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The structures of proteins in crystals are fixed by molecular interactions with neighboring molecules,
exceptin non-contacting flexible regions. Thus, it is difficult to imagine what conformational changes occur
in solution. However, if molecular interactions can be changed by manipulating molecular packing in
crystals, it may be possible to visualize conformational responses of proteins at atomic resolution by
diffraction experiments. For this purpose, it is suitable to control the molecular packing in protein crystals
by changing the volume of solvent channels through variation of the environmental relative humidity.
Here, we studied conformational responses of hen egg white lysozyme (HEWL) in the tetragonal crystal by
X-ray diffraction experiments using a humidity-control apparatus, which provided air flow of 20-98%rh at
298 K. First, we monitored the lattice parameters and crystalline order during dehydration and rehydration
of HEWL crystal between 61 and 94%rh at 300 K. Then two crystal structures at a resolution of 2.1 A using
diffraction data obtained at 84.2 and 71.9%rh were determined to discuss the conformational responses of
HEWL against the external perturbation induced by changes in molecular packing. The structure at 71.9%rh
displayed a closure movement that was likely induced by the molecular contacts formed during
dehydration and could be approximated by ten low-frequency normal modes for the crystal structure
obtained at 84.2%rh. In addition, we observed reorganization of hydration structures at the molecular
interfaces between symmetry neighbors. These findings suggest that humidity-controlled X-ray
crystallography is an effective tool to investigate the responses of inherent intramolecular motions of
proteins to external perturbations.

Keywords:
Conformational change
Humidity control
Normal mode analysis
Protein dynamics
X-ray crystallography

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

X-ray crystallography has contributed to reveal conformational
variations in proteins arising from plasticity and dynamics [1]. For
instance, conformational differences between the various crystal
forms of a protein can be used to identify flexible regions and
understand how protein molecules respond to external perturbations
[2]. In addition, the meta-stable states in protein domain movements
trapped during crystallization provide information regarding the
energy landscape of proteins, including hydration structures [3].
However, such crystallographic observations are still pieces of luck
and rarely encountered in protein crystal structure analyses. To allow
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experimental visualization of possible conformational variations at
atomic resolution, the systematic control of intramolecular motions of
proteins is necessary.

Fig. 1 illustrates a proposed scheme to control conformations of
protein molecules in a crystal, in which solvent channels occupy more
than 30% of the volume [4]. When a protein crystal is exposed to dry
conditions, water molecules of solvent channels escape through vapor
diffusion at the crystal surface. The loss of these molecules probably
induces lattice shrinkage that accompanies the rearrangements and
conformational changes of protein molecules. In contrast, the swelling
of solvent channels under wet conditions results in weak intermole-
cular contacts. Thus, the control of molecular packing modes by
adjusting the relative humidity (RH) around protein crystals is likely
applicable for the study of conformational responses of proteins
against external perturbations [2].

In early crystallographic studies aimed at controlling the RH
surrounding protein crystals, various simple techniques were
attempted using salt solutions of known RH [2,5-10] and oil [11].
Recently, several apparatus that use RH-controlled air flow have been
developed to finely adjust the RH around protein crystals [12-14].
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Fig. 1. A schematic illustration to explain the influences of RH changes around protein
crystals on the molecular packing mode, protein conformations and solvent content.

Those apparatus have been utilized to improve molecular arrange-
ments in protein crystals for high resolution structure analyses
[12,14-18]. However, the potential of these latest RH-control
techniques to finely control protein conformations in crystals has
not yet been demonstrated.

To explore the feasibility of RH control in the investigation of
conformational responses of proteins to external perturbations, here,
we conducted X-ray diffraction experiments for tetragonal crystals of
hen egg white lysozyme (HEWL) using a custom-made RH-control
apparatus. Accompanying the RH-dependent shrinkage of solvent
channels and the alternation in the molecular packing mode, HEWL
displayed a global conformational change that resulted in a closure of
the active-site cleft. This observation allowed us to discuss a
mechanism for the RH-dependent responses of the unit cell and the
relevance of the RH-induced conformational changes to the inherent
intramolecular motions of HEWL.

2. Materials and methods
2.1. Apparatus for RH-controlled X-ray diffraction experiment

Our custom-made apparatus for RH-controlled X-ray diffraction
experiment was mainly composed of a HUM-1 moist air generator
(Rigaku, Japan) and a crystal holder (Fig. 2). The generator produced
RH-controlled air flow of 300-450 ml/min by mixing dry and
moisture-saturated air. The mixing ratio was automatically tuned to
produce air flow with a desired RH by monitoring the RH inside a
RH-controlling chamber attached to the generator. The temperature
inside the RH-controlling chamber was kept constant using a thermal
circulator (TAITEC, Japan) to suppress fluctuations in RH. A flexible
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Fig. 2. (a) A schematic diagram of our custom-made RH-control apparatus, which was
composed of a HUM-1 moist air generator (1), humidity-controlling chamber (2),
thermal circulator (3), transfer tube warmed with a film heater (4), crystal holder (5), and
sensors simultaneously measuring the temperature and RH (6 and 7). (b) A photograph
showing the crystal holder attached on a goniometer head. The crystal holder equipped
with a neodymium magnet (8) fixes a crystal mounting device (Crystal Cap; Hampton
Research). The platform of the holder (9) has a guide for a cryo-tong to remove the
mounting device after flash-cooling. Humidity-controlled crystals were quickly flash-
cooled by rotating the exit nozzle for a low-temperature nitrogen gas flow (10).

transfer tube, which connected the chamber and the crystal holder,
was warmed by a film heater to prevent dew formation. When
the temperatures of the RH-controlling chamber and transfer tube
were set at 303 and 308 K, respectively, the apparatus provided
RH-controlled air flow of up to 98%rh at the sample position in the
crystal holder with a fluctuation of 2%rh at 298 K4-0.4 K.

The crystal holder attached to a goniometer head (Huber,
Germany) was composed of a platform with a neodymium magnet
and a pair of PCTFE (Daiflon) blocks on hinges (Fig. 2b). The pair of
blocks had a chamber for a Crystal Cap mounting device (Hampton
Research, USA). Crystals were mounted on a MicroMesh film of
400/10 or 400/25 type (MiTeGen LLC, USA) glued to the crystal
mounting device. When the mounting device was placed in the
chamber, crystals were positioned approximately 2 mm above the
upper edge of the blocks. The pair of blocks was fabricated into a
cone shape to record diffraction patterns up to a resolution of 1.5 A
when using Cu ka radiation. The crystal mounting device could be
quickly set by opening one of the hinged blocks. The flexible transfer
tube allowed the goniometer to be rotated 180° for the collection of
diffraction data under RH-controlled conditions. The hinged blocks
of the crystal holder facilitated the quick flash-cooling of RH-
controlled protein crystals using a low-temperature nitrogen gas
stream.

The temperature and RH around mounted protein crystals were
recorded by a SHT75 sensor (Sensirion AG, Switzerland) located 5 mm
below the crystal position. The shape and dimensions of crystals were
monitored by a CCD camera (Toshiba Teli Co., Japan) connected to a
microscope (Thales Optem Inc., USA).
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2.2. Preparation of HEWL crystal and determination of its initial
equilibrium RH

HEWL (Wako, Japan) was crystallized into the tetragonal form by
the hanging-drop vapor diffusion method at 293 K using a precipitant
solution containing 3-8% (w/v) NaCl and 100 mM Na acetate (pH 4.2)
[19]. For the diffraction experiments, crystals were first dialyzed for
3 h against a buffer containing 25% (w/v) glycerol, 14.6% (w/v) Nadl,
and 100 mM Na acetate (pH 4.2) because of the reason described in
the Results section.

In RH-controlled X-ray diffraction experiments, protein crystals
must be mounted under equilibrium relative humidity (ERH)
conditions to avoid degradation caused by changes in environmental
RH [12]. Under ERH conditions, the evaporation and adsorption of
water on the surfaces of protein crystals were in valance, because the
vapor pressure on the protein crystal surfaces was thought to be
almost the same with that of the crystal mother liquor. The ERH
condition of HEWL crystals was determined by monitoring the droplet
size of the mother liquor set in the sample position of the crystal
holder with gradual variation of RH. Under ERH conditions, little
volume change of the droplet was observed.

2.3. Lattice parameters and quality of HEWL crystal under various RH

To search two RH conditions suitable for crystal structure analysis
with different molecular packing, we first measured the RH-dependent
variations of the lattice parameters and diffraction patterns of a dialyzed
HEWL crystal with a size of 300x250x 250 um>. The crystal was set
under 94%rh at 300 K, and the mother liquor remaining around the
crystal was removed using a paper wick for complete exposure of the
crystal surfaces to the RH-controlled air flow. The crystal was first
dehydrated by decreasing RH at a rate of 4.7%rh/h. After the RH reached
61%rh, a rehydration process was started at a rate of 3.9%rh/h to raise the
RH to 92%rh.

The diffraction patterns of HEWL crystals were successively taken
every 15 min during the RH variation by the oscillation method using
Cu ko radiation (N =1.5418 A) generated from an Ultrax-18 X-ray
generator (Rigaku) operated at 45 kV and 90 mA, a Pt-coated double-
focusing mirror system (Rigaku) and an R-axis IV imaging plate
detector (Rigaku). The crystal-to-detector distance was 150 mm and
the oscillation range was 1.0°/11-min exposure for almost the same
orientation of the crystal against the incident X-ray beam. The lattice
parameters were determined for each diffraction pattern using the
HKL2000 suite [20].

2.4. Crystal structure analyses under different RH conditions

A dialyzed crystal (400 x 200 x 200 um>) was mounted under an
RH condition of 84.2%rh at 299.5 K and solvent remaining around the
crystal was removed. The c-axis of the crystal was inclined slightly
from the rotation axis of the goniometer, and the a-axis was initially
aligned along the incident X-ray beam.

Diffraction data were collected as a series of 1.0° oscillations per
5 min exposure at a sample-to-detector distance of 100 mm using
the X-ray diffraction equipment described above. The first set was
collected under 84.2 £ 1.1%rh at 300.0+ 0.5 K. The RH around the
crystal was then decreased at a rate of 4.1%rh/h, and the second set
was collected under 71.940.7%rh at 300.64+0.1 K. To reduce
radiation damage, each diffraction data set was limited to cover
the minimum volume in reciprocal space necessary for the
structural analysis. The indexing, integration, scaling and post-
refinement of diffraction data were carried out using the HKL2000
suite [20].

Structural refinements were performed using the program
REFMAC5[21] in the CCP4 suite [22], and the structural models were
built using the COOT suite [23]. For the refinement against the first

data set, we used the crystal structure of HEWL (the accession code in
the Protein Data Bank [24]; 1]JIS [25]) after removing the solvent
molecules as the initial model. For the refinement against the second
data set, the crystal structure for the first data set was used. Hydration
water molecules and ions were picked up from the electron density
peaks that appeared in both the 2F,-F. and F,-F. maps contoured at
the 1.0 o and 2.0 o levels, respectively. The stereochemistry of the
final models was validated by the program PROCHECK[26], and the
coordinate errors [27] were estimated using the program SFCHECK
[28]. In addition, we evaluated the contribution of the translation-
libration-screw (TLS) motions of HEWL molecules to the B-factors
using REFMAC5 and the TLSMD web server [29].

The refined models were compared after being superimposed
using the program LSQKAB[30]. For evaluating the intermolecular
interactions between crystallographic neighbors, we picked up polar
(oxygen and nitrogen) atom pairs separated by 2.4-3.4 A as hydrogen
bonds (H-bonds) and other pairs within a distance range of 3.4-3.7 A
as van der Waals contacts. Solvent accessible surface area (ASA)
engaged in crystal contacts was calculated using the program
AREAIMOL[22] with a probe of 1.4-A radius. Solvent channels were
visualized using the 3V web server with inner and outer probe radii of
3 A and 10 A, respectively [31].

2.5. Normal mode analysis

Normal mode analysis was applied to the crystal structure under
84.2%rh assuming the elastic network model [32,33]. In the model,
the structure was approximated as an assembly of 129 Ca atoms
and springs connecting atom pairs within a given cut-off distance.
The k-th normal mode (o) contributed to the positional displace-
ment of the i-th Ca atom (r;) through the eigen matrix (Ay) as
ri = Yy Aok The computation was performed using the ELASTN
program suite coded by M.N. The trial calculations suggested that a
cut-off distance of 9 A was suitable to maximize the correlation
between B-factors from the normal mode analysis and the crystal
structure. The force constant was then adjusted to equalize the sum
of theoretical and experimental B-factors. In addition, to evaluate
the possible contribution of each normal mode to the displacement
of the i-th Ca atom (Ar;) between the two crystal structures under
the different RH conditions, we calculated the weight (W,,) for the k-th
normal mode using the following equation Ar; = } |, W Ayoy.

3. Results

3.1. RH-dependent variations of lattice parameters and diffraction
patterns

The ERH of the crystallization buffer was 97-98%rh. This was
nearly the upper limit of the RH of the moist air flow produced by
the RH-control apparatus. Regarding the dialysis buffer, the ERH of
88-89%rh was in the controllable range. The dialyzed HEWL
crystals showed little change in the structure and molecular
packing mode from those in the crystallization buffer, as described
in Section 3.2.

The course of the RH-dependent variations of the dialyzed HEWL
crystal was divided into eight stages (I-VIII, Fig. 3). In the RH range of
94-83%rh (stage 1), the crystal diffracted X-rays beyond a resolution
of 2 A. When decreasing the RH from 83 to 76%rh (stage II), the unit
cell displayed anisotropic shrinkage along the a-axis, rather than the
c-axis. In stage III of 76-65%rh, despite few appreciable changes in
the unit cell dimensions, the diffraction patterns gradually degraded
to a resolution of 8 A along with broadening of the diffraction spots.
At the beginning of stage IV (65-61%rh), the unit cell suddenly
collapsed along the c-axis by approximately 3 A, as reported in an
earlier work [5]. Regarding the macroscopic dimensions of the crystal
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Fig. 3. (a) Time course of the changes in the lattice constants a (orange) and c (deep green) during changes in the RH (blue line). The filled and open symbols indicate the values in
the dehydration and rehydration processes, respectively. Stages [-VIII, which are described in the text, are indicated at the top of the plot. The green and magenta arrows indicate the
RH conditions for diffraction data collection of the H- and L-states, respectively. The black arrows indicate when the diffraction patterns in panel (c) were taken in the
dehydration/rehydration processes. (b) RH-dependent variations in the lattice constants a (orange) and c (deep green), and the unit cell volume (red) are plotted against the RH
values. The filled and open symbols are used as in panel (a). (c) Diffraction patterns in a quarter of the detector. The patterns were taken at the time indicated by the arrows in panel

(a). The stages in the RH variation are labeled in the upper left of each panel.

monitored by the CCD camera, the shrinkage began at stage II and
continued to the end of stage IV.

In stage V (61-71%rh), the RH was increased for the rehydration of
the crystal. While the crystal quality was little improved, as observed
from the diffraction patterns, the volume of the unit cell slightly
increased. At 71%rh, the unit cell suddenly expanded along the c-axis.

In stage VI of 71-79%rh, the resolution limit of the diffraction patterns
improved up to 2 A along with the sharpness of the diffraction spots.
As the shrinkage and expansion of the a- and c-axes, respectively,
occurred simultaneously, the unit cell volume was maintained almost
constant. The unit cell swelled again in the a-b plane in stage VII of
79-85%rh. Finally, in stage VIII of 85-92%rh, the lattice parameters
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and diffraction patterns recovered to those observed under the initial
RH condition. During the rehydration process, the macroscopic
expansion of the crystal size was prominent in stages V-VIL

3.2. RH-dependent changes in molecular arrangement

Based on the results described above, we collected diffraction data
from one HEWL crystal under two different RH conditions (Fig. 3a-b and
Table 1). The first data set was collected under RH of 84.2 4+-1.1%rh (H-
state) just prior to stage II, while the second data set was obtained under
the RH condition of 71.9 4 0.7%rh (L-state). The L-state was the lower
limit to collect diffraction data at high resolution in stage III, since
diffraction patterns degraded rapidly below 72%rh. The crystal structures
in the H- and L-states were refined at a resolution of 2.1 A (Table 1). The
structure of HEWL in the H-state displayed a root-mean-square (r.m.s.)
difference for main chain atoms of less than 0.3 A from the initial model
used in the refinement, and the arrangement of molecules in the unit cell
was almost the same with that in the crystal of the initial model. The
structure of the L-state displayed a r.m.s. difference for main chain atoms
of 0.6 A from that of a low-humidity (88%rh) state previously reported
from an earlier study (PDB: 4LYM [6]).

The reduction of the solvent content of the unit cell from the H- to
the L-state (Table 1) corresponded to the escape of approximately 350
water molecules from three solvent channels (o, 3, and y) running
almost parallel to the c-axis (Fig. 4a). In addition, the L-state showed
an approximately 10-A2 higher average B-factor than that of the H-
state (Table 1). This increase was likely the result of TLS motions of
whole HEWL molecules in their collective positional shifts during the
lattice shrinkage rather than from intramolecular motions.

A HEWL molecule in the L-state shifted along the a-b plane by 1.3 A
with a rotation of 1.6° from those in the H-state, resulting in a narrowed
solvent channel o (Fig. 4a). The magnitude of both the shift and the
rotation was nearly twice those observed in the earlier work [6]. The
number of van der Waals contacts and H-bonds between symmetry-
related neighbors increased as a result of the positional shifts, whereas

Table 1
Statistics of the diffraction intensity data and the refined structural models.

the number of H-bonds mediated by hydration water molecules
decreased (Table 2). Following the changes in the number of the
contacts, the surface area engaged in direct intermolecular contacts
increased by 2% of the total ASA. In addition, the positional shifts of side
chains larger than 0.5 A in Argl4, Asn46, Thr47, Asn59, Gly71, and
Arg128 (Fig. 4c) were likely caused by molecular packing in the L-state
(Fig. 4b). The most drastic conformational change was found in Asn46, in
which the side chain shifted to flip the Asn59 side chain (Fig. 4d).

3.3. Domain closure movement

The local changes in HEWL structure described above were in
correlation with a global conformational change that served to close
the active-site cleft situated between the small and large lobes (Fig. 5).
Each lobe displayed an r.m.s. difference of main chain atoms of less
than 0.7 A between the L- and H-states, while that of all main chain
atoms was only 0.2 A. This finding suggested that the movement of
both lobes resulted in closure of the active-site cleft. A similar closure
movement, although to a lesser extent, was previously observed at
88%rh [6]. Referring the various types of intramolecular movements of
proteins [34], the closure movement was classified as a hinge-bending
motion and was probably induced by intermolecular contacts of the
lobes with adjacent molecules.

To understand the relevance of the closure movement to the inherent
intramolecular motions in HEWL, we compared the directions and
magnitudes of the positional shifts of Coe atoms with the displacement
vectors expected from the weighted sum of ten low-frequency normal
modes of the HEWL molecule in the H-state (Fig. 5a). The sum of the ten
low-frequency modes with r.m.s. displacements of larger than 0.02 A for
Ca atoms could approximate the conformational changes from the H- to
the L-state. Between the observed and theoretically predicted displace-
ment vectors, the correlation coefficients were 0.94 in magnitude and
0.79 in the direction when taking the magnitudes of positional shifts of
the Ca atoms into consideration. In particular, the lowest-energy normal
mode (Fig. 5b) dominated the observed conformational changes, as

H-state

L-state

RH (%rh) / temperature (K)

Diffraction intensity data

Space group

Lattice constants a, ¢ (A)
Solvent content ® (%)
Resolution (last shell) ” (A)
Unique / observed reflections
Completeness € (last shell) ® (%)
<I/ o> (last shell)

Rhnerge” (last shell)

Structure refinement

Resolution (last shell) ” (A)

Number of reflections used

Re (last shell) ® / Reree' (last shell)

Number of non-H protein atoms

water molecules € / acetate / Na / Cl ions

r.m.s. deviation from ideal bond length (A) / angle (2)
Ramachandran regions (%) Most favored / additionally allowed
Coordinate error estimated (A)

Average B factors protein atoms / water molecules (A?)
PDB accession code

84.2+1.1/300.0+0.5

P4;2,2
79.5,37.9

412

50.0-2.10 (2.18-2.10)
7214 / 24,569

95.9 (96.6)

12.5 (10.5)

0.048 (0.085)

19.06-2.10 (2.15-2.10)

6866

0.155 (0.151) / 0.220 (0.249)
1001

59/1/2/1

0.016 / 1.477

90.3/9.7

0.19

19.8 /2838

3AW6

71.940.7 /300.6+0.1

P452,2
782,373

384

50.0-2.10 (2.18-2.10)
6466 / 16,899

90.1 (86.7)

20.8 (3.3)

0.046 (0.254)

16.92-2.10 (2.16-2.10)

6146

0.160 (0.180) / 0.218 (0.248)
1001

54/1/2/1

0.017 / 1.585

88.5/11.5

0.20

29.4/37.6

3AW7

2 Solvent contents [50] were calculated using the molecular weight of HEWL (14.3 kDa).

b The figures in the parentheses were calculated for the last shell.

¢ The ratio of the numbers of experimental and theoretically expected unique reflections.
d Remerge' = D_n 2_i [li(h) —<I(h)>|/ X_n X_ili(h), where I;(h) is the intensity of i-th observation of reflection h.
€ R=_ p|Fobs(h) — Feaic(h)|/ 2 nFobs(h), where Fops(h) and Feac(h) are the observed and calculated structure factors of reflection h, respectively.

f

The Rfree factor was calculated for 5% of unique reflections, which were not used in the structure refinement throughout [51].

& The electron density maps were appreciable for water molecules with B-factors of less than 45 A? in the H-state. In contrast, the maps were inappreciable for molecules with B-factors
higher than 60 A? in the L-state, probably because the average B-factor of the L-state was approximately 10 A? higher than that of the H-state.
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Fig. 4. (a) Comparison of the arrangements of HEWL molecules in H-state (green- or cyan-colored models) and L-state (pink or yellow) crystals. HEWL molecules are drawn as Co
traces. Three solvent channels running along the c-axis are labeled as «, (3, and . (b) Magnified view demonstrating the shrinkage of solvent channel . The HEWL models are
illustrated as in panel (a). The shape of the channel in the H-state (blue mesh) and that in the L-state (gray surface) are compared. The side chains of labeled residues, except Gly126,
displayed positional shifts larger than 0.5 A between the H- and L-states. (c) R.m.s. displacements of main chain (blue) and side chain (red) atoms between the H- and L-states. A
diagram of the secondary structure is also shown, with boxes for a-helices and arrows for 3-strands. (d) View showing the local conformational changes around residues Thr47 and
Asn59 induced by close contact in the L-state. The side chains of residues picked up are shown as atom-colored stick models. The Cax trace models are colored as in panel (b). The
dashed cyan and orange lines are possible hydrogen bonds formed by Asn59 in the H- and in L-states, respectively. Panels (a, b, d) were prepared using PyMOL [52].

indicated by the correlation coefficients of 0.89 and 0.64 for the positional
shifts and direction, respectively. These findings suggested that the
energetically most flexible motion in the H-state was excited by the close
molecular contacts at both lobes induced by the changes in RH.

Table 2
Number of molecular contacts identified in the H- and L-states.
Number of interactions H-state L-state
Between neighboring molecules arranged along the a-b plane
van der Waals contacts between protein atoms 73 88
H-bonds between protein atoms 29 32
H-bonds mediated by water molecules
One water molecule 27 23 (23)*
Two water molecules 19 12 (11)?
Between neighboring molecules arranged along the c-axis
van der Waals contacts between protein atoms 4 18
H-bonds between protein atoms 2
H-bonds mediated by water molecules
One water molecule 5 3(3)°
Two water molecules 2 2(2)*

¢ The figures in parentheses are the number of molecular contacts mediated by
hydration water molecules occupying the hydration site within 1.5 A from those found
in the H-state.

3.4. Hydration structure changes

The RH-dependent shrinkage of the unit cell induced not only
positional and conformational changes of HEWL molecules, but also
the reorganization of their hydration structures (Fig. 6 and Table 2). In
the crystallographic asymmetric unit, we found that 36 water
molecules, including 13 engaged in intermolecular contacts, resided
in almost the same hydration sites between the H- and L-states
(Fig. 6a). The water molecules displayed good correlations in the
directions of their displacements with those of the H-bond partner
atoms of HEWL molecules (Fig. 6a).

At surface grooves and molecular interfaces of the L-state, we
additionally identified 12 hydration water molecules located near
hydration sites in the H-state (Fig. 6a). The additional water molecules,
which were likely squeezed out from the hydration sites in the H-state by
conformational changes of HEWL molecules (Fig. 5), displayed only small
directional correlation with their H-bond partners of HEWL (Fig. 6a). In
addition, the hydration structure changes caused the loss of several
hydration-mediated crystal contacts (Table 2).

Although we identified eight water molecules located at the
intermolecular interface and three that were exposed to channel a in
the H-state (Fig. 6b), the molecules were inappreciable in the electron
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Fig. 5. (a) A stereo view illustrating the global conformational changes between the H-state (green-colored Co trace model) and the L-state (pink). The models are superimposed
with all atoms optimally overlapping. The displacement vectors of Coc atoms are shown by the sticks from the cyan (H-state) to the blue ends (L-state). The sticks from the yellow to
the orange ends are displacement vectors calculated from the ten low-frequency normal modes in the H-state. Both vectors are magnified 10 fold for clarity. Several residues,
including Asn46 and Asn59, are labeled. (b) A stereo view demonstrating the contribution of the lowest-energy normal mode to the global conformational changes between the H-
state (green-colored Ca trace model) and the L-state (pink). The structures, positional shifts and contribution of the normal mode are illustrated as in panel (a). Panels were

prepared using CCP4mg [53].

density map of the L-state. However, six water molecules were
identified only in the L-state at the molecular interface, which was
formed in the dehydration process (Fig. 6b).

4. Discussion

In this study, we measured RH-dependent variations of the
lattice parameters in a tetragonal HEWL crystal and identified
conformational changes induced between 84.2%rh and 71.9%rh.
Here, we discuss the molecular mechanisms underlying the

observed RH-dependent phenomena in HEWL crystals and the
possibility of investigating the inherent protein motions by RH-
controlled X-ray crystallography.

4.1. Conformational changes in HEWL

Through theoretical and simulation studies, experimentally visualized
structural changes of proteins under external perturbations are proposed
to be explained using the linear responses of inherent low-energy
dynamics of proteins free from external perturbations [35]. Particularly, a
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Fig. 6. (a) A stereo plot illustrating the positional shifts of hydration water molecules from the H- to the L-state. The positions of hydration water molecules in the H-state are
indicated by balls, and the displacement of the water molecules from the H- to the L-states are illustrated as sticks with 10-fold magnification for clarity. The direction in the
displacement of the water molecules in blue coincided with those of their H-bond partners in proteins within 20% while those of the molecules in yellow were larger than 20°. The
HEWL molecules in the H- and L-states are drawn as in Fig. 5, and the cyan-colored surface models and tube models are symmetry-related neighbors. (b) A stereo plot showing the
positions of hydration water molecules identified only in the H-state (gray sphere) and only in the L-state (orange).

set of several low-frequency normal modes represents global collective
motions in proteins [36]. In addition, the conformational changes in
several proteins found between different crystal forms are approximated
by low-frequency normal modes [37,38]. The most easily realized
conformational changes arise from large equilibrium fluctuations that
intrinsically exist in a small number of collective low-frequency normal
modes [35].

Based on the theoretical studies of protein dynamics, the observed
changes in the molecular packing mode induced by dehydration of the
HEWL crystal (Fig. 4a-b) represent external perturbations of
molecules, and the conformational changes probably reflect the
inherent intramolecular motions of HEWL, as suggested from the
normal mode analysis (Fig. 5). Thus, the RH-control technique for
protein crystals may serve as an experimental tool to study intrinsic
protein motions in the crystalline state by controlling molecular
packing modes, as discussed in Section 4.4.

4.2. Influences of changes in molecular packing on hydration structures

In the L-state, approximately 25% of the hydration-mediated
molecular contacts observed in the H-state were not found (Table 2),
probably due to the exclusion of seven hydration water molecules
(Fig. 6). As these water molecules functioned as cushions at the interface
between adjacent molecules, their exclusion was necessary for the close
packing of HEWL molecules to adapt to the shrinkage of the solvent
channels. On the other hand, the presence of confined hydration water
molecules at molecular interfaces supposed to facilitate robust inter-
molecular interactions [39] by tetrahedral H-bond arms [40] to introduce
varieties in molecular contacts and by making molecular interfaces
complementary [41]. Thus, the exclusion of water molecules probably
causes a slight disorder in the molecular arrangements in the L-state, as
suggested by the increase in B-factors (Table 1), because the fine tuning
of such arrangements is difficult by only direct protein-protein contacts.
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Although the present structural analyses were limited to two RH
conditions, further fine slice of the RH conditions would allow
visualization of the reorganization of hydration structures at the
interfaces. Because the exclusion of water molecules confined in a
narrow space is similar to the escape of hydration water molecules
during the domain motion of an enzyme [42], snapshots of hydration
structural changes at molecular interfaces may help to understand the
dynamics of hydration structures on protein surfaces. For the purpose,
the combinational use of the conventional cryo-technique and the
RH-control (Fig. 2) is more effective, as the amount of water
molecules trapped on protein surfaces at cryogenic temperature is
several times larger than that at ambient temperature [43].

4.3. RH-dependent variations in solvent channels and molecular packing

In the present experiments, the custom-made RH-control appara-
tus (Fig. 2) and solvent condition that were used to lower the ERH
allowed the fine measurement of the RH-dependent anisotropic
behavior of cell dimensions and the hysteresis in the dehydration and
rehydration cycles (Fig. 3b). Based on the measurement results and
the crystal structures of HEWL in the H- and L-states, here, we
speculate on the mechanism underlying the RH-dependent variation
of the molecular packing mode.

In the dehydration process, water supplied from the solvent
channels escapes from the crystal surfaces. Channel «, which has the
largest volume and cross-sectional size (Fig. 4a), is thought to be the
predominant source of water. This speculation is supported by the
greater water permeability along the c-axis than that of the a-b plane
[44]. Thus, the observed volume changes of channel o probably drive
the shrinkage of the unit cell, particularly along the a-b plane.

The lattice shrinkage along the a-b plane in stages I-II is likely
relevant to the conformational changes of HEWL molecules between
the H- and L-states approximated by the low-frequency normal
modes (Fig. 5). Since the two lobes of HEWL molecules lie in the a-b
plane of the tetragonal crystal (Fig. 4a), the positional shifts of HEWL
molecules are compensated by the easily excitable closure movement
(Fig. 5). However, as there are no wide solvent channels extending
along the a-b plane (Fig. 4b), and HEWL molecules lack low-
frequency modes along the short molecular axis, namely along the
c-axis in the crystal (Fig. 4b), shrinkage in the c-axis is probably
smaller than that along the a-b plane (Fig. 3a-b). Further shrinkage of
the c-axis in stage Il induces disorder in the arrangement of
molecules, rather than the collective positional shifts observed in
stages I-II (Fig. 3b-c). The disordered molecular arrangement may be
one of the causes for the closer packing along the c-axis observed at
the beginning of stage IV (Fig. 3a-b). The interactions caused by the
close packing in stage IV are difficult to relax during the rehydration
process, and the expansion within the a-b plane first proceeds to
compensate for the expansion of the solvent channels (Fig. 3a-b).
Although this represents a speculated mechanism of the observed
hysteresis, it is likely relevant to the theoretically predicted
mechanical properties of HEWL crystals: plastic along the a-b plane,
but elastoplastic along the c-axis [45]. In addition, differences in the
molecular contacts between the dehydration and rehydration
processes are probably reflected in the reported differences in the
sound velocity in HEWL crystals measured by the Brillouin scattering
technique [46].

4.4. X-ray diffraction measurements over a wide range of RH to study
inherent motions of proteins

RH-dependent conformational changes have been observed for
several protein crystals [8,10,14,47]. To date, larger conformational
changes, as monitored by the r.m.s. displacement of main chain atoms,
are reported to occur under lower RH environments (Fig. 7), although
the magnitude of the changes depends on the molecular packing and
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Fig. 7. Plot showing the RH-dependent r.m.s. displacements of main chain atoms under
low RH conditions from those of the crystal mother liquors for HEWL (circles; present
study), ribonuclease A [8] (diamonds), methaemoglobin [47] (filled triangles),
oxyhaemoglobin [10] (open triangles), and F;-ATPase [14] (squares). The dotted lines
indicate tendencies of the RH-dependent changes.

molecule size. Conformational changes in several regions and domains
of such crystal structures are significant because their magnitudes are
larger than the coordinate errors in the analyses. It is necessary to
examine whether the conformational changes are described by low-
frequency normal modes, as demonstrated for HEWL molecule in the
present study. However, the reported changes encourage us to
investigate the mechanical responses of proteins in the crystalline
state by RH-controlled X-ray crystallography. In the next stage of our
research, we will attempt to control domain movement in glutamate
dehydrogenase to evaluate whether RH-controlled X-ray crystallogra-
phy is applicable to manipulate large conformational changes.

From the experiences in this study, we identified two critical
points for the success of RH-controlled X-ray diffraction experiments
in the RH range of 61-94%rh (Fig. 3a-b). The first is the low flow rate
of our apparatus to allow a quasi-static control of the RH surrounding
protein crystals. The evaporation rate from, for instance, a flat surface
in a moist laminar air flow is experimentally known to be proportional
to the root of the flow rate assuming Fick's diffusion law [48]. Thus,
our apparatus would be advantageous for quasi-static and mild
evaporation of water at crystal surfaces.

The second important consideration is the reduction in the ERH of
HEWL crystals due to the dialysis buffer. This reduction allows the
molecular packing in crystals to be controlled in a wider range of RH
than the crystallization buffer, the ERH of which is similar to those
reported for various crystals (approximately 95%rh) [12,14,17,18].
The ERH reduction in dialysis buffer is probably caused by the
presence of glycerol, as expected from its effect on the vapor pressure
of aqueous solutions [49]. The presence of glycerol in the crystalliza-
tion buffer is also advantageous for the flash-cooling of crystals at an
optimum RH condition without the necessity for sealing by mineral
oil, when a cryo-nozzle is situated near the crystal position, as is found
in our apparatus (Fig. 2b).
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