
# 1998 International Union of Crystallography Acta Crystallographica Section D
Printed in Great Britain ± all rights reserved ISSN 0907-4449 # 1998

522

Acta Cryst. (1998). D54, 522±546

Re®nement of Triclinic Hen Egg-White Lysozyme at Atomic Resolution

Martin A. Walsh,a*² Thomas R. Schneider,a³ Larry C. Sieker,b Zbigniew Dauter,a,c Victor S. Lamzina and
Keith S. Wilsona,c

aEuropean Molecular Biology Laboratory (EMBL), c/o DESY, Notkestrasse 85, D-22603 Hamburg, Germany,
bDepartment of Biological Structures, SM-20, University of Washington, Seattle, WA 98195, USA, and cDepartment of

Chemistry, University of York, Heslington, York Y01 5DD, England. E-mail: walsh@anl.gov

(Received 15 July 1997; accepted 15 October 1997 )

Abstract

X-ray diffraction data have been collected at both low
(120 K) and room temperature from triclinic crystals of
hen egg-white lysozyme to 0.925 and 0.950 AÊ resolution,
respectively, using synchrotron radiation. Data from one
crystal were suf®cient for the low-temperature study,
whereas three crystals were required at room tempera-
ture. Re®nement was carried out using the programs
PROLSQ, ARP and SHELXL to give ®nal conventional
R factors of 8.98 and 10.48% for data with F > 4��F�
for the low- and room-temperature structures, respec-
tively. The estimated r.m.s. coordinate error is 0.032 AÊ

for protein atoms, 0.050 AÊ for all atoms in the low-
temperature study, and 0.038 AÊ for protein atoms and
0.049 AÊ for all atoms in the room-temperature case, as
estimated from inversion of the blocked least-squares
matrix. The low-temperature study revealed that the
side chains of 24 amino acids had multiple conforma-
tions. A total of 250 waters, six nitrate ions and three
acetate ions, two of which were modelled with alternate
orientations were located in the electron-density maps.
Three sections of the main chain were modelled in
alternate conformations. The room-temperature study
produced a model with multiple conformations for eight
side chains and a total of 139 water molecules, six nitrate
but no acetate ions. The occupancies of the water
molecules were re®ned in both structures and this step
was shown to be meaningful when assessed by use of the
free R factor. A detailed description and comparison of
the structures is made with reference to the previously
reported structure re®ned at 2.0 AÊ resolution.

1. Abbreviations

HEWL, hen egg-white lysozyme; LTL, low-temperature
(120 K) lysozyme structure; RTL, room-temperature
(295 K) lysozyme structure; Fo, Fc, observed and calcu-

lated structure-factor amplitudes, respectively; r.m.s.,
root-mean-square; PDB, Brookhaven Protein Data
Bank; ARP, Automatic Re®nement Procedure; ADP's,
anisotropic displacement parameters; Beq, B factor
equivalent to a given set of ADP's; Ueq, isotropic mean-
square displacement equivalent to a set of ADP's,
Beq � 8�2Ueq; Ace, acetate ion; DB plot, plot of
(3Fo ÿ 2Fc, �c) density interpolated at atomic centres as
a function of Beq.

2. Introduction

Hen egg-white lysozyme (HEWL) was one of the ®rst
proteins to be crystallized (Steinrauf, 1959) and has been
the subject of numerous crystallographic studies (see
Vaney et al., 1996, and references therein). This stems in
part from the material being readily available, stable,
quite soluble and easily crystallized in several different
space groups (Steinrauf, 1959). The crystal structure of
lysozyme was ®rst determined in the tetragonal form
(Blake et al., 1965). Since then, crystal structures have
been examined by X-ray diffraction of the monoclinic,
triclinic and orthorhombic forms (Vaney et al., 1996).
Other crystal structure investigations have been carried
out using neutron diffraction (Lehmann et al., 1985) and
cryogenic temperatures (Kurinov & Harrison, 1995;
Young et al., 1994). In addition, crystal structures of
HEWL complexes with various substrate analogues
(Imoto et al., 1972; Kurachi et al., 1976; Maenaka et al.,
1995; Strynadka & James, 1991) and metal ions (Kurachi
et al., 1975) have been determined. Lysozyme has also
become one of the subjects for study of the dynamics of
crystal growth, and this aspect has been studied under
microgravity conditions on space ¯ights (Vaney et al.,
1996). Besides investigations of the crystal structure of
native HEWL, complexes with HEWL, perturbations of
hydration in the crystal (Kodandapani et al., 1990;
Nagendra et al., 1995), deuterium exchange in the crystal
(Mason et al., 1984) and antigenic properties of the
HEWL (Chacko et al., 1996; Cohen et al., 1996) have
been investigated. There have been numerous studies of
its biochemical, biophysical and enzymatic properties
(for a review see Mckenzie & White, 1991). Needless to
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say HEWL is one of the most intensively studied
proteins and with the advent of genetic engineering,
studies of site-speci®c mutants have been analysed to
assess the roles played by speci®c amino-acid residues
on structure and function (Had®eld et al., 1994; Hashi-
moto et al., 1996; Maenaka et al., 1995; Wilson et al.,
1992).

For the majority of protein crystallographic studies,
the crystallographer is at the mercy of the protein crystal
which in general diffracts weakly. This is attributed to
the large size and ¯exibility of protein molecules and the
high solvent content of their crystals. Until recently, only
a few small proteins which produced well ordered
crystals with a low solvent content were known to
diffract to atomic resolution (<1.2 AÊ ). Important
developments in recent years in crystallographic
methods, detector technology and the availability of
high-intensity synchrotron sources have led to a large
increase in the number of protein structures determined
at atomic resolution (Dauter et al., 1995). At atomic
resolution the number of measured re¯ections
substantially exceeds the number of parameters to be
re®ned. The far greater ratio of experimental observa-
tions to parameters allows, at least for the well ordered
regions of the protein molecule, the re®nement of the
model without any stereochemical restraints. However,
protein structures contain highly ¯exible regions which
need to be restrained even at high resolution and in
practice some degree of geometric restraints are applied
during re®nement of the protein model.

Structures at atomic resolution can be re®ned with
high accuracy, which until recently were thought only
attainable in the ®eld of small-molecule crystallography.
The increasing number of protein structures being
reported at atomic resolution are providing us with a far
more accurate picture of the geometric and conforma-
tional properties of proteins in general. Fast, ef®cient
and reliable protocols are still being formulated, and/or
improved. The present study enforces and extends
previous protocols (Sevcik et al., 1996; Sheldrick &
Schneider, 1997) and provides further data for inclusion
in an improved library of stereochemical target values
for use in the re®nement and validation of structures at
lower resolution. The latter point has been the focus of
attention of an EC network on the validation of three-
dimensional structures. The low-temperature lysozyme
structure reported here was analysed along with seven
other structures re®ned at atomic resolution using four
different validation tools, PROCHECK (Laskowski et
al., 1993), PROVE (Pontius et al., 1996), SQUID
(Old®eld, 1992) and WHATCHECK (Hooft et al., 1996).
The results of this work are presented in a separate
paper (Wilson et al., 1998).

The triclinic crystal form of HEWL is the optimal one
to study at very high resolution. This particular crystal
form has only one molecule in the unit cell. The mole-
cules pack in such a way that the water content is

minimal causing the crystal to have one of the lowest
unit-cell volume to molecular weight ratios observed for
a 14 kDa protein. The very low unit-cell volume coupled
with the high crystal quality (i.e. low mosaic spread of
the crystal with a relatively rigid protein molecule)
allows the recording of diffraction data to at least 1.0 AÊ

resolution using a conventional sealed X-ray tube. A
previous crystal structure investigation by Jensen, Sieker
et al. (Hodsdon et al., 1990; Ramanadham et al., 1989,
1990) aimed at elucidating the ®ne details of the tertiary
structure was reported at 2.0 AÊ resolution, although
diffraction data were observed to 1.0 AÊ . We report the
P1 crystal structure to atomic resolution at 120 K
(0.925 AÊ ) and at 295 K (0.950 AÊ ), abbreviated hereafter
as LTL and RTL, respectively. The data have allowed a
precise description of the structure in addition to high-
lighting the advantages of X-ray data collection using
synchrotron radiation. Furthermore, comparison of the
two structures at room and cryogenic temperatures
provides additional support for the advantages of using
cryocrystallography as a routine method in macro-
molecular X-ray data collection.

3. Materials and methods

3.1. Crystallization, data collection and processing

Crystallization of HEWL in the triclinic form (P1) is
not generally straightforward. The P1 crystals develop
from a 1% protein solution buffered at pH 4.5 with
100 mM sodium acetate in the presence of 2%(w/v)
sodium nitrate at 296 K. Without seeding most of the
crystals are in the monoclinic form, but about 10% of
the crystals appear as the P1 triclinic crystal form
(Sieker, 1988). Normally, monoclinic crystals appear ®rst
as thick lathe-shaped needles whereas P1 crystals grow
later as chunky prisms. To obtain P1 crystals routinely in
good yield, seeding the crystallizing solution with a P1
crystal is necessary. Seed crystals for P1 were obtained
by the minibatch technique by adding suf®cient solid
sodium nitrate to make the 1% protein solution 2±2.2%
in sodium nitrate and allowing the experiment to
proceed until P1 crystals grow. Diffraction-quality P1
crystals were grown by the same procedure however in
this case washed P1 seed crystals were introduced into
100 ml minibatch solutions immediately after they were
set up. The crystallizing solutions were made by mixing
debris-free 50 ml of 2% (20 mg mlÿ1) protein solution
with 50 ml of buffered 4% sodium nitrate. The experi-
ments were covered and allowed to stand at 296 K.

Data were collected using synchrotron radiation from
the EMBL beamlines X11 (low temperature) and
BW7B (room temperature) at the DORIS storage ring,
DESY, Hamburg on a 300 mm MAR Research imaging-
plate scanner. For the low-temperature experiment a
singe crystal suitable for X-ray diffraction was trans-
ferred to the reservoir solution to which glycerol
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[25%(v/v)] was added, mounted in a ®bre loop (Teng,
1990) and immediately ¯ash frozen at 120 K under a
nitrogen vapour stream using an Oxford Cryosystems
Cryostream (Cosier & Glazer, 1986). Three sets of data
were collected at resolution cut-offs of 0.92, 1.4 and
2.4 AÊ to avoid saturation of the high-intensity re¯ec-
tions. The data were integrated, scaled and merged using
the DENZO and SCALEPACK programs (Otwinowski
& Minor, 1997). The overall Rmerge on intensities for all
data was 2.8% and the data were 90.1% complete. For
the room-temperature experiment data from three
crystals were combined. The crystals were mounted in
glass capillaries using standard procedures (Ducruix &
GiegeÂ, 1992). Three sets of data were collected at
resolution cut-offs of 0.93, 1.5 and 2.45 AÊ . Data from two
crystals were used to collect a complete high-resolution
set with an Rmerge of 7.3%. The medium- and low-reso-
lution data were collected using a third crystal. Scaling
and merging resulted in an Rmerge of 6.0% for all data in
the resolution range 21±0.95 AÊ . The data were 96.5%
complete.

Data-collection parameters and processing for room-
and low-temperature data are summarized in Table 1.
The percentage completeness of the data is shown in Fig.
1(a). The incompleteness in the low-temperature data
was due to the blind region which is unavoidable with P1
symmetry when oscillating around a single axis. The
lower completeness in the data collected at 120 K was
due to time restraints which prevented collection of an
additional data set with the crystal re-oriented to mini-

mize the blind region. The Rmerge for symmetry-
equivalent re¯ections as a function of resolution is
shown in Fig. 1(b). Overall B factors of 5.5 and 7.1 AÊ 2 for
LTL and RTL were estimated from their respective
Wilson plots (Wilson, 1942).

3.2. Re®nement protocol

3.2.1. Overall strategy. Re®nement was carried out
against 97% of the measured data. The remaining 3%
(1776, re¯ections for LTL and 1870 for RTL) were
randomly excluded from the data set and used as a
cross-validation test using the free R factor (BruÈ nger,
1992). In the ®nal steps of the re®nement all data were
included. Atomic coordinates and isotropic displace-
ment parameters were re®ned by restrained least-
squares minimization using the CCP4 (Collaborative
Computational Project, Number 4, 1994) fast Fourier
version of PROLSQ (Hendrickson & Konnert, 1980).
The starting model for the re®nements was the coordi-
nate set 2LZT from the Brookhaven Protein Data Bank
(Bernstein et al., 1977), which had been re®ned against
data to 2.0 AÊ resolution (Ramanadham et al., 1990). All
solvent molecules were removed before the re®nements
commenced. A total of 50 cycles were carried out. 20
further cycles were then carried out in conjunction with
an automated re®nement procedure (ARP) (Lamzin &
Wilson, 1993, 1997) which models and updates solvent
structure after each re®nement cycle. Standard
restraints as implemented in the CCP4 version of

Table 1. Data collection and processing statistics

Low-temperature 120 K data

No. of crystals 1
Beamline X11
Wavelength (AÊ ) 0.927
Space group P1
Unit-cell dimensions (AÊ , �) a = 26.65 b = 30.80 c = 33.63, � = 89.30 � = 107.40 
 = 112.20
Resolution (AÊ ) 20±0.925
Rmerge² (I)(%) 2.8 (16.8)³
hIi=h��I�i 29.1 (4.9)
Completeness (%) 90.1 (78)
No. of observations 232156
No. of unique re¯ections 58373

Room-temperature 295 K data
No. of crystals 3
Beamline BW7B
Wavelength (AÊ ) 0.862
Space group P1
Unit-cell dimensions (AÊ , �) a = 27.24 b = 31.87 c = 34.23, � = 88.52 � = 108.53 
 = 111.89

All crystals Crystals 1+2 Crystal 3 Crystal 3
Resolution (AÊ ) 21±0.95 2.5±0.95 5.0±1.50 21±2.45
Rmerge² (I) (%) 6.0 (27.3) 7.3 (27.2) 5.1 (6.0) 4.3 (5.9)
hIi=h��I�i 14.4 (4.7) 17.9 (3.5) 22.9 (20.6) 25.7 (21.0)
Completeness (%) 96.5 (94.9) 89.6 (94.7) 84.6 (95.5) 93.4 (98.2)
No. of observations 289540 268930 67251 12420
No. of unique re¯ections 61265 53773 13084 2937

² Rmerge �
P

hl

PN
i�1 jhIhkli ÿ Ihkl

i j=
P

hkl

PN
i�1 Ihkl

i . ³ Values in parentheses are for the highest resolution shell.
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PROLSQ were applied to the geometrical parameters,
except in the case of displacement parameters which
were assigned weaker restraints of 4 (6) and 5 AÊ 2 (8 AÊ 2)
for 1±2 and 1±3 neighbour atoms (bond and angle),
respectively, the values in brackets being for the side-
chain equivalent. A 2:1 weight ratio of the X-ray/
geometry terms was applied throughout this ®rst stage
of re®nement. X-ray data in the 20±0.925 AÊ (LTL) and
20±0.95 AÊ (RTL) resolution range were used with no �
cut-off on amplitudes. No manual intervention was
carried out in the isotropic re®nement stage. Before
commencement of anisotropic re®nement with
SHELXL (Sheldrick & Schneider, 1997) an initial ten
cycles of isotropic re®nement using SHELXL were
carried out. Disordered residues were modelled and
atom occupancies re®ned using one common occupancy
value for the side-chain atoms. H atoms were not re®ned

but included at calculated positions, introducing no
additional parameters into the re®nement process.
Anisotropic re®nement was carried out in a series of
rounds with SHELXL. Each round consisted of ten
conjugate-gradient cycles and where new atoms were
introduced into the model they were always re®ned
isotropically for two cycles before making them aniso-
tropic. After each of these re®nement rounds the model
was inspected manually with 3Fo ÿ 2Fc and Fo ÿ Fc

Fourier maps using the program O (Jones et al., 1991).
The re-building was aided by systematically checking all
electron-density peaks greater than 5� in the Fo ÿ Fc

Fourier maps.
Once most peaks greater than 5� had been accounted

for, the occupancies of the water molecules were re®ned.
The free R was used to assess the validity of the resultant
models. Identi®cation of modelled water sites, with poor
agreement to the experimental data was aided by use of
plots of (3Fo ÿ 2Fc, �c) density interpolated at the
atomic centres as a function of atomic Beq (DB plots)
(Sevcik et al., 1996). The ®nal stage of the protocol
involved re®nement of the structures against all the
X-ray diffraction data. The scheme of the re®nement
protocol is shown in Fig. 2.

4. Results

4.1. Details of the re®nement

4.1.1. Low-temperature structure. The ®rst stage of
re®nement using PROLSQ in conjunction with ARP
converged to an R factor of 17.9% and a free R of
21.5%. Ten cycles of isotropic re®nement with SHELXL
using these re®ned coordinates resulted in a slightly
lower R factor of 17.7%, although the free R remained
at 21.5%. The model was inspected using 3Fo ÿ 2Fc and
Fo ÿ Fc Fourier maps. Only one large error in the
structure was identi®ed, Trp62 whose side-chain atoms
were incorrectly placed in the previous structure. No
electron density was visible for the side chain of Trp62 in
the room-temperature study by the Jensen group
(Hodsdon et al., 1990; Ramanadham et al., 1989, 1990).
There was signi®cant radiation damage to the crystal, so
this probably contributed to the problem. The C-
terminus of the protein (residues 128±129) was ill
de®ned and removed from the model before the start of
anisotropic re®nement.

The ®rst round of anisotropic re®nement resulted in a
sharp drop of the R factor to 13.3%, with a comparable
decrease in the free R to 17.9%. A detailed inspection of
the model was then made. Side chains that were either
disordered or had multiple conformations were identi-
®ed. Minor adjustments, such as placement of the
correct rotamer, were made to residues Thr43, Asn106,
Arg112 and Lys116. Gln121 and Arg128 had very poorly
de®ned electron density for their side-chain atoms.
Alternate conformations were modelled for Gln14 and

Fig. 1. The X-ray data for LTL (circles) and RTL (triangles). (a) The
percentage completeness of the data as a function of resolution.
(b) The merging R(I) for symmetry-related re¯ections,
Rmerge �

P
hkl

PN
i�1 jhIhkli ÿ Ihkl

i j=
P

hk

PN
i�1 Ihkl

i as a function of
resolution.
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Asn113. Other side chains such as Arg114 clearly
showed more than one conformation, although at this
stage of the re®nement the electron density was not
suf®ciently clear to model these alternate side-chain
positions. Therefore, to improve the electron density in
these parts of the structure, the side-chain atom occu-
pancies were released. This resulted in an improvement
in the subsequent difference Fourier, Figs. 3(a) and 3(b).
This strategy was subsequently used at other sites in the
protein to aid model building. Solvent sites in the
vicinity of disordered residues were intuitively selected
as partially occupied, their occcupancy being linked to
the appropriate alternative side-chain conformation.

The re®nement continued with alternate sessions of
re®nement and model building (Table 3). After stage 6
with an R factor of 11.2% and free R of 14.8%, H atoms
were added to the model at calculated positions,
lowering the R factors by approximately 1.0% in both
cases. In the previous re®nement of triclinic lysozyme
(Hodsdon et al., 1990; Ramanadham et al., 1989, 1990),
the majority of the water sites were assigned ®xed
occupancies of less than 1.0, see x5.5. In this study,
re®ning the site occupancies of the water molecules
directly using SHELXL was assessed after the
re®nement had converged to an R factor of 9.3% in
stage 14. The validity of this was con®rmed using the

Fig. 2. A scheme of the protocol used
in the re®nement of triclinic
lysozyme. (*SHELXL options.)
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free R value, see x5.5. After the last stage of re®nement
using all data a ®nal R factor of 8.98% for 54 623
re¯ections with Fo > 4��Fo� and 9.25% for all data,
58 367 re¯ections in the resolution range 20±0.925 AÊ was
obtained.

4.1.2. Room-temperature structure. The same proce-
dure as outlined in the previous section was used for the
re®nement of RTL. A summary of the major steps in the
re®nement is reported in Table 3(b). The isotropic
re®nement stage using PROLSQ/ARP resulted in far
fewer solvent sites being automatically located. This is
more than likely due to the poorer quality of the low-
resolution X-ray data and to the fact that data from
three different crystals were required for a full data set.
Visual comparison of the RTL and LTL electron-density
maps after the isotropic stage clearly showed the higher
quality of the LTL maps in less rigid regions of the
structure as would be expected, Fig. 3(c) and 3(d). The
regions of the protein which showed double or multiple
conformations in LTL, were for the most part not visible
in RTL. One surprising exception to this was Gln121
which proved to be the most troublesome residue to ®t
into any reasonable electron density in LTL. Using the
room-temperature data, density is clearly visible up to
the CG atom although again ambiguous for the terminal
atoms. No clear density for an alternate conformation
was found. Ser50 was modelled in two conformations in
RTL, no electron density was visible for an alternate
conformation in LTL. A total of eight residues were
assigned alternate conformations: Lys1, Ser24, Thr43,
Ser50, Ser85, Ser86, Thr89 and Val109. The occupancies
of the side-chain atoms of residues Asn19, Arg68,
Asp87, Asn106 and the C-terminal atoms of Arg128 and
Leu129 were re®ned, although no clear electron density
for alternative conformations were found. Inspection of
Fo ÿ Fc Fourier maps showed negative electron-density

peaks in the above regions if the occupancies were ®xed
at unity.

Anisotropic re®nement continued as for LTL, and
followed a similar pattern, although the ®nal R factor
and free R converged to higher values of 11.4 and
14.3%. Re®nement of water occupancies was also
carried out, the R factor and free R decreased by 0.3 and
0.2%, similar to LTL. After the last stage of re®nement
using all data the ®nal R factor was 10.48% for 56 149
re¯ections with Fo > 4��Fo� and 10.82% for all data,
61 258 re¯ections in the resolution range 20±0.95 AÊ .

4.2. Final models

4.2.1. Low-temperature structure. The ®nal model for
the 1001 protein atoms of HEWL in LTL consists of a
total of 1104 protein atom sites, 250 water molecules, six
nitrate ions and three acetate ions. 24 side chains were
modelled in two conformations. Three sections of the
main chain were modelled in two conformations, resi-
dues 103±104, 113±114 and the carbonyl O atom of
Thr43. The electron density for the polypeptide chain is
excellent; only three residues are poorly de®ned. The
side-chain atoms of Arg112 have no electron density
past NE at the level of 1.0� with Beq's of 40.6, 39.5, 36.0
and 33.1 AÊ 2 for the NH1, NH2 CZ and NE atoms,
respectively. Gln121 was modelled in two conforma-
tions, although the density for the side-chain atoms
suggests multiple conformations. The C-terminus is
quite ¯exible, with an average Beq of 18.6 AÊ 2 for all
protein atoms of Arg128 and Leu129. Arg128 was
modelled in two distinct conformations, although the
somewhat poor density again suggests there may be
dynamic disorder or additional conformers. The occu-
pancies of the Leu129 atoms were re®ned, but no

Table 2. Re®nement statistics for triclinic lysozyme

PROLSQ PROLSQ/ARP SHELXL²

R factor³ (%) 25.2 (23.5)§ 17.9 (19.7) 8.98 (10.48)
Free R factor} (%) 28.2 (26.7) 21.5 (23.0) 11.02 (14.10)
No. of atoms (non-H)

Protein 1001 1001 1104 (1020)
Water ± 279 (123) 250 (139)
Other²² 44 (24)

R.m.s. deviations from ideal geometry
Target

Bond length (1±2) (AÊ ) 0.02 0.022 (0.025) 0.015 (0.02) 0.017 (0.017)
Angle distance (1±3) 0.04 0.05 ( 0.054) 0.037 (0.043) 0.044 (0.033)
Planar distance (1±4) 0.05 0.048 (0.05) 0.036 (0.046) 0.051 (0.050)
Chiral volumes (AÊ 3) 0.15 0.18 (0.18) 0.15 (0.17) 0.25 (0.16)
Deviations from planes ( AÊ ) 0.02 0.02 (0.02) 0.017 (0.018) 0.03 (0.03)
Planar torsion angles (�) 3.0 3.74 (3.58) 3.34 (3.35) 6.84 (6.28)

Mean Beq ( AÊ 2)
All atoms 9.6 (13.2) 12.37 (14.23) 11.80 (16.38)
Protein atoms 9.6 (13.2) 8.63 (12.7) 8.69 (14.28)
Solvent atoms Ð 25.79 (26.79) 21.97 (29.57)

² Calculated values output from PROLSQ, using ®nal model from SHELXL. ³ R � 100
P

h

��jFoj ÿ jFcj
��=Ph jFoj. § Values in brackets are

for RTL. } Free R factor is calculated for 3% of the data which were omitted from the re®nement. ²² Nitrate and acetate ions.
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Fig. 3. 3Foÿ 2Fc and Foÿ Fc electron
density contoured at 1.04 e AÊ ÿ3

(1.3�) and 2.8 e AÊ ÿ3 (3.5�) levels
for Arg114 before (a), and after
(b), ten cycles of conjugent-
gradient re®nement with
SHELXL, with a common occu-
pancy value re®ned for the side-
chain atoms. Green backbone is
the current model, magenta back-
bone is the ®nal model. Stereo
pictures of the 3Fo ÿ 2Fc electron
density contoured at 1.04 e AÊ ÿ3

(1.3�) for residues 103±104 in (c)
LTL and (d) RTL. Main-chain
disorder is clearly visible in LTL.
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alternative conformation(s) were visible in the 3Fo ÿ
2Fc or Fo ÿ Fc Fourier maps.

4.2.2. Room-temperature structure. The ®nal model for
RTL consists of 1020 protein atom sites, 139 water
molecules and six nitrate ions. Eight amino-acid side
chains were assigned alternate conformations. Regions
of protein with high ¯exibility are more evident in RTL.
For example, examination of the sections of the poly-

peptide chain modelled in two conformations in LTL
showed the electron density for residues 99±104 to be
broken and not fully interpretable. The electron density
for Asn113±Cys115 is fully interpretable, although
re®ned ADP's for this region of the polypeptide chain
are higher than average. The main-chain protein atoms
of this segment have an average Beq of 13.1 AÊ 2

compared with 11.0 AÊ 2 overall. Beq's for the last 20
residues making up the C-terminus are considerably
higher than for the rest of the protein as in LTL. The
higher ¯exibility of the C-terminal end was pointed out
in the previous 2 AÊ study. Other residues with unclear
electron density were Asn106, Arg128 and Leu129.
Arg128 and Leu129 were re®ned as partially occupied.

4.2.3. Quality of models. The quality of the ®nal
models for LTL and RTL is summarized in Table 2. A
plot of the ' and  angles of the polypeptide chain for
LTL is shown in Fig. 4 (Ramachandran & Sasisekharan,
1968). 90.3% of the residues are located in the most
favoured regions, 9.7% are in the additional allowed
regions and no residues are found in the generously
allowed and disallowed regions of the plot. Fig. 3(e)
shows the quality of the electron density of a well
de®ned section of the model in LTL. Electron density is
clearly visible at the 5� level. Fig. 3( f) shows the
equivalent section in RTL and the corresponding elec-
tron density.

Several cycles of blocked-matrix least-squares
re®nement containing positional parameters of 30 resi-
dues and ADP's of 15 residues per block, with two
overlapping residues between successive blocks were
carried out to estimate the coordinate errors in the two
models. Fig. 5(a) and 5(b) shows the plot of coordinate
error versus residue number for main-chain atoms only
for both structures. The overall r.m.s. error for protein
main-chain atoms with unit occupancy is 0.021 AÊ for

Fig. 4. Ramachandran plot for LTL. Glycine residues are represented
as triangles.

Fig. 3. (cont.) (e) and (f) 3Fo ÿ 2Fc electron density contoured at
1.12 e AÊ ÿ3 (1.4� blue) and 4 e AÊ ÿ3 (5� red) for Tyr53 in LTL and
RTL, respectively. (g) 3Fo ÿ 2Fc electron density contoured at
1.04 e AÊ ÿ3 (1.3�, blue) and 3.2 e AÊ ÿ3 (4�, red) for nitrate-150 in
LTL.
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LTL. The overall r.m.s. coordinate error for all protein
atoms is 0.032 AÊ . For RTL the values are 0.030 and
0.038 AÊ .

The OÐNÐCÐCA atoms were restrained to lie in an
unweighted least-squares plane with a standard devia-
tion of 0.5 AÊ 3. The average standard uncertainty of the !
values as estimated by the inversion of the least-squares
matrix is 0.74�. The distribution of ! shows that the
peptide bond is not planar, with some peptides deviating
from planarity by up to 20±25�. The distribution is not
symmetric, it has a mean value of 179.8�, with a standard
deviation of 7.0�, Fig 6(a). The largest deviation from
planarity is for the peptide bond at Trp63, (CA62, C62,
N63, CA63) which deviates by 24.6�. RTL has a similar
distribution of ! angles with a mean value of 179.2� with
a standard deviation of 6.3�, Fig. 6(b). The largest
deviation from planarity again occurs at Trp63. The
sample size is small in the above analysis, but agrees with

more recent surveys of the peptide ! angles in both the
Cambridge Structural Database (Allen & Kennard,
1993) and the PDB (MacArthur & Thornton, 1996).

No restraints were imposed on �1 angles during
re®nement. Analysis of �1 angles for all residues in
LTL reveals three clusters corresponding to three
possible rotamers, Fig. 6(c). The mean values and
standard deviations in parentheses of these peaks
calculated by ®tting three Gaussian functions in the
distribution, were 66 (4), 181 (6), and ÿ65 (9)� when
residues with double conformations are included and
67 (5), 183 (7), ÿ67 (9) when excluded. Similarly for
RTL three peaks were observed at 65 (4), 183 (10),
ÿ67 (8) when residues with double conformations are
included and 67 (3), 183 (9) and ÿ67 (8) when not, Fig.
6(d). These values again agree with the study by Sevcik
et al. (1996). The rotamer torsions should not be
restrained in re®nement as these unrestrained para-

Table 3. Course of the structural re®nement of lysozyme

(a) At 120 K
LTL Round 1±3: no manual building of model. Round 4: Trp62 was adjusted and Leu129 assigned zero occupancy. Round 5: adjustment of
residues Thr43, Asn106, Arg112, Lys116 and Gln121. Double conformations were assigned for Gln14 and Asn113. Site ccupancies of Arg114 side-
chain atoms re®ned. Leu129 added to model. Five nitrates added. Round 6: double conformations were assigned for Asn19, Arg61, Ser85, Val109,
Arg114 and the main chain at Asn103-Gly104. Site occupancies of the side-chain atoms of Arg45, Gln121 and Arg128 re®ned. Three nitrates
added. Round 7: H atoms added. Double conformations were assigned for Thr43, Arg45, Arg61, Val99, Gln121. Site ccupancies of Arg68 side-
chain atoms re®ned. Round 8: double conformations were assigned for Arg68, Lys97 Arg128. Three nitrates removed. Two acetate ions added.
Round 9: double conformations were assigned for Asn106, the carbonyl O atoms of Thr43 and the main-chain atoms at Asn113±Cys115, the
occupancies being linked to the double conformations of Asn113 and Arg114. Two acetates and one nitrate added. Round 10: double
conformation assigned for Asp87. Round 11: Gln121 alternate conformation removed. Two acetates removed. One glycerol molecule added.
SWAT option for bulk solvent. Round 12: double conformations were assigned for Ser81, Ser86. Partially occupied waters were linked to the
disordered side chains of Arg45, Arg61 Arg68, Ser72, Asn106, Gln121. Round 13: weighting changed. Glycerol removed. Round 14: double
conformations were assigned for Thr47 and Ser86. Round 15: water site occupancies re®ned. Round 16: re®nement against all data.

Round 1 2 3 4 5 6 7 8
No. cycles 50 20 10 10 (2)² 10 (2)² 10 (2)² 10 (2)² 10 (2)²
No. atoms

All (non-H) 1001 1280 1260 1260 1312 1327 1318 1355
Protein 1001 1001 993 993 1037 1053 1053 1070
Water Ð 279 267 267 255 242 245 269

Other Ð Ð 5 nitrates 8 nitrates
5 nitrates, add
H atoms

5 nitrates
2 acetates

R factor
at end (%) 25.2 17.9 17.74 13.3 12.59 11.21 10.48 9.95
Rfree

at end (%) 28.2 21.5 21.5 17.9 16.35 14.8 13.77 13.04
Re®nement² ISO-PLSQ ISO/ARP ISO-SH ANI-SH ANI-SH ANI-SH ANI-SH ANI-SH

Round 9 10 11 12 13 14 15 16
No. cycles 20 (2)³ 10 (2)³ 10 (2)³+swat§ 10 (2)³ 10 (2)³ 20 (2)³ 10 20 (all data)
No. atoms

All 1396 1408 1401 1406 1407 1408 1408 1398
Protein 1097 1100 1095 1097 1099 1104 1104 1104
Water 259 268 268 271 272 258 258 250

Other
6 nitrates
4 acetates

6 nitrates
4 acetates

6 nitrates
2 acetates
1 glycerol

6 nitrates
2 acetates
1 glycerol

6 nitrates,
1 partial
3 acetates,
2 partial

6 nitrates,
1 partial
3 acetates,
2 partial

6 nitrates,
1 partial
3 acetates,
2 partial
re®ne water
occ.

6 nitrates,
1 partial
3 acetates,
2 partial

R factor
at end (%) 9.68 9.49 9.37 9.27 9.28 9.27 9.03 8.98
Rfree at end (%) 12.63 12.35 12.08 1140 11.62 11.29 11.02 Ð
Re®nement ANI-SH ANI-SH ANI-SH ANI-SH ANI-SH ANI-SH ANI-SH ANI-SH
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meters are useful in the validation of the re®ned struc-
ture (Wilson et al., 1998). The results highlight the
tighter clustering of these unrestrained parameters
around the energetically preferred values as the reso-
lution of the analysis increases.

Comparison of the backbone dihedral angles !, ', and
 of LTL and RTL show good agreement and mirror the
comparison of the independent molecules in the asym-
metric unit of ribonuclease from Streptomyces aureofa-
ciens (Sevcik et al., 1996). The r.m.s. deviation between
the ! angles of the two structures is 3.2�, Fig. 6(e). The
average ! angle was closer to 180� (179.2�) than in the

previous study. The correlations between the ' and  
angles were also excellent, with r.m.s. deviations
between pairs of angles in the two structures of 4.8� for '
and 4.5� for  , Fig. 6(f) and 6(g).

5. Description of structure and comparison with HEWL
re®ned at 2.0 AÊ

5.1. Overall structure

In the following sections LTL at atomic resolution is
described and taken as the reference structure for all

(b) At 295 K
RTL Rounds 1±3: As for LTL. Round 4 Adjusted Gln121. Double conformations were assigned for Val109. Site occupancies re®ned for side-chain
atoms of Arg68, Asp87, Asp106, Arg128, Leu129. Added one nitrate ion Round 5: four nitrate ions added. Round 7: add H atoms. Round 8:
double conformations were assigned for Ser24, Arg68. Site occupancies re®ned for side-chain atoms of Asp19. Round 9: adjusted 104, Gln121,
Arg128, Leu129. Double conformation assigned to Ser50. Round 10: changed weighting scheme. Round 11: water site occupancies re®ned. Round
12: all data. Round 13: adjusted Leu12. Added one nitrate ion. Round 14: Adjust Gln41. Model bulk solvent with SWAT option in SHELXL.

Round 1 2 3 4 5 6 7 8 9 10
No. cycles 50 20 10 10 (2)² 10 (2)² 10 (2)² 10 (2)² 10 50 20
No. atoms

All 1001 1125 1125 1139 1139 1177 1181 1181
Protein 1001 1001 1001 1001 1016 1007 1016 1020 1020 1020
Water Ð 124 124 124 116 145 141 141 141
Other Ð Ð Ð Ð 1 nitrate 4 nitrates 4 nitrates 5 nitrates 5 nitrates

R factor at end (%) 23.5 19.7 19.8 14.3 13.4 12.9 11.6 11.5 11.4 11.4
Rfree at end (%) 26.7 23.0 21.9 17.3 16.6 16.1 14.4 14.7 14.4 14.3
Re®nement ISO-PLSQ ISO/ARP ISO-SH ANI-SH ANI-SH ANI-SH ANI-SH ANI-SH ANI-SH ANI-SH

Round 11 12 13 14
No. cycles 10 10(2)² 10(2)² 20 (2)²
No. atoms all data

All 1181 1181 1183 1183
Protein 1020 1020 1020 1020
Water 141 141 139 139
Other 5 nitrates 5 nitrates 6 nitrates 6 nitrates

R factor at end (%) 11.1 11.1 10.9 10.48
Rfree at end (%) 14.1
Re®nement ANI-SH ANI-SH ANI-SH ANI-SH

² ISO-PLSQ = isotropic re®nement with PROLSQ; ISO-SH = isotropic re®nement with SHELXL; ANI-SH = anisotropic re®nement with
SHELXL. ³ Two cycles of isotropic re®nement carried out where new atoms were added to the model before continuing with anisotropic
re®nement. § SWAT option in SHELX which models contribution of bulk solvent, see text.

Table 4. Least-squares superpositions of lysozyme coordinate sets

(a) 2LZT onto the current models at atomic resolution.

R.m.s deviations (AÊ )
R.m.s displacement Average displacement Maximum displacement

Low-temperature model (LTL)
C� atoms only² 0.33 0.30 0.92 (Gly102 C�)
Main-chain atoms² 0.34 0.31 1.0 (Gly102 O)
Room-temperature model (RTL)
C� atoms only² 0.10 0.09 0.39 (Gly102 C�)
Main-chain atoms² 0.12 0.10 0.75 (Val99 O)

(b) RTL onto the LTL coordinate set
R.m.s deviations (AÊ )

R.m.s displacement Average displacement Maximum displacement
C� atoms only² 0.3 0.27 0.63 (Gly102)
Main-chain atoms² 0.3 0.27 1.1 (O113)
All atoms² 0.53 0.34 6.5 (NE2121)

² Using residues 1±127.

Table 3. (cont.)
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further comparisons to those determined at room
temperature, i.e. 2LZT and RTL. The polypeptide fold
of triclinic lysozyme re®ned against 0.925 AÊ data at

120 K is essentially identical to that of the room-
temperature structures. The considerable increase in the
number of data at this resolution has allowed a very

Fig. 5. Coordinate errors for main-chain atoms estimated from matrix inversion for (a) LTL and (b) RTL. Plots of Beq averaged over main-chain
and side-chain atoms for (c) LTL and (d) RTL. Plot of the r.m.s. deviation between the main-chain atoms of (e) LTL and 2LZT, (f) RTL and
2LZT, (g) LTL and RTL.
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Fig. 6. Histograms of torsional angles for LTL and RTL (a, b), !; (c, d), �1. Comparison of torsion angles in LTL and RTL (e) ', (f)  , and (g) !.
Glycines and prolines represented by triangles.
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detailed and precise interpretation of the electron
density. Extensive modelling of disorder has been
executed.

Although data to 0.950 AÊ have been collected at room
temperature, the quality of the resulting electron-
density maps is inferior to that of LTL. Consequently far
less disorder has been modelled. The reason for this is
twofold. Firstly the quality of the 0.95 AÊ room-
temperature X-ray data is relatively poor, when
compared with those from low temperature, Table 1 and
Fig. 1(a) and 1(b). The data were collected from three
crystals, although it is not clear why the data, in parti-
cular at low resolution, are not of higher quality.
Secondly, collection of X-ray data at cryogenic tem-
peratures greatly extends the lifetime of the protein
crystal in the X-ray beam and usually allows collection
of X-ray data to much higher resolution. The collection
of the data at low temperature greatly reduces the
thermal vibration of the atoms and in regions of disorder
can trap the highest populated disordered conforma-
tions.

In the previously re®ned 2.0 AÊ model, no electron
density was visible for Trp62 which plays a role in
binding of the enzyme substrate (Blake et al., 1967;
Imoto et al., 1972; Maenaka et al., 1994). The lack of
density was attributed to radiation damage during data
collection; the crystals turned yellow after prolonged
exposure to X-rays. Electron density was clearly visible
for this residue in both LTL and RTL, although the Beq's
for the side-chain atoms of Trp62 in RTL are 3±4 times
higher than for Trp63. The high mobility of this residue
is clearly visible in the ORTEP diagram shown in Fig.
7(a) and 7(b). This is probably due to the faster data
acquisition, made possible by use of synchrotron radia-
tion for RTL. However, past studies found that Trp62
could be selectively modi®ed by ozone to give kynur-
enine but left Trp63 unmodi®ed (Yamasaki et al., 1979).
It appears that Trp62 is sensitive to radiation damage in
a manner similar to what is observed with ozone. Similar
poor electron density is found in other crystal forms of
HEWL. When poor electron density is observed for a
section of a protein structure, the explanation for the
unclear map is usually attributed to greater ¯exibility in
this region, but as is seen here, this may arise from other
causes.

R.m.s. and maximum deviations between the struc-
tures based on various least-squares superposition of
CA atoms are given in Table 4. The two room-
temperature structures are essentially identical with
r.m.s. deviation between CA atoms of 0.12 AÊ or less. A
maximum displacement of 1.19 AÊ occurs at the C-
terminal residue Leu129; the electron density for this
residue was not clearly de®ned in RTL. LTL and RTL
have larger differences, with an r.m.s. deviation between
CA atoms of the order of 0.3 AÊ , which is due to the
shrinkage of the unit cell on freezing and concomitant
movements in the protein molecule. The r.m.s. devia-

tions between corresponding main-chain atoms based
on least-squares superposition of these atoms of LTL/
2LZT, RTL/2LZT and LTL/RTL are plotted as a func-
tion of residue number in Figs. 5(e), 5(f) and 5(g).

5.2. Regions of the protein structure with more than one
conformation

In LTL the side chains of 24 residues were modelled
with double conformations, in particular ®ve out of the
ten serines, and six out of 11 arginines, Table 5. Several
polar side chains on the surface, were found to have
more than one conformation. However, the side chains
of some buried residues such as valine and threonine
were also assigned double conformations.

For RTL the side chains of only eight residues were
modelled in two conformations, Table 5. Two of these,
Ser50 and Thr43, had only a single conformation in LTL.
The additional side chains modelled in double confor-
mations in LTL, had no clear electron density for
alternate conformations in RTL; however the density
was in general of inferior quality to parts of the structure
which were more rigid. In addition in RTL, the occu-
pancy of the side chains of a further six residues was
re®ned, but with a single conformation only.

Arginines with only one conformation, Arg5, Arg14
Arg21 and Arg73 are in well de®ned density. Arg112
had poorly de®ned electron density for the terminal
side-chain atoms, with Beq values of 35±40 AÊ 2. The
electron density showed no clear density for an alternate
conformation. The electron density for Arg128 allowed
two possible conformations to be modelled, but it was
clear that further conformations were highly likely.
Attempts were made to interpret the electron density in
this region of the structure more thoroughly, with
additional conformations of this residue, but no satis-
factory agreement was found. These arginines in RTL
were modelled in one conformation, although the elec-
tron density was not as clear and suggested that more
than one conformation of the side chain was present,
except for Arg73 which had well de®ned electron
density. The electron density for Gln121 proved dif®cult
to model in LTL and again only two conformations of
many possible were modelled.

In addition to alternate conformations of side chains,
parts of the main chain were found to have clearly more
than one conformation. The ®rst section of the poly-
peptide chain where two conformations were modelled,
is located at the peptide bond between residues 103 and
104, where in simple terms a peptide ¯ip occurs. The
carbonyl group of Asn103 is rotated by approximately
180� between the two conformations, with the backbone
N and CA of Gly104 re®ned in two slightly different
positions, Fig. 3(c). The loop region at residues 113±115
shows more extensive disorder, due primarily to the
¯exibility of the side chains of Asn113 and Arg114, Fig.
7(c). The third section of main-chain disorder is located
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at the carbonyl O atom of Thr43 and is linked to the
disorder of its side chain, Fig. 7(d).

The disordered residues were for the most part found
to interact through hydrogen-bonding networks, either
directly or indirectly via water molecules, to other
disordered regions in the protein. Only Ser72 and Ser86
had no direct or indirect interactions with other disor-
dered side chains. Taking each alternate conformation
separately, a number of examples of larger networks can
be easily traced in LTL, Fig. 8. The ®rst example consists
of the A conformations of Asn19, Arg114, the A and B
conformations of Asp18 and Gln41 and acetate ion 201
(Ace201). The OD1 atom of A18 interacts via hydrogen
bonds between water w2120 to A41 NE2 and B41 OE1.
A41 NE2 in turn hydrogen bonds to OD1 of A19.

B18 OD1 hydrogen bonds to A114 NH2, and A114 NH1
hydrogen bonds to Ace201. The OD1 atom of A19
hydrogen bonds to NE2 of A41. The second example
consists of the B conformations of Asp19, Ser81, and the
A conformations of Ser85 and Asp87. The OD1 atom of
Asp87 interacts with the OG atom of Ser85 via two
tightly bound water molecules, w2018 and w2056. Ser85
interacts with the ND2 atom of Asn19 via w2281. The
ND2 of Asn19 makes a direct hydrogen bond to the OG
atom of Ser81. The third example consists of the A
conformers of Ser24, Thr43, Arg68, and the A and B
conformers of Arg45. The OG of Thr43 hydrogen bonds
to OG of Ser24 and to the A and B conformers of Arg45
via w2022. Arg45 in turn hydrogen bonds via w2022 to
Arg68. The fourth example consists of the A conformer

Fig. 7. ORTEP drawings (20% ellipsoids) of Trp62 in (a) LTL and (b) RTL; (c) main-chain disorder at 113±115 in LTL, only CB atoms of side
chains are shown for clarity. (d) Main/side-chain disorder at Thr43 in LTL. The ®gures were produced using the program ORTEX (McArdle,
1994).
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Fig. 8. Ball-and-stick representations of ®ve interacting networks of disordered regions of the protein structure in LTL, see text for details. The
®gure was produced with the program MOLSCRIPT (Kraulis, 1991).
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of Ser81, the main chain at Asn113 and the B conformer
of Val109. Ser81 OG hydrogen bonds to the disordered
carbonyl group of Asn113. CG2 of Val109 is at a
distance of 3.1 AÊ from the OD1 atom of Asn113. The
last example involves the A conformer of Asn106, a
water and the B conformation of the disordered main
chain at 103±104. The ND2 atom of 106 hydrogen bonds
to water w2220 which in turn bonds to the carbonyl O
atom of 103.

Recent relatively high resolution structure determi-
nations of HEWL crystals in the tetragonal form grown
on earth and in space, have also modelled disordered
residues, but to a far lesser extent (Vaney et al., 1996).
One serine residue was located that had two distinct
conformations, Ser86, which correlates with the present
study where two conformations of this residue have
been modelled. No other serine residues were modelled
or observed to have more than one conformation in that
study. Three other residues were modelled in two
conformations, Lys1, Val109 and Asn59, although the
latter was only observed in crystals of HEWL grown on
earth. Two of the six valines in the triclinic lysozyme
were modelled with two conformations, Val99 and
Val109, the former with occupancies of 0.85 and 0.15, the
low occupancy value of the alternate conformation of
Val99 could be a possible reason for this not being
observed in the above study. However, this residue has
poorly de®ned side-chain electron density in RTL. One
asparagine was modelled with two conformations in the
triclinic structure but it was Asn19 and not Asn59 as in
the earth-grown tetragonal HEWL. The side-chain
atoms of Asn59 are located in well de®ned electron
density in both LTL and RTL. The terminal side-chain
atoms (CE, NZ) of Lys1 and Lys97, had clearly inter-
pretable density for two conformations in the present

study, again showing some correlation with the tetra-
gonal structure. From the results of the present study, it
is clear that the acquisition of atomic resolution X-ray
diffraction data in combination with cryocrystallo-
graphic techniques allows better modelling of the ¯ex-
ible parts of the protein structure, by freezing out the
disorder, and/or trapping the major conformations of
the ¯exible parts of the protein structure and thus
providing albeit a static model of the ¯exible sections of
the protein structure.

5.3. Displacement parameters

The variation of the average main-chain and side-
chain Beq's along the polypeptide chain for both LTL
and RTL is shown in Figs. 5(c) and 5(d). Table 6 shows
the Beq statistics for LTL, RTL and 2LZT. The average
Beq value for LTL main-chain protein atoms shows only
a small decrease in overall value, when compared with
RTL and 2LZT. However, a more signi®cant drop is
observed for the protein side chains. The average Beq

value for waters is again comparable, the average for
LTL is lower than RTL as expected, even though it has
111 additional waters. The occupancies of the water
molecules were re®ned in the present atomic resolution
study. In 2LZT, 35 waters were assigned unit occupancy,
the rest being partially occupied. The occupancies of the
waters were not re®ned, but ®xed at values less than
unity assigned on the basis of peak height from a
difference map where the height of a carbonyl O atom
was used for calibration.

The average Beq's of other HEWL structures in the
PDB reveal values in the range 15±25 AÊ 2. A low-
temperature study of monoclinic and tetragonal HEWL
(Young et al., 1993, 1994) had an average Beq value of

Table 5. Residues with alternative conformations

Occupancies of the side-chain atoms of Asn19, Arg68, Asp87, Asn106 and Arg128, Leu129 were re®ned in RTL but no alternate conformation(s)
were assigned.

(a) For LTL
Residue Occupancy Atoms occupancy re®ned Residue Occupancy Atoms occupancy re®ned
Lys1 0.78 CE, NZ Ser85 0.64 CB, OG
Asp18 0.78 CB, CG, OD1, OD2 Ser86 0.79 CB, OG
Asn19 0.82 CB, CG, OD1 ND2 Asp87 0.78 CB, CG, OD1, OD2
Ser24 0.68 CB, OG Lys97 0.5 CE, NZ
Gln41 0.59 CB, CG, CD, OE1, NE2 Val99 0.85 CB, CG1, CG2
Thr43 0.65 CB, CG2, OG1 Asn106 0.55 CB, CG, OD1, ND2
Arg45 0.63 CD, NE, CZ,NH1 NH2 Val109 0.79 CB, CG1, CG2
Thr47 0.67 CB, CG2, OG1 Asn113 0.54 CB, CG, OD1, ND2
Arg61 0.88 CD, NE, CZ, NH1, NH2 Arg114 0.6 CA, CB, CG, CD, NE, CZ, NH1, NH2
Arg68 0.54 CG, CD,NE, CZ, NH1, NH2 Gln121 0.59 CB, CG, CD, OE1, NE2
Ser72 0.8 CB, OG Arg125 0.67 NE, CZ, NH1, NH2
Ser81 0.69 CG, OG Arg128 0.54 CB, CG, CD, NE, CZ, NH1, NH2

(b) For RTL
Residue Occupancy Atoms occupancy re®ned Residue Occupancy Atoms occupancy re®ned
Lys1 0.67 CE, NZ Ser85 0.63 CB, OG
Ser24 0.57 CB, OG Ser86 0.54 CB, OG
Thr43 0.50 CB, CG2, OG1 Thr89 0.62 CB, CG2, OG1
Ser50 0.86 CB, OG Val109 0.63 CB, CG1, CG2
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approximately 8 AÊ 2 although data only extend to 2.0 AÊ .
This con¯icts with a more recent study where the
average Beq value for the protein atoms was reported
as 22.2 AÊ 2 for data collected at 120 K on tetragonal
HEWL (Kurinov & Harrison, 1995). Young et al. (1993)
also report an average Beq value of 15.2 AÊ 2 in a room-
temperature study of tetragonal HEWL. In an inde-
pendent study of tetragonal HEWL at 1.5 AÊ , we
observed average Beq values in the range 20±24 AÊ 2 (to
be published).

However, Young et al. re®ned their structures against
data restricted to the 6±2 AÊ range. In our view, the
re®nement of protein structures with such a low-reso-
lution cut-off is to be discouraged. This practice only
results in cosmetically lower R factors and not in better
structures. The low-resolution data provide important
information on the solvent structure around the protein.
They should be measured and used to the lowest reso-
lution attainable, ideally 20 AÊ or less. The use of all data
in the re®nement protocol results in higher quality
electron-density maps with little or no discontinuity. The
difference in the overall average B values in the above
studies is almost certainly a direct result of truncating
the low-resolution data.

5.4. Bound ions

5.4.1. Nitrate ions. A total of six nitrate ions were
located in LTL, with one of these ions being modelled as
partially occupied. All the nitrate ions are bound to the
surface of the protein and interact directly or indirectly
via waters with another protein molecule. Fig. 3(g)
shows the ®nal electron density for nitrate 150.

There are six nitrate sites in LTL and RTL, but only
®ve in 2LZT, Table 7. Four sites are common to all three
structures. The two atomic resolution structures, LTL
and RTL, share an additional site, but the sixth nitrate

lies in a different position. The sixth nitrate in RTL, not
found in LTL, corresponds to the ®fth site in the other
room-temperature structure 2LZT.

The sixth and unique nitrate ion in LTL is tightly
bound to the protein via hydrogen bonds to the back-
bone amide N atom of Asn106 and the hydroxyl group
of Tyr23 via atoms O3 and O2 of the nitrate ion,
respectively. The O1 atom is in hydrogen-bonding
distance to the side-chain atoms OD1 and ND2 of the B
conformation of Asn106. The high ¯exibility of Asn106
in RTL may explain why this nitrate was not identi®ed in
2LZT. The other anomaly in the nitrate sites is the
modelling of electron density close to Gln121 as a
nitrate ion in both of the room-temperature structures,
and as a possible alternate conformation for the Gln121
side chain in LTL. RTL shows Gln121 to have far clearer
and interpretable electron density than in LTL, although
no density is visible for the end of the side chain. During
re®nement of LTL the electron density at this site was
accounted for, ®rstly by the Gln121 side-chain atoms
and secondly by placing a nitrate ion in this position.
After inspection of the resulting difference Fouriers for
both cases, the model with the Gln121 side-chain atoms
accounting for the electron density was chosen.
However, it is also feasible that the site may be partially
occupied by a nitrate ion in both LTL and RTL.

The crystal structure of a low-humidity monoclinic
form of HEWL has two nitrates bound, again at the
interface of two molecules (Kodandapani et al., 1990).
The nitrate sites in this form are in no way related to the
nitrate sites found in the present study. The only simi-
larity is that nitrate 131 (P21 form) is in close proximity
to the binding site of nitrate 155 in the triclinic form.

5.4.2. Acetate ions. A total of three acetate ions were
located in LTL, two of which were modelled in two
discrete but overlapping sites. No acetate ions were
found in RTL or 2LZT. The ®rst two partially occupied
acetate ions in LTL were placed in the model in electron
density which was ®rst thought to resemble a bound
glycerol molecule from the cryoprotectant. This glycerol
site was reassessed to be more likely due to acetate ions
after consideration of the chemical environment and the
fact that after further re®nement the resultant Fo ÿ Fc

electron-density maps showed a strong negative elec-
tron-density peak for the glycerol molecule. The other
acetate ions were placed in sites which were initially
modelled as nitrate ions. Ace201 and Ace204 are located

Table 6. Comparison of displacement parameters

2LZT 0.95 AÊ (RTL) 0.925 AÊ (LTL)
Atoms Total hBeqi Total hBeqi Total hBeqi
Protein main chain 517 9.11 517 11.0 530 7.36
Protein side chain 484 11.93 503 17.65 574 9.91
Protein atoms (all) 1001 10.47 1020 14.28 1104 8.69
Water 249 28 139 28.99 250 23.34
Other 20 26.15 24 32.96 44 14.15
All 1270 14.24 1183 16.38 1398 11.80

Table 7. Bound nitrate ions in triclinic lysozyme

LTL RTL 2LZT

Nitrate 150 Water 1062 Water 192
Nitrate 151 Nitrate 203 Nitrate 132
Nitrate 152 Nitrate 202 Nitrate 131
Nitrate 153 Nitrate 206 w183; w353
Nitrate 154 Nitrate 201 Nitrate 130
Nitrate 155 Nitrate 204 Nitrate 133
Gln121 Nitrate 205 Nitrate 134
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at the surface of the protein and are bound at the
interface of two molecules. Ace203 is found close to the
surface of the protein in a crevice close to the 60's loop
region of the protein backbone. The equivalent site of
the ®rst acetate ion (Ace201) in LTL is occupied by a
water atom (205) in 2LZT. No waters or ions were
placed at this position in RTL. There is one water site in
both room-temperature models at one of the carbox-
ylate O atoms of Ace203 which was modelled in two
discrete sites. Two waters at approximately the same
positions as the carboxylate O atoms of the acetate
ion 204 are present in both the room-temperature
structures.

5.4.3. Other cations and anions. An Na+ ion was
located in the recently re®ned structure of the tetragonal
form of HEWL (Vaney et al., 1996). This ion binds in the
crevice formed by the 60±75 loop region. This loop has
been shown to be highly ¯exible and differs in the
triclinic structure, mainly as a result of a peptide ¯ip at
Arg73. This conformational change was compared in all
the HEWL structures at better than 2.0 AÊ to assess if the
well de®ned loop in their structure traps an Na+ or water
molecule and thus holds the conformation in place. In
the present structure the space provided by the peptide
¯ip is ®lled by a water molecule (w2010) which hydrogen
bonds to the amide N atom of Asn74 and the OG atom

Fig. 9. (3Fo ÿ 2Fc, �c) electron densities [on an absolute scale, F(000) contribution included], at atomic centres as a function of Beq. Water
molecules before re®nement of occupancies using SHELXL, (a) LTL and (b) RTL. Re®ned water molecules occupancies in (c) LTL and (d)
RTL. Waters indicated were deleted before re®nement against all data. (e) and (f) as (c) and (d) but after re®nement against all data.
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of Ser72. The bound Na+ ion observed in the tetragonal
form is not present, even though sodium acetate and
sodium nitrate were used in the crystallization buffer.
There is a chloride ion bound between the interface of
two molecules in the above tetragonal form interacting
with the hydroxyl group of Tyr23 and the ND2 of
Asn112 of another protein molecule. No chloride was
present in the crystallization buffer of triclinic lysozyme,
but the equivalent site in the triclinic form is ®lled by the
side-chain atoms of Arg68 of another protein molecule,
although nitrate 153 does interact with the hydroxyl
group of Tyr23 from the other side of the functional
group. This nitrate group interacts with another mole-
cule via w2109 and w2124.

5.5. Water structure

5.5.1. Low-temperature structure. Water peaks were
®rst located automatically during isotropic re®nement
using ARP, where 279 electron-density peaks were
attributed to water molecules. During re®nement with
SHELXL, water/solvent peaks were manually added or
subtracted using as a guide peaks greater than 5� in the
difference Fouriers (Fo ÿ Fc maps). An approximate
calculation of the non-protein volume of the triclinic cell
provides enough room for 269 full occupancy water
molecules. Modelling of the diffuse solvent using Babi-
net's principle (Moews & Kretsinger, 1975) as imple-
mented in the SWAT option in SHELXL was therefore
delayed until the ®nal rounds of re®nement; since the
majority of the total number of possible solvent sites had
been accounted for in the earlier stages of the re®ne-
ment. Use of the SWAT option in the ®nal stages of
re®nement resulted in a drop of 0.15% in the R factor
and 0.04% in the free R, and thus contributed very little
to the agreement of the low-resolution data.

In the later stages of re®nement during modelling of
alternate side-chain conformations, 29 waters which
were clearly associated with one conformation of a
disordered side-chain residue had their occupancies
linked to the re®ned value of the protein side chain in
question. 20 waters were assigned ®xed occupancies, less
than unity, where they were located as peaks greater
than 5� in the Fo ÿ Fc electron-density maps. The R
factor for the model with 210 fully occupied waters and
the 49 waters with occupancies less than unity was
9.27%. Visual inspection of the electron density,
suggested that many water sites were probably only
partially occupied.

X-ray data to atomic resolution allow the identi®ca-
tion of the atomic type directly from the electron-
density map. A plot of (3Fo ÿ 2Fc, �c) density inter-
polated at atomic centres as a function of Beq's (DB
plot) for the water molecules is shown in Fig. 9(a). This
shows a proportion of the water molecules to be below
the theoretical distribution for an O atom, again
suggesting some water sites are less than fully occupied.

Therefore, the occupancies of all water molecules apart
from those speci®cally linked to the re®ned occupancies
of disordered side chains were released. After ten cycles
of anisotropic re®nement, the R factor and free R
dropped by 0.24 and 0.27%, respectively. The more or
less equivalent drop in both the conventional R factor
and free R, convincingly indicated the validity of this
step. The DB plot after this stage showed improved
agreement with the theoretical prediction, although a
number of solvent sites deviated from the theoretical
distribution, Fig. 9(c). The waters highlighted in the
latter plot were deleted before continuing with re®ne-
ment. w2310 and w2372 had no visible electron density
in 3Fo ÿ 2Fc maps contoured at the 0.8� (0.6 e AÊ ÿ3)
level. w2305 had a Beq > 80 AÊ 2. w2336, w2337 and w2338
were situated at the same positions of the O atoms of a
partially occupied nitrate ion (nitrate 155) and their
occupancies had been linked to the occupancy of this
nitrate. As they deviated signi®cantly from the DB plot
they were deleted. Finally, water w2340 had been placed
at a possibly split water peak. After re®nement against
all data there were three water sites that deviated
signi®cantly from the theoretical distribution; w2339 is
located at the end of a `tear-drop'-shaped split water
peak, w2347 is part of a smeared peak of electron
density from a water network and w2330 which is

Fig. 10. Histogram of the distribution of differences in water molecules
occupancies in LTL derived from re®ned values with SHELXL and
those estimated from the DB plot, [(OCCdb ÿ OCCsh) see text].

540 LYSOZYME AT ATOMIC RESOLUTION



located in a clear electron-density peak. The latter water
was assigned an arbitrary occupancy of 0.5, before the
commencement of occupancy re®nement with
SHELXL; re®nement to a lower occupancy value by
SHELXL and the size of the peak reveals it is probably
not due to a water molecule, although no other source
for the electron-density peak was obvious from the
chemical environment. The DB plots are a useful tool in
identifying dubious water sites, and for locating possible
metal-ion binding sites such as sodium which are hard to
distinguish from electron-density maps alone.

Water occupancies were calculated directly from the
DB plots computed before the introduction of partial
occupancies and re®nement carried out with these
assigned values in SHELXL. After 15 cycles of re®ne-
ment the R factor was 9.09% and the free R 10.99%, a
decrease of 0.18 and 0.3%, respectively. This is a similar
result to the previous re®nement, although this time the
number of parameters re®ned were less. Comparison of
the occupancy values of the waters estimated from the
DB plot with those output from direct re®nement
against the experimental data showed good agreement.
A histogram of the difference (OCCdb ÿ OCCsh) where
OCCdb is the occupancy calculated from the DB plot
and OCCsh from re®nement with SHELXL is shown in
Fig. 10. The distribution is not symmetric, OCCdb being
generally greater than OCCsh. A mean difference of
0.028 with a standard deviation of 0.076 was derived
from ®tting a Gaussian function in the distribution. The
outliers with occupancy differences greater than 40%
(eight water sites) were inspected with 3Fo ÿ 2Fc elec-
tron-density maps and these large differences were due
as expected to poor density for ®ve of the sites, the other
three sites had good density. Three sites differed in
occupancy by more than 50% and these were clearly
badly de®ned water sites, the highest difference of 0.6
was for w2272. Although further analyses with other
protein data sets at atomic resolution need to be
performed, these results clearly show estimation of
water occupancies from DB plots can provide a more
accurate picture of the solvent structure of proteins at
lower resolution.

A total of 250 water molecules were included in the
®nal model. The average occupancy for all waters was
0.8. Taking site occupancies greater than 0.95 to be unity
gives 71 fully occupied water sites. 19 waters had site
occupancies of less than 0.5. The total water stoichio-
metry for the ®nal model is 197.9. Taking account of the
space taken up by the nitrate and acetate ions leaves
room for approximately 30±35 additional solvent sites
based on the approximate estimate of space being
available for 269 fully occupied water molecules. Elec-
tron-density peaks at the 5� level or greater in Fo ÿ Fc

maps was used as the cut-off value for selection of
solvent peaks in the re®nement.

Comparison of the LTL solvent structure to that of
2LZT shows some agreement of water sites, although a
better agreement between the water sites from the two
structures was expected, Fig. 11(a). After least-squares
superposition of the two coordinate sets using CA atoms
only, 50 water sites deviate by less than 0.5 AÊ and 142
sites less than 1.2 AÊ between the two models. 51 sites
deviate by more than 2 AÊ . This comparison is made
dif®cult because of the two different temperatures used
in the collection of the respective data sets. The main-
chain atoms of LTL and 2LZT deviate by an r.m.s. of
0.3 AÊ . Assuming waters that agree within 1 AÊ between
the two structures to be equivalent results in 48% (119

Fig. 11. Histogram of number of equivalent water molecules between
(a) LTL and 2LZT, and (b) RTL and 2LZT.
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sites) of the waters in LTL being paired with waters from
the room-temperature 2LZT.

The solvent structure at the sugar binding site in the
triclinic form was compared with the crystal structure of
HEWL in the tetragonal form complexed with tri-N-
acetylchitotriose, coordinate set 1LMB (Maenaka et al.,
1995) from the PDB (Bernstein et al., 1977), to assess if
the solvent structure mimics the bound substrate in any
way. The N-acetyl functional group of the sugar bound
at sub-site C of the six-site binding cleft was found to
superimpose on one of the bound acetate ions (Ace203)
in LTL. The only other site where the solvent appears to
mimic the substrate is a water molecule (w2179) which is
more or less positioned at the O3 atom of the sugar ring
bound at sub-site C. The CG, CD, NE, CZ atoms of Arg5
from a symmetry-related molecule take up or mimic the
positions of the O3ÐC3ÐC4ÐO4 atoms of the sugar
ring bound at sub-site A. The other solvent sites at the
binding cleft showed no similarity to the bound
substrate of the above crystal structure.

5.5.2. Room-temperature structure. The same protocol
that was used for the location of solvent sites in LTL was
applied, but located only 124 water molecule sites during
isotropic re®nement. A total of 139 waters were
included in the ®nal RTL model. This amounts to only
56% of the total number of water sites found in LTL and
2LZT. Analysis of the Fourier peaks greater than 4� in
the ®nal Fo ÿ Fc electron-density maps, showed no
discernible peaks that could be attributed to water
molecules.

The overall quality of the room-temperature X-ray
data is poor in comparison with that of LTL. The overall
Rmerge of 6% is high for P1 symmetry. Scaling of the low-
resolution data (21±2.5 AÊ ) gave an overall Rmerge 4.3%.
One would expect better statistics for triclinic data. This
is re¯ected in the electron-density maps, which are not
as well de®ned as one would expect for data to this
resolution.

Re®nement of the water site occupancies was also
carried out in the last stages of the re®nement. This

Fig. 12. Stereo pictures of 3Fo ÿ 2Fc (blue) and Fo ÿ Fc (green) electron density for Leu8 contoured at 2.39 (3.0�) and 0.21 e AÊ ÿ3 (2.4�),
respectively, for (a) LTL and (b) RTL. The maps were calculated after randomizing the ®nal model coordinates by 0.3 AÊ , and re-re®ning (H
atoms omitted) with SHELXL until convergence (15 cycles). H atoms are coloured yellow.
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resulted in a 0.3% drop in R factor and 0.21% drop in
free R. Taking site occupancies greater than 0.95 to be
unity, results in 44 fully occupied water sites. Nine waters
have occupancies of less than 0.5. The total water stoi-
chiometry for the ®nal model is 111.96

Comparison of the solvent models of RTL and 2LZT
is shown in Fig. 11(b). In this case there is a higher
concentration of equivalent sites than for the LTL/2LZT
comparison, in spite of the lower number of water sites
in RTL. 77 water molecules deviate by less than 0.5 AÊ

and 104 by less than 1.1 AÊ . 35 water sites (25%) from
RTL deviate by more than 1.1 AÊ when compared with
2LZT.

Comparison of the water structure at the substrate
binding site again showed some correlation with the
polar functional groups of the bound tri-N-acetyl-
chitotriose in tetragonal HEWL 1LZB. There is one
water at the N-acetyl functional group of the N-acetyl-d-
glucosamine molecule bound at sub-site C and two
waters are found close to the hydroxyl groups O1 and
O3. Waters in the binding crevice show good agreement
between the two structures.

5.6. Visualization of H atoms

Although H atoms were added to the model at their
theoretically calculated positions, electron-density peaks
were visible for these atoms before they were added to

the LTL and RTL models. Randomization of the ®nal
coordinates and re-re®nement until convergence (H
atoms omitted) produced even clearer difference elec-
tron-density peaks for the H atoms. Electron density for
Leu8 which is situated in a well de®ned region of the
protein structure is illustrated in Fig. 12. Electron-
density peaks for the CA H atoms are visible for both
LTL and RTL in the Fo ÿ Fc maps contoured at
0.21 e AÊ ÿ3 (2.4�). The CG and CB H atoms are visible in
LTL, whereas only one of the CB H atoms is visible in
RTL. Two of the six methyl H atoms of the CD C atoms
are visible in LTL, RTL shows no peaks at the contour
level shown in Fig. 12. Lowering the contour level to
1.9� (0.17 e AÊ ÿ3) revealed electron density for the
amide N atoms and all of the methyl H atoms of CD2 in
LTL. In general H atoms were visible far more clearly in
LTL than in RTL. Apart from the use of cryo-
temperatures, the collection of the X-ray data from
three crystals for RTL is another probable cause for the
lower number of electron-density peaks for H atoms.

Electron density was visible for 77 out of 127 of the
peptide H atoms in LTL at the 1.8� level (0.16 e AÊ ÿ3). A
similar percentage of CB H atoms was also visible. H
atoms were visible in a rather random fashion for other
atoms in the structure. As expected, well de®ned rigid
regions of the structure were more likely to have visible
electron density for H atoms. This last point is strikingly

Fig. 13. (a) 3Fo ÿ 2Fc (blue) and Fo ÿ Fc (red) electron density for w2005 contoured at 1.04 (1.3�) and 0.22 e AÊ ÿ3 (2.5�), respectively. (b) 3Fo ÿ
2Fc (blue) and Foÿ Fc (red) electron density for Glu7 contoured at 1.04 (1.3�) and 0.18 e AÊ ÿ3 (2.0�), respectively. The maps were calculated as
in Fig. 12
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highlighted by Fig. 13(a) which clearly shows two elec-
tron-density peaks for the two H atoms of a tightly
bound water molecule in LTL.

Protonation of the carboxylate groups of aspartate
and glutamate side chains was investigated. HEWL
contains seven aspartate and two glutamate residues.
Each CGÐOD1, CGÐOD2 and CDÐOE1, CDÐOE2
bond length was measured for the aspartate and gluta-
mate residues, respectively. To improve the accuracy of
the measurements, the re®ned coordinates were
randomized by 0.3 AÊ and re-re®ned until convergence
(15 cycles). The above analysis indicated that the
carboxylate groups of Asp18, Asp101 and the two
glutamate residues are protonated. Electron density was
visible for the H atom of Asp101 and Glu7, but no
density was visible at the catalytic residue Glu35. Fig
13(b) shows the electron-density peak for the proton-
ated Glu7 residue.

6. Conclusions

The present study describes the protocol used for the
re®nement of HEWL at atomic resolution, and high-
lights the merits of collecting data at cryogenic
temperatures. The protocol shows that once a relatively
reliable lower resolution model is available, the amount
of manual intervention at least in the isotropic stages of
re®nement should be minimal or non-existent. The
strategy implemented in the re®nement of both the
room- and low-temperature structures consists of a
number of well de®ned steps which have been described
previously (Sevcik et al., 1996; Sheldrick et al., 1997) but
with some minor alterations. Addition of double
conformations was performed during the anisotropic
re®nement. Identi®cation of some minor alternate
conformations was aided by ®rst re®ning the atom
occupancies of the major conformation, resulting in well
de®ned difference density peaks for the alternate posi-
tion of the side chain. Modelling of solvent structure was
for the most part treated in an automated manner. The
vast majority of water sites were automatically selected
using ARP in the early isotropic stage. Waters hydrogen
bonded to residues in alternate conformations had their
occupancies linked to the relevant conformation.
Re®nement of the remaining water site occupancies was
cross validated by the use of the free R and was shown to
improve the agreement of the distribution of the water
sites in the resulting DB plot. Estimation of water
occupancies from their DB plots gave good correlation
with the experimentally re®ned values.

The re®nement of lysozyme at both room and low
temperature reveals the structures to be essentially
identical. The use of cryotechniques allowed complete
data to be collected on one lysozyme crystal. The reso-
lution of the cryogenic experiment was limited by
geometrical constraints. The I=��I� ratio of about 5 for

the re¯ection intensities in the higher resolution shell
clearly indicates that the crystals diffract beyond 0.9 AÊ

resolution.
Although triclinic HEWL is tightly packed, 24 disor-

dered side-chain residues were identi®ed as well as three
sections of main-chain disorder, accounting for
approximately 20% of the protein structure. Identi®ca-
tion of side chains with different rotamer conformations
in the RTL was not so clear-cut. Only a third of the
disordered residues in LTL were located. Modelling of
the solvent structure was made easier by the use of
cryogenic data. The resultant electron-density maps
were far superior to those of the room-temperature
analyses. Acetate ions were modelled in LTL, these ions
were not detected in previous studies or in RTL. Trp62
which had no distinguishable electron density in the
previous room-temperature structure, had well de®ned
electron density for both the room- and low-tempera-
ture structures. The use of synchrotron radiation and
current two-dimensional detector technology allowed
the data to be collected in a far shorter time than in the
previous study. The effects of prolonged exposure to
X-radiation are considerably reduced or effectively
eliminated by cryo-cooling of the crystal as is reported in
other cryocrystallographic studies. The use of short less
damaging wavelength radiation at the synchrotron
provides an additional advantage.

The drop in the overall displacement parameter (Beq)
for the protein at low and room temperature in triclinic
lysozyme is not large. The protein molecules are well
packed and display much lower than average Beq's than
is observed for other proteins at room temperature.
Nevertheless, the results con®rm that collection of X-ray
data at cryogenic temperatures results in better data,
clearer electron-density maps and allows both identi®-
cation and modelling of the ¯exible parts of the struc-
ture.

X-ray data collected to this resolution provides the
crystallographer with an extremely accurate model of
the protein structure being re®ned. The large number of
observations reduces model bias and allows better esti-
mates of the errors in the re®ned structure. This has
important consequences when assessing small but
important perturbations in structure on for example,
binding of a substrate or cofactor. Determination of the
protonation states of charged amino acids which are
involved in the catalytic mechanism of an enzyme either
by direct measurement of the appropriate bond lengths
and/or visualization of the actual H atom should provide
invaluable evidence and clues for the system being
studied. Features such as disorder in both the main- and
side-chain atoms are easily identi®ed and modelled at
high resolution. Modelling of ¯exible loop regions is of
importance as these regions frequently play a role in
protein function and in protein±protein interactions.
Extensive modelling of the solvent regions in the
structure is also made possible. In this paper we have
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shown that it is possible to re®ne water site occupancies,
thus providing a more precise picture of the dynamics of
the protein solvent interactions. This may allow the
identi®cation and assessment of both structurally and
functionally important water sites in the protein. As
further atomic resolution structures are re®ned, the
resulting stereochemical information will provide better
estimates of the types of restraints that should be used in
the re®nement of protein structures both at atomic and
more importantly lower resolutions.
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