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

J.R. Hill !, M.J. Cote', D.D. DIout1, J.F. Kauffman1 , J.D. AirDonald1 .
P.J. Steinbach

2 , J.R. Berendren
2 , and H. Ftcaueniclder

2

School of Chemical Sciences, University of Illinois at Urbans-Champaign,
Urbana, IL 61801, USA2Department of Physics, University of Illinois at Urana-Champaign,
Urbana, IL 61801, USA

A fundamental understanding of condensed phase chemical rvaction dynamics
can be obtained from the study of blcmlecules. particularly heme and henme-
proteins. The Aoplexity or these systems gives rise to a rich variety or
phenomena, allowing many aspects of condensed matter reactions to be
examined. The rate theories and puzzles of hemeprotein kinetics have
recently been discussed by Frauenfelder And WoliYnes [I. in this work we
present new experiments on ligand binding to protoheme (Fe:protoporphyrin-
IX) in a glassy matrix. We have studied the rebinding of carbon monoxide
after photodisbociation over a wide range or time (Sps-iG-s] Ana temperature
[300K-70K]. The significance or our results is that (1) the influence of
friction and nonadibaticity on a condensed phase reaction can be directly
investigated. (2) the Influence or an Inhomogeneous glassy matrix (glycerol-
water 75:25) on the reaction can be studied, and (3) meaningful comparison
between protoheme and hemeprotein kinetics isolates the role of the protein
relaxation in the reaction.

Temperature-dependent ligand rebinding to protoheme -as studied with s
resolution by Alberding at &1. [2]. We extended the results to the ps time-
scale using conventional pump-probe methods with 565 nm dye laser pulses
(10J, 3Ps, FWHM. 80Hz). Figure I shows a log-log plot of the time-resolved

absorbance change (proportional to 1(t), the fraction of protoheme molecules
that have not rebound CO at time t) at 300K and 260K. The slow process
(Process S) Involves binding of CO that have escaped their initial solvent Accession lo;
cage by diffusion. This solvent process is exponential in time with A - -.

pseudo-first-order rate coefficient that depends on [CO]. As T is de "NTIS GRA.
creased, the fraction or CO molecules that escape the cage decreases until DTIC TAR'
It is below 0.01 at 24OK [2], well above the glass transition T. 1-3K.
Subtraction of the 260K Process S data (solid circles from [2]) yields a Unanounced ri
nonexponential decay (Process I). the solid rectangles in Fig. I. The Justification.
relative fraction of ligands that rebind via Process I Increases as T de-
creases from 300K to 24OK. Process I is nonexponntial at all temperatures
up to 300K. By

As T is decreased below 20K. process S vanishes, the rate of process I
decreases in a manner consistent with [2]. and a new process, 10, is Ave 11 i1 ltv- Co es
observed. The amplitude of 1 increases with further decrease In T until it
dominates I. Figure 2 shows the rebinding data at I 0K (open rectangles). , ,

: 
./or

the temperature at which processes I and If have equal Amplitudes. Subtrac- Dist P -ap
tion of process 1, which Is known to have the form of a power-lw decay.
reveals that process It (open circles) decays exponentially with a 5 Ps
liftim.. . T is decreased from 220 to 7OX. the rate or process 1" de(
creases linearly with T.
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Fig. 1. Ligand rebinding data In the high temperature regime
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Fig. 2. Llgand rebinding data at 1lK where the Traction of lgands that
rebind via process I Is equal to the Traction that rebind via process V.

figure 3 summarizes the tmperature dependence of lgagnd rebinding via
these three processes. At the luest temperatures studied, process 16
dominates. As the temperature Increases, the Traction of ligasid rebinding
via process I Increases intil 240K. At that point the solvent process
Increases in Isportance.

In [2]. process I was interpreted to arise Trom recombination ot ligands
trapped within the solvent cage. The barrier for this proceas Is 0 property
of the home. and probably Arises as a consequence of the transition trat the
unbound 3-2 domed base structure to the bound S-0 planar structure. The
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this conformational rslagatton does not Occur on the rester Ilcesca*. %5
ps) Of the rebinding.

fThe observed (linear) tmperatura dependence and thle lane rate 'of
procesa I- at lowtemperaturea sgget that it 4o% not act .r tj tc.a" i
Ovor-the-barrter motion. The exponential time dependence ahows that the
height of toe barrier is not distributed. Procss t ey ihvolvv reco.-
btiation to an S-1 hets which has not domed. At laIK. the rebindin.g rate or
?7i0/s is a factor of -40 slower than kT/h. the freguency or collision
between the ligand and the heme. The reduction o o the recololr.ation rate
can be caused by entropy. fritioli, and nonadnabatie barrier crassir, 1)).
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PRESSURE STUDIES OF LARGE-SCALE PROTEIN MOTIONS

Robert D. Young
Departments of Physics
University of Illinois at Urbana-Champaign
1110 West Green Street
Urbana, IL 61801
and
Illinois State University
Normal, IL 61761
USA

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 I describe the results of flash photolysis experiments using "pressure

titration" to probe large-scale protein motions (5,6). In 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 EFi (equilibrium fluctuations) and FIMI

(functionally important motions) (5,7). The pressure titration experiments imply

that the EFi must be described by a distribution of attivation 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 (CSI). (ii) Transitions among the substates are equilibrium fluctua-

tions (EF); nonequilibrium transitions from one protein state, say MbCO, to

another state, say deoxy~b, involve functionally important motion. (FIhs). (iII)

Substates and equilibrium fluctuations possess hierarchies: In Kb four different

tiers of substates and motions are observed. (iv) The different tiers of sub-

states are described-by distributions of relaxation rates.

a.



The pressure titration experiments probe equilibrium fluctuations (EFI) in

tier I of the hierarchy of conformational substates (CSI). The EFi most likely

involve large-scale motions in the protein and possibly include the hydration

layer and part of the solvent. FIMI may be the motion that permits ligands to

enter and leave the protein.

PRESSURE TITRATION EXPERIMENTS

Below about 180 K, Mb rebinds 0O 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 (CSI) 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) = Jg(H) exp(-k(H)t)dH (1)

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 experimpntally measured N(t). Alternatively I

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 '). The sample can also be cooled to low temperature

(100 K) at atmospheric pressure (state 0). Since CO binding is much faster at

state B' than at state B, 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 ensemble of proteins is in a

distribution of CS1 characteristic of I bar while at B' the distribution of CSI

is characteristic of 2 kbar. Transitions between states B' and B correspond to

EFI. The EFI are induced as follows: Starting in state B' at say 100 K and

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



increased to Tm , left there for 600s (the annealing time, ta), cooled again to

100 K and N(t) measured. This procedure is repeated with increasing Tm until

N(t) has relaxed to follow the curve corresponding to state 0. The result is

definitive: Up to Tm - 160 K, N(t) for 0' is unrelaxed but at Tm - 200 K N(t)

has completely relaxed to the kinetics corresponding to 0.

Since the distributions g(H) for 0 and 0' have the same shape, the states

* and 0' are characterized by the minimum activation enthalpy Hmin of the dis-

tributions (8). The extent of relaxation is characterized by the fractional

shift A(ta,Tm) of Hmin(ta,Tm) from Hmln(O): A(ta,Tm) - [Huin(ta,Tm)-Hmin(B)]/

[Hmin(8')-Hmin(P)]. Assuming that the relaxation 8' + 0 is described by a

distribution of activation energies, A(taTm) is given by

A(taTm) - Jp(E1 ) exp(-klta)dE (2)

where p(E1 )dEI is the probability of finding a barrier between E1 and E1 + dE1 .

I fit the data with kI - A exp(-El/RT) and a box distribution,
F(Eax Emn) -1 E CE C E

p(E) - ' mm < max (3)1 0 , otherwise

A good fit to the relaxation of N(t) parameterized by Hnin is obtained for

Al - 1019.3 s -1, Emin - 70 kJ/mol, and %ax - 85 kJ/mol.

DISCUSSION

The pressure titration experiments on CU rebinding to Mb after photodisso-

ciation show that at I bar the EFI 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. Additional evidence for

EFI has also come from Raleigh scattering of Mdssbauer radiation (13) and

microwave absorption in the hydration shell (14). However we are only at the

beginning of the study of EF and FIMI. Clearly more theory is needed and more

experiments are required to explore the properties of EFI and FIMI, to study the

role of the hydration layer and solvent (15), and to determine the connection

between EFI and unfolding.
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ABSTRACT

The infrared stretching bands of carboxymyoglobin (MbCO) and the

rebinding of CO to Mb after photodissociation have been studied in the

temperature range from 10 to 300K in a variety of solvents. Four stretching

bands imply that MbCO can ecist in four substates, A0 to A3 . The temperature

dependences of the intensities of the four bands yield the relative 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 seen at any temperature if MbCO is embedded

in a solid poly(vinyl)alcohol matrix. The dependence of the transition on

solvent characteristics is explained as a slaved glass transition.

After photodissociation at low temperature the CO is in the heme pocket

B. The resulting CO stretching bands which are identified 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 substates. All data lie on the same rebinding curve and demonstrate

that rebinding is nonexponential in time from at least 100 ns to 100 ks. No

evidence for discrete exponentials is found.

Flash photolysis with monitoring In the IR shows four different pathways

within the pocket B to the bound substates Al. 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 ABA are extracted. No pumping from one A substate to another,
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or one B substate to another, is observed below the transition temperature of

about 180K.

If MbCO is exposed to intense white light for 10 to 103s before being

fully photolyzed by a laser flash, the amplitude of the long-lived states

increases. The effect is 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

1
proteins at first appears to be a simple one-step process , 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

2
single one. 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.2'4'5 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.10 02 or CO binds reversibly to the central iron atom of the

heme group in Mb. Since Mb is sturdy 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. '
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

Gerwert et al. 11 and M. Chance et al. 12 Such a rate variation suggests a

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
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time") we have demonstrated that pumping from short-lived to long-lived states

at 60 and 70K is very small and that the nonexponential kinetics results

predominantly from inhomogeneities among Mb molecules and cannot be explained

by multiple states within one protein molecule.5'13' 14  In view of these

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

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

long-lived components in the binding of CO to Kb at 40K. 15 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 Our interpretation leads to the

concept of a hierarchy of substates 17 and to connections between proteins and

(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 low-temperature experlments. 19 The new

experiments verify our earlier experiments and also yield surprising results

that open new windows on phenomena in the heme pocket.
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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

pocket. 2 0'2 1  In the Soret and the a and B bands, changes in the electronic

structure of the heme on binding are seen. The near-IR band (band III, near

760 hn) is a charge-transfer band and involves both the iron atom and the

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

the bound CO22 '2 3 and the ones near 2100 cm- 1 result from the stretching mode

of the photodIssociated CO within the pocket. 8 ,9  If only one simple rebinding

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 0 4 samples placed in a 1 cm x 1

cm cuvette and the near-IR experiments were done on a 1.5 mM sample in a 1 cm

by 0.1 cm cell.17 FTIR and fast-IR measurements were performed on 15-20 mM

samples held between two CaF 2 windows with a 75 tm 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 (( 10-3 photons/s absorbed per protein molecule). The photo-

multiplier (Hamamatsu 928) signal was digitized with a LeCroy TR8818 transient

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 104 s.

The FTIR experiments were performed on a Mattson Sirius 100 FTIR spec-

trometer. All spectra were taken at I 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 separate

mid-IR flash photolysis system. The infrared monitoring light was produced by

a Spectra-Physics/Laser Analytics tunable-dlode laser and directed through the

protein solution and monochromator onto a LN2-cooled IR-Associates HgCdTe

detector. Photolysis was induced by the same laser used 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.



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

(I) The A Substates. The stretching bands of the bound CO are superb

probes. We have measured the "dark" or bound-state IR spectrum of KbCO at

temperatures between 15 and 300K in 75% 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
'
2 5 

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 AO (" 1966 cm-
1
), A1 (- 1946

cm-'), A2 (- 1941 cm-1), and A3 (- 1930 cM-1). (Because of the new band A2

the nomenclature differs from the one we used earlier.
8
) The fits yield the

center positions VCO, the full-width at half maximum r, and the areas of the

four bands. Since the band A2 is difficult to extract unambiguously, we shall

discuss only the other three.

(ii) 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, A1 , as standard and plot in Fig. 6 the logarithm of the

intensity ratios A0/Aj and A3 /Aj as a function of 10
3
/T. The ratios Ai/Ai in

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

ratios change very little. MbCO in 75% glycerol-water, in contrast, shows two

regions. Above about 18OK, the ratios change rapidly; .elow that temperature,

the change is much slower. The behavior above 180K can be understood if the

four bound substates A0 to A3 have different binding enthalpies and entropies
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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 substatee depend slightly

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

AI/A 1  exp[Si/R] expt-HIl/RTI{i(c)/t(T)l (1)

wh, and Hi are the entropy and enthalpy of substate A, with respect to

> zate A1 and ci(T) is the extinction coefficient of substate Ai 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 EA2 of the A bands of MbCO in 75% 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.
26

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

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

line width r is displayed in Fig. 9.

(iiI) Nonequilibrium Behavior of the A Bands. The ratios AO/AI and A3/Aj

in Fig. 6 follow a van't Hoff behavior from 260K to 190K. Below 190K, 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 A, at

the time t after lowering the temperature. Ai(0) is the integrated absorbance

at 195K, and Ai(-) 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 ni(t) of MbCO molecules that have not yet transferred to substate A,

at time t after the change in T is given by

ni(t) = iAi(t)-A1 (.)1/(A(0)-Ai(-)}. (2)

n0 (t) at 190K is shown in Fig. 10. The data indicate that the approach to

equilibrium is nonexponenrial 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 al.
22 

and Brown

et al. 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. A0 is

much more intense in PVA and in ice than in glycerol-water. Pressure and pH

also affect the ratio Ai/A 1. Fig. 11 shows that A3 decreases while A, and A0

Increase with Increasing pressure. Fig. 12 shows that A0 increases at the

expense of A1 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 75% 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 I shows that rebinding after photodissociation can be monitored 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.

15
Chance et al. have claimed evidence for discrete exponentials at this

temperature. The results of our measurements are shown in Fig. 14. The data

correspond to four different spectral regions. The symbol 6 indicates

measurement at 440 nm, near the deoxy Soret peak; 3 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 0 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 Substares

New features appear when the rebinding of each of the four A substates is

monitored separately. Fig. 15 gives the rebinding of A0, Al, and A3 at

various temperatures. The data, taken at pH 6.8 in 75% glycerol-water, show

the following features:

(I) At all temperatures, the four substates rebind with different kinetics.

(ii) Rebinding of each A substate is nonexponential in time up to 180K.

(iii) A3 is always considerably slower than Al.

We evaluate the nonexponential kinetics by assuming that each protein

molecule iq in a substate with barrier height HBA for rebinding from the

pocket state B to the covalently bound state A.
5  

If g(HBA)dHBA denotes the

probability of finding a barrier with height between HBA and HBA + dH BA, the

rebinding function is given by
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N(t) - N(O) fdHBA g(HBA) exp(-kBA(HBA)t). (3)

Here kBA(H BA) is the rate coefficient appropriate for a barrier of height

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

Above 40K,

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

kBA(HBA) = ABA(T/TO) exp[-IBA/RT]. (4)

We have verified this form, with the overall preexponential factor propor-

tional to T, for CO binding to the separated 6 chain of hemoglobin ZUrich.
2 8

To is an arbitrary reference temperature which we take to be 100K. The

parameter ABA consequently gives the preexponential factor at 1OOK. We

further assume g(HBA) to be given by the gamma distribution as in the model of

Young and Bowne.
2 9 

This distribution peaks at the activation enthalpy

Hpeak. The rebinding parameters are found by fitting the experimental data to

Eq. (3), with g(HBA) given by the gamma distribution and kBA by Eq. (4). We

have used this technique for many heme protein-ligand systems.
5
,
28

,
30 

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, Ao-A 3, we 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 

B2 at 2119 cm
-
1 is an intermediate

that decays to B, at temperatures above 15K. For the treatment of rebinding

above about 15K, we are left with only B0 and B1 . At pH 5.6 and 6.8, B, is

much more intense than B0, and it lecays with the same time dependence as A1,

.. .. . .. . .. . m a
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while Bo shows the same time dependence as A3 . B, therefore must bind to

substate Al and B0 to substate A3 .

The fact that we cannot see the B substates that bind to A0 and A2 is not

surprising. The integrated extinction coefficients of the B bands are small

(1.4 ± 0.1 mM-Icm-2) and a sufficiently sensitive measurement of the spectrum

is difficult. Moreover, the intensities of A0 and A2 are much smaller than

that of Al. We consequently expect the B substates that bind to AO and A2 to

be much smaller than B1 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 a was scanned with our flash photolysis system at the

wavelengths indicated in Fig. is. Times from 60 s to about 30 ks were

monitored with the OLIS-Cary spectrometer where the entire wavelength region

was scanned. While small differences 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 A, + Bj - Bk + A,. To study this possibility, we have

performed a number of additional experiments.

(I) MbCO After Illumination. If transitions among the B substates occur

the ratios AI/AI 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 1% for A1 and less than 5% for A0 and A3 . The B substates do not

exchange significantly with each other below 180K.

(ii) 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 kL, Is determined by the intensity of

illumination. Rebinding B * A is characterized by the rate k. The absorbance

change AI(t) in the band A, is then given by

&AI(t) - AAI{kL/(kL+k)}(l-exp[-(kL+k)t1), (5)

where AA, Is the maximum absorbance change of band Ai, corresponding to

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

bution, Eq. (5) must be generalized.

For kL >> k, Eq. (5) predicts two features: (1) The approach to the

steady state at t - - is given by kL. (1i) The steady-state value of the

absorbance change, AA (-), is equal to AAi. 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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values shown in Fig. 2. This result verifies that no transitions A, - A1 or

BI - B1 take place at 40K. Data at 60K give the same result. At 70K and

above, however, A, approaches equilibrium much slower than predicted by Eq.

(5). The data can be explained if a small fraction of the A1 substates are

pumped into longer-lived states. Observations of all A and B substates rule

out transitions from A1 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-

ments
5
'
13
'
14

, photodissociatlon is repeated before all Mb molecules have

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) Photodissociation After Illumination. In the earlier multiple-flash

experiments (monitored in the visible), flashing is 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 T, they would not be detected. A different experiment permits the

search for such rare transitions: We expose the sample to an intense white

light (kL 1 10 s
-
1) for a time tL varying between 10 s and 103s. The light

continuously re-photolyzes the rebound CO. At 80K and above more than 50% of

the CO molecules rebind within less than 0.1 s and will therefore be re-

photolyzed between 102 and 104 times. At the end of the illumination, 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 tL = 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, tD, after the end of the illumination. Data at 92K, given in Fig. 17,

prove that the protein relaxes toward the initial state after the illumination

is terminated. The relaxation is slow, however, and is not finished at time

tD - tLO We interpret these results in terms of a hierarchy of substates in

Subsection 4.5.



17

4. SUMMARY AND INTERPRETATION

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

15
the work of B. Chance et al. : Is rebinding bi- or triphasic as originally

claimed by lizuka et al. 31 or is it characterized by a power law?
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 than parallel barriers are still valid. The

answer is yes. The multiple-flash technique, described in detail else-

where
1 3

,1
4
,
3 3 

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

binds to the heme iron in more than one conformation.
2 2

'
2 3

'
2 7
'
34  

Indeed,

Fig. 5 shows four different stretching bands and implies four substates, A0 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 sane molecule. The main properties of the A substates

are given in Table I and Figs. 6-9.

The spectroscopic data in Section 3 together with the X-ray structure

obtained at 260K by Kuriyan et al. 35 permit a tentative structural assignment

of A0 through A3 . 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 identified with our substate A1 which has an

occupation of 70% at about pH 6 and 260K. With this identification, Al has an

angle O(Fe-C-O) of 141' and points toward CID, the carbon atom 1 of pyrrole D

of the heme group. (The nomenclature is defined in Fig. 2 of Kuriyan et al. 
35 )

Their conformation D has an occupation of 22%. Fig. 5 shows that A3 has a

fractional intensity of about 25%. We therefore identify D with A3. A3 then

has an angle 0 - 1200 and points in the direction of C4B, a considerable

distance away from Al.

We identify A0 and at the same time solve an old problem by considering

the effect of pH on AO . Watson and Kendrew 36 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 is 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 Schoenborn3 7 ,

however, show no hydrogen bond in MbCO. If AO is identified with conformation

A of Kuriyan et al., the following picture emerges: Of the four substates,

AO is closest to His E7 and can form a hydrogen bond with Nc if His E7 is

protonated. If His E7 is the heme-linked protonation group with pK - 5.7

observed in optical and NMR measurements 3 8,39 we expect CO in the substate A0

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 I and In Fig. 9 support

this expectation. At pH 5, substate A 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/ol. The

difference, 4 kJ/mol, is consistent with a weak hydrogen bond. Additional

evidence for the identification of A0 comes from the angle 0 - 154' for

conformation A which is similar to the angle found in chelated protoheme-

CO.4 0 Heme carbonyls typically 41 have CO stretching frequencies near 1970

cm- ! , similar to the value for A0 . The fact that no hydrogen bond is seen in

the neutron diffraction data is explained by the low intensity of substate AO

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 Ao 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

van der Waals energies calculated by Kuriyan et al. 3 5 Table 3 shows that the

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.

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

stretching modes in the photodissociated state B is shown in Fig. lb. Above

20K only two bands, B0 and B1 , are unambiguously observed. BO binds to

substate A3 and B1 to A,. At present, no X-ray diffraction data are available

on the photodissociated CO, so no steric interpretation of the B substates can

be given. The fact that no exchange among Bo and B1 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 751 glycerol-water, there is no exchange

among the four channels below about 17OK; above 180K transitions A, + Aj and

presumably B1 + B 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.4 2 The substate B2

decays quickly to B1 at 20K and above8 , long before any appreciable rebinding

occurs. Bi binds to substate A, with essentially the same kinetics as

observed in the visible. Above 20K, no intermediate substates appear in

either the bound or the photodissociated CO bands.

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

enthalpic factors control the binding reaction at the heme iron. A0 and A

both have about the same peak activation enthalpy Hpeak; the faster binding

rate of A0 relative to A1 is caused by the larger preexponential factor, ABA.

A3 has a slightly larger preexponential than A1 , but has a slower binding rate

owing to a uch 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 I and 2 show a Br~nated correlation4 3 :

The most tightly bound substate, A0, binds fastest and the most weakly bound,

A3. 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.44 Such a correlation is 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

proteins, in particular Mb, is "overcoupled" and not "undercoupled". 
4 5

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

state (Figs. 2-4).22 ,27 Earlier we found that the association rate of CO to

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

with pK = 5.7.46 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. (ii) IR observation 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 hems 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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(1) 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

least 170K 28 , and pressure titration experiments prove that transitions among

the CS responsible for the nonexponential kinetics occur only above about

180K.4 7 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

changes appreciably down to 80K.48 '49  Studies of the rearrangement of the

protein structure after photodissociation ("proteinquake") demonstrate that a

hierarchy of motions exists and that protein conformations can be classified

into a hierarchy of substates. 1 7'50 We draw in Fig. 18 the hierarchy of CS as

modified by the results of the present work.

Figure 18 represents the conformational energy of MbCO 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 ), A0 to A3. The nonexponential rebinding kinetics observed for each band

suggests that the actual energy surface for each CS
0 consists of a large

number of conformational substates of the first tier, CS . Each of these

2
again is subdivided into a large number of substates of the second tier, CS

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 75% glycerol-water, only

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

in a particular CS1 . Above about 180K, EFI occur and the protein fluctuates
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rapidly from one CSI to another. After photodissociation of MbCO, proteins

relax from one state (MbCO) to another (Nb) through a sequence of functionally

important motions (fims). 7

(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 VCO 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 sidechains within the

pocket may be prevented from fluctuating, thereby stopping transitions among

0the CS . This explanation also accounts for the large change in the linewtdth

r of band A0 in Fig. 9. At pH 5 almost all of the His E7 are protonated and

therefore most of the CO in state A0 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 r. At pH 6.8, approximately 10-20%

of the CO are hydrogen bonded to His E7 and these may account for the smaller

increase in r above 180K.

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

remarkable transition between about 180 and 200K as discussed in (11). 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 in glass and spin glass transitions. Glasses

(amorphous solids)
5 1 5 2 ,53 and spin glasses

54 are disordered and frustraed
5 5

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

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

temperature range and is nonexponential in time. 5 7 ,58 Because proteins are

disordered and most likely frustrated systems18 with many energy valleys

a
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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 glareses: It

depends crucially on the solvent surrounding the protein. In 75% glycerol-

water, the transition is at approximately 180K (Fig. 8). The solvent undergoes

a glass transition at essentially the same temperature (Fig. 13).59,60 In

water, the transition is near 260K, close to the melting point of ,he buffered

solvent (Fig. 6). In solid PVA, no transition in MbCO is apparent up to at

least 300K, although the ratio A3/A decreases gradually above 10OK. The

observations imply that the EFI, the fluctuations of the CS1 , 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 plays a crucial role both in the glass

transition and in the function of the protein. 27 ,6 1,62  Studies of the

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

degree of hydration.
6 3

(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 model5 we ascribe the

nonexponential kinetics to a distribution of activation enthalples, charac-

terized by the probability density g(HBA) as given for the binding of CO to Mb

in Fig. 19a. Each substate CS1 of the first tier in Fig. 18 is characterized
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by a unique HBA. Different CS 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, CS
2
, 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

17
experiment and the temperature dependence of the Debye-Waller factor below

180K
48

'
49 

imply that different CS
2 

have different physical properties. The

substate symmetry thus is also broken in the second tier, and we assume that

different CS
2 

have different barriers for the binding step B + A. The CS
1

determine the barrier crudely, while the CS
2 

fine-tune the barrier. We

represent the situation in Fig. 19b. Within each CS1, the CS
2 

determine a

range of activation enthalpies. The distribution of the barriers within a

given CS is indicated by the solid curves, and the overall distribution as

determined by the CS
1 

is given by the dashed envelope.

A possible explanation of the pumping observed in Figs. 16 and 17 is now

straightforward. Since the CS
I 
are frozen below 180K, we only have to

consider a given CS
I
. 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 CSI; shown are three substares 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 CS
2
, 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 CS2 of lower Gibbs energy, for instance b'.
We have studied the relaxation to lower CS2 through fim 2 in detail and have

found that it is nonexponential in time and extends over extremely large

ranges in time. 17  In states b' and c', 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

caused by a relaxation in the protein coordinate 6 4 and not by a longer-lived

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 CS2 , some of which rebind in the dark from, say,

c' to c. From there it will relax toward a, the lowest CS2 . A flash at a

later time explores the degree of relaxation.

A theory of pumping remains to be constructed, but simple estimates

indicate that the relaxation times and enthalpies observed are consistent with

our earlier experiments. 17 Consider 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 HA RT n 2 - 0.17 kJ/mol. Since g(HBA) 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 6HBA " 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) Inicate 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

(i) 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 105s 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. 14 shows that N(t) at 40K drops 50% by about 5-10 4s.

Thus in the Chance experiment, equilibrium can occur only for illumination

times much greater than 5.10 4s. Owing to the large distribution of flashoff

rates kL through the thick sample, a time-dependent, nonequillbrium

distribution of recombination rates is 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 is 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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(Iii) 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,

particularly by Karplus and collaborators.
6 5 

Elber and Karplus
6 6 

have

verified the existence of multiple energy valleys with a 300 ps simulation.

One unsolved question in such calculations concerns the level of substatqs

that are reached. Comparison of the timescales simulated with the ones

involved in the various tiers of substates
17 

suggests that molecular dynamics

explores many of the substates of tier 2, but cannot yet reach tier 1.

A second theoretical approach is based on ultrametricity.
56 

We have

proposed that the arrangement of the substates as shown in Fig. 18 suggests

ultrametricity.
1 7 

Elber and Karplus have approached this problem with

molecular dynamics
6 6 

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. One

possible problem regarding ultrametriclty is raised by Fig. 18: We have

assigned the zeroth tier, CS
O
, 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 CS
0 

and

CSI interchange, and It is no longer clear how to classify and order these

substates. Additional investigations, both experimental and theoretical, may

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

Relative binding parameters of the A substates.

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

Substate HA(kJ/mol) SA/R

pH 6.8 5. 6.8 5.

A0  -4 -8 -5 -7

Al 0 0 0 0

A3 2 2 0 0
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TABLE 2

Barrier parameters for CO binding to A Substates.

Substate Hpeak 1og[ABA(1OOK)/
s - ]

kJ/mol

A0  10 10.8

A1  
9.5 9.3

A3  18 9.8

Soret (440nm) 10.1 9.0
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TABLE 3

The values for VCO refer to a 75% glycerol-water solvent, pH 6.8,

and 240K. The conformations and their properties are from

35
Kuriyan et al. , at 260K and pH 6. 0 and e characterize the

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

and the Fe-C-NC planes; 0 is the angle Fe-C-O.
35

Substate VCO HA Conformation EvdW3 5

-1
cm kJ/mol kJ/mol

A0  1966 -& A -12 20°  154 °

Al 1945 0 C -12 60°  141 °

A2  1941 - (B) +25 93* 120 °

A3 1930 2 D +4 -62' 120 °
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FIGURE CAPTIONS

1 The spectral range where rebinding is monitored. (a) shows the

absorption spectra of Kb (dotted line) and MbCO (solid line) in the

Soret, the a and 0, and the near-IR regions. Arrows indicate whtre we

have measured rebinding in the flash photolysis experiments. (b) gives

the IR difference spectrum (M4b-MbCO).

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

Solvent: 75% glycerol-water; pH 6.8.

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

Solvent: water; pH 6.7.

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

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

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

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

6 Plots of (a) (AO/A 1 ) and (b) A3 /A1 versus 10
3/T. A/A 1 is the ratio of

the areas of the stretching bands in the bound states A, and Al. Below

180K, the ratios change little.

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

8 Temperature dependence of the peak frequency of the CO stretching bands

A0 and A1 in 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 AO after a change in temperature from

195K to 190K. n0 (t) denotes the fraction of MbCO that have not reached

equilibrium in substate A0 at the time t after the temperature change.

11 The CO stretching frequencies of HbCO at 0.1 MPa, 50 MPa, 100 MPa

(1 MPa - 9.9 atm). Solvent: 75% glycerol-water; 0.25 M Tris-HCl buffer;

pH 6.1.

12 The CO stretching frequencies of HbCO 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. 0 : 440 nm; V: Integrated areas of

the A bands; 0: Integrated area in the Soret region, 400-450 nm;

13 : 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) A0, (b) A1 , and (c) A3 as a function of

time at various temperatures. 0: mid-IR flash photolysis data.

* : 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 ABA are listed in Table 2. Solvent: 75% glycerol-water; pH 6.8.
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16 Rebinding after illumination. The MbCO sample is illuminated by an

intense white light for tL 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.

17 Photodissociation after a delay tD following illumination for tL = 11lOs.

Normal 92K rebinding kinetics (tL - 0, tD = 0) is included for comparison.

Lines have been drawn through each data point. Solvent: 75X glycerol-

water; pH 7.0.

18 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, CS
3 

and CS
4
, are omitted.

19 (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.

20 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.



0

0

a 8

,ii

aa

Go vv

O /0

q

C!

kn)

0

I
i i l i i i .0

,.l' Wl*O / ,



0i

75% gly

pH 6.8

0ol%

0

0

0
.=0

0

1920.0 1940.0 1960.0 1980.0 2000.0
Wavenumber/ cm-'



0

00C) 0 0 -Z**0 <:T N..-
CIA C\l

00

OD
0 0*)
0
0

0
0 vvS0

0 Go/ 9OUC)cvosqv

..... ......

...................... ..... ....... 

... ....... ,



0
0')

N I E
0

mE

Q)
0

0

0

0'

C]/ooqoq @njosqV



0.30 I

0.25- 75% gly A, (a)

IOK

0.20

0
N 0.15-

0.10-

0.05 A0  A2 A3

O.OC
0.20

0.18 75% gly A, (b)

0.16- 240K

0.14-

o 0.12
0 0.10-

<0.08

0.06- A3

0.04 A

0.02 A

0.00
1990 1980 1970 1960 1950 1940 1930 1920 1910 1900

Wavenumber/cm
-1



II

water-buffer (pH 5.9)

10 ~ PVA

/ 75% glycerol-water (pH 5.0)

.................................. . 9 ..............q................

1075% glycerol-water (pH 6.8)

(a)

< PVA

...................... .............

-- I 75%gly
pH6.8

107
0.0 5.0 10.0 15.0

10'T-' / K_'



L

'' I I

0-

o

N
-~ 'C

~ 
-

< ~ 0

0N : 
C~~4

4*
'C 

C'4~

I
*

a 
-4 

01-a 
-

0~* 
'~ E* 

I)
4: x 4 I-

0,~ o* 0

x 4

/ A
0

0

DBJ~



0

000

0 i'

CL,

A xC!
00

Id w

-wo /oueneij 1)'0



"'-i
~C4

CL9

.6 4

0- C0

S2 0

wo /wwxWID oqpMln



LL

fr

I I I I I I I '

p

$U

0o

AM)

°w-

00°'

g"a
C°)°



I0

0
0

0

00,07

0 LO

0)>

0

00

ci6 0 0 0 0 C

(]/ooq q ajnjosqV



Qd ci Gi

0

0

- E

0 _0m_ E,

- rr)

8 0

0 0 0
d u 5 d
.- C]O/aouoqjosqV a9 nlosqV



I0

0
0

0

000

0

00

K)

0

0

d d 6 6



Io

00

0 0

00

00 0

&

_ -

ot

Cb

0 -

C

0

0-
0 t

0.

0 10

0

C

(O)N



0 K47K

"~73K6K
z 1(2 Ao82K

-2W

* * *40K

-~ * 54K

63K-

ol 19K 73K
Z -2 *82K-

10 A, 139K

(t) 3 158K6 K

154

Z -2K

139

1061(4 (5211 2 104

Time/ sec



I I - I I I " -..

30K

0 0 & V

0.9 0t Os

40K 0

o it - 3000s
0.8

a t Os

(a)

0.7 I I

10I - 1'"110 1

110

t6 r llOs

i t a Os

0- 110

1071lo

(b)

" i IO4  10' 10' 10, lop , Id Id 10
Time / sec



in

000

o- - o

00

////0

100

'(O

, I I ! I i e e I i t i

*o ;o~

0I 0



MbC

G MbCO

cc

W7ccO

cc I

cc2



010 20
HBA/kJ mol-I

';3



G

kBA fim

I 
I

Ifi

aI
I I C

I / c



DISTRIBUrION LIST 14OLECULAR BIOLOY PROGRAM

&MAL- FINAL, AND UCHNICAL REPORTS (One copy ach. except as noted)

Dr. Levis F. Affronti
George Washington University
Department of Microbiology
2300 1 ST NW
Washington, DC 20037

Dr. J. Thomas Augst
The Johns Hopkins University
School of Medicine
720 Rutland Avenie
Baltimore, HD 21205

Dr. Myron L. lenderChemistry Department

Northwestern UnINe rs1ity
Evanston, eL 60201

Dr. R. P. blakemore
University of Ne Hampshire
Departaint of Microbiology
Duhm, No Hampshire 03624,

Dr. Ronald Breslow
Columbza University
Department of Oemstry
New York, NY 10027

Dr. James P. Collaan
Department of Chmiastry
Stanford University
Stanford. California 94305

Dr. Alvin Crumbliss
North Carolina Biotechnology Center
Post Office Box 12215
Research Trinlje Park, 0C 27709

r. Marlene Deluca
University of California. San Diego
Department of Chemistryv
La Jolla, CA 92093

Dr. t ce Erickson
Qemistry Department
University of North Carolina
Chiapel Hill. PC 214

Dr. Richard B. Frankel
Masachusetts Institute of technologv
Francis Bitter National Labcratory
Cajmbridge. MA 02119

Dr. Hans Preuenfelder
Department of Physics
University of Illinois
Urbana, IL 61601

Dr Bruce Gebor
Naval Research Laboratory
Code 6190
Washington, DC 10315

Dr. R. W. Gless
Northe"tern Univ
Section of Medicianal (>mistrv
160 IHmgtington Ave
Boston, MA 02115

Dr. Berry onig
Columbia University
Dept of Biochinistry and Molecular biophysics
610 West 168th St
New York, In 10012



'1

Dr. Alex Kiw
Department Of Plant athologlY
College of Natural ResOUrCes

University of California
Berkeley. CA 9.720

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

3333 Green ley Road
North Chicago, IL 6064

Dr. Ghobind H. KIorana
Massachusetts Institute of TechnologY

71 Massachusetts Avenue
Cambridge, MA 02139

Dr. Richard Lairsen
Chemistry Department

Boston University
590 Commonwealth Avenue

Boston, MA 02215

Dr. Robert V. LAn
Ceamical £nqinearing Department

University of Massachusetts
Amherst, mA 01003

Dr. Harden M. McConnell
Stanford UniversitY
Department of Chemi

s
t y

Stanford, CA 94305

Dr. Kristin Bowman Mertes

University of Kansas
Department of Chemiltr'

Legrence, IaMsas 66045

Dr. Edgard F. Meyer
Texas A University
Departmnt of BiochemistrY 

and Biophysics

Box 3578
College Station. TX 77843

Dr. Jiri Nomtnv
Laboratory of ellular and Molecular Research

Massachusetts General Hospital

Boston. MA 02114

Dr. Carl o. Fabo
Johns Hopkhim medical School

Department of Biophysics
bItLore, ND 21205

Dr. Franklyn Prendergast
mavo Foundation
200 First St. SW
Rochester, 0 55905

Dr. Naftali priNor
New York Zoological Society

New York Aqurium
Osborne Laboratory of Marine Science

Brooklyn, NY 1122'

Dr. K. S. Rajan
Illinois Ingtitute of Technology

Research Intitute
10 W. 35th St.
Chicago, I. 60616

Dr. C. Patrick Reynolds
Naval Medical Research Institute
Transplantaton Research Program Center

bathesd. MD 2081'

8ee-IAeeA 44



Dr. Alexander Rich
Departent of Biology
Massachusetts Institute of Technology
Cambridge, NA 02139

Dr. J. H. RichardS
California Institute of Technology

Division of Chemistry and Chemical Engineering

Pasadena, CA 91125

Dr. j. S. Richardson
Duke University School of Medicine
Department of Anatomy
Durham, NC 27910

Dr. Richard Roblin
Genex Corporation
16020 Industrial Drive
Gaithersbur, MD 20877

Dr. 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 Cheaistry
Los Angeles, CA 90024.

Dr. John N. 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 Delaware
Leves, DE 19958

Dr. Gerald D. Watt
Sattelle-C. F. Kettering Research Laboratory
150 East South College Street

P. 0. Box 268
Yellow Springs, Ohio 45387

Dr. Jon I illiams
Allied Corporation
Columbia Rd and Park Ave.
Morristown, NJ 07960

Dr. Eli D. Schmall, Code 1141"

Office of Novel Research
800 North Quincy Street
Arlington. VA 22217-5000

Dr. Michael T. Mrron, Coda 1141
Office of Naval Research
800 North Quincy Street
Arlington, VA 22217-5000

BuocLtaSs



Dr. Margo G. Haygood
Office of Naval Research
800 North Quincy Street
Arlington, VA 22217-5000

Adminstrator (2 copies, Enclose DTIC Form SO)
Defense Technical Information Center

Building 5, Cameron Station
Alexandria: VA 2231.

ANNuAL AND FINAL REPORTS ONLY (One oov each)
Commander
OCemical end Biological Sciences Division
Army 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

Chemistry and Atmospheric Sciences Directorate

Air Force Office of Scientific Research

Bolling Air Force Base
Washington, DC 20332

Director
Biotechnology Division
CRDEC
Aberdeen Proving Grounds, ND 21010-5423

Administrative 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

FINAL AND TEQNICAL REPORTS ONLY

Director (6 copies)
Naval Research Laboratory

Attn: Technical Information Division, Code 2627

Washington, DC 20375



DATE

FILMED,


