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Calorimetric Study of Crystal Growth of Ice in Hydrated Methemoglobin
and of Redistribution of the Water Clusters Formed on Melting the Ice

Gunter Sartor and Erwin Mayer
Institut fir Aligemeine, Anorganische und Theoretische Chemie, Leopoid-Franzens-Universitat Innsbruck, A-6020 Innsbruck, Austria

ABSTRACT Calorimetric studies of the melting patterns of ice in hydrated methemoglobin powders containing between 0.43
and 0.58 (g water)/(g protein), and of their dependence on annealing at subzero temperatures and on isothermal treatment at
ambient temperature are reported. Cooling rates were varied between ~1500 and 5 K min~" and heating rate was 30 K min~".
Recrystallization of ice during annealing is observed at T> 228 K. The melting patterns of annealed samples are characteristically
different from those of unannealed samples by the shifting of the melting temperature of the recrystallized ice fraction to higher
temperatures toward the value of “bulk” ice. The “large” ice crystals formed during recrystallization melt on heating into “large”
clusters of water whose redistribution and apparent equilibration is followed as a function of time and/or temperature by com-
parison with melting endotherms. We have also studied the effect of cooling rate on the melting pattern of ice with a methe-
moglobin sample containing 0.50 (g water)/(g protein), and we surmise that for this hydration cooling at rates of =~150 K min~"

preserves on the whole the distribution of water molecules present at ambient temperature.

INTRODUCTION

In hydrated proteins a fraction of water of up to ~0.3-0.4
(g water)/(g protein) remains mobile down to very low tem-
peratures and does not crystallize even over long periods of
time regardless of the rate of cooling or heating (for reviews
see Kuntz and Kauzmann, 1974; Cooke and Kuntz, 1974,
Finney, 1986; Rupley and Careri, 1991). Hydrated water
above this hydration range crystallizes on slow cooling but
can be vitrified with increasing rates of cooling. We recently
reported a study by differential scanning calorimetry (DSC)
on the vitrification and crystallization characteristics of
freezable water in hydrated methemoglobin (MetHb), of be-
tween ~0.4 and 0.7 (g water)/(g MetHb), which can be vit-
rified but crystallizes on heating (Sartor et al., 1992, 1993).
One of the conclusions from this study was that the calori-
metric glass—liquid transition and crystallization behavior
of this vitreous but freezable water fraction is clearly dif-
ferent from that reported for “bulk” water (Johari et al, 1987;
Halibrucker et al., 1989), but very similar to that of water
embedded in the pores of a synthetic hydrogel (Hofer et al.,
1990).

We now extend the DSC study of hydrated MetHb pow-
ders and report here for the hydration range of 0.43-0.58
(g water)/(g MetHb) calorimetric evidence for recrystalliza-
tion of ice at subzero temperatures and subsequent clustering
of water on heating to ambient temperature, by using the
shape of the melting endotherm of ice as indicator for these
processes. We have systematically investigated the influence
of cooling rate, annealing temperature, and annealing time on
the shape of the melting endotherm and thereby obtained first
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for subzero temperatures values for the annealing tempera-
ture and/or time necessary for recrystallization of small ice
crystals into larger ones. Second, after melting of these
“large” ice crystals into “large” water clusters, we obtained
for hydration water at ambient temperature an estimate of the
time scale necessary for these clusters to redistribute and
apparently equilibrate on the protein surface.

The endothermic features seen in the melting region of ice
of the hydrated MetHb samples contain contributions from
both the water and its interaction with the protein. For ex-
ample, the melting point depression of ice in myoglobin so-
lution has been analyzed by Doster et al. (1986) within the
Flory/Huggins model. In this study we will use the shape of
the melting endotherm and the peak maxima as sensitive
indicators for ice crystal size distributions, and we will ne-
glect contributions from the interaction with the protein be-
cause the emphasis here is on changes of the melting patterns
upon annealing at a given temperature and/or time. We note
that annealing of hydrated myoglobin powders at 250 K and
subsequent changes in the shape of the melting endotherm of
ice obtained by DSC have been reported by Doster et al.
(1986), and that these changes have been interpreted in terms
of partial transformation of a component II into a crystalline
component I upon annealing.

MATERIALS AND METHODS

Hemoglobin from bovine blood (No. 51290, Fluka Chemical Corp., Buchs,
Switzerland) was used in general except for the DSC curves of Fig. 4 where
hemoglobin from human blood (No. H 7379, Sigma Chemical Co., St. Louis,
MO) was used. Both were characterized in aqueous solution (phosphate-
buffered at pH 6.8) by the UV-visible spectrum to be MetHb (Waterman,
1978) and used as received. MetHb was hydrated by keeping over saturated
ammonium sulfate solution at a constant temperature over several weeks,
following the description by Poole and Finney (1986) of preparation of
solid-phase low-hydration samples. Water content of the as-received
MetHb, determined by heating to 378 K, was 0.10 (g water)/(g MetHb).
Final water content of hydrated MetHb was determined by weighing to
+0.01 mg, taking into account the water content of the as-received MetHb.



Sartor and Mayer

The hydrated samples were quickly crimp sealed into aluminum pans and
weighed. The accuracy of the given hydration values is estimated to be
+0.02 (g water)/(g MetHb). .

A differential scanning calorimeter (Model DSC-4, Perkin-Elmer Corp.,
Philadelphia, PA) with a selfwritten computer program for data acquisition
was used for all studies. After the scans were taken, a baseline was subtracted
to eliminate the curvature of the traces. The baseline was obtained by taking
a scan with empty sample pans. The x and y data were imported to Origin,
a computer program used to prepare the plots (MicroCal Software, Inc.,
Northampton, MA). Only crimp-sealed aluminum pans were used, to avoid
evaporation losses and to obtain cooling rates of ~150 K min~" in the DSC
instrument (Sartor et al., 1992). A cooling rate of ~1500 K min~" was used
for curve 1 of Fig. 5 by dipping the aluminum pan with sample into liquid
N,. The weights of the samples were between 14.10 and 21.44 mg. The
temperature scales in the figures are not corrected for the thermal lag of the
instrument (which is 1.5 for heating at a rate of 30 K min™"), but the
temperatures given in the text are corrected. Further experimental de-
tails on DSC are given by Sartor et al. (1992), Hofer et al. (1990), and
Hallbrucker et al. (1989).

After several of the experiments, the UV-visible spectrum of MetHb
dissolved in phosphate buffer (pH 6.8) was recorded again and found to be
indistinguishable from that of the protein before exposure to the cooling/
heating cycles. This is taken as evidence that no irreversible denaturation
had occurred.

RESULTS

The DSC heating curves of Fig. 1 shown from 240 to 290 K
were recorded using the same sample of hydrated MetHb
powder, with 0.52 (g water)/(g MetHb), and they give an
indication for the range of melting endotherm patterns of ice
obtainable on heating the sample at 30 K min~". Curve 1 was
obtained after cooling the sample in the DSC instrument from
295 to 103 K at a rate of ~150 K min~" and heating it to 295
K at 30 K min~". The melting endotherm consists of a broad
asymmetric peak with a maximum at ~265 K; a weak shoul-
der at ~273 K indicates the melting of a small amount of
another ice fraction. For curve 2 the sample was cooled from
295 to 103 K at ~150 K min™!, heated to 258 K at 30 K
min~!, annealed at 258 K for 60 min, cooled to 103 K, and
reheated to 295 K at 30 K min~! and its DSC scan recorded.
The annealing temperature is marked in this and the follow-
ing DSC curves with an arrow. The melting pattern was dras-
tically changed in comparison with curve 1, and a large frac-
tion of the ice now melted at a higher temperature, with a
peak maximum of the intense sharp endotherm of 274 K,
indicated by the broken line. However, a broad asymmetric
peak with a maximum at ~260 K and a shoulder at ~270 K
indicates the presence of two other size distributions of ice.
For curve 3 the sample was cooled immediately after curve
2 from 295 to 103 K at ~150 K min !, reheated, and its DSC
scan recorded. For curve 4 the sample was kept at 295 K for
10 min after recording the DSC scan for curve 3, cooled
thereafter to 103 K at ~150 K min~!, reheated and its DSC
scan recorded. The intense peak centered at ~273 K had
disappeared, and the melting curve resembles that of curve
1. The area of the melting endotherms is for integration from
249 to 281 K 18.4 (curve 1), 18.9 (curve 2), 19.1 (curve 3),
and 18.4 (curve 4) J/(g sample), respectively.

The change in melting pattern in going from curve 1 to
curve 2 as an effect of annealing at subzero temperature is
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FIGURE 1 The DSC scans of the melting region of ice of a methemo-
globin sample containing 0.52 (g water)/(g MetHb) for heating at a rate of
30 K min™". For curve 1 the sample was cooled from 295 to 103 K at ~150
K min~!, heated, and its DSC scan recorded. For curve 2 it was cooled
thereafter from 295 to 103 K at ~150 K min~?, heated to 258 K at 30 K
min~}, annealed at 258 K for 60 min, cooled to 103 K, reheated to 295 K,
and its DSC scan taken. For curve 3 the sample was cooled immediately after
curve 2 from 295 to 103 K at ~150 K min ™!, reheated, and its DSC scan
recorded. For curve 4 the sample was kept thereafter at 295 K for 10 min,
cooled to 103 K at ~150 K min~’, reheated, and its DSC scan recorded. The
vertical broken line is at 275 K. In general, for Figs. 1-6, the curves are
shifted vertically for clarity. The ordinate scales are for 1 mg sample weight.
Annealing temperatures are marked by arrows. The temperature axes are not
corrected for thermal lag of the instrument.

attributed to recrystallization of small ice crystals into larger
ones. This effect is described by the Gibbs-Thomson equa-
tion (reviewed for ice by Pruppacher and Klett, 1980) and,
for a given rate of heating, the melting point increases with
increasing crystal size until it approaches that of the “bulk”
crystal (Wunderlich, 1990). In curve 2 of Fig. 1 a shift to
higher temperatures, toward the value of “bulk” ice, is clearly
seen for a fraction of ice by the intense melting endotherm
centered at 274 K, and possibly for a second fraction of ice
by the shoulder at =270 K. The effects of annealing seen in
curve 2 can be reduced by subsequent cooling and reheating
(curve 3) and even more by keeping the sample for 10 min
at 295 K (curve 4). The increase in area of the melting en-
dotherms of curves 2 and 3, and the decrease for curve 4 to
the value of curve 1, is consistent with this interpretation. We
note that the effects of annealing seen in curve 2 can be
reduced further and the shape of curve 1 approached by re-
peated cycles of cooling at ~150 K min~! and reheating of
the sample at 30 K min~! (not shown).
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Fig. 2 shows in a systematic way that the effects of an-
nealing of ice at subzero temperature can be reduced or even
compensated by keeping the sample subsequently at ambient
temperature for increasing periods of time. The scans were
obtained with a hydrated MetHb sample containing 0.50 (g
water)/(g MetHb). Curves 1 and 2 were obtained in the same
way as those in Fig. 1, i.e., the DSC heating curves were
recorded at 30 K min! after cooling from 295 to 103 K at
~150 K min~! (curve 1) and after additional annealing at 258
K for 60 min (curve 2). For curve 3 the sample was cooled
immediately after recording curve 2 from 295 to 103 K at
~150 K min~}, reheated, and its DSC scan taken. For each
of curves 4-8, first an ice crystal size distribution similar to
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FIGURE 2 The effects of isothermal treatment at 295 K of a methemo-
globin sample containing 0.50 (g water)/(g MetHb) on the melting pattern
of ice for heating at a rate of 30 K min~". For curves 1 and 2 the sample
was treated as for curves 1 and 2 of Fig. 1, i.e., cooled from 295 to 103 K
at =~150 K min ", heated, and its DSC scan taken (curve 1), and the pro-
cedure repeated but with additional annealing at 258 K for 60 min (curve
2). For curve 3 the sample was cooled immediately thereafter from 295 K
to 103 K at ~150 K min~!, reheated, and its DSC scan taken. For each of
curves 4-8, first an ice crystal size distribution similar to that of curve 2 was
generated by repeating the procedure for curve 2, i.e., by cooling the sample
from 295 to 103 K at ~150 K min ™!, heating the sample to 258 K at 30 K
min~, annealing the sample at 258 K for 60 min, cooling and reheating the
sample to 298 K. After this procedure the sample was held at 298 K for
increasing periods of time, cooled to 103 K at ~150 K min~, reheated at
30 K min~’, and its DSC scan taken. The isothermal period at 298 K was
increased from curve 4 to curve 8 and was 1 min (curve 4), 10 min (curve
5), 60 min (curve 6), 120 min (curve 7), and 14 h (curve 8), respectively.
Note in curves 4-8, with increasing holding time at 298 K, the increasing
similarity of the melting patterns of the annealed sample to that of the
unannealed sample in curve 1. The vertical broken line is at 266 K.
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that of curve 2 was generated by repeating the procedure for
curve 2, i.e., by cooling the sample from 295 to 103 K at
~150 K min™?, heating the sample to 258 K at 30 K min~’,
annealing the sample at 258 K for 60 min, cooling it, and
reheating it to 298 K. After this procedure the sample was
held at 298 K for increasing periods of time, cooled from 298
to 103 K at =150 K min~, reheated to 298 K at 30 K min~?,
and its DSC scan recorded. The isothermal period at 298 K
was 1 min for curve 4, 10 min for curve 5, 60 min for curve
6, 120 min for curve 7, and 14 h for curve 8. This set of
melting patterns shows that with increasing periods of iso-
thermal holding time at ambient temperature the effects of
annealing at subzero temperature seen in curve 2 are reduced,
and that they are absent in curve 8, which is nearly identical
to curve 1.

Fig. 3 demonstrates for a new sample of hydrated MetHb
with 0.58 (g water)/(g MetHb) that annealing at subzero tem-
peratures does not involve melting of ice. Curve 1 was ob-
tained after cooling the sample from 298 to 103 K at ~150
K min~?, heating it at 30 K min~! to 298 K, and recording
its DSC scan. The broad asymmetric melting endotherm has
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FIGURE 3 The DSC scans of the melting region of ice of a methemo-
globin sample containing 0.58 (g water)/(g MetHb) for heating at a rate of
30 Kmin ™", For curve 1 the sample was cooled from 298 K to 103 K at ~150
K min~!, heated to 298 K, and its DSC scan taken. Thereafter the sample
was cooled for curve 2 from 298 to 103 K at =150 K min~", heated to 248
K at 30 K min~’, annealed at 248 K for 60 min, cooled to 103 K at 30 K
min~), reheated to 298 K, and its DSC scan taken. For curve 3 the sample
was cooled thereafter from 298 to 103 K at ~150 K min~), heated to 248
K at 30 K min™!, annealed at 248 K for 60 min, reheated to 298 K at 30
K min~!, and its DSC scan taken.
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FIGURE 4 The effects of annealing temperature on the melting pattern
of ice obtained with methemoglobin samples containing 0.43 (g water)/(g
MetHb) and for heating at 30 K min~’. For each curve a new sample was
taken from the same batch. For curves 2-6, the sample was cooled from 298
to 103 K at ~150 K min~, heated to the annealing temperature at 30 K
min~!, annealed at this temperature for 60 min, cooled to 103 K at 30 K
min~’, heated to 298 K at 30 K min !, and its DSC scan taken. The annealing
temperature was 198 K (curve 2), 228 K (curve 3), 243 K (curve 4), 263
K (curve 5), and 268 K (curve 6), respectively. Curve 4 is shown at half size.
Curve 1 shows for comparison the scan of the unannealed sample, which
was cooled at ~150 K min~!, and then heated at 30 K min™! and its DSC
scan recorded.

a peak maximum at 270 K. For curve 2 the same sample was
cooled from 298 to 103 K at ~150 K min~!, heated to 248
K at 30 K min~}, annealed at 248 K for 60 min, cooled to
103 K at 30 K min~!, and thereafter reheated at the same rate
to 298 K and its DSC scan taken. A sharp endothermic peak
centered at 275 K indicates ice crystal growth as an effect of
annealing. For curve 3, the same sample was cooled to 103
K at =150 K min~!, heated to 248 K at 30 K min !, annealed
at 248 K for 60 min, and finally reheated to 298 K at 30 K
min~! and its DSC scan recorded. The wiggle at the begin-
ning of this DSC scan is caused by a thermal gradient be-
tween sample and reference pan after start of the scan and is
characteristic of DSC scans immediately after starting the
scan. The area of the endotherms, obtained for integration
from 256 to 284 K, is 40.5 J/(g sample) for curve 2 and 40.1
J/(g sample) for curve 3. This difference is within the
accuracy of the DSC instrument.

This set of curves indicates that annealing at 248 K does
not, or only to a minor extent, lead to melting of ice. Similar
experimentation for higher annealing temperatures, e.g., for
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FIGURE 5 The effects of cooling rate on the melting pattern of ice ob-
tained with a methemoglobin sample containing 0.50 (g water)/(g MetHb)
and for heating at a rate of 30 K min~'. For curves 1-4, the sample was
cooled from 298 K to 103 K at ~1500 K min~! (curve 1), ~150 K min™"
(curve 2), 10 K min~! (curve 3), and 5 K min~"! (curve 4), respectively, and
thereafter reheated at 30 K min~"' and its DSC scan recorded. The vertical
broken line is at 267 K. The same sample was used first for Fig. 2.

258 K used for the DSC curves of Figs. 1 and 2, is not
meaningful because the effects of thermal equilibration of the
instrument overlap with the melting interval (which for in-
tegration of curve 2 was assumed to extend from 256 to 284
K, see above), and therefore, determination of the heat of
melting is not possible.

Varying the annealing temperature for a given annealing
time at subzero temperatures allows us to determine the onset
temperature for the recrystallization and ice crystal growth
process. This then can be compared with the influence of
annealing temperature in the melting temperature region of
ice. Fig. 4 shows DSC scans of MetHb samples containing
0.43 (g water)/(g protein), which were annealed at several
temperatures in the range between 198 and 268 K for 60 min.
For each curve a new sample was taken from the same batch.
For curves 2—6 the sample was cooled from 298 to 103 K at
~150 K min~’, heated to the annealing temperature at 30 K
min~', annealed at this temperature for 60 min, cooled to 103
K at 30 K min~!, and heated to 298 K at 30 K min~! while
the DSC scan was taken. Curve 1 shows for comparison the
DSC scan of an unannealed sample. In curve 1 a broad weak
endothermic peak at 258 K indicates the melting of small ice
crystals. For curves 2, 3, and 4, the sample was annealed at
198, 228, and 243 K, respectively. In curve 3, a second peak
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due to the melting of larger ice crystals becomes observable
at 273 K, which develops into the major peak in curve 4
(shown at half size). This peak is absent in curves 1 and 2.

For curves 5 and 6 of Fig. 4, the sample was kept iso-
thermally at 263 and 268 K, respectively. The latter isother-
mal treatment is already within the temperature region where
the ice melts, and it has the opposite effect to annealing at
low temperatures in that the intensity of the peak at =273 K
due to comparatively large ice crystals decreases in curve 5
and approaches in curve 6 that of curve 1.

In Fig. 5 the influence of cooling rate on the shape of the
melting endotherm of ice is shown for a sample of MetHb
containing 0.50 (g water)/(g MetHb). The vertical broken
line is at 267 K. For curves 1-4, the sample was cooled from
298 to 103 K at ~1500 (curve 1), ~150 (curve 2), 10 (curve
3), and 5 (curve 4) K min~}, respectively, and thereafter
reheated at 30 K min~! and its DSC scan taken. For curves
1 and 2, the shape and width of the dominant endotherm are
very similar, and in curve 2 only a weak peak centered at
~273 K of =~1% total area indicates an influence of the
decrease in cooling rate. For curves 3 and 4, however, the
dominant melting endotherm clearly broadens and its maxi-
mum shifts to higher temperature, and the intensity of the
component at ~273 K increases. The area of the melting
endotherms is for integration from 252 to 277 K 18.1 (curve
1) and 17.9 (curve 2), and for integration from 252 to 280 K
18.4 (curve 3) and 18.7 (curve 4) J/(g sample), respectively.

For Figs. 1-5 the samples were heated at most to 298 K.
Higher temperatures than those where water had evaporated
from the protein were also studied with the intention to be
able to differentiate between the melting patterns of ice in the
protein, and those of ice from evaporated water. In Fig. 6, for
a MetHb sample with 0.50 (g water)/(g MetHb), we compare
the shape of melting endotherms of the sample when heated
to at most 298 K, with those of the same sample but heated
to increasingly higher temperatures. The sample was cooled
for each of the curves to 103 K at a rate of =~150 K min~},
reheated at a rate of 30 K min~!, and its DSC scan taken. For
curve 1 the sample was cooled from 298 K, heated, and its
DSC scan taken. For curve 2 the cooling/heating cycle was
repeated by cooling immediately after curve 1 and reheating.
The similarity of melting patterns ascertains the reproduc-
ibility. For curve 3 the sample was heated after curve 2 to 358
K, immediately cooled, and reheated. For curve 4 the sample
was heated after curve 3 to 368 K and immediately cooled
and reheated. For curve 5 the sample was heated after curve
4 only to 298 K, kept at 298 K for 60 min, immediately
cooled, and finally reheated and its DSC scan taken. The
vertical broken line is at 275 K and indicates for curves 3-5
the peak maximum. Integration of the melting endotherms
from 252 to 279 K for curves 1 and 2 and from 262 to 281
K for curves 3-5 gave 17.8 (curve 1), 17.7 (curve 2), 19.8
(curve 3), 21.1 (curve 4), and 19.5 (curve 5) J/(g sample),
respectively. These values ascertain that the crimp-sealed
aluminum pan did not leak and that no water had escaped
during the heating/cooling cycles. Further heating/cooling
cycles with another sample, with maximal temperatures of
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FIGURE 6 The effects of heating up to 368 K on the melting pattern of
ice obtained with a methemoglobin sample containing 0.50 (g water)/(g
MetHb). For curve 1 the sample was cooled from 298 to 103 K at ~150 K
min~?, heated to 298 K at 30 K min~!, and its DSC scan taken. For curve
2 the cooling/heating cycle of curve 1 was repeated for demonstrating the
reproducibility. For curve 3 the sample was heated thereafter to 358 K,
immediately cooled at =150 K min "', reheated at 30 K min~’, and its DSC
scan taken. For curve 4 the sample was heated thereafter to 368 K, imme-
diately cooled to 103 K at =~150 K min !, reheated at 30 K min~" and its
DSC scan taken. For curve 5 the sample was heated after curve 4 to 298 K,
kept at 298 K for 60 min, cooled to 103 K at ~150 K min~!, reheated, and
its DSC scan taken. The vertical broken line is at 275 K. The same sample
was used first for Figs. 2 and 5 in this order.

308 and 318 K, gave on cooling and reheating from 103 K
melting endotherms similar to those of curves 1 and 2 (not
shown). We note that during heating of the sample to 358 and
368 K for curves 3 and 4 an intense endothermic feature is
observable with an onset temperature of ~=340 K, which
is mainly due to evaporation of water, and that this feature
is absent during subsequent heating of the sample for curve
5 (not shown).

The reproducibility of the DSC scans shown in Figs. 1-5
was ascertained with samples taken from the same batch, and
also with samples of another batch with slightly different
hydration values.

DISCUSSION

We have first to ascertain that the melting patterns of ice
shown in Figs. 1-5 are not obscured by an artifact due to
evaporation of water from the hydrated protein and its con-
densation on the lid of the aluminum pan. This type of artifact
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can occur because of a thermal gradient across the sample
holder, and Franks et al. (1977) and Williams and Hirsh
(1986) have argued that the double melting peak of ice fre-
quently reported in the literature may be the result of con-
densation of water from the sample pan to the lid, which is
somewhat cooler than the bottom of the pan. As a conse-
quence, they consider that many of the variety of melting
patterns reported for water-containing biological samples are
caused by this artifact. Because of the artifact, in Fig. 6 we
compare melting patterns of ice after heating of the sample
at most to 298 K with those of the same sample, which had
been heated to higher temperatures and where water had
evaporated from the protein. We are confident that we can
exclude this artifact as explanation for the various melting
patterns shown in Figs. 1-5 for the following reasons. 1) In
the melting patterns of curves 3-5 of Fig. 6, where water had
evaporated upon heating to 358 or 368 K, the peak maximum
of the intense peak is clearly shifted to higher temperature in
comparison with the broad main peak of curves 1 and 2. It
is also at a slightly higher temperature than the weak feature
in curves 1 and 2 centered at 273 K. This is in line with the
explanation of Williams and Hirsh (1986) that increasing
condensation of water vapor on the lid of the aluminum pan
leads upon cooling and reheating to increasing intensity of
a melting endotherm shifted to higher temperature. Similar
behavior was noted by Franks et al. (1977) for heating to 360
K. 2). For curve S of Fig. 6, isothermal treatment of the
sample at 298 K for 60 min after its heating to 368 K for curve
4 had very little effect on the melting endotherm obtained
after cooling and reheating of the sample. This is in clear
contrast in particular to the curves of Fig. 2 where isothermal
treatment for the same temperature and time causes pro-
nounced changes in the melting patterns (see curve 6 of Fig.
2). Our interpretation of this is that, once water has evapo-
rated from the protein, much longer times are necessary for
its rehydration of the protein. 3) The melting patterns of
hydrated MetHb samples cooled from 298 to 103 K at =150
K min~! and heated at 30 K min™! to 298 K without prior
annealing are highly reproducible and are independent of the
holding time at 298 K. If evaporation of water from the hy-
drated protein and its condensation on the lid of the sample
pan was to occur at 298 K, one would expect with increasing
holding time at 298 K increasing intensity of the melting peak
at higher temperature. 4) In Figs. 1-5, the intensity of the
sharp melting peak with a maximum at ~273 K is most
pronounced after annealing at subzero temperatures, for ex-
ample at 248 (curve 4 of Fig. 4) or 258 K (curve 2 of Fig.
1). However, at these temperatures the vapor pressure of ice
is lower by more than an order of magnitude than that of
water at 298 K, and therefore, at subzero temperatures sub-
limation of ice from the protein to the lid during annealing
is unlikely. We conclude that heating to at most 298 K is a
safe temperature for avoiding, for the hydration range used
in this study, evaporation of water from the protein and
development of the artifact.

This study developed out of our previous study of the
glass—liquid transition and crystallization behavior of the
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vitreous but freezable water fraction in hydrated MetHb, and
the basic results of that study must be briefly mentioned for
better understanding of this work (Sartor et al., 1992, 1993).
Water in hydrated MetHb powders, with water content of
between 0.43 and 0.58 (g water)/(g MetHb) used in this
study, is according to x-ray diffractograms completely vit-
rified on cooling at a rate of ~150 K min~! (see Fig. 1 in
Sartor et al., 1992, 1993). MetHb samples with higher water
content than those used here require increasing rates of cool-
ing for complete vitrification, but were not used first because
of experimental difficulties, and second because the melting
patterns of these samples increasingly resemble that of
“bulk” ice and effects of annealing at subzero temperatures
become less obvious. The effect of water content on the melt-
ing curves of unannealed samples is seen already from a
comparison of Fig. 4 with the other figures because the
sample used for Fig. 4 contained 0.43 (g water)/(g MetHb)
and the peak maximum of the unannealed sample was at
~258 K (curve 1), whereas for the other figures the samples
contained = 0.50 (g water)/(g MetHb) and the maximum
shifted to ~268 K.

The vitrified, but freezable, water fraction shows on re-
heating at a rate of 30 K min ™" a glass— liquid transition with
an onset temperature, or Tg, at 169 = 2 K, and starts to
crystallize to cubic ice at =210 K, which then starts to trans-
form to hexagonal ice at =240 K. These temperatures are for
samples kept isothermally at each temperature for =2 h for
taking its diffractogram, and they must be shifted to a higher
temperature for heating at a rate of 30 K min . Therefore,
it is conceivable that for this heating rate at 240 K, which is
the low temperature end of Figs. 1-6, ice is present in its
cubic form, which on further heating either first transforms
to hexagonal ice and/or melts as cubic ice. The cubic to
hexagonal ice phase transition would then be superimposed
on the melting of ice, but it would not be noticeable because
for bulk cubic ice the heat of transformation to hexagonal ice
is only ~50 J mol™! (Handa et al., 1988). However, in
samples cooled at 10 K min~’, the water fraction transforms
completely to hexagonal ice already on cooling (Fig. 2 in
Sartor et al., 1992). Therefore, for the samples cooled here
at a rate of =~150 K min~!, we can safely assume that the
water has been vitrified, but for the sample cooled at =10 K
min~!, the freezable water fraction must have transformed
during cooling into hexagonal ice.

In the interpretation of the DSC melting patterns we have
to differentiate clearly between the effects of annealing at
subzero temperatures and those of keeping the sample iso-
thermally at ambient temperature or within the temperature
region of the melting endotherm. The effect of annealing at
subzero temperatures, which is seen most clearly in curve 2
of Fig. 1 for annealing at 258 K and in curve 4 of Fig. 4 for
annealing at 248 K, is attributed to recrystallization of the
small ice crystals formed on heating from the vitreous state
at 30 K min~! up to the annealing temperature into larger
ones during annealing. This results in a shift of the melting
temperature of ice to higher temperatures according to the
Gibbs-Thomson equation (Pruppacher and Klett, 1980), and
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can be observed in the DSC melting patterns of this study by
development of an intense sharp endotherm with a peak
maximum of ~273-275 K. Development of a second broad
melting peak at ~270 K, which is observable in some of the
melting curves of annealed samples as a shoulder, indicates
formation of a second fraction of recrystallized ice that must
be of smaller size than that melting at ~273 K. The inter-
pretation is supported by curves 2 and 3 of Fig. 3 where for
annealing at 248 K for 60 min it is shown that during this
treatment very little or no ice can have melted. These “large”
ice crystals formed during annealing melt on heating into
water clusters that must be of a larger size than those present
in the equilibrated sample before first cooling. We note that
the endothermic shoulder seen, e.g., in curve 4 of Fig. 4 at
~270 K and assigned to the melting of an ice fraction, can-
not, or only can to a minor extent, be caused by enthalpy
relaxation of the unfreezable water fraction of hydrated
MetHb, because this feature is much more intense than those
reported by Sartor et al. (1994).

Crystal growth of ice during annealing at subzero tem-
peratures could be followed more directly by x-ray diffrac-
tion because the half bandwidth of the reflections decreases
with increasing crystal size according to the Scherrer formula
(West, 1985). However, the quality of our x-ray powder dif-
fractometer is not sufficient to make the necessary correc-
tions for determining half bandwidth and ice crystal size. But,
for a sample of MetHb containing 0.50 (g water)/(g MetHb)
sharpening of the reflections with increasing temperature is
seen in Fig. 1 of Sartor et al. (1992)

Immediately after melting of the “large” ice crystals
formed during annealing, a nonequilibrium distribution of
“large” water clusters in the protein is present. The effects
of keeping the sample isothermally at ambient temperature
can then be understood in terms of the redistribution and
apparent equilibration of these “large” water clusters in the
protein into smaller ones as a function of time. The effect of
increasing the time for isothermal treatment at 298 K on the
melting pattern of ice is seen most clearly in Fig. 2 where in
curves 1 and 2 the two extremes, namely the melting patterns
of the apparently equilibrated (curve 1) and of the annealed
(curve 2) sample are shown, and where in curves 3-8 the
melting patterns increasingly resemble that of curve 1 with
increasing isothermal treatment at 298 K. Isothermal treat-
ment in the melting temperature region or repeated cooling/
heating cycles have a similar effect. For the former, curves
5 and 6 of Fig. 4 show that annealing at 263 or 268 K,
respectively, has the effect of increasingly reducing the in-
tensity of the peak at 273 K caused by large ice crystals. For
the latter, curve 3 of Fig. 1 shows that a further cooling/
heating cycle also can reduce the intensity of the peak at 273
K at the expense of the peak at lower temperature. This can
be continued, and after several further cooling/heating cycles
the melting pattern approaches that of curve 1 in Fig. 1. We
note that a clusterwise mechanism of bound water melting
has been suggested by Goldanskii and Krupyanskii (1989) to
explain experimental data on hydrated proteins obtained by
Rayleigh scattering of Mossbauer radiation.
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This study can give us, first, a temperature range for the
onset and extent of recrystallization at subzero temperatures,
and second, a time scale for apparent equilibration and re-
distribution of the “large” water clusters on the protein into
smaller ones at ambient temperature. Fig. 4 shows that, by
taking development of a melting peak at ~273 K as indicator
for recrystallization and crystal growth, recrystallization
does not occur during annealing at 198 K (curve 2), becomes
noticeable at 228 K (curve 3), and is very pronounced at 243
K (curve 4). These temperatures have to be compared with
other values for recrystallization of ice which were obtained
mainly in cryoelectron microscopic studies. Robards and
Sleytr (1985, p. 19) conclude that “recrystallization probably
does not take place at significant rates until the temperature
is above 180-190 K.” This is consistent with our observa-
tions.

Second, the time scale necessary for apparent equilibration
at 298 K can be deduced from the melting endotherms of
Fig. 2. Effects are noticeable even in going from curve 2 to
3, where only a further cooling/heating cycle was done, but
it requires more than 2 h until in curve 8 the melting pattern
is nearly superimposable with that of curve 1.

After interpretation of the DSC curves shown in Figs. 14,
the effect of cooling rate on the melting pattern of ice shown
in Fig. 5 for a hydrated MetHb sample with 0.52 (g water)/(g
MetHb) seems clear to us. For curves 1 and 2 obtained after
cooling the sample at ~1500 and 150 K min™! and reheating
at 30 K min "%, the shape of the dominant melting endotherm
is nearly identical. Only a weak peak centered at 273 K of
=~1% of the total area indicates in curve 2 formation of a
small fraction of ice of larger crystal size. For both cooling
rates and the hydration value used here, x-ray diffractograms
have established complete vitrification of the vitreous but
freezable water fraction (see Fig. 1 in Sartor et al., 1992,
1993). It is possible that in curve 2 the weak peak at ~273
K is due to formation of ice formed already during cooling
at =~150 K min~!, and this small amount of ice would not
have been observable in the x-ray diffractograms. For curves
3 and 4 the sample was cooled at 10 and 5 K min~: for these
rates of cooling, the vitreous but freezable water fraction
transforms on cooling completely into hexagonal ice (see
Fig. 2 in Sartor et al., 1992). The melting curves obtained on
reheating at 30 K min~! show considerable broadening and
shift of the major endotherm to higher temperature, and in-
creasing intensity of the component at ~273 K, both indi-
cating larger ice crystal size distributions for melting curves
3 and 4 than for curves 1 and 2.

The melting curve patterns of Fig. 5 enable us to address
the question whether or not during vitrification of the vit-
reous but freezable water fraction by rapid cooling the water
molecules occupy the same positions at ambient and at cryo-
genic temperatures, or if clustering of the water molecules
occurs already during cooling. This question is of general
importance for any attempt to use measurements taken at
subambient temperatures to interpret the behavior at ambient
temperature, and it has been argued that this approach might
not necessarily be meaningful (Kuntz and Kauzmann, 1974;
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Rupley and Careri, 1991). A comparison of the melting
curves 1 and 2 obtained for cooling at rates of =1500 and
~150 K/ min~! shows that except for the weak peak at ~273
K in curve 2, the melting patterns are nearly identical. Con-
sidering the sensitivity of the melting endotherms to clus-
tering of water and ice crystal growth shown in this study,
we conclude that the similarity of these two melting endo-
therms indicates similar distribution of water on cooling, and
of ice crystal size on reheating. We further surmise that this
similarity of the two melting curves, observed despite
changes in cooling rate by about one order of magnitude, can
be taken as an indication that for this range of hydration
during cooling at rates of =~150 K min~! the distribution
of water molecules present at ambient temperature on the
whole does not change. This is consistent with Teeter’s
(1991) observation that for crystals of the protein crambin
“flash-cooled” to 130 K, many of the water positions at 130
K correspond almost exactly to what is seen at 300 K.
The size of the ice crystals in unannealed samples, its
increase during annealing at subzero temperatures, and the
size of the water clusters formed subsequently on melting of
the ice, are important for an understanding of the dynamics
of the water molecules and the rate of redistribution and
apparent equilibration at ambient temperature, and it could
give us an idea where the vitreous but freezable water frac-
tion characterized in this study and the previous one can be
located. It can in principle be determined by the Gibbs-
Thomson equation. Pruppacher and Klett (1980) display in
their Figs. 6-8 numerical solutions of the Gibbs-Thomson
equation: in the case of an ice particle in a supercooled so-
lution drop in humid air, the variation of equilibrium freezing
temperature with drop size, ice particle size and concentra-
tion of NaCl in solution is shown. The equilibrium freezing
temperature is seen to decrease with decreasing size of the
ice particle, and this decrease is further enhanced by the
solute effect if the salt concentration is larger than ~0.1 M.
We briefly discuss several sizes of ice particles: for pure
water and dilute solutions, the equilibrium freezing point
depression, or A7, is ~16°C for an ice sphere radius of 30
A, =23°C for a radius of 20 A, and approaches for radii
=100 A within a few degrees the triple point for bulk phases
(read from Figs. 6-8 of Pruppacher and Klett, 1980). These
values are consistent with those recently reported by Handa
et al. (1992), where the effect of restricted geometries on the
structure and thermodynamic properties of ice was investi-
gated and AT values of ~20°C for ice in pores of 23 A pore
radius, and of =~7°C for ice in pores of Vycor glass of pore
radius of ~42 A was obtained. The onset temperature of the
main melting peak of ice observed in this study for hydrated
MetHb samples cooled at =~150 K min~' and heated with-
out prior annealing is difficult to determine because of the
gradual change of slope, and it could be anywhere between
247 and 253 K (see, e.g., curve 1 in Fig. 1 and curves 1 and
2 in Fig. 5). The average value of AT of =~23°C would for
pure water correspond to an ice sphere radius of ~20 A and
could be taken as an indication for the size of the ice crystal
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formed on heating the vitreous but freezable water. However,
these values need not be the same for water, and ice, in a
protein.

In our previous study of the vitreous but freezable water
fraction in hydrated MetHb (Sartor et al., 1992, 1993) we
have argued that this water fraction either might form a sec-
ond hydration shell or might be enclosed in the holes and/or
loops of the protein’s chains, and we have tentatively pre-
ferred the latter because of the remarkable similarity of its
glass— liquid transition and crystallization behavior with that
of water embedded in the pores of a synthetic hydrogel
(Hofer et al., 1990). In a review of the structure and dynamics
of water surrounding biomolecules, Saenger (1987, p. 100)
“distinguishes two kinds of water molecules associated with
proteins: water at the periphery, which provides the hydra-
tion shell, and internal water, which fills cavities in the pro-
tein and diminishes local charge-charge interactions.” He
further points out that in all proteins containing internal wa-
ter, these water molecules are so mobile that they exchange
easily with bulk water. This mobile exchange is a prereq-
uisite for our tentative assignment of the vitreous but freez-
able water to water in the pores and/or loops of the protein’s
chains, and for crystal growth of ice at subzero temperatures
and subsequent redistribution and apparent equilibration at
ambient temperature.

The next step is to understand the macroscopic effects,
obtained in this study by an indirect technique, on a mo-
lecular level and to connect it with the many microscopic
studies of the dynamics of water in hydrated proteins by
so-called direct techniques. This can be done by following
redistribution and apparent equilibration of the large water
clusters at ambient temperatures, after generating a nonequi-
librium distribution by crystal growth at subzero tempera-
tures, as a function of time and/or temperature by, e.g., NMR
spectroscopy. Of the many NMR spectroscopic studies we
mention only the recent work by Kimmich and co-workers
(Kimmich et al., 1990; Kimmich, 1993) where highly dy-
namic exchange between water of hydration and additional
or “free” water has been reported from NMR studies of water
diffusion in hydrated bovine serum albumin. Kimmich
(1993) differentiates between three concentration ranges,
and for range II of ~50 < wt % protein < ~85, which includes
the hydration range used in this study, they speak of the
“infinite-cluster regime” where the hydration shells are in
close contact with one another. This rapid exchange is a
necessary condition for our suggestion that the vitreous but
freezable water fraction is located in pores and/or loops of
the protein’s chains (Sartor et al., 1992, 1993), and it allows
ice crystal growth at subzero temperatures and its redistri-
bution and apparent equilibration at ambient temperature.
The time scale for redistribution and apparent equilibration
of the “large” water clusters formed on melting of recrys-
tallized ice (compare, e.g., Fig. 2, curves 7 and 8) seems to
be much longer than expected for the high mobility of hy-
dration water because for this hydration range the diffusion
coefficient within the hydration shells is only one order of
magnitude less than that of bulk water (Kimmich, 1993). This
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suggests that perturbation of the distribution of water mol-
ecules by ice crystal growth is large, and that redistribution
and apparent equilibration at ambient temperature proceeds
via many intermediate steps.

Finally we briefly address the question of whether crystal
growth of ice at subzero temperatures and redistribution of
the water clusters at ambient temperature have an effect on
the protein itself. Evidence for coupling of internal motions
of the protein with the adjacent solvent is manifold, and
Rupley and Careri (1991) discuss and review these. The two
types of changes in the solvent distribution described in this
study are expected to lead to changes in H-bond interaction
of the water, and ice, with the protein surface. We do not
expect large changes in the protein’s structure because even
for the hydration range of 0.07-0.4 (g water)/(g protein) the
changes are small (see Table VII in Rupley and Careri, 1991).
Nevertheless, subtle changes seem possible and could be
investigated by, e.g., NMR spectroscopy.
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