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Very high quality crystals of tetragonal hen egg-white

lysozyme were grown in the Advanced Protein Crystallization

Facility (APCF) on board the Space Shuttle using a modi®ed

free-interface diffusion (FID) reactor designed ad hoc to have

a longer diffusion path. This design allows the performance of

true counter-diffusion experiments. Crystals were obtained

under the classical chemical conditions de®ned 50 y ago with

NaCl as a crystallizing agent and acetate pH 4.5 as a buffer.

Counter-diffusion crystallization allows a `physical' instead of

chemical optimization of growth conditions: indeed, this

method screens for the best supersaturation conditions in a

single trial and yields crystals of very high quality. A complete

diffraction data set was collected at atomic resolution from

one of these crystals using synchrotron radiation at the

DESY±EMBL beamlines. The overall Rmerge on intensities in

the resolution range 31±0.94 AÊ was 5.2% and the data were

98.9% complete. Re®nement was carried out with the

programs CNS and SHELX97 to a ®nal crystallographic R

factor of 12.26% for 72 390 re¯ections. A mean standard

uncertainty in the atomic positions of 0.024 AÊ was estimated

from inversion of blocked least-squares matrices. 22 side

chains show alternate conformations and the loop 59±75

adopts in the same crystal packing two conformations that

were observed for either triclinic or tetragonal lysozyme in

previous high-resolution studies. In addition to 255 water

molecules, the crystallizing agent (one hexacoordinated

sodium ion and ®ve chloride anions) participates in the

ordered lysozyme hydration shell.
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1. Introduction

Once a chemical milieu (pH, additives, type of precipitating

agent, purity of the sample etc.) has been selected for the

crystallization of a biological macromolecule, the quality of

the growing crystals will depend on the kinetics of the

nucleation and growth processes. Such kinetics are controlled

by the value of the supersaturation and more precisely by its

variation with time (i.e. by the starting salt and macromolecule

concentration and the dynamics of mass transport). The

method of protein crystallization by counter-diffusion of the

precipitating agent gives the opportunity to test different

supersaturated states in a single trial, providing a `self-

screening' for the best growth conditions (GarcõÂa-Ruiz,

Moreno et al., 1998). To implement this method, the requisite

is to remove convective ¯uid motion in the growth reactor. In

order to assure a diffusion mass transport of the reactants,

counter-diffusion methods can be implemented either under

low- gravity conditions or alternatively on the ground using
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either gelled solutions or very thin capillary volumes (GarcõÂa-

Ruiz et al., 1999).

We report here the quality of hen egg-white lysozyme

crystals grown by the counter-diffusion method in the ESA

Advanced Protein Crystallization Facility (APCF) during the

STS-95 mission of the NASA Space Shuttle, which eventually

led to diffraction data at the highest resolution ever collected

to date from tetragonal crystals from this protein. This model

protein for crystal growth was selected because many of its

physical and chemical properties in aqueous solutions (solu-

bility, diffusivity, refractive index, density, viscosity) are well

known. This was an absolute requisite for our space experi-

ment, whose main goal was to record the supersaturation in

the crystallization reactor by time-lapse Mach±Zehnder

interferometry. In addition, we were looking to compare the

quality of the space-grown crystals with the best crystals ever

grown on ground by any method. For this aim lysozyme is

clearly a good target model, as it has been extensively crys-

tallized on-ground and a large number of X-ray data sets are

available.

The present paper reveals some new structural features at

atomic resolution and discusses the usefulness of the counter-

diffusion method for growing high-quality crystals in micro-

gravity experiments and its extrapolation to on-ground

implementation of this technique.

2. Methods

2.1. Crystallization

The crystallization experiment was performed using a free-

interface diffusion reactor designed ad hoc (Fig. 1). It was

designed to allow experiments in which the time needed to

transport the precipitating agent to the end of the protein

reservoir is sensibly higher than the induction time for

nucleation. The extended-length reactor (FID-XL) consists of

two 67 mm long chambers containing the protein solution and

the precipitating agent solution, respectively. They are

connected by a plug used to activate and deactivate the

experiment. This reactor allows a counter-diffusion regime for

up to 15 d when used with small-molecule salts as the preci-

pitating agent.

The starting chemical conditions are shown in Fig. 1. A

Mach±Zehnder interferometer monitored the changes in

refractive index arising from concentration gradients inside

the protein chamber and a time-lapse video microscope

recorded the crystal nucleation and growth. The experiment

was performed at 293 � 0.1 K inside the thermostatted APCF

box. Hen egg-white lysozyme from Seikagaku (ref: 100940; lot

No. E96302) was used as purchased without further puri®ca-

tion. More details on the crystallization experiment are

provided in GarcõÂa-Ruiz et al. (2001).

2.2. Data collection

Diffraction data were collected using synchrotron radiation

at EMBL beamlines X11 and BW7B at the DORIS storage

ring, DESY, Hamburg on a 345 mm MAR Research imaging-

plate scanner. A lysozyme crystal about 800 mm in length was

soaked for a few seconds in a crystallization solution

containing 40% glycerol before ¯ash-cooling it in the nitrogen

stream. One should note that the cooling procedure was not

optimized to minimize the crystal mosaicity, but was used to

reduce radiation damage during data collection. Thus, a

mosaicity value of 0.47� is not surprising and cannot be

considered as a quality indicator. For technical reasons

(beamline availability) the data collection was started on

beamline X11. The crystal was then recovered in liquid

nitrogen and transferred to beamline BW7B. Three data sets

(300 images in total; Table 1) were collected at 110 K on this

single frozen crystal with different exposure times and to

different resolutions in order to cover the whole range of

intensities.1 Data were integrated, scaled and merged using the

DENZO and SCALEPACK programs (Otwinowski & Minor,

1997). An anomalous dispersion signal was detected using the

program LOCHVAT (Dumas, 1994a,b); it was used to localize

chloride ions but was not taken into account during the

re®nement. The overall Rmerge on intensities for all data in the

resolution range 31±0.9 AÊ was 5.2% and the data were 98.9%

complete (Table 1). An overall B factor of 8.7 AÊ 2 was esti-

mated from the Wilson plot using the program TRUNCATE

from the CCP4 package (Collaborative Computational

Project, Number 4, 1994).

2.3. Structure refinement

The starting model for re®nement was the tetragonal

structure of HEWL solved at 100 K to 1.7 AÊ resolution and

having unit-cell parameters close to those described here

(PDB code 1lsa; Kurinov & Harrison, 1995). The solvent

molecules were removed from the starting model and a B

Figure 1
Free-interface diffusion extended-length (FID-XL) APCF reactor,
designed to be used in long-chamber counter-diffusion experiments
during STS-95 mission and currently available for experimentation in the
APCF. The two coloured volumes are the protein (yellow) and salt
(violet) chambers. Initial concentration of chemicals during the growth
experiments are indicated.

1 Supplementary data have been deposited in the IUCr electronic archive
(Reference: li0396). Services for accessing these data are described at the back
of the journal.



factor of 10 AÊ 2 was assigned to all atoms. The re®nement

process utilized the programs CNS and SHELX97 (Brunger et

al., 1998; Sheldrick & Schneider, 1997) with stereochemical

restraints based on those of Engh & Huber (1991). All

re¯ections were included with no � cutoff; 5% of the data were

randomly selected and omitted during re®nement for cross-

validation analysis by means of the free R factor (BruÈ nger,

1992). The main steps of the re®nement progress are

summarized in Table 2.

50 steps of rigid-body re®nement were ®rst performed using

CNS in the resolution interval 31.0±2.0 AÊ . Several rounds

of conjugate-gradient least-squares (CGLS) minimization

including a bulk-solvent correction were carried out and the

resolution was increased stepwise from 2.0 to 0.94 AÊ . At this

stage, individual isotropic B factors were re®ned and water

molecules developing sensible hydrogen bonds were added in

the difference Fourier map (peaks > 4�), leading to a model

with R and Rfree of 26.2 and 27.2%, respectively.

The re®nement was continued with SHELX97 based on

intensities (i.e. squared structure-factor amplitudes); each step

consisted of 10±30 cycles of CGLS minimization. Default

values of the program for distance, planarity and chiral

restraints and a diffuse solvent model were used throughout.

New ordered solvent molecules were found in the difference

Fourier map (peaks > 4�, Beq < 60 AÊ 2). 3Fo ÿ 2Fc and Fo ÿ Fc

electron-density maps were calculated after each step and the

model (protein and solvent) was checked and rebuilt using the

program O (Kleywegt & Jones, 1997). The R and Rfree factors

calculated after the ®rst run, treating B factors isotropically,

were 23.7 and 26.5%, respectively. Re®nement of anisotropic

displacement parameters (ADPs) of protein atoms dramati-

cally decreased R and Rfree to 16.5 and 20.6%, respectively.

ADPs of solvent molecules were restrained to be approxi-

mately isotropic. At this stage, clear electron density was

observed near several residue side chains, which were subse-

quently modelled in two conformations. In relation to the side-

chain disorder, the main chain was also found to adopt two

conformations in sections 17±19, 77±78, 86±88 and 108±110.

The largest backbone variations are observed for residues

58±62 and 68±75 in the 59±75 loop. The occupancy factors of

solvent atoms were not re®ned, except those of water mole-

cules associated with alternate protein conformations or

sharing close positions (d < 2 AÊ ). A sodium ion was added at

the binding site described in previous studies using the Fourier

difference map as a guide. Five chloride anions were detected

as described by Dauter et al. (1999) by computing an anom-

alous (�Fano,'calcÿ 90�) Fourier map in the 10±1 AÊ resolution

range with the data collected at � = 0.907 AÊ using the

programs SFALL, CAD and FFT from the CCP4 package

(Collaborative Computational Project, Number 4, 1994).

In the ®nal steps H atoms were added to the model

according to geometrical criteria. This yielded a decrease of

0.8% in the R factor and of 1.6% in the Rfree factor without

increasing the number of parameters. The occupancy para-

meters were re®ned for all solvent atoms during the ®nal steps,

yielding a 0.4% fall in the R and Rfree factors. When conver-

gence of the CGLS minimization was achieved, all data were

included in the re®nement, leading to a ®nal R factor of

11.64% for 64 761 re¯ections with Fo > 4�(Fo) and 12.26% for

all data (72 390 re¯ections) in the resolution range 31±0.94 AÊ .

2.4. The final model

The ®nal model for 1001 lysozyme atoms consists of a total

of 1229 protein atom sites, one sodium ion, ®ve chloride ions

and 255 water molecules. 22 side chains were modelled in two

conformations as well as six main-chain sections. The quality

of the density map was generally excellent: the complete

protein backbone could be seen and only a few side chains
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Table 1
Data-collection and processing statistics.

Values in parentheses refer to the outermost resolution shell.

Synchrotron beamline X11 BW7B BW7B
Wavelength (AÊ ) 0.9057 0.8337 0.8337
Crystal-to-detector distance (mm) 110 130 330
Maximum resolution (AÊ ) 0.95 0.94 1.75
Oscillation step (�) 0.5 0.5 2
No. of images 90 90 120
Space group P43212
Unit-cell parameters (AÊ ) a = 77.06, c = 37.22
Crystal mosaicity (�) 0.47
No. of observations 402070
No. of unique re¯ections 72390
Resolution range (AÊ ) 0.94±31 (0.94±0.96)
Completeness (%) 98.9 (88.6)
Completeness, I > 2�(I) (%) 88.5 (53.3)
Rmerge² (%) 5.2 (32.9)
hI/�(I)i 15.5 (2.6)

² Rmerge =
P

hkl

P
i jhIi ÿ Iij/

P
hkl

P
i�Ii�.

Figure 2
Ramachandran diagram of the ®nal model. A total of 136 '/ pairs are
plotted including residues having double main-chain conformation
(17±19, 59±62, 69±75, 77±78, 86±88 and 109±110). Glycine residues are
represented as triangles and Arg73 residues from conformations A and B
of loop 59±75 as open squares.
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were poorly de®ned. A ®nal run of blocked-matrix re®nement

was performed to estimate the coordinate errors. To this end,

the protein was split into 11 overlapping blocks of 15 residues,

with an overlap of two residues between successive blocks.

Positional parameters and ADPs were re®ned in each of these

blocks. The overall r.m.s. error for all protein atoms is 0.024 AÊ .

The quality of the structure was assessed using PROCHECK

(Laskowski et al., 1993), SHELXPRO (Sheldrick & Schneider,

1997) and PARVATI (Merritt, 1999). The lysozyme backbone

shows good stereochemistry: all the '/ angles are in the core

region of the Ramachandran plot (Fig. 2). The mean ! value is

179.8�, with a standard deviation of 6.5�, and the �1 angles of

side chains with a single conformation are clustered in three

populations: ÿ65.4, 66.4 and 182.5�, with standard deviations

of 12.4, 3.7 and 8.5�, respectively. The ®nal model was

compared with previous structures after least-squares super-

position of the backbone atoms (N, C�, C) using the program

LSQMAN (Kleywegt & Jones, 1997). Fig. 2 was prepared

using PROCHECK, Figs. 3, 4 and 5 using SETOR (Evans,

1993) and Fig. 6 using rastep (Merritt & Bacon, 1997).

3. Results and discussion

3.1. A crystallization experiment that seeks out the best
crystals

The quality of the crystals obtained in a crystallization

experiment is a result of the optimization of the super-

saturation and supersaturation rate. In the counter-diffusion

method, the protein and the precipitating agent solution are

placed one in front of the other either in direct contact or are

separated by an intermediate chamber (in our experiment, a

gel plug) working as a physical buffer. The method works

properly when the starting concentration of precipitating

agent is selected to be very high and the protein chamber is

very long. Because the salt diffuses faster than the protein, the

salt molecules will invade the protein chamber. When these

solutions come into contact, the supersaturation is very high

and a massive precipitation of small low-quality crystals is

obtained at the beginning of the protein chamber. Its form-

ation depletes the concentration of protein in the neigh-

bouring zones. As the salt continues to diffuse forward in the

protein chamber, new precipitation takes place, this time at

lower supersaturation, which yields a lower nucleation density

and therefore crystals of larger size. Iteration of this process

provokes successive precipitation phenomena at lower

supersaturation as the precipitation front moves ahead in the

protein chamber. This yields precipitation zones of fewer

crystals of larger size and higher quality. This is the reason

why, unlike the classical drop and batch methods, the counter-

diffusion technique explores a large number of crystallization

conditions in one single experiment. The crystallization

pathway always evolves towards equilibrium and therefore the

experiment self-searches for the optimal crystallization

scenario (GarcõÂa-Ruiz, 1991). As predicted by computer

simulation (OtaÂ lora & GarcõÂa-Ruiz, 1996), this automatic

search of the best nucleation and growth conditions occurs

because of the development of a travelling supersaturation

wave across the protein chamber. Interferometric data

obtained during the crystallization experiments in space are

discussed elsewhere (GarcõÂa-Ruiz et al., 2001) and con®rmed

that crystallization does proceed in the correct regime; the

existence of such a wave of precipitation was observed for the

®rst time.

Counter-diffusion methods that automatically optimize

nucleation and growth conditions are not exclusive to space

experiments. They can also be implemented on the ground

using long protein chambers in which mass transport proceeds

by diffusion that are long enough to avoid homogenization

during the nucleation induction time. Gels and capillaries have

been demonstrated to have similar effects on the physics of

the counter-diffusion setup (Robert et al., 1999). Even though

X-ray capillaries of less than 100 mm in diameter are needed to

remove effectively convective ¯ow, larger capillaries ®lled

with a gel can be conveniently used to produce the same effect

(GarcõÂa-Ruiz, Gavira et al., 1998). In such a case, the gel will

unavoidably incorporate into the growing protein crystals, but

X-ray diffraction studies of these crystals yield unexpected

high-quality diffraction patterns (Gavira, 2000) which makes

the use of gels very promising in the future.

3.2. The overall HEWL structure

HEWL forms globular and compact particles rigidi®ed by

four disul®de bonds and the present atomic resolution struc-

ture shows the same fold as the starting model (1lsa; Kurinov

& Harrison, 1995) and the previous 1.33 and 1.4 AÊ resolution

structures (193l and 194l; Vaney et al., 1996). Nevertheless, the

combination of high-quality crystals and cryocrystallography

Table 2
Re®nement progress.

The re®nement was performed with the software CNS (C) and SHELX97 (S).
All re¯ections in the indicated resolution range were included in the
calculation with a 5% test set for cross-validation. In the ®nal step, all data
were used (72 390 re¯ections). The number of protein (Nprot), solvent (NH2O)
and ion (Nion) atoms in the model is indicated.

Re®nement step Prog. Res. (AÊ ) Nprot NH2O Nion R/Rfree (%)

Initial model (1lsa) C 31±2.0 1001 54.56/54.57
Rigid-body adjustment C 31±2.0 1001 36.56/35.32
Coordinate re®nement C 31±2.0 1001 30.49/34.68
Coordinate re®nement C 31±1.5 1001 31.66/33.80
Coordinate and B re®nement C 31±0.94 1001 30.14/31.01
Solvent molecules C 31±0.94 1001 132 26.19/27.25
Isotropic Beq re®nement S 31±0.94 1001 132 23.66/26.53
Solvent molecules S 31±0.94 1001 177 22.36/25.53
ADP re®nement S 31±0.94 1001 176 16.48/20.61
Ions, side-chain conformers S 31±0.94 1014 262 15.04/19.41
New conformers S 31±0.94 1045 269 6 14.79/19.11
Two conformations

for 59±75 loop
S 31±0.94 1190 242 6 13.49/17.12

H atoms S 31±0.94 1201 249 6 12.74/15.53
H2O occupancies S 31±0.94 1201 255 6 12.33/15.09
Final model S 31±0.94 1201 255 6 12.26



leads to a much more accurate description of the HEWL

tetragonal crystal form. For well de®ned parts of the structure

(Fig. 3), individual protein atoms were identi®ed in the

(3Foÿ 2Fc) Fourier map by resolved peaks at a density level of

5� (3.35 e AÊ ÿ3). The overall r.m.s. coordinate error estimated

from blocked-matrix least-squares re®nement is 0.024 AÊ for

all protein atoms and 0.013 AÊ for main-chain atoms with unity

occupancy. The quality of the ®nal model is summarized in

Table 3. A plot of the '/ angles in the polypeptide backbone

is shown in Fig. 2: no non-glycine residue was found outside

the most favoured region of the Ramachandran diagram.

The high observation-to-parameter ratio at atomic resolu-

tion (<1.2 AÊ ) allows anisotropic re®nement (Sheldrick, 1990)

and such a treatment signi®cantly improved the model

(Murshudov et al., 1999) as indicated by a 5% fall in both the R

and Rfree factors. The average value of anisotropy (A = 0.46,

� = 0.16) in the HEWL structure (Table 3) is similar to that

observed so far for atomic resolution structures (Merritt,

1999). After taking ADPs into account, it became clear from

the electron-density inspection that about 20% of the residues

had more than one conformation, either for the side-chain or

for the main-chain atoms (see below). Density peaks corre-

sponding to H atoms were also observed in the difference map

near the main-chain atoms (N, C�) of many residues and in the

vicinity of a few side-chain atoms (Fig. 4). Thus, considering H

atoms as a riding model led to an additional 1.6% decrease in

the Rfree factor.

As a consequence of higher resolution, an increased

number of solvent sites (255 H2O) was observed in compar-

ison to the 1.33 AÊ study (142 H2O). In the early steps of the

re®nement the occupancy factors of solvent atoms were ®xed

to 1 for well de®ned molecules or to 0.5 for those showing high

Ueq (>0.5 AÊ 2). Partial occupancies were re®ned for water

molecules sharing close locations (36 H2O), thus forming

alternate hydration networks, or linked to side-chain confor-

mers (38 H2O). When the re®nement reached the conver-

gence, water molecules essentially in the second hydration

shell, i.e. without any direct contact to the protein, were

characterized by low density peaks (1±1.5�), suggesting partial

occupation of many solvent sites. Hence, in a ®nal step the

occupancy factors of all solvent atoms were re®ned and, as in

the case of triclinic lysozyme (Walsh et al., 1998), this led to a

0.4% decrease in both the R and the Rfree factors. The solvent
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Figure 3
Typical examples of density maps in well de®ned lysozyme parts. (a) A
region in �-sheet including Asp52, a residue that participates in the
catalytic activity of the enzyme. (b) Chloride 201 bound to Tyr23 and
Asn113 of a symmetry-related molecule (not shown), ®rst identi®ed by
Vaney et al. (1996). The ®nal 3Foÿ 2Fc electron-density map is contoured
at a level of 1.2 e AÊ ÿ3 (1.8�) in blue and of 3 e AÊ ÿ3 (4.5�) in purple.

Table 3
Final model.

Resolution range (AÊ ) 31±0.94
R factor for 72 390 re¯ections (%) 12.26 (11.63)²
Free R factor for 3655 re¯ections (%) 15.09 (14.35)²
Observation-to-parameter ratio 5.3
Number of protein atoms (non-H) 1229
Number of solvent, sodium and chloride sites 255, 1, 5
Mean Beq (AÊ 2) and A³

Overall 14.4, 0.46
Protein 13.0, 0.47
Solvent 21.1, 0.40
Ions 14.1, 0.36

R.m.s. deviation from ideal geometry§
Bond lengths (AÊ ) 0.016
Angle distances (AÊ ) 0.037
Deviation from planes (AÊ ) 0.031
Chiral volumes (AÊ 3) 0.11

Ramachandran plot statistics}
Residues in most favoured regions (%) 85.4
Residues in additional allowed regions (%) 14.6

² R factors in brackets are for re¯ections with Fo > 4�(Fo). ³ A values were
determined using PARVATI (Merritt, 1999). The anisotropy A = Emin/Emax is de®ned as
the ratio of the smallest and the largest eigenvalues of the ADP matrix. § Values
determined using SHELXPRO (Sheldrick & Schneider, 1997). } Values determined
using PROCHECK (Laskowski et al., 1993).
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content of the ®nal model is equivalent to 170 fully occupied

water molecules.

3.3. Amino acids in multiple conformations

A second conformer was identi®ed for a total of 22 side

chains both in the 3Fo ÿ 2Fc and difference Fourier maps.

Side-chain static disorder concerns different types of residues:

Arg (14, 21, 45, 61, 112, 125, 128), Asn (19, 59, 77), Asp (119,

87), Gln (121), Ile (55, 58, 78), Lys (1, 97), Ser (81, 85, 86) and

Val (109). Only four of these residues (1, 59, 86, 109) were

identi®ed at 1.33 AÊ resolution; 13 are also observed in the

triclinic structure that contains 25 residues with alternate

conformations (Walsh et al., 1998). Flexible residues such as

Arg61, Arg73, Arg128 and Gln121 show poorly de®ned side

chains, as does Trp63, a residue known for its ¯exibility and its

sensitivity to radiation damage (see Walsh et al., 1998). As in

previous HEWL studies, the main chain of the last two resi-

dues (Arg128 and Leu129) was modelled in one conformation

even though the density suggested alternate possibilities.

Indeed, these residues are close to disordered regions (18±19,

69±70, 128±129) of symmetry-related molecules and this may

induce some structural heterogeneity in the C-terminus.

3.4. Two conformations for the loop 59±75

In spite of the overall rigidity of lysozyme, large variations

have been observed in the ¯exible 59±75 loop, which adopts

two main conformations depending on the

space group and the presence of the

substrates (for reviews, see Vaney et al.,

1996; Steinrauf, 1998). After the ®rst step of

anisotropic re®nement, a second confor-

mation based on that observed for this loop

in triclinic crystals was introduced to satisfy

the additional density still present in the

3Fo ÿ 2Fc map. This contributed to the

elimination of remaining strong peaks in the

difference map and yielded a decrease in

both R factors (Table 2). Alternate posi-

tions concern two backbone sections, 58±62

and 68±75, which undergo linked move-

ments. The segment connecting these

sections (63±67) is stabilized by a disul®de

bridge (Cys64±Cys80) and presents only

one conformation. Overall occupancy

factors were assigned to the atoms of each

loop conformer (including bound ions and

solvent molecules) and their sum was

restrained to unity during subsequent

re®nement steps as implemented in

SHELX.

As shown in Fig. 5, two conformations

are simultaneously present in the same

crystal packing and have equivalent occu-

pancy factors (0.48 and 0.52 for conforma-

tions A and B, respectively). They

superimpose well on the two types observed

in the latest high-resolution structures

(Table 4). As observed in previous studies,

the main difference is a ¯ip of the peptide

bond Arg73±Asn74 (Fig. 2). Conformation

A, present in the starting model 1lsa, is

related to the binding of a sodium and its

chloride counterion in the tetragonal space

group, as shown by Vaney et al. (1996) and

Dauter et al. (1999). The CO group of

Arg73 participates in the coordination of

the sodium ion. In conformation B, the CO

group is rotated toward the solvent, no ion

is observed and the loop is exclusively

Figure 5
The two conformations for the loop 59±75. Conformation A (indicated in white) binds a sodium
ion (Na200) and a chloride ion (Cl203) drawn in green; the four residues that bind the Na ion
are highlighted (see also Fig. 6). The loop in conformation B (indicated in purple) does not bind
any ions but it is stabilized by alternate water molecules (in purple). R.m.s.d.s between
conformation A, conformation B and other known structures are given in Table 4. The contour
levels for the 3Fo ÿ 2Fc map (in blue) and for the anomalous difference map (in orange) which
localizes Cl and S atoms, are 1.5 and 4�, respectively.

Figure 4
Hydrogen location in the Fourier difference map. This stereoview shows the residues Asn42,
Thr43 and Ala44. Density peaks in the difference map (computed before the addition of H
atoms to the model) clearly indicate their location. This is true for the well ordered water
molecule. 3Foÿ 2Fc (in blue) and Foÿ Fc (in orange) maps are contoured at levels of 1.2 e AÊ ÿ3

(1.8�) and 0.21 e AÊ ÿ3 (2.5�), respectively.



stabilized by an alternate network of water molecules as in

triclinic crystals (Walsh et al., 1998).

3.5. Cation and anion binding sites

As mentioned above, one sodium cation is associated with

conformation A of loop 59±75 (Fig. 5). Noticeably, when the

loop backbones from conformation A in lysozyme structures

193l and 1lz8 are superimposed (Table 4), the sodium position

is perfectly conserved. The hexagonal coordination geometry

of the cation predicted from valence calculations (Nayal & Di

Cera, 1996) involves four protein atoms, Ser72 O
, Ser60 O,

Cys64 O and Arg73 O, and two solvent molecules. As illu-

strated in Fig. 6, the sodium ligands form a distorted octa-

hedron (Fig. 6) originally described by Vaney et al. (1996). A

chloride counter-ion (Cl203, see below) is bridged to the

cation by a water molecule. This halide site is akin to that seen

in 1lz8.

HEWL is a basic protein and binds various anions

(reviewed by Vaney et al., 2001): nitrates, acetates, iodides or

chlorides were recently described at high resolution in the

triclinic, monoclinic and orthorhombic crystal forms (Walsh et

al., 1998; Steinrauf, 1998; Oki et al., 1999). In the tetragonal

environment, chloride and bromide anions were observed by

Vaney et al. (1996), Lim et al. (1998) and Dauter et al. (1999).

The latter study identi®ed eight chlorides on the basis of their

anomalous signal and the authors utilized the single-

wavelength anomalous dispersion from S and Cl atoms at

1.54 AÊ to solve the structure of HEWL. Although only a weak

anomalous signal was expected in the present case (�f 0 values

for S and Cl at � = 0.907 AÊ are 0.20 and 0.25 electrons,

respectively, i.e. 2.8 times lower than at 1.54 AÊ ), anomalous

differences were used to compute a (�Fano, 'calc ÿ 90�)
Fourier map as proposed by Dauter et al. (1999). In addition to

density peaks for the ten lysozyme S atoms (eight Cys and two

Met), ®ve peaks were observed in the solvent shell with a

density higher than four times the r.m.s.d. of the anomalous

map (see Fig. 5). They correspond to ®ve of the eight chloride

sites characterized by Dauter et al. (1999). The environment of

these halides was essentially as described in the latter study

and the same numbering was used: chloride 201 (Fig. 3b) is

bound to residues Tyr23 (OH group, distance of 2.98 AÊ ) and

Asn113 (N�, 3.41 AÊ ) of two symmetry-related molecules:

chloride 202 is linked to Ser24 (O
, 3.06 AÊ ) and Gly26 (N,

3.13 AÊ ), chloride 203 is associated with conformation A of

loop 59±75 as illustrated in Figs. 5 and 6, chloride 204 interacts

with Ile88 (N, 3.30 AÊ ) and His15 (N", 3.42 AÊ ) and chloride 205

interacts with Lys33 (N�, 3.52 AÊ ). The ®ve anions also have

water molecules as ligands and the electron density indicates

that the chloride sites are not fully occupied and that, as for

chloride 203 in loop 59±75 (Fig. 5), alternative solvent

networks are present. Final Beq values and occupancy factors

of chlorides 201±205 are 10.0, 14.5, 10.7, 20.2, 19.0 AÊ 2 and 0.70,

0.75, 0.48, 0.44, 0.75, respectively. Chlorides 206, 207 and 208

were associated with residues 65, 73 and 68, respectively

(Dauter et al., 1999). These ions are not seen in the present

study, probably owing to their location in a region close to the

¯exible 59±75 loop where the electron density for the solvent

shell is not well de®ned. Thus, weakly bound chlorides, if

present, are unlikely to be detected from their anomalous

signal.

4. Concluding remarks

The production of crystals that yield diffraction at atomic

resolution provides many advantages for crystallographic

studies. In such a case, the model re®nement requires only

very few manual adjustment, mainly during the latest steps,

and is carried on in a series of well de®ned steps (see Sevcik et

al., 1996; Sheldrick & Schneider, 1997; Walsh et al., 1998). As
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Table 4
Comparison of loop 59±75 conformations.

R.m.s.d.² (AÊ )

Arg73 '/ (�)
Confor-
mation A

Confor-
mation B

Heteroatoms bound
to the loop

Conformation A ÿ110.1/173.9 Ð 0.61 Na+, Clÿ, 2 H2O
1lsa³ ÿ120.2/158.5 0.20 0.53 3 H2O
193l§ ÿ100.3/169.0 0.19 0.54 Na+, 3 H2O
1lz8} ÿ117.7/173.1 0.16 0.56 Na+, Clÿ, 2 H2O
Conformation B ÿ101.5/ÿ22.8 0.61 Ð 3 H2O
3lzt²² ÿ110.1/ÿ24.3 0.67 0.29 3 H2O

² R.m.s.d. for N, CA and C positions in residues 57±76 after least-squares superposition
of their main-chain atoms. ³ Tetragonal HEWL (120 K) solved at 1.7 AÊ resolution
(Kurinov & Harrison, 1995); starting model. § Tetragonal HEWL (279 K) solved at
1.33 AÊ resolution (Vaney et al., 1996). } Tetragonal HEWL (100 K) solved at 1.54 AÊ

resolution (Dauter et al., 1999). ²² Triclinic HEWL (120 K) solved at 0.92 AÊ resolution
(Walsh et al., 1998).

Figure 6
Coordination ligands of the sodium and chloride ions in loop 59±75.
Ellipsoids were drawn with a 30% probability using the software rastep
(Merritt & Bacon, 1997).
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seen in the present study of HEWL, an atomic resolution

structure is much more accurate. It brings a wealth of details

such as a better description of ¯exibility in the macromolecule

through the re®nement of ADPs and the modelling of

conformational disorders, an enhanced description of the

solvent network and ion-binding sites. Recent technological

advances in data collection (third-generation synchrotron

sources, two-dimensional area detectors and cryocooling

methods) have contributed to the explosion of atomic reso-

lution studies (Merritt, 1999).

Current advances in data-collection methodology and

instrumentation are shifting the limiting factor for high-quality

diffraction data towards the intrinsic quality of the crystal

sample. In that view, it is vital to develop crystallization stra-

tegies to increase the potential of the crystalline material

already available. The automatic optimization of nucleation

and growth conditions provided by counter-diffusion methods,

either on ground or in space, can be a signi®cant advance in

this direction.
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