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Abstract 

During rapid cooling of ferric heme protein solutions containing fluoride, locally concentrated ligand cannot fully 
equilibrate with heme before the temperature drops below 200 K and into the range where energy is insufficient for 
exchange with iron-bound water. When temperature is then jumped above 200 K, exchange of fluoride for bound water is 
activated. Between 200 and 240 K, further fluoride complex formation takes place over several minutes; its extent is 
measured along the kinetic curve by reimmersing the sample into liquid nitrogen and taking EPR spectra. Kinetic curves for 
replacement of iron-bound water by fluoride in horse aquo-ferrimyoglobin and human aquo-ferrihemoglobin, and corre- 
sponding equilibrium constants have been obtained at temperatures between 200 and 240 K. The reaction rates are affected 
by sucrose. Results indicate that the kinetics of exchange of fluoride for heme-bound water at subfreezing temperatures is 
protein specific and not diffusion-controlled, and is not affected by the phase transition of ice which takes place at 
subfreezing temperature. Free energy changes accompanying these reactions are largely continuous as the systems pass from 
above to below freezing. 
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1. Introduction 

There is a substantial and growing literature which 
deals with experimental studies of protein systems in 
frozen solvents at cryogenic temperatures. In this 
literature are reported investigations of enzyme reac- 
tion mechanisms [1,2], of photosynthetic systems 
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[3-51 and of protein dynamics [6-81. However, be- 
cause almost all biological activity occurs in largely 
aqueous solutions well above their freezing tempera- 
ture, one can question the degree of biological rele- 
vance of experiments carried out at cryogenic tem- 
peratures. In particular, the process of freezing pro- 
teins in aqueous solution can, more or less, disturb 
some of their properties and thereby affect the results 
of protein-dependent biological experiments at cryo- 
genic temperatures [9]. In this paper we report mea- 
surements of the equilibrium binding affinity of fluo- 
ride anion for ferrimyoglobin and ferrihemoglobin 
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above and below the freezing temperature of the 
aqueous buffer, enabling a quantitative evaluation of 
how the freezing process and cold temperatures af- 
fect protein-ligand interaction. These measurements 
make use of a recently discovered effect and demon- 
strate a new technique, measurement of the kinetics 
of temperature-jump initiated changes in ligand bind- 
ing at metal sites of proteins in frozen aqueous 
solution. 

Investigation of the influence of the freezing pro- 
cess upon the binding of fluoride to ferric myoglobin 
and hemoglobin [lo] led to a method for estimating 
the hgand concentration, greatly increased by freez- 
ing, in the neighborhood of the protein molecules. 
(Use of the term ‘concentration’ here is not precise; 
the solute-rich, icy, submicroscopic regions contain- 
ing fluoride are not ideal solutions, and the fluoride 
chemical potential is unlikely to be strictly propor- 
tional to fluoride concentration). On the basis of such 
‘solute pooling’ in frozen aqueous solution, Miller 
and McMillin [l 11 explain the observation of Sev- 
ems and McMillin [12] that incubation at - 20°C 
with two equivalents of fluoride almost quantita- 
tively converts the TlHg derivative of lactase to the 
difluoride adduct. 

The discovery of thermally-activated replacement 
of water by fluoride, together with recognition of the 
slowness with which it proceeded, suggested a line 
of kinetic and equilibrium measurements to acquire 
new knowledge about this ligand exchange and per- 
mit comparison of room temperature and low tem- 
perature data. Here we determine dissociation con- 
stants of fluoride complexes at various temperatures 
between 200 and 250 K with a temperature jump 
technique. A sample containing heme protein and 
fluoride, frozen at 77 K in a non-equilibrium state, is 
brought to a temperature above 200 K; the dissocia- 
tion constant at the temperature after the jump is 
then evaluated from the time course that leads to the 
equilibrium state. The long reaction times (minutes 
or longer) of protein systems at cryogenic tempera- 
tures makes monitoring by EPR and other physical 
methods practical. However, because of (1) phase 
transitions in ice, and (2) the possibility of diffusion 
limiting the rate of ligand arrival, one must be 
cautious in attributing kinetic effects observed after a 
(subfreezing) temperature jump to properties of the 
protein. These two problems were addressed in the 

experiments described below. Then, with experimen- 
tal conditions of the frozen solution under firm con- 
trol, the temperature jump technique was used. The 
thermodynamic and kinetic parameters so obtained at 
subfreezing temperatures are compared, by means of 
extrapolations from one temperature range to the 
other, with parameters obtained from liquid phase 
measurements above freezing, and the effect of the 
freezing process upon the protein-ligand interaction 
is discussed. 

2. Materials and experimental methods 

Horse heart myoglobin was purchased from Sigma 
(St. Louis, MO). Human hemoglobin was obtained 
from red blood cells. Ferrimyoglobin and ferrihe- 
moglobin were prepared as described previously [ 131. 
The protein solutions were buffered with 0.033 M 
potassium and sodium (K:Na = 5:2) phosphate at pH 
6.3 (22”(J), and centrifuged before use to remove 
suspended particles. The spectrophotometric purity 
value, defined as 

PV=A soret peak/A peakat276-280nm. 

was 5.6 for the ferrimyoglobin preparation and 5.7 
for the ferrihemoglobin preparation. 

Freezing and annealing of the protein solution in 
an EPR sample cell were monitored optically with 
the cell in a Varian variable temperature controller 
(VTC), as described previously [lo]. EPR sample 
cells were made of polyethylene tubing, 2.6 mm ID, 
0.4 mm wall, volume 0.048 ml. As before, the 
temperature of the sample solution was measured 
with a small diameter (0.13 mm) copper-constantan 
thermocouple in the cell. All EPR measurements 
were made at 77 K with a Varian 4500 X-band 
spectrometer modified in its microwave bridge; the 
sample cell was immersed in liquid nitrogen in a 
quartz/Pyrex dewar, the quartz tail of which was 
inserted into a Varian 4531 general purpose cavity. 

At 250 K, local equilibria between heme sites and 
fluoride at the surface of protein molecules take 
place efficiently while fluoride in the bulk frozen 
solution remains immobile. Above 250 K, the bulk 
solution begins to melt at elevated sucrose concentra- 
tions. These two factors make 250 K a generally 
useful annealing temperature, with temperatures 
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slightly lower still effective, and temperatures above 
to be avoided. In this paper 250 K is used as a 
standard and reference annealing temperature. The 
results of annealing at other temperatures are com- 
pared with those at 250 K. 

3. Results 

3.1. Temperuture-jump experiments 

The temperature-jump experimental procedure is 
depicted in Fig. 1A. A polyethylene EPR sample cell 
containing ferrihemoglobin and KF in phosphate 
buffer was immersed, at time A, in liquid nitrogen 
until the temperature of the sample reached equilib- 
rium. At time B the cell was quickly moved from the 
liquid nitrogen to the dewar of a Varian variable 
temperature controller (VTC) where the temperature 
for ‘annealing’, T,, was maintained by a stream of 
cold nitrogen gas for five minutes (period B to C). 
At time C the cell was moved from the VTC back 
into liquid nitrogen so that the EPR spectrum of the 
frozen solution in the sample cell could be measured 
at 77 K. Fig. 1B shows the EPR signal amplitudes of 
the low field peak as a function of the annealing 
temperature T,. For the solution with [KF] = 1.23 
mM (at room temperature), Fig. 1C shows the mole 
fraction x, of the ferrihemoglobin-fluoride complex 
present after annealing at Ta; x, was calculated by 
the method of the previous paper [lo]. 

Measured above freezing temperature in this labo- 
ratory, the enthalpy and entropy of dissociation of 
the ferrihemoglobin-fluoride complex in 33 mM 
PO,, pH 6.3 buffer, are 1.86 kcal/mol(7.79 kJ/mol) 
and - 3.3 cal/(mol K) ( - 14 J/(mol K)), respec- 
tively. (Anusiem et al. [ 141 found the same enthalpy, 
but a somewhat different entropy, - 2.6 cal/(mol 
K)). For these thermodynamic parameters, the equi- 
librium mole fraction of complex present in liquid 
solution just above freezing temperature is about 
0.17 when the KF concentration is 1.23 mM (as it is 
in Fig. lC>. As discussed by Yang and Brill [lo], 
during the few (ca. 4) seconds it takes for the sample 
to freeze when immersed in liquid nitrogen, the 
protein molecules are exposed to concentrated fluo- 
ride because fluoride (along with other ions) is ex- 
pelled from the growing ice crystallites. Conse- 

L, -1 
B c 
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Fig. I. Experiments with temperature jumps to annealing tempera- 

tures between 77 and 245 K. (A) The EPR cell, with sample 

solution in it, was immersed in liquid nitrogen at time A. In 6 
seconds the temperature within the cell dropped below I00 K. At 

time B the cell was removed from the liquid nitrogen and quickly 

placed in the dewar of the Varian variable temperature controller 
(VTC) wherein nitrogen gas at temperature T, was flowing at X50 

I/h. The temperature T at the center of the cell was found to rise 
as an exponential function of time f, reaching the annealing 
temperature 7, according to 

T=(T,-77).[1 -exp(-O.l7r)]+77 

where the temperature is Kelvin and the time IS in seconds. After 

the 5 minute period B to C, the sample cell was removed from the 
VTC and immediately plunged into liquid nitrogen for measure- 

ment of the EPR spectrum (at 77 K). (B) The EPR stgnal 
amplitudes at the field corresponding to the g = 6 peak for the 

fluoride complex are plotted as a function of the annealing 

temperature T, at 3 concentrations of potassium fluoride (in the 

homogeneous solutions prepared at room temperature): [KF] = 0 

mM (0); [KF] = I .23 mM (A); [KF] = 120 mM ( ??). In all cases 
the sample solutions contained ferrihemoglobin, at a heme concen- 

tration of 0.245 mM, in 0.033 M, pH 6.3, phosphate buffer. The 
EPR instrument settings were: microwave frequency, 9.30 GHz, 
microwave power, 200 mW; field modulation frequency, 100 
KHz; field modulation amplitude, 6 gauss. (C) For [KF] = 1.23 
mM, the mole fraction x,(7,) of the ferrihemoglobin-fluoride 
complex after annealing is plotted as a function of TI. 
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quently, the average mole fraction of ferrihe- 
moglobin-fluoride complex in the frozen solution is 
somewhat greater, i.e., in the range 0.22 to 0.28 (Fig. 
IC, Fig. 3B(b), and Fig. 5C) before annealing, than 
the value, 0.17, applicable to equilibrium at 273 K. 
However, the system has been quenched in a state 
with the potential for reacting further. As can be seen 
from the results of annealing at temperatures be- 
tween 77 and 250 K, this potential does not begin to 
be realized until the temperature is raised to 200 K. 
Below 200 K the signal amplitudes remain the same 
when the annealing time is extended to 40 minutes 
or longer. Above 200 K, the extent of formation of 
the fluoride complex increases rapidly with tempera- 
ture, then levels off at about 250 K. It is clear that 
freezing produces a concentration of fluoride in a 
layer around the protein which is greater than that 
which can be calculated from the average mole 
fraction, 0.25, found prior to warming the sample. 
Below 200 K this fluoride is, apparently, constrained 
on the time scale of the freezing process from equili- 
brating with the nearby heme sites, but becomes 
available for binding when the temperature of the 
system is raised to 200 K or above. Alternatively, the 
water molecule which the fluoride ion replaces is 
constrained from leaving the heme below 200 K. 
There are many reports in the literature of phenom- 
ena requiring intraprotein and/or hydration water 
motions which become observable at about 200 K 
[15-281. 

If, at all temperatures in the range 200-250 K, 
intraprotein motions explore the whole range of pro- 
tein conformations which allow passage of water 
molecules out and fluoride ions in, then the mole 
fraction of fluoride complex would rise abruptly at 
200 K, after which it would (if it behaved according 
to the thermodynamic parameters measured with so- 
lutions above freezing) decrease somewhat with in- 
creasing temperature. On the basis of measurements 
at 285 K and above, the extent of formation of the 
complex would be 41% at 200 K and 2 1% at 250 K. 
The results shown in Fig. 1C and Fig. 2B differ 
greatly from this behavior, and indicate that there is 
increased accessibility of conformations compatible 
with the exchange of fluoride for water as the tem- 
perature increases above 200 K. 

The dissociation constant (K,) of ferrihemoglobin 
fluoride was estimated to be 12 f 1 mM at 250 K 

Fig. 2. Comparison of the extent of complex formation without 
annealing and with annealing at 250 K. (A) Protocol of Fig. 1 la 
of Yang and Brill [lo]. The sample solution in the EPR cell was 
placed in the dewar of the VTC for 6 minutes (time period A to 
B) with the bath of nitrogen gas at the temperature for freezing, 
Tr. At time B the cell was plunged into liquid nitrogen and the 
EPR spectrum taken to measure the mole fraction xr(Tr) of 
fluoride complex present after freezing in the gas at temperature 
Tr. At time C the cell was replaced in the VTC dewar where it 
remained for 5 minutes (C to D) with the bath of gas at 250 K; 
during this period of annealing, equilibration of the heme with 
fluoride surrounding the hemoglobin molecules took place. At 
time D the cell was, once again, plunged into liquid nitrogen to 
measure (with EPR) the mole fraction x!&Tr,T, = 250 K) of the 
fluoride complex present after equilibration at annealing tempera- 
ture T, = 250 K, freezing having taken place at T,. (B) -M - ??- 
The information in Fig. lb of [IO] is replotted as the ratio of the 
extent (mole fraction x,1 of complex formation before annealing 
to that (mole fraction XL) after annealing at 250 K as a function of 
the temperature, Tr, of the bath of cold nitrogen gas in which the 
sample was frozen, i.e. xr(Tr)/x:(T, = 250 K) as a function of 
Tt. -O-O- The information in Fig. l(C), where r, = 77 K, is 
replotted as the ratio of the extent of complex formation after 
annealing at r, to that at the standard annealing temperature, 
T, = 250 K, i.e. x,(T,)/x,(250 K) as a function of T,. 

[lo]. With this value and that for the mole fraction at 
250 K, 0.85, one calculates the average local concen- 
tration of fluoride around the protein molecules (in 
dilute solution) to be about 70 mM, although the 
average concentration of KF is only 1.23 mM. (It is 
such an enhancement of chemical potential, together 
with its availability above 200 K, that Miller and 
McMillin [l l] effectively used to drive the formation 
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of the difluoride adduct of lactase). Thus the temper- 
ature-jumps in the experiments of Fig. 1 are accom- 
panied by a concentration-jump in (accessible) lig- 
and by a factor of about 55; this is equivalent to the 
fluoride occupying 2% of the original volume. If, 
after freezing, the protein molecules remain uni- 
formly dispersed throughout the original volume, it 
is difficult to understand how the small volume 
containing the fluoride would be accessible to most 
of the protein molecules. One infers that the protein 
molecules are, at least somewhat, pushed during the 
freezing process into the small volume that the fluo- 
ride occupies after freezing and/or that the fluoride 
is concentrated in and around the hydration layer of 
the protein molecules. 

3.2. The effects of ‘phase’ transitions during the 
freezing and annealing of protein solutions 

When glassy water, which results from a non- 
equilibrium process and is in a metastable state, is 
warmed to room temperature, three transitions can be 
observed by calorimetric and optical measurements 
[29-311. The first of these is the ‘glass transition’ 
from the vitreous state to that of a very viscous 
liquid; for pure water, the onset of the glass transi- 
tion is at about 140 K. About 10 K warmer, ice 
crystals begin to grow at the ‘crystallization’ or 
‘devitrification’ temperature. With additional wamr- 
ing there is, of course, the ‘melting’ temperature 
(273 K for pure water at 1 atm). Experimental 
evidence of the glass transition has been found only 
in measurements made upon glassy water with essen- 
tially no crystalline ‘impurity’ present. 

For the experiments shown in Fig. 1 of this paper, 
frozen solutions were prepared by immersing 
polyethylene EPR sample cells in liquid nitrogen, 
thereby cooling at an average rate of 30 K s- ’ . Ice 
crystals were present in the samples at 77 K, and no 
significant glass transition was expected to take place 
in the solvent phase of the frozen dilute aqueous 
solutions used for the temperature-jump experiments 
in Fig. 1. Water in the hydration layer around a 
protein forms a glass-like structure when the temper- 
ature drops below the freezing point of the aqueous 
solution [32]. Glass transition of the hydration water 
of myoglobin in crystals has been measured to occur 
in a broad range of temperatures, 180 to 270 K [20]. 

The hydration layer plays a very important role in 
protein dynamics and conformational stability 1331. 
Specific heat spectroscopy and flash photolysis ex- 
periments with 10 mM myoglobin in 75% (v/v) 
glycerol-water [8] suggest that solvent relaxation 
affects internal ligand binding, with a discontinuity 
at the temperature (about 200 K) where the rates of 
solvent relaxation and of processes in the protein are 
equal. When, below this temperature, the relaxation 
rate of the solvent is slow compared with that of the 
protein, the solvent and protein motions are decou- 
pled. Thus a glass transition of the hydration water at 
the surface of a protein will influence protein reactiv- 
ity and this influence is very likely to be reflected in 
kinetic measurements made at the transition tempera- 
ture. 

Under the conditions of the experiments reported 
here, the rate of freezing of sample solution follow- 
ing immersion of the polyethylene cell in liquid 
nitrogen was not sufficiently great to prevent crystal- 
lization altogether; rather, a hindered crystallization 
process took place and small, thermodynamically 
metastable ice crystals were formed in the solvent 
phase. In the course of annealing the frozen solution 
above the devitrification temperature, crystallization 
resumed and with it the conversion of the metastable 
system to states (still frozen) of lower free energy. 
Recrystallization will occur at various temperatures, 
depending upon the solute composition of the solu- 
tion. 

Qualitative evaluation of the importance of sol- 
vent transitions, of the kinds just discussed, on the 
replacement of water by fluoride is obtained by 
comparison of the results of experiments conducted 
according to the protocol of Fig. 11 a of [lo], shown 
again here in Fig. 2A, versus those presented in Fig. 
1 above. Fig. 2B shows the information of Fig. 1 lb 
of [lo] plotted as the ratio of the mole fractions 
before and after annealing ( ??). In these experiments 
for Fig. 2B, the temperature of the cold nitrogen gas 
bath for freezing the sample (called Tbath in the 
earlier paper, but here called T, to distinguish it from 
the annealing bath temperature T,), was varied while 
the annealing temperature was fixed at 250 K. Con- 
versely, in the experiments of Fig. 1, Tf is fixed (the 
bath is liquid nitrogen) and T, is varied. For Fig. 2B, 
the information in Fig. 1C is replotted as the ratio of 
the extent of complex formation after annealing at L$ 
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to the extent (mole fraction 0.85) after annealing at 
250 K (0). While in both kinds of experiment the 
annealing period starts with the sample at 77 K, the 
sample histories are not the same at that point. In 
Fig. 2B (m) the effect can be seen of the slower 
cooling rates at higher T,; slower cooling results in 
larger ice crystallites, and hence greater local fluo- 
ride concentration with increased extent of complex 
formation (as treated in [lo]). Apart from the latter 
effect, the smooth dependence of the ratios upon the 
equilibration (freezing and annealing bath) tempera- 
tures is similar for the two sets of data shown in Fig. 
2B. Freezing at intermediate temperatures does not 
noticeably affect the warming-up behavior, and an- 
nealing at increasing temperatures does not reveal a 
sharp transition to the limiting extent of complex 
formation. Thus, for the conditions of the experi- 
ments reported here, freezing and annealing with 
baths in the temperature range between 77 and 250 
K appear not to produce transitions in the solvent 
phase of the frozen solution which would have a 
significant effect upon the combination of fluoride 
with ferrihemoglobin, although the possibility that 
the temperature-jumps are accompanied by some 
component of irreversible transition cannot be ruled 
out. 

The experiments shown in Fig. 3 were performed 
further to investigate possible transitions in the sol- 
vent phase of frozen solutions of differing solute 
composition, and to ascertain what effects these tran- 
sitions might have upon the exchange of fluoride for 
the iron-bound water molecule in ferrihemoglobin 
during annealing. During ‘recrystallization’ of a 
metastable aqueous frozen system, small crystals 
grow to be larger and thermodynamically stable ones. 
As a result, the semitransparent frozen solution sud- 
denly becomes opaque as warming brings it into the 
rather narrow range of temperature over which re- 
crystallization occurs. Opaqueness resulting from re- 
crystallization was observed with the optical appara- 
tus shown in Fig. 1 of [lo]; this apparatus is more 
sensitive to changes in light scattering than to color 
change. The aqueous solution in a polyethylene EPR 
sample cell was frozen in liquid nitrogen and then 
moved to the VTC wherein the temperature of the 
bath of nitrogen gas was raised from 120 to 280 K in 
30 minutes. Optical transmission through the frozen 
cell, Fig. 3A, is expected to decrease at the recrystal- 

Fig. 3. (A) Recrystallization in the frozen solutions monitored by 
optical transmission. The sample was first frozen in liquid nitro- 
gen, and the cell was then transferred to the VTC wherein the 
temperature of the flowing nitrogen gas was raised from 120 to 
280 K over a period of 30 minutes. The plots show the accompa- 
nying change in optical transmission of (a) 0.033 M, pH 6.3, 
phosphate buffer solution; (b) the same solution as in (a) but with 
ferrihemoglobin ([heme] = 0.247 mM) and 1.18 mM KF; (c) the 
same solution as in (b) but with 48% (1.4 M) sucrose. r, is the 
recrystallization temperature and T,, , the melting temperature. (B) 
Mole fractions from EPR measurements on frozen solutions (bX w ) 
and (c)(O). The procedures and instrument settings are the same 
as for Fig. I. The T, for these solutions, indicated by arrows, are 
from part (A) of this figure. 

lization temperature, q, and increase at the melting 
temperature, T,. In the control experiment, record 
(a) of Fig. 3A, the onset of recrystallization of frozen 
phosphate buffer (in the absence of ferrihemoglobin 
and KF) took place at T, = 268 K, and melting 
occurred in a narrow range of temperatures close to 
273 K (as expected). With ferrihemoglobin and KF 
in the buffer solution, record (b) of Fig. 3A, the 
optical transmission decreased in two distinct tem- 
perature ranges. At and above 2 12 K, the frozen 
solution changed color from orange to dark green 
because of the additional combination of fluoride 
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with ferrihemoglobin. Because a decrease in optical 
transmission at 2 12 K did not occur in the absence of 
ferrihemoglobin and KF, as shown in the control 
experiment (and indicated by the dashed line seg- 
ment in (b)), no transition of the solvent phase is 
assigned to 212 K. Rather, the decrease in photocur- 
rent is associated with the color change. At 264 K, 
opaqueness of the frozen solution increased sharply 
as crystallization started. Melting again occurred 
close to 273 K. With 48% (1.4 M) sucrose in the 
buffer solution in addition to ferrihemoglobin and 
KF, record (c) Fig. 3A, recrystallization started at 
238 K, and gradual melting at about 260 K. Results 
of EPR measurements made on the latter two solu- 
tions are shown in Fig. 3B. The onset of the addi- 
tional binding of fluoride to ferrihemoglobin at 
around 200 K, seen in both records (b) (no sucrose) 
and (c> (48% sucrose) of Fig. 3B, does not have an 
obvious connection with the recrystallizations moni- 
tored by optical transmission when no sucrose is 
present (T, = 264 K) or when 48% sucrose is added 
to the reaction mixture (T, = 238 K), (nor in frozen 
buffer alone, T, = 268 K). 

3.3. Effects of solvent viscosity and protein structure 
upon the h’me scale of the reaction at low tempera- 
ture 

The viscosity of pure water and dilute aqueous 
solutions is about 0.01 P (P:poise = g s-’ cm-‘) at 
room temperature. The viscosity of unfrozen water 
has been extrapolated from room temperature to the 
glass transition temperature of around 120 K by 
Pryde and Jones [34], and is estimated by them to be 
1 to 10 P in the temperature range 200-230 K. We 
now make two assumptions: (1) the ‘unfrozen’ water 
in the solvation layer of a protein has for a lower 
limit to its effective viscosity that of bulk water as 
estimated by Pryde and Jones, (a lower limit because 
the water molecules are restricted to move in the 
layer, and there they interact with polar and charged 
surface residues); (2) the approximate relation 
(viscosity) . (diffusivity) = (constant) * (absolute tem- 
perature) (Stokes-Einstein relation) holds down to 
the glass transition temperature. It follows that the 
bimolecular, diffusion-controlled, limiting rate con- 
stant in aqueous solution at room temperature, 10” 

230 250 

Ta WI 

Fig. 4. Rate-limited extent (mole fraction) of fluoride complex 
formation, as a function of annealing temperature, in fenimyo- 
globin compared with ferrihemoglobin. The procedure is the same 
as in Fig. 1 A, the EPR settings am as in Fig. IB, and 33 mM PO,, 
pH 6.3 buffer was used. (A) Reactions of ferrimyoglobin, [heme] 
= 0.170 mM, (0) and ferrihemoglobin, [heme] = 0.245 mM, (0) 
with fluoride, [KFI = I .23 mM. (B) Reactions of ferrimyoglobin, 
[heme] = 0.253 mM, (0) and ferrihemoglobin, [heme] = 0.247 
mM, (0) with fluoride, [KF] = 1.18 mM in the presence of 48% 
sucrose. 

S -’ M- ’ [35], drops to lo* or 10’ s- ’ M- ’ (possi- 
bly lower in the hydration layer of protein) in the 
temperature range 200-230 K, but is orders of mag- 
nitude greater than is suggested by Fig. 1C and Fig. 
2B. From more direct kinetic experiments, see next 
section and Fig. 5, the bimolecular rate constant for 
the additional binding of fluoride to ferrihemoglobin 
is measured to be about lo-* s-’ M- ’ at tempera- 
tures between 200 and 230 K. Clearly the rate of 
exchange of fluoride for water at nearby heme sites 
is not diffusion-controlled. 

Fig. 4 shows that ferrimyoglobin and ferrihe- 
moglobin replace water with fluoride at different 
rates at the same temperature, indicating that, what- 
ever the role of the solvent, the rates are protein 
specific. Fig. 4A shows the extent of complex forma- 
tion in the two proteins in the absence of sucrose, 
and Fig. 4B demonstrates the effect of 48% sucrose 
upon complex formation. Fig. 4 clearly demonstrates 
that the association rate is not diffusion-controlled 
because a diffusion-controlled reaction would be de- 
pendent upon the diffusion rate of the ligand and not 
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upon the protein itself. The difference between fer- 
rimyoglobin and ferrihemoglobin seen in Fig. 4 indi- 
cates further that these proteins are not denatured by 
the cold [36] because, if they were denatured, the 
reaction rates would be expected not to differ in their 
dependence upon temperature. 

3.4. Kinetic studies of the replacement of heme-bound 
water by fluoride in ferrimyoglobin and ferrihe- 
moglobin at subfreezing temperatures 

The experimental results reported above show that 
there is a useful range of temperature in which 

I 
0 5 to IS 20 

lime (minutes) 

Fig. 5. Kinetic curves for the combination of ferrimyoglobin and ferrihemoglobin with fluoride after jumping the temperature from 77 K to 
various annealing temperatures. (A) The procedure for the temperature jump experiments is shown. At time A the sample cell was immersed 
in liquid nitrogen. The temperature of the sample was then raised in a bath of gas at annealing temperature 7” for a period of time t, starting 
at B, for an additional period of time t2 starting at D, etc. EPR spectra were measured at 77 K after each annealing period (i.e. C, E, etc.). 
The EPR instrument settings are the same as in Fig. 1. Kinetic curves are shown for (B) the combination of ferrimyoglobin (0.170 mM) with 
fluoride ([KF] = 1.23 mM) in 0.033 M PO,,, pH 6.3 buffer at temperatures (5) 230, 225, 217 and 214 K; (C) the combination of 
ferrihemoglobin ([heme] = 0.245 mM) with fluoride ([KFI = 1.23 mM) in the same buffer at temperatures 235,226, 219 and 205 K; (D) the 
combination of ferrimyoglobin (0.253 mM) with fluoride ([KFI = 1.18 mM) in the same buffer plus 48% sucrose at temperatures 260, 250 
and 240 K; (E) the combination of ferrihemoglobin ([heme] = 0.247 mM) with fluoride ([KF] = I. 18 mM) in the same buffer as in (D) (with 
48% sucrose) at temperatures 252, 242 and 232 K. The lines are least squares fits to Eq. 3. 
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transitions in the solvent phase of the frozen solution 
do not have a significant effect upon the local con- 
centration of fluoride or upon the exchange of this 
ligand for water at nearby heme sites, and show 
further that the rates of this process in ferrimyo- 
globin and ferrihemoglobin are not diffusion-con- 
trolled. With their feasibility in this temperature 
range established, kinetic studies of the reactions in 
ferrimyoglobin and ferrihemoglobin were carried out, 
Fig. 5. The experimental protocol is depicted in Fig. 
5A where fn, n = 1 to nz, is the nth period of time 
when the polyethylene EPR sample cell was placed 
in the dewar of the VTC. Because 0.3 min is re- 
quired for the temperature of the sample to reach 
95% of the jump from 77 K to T,, the time for each 
annealing period is taken as I, - 0.3 min. The mole 
fraction of complex x,,(f) present after the nth an- 
nealing period is calculated with the EPR signal 
amplitude measured just after that period; X, is a 
function of the total time that the sample has been in 
the VTC at temperature T,, which is t = Xi= ,,n 
(ti - 0.3) (min). The time courses for the combina- 
tion of fluoride with ferrimyoglobin at various tem- 
peratures T, are shown in Fig. 5B. Analogous kinetic 
curves for the combination of fluoride with ferrihe- 
moglobin are presented in Fig. 5C. The conditions of 
the experiments for the kinetic curves in Fig. 5D and 
E are the same as those for Fig. 5B and C except that 
48% sucrose was added to the hemeprotein and KF 
in buffer; in view of the limited number of kinetic 
measurements with sucrose present, these results 
should be viewed as qualitative. 

In the frozen solutions used in these kinetic stud- 
ies, the average number of fluoride ions nearby and 
available for binding to a heme site is large, but only 
one is required to replace the water molecule of what 
was the aquo complex. The local concentrations of 
fluoride and water are large and not significantly 
affected by the loss or gain of a single ion or 
molecule. Therefore the overall mass action relation 
associated with the fluoride for water exchange reac- 
tion (a more complex process than ligand binding to 
the pentacoordinate ferrous sites in deoxy-myoglobin 
and hemoglobin) can be modeled as pseudo-first 
order in the heme complexes. In Eq. 1, which is a 
phenomenological description of the overall rate pro- 
cess leading to equilibrium and does not include all 
steps of the kinetic pathway, k, and k_ , are second 

order rate constants and x is the mole fraction of 
fluoride complex. 

F-+heme H,O sH,O+heme.F-. 
k 

(1) I-.x -1 .‘( 

This description has previously been used to inter- 
pret a large amount of kinetic data from reactions of 
ligands with ferrihemoglobin and ferrimyoglobin 
[37]. Although kinetic studies of carbonyl complexes 
of ferrous hemeproteins implicate intermediates in 
the process of CO dissociation, no similar studies of 
the fluoride complexes of ferrimyoglobin and ferri- 
hemoglobin are reported in the literature. Therefore, 
for interpretation of the measurements at cryogenic 
temperatures presented here, the well-established as- 
sumptions implicit in Eq. 1 are followed. 

If the second order rate constant k_ , is multiplied 
by the water concentration to give the pseudo-first 
order rate constant k'_ , , then the (net) rate of forma- 
tion of the fluoride complex is 

dx/dt=k,.[F-].(l-x)-k’,.x. (2) 

When k, and k’_ , are obtained from kinetic 
measurements, the equilibrium constant K = kL , /k, 
can be calculated. The solution of differential Eq. 2 
is 

x(t) = x,_ + [x0 - xL]. exp[ - (k, . [F-l + kL ,)t] 

(3) 

with 

q=k,.[F-]/(k,.[F-]+kl,); 

x0 is the mole fraction of fluoride complex present 
before the temperature jump, and xL is the limiting 
value of the mole fraction following the post-temper- 
ature jump transient. 

Eq. 3 was fit to the kinetic data of Fig. 5B-E with 
a computer program based upon the non-linear least 
squares algorithm of Marquardt to obtain the rate 
constants k, and kL ,. Note that, in Eq. 3, k, and 
[F-l appear only as their product, and the values of 
this product are what is obtained from fitting the 
kinetic curves. To arrive at k, from a k, . [F-l 
product, independent knowledge of the local fluoride 
concentration is required; this concentration is esti- 
mated by the method of [lo] to be 70 mM in the 
absence of sucrose, and 20 mM when 48% sucrose is 
present. The results for ferrimyoglobin are given in 
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Table 1 
Rate constants for the formation and dissociation of the fluoride complex of fenimyoglobin 

Temperature k, (s-’ Mm’) k’, (s-1) 
(K) 

[sucrose] = 0.0; [heme] = 0.170 mM; [F-l,,, = 1.23 mM; [F-l,,,,, = 70 mM 230 1.1 lo- ’ 5.2. 1O-4 
227 6.4. 1O-2 7.3 . lo- ‘I 
225 2.8. 1O-2 5.8. 1O-4 
223 1.9. 10-l 3.0. 10-4 
217 5.6. 1O-3 5.9. 10-6 
214 1.6. 1O-3 2.0 10-6 

[sucrose] = 1.4 M; [heme] = 0.253 mM; [F- I,“, = 1.18 mM; [F- Ilocal = 20 mM 260 2.8. lo- ’ 1.7. lo-’ 
250 8.0. lo-’ 4.8. 1O-4 
240 2.6. 1O-2 9.1 10-4 

Table 1. Kinetic curves for ferrihemoglobin showed 
structured residuals when fit by a single reaction site 
(i.e. one forward rate constant, and one reverse); 
simulations with two sites (xL taken the same) 
matched the experimentally observed kinetic curves 
well. The simplest explanation for the more complex 
kinetic behavior of hemoglobin is that differences 
between the (Y- and P-subunits give rise to differ- 
ences in rate constants; however, in the time course 
of the reaction of fluoride with the isolated chains at 
2O”C, no difference was found between (Y and /3 
[37]. We shall discuss the results for ferrihe- 
moglobin, given in Table 2, in terms of sites a and b 
(which may or may not correspond to (Y- and P-sub- 
units). Note in Table 2 that the differences between 

the corresponding a and b rate constants are not 
great. 

4. Discussion 

Fig. 6 shows AC” in ice calculated from the 
entries of Tables 1 and 2 by means of K = k’ , /k, 
and also AC” extrapolated (dashed lines) to subfreez- 
ing temperatures from AC”(T) (solid lines) deter- 
mined by measurements upon solutions above freez- 
ing. One sees in Fig. 6 that the AC” measured below 
freezing temperature are generally smaller than the 
extrapolated values. The measured AC” values also 
decrease with decreasing temperature; the tempera- 

Table 2 
Rate constants for the formation and dissociation of the fluoride complex of ferrihemoglobin 

Temperature Site a 
(K) k, (s-’ M-‘) k’, (s- ‘1 

[sucrose] = 0.0; [heme] = 0.245 mM; 235 1.7. 10-l 3.1 10-j 
[F-l,,, = 1.23 mM; [F- I,,_, = 70 mM 228 7.3 . lo- 2 1.2. 10-3 

226 5.8 lo- 2 1.1 . 10-s 
224 3.0 10-2 6.9. 1O-4 
222 3.2. 1O-2 9.6. 1o-4 
220 9.6. lO-3 1.6. 1O-4 
219 2.1 . 10-s 9.6. 1O-4 
214 1.3. 10-a 1.1 . 10-s 
205 7.7 1o-4 1.6. 1O-5 

Site b 

k, (s-’ M-‘) 

5.4. lo- ’ 
2.0. lo- ’ 
1.4. 10-l 
7.9. lo- 2 
4.9. 10-Z 
5.8. lo-* 
2.1 . 10-Z 
1.3 10-s 
7.7. 1o-4 

[sucrose] = 1.4 M;[heme] = 0.247 mM; 252 1.5 . lo- ’ 1.7. 10-3 2.4. lo- ’ 
[F- I,,, = 1.18 mM; [F- I,,,,, = 20 mM 242 2.4. lo-’ 1.1 1o-4 1.1’ 10-I 

232 1.4. 10-a 1.5 1o-4 1.4. 10-Z 

k' , (s- ‘) 
9.6. IO- 3 
3.2. 1O-3 
2.7. 1O-3 
1.8. 1O-3 
1.4. 10-j 
9.4. lo-” 
9.6. lo-” 
1.1 . 10-3 
1.6. 10-s 

2.7. lo-’ 
5.1 1o-4 
1.5 1o-4 
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Fig. 6. Temperature dependence of the standard free energy 
change accompanying the dissociation of the fluoride complexes 
of ferrimyoglobin and ferrihemoglobin. The entries between 205 
and 260 K are calculated with AC” = - RT ln(k’_ , /k,) from the 
rate constants listed in Tables I and 2: (0) ferrimyoglobin. no 
sucrose; (0) ferrihemoglobin. no sucrose; (Cl) ferrimyoglobin. 
48% sucrose present; (~1 fenihemoglobin, 48% sucrose present. 
The lines which are solid above and dashed below 273.2 K are 
calculated from AH” and A.? measured above freezing. 

ture dependence shown in Fig. 6 indicates that, if the 
change in enthalpy were independent of temperature, 
the entropy change would be much more negative in 
the subfreezing region than above freezing. How- 
ever, because information about the enthalpy change 
for ligand dissociation below freezing temperature is 
not available, the following discussion is limited to 
the free energy change, 4G”. With regard to 4G” for 
horse ferrimyoglobin-fluoride in 33 mM PO,, pH 
6.3 buffer, the enthalpy and entropy of dissociation 
measured above freezing temperature in this labora- 
tory are 3.07 kcal/mol (12.8 kJ/mol) and 1.3 
cal/(mol K) (5.3 J/(mol K)), respectively. As can 
be seen in Fig. 5B-E, the time course shows little 
curvature at the lowest temperatures of each series; it 

follows that the rate constants, the asymptotic values 
of mole fraction, and the dissociation constant (K > 
are not as well-determined at the lowest temperatures 
as at temperatures above these. The dissociation 
constant Kextrap at each subfreezing temperature is 
readily calculated with 4H” and 4s” measured above 
freezing. One can then compare the extrapolated 
with the experimentally-obtained binding at each 
temperature by means of the ratio Kentrap/K. Includ- 
ing the data from both myoglobin and hemoglobin, 
without and with sucrose present, and giving equal 
weight to every value of K independent of tempera- 
ture, one finds the average ( Kextrap/K > = 0.37. On 
this basis, fluoride binding at subfreezing tempera- 
tures is about 3 times weaker than calculated with 
thermodynamic parameters obtained above freezing; 
i.e. freezing has only a small effect (about -0.7 
kcal/mol in JG”) upon the temperature dependence 
of the stability of the fluoride complexes of fer- 
rimyoglobin and ferrihemoglobin observed above 
freezing. 

Departing from the rigorous treatment of the data 
given above, for exploratory purposes one can ana- 
lyze the temperature dependence of the phenomeno- 
logical rate constants according to the Arrhenius-re- 
lated formulas 

Ink, =.f, - dH,‘/RT 

and 

(4) 

In k'_ , = f; - 4H: ,/RT (5) 

where k, (second order rate constant in the direction 
of formation of the fluoride complex) and k' , (first 
order rate constant in the reverse direction) are ex- 
pressed in terms of process frequency factors f, and 
fL, (which contain an activation entropy factor), and 
process activation energies 4H,’ and 4HT , . There 

Table 3 
Quantification of temperature dependence of rate constants; parameters obtained from linear least squares fits to In k, =j; - AH,/RT 

Parameter From In k, vs. l/T From In k’_ , vs. l/T 

myoglobin hemoglobin a hemoglobin b myoglobin hemoglobin a hemoglobin b 

s, 53 34 44 82 25 35 
j;, sucrose 27 25 32 0.3 21 28 
AH,’ 25 17 21 40 14 IX 
AH, * , sucrose I5 I4 17 4 14 17 

The enthalpy units are kcal/mol 
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T-l&)x IO' 

T-'(K-')x 10' T-'(K.')x IO' 

T-'(K.')x IO' 

Fig. 7. Arrhenius plots of temperature dependence of fonvard and reverse rate constants obtained from the kinetic curves of Figs. 5B-E. The 
straight lines are linear least squares fits to the data of Tables 1 and 2. Fig. 7B-E correspond to Fig. 5B-E; there is no Fig. 7A. (B) 
Ferrimyoglobin: (0) forward; (W) reverse. (C) Ferrihemoglobin: (0) forward, a; (0) forward, b; (U> reverse, a; (0) reverse, b. (D) 
Ferrimyoglobin in 48% sucrose: (0) forward; (H) reverse. (E) Fenihemoglobin in 48% sucrose: (0) forward, a; (0) forward, b; ( ??) 
reverse, a; (0) reverse, b. 

can be some temperature dependence in the fre- 
quency factors [ 171 and this would be included in the 
AH */RT terms. For the short temperature ranges of 
the experiments, (16 K for ferrimyoglobin without 
sucrose, 30 K for ferrihemoglobin without sucrose, 
and 20 K for both proteins with sucrose present), 
formulas 4 and 5 provide satisfactory fits to the data, 
as shown in Fig. 7. The results are given in Table 3. 

The numbers in Table 3 from the sucrose-containing 
solutions are not quantitatively accurate because the 
amount of sucrose data is limited and because there 
is uncertainty in activation energies estimated from 
measurements over such a narrow range of tempera- 
tures. However, qualitatively they reveal interesting 
features of the exchange process. For each of the 
ferrihemoglobin sites, Table 3 shows that the activa- 
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tion enthalpies for the forward and reverse processes 
differ little when sucrose is absent, and less when 
sucrose is present. (The differences between the 
forward and reverse activation enthalpies, and differ- 
ences between the frequency factors, are the same 
for the a and b sites, without and with sucrose 
present; this follows from taking x,_ to be the same 
for a and b). The frequency factors have greater 
influence than the activation energies upon the for- 
mation of the ferrihemoglobin fluoride complex. The 
differences between the activation enthalpies of the 
forward and reverse processes are greater for fer- 
rimyoglobin than for ferrihemoglobin. 

As noted above, the temperature dependence of 
the phenomenological rate constants is more com- 
plex than given by Eqs. 4 and 5. With this limitation 
in mind, it is instructive to calculate, by means of the 
parameters of Table 3, the values of k, in ice to 
projected values above freezing; the latter can then 
be compared with k, values obtained by measure- 
ments (in other laboratories) above freezing. The 
experimentally-obtained k, value for horse fer- 
rimyoglobin in solution at 295 K, pH 6.05, is 20 s- ’ 
MU’ [38]; the values projected to 295 K are 2 * lo4 
S - ’ M- ’ on the basis of measurements over the 
range 214-230 K with sucrose absent, and 8 s- ’ 
M- ’ for the range 240-260 K with 48% sucrose 
present. The same behavior is shown by the 
hemoglobin subunits. The experimentally-obtained 
k, value for human ferrihemoglobin (subunit aver- 
age) at 293 K, pH 6.09, is 26 s- ’ M- ’ [37]; for 
subunit a at 295 K, k, is projected to be 290 SC’ 
M- ’ based upon measurements over the range 205- 
235 K with sucrose absent and 6 SC’ M- ’ for the 
range 232-252 K with 48% sucrose present; for 
subunit b, 6.8 . lo3 s- ’ M-’ with sucrose absent 
and 39 s- ’ M- ’ with 48% sucrose present. Note 
that k, values projected from the measurements on 
sucrose-containing frozen solutions are close to those 
measured at the physiological temperature, whereas 
k,, values projected from sucrose-free frozen solu- 
tions are much greater. Sucrose is known to reduce 
the size of the ice crystallites in frozen aqueous 
solution, and 48% sucrose appears to enable the 
temperature-dependence of the rate constant mea- 
sured in ice to express, at least qualitatively, the 
value above freezing. These two observations, to- 
gether with the large difference in k, when sucrose 

is absent from the ice, suggest that the large ice 
crystallites in frozen aqueous solution not containing 
cryoprotectant are responsible for a significant effect 
upon the rate of exchange of fluoride for water at the 
iron. Apparently, provided freezing conditions are 
such that ice crystallites have not grown large, the 
rates of fluoride for water replacement in ferrimyo- 
globin and ferrihemoglobin are largely unaffected by 
the passage from aqueous liquid to ice. 

Acknowledgements 

This research was initially supported by the Na- 
tional Science Foundation under grant DMB-85 178 19 
and later by the National Institutes of Health under a 
Biomedical Research Support Grant. 

References 

[II 

El 

[31 

[41 

[51 

(61 

[71 

[81 

[91 

[IO1 
[I II 

[I21 

[I31 

[141 

[ISI 

[I61 

[I71 

B. Chance, C. Saronio and J.S. Leigh Jr., Proc. Natl. Acad. 
Sci. USA, 72 (1975) 1635-1640. 
T. Barman, F. Travers. C. Balny, G. Hui Bon Hoa and P. 
Douzou, Biochimie, 68 (1986) 1041-1051. 
J.L. Casey and K. Sauer, B&him. Biophys. Acta, 767 
(1984) 21-28. 
J.L. Zimmermann and A.W. Rutherford, Biochim. Biophys. 
Acta, 767 (1984) 160-167. 
W.F. Beck, J.C. de Paula and G.W. Brudvig. Biochemistry, 
24 (1985) 3035-3043. 
P.G. Debrunner and H. Frauenfelder, Ann. Rev. Phys. Chem., 
33 (1982) 283-299. 
H. Frauenfelder, F. Par& and R.D. Young, Ann. Rev. Bio- 
phys. Biophys. Chem.. 17 (1.988) 45 l-479. 
M. Settles, F. Post, D. Miiller, A. Schulte and W. Doster, 
Biophys. Chem., 43 (1992) lO7- I 16. 
F. Franks, Biophysics and Biochemistry at Low Tempera- 
tures, Cambridge University Press, Cambridge, 1985. 
A.-S. YangandA.S. Brill, Biophys. J., .59(1991) 1050-1063. 
C. Miller and D.R. McMillin, Biophys. Chem.. 53 (1995) 
189-195. 
J.C. Sevems and D.R. McMillin, Biochemistry, 29 (1990) 
8592-8597. 
A.S. Brill, B.W. Castleman and M.E. McKnight, Biochem- 
istry, IS ( 1976) 2309-23 16. 
A.C. Anusiem, J.G. Beetlestone and D.H. Irvine. J. Chem. 
Sot. (A) (1968) 960-969. 
R.H. Austin, K.W. Beeson, H. Frauenfelder and I.C. Gun- 
salus, Biochemistry, 14 (1975) 5355-5373. 
H. Keller and P.G. Debrunner, Phys. Rev. Lett., 45 (1980) 
68-7 I. 
D. Beece. 1.. Eisenstein, H. Frauenfelder, L). Good, M.C. 



354 A.-S. Yang, A.S. Brill/Biophysical Chemistry 58 (1996) 341-354 

Marden, L. Reinisch, A.H. Reynolds, L.B. Sorenson and 
K.T. Yue, Biochemistry, 19 (1980) 5147-5157. 

[IS] G.P. Singh, F. Parak, S. Hunklinger and K. Dransfeld, Phys. 
Rev. Lett., 47 (1981) 685-688. 

[19] H. Hartmann, F. Parak, W. Steigemamt, GA. Pet&o, D. 
Ringe Ponzi and H. Frauenfelder, Proc. Natl. Acad. Sci. 
USA, 79 (1982) 4967-4971. 

[20] W. Doster, A. Bachleimer, R. Dunau, M. Hiebl and E. 
Liischer, Biophys. J., 50 (1986) 213-219. 

[21] A. Ansari, E.E. Dilorio, D.D. Dlott, H. Frauenfelder, I.E.T. 
Iben, P. Langer, H. Roder, T.B. Sake and E. Shyamsunder, 
Biochemistry, 25 (1986) 3 139-3 146. 

[22] W. Doster, S. Cusack and W. Petty, Nature, 337 (1989) 
754-756. 

[23] 1.E.T. Iben, D. Braunstein, W. Doster, H. Frauenfelder, M.K. 
Hong, J.B. Johnson, S. Luck, P. Ormos, P., A. Schulte, P.J. 
Steinbach, A.H. Xie and R.D. Young, Phys. Rev. Lett., 62 
(1989) 1916-1919. 

[24] P.J. Steinbach, A. Ansari, J. Berendzen, D. Braunstein, K. 
Chu, B.R. Cowen, D. Ehrenstein, H. Frauenfelder, B. John- 
son, D.C. Lamb, S. Luck. J.R. Mourant, C. Uhich Nienhaus, 
P. Ormos, R. Philipp, A. Xie and R.D. Young, Biochemistry, 
30 (1991) 3988-4001. 

[25] B.F. Rasmussen, A.M. Stock, D. Ringe and G.A. Pet&o, 
Nature, 357 (1992) 423-424. 

I261 M.F. Peru& Nature, 358 (1992) 548. 
[27] P.J. Steinbach and B.R. Brooks, Proc. Natl. Acad. Sci. USA, 

90 (1993) 9135-9139. 
1281 P.J. Steinbach and B.R. Brooks, Chem. Phys. Lett., 226 

( 1994) 447-452. 
[291 J.A. Ghormley and C.J. Hochanadel, Science, 171 (1971) 

62-64. 
[30] A.P. MacKenzie, Philos. Trans. R. Sot. London B., 278 

(1977) 167-189. 
[31] G.P. Johari, A. Hallbrucker and E. Mayer, Nature, 330 

(1987) 552-553. 
[321 I.D. Kuntz and W. Kauzmann, Adv. Protein Chem., 28 

(1974) 239-345. 
[33] F. Parak, Methods Enzymol., 127 (1986) 196-206. 
[34] J.A. Pryde and G.O. Jones, Nature, 170 (1952) 685-688. 
[35] C.R. Cantor and P.R. Schimmel, Biophysical Chemistry, Part 

III: The Behaviour of Biological Macromolecules, W.H. 
Freeman and Company, New York, 1980, p. 920. 

[36] P.L. Privalov, Yu. V. G&o, S. Yu. Venyaminov and V.P. 
Kutyshenko, J. Mol. Biol., 190 (1986) 487-498. 

[37] Q.H. Gibson, L.J. Parkhurst and G. Geraci, J. Biol. Chem., 
244 ( 1969) 4668-4676. 

1381 J. Blank, W. Graf and W. Scheler, Acta Biol. Med. Germ., 7 
(1961) 323-326. 


