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Abstract
The nature of the dynamical coupling between a protein and its surrounding solvent is an important, yet open
issue. Here we used temperature-dependent protein crystallography to study structural alterations that arise
in the enzyme acetylcholinesterase upon X-ray irradiation at two temperatures: below and above the glass
transition of the crystal solvent. A buried disulfide bond, a buried cysteine, and solvent exposed methionine
residues show drastically increased radiation damage at 155 K, in comparison to 100 K. Additionally, the
irradiation-induced unit cell volume increase is linear at 100 K, but not at 155 K, which is attributed to the
increased solvent mobility at 155 K. Most importantly, we observed conformational changes in the catalytic
triad at the active site at 155 K but not at 100 K. These changes lead to an inactive catalytic triad
conformation and represent, therefore, the observation of radiation-inactivation of an enzyme at the atomic
level. Our results show that at 155 K, the protein has acquired—at least locally—sufficient conformational
flexibility to adapt to irradiation-induced alterations in the conformational energy landscape. The increased
protein flexibility may be a direct consequence of the solvent glass transition, which expresses as dynamical
changes in the enzyme’s environment. Our results reveal the importance of protein and solvent dynamics in
specific radiation damage to biological macromolecules, which in turn can serve as a tool to study protein
flexibility and its relation to changes in a protein’s environment.
Keywords: Temperature-dependent protein crystallography; dynamical transition in proteins; solvent glass
transition; radiation damage; disulfide; acetylcholinesterase; enzyme radiation-inactivation

Conformational flexibility is a key component in protein
function. A global dynamical transition in proteins at temperatures between 180 and 230 K has been revealed by
various techniques, including Mössbauer (Parak et al. 1982)
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and neutron spectroscopy (Doster et al. 1989; Ferrand et al.
1993). The dynamical transition marks the onset of unharmonic large-scale protein motions, which can be essential
for substrate binding to enzymes (Rasmussen et al. 1992)
and for ligand escape in myoglobin (Ostermann et al. 2000),
as shown by X-ray crystallography. However, evidence has
been presented that enzymatic activity can persist at temperatures below the global dynamical transition (Daniel et
al. 1998). In the concept of the protein energy landscape
developed by Frauenfelder, a protein molecule can be found
in one of a number of quasi-isoenergetic conformational
substates (Frauenfelder et al. 1991). Transitions between
these substates are possible only at temperatures above a
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dynamical transition. The protein energy landscape is hierarchically organized in tiers, and flexibility at each tier
might be gained at discrete dynamical transition temperatures not necessarily identical to the dynamical transition
temperature at 180–230 K characterizing the global protein
dynamics.
It has been proposed that the state of the solvent surrounding a protein affects its dynamical behaviour (Réat et
al. 2000; Vitkup et al. 2000; Walser and Van Gunsteren
2001). Flash-cooling a protein crystal to cryotemperatures—typically 100 K—leads to vitrification of the solvent
if its viscosity is such that crystallization is prevented at the
cooling rate employed (Garman and Schneider 1997). The
viscosity of the solvent is influenced by the presence of salts
and precipitants and by the fact that it is confined within the
protein crystal. The structure and density of the amorphous
solvent at cryotemperatures are similar to those of the liquid
form at room temperature, yet it is trapped in a thermodynamically metastable state owing to its quasi-infinite viscosity. The fate of the amorphous solvent upon heating
depends on its composition and confinement. Solvent in the
trigonal crystals of the enzyme Torpedo californica acetylcholinesterase (TcAChE, Sussman et al. 1991) used in the
present study is found within large channels (∼65 Å in diameter) that run straight through the crystal. Warming these
flash-cooled crystals to temperatures >155 K leads to solvent crystallization within the channels, causing a drastic
increase in unit cell volume, which eventually destroys the
protein crystal (Weik et al. 2001). The analogy with the
behavior of pure water is helpful in this context. Upon heating, amorphous solid water undergoes a reversible glass
transition at 130–140 K which manifests itself as a drastic
drop in viscosity (McMillan and Los 1965; Johari et al.
1987). Further heating leads to irreversible crystallization
into cubic ice at 150–155 K (for a review, see Mishima and
Stanley 1998). Prior to crystallization, amorphous solid water has been shown to exhibit liquid-like properties (Smith
et al. 1997). The analogy with the behavior of pure water
thus provided circumstantial evidence that the solvent in the
trigonal TcAChE crystals undergoes a glass transition prior
to crystallization (Weik et al. 2001), that is, at or below 155
K, yet above 130 K, which is the glass transition temperature for pure water. The change in viscosity of the solvent at
its glass transition offers the opportunity to study possible
changes in the flexibility of a protein accompanying dynamical changes in its environment.
The experimental concept of the present study exploits
the solvent glass transition in TcAChE crystals. Two temperatures were chosen at which the solvent has different
viscosities. At 100 K, it is in an amorphous, rigid state. At
155 K—after having undergone a glass transition—the solvent has the lowest possible viscosity at cryotemperatures
but does not yet crystallize. In the present study, structural
alterations reported to arise in a protein upon X-ray irradia1954
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tion (Burmeister 2000; Ravelli and McSweeney 2000; Weik
et al. 2000) were shown to be markers for protein dynamics.
This allowed us to analyze the flexibility of the protein at
the two temperatures. At 155 K, we observed that irradiation produces significant structural changes in the active site
which involve the catalytic histidine. These changes do not
occur at 100 K. In addition, the radiation sensitivities of a
buried disulfide bond, a buried free cysteine, and solventexposed methionine residues are greatly increased at 155 K
compared to 100 K.
Results and Discussion
Five complete data sets (A–E) were collected sequentially at
100 and 155 K, each on a single TcAChE crystal, on beamline ID14–EH2 of the European Synchrotron Radiation Facility (ESRF) at Grenoble, France.
Temperature-dependent damage of
sulfur-containing groups
Sulfur-containing groups, in particular disulfide bonds, have
been shown by protein crystallography to be among the
most radiation-sensitive features of a protein (Burmeister
2000; Ravelli and McSweeney 2000; Weik et al. 2000).
However, not every sulfur-containing group in a given protein is equally radiation-sensitive. TcAChE possesses three
intramolecular disulfide bonds, one of which, Cys254Cys265, is significantly more radiation-sensitive at 100 K
than the other two, Cys402-Cys521 and Cys67-Cys94
(Weik et al. 2000). We found that the radiation sensitivities
of these disulfide bonds also display differential temperature dependence. Figure 1 shows the temperature-dependent
sensitivity to radiation of Cys254-Cys265 and Cys402Cys521. The Cys254-Cys265 disulfide bond is equally radiation-sensitive at 100 and 155 K as assessed by featureless
difference Fourier maps based on corresponding data sets
collected at the two temperatures (Fig. 1a). The Cys402Cys521 disulfide bond, however, is significantly more affected by radiation at 155 K than at 100 K, as revealed by
a negative feature in the difference Fourier map (Fig. 1b).
The Cys67-Cys94 disulfide bond is the most stable one and
is equally radiation-insensitive at both 100 and 155 K (data
not shown). Another sulfur-containing group is the only free
cysteine in TcAChE, the buried Cys231 residue. Figure 2
shows that its radiation sensitivity is strongly temperaturedependent: highly radiation-sensitive at 155 K, based on the
negative feature seen in difference maps based on data sets
collected at the different temperatures, 100 and 155 K (Fig.
2), yet completely radiation-insensitive at 100 K as judged
by a featureless Fourier difference map between data sets A
and E, contoured at a level of 3 (data not shown). All 15
methionine residues in TcAChE are unaffected by radiation
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Fig. 1. Differential temperature-dependence of radiation sensitivities for the Cys254-Cys265 and the Cys402-Cys521 disulfide bonds.
Electron density and difference Fourier maps for the Cys254-Cys265 (a) and Cys402-Cys521 (b) disulfide bonds of TcAChE in the
first (A), third (C), and fifth (E) data set collected at 100 K and 155 K. Electron density maps are contoured at a level of 1.5 and
difference Fourier maps, that is, Fobs (155 K) − Fobs (100 K), are contoured at 5 (green) and −5 (red).

at 100 K (data not shown). At 155 K, two methionine residues, Met43 and Met83, display significant loss of electron
density for the sulfur atoms as data collection proceeds,
whereas the others remain unaffected (data not shown).
Our observation that damage to sulfur-containing groups
can be temperature-dependent shows that the underlying
process is of a secondary, not primary nature; that is, it is
caused by an attack by secondary radicals, produced either
in the solvent or in the protein region, that reach radiationsensitive groups. Primary damage, that is, direct interaction
between X-ray photons and atoms in the sample, should be
independent of temperature.

Upon irradiation of proteins, a variety of radicals are
formed, and their relative amounts and stability are a function of temperature (Taub et al. 1979). However, other factors are likely to be at the origin of the difference in temperature-dependent radiation sensitivity of the chemically
identical disulfide bonds. There may indeed be a correlation
between solvent accessibility and radiation sensitivity, since
Cys254-Cys265 is both the disulfide bond most exposed to
solvent and the most sensitive to radiation. Regarding methionine residues, our results suggest strong connections
among their solvent accessibility, radiation sensitivity, and
the solvent viscosity, since the two solvent exposed resiwww.proteinscience.org
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Fig. 2. Difference Fourier maps showing that the electron density defining
the sulfur atom of Cys231 disappears at 155 K, compared to 100 K, under
the influence of X-irradiation. The maps were calculated using the first (A),
third (C), and last (E) data sets collected at 100 K and 155 K, that is, Fobs
(155 K) − Fobs (100 K). Negative (−5) contours are shown in red.

dues, Met43 and Met83, are damaged at 155 K but not at
100 K. Burmeister (2000) reported that one free cysteine in
crystalline myrosinase is completely stable at 100 K,
whereas another is radiation-sensitive. The first is buried,
the latter partly accessible to solvent. Other studies using
frozen solutions also show that solvent-exposed parts of a
protein are the most radiation-sensitive (Filali-Mouhim et
al. 1997; Audette et al. 2000). However, sulfur-containing
groups differ not only in their solvent accessibility but also
in their structural environment, which has been proposed to
play an important role in defining the stability of a disulfide
bond towards free radical attack (Ravelli and McSweeney
2000; Lmoumène et al. 2000).
What causes the observed differences in temperature-dependent radiation sensitivity of different disulfide bonds?
To address this question it is helpful to summarize the sequence of processes leading to the rupture of such bonds.
The first step consists of electron capture by the disulfide to
form a disulfide radical anion, RSSR•−, which can undergo
spontaneous and reversible S-S bond rupture. Upon protonation of the disulfide radical anion the equilibrium is shifted
towards the broken state (Armstrong 1990), yielding a thiol,
RSH, and a thiyl radical, RS• (von Sonntag 1990). The
equilibrium between the open and the closed form is believed to be influenced by the conformational flexibility of
the bond partners (von Sonntag 1990; Favaudon et al.
1990). Irreversible S-S bond rupture is therefore favored in
a flexible local environment. Which of these steps might
explain the observed temperature dependence of certain disulfide bonds? Electrons certainly reach disulfide bonds at
both 100 K and 155 K, since electron tunneling in proteins
has been reported to occur at temperatures as low as 5 K
(Dick et al. 1998; for a recent review see Winkler 2000).
The availability of other radicals such as OH• and H•, created by radiolysis of water in the solvent area, as well as that
of protons, might be temperature-dependent because protons are known to become mobile in amorphous ice at ∼115
K on the time scale of our data collection series (i.e., on an
hour-time scale ; Fisher and Devlin 1995). The flexibility of
1956
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the partners forming the disulfide bond is certainly temperature-dependent. The Cys254-Cys265 disulfide breaks
readily at 100 K, implying that even at 100 K radicals must
be able to reach this group, and that the environment of the
bond is sufficiently flexible. The observed temperature-dependent radiation sensitivity of the more buried disulfide
Cys402-Cys521 might be explained by the temperature-dependence of either the transport of protons and radicals
through the protein matrix or the flexibility of its environment. Both characteristics are expected to be influenced by
protein dynamics, because proton transport through the protein matrix will also demand flexibility of the components
of its trajectory (Chen et al. 2000). Thus, our observation
that the Cys402-Cys521 disulfide bond breaks at 155 K
indicates that the protein has acquired substantial local conformational flexibility relative to 100 K, even though we
cannot determine which process causes the temperature dependence.
Our observations that all methionine residues are unaffected at 100 K and that only the solvent-exposed ones are
affected at 155 K suggest that radiation damage to methionine residues involves radicals such as OH• that are larger
than electrons and protons. These radicals, created in the
solvent area of the crystal by radiolysis of water, are trapped
at 100 K and mobile at 155 K (Symons 1999). However,
even though they are mobile in the solvent at 155 K they
apparently cannot reach buried groups within the protein at
that temperature. Another possible explanation is that radiation damage to methionine residues involves cleavage of the
CG–SD bond and that the resulting radical can diffuse away
at 155 K but not at 100 K.
Conformational changes in the active site above the
solvent glass transition
The active site of TcAChE is formed by a catalytic triad
characteristic of serine hydrolases, comprised of Ser200,
His440, and Glu327, which are hydrogen-bonded in the
resting state of the enzyme. Figure 3 shows difference Fourier maps of the active site between the first (A) and the last
(E) data sets collected at 100 K and 155 K. At 100 K (Fig.
3a), a negative difference density peak at Glu199, indicating
radiation-induced decarboxylation, is the most prominent
feature. At 155 K (Fig. 3b), the picture is more complex. In
addition to an enlarged negative peak at Glu199, a pair of
positive and negative difference peaks associated with the
catalytic His440 indicates that this residue undergoes a conformational change at 155 K under the influence of Xirradiation. This conformational change, absent at 100 K, is
not a gradual movement but corresponds to the increasing
population of a second state as data collection proceeds (as
seen in difference Fourier maps calculated between data sets
with increasing intervals at 155 K). The two conformations
were not modelled independently due to the limited resolu-
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Fig. 3. Sequential difference Fourier maps showing structural changes in the active site of TcAChE in response to radiation damage.
The maps in panels a and b were calculated between the first (A) and the last (E) data sets collected at 100 K (Fig. 1a) and at 155 K
(Fig. 1b), that is, FobsE (100 K) − FobsA (100 K) and FobsE (155 K) − FobsA (155 K). Positive (5) and negative (−5) contours are shown
in green and red, respectively. The red difference density for Glu199 indicates decarboxylation, and the pair of positive and negative
difference densities close to His440 in panel b indicates a conformational change. Panel c shows a difference Fourier map calculated
between the last (E) data sets at 100 K and 155 K, FobsE (155 K) − FobsE (100 K), contoured at 4. Panel d shows a difference Fourier
map calculated between the last (E) data set at 100 K and the third (C) data set at 155 K, FobsC (155 K) − FobsE (100 K), contoured
at 4. The protein model as determined in data sets A at 100 K and at 155 K is shown in panels a and b, respectively, and the one
determined in data set E at 100 K in panels c and d.

tion of the data. In the experiment shown, a relatively low
X-ray dose was used and the movement of the model of
His440 is small. However, when the X-ray dose was increased in a series of data sets collected at 155 K, or when
the temperature was raised above 155 K, His440NE2 (the
nitrogen facing Ser200OG) moved as much as 1.6 Å away
from its position in the undamaged structure — a position
which was close to the positive difference density peak in
Fig. 3b (data not shown). As a consequence, the hydrogen
bond between His440 and Ser200 was broken. This conformational change, induced by X-irradiation, thus produces a
nonfunctional conformation, and Fig. 3b effectively displays radiation-inactivation of an enzyme at the atomic
level.
The objection might be raised that the second conformation of His440 would be solely a consequence of increased
damage to Glu199 at 155 K, which is evident from a nega-

tive peak at Glu199 in a difference map between data sets E
at both temperatures (Fig. 3c). This is ruled out by a difference map between data set E at 100 K and data set C at 155
K, which shows a conformational change for His440 but no
difference feature at Glu199 (Fig. 3d). However, decarboxylation of Glu199 is likely to be a necessary condition for
His440 to move at 155 K. X-ray crystallographic (Millard et
al. 1999) and NMR studies (Massiah et al. 2001) of AChE
have suggested that His440 can form alternate hydrogen
bonds to Glu199 and Glu327. This suggests that His440 is
a mobile residue, which is in line with our observations.
It should be emphasized that the difference features
shown in Fig. 3b associated with the catalytic histidine,
together with those representing radiation damage to the
three disulfide bonds, to Cys231 and to Glu199, are by far
the strongest peaks in the difference Fourier map of the
entire TcAChE molecule. This shows that the active site of
www.proteinscience.org
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TcAChE is particularly radiation-sensitive. It has been suggested that radiation damage to the active-site histidine
leads to inactivation of ribonuclease (Adams et al. 1972).
Indeed, OH• radicals can transform histidine in proteins to
aspartate (Dean et al. 1989) or 2-oxo-histidine (Uchida and
Kawakishi 1993). In the present study, however, the electron density of His440 excludes the formation of either
compound, and the difference density features represent a
movement of His440.
Intense X-ray irradiation produces changes in the energy
landscape of proteins via alterations such as decarboxylation of Glu199. Our results show that at 155 K, but not at
100 K, the active-site residues have sufficient flexibility to
relax in order to adapt to the altered energy landscape. The
active-site residues in TcAChE display substantial flexibility at a temperature well below the temperature range in
which proteins undergo a global dynamical transition (180–
230 K). This might either be evidence for a ‘local’ dynamical transition, for protein flexibility triggered by the solvent
glass transition of trigonal TcAChE crystals, or for differential global dynamical behavior of TcAChE with respect to
other proteins.

Fig. 4. Unit cell volume increase (relative to data sets A) at 100 K (open
squares) and 155 K (closed triangles). No errors are given since they are
difficult to assess. However, the characteristic unit cell volume increase
displayed in this figure proved to be reproducible.

volume at constant temperature is due solely to X-ray irradiation, because no ice rings were detected in the diffraction
patterns at either 100 or 155 K. The formation of ice rings
in TcAChE crystals would have indicated crystallization of
the solvent which would have increased the unit cell volume
drastically (Weik et al. 2001). The fact that no ice formation
was detected in the 155 K series is attributed to the fact that
it occurs slowly at this temperature on the experimental time
scale employed. The cell volume increase for data set E
relative to data set A is larger at 100 K than at 155 K (Fig.
4). This shows that the radiation-induced increase in unit
cell volume does not reflect the degree of specific damage.

Unit cell volume increase
Irradiation of protein crystals with highly intense synchrotron radiation has been reported to result in an increase in
unit cell dimensions (Yonath et al. 1998; Burmeister 2000;
Ravelli and McSweeney 2000). The absolute unit cell volume in data set A of the present study is 0.8% higher at 155
K than at 100 K (Table 1), mainly due to thermal expansion
of the crystal (Weik et al. 2001). Figure 4 shows the relative
cell volume increases at 100 and 155 K. The increase in cell
Table 1. Diffraction data statistics
Data set

100K (A)

Resolution (Å)
No. unique
reflections
Redundancy
<I>/<(I)>a
Completeness
(%)a
Rmerge (%)b
Mosaicity
(degrees)
Unit cell
parameters
(Å)
Unit cell
volume
relative to A (%)
a
b

100K (B)

100K (C)

100K (D)

155K (A)

155K (B)

155K (C)

155K (D)

155K (E)

30–2.5

30–2.6

30–2.6

30–2.6

30–2.5

30–2.3

30–2.35

30–2.4

30–2.5

30–2.5

35414
4.3
14.5 (2.4)

31555
4.3
14.8 (2.6)

31563
4.3
13.7 (2.3)

31567
4.3
15.7 (2.9)

35416
4.3
18.2 (3.5)

45803
4.2
15.1 (2.3)

43005
4.2
14.9 (2.3)

40435
4.2
14.8 (2.4)

35832
4.2
15.2 (2.6)

35823
4.2
16.9 (3.4)

99.1 (99.4)
9.6

99.1 (99.5)
9.4

99.1 (99.4)
10.2

99.1 (99.5)
9.2

99.1 (99.3)
7.6

99.6 (99.6)
9.0

99.6 (99.8)
9.2

99.6 (99.8)
9.4

99.6 (99.7)
9.0

99.5 (99.6)
8.4

0.22

0.23

0.23

0.22

0.24

0.26

0.26

0.27

0.28

0.29

a ⳱ 112.18 a ⳱ 112.21 a ⳱ 112.25 a ⳱ 112.30 a ⳱ 112.33 a ⳱ 112.51 a ⳱ 112.53 a ⳱ 112.55 a ⳱ 112.56 a ⳱ 112.57
c ⳱ 137.60 c ⳱ 137.62 c ⳱ 137.67 c ⳱ 137.71 c ⳱ 137.77 c ⳱ 137.88 c ⳱ 137.94 c ⳱ 138.00 c ⳱ 138.04 c ⳱ 138.08

100

100.08

100.17

100.29

Numbers in parentheses indicate statistics for highest resolution shells.
Rmerge ⳱ ∑hkl∑i|Ii(hkl)-<I(hkl)>|/∑hkl∑iIi(hkl).
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100.40

100

100.08

100.16

100.20

100.24
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The mechanism(s) leading to the unit cell volume increase
and the mechanism(s) leading to specific damage are, therefore, distinct. We suggest that the first is caused mainly by
primary damage, whereas the latter is caused mainly by
secondary damage. At 100 K, radicals created in the solvent
area are mostly trapped, and their creation increases the unit
cell volume linearly with dose. At 155 K, above the solvent
glass transition, radicals are able to diffuse and recombine,
which could explain the nonlinear unit cell volume increase
(Fig. 4). This is in line with observations that OH• radicals
produced at lower temperatures recombine upon raising the
temperature to 130 K (Symons 1999).
Conclusions
The aim of this study was to gain insight into the dynamical
behavior of a protein near the glass transition of its surrounding solvent. At 100 K, the solvent in trigonal crystals
of the enzyme TcAChE is amorphous and rigid, whereas it
is liquid-like at 155 K after having undergone a glass transition. Temperature-dependent specific damage provided by
intense X-irradiation was shown to be a marker for protein
dynamics. At 155 K, the active site residue His440 undergoes a conformational change, and certain sulfur-containing
groups show markedly increased radiation sensitivity compared to that at 100 K. This shows that at 155 K the protein
has gained substantial local flexibility. We do not yet know
whether this happened at a discrete temperature between
100 and 155 K or gradually, as experiments were done only
at the two temperatures. TcAChE gains local flexibility,
namely in the active site, at a temperature well below the
global dynamical transitions of other proteins that mark the
onset of large-amplitude motions such as side-chain movements and rotations and that have been reported to take
place at 180–230 K (Parak et al. 1982; Doster et al. 1989;
Ferrand et al. 1993). This might be explained by protein
flexibility, local or global, triggered by the solvent glass
transition in trigonal TcAChE crystals. Another possibility
is that specific local flexibility onsets at lower temperatures
than the global flexibility characterizing the entire protein,
which would correspond in Frauenfelder’s energy landscape
to dynamical transitions in different tiers. It is also possible
that TcAChE, by virtue of its high turnover number, displays global dynamical behavior different from that of other
proteins investigated. The latter issue will be addressed by
studying cholinesterases in neutron spectroscopy experiments, which have allowed mapping of the internal flexibility of macromolecules in relation to their function (Zaccai
2000). X-ray crystallographic experiments at various temperatures in solvents displaying different glass transition
temperatures will provide further insight into the degree of
coupling between protein and solvent dynamics.
Our results imply an important role for protein and solvent dynamics in chemical modifications of biological mac-

romolecules such as specific radiation damage to proteins.
At 155 K, certain sulfur-containing groups show greatly
increased radiation sensitivity relative to that at 100 K. This
can be explained either by increased mobility of radicals or
by increased flexibility of the local environment of the radiation-sensitive bonds. In particular, the differential unit
cell volume increase at 100 and 155 K points towards
increased mobility of radicals above the solvent glass transition. At 155 K, the catalytic histidine undergoes a conformational change producing a nonfunctional active-site
conformation. We observe that the most prominent radiation-induced alterations include the ones in the active site of
TcAChE, which might hold true for enzymes in general.
Temperature-dependent crystallographic radiation damage
studies of other proteins crystallized under various conditions and as different crystal forms may provide further
insight into the factors that control radiation sensitivity and
stability of functional groups in proteins.
Materials and methods
Crystallization
Trigonal TcAChE crystals of space group P3121 were grown in
32–34% (v/v) polyethyleneglycol (PEG) 200 / 0.3 M 2-morpholinoethanesulfonic acid (MES), pH 5.8, at 4°C (Raves et al. 1997).

Data collection, processing, and structure refinement
and analysis
Crystals were soaked for 24 h in 36% (v/v) PEG 200 / 0.3 M MES,
pH 5.8, at 4°C and then transferred to a drop of mineral oil for
about 1 min, mounted in a standard cryoloop and flash-cooled in
liquid N2. Precooled crystals were mounted in the cryostream of a
cooling device (600 series, Oxford Cryosystems, Oxford, UK)
operating at 100 K on the microdiffractometer installed on beam
line ID14–EH2 of the ESRF (Grenoble). Five successive data sets
were collected on single crystals at 100 K and 155 K (reading of
the cooling device). The beam, of wavelength 0.933 Å, was defined by a pinhole 50 m in diameter, and was provided by the
synchrotron operating in the 16-bunch filling mode. The crystal
used for data collection at 155 K was first mounted at 100 K. The
temperature was then raised to 155 K at 360 K/h. Care was taken
to start both data collection series at similar storage ring intensities
in order to minimize differences in total radiation dose per data
collection series. Refill of the synchrotron storage ring took place
during the collection of data set D in the 100 K series and between
the collection of data sets D and E in the 155 K series. For each
data set, 70 frames were collected, with an oscillation range of 1°
and an exposure time of 5 sec per frame. Data collection took
about 15 min per data set. Data sets were processed using DENZO
and SCALEPACK (Otwinoski and Minor 1997), and the same free
R set assigned using the CCP4 program suite (Collaborative Computational Project 1994). Molecular replacement, energy minimization, simulated annealing, and grouped (side-chain and mainchain atoms) thermal B-factor refinement were done using the
program CNS (Brünger et al. 1998), taking the native TcAChE
structure (PDB code ID 1EA5) as a starting model, after having
omitted sugar and solvent molecules. All 6 cysteine residues taking
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Table 2. Refinement statistics
Data set
R-factor (%)
Rfree (%)

100K (A)

100K (B)

100K (C)

100K (D)

100K (E)

155K (A)

155K (B)

155K (C)

155K (D)

155K (E)

24.2
26.6

23.7
26.4

23.7
26.0

23.5
26.3

23.4
25.9

24.5
26.5

24.2
26.5

23.8
25.7

23.5
26.0

23.3
26.1

part in intramolecular disulfide bonds in TcAChE were replaced by
alanine residues in order to minimize model bias (For data collection and refinement statistics see Tables 1 and 2). All structures were refined in an identical, automated way. The programs
MOLSCRIPT (Kraulis 1991), BOBSCRIPT (Kraulis 1991; Esnouf
1999) and RASTER3D (Merritt and Bacon 1997) were used to
produce figures from electron density maps calculated using CNS.
The solvent accessibility of atoms was calculated with the program
SURFACE (Collaborative Computational Project 1994), based on
1EA5 coordinates from which water and carbohydrate molecules
had been omitted, and using a probe radius of 1.4 Å.

Dose calculation
A typical flux on beam line ID14–EH2 is 5 ⭈ 1012 photons s−1,
through a collimator with a surface of 0.2 ⭈ 0.2 mm2, when the
synchrotron is operating at a storage ring intensity of 200 mA (E.
Mitchell, pers. comm.). Given the size of the collimator used, and
an average storage ring intensity of 66 mA during our experiments,
the beam intensity was estimated to be 4 ⭈ 1013 photons s−1 mm−2
at the sample position. We calculated the linear absorption coefficient to be 0.25 mm−1 at wavelength 0.95 Å, taking into account
the contribution of the mother liquor. This led to a total absorption
of 2.5% (assuming an average path length of 100 m) and to an
absorbed dose of about 4 ⭈ 106 Gy per data set based on the measured crystal size of 0.15 ⭈ 0.15 ⭈ 0.05 mm3 and a calculated crystal density of 1.133 g cm−3.

Temperature calibration and crystal heating
It is common in cryocrystallography to report the temperature as
displayed on the cooling device. However, this temperature is
measured in the gas stream within the nozzle, and might differ
from that within the crystal during X-irradiation due both to a
temperature gradient in the gas stream and to heating caused by
X-ray absorption, especially if high-intensity synchrotron sources
are employed. For the sake of coherence with earlier work, the
cited temperatures, that is, 100 and 155 K, were the displayed
ones. Nevertheless, we have attempted to estimate the real temperature at the crystal position during data collection. The temperature at about 10 mm from the nozzle is expected to be about
2 K higher than the one displayed (Mike Glazer, Oxford Cryosystems, pers. comm.). This figure was confirmed by monitoring
characteristic changes in unit cell dimensions (Kobayashi et al.
1971) of ferroelectric crystals of potassium dihydrogen phosphate
(KDP; Nelmes 1987) at its Curie temperature on a home source.
The issue of crystal heating by the intense X-ray beams of thirdgeneration synchrotron sources has recently been addressed theoretically (Kuzay et al. 2001; Nicholson et al. 2001). A 100 m
thick cryocooled (100 K) crystal in a beam of intensity 1013 photons s−1 mm−2 at 8 keV reaches a steady-state temperature 6 K
above the ambient gas temperature after 4.5 s (Kuzay et al. 2001).
This value can serve as an estimate for the heating of TcAChE
crystals under our experimental conditions, since the higher beam
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intensity is compensated for by a lower total absorption, as compared to the test case calculated by Kuzay and coworkers. Nicholson and co-workers (2001) calculated that the temperature will rise
under similar conditions by 4–6 K if nitrogen gas is used, depending on whether a cryoprotectant film is taken into account or not.
If we assume the two corrections to be additive (i.e., neglecting
crystal heating on a home source), the real temperature of the
TcAChE crystals during X-irradiation under our experimental condition could be ∼8 K higher than the cited ones, that is, 108 and
163 K versus 100 and 155 K, still respectively well below and
above the solvent glass transition. Experimental evidence that
crystal heating did not exceed the calculated value more substantially was provided by the absence of ice formation in the data
collection series at 155 K. Heating to temperatures well above 155
K would have resulted in solvent crystallization on the experimental time scale with concomitant formation of ice rings in the diffraction pattern.
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