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ABSTRACT. Ligand binding to myoglobin in aqueous solution involves two kinetic components, one
extramolecular and one intramolecular, which have been interpreted in terms of two sequential kinetic
barriers. In mixed solvents and sub-zero temperatures, the outer barrier increases and the inner barrier
splits into several components, giving rise to fast intramolecular recombination. The nature of these
barriers and their relation to structural relaxation are examined using the effect of solvent composition
and viscosity on the kinetics of CO binding to horse myoglobin in 60% ethylene glycol/water, 75% and
90% glycerol/water, 80% and 92% sucrose/water solutions. Measurements of the corresponding solvent
structural relaxation rates by frequency resolved calorimetry allow us to discriminate between solvent
composition and viscosity-related effects. The outer kinetic barrier controlling ligand entry and release
depends on the viscosity consistent with Krame3tokes law of activated escape in the presence of
friction. At high cosolvent concentration, we observe deviations from Stokes law, implying a smaller
microviscosity at the proteinsolvent interface as compared to the bulk. The inner barrier and its coupling

to structural relaxation appears to be independent of viscosity but changes with solvent composition. As
a possible explanation, we discuss the role of distal water molecules in the formation of the effective
inner barrier. At low temperatures, this barrier has a distributed height, depending only slightly on the
nature of the cosolvent and temperature at low cosolvent concentrations. In contrast, myoglobin embedded
in a sucrose glass (92% sucrose/water) exhibits a temperature-dependent and bimodal enthalpy distribution.
This result demonstrates that the exchange between protonation states of His6#:Acan take place

in the glass and at temperatures as low as 80 K.

The associationdissociation reaction of myoglobin (Mb) initially, in contrast to S in a stopped-flow experiment. From
with dioxygen (Q) or carbon monoxide (CO) has been C, the ligand either rebinds directly or, depending on the
characterized in terms of an outer and an inner kinetic barrier relative height of the outer and inner barrier, escapes to the
(Doster et al., 1982; Carver et al., 1990; Steinbach et al., solvent. The association rate at excess ligand concentrations,
1991). The outer kinetic barrier for entry into myoglobin S— A, can be written as the product of the bond formation
and the inner barrier for rebinding from within the heme ratekca, the equilibrium constant of €= S, and the fraction
pocket are believed to be of similar height foz. Orhe inner ~ Ns of molecules where the ligand escapes to the solvent
kinetic barrier for CO binding, in contrast, is much larger (Doster etal., 1982):
than the outer barrier and controls the overall association A= Kep PeN 2
rateds (Doster et al., 1982). In the latter case, one can view S AT CTTS
the association reaction as a fast preequilibrium between the .
intramolecular ligand position C and the dissociated state SW'th
in sequence with the bond formation of CO with the heme

k
iron, leading to the bound state A: P.= _SC
kes
A—C=S (1)
o Kes
By flash photolysis, one prepares the system in state C S kest Kea

e . The factorNs < 1 corrects for the fact that the preequilibrium
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of the large inner barrier. For quasi-physiological sample The C— A and the B— C transitions are supposed to be
conditions, this model works quite well. However, kinetic diagonal, involving both structural change and ligand adjust-
experiments performed at lower temperatures or using highment. In a sequential kinetic scheme, association and
viscosity solvents reveal a surprising complexity of the inner dissociation proceed along the same pathway. The relaxation
barrier: The intramolecular rebinding phase splits into several model in contrast, implies a directed pathway. Dissociation
components, which, according to their kinetic shape, contain proceeds via the unrelaxed B intermediate, but association
further subcomponents (Austin et al., 1975). This behavior from S involves the direct process € A with keg = O.
supposedly reflects the hierarchy of conformational substatesThis difference has important consequences on the interpre-
and represents an important aspect of protein function tation of ligand binding at physiological conditions. In the
according to Frauenfelder (1997). The question of whether latter case, the B— A barrier, which is seen at low
the additional barriers are low-temperature- or viscosity- temperatures, is of no concern at high temperature. Instead
induced effects (Ansari et al., 1992) or if low-temperature the C— A barrier controls the overall CO association rate.
experiments reveal relevant mechanistic details that are The goal of our study was to investigate the nature of the
blurred in the physiological range is still open: In simple inner and outer barriers using viscosity and cosolvent
terms, two types of modifications of eq 1 have been proposedconcentration as the parameters discriminating between
in order to account for the extended range experiments. Somentramolecular and surface-coupled processes. Protein re-
workers complement C by further intramolecular kinetic laxation was shown to depend on the bulk viscosity of the
states B and D (Austin et al., 1975; Doster et al., 1982; solvent (Ansari et al., 1992, 1994), which was reported to
Lambright et al., 1993; Ansari et al., 1994). Since the capital be frozen-in when myoglobin is embedded in a trehalose
letters denote ligand positions, it is implied that B or D denote glass (Hagen et al., 1995; 1996). Similar results were
altered locations or orientations of the ligand in the protein discussed by Gottfried et al. (1996) for human hemoglobin
relative to C. Interestingly, CO recombination requires two in a trehalose glass where the high viscosity of the solvent
further intermediates (B and D), while one is sufficient (B) reduces structural motions of the F-helix, which are suppos-
for dioxygen binding (Steinbach et al., 1991). The innermost edly involved in protein relaxation. If this relaxation process
barrier controlling the final step B> A can be characterized s the one that is kinetically relevant one expects-EC to
in low-temperature experiments, where the population of depend on the viscosity. The viscosity can be changed by
other intermediates remains negligible. The extrapolation many orders in magnitude by choosing glass-forming
of the low-temperature kinetic analysis to physiological solvents that differ in their glass temperature. The effective
conditions, however, leads to discrepancies with experimentalactivation energy of the viscosity close to the glass transition
results (Henry et al., 1983). The inner barrier appears to begenerally exceeds 80 kJ/mol, which is larger than most
much larger than inferred from low temperature work. A protein-intrinsic kinetic barriers. The viscosity thus domi-
pure sequential kinetic scheme is therefore inconsistent with nates the temperature dependence of surface-coupled kinetic
experimental data. Some authors thus introduce an ensembleate coefficients, which is easily detected. Studies performed
of sequential kinetic schemes, one for each protein confor- at constant temperature and variable solvent composition
mation. Structural relaxation is then assumed to induce have the drawback that two unrelated parameters, viscosity
transitions between pathways resulting effectively in a and composition, are modified simultaneously. The effect
directed pathway model (Lambright et al., 1993; Ansari et of solvent composition on the kinetics of ligand binding has
al., 1994; Hagen et al., 1996). Such a description accountsreceived little attention. The cosolvent modifies the dielectric
naturally for the observed polychromatic kinetic curves but constant, the chemical potential of water, and the surface
has the drawback of complexity. Little is known about the tension at the proteinsolvent interface. The latter may lead
number of kinetically relevant pathways and the inter- to partial demixing and enhanced concentration of one
pathway transition rates. component in the vicinity of the protein. Two well-known
The second approach is based on a time-dependentprotein stabilizers, glycerol and sucrose, increase the surface
sequential scheme (Steinbach et al., 1991). The idea oftension, which causes exclusion of the cosolvent from the
relaxation-induced barrier increase, originally described by protein domain (Timasheff, 1993). The resulting preferential
Agmon and Hopfield (1983), has been extended and modified hydration may reduce the microviscosity near the protein
by several groups (Steinbach et al., 1991; Srajer & Cham- surface relative to the bulk. Moreover, the osmotic stress
pion, 1991; Agmon & Sastry, 1996). Instead of introducing imposed by high cosolvent concentrations to accumulate
new intermediates, all the complexity is put into protein- water at the interface may also affect the population of
coupled barrier changes, which leaves eq 1 denoting ligandprotein-internal water molecules. Mutant studies with myo-
positions unchanged. Since one cannot exclude that struc-globin indicate that the removal of a water molecule from
tural relaxation and ligand displacement are coupled, we usethe distal pocket of deoxy-myoglobin plays an important role
instead of g 1 a directed pathway model, where horizontal in determining the association rate coefficient (Cameron et
steps indicate ligand displacements while steps along theal., 1993; Quillin et al., 1995). This suggests that the stability

vertical axis denote conformational changes: of intermediate C may depend on the solvent composition.
The correlation between water activity, protein hydration,
kg conformational equilibria, and ligand binding was investi-
A<— B gated previously using high concentrations of organic co-
\kﬂc (3) solvents (Cupane et al., 1986; Bulone et al., 1991; Colombo
kea kes et al., 1992; Rand, 1992; Rand et al., 1993).
C=Ss The classical case of diffusion-limited association leads

ksc to rates that scale with the inverse power of the viscosity:



Solvent Effects on Kinetic Barriers of hMbCO

As O 1/y. The association rates of CO and With heme

proteins, myoglobin, hemerythrin, and microperoxidase (An-
sari et al., 1992; Hasinoff, 1981; Lavalette & Tetreau, 1988)
show this behavior for large but tend to a finite limit at

low viscosity. This result was interpreted in terms of a
transition from diffusion to barrier-controlled association.
Diffusion in sequence with barrier crossing leads to the
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experiments on myoglobin, which indicate that protein
flexibility vanishes in parallel with the glass transition of
the solvent (Iben et al., 1989). At present there is no general
agreement on the meaning of fractional exponents implying
a breakdown of Stokes lavi,(J . A recent kinetic study

on oxygen binding to hemerythrin has shown thaepends

on the molecular weight of the cosolvent used to change the

following association rate constant (Noyes, 1961):

+ Koif 4)

D denotes the sum of the diffusion coefficients and the
combined encounter radius of two associating molecligs.
is the rate of barrier crossing. Sin€el 1/4, eq 4 yields

®)

c refers to a viscosity-independent constant. However, the
observation of a viscosity-dependent rate coefficient alone

does not prove the relevance of translational diffusion. For affacts by varving the temperature at fixed solvent composi-
instance, the rate of a conformational transition induced by y varying . pera P
tion and to discriminate viscosity from solvent composition-

photolysis of MbCO was interpreted using eq 5 (Ansari et .
al., 1992; 1994). The authors assign the constantyg to induced effects.
a protein internal viscosity. Furthermore, the Frauenfelder
group has shown that not only the association process of

ligands with myoglobin but also dissociation depends onthe  Sample Preparation Glycerol/water and ethylene glycol/
external viscosity (Beece et al., 1980). In terms of egs 1 water solvents were adjusted at pH 7.6 by adding 0.1 M
and 2, this result implies that both rate coefficiettgand ~ phosphate buffer. To avoid crystallization, the sucrose was
kes, and thus the effective height of the outer barrier depends gissolved in an excess of water at a temperature of70

on the viscosity of the solvent. The case of barrier crossing and then cooled to 50C. Subsequently, the water was
in the presence of friction was treated by Kramers (1940). removed by evacuating the flask containing the mixture until
In the high damping limit, one obtains a modified transition 3 weight concentration of 80% was reached. The concentra-
state result, where the preexponential varies inverselytion was measured by weighing the solution and comparing
proportional with the friction coefficient; its weight to the weight of the empty flask and the sucrose.

viscosity (Yedgar et al., 1995). Theoretical studies suggest
either position-dependent (Gavish, 1980) or frequency-
dependent friction coefficients (Doster, 1983; Schlitter,
1988). In the following, we investigate these questions with
horse myoglobin, which has a simpler kinetic structure than
the sperm whale species (Post et al., 1993). As solvents,
we choose 60% ethylene glycol/water, 75% and 90%
glycerol/water, 80% and 92% sucrose/water to cover a wide
range of viscosity according to glass temperatures from 140
K (60% E/W) to 277 K (92% S/W). Also, we measure the
viscosity and structural relaxation time of the solvent using
specific heat spectroscopy. This allows us to study viscosity

= Kkt

j';l Barr kDif“f = 4nDr

A0 1/(c+ )

MATERIALS AND METHODS

0. H. All solvents were equilibrated with carbon monoxide (CO)
k. = ——2exp— _'J) (6) at 1 atm. For 80% sucrose/water, we determined the
: 2nf RT) calorimetric glass transition at 227 3 K using differential

H; denotes the activation enthalpy of the transitionr j; scanning calorimetry (Perkin Elmer, scanning rate 8 K/min).

w1, w, are the harmonic frequencies near the bottom and FOr flash photolysis experiments, the samples were
top of the barrier. According to Stokes law, one should prepared fro_m sa_llt-free Iyophlllzed powder of horse skeletal
expectf O , which givesk; O 1/7. However, this simple metmyoglobm (Sigma Chgmle, Germany). The material was
behavior is rarely seen with protein reactions. Several groupsdissolved at a concentration of 0.6 mM in the corresponding
have studied solvent viscosity effects on protein reactions Solvent. After equilibration with CO at 1 atm, the protein
(Gavish & Werber, 1979; Beece et al., 1980, 1981; Lavalette Was reduced by adding a 10-fold excess of sodium dithionite
& Tetreau, 1988: Rosenberg et al., 1989; Ng & Rosenberg, under anaerobic co_ndltlons. Due_to the _h|gh viscosity of
1991; Doster et al., 1995: Yedgar et al., 1995) and on 80% sucrose/water, it was not possible to dissolve the protein
reorientation of spin-labels bound to protein surfaces (Stein- & room temperature. Therefore, we ad@3 mMMbCO/
hoff, 1990). In all cases, except for the conformational water solution (pH 7) at 56C to the sucrose/wate_r solution.
change mentioned above (Ansari et al., 1992), the intercon- The excess water was removed by evaporation, and the
version rates of the transition between taxonomic substatesSolution was immediately cooled to°@. After preparation,
(Tian et al., 1996) and the catalytic rate of carboxy peptidase &ll samples had protein concentrations near 0.6 mM at pH
(Gavish & Werber, 1979), a fractional power law in the 7, and the optical absorption spectra were identical with those
viscosity was observedk; O 77, x < 1. Furthermore, a  °bserved for aqueous hMbCO.
kinetic analysis of CO binding to sperm whale myoglobin ~ For the 92% sucrose/water sample, we used a 0.3 mM
leads to transition rates that tend to a finite limit at extreme MbCO/water solution that contained 50 mM sucrose. A
viscosities (Beece et al., 1980) suggesting instead of eq 5quantity of 12%L was dried on a quartz plate in a desiccator
filled with silica gel for several days. The desiccator was
k 0C,+ 32 flooded with CO and kept at 8C during dehydration. This
J 1 " preparation yielded an optically homogeneous film with an
extinction of ~1.2 at the Soret peak (424 nm) and an
Equation 7 predicts the decoupling of structural motion from estimated thickness of 48 10 um. For a determination of
the solvent at high viscosity. This result is at variance with the residual water after dehydration, we dried a 50-fold

(1)
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12 Table 1: Parameters of VogeFulcher-Tamman Fits eq 9 ang.

-0 for 60% Ethylene Glycol/Water, 75% and 90% Glycerol/Water, and
80% Sucrose/Water

solvent  logr (S) A (K) Twt (K) log g. (P K1s™)

60% E/W —12.84+0.7 1200+ 150 110+3 8.2:0.4

75% G/W —14.2+ 0.4 1850+ 100 125+ 3 8.6+ 0.3
90% G/W —15.3+ 0.5 2300+ 100 125+3 9.6+ 0.3
80% S/W —13.6+0.4 1450+50 190+ 3 9.2+ 0.3

o]
|

frequency of the heat source exceeds the inverse structural
relaxation time, the transfered heat is no longer absorbed by
the structural degrees of freedom. This leads to increased
temperature oscillations in the heat source and to a phase
T shift. This transition, which depends on the temperature and
the frequency of the heat oscillation, is used to determine
the structural relaxation time of the solvent. An Arrhenius
2 3 4 5 6 7 plot of the resulting structural relaxation ratks= 1/zs, of

1000/ T 60% ethylene glycol/water, 75% and 90% glycerol/water,

(1/K) S S
and 80% sucrose/water is given in Figure 1.

FiGURE 1: Solvent relaxation ratelss(T) measured with specific The Maxwell relation (Scherer, 1986) connects the struc-

heat spectroscopy (open symbols) and viscosity data (closed . . . . .
symbols, Nikolski, 1959; Douzou, 1977 Hasinoff, 1977 Beece et tural relaxation time to the bulk viscosity,. It involves

al., 1980) for 60% ethylene glycol/water, 75% and 90% glycerol/ the high frequency shear modul@s::

water, and 80% sucrose/water (from the right to the left) in an

Arrhenius plot (log values here and in the following text and figures G.

are base 10). Lines represent fits using the Vegelicher n= Gmfs=k— (8)

Tamman eq 9. The right-hand axis for viscosity refers to 75% S

glycerol/water only. The high frequency mod@i in eq 8 of the ) .

various solvents differ slightly. By eqs 8 and 9 and the data of Equation 8 allows us to extend the dynamic range of the

Table 1, one obtains the viscosity values of the other solvents. specific heat experiments using published viscosity data
(Nikolski, 1959; Douzou, 1977; Hasinoff, 1977; Beece et

amount of the myoglobin/sucrose/water solution in the same al., 1980). We determine the shear modulus in a region

way and calculated from the weight of the dehydrated samplewhere both viscosity and relaxation times are available.

in comparison to the weight of myoglobin, sucrose, and Figure 1 shows that the relaxation rates (open symbols) and

buffer salts a final ratio of 92 2% (w/w) sucrose to water.  viscosities (closed symbols) of the mixed solvents are well

Using differential scanning calorimetry (Rheometric Scien- approximated by a VogelFulcherTamman (VFT) equa-

tific, scanning rate 10 K/min), we measured the glass tion (solid lines):

transition at a temperatuiig of 277 £+ 3 K and the onset of

n
I
m
S~
=

Specific heat
| spectroscopy

log (kg(7) /sec™)
log M (T)/cP) [75 % G/W]

80%
0 S/W

protein denaturation at 104 °C. Ty exactly matches the ft

curve of glass transition temperatures for sucrose/water (1) = T OXPT—7— (©)
mixtures published by Crowe and co-workers (Sun et al., vt

1996; Crowe et al., 1996). In Table 1, we summarize the parameters of eqs 8 and 9 for

We performed the specific heat experiments with 60% different solvents, witlG., = g.,T (Schofield, 1966).
ethylene glycol/water, 75% and 90% glycerol/water, and 80%  Flash Photolysis Photolysis of the CO-ligated ensemble
sucrose/water solvents. The addition of protein had no was achieved by a 7-ns pulse of a frequency-doubled Nd:
measurable effect on the results. YAG Laser (Spectra Physics DCR 11) with a pulse energy

Specific Heat SpectroscopyThe specific heat, usually  of 80 mJ at the sample. To avoid photoselection, the laser
known to be static, becomes time-dependent if some degreedbeam was depolarized by a turbid glass plate. The extinction
of freedom show relaxation behavior. In supercooled liquids, change of the sample after photolysis was monitored using
diffusive motions of the molecules slow down with temper- a time-resolving transmission spectrometer. The spectrom-
ature, and their characteristic time scale exceeds the experi-eter consists of a stabilized quartz tungsten lamp (Oriel), a
mental time scale at the glass transition temperature. Thesenonochromator (Orielirwum = 4 nm) for selecting the
structural relaxations give an additional contribution to the desired wavelength (typically 436 nm), and a photomultiplier
vibrational part of the specific heat. The mean relaxation (Hamamatsu R928). A two-way amplifier system coupled
time ts at a particular temperature can be determined from to the photomultiplier recorded the kinetic response covering
a frequency-dependent measurement of the specific heat. Theéhe time range from 30 ns to 508 and from 1.2:s to 320
method of specific heat spectroscopy (Birge & Nagel, 1985; s. Data acquisition of the fast unit was realized by a digital
Birge, 1986) has been described in a previous publication oscilloscope (LeCroy 9310) with a sampling rate of 100
(Settles et al., 1992). The principle is as follows: A Megasamples per second and a signal resolution of 8 bit.
modulated heat source induces a small temperature oscillatioriThe data of the slower unit were digitized by a 12-bit analog-
(AT ~ 100 mK) in the sample due to linear response theory to-digital converter and averaged in a microprocessor-
(Kubo, 1957). The temperature oscillation defines a complex controlled recorder (home-built) operating on a logarithmic
specific heat at constant pressure. Amplitude and phase oftime base. Transient absorption changes could be tracked
the oscillation are measured using lock-in technique. If the over 10 decades in time with a dynamic range up to 3.5
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Ficure 2: Time-dependent survival fractiad(t) of MbCO after FiGure 3: Process 1 of CO rebinding to horse myoglobin in four

photolysis, shown for 60% ethylene glycol/water, 75% and 90% solvents at 240 K. Processes 2 and S have been subtracted, and
glycerol/water, and 80% and 92% sucrose/water at 240 K omg log process 1 of glycerol and ethylene glycol samples is scaled to the
time scale. The normalizatioN(0) = 1 of the kinetics was amplitude of 80% sucrose/water by factors of 1.3, 1.75, and 6,
determined by using data measured at low temperatlires {40 respectively.

K) where rebinding is slow as compared to the experimentally

accessible time scale. We applied an initial correction due to with increasing solvent viscosity: In 60% E/W about 80%

temperature-dependent changes of the extinction of MbCO and of the photolyzed CO molecules escape to the solvent. In

deoxy-Mb at the monitoring wavelength. Fits to the kinetics were .
performed with emphasis on the consistency of the total amplitudesgzo/0 S/W, the escape fraction has dropped to below?,10

for each temperature. This way, we achieved an additional COrresponding to a viscosity change by 8 orders in magnitude.
refinement of the normalization. The temperature correction is This substantial increase has only minor effects on the
however below~3%. internal processes 1 and 2. Only the kinetic weight of

. . . component 1 appears to increase with the concentration of
decades in a single shot. The sample was placed in a célhe cosolvent. A more detailed analysis, involving the

made of two quartz plates that were separat.ed by 00- g hiraction of components 2 and S frdift), leads to Figure
Teflon spacer. With a myoglobin concentration of 0.6 MM, 3 "\hich displays process 1 at 240 K in several solvents. A
an optical extinction of~1.2 at the Soret peak (424 NM)  gcqe factor has been used to superimpose the kinetic curves
was reached. The sample cell was mounted in a helium flow ¢ cjosely as possible. The result of this procedure implies
cryostat (Air Products) that was regulated by a temperature i the characteristic rate and the kinetic shape of component
controller (Lake Shore 330). This setup allowed a temper- 1 516 constant irrespective of the solvent composition.
ature accuracy of less than 0.2 K in the desired temperature oy ever, the relative magpnitude of component 1 depends
range ffO”? 60 to 300 K. significantly on the solvent composition as indicated by the
Depending on the temperature, 1260 shots were aver-  goaie factors in the insert of Figure 3. Between 60% E/W
aged in each measurement. Finally, we obtained a dynamic,,4 ggos SIW, the kinetic weight of process 1 changes by a
resolution of approximately 4 decades over a time range of ;c1qr of 6. The effect is too small to be viscosity-related
30nst0300s. Inamultiple wavelength study, we observed g reflects more likely structural adjustments in response
a small shift of the Soret absorption band on a time scale {5 the cosolvent.
below 1us. The distortion is too small to be relevant atthe ¢ kinetics of CO binding was studied in five solvents
present level of resolution. We have checked that our kinetic 5,54 55 a function of the temperature. Figure 4 displays the
results do not depend on the wavelength within the limits of rebinding kinetics in 80% sucrose/water. The temperature-

the given error bars. dependent data set exhibits the same characteristics as those
observed in Figure 2 where the cosolvent was varied at fixed
RESULTS AND DATA ANALYSIS temperature. This result suggests a common control param-

eter, most likely the external viscosity, which can be changed
Figure 2 shows how the solvent composition at a fixed by varying either the temperature or the solvent composition.
temperature affects the kinetibit) of CO binding to horse ~ The bimolecular component S was never observed below
skeletal myoglobin. N(t) denotes the survival fraction of the glass temperature of the solvent, which is 227 K for 80%
molecules that have not rebound their ligand at tinafter sucrose/water. Figure 4a gives the kinetic curves bdigw
photolysis. Our measurements resolve three kinetic com-in the glass. Attemperatures down to 140 K, one can clearly
ponents, denoted by 1, 2, and S. The rate coefficient of thediscriminate two intramolecular components 1 and 2. The
slowest process S depends on the CO concentration. Itrelative weight of process 2 decreases however with decreas-
represents the bimolecular binding of CO with those myo- ing temperature. The kinetic curves below 140 K do not
globin molecules that have lost the ligand to the solvent after show any structure and are thus attributed to process 1. To
photolysis. Processes 1 and 2 are intramolecular since thecharacterize the kinetic shape of this component requires a
corresponding rate coefficients do not vary with the external rate distribution whose width covers at least 8 orders in
CO concentration. The cosolvent composition affects mainly magnitude. The same reasoning applies to the 92% S/W
the rate and amplitude of process S, decreasing in parallelsample as shown in Figure 5. Thgof 92% S/W is close
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FiIGURE 4: Rebinding of CO to horse myoglobin in 80% sucrose/ Ficure 5: Rebinding of CO to horse myoglobin in 92% sucrose/
water (a) at low and intermediate temperatures and (b) at high water (a) at low temperatures and (b) at intermediate and high

temperatures. temperatures.

to 280 K. The solvent rebinding process S is thus suppressed . g k o  60% E/W

as expected for temperatures bel®yy "o CA 0 75% G/W
Viscosity Dependence of the Kinetic Rate Coefficients ® 6 A 90% G/W

The following kinetic analysis is based on eq 3. Details of E 34 kJ/mol o  80% S/W

fit procedures and the calculation of rate coefficients are ~— 4

given in the Appendix. The rate coefficients connecting g; 2

intramolecular states are viscosity independent and thus —

change little with the solvent composition. This is shown 8

for kca in Figure 6a andksc in Figure 6b. We obtain an

average activation enthalpy for € A of ~34 kJ/mol. -

However, forksc we deduce a systematic solvent composi- §

tion effect: The numbers determined for the 80% S/W 2

sample are below, and those of the 60% E/W sample are =

above the values found with the other solvents. These \5

differences are consistent with the reduced amplitude of .3

process 2 relative to process 1 in the 80% sucrose/water o

sample discussed in the context of Figure 2. The activation 2

energy of B— C amounts tox45 kJ/mol depending little
on the solvent (Table 2). In spite of this high barriksc
exceeds 10s! at room temperature, which requires a large 1000/ T (1/K)

preexponentiaPsc ~ 107 s7. These numbers suggest a ] o N
FIGURE 6: Arrhenius plot of protein internal transition rates (a)

complex nature of the inner t_)arrler, yvhlch may involve kea and (b) kec for 60% ethylene glycoliwater, 75% and 90%
structural changes as well as ligand displacements. glycerol/water, and 80% sucrose/water.

The rate coefficients characterizing the outer barrier in
contrast are affected by the bulk solvent viscosity. As rates are generally much smaller than the structural relaxation
discussed above (eq 8), the viscosity is connected with thetimes of the solvents. There is only one exception, the
structural relaxation rate of the solvent. In Figure 7, we corresponding rates of the 80% S/W sample cross at 240 K
display the escape rat&ss in comparison with the solvent  implying that the bulk solvent structure remains fixed on
relaxation ratesks = 1l/ts determined by specific heat the time scale of ligand escape below 240 K. The escape
spectroscopy data as shown in Figure 1. The ligand escapeates in general however decrease with increasing solvent
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Table 2: Preexponentialisc and Activation Enthalpie$isc of the T/K 80% sucrose/water
Transition B— C, Derived from Arrhenius Fits 426 321 282 261 248 239 232 297
solvent IOgABC (S_l) Hgc (kJ mOI—l) L | 2 | ) I 1 | 1 I 1 | 1 | 1 |
0,
5% GIW 16705 463t 21 T/K  90% glyceroliwater
90% G/W 16.6+ 0.4 49.74+ 2.2 367 285 245 221 206 194 186 179
80% S/W 15.3: 0.4 449+ 2.1 1 4 1 4 o o1y
— T/K 75% glycerol/water
s 7Cs 321 255 222 203 190 181 174 169
10 * 60%EW N I T RN R SRR ST B
L —- u  75%G/W
8 __\\ S - ¢ gg:f’ g//‘\/’vv T/K 60% ethylene glycoliwater
- \ \“a\ 275 209 181 165 156 149 144 140
8 ﬁq I
7] 6 '; \ a
= 5 \< . 80% S/W
X 4l tefny e - 90% G/W
P o,A\X o 75% G/W
Is) s A= * @ 60% E/W
2 - .\‘-. —_—
a c
% :
o a® . [}
0} \ xR \ \ £
! L\ e\ ! 2 1/:F4—<
3 4 5 6 o N
AN
1000/ T (1/K) AN

Ficure 7: Arrhenius plot of ligand escape ratéss (closed
symbols) and solvent relaxation ratg(lines) for horse myoglobin
in different solvents. For a comparison of the temperature depen- log (n/cP)
dence, we additionally show the ligand escape rate of 75% glycerol/
water scaled by a factor of Z 10* (open squares) to the
corresponding solvent relaxation rate.

Ficure 8: Ligand escape ratekcs (symbols) versus solvent
viscosity for 60% ethylene glycol/water, 75% and 90% glycerol/
water and 80% sucrose/water. Dashed lines represent fits to

; ; ; ; o ; Kramers-Stokes eq 10 using a fractional viscosity dependence for
viscosity. With the exception of 80% sucrose/water, Figure 90% G/W, and 80% S/W: the solid line shows g tlependence.

7 suggests that the escape rate and the bulk relaxation rat@y top of the figure for each solvent, the corresponding temperature
exhibit a similar temperature dependence. To show this, we axis from Figure 7 is shown.
superimposécy(T) of 75% G/W withks(T) in Figure 7 (open
squares). The comparison indicates that the escape rateSable 3: Parameters of Fits to Eq 10 fs(;7) Including a
exhibit a similar but slightly stronger temperature dependence Fractional Viscosity Dependence for 80% Sucrose/Water and Values
than the bulk viscosity. This observation can be explained for 90% Glycerol/Water without and with Fractional Viscosity

- . .7 . . g . Dependence
by barrier crossing in the high damping limit as described
by Kramers law, eq 6. For a quantitative analysis of the _ solvent  logk, (s"'cP™)  Hcs(kJ mol™) K

viscosity dependence, we use the temperature-dependent60% E/W 11.5+1.2 2455 1
viscosity data of Table 1 for each solvent and transform the /5% G/W 115+1.0 23.5+ 5 1
temperature-dependent ligand escape iaig3) to viscosity- 380//2 gm ﬂgi é'g %Z'gi g é 784 0.12
dependent ratesq(;7) by eqs 8 and 9. The result is shown  goo s/w 11.0+ 1.0 25.0+ 3 0.45+ 0.05

in Figure 8. Dashed lines represent fits to the Kramers
equation (eq 6), and the solid line gives thg dépendence.  negative Kramers barrier. A reasonable alternative is to
Parameters of the fit are summarized in Table 3. We denoteintroduce a fractional viscosity exponent Assuming that
the friction-dependent preexponential factor of eq &by only the proteir-solvent coupling but not the barrier height
according to KramersStokes law: changes with solvent composition leadscte= 0.45 for the
escape rates in 80% sucrose/water. The same argument
. & ;{_ H_cs) 10 applied to the case of 90% glycerol/water suggestsacd
Kes= n ex RT (10) 0.8 instead of unity. These results indicate that Stokes law
may lose its validity at high cosolvent concentration. An
The escape rates in 60% ethylene glycol/water, 75% and 90%equivalent analysis was performed for the reverse transition,
glycerol/water follow approximately Stokes latss O 1/7. ksc (Figure 9). The resulting barrier height comes close to
For these solvents, one obtains a solvent-independent barriewhat was found fokcs, suggesting a small enthalpy change
characterized byHcs = 24 kJ/mol, and a preexponential upon transfer of the ligand between solvent and the protein
factor of logk, (cP s!) = 11.5. 80% sucrose/water behaves matrix (Table 4).
differently, since the correspondings is less temperature Sobent Effects on Process 1: Agdition Energy Spectra
dependent than the bulk viscosity that would require a Below 140 K, only component 1 is observed as shown in
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Ficure 9: Ligand rebinding rategsc (symbols) versus solvent  Figure 10: Temperature-independent distribution of activation
viscosity for 60% ethylene glycol/water, 75% and 90% glycerol/ enthalpiesg(H) of the internal rebinding step B> A for 60%
water, and 80% sucrose/water. Dashed ||nes_repre$ent _flts toethylene glycol/water, 75% and 90% glycerol/water, and 80%
Kramers-Stokes eq 10 foksc andHsc using a fractional viscosity  sucrose/water. The distributions are calculated by a derivative
dependence for 90% G/W and 80% S/W; the solid line shows a approximation of the kinetic data. For 60% E/W and 90% G/W,
1/ dependence. we show curves derived from differentiation of the raw data; for
75% G/W and 80% S/W, we parameterized the kinetics by a
polynomial fit before differentiation. The solid line represents the

Figures 4a and 5a. The polychromatic kinetic shape of resolution function of the method.

process 1 supposedly reflects the frozen-in structural disorder.

Each particular structure of the heterogeneous ensembleye apply the Arrhenius law:
contributes an exponential binding curve to the kinetics

(Austin et al., 1975; Frauenfelder, 1997). Therefore low- | — Ky exr(— H H = RTIn 10 (logk, — log k)
temperature studies can be used to determine solvent effects R

on structural distributions. Process 1 was analyzed as (14)

follows: First we write the survival fractioN(t) as @ The spectrum of activation enthalpies, assuming the entropy

superposition of exponential terms weighted by a rate tg pe sharp (Steinbach, 1996), is then given by
distributionp(ksa) (Austin et al., 1975; Steinbach et al., 1991,

Post et al., 1993): . dk, kp(K)
N(t) = f P(ken) €xp(—kga 1) dkga (11) with the temperature-dependent preexponential (Dlott et al.,

1983; Post et al., 1993)
The rate distribution was determined using a derivative
approximation (Steinbach et al., 1992). We rewrite eq 11 — AI T.= 100 K 16
in the following form, the subscript BA is omitted: ko To 0 (16)

d Since a different preexponentik} leads to a shift of the
-t f p(k’) distribution on the enthalpy axis but not to a change in the
dt , shape ofj(H) (eq 14), we determineky by fitting the spectra

exp(-kt) dk' (12) with a parameterized distribution (see Appendix and eq 20)
at temperatures below 200 K. These fits resulted in a
After performing the derivative and replacingy 1k and  temperature-independent preexponential factor ofl¢sy%)
k" andk by log k' and logk one obtains: = 8.15+ 0.15 for 92% sucrose/water and of l8g(s2) =
9.3+ 0.15 for all other solvents. To calculate the derivative
K K _k dk = in eq 12, we first performed a numerical differentiation of
f p(k) k exp( k) - the raw data. Since this was not satisfactory for short times
. og k' — log k .1 ogk — logk , or low enthalpies due to noise, we approximated the kinetics
In 10f K g(K) 1d exp( 1d ) dlogk by a least square fit to a polynom on a logarithmic scale.
(13) For each data seg(H) was calculated by polynoms of
variable degree ranging from 5 to 15. Direct differentiation
The desired functiorkp(k) appears as a convolution with of the data and differentiation of the polynom fit led to
the resolution functiorf (log k — log k). Below, we use consistent results shown in Figure 10. The above-mentioned
the approximatiorf = d(log k' — log k). This restriction is resolution function, transformed to enthalpy spdd, H'),
sufficient for our purpose sincglog k' — log k) has a full is also shown. The inverted kinetic data are compatible with
width at half maximum of 1 decade, but the relevant rate temperature-independent activation energy spectra in all
distributions are much broader. To derive the activation solvents examined. Furthermore, the distributions of the
enthalpy spectra from temperature-dependent kinetic data,different solvents, in spite of large differences in viscosity

dlogN(t) _  dN() _

“NOFiogt ~ T
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hMbCO in 92% sucrose/water the one found by Hagen et al. (1995) for sperm whale
; .__... * tes myoglobin in a trehalose glass (6.3 kJ/mol). Our results
0 __ o d e = A — demonstrate that the structure of myoglobin in the 92% S/W

ey glass can move at temperatures as low as 80 K.

—— S

DISCUSSION AND CONCLUSION

=
> i Viscosity Effects The viscosity of glass-forming solvents
- varies strongly with the temperature. The corresponding
e 69K activation enthalpies exceed 80 kJ/mol, which is generally
|8 117K much larger than those of protein-related kinetic transitions
— — 80% S/W distribution fit in water. The use of glass-forming solvents thus allows to
—— bimodal distribution fit - select solvent-coupled transitions from intramolecular pro-
0.1 L ' L ' L ' cesses in temperature-dependent experiments at fixed solvent

-8 -6 -4 -2 composition. The temperature-dependent structural relax-
ation times and viscosities of four solvents were derived with
log (t/ sec) the aid of frequency-resolved specific heat experiments. The
Ficure 11: Rebinding of CO to horse myoglobin in 92% sucrose/ data displayed in Figures 2 and 3 illustrate that variation of
‘g’r?ttﬁél at %?s?r?bdu &g; EQaTlS:tgc?szS% 8‘;%&%52&‘;2‘5 tlﬂngo}ir:jethe solvent composition at fixed temperature induces structure-
line is & fit with the bimodal distribution derived for 9206 Sw,  Mediated in addition to friction-dependent kinetic effects.
The main conclusions based on the analysis of the experi-
hMbCO in 92% sucrose/water mental data according to a directed pgt.hway modellcan be
0.10 - . stated as follows: Intramolecular transitions concerning the
- ¥ B-A kinetic states A, B, and C are insensitive to changes of the
0.08 | o 69K bulk viscosity irrespective of the nature of the cosolvent
{ 92 K (Figure 6). In contrast, the rate coefficierkss and ksc,
0.06 ; 104 K characterizing the ligand transfer across the pretsoivent
004 ¥

117 K interface were found to decrease inversely proportional to
§ 138 K the bulk viscosity in 60% E/W and 75% and 90% G/W
§ (Figures 8 and 9). The temperature dependence of these rates
follows Kramers law of activated escape in the presence of
0.02 - friction, eq 6. For the corresponding Kramers barrier we
F e derive, on the average, 285 kJ/mol for C— S and 20+
0.00 b 15 (A NV VR T N 5 kd/mol for S— C. This property seems to be protein-
0 5 10 15 20 25 intrinsic depending weakly on the solvent composition. The
enthalpy change of the solvated CO molecule, transfered to
H/kJ mol a position inside the protein matrix, is therefore small and
Ficure 12: Activation enthalpy spectig(H) of the rebinding step negative.
B — A in 92% sucrose/water at low temperatures. The solid line  The behavior observed with 80% S/W and possibly 90%
represents the resolution function. G/W deviates from this picture since the corresponding rate
and cosolvent, are nearly identical in shape. However, the coefficients exhibit a smaller viscosity dependence than
high energy tail of the enthalpy distribution broadens requested by Stokes law. This was accounted for by a
consistently with increase in the solvent’s glass temperature.fractional viscosity exponemnt < 1. Best fits are obtained
The effect is most pronounced for 80% S/W. This suggests with x = 0.45 (80% S/W) and 0.8 (90% G/W), yielding
that, in solvents with elevated glass temperatures, some highremarkably similar values for the activation enthalpy as
enthalpy conformational states are arresteti;#hat are not obtained for the solvents containing less cosolvent (Table
populated in solvents nedy, exhibiting much lower glass  3). This result suggests that the fractional exponent reflects
temperatures. This effect was predicted by Austin et al. mainly the solvent composition close to the protein and less
(1975). likely the shielding of the bulk viscosity by rigid protein
Contrasting results were obtained with the 92% S/W structure. The effective viscosity at the protein surface
sample. Figure 11 displays the CO binding kinetics at 69 appears to be smaller than in the bulk, which indicates
and 117 K together with a fit to eq 20 witgH) for 80% preferential hydration. Timasheff and collaborators (Ti-
S/W (dashed line). The comparison reveals a fast phase inmasheff, 1993; Lin & Timasheff, 1996) have shown that
92% S/W that is absent at lower cosolvent concentration. cosolvent molecules, which stabilize protein structures, are
Furthermore, the resulting enthalpy distribution shown in excluded from the protein environment because of an
Figure 12 exhibits a bimodal shape with maxima near 12.5 increase in the surface tension. The preferential interaction
and 6 kJ/mol, which strongly depends on the temperature. parameter for sucrose was found to be twice as large as for
A fit to eq 20, using a sum of two Gaussian components (eq glycerol (Timasheff, 1993) explaining why 90% G/W shows
21, Appendix), approximates the data even at short timessmaller preferential hydration effects than 80% S/W. Using
very well (Figure 11, solid line). The structure corresponding infrared spectroscopy, we have shown that theHDstretch-
to Hga = 12.5 kd/mol, generally found at lower cosolvent ing frequency of water in the vicinity of the protein is
concentrations, seems to be more stable at lower temperaturancreased as compared to the bulk mixed solvent (Demmel
The structure correspondingltaa = 6 kJ/mol may resemble et al., 1997). This result implies softer hydrogen bonds and

© 4 p 0o

gH)/ kJ mol
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; e  60% E/W e 80% S/W Table 4: Parameters of Fits to Eq 10 () Including a
— Fractional Viscosity Dependence for 90% Glycerol/Water and 80%
- : ;gz’ g;\VNV v HO Sucrose/Water Yo g
= 2 solvent logk, (s1cP™)  Hsc(kJ mof?) K
'8 iz, 60% E/W 8.7+1.2 20.0+5 1
2 sk 75% GIW 9.0+ 1.0 20.0+5 1
> 90% G/W 9.2+ 0.6 20.0+5 0.84+0.1
> 25 kJ/mol 80% S/W 8.9+1.9 20.0+5 0.55+ 0.1
= Ideally, if the two-barrier model holds and if solvent
2 5 29 kJ/mol composition effects are small, the data points should
superimpose. Considering the fact that these solvents can
AN S N S S S S — differ in viscosity at a given temperature by several orders
3.2 34 3.6 3.8 4.0 4.2 in magnitude (Figure 1), the agreement is rather good.
However, thd '/Ns in 80% S/W, which is the most viscous
1000/T (1/K) solvent, deviates from the linear Arrhenius plot (solid line)
Ficure 13: Arrhenius plot of the second-order association rate at low temperatures. This extreme case, which involves
constant of COJ’, normalized by the CO escape fractidi in escape fractions below 1%, may indicate the limits of our

various solvents, 60% ethylene glycol/water, 75% and 90% glycerol/ : : ;
water, 80% sucrose/water, and pure water. The solid lines refer to analysis. Furthermore, the valued &Ns obtained in water

an activation energy of 25 (upper curve) and 29 kJ/mol, respectively. '€ systematically below those of the mixed solvents. The
difference resides in a smaller preexponential of the Arrhe-

less cosolvent in the vicinity of the protein. ‘dsbauer nius law. But the corresponding activation energies of 27
Raleigh scattering experiments on proteins in mixed solvents & 3 kJ/mol (solid lines in Figure 13) for water and the mixed
were interpreted in terms of preferential hydration (Gold- solvents are identical within experimental error. By using
anskii & Krupyanski, 1995). All fractional viscosity expo- eq 2, the values in Figure 6a, Tables 3 and 4 as input, an
nents reported in the literature so far did involve kinetic internal barrier height of 34 kJ/mol together with the negative
experiments in mixtures (Gavish & Werber, 1979; Gavish, enthalpy difference of 5 kJ/mol in C relative to S, we obtain
1980; Beece et al., 1980; Gavish & Yedgar, 1995; Yedgar 29 kJ/mol in close agreement with the 273 kJ/mol, derived

et al.,, 1995). It is remarkable that partial demixing and above. These results support the existence of solvent-
preferential hydration were not considered as a possibleindependent enthalpic barriers and represent an important
explanation of fractional viscosity exponents. Yedgar et al. consistency check of our kinetic analysis. The data in Figure
(1995) at least account for the influence of the cosolvent’'s 13 also suggest that the addition of cosolvent to an aqueous
molecular weight. Quite analogous results were obtained solution, after correcting for the viscosity change, leads to
with hydrated MbCO films as a function of the degree of an increase in the association rate constant of CO with
hydration (Doster et al., 1995). These samples did howevermyoglobin. The effect is mainly entropic and may reflect
contain a small amount of sucrose in order to improve their the reorganization of the solvent structure at the pretein
optical quality. The observed kinetic change thus reflects solvent interface.

both the viscosity change in response to reducing the water Experiments performed at low temperatures reveal a

content and the effect of decreasing hydration. second intramolecular state B that becomes populated
Sobkent Composition Effectsin the preceding sections, increasingly at the expense of C and S. The-BA and
we have analyzed the CO recombination kinetics>SA B — C transitions record events close to the heme binding

using a sequential two barrier model: The primary barrier, side. A very characteristic feature of process 1 consists of
separating the kinetic states S and C, depends on the solverd wide distribution of rebinding rates that narrows with
viscosity while the secondary barrier, controlling=€A, is increasing temperature. Numerical inversion of the kinetic
not affected by dynamical properties of the solvent. Ex- curves, assuming the Arrhenius law and enthalpic disorder
perimentally, we found that both the ligand escape fraction only, leads to an enthalpy distribution whose shape does not
Ns and the pseudo-first-order rebinding raigof S — A vary significantly with the temperature in the range between
were strongly viscosity dependent. The model predicts, 60 and 200 K (Figure 10). Refined global fits of process 1
however, that the ratio ofs andNs should be independent using a parameterized activation energy distribution (Ap-
of the viscosity. This ratio is given by the product of an pendix) revealed a linear temperature drift in the average
intramolecular binding ratékca, and the equilibrium coef-  activation energy. Alternatively, the drift can be attributed
ficient describing the partition of the ligand between solvent to a linear temperature dependence of the prefdetdeq
and protein matrix (Doster et al., 1982), according to eq 2: 16 and below). The latter explanation was adopted because
it is in accord with the transition-state theory of simple
As Ksc reactions in condensed phase. It involves a standard entropy

Ns  “Pkes (7 S and enthalpyH of activation and predicts the following
rate law (Laidler, 1987):
To remove also concentration-dependent effects, we multiply
the on-ratels by the protein concentration,,, which gives . ke T H
the second-order CO association rate constanieq 25, k_TeXF(% exp(— RT (18)

Appendix). Figure 13 plots'/Ns for water (Ns ~ 1) together
with results obtained with the mixed solventdg(< 1). The change in the effective activation energy due to the
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temperature-dependent prefactor between 60 and 200 K is
less than 2 kJ/mol. This effect was detected only because 10 &
of the relatively small activation enthalpy in the spectral ~
range between 5 and 10 kJ/mol (Figure 10) and precise L ¥z
measurements covering a wide temperature range. The
kinetic transitions involving the states C and S are controlled
by much larger enthalpies, and the correction then becomes
insignificant. We thus assume all prefactors exdgpod be o
constant (Appendix). The linear temperature dependence of
ko was noticed before with horse (Post et al., 1993) and sperm 0.0 |-
whale myoglobin (Austin et al., 1975; Srajer et al., 1988;
Steinbach et al., 1991).

As Figure 10 shows, the enthalpy spectrum changes very T/K
little with the solvent composition; the peak enthalpy is Figure 14: Temperature dependence of the substate populations
always close to 13.4 0.5 kJ/mol. The enthalpy spectrum Ao, A;, and A, derived fromg(H) for 92% sucrose/water. The lines
presumably reflects the distribution of structural states frozen- are shown to guide the eyes.
in at the glass temperature of the solvent (Austin et al., 1975;
Frauenfelder et al., 1979; Parak et al., 1982; Iben et al., 1989),into the heme pocket at temperatures as low as 80 K. Similar
implying that the average structure of the protein changes oObservations, that the conformers in hydrated MbCO inter-
little with temperature and solvent composition. The 92% convert over the whole temperature range down to 78 K,
S/IW sample however shows very surprising rebinding Were reported by Mayer (1994). The data in Figure 12
kinetics below 140 K (Figure 11). The corresponding apparently display the #A; exchange. No time-dependent
enthalpy distributiong(H), in contrast to what has been said shifts were noticed on a time scale of hours, suggesting that
above, has a bimodal shape and varies with the temperaturdhe equilibrium has been reached. It follows that &
(Figure 12). The distribution peaks near 12.5 kJ/mol below hMbCO in 92% S/W represents the ground state because of
100 K as expected, but a shoulder near65kJ/mol is its low enthalpy. The larger entropy favors statgafhigher
emerging at higher temperatures. Hagen et al. (1995) havetemperatures. For a quantitative analysis, we performed fits
observed a similar low peak enthalpy of 6.3 kJ/mol in their to the distributiong(H) using a sum of three Gaussians
experiments of swMb embedded in a trehalose glass. Theircorresponding to three populations (eq 21, Appendix). The
measurements were restricted to temperatures above 100 Kfitting routine we applied to the data was based on a
These authors therefore did not observe the particular shapd/larquardt-Levenberg algorithm (Press et al., 1986) and
and temperature dependenceg(@fl) that becomes evident  specified constraints for keeping peak positions and distribu-
only below 100 K. But even above 100 K, they found it tion widths within a reasonable range. The resulting
difficult to fit the data using a temperature invariant enthalpy temperature dependence of each population is shown in
Spectrum_ To keep the entha|py Spectrum temperatureFigure 14. The opposite temperature dependence was found
independent, Hagen et al. (1996) introduce a distributed in aqueous solutions, suggesting that i& energetically
prefactor. Although a unique solution defining the enthalpy stabilized, while the conformerAdominates at neutral pH
and entropy distribution cannot be obtained based on kinetichecause of its larger entropy (Ansari et al., 1987). Further-
data alone, a temperature-dependgH) seems more natural  more the exchange between the substates is arrested at the
for the following reason. It is well known for sperm whale freezing or glass temperature of the solvent. Our results
myoglobin that at least three taxonomic substatgsAd, indicate some residual protein mobility in the glass at high
and A; contribute tog(H) that are classified according to ~ cosolvent concentration, possibly as a result of mobile water
the stretching frequency of bound CO (Johnson et al., 1996). pockets and preferential hydration.
A; represents the majority state under physiological condi- Apart from this extreme situation at 92% by weight
tions, while Ay dominates at low pH or low hydration (Ansari  cosolvent content, process 1 shows little change in its time
et al., 1987; Brown et al., 1983). Furthermore, the relative dependence with solvent composition. However, above 200
weight of Ay increases continuously with decreasing tem- K, where processes 2 and S become noticeable, we find that
perature in hydrated myoglobin (Mayer, 1994). A crystal- the kinetic fraction of process 1 increases continuously, most
lographic study has shown that the imidazole side chain of likely in response to larger cosolvent concentrations. It
His64, which is interacting with the ligand in stateg @nd follows thatkgc has to decrease in parallel, by a factor of 6
As, has moved out of the heme pocket in substai€Yang if 60% E/W and 80% S/W are compared (Figure 6b). The
& Phillips, 1996). The kinetics of individual substates, question of how the transition from B to C can be modified
monitoring their C-O stretching bands, led to the following is of considerable importance, since intermediate C suppos-
peak enthalpies of B> A: Ay, 8 kJ/moal; A, 10 kd/mol; A, edly controls the rebinding under physiological conditions
19.5 kJ/mol (Johnson et al., 1996). Using comparable peak(Steinbach et al., 1991; Tian et al., 1992; Post et al., 1993;
values and A-state populations, we could constructthf Agmon et al., 1994). While the bound state A, the geminate
for horse myoglobin in 75% G/W consistent with the kinetic pair state B, and the deoxy state S of myoglobin are
data (Post, 1994). These results ag(éi) in Figure 12 structurally well characterized (Kuriyan et al., 1986; Schli-
suggest that hMbCO in 92% sucrose/water mainly populateschting et al., 1994; Hartmann et al., 1996; Srajer et al., 1996;
Ao above 130 K, but reverts to,fat lower temperatures.  Takano, 1977), little is known about the C intermediate: Two
The fraction of state Aremains constant. The imidazole well-separated processes 2 and 3 are observed with swMbCO
of His64 is supposed to become deprotonated and rotate backvhile only a single process is sufficient to explain the oxygen
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binding kinetics (Steinbach et al., 1991). With horse

myoglobin, as shown above, a single, but slightly nonexpo- \ T=300K

nential process accounts for the CO binding kinetics (Post

el al., 1993). However, we recently found, using periodic \

photolysis, that process 2, as in the case of swMb, is 40 \ =

separable into two kinetic components, 2 and 3 (unpublished " A //%/‘

axberi : S /2
periments). The difference between the CO and O g ﬂgg‘-

recombination kinetics points to a ligand-specific C inter- 2 /\\\\\§

mediate. Possibly, the dipole of the CO molecule in state C  ~ ,/¢ /A\ A‘\

interacting with HisE7 assumes two energetically nonequiva- 5 ?a /ﬁ \\\\

lent states, which are degenerate in the case of the symmetric & g ﬂ ¢ ﬂ B \

dioxygen molecule. o / af \
Energy Landscape and Kinetic Schem&n important o / g// \

question is whether the kinetic constants of CO binding to ™ / c? A

myoglobin obtained at low and intermediate temperatures /

with mixed solvents can be extrapolated to physiological

conditions. Such a low temperature analysis of swMbCO -40 Y

in 75% G/W, using a sequential kinetic scheme of four states

(A, B, C, S) predicts that the B> A transition will limit the re

overall CO rebinding rate at room temperature (Doster et Ficure 15: Free energy surface as a function of the reaction

. . . . . coordinaterc and the conformation coordinate. The values for
al., 1982). This result is incompatible with experimental the different barriers are derived from hMbCO in 75% glycerol/

eyidgnce for the TOHOWing reasons: The recomb_ination water at 300 K. The external barrier separating C and S is corrected
kinetics of MbCO in water at 300 K allows us to discern to a viscosity of 1 cP. B was chosen as the reference state.

only two kinetic components (Henry et al., 1983). The slow

phase can be assigned to CO binding from the solvent, cP; the viscosity of water was at 2€. It was assumed
denoted by S; the fast component involves intramolecular that structural relaxation, B> C, lowers the free energy of
binding and ligand escape across the protsiolvent the protein-ligand system, leading to state C, but does not
interface. The two-component kinetics implies only three affect the height of the saddle points. Such an assumption
effective states. We thus go back to the scheme of eq 1 ands required since the structural change dissipates the informa-
ask whether B or C represent the relevant intramolecular tion about the energy difference between B and C. The
state. Experimentally one observes for both, swMbCO standard free energ$ and entropyS of activation were
(Henry et al., 1983) and hMbCO, that the photodissociated determined using the rate law of eq 18 and the data given in
CO molecule escapes to the solvent with probabMgy~ the Tables 24, withkgT/h=10"%s1at 300 K: G=H —

0.96 at 300 K. Furthermore, we obtain for the rate of the T S Figure 15 visualizes why most of the ligands escape to
fast component of hMbCQ}; = 5.8 x 10° s%, which is the solvent from B and why the €- A transition is rate
similar to what was found for swMbCO (Henry et al., 1983). limiting to both intra- and extramolecular binding at room
According to eq 1/ is given by the sum of an intramo- temperature. Figure 16a,b displays projections of the free

lecular binding rate and the ligand escape rate energy and the enthalpy surfaces for both directions, ‘in’
and ‘out’, corrected to a viscosity of 1 cP. As the reference
A1 = Keyca T Kpycs (29) state either B (out) or S (in) was chosen. This plot allows

us to assess the influence of solvent composition on ligand
depending on whether the relevant intramolecular state is Bescape and rebinding. Corrected for the viscosity, the
or C. Since 96% of all photolyzed ligands escape to the barriers prove to be remarkably resistant to changes in the
solvent, it follows from eq 2 that; ~ kg)cs By extrapolat- solvent composition. This applies to the free energy and
ing the low temperature results to 300 K, we obtain for the enthalpy diagrams of both directions, “in” and “out”. The
averagedkga= 8 x 10° s”L. According to eq 2, this value  important exception consists in the free energy barrier
gives an escape fraction of 0.42, quite different from the controlling the relaxation step, B> C, which increases
experimental value of 0.96. From the experimental escapesignificantly at high cosolvent concentration. The difference
fraction, we calculate (eq 2) a geminate rate coefficient near explains the enhanced rebinding from B at low water content,
10° s™. Figure 6a demonstrates tHaiy and notksa have discussed in the context of Figure 3. Since the corresponding
approximately the correct value at 300 K. This shows that activation enthalpy is constant, one has to assign the solvent
states C and not B qualifies as the relevant final step of effect to entropic differences. A related observation was
rebinding from the solvent. reported by Sage et al. (1995). The heme-coupled structural

To reconcile these results with experiments performed relaxation monitored by the FeHis frequency slows down

within a wide temperature and viscosity range, we introduced if glycerol is added to an aqueous solution. The study also
the directed pathway model of eq 3, which includes the shows that glycerol perturbs the equilibrium structure of the
relaxation step B~ C. Figure 15 shows a sketch of the protein.
resulting free energy landscape at 300 K. The conforma- The free energy diagram of 60% E/W in Figure 16a
tional coordinate can be given only in arbitrary units, but approximates the situation in pure water. At high temper-
the energy axis reflects the quantitative kinetic analysis with atures, more than 99% of all molecules go from B to C within
respect to the following conditions. Position B serves as a few nanoseconds. From C, 96% escape to S within 200
the reference state. The outer barrier has been adjusted to ©s. Rebinding from C to A would take about 8. The
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from invoking structural adjustments on the proximal side
40 T=300K and relaxation of the heme group, there is another interesting
8 possibility that involves the distal side of the heme: The
2 20 heme pocket of deoxy-myoglobin contains a non-coordinated
< c water molecule, hydrogen-bonded to His64. This molecule
§ 0 S is no longer present in the CO-bound structure (Kuriyan et
2 5 al., 1986; Quillin et al., 1995), although a weakly occupied
$ A water site in the heme pocket was suggested for oxy-
O -40 - out in myoglobin (Phillips, 1980). . This raises the question of
- whether the removal of the distal pocket water by the ligand
plays a role in the formation of intermediate C. We have
- 40 b) shown that the decay of the C intermediate, together with a
g c fast preequilibrium between S and C, determines the overall
3 20 = & rebinding of CO from the solvent under physiological
x ol conditions (eq 1). This leads to the following question: Does
> B ——- 80% S/W the removal of the distal water molecule by CO upon binding
=S -20 - — — 90% G/W take place in step with the fast preequilibrun+€S or does
g A —— 75% G/W it limit the access to the heme binding site contributing to
o -40 - — 0% E/W the C— A barrier?
Our experiments show that state C becomes populated after

photolysis at temperatures as low as 140 K (Figures 4a and
5). In this range the solvent is frozen, implying that the
photolyzed ligand remains confined to the heme pocket.

S!GUIRE 16: (P)rotjﬁ‘?“]f’”s of the e”erﬁyls?r‘;"ci %%%Wﬂi” IfjigEJbr)et:hs Thus, assuming that a water molecule contributes to the
isplaying (a) the free energy calculated a an e . . : ;
enthaipy, for 60% ethylene glycoliwater, 75% and 90% glycerol/ formation of state C, it has to be intramolecular. It is a

water, and 80% sucrose/water. ‘out’ refers to the projectieBA striking fact that water molecules in a heterogeneous
C, ‘in’ refers to the projection SC—A. environment, such as amorphous ice, start to become mobile

in the temperature range near 140 K (Johari et al., 1987;

overall rebinding from S follows eq 1, a fast preequilibrium Hallbrucker et al., 1989; Sartor et al., 1994). Such a
between S and C in sequence with the terminal step &. peripheral water may occupy the B binding site after the
The free energy difference between S and C appears to bdigand has moved to a new position C.
mainly entropic. Itis likely to reflect the loss of translational The distal pocket of aguo-metmyoglobin contains an
entropy of the ligand entering the heme pocket. additional well defined water molecule that is supposed to

Srajer et al. (1996) monitored the dynamics of the MbCO be hydrogen-bonded to the water molecule coordinated to
complex at room temperature using nanosecond time-the heme iron (Quillin et al., 1993, 1995). This shows that,
resolved crystallography. In their time-resolved X-ray study in addition to the ligand, there is enough space available for
of swMbCO, they report that the plausible docking site of a water molecule in the heme pocket. Interestingly, no
photolyzed CO is still occupied after 4 ns. The correspond- corresponding discrete electron density peaks were found in
ing electron density difference has disappearedust. 1The the structures of distal pocket metmyoglobin mutants (Quillin
authors attribute this feature tentatively to ligand escape toet al., 1995). Kinetic experiments and crystallographic and
the protein surface. This interpretation leads to a surprisingly spectroscopic studies by Cameron et al. (1993) and Quillin
large second-order association rdtes 2.5 x 10° s74, five et al. (1995) on myoglobin mutants, where the distal His64
times larger than in solution. However, the two component was replaced by aliphatic side chains, have revealed an
kinetic data, presented in their Figure 2, nearly coincide with inverse correlation between the stability of the non-
processes 1 and 2, observed in high viscosity solventscoordinated water and the CO association rate constants: The
(Figures 2 and 4b). This alternatively suggests that states Closs of polarity in the heme pocket accelerates the binding
and not S may be populated after i, implying an kinetics (Li et al., 1994). These authors conclude that it is
intramolecular ligand displacement to a less well defined the hydrogen bond interaction to His64 that inhibits ligand
position. The loss of electron density in the photolyzed state binding, since the non-coordinated water molecule has to
was reported even for the initial docking site visible at 4 ns, be displaced before the iron becomes accessible to the ligand
which accounts for only 40% of the photolyzed CO (Cameronetal., 1993). The displacement of the distal pocket
molecules. water supposedly constitutes the major equilibrium and

Nature of Intermediate C: Blocking Water Hypothesis. kinetic barrier to ligand binding (Carver et al., 1990; Rohlfs
Since the number and the properties of the C and D et al.,, 1990). Quillin et al. (1995) analyzed their room
intermediates depend on the nature of the ligand (Steinbachtemperature kinetic data using a three-well model with kinetic
et al.,, 1991), it is suggestive that the B C transition states A, C, and S in our notation. This allows the discussion
involves a displacement of the ligand. The CO molecule of the control of ligand binding in terms of an outer barrier
may reorient or move to a slightly different position. The S— C followed by an inner kinetic barrier of € A. The
CO stretching frequency does not change significantly, removal of the pocket water presumably contributes to both
excluding a major displacement (Nienhans et al., 1994). It kinetic barriers. In contrast, previous structural interpreta-
is thus difficult to envision how such a minor shift could tions predicted that the salt bridge formed by Arg45 and the
decrease the rebinding rate by 3 orders in magnitude. Apartheme-6-propionate side chain would control the access to

reaction + conformation
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the heme pocket (Ringe et al., 1984; Perutz, 1989). Howevertransition requiring small diffusive motions of, for instance,
rather drastic substitutions at position 45 or elimination of a peripheral water molecule in the heme pocket.
the salt bridge using protoheme IX dimethyl ester-substituted The CO binding kinetics of horseradish peroxidase (HRP)
myoglobin produced little effect on the association rates of in contrast is deficientfoa C intermediate. The geminate
0O,, CO, and NO but increased the rates of larger isocyanide phase above 200 K consists of process 1, which is much
ligands (Carver et al., 1991). A nuclear magnetic resonancefaster than for MbCO (Doster et al., 1987). The speed of
and kinetic study on a triple mutant also found no significant bimolecular rebinding, S~ A, however, is by a factor of
effects of the side chain at position 45 on the ligand kinetics almost 1000 lower than for MbCO. A high outer barrier of
(Travaglini Allocatelli et al., 1993). These results suggest 50 kJ/mol dominates rebinding opposite to MbCO, where
either alternative pathways for small ligands or a high the inner barrier is more important (Doster et al., 1982). The
structural flexibility of this solvent-exposed area, which is absence of intermediate C would suggest, according to our
stretched to its limits by large ligands. The CO association hypothesis, that the heme pocket of HRP excludes water
kinetics of native myoglobin at physiological temperature more strongly than does myoglobin. Intermediate C thus
and low viscosity is controlled by the inner barrier height accelerates both escape and bimolecular binding by facilitat-
C — A relative to the free energy in state S and not by the ing the access of hydrated ligands to the heme pocket.
outer barrier (Doster et al., 1982). However, the situation  Conclusion Our kinetic study of CO binding to horse
can be reversed by increasing the viscosity that allows the myoglobin in several mixed solvents allows us to separate
study of the anatomy of the outer barrier. Apart from an solvent composition from viscosity-related effects. Only the
inverse solvent viscosity dependence of the prefactor, weouter barrier depends on the bulk viscosity, but at high
consistently derive an activation enthalpy of 20 kJ/mol in cosolvent concentration partial demixing and preferential
several solvents for the outer barrier and a stabilization by 5 hydration lead to an apparently reduced viscosity effect.
kJ/mol in C relative to S. An interpretation consistent with Analysis according to Kramers law of activated escape in
the mutant studies would assign the enthalpy to breaking of the presence of friction reveals a protein-intrinsic outer barrier
the hydrogen bond of the distal water molecule with His64, of 20—25 kJ/mol, depending little on the solvent composi-
which is intramolecular. The viscosity dependent prefactor tion. A small but significant solvent dependence was noticed
could reflect the dynamics of the gate formed by Lys45, for the intramolecular transition B> C. Increasing the
which replaces the arginine at position 45 in horse myoglo- osmotic stress by large cosolvent concentrations decreases
bin, and the propionate side chain. the population of intermediate C. We therefore suggest that
In studies of mutant swMb, replacing His64 by less polar a water molecule contributes to the formation of state C.
side chains uniformly lowers both kinetic barriers irrespective The B— C transition apparently involves a structural change
of their size (Carver et al., 1990; Smerdon et al., 1991). This since the derived energy landscape cannot be reconciled with
result is consistent with the interpretation that destabilization a simple kinetic mechanism. It follows that intermediate C
of the pocket water by apolar substitution of His64 reduces and not intermediate B controls the bimolecular rebinding
the outer barrier but suggests further effects on the innerrate. But, in contrast to intermediate B, little structural
kinetic barrier. Lambright et al. (1993) have performed information of intermediate C is available. We have
kinetic experiments on distal pocket mutated sperm whale emphasized the possible role of structural changes on the
myoglobin at lower temperatures and could resolve up to distal side involving His64 and possibly a water molecule.
four kinetic components. They report that the € S Further investigations aiming to uncover the nature of
transition is not affected by distal pocket mutations in contrast intermediate C will provide important missing details on the
to S — C. However, the geminate rates are generally mechanism of ligand binding. The free energy landscape
enhanced by nonpolar mutations. For instance, in the His640f Figure 15 suggests that thermal dissociation of bound CO
to Ala mutant, process 1 appears to be similar to the wild may also bypass the B intermediate.
type kinetics. However the amplitude of processes 2 and S
are reduced significantly. This result implies that the ACKNOWLEDGMENT
formation of intermediate C is suppressed because of a lower \ye are grateful to Dr. F. Post and D. Mar for technical
B — C transition rate. A plausible interpretation of this result sypport and to M. Hernler for participation in the 92%
and those mentioned above could be that the formation of gcrose/water sample measurements.
intermediate C out of B involves the interaction with an
intramolecular water molecule that is close to or inside the APPENDIX: FITTING PROCEDURES AND
pocket. Our experiments indicate that osmotic stress im- PROTEIN TRANSITION RATES

osed by increasing the cosolvent concentration also reduces _. . . .
b y g Fitting Procedures We used three functions to fit the

\l;ngiévr']tth%l;t gg;(gg]nggm (E |gbuL:t(a Sngtaﬂg ?ﬁ%zm&: gpt 22 Jg:,?(;tgﬁs recombination processes 1, 2, and S. Process 1 was analyzed

changing with the cosolvent composition. Our hypothesis " terms of an enthalpy distributiog(Hga):

implies that the occupation of the intramolecular water site

decreases with the external water activity. Cameron et al. N,(t) =N, f 0(Hga) exp(k(Hgt) dHg,  (20)
(1993) have suggested, based on the work of Brown et al.

(1983), that increasing hydration favors the protonation of whereHga andg(Hga) are related td(Hga) andp(k) by egs
the N and deprotonation of Nof His64. Furthermore, 14 and 15. To derive the enthalpy distributigfiHsa), we
process 2 is observed at temperatures as low as 138 K evemitilized three methods. First, we performed a fit of eq 20
in solvents that are glassy at room temperature (Figure 5b;to the kinetics assuming an analytical form, the Gamma
Hagen et al.,, 1996). This behavior is consistent with a function for g(Hga) (Young & Bowne, 1984). Second,
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0(Hsa) was obtained by kinetic inversion using the derivative The integral is then calculated self-consistently by varying
approximation (Steinbach et al., 1992). Finally, the enthalpy ksc until it comes close to the experimentally determined
distribution was approximated by a sum of three GaussianN,. The rate coefficientkca, kcs, andksc were derived based

distributions representing the population of three conforma- on the scheme of eq 3, which implies the following set of

tional substates, A A1, and A, known from infrared work
(Ansari et al., 1987):

(HBA - HS))Z

(21)
! \/Za- 20
with

i=0,1,3

n gives the relative fraction of each substate ) is the
correspondent peak enthalpy, ands the width parameter.
Process 2 was approximated by a Kohlrausdfilliams—
Watts (KWW) function (Williams & Watts, 1970):

N,(t) = N, exr{— (%)ﬁ)

The characteristic rate coefficient of a KWW function

(22)

follows from the average decay time (Lindsey & Patterson,

1980):
14, = G0= /13 r (%) 23)

wherel'(X) is the Gamma function. The bimolecular process

S was analyzed by the differential equation for the concen-

tration of ligated proteirtmpco
debcoz K

=1 (g (24)

Cmbco)
wherecn, denotes the total concentration of myoglobin and
Ceo refers to the total concentration of CO. Solving eq 24
yields the time-dependent fraction of unligated myoglobin
for process S:

- Cmbco)(cmb -

v—1
Svexp[ — DAd] — 1

(25)

C

Ns(t) — Ns(l . Cmbco(t)) _

mb

with

Ceo
V=
C

As has the dimension of a pseudo-first-order rate and is given

by the ratio of the second-order rdteand the total protein
concentratiorcn,. The normalized amplituded!;, N,, and

Ns, display the relative fraction of each rebinding process.

Transition Rate Calculation In the model of eq 3, the
average of the rate coefficiekgc is determined in a self-

differential equations:

N(t) = KN (t) (27)
whereN(t) denotes the population vector whose components
Ni(t) describe the occupation of the four states, A, B, C, and
S; andK refers to the transition matrix, containing the rate
coefficientsk;:

Na(t)
_|N&(t)
N = Nc(t)
Ns(t)

0 kea kea 0

_ |0 —kspn —ksc O 0

K=10 ke —kea — kes ks | 28
00 kes —ksc

The flash photolysis experiment yieldt) = 1 — Na(t).

The fits to the kinetics allow to determine the recombination
rate coefficients,, 1., andis, which are the eigenvalues of
the transition rate matriX. Due to the small off-rate of
MbCO, we exclude thermal dissociation on the time scale
of our experiment, and thus, the dissociation ritg is
assumed to vanish. This allows to eliminate the fourth
eigenvalue. Since process S is always much slower than
intramolecular binding, we further assurkg: to be small

as compared to the other rate coefficients. With these
approximations, we evaluate after some algebra the rate
coefficients from the eigenvalues of the matkxand the
amplitudes of the recombination processes:

_ N
kea =12 N, + Ng
NS
kCS - /12 N2 + NS (29)
y N, + Ng
SC S N2

The enthalpy of each transition— j was determined using
a fit of the Arrhenius equation to the temperature-dependent

transition rates:

K = A exp( ZT) (30)

whereAj; is the preexponential factor.
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