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ABSTRACT The water of hydration in myoglobin crystals and solutions was studied at subzero temperatures by
calorimetry and infrared spectroscopy (ir). For comparison we also investigated glycine, DL-alanine and DL-valine
solutions. The hydration water remains amorphorus at low temperatures. We find a broad glass transition between 180
and 270 K depending on the degree of hydration. The ice component shows a noncolligative melting point depression
that is attributed to a finite conformational flexibility. The ir spectrum and the specific heat of water in myoglobin
crystals was determined for the first time between 180 and 290 K. The glass transition in crystals is qualitatively similar
to what is found in amorphous samples at the same water content. These data are compared with Mossbauer
experiments and dielectric relaxation of water in myoglobin crystals. The similar temperature dependencies suggest a

cross correlation between structural fluctuations and the thermal motion of crystal water. A hydrogen bond network
model is proposed to explain these features. The essential ingredients are cooperativity and a distribution of
hydrogen-bonded clusters.

INTRODUCTION

Organisms have learned to survive at subzero tempera-
tures. Some of the mechanisms involved to avoid intracel-
lular ice crystallization work on a molecular level. Most
woody species prevent freezing in some of their tissue by
deep supercooling (1). The blood of arctic fish contains
antifreeze glycoproteins that inhibit freezing even in the
presence of ice crystals (2, 3). It is well known that the
water of hydration of proteins (h t 0.4 g H20/g protein)
does not crystallize at low temperatures (4). Low tempera-
ture experiments with protein solutions are required to
understand the nature of supercooling and its effect on
protein function. Furthermore, measurements over a wide
range of temperatures help to unravel complex multistep
processes occurring in proteins. Frauenfelder and co-
workers (5, 6) have analyzed ligand binding to heme
proteins by laser flash photolysis between 2 and 300 K.
They find complex, nonexponential kinetics in contrast to
exponential recombination at room temperature. It is
assumed that conformational fluctuations are frozen at low
temperatures leading to a distribution of binding rates. The
role of the solvent in these experiments is not well under-
stood. Freezing of conformational transitions may be
related to freezing of hydration water. The x-ray structure
of myoglobin (7, 8), the Lamb-Mossbauer factor of the
heme iron in myoglobin crystals (9) and solutions (10) and
the dielectric relaxation rate of water in myoglobin crystals
(1 1) have been investigated at subzero temperatures. Thus

myoglobin is a test case that may allow the establishment
of dynamic correlations between the thermal motion of the
solvent, structural fluctuations and ligand binding. Here
we focus on the thermal properties of the hydration shell in
myoglobin. We measured the specific heat and the 0-H
stretching vibration of hydration water as a function of
temperature by means of differential scanning calorimetry
(DSC) and infrared spectroscopy (ir). The specific heat
and the strength of the hydrogen bond network are a
measure of the water mobility. Partial deuteration allows
us to distinguish between a crystalline and an amorphous
ice phase. Most experiments were performed with myoglo-
bin crystals and myoglobin solutions at various water
concentrations between 10 and 300 K. For comparison we
also investigated solutions of glycine, DL alanine, and DL
valine. Special attention is given to nonequilibrium freez-
ing and melting of water in these systems. The melting
point depression of bulk ice and the effect of annealing on
the amorphous component is studied.

MATERIALS AND METHODS

Sample Preparation
Sigma grade I glycine, DL-alanine,. and DL-valine crystals were recrystal-
lized several times. Sigma Type II sperm whale myoglobin (Fe3") was
dialyzed against distilled water. A concentrated protein solution (15 Al,
150 mg/ml) was filled into a DSC pan and dried in a desiccator over a
saturated ammonium sulfate solution (82% relative humidity). The
resulting compact film had good thermal contact with the pan. The
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sample was kept at constant humidity for several days. Various degrees of
hydration were achieved through different saturated salt solutions or by
mixing dry and humid air at different flow rates in a glove box. The water
content was determined to 1I% using a dry weight method. Crystals of
myoglobin (Fe3") were prepared according to the method of Perutz (12).
Single crystals were used, their surface was dried on a paper to remove the
ammonium sulphate solution. For the ir experiments partially deuterated
myoglobin solutions (5%-20% D20) were dried on a CaF2 window at
constant humidity. Kinetic sorption experiments showed that -1 wk was
sufficient to achieve equilibrium.

Calorimetry
The DSC was performed with a Perkin-Elmer (model DSC1B; Norwalk,
CT). The instrument was calibrated with known amounts of water and
saphire. The accuracy of the temperature is 0.3 K. The noise level of the
DSC scans was usually -0.01 mcal/s. The enthalpy of mixing was
estimated in a thermally isolated cell equipped with a thermocouple.
Slightly hydrated protein (volume fraction of the protein 02 = V2/V =
0.65) was mixed with water after temperature equilibration using a
syringe. The final '2 was 0.57. 42 is calculated using the specific volume of
myoglobin (0.74 cm3/g) and the density of water of 200C.

Infrared Spectroscopy
The ir spectra were recorded using a McPherson monochromator (218;
McPherson, Acton, MA) and an indium antimonide detector. The
resolution (between 3 and 5 cm-') was kept low to increase the transmit-
ted intensity. Resolution was not crucial in these experiments because of
the broad water bands. The ir beam was chopped at 500 Hz. The resulting
signal was measured using a lock-in amplifier to enhance the signal-
to-noise ratio. The optical cell was equipped with CaF2 windows and was
attached to an Oxford helium flow cryostat.

RESULTS AND DISCUSSION

Melting Point Depression of Ice in
Myoglobin and Amino Acid Solutions

Fig. 1 shows DSC power-time curves of myoglobin solu-
tions at various protein volume fractions 02. The melting
peak of water is asymmetric. Similar results were obtained
with collagen and DNA solutions (13,14). The low tem-
perature tail is nearly independent of the water content

250 260 270
T/K

FIGURE I DSC power-time curves (4 deg/min) of myoglobin solutions
at various protein volume fractions 02: (+-) 2 = 0-35, (-) 0-5.,~ 0-59,
(.** ) 0.63.

below 42 0.62 (h = 0.45 g H20/g protein) at constant
protein mass. The peak of the melting curve decreases and
shifts to lower temperatures with decreasing water content.
These observations indicate the presence of two types of
water: a bulk component (component I) and a protein
related fraction (component II). We have analyzed the
heats of fusion of component I by subtracting the contribu-
tion of component II at 42 = 0.62. We find h = 0.39 g
H20/g protein of noncrystalline water at low tempera-
tures. Similar numbers were obtained with other tech-
niques (15). The melting point depression ATm derived
from the maxima of the melting curve is shown in Fig. 2 as
a function of 02. The drastic increase of ATm above 42 =
0.62 reflects the behavior of component II. Similar experi-
ments were performed with glycine solutions. Component
II is absent in this system. The melting point depression is
also shown in Fig. 2. ATm and the activity of the solvent a,
in a two component solution are related by Raoult's law.

ATm RTO
In a. (1)

Tm0 and AHm0 are the melting temperature and the heat of
fusion of the pure solvent, respectively. a, can be replaced
by the mole fraction x, if the solution is ideal. The glycine
solution is ideal up to the solubility limit ((2 -0.1). ATm of
the myoglobin solution is small (02 < 0.6) but still a factor
of 100 larger than what is expected for the ideal case.
Polymer solutions in general are not ideal even if the heat
of mixing is small. The flexibility of the polymer chain
leads to an excess entropy of mixing. Flory and Huggins
calculated this term in a mean field approximation
(16, 17). The polymer chains were represented as random
walks on a lattice, each lattice site being either occupied by
one monomer or by a solvent molecule. The free energy of
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FIGURE 2 Melting point depression of water in glycine (0) myoglobin
(.), and collagen solutions (+) (13) as a function of the protein volume
fraction '2. Theoretical curves for Ina, were derived from Eqs. 1, 2, and 4:
(A) ideal myoglobin solution: Eqs. 1, a, m xl. (B) Flory/Huggins model
for an ideally flexible chain, Eq. 2,ds = 0, in g720 (myoglobin). (C, D)
Modified Flory/Huggins model assuming partial flexibility: Eq. 4, -

-0.05, for C, a'/a = 0.25, for D, a'/a - 0.3, a - 720. (E) Ideal solution of
separated segments: Eq. 1, a, = xl '2 was calculated from x, using the
specific volumes of myoglobin V2 - 0.74 cm3/g and alanine V2 = 0.68
cm3/g.

BIOPHYSICAL JOURNAL VOLUME 50 1986214



this model has two components: an entropy term describing
how many arrangements of chains can exist on the lattice
for a given O2, and an energy term describing the interac-
tions between adjacent molecules (_q2. The solvent activ-
ity a, is then given by

In a, =ln (I -4'2) + (1 0)2 + IAL~ (2

(2)

a denotes the number of chain segments of the polymer and
,u is the Flory interaction parameter. ,u is positive if the
solvent is poor. The utility of the Flory-Huggins model for
proteins is discussed in the classical paper of Kuntz and
Kauzmann (4). They conclude that protein water systems
appear similar to many polymer solutions. Solutions theo-
ries are more appropriate than surface theories at high and
moderately high water concentrations (4). We can fit the
myoglobin data using Eqs. 1 and 2 below O2 = 0.6 with a
concentration independent , = 0.6. This number, however,
is not consistent with stability arguments: Eq. 2 predicts
demixing at critical values of 4)2 and j (18):

c 1
'2 = -

c 05 + (3)

The ratio of molecular volumes a of myoglobin and water is
720. The critical concentration is then 50 mg/ml and ,c
0.5. Myoglobin, however, is easily soluble at higher concen-
trations. Thus ,u < 0.5 in contrast to the experimental
result. g in general contains enthalpic and entropic correc-
tions. We have measured the enthalpic contribution by
mixing water and slightly hydrated protein at equal tem-
peratures. The final 42 was 0.57. We obtain an increase in
temperature by 1.1 K, which yields ,u is approximately
equal to -0.05 if the specific heat of the sample is taken
into account. A positive heat of mixing (negative ,) is
common for polar solutes like proteins (4). The experimen-
tal value oft A is about a factor of 10 smaller than what is
required to explain the deviation from an ideal solution
based on enthalpic effects alone. We conclude that the
large and positive apparent s obtained by the fits must be
an entropic correction. Consequently, this contribution is
not accurately represented by an interaction term propor-
tional to 42. One has to keep in mind that the Flory/
Huggins model is based on the assumption of an ideally
flexible polymer chain. Globular proteins, however, have a
compact structure and are not ideally flexible. Only a
fraction of the residues is accessible to the solvent (19). The
simplest modification of the Flory/Huggins model is the
assumption of partial flexibility. We expect that the aver-
age number of flexible segments is smaller than the total
number of segments. This modification, already considered
by Flory (16), removes the inconsistencies and yields the

following solvent activity:

In a, =-In (I - 02) + (- )02 + 2

xc~,-0.5, yc~ a.02- a. 0.5 A 2a (4)

a//a denotes the fraction of flexible segments. a' - a yields
Eq. 2 and a' = 1 represents the case of solute molecules
without internal flexibility. The resulting activity curves
are shown in Fig. 2. The best fit of the data was obtained
with '/la between 0.25 and 0.3 (,u is approximately equal
to -0.05). According to this model only 40-50 of the 153
residues in myoglobin are flexible on the average. This
result is not unreasonable in view of hydrogen exchange
(20) and x-ray (7, 8) data. Myoglobin has 38 fast exchang-
ing NH protons. X-ray diffraction shows that 44 resides
have a mean square displacement >0.15 A2. Nearly all of
them lie on the surface of the protein. The large noncolliga-
tive melting point depression of myoglobin solutions
requires an explanation. The modified Flory/Huggins
model can fit the data using a single parameter r'/la with a
well defined physical meaning. It fails, however, at high
protein volume fractions. The data above O2 = 0.62 cannot
be explained by assuming a concentration dependent ,u. We
show in the next section that component II in contrast to I
depends on the history of the sample.

Glass Transition of Amorphous Solid
Water in Myoglobin and Amino Acid
Solutions

Fig. 1 shows that melting of component II starts near 250
K at high water concentrations. Above k2 0.62 only
component II is present. The melting peak of this fraction
shifts to lower temperatures with decreasing water content
(Fig. 2). We find that component II can be transformed
partially into the crystalline component I upon annealing
at water concentrations where both components are pres-
ent. Fig. 3 displays the difference between two DSC

02

-16

180 200 220 240 260 280
T/K

FIGURE 3 Each curve represents the difference A dH/dt between two
DSC scans. The first time the sample was cooled at a fast rate while the
second scan was taken after slow cooling or annealing: (-) alanine 100
mg/ml, difference plot between 10 deg/min and I deg/min cooling rate,
(..*) valine 50 mg/ml, difference between 40 deg/min cooling rate and
a sample annealed for 2 h at 250 K, (---) myoglobin 02 - 0.42, difference
between 20 deg/min cooling rate and annealing at 250 K for 2 h.
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power-time curves at /2 = 0.42 (broken line): In the first
experiment we cooled the sample at a fast rate (40
deg/min). A DSC scan was taken. The second time the
sample was cooled slowly (4 deg/min) and annealed for 2 h
at 250 K. A second scan was taken after cooling to 180 K.
The melting peak of this scan was less asymmetric than
after fast cooling. The difference between the two scans

(shown in Fig. 3) indicates a loss of component II through
annealing. This result suggests that component II is amor-
phous solid water with a glass temperature between 250
and 260 K. We also looked for time-dependent effects in
amino acid solutions with an increasing number of side
chain carbons. The glycine solution did not show any

transition, except the melting of bulk ice. By contrast three
additional low temperature peaks were obtained with
alanine solutions at cooling rates faster than 4 deg/min.
Fig. 3 displays the difference between two DSC scans after
fast and slow cooling (full line). The exothermic peak at
245 K indicates the freezing of water that did not have time
to crystallize during the cooling cycle. This peak is constant
above 10 deg/min, and is proportional to the alanine
concentration. According to the heats of fusion it repre-
sents 0.7 g H20/g alanine. The noncrystalline water
exhibits a two-step glass transition at 200 and 230 K. The
peaks may result from the onset of local mobility and free
diffusion of water since crystallization sets in at the end of
the second transition. The rate of crystallization of hydra-
tion water in valine samples was much slower than for the
alanine case. Annealing at 250 K for 2 h was necessary to
obtain a difference, as shown in Fig. 3 (dotted line). A
single transition near 245 K is observed. The side chain of
valine has an additional carbon and is thus less soluble than
alanine. The concentration was smaller by a factor of 2.
These experiments show that amino acids like proteins
inhibit the freezing of water. The size and the nature of the
side chain has a drastic effect on the rate of crystallization.
The difference between the three amino acids must be
attributed to hydrophobic effects. We note that alanine is a
major component of antifreeze glycoproteins (2).

Infrared Experiments with Hydrated
Myoglobin Films

The ir spectrum of H20 is complicated by the fact that the
0-H stretch is coupled to other modes of motion (Fermi
resonance). Therefore we partially deuterated our samples
and looked at the uncoupled 0-D oscillator. The ir
experiments allow us to extend the DSC data to low
temperatures and low water concentrations.

Fig. 4 shows the 0-D stretching bands of different
states of water. The absorption of water in myoglobin films
at room temperature is broad with maxima at 4.049 Mum
(2,470 cm-') and 4.14 Mum (2,415 cm-') (full line). It is
redshifted relative to the spectrum of bulk water that has a

maximum at 4 ,m. The O-D band of bulk ice is narrow
(dotted line, 40 cm-') compared to water (160 cm-'). The
dashed line represents the low temperature 0-D spec-

C

4.4 4.0 3.6
wavelength/lim

FIGURE 4 The O-D stretching absorption band of different water
states (intensity in arbitrary units): (-) room temperature spectrum of
myoglobin films, (.. *) ice spectrum, (- . -) amorphous ice, (---) low
temperature water spectrum in myoglobin films.

trum of water in myoglobin films (4.175 gm). It is also
shifted to higher wavelengths relative to the band of
amorphous ice (dashed dotted line), which was obtained by
condensation of vapor on a cold substrate (21). The
redshifts indicate stronger hydrogen bonding. The half-
width of the low temperature water spectrum in myoglobin
films (100 cm-'), is intermediate between liquid water
(160 cm-') and amorphous ice (65 cm-'). It strongly
suggests a state in which the molecular disorder of liquid
water is preserved to a large extent in spite of a drastic
reduction in molecular motion. Similar conclusions were
derived from other experiments (22, 23). Instead of "non-
freezable" water we use "solid amorphous water" or
"amorphous ice" to describe this state. Fig. 5 shows typical
difference spectra at various temperatures with respect to a
spectrum taken at 80 K. The figure displays the continuous
transition from amorphous solid water to liquid water with
increasing temperature. No change is found below 80 K. In
Fig. 6 we plot the ratio of intensities at 4.175 and 4.049 ,m
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FIGURE 5 Difference spectra relative to a spectrum taken at 80 K (I2)
as a function of temperature. The hydration of this myoglobin film was

0.35 g/g protein. (1) 122 K, (2) 139 K, (3) 158 K, (4) 180 K, (5) 193 K,
(6)206K,(7)214K,(8)223K,(9)230K,(10)241 K,(11)251 K,(12)
255 K, (13) 293 K.
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FIGURE 6 Transmitted ir intensity ratio I(4.175)/I(4.049) of hydrated
myoglobin films as a function of temperature. Hydration: (o) 0.46 g/g,
(e) 0.37 g/g, (v) 0.25 g/g.

as a function of temperature and hydration. The sample
with h = 0.46 (Q2 = 0.6) did contain some crystalline ice.
The low temperature tail is characteristic for an amor-

phous component and is similar to what has been found in
the DSC experiments. The ir data show that this tail
extends to lower temperatures than have been inferred
from calorimetry. The steep rise of I(4.175)/I(4.049)
occurs in the temperature range where component II melts.
This transition decreases in size and shifts to lower temper-
atures with decreasing hydration in agreement with DSC
data (Fig. 2). The spectra of low humidity samples (h
0.22) by contrast were independent of temperature
between 15 and 300 K.
One can conclude that the changes of the O-D band

involve water clusters and not individual molecules. This
result stresses the cooperative nature of the glass transition.
The cluster size determines the transition temperature and
large clusters are more stable than smaller ones (Fig. 6).
The heterogeneous protein surface obviously leads to a

broad cluster size distribution. Amorphous solid water
melts at 135 K within a few degrees (24). Amorphous ice
in myoglobin solutions melts between 180 and 260 K.
Stronger hydrogen bonding (Fig. 4) and the distribution of
water clusters may explain these differences. We have
recorded ir data of hydrated lysozyme films. The results
were almost identical to the myoglobin data at the same

hydration. Nuclear magnetic resonance (NMR) experi-
ments with hydration lysozyme powder (25) support our

conclusion that the hydration water is frozen below 190 K
and gains mobility above this temperature.

Water in Myoglobin Crystals
DSC experiments with myoglobin crystals excluded the
formation of any bulk ice. Drying the surface of single
crystals on a paper to remove the solvent (a saturated
ammonium sulfate solution) produced a small amount of
salt crystals. These crystals exhibit a well known ferroel-
ectric transition at 220 K (26). The transition was no

longer present after washing the myoglobin crystals for a

short time in ammonium phosphate solution. The specific
heat of water in these crystals was determined between 180

4.0
wavelength /m

FIGURE 7 ir absorption spectrum of myoglobin crystals (O-D) at
room temperature (1) and 80 K (2). The background (---) is also given on
the same intensity scale.

and 270 K. The data shown in Fig. 9 (triangles) were
obtained from a difference measurement relative to dried
"crystals." The water has a weight fraction of 0.35 g/g
protein and salt. The heat capacities of bulk ice (solid line)
is also given (22). The crystal water has a glass tempera-
ture near 220 K. The transition is somewhat narrower than
in amorphous samples. The specific heat approaches the
ice value at the low temperature end and is slightly larger
than in bulk water at high temperatures.

Fig. 7 compares the O-D spectra of crystal water at
room temperature and 80 K. The room temperature band
at 3.87 ,um shifts to 3.95 ,um at low temperatures. The peak
position indicates weaker hydrogen bonding than in films.
The temperature dependence of the frequency shift is
displayed in Fig. 8. The spectrum is constant between 10
and 190 K. Above 190 K we observe a continuous transi-
tion similar to what is found for the specific heat (Fig. 9).
Several temperature cycles were applied to insure reversi-
bility. The temperature effects are qualitatively similar to
what is obtained with amorphous samples at the same

water content. The onset of water mobility in the crystals
between 190 and 200 K, however, is much sharper than in
the films. The average dielectric relaxation time of crystal
water (11) and the Lamb-M6ssbauer factor of the heme
iron fo (17) are also shown in Fig. 8. (-ln f.) is

E 2570
u
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2530
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temperature/K

250

0.2

0.1 c

FIGURE 8 Temperature dependence of various properties of myoglobin
crystals: (*) Frequency of the O-D band maximum (ir), (---) dielectric
relaxation time of water (schematic) (1 1), (-) Lamb-Mossbauer factor
f0 after subtracting the harmonic mode (35, 36 schematic).
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FIGURE 9 Specific heat of water in myoglobin crystals (-A-) as a
function of temperature. The data were caluclated from the difference A
dHI/dt between two measurements. The first experiment was performed
with intact crystals, the second experiment was done after drying the
same crystals at 80C under nitrogen flow in the DSC apparatus. The
specific heat of bulk ice (-) is also given.

proportional to the mean square displacement and thus the
fluctuation intensity of the heme iron. The similarity of the
temperature dependencies in Fig. 8 is striking despite
unequal transition temperatures. To compare these data, it
is important to account for the different experimental time
scales involved. Ir spectroscopy provides an ensemble aver-
age. It yields the lowest transition temperature. The Lamb-
Mossbauer factor is insensitive to motions slower than 100
ns. The dielectric experiment cannot record relaxation
times that are longer than 10 ns. Therefore it is reasonable
that the apparent onset of water motion in the dielectric
experiment occurs at a higher temperature than what is
concluded from ir spectroscopy. The ir data show that the
crystal water is essentially frozen below 190 K and contin-
uously gains mobility above this temperature. The
Mossbauer data fit well into this scheme and suggest a
common mechanism. Furthermore Mossbauer experi-
ments with frozen myoglobin solutions show an additional
decrease of the Lamb-M6ssbauer factor above 240 K,
which is absent in the crystal (10). We find that a large
fraction of amorphous solid water (component II) melts
above 240 K at high water concentrations. By contrast,
M6ssbauer experiments with dry samples yield a nearly
temperature independent fo (28). This fact is consistent
with our observations that the ir spectrum of water at low
humidities is independent of temperature. All results sug-
gest a dynamic correlation between the heme iron and the
water of hydration. The same conclusion was derived from
dielectric relaxation data of water in myoglobin crystals
(1 1).

CONCLUSION

The data and the arguments given above need further
inspection. A cross correlation between solvent motion and
conformational fluctuations had been proposed some time
ago without referring to a molecular mechanism (29, 30).
A dielectric coupling between water and the protein was
suggested in reference 11. The fluctuating electromagnetic
field of hydration water is supposed to drive conforma-

tional motion. In our view this model needs extension, since
it does not account for some essential features of the
protein-water system. The solid water melts at 190 K (Fig.
8). Melting involves breaking of formation of hydrogen
bonds. The protein structure, however, is stabilized by the
same type of interaction. The binding energies are very
similar (31). Therefore it is not surprising that mobility
changes occur at similar temperatures even if protein and
water were independent systems. Based on the analysis of
the mean square displacement of individual atoms in
lysozyme and myoglobin, Gavish (32) proposed that "some
essential contributions to protein dynamics are likely to
originate from the kinetics of formation and breaking of
intramolecular hydrogen bonds and those resulting from
protein-solvent interactions." To stress the role of the
solvent we would like to add a second argument: the
protein-water system is a network of hydrogen bonds. This
network has no translational symmetry. It may be split into
clusters with stronger internal coupling. The dynamics of
these clusters involve a formation and breaking of hydro-
gen bonds that is predominantly a cooperative phenome-
non. This view resembles the flickering-cluster model
proposed by Frank (the model is discussed in reference 33)
to explain the properties of liquid water. The cooperativity
of the network provides the coupling mechanism between
conformational motion and water fluctuations. The impor-
tance of the water cluster size can be inferred from Fig. 6:
The cluster size decreases with decreasing hydration. The
glass transition shifts in parallel to lower temperatures,
implying that small clusters are less stable than larger
ones. Consequently, the dynamics should also depend on
the cluster size. On the other hand, water clusters are
required to insure mobility since little motion is detected in
dry proteins. Dry myoglobin can be heated at least up to
800C without denaturation (unpublished data). It appears
that a hydrogen bond can be broken only at the expense of
formation of a new bond. This process is slowed if only few
donors and acceptors are present. A distribution of confor-
mational substates was invoked to explain the nonexponen-
tial ligand binding kinetics in heme proteins (5, 6). It was
concluded from these experiments that each protein is
frozen in a particular substate below 200 K. This distribu-
tion may reflect the distribution of hydrogen bonds that
includes a multiplicity of water states on the protein
surface. The redshift of the amorphous ice band by (15
20 cm-') relative to bulk ice implies an increase of the
average binding energy by 3.6 kJ/mol. This shift corre-
sponds to a shortening of the 0 ... 0 distance by 0.05 A (34).
The distribution of H-bonds may thus be inaccesible to
x-ray crystallography.
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