UNCLASSIFIED

AD NUMBER

ADB092850

LIMITATION CHANGES

TO:

Approved for public release; distribution is
unlimted.

FROM:

Distribution authorized to U S. Gov't. agencies
and their contractors;

Adm ni strative/ Qperational Use; 27 NOV 1984,

O her requests shall be referred to U S. Arny
Medi cal Research and Devel opnent Conmand, Attn:
SGRD- RMS, Fort Detrick, MD 21701-5012.

AUTHORITY

USAMRDC | tr dtd 11 May 1993

THISPAGE ISUNCLASSIFIED




el g o2 il At b i A AT Pyl - BB sl b o i At et Spl S S Ct ol B e R
1"

[N

-
-

AD

CHARACTERIZATION BY NMR AND FLUORESCENCE SPECTROSCOPY OF
DIFFERENCES IN THE CONFORMATION OF NON-AGED AND AGED
ORGANOPHOSPHORYL CONJUGATES OF AChE

o

Ty

o0 Annual Summary Report

N

(o)) Y, ASHANI;

| 8 I. SILMAN
| :
‘:: September 10, 1984
Supported by
q Israel Institute for and The Weizmgnn Institute
Biological Research of Science™, Rehovot 76100

_ P.O. Box 19, Ness-Ziona 70450 ISRAEL
7 ISRAEL

Grant No. DAMD17-83-G-9548

TR

Distribution limited to US Government agencies and their contrac-
tors: Administrative/Operational Use, November 27, 1984.
Other requests for this document shall be referred to Commander, US Army

Medical Research and Development Command, ATITN: SGRD-RMS, Fort Detrick,
Frederick, MD 21701-5012.

The findings in this report are not to be construed as an official
Department of the Army position unless so designated by other authorized

documents. DTIC%{

ELECTE
JUL3 W85 ;

OTIC FILE COPY

85 06 25 131




" ) Pr— v L, SR B AR Sl e il i i B Pt Sk Tl e’
A e et % a o e A L R R A T Fe s F i Sn e s ! astianta B F o R it CR i im T S AR RN o Wi Lo S i s 0 L al R

i

SECSRITY ZUASSIFICATICN OF THIS FACE When Dele Entered)

A 1 = . 2 ag
‘-. REPORT DOCUMENTATION PAGE BEF’;,%‘EDC%,_S,;EE%_,;E"FSORM
3 [1. REPORT NUMBER x 2. GOVT ACCESSION NOJ| 3. RECIPIENT'S CATALOG RUMBER
L b , 3
’\- b Sy e e & L 2
ol 4. TITLE (and Subtitie) S. TYPE OF REPORT & PERIOO COVEREOD

CHARACTERIZATION BY NMR AND FLUORESCENCE SPECTROSCOPY | Annual Summary Report .
-~ OF DIFFERENCES IN‘THE CONFORMATION OF NON-AGED AND 1 September 1983 - 31 Aug.1984
N AGED ORGANOPHOSPHORYL CONJUGATES OF AChE ! €. PERFORMING ORG. REPORT NUMBEN
: 7. AUTHOR(S) i 3 , - CONTRACT OR GRANT NUMUER(e)
55 4 :
AN ¥. Ashani and I. Silman DAMD 17-83-G-9548
F : S. PERFORMING ORGANIZATION NAME An6 AOORESS 10. PROGRAM :L.zu:n'rfnnm:c'rlnsx

Israel Institute for Biolpgigal Research, P.0.Box 19, :;Eﬁ;;;onKu"'T“u“BE"s

Ness-Ziona 70450, Israel, and the Weizmann Institute

: 3M161102BS10
of Science, Rehovot 76100, Israel EF 477
1. CONTROLLING OF FICE NAME ANO AOORESS 12. REPORT OATE
US Army Medical Research and Developmental Command, September 10, 1984
Fort Detrick ‘ ' 3. NU“ggﬂo'"'GES

Frederick, Md 21701-5012
4. MONITORING AGENCY NAME & AODRESS(/! different from Controtlitng Qitice) 15, SECURITY CLASS. (of thte report)

15a.' OECL ASSIFICATION/ DOWNGRAOING
SCNEQULE

6. DISTRIBUTION STATEMENT (of this Repors)

i

Distribution limited to US Government agencies and their contractors;

. Administrative/Operational Use, November 27, 1984. Other requests for this document
shall be referred to Commander, US Army Medical Research and Development Command,
ATTN: SGRD-RMS, Fort Detrick, Frederick, MD 21701-5012.

17. DISTRIBUTION STATEMENT (of the ebeirect entered in Block 20, ! dilterent from Report)

18. SUPPLEMENTARY NOTES

19. KEY WOROS (Continue on reverse side il necessary and Identily by block number)

Organophosphate, Chymotrypsin, Inhibition, Reactivation, Aging, 3]'P-mnr spectroscopy,
Fluorescence spectroscopy., Pyrenebuty;l label, CD, CPL. i

\_ 2 ABSTRACT (Centinue an reverse ofde ([ nrecoeeary aad (dentlly by blotk number)

The objective of this project is to characterize, by nmr and by fluorescence

a spectroscopy, differences in the conformations of non-aged and aged organophosphoryl
conjugates of acetylcholinesterase (AChE) and chymotrypsin (Cht). In the present
study, O-l-pyrenebutyl O~-ethylphosphoroflucridate (PBEPF) and O-l-pyrenebutyl phos-
phorodichloridate (PBPDC) were used to obtain the non-aged and aged conjugates of
Cht respectively. ?jP—nmr spectroscopy and reactivation studies support the hypo-
thesis that the aged form, pyrenebutyl-0-P(0) (CH)Cht, contains a P-(:(I:Jl fu.nction\

[l ."l..bl‘ .
B Se e e,

et el e

e Sd !
DD %97 . 1473 €oimon oF | NOV 65 1S 0BSOLETE Yy, i
1 JAM T3 g Y

FIGURE 2

o
. “- e T &
- &

A
o el




A o B ’ A
AR S AR T R B EEPOG S SRR LS P R DR

SECUMTY CLASSIFICATION OF THIS PAGE(When Dete Entored)

4

a €
i ;hgniﬂcmjxt conformational differences between the aged conjugate and the non-aged
conjugate, pyrenebutyl-0-P(0) (oc"zn@cht, were indicated by the optical spectroscopic
results (steady-state and time-resolved fluorescence, circular dichroism (CD) and .
circularly polarized luminiscence (CPL) measurements). The interaction of the fluo-
rophore with the protein backbone appears tc be stronger for the aged conjugate than
for the non-aged phosphorylated enzyme. Two ‘conclusions have been derived so far:

A d) ‘The dihalide organcphosphates eniployed are suitable for preparing aged
organcphosphoryl conjugates of Cht (and presumably of other serine hydrolases) which
can be compared with the corresponding non-aged conjugates. :

b) The spectroscopic data provide a partial interpretation for the known resis-
tance of aged conjugates to reactivation. ' =
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SUMMARY

The objective of this project is to characterize, by nmr and by fluores-
cence speotroscopy, differences in the conformations of non-aged and
aged organophosphoryl conjugates of acetylcholinesterase (AChE) and chy-
motrypsin (Cht). In the present study, O-l1-pyrenebutyl O-ethylphospho-
rofluoridate “(PBEPF) and- 0-1-pyrenebutv1 phosphorodichloridate (PBPDC)
were uifd to obtain, respectively, the non-aged and aged conjugates of
Cht. P-nmr spectroscopy and reactivation studies support the hypothe-
sis that the aged form, pyrenebutyl-0-P(0)(OH)Cht, contains a P=0" funec-
tion. Significant conformational differences between the aged conjugate
and the non-aged conjugate, pyrenebutyl-O-P(O)(OC H.)Cht, were indicated
by the optical spectroscopic results (steady-sfafe and time-resolved
fluorescence, circular dichroism (CD) and circularly polarized lumines-
cence (CPL) measurements). The interaction of the fluorophore with the
protein backbone appears to be stronger ‘for the aged conjugate than for
the non-aged phosphorylated enzyme. - Two conclusions have been derived
so far:

. @8. The dihalide organosphosphates employed are suitable for prepar-
ing aged organophosphoryl conjugates of Cht (and presumably of other
serine hydrolases) which can be compared with the corresponding non-aged
conjugates,

b. The spectroscopic data provide a partial interpretation for the
known rgsi;tance of}aged conjugates to reactivation. ,
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.Citations of commercial organizations and trade nemes in this
report do not constitute an official Department of the Army endorsement
or approval of the products or services of these organizations.

This work has been conducted with the collaboration of: G. Amitai,
A.C.M. Van Der Drift, J. Grunwald, E., Haas, Y., Segall, N, Steinberg and
D. Wysbort, ) , g
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OBJECTIVES

1. General
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.The objective of this study is to characterize by nmr and fluores-
cence spectroscopy differences in the conformation of non-aged and aged
organophosphoryl (OP) conjugates of acetylcholinesterase (AChE) and chy-
motrypsin (Cht), which might help to explain the unexpected resistance
of the aged forms to commonly used reactivators. P

i

2. Studies with Cht

,During the period covered by this report (September 1983-August %
1984) the principal lines of research were as follows: T
y8. Preparation of stoichiometric fluorescent and non-fluorescent adogs
.aged and non-aged OP conjugates of Cht. LAY

b. Characterization of the fluorescent and non-fluorescent OP con-
- Jugates by nmr spectroscopy.. :

c. Characterization of the pyrene-containing OP conjugates of Cht
by fluorescence spectroscopy.

It was assumed that the hmr spectroscopy of the OP-Cht conjugates
would permit us to elucidate the substituents attached -to the P atom in p
the aged and non-aged conjugates produced by the di- and monohalides,
respectively. Furthermore, optical spectroscopy would permit us to s
detect putative conformational differences between the two conjugates 4

=
: which might explain the resistance of the aged conjugate to reactivation a3
! relative to the corresponding non-aged conjugate (for details, see Tech- AT
! nical Approach section). s

f . BACKGROUND

In our original proposal, we envisaged studying the aging process
in OP conjugates of Cht in parallel to OP conjugates of AChE, since Cht
is a well-characterized enzyme whose sequence and 3-dimensional struc-
ture have been fully worked out. Furthermore, it is commercially avail=-
able in highly purified form in large quantities, allowing preparation
{ of OP-Cht conjugates at millimolm§1concentrations. This permits not
f only fluorescence studies but also P-nmr spectroscopy. Such data can
. thus be meaningfully correlated with the structural data, hopefully
i leading to detailed understanding of the aging process at the molecular
i level.

Irrespective of the mechanism of aging, it is usually accepted that
the common denominator is the net loss of an alkyl or alkoxy group from
the enzyme-bound OP moiety. This loss is depicted in scheme I. This
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scheme implies that aging is associated with the introduction of a for-
mal negative charge into the active site of the inhibited enzyme.

EE + XP(O)R(OR') — 2> E-R(Q)R(OR') —R-» E-P(0)R(07)

S LTS P P v
.
-3

o

inhibifed enzyme  aged enzyme

where: R.- alkyl, aryl, alkyloxy or aryloxy
R'= alkyl, aryl !
X = F~, C17, p-nitrophenol, dialkylaminoethanethiol.

s =K [ B

Scheme I

The observation that phosphoric ester dihalides of the general for-
mula (RO)POC1., immediately produce a non-reactivatable enzyme and there-
fore presumab iy an aged enzyme (1,2) substantiates the hypothesis that
aging involves formation of a negatively charged oxygen atom at the
active site. {

e e G
-l

-
£l

RE - o

Nevertheless, no direct evidence was reported, until the activation
g of this project in 1983, to confirm the presence of P-0" in the active
& site of the aged form of the OP conjugate-of any serine hydg lase. Only

B recently, Van der Drift (3) demonstrated, by comparative P-nmr spec-
i troscopy, the presence of P-0" in the aged conjugate of Cht that had
been inhibited by diisopropylfluorophosphate (DFP).

LS

Aot

In view of the above, it was envisaged that by performing nmr spec-
troscopy in parallel to fluorescence measurements of the same batch of
the OP-Cht conjugates, we might achieve the following:

3
-"

v

w, B
A
SO
o
*

Substantiate the hypothesis that ‘phosphoric acid derivatives of
mono- and dihalide esters should provide the corresponding non-
aged and aged conjugates, respectively.

P o e ¢

;{ b. Permit a parallel study of OP conjugates of Cht and AChE with
*ﬁ respect to the aging process, by employing the same alkyl halide
o phosphates for the inhibition of both enzymes.

¢. Provide direct evidence concerning the nature of the substit-
, uents attached to the P atom in the non-aged and aged conjugates
of Cht obtained by employing alkyl halide phosphate inhibitors.

-
]

L b OO

d. Provide evidence by optical spectroscopy for putative conforma-
,j % tional differences between aged and non-aged fluorescent OP con-
E, Jugates of Cht, which might explain the resistance of the aged
i~ .conjugates to reactivation.
E

Validate the applicability of mono- and dihalide phosphates as a
general preparative approach for the introduction of different

o

|
.’l 1)
s %

g S
PO
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X fluorophores in or near the active site of non-aged and aged
% , conjugates of AChE.

Fluorescent probes are used to investigate parameters such as envi-
ronment, conformation, shape, rotational freedom and proximity of sites
on macromolecules, In our studies we decided to use pyrene as the
fluorescent probe (see Fig. 1 for detailed structure). This fluorophore
has proved valuable due to its excitation wavelength being well-sepa-
rated from the protein absorption band, due to its high quantum yield
and its long radiative lifetime (4). In our comparative studies on aged
and non-aged conjugates: of AChE containing this fluorophore, we were
able to take advantage of these properties in several ways.

a. We have utilized fluorescence decay measurements so as to show
that differences in relative quantum yield between aged and non-
aged conjugates may be ascribed to dynamic quenching (2).

b. We have been able, using time-resolved anisotropy, tc show that

" there is little overall difference in the shape of the protein
molecule in the aged and non-aged conjugates, although the
.peripheral site ligand propidium may induce shape changes in
both conjugates (unpublished results).

.c. Utilizing circularly polarized luminescence, we have been able

., to clearly demonstrate a change in the environment of the pyrene
in the active site of both aged and non-aged conjugates induced
by propidium (S)

d. Using collisional quenching, by external quenching agents, we"
have been able to demonstrate reduced accessibility of the
pyrene chromophore to an external quencher in the aged conju-
gates relative to the non-aged conjugates (2).

Thus, in view of the above, we used compounds 1-3 (see below) to
obtain the aged and non-aged OP conjugates of o(-Cht containing the
pyrene .fluorophore.




TECHNICAL APPROACH

1. Preparation of conjugates

In order to obtain the non-aged and aged analogues of Cht, we stud-
ied the kinetics of inhibition of Cht with the following organophosp-
hates, and then prepared the .corresponding purified stoichiometric con-

jugates:
RO-P (0) (Y) (X)
cpd name R Y7 X Source or method
i ) ¥ of preparation
1 PBEPF Pyrenebutyl 0C2H5 , F o (2)
2 = PBEPC Pyrenebutyl o'czn5 SE (2)
3 PBPDC Pyrenebutyl C1 @ (2)
4 Paraoxon C2H5 Oczf{5 p-nitrophenol Aldrich (used as
obtained)
F 5 DEPC 02H5 0C2H5 CHS Aldrich (redistilled)
: 2
€  DEPF CH, ~ OCHg F (2)
2 EPDC C.H Cl ClL Aldrich (redistilled)

25

Compounds 1-7 were found3fo contain only one kind of phosphorus moiety
as could be Judged from P-nmr spectroscopy. Compounds 1, 2, 4, 5 and
6 were assumed to yield the non-aged conjugates, whereas 3 and 7 were
expected by analogy with AChE(2) to instantaneously generate the corre-
sponding aged form of Cht.

Large quantities of the OP-Cht conjugates were obtained by adding,
dropwise, a concentrated solution of the inhibitor (0.01 - 0.1 M) in an
organic solvent (e.g. acetonitrile, acetone) to a stirred solution of
5-10 mg/ml & -Cht (Sigma, bovine pancreas, 3X crystalized) in double
distilled water., 400 mg of & -Cht were inhibited in each experiment.
The decrease in activity was monitored to completion by employing the
pH-stat technique of Goldstein (6). In the case of compounds 1-3, the
inhibition was carried out in dilute solutions of both & -Cht (0.5 - 1.0
mg/ml) and the inhibitors (0.2 - 1 mM) because of the limited solubility
of the pyrene OP ligands in water. The amount of the organic solvent in
the final inhibition medium did not exceed 10%. The OP-Cht conjugate
was lyophilized, redissolved in water, separated from free ligand by

T L T Ty e T




.I,-.I-.l-!'—l-l T TTT————— N A e S e i e S o 0 T g Vg DYt A Ve il ety i i S iteL Bt B e

PN Sl P B e LE -y LR Sat L AL - oA e e S N s

10

chromatography on a Sephadex G-10 column and relyophilized. Occasion-
ally, samples were dialyzed for 24 hr at 4°C so as to remove traces of ?
hydrolysed free inhibitor which were detected by nmr spectroscopy.

For conjugates obtained from compounds 1-3. the ratio of abaorp—
tions at 344 and 280 nm indioated approximately 1:1 (+15%) stoichiometry
of: organophosphate and protein in- the conjugate. The specificity of
binding of 1-3 to Cht was demonstrated by preincubating the enzyme with
paraoxon before treatment with the pyrenebutyl organophosphates. The
fluorescence of the paraoxon-treated Cht was found to be less than 5% of
that of the non-treated samples. The OP-Cht conjugates were then stud-
ied by nmr and fluorescence spectroscopy. .

2. nmr measurements”

31P-nmr spectroscopy at 101,3 MHz was performed with a Bruker WM250
spectrometer coupled to a Nicolet Aspect 2000 computer. 20-99% DO in
the sample tube (10 mm diameter) served - as an ‘internal standard for
field frequency locking. A power of 10 watts was maintained for the
continuous broadband heteronuclear proton decoupling so as to avoid
internal build-up of heat., Throughout the run the temperature was main-
tained at 23+3 (G Spectral data were accumulated in the Fourier transe
form by application of 70 pulses with a spectral width of 16000 Hz. A
delay time of 0.8 sec was utilized between accumul ations. ;

All-chemical shifts were recorded from the built-in absolute ‘crys- &
tal frequency and assigned to fpe internal standard, N,N-hexamethylphos-
phorotriamidate (HMPA). The P=-nmr spectra of the Cht conjugates and
the model compounds were recorded in a concentration range of 1-10 mM. :
5-100K scans were accumulated for each run,

3. optical spectroscopy

uy absorption spectra were measured in a Cary 219 spectrophotome-
ter., Circular dichroism (ch) spectra were recorded using a Cary 60
apparatus at 26°c, The -spectra are expressed in terms of the absorption
anisotropy factor, g_,, which is defined as g_, = AE /£ where AE 1is
the difference betweén the molar extinction coefficients for left- and
right-handed circularly polarized light, and E is their average.

Fluorescence decay measurements were performed with an instrument
built at the Weizmann Institute which employs the sampling technique of
Hazan et al., (7). Decay curves were analyzed by the method of non-lin-
ear 1eastt2?uares (8) assuming fluorescence decay according to I(t) =
I ol where I(t) is the decay I‘unct:i%n1 andof, and ‘t’.1 are,
respectively, the amplitude and lifetime of the i conponnt. 5P

Heasurements of circular polarization of luminesoence (CPL) were
performed with an instrument built ‘at the Weizmann ‘Institute (9). - CPL &
relates to the molecular conformation of the chromophore -in its emitting
excited state in the same way that CD relates to the molecular conforma=-
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tion in the ground state., Thus, the anisotropy factor of emission, g
is defined as g_ =AI/(I/2), where AI is the intensity of the ciretic
larly polarized component in the emission, and I is the total lumines-
cence intensity. ‘ : :

.
v

£

: Unless stated otherwise, ail measu"reh;ents were perforinqd at room
tempepature (23117°C)., Protein concentrations were in the range of
5x107'M (fluorescence) to 5x10"°M (CD, CPL). ; :
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RESULTS AND DISCUSSION
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1. nmr spectroscopy E

; N,N-Hexamethylphosphorotriamidate [(CH3) N],P(0O), HMPA, was used as foiee
an internal standard throughout. this study.” ‘Thé chemical shift of HMPA .
is 30.50 ppm downfield to external 85% phosphoric acid and is well sepa- i
rated from the signals of the model compounds and the protein-OP conju-
gates (Fig. 1). The mean value of the chemical shift of HMPA, as
recorded from the built-in absolute crystal frequency, was found to be
8919+3 (n=60) Hz (or 88.05+ 0.03 ppm), whereas 85% phosphoric acid
absorbs at 57.55+ 0.03 ppm as related to the same crystal frequency.

The results obtained for HMPA were recorded in 60 different experi-
ments where the pH ranged between 2 and 9 and the solution contained
either 1-5 mM OP-Cht conjugate or 1-10 mM of the model compound. Thus,
g the chemical shift of HMPA was not sensitive to these variations, and
b remained constant throughout. However, in several cases we observed
2 that, in the presence of 6 M guanidine hydrochloride, a very small
N upfield shift occurred (890045 Hz), relative to the other measurements.

In order to correlate 31? chemical shifts of the aged and non-aged
e conjugates of Cht with the jﬁarious substituents attached to the P atom,
iy we first established the P chemical shifts of the model compounds ‘
under the same experimental conditions that were used for the OP-Cht i
conjugates, Table 1 summarizes the results of these experiments, ]

o :
"::Z Table 1: 3 hmr Chemical Shifts of Model Compounds : ilj,_\
z TS ; é, ppm *
~ Type Structure relative to HMPA pH e
- : S
o Tertiary esters (C,H,0) ,PO -30.38 3-7
:::f Secondary esters Pyr-P(0) (OCZHS) (0H) =29.42 3-7 s
s (mono acids) ' S
(C.H_0),P(0) (OH) -29.19 :
= B ey
- Primary esters Pyr-P(0) (OR) 9 =25.50 >8 0
B (diacids) e <
- (C,H.0)P(0) (OH) -26.15 >8 2
- 275 2 P
.'.. &::x‘.
' * Negative sign indicates upfield shift relative to HMPA. ;_“‘-
B Error estimate: <0.03 ppm; Pyr = pyrenebutyl-0- . NS
: Results are average of at least three measurements of different preparations. tjﬁ:’
. oo
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The addition of 1-5 mM free or inhibited Cht did not affeet the
& chemical shifts of the model compounds. The results in Table 1 show
. that replacing one .alkoxy group in the phosphate triester molecule with
a8 negatively charged' oxygen,: ao 8831t0 form a diester, causes a
significant downfield ahift in the < P-nmr signal relative to the
triester model compound. >'S;m11ar shifts (A§ 2.2. ppm) were alao
observed by Van der Drift. (3) with respect to diisopropylphosphates.
The chemical shift is further displaced downfield upon insertion of a
second ionized oxygen (diester=-emoncester). The pH-chemical 'shift’
profiles for (02H O)ZP(O)OH and (C,H.O)P(O)(OH), are depicted in Fig. 2.
The titration cur%es show a downfield shift with increasing pH for both
compounds. The c¢orreaponding pKa values, estimated from the pH-chemical
shift titration: curves, are as follows: : i :

TRy

PKa, pKa,
(C,H0),P (0)OH 1-2 -
‘(c2H5O)P(O)(OH)g 1=2 6.5

These values are in good agreement with thoae reported in the literature
for similar phosphates (10), Although the interpretation of the
chemical shifts reported in Table 1 is complex in terms of steric’ and
electronic contributions of the substituents to 'the degree of bonding to
the P atom, it is clear from the model compounds reported here, taken
together with the results obtained by Van der Drift (3), that changing:
the structure of the triester to the diester, (RO) P(O)q(RO)zP(O)OH),
leads to a shift of A 1-2 ppm downfield from the trIester.

Table 2 summarizes the chemical shifts observed for the various OP-
Cht conjugatea. The relative chemical shifts of the phosphorylated non-
aged (assuming a triester structure) and aged Cht (assuming a g*ester
structure) were found to be as predipted from tpe corresponding 31P-nmr
chemical shifta of the model compounds (Table 1). Thus, the ~“ P-nmr
signals of the non-aged forms appeared ~~~ 1 ppm ‘upfi'eld to the ,aged
conjugates in the native preparations. 'After denaturation, the chemical
shifts for both aged and non-aged conjugates moved upfield and became
close to the reported values for the tri- and diester model compounds,
thus maintaining the relative differences in chemical shift observed
prior to denaturation. The consistency of the downfield shift of the
various diesters relative to the corresponding triesters is shown in
Table 3. A similar downfield shift, but somewhat larger (A0, 2-2.5
ppm), was observed by Van der Drift (3) for the corresponding
diisopropylphosphoryl conjugates of Cht. ' \

A pH-chemical shift dependence profile was observed for theB?ative
diethylphosphoryl-Cht conjugate. The upfield shift in the P-nmr -
signal with increasing pH (Fig. 3) displayed a titration curve with one
titratable group (pKa 7~~~ T7.1). Since the pH-chemical shift for the
protein conjugate was in the opposite direction from the titration curve
obtained for both the dieater and the monoester model compounds (Fig.
2), we may conclude that the profile depicted in Fig. 3 reflects a




31

P ‘Chemical Shifts (6 -ppm relative:to HMPA) of Native and

Table 23 :
8 ; Denatured OP-Cht Conjugatea.‘ Gs,PPm
Type Structure from HMPA pH
Trieaters (N)gyr;r(O)(ogzus)cht: ~28.62 3-7.5
| (D)Pyr-P (0) (0C,H,)Cht -30.97 347
2 ‘ (N) (C,H40) 4B (0)Che® P | Yo T | 3-5
Lx (D)(CZHSO)ZP(O)Chtc oY 231,02 ‘3-8
; Diesters (N)Pyr-P(0) (OH) Cht? © -27.54 2-9
9 (D)Pyz-P(0) (0H) Cht” =29.28 7 3.7
¥ ) (C,B O)P(O)(OH)Cht -27.60. 110,855
(D)(CZHSO)P(O)(OH)Cht -29.28% 4.2

a) N = natgve, Pyr = pyrenebutyl-O-

b) D, = denatured with 6 M guanidine hydrochloride

c) assumed to have undergone denaturation during preparation of the conjugate

d)  single measurement . ‘

e) estimated errors €0.03 ppm g I &
Results are averaage of at least three measurements of preparations obtained on

different occasions. ¥

change in interaction of the phoaphorua ligand with the protein backbone
and not. disSociation of a P-OH group. The pK calculated for the single
titratable acidic group is in good agreement aith the value reported for
the diisopropylphOSphoryl Cht conjugate (3). We note that the same pH=-
chemical ahift profile was obtained for conjugates:derived from either
DEPF . or paraoxon. thus  substantiating the assumed structure,
(02H50)2P(0)Cht. k ; ' wis :

 The denatured diethylphosphoryl conjugate did not show such a pH-
chemical. shift profile, presumably because: denaturation. diminished
interaction of the phosphoryl moiety with the protein backbone. More
experiments will be required in order to establish whether such a pH=
chemical shift 6 dependence exists for the non-aged . pyrenebutyl OP-Cht
conjugate, since initial experiments. revealed only a small shift. No -
pH-chemical shift dependence was detected for any of the aged
conjugates. whether nature or denatured.

Several reactivation experiments were conducted in order to
correlate reaistance to reactivation of the aged conjugate with the




Table 3: A3, ppm for various sets of trieaters and diesters

A, ppm
Structure ‘Protein - (8triester-3diester)
PyrP-P(0) (0C,H,) Cht
' native 1.08
Pyr-P(0) (OH)Cht
Pyr-P(0) (oézus)r:ht ;
- denatured 1,69
Pyr-P(0) (OH)Cht ! : .
(C.H.0).P(0) Cht
2572 native 0.93
(02H30)P(0)(0H)Cht
(02H50)2P(0)Cht
denatured 1.74
(CZHSO)P(O)(OH)Cht
{C,H.0) PO
2573 s 5 1.26
(CZHSO)zP(O)(OH)
{C,H.0) PO
0P 1498 L1 - 0.96
Pyr-P(0) (0C,H,) (OH) -
a) i1indicates downfield b) Pyr = pyrenebutyl-0-

ahift relative to the triester;
error estimate >0.03 ppm . .

presence of the P-O group. Indeed, in the presence of 0.1 M
3-pyridinealdoxime methiodide (3-PAM), 56% of the activity of the non-
aged conjugate, pyrenebutyl—OP(O)(002H JCht, was restored within 43 hr
at 25°C, whereas no reactivation was ogserved for the similarly treated
aged conjugate, pyrenebutyl—pP(O)(OH)ng. Table 4° summarizes the
results of this experiment. The P-nmr spectroscopy of the
reactivation process is currently under investigation. We have noted,
in relatively old preparations of th%1non-aged conjugate, pyrenebutyl-
OP(O)(062H JCht, the appearance of a ° P signal which could be assigned
to the model compound pyrenebutyl-OP(O)(OEHS)OH- The appearance of
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this signal ( & -29.4 ppm) was accompanied by the reappearance of-a
i small but significant amount of enzyme activity, presumably due to
B spontaneous reactivation.

Table 4: Reactivation of pyrenebutyl-OP(0) (OC,H.)Cht and ‘
pyrenebutyl-OP(0) (OH)Cht (both 0.04- mM? in presence
of 0.1 M 3-PAM (25°C, pH 7.0). (Single experiment)

Time (hr) % activity
aged - non-aged
v <3 < 3
& < 3 15
20 <3 38
o 43 <3 56
68 <3 62.5

N : R
Lot

e

b

The 31P-nmr spectroscopy results, along with the reactivation data,
strongly support the hypothesis that the aged form of phosphorylated Cht
contains a P-0 bond and that the corresponding dihalides are suitable
inhibitors for producing the 1nh1b1ted aged conJugate.

il
LR R

2. optical spectroscopy

ol The aim of the optical spectroscopic investigations was two-fold:
1) to obtain spectroscopic evidence, in addition to the nmr data, that
. inhibition of Cht by either PBEPF or PBPDC yields different conjugates

j which can be distinguished from each other by the various optical
- techniques employed; 2) to find an explanation for the spectral
3 differences in terms of differences in interaction of the OP moiety with

the protein backbone.

Comparison of the UV absorption spectra (not shown) of denatured

o pyrenebutyl-OP(0)(OC_H_.)Cht and Pyrenebutyl-OP(0)(OH)Cht with those of
. pyrenebutanol and ofzdznatured Cht shows that in both cases there is a
k' 1:1 stoichiometry (+15%) between the’ enzyme and the covalently attached

pyrene moiety. The positions of the maxima in the UV-absorption spectra
of the native conjugates are the same, but there are small differences
G in intensity in the range 250-310 nm.
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% The CD spectra (Fig. 4) reveal, in both conjugates, a marked Lt
a2 - induced asymmetyry of the pyrene chromophore, imposed by the tertiary ﬁ:f:

8
LA
L

structure of the enzyme molecule. This optical activity results from

. non-covalent interactions between the enzyme and the chromophore, since ;‘

W " neither the conjugates denatured in 6 M guanidine hydrochloride nor the il
o free pyrenebutanol show any optical activity i.e., g, 1s zero within P
& experimental . error,. The anisotropy . factors. as obtalhed from the CD oy
Lj spectra are markedly different for the two undenatured conjugates, {;5
) especially at a wavelength (ca, 350 nm) .close to the peak of .the o

.I absorption band of the pyrene group (Fig. #4). Thus, interaction of the &

by pyrene moiety with the protein backbone is markedly different in the two R

= conjugates. St ) ’ o
2% 7 i S P : 1 ;;'}-'.
“- The fluorescence emmission spectra of both conjugates show the same R
vy profile with two maxima-at essentially the same wavelength (377 and 397 ey
II mm). However, the quantum yield of the non-aged conjugate is about 25% £
A higher than that of the aged conjugate. This difference in quantum e,
A yield was confirmed by time-resolved fluorescence spectroscopy (Fig. 5). rﬁﬁ
ﬁf For both conjugates a good fit for the decay function could be obtained ﬂ}j
i by assuming a two-component decay mechanism, with one component of long e
o lifetime (ca. 100 nsec), and one of short lifetime (ca. 10 nsec). While A
t the shorter component has about the same value (10-12 nsec) for the two L

! conjugates, the longer lifetime .is markedly different, oa. 105 nsec for oy

the non-aged and ca. 80 nsec for the aged conjugate (Table 5). This ¢
difference can indeed account for the observed differences in quantum -
yield. Removal of oxygen by bubbling argon through the solutions does

R - not diminish this difference, eventhough it leads to a small increase e
il (ca. 5%) in ‘the 1longer <¢omponent for both conjugates. Thus the i
i difference in quantum yield points to a different interaction between oty

. the pyrene moiety and the protein backbone in the two conjugates. This e
is further confirmed by the effect of denaturation of 6 M guanidine {}L
hydrochloride on the fluorescence decay. For both conjugates, the oy

' longest lifetime is reduced to the same value (ca. 60 nsec), which is L
Il considerably smaller  than that for ‘either of the non-denatured ey

conjugates. Since guanidine hydrochloride has hardly any effect on the
fluorescence decay of free pyrenebutanol (the decay time of the longer
component is increased from ca. 90 nsec to.ca. 97 nsec), it ‘can be
concluded that this decrease upon denaturation results from an increased
interaction of the pyrene with the protein backbone., Consequently, the
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?: differences in fluorescence between the non-aged and aged conjugates may
", be ascribed to stronger interaction between the pyrene moiety and the 1oy
23 protein in- the aged than in the non-aged conjugate. Since energy hE
S transfer from the tryptophans to the pyrene label is ‘about the same for

both conjugates (ca. 55%), it is likely that the same interaction site
on the protein is involved. t ;
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: K=
. The CPL measurements displayed in Fig. 6 show c¢learly that the ]
:i ; interaction of-the excited fluorophore with the protein-in the non-aged ii“
- conjugate, pyrenebutyl-OP(0)(OC_H_.)Cht, is strikingly different from ’\Rl
:{ that in the aged conjugate, pyr né%utyl-OP(O)(OH)Cht. It is also worth fifu
N noting that the values of the anisotropy factor obtained from the CPL ﬁé:
. measurements for. the excited state differ both in magnitude and sign, ET_
g for both conjugates, from those obtained from the CD measurements for ﬁu}
1= the ground state, e
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A Table 5: Mean value®of fluoreacence decay parametera (+SEM) of the aged * RN

: : and non-aged OP-—Cht conjugatea under various conditiona U

- - : 4 ..-\':'

i Pyr-P(0) (0C BS)Cht ﬂ“l ' tl(na) ap " Ty(na) E

h buffer (pH = 7.h) 0.1340.01 103+4  0.01840.004 1242 RERY

B [l &

2 buffer + argon 0.13+0.03 110+4 0.036+0.012 1247 S
6 M guanidine-HCl 0.10+0.02. 6243 0.046:0.008 13+2 N

W 3

buffer (pH = 7.4) 0,14+0,01 SeL 1742 0.033+0.009 10+2
buffer + argon . 0.124+0.01 81+1 0.0454+0.004 - 10+1
6 M guanidine-HC1 0.10+0.01 62+4 0.042+0.008 16+5

Te®ae s 1Ts S-S SR

' a = amplitude, 1 = lifetime, Pyr = pyrenebutyl-0-

i a, Results are average of at least three separate measurements, b
l Information or the accessibility of the pyrene moiety to the

external medium in the aged. and non-aged :conjugates was sought by
quenching experiments (2,12). This - was done employing positive,

. negativer and neutral quenchers, and caloulating the quenching constants
i from Stern-Volmer plots. The data thus:.obtained for quenching of pyrene
Vi fluorescence by nitromethane and by cesium and 1iodide ions are
! summarized in Table 6. . v : :

.The data shown are not conclusive with respect to the nature of the
quenching of the pyrene fluorescence, The low accessibility of I~ and
Ca relative to nitromethane (see K. values) 18 consistent with the
presence of a hydrophobic region arougd the pyrene moiety in both model
compounds and the protein conjugates. However, the fact that the
quenching of the pyrene in pyrenebutanol 1is more efficient for all

N quenchers used when compared to the other model 'compounds (PBPDC-PBEPF)
. raises the possiblity that the structure of the phosphoryl moiety itself
N affects the collisional quenching of the pyrene fluorescence and thereby

complicates interpretation of the results Obtainod for the protein
conjugates. Thus, even though the value of K. for I colliding with the
pyrene moiety in the non-asged conjugate is ‘PSS fold larger then that
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' Table 6:° ‘Quenching constants (K H-1 + SEM)afor quenching of model compounds

g ¥ and protein COnjugéteoQby various quenchers, a_s'obta%ned from Stern-

i Volmer plots (0.01 M phosphate buffer pH-7.4 at Zlil c)

h e o ®  _aal

3 Compound or Conjugate Nitromethane x 10 5 Tx 10 1 Cs x 10

| Pyrenebutanol 11.6+2.3 9.441.7 3.540.2

:: PBPDC . 9.340.7 6.840.8  1.440.2

5 PBEPF ' 4.141,0° © 6.840.8  1.240.2

"" Pyr<P (0) (0C,H,)Cht 3.240.4 3.140.2  0.940.1
Pyr-P(0) (OR) Cht 3.140.3 2.040.2  0.840.1

N _—
WRFSPRTS

a. = Results are average of at least three separate experiments.

L

b. = 8.620.7 after 24 h at room temperature.
c. = Pyr = pyrenebutyl-O-

IV i SR

e

obtained for the aged form, while nitromethasne and Cs* display a
, constant ratio [K, non-aged/K, aged] of /Y 1 for both conjugates, these
results do not permit a conolusive interpretation. Nevertheless, the
difference between I~ and the other two quenchers is clear and
. indicative of different accessibility of the pyrene moiety in the two
conjugates to the negatively charged ion. It should be pointed out that
the results for the collisional quenching in the cease of Cht differ
considerably from those obtained for the corresponding AChE conjugates.
For the latter enzyme, nitromethane was found to be a more efficient
quencher of the pyrene fluorescence in the non-aged than in the aged
conjugate, while I~ displayed the same oollisional quenching constant
i for both AChE conjugates (2).
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CONCLUSIONS

The 31P-nur spectroscopy. results along with the reactivation data
strongly support the hypothesis that the aged form of phosphorylated Cht
contains a P-0" bond, Thus, .the dihalide pyrenebutyl-0-P(0)Cl, is a v
suitable inhibitor for producing the inhibited aged conjugate. rom the
fluorescence spectroscopy data, it can be clearly stated that the non-
aged conjugate, pyrenebutyl-0«P(0)(0C Hs)Cht. differs from the aged
form, pyrenebutyl-0-P{0)(OH)Cht. For the latter, the interaction of the
fluorophore with the protein backbone appears to be stronger than that
for the non-aged species. This difference is most pertinent in
considering the physicochemical basis for the known resistance of the
aged conjugates to reactivation by nucleophiles,
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£:22.50 ppm

native
I Wi, 48.4 Hz
PBOI"(O)OH
OCht

~— . PBOP(O)OH):
HMPA > £ -29.76 ppm

Wy, 9.7 Hz Y WJ/;.'BR Hg
denatured __
5',-29.28ppm

et ‘kH»A'w.nWMva”M ity

Fig. 1: 3"P-nmr spectra of the aged conjugate, pyrenebutyl-0-
P(0)(OH)Cht, (1 mM, pH 4.1). Chemical shifts were
assigned to HMPA. The diacid signal stems from the
corresponding dichloro inhibitor that was not removed
completely after the inhibition,
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Fig. 3: pH chemical shift profile for (C_H_.O),P(0)Cht. 6‘ is
related to HMPA, 0 —— o , conjug%t obtained by
(C2Hg0)2P(0)F @——m , conjugate obtained by
* (C5li50) 2P (0) OPNO5 .
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1 Fig. 4: Circular dichroism (CD) spectra of aged {pyrenebutyl-0- RV
Pt N

- P(0)(OH)Cht] and non-aged [pyrenebutyl-0-P(0)(OC,H_)Cht] -
T .conjugates of chymotrypsin. The curves display Eh absorption e
: ~anisotropy factor, g_,, as a function of wavelength for the aged 3-\'[-::::
(=) and non-aged (---) tonjugates, L . ¢ iy
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Fluorescence decay curves of aged [pyrenebutyl-0-P (0)(OH)Cht]
. (upper) and non-aged [pyrenebutyl-o-P(O)(0C2H JCht] (lower)
.conjugates of chymotrypsin. The data were ang

two-component decay curve.

as follows: Non-aged conjugate o, = 0.14, ‘T

= 0.016, 'Té = 12.82 nsec. Aged conjugate &

nsec, & , =0,025, T, = 12.68 nsec.
. between

below each curve, and the autocorrelation functioﬁs of the

deviations are shown in the inset at the upper right.

= 0013' T

2000

lyzed by assuming a

Amplitudes and lifetimes obtained were
= 101,35 nsec, &

= 79.82
The traces of the deviations
ghe theoreticgl and experimental decay curves are shown
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3 Circulerly polarized luminescence (CPL) spectra of aged
4 [pyrenebutyl«0-P (0)(OH)Cht] and non-aged [pyrenebutyl-0-
e P(0)(OC,H_.)Cht] conjugates of chymotrypsin. The curves show the ¢« O
4 onisaiog Enisotropy factor, g__., as a function of wavelength for -
- the aged (®#—#¢ ) and non-ageg'( 0=----0 ) conjugates, 1
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