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Chemical Reaction in a Glassy Matrix:
Dynamics of Ligand Binding to Protoheme
in Glycerol: Water

J.R. Hill, M.J. Cotel, D.D. Diott!, J.F. Kaufflman®, J.D. McDonald!
P.J. Steinbach?, J.R. Berendzen?, and H. Frauenfelder?

1School of Chemical Sciences, University of Illinois at Urbana-Champaign,
Urbana, IL 61801, USA

2Department of Physics, University of lllinois at Urhiana-Champaign,
Urbana, IL 61801, USA

A fundamental understanding of condensed phase chemical rcaction dynamics
can be odbtained from the study of diomolecules, particularly heze an¢ heme-
proteins. The complexity of these systems gives rise to a rich variety of
phenomena, allowing many aspects of condensed matter reactions to be
examined. The rate theories and puziles of hemeproteln kinctics Rave
recently bsen discussed by Frauenfelder and Wolynes [1). In this work we
present new experiments on ligand binding to protoheme (Fe:protoporphyrin-~
IX) in a glassy matrix. We have studied the redinding of carbon monoxide
after photodissociation over a wide range of time {5ps-10=3) anc temperature
[300K-70X]. The significance of our results is that (1) the influence of
friction and nonadibdaticity on a condensed phase reaction can de directly
investigated, (2) the Influence of an inhomogeneous glassy satrix (glycerol-
water 75:25) on the reaction can be studied, and (3) meaningful cospartson
between protoheme and hemeprotein kinetics fsolates the role of the protein
relaxation in the reaction.

Temperature-dependent ligand rebinding to protoheme was studicd with u3
resolution by Alberding et al. {[2]). We extended the results to the ps tlme-
scale using conventional pump-probe methods with 565 nm dye laser pulses
(104J, 3ps, FwhM, BOHz). Figure 1 shows a log-log plot of the time-resolved
abaorbance change (proportional to N(t), the fraction of protoheme molecules
that have not rebound CO at time t) at 300K and 260K. The slow process
(Procesa S) involves dinding of CO that have escaped their initial solvent
cage by diffusion. This solvent process {s exponential in time with &
pseudo-first-order rate coefficient that depencs on (COl. As T 13 de-
creased, the fraction of CO molecules that escape the cage decreases until
it i3 below 0.01 at 240K {2], well above the glass transition To = 173K,
Subtraction of the 260K Process S data {solid circles from [2]) yields a
nonexponential decay (Process I), the solid rectangles in Fig. 1. The
relative fraction of ligands that redind via Process 1 increases as T de-
creases from 300K to 2%0K. Process 1 i3 nonexponential at all temperatures
up to 300K.

As T is decreased below 280K, process S vanishes, the rate of process |
decreases in a sanner consistent wvith [2), and a new process, 1%, 13
observed. The amplitude of 1* increases with further decrease In T until it
dominates I. Figure 2 shows the redinding data st 150K (open rectangles),
the temperature at which processes 1 and 1* have equal amplitudes. Subtrac-
tion of process 1, which is known to have the form of a power-law decay.
reveals that process I* (open circles) decays exponentially with a 15 ps

creases linearly with T,
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Fig. 2. Ligand redinding data at 140K vhere the fraction of ligands that
redind via process 1 is equal to the fraction that redind via process ]¢.

Figure 3 summarizes the temperature dependence of ligand redinding vis
these three processes. At the lowest texperatures studled, process *
dominates, As the tezperature {ncreases, the fraction of ligands revinding
vis process 1 incresses until 280K. At that point the solvent process
increases in importance.

In [2]), process 1 was interpreted to arise from recomdination of Jigands
trapped within the solvent cage., The barrier for thus process 13 & property
of the heme, and probadbly arises as a consequence of the transition frar the
undound Se2 domed heme Structure to the bound S=0 planar structure. The
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Fig. 3. Relative frae-
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redinding 18 nonexponential because this Barricr possuanes CIsiritated
activation enthalpy. In the g-chaln of hemoglobin, process ] pecotes fearly
exponential above ca. 250K, because the protein structure relases
significantly on the timescale (1 ns) of the revinding !}),. ir prcioreze,
tnis conformational relazation does not occur on the Tester Lizeacaie (50
ps) of the redbinding.

The observed {linear) temperature dependence and the large rate of
process [* at low temperatures suggest that it Qoes nol occu™ b/ ciassical
over-the-darrier motion. The exponential time depencence ahows that the
neight of wthe barrier 1y not distridbutet. Process 1* eay invplve recoes
dination to an S=1 heme which has not domed. AL 180K, the rebinling rate of
TE10/s §s a factor of ~40 slower than kT/n, the freguency of colliision
between the 1igand ang tne heme. The reduction of the recamdifation rate
can be caused by entropy, friction, and nonadsadatic barrier croasing [)).

This reyearch was supported tn part By the National Science Foundation,
Solid State Chemistry, grant DMR 84-15070 (D0D), the U. S, Degartsent of
Health and Human Services under Crant GM 180%1, and the Xational Sclence
Foundation under Grant DMB 82-09616 (HF), and the Nationa]l Science Foundas
tion, grant CHE 83-14105 (JOM).
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PRESSURE STUDIES OF LARGE~SCALE PROTEIN MOTIONS

Robert D. Young
Departments of Physics
University of 1llinois at Urbana-Champaign
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Urbana, IL 61801

and

Illinois State University
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INTRODUCTION

Protein motions are studied using the binding of carbon monoxide (CO) to myo-
globin (Mb) as probe. A number of experimental tools have been used to study this
simple protein reaction (1,2), but the most detailed information has come from
flash photolysis experiments over wide ranges in time, temperature, viscosity, and
pressure (3,4).

Here 1 desé;ibe the results of flash photolysis experiments using “pressure
titration” to probe large-scgle protein wotions (5,6). 1In a pressure titration
experiment, an ensemble of proteins is prepared in different nonequilibrium states
by using different paths in the pressure-temperature plane to reach a given pres-
sure and (low) temperature. In the case of CO binding to Mb the relaxation of the
recombination kinetics between two nonequilibrium states of the protein ensemble
at the same temperature and pressure probes large-scale protein motions. These
motions have been previously denoted as EFl (equilibrium fluctuations) and FIMI
(funetionally important motions) (5,7). The pressure titration experiments imply
that the EFl wust be described by a distribution of activation energies ranging

between 70 to 85 kJ/mol.

HIERARCHICAL PROTEIN MODEL

The principal features of the hierarchical model of proteins are (7): (i)
A globular protein exists in a large number of conformational substates (CS)
separated by barriers, some of which become effectively infinitely high below
about 160 K (CS1). (ii) Transitions among the substates are equilibriuam fluctua-~
tions (EF); nonequilibrium transitions from one protein state, say MbCO, to
another state, say deoxyMb, involve functionally important motions (FIMs). (111)
Substates and equilibrium fluctuations possess hierntchien: In Mb four different
tiers of substates and motions are observed. (iv) The different tiers of sub-

states are described-by distridutions of relaxation rates.
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The pressure titration experiments probe equilibrium fluctuations (EF!) in
tier 1| of the hierarchy of conformational substates (CSl). The EFl most likely
involve large-scale motions in the protein and possibly include the hydration
layer and part of the solvent. FIMl may be the motion that permits ligands to

enter and leave the protein.

PRESSURE TITRATION EXPERIMENTS

Below about 180 K, Mb rebinds CO after photodissociation, but the kinetics
follow a power law in time. This means that the protein cannot be in a unique
state but must exist in a large number of conformational substates (CS1) with
different barriers for recombination from the heme pocket. The fraction N(t) of
proteins which have not rebound a ligand at time t after photodissociation is

given by
N(t) = [g(H) exp(-k(H)t)dH )

where g(H)dH is the probability of a protein having a barrier with activation
enthalpy between-h and H + dH and k(H) is the rate coefficient. If rebinding
is thermally activated then k(H) = Aexp(-H/RT). The distribution g(H) and pre-
exponential A are found from the experimgntally measured N(t). Alternatively 1I
use the model of Young and Bowne for the distribution g(H) which yields excel-
lent fits to the low temperature kinetics (4,8).

Under pressure the binding of CO to Mb speeds up (6,9). The effect is
particularly dramatic and relatively simple to interpret at low temperatures.
The ensemble of proteins is prepared in different nonequilibrium states as
follows: High pressure (2 kbar) is applied to the sample at high temperature
(300 K) and the sample is then cooled to say 100 K before the pressure is re-
leased to 1 bar (state B8'). The sample can also be cooled to low temperature
(100 K) at atmospheric pressure (state B). Since CO binding is much faster at
state B' than at state 8, the two states are not in equilibrium and can be
distinguished by measuring N(t). The g(H) for state B' has a similar shape as
g(H) for state B but is simply shifted to smaller activation enthalpies.

The difference in the distributions g(H) is explained simply in terms of
the conformational substates of tier 1. At B the ensemb'e of proteins is in a
distribution of CS1 characteristic of 1 bar while at B' the distribution of CSl
is characteristic of 2 kbar. Transitions between states B' and B8 correspond to
EFl. The EFl are induced as follows: Starting in state B' at say 100 K and

! bar, the recombination kinetics N(t) are measured. The temperature is then

TR




increased to Tp, left there for 6008 (the annealing time, ta), cooled again to
100 K and N(t) measured. This procedure is repeated with increasing T. until
N(t) has relaxed to follow the curve corresponding to state §. The result is
definitive: Up to Tn = 160 K, N(t) for B' is unrelaxed but at Tn = 200 K N(t)
has completely relaxed to the kinetics corresponding to B.

Since the distributions g(H) for 8 and B' have the same shape, the states
8 and 8' are characterized by the minimum activation enthalpy H, ;. of the dis~
tributions (8). The extent of relaxation is characterized by the fractional
shift 8(tg,Ty) of Hpyp(t,,Ty) from Hp;n(B): 8(tg,Ty) = [Hpy,(t,,Tp)-Hy; (B)]/
[Hmin(a')-unin(a)]' Assuming that the relaxation B8' + B is described by a
distribution of activation energies, A(ta.Tm) is given by

a(t_,T ) = [p(E;) exp(-k;t )dE (2)
a’'m 1 1*a 1

where p(El)dE1 is the probability of finding a barrier between El and El + dEl.
1 fit the data with kl = Alexp(-El/RT) and a box distribution,

-1
o(E.) = (Ehax-Emin) ’ Eiin < El < Emax (3)
1 0 , otherwise
i)

A good fit to the relaxation of N{t) parameterized by H is obtained for

min
ap = 101903 g7h B = 70 KI/001, and Ej,, = 85 ki/mol.

.

DISCUSSION

The pressure titration experiments on CO rebinding to Mb after photodisso-
ciation show that at 1 bar the EFl set in at 160 K and extend over a range of
about* 40 K. The resulting distribution of relaxation rates is reminiscent of
glassy relaxation processes (10,11,12). It is possible that the hydration layer
and solvent strongly influence the motions of tier 1. Additfonal evidence for
EF]l has also come from Raleigh scattering of MYssbauer radiation (13) and
microwave absorption in the hydration shell (l14). However we are only at the
beginning of the study of EFl and FIMl. Clearly more theory is needed and more
experiments are required to explore the properties of EFl and FIMl, to study the
role of the hydration layer and solvent (15), and to determine the connection
between EF} and unfolding. '
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ABSTRACT

The infrared stretching bands of carboxymyoglobin (MbCO) and the
rebinding of CO to Mb after photodissoclation have been studied in the
temperature range from 10 to 300K in a variety of solvents. Four stretching
bands imply that MbCO can exist in four substates, Ao to A3. The temperature
dependences of the intensities of the four bands yield the relarive binding
enthalpies and entropies. The integrated absorbances and the pH dependences
of the bands permit identification of the substates with the conformations
observed in the X-ray data (Kuriyan et al., J. Mol. Biol. 192 (1986) 133]. At
low pH, Ao is hydrogen-bonded to His E7. The substates AO to A3 interconvert
above about 180K in a 75% glycerol-water solvent and above 270K in buffered
water. No major interconversion is geen at any temperature if MbCO is embedded
in a solid poly(vinyl)alcohol matrix. The dependence of the transition on
solvent characteristics 1s explained as a slaved glass transition.

After photodissociation at low temperature the CO is in the heme pocket
B. The resulting CO stretching baﬁds which are fdentified as B substates are
blue-shifted from those of the A substates. At 40K, rebinding after flash
photolysis has been studied in the Soret, the near-IR, and the integrated A
and B gubstates. All data lie on the same rebinding curve and demonstrate
that rebinding fs nonexponential in time from at least 100 ns to 100 ks. No
evidence for discrete exponentfals is found.

Flash photolysis with monftoring in the IR shows four different pathways
within the pocket B to the bound substates A’. Rebinding in each of the four
pathways B +» A is nonexponential in time to at least 10 ks and the four
pathways have different kinetics below 180K. From the time and temperature
dependence of the rebinding, activation enthalpy distributions g(HBA) and

preexponentials Ay, are extracted. No pumping from one A substate to another,

et




or one B substate to another, 18 observed below the transition temperature of
about 180K.

If MbCO is exposed to intense white light for 10 to 1035 before being
fully photolyzed by a laser flash, the amplitude of the long-lived states
increases. The effect 18 explained in terms of a hierarchy of substates and
substate symmetry breaking.

The characteristics of the CO stretching bands and of the rebinding
processes in the heme pocket depend strongly on the external parameters of
solvent, pH, and pressure. This sensitivity suggests possible control

mechanisms for protein reactions.
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1. INTRODUCTION

The binding of small ligands such as carbon monoxide (CO) to heme
proteins at first appears to be a simple one-step processl. but a closer look
over extended ranges in temperature, time, and wavelength reveals a surprising
complexity. Binding is governed by a sequence of barriers rather than a
single one.2 After photodissociation, rebinding occurs at temperatures as low
as a few K3 and is nonexponential in time below 180K in a 75% glycerol-water
solvent.z’l"5 Below about 40K, binding no longer proceeds by classical over-
the~-barrier motion, but through quantum-mechanical tunneling.6'7 The behavior
of the photodissociated CO within the heme pocket, followed by IR spectros-
copy, turns out to be complicated.8’9

In the present paper we investigate processes within the heme pocket of
myoglobin (Mb) in more detail. Mb has been called the hydrogen atom of
biology; it is a globular protein of about 18 kdalton that stores dioxygen
(02) in muscles.lo 02 or CO binds reversibly to the central iron atom of the
heme group in Mb., Since Mb is stgrdy and very well explored, it offers a
nearly ideal system for more sophisticated studies.

The impetus for the present work came from two directions: (1) At low
temperatures, CO bound to Mb shows a number of stretching bands.8'9 During
our earlier work we had noticed that the different bands rebind with different
rates after photodissociation., A rate difference has also been noticed by

11 and . Chance et al.!? such a rate variation suggests a

Gerwert et al.
control mechanism and calls for more studies. (2) Nonexponential kinetics
below 180K has been seen in all protein-ligand systems that have been studied.
In general, nonexponential time dependences can be explained either by

homogeneous or inhomogeneous processes. By using a sequence of laser flashes

repeated before all tie Mb molecules have rebound a CO ("hole burning in




time") we have demonstrated that pumping from short-lived to long-lived states
at 60 and 70K i8 very small and that the nonexponential kinetics results

predominantly from inhomogeneities among Mb wolecules and cannot be explained

by multiple states within one protein -olecule.s'la'lb In view of these

results it is surprising that B. Chance et al. recently claimed evidence for a

bi- or triexponential time course and considerable pumping from short- to

15

long-lived components in the binding of CO to Mb at 40K. The difference

between their interpretation and ours is fundamental. B. Chance et al. assume
that the different lifetimes are caused by different pathways or sites within
the same molecule. We postulate a large number of structurally different
conformational substates (CS), with each molecule remaining in a given CS at

temperatures where the solvent is frozen.5’16

concept of a hierarchy of substatesl7 and to connections between proteins and

Our interpretation leads to the

(spin) glasses.18 We will discuss the concept of CS and of the hierarchy of
CS in Subsection 4.5.

Here we report on expanded I;w—temperature experinents.l9 The new
experiments verify our earlier experiments and also yield surprising results

that open new windows on phenomena in the heme pocket.




2. EXPERIMENTAL APPROACH
The primary experimental technique is low-temperature flash photolysis.
An MbCO sample at a controlled temperature is photodissociated with a light
pulse and rebinding is monitored through optical absorption measurements. We
have observed rebinding at many different wavelengths, as indicated in Fig. 1,
thus monitoring the rebinding process(es) at different locations in the heme

20,21

pocket. In the Soret and the a and 8 bands, changes in the electronic

structure of the heme on binding are seen. The near-IR band (band III, near
760 nm) is a charge-transfer band and involves both the iron atom and the

heme. In the IR, the bands near 1950 cm-l result from the stretching mode of

1 result from the stretching mode

of the photodissociated CO within the pocket.a'9 If only one simple rebinding

the bound C022:23 4nd the ones near 2100 ca”

process were to occur, all of these markers would give the same time course.
Four different systems were used for the experiments, a nanosecond (ns)
visible-wavelength flash photolysis system, a conventional dispersive visible-
near-IR spectrophotometer, an FTIR spectrophotometer and a microsecond mid-IR
flash photolysis system. Samples were prepared from lyophilized sperm whale
Mb from Sigma (St. Louis, MO) dissolved in buffer solution. Buffers used
were: 0.4M citrate-phosphate buffer for the pH 5.0 sample, 0.4M carbonate-
bicarbonate buffer for pH 9.0 samples, 0.1M HEPES buffer for the pH 7.0
poly(vinyl)alcohol (PVA) samples, and 0.5M sodium phosphate buffer for all of
the other samples. Solvents were water, 75% (volume/volume) glycerol-water,
and PVA, The Soret data were taken on 10-14 M samples placed in a 1 cm x 1
cm cuvette and the near-IR experiments were done on & 1.5 mM sample in a 1 cm

17

by 0.1 cm cell. FTIR and fast-IR measurements were performed on 15-20 auM

samples held between two CaF, windows with a 75 um mylar spacer.
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The ns system employed a 30 ns pulse from a frequency-doubled, Q-switched
Nd*-glass laser (530 nm, 300 mJ). Rebinding was monitored with the light from
a tungsten lamp passed through a monochromator. Monitor beam intensities were
kept small (K 1073 photons/s absorbed per protein molecule). The photo-
multiplier (Hamamatsu 928) signal was digitized with a LeCroy TR8818 tranmsient
digitizer from 10 ns to 300 us and with a logarithmic time-base digitizer from
2 us to 300 s. A storage cryostat (Janis 10-DT) permitted temperature
control.

Our OLIS-Cary 14 spectrophotometer is interfaced to an IBM PC/AT computer.
Kinetics data obtained from this instrument extend from 60 to 3 x 1045.

The FTIR experiments were performed on a Mattson Sirius 100 FTIR spec-
trometer, All spectra were taken at 1 or 2 cm—1 resolution. Low temperatures
were produced with a closed-cycle helium refrigerator, CTI model 21.
Photolysis in the kinetics experiments was achieved with a 500 ns, 0.3 J,

590 nm pulse from a Phas:—R DL2100C dye laser using rhodamine 6G dye.
Absolute absorbance spectra were obtained by subtracting the solvent back-
ground spectrum from the MbCO spectrum. The difference absorption spectra in
the kinetics experiments were obtained by referencing the photolyzed spectrum
to the unphotolyzed background spectrum.

The fast kinetics of the CO stretching bands was measured in a geparate
mid~IR flash photolysis system. The infrared monitoring light was produced by
a Spectra-Physics/Laser Analytics tunable-diode laser and directed through the
protein solution and monochromator onto a LN,~cooled IR-Associates HgCdTe
detector. Photolysis was induced by the same laser usad in the FTIR experi-
ments. For times between 100 ms and 100 s the diode laser current was modu-

lated at 10 kHz and the signal was amplified by a PAR 5101 lock-in amplifier.
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3. RESULTS AND DATA EVALUATION
A coherent picture of the low-temperature binding emerges after the data

obtained with the different instruments and in the different wavelength

regions are pieced together.

3.1 IR Measurements of MbCO

(1) The A Substates. The stretching bands of the bound CO are superd

probes. We have measured the "dark" or bound-gtate IR spectrum of MbCO at
temperatures between 15 and 300K in 752 glycerol-water (Fig. 2), in water
(Fig. 3), and in solid poly(vinyl)alcohol (PVA) (Fig. 4).

The spectra shown in Figs. 2-4 can be decomposed into Gaussian super-
positions of Lorentzians, called Voigtians.24‘25 Two such decompositions are
shown in Fig. 5. Four different IR bands can be distinguished. We denote
the bands in order of decreasing wavenumbers by Ay (~ 1966 en” Yy, Ay (= 1946
cm_l), Ay (= 1941 cm-l), and Ay (= 1930 cm_l). (Because of the new band Ay
the nomenclature differs from the one we used earlier.a) The fits yield the
center positions Veo® the full-width at half maximum I', and the areas of the

four bands. Since the band Az is difficult to extract unambiguously, we shall

discuss only the other three.

(i1) Temperature Dependence of the A Bands. In order to characterize the

temperature dependence of the individual bands in glycerol-water, we select

the most intense band, Al. as standard and plot in Fig. 6 the logarithm of the
intensity ratios AO/AI and A3/A1 as a function of 103/T. The ratios Ai/Al in

Fig. 6 show a different behavior for PVA and glycerol-water. For PVA, the

ratios change very little. MbCO in 752 glycerol-water, in contrast, shows two

regions. Above about 180K, the ratios change rapidly; velow that temperature,
the change is much slower. The behavior above 180K can be understood if the

four bound substates Ay to A3 have different binding enthalpies and entropies




.

and may interconvert freely. Below 180K, the change may be explained by
assuming that the proteins are frozen into particular substates and the
extinction coefficients for the different A substates depend slightly

differently on temperature. Above 180K, the ratios are given by

A/A = exp(S, /R] exp[-ﬂillfl(e‘(T)/El(T)} (1)
whr and Hi are the entropy and enthalpy of substate Ai with respect to
.. rate A1 and ei(T) is the extinction coefffcient of substate A1 at

temperature T. Assuming as a first approximation that the ratio of extinction
coefficients is unity, relative binding enthalpies and entropies have been
extracted from the data in Fig., 6. The binding parameters for two values of
pH are given in Table 1.

The total integrated area IA; of the A bands of MbCO in 752 glycerol-

water, given as a function of temperature in Fig. 7, shows a decrease of about
20% in going from 10 to 300K. Such a decrease can be explained by a change in
the electron-nuclear coupling.z6

The temperature dependence of the center frequency Yeo is given in Fig. 8

for the bands A and Al for two samples. The temperature dependence of the

line width I is displayed in Fig. 9.

(4ii) Nonequilibrium Behavior of the A Bands. The ratios AO/AI and A3/Al

in Fig. 6 follow a van't Hoff behavior from 260K to 190K. Below [90K, they
deviate from the van't Hoff line and become essentially temperature inde-
pendent. We explain this temperature dependence by assuming that the A sub-
states are not in dynamic equilibrium below about 180K in 75% glycerol-water.
To verify this assumption we have measured the time dependence of the IR

spectrum after the temperature was lowered from 195K to the measurement
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temperature T. We denote with Ai(t) the integrated absorbance of band Al at
the time t after lowering the temperature. A,(0) is the integrated absorbance
ar 195K, and A (=) the equilibrium value at temperature T which would be
reached after an extremely long () time. We estimate A (®) by extrapolating
the van't Hoff line, obtained from 260 to 195K, to the temperature T. The
fraction n;(t) of MbCO molecules that have not yet transferred to substate A,

at time t after the change in T is given by
ng(t) = {A(£)=A[ (=)} /(A[(0)-A (=)}, )

ng(t) at 190K is shown in Fig. 10. The data Indicate that the approach to
equilibrium is nonexponential in time. In addition we observe that the time
to reach equilibrium is extremely long below 180K. The A substates are not in
equilibrium below 180K.

(iv) External Influence on A Substates. Makinen et a1.22 and Brown

et 31.27 have pointed out that external influences can change the relative
intensities of the A substates. Such effects can be seen in Figs. 2-4. Ag 18
much more intense in PVA and in ice than in glycerol-water. Pressure and pH
also affect the ratio A’/Al. Fig. 11 shows that A3 decreases while Al and AO
increagse with increasing pressure. Fig. 12 ghows that Ay Increases at the
expense of A; with decreasing pH. While the band intensities are affected
strongly by solvent state, pressure, and pH, the band positions remain nearly
unchanged.

The close coupling of the environment with the protein is supported by
the data in Fig. 13. The IR spectrum of a 75X glycerol-water solvent exhibits
a transition near 180K, essentially at the temperature where the substate

exchange is frozen.
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3.2 Overall Rebinding at 40K

Figure ! shows that rebinding after photodissociation can be wonitored at
various locations in the heme-CO system. We have studied the rebinding at 40K
over a wide range of times at various wavelengths. We selected 40K because B.
Chance et 31.15 have claimed evidence for discrete exponentials at this
temperature. The results of our measurements are shown in Fig. l4. The data
correspond to four different spectral regions. The symbol @ indicates
measurement at 440 nm, near the deoxy Soret peak; O indicates the integrated
absorbance of the "760 nm" charge transfer band III; V refers to the integral
over all A (bound) CO stretching bands; and the O shows the integrated magni-
tude of the absorbance change of the Soret band region from 400 to 450 nm.

The data in Fig. 14 are smooth over more than twelve orders of magnitude
in time. No evidence for the bi-~ or triexponential behavior is visible.
Within experimental uncertainties all of the above measurements give the same
time course.

3.3 Rebinding to the A Substates

New features appear when the rebinding of each of the four A substates is
monitored separately. Fig. 15 gives the rebinding of AO' Al' and A3 at
various temperatures. The data, taken at pH 6.8 in 752 glycerol-water, show
the following features:

(1) Ar all temperatures, the four substates rebind with different kinetics.
(1i) Rebinding of each A substate is nonexponential in time up to 180K,
(141) A3 is always considerably slower than A,

We evaluate the nonexponential kinetics by assuming that each protein
molecule i< in a substate with barrier height HBA for rebinding from the
pocket state B to the covalently bound state A If g(Hg,)dHg, denotes the
probability of finding a barrier with height between Hpa and HBA + dHBA' the

rebinding function is given by
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N(t) = N(O) [dHp, g(Hg,) expl-kg,(Hg,)t}. &)

Here kp,(Hp,) is the rate coefficient appropriate for a barrier of height

H Below about 40K, kBA(HBA) is dominated by tunneling.6’7 Above 40K,

BA®

kBA(HBA) is related to HBA by an Arrhenius relation,

kga(Hga) = Ag(T/T() expl-Hy,/RT]. (@)

We have verified this form, with the overall preexponential factor propor-
tional to T, for CO binding to the separated 8 chain of hemoglobin ZUrich.28
Ty is an arbitrary reference temperature which we take to be 100K. The
parameter ABA consequently gives the preexponential factor at 100K. We
further assume g(HBA) to be given by the gamma distribution as in the model of
Young and Bowne.z9 This distribution peaks at the activation enthalpy

H The rebinding parameters are found by fitting the experimental data to

peak”
Eq. (3), with g(Hg,) given by the gamma distribution and kp, by Eq. (4). Ve
have used this technique for many heme protein-ligand systema.5’28'3° The

barrier parameters for binding to the A substates are given in Table 2. For

comparison, we also list the parameters obtained by monitoring at 440 nm.

3.4 The B Substates

Since we observe four discrete CO-bound substates, Ay—A;, Wwe also expect
four discrete stretching frequencies in the photodissociated state B. We
observe, however, only three bands, as shown in Fig. lb. In an earlier paper
we have discussed these bands in detail.8 BZ at 2119 cm-l is an intermediate
that decays to B| at tremperatures above 15K, For the treatment of rebinding
above about 15K, we are left with only Bo and Bl. At pH 5.6 and 6.8, Bl is

much more intense than By, and it decays with the same time dependence as A,
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while By shows the same time dependence as A3. B, therefore must bind to
substate A, and B, to substate Ay

The fact that we cannot see the B substates that bind to A, and A2 is not
surprising. The integrated extinction coefficients of the B bands are small

1cm_z) and a sufficiently sensitive measurement of the spectrum

(1.4 £ 0.1 mM™
is difficult. Moreover, the intensities of Ao and A2 are much smaller than
that of A). We consequently expect the B substates that bind to AO and A2 to

be much smaller than B; and therefore to be hidden.

3.5 Rebinding Observed Between 350 and 800 nm

The different kinetics for the various A substates raises the question of
whether similar differences can also be seen over the interval 350 to 800 nm,
where the spectral features are dominated by the heme group. The time range
from 100 ns to 300 s was scanned with our flash photolysis system at the
wavelengths indicated in Fig. la. Times from 60 s to about 30 ks were
monitored with the OLIS-Cary spectrometer where the entire wavelength region
was scanned. While small differeﬁces were observed, no major variations in
the time course as a function of wavelength were found at pH 6.8. The fastest
rebinding was observed around the maximum of the CO bound spectrum, the
slowest around the peak of deoxymyoglobin. The average rates at 421 and 440
nm differ by a factor of 2.2 at 60K and 1.6 at 80K. The kinetics at 440 nm,
where we normally monitor rebinding, agrees well with that of the integrated A
substates. The result is reassuring. Observations in the Soret region yield
information about the average rebinding behavior.

3.6 Transitions Among A Substates?

We have shown in Subsection 3.1 that the A substates are frozen when the
protein is embedded in a solid matrix. This observation leaves open the

possibility that even below 180K transitions among B substates can take place.
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Transitions among the A substates could then be induced by light, for instance

through the chain Ay + Bj = By * Ay. To study this possibility, we have

performed a number of additional experiments.

(1) MbCO After Nluminatfon. If transitions among the B substates occur

the ratios Ai/Al measured after cooling in the dark and after illumination

should in general differ below 180K. We have performed such experiments at

160K, 140K, and 120K, The change in relative intensities after illumination
is less than IX for A and less than 5% for Ag and A,. The B substates do not

exchange significantly with each other below 180K,

(ii1) Rebinding Under Illumination. As a second test, we measured the IR

spectrum as a function of time during exposure of the MbCO sample to constant

illumination. Under the assumption that each A substate communicates only

with one B substate and that neither A nor B substates exchange with each
other, the rate A + B, denoted by ky, 18 determined by the intensity of
fllumination. Rebinding B + A is characterized by the rate k. The absorbance

change BA;(t) in the band A; is then given by

BA(t) = A {k /(i O H1-exp[-(kp+0)t 1}, (5

where AAi {8 the maximum absorbance change of band Ai' corresponding to

complete photodissociation. If the rebinding rate k 18 given by a distri-

tution, Eq. (5) must be generalized.
For ki, > k, Eq. (5) predicts two features: (i) The approach to the

steady state at t = @ isg given by kL. (i1) The steady-state value of the

absorbance change, 84,(®), 18 equal to AA;. At 40K both of these predictions

are correct to within about 3%. All A and B bands approach the steady state
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with the same kinetics, given by k; and the steady state values agree with the
values shown in Fig. 2. This result verifies that no transitions Ay - Aj or
By = BJ take place at 40K. Data at 60K give the same result. At 70K and
above, however, Al approaches equilibrium much slower than predicted by Eq.
(5). The data can be explained if a small fraction of the Al gsubstates are
pumped into longer-lived states. Observations of all A and B substates rule
out transitions from Al to other A substates. We discuss an explanation of
the observed effect in Subsection 4.5.

(iii) Multiple-flash Experiments. As a third test, we have performed

multiple-flash experiments at various temperatures. In these experi-

5'13'14, photodissociation is repeated before all Mb molecules have

ments
rebound a ligand. Monitoring of the separate A lines can reveal if pumping
from one A substate to another occurs. At 40K, flashes were repeated every
3000 s. No pumping from one A substate to another is observed over the course

of 4 flashes.

(iv) Photodissocjiation After Illumination. 1In the earlier multiple-flash

experiments (monftored in the visfble), flashing {s repeated at intervals of
length T on the order of 20 times.5 If transitions from one substate to a
longer-lived one occurred with a small probability, say 10—3, or only at times
longer than 1, they would not be detected. A different experiment permits the
gsearch for such rare transitions: We expose the sample to an intense white
light (k; =~ 10 s_l) for a time t; varying between 10 s and 1035, The light
continuously re-photolyzes the rebound CC. At 80K and above more than 50X of
the CO molecules rebind within less than 0.1 s and will therefore be re-
photolyzed between 10% and 10* times. At the end of the f1lumination, the
sample is completely photolyzed by a laser pulse and rebinding is measured.

Results of such experiments at 30K, 40K, 92K and 139K are given in Fig. 16.
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At 30K, a very small increase in long-lived states is seen for ty = 1100 s.
At 40K, pumping is still small. At higher temperatures, rebinding at short
times remains unaltered; at 139K, >90% of the photolyzed CO rebind without
change in rate. The change in the rebinding curve at long times, however, is
dramatic; long-lived substates are greatly enhanced.

In a second set of experiments, a second laser pulse was applied with a
delay, tps after the end of the illumination. Data at 92K, given in Fig. 17,
prove that the protein relaxes toward the initial state after the fllumination
is terminated. The relaxation is slow, however, and is not finished at time
tp = tpe We interpret these results in terms of a hierarchy of substates in

Subsection 4.5.
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4. SUMMARY AND INTERPRETAT ION
The experiments reported in Section 3 answer the main questions raised in
the introduction, but also reveal new problems and point to new avenues of
investigation. We summarize here the main results and interpret some of the
new data.

4.1 Conformational Substates

One of the motivations for the present work was the question raised by

the work of B. Chance et al.lS:

Is rebinding bi- or triphasic as originally
claimed by Iizuka et 31.31 or is it characterized by a power 1aw?5 The result
of the present work, displayed in Figs. 14 and 15, is unambiguous: Regardless
of where rebinding is monitored, the kinetics is smooth and nonexponential
over more than 12 orders of magnitude in time. The original reason for intro-
ducing the concept of conformational substates is consequently still valid.

The observation of pumping into long-lived states (Figs. 16 and 17)
raises, however, the question of whether the arguments rejecting all models
with only sequential32 rather thaﬂ parallel barriers are still valid. The
answer is yes. The multiple-flash technique, described in detail else-

where13,14,33

is very sensitive to the difference between homogeneous and
inhomogeneous systems and shows that the main components of the system must be
inhomogeneous. We will show below in Subsection 4.5 (iv) that the pumping

experiments lead to a generalization of our model which can explain all data.

4,2 The Substates in the Heme Pocket

(i) The A Substates. It has been known for a considerable time that CO
22,23,27,34

binds to the heme iron in more than one conformation. Indeed,
Fig. 5 shows four different stretching bands and fmplies four substates, 4 to
A3, The reversible exchange among the substates down to about 180K, shown in

Fig. 6, implies that all bands correspond to folded, undenatured proteins and
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can occur within the same molecule. The main properties of the A substates
are given in Table 1 and Figs. 6-9.
The spectroscopic data in Section 3 together with the X-ray structure

obtained at 260K by Kuriyan et al.35

pernit a tentative structural assignment
of Ay through Ay. Kuriyan et al. find four different orientations (“confor-
mations A, B, C, D") of the bound CO molecule with respect to the heme group,
and they refine two of the four. Their conformation C has an occupation of
78% and can therefore be fdentified with our substate A; which has an
occupation of 70% at about pH 6 and 260K. With this identification, A, has an
angle O(Fe-C-0) of 141° and points toward ClD, the carbon atom 1 of pyrrole D
of the heme group. {The nomenclature is defined in Fig. 2 of Kuriyan et a1.35)
Their conformation D has an occupation of 22X. Fig, 5 shows that A3 has a
fractional intensity of about 25Z. We therefore identify D with Ay. A, then
has an angle @ = 120° and points in the direction of C4B, a considerable
distance away from A;-

We identify Aq and at the same time solve an old problem by considering
the effect of pH on AO' Watson and Kendrew36 pointed out that a water
molecule bound to the iron in metMb would be within hydrogen~bonding distance
of the distal His 64(E7). Since CO 18 not very different from a water
molecule in size, a hydrogen bond between the oxygen of the CO and His E7
could be expected. Neutron diffraction data by Hanson and Schoenborn37,
however, show no hydrogen bond in MbCO. If Ag is identified with conformation
A of Kuriyan et al., the following picture emerges: Of the four substates,

Ag is closest to His E7 and can form a hydrogen bond with N° if His E7 {is
protonated. If His E7 is the heme~linked protonation group with pK = 5.7

38,39

observed in optical and NMR measurements we expect CO in the substate Ao

to be fully hydrogen-bonded co His E7 well below pH 5.7 and the hydrogen bond
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to be absent well above pH 5.7. The data in Table ! and in Fig. 9 support
this expectation. At pH 5, substate Ay is more tightly bound than A; by about
8 kJ/mol, and at pH 6.8 it is more tightly bound by about 4 kJ/mol. The
difference, 4 kJ/mol, is consistent with a weak hydrogen bond. Additional
evidence for the identification of A, comes from the angle 6 = 154° for
conformation A which is similar to the angle found in chelated protoheme-
0.%%  Heme carbonyls typically“l have CO stretching frequencies near 1970
cm_l, similar to the value for Aj. The fact that no hydrogen bond is seen in
the neutron diffraction data is explained by the low intensity of substate Ay
at room temperature and the absence of protonated His E7 near neutral pH. To
test the assignments directly, the intensities of the IR bands and the X-ray
conformations should be measured on the same crystal at a pH for which Ay is
sufficiently populated. Moreover, additional pH studies are needed to
determine whether the four bands correspond to four distinct orientations or
two bands correspond to the protonated and deprotonated forms of a single
orientation.

We summarize the complete assignment in Table 3 where we also include the

35 Table 3 shows that the

van der Waals energies calculated by Kuriyan et al.
calculated binding energies are close to the relative enthalpies found here
but are generally larger. In reality, the difference in occupation is

determined as much by the relative entropies as by the binding enthalpies.

(11) Interpretation of the B Substates. The IR spectrum of the CO

stretching modes in the photodissociated state B 1s shown in Fig. lb. Above
20K only two bands, Bo and Bl, are unambiguously observed. BO binds to
substate A3 and B; to Aj. At present, no X-ray difftaﬁtion data are available
on the photodissociated CO, so no steric interpretation of the B substates can
be given. The fact that no exchange among By and By is observed below about

180K suggests that each is sterically close to the corresponding A substate.
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4.3 CO Binding at Low Temperatures

(i) Binding Pathways. Each Mb molecule possesses four different pathways

within the pocket for CO binding. In 75X glycerol-water, there is no exchange
among the four channels below about 170K; above 180K transitions Ai + Aj and
presumably By * Bj occur. The kinetics of each of the four pathways is
nonexponential in time below about 180K, as shown in Figs. 14 and 15. Each is
governed by different barrier parameters as given in Table 2.

The data provide no evidence for discrete way-stations or "docking"
within the heme pocket as postulated by B. Chance et al.l‘2 The substate B,
decays quickly to B; at 20K and abovea, long before any appreciable rebinding
occurs. B, binds to substate A1 with essentially the same kinetics as
obgerved in the visible. Above 20K, no intermediate substates appear in
either the bound or the photodissociated CO bands.

(11) Reaction Theory. The data in Table 2 imply that both entropic and

enthalpic factors control the binding reaction at the heme iron. Ay and 4
both have about the same peak activation enthalpy Hpeak; the faster binding
rate of Ag relative to Al is caused by the larger preexponential factor, ABA‘
A3 has a slightly larger preexponential than Al’ but has a slower binding rate
owing to a much larger peak activation enthalpy. An explanation of these
characteristics in terms of the pocket structure and of specific residues will

require detailed studies of binding rates as a function of pH and with

modified myoglobins.

The parameters listed in Tables 1 and 2 show a Brénsted cortelation63:
The most tightly bound substate, AO' binds fastest and the most weakly bound,
A, binds slowest. The same correlation is found for different heme proteins

where the one with the most tightly bound ligand has the smallest activation

enthalpy barrier.a“ Such a correlation {8 expected for an "overcoupled"
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transition, where an increase in the well depth for the covalently bound state
A leads to a decrease in the barrier between the pocket state B and A. The
experimental result consequently demonstrates that CO binding to many heme

v 45

proteins, in particular Mb, is "overcoupled" and not "undercoupled".

4.4 Influence of the Environment and Control

From the biological point of view, the most important feature of our data
is the exquisite sensitivity of the occupation of the substates in the pocket
to external parameters such as pH (Fig. 12), pressure (Fig. 11), and solvent

22,27

state (Figs. 2-4). Earlier we found that the association rate of CO to

Mb increases with decreasing pH and follows a Henderson-Hasselbalch equation

with pK = 5.7.%8

The present data provide more insight into the pH dependence;
a change in pH can not only affect the kinetics of an individual pathway, but
can also shift the system from one pathway to another. Such shifts also occur
on changes in pressure and solvent state. Three conclusions may be drawn from
these experiments: (i) Processes in the heme pocket are extremely responsive
to external influer es. (if) IR osservation of ligand binding is a tool well
suited for the investigation of the effect of external parameters. (iii) The
sensitivity of the processes in the heme pocket to external parameters may be
used in vivo for the control of protein reactions, for example in membrane
proteins through changes In membrane viscosity and composition, and in
hemoglobin through quaternary changes. In all processes, entropy may play a

more important role than enthalpy, as is suggested by Table 2.

4.5 Protein Dynamics and Models

The sensitivity of the IR stretching bands to the conformation of the
protein makes them excellent probes for investigating protein dynamics and
models. We sketch the background for such investigations and describe the

conclusions that emerge from the experiments reported in Section 3.
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(i) The Hierarchy of Conformational Substates (CS). A model with a

single set of CS is not capable of explaining all experiments. On the one
hand, rebinding in a 75% glycerol-water solvent is nonexponential up to at

28

least 170K“", and pressure titration experiments prove that transitions among

the CS responsible for the nonexponential kinetics occur only above about

47

180K. On the other hand, evidence for slow transitions among substates even

at 80K comes from X-ray diffraction: The Debye-Waller factor of many atoms

48,49 Studies of the rearrangement of the

changes appreciably down to 80K.
protein structure after photodissociation ("proteinquake") demonstrate that a
hierarchy of motions exists and that protein conformations can be classified

17,50 ye draw in Fig. 18 the hierarchy of CS as

into a hierarchy of substates.
modified by the results of the present work.

Figure 18 represents the conformational energy of MbCG drawn for various
tiers as function of a conformational coordinate (cc). The energy valley in
the top diagram represents MbCO. The observation of four CO stretching bands
implies that MbCO can exist in four distinct substates of the zeroth tier

cs?),

A, to A3. The nonexponential rebinding kinetics observed for each band
suggests that the actual energy surface for each CS0 consists of a large
number of conformational substates of the first tier, CSI. Each of these
again is subdivided into a large number of substates of the second tier, CSZ.
The furcation continues, but the lower tiers are not relevant for the present
discussion.

At rest, a protein will not remain in one CS, but equilibrium
fluctuations (EF) will move the protein from CS to CS. The rates of the EF
depend strongly on temperature and environment. In 752,glycerol-water, only

EF2 (and EF3...) take place below about 170K, but each protein remains frozen

in a particular CSl. Above about 180K, EFl occur and the protein fluctuates




rapidly from one CS1 to another. After photodissociation of MbCO, proteins
relax from one state (MbCO) to another (Mb) through a sequence of functionally
important motions (fims).17

(ii) Relaxation of the A Substates. In a 75% glycerol-water solvent, the

behavior of the A substates undergoes a change near 180K. The CS0 no longer
interconvert (Fig. 6), the band frequency Voo shifts, and the linewidth
changes. We interpret these features in terms of the CSI. If the large-scale
motions of the proteins are absent, the controlling s}dechains within the
pocket may be prev;nted from fluctuating, thereby stopping transitions among
the CSO. This explanation also accounts for the large change in the linewidth
I' of band AO in Fig. 9. At pH 5 almost all of the His E7 are protonated and
therefore most of the CO in state Ay are hydrogen bonded. Below about 180K,
the motion of His E7 and therefore also the motion of the CO is restricted,
leading to a narrow band. Above 180K, the sidechain motion may also force the
CO to large excursions, leading to a large I'. At pH 6.8, approximately 10-202
of the CO are hydrogen bonded to ﬁis E7 and these may account for the smaller
increase in T above 180K.

(1i1) Slaved Glass Transition. Mb in 75% glycerol-water possesses a

remarkable transition between about 180 and 200K as discussed in (ii). The
transition occurs in an interval of about 20K (Figs. 6 and 8) and approach to
equilibrium is nonexponential in time (Fig. 10). These characteristics are
similar to the ones observed Iin glass and spin glass transitions. Glasses
(amorphous solids)51’52’53 and spin glassesSA are disordered and frustrared55

systems that are believed to have a highly degenerate (many-valley) ground

state.56 The transition to the glass or spin-glass state occurs in a finite

57,58

temperature range and is nonexponential in time. Because proteins are

18

disordered and most likely frustrated systems with many energy valleys
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(Fig. 18) we expect a transition similar to a glass or spin-glass transition.
The transition near 180K satisfies all the requirements.

This transition manifests one property not encountered in glacses: It
depends crucially on the solvent surrounding the protein. In 752 glycerol-
water, the transition is at approximately 180K (Fig. 8). The solvent undergoes

59,60 In

a glass transition at essentially the same temperature (Fig. 13).
water, the transitfon is near 260K, close to the melting point of .he buffered
solvent (Fig. 6). 1In solid PVA, no transition in MbCO is apparent up to at
least 300K, although the ratio A3/A1 decreases gradually above 100K. The
observations imply that the EFl, the fluctuations of the CSl, are suppressed
when the protein surrounding is frozen or solid. The motions of the first
tier thus are "slaved" to the motions of the solvent and we consequently call
the transition a "slaved glass transition.”

The slaved glass transition is not a property of the protein alone;
protein and solvent together must be considered as one system. The hydration
shell of the protein most likely élays a crucjal role both in the glass

27,61,62 Studies of the

transition and in the function of the protein.
hydration water in Mb solutions and crystals by calorimetry and IR spectros-—
copy show a broad glass transition between 180 and 270K which depends on the
63

degree of hydration.

(iv) Pumping and Substate Symmetry Breaking. The results in Figs. 16 and

17 appear at first to call for a new explanation of the nonexponential
kinetics. We show here, however, that an extension of our earlier model
explains the pumping into long-lived states. In that nodel5 we ascride the
nonexponential kinetics to a distribution of activation enthalpies, charac-
terized by the probability density g(Hp,) as given for the binding of CO to Mb

in Fig. 19a. Each substate cs! of the first tier in Fig. 18 is characterized
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by a unique HBA' Different CSl thus have different properties: the energy
valleys of the first tier are not identical and we call this property
"substate symmetry breaking'. At this level of substate symmetry breaking the
substates of the second tier, CSZ, have no effect on the activation energy for
covalent bond formation. Experiments suggest that this assumption may be
incorrect. The nonexponential relaxation in tier 2 seen in the proteinquake
experiment17 and the temperature dependence of the Debye-Waller factor below
lSOKAB’z‘9 imply that different C52 have different physical properties. The
substate symmetry thus is also broken in the second tier, and we assume that
different C82 have different barriers for the binding step B + A, The CS1
determine the barrier crudely, while the C82 fine-tune the barrier. We
represent the situation in Fig. 19b. Within each CSl, the CS2 determine a
range of activation enthalpies. The distribution of the barriers within a

given CS1

is indicated by the solid curves, and the overall distribution as
determined by the CS1 is given by the dashed envelope.

A possible explanation of the pumping observed in Figs. 16 and 17 is now
straightforward. Since the CS1 are frozen below 180K, we only have to
consider a given cst. Fig. 20 gives a schematic representation of the
barriers for the binding step B + A as a function of a conformational
coordinate cc2 of the second tier. The two coordinates have a very different
meaning. The conformational coordinate cc2 describes the protein structure
within a given CSl; shown are three substates of the second tier, labelled by
a, b, and ¢c. The reaction coordinate rc describes the transition of the CO
from the pocket (B) to the covalently bound state at the iron (A). The
potentials along the reaction coordinate for fixed cc2 are drawn as dashed

lines. If the system is initially in a, the lowest CSZ, photodissociation

will move it to a'. The system can now either rebind, B + A, without change
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in cc2, or it can relax to another C82 of lower Gibbs energy, for instance b'.
We have studied the relaxation to lower cs? through fim 2 in detail and have
found that it is nonexponential in time and extends over extremely large
ranges in time.l7 In states b' and ¢', the barrier B + A may either be higher
or lower than in a'. If it is lower, the system will rapidly return to b and
from there relax to a, If it is higher, the system will stay longer in B and
this behavior appears as pumping. The shift to longer rebinding times is

64 and not by a longer-lived

caused by a relaxation in the protein coordinate
intermediate state between B and A. The model explains both the pumping seen
in Fig. 16 and the relaxation in Fig. 17. Relaxation occurs if the system is
first pumped into long-lived CSz, some of which rebind in the dark from, say,

' to ¢c. From there it will relax toward a, the lowest CSZ. A flash at a

c
later time explores the degree of relaxation.

A theory of pumping remains to be constructed, but simple estimares
indicate that the relaxation times and enthalpies observed are consistent with
our earlier experiments.l7 Considér the pumping observed at 30K in Fig. 16.
The absorbance scale is greatly expanded. The rate at N(t) = 0,95 changes by
a factor of 2 after illuminating for 1100 s. This rate change corresponds to
a shift of GHR *RT 20 2 ~ 0.17 kJ/mol. Since g(Hy,) extends from 5 to 25
kJ/mol, such a small shift is not even visible in Fig. 19 and it is reasonable
to attribute it to substates of the second tier. At 139K, the largest time-
shift in Fig. 16 corresponds to an enthalpy shift of SHy, = 8 kJ/mol. This
shift will change the distribution, but is still reasonable. Times and
temperatures seen in pumping experiments are also consistent with fim 2
values. Recent measurements on fim 2 (unpublished) inlicate that it starts

already at 30K and extends to much longer times than shown in ref. 17.
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4.6 Remarks and Outlook

(1) The IR Bands as Tools. The experiments described and evaluated here

demonstrate that IR spectra, when studied as a function of time, temperature,
solvent, and pressure, provide a powerful tool for studies of protein dynamics
and protein function. Nearly all investigations here mark a beginning, and
extensions to shorter times, other systems, and other solvents are likely to
yield even richer information.

(ii) The Chance Experiment. B. Chance et al.15 have made two claims,

that CO rebinding to Mb is bi- or triexponential at 40K and that they can pump
short-lived into long-lived states. Fig. 14 proves that the first claim is
incorrect; data extended to 1055 show no evidence for individual components.
The second claim has to be discussed in more detail because of our new
evidence for a small amount of pumping at 40K in Fig. 16. Chance et al. use a
very weak pump light, adjusted so that on the average about 50% of the MbCO
are photolyzed. Fig. l4 shows that N(t) at 40K drops 50% by about 5’106s.
Thus in the Chance experiment, eqﬁilibrium can occur only for illumination
times much greater than 5‘1048- Owing to the large distribution of flashoff
rates kp through the thick sample, a time-dependent, nonequilibrium
distribution of recombination rates jis established in the sample. In the
Chance et al. experiment, the relative amplitude of the slow components is
enhanced by up to a factor of two resulting in apparent pumping. Their
result, therefore, can be explained without pumping in a straightforward way;
it i1s caused by the combination of weak pump light, thick sample,
nonexponential kinetics, and adjustment to about 50% photolysis. A computer
simulation of this combination, based on the generalization of Eq. (5),

reproduces the apparent pumping.
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(1i1) Theories. A goal of protein dynamics studies is a theory that
classifies and describes protein states and protein motions. Remarkable
progress toward this goal has been made with molecular dynamics computations,

5 66 have

particularly by Karplus and collaboratora.6 Elber and Karplus
verified the existence of multiple energy valleys with a 300 ps simulation.
One unsolved question in such calculations concerns the level of substates
that are reached. Comparison of the timescales simulated with the ones
involved in the various tiers of substates17 suggests that molecular dynamics
explores many of the substates of tier 2, but cannot yet reach tier 1.

36 We have

A second theoretical approach is based on ultrametricity.
proposed that the arrangement of the substates as shown in Fig. 18 suggests
u1trametricity.17 Elber and Karplus have approached this problem with
molecular dynamics66 and find no evidence for ultrametricity. Since they
investigate the distance matrix and we propose ultrametricity in the space of
conformational energy, no disagreement between the two models exists yet. Ome
possible problem regarding ultramétricity is raised by Fig. 18: We have
assigned the zeroth tiler, CSO, to the four A substates. Such an assignment is
certainly correct below the glass temperature where no exchanges among the A

substates take place. Above the glass temperature, however, both the CS0 and

cs!

interchange, and it is no longer clear how to classify and order these
subgtates. Additional investigations, both experimental and theoretical, may

shed new light on these aspects of protein states and motions.

e Y W -
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TABLE 1

Relative binding parameters of the A substates.

R i1s the gas constant. Solvent: 75% glycerol/water.

Substate H,(kJ/mol) §,/R
pH 6.8 5. 6.8 5.
Ay -4 -8 -5 -7
Al 0 0 0 0
Ay 2 2 0 0
- a A
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TABLE 2

Barrier parameters for CO binding to A Substates.

Substate Hpeak
kJ/mol

AO 10
Al 9.5

A3 18
Soret (440nm) 10.1

1oglAg,(100K)/s7}]

10.8
9.3
9.8

9.0
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TABLE 3

The values for Veo refer to a 75% glycerol-water solvent, pH 6.8,
and 240K, The conformations and their properties are from
Kuriyan et al.35, at 260K and pH 6. ¢ and © characterize the

CO conformation; ¢ is the dihedral angle between the Fe-C-0

and the Fe-C-NC planes; O is the angle Fe—C-O.35

35

g

o

Substate Yo HA Conformation Evdw [ ] e
co”!  kI/mol 1J/mol
Ay 1966 -4 A -12 20° 154°
Ay 1945 0 c -12 60° 141°
Ay 1941 - (B) +25 93° 120°
Aq 1930 2 ' D +4 -62° 120°
S A _a
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FIGURE CAPTIONS
The spectral range where rebinding is monitored. (a) shows the
absorption spectra of Mb (dotted line) and MbCO (solid line) in the
Soret, the a and B, and the near-IR regions. Arrows indicate where we
have measured rebinding in the flash photolysis experiments. (b) gives

the IR difference spectrum (Mb-MbCO).

Temperature-dependent IR spectrum of the CO stretching bands of MbCO.

Solvent: 75% glycerol-water; pH 6.8,

Temperature-dependent IR spectrum of the CO stretching bands in MbCO.

Solvent: water; pH 6.7.

Temperature-dependent IR spectrum of the CO stretching bands in MbCO.

Solvent: solid poly(vinyl)alcohol (PVA); pH 7.0,

Voigtian decomposition of the MbCO IR spectrum into four A substates at

10K and 240K. Solvent: 75% glycerol-water; pH 6.8,

Plots of (a) (Ag/A|) and (b) A3/A; versus 103/1, Aj/A; 1s the ratio of
the areas of the stretching bands in the bound states A’ and Al. Below
180K, the ratios change little.

Temperature-dependent area of the CO stretching bands in MbCO.

Temperature dependence of the peak frequency of the CO stretching bands

Ay and Ay {n 75% glycerol-water at pH 5.0 and pH 6.8.
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9 Temperature dependence of the line widths (full width at half maximum) of

[ the A substates. Solvent: 75% glycerol-water; pH 6.8.

10 Approach to equilibrium of substate A, after a change in temperature from
195K to 190K. np(t) denotes the fraction of MbCO that have not reached

equilibrium in substate Ay at the time t after the temperature change.

11 The CO stretching frequencies of MbCO at 0.1 MPa, 50 MPa, 100 MPa
(1 MPa = 9.9 atm). Solvent: 75X glycerol-water; 0.25 M Tris-HCl buffer;

pH 6.1,

12 The CO stretching frequencies of MbCO in 75% glycerol-water at various

values of pH.
13 IR spectrum of 75% glycerol-water solvent as a function of temperature.

14 Rebinding Mb + CO + MbCO at 40K. & : 440 nm; V: Integrated areas of
the A bands; O: Integrated area in the Soret region, 400-450 nm;
0O : Integrated area of the 760 nm band. The individual rebinding curves

have not been matched but have been normalized independently.

15 Rebinding to the substate (a) Ao, (b) Al' and (c) A3 as a function of
time at various temperatures. @: mid-IR flash photolysis data.
B : FTIR data. The solid lines are the fits to the data using Eqs. (3)
and (4) and a gamma distribution for g(HBA). The fit parameters Hpeak
and Ay, are listed in Table 2. Solvent: 752 glycerol-water; pH 6.8,

{
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17

18

19

20

40

Rebinding after {llumination. The MbCO sample is illuminated by an
intense white light for ty seconds before being photodissociated by a
laser flash. Note the expanded scale for the absorbance change in (a).
In (b) the lines have been drawn through each data point. Marker symbols

have been omitted to avoid clutter.

Photodissociation after a delay tp following fllumination for t, = 1110s.
Normal 92K rebinding kinetics (tL = 0, tp = 0) is included for comparison.
Lines have been drawn through each data point. Solvent: 75X glycerol-

water; pH 7.0.

Hierarchical arrangement of conformational substates (CS) in Mb. The
conformational energy G is drawn as a function of a conformational

coordinate. The two lowest tiers, CS3 and CS“, are omitted.

(a) Activation enthalpy distribution g(HBA) determined entirely by
conformational substates of the first tier. (b) The overall distribu-~
tion, the dashed envelope, is determined by the substates of the first
tier; the substates of the second tier provide the fine-tuning represented

by the narrow solid distributions.

Rebinding within one conformational substate of the first tier. The
diagram shows the energy surfaces as a function of the conformational
coordinate cc2 and the reaction coordinate rc. Details are given in the

text.




pro——

[ ]

LD / J9qunusaom

0°00M 0ot 0000 00sOL

o'ome oose  ooorr ool

v Y v v v v
- 4 oro-
- 4 ao-
3 4 oo~
- o soo-
L 4 000
L { so0
s Abxcs { wo
| ¥op/nby dao
X0t
[ @ 1%°
A L - A - A - sTo

“C\j

QO /vy

0°0S% 0008 0°0SL 000L 00¢% 000 006E 0006 00cr 00O 00£L000C

wy 7 yibuejsaom,

mm—j\-/

M

®
1

E

oost




75% gly
pH 6.8

0.
!

—
i

Ie'?emhle/ | Delta Absorbance/ OD
]

11
|
===
= 1
[ b
T\
) .
< T Y T — 1
1920.0 1940.0 1960.0 1980.0 2000.0

-1
Wavenumber/ cm

F'\S. l






LS

|~ WD/ JOGUINUSADA

olel O¢ol 0Gol| 0/6l Ocol

T T _ T [ 000
— —200
— —%00
— 1900
— 800
- i
— —01°0

AQ0/23UuDqiosqy =inosqy



AA/OD

AA/0D

0.30 —
.25\
0.20f-
0.15}-
0.10}-

0.05(

0.00

0.20——

0.18}-
0.16f
O.I4r—-
0.12
0.10F
0.08\-
006}~
0.04}-

0.02}
0.00

1

L
1990 (980 1970 (960 1950 1940 1930

Wavenumber/cm™!

1920

1910

1900

F\SS



AJA,

A /A,

10

10

10

[ ]
i water~buffer (pH 5.9) T
G ° ~
= @ ke
3 ¢ PVA ]
: o :
g . 75% glycerol-water (pH 5.0 ’
: 5% glycerol-water (pH 6.8) .
F ]
R 1
| 1
- (a) !
1 1
I T
- -
- .
- 1
X, PVA
i "‘-.,‘.." ...... o essasinneiirisetenianaa IR 2
| — ™
* ",St: .... Birenssen Wernans
1 o 75%gly )
pH6.8
A 1
0.0 5.0 —n . 0.0 15.0
107"/ K
Fiq. b
_—



Yy / 94njpiadws) 1
0°00¢€ 0062 0002 0°06t1 0001 006 00 .
L i i 1 ] nO
O resssnrnne G, 0.,
i O<n<>& [ELY STTPrTe s TP @ eressrrsaansarroee ©oenn,,, Qeeornas W erressens I STTEIEI Qeosrnee Qeeeonen 7y p o.— g
R Keo....... % ”
| — o M rosavenes T T [ ZTIS L JU— Hovesssars poeenres [y X x - n— N
< <>& L o
— - o <
- > a
O
IR oe ©
o J
'y ‘4B s g
VX AP%GL Rl L
lé-"l""'é -
L T e, 4 ¢t
-2 oene
L
huo | 1 1 d ] o.v
~
g - - s P - - —~




0°'00¢t

| \o..Eo;om.Ev._.

0°0st

000l

00§ 00

4L

N

.......
oy

‘e,

",
‘euy

vo.
i
.

.
.
[TY
",

. 1
g9 Hd 'V
e, *otduesasnrers sdpessaacens fossacsee e *..-......-f........f.. ..........\f...-f
.......-x..........x....-..-o ........ FUPRTS sensens J(ooveconsanane .-..:.x-.-..:..-.-..x....x

0'¢ Hd

l

\4

L

gerél

<1 S'9vél

S Lvél

A\
NN\

wd> sAduenbeay yosy

0°'596l

L-

< 0996l

0°L96!

3704




p

0'00¢

) so4nioiadwa)
006l 0001

00

[l i 1

\ ~.o..------..... TIELE Shiht RLILVEPETPSPPYYS " FEEL St -9

P N N 2 ety . —

- ogHd V/, * g9Hd v 7

’ B
~~ .Q.ﬂ..
;] 5 RSEEEL T EEETY M eosodeovwmanone Heremccnann Keovaves =X
..h ..... \ . m 0
[~ ....<. .. s\ O m I < 1
! ’
.. K
~«.ﬂ.u.1 ~ .l.N. lllll ® ssvm
P ~- \ -
\\ 5\.5
’ )
/ £
! [}
= / ! §
’ ’
’ ’
’ [
\ \
\
[ . °
~ .‘. P8 [z} w O IQ A4 -
\ ... ....m..........m.....
' H o,
x .... O.....
.\ ...u B 2
Q\us .'%- .- --
Heeaee By, (o]
d
1 ] 1 ] ]
Y S P — a

o'e

06

oot

o'l

oa

0°tl

o'kl

o'sl

WD /WnWIXOW $OH 4D YIPIM (I




al

des s suwi|
ol ol ol ol ol
T T T T | L L T T T T T T T T T T
b's Hd
I AiB%ss ]
G,
....... 8.
T a, R
...a.‘
= A i
- a.. .
i ...m... B
I ...m.... 1
A 8., -
"B,
. Bervon,.., 1
I A O B by ve g g 1 | RN S | IR e o - I
“ - PV SV S

ol

0l

H°u



TR

=W/ J9QUINUBADAN

Océl Ov6l 096! 086l
] I 1

000<

BdIN L
BdiN 0S
_mn_s_ 001

_ i |

000

—200

—1r00

—90°0

—800

—1010

dQ/20ubqJosqy ainjosqy




NARAIE

|- WJ/18QUINUSADM

Olel Ogo6l 0Ge6l Ol 066l
. | —4=—==0000
u \ 6bHI A
— —£000
S I S N N NN N N SR N S |

—9000

- JO/23uDnqJosqy |injosqy



|_WO/ J3qUINUBADA

TR

0] ] 000l 062 0082
T | L _ T T T T T 7 T T T | T T T 1 O0.0
/ 7\ > T
1 L
\ Py
\ //lnmom
= =
A\ |0 \ -
001 \ &
| ox
\roio0e 1 8
/v_O¢N S
A00L 46,00
O

______L_r______r__OO._




IS

ol

Ol

29s sawi|

o Ol

ol

Ol

o]

ot

ol

LI S

—

-

{-
L T

=

]

T

!

|

ol

MN




4

10 102 | To AN o M

Time/ sec



Kj T T T Y T T T
10 |- c6°8aoy 31, e
° g o2 ; E g £ %o 30K
o @ s ©
Q ¢ ° a Z e
"o a v 1 =100s
s
o ¢
o9t 0 ° hE 0
o ©
a 40K © °
z a ®
° 'L = 30005
0.8 | [ 'L = (s )
(a)
0.7 ] L 1 I} 1 1 L A,
' T [ ¥ L) { 1 L] 1 ]
92K
10" | 1, = 10s -
) t = 110s
t, = 10s
~ t =0s
Z 't 139K i
10 1, = 1100s
‘0.3 i f‘ = 100s
(b) t, = 0s
‘o" L L ! L 1 1 L 1
w0* 1wt 1w 1wt w1 W 10' 0 o
Time / sec
Fy 5, 1b
... -




29$ / 2wl

oo ol

T L I

TTT T 1

L1 fy

®ON




G MbCO

cC

ccO
— | —e ccl
— CC2

Fig. 1%




(a)

20

Hga /kJ mol™

10

Fig. 19




-y

F‘tg. A0




AL 2

DISTRIBUTION LIST MOLECULAR BIOLOGY PROGRAM

ANNUAL, FINAL, AMD TECHNICAL REPORTS (Ons cooy sach except as noted)

Dr. Lewis F. Affronti
George Washington University
Department of Microbiology
2300 I ST NW

Washington, DC 20037

Dr. J. Thomas August

The Johng Hopkins Univerxity
School of Medicine

720 Rutland Avenue
Baltimore, MD 21205

Dr. Myron L. Bender
Chegistry Department
Northvestern University
Evanston, IL 80201

Dr. R. P. Blakesore

University of Mew Hampshire
Department of Microbiology
Durham, Nev Hampshire 03824

Dr. Ronald Breslow
Columbia University
Department of Cheamastry
New York, NY 10027

Dr. James P. Collsan
Department of Chamistry
Stanford University
Stanford, California 9405

Dr. Alvin Crumbliss

North Carolina Biotechnology Center
Post Office Box 1223%

Research Triangle Pasrk, WC 11709

Or. Mariens Deluca

University of California, San Diego
Department of Chemistry

La Jolla, Ca 92093

Dr. Bruce Erichson
Chem:stry Departsent
University of North Carclina
Chape! Hill, BC 27834

Dr. Richard B. Franke!

Massachusetts Institute of Technologv
Francis Bitter Nationai lLaboratory
Casbridge, MA 021139

Dr. Hans Frauenfelder
Department of Physics
Universaty of Illinoas
Urbana, IL 61801

Dr. Bruce Gaber

Naval Ressarch Laboratory
Code 51%0

Washington, DC 20375

Dr. R. ¥W. Giese

Northeastern Univ

Section of Medicinal Chamastry
360 Mungt ington Ave

Boston, MA 0211%

Dr. Barry Monig

Colusbia University

Dept of Biochamistry and Molecular Birophysics
630 West l68th St.

New York, NY 10012

Brachoan b4y



Dr. Alex Karu

Department of Plant Pathology
College of metural Resources
University of Californis
Berkeley, CA 94720

Dr. Robert G. Kemp
University of Health Sciences
Chicago Medical school

rtoent of Biological Chasistry
3333 Green Bay Road
North Chicago, IL 60064

Dr. Ghobind H. Khorans

Massachusetts Institute of Technology
77 Massachusetts Avenus

Cambridge, WA 02139

Dr. Richard Laursen
Chemistry Department
Boston University

§90 Commorwealth Avenue
Boston, MA 02215

Dr. Robert ¥. Lenz

Chasical Enginsering Department
Universaty of Massachusetts
Asherst, WA 01003

Dr. Harden M. McConnell
stanford University
Departmsent of Chemistry
stanford, CA 94305

pr. Kristin Bowman Mertes
University of Kansas
Department of Chemistry
Lavrence, Kansas 66065

Dr. Edgard F. Meyer

Texas ASM University

Departsent of Biochemistry and Biophysics
Box 3578

College Station, X 77843

Dr. Jiri Nowotny

Laboratory of Cellular and Molecular Research
Massachusetts General Hospital

Boston, MA 02114

Dr. Carl O. Pabo

Johns Mopkins Medical School
Departoant of Biophysics
paltimore, W@ 21205

Dr. Franklyn Prendergast
Mayvo Foundation

200 First St. SW
Rochester, $%90%

Dr. Maftali Prisor

New York Zoological Society

Nev York Aquarius

Osborne Laberatory of Marine Science
Brooklyn, NY 11226

pr. K. S. Rajan

I1linois Institute of Technology
Research Institute

10 . 35th 5.

Chicago, IL 80618

Dr. C. Patrick Reynolds

Naval Medical Research Institute
Transplantation Ressarch Progras Canter
Sethesda, D 20814

Brockow &y




Dr. Alexander Rich
Department of Biology

Massachusetts Institute of Technology

Cambridge, WA 02139

pr. J. H. Richards
California Institute of Technol

ogy
Division of Chemistry and Chemical Engineering

Pasadena, CA 91125

Dr. J. S. Richardson
Duke University School of Medicine

Dpr. Richard Roblin
Genex Corporation
16020 Industrial Drive
Gaithersburg, MD 20877

pPr. Peter G. Schultz
Department of Chemistry
University of California
Berkeley, CA 94720

Dr. Michael E. Selsted
Department of Medicine
UCLA School of Medicine
37-055 CHS

Los Angeles, CA 90024

Dr. Michael Shuler

School of Chemical Engineering
Cornell University

Ithaca, New York 14853

Dr. David S. Sigman

UCLA School of Medicine

Department of Biological Chemistry
Los Angeles, CA 90024

Dr. John M. Stewart

University of Colorado Health Science Center

Department of Biochemistry
Denver, CO 80262

Dr. Dan W. Urry

Laboratory of Molecular Biophysics
University of Alabama

P. O. Box 311

Birmingham, AL 35294

Dr. J. Herbert Waite
College of Marine Studies
University of Deleware
Lewes, DE 19958

Dr. Gerald D. Watt

Battelle-C. F. Kettering Research Laboratory

150 East South College Street
P. O. Box 268
Yellow Springs, Ohic 45387

Dr. Jon I Williams
Allied Corporation
Columbia R4 and Park Ave.
Morristown, NJ 07960

Dr. Eli D. Scheell, Code 1141MB
Office of Maval Ressarch
800 North Quincy Street
Arlington, VA 22217-5000

Dr. Michael T. Marron, Code 1141}@®
Office of Meval Research
800 North Quincy Street
Arlington, VA 22217-5000

Brockue 3¢



Dr. Margo G. Haygood

Office of Naval Research
800 North Quincy Street
Arlington, VA 22217~5000

Adminstrator (2 copies, Enclose DTIC Fore 50)
Defense Technical Information Center
Building 5, Cameron Station

Alexandria, VA 22314

ANNU; [s] One

Commander

Chemical and Biological Sciences Division
Research Office

P. 0. Box 12211

Research Triangle Park, NC 27709

Directorate of Life Sciences

Air Force Office of Scientific Research
Bolling Air Force Base

Washington, DC 20332

Chepistry and Atmospheric Sciences Directorate
Air Force Office of Scientific Research
Bolling Air Force Base

washington, DC 20332

Director

Biotechnology Division

CRDEC

Aberdeen Proving Grounds, MD 21010-5423

Adpinistrative Contracting Officer
ONR Resident Representative

(Address varies - obtain from your business office)

Director, Code 12

Applied Research and Technology Directorate
Office of Naval Research

800 North Quincy Street

Arlington, VA 22217-5000

Director, Code 22

Support Technology Directorate
Office of Naval Technology
800 North Quincy Street
Arlington, VA 22217-5000

Director, Code 112

Environmental Sciences Directorate
Office of Naval Research

800 North Quincy Street

Arlington, VA 22217-5000

Director, Code 113
Chemistry Division
Office of Naval Research
800 North Quincy Street
Arlington, VA 22217-5000

N,
Director (6 copies)
Naval Research Laboratory

Attn: Technical Information Division, Code 2627

washington, DC 20375

Broche, Yy






