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Diverse biochemical and biophysical experiments indicate that all
proteins, regardless of size or origin, undergo a dynamic transition
near 200 K. The cause of this shift in dynamic behavior, termed a
‘‘glass transition,’’ and its relation to protein function are impor-
tant open questions. One explanation postulated for the transition
is solidification of correlated motions in proteins below the tran-
sition. We verified this conjecture by showing that crambin’s radius
of gyration (Rg) remains constant below '180 K. We show that
both atom position and dynamics of protein and solvent are
physically coupled, leading to a novel cooperative state. This glassy
state is identified by negative slopes of the Debye-Waller (B) factor
vs. temperature. It is composed of multisubstate side chains and
solvent. Based on generalization of Adam-Gibbs’ notion of a
cooperatively rearranging region and decrease of the total entropy
with temperature, we calculate the slope of the Debye-Waller
factor. The results are in accord with experiment.

Coupling of protein activity to solvent offers a unique oppor-
tunity to study basic physical phenomena. Solvent not only

provides conditions for stabilizing native tertiary structure
(structure-folding problem), but also, in its liquid state, provides
enough f lexibility for substrate diffusion, conformational
changes, and enzymatic activity (function-protein dynamics).

The temperature dependence of the activity of most proteins
is unusual. For these proteins, enzymatic function ceases below
'220 K (1, 2), although the temperature at which function ceases
varies with protein and solvent (3, 4). The transition in slope of
root-mean-square fluctuations for proteins and glass-forming
liquids was detected at comparable temperatures both experi-
mentally by Mössbauer spectroscopy (5), neutron scattering (6),
and x-ray scattering (7), and theoretically by computer simula-
tions (8). It was described as a changeover from harmonic to
anharmonic (4) protein dynamics (9, 10). These behaviors
suggest that proteins form a glassy state (11–14). Indeed, their
dynamics have been described as glass-like, arising from rear-
rangement of side chains to substates of nearly equal energy (15),
as well as liquid-like, based on correlated motion of 5–8 Å (16,
17) for the protein side chains (18–20).

These results invoke a series of questions. What is the con-
nection, at the atomic-molecular level, between protein glass-
like properties and protein function? What is the physical origin
of the transition and is this transition temperature a universal
parameter for hydrated protein systems? Can solid state physics
contribute to understanding the behavior of a system as com-
plicated as a hydrated protein?

Water behavior may provide clues to answer these questions.
Water by itself has a glass transition at '136 K (8). Recently,
Angell (21) concluded that pure H2O is an unusual glass former
and has strong or fragile glass character, respectively, below or
above a 228 K transition temperature. The shift in glass transi-
tion temperature for pure water vs. hydrated protein suggests
that new physical phenomena occur at the protein solvent
interface.

In fact, protein solvent has been directly connected to the
dynamic glass transition of proteins by solvent dependence of
heat capacity increase at 170 K (22), a hydration-dependent
protein glass transition at 180 K (6, 23), water coupling to

low-frequency protein vibrational modes (24), and protein mo-
lecular dynamics simulations (25). Solid state NMR experiments
show that water deuterium atoms in crystals of lysozyme (26),
ribonuclease (26), and crambin (27) undergo a mobile to sta-
tionary transition at '180 K. Water dynamics in crambin crystals
match these enzymes. Further, the hydrophobicyhydrophilic
accessible surface area in crambin crystals is very close to that
found in carboxypeptidase and myoglobin crystals (28). Thus,
crambin and its water can elucidate function-related solvent
dynamics in enzymes previously studied (1, 3).

To elucidate the solvent’s role in protein dynamics and obtain
an atomic-level picture of the glassy state, both of which can
elucidate the role of water in protein function, we chose to study
the water around the protein crambin. Crystals of crambin (MW
4720 D) diffract to at least 0.54 Å (29) and have remarkable
water order (28). They provide a model for water structure and
dynamics at all protein surfaces.

Materials and Methods
X-Ray Data Collection. Five diffractometer data sets on a single
crambin crystal (0.7 3 0.6 3 0.5 mm) were collected at 160 K,
180 K, 200 K, 220 K, and 240 K to 0.89 Å (Table 1). Change in
cell dimensions with temperature was as expected 0.3–0.5% (10)
without discontinuities.

Refinement and Analysis. All but the 100 K model were refined in
PROLSQ with stereochemical restraints (30). The Pro-22yLeu-25
sequence structure at 150 K including solvent (31) was the initial
model for the 160 K structure. Models at 160–220 K were also
refined with SHELXL-97 (32). The 100 K structure was only
refined with SHELXL-97.

Multiple substates were modeled by using 2Fo 2 Fc electron
density maps at the 2s level and 2(Fo 2 Fc) difference map at
the 3s level. Temperature factors were isotropic for substate
modeling.

Debye-Waller factors were analyzed in EXCEL. All waters with
Debye-Waller factors above 30 Å2 and occupancy below 0.1 were
considered unreliable and deleted. Radius of gyration (Rg), the
root mean square distance to the center of mass, was calculated
from the x-ray coordinates in X-PLOR (33). The Rg is also the
fourth moment of the intramolecular correlation function. Wa-
ter rings were analyzed with the program CHAIN (34) on an SGI
Indigo Elan and by local software.

Results and Discussion
Correlated Multisubstate Side Chain and Water Motion. Crambin
crystal models refined at eight temperatures (100 K, 130 K, 160
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K, 180 K, 200 K, 220 K, 240 K, 293 K) to an average resolution
of 0.89 Å produce parameters such as Debye-Waller factor and
Rg with much lower errors than previously attainable (Table 1).
Data from 160–240 K were collected on the same crystal to
further minimize errors.

A significant portion ('30%) of crambin residues have mul-
tiple conformational substates, many of which are correlated
(31), and the substates account for all of the electron density (31,
¶). In the four water cavities in crambin crystals (28), 50–85%
of the waters have multiple substates. Additionally, protein
substates are structurally coupled to solvent substates (31) (Fig.
1). This coupling is at the core of the temperature behavior of
crambin, and, we assert, of all proteins. We elucidate the
connection between the glassy state of crambin and its water
through analysis of the temperature dependence of water rings,
of the Debye-Waller (B) factor, and of the Rg of the protein.

Water Rings in Crambin Crystals Reflect Glassy State. We find that
water in crambin crystals at low temperatures adopts a ringed
water structure, primarily composed of pentagons and hexagons,
as predicted for glassy water (36). At 130 K, a cluster of 8
edge-sharing pentagon rings forms near a hydrophobic patch on
the protein surface (28). Although anchored to the protein, the
cluster makes more hydrogen bonds to itself than to protein (37).
Six edge-sharing rings with water pentagons, hexagons, and
heptagons are linked in crambin crystals (Fig. 2a). Fourteen
more rings form with waters and protein atoms, and pentagons
dominate these rings.

The water-only rings become less numerous as the tempera-
ture is raised above 200 K (Fig. 2b). Decreasing the number of
rings reflects a disruption of larger water aggregates at higher
temperatures, as predicted by theoretical work (36). Edge shar-
ing of rings enables formation of low energy clusters. Ring

formation optimizes the hydrogen bond capacity of water with
little distortion. Planar water pentagons are unstrained, with
108° angles close to ideal tetrahedral (109°). These observed
rings below 200 K experimentally confirm Stillinger’s hypothesis
that supercooled water adopts relatively unstrained ring clusters

¶When the mixed sequence form of crambin, discussed in this paper, was purified, the
electron densities of the pure sequence forms accounted for all the electron density of the
mixed sequence form, showing discrete multi-substates.

Table 1. Crambin crystal parameters and refinement results

100 K* 130 K† 160 K‡ 180 K‡ 200 K‡ 220 K‡ 240 K 293 K§

a, Å 40.69 40.76 40.84 40.87 40.86 40.88 40.90 40.96
b, Å 18.43 18.49 18.47 18.48 18.52 18.56 18.59 18.65
c, Å 22.27 22.33 22.34 22.37 22.39 22.41 22.4 22.52
b, ° 90.59 90.61 90.80 90.59 90.68 90.67 90.8 90.77
V, Å3 16,698 16,828 16,850 16,896 16,941 17,005 17,030 17,201
% DV from 293 K 2.9 2.17 2.05 1.78 1.51 1.16 0.99 0.00
Space group P21

Resolution, Å 0.67 0.83 0.89 0.89 0.89 0.89 0.99 0.945
Fo . 2s(Fo) 41,991¶ 23,759 22,754 21,814 21,431 19,941 7,043 21,013
R value, %\ (6.9y8.3)** 10.5 14.5 13.7 13.6 15.2 9.7 11.0

—†† (8.9)** (7.5)** (8.9)** (8.3)** (8.99)**
Rs, %\ 4.0 7.0 5.9 6.5 7.2 7.9 13.9 4.1

*Data were collected using l 5 0.54 Å synchrotron radiation and a 300-mm MarResearch imaging plate detector at the European Molecular Biology Laboratory
BW7A beamline at the DORIS storage ring, Deutsches Elektronen-Synchrotron (DESY), Hamburg, Germany and are 97.6% complete.

†From ref. 28.
‡Five data sets at 160 K, 180 K, 200 K, 220 K and 240 K were collected with one crystal (0.7 3 0.6 3 0.5 mm) using an AFC5 diffractometer, a Rigaku rotating anode
x-ray generator (RU-200), and an MSC rigid tube low temperature system with v continuous background-peak-background scans at 16°ymin. The temperature
was changed very slowly between data collections to minimize damage. Because absorption was less than 10% and check reflections invariant, no corrections
were applied. The resulting 160 K structure was adopted as the initial model for 180 K structure refinement, and each subsequent one for the higher
temperature. The 240 K data set showed evidence of deterioration due to water loss at the end of data collection (note larger Rsigma and fewer observed data).
Refinement was with PROLSQ (30) using a 3-parameter anisotropic temperature factor.

§Data were further refined to 0.945 Å (40).
¶Data greater than 4s(Fo).
\R value 5 100zS(uFo 2 Fcu)yS(Fo) and Rs 5 100zS(s(Fo))yS(Fo).
**Numbers in parenthesis are for SHELXL-97 refinement on 4s(Fo) data (32).
††R values for SHELXL refinement. The first is for 4s(Fo) data and the second for all the data.

Fig. 1. A and B substates of the Asn-12 side chain in crambin coupled to the
A and B water networks at 130 K. Note that the electron density for the water
A and B substates are well separated for W105 and W119. Hydrogen
bonds drawn as dotted lines are all between 2.75 and 3.11 Å. Electron density
(2Fo 2 Fc) is contoured at the 2s level.
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linked by a random network, primarily pentagons and hexagons
of water sharing faces or edges (36).

Experimentally Determined Debye-Waller Factor and Rg Change Tem-
perature Behavior at 180 K. For crambin crystals, analysis of
average Debye-Waller factor (^B&) vs. temperature shows four
characteristic features. The first is a change in slope '180 Ki

indicative of the glassy phase transition (Fig. 3a). Second are
negative slopes for multisubstate (discretely disordered) side-
chain atoms and water below '180 K (Fig. 3b). Third, there is
an unexpected correlation in slopes between water and multi-
substate atoms (Fig. 3 a and b). Finally, above the glass transi-
tion, the slope is the same for the ordered atoms and for oxygen
atoms in hexagonal ice (Fig. 3b). The change in slope at around
'180 K,i traditionally interpreted in other systems as a glassy

phase transition (10), is present in crambin. The unexpected
slope correlation between multisubstate atoms and water ^B&
(Fig. 3 a and b; refs. 32 and 39–41)) suggests that a new glassy
state consists of these two components. The negative slope for
both below '180 K indicates that water is dynamically coupled
with multiconformer protein atoms, resulting in a new, highly
cooperative physical state. In contrast, the slope for fully ordered
atoms is positive. The fact that the slope for the ordered protein
atoms above 180 K matches that for the oxygen atoms in
hexagonal ice (Fig. 3b) suggests that, above '180 K, the ordered
interior of the protein behaves dynamically like ice.

Finally, slope change in Rg plot vs. temperature (Fig. 3c; ref.
33) provides important experimental definition of the glassy
‘‘phase’’ transition temperature (more precisely than B-factor
plots). It also provides physical evidence to support the proposed
mechanism of enzyme function loss (42, 43). Namely, it suggests
that solidification of the liquid glass at the transition temperature
'180 K is responsible for cessation of enzymatic protein function
below this temperature.

iThe exact temperature of slope change (160 K vs. 180 K) is difficult to determine because
the data from 160 K to 220 K were on a single crystal and different ones were used at 130
K and 100 K.

Fig. 2. Water rings in crambin at 160 K. (a) A stereodiagram of the extensive network of water rings from the largest crystal solvent region. Single letter codes
(T 5 Thr, P 5 Pro, D 5 Asp) are used for the protein and symmetry-related molecules (residues with # after their number.) Electron density (2Fo 2 Fc) is contoured
at the 1.5s level. Water-water hydrogen bonds, as well as protein bonds, are shown in thick lines. One pentagon ring at the left (114BO-116BO-142O-165O-99O)
is repeated at the right for 2-fold-screw-axis related waters (#). Water molecules with B in their label indicate that the ring arrays shown here are for the B substate
and have partial occupancy. This cluster of rings contains two pentagon rings, three hexagon rings, and one heptagon ring. Hexagons can adopt a chair
conformation when two waters in the ring hydrogen bond to the same carbonyl (97O# and 150#). Electron density (2Fo 2 Fc) is contoured at the 1.5s level. (b)
Number of rings vs. temperature for crambin water molecules in the largest water region. The number of rings is plotted for 130 K, 160 K, 200 K, 220 K, and 293
K. Pentagons are represented by filled triangles, hexagons by shaded squares, and heptagons by open circles. At 293 K, the remaining pentagons cluster near
Leu-18 (37). Note that data for 160 K, 200 K, 220 K, and 240 K are on the same crystal.
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Cooperative Relaxation in Supercooled Liquids Elucidates the Debye-
Waller Factor. Although, from a theoretical analysis, the interior
of a protein is consistent with a solid according to the Lindemann
criterion (44), we have shown experimentally that the interfacial
layers are liquid-like and correlated. Now we show that the

variation in Debye-Waller factor with temperature relates to
non-equilibrium characteristics of supercooled and glassy states
and to coupling between the protein and the sequestered glassy
water in cavities, including the interfacial layer.

We suggest that the entropy of supercooled water is the
relevant thermodynamic variable. First, the rate of entropy
decrease with temperature of hyperquenched glassy and vapor-
deposited water gets smaller with decrease of temperature below
150 K (45). Second, the enthalpy of supercooled water is close
to hexagonal ice above the apparent glass transition temperature
Tg ' 136 K (46). Third, at the same temperature, the density of
supercooled water is lower than hexagonal ice (47). Thus, the
heat capacity difference Cp,vib,water 2 Cp,ice may become negative
at temperatures where water density is lower than ice (47, 48).

To address cooperative phenomena that mitigate the Debye-
Waller behavior, we invoke Adam-Gibbs’ idea of a cooperative
rearranging region (49). This area is in weak contact with the
system and is capable of independent rearrangement because of
enthalpy fluctuations (49, 50). Assuming the relaxation time for
cooperative rearrangements in supercooled water is driven by
decrease in entropy S(T) (51), we obtain t(T) ' Aexp(Dms*y
kBTS(T). Here, s* is the ‘‘critical’’ entropy of the rearranging
region, Dm is the potential energy barrier per molecule, A has
units of time and is weakly temperature dependent, and kB is the
Boltzmann constant. This expression is a generalization of the
Adam-Gibbs model that includes configurational and vibrational
contributions to the entropy of the liquid (35).

From the temperature dependence of entropy and critical size
of cooperative rearranging regions in glass-forming liquids (see
Part 1, which is published as supporting information on the
PNAS web site, www.pnas.org), we calculate the critical number
of molecules participating in such a region. It is '8, 4.3, 2.8, and
1.9, at temperatures 136 K, 155 K, 185 K and 250 K, respectively.
The potential energy barrier height that hinders cooperative
rearrangements in supercooled water is Dm ' C1

9 3 372.04 Jymol
and corresponds to the hydrogen bond energy (5–10 kJymole;
refs. 47 and 48).

Estimating the Slope of the Debye-Waller Factor. In Part 2 of the
supporting information on the PNAS web site, we have derived
an explicit expression for the slope of the mean-squared dis-
placement with temperature. First, by putting reasonable limits
on measurable experimental quantities, we estimate a bound for
the slope of the Debye-Waller factor near 190 K to be .004 ,
d^u2&ydT , .07. Second, a similar, more tedious analysis at lower
temperatures leads to the inequality 20.001 , d^u2&ydT ,
20.025. Third, we find, in agreement with experiment, that the
slope of the Debye-Waller factor is negative at low temperature
but positive at higher temperature. Fourth, we show that the
negative slope of the Debye-Waller factor may be attributed to
the temperature dependence of water’s excess vibrational en-
tropy Sexc,vib for for T , 190 K (see Part 3 of the supporting
information).

Next is the question of whether the protein-water system at
low temperature behaves as a fragile or as a strong liquid.
Considering the varied experimental evidence for both water
(21) and the protein-water system (Part 4 of the supporting
information), we conclude that the protein-water system ex-
hibits fragile or strong characteristics depending on the phys-
ical property that is measured and the technique used to probe
these degrees of freedom (21).

Conclusions
We asked three fundamental questions concerning (i) the con-
nection between protein glass-like properties and protein func-
tion; (ii) the physical origin of the observed transition and its
uniqueness; and (iii) whether solid state physics can clarify

Fig. 3. Change in properties of crambin crystals as a function of temperature
(K). In a and b, the equations for the lines above and below 180 K (y 5 mx 1
b) are indicated. Similar slopes (m) are found whether the break point is taken
at 160 K. (a) Average B (Debye-Waller factor) in Å2 for all atoms, for protein
and for water vs. temperature. Note the negative slope for water. B factors for
water greater than 30 Å2 were judged unreliable and excluded. Refinement
with PROLSQ (30) is designated by filled diamonds, by filled circles, or by filled
triangles. The same data refined with SHELXL (32) is shown with open dia-
monds, open circles, or with open triangles. (b) Average B factor in Å2

(Debye-Waller factor) for multisubstate (discretely disordered) side-chain at-
oms, for one-substate atoms in the protein, and for crystalline hexagonal ice
water alone (41) vs. temperature. The equation of each line above and below
180 K is given, except for water alone, where the equation is only above 180
K. Note that, below 180 K, the negative slope for multisubstate atoms (m 5
20.01) is close to that for the water in a (m 5 20.03). Symbols are defined as
in Fig. 3a above. Note that the slope for water above 180 K (m 5 0.025) is the
same as that for the one-substate protein atoms in b (m 5 0.025). (c) Rg (Å) for
the protein vs. temperature from 100 K to 293 K. The Rg is calculated with
X-PLOR (33).
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behavior of a hydrated protein. We used the structure of crambin
at 0.89 Å resolution to elucidate these issues.

Crambin’s structure provides an atomic description of struc-
tural protein to solvent correlations at atomic resolution (0.89Å)
and supports the hypothesized glassy nature of proteins (52).
Unstrained rings predicted by theory (36) characterize water’s
glassy ‘‘structure’’ at the protein surface. Dynamic coupling of
protein and water is evident in the temperature behavior of water
rings, the Debye-Waller factor (B), and the protein Rg. Water
ring structure and dynamics provide an experimental measure of
the protein-water glassy state that can stimulate developments in
glassy state theory. From correlated slopes of B with tempera-
ture and temperature independence of Rg below '180 K, an
interfacial glassy state of multiconformer side chains and solvent
is identified. Because crambin’s solvent dynamics and accessible
surface area match enzymes, our conclusions should apply to
enzymes where a glassy transition is linked to function cessation.

Physical Origin of Transition and Generality of Its Temperature. The
transition in dynamics for hydrated proteins has been attributed
to clusters of rearranging atoms (53). We identify the clusters as
multisubstate side chains linked to solvent. This coupling is the
root cause of the change in slope of both Debye-Waller factor
and Rg vs. temperature. The new interfacial glassy state links the
thermodynamic behavior of this state to protein function. In-
terconversion of the interfacial liquid glassy state into a solid
glassy state at the transition temperature ('180 K) immobilizes
the exterior of the protein and provides a direct molecular
mechanism for loss of enzyme function. Protein surface may
exert more influence below 180 K (25, 54). Our results also
suggest that one glass transition temperature is not common to
all proteins, but there is a proposed ‘‘slaved glass transition’’ (43).
In fact, compositions both of the protein surface and of the
solvent must influence the transition temperature (43, 55–57).

Statistical mechanics of supercooled fluids can address the
unique nature of the interfacial layer. The Debye-Waller factor
slope change with temperature can be predicted, based on a
novel generalization of Adam-Gibbs’ idea of cooperative rear-
ranging regions in glass-forming liquids (49) and its connection
to decrease of entropy with lowering of temperature. The
negative slope of the Debye-Waller factor appears to be due to

temperature dependence of water’s excess vibrational entropy
below 190 K. Further, the fragile vs. strong character of the
protein-water system depends on the experimental probe.

Biological Implications. Proteins use the solvent’s role in protein
dynamics to adapt to extreme environments, e.g., high temper-
ature or salt. Sequence changes in exposed residues or solvent
additives like sugars or salt modulate the glassy mobility of the
interfacial layers and shift the glass transition temperature. This
accommodation may explain the unique amino acid composition
of thermophilic proteins and production of unusual small mol-
ecule osmolytes in extremophiles.

As previously noted (4, 43, 57), soluteysolvent composition
has a direct influence on protein function and the glass transition
temperature. For instance, mixing protein with pure water raises
water’s glass transition temperature from 136 K to '180 K. A
room-temperature glass raises the glassy kinetics of myoglobin to
300 K (58).

Future Directions. Identification of a glassy interfacial state has
consequences for quantitative models of hydrated biomolecules.
They should describe (i) the bulk or interior of the biomolecule;
(ii) the interfacial glassy state with transition '180 K, as
modulated by solvent; and (iii) the bulk solvent glassy state
usually with lower transition temperature (for water, '136 K).

Simulations suggest that protein docking is mediated by water
substates (59). Further, protein-protein recognition seems to
require protein substate sampling (60). Such substates were
previously proposed as functionally important motions for pro-
teins (61). The atomic dynamics of protein substates could be
independently measured by structuralydynamic methods such as
solid state NMR. Given assigned peaks (38), the correlated side
chain and water dynamics with temperature can be determined.
These experiments would provide a clearer picture of the rugged
protein energy landscape and may identify additional function-
ally linked correlations.
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