, of intermolecular association
between two complementary polymers, we sought to obtain poly[N-(3-p-ribofurano-
syl)formamide 5-monophosphate].'? Attempted polymerization of N-(3-p-ribofurano-
syl)formamide 5'-diphosphate with polynucleotide phosphorylase (PNPase) under a
wide variety of conditions was unsuccessful. It seems probable that failure to act as a
substrate in this case is due to insufficient hydrophobicity of the formylamino group,
which results in diminished binding ability. Insofar as we can ascertain, there have
been no successful attempts to polymerize a diphosphate containing an acyclic
substituent at Cl.

Another way in which base pairing has been observed between complementary
nucleotides is by the synthesis and spectroscopic investigation of short oligonucleotides
that contain self-complementary base sequences. Several X-ray crystallographic
studies have succeeded in demonstrating the complementarity of base pairing in
minihelices, e.g., for ApU'® and d-pApTpApT." We have therefore prepared the
possibly self-complementary “dinucleoside monophosphate™ (1)'2 as a likely model for
the perfectly proportioned base-pairing scheme shown in FIGURE 2. Compound (1),
which is cleavable by treatment with phosphodiesterase 1, specific for 3* — 5'-linked
oligonucleotides, is a candidate for X-ray crystallographic analysis.
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It was possible to ascertain that lin-benzoadenine can form a widened Watson-
Crick base pair with thymine. equivalent to the cross-sectional dimensions of an
all-purine double-helix poly(A) - poly(I). This was done by synthesizing 2-deoxy-
lin-benzoadenosine 5'-triphosphate and testing it in a standard nick-translation
experiment with E. coli DNA polymerase 1."* A very low level of P incorporation
from [«-*P]TTP into poly[d(AT)] was observed. Nearest-neighbor analysis indicated
that the analogue was not significantly incorporated into internal positions in the
polymer. while DNA-sequencing reactions showed that the /in-benzo analogue caused
chain termination at adenine residues. Termination was less uniform and less efficient
than with 2',3"-didecoxy-ATP. Watson-Crick pairing of the incoming deoxynucieoside
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triphosphate to the corresponding base in the template strand is known to be essential
to selection by DNA polymerase | among natural deoxyribonucleotides and their
analogues. These experiments showed that d-/in-benzoadenylate can indeed form a
widened Watson-Crick base pair with thymidylate. However, the resulting distortion
in the phosphodiester chain would misposition the 3'-hydroxyl of the terminating
d-lin-benzo-A in the active site and thus prevent linkage with the «-5'-phosphate of the
next incoming deoxyribonucleotide, or, alternatively, the widened distortion of the
\ helix would interfere with the next requisite A-T pairing.’

' Another method of generating a laterally extended adenosine analogue in which
the terminal rings are displaced by approximately 2.4 A relative to adenosine is to
cause guanosine (2) to rcact with methyl N-cyanomethanimidate (3) and sodium
methoxide in methanol. With the structure of the product established as (4).'® the
conversion represents the transformation of a natural N-ribonucleoside into an entity
whose structure more closely resembles, in the periphery. that of a different natural
N-ribonucleoside. in this case, adenosine. Although we have not vet investigated the
base-pairing behavior of this “stretched-out™ adenosine analogue. its fluorescence
properties in viscous solution and at lowered temperature are intriguing: the reagent (3)
with sodium methoxide can be used to develop fluorescence on a sprayed chromato-
gram, and the conversion can be used (o “protect” guanosine. Compound (4) reverts to
guanosine on treatment with 0.1 N NaOH at 20°C within § min.?

“STRETCHED-UP” ANALOGUE OF URIDINE

Dimensional extension of pyrimidine bases is conceptually not as facile as the
stretching-out of purine bases. Nevertheless, it is possible to set a goal of synthesizing a
heterocycle that maintains both the array of hydrogen-bond donation and acceptance
in a pyrimidine such as uracil and the planarity of the system. The first structure
targeted, the pyrroloimidazole shown in FIGURE 3, incorporates these features (albeit
on both sides of the molecule). The sites of hydrogen bonding are set apart and are at
slightly different angles, but the general pattern resembles that obtained with uracil. If
the stretched-up analogue were incorporated in a Watson-Crick base-pairing scheme
with adenine. the dimensions of the cross section would be altered by a determinable
magnitude from those of the natural base-pair combination. Admittedly. the analogy is
imperfect. The heterocycle on the right in FIGURE 3 contains extra nitrogen and
carbonyl groups. Nevertheless, the symmetry of the compound presents the same type
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of hydrogen-bonding potentiality on each side. We were stimulated by the consider-
ation that the new ring structure consisting of two fused, coplanar five-membered rings
might interfere with pyrimidine metabolic processes through similar or competitive
enzyme binding based on spatial requirements. At the same time, the structure of the
surrogate ring system is such that it would not be expected to be transformed
metabolically like a pyrimidine.

We have progressed as far as making the 5,5 double ring structure with a protected
ribofuranosyl group on the appropriate imide nitrogen and benzyl or 4-methoxybenzyl
groups on the urea nitrogens.'” Interest in this compound and in other N-substituted
compounds in the pyrrolo[3.4-d]imidazole series is enhanced by the observation of
their exceptional fluorescence properties. the absuiption (ur excitation) maxima
(400-410 nm) and the emission maxima are widely separated in both polar (590--600
nm in 95% ethanol) and nonpolar {532-539 nm in hexane) solvents. The sensitivity of
the emission maxima to solvent may provide the basis for spectral probing of the polar
nature of binding sites. The wavelengths of emission lie in a region of the spectrum that
is free from interference in biological systems. In spite of small molecular absorptiv-
ities, the quantum yields, on the order of 0.2, are large cnough to be useful. In FIGURE
3, the distance between the apical atoms in the pyrrolo[3,4-d]imidazole structure, 4.30
A, comes from the X-ray crystal structure determinaiion of the N.N'.N"-tribenzyl
derivative and may be compared with 2.75 A for the C4 to Nl distance in pyrimidine
and 2.74 A in uracil and cyanuric acid.'" *' This geometry represents a formal upward
“stretch™ of 1.55 A for the 5.5 double-ring analogues over the 6-membered single-ring
systems. The coplanarity of the double-ring structure, within 0.02 A, was established
by the X-ray crystal structure determination.

COVALENT RNA/DNA DUPLEX CROSS SECTIONS

It should be possible to synthesize ““cross-sectional™ covalent compounds related to
the double helix. Thus, the intention is to synthesize nucleosides or nucleotides that are
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held together by covalent bonds rather than by normal hydrogen bonding that holds
single strands of DNA, RNA, or DNA/RNA together. An exemplary synthetic target
is shown in FIGURE 4. The concept involves a formal pinching (or cinching) of the
normal eight-membered, doubly hydrogen-bonded ring (upper part, FIG. 4) to two
five-membered, coplanar rings (lower part, FIG. 4). The dimensions of the natural and
alternative central moieties are similar, and separation of covalently bound cross
sections would not be expected, a priori, to occur readily. In the covalent, bicyclic case,
the dimensions cited have not yet been determined but have been calculated instead
from a composite structure consisting of two separate entities in the formula, the
1,V%-ethenoadenosine side and the 3,V *-ethenocytidine side. The Aimensions of these
entities have been determined by single-crystal X-ray structure analyses.”> The cogent
observation is that the interatomic distances indicated in the center of the two types of
ring structures (F1G. 4) are within 0.2 A of each other. The covalent cross-section
should therefore be a good mimic of the hydrogen-bonded, complementary base pairs.
This comparison gave us optimism that the covalent cross section was worth synthesiz-
ing and introducing into many different types of biological systems.

The following were set as the strategic requirements for the synthesis of a
bis-ribosy! or bis-deoxyribosyl cross section:

1. The starting materials should be readily available and related to the normal
basc-pairing entities of RNA or DNA.

2. The ribosyl or deoxyribosyl groups should already be attached and in the correct
stereochemistry in the starting materials.

3. A nucleoside annelating agent should be used that closes onto one of the rings,
adenine or cytosine preferentially, so that only one step remains necessary to
close the second five-membered ring pictured in FIGURE 4.

These requirements, if met, would reduce to three the number of stages from
readily available materials to final product. We have settled on the tri-O-acetyl
derivatives of adenosine and cytidine and the di-O-acetyl derivatives of deoxyadenosine
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and deoxycylidine as ideal starting materials, and we have shown how to perform the
first two stages of the general synthesis. Experiments with N-(z-butoxycarbonyl)-
2-bromacetamide and chloroketene diethvlacetal as nucleoside annelating agents have
provided the experience needed for preparation and isolation of intermediates and the
basis for their structure determination by NMR spectroscopy.™

The initial two stages are abbreviated in FIGURE S, illustrating the condensation of
hydroxy-protected adenosine with chloroketene diethyvlacetal followed by treatment
with hydroxy-protected cytidine. A decision as to the direction of ring closure of the
intermediate shown in brackets was possible according to the following 'H NMR
guidelines.” The overli effect of etheno-annelation as in (5) on the cytidine H-5/H-6
spin system is to decrease markedly the chemical shift ditference (Ad) between the
pyrimidine-ring protons. The overall effect of ethero-annelation as in (6) on the original
adenosine 2-proton is to bring about a marked (0.83-1.06 ppm) downficld chemical
shift. Clearly, (6) was the major product of the reaction sequence shown in FIGURE §.
For the closure of the second five-membered ring, reaction conditions were first devised
using mode! compounds., and a convenient route was developed for (7). which
incorporates the rare 10w-clectron 1,3.4,6-tctraazapentalence ring system as its central
feature™ Dipyrido[1.2-¢:2".1-f]-1.3.4.6-tctraazapentalenc (7) shown in FIGURE 0. can
be visualized as consisting of two etheno-bridged heterocveles™ fused back to back.
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The first step in the two-step synthesis is a refinement of the preparation reported by
Kato er al.** 2-(2-Pyridylamino)imidazo[}.2-a|pyridine (11) was obtained in 90%
isolated yield when a stirred melt of 2-aminopyridine (8) and chloroketene diethyl-
acetal (9) was heated at 60°C for | hour, presumably by way of the intermediate
2-aminopyridine-N’-(O-ethyl-2-chloroacetimidate) (10).

The problem of cyclizing (2) to (1) is essentially one of forming a bond between two
electron-rich centers, namely, the pyridine ring-nitrogen and C3 of the imidazo[1,2-
a]pyridins inoicty. This necessitates a reversal of polarization at one center. The ring
closure of (11) to (7) was achieved by an oxidative route that presumably occurs via an
intermediate with positive charge delocalized over the N4-C3-C2-N? system of (11).
lodobenzene diacetate (IBD) proved to be the appropriate reagent, and 2.2.2-
trifluoroethanol (TFE), the appropriate high-dielectric, low-nucleophilic solvent. The
desired intramolecular cyclization took place efficiently and rapidly at room tempera-
ture.

The oxidation product of (11) with IBD possesses the molecular formula C, HN,
based on microanalytical and mass spectroscopic data. That it has a plane or center of
symmetry was evident {rom the 'H-NMR spectrum of the C,,HN, product, deter-
mined in either CDCl, or CD,OD solution. The spectrum showed only four discrete
multiplet proton resonances, in contrast to the '"H-NMR spectrum of the precursor
(11), which exhibited nine different, readily discernible proton signals (for the 10
protons present). A plane of symmetry as in dipyrido[1.2-a:2".1'-f]-1,3.4.6-tetraaza-
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pentalene (7) was dictated by the *C-NMR spectrum, which showed seven discrete '*C
resonances. This ruled out the possibility of the isomeric centrosymmetric structure,
dipyrido[1,2-a:1'2"-e}-1,3,4,6-tetraazapentalene (12). Such a structure, which would
also be new, could have arisen from precursor (13) that might have resulted if the
second 2-aminopyridine molecule (8) had displaczd the allylic-like chloride rather than
reacted with addition/elimination at the imino carbon in putative intermediate (10} in
FIGURE 6.

For such a molecule as (7). its moderate water solubility is unexpected but may be
due in part to the dipole moment that is indicated by the structure. Single-crystal
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X-ray structure determination shows that (7) is planar, and the bond lengths are
indicative of alternation in multiplicty. This 1,3,4,6-tetraazapentalene forms dark
charge-transfer complexes with 2.4,7-trinitro-9-fluorenone, 2,3-dichloro-5.6-dicyano-
quinone, and 7,7,8.8-tetracyanoquinodimethane. It forms a normal protonic salt with
picric acid and a quaternary salt with ethyl bromide. The compound is highly
fluorescent in aqueous pH 7 phosphate buffer, and the fluorescence is detectable at
concentration = 10°° M.

The shape of (7) and its product with ethyl bromide should be conducive to
intercalation behavior similar to that of ethidium bromide®; this was investigated. We
used the methodology of Sharp et al..”” as detailed by Maniatis et al..** and were able to
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demonstrate that both (7) and (7). EtBr act as intercalating fluorescent dyes for the
visualization of a known mixture of DNA fragments in a manner exactly like cthidium
bromide, albeit with less sensitivity. It was of interest that no qualitative ditference was
observed in the visualization properties of (7) and (7)- Et Br.

The efticient two-step method involving oxidative cyclization is applicable to the
synthesis of a wide variety of heterocycles containing the central 107 electron system of
1.3,4.6-tetraazapentalene. It also provides the key to the examination of the chemistry
and biological activity of members containing this unusual ring system. Since the
mode! compounds served to indicate the conditions necessary for the cyclization of the
sccond five-membered ring, we returned to the goal of preparing representatives of
covalent cross sections. We found that solvent combinations of nitromethane and
trifluoroethanol were effective for the final oxidative ring closures represented in
FIGURE 7. The products represent, serially, a covalent RNA cross section of appropri-
ate dimensions, a foreshortened helical cross section, and a cross section representative
of a poly A-poly 1 double helix. In FIGURE 8, the final ring closure has produced a
covalent DNA cross section of appropriate dimensions, although lacking the thymi-
dine-like methyl substituent. Deprotection of the hydroxyl groups occurs readily, so
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that all of the bis-ribosy! and bis-deoxyribosyl compounds are in hund. The compounds.
all of which are fluorescent, will be tested in appropriate biological systems. as will the
related phosphate derivatives.
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The Mechanistic Pathway of a Mutant
Triosephosphate Isomerase*

RONALD T. RAINES AND JEREMY R. KNOWILES
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Cambridge, Muassachuseits 02138

The glycolytic enzyme triosephosphate isomerase catalvzes the interconversion of
dihydroxyacctone phosphate and n-glyceraldehyde 3-phosphate. following the path-
way illustrated in SCHEME 1.7 From a variety of kinetic.' stereochemical.® and
chemical moditication studies.™ it is known that an enzyvmic base abstracts the
1-pro-R proton of dihydroxvacetone phosphiate to vield the ors-enediol (or enediolate)
intermediate. which then collapses as a proton is delivered to carbon-2 in the formation
of p-glyceraldehyde 3-phosphate. When stercospecificaily labeled 1-[(R)-"H]- dihy-
droxyacetone phosphate is used as substrate. some 3% to 67 of the tritium fabel ends
up at carbon 2 of the product D-glyceraldehyde 3-phosphate.* This smull but
significant level of proton transfer from carbon-1 10 carbon-2 strongly suggests that
there is a single base at the active site of the isomerase. The rate of exchange of the
proton in B-H (ScHE: | at the enediol stage of the reaction) with the solvent is
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SCHENME 1. Pathway of the reaction catalyzed by triosephosphate isomerase. & s an enzvig
base (Glu- 163, and H.4is an enzynuc acid (probably His-95 and . or Lys-13)

evidently very rapid, being about 20 times foster than the rate of collapse of the enedio!
1o glveeraldehyvde phosphate and loss of this product from the enzvme. Athinin
lubeling work with bromohydroxyecetone phosphate” and with ghvaidol phosphate”
implicated a glutamic acid residue, Glu-165. as the single essential basic residue.
This conclusion was confirmed when the erystal structures of the trinsephosphate
isomerases from chicken musele” and from veast™ were solved. and Glu-1635 was found
onone face of the active stte cleftof the enzvme The role of Glu- 165 m the mechaniam
of the enzyme s secure. Ttis, moreover, chemiealhy satisfyving to have a identate base
such as carboxylate at the active site of this enzvme. sinee one may presume thae
minimal motion will be required for the abstraction cither of the T-pro-R proten o
dihvdroxyacetone phosphare ar of the carbon-? proton of elveers hivde phosphute

“Thie werk was supported byothe Natonan Instutes of Healh and the Nt Soiee
Faundanion
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The fact that the rate of the substrate interconversion mediated by triosephosphate
isomerase is more than 10° times faster than that which would be observed by a
nonenzymic carboxylate,”'® coupled with the existence of general acid as well as
general base terms in the kinetics of simple enolizations.'' prompted the search for an
clectrophilic component in the catalyzed reaction. Two kinds of experiment were
performed.

First, we found that the rate of reduction of the carbonyl group of dihydroxyace-
tone phosphate by borohydride is about cight times faster when the substrate is bound
to the enzyme than when it is free in solution.!*'* Despite the expected slowing of the
reduction duc to the steric bulk of the protein, there is cvidently a significant
polarization of the carbonyl group when dihydroxyacetone phosphate is enzyme
bound.

Such polarization was also indicated by the second kind of experiment in which the
carbony! stretching frequency of the free and the bound substrate was investigated by
Fourier transform infrared spectroscopy.' We found that the carbonyl absorption of
dihydroxyacetone phosphate is shifted by 19 em ' to lower frequencies on binding to
the enzyme. This result is most readily interpreted in terms of carbonyl polarization by
an enzymic electrophile at the active site of the isomerase. Such an electrophile would,
of course, be expected to facilitate the enolization processes that constitute the
covalency changes effected by the isomerase. Inspection of the crystal structures of the
enzyme presently avaiiable does not allow the unambiguous identification of the
putative catalvtic electrophile(s), though two good candidates ~xist. His-95 und
Lvs-13.and itis likely that when the erystal structure of the enzyme:substrate complex
is taken to higher resolution.'® these questions will be resolved.

In an effort te cvaluate the kinetic and mechanistic role of Glu-165, and to take a
step towards defining the relationship between intermolecular distance and kinetic
cffect. we have used the methods of oligonucleotide-mediated site-specitic mutagenesis
to change Glu-165 to Asp. The chicken muscle enzyme (on which all our carlier
mechanistic work was done) has been expressed from a ¢DNA clone in a strain of £
coli from which the endogenous bacterial isomerase has been deleted. and this enzyme
has been subjected to the mutagenic alteration.'® The three homogeneous enzymes,
chicken enzyme from chicken, wild-type chicken vnzyme from &L cofdi. and mutated
(Glu-165 to Asp) chicken enzyme from £. coli. are shown in FIGURE 1. Kinetically, the
wild-type chicken enzvme produced by £ coli is. as expected. indistinguishabie from
the enzyme isolated from chicken breast muscle. The mutant enzvme in which Glu-163
has been changed to Asp has, however, lost more than 9977 of its catalyvtic activity.'

Two critical questions immediately arise. First. how do we know that the
oligonucleotide-mediated change is the only one (e, that the fower activity is due
solely to the targeted alteration)? Sceond. how do we know that a protein having less
than 1% of the catalytic activity of the native enzyme is not a4 mixture of 997 of
inactive protein contaminated by |7 of the wild-type (arising cither as a contaminant
during protein purification, or as a genetic revertant during cell growth)? The first
question has been answered by sequencing the whole of the mutated gene and
demonstrating that the only differences are those intentionally ereated by the svathetic
oligonucleotide.' The second question happens to be easy to answer in the present case,
though this will certainly not be general. When a steady-state kinetic study was
performed. the parameters shown in Tasie | were obtained ™' 1t is evident that the
values for A are somewhat different for the wild-type and mutant enzymes. and since
(uniike b, ) A is a property only of the type of active enzyme molecule and not of the
number of such molecules, the A, diffierence means that the observed catalvtic activity
must derive tfrom the mutant protein Te can also be seen from Tasie | othat the
Haldane relationship s obeved, as it must be
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mutont chicken chicken

chicken TIM TIMm
TIM from from
from coli coli chickens

FIGURE 1. Polyacrylamide gel electrophoresis of triosephosphate isomerases under denaturing
conditions.

Before deconvoluting the complex kinetic parameters k , and K, and evaluating
the kinetic effect of the Glu to Asp change at the level of the elementary step (to be
reported elsewhere'®), we must first ask if there has been a change in mechanism as a
result of the alteration of the enzyme. We must be cautious of any large effect on
catalytic activity, lest the pathway that the mutated enzyme follows is different from
the wild-type. The most obvious concern in the present case is that whereas the Glu of
the wild-type enzyme abstracts a substrate proton directly. the Asp of the mutant
enzyme could act as a general base through an intervening water molecule (F1G. 2).
We have approached this possibility in two ways. First, if there is an intervening water
molecule in the Asp enzyme. we should expect a markedly larger solvent isotope effect
since the two possible transition states involve different numbers of protons in flight.
(The motion of protons could in principie be sequential. but would then involve some

TABLE 1. Steady-State Kinetic Parameters for the Wild-Type and Mutant
Isomerases

Dihvdroxyacetone D-Glyeeraldehyde
Phosphate as Substrate 3-Phosphate as Substrate
Kear A, Ko Ao
(s 1) (mM) (s ) (mM) KNy
Wild-type 430 0.97 4300 0.47 21
Mutant
(Glu —~ Asp) ] 1.8 2R 0.13 M
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FIGURE 2. lllustration of the possible incursion of a water molecule between the substrate and
the Asp residue of the mutant enzyme.

most improbable intermediate states.) In order both to probe a transition state for
substrate enolization and to allow the same comparison for both wild-type and mutant
enzymes, we determined the solvent isotope effect on V,, for p-glyceraldehvde
3-phosphate. These values are shown in TaBLE 2. While there may well be effects of
D,0 in the catalyzed reaction (e.g.. medium effects. subtle enzyme structural changes.
effects on the electrophilic component, etc.) that we cannot define from the present
results, a comparison of the values of V,,,, (H,0)/ Ve (D;O) for mutant and wild-tyvpe
is valid, and the data strongly suggest that these enzymes follow the ;ame mechanistic
course.

Second, if a water molecule werc to interpose itsell beiween the carboxylate of
Asp-165 and carbon-1 of the substrate, we should expect that bromohydroxyacetone
phosphate. which is a most effective affinity labeling reagent for Glu-165 of the

TABLE 2. Solvent Deuterium Isotope Effects for the Wild-Type and Mutant
Isomerases with D-Glyceraldehyde 3-Phosphate as Substrate
Pt H:0)/ 1 0 (DO
Wild-type enzyme 1.5+ 0.1

Mutant ¢nzyme 1.5+ 0.2
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wild-type enzyme,” would not inactivate the mutant. Indeed, the intervention of a
water molecule could cause the mutant enzyme to catalyze the hydrolysis of the bromo
compound. Neither of these expectations is realized. Bromohydroxyacetone phosphate
inactivates the mutant enzyme stoichiometrically (sce FIGURE 3) and there is no
production of the hydrolysis product, dihydroxyacctone phosphate. It appears. then,
that the mechanistic path followed by the mutant enzyme is unchanged.

The next problem, which must concern any investigation of mutant enzymes the
catalytic activity of which arc different from the wild-type, is whether the mutation has
merely shifted the pH dependence of the catalyzed reaction.'®® This is not a major
concern in the present case, since the intrinsic pK, values for the side chain carboxyl
groups of Glu and Asp residues differ by only about 0.4 unit,” and such a small shift in
the pH-activity curve could not cause the observed 10% to 10°-fold change in catalytic
activity. Nevertheless, this point has been checked experimentally, and it is clear from
the results shown in FIGURE 4 that the two enzymes have very similar pH dependen-
cies, so the observed kinetic differences between wild-type and mutant enzymes do not
derive from differences in the ionization behavior of catalytic groups.

Finally. we may ask whether the mutation has primarily affected substrate
recognition or the act of catalysis. For most enzymes (and the isomerase is no
exception). K, and &, are nontrivial combinaticns of the rate constants for clementary
steps. and it is dangerous to take the simplistic view that K, measures substrate
binding and k., measures the rate of a particular step in the subsequent catalyvtic
reaction. Ideally, the kinetic behavior of a mutant e¢nzyme must be completely
analyzed, and such an analysis for the present case will be presented clsewhere.”
Suffice it here to say that the alteration of Glu-165 to Asp appears not significantly to
perturb the substrate recognition and binding interactions of the isomerasec. We have
investigated the binding of the so-called transition state analogue. phosphoglvcolohy-
droxamate.” and found that the inhibition of the wild-type and mutant enzymes is
comparable. The K values are 7 uM (wild-type) and 20 uM (mutant). This difference
is very small when compared with the 10 to 10*-fold difference in &, values (TABLE
1), and gives us some confidence that the reduction in catalytic aciivity does not refiect
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FIGURE 3. Plot of the inactivation of wild-type (abscissa) and mutant (ordinate) isomerases by
increasing amounts of the active-site directed reagent, bromohydroxyacetone phosphate The
values for the mutant enzyme are mulitiplied by 1500 (the ratio of the A, values).
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Viax versus pH  (GAP —»DHAP)
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FIGURE 4. The pH variation of V., for b-glyceraldehyde 3-phosphate, for both wild-type and
mutant enzymes.

a major change in the structure of the protein. While any more definitive statement
must await a crystallographic difference map at high resolution, the data presented
here suggest that we shall, in the fullness of time, be able precisely to correlate the
structural change with the kinetic behavior of the mutant enzyme.
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Rhodopsin, the Visual Pigment,
and Bacteriorhodopsin“

H. GOBIND KHORANA

Departments of Biology and Chemistry
Massachusetts Institute of Technology
Cambridge, Massachusetts 02139

I have two proteins in my title. Rhodopsin belongs to the large field of visual sensory
perception in vertebrates and invertebrates. Bactericrhodopsin (BR). a more recently
discovered light-transducing protein, is found in certain archae-bacteria. a class of
bacteria believed to be very primitive. Light transduction by bacteriorhodopsin results
in the production of metabolic energy through the synthesis of ATP. An important and
remarkable similarity the two proteins share is in the molecular nature of the
light-absorbing chromophore. [n both cases it is retinal aldehyde, linked to the amino
group of a lysine residue that secems to be embedded in the membrane. I shall first
discuss briefly rhodopsin, about which we know even less than bacteriorhodopsin, and
then review the work on the latter, which has proved to be an attractive system for the
study of integral membrane proteins.

RHODOPSIN

Rhodopsin is the major membrane protein in the dises of the outer segments of rod
cells in the vertebrate retina (sec FIGURE 1 for a schematic presentation of the
functional organclles of the rod cell). We are beginning to obtain glimpses of the
chemistry and biochemistry that is initiated following the capture of a photon by
rhodopsin, the photoreceptor protein. An outline of the cascade of reactions. not
currently well characterized, is shown in FIGURE 2 (courtesy of Lubert Strver). The
overriding biological principle in this and other sensory systeris must be transduction
and amplification of the signal received. in this case following light transduction. The
photon absorption by rhodopsin must be presumed to bring about ““activation™ through
a conformational change. Bleached rhodopsin then can interact with the GDP-bound
form of GTPasc and converts it to an activated form (F1G. 2) which can in turn activate
a phosphodiesterase that can hydrolyze or modulate the concentration of cyclic
guanosine 3 .5-cyclic phosphate. The latter scems to be a transmitter or second
messenger that regulates the states of the ion conductance channel in the plasma
membrane. The result is the hyperpolarization of the rod cell and tne activation of the
synapse that transmits the signal to the series of cells in succession (FiG. 3. from John
Dowling) and ultimately to the optic nerve and the brain.'

George Wald, who pioncered biochemical studies of vision, discovered several
intermediates with characteristic spectroscopic propertics in the photochemistry of
rhodopsin. A modern version of these photochemical intermediates is shown in FIGURE

“This work has been supported by grants Al 11479, GM 28289, and T32 CA09112- 10 from
the National Institutes of Health, grant PCM 8110992 from the National Science Foundation,
and grant NOOOT4 82 K 0668 fiom the Office of Naval Rescarch, Department of the Navy.
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4. The exact functions of each of these intermediates still need to be elucidated, but one
factis clear: metarhodopsin-11 must have a weak association with trans-retinal because
the latter separates. It is assumed that the trans isomer must undergo isomerization
back to T1-¢is retinal in order to recycle.

The amino acid sequence of bovine rhodopsin has been ctucidated, both by amino
acid sequencing and by gene sequencing. Indeed. with the great temptation to seek
analogy with the proposals made for bacteriorhodopsin, secondary structure models
have been proposed for rthodopsin. The one proposed by Dratz and Hargrave® is shown
in FIGURE 5. If anywhere near correct, the models must explain (1) how cis-trans
isomerization activates the protein, and (2) what conformational changes lcad to

VA sy
35
==\
&———] — Discs
C—=>
Cﬁ"___ Plasma
Cﬁ:: membrane
2
oD
Outer c——=}.— Cytoplasmic
segment = space
[e——s e
[e——C"s]
C———¢— Intradiscal
2 space
=
[o———u}
§ Cilium
d
698 Mitochondrion
41t
inner
segment
Nucleus
Synaptic
terminal

FIGURE 1. A schematic representation of the vertebrate rod cell.

phosphorylation und how rhodopsin is recognized by the proteins that interact with it
which arc presumably involved in light and dark adaptation.

The above questions highlight the nced for systematic structure-function studies.
Anattractive general approach is to perform designed specific amino acid substitutions
in different domains of the protein. Such changes are now made by the methods of
recombinant DNA. A varicety of approaches to site-specific mutagenesis are currently
being used to change codons in the proteins followed by expression of the mutated
genes. From our comparative experience of different methods. we recently decided in
favor of a total synthesis of a gene for rhodopsin. By introducing into the genc an
adequate number, twenty-eight, of unique restriction sites that were more or less
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FIGURE 2. The cyvcle of reactions in rod outer segments initiated by bleached rhodopsin (R*).

uniformly spaced. short segments, on the average 60 bp apart. can be ¢xcised and
replaced by synthetic counterparts that contain the desired nucleotide chunges. The
total plan, which has already been experimentally executed and entails the total
synthesis in the form of three fragments. is shown in FIGURE 6. FIGURE 7 shows the
principle of site-specific mutagenesis (replacement of Cys-264 by Ser) for one amino
acid by the resynthesis of oligonucleotides 3 and 4 containing Ser codon. TCT. instead
of Cys codon TGC.

We hope that we can begin to learn about the molecular dv namics of rhodopsin, a
remarkable protein that controls our visual sensory perception.

BACTERIORHODOPSIN

Soon after its discovery by Walther Stoeckenius and his colleagues some fifteen
years ago, this light-transducing protein became popular in studies at different levels.
In contrast te rhodopsin, bacteriorhodopsin is a self-contained, single protein system
that carries out proton translocation from the inside 1o the outside of the Halobacter-
ium halobium cell. The process is particularly active under anacrobic conditions and in
light, and provides an alternative to respiration as a source of metabolic energy. The
proton gradient generated is used by the cell for the synthesis of ATP. A schematic
partial diagram of the energy coupling in H. halobium is shown in FIGURE 8.

By virtue of the fact that a single relatively small (A, 26.000) membrane protein is
involved and the function it performs is biologically important and conveniently
assayed in reconstituted vesicles, bacteriorhodopsin does indeed offer an attractive
system for an important membrane-mediated biological function.

Two main results obtained in the middle seventies should be mentioned bef re |
proceed 1o deseribe the work of my own laboratory, The first is the studs of the
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photochemical cycle in bacteriorhodopsin by a number of groups. The version shown in
FIGURE 9 is currently accepted. Our uftimate goal should be an understanding of this
cycle and the meaning of the spectroscopic intermediates in relation to the mechanism
of proton translocation. The second major discovery came from the application of
electron diffraction to BR. Because the protein is highly organized in the purple
membrane, and behaves like a two-dimensional crystal, it is possible to carry out
clectron diffraction studies. Such a study gave patterns with resolution down to about
7A. Henderson and Unwin. who carried out this work. discovered seven “rods™

RODS AND
CONES

HORIZONTAL
CELLS

BIPOLAR
CELLS

AMACRINE
CELLS

GANGLION
CELLS

OPTIC NERVE

LIGHT

FIGURF 3. A schematic representation of vertebrate retina. Rods and cones are the photore-
ceptor cells. The electrical signals activate the symapses at the bases of these cells and processing
begins by the series of celis shown in the middle. Ultimately, the signals enter the optic nerve and
reach the brain. (From Boyeott and Dowling.' Reprinted with permission from the Proceedimgs ot
the Roval Sociery of London.)
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embedded 1n the membrane. This pattern L:as been interpreted to mean that there are
seven membranc-embedded helical segments of the protein and therefore the protein
traverses the membrane seven times.

NNH---Lysine  Prolein

Rhodopsin {Amax, 506 nm)

Light-
catalyzed he
reaction Picoseconds
¢ Bathorhodopsin (Amax, 548 nm}
Nanoccoonds
Lumirhodopsin (Amax, 487 nm)
Microseconds
Thermal 1L
reactions ) ttetarticdopsin-l (Amax, 478 nm)
4

H* Milliseconds

|
N otachodopsin-ll (Amax, 380 nm)

Seconds
Opsin
+
Bleached
rhadopsin NIRRT X

Trans-retinal

FIGURE 4. Photochemical steps following the capture of a photon by rhodopsin.

Bacterio-opsin as a Membrane Protein

After the loss of its chromophore, bacteriorhodopsin becomes bucterio-opsia { BO).
We began by asking questions about the chemistry of this membrane protein. What
follows is a summary of our early results. The protein is oriented in the membrane such
that the carboxyl terminus with about 20 amino acids protrudes into the evtoplasmic
side. By inference, the amino terminus is on the outside of the cell. We determined the
total amino acid sequence by protein sequencing, a task that was far from casy
considering the very hydrophobic nature of the protein. At about the same time,
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TGC

| 3

HO Arg Met Val lIle Ile Met Val ;\Ie Ala Phe Leu Ile SER Trp Leu Pro
CGCGT ATG GTT ATC ATC ATG GTC ATC GCT TTC CTA ATC TCT TGG CTG CCA
A TAC CAA TAG TAG TAC CAG TAG CGA AAG GAT TAG AGA ACC GAC GGT AT
Miul 2 4 H Ndel oH

ACG

FIGURE 7. Mutagenesis of Cys-264. Principle of substitution of a Cys residue by a Ser resid 1e in
the polypeptide chain. The oligonucleotides that contain the nucleotide changes are used to
reconstruct a synthetic segment of the DNA.

Ovchinnikov and co-workers also determined the sequence. There were a number of
differences between the results of the two groups. Our subsequent work on the
sequence of the BR gene completely confirmed our amino acid scquence (FIG. 10), but
in addition showed the presence of a leader sequence 13 amino acids long at the
NH,-terminus as well as an extra aspartic acid at the COOH-terminus. It should be
added that we had separately isolated and characterized a precursor to bacterio-opsin
and found the same lcader sequence by amino acid sequencing.

Engelman and co-workers attempted to develop secondary structure models for BO
by using the knowledge of the amino acid sequence. A revised version of this model
consistent with the cross-linking data of Huang et a/. is shown in FIGURE 1 1. It is really
only a working model at this stage. In addition to the possibility of contribution from
B-sheet structure, the beginnings and the ends of the helical segments are very
uncertain, as are the sizes of the loops that connect the successive helices.

Two other features of bacteriorhodopsin that are of practical interest should be
mentioned. First, we were able to free the protein completely from the endogeneous
lipids of H. halobium. The delipidated bacteriorhodopsin can be reconstituted into
vesicles made from synthetic as well as soybean lipids to give high proton pumping
values of ~50 H*/BR. This property makes possible reliable assays of the activity of
the protcin. Second, BR proved to be remarkable in that its solutions in SDS detergent
could be heated to 100° and on cooling the protein would refold correctly in a
quantitative manner to regenerate the BR chromophore and give the proton pumping.

- vt §\H’r_|rc;ﬂot|mn
Pl . R
/‘ x Lt e S
£ /

y Sadium antiport

i Nn*

FIGURE 8. Energy coupling in an H. halobium cell, R1 and Sg strains (courtesy of J. Lanyi).
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FIGURE 9. Photochemical cycle of bacteriorhodopsin.

GGGTGCAACCGTGAAGTCCGCCACGACCGCGTCACGACAGGAGCCGACCAGCGACACCCACGAAGG TGCGAACGGTTGAGTGCCGCAAC GZA
-380 -2
TCACGAGTTTTTCGTACGCT TCGAGTGGTAACACGCGTGCACGCATCGACTTCACCGCGGGTGT TTCGACGCCAGC CGGCCGT TGMCC:
270 1.

GCAGGCAGCGGGCAT TTACAGCCGCTGTGGCCCAAA TEG TGGGG TGCGCTATTY TGGTATGGTTTGGAATCCGCGTGTCGGCTCCGTGTC
-0 -

;GAC GGTTCATCGGTTCTAAAT TCCGTCACGAGCGTACCATACTGAT TGGGTCG TAGAGT TACACACATATCCTCGTTAGGTACTGTTGC
. “t

Met LeuGlu Leu Loy Pro Thre Ala Val Gl Gly Vol Sor‘eln Ala Gln g Thr Gly Arg Pro Giu Trp lle Trp Leu Alo Leu Gly Thr
ATGTTGGAGTTATTGCCAACAGCAG|bb’AGGGGGTATCGCAGGCCCAGATCACCGGACGTCCGGAGTGGAYCTGGCTAGCGCTCGGTACQGO
t

Ala Leu Met Gly Leu Gly Thr Leu Tyr Phe Lou Vol Lys Gly Met Gly Vol Ser Asp Pro Asp Alo Lys Lys Phe Tyr Al lla The The
gGICGCTA ATGGGACTCGGGACGCTCTATTTCCTCGTGAAAGGGATGGGCGTCTCGGACCCAGAT GCAAAGAAATTCTACGCCATCACGAC&

Leu Va! Pro Alo lle Ala Phe Thr Met Tyr Leu Ser Met LeuLeu Gly Tye Gly Leu Thr Met Val Pro Phe Gly Gly Glu Gln Asn Pro
C‘l’CGTCCCAGCCAM’CGCGTTCACGATGTACCTC‘|'CGA‘I'GC'\'GCTGGGGTA‘\'GGCC‘I'CACAATGGTI\CCGTTCGGTGGG(5A\GCAGAACCCC"7
(L1} 2

lie Tyt Yrp Alo Arg Tyr Ala Asp Trp Leu Phe Thr The Pro Leu Leu Leu Leu Asp Leu Ala Leu Leu Val Asp Ala Asp Gin Gly The
A1TCTACTGGGCGCGGYACGCTGACTGGCTGTTCACCACGCCGCTGTTGTTGTTAGACCTCGCGTTGCTCGTTGACGCGGATCAGGGAA(:,GSO
2n

e Leu Alo Leu Val Gly Alo Asp Gly Ile Met lle Gly Thr Gly Leu Vol Gly Ala Leu Thr Lys Val Tyr Ser Tyr Arg Phe Val Trp
M’(:CT'l’(;(‘,GCT(:GT(:GGTGCCGI“:GGCATCAXTGATCGGGACCGIGCC‘I’GGTCG(iCGCACTGIQCGAAGGTCTACTCGTI\CCGCTTCGTGTG‘(;;’o
361

Trp Ala lle Ser Thr Aia Als Met Leu Tyr lle Lau Tyr Val Leu Phe Phe Gly Phe Thr Ser Lys Aia Giu Ser Mat Arg Pro Glu Vol
‘;GGGCGATCAGCACCGCAGCGATGCTGTACATCCTGTACGTGCTGTTCTTCGGGTTCACCTCGAAGGCCGAAAGCATGCGCCCCGAGGTC
a8 540

Ala Ser Thr Phe Lys Val Leu Arg Asn Val Thr Val Vol Leu Trp Ser Ala Tyr Pro Val Vol Trp Leu lle Gly Ser Glu Gly Aio Giy
GCATCCACGTYCAAAGYACTGCGTAACGTTACCGTTGTGTTGTGGTCCGCGTATCCCGTCGTGTGGCTGATCGGCAGCGAAGGTGCGGGI;O
s 6

ne Vol Pro Leu Asn lle Glu Thr Leu Leu Phe Met Val Leu Asp Vol Ser Alo Lys Vol Gly Phe Gly Leu lle Lsu Leu Arg Ser Arg
ATCGTGCCGCTGAACATCGAGACGCTGCTGTTCATGGTGCTT GACGTGAGCGCGAAGGTCGGCTTCGGGCTCATCCTCCTGCGCAGTCGT
63 120

Alg lle Phe Gly Glu Alg Glu Ala Pro Glu Pro Ser Alg Gly Asp Gly Ala Ala Ala Thr Ser Asp yyup
GCGATCTTCGGCGAA(SCCGIMGCG(:CGGAGCCGT(:CGCCGGC(’:ACGGCGCGGC(:G(‘,(;ACCAGRGIi(‘,T(‘uﬂCGCACI\CGCAGGACAGCCCGC0
721 v

ACAACCGGCGCGGCTGTGTTCAACGACACACGATGAGTCCCCCACTCGGICTTGTACTC
L 869

FIGURE 10. Flanking sequences and structural gene sequences for bacteriorhodopsin.
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Similarly, after solubilization of the protein in formic acid or in trifluoroacetic acid, the
standard reconstitution procedure would restore fully folded structure and proton
translocation activity. This property of the denatured protein has proved extremely
valuable for structure function studies, as reviewed below.

A Ecort S¥L_  aval
PstI \ BamH!
Aval
Hindll o EcoR] BOGENE
EcoRI om EcoRI + BamH] [ ——
#1acP/0
Sall q gc BamHI
DNA PP
EcoRI Ligase o
( + ) ad (glzﬁﬁ
Pstl Aval \ BamHI Pstl ) Sail
B *— (pp Gene ——————»
,_Sannol . Transcription
«» Seauence Termingtion
Lpp P Lac P70 34 Site
A ——| —C )—Lf 1 I B et
Cloning Sites ~ A B C
pLBA
2 248
NH 5 Met Lys Gly LysGlu Phe LeuAla SerAsp
- - Lpp .. Linker - - - BO -— -
pLBB
2 2ag
NH, MetLys ———————Gly Lys Glu Phe LeuAlg ————————— SerAsp
— - Pro-Lpp Sequence —s ——— Linker —— « --—— BO _—
pLBC
2 248
NH5 Met Lys ———Gly Cys Asp Arg Lys GluPhe LeuAla Ser Asp
«——Pro-Lpp Sequence --——=+— -Lpp Sequence —<+—- Linker - ==~ 80 — hd

FIGURE 12

Expression of Bacterio-apsin

Selective alteration of codons in the gene requires that the mutated genes be
evpressed in some suitable host and the gene products isolated for structure-function
studies. A number of cvpression vectors have been investigated. We briefly describe
two types. The general point should be made, howar, that while the expression of
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soluble proteins has been performed extensively in high yields, the expression of
integral membranc proteins has been unsatisfactory. Only recently have we obtained
yields that are adequate. We cloned the BR gene after removal of the precursor amino
acid sequence and addition of an EcoRlI site at the amino terminus (FIG. 12A). The
gene was then transferred as an EcoR1-BamH]1 fragment into three cloning sites (A, B,
and C) of the vectors of pinll series that were developed by M. Inouye and colleagues
at Stony Brook (F1G. 12B). These vectors, pLBA-pLBC, and the BO fusion proteins
that would be expected are shown in FIGURE 12C. The fusion protcin from the plasmid
pLBB containing an extra 24 amino acids at the amino terminus has been isolated,
purified, and worked with the most. Its sequence is shown in FIGURE 13. In FIGURF 14,
we show comparative reconstitution (regeneration of the folded state and of the
characteristic chromophore); while the natural apoprotein (BO) regenerates quantita-

Glu Ata p
arg Prog, \ Alg (’3?“
Met ato Gly The san Prg
Ser Ler Gly Aig Ser o
. G(UA e The &lo FATS
Asp e 9 Phe Alle AIaGI Cly
_Alg Gin o Lys Lysn o Yasp
Asp (<1} i:v Val 2 Arg
ol 1 e ™ Phe Arg-®y ATQS°'|
Leu Leu ly Asn I teu
Leu aig| iPhe Vol I JLeu I
Ala Ley Phe Thr the
A Leu val Vel Leu ! v 'Vul 1 Lev J
e MR AL Tye| | VO Lew | S ene
Leu Asp I Leu Teo Sly ’
Leu Gly i e | Ser Vol
Leu | Tle| |Tyr | Alg ILys !
Pro Met | | Lev | | Tyt Ao
. The, ] Tte Met ‘ v Pro Ser !
.o 1 ;
he i JG'Y The Ala Ala ] ° Vat| | Vo Asp!
Leu Giy . Thr ’ w Trp ! Leuw |
UGN | Ser | Leu ! 2ua Vol
Asp J v vol| |Ite e |Tle Gly | |Met ‘
Ata Tyr o Gly Trp ¢ | Ser Phe
Arg | Tre i ! Gl Leu
Alo - ileu The ! Val Gly| |Leu The
Trp - bl Lys h Arthe , G Ala Glu
yr ¥ Ile
Lpolle © _J LV{*,- | b’/yv e | lasn
Asn Tyr —Ser Ty, \Vﬂl —on—Lau,
Gin s
o w02
Gly
Gty

Lys =19 -24
Gly AlaLeu Leu ThrSer Gly LeulleValAlaGly LeuValLeulys Thr ArgAsn Met (N}

FIGURE 13. An expression fusion protein of BO containing 25 amino terminal amino acids.
mostly from the E. coli lipoprotein.

tively (top panel) the opsin from £. coli (pLBB plasmid) regencrates the chromophore
to an extent of 50-60%. This has led us to engineer the protein without an extra peptide
chain. However, we have been able to use the protein of FIGURE 13 to carry out a great
deal of mutagenesis with useful information on structure-function.

Expression of BO in E. coli with Inducible Phage Promoter (P1)
and as a “'Native" Protein

Karnik has tried a number of approaches to improve the expression of BO in the
absence of any extra peptide at the amino terminus, as discussed in the preceding
section. We show only one inducible promoter vector (F1G. 15). The construction
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'] 12800m}  Bgcterio-opsin

0 1% SDS

» Dimyristoyiphosphotigy! Choline

+ CHAPS {Cholate Derwvative!l |
Chromophore

(550nm)
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{380 nm)

ABSORBANCE
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FIGURE 14. Regeneration of BR-like chromophore from BO and from E. coli fusion protein
shown in Fi1G. 13.

EcoR[ Ciol _ xnol SO HndI  per Gin Al GIn Ue Tne Giy Arg
AATTCAGTCATATCGATCTCGAGAGGAGGTTTAAGCTT ATG CaA GCT cAA ATT ACT GGA CGT
A GTCAGTATAGCTAGAGCTCTCCTCCAAATTCGAN TAC 6TT CGA 6TT TAA TGA CC .

\

* Hmd‘]‘nm . -
ECDM - Py, EcoRl
BomHl \/
Pstl
pBR- BO/EB EcoR + Ps;l cleavage pPLC 2833

EcoRI

Py

FIGURE 15. An inducible expression vector for BO gene in E. coli (for details sce text).
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included a ribosomal binding site that was developed by Dr. E. Jay and colleagues at
the University of New Brunswick, Canada. Another crucial aspect was alterations of
the amino-ierminal codons by replacing some of the (:C codons by A:T codons {not
shown). The expression of the BO protein from this plasmid has been satisfactory. The
amuno terminal sequence beginning with Met-Gln---- has only the Met change from
pyroglutamic acid. Regeneration of the chromophore from this expression product has
been similar in rate and extent to that of BO from the purple membrane.

With the expression problem satisfactorily resolved, the next objective is that of
site-specific mutagenesis for the preparation of mutants.

Methods Used for Site-specific Mutagenesis

Four methods have been used in the work to date. The first involved the
introduction of amber mutations by the use of mutator strains, in particular. mutator D
strain of . coli. The major mutations characterized involved change of Trp codons te
UAG (amber) codons. A number of amino acids can then be substituted for cach one of
the amber codons by using suppressor tRNA strains. The second method used involved
the point mutagenesis method based on the use of an oligonucleotide primer that
contains a mismatch representing the nucleotide change(s! corresponding to the codon
change(s) desired. The most abundant changes by far were made by the third method,
which involved excising a restriction fragment and replacing it with synthetic
counterpart containing the desired nucleotide alierations. Essentially all of the codon
changes in helices F and G of BR were made this way. Finally small deletions were
made to test the role of the loops connecting helices 2 and 3 and helices S and 6. These
were made by opening the BR expression plasmid at specific restriction sites, digesting
the ends in a controlled fashion at the 3" termini by using exonuclease T, and then
rescaling the DNA. The total mutations carried out are shown in FIGURE 16,

—T\ Giu A0 Pro

Alg Glu
wj(“\' G Tre o Pro
“5' Sty A1 Ser Ger
e Phe A."f’) Ao
Phe :® = v
Lys Ala Glyasp
Va! -Arg
SﬂAvQL!u LEUL'QSGI
val The eV lie
val Leu
Vol [<]]
° lew ¥ (@
Tep «.~Gly
™ o e
¥r, g,
€1 G
Val Vo' Vai A
sg
o Led~ *
Loy vol
Lia Gly et
D e
- Iy Leu The
Ala T
Giy le
Jre Asn

\ L
Val - Pro - Leu

FIGURE 16. Point mutations and deletions carried out so far in the ditferent helices and loops in
bacterio-opsin gene. The circles around amino acids indicate amino acids changed. Lines drawn
behind runs of amino acids in two large loops show the regions deleted.
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c-terminus

Lys(172)
val (22TArg
eu g
A ;e’ LouAm
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val ey T el L - Leu (1)
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(31Ley ~—— -Vo'Pro v ‘Ser
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(2) Phe +~———|—190-1p" QP An. Ol
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e et
M Ale o |7 O Phe
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Gly| |Leu Thr
Ala Glu — t——— Asp (i)

ye‘f‘Y | Asrl\li T oo Leu (1)

\Vai-Pro-Ley’
200 (1) No change
(2) Spectral shift

(3) No chromophore

FIGURE 17. Effect of amino acid substitutions on bacterio-rhodopsin.

Effects of Amino Acid Substitutions on BR

The effects of many of the above mutations have been examined after expression of
the mutant genes in E. coli. The types of effects observed are shown in FIGURE 17.
Thus, three classes of mutations have been characterized so far. In class 1. no effect on
the folding and regencration of the chromophore is observed. In class [1. the spectrum
shows a shift. usually to the shorter wavelength. In class I1, no chromophore is formed.
We are now testing for the effects on proton pumping. Indeed, the immediate goal is to
screen for those mutations that have defects in proton pumping. In so doing. we hope
we can begin to see what path the proton takes in being translocated from the inside of
the cell to the outside. In addition. many opportunities are provided by mutations that
alter the spectrum (perturbation of retinal interactions) or do not allow the protein to
fold properly.

CONCLUDING REMARKS

Integral membrane proteins have so far proved to be fargely refractory to detailed
biochemical studies. This situation is rapidly changing however. This paper has
reported investigations that point in promising directions future studics at molecular
and mechanistic levels of two clearly important light-transducing proteins, rhodopsin
and bacteriorhodopsin. These proteins have similarities and vet important functional
differences. These can be summarized as follows: both are integral membrane proteins;
both use retinal aldehyde as the chromophore: in both cases. the first event after photon
capture is cis-trans isomerization: bacteriorhodopsin is a sclf-contained system for
proton transfocation. whercas rhodopsin, on photo-excitation. interacts with ¢ number
of proteins, and is subject to regulation (light, dark adaptation).
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We hope that the present approaches, which utilize recombinant DNA. membra-
nology. and protein chemistry, will be fruitful in providing a deeper undeistanding of
the molecular mechanisms of these proteins.
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Structure of Crown Gall Tumor
Metabolites

Chemical Mediators of Parasitism

HANS AARON BATES

Department of Chemistry
State University of New York at Stony Brook
Stony Brook, New York 11794

Opines and opalines are unusual amino acid metabolites produced by crown gall
tumors. Agrobacterium tumefaciens, the parasitic bacterium that incites crown gall
tumors, forces the dicotyledonous host plant to synthesize these compounds which it
utilizes as nutrients. Opines and opalines may be envisioned as conjugates of two amino
acids, joined at a common nitrogen. Biosynthetically they are derived via reductive
alkylation of an amino acid with a 2-oxocarboxylic acid. A segment of bacterial Ti
plasmid DNA that codes for the enzymes that synthesize these abnormal metabolites is
transferred to the plant cells. Plant cells that contain the transferred plasmid DNA
proliferate as an uncontrotled cancerous growth. The parasitic bacterium can catabol-
ize the same opinc or opaline that its Ti plasmid DNA forces the host plant to

NH

H,N/U\§1

NH /\/YCOZH
H?N)LN/\/YCO’H NH,
H NH ——
HOZC/\/kCOZH NH,
HOZC/\/kCOZH
FIGURE 1

synthesize. Accordingly these ab. ormal metabolites may be viewed as chemical
mediators of A. tumefaciens parasitism.

Previous investigators have generally determined the absolute configurations of
opines and opalines by unambiguously synthesizing all possible diastereomers, defined
with respect to absolute configuration at both chiral centers. We recently utilized this
approach to elucidate the absolute configurations in the opine histopine.’

We have now developed a simpler degradative method for assignment of absolute
configurations in opines and opalines. This method has been applied to nopaline. an
opaline originally isolated from crown gall tissue cultures derived from the cactus
Opuntia vulgaris infected by Agrobacterium tumefaciens.” Thus we have found that
oxidation of nopaline with aqueous potassium permanganate affords arginine and
glutamic acid in 60% and 30% yields, respectively.

289
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The absolute configurations of the arginine and glutamic acid fragments were
established simultancously and without isolation by liquid chromatography on u
reverse-phase column cluted with a chiral eluent consisting of (5)-proline and cupric
acetate.” Postcolumn derivatization with o-phthalaldehyde allowed sclective detection

of the two amino acids by fluorescence on a microgram scale. Thus oxidation of

nopaline produced (S)-arginine and (R)-glutamic acid. Since none of the enantiomeric
amino acids were formed, no racemization occurs during oxidation. Accordingly
nopatine has the structure shown in FIGURE |.* We anticipate that this method will find
considerable application in structure clucidation of opines. opalines, and related
natural products.
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Moadels for Planar Polyazamacrocyclic
Ligands for Alkali Metal Ions

THOMAS W. BELI. AND FRIEDA GUZZO

State University of New York at Stony Brook
Stony Brook, New York 11794-3400

Since Pedersen’s introduction of crown ethers,' there have been many attempts to
design and synthesize compounds whose ion affinities surpass those of the original
cyclic polyethers. Important work in this area includes that on cryptands’ and
spherands.” If we assume that the major interaction of oxygen or nitrogen ligands with
alkali metal jons is an ion/dipole attraction.* and consider the dipole moment of
dimethyl ether (1.30 D) compared to that of (methylimino)ymethane (1.53 D). it secems
reasonable to suggest hexaazal18)annulene as a parent for a new class of complexing
agents. Fusion of aromatic rings might afford even stronger complexing ability. the
dipole moment of pyridine being 2.10 D. The expected torus (doughnut) shaped
structure of such compounds suggests the name torands for this new family of planar
macrocyclic ligands.

We have conducted a model study of the torands. The macrocycele shown in FIGURE
1 has been reported in complexes with alkaline earth perchlorates and some transition
metals.® but is not known as the free ligand. We have found the potassium trifluoro-
methanesulfonate (triflate) complex can be prepared by reacting the strontium triflate
complex with potassium fluoride in refluxing acetonitrile (see Bell and Guzzo® for
synthesis and studies of the KCIO, complex). Recrystallization from acetronitrile/
benzene affords yellow needles in 74% yield.

In order 10 estimate the stability constant for the potassium complex. we have
performed a competition experiment that involves addition of 18-crown-6 t¢ a
DMSO-d, solution of the complex and monitoring by 'H NMR.” FIGURE 2 shows
changes in chemical shifts as 18-crown-6 is added. By this method we have estimated
the log of the stability constant for the potassium complex to be 4.1, an order of
magnitude greater than that for 18-crown-6 - KCF,SO, in the same solvent. We have
potentiometrically determined logK for the 18-crown-6 complex to be 3.20, which is in
agreement with the literature value for potassium perchlorate.”

The metal-frec macrocycle is now available by reaction of the potassium triflate
complex with excess 18-crown-6 (10 cquiv.) in acctonitrile. Yellow crystals were
obtained in 59% yield after recrystallization from pyridine/benzene. FIGURE 1 is an
approximate representation of the structure of our ligand as determined by single
crvstal X-ray diffraction. Crystal data are as follows: C, H3)N,, monoclinic. M
414.5 space group P2,/c,a = 12.7705,h - 15.0582, ¢ = 11.0874,3 = 109.7. V = 2007:
2404 reflections above background measured, 705 used;: R = 0.041. It may be seen
from FIGURE 1 that the macrocycle is not completely planar and two of the imine
nitrogen dipoles are pointed away from the cavity. In the complexes of this ligand. all
nitrogen donors should point towards the metal ion at the center of the cavity.® This
may imply that a change in conformation accompanies complexation. assuming that
the crystal structure represents the minimum energy conformation in solution.

We have discovered a potassium complex of a polyazamacrocycle that is stronger
than K* .« [8-crown-6 in DMSO. This result suggests that more rigid, planar torands
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will exhibit even greater stability constants, since no conformational change would be
required for complexation of potassium.

w ) —
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Role of Active Site Residues and Solvation
in RNase A

C. BROOKS Ii1% A. BRUNGER? M. FRANCL ?
K. HAYDOCK.? L. C. ALLEN.Y AND M. KARPLUS?

“Department of Chemistry
Harvard University
Cambridge, Massachuserts 02138

hDepar!mem of Chemistry
Princeton University
Princeton, New Jersey 08544

The molecular mechanism of catalysis by RNase A has been investigated using high
level ab initio moleculur orbital calculations in conjunction with molecular dynamics
simulations. Despite recent high-resolution X-ray and neutron diffraction studies on
RNase,"” the detailed reaction pathway, the roles of active site residues, protonation
states, and hydrogen bonding arrangements have remained unclear. His 12 had been
thought to be responsible for deprotonating O2' in order to form the 2'.3'-cyclic
phosphate intermediate, but the recent crystal structures show it to be hydrogen
bonding to an equatorial phosphate oxygen while Lys 41 H-bonds to 02’. However,
since the crystals were formed at low pH, both His 12 and His 119 are protonated. In
the active form of the enzyme (at neutral pH) His 12 is expected to be initially
unprotonated. We have found that when slightly rotated from its crystalfographic
position. a deprotonated His 12 can hydrogen bond to O2. Molecular dynamics
simulations of an RNase A /substrate complex with His 12 deprotonated are being
undertaken to check this possibility.

Ab initio calculations have been performed to examine further the roles of His 12
and Lys 41 in the deprotonation of O2". Using imidazole as a model for His. ammonium
for Lys, and either water or methanol for the O2" hydroxyl, we have calculated the
optimized geometry, total energy, and proton affinity (f.e.. the difference in energy
between a deprotonated and protonated molecule). The preferred protonation states
can then be ascertained by comparing the proton affinities of individual components
that hydrogen bond to each other (TABLE 1) in order to find the most probable position
of the shared proton. For example, since the proton affinity of imidazole (a) is only 240
kcal/mole whereas that of methanot (c) is 409 kcal/mole, if imidazole hydrogen bonds
to methanol the shared proton would prefer to stay on imidazole. The use of water
(b, d) rather than methanol as 2 model for 02’ proved too simplistic. This implies that,
without other contributing factors, His 12 could not deprotonate O2'. However, if an
ammonium fon representing Lys 41 H-bonds to O2’ (e), the proton affinity of 02" drops
considerably. If the geometry of the H;N-H . .. 02 —CH, complex is fully optimized.
the proton will transfer from N to 02 (f) and the proton affinity drops to 233
kcal/mole, 7 kcal below that of imidazole. Thus it appears that O2' can be deproton-
ated by His 12, but it is simultaneously reprotonated by Lys 41. However. we
hypothesize that the O2' reprotonation by Lys 41 does not occur tor two reasons. First,
the O2'-P bond will start to form as soon as 02’ starts to be deprotonated by His 12,
Second, as soon as His 12 is protonated it will prefer to H-bond to the negatively
charged equatorial O6 rather than to O2', thereby weakening P-O6 and strengthening

295




296 ANNALS NEW YORK ACADEMY OF SCIENCES

TABLE 1. Czlculated Proton Affuniics of Model Systems’

Proton Affinity

System o . _ (keal/Mole)
\ x A
Ay
(a) H—N N “—N: ®"N: —H 240
' ] ] L
o MY
b 02 —) H—02° 429
(b) o
e., H .
© 02, —> H—o02 409
CHy CHy

'.* !
@ NS
b H/'ll\l' H* “/l\“
(d) W2y M 285
O H—o2
A A"
" o
l P
+
(e)? W Dy WL 281
Hl :
: H—02’
"\cu, chy
" N
lo le
gt T A
(f) Wi ? i 233
o2’ H—02'
Hg Hg
-+ 0
20 M &
H—¢7® —>» H—C
(8) <5 NoH 364

°All values are based on total encrgies of fully optimized geometries (unless otherwise
indicated) at the 6-31G*/6-32G* level.
*The N-H1 bond length was held fixed at 1.034 A.
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FIGURE 1. The proposed catalytic mechanism of RNase A. In the first step of the reaction,
transphosphorylation, O2' is deprotonated by His 12, with assistance from Lys 41, while OS5’ is
protonated by His 119. The P-O2’ bond forms as the P-O5’ bond breaks, witha trigonal bipyramid
transition state. The protonated His 12 switches over to hydrogen bond to an equatorial oxygen, as
is found in the X-ray structures. Hydrolysis of the 2',3-cyclic intermediate occurs when the
R’-05'-H leaving group is replaced by a water molecule. The water molecule is deprontonated by
His 119, with the assistance of Asp 121. O2' is reprotonated by His 12, with another trigonal
bipyramid transition state leading to the 3'-phosphate product.
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P-O2'. We also note that although Lys 41 may enhance the deprotonation of O2 in the
transphosphorylation step, it would be expected to inhibit protonation during the
hydrolysis step. We have conducted molecular dynamic simulations which suggest that
Lys 41 n.ay at times deviate significantly from its observed crystallographic position in
which it H-bonds to O2'. This raises the possibility that this H-bond may not exist
during hydrolysis.

The formation of the cyclic intermediate also requires the protonation of O5’ by His
119. We have observed that Asp 121 interacts with this histidine, which would assist
hydrolysis but hinder transphosphorylation. Initial investigation of the protonation
state of this pair of residues has revealed that in the absence of solvation of Asp 121 (as
modeled by formate) proton transfer from His to Asp (g) would occur. We are in the
process of determining the number of additional H-bonds to Asp which are needed to
prevent this proton transfer and thus allow His 119 to protonate O5'.

By comparing the geometries and energies of the above interactions and others, we
have examined the validity of previously proposed mechanisms and constructed a
plausible reaction pathway for RNase A catalysis (as summarized in FIGURE 1).

REFERENCES

I. WLODAWER, A. & L. SJoLIN. 1983. Biochemistry 22: 2720-2728.
2. PETSKO, G. Personal communication.




Configurational Patterns among
Macrolide Antibiotics

W. D. CELMER?
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Pfizer Inc.
Groton, Connecticut 06340

Current models predictive of biogenetic uniformity among some 100 “classical”
macrolide antibiotics (typified by such historically and commercially important
examples as the methymycins, erythromycins, oleandomycins, and tylosins) have
evolved® from a number of earlier concepts.'”” These include indicators of order in the
biosynthesis of aglycones such as Gerzon's propionate rule, the Prelog-Djerassi
lactone, and Woodward's “"extra™ oxygen proviso. Moreover, Klyne's rule, first applied
to cardiac glycosides, continues to dictate a common absolute configuration for the
anomeric centers of sugar linkages in the classical macrolides (C-MACs).

In recent years, a growing number of unusual macrolactone antibiotics have been
reported that possess considerably different structures and exhibit a variety of
biological activities. Whereas C-MACs are associated exclusively with antibacterial
activity, members of the so-called “unusual™ class of macrolides (U-MACs) may
demonstrate one or more biological effects—antiparasitic, antiviral, anticancer, anti-
fungal, antiphytopathogenic, etc.—notably with or without antibacterial activity (see
Table 1 in Omura®). The sizes of the macrolactone moieties of C-MACs are presently
limited to 12-, 14-%, or 16-membered rings. On the other hand, the sizes of U-MACs
are more extensive, overlapping the classicals (14- and 16-) and extending to 18-, 20-,
and larger ring systems, particularly if viewed as primitive progenitors at stages prior
to subsequent formal ring-size reduction involving bridging reactions of sorts. Stereo-
chemically defined examples of U-MACs, some of which have been very recently
announced, include albocyclines.” hygrolidin,'” concanamycins,' avermectins,'>"* ven-
turicidins,'* nargenicins,"'® and cytovaricins.'® The diversity of complex “starter” and
fused ring systems that further characterize the unusual macrolides, discussed recently
by Omura et al.,' are beyond the scope of this paper.

Fischer projections of skeletonized versions of macrocyclic lactone moieties of
C-MACGs and U-MAC:s (cf. FIGURE 1) stress that all macrolides possess a D-absolute
configuration at the lactone terminus, with the exception of cytovaricin. Notably.
C-MACs are all unsubstituted at C(7), whereas most U-MACs possess an L-OH group
at C(7). Albocycline [D-OMe at C(7)] and nargenicin [C(7)-C(12) bridge] are
exceptional in this and other respects and are not portrayed along with other U-MACs
at this time.

Inspection of the published structures of the macrolactone moicties of hygrolidin
and conconamycin reveal constitutional/configurational identity following abstraction
of the C(9)-C(10) biosynthetic building block from the conconamycin nucleus. This is

9Present address: Medicinal Chemistry Advisory Service, Inc., 545 Pequot Avenue, New
London, CT 06320
Cf. Cane er al.,’ footnote 9.
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MACROLIDE ANTIBIOTICS
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akin, in principle, to the well-known relationship of methymycins and erythromycins
(cf. abstraction of the C(3)-C(4) unit from the latter).

A carbohydrate corollary of the macrolide configurational model,'** continues to
hold for some 25 p- and L-6-deoxyaldopyranoses found glycosidically bound in
classical and unusual macrolides in a common manner, such that all anomeric centers
possess the same absolute configuration in the a-L = $-D sense. This is in accord with
net inversion at C(1) during biosynthesis from a common a-D glucosyinucleotide
precursor. Predictable conformations prevail, i.e., a-L ('C,4) and 8-p (*C,) of FIGURE 2.
The extraordinary megosaminide moiety of megalomicin notably prefers the excep-
tional a-L-(*C,) conformation®®?' which, on the other hand, can be accommodated as
an unusual case within established energy principles. While Klyne’s rule applies, for
the most part, to giycosides in other classes of antibiotics, such as oligosaccharide
macrolactones, polyethers, and aminoglycosides. examples of exceptional a-D and 8-L
anomeric centers in the latter groups exist for reasons awaiting elucidation.
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Bioorganic Applications of Heteronuclear
Multiquantum Proton-detected
Spectroscopy”’

DAVID COWBURN

The Rockefeller University
New York, New York 10021

There has been interest recently in using proton NMR to determine indirectly the
chemical shifts of rare spin 1/2 nuclei that are scalar coupled to protons. For nuclei of
small gyromagnetic ratios, vys, indirect 'H detection schemes are particularly useful
because they provide up to a (v4/7vs) -fold theoretical enhancement in sensitivity over
direct detection of the rare spins. In addition, recycle times of these experiments are
usually shorter, since they are controlled by proton spin-lattice relaxation rates.

We have developed equipment' for application of these methods® to N, '*Cd.
and ""C NMR, and investigated several important areas of bioorganic applications.
including natural abundance N spectroscopy of small proteins." identification of the
nature and number of ligands to metals in metalloproteins.*® and sensitive determina-
tion of specific site of enrichment in metabolites.

Proton/"’N resonances from residues of the reactive site of the third domain of
turkey ovomucoid (a proteinase inhibitor) have been identified at natural abundance
for "*N. Proton/'"*Cd spectra show directly the multiple cysteine g protons of the
ligands of Cd in metallothionein, and in plastocyanin identify methionine. cysteine,
and histidine ligands, even though their coupling to the Cd atom is not evident in either
proton or Cd spectra by direct detection techniques. Proton/"*C spectra of interme-
diary metabolites can measure low levels of enrichment in samples smaller than 1 mg,
in accordance with the expectation that indirect detection should be about twenty
times more sensitive than direct ’C methods.
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Synthetic Approaches to Analogues of the
Vancomycin Family of Antibiotics

ANMDREW D. HAMILTON AND MICHAEL J. MANN

Department of Chemistry
Princeton University
Princeton, New Jersey 08544

Vancomycin is a heptapeptide. isolated from Strepromyces orientalis, that has
antibiotic activity against gram-positive bacteria. lts structure has been established by
NMR and X-ray techniques and is shown in FIGURE la. The antibiotic functions by
binding strongly to the p-Ala-D-Ala terminus of mucopeptides involved in bacterial cell
wall biosynthesis and preventing cross-linking. An active complex has been proposed in
which the heptapeptide forms six hydrogen bonds to the acylated b-Ala-D-Ala unit. As

ct
a OH (
0 " NH T,N“z
HN o}
oA %Z
NH,
OH 0
0 { o
HO
b

FIGURE 1

shown in FIGURE 1b, there is a change in the « »snformation of unbound vancomycin to

set up a semicircle of one ammonium and three amide groups that form four hydrogen

bonds to the carboxylate anion. Two further H-bonds bind to amide NH and CO on the

dipeptide substrate. The binding is strongly substrate- and sterco-specific. Competition

studies have shown that only minor changes in the nature of the substrate side chain

can be made without affecting binding. If either amino acid in the dipeptide fragment
08
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is changed to an L-configuration, no binding results. In a relatively small and
manageable molecule, vancomycin contains features of structure and function more
often found in large enzyme structures; thus, it provides a valuable model for protein
substrate interactions in general.

The right-hand ring of vancomycin contains three of the four H-bonding groups for
the carboxylate as well as the diphenylether hydrophobic pocket. Addition of a
protonated NH,-terminal residue and phenyl glycine carboxamide to this ring provides
five of the six sites of pD-Ala-D-Ala binding. It is thus reasonable to expect that an
isolated right-hand ring of FIGURE la would retain much of the substrate-binding
propertics of the complete antibiotic. Qur work involves the preparation of synthetic
analogues of this carboxylate binding region of vancomycin. These would be of interest
as: (1) potential antibiotics that function in the same way as vancomycin but without
its toxicity; and (2) new synthetic receptors for carboxylate anions that should lead to a
new range of selective anion hosts and potential catalysts.

The synthesis of the first analogue is shown in FIGURE 2. Either b or L-tyrosine can
be used in the sequence to provide enantiomeric analogues which should. eventually.
show opposite stereospecificity in substrate binding. The two key steps in the synthesis
involve diphenyl ether formation via nucleophilic attack on the dinitrotyrosine
derivative and subsequently ring closure using diphenylphosphoryl azide. This latter
step proceeds in relatively poor yield and other approaches are being investigated. The
two nitro groups serve to activate the ring towards nucleophilic attack and also as sites
for the future attachment of steric or catalytic groups.

A key structural proof for the formation of the ring is seen in the chemical shift of
the 2-proton on the benzylamine ring. This proton is constrained by the cyclic peptide
under the aromatic ring of the dinitrotyrosine residue, and thus is strongly shifted
upfield by the anisotropic ring current. In the synthetic analogue this proton is found at
5.85 ppm. In vancomycin it appears at 5.65 ppm and in the related ristocetin at 5.85

ppm.




Enzyme-generated Model for the
Reductive Acetylation of Lipoyl-E2 by E1
in the Pyruvate Dehydrogenase
Multienzyme Complex”

FRANK JORDAN, ZBIGNIEW H. KUDZIN, AND
DONALD 1J. KUO

Department of Chemistry
Rutgers University
Newark, New Jersey 07102

All thiamin diphosphate (TDP) dependent pyruvate decarboxylations proceed by
formation of a coenzyme-bound enamine (2-a-carbanion) intermediate. It was
previously shown in this laboratory that such an enzyme-bound enamine can be
detected on brewer’s yeast pyruvate decarboxylase' (PDC, EC 4.1.1.1) by employing
the conjugated a-keto acid (E)-4-(4-chlorophenyl)-2-oxo-3-butenoic acid (CPB), a
“suicide” type inactivator of the enzyme.? The enzyme-bound enamine produced a new
visible absorbance at 440 nm. The observation of such an intermediate has now proved
useful in developing a model for the first two steps of the reaction sequence catalyzed
by the pyruvate dehydrogenase multienzyme complex®

CH,COCO,H + TDP—E1 — CH,C(OH)—TDP—EI
enamine
?

CH,C(OH)—TDP—E! + lipoyl—E2 — CH3é—S—dihydrolipoyl‘E2 (2)

(hH

o
R_nﬁ(g . jN + Q[\ 375-385rm
WOR Q) o H ~¢,
2-ACYL TDP R"‘&@jﬁj
290 nm

EHAMINE  DTDPR
R"= Ch, CoMls, p-CICgH, CHCH

SCHEME 1. Mechanism of pyruvate-decarboxylase-generated model for the reductive acetyla-
tion of lipoyl-E2 of pyruvate dehydrogenase complex.

“This work was supported by NSF grant PCM 8217100, the Rutgers University Busch Fund,
and Hoffman-La Roche, Inc.
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SCHEME 2. Stepwise vs. concerted pathways for reductive acetylation of lipoyl-I2 by enamine-
El in the pyruvate dehydrogenase complex.

where E1 and E2 are the first and second enzymes of the multienzyme complex. The
model involved generating the enamine on PDC from CPB and PDC-TDP, corre-
sponding to (1), according to the appearance of the new absorbance at A,,, then
adding a disulfide 4,4-dithiodipyridine (DTDP), corresponding to (2), and identifying
the reacuon products. The model system outlined produced a new absorbance with A,
near 380 nm, with concomitant destruction of the A,, (enamine). Continuous
production of a new species with Ay could also be affected by mixing PDC with
pyruvic acid {or a-keto butyric acid) and DTDP.

By synthesis and spectroscopic structure determination it could be demonstrated
that the same Ay, could also be produced by reacting acetic (or propanoic) or
cinnamoic anhydride with 4-thioxopyridone and yielding

0
|

R—C —N<:>:S.

The best explanation of these observations is that the enamine is first oxidized to
2-acetylthiamin diphosphate, followed by deacetylation of this species by the nucleo-
philic nitrogen acceptor of the reduced species 4-thioxopyridone. Thus the presence of
the competing nucleophilic center allowed us to infer the presence of the 2-acetyl TDP
intermediate as shown in SCHEME 1.

These results suggest that (2) of the sequence of steps catalyzed by the pyruvate
dehydrogenase multienzyme complex also proceeds by a stepwise mechanism: oxida-
tion to 2-acetyl TDP, concomitant with reduction to dihydrolipoamide E2, followed by
transfer of the acetyl group from E1 to E2, i.e., pathway k;, k, in SCHEME 2.

Finally, we should emphasize that according to our recent model experiments
2-a-hydrexyethyl TDP is not the substrate for the oxidation by lipoyl-E2. All attempts
to oxidize 2-a-hydroxyethyl-3,4-dimethylthiazolium ion at a variety of electrodes or by
DTDP failed. This also suggests that the enamine is the central intermediate in all
thiamin-diphosphate-dependent enzymatic decarboxylations and very likely in the
condensations of sugar phosphates by enzymes such as transketolase as well.
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Synthesis and Stereochemical Analysis of
Chiral ['°0O, O, ¥O]Sulfate Esters

GORDON LOWE AND MARTIN J. PARRATT

Dyson Perrins Laboratory
O~ford University
Oxford, OX1 3QY, United Kingdom

Introduction

In order to determine the stereochemical course of chemical and enzyme-catalyzed
sulfuryl transfer reactions a general strategy for the synthesis and stereochemical
analysis of chiral ['*0, 'O, '*OJsulfate esters has been developed.'*

Synthesis of Chiral [0, 7O, *O]Sulfate Esters

The general strategy for the synthesis of chiral [0, 'O, *O]sulfate esters has
been used to synthesize (S.)- and (R,)-3(R)-butan-1-0l-3["*0, 'O, ®O]sulfate as
outlined in SCHEME 1.

Fourier Transform Infrared Spectroscopy

The isotope shift caused by O and ™O on the frequency of the symmetric and
antisymmetric >SQ, stretching modes of 2,2-dioxo-1,3.2-dioxathianes (six-membered
cyclic sulfate esters) is dependent on whether the heavy oxygen isotope is located in an
axial or equatorial site.?

The Mechanism of Cyclization of 3(R)-Butan-1-o0l-3-Sulfate

Cyclization of 3(R)-butan-1-ol-3["*O]sulfate with sulfuryl chloride gives three
isotopomeric species all containing 'O and with well-resolved symmetric and antisym-
metric >SO, stretching vibrations. Since all three isotopomers retained O (according
to mass spectral and *C NMR evidence), cyclization must occur by activating the
primary hydroxyl group.

Stereochemical Analysis of Enantiomeric Chiral ["°0, 0, "O|Sulfate Esters

If the isotopically labeled sites in (S,)- and (R,)-3(R)-butan-1-ol-
3["*0, 0, "*O)sulfate were fully enriched, cyclization of cach diastercoisomer with
sulfuryl chloride should give risc to three different isotopomeric 4(R)-methyl-
2,2-dioxa-1,3,2-dioxathianes that would be readily distinguished by FTIR. In practice,
since the 'O site is not fully enriched and contains '*Q anrd '*O, nine isotopomeric '
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FIGURE 1a. The FTIR spectra (with deconvolution) showing the symmetric and antisymmetric
>80, stretching frequencies of the isotopomeric mixture obtained by cyclizing (S,)-3(R)-
butan-1-0l-3["0, 70, *Olsulfate. © = "O: @ = *0: 0 - 0 + *0:® - 0 + "0 + "0.
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FIGURE 1b. The FTIR spectra (with deconvolution) showing the symmetric and antisymmetric
>80, stretching frequencies of the isotopomeric mixture obtained by cyclizing (R,)-3(R)-
butan-1-0l-3{'*0, 70, "*O]sulfate with sulfuryl chloride. The scaleis inem™'. O = VO @ = "*O:
o ="0 + "*0;@ - "0 + "0 + 0.
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species should be formed for each diastercoisomer. However, only six peaks are
observed since isotope in the C—O—S bond does not affect the SO, stretching
frequencies. The symmetric and antisymmetric >SO, stretching regions of the FTIR
spectra of (S,)- and (R,)-3(R)-butan-1-0l-3{'*0, "0, "*O]sulfate after cycli-ation
with sulfuryl chloride are shown in FIGURE 1 ard are clearly distinguishable. Analysis
of the spectra reveals, as expected from the mechanism, that cyclization proceeds with
retention of configuration at sulfur.
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SCHEME 1. The synthesis of (S,)- and (R,)-3(R)-butan-1-0l-3["°0. "0, "*O}sulfate. 0 - "0O:
® - 0. Reagents: (i) $"*0Cl,, C.H(N: (ii) Ru"’0,; (iif) NH,, McOH: (iv) NaNO,, aq. AcOH

[SF Yo
g
o
v
PR
[ ¥=Ye]

pd

(@]

sl s
00 0

(=X

The stereochemical course of both chemical and enzyme-catalyzed sulfuryl
transfer reactions are being investigated by these methods.
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Studies with Folate Models

U. K. PANDIT, A. R. STOIT, H. BIERAUGEL,
P. F. C. VAN DER MELJ, AND E. R. DE WAARD

Organic Chemistry Laboratory
University of Amsterdam
1018 WS Amsterdam, The Netherlands

N(1)L.NQ3)-Unsymmetricaily substituted imidazolidine and hexahydropyrimidine
derivatives can be regarded as models of N(5),N(10)-methylenctetrahydrofolate
coenzyme. Models bearing a substituent (R) at the C(2) position transfer the
corresponding —CH(R)— fragment with facility to a wide variety of nucleophiles
(FIGURE 1). This transfer reaction methodology has been utilized for the synthesis of
indole and isoquinoline derivatives related to a number of alkaloids. The results of
these synthetic studies are presented in FIGURE 1B.

Suitable N(5).N(10)-methylenetetrahydrofolate models have been emploved for
the study of a chemical model for the thymidylate synthetase reaction. In the presence
of acid the models react with 6-aminouracil derivatives to give products that mimic the
carbon-transfer step of the thymidylate-synthetase-catalyzed conversion of dUMP —

dTMP (FIGURE LA).
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Functionalized Crown Ethers as an
Approach to the Enzyme Model for the
Synthesis of Peptides

SHIGEK! SASAKI, MITSUHIKO SHIONOYA,
HISAAKI CHAKIL AND KENJI KOGA

Faculty of Pharmaceutical Sciences
University of Tokyo
Hongo, Bunkyo-ku, Tokyo 113, Japan

As an approach to the enzyme model for bimolecular synthetic reactions, novel crown
ethers (1-5) were designed for the synthesis of peptides based on the general concept of
enzyme catalysis,' in which the reactive enzyme-substrate covalent intermediate
(E-S)) is formed from the noncovalent complex (E---S,), and then reacts with the
second substrate (S,) to give the product (S,-S,) (FIGURE 1).

The strategy of the present method has the following three fundamental processes.
(1) Crown ether (6), with one free thiol and one thioester with N-protected a-amino
acid or peptide, catches «-amino acid p-nitrophenyl ester salt (7) by forming complex
(8), followed by intracomplex thiolysis®* to give dithioester (9). (2) Intramolecular
aminoiysis of (9) forms peptide bond to give (10), with onc regenerated free thiol and
one thioester with N-protected peptide. (3) Repetition of the above two processes
clongates the peptide chain (FIGURE 2).

Optically pure crown ethers (1-5) were synthesized starting from L(+ )-tartaric
acid.

Intracomplex thiolysis was performed by using 0.05 M cach of crown ether and
«-amino acid p-nitrophenyl ester hydrobromide in pyridine at room temperature (0.5
h). Rate enhancement in this thiolysis is expected from the previous result.””*
Intramolecular aminolysis was performed by using 0.005 M crown ether, 0.15 M each
of triethylamine and pivalic acid in benzene or benzene-cthyl acetate at room
temperature (10 h to 3 days). Preliminary studies by model compounds have shown
that this intramolecular aminolysis via large-membered transition state occurs at an
enhanced rate compared with the corresponding intermolecular reaction. The product
(Z-peptide methyl ester) was obtained by alcoholysis (sodium carbonate in methanol)
followed by purification. Tripeptide derivative (Z-Gly-Ala-Leu-OMe) and tetrapep-

N
— o) (o
(O b0 O SH R):(')/\ /\OTX»SH Hs—xIO Oj/x—SH
O~ CH O SH H$-XT0 O R R i/o 0" R
i/o\) 2({—/\—/ '\/O\) \/‘
R=CH20/’W
! 2 X=CHgy CH30N 3 X=CHp
L X =CHy0CHCH,y 5 X = CHyQCHCH,
FIGURE 1
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FIGURE 2

tide derivative (Z-Gly-Ala-Leu-Ala-OMe) were successfully synthesized by this
method.

It is also recognized that the addition of NaSCN (3 equivalents to the crown ether)
into the reaction mixture of intramolecular aminolysis exhibits strong effects, resulting
in complete inhibition of the reaction using (3), with some acceleration of that using (2).
This result indicates the importance of conformation of the crown ether ring during the
reaction, and shows the possibility of controlling the reaction by metal cation.

Crown ethers prepared in the present study may be regurded as artificial enzyme
mimics in the sense that they have a single binding site (18 crown-6 moiety for primary
ammonium ion or metal cation), two reaction sites (two thiol groups for two
substrates), and can be recycled.®
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Molecular Recognition by Cyclic Urea
Mimetics of a-Chymotrypsin“

CAROL A. VENANZI AND JEFFREY D. BUNCE

Department of Chemical Engineering and Chemistry
New Jersey Institute of Technology
Newark, New Jersey 07102

In an attempt to elucidate the molecular basis of enzyme catalysis, much effort has
been directed to the experimental design of compounds that mimic the substrate
specificity and rate acceleration of the serine proteases. Because of substantial
synthetic difticulties, the existing mimetics fack the full triad of catalytic residues and
so model only part of the hydrolysis mechanism of a-chymotrypsin. Our work aims at
construction of the full catalytic structure of the artificial enzymes through computer
modeling and at comparison of molecular interactions within the enzyme-substrate
complex for both natural and artificial enzymes.

Our preliminary work' investigated the degree of structural preorganization and
clectrostatic complementarity for substrate binding exhibited by a cation-binding
precursor. structure 7 of ref. 2, of a cyclic urea mimetic, structure 3 of ref. 3, of
chymotrypsin. In this paper, we study these properties for the cyclic urea compound’
found 10 mimic a-chymotrypsin in accelerating the rate of acyl transfer from
substrates. This mimetic differs from the precursor chiefly in the addition of an
m-methylenchydroxy phenyl substituent to an anisole ring of the macrocyele: it is this
substituent which mimies the action of the serine 195 in a-chymotrypsin.

The methodology has been described in detail.! We investigate the degree of
conformational change upon substrate binding by using molecular mechanics to
calculate the structures of the uncomplexed and complexed artificial enzyme. We find
that the macrocycele of the mimetic undergoes very little conformational change upon
complexation with the t-alanyl p-nitrophenyl ester cation: the average change in
position of the cvche urea nitrogens and oxygens and methoxy group oxygens that line
the macrocyclic cavity is less than 1 A. The oxygen of the m-methylenchydroxy phenyi
substituent moves 3.6 A from its position in the “native™ structure to that in the
complex. In the complex. this oxygen is found to be 3.5 A from the carbonyi carbon of
the substrate in position for nucleophilic attack.

We investigate the electrostatic complementarity of the cvelic urea ensyme
mimetic for its substrate by calculating the molecular electrostatic potential patterns
of the complexing partners. FIGURES 1 and 2 show the electrostatic potential patterns
caleulated inthe z - 2 A plane for the enzyme mimetic and substrate. respectively.
Comparison of the figures shows that the enzyme mimetic provides an ¢lectron-rich
cation binding site in the center of the macrocycle (indicated by large negative values
of the potential) which is complemented by the large positive potential of the
ammonium group of the substrate which binds in the pocket.

“CAV acknowledges support from the National Science Foundation (grant CPE 8404361y,
the Petroleum Research Foundation of the American Chemical Society (grant 15665 GB4), and
a generous grant of comnuter time and graphics equipment from the State of New Jersey.
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FICURE 1. The electrostatic potential pattern of the cyclic urea mimetic of «w-chymotrypsin
caleulated in the - 2 A plane. The molecule is oriented so that its anisole oxyvgens are in the
2 - O plane. The coordinate are taken from the enzyme mimetic-substrate complex caleulated by
molecular mechanics. In this orientation, the oxygen atom of the m-methylenchydroxy substi-
tuent is found at - 3.7 A (in the lower left-hand corner of the fisure) and the coordinates of
the substrate mie between = 1.2and 5.5 A, The electrostatic potential is caleuluted as the
Coulombic interaction between a positive point charge in the plane and the static charge
distribution of tae molecule modeled by atomic point charges positioned at the nuclei. as
described in ref. 1. Equi-encrgy contours are given in units of keal/mole.

FIGURE 2. The clectrostatic potential of the 1.-alanyl p-nitrophenyl ester cation substrate of the
artificial enzyme in FIGURE . The electrostatic potential is caleulated in the - 2 A plane. The
coordinates are taken from the enzyme mimetic-substrate complex, oriented as described in
FiGgere 1L In this orientation, the nitrogen of the ammonium group is tfound at = 2 Al the
carbonyl carbon s at o 3.3 A, and the nitrogen of the nitro group is at - 45 X
Equi-energy contours iire given in units of keal/mole.
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Work is now in progress to determine the effect on these molecular interactions of
inclusion of a full triad of catalytic substitucnts on the macrocyclic ring.
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Selective Reductive Cleavage of a
Threonine Peptide Bond in
Polymyxin Antibiotics

JAY WEINSTEIN AND ADRIANO AFONSO

Schering-Plough Corporation
Bloomfield, New Jersey 07003

The art of synthetic organic chemistry allows for the design of chemical reactions that
rival the specificity of enzyme catalysis. Cyanogen bromide cleavage of methionine
residues, hydroxylamine cleavages between asparagine, and glycine peptidy! bonds are
only a few of the reported chemical procedures that break peptide bonds in a precise
fashion.'

In contrast with the numerous known reductions of amides to amines using hydride
reagents.” ® few reductive cleavage methods exist for peptide bonds. LiBH," is reported
10 cleave dipeptides reductively. Li/CH;NH,® or LiAlH,® followed by NaBH, is also
used to cleave peptides reductively precisely at proline residues. with some overreac-
tions. In the case of sclectively breaking a peptide bond we report herein the following
evidence of a threconine-hydroxyl-assisted reductive cleavage in polymyxin antibio-
tics.?

Thus, polymyxin B, B,'? sulfate (1) is N-protected [O(CO,CMe,),/Et;N/ McOH]
to give per-/V-Boc polymyxin BB, (2). Upon treatment with cxcess NaBH,/
isopropanol or THF at 20°C for 48 h, this compound gives the ninhvdrin ncgative
alcohof (31, 407 FABMS mi/e 446,432 [M + 1] - B,B,, and aminc (4). 45%, FABMS
m/e 1262 [M + 1} -, [«]§* = 58.9 (MeOH) as the primary isolated products
(FIGURES 1 and 2)."

We postulate that the reductive cleavage of (2) into fragments (3) and (4) procceds
via an alkoxyborohydride intermediate (2a) which is formed by reaction of NaBH, at
the more available threonine in (2); the reaction fails when the hvdroxyls in (2) arc
protected as tetrahydropyranyl ethers. In Veratrum alkaloid chemistry support exists
for such un alkoxyborohydride species that reduces a ketone intramolecularly to an
alcohol.' However, to our knowledge this approach 1o redvetively cleaving a peptide
bond is unknown.

Cyclic heptapeptide (4), after deprotection (HCI/HOAc/20°C). gave
[} = 55(H,0) (4a) which upon hydrolysis (6 HC1/110°C/48h) gives amino acids
Dab, Phe, Leu and Thr. Alcohol (3) undergoes the same hydrolysis to give a new
ninhydrin-positive spot, presumably 2S5-amino-3R-hydroxybutanol together with Dab.
Alcohol (3) is also deprotected (HCI/HOAc¢/20°C) to give (3a) (ninhydrin positive),
m/e 345, 331 [M] . B,B, mixturc: (3a) was acetylated (Ac,0/ McOH) 1o give
ninhydrin-negative (3b) m/c 387, 373 [M] " . B, B, which failed to react with diazome-

“This reaction was observed while we were engaged in a chemical modification program on
polymyxin antibiotics. It should be noted that although polymyxin B, B, mixture was used for
chemical reactions, the structure appearing in this paper is polymyxin B,.
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FIGURE 1

thane. This acetylated product (3b) was per-N.0-methylated (NaH/DMSO/CH,1) to
give (3¢), m/e 457, 443, (M]*. B,B,.

The cyclic heptapeptide (4) was acylated and then deprotected (HCl/HOAC) to
give novel polymyxin analogues (4b) and (4e). In vitro MIC (ug/mi. 24 h Mueller-
Hinton broth) testing revealed (4c) to be equally active as (1), whereas (4a) and (4b)
were only slightly active. The complete uscfulness of this novel reaction needs further
investigation.

HE 3
3
3 ReBoc, R'=R"=H 4 R'sH, R=Boc
3 Rer'er"eH a4 R'oret
3 ReR®,=H, R'=CHyCO ab R'CH,CO, ReH-HCL
3¢ ReRt®=CHy, R'=CHyCO & R°=12-acetoxy-

deaxycholoyl, ReM-HCL
FIGURE 2
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Several Polynucleotide-modifying Enzymes
Are Active on the A Conformation

SEHYOON YOU, HAI-YOUNG WU, AND
MICHAEL J. BEHE

Department of Chemistry
Queens College
City University of New York
Flushing, New York {1367

In recent years it has been shown that polynucleotides have great conformational
flexibility. Therefore it is important to consider what structure of the polymer is being
acted upon by various enzymes. Recently Frederick e al.' have secn that the DNA
flanking the enzyme recognition site in an EcoRI-oligonucleotide cocrystal is in an
A-like conformation. A possibility raised by this is that the enzyme induces the DNA it
binds to in vivo into the A form. Because this would involve a physiological occurrence
for A-DNA. we have investigated the ability of the mixed ribo-deoxyribo copolymer
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FIGURE 1

poly(rG-dC) . poly(rG-dC), which is in the A conformation at moderate salt

concentrations, to act as a substrate for various enzymes, and compared the results to

those using poly(dG-dC) - poly (dG-dC) as a substrate. Unlike the Z form.>? it is scen

that the A form is a substrate for Hhal and Hhal methylasc. Hhal can digest the A

form polymer at about one-fifth the rate that it digests B form poly(dG-dC) -

poly(dG-dC). However, Hhal methylase actually methylates A form poly(rG-dC) -
324
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poly(rG-dC) about three times faster than B form poly(dG-dC) . poly(dG-dC)
(FIGURE 1),

What do thesc results imply about the conformational state of other substrates of
the enzymes that work on the A and the B conformations? It seems to us that there are
two possible explanations. The first is that A-DNA is the substrate of these enzymes,
but that the 2’-OH on the guanosines of our model polymer slows the action of the
enzymes down to about that for the unfavorable B conformation. The second
possibility is that the enzyme-bound substrate conformation is somewhere between the
solution B and A forms so that, fortuitously, the binding of B or A form polymers is
equally productive.
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