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After a long gestation, the elucidation of the crystal structures
of proteins at atomic resolution is now maturing. The use

of such data for both refinement and structure solution is
advancing apace. The necessary technology is generally
available, in terms of data collection, computing hardware

and software. The structures appearing in the literature mainly
relate to demonstration projects on native proteins. The
importance of these alone is already obvious. Biologically
significant results, in terms of ligand complexes and prosthetic
groups, are just starting to emerge.
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Abbreviations

ADP atomic displacement parameter
AR atomic resolution

ARP automated refinement for proteins
rmsd root mean square deviation

Introduction

A couple of years ago, when a previous review on this topic
was published [1], only a few structures of macromolecules
were available at atomic resolution (AR). Data were known
to have been collected for several others, but they were in
process of refinement. It is sad, albeit perhaps unavoidable
given the need to develop sound protocols for handling
the detailed analysis of such large systems, that many
of them have still the same ‘not yet published’ status.
During the past years, the rate of recording AR structures
has accelerated (Figure 1), and a number of analyses
have been published. Especially, at the IUCr Congress
in Seattle, it became clear that we should expect an
explosion of AR structural analyses. Almost every issue
of Acta Crystallographica D now contains papers describing
a detailed analysis of a protein at AR or methodological
advances in this area.

Let us define once more what is meant by AR. The
data should extend to at least 1.2 A, with 50% or more
of the theoretically measurable reflections in the outer
range having 1>2 o(I) as suggested by Sheldrick [2] for
a structure potentially to be solved using conventional
direct methods. The advantages of AR data are not only
quantitative, in that they lead to models with lower
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The rapid increase in the number of atomic resolution data sets
collected at the European Molecular Biology Laboratory, DESY,
Hamburg. This is only a representative set: AR data are also being
recorded at other synchrotron sites.

estimated standard uncertainties, but qualitative in that
new features can be identified. Individual anisotropic
atomic displacement parameters (ADPs) provide the best
example.

The protocols used in refinement of protein models
against X-ray data at ‘ordinary’ resolution, rarely exceed-
ing 1.5A, are well established. These include several
different approaches and options, such as minimization
with geometrical restraints, use of energy terms, and
noncrystallographic symmetry. Such protocols are not
completely appropriate for handling AR structures, and
the application of different procedures, comparable with
those for small molecules, needs to be investigated. AR
refinement still poses problems arising from the substantial
disordered solvent component of the crystals and the
inherent static/thermal disorder in parts of the protein
itself.

We address the advantages of atomic resolution in
protein structure analysis and present the most recent
accomplishments in this field.

Data

Generating a complete list of reflection indices is nec-
essary, but not sufficient! Without significant intensities,
these are not informative. It is impossible to overstate
the importance of data quality and completeness [3].
These are not ‘hard’ criteria. As a guide, the data in
the outer shell should have a merging R factor of about
30%, corresponding to a I/o(I) ratio of 02. This depends
on the space group symmetry and the multiplicity of
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the measurements. It is typical to get a lower Rperge
in P1 than in 1432 [4]. In practice, the I/o(I) ratio is a
better criterion than Rperge [S], provided that the o(I)
is correctly estimated. This is important both in data
evaluation and refinement where o(I) is used to derive
optimum weighting schemes. The estimation of valid
o(I) is a nontrivial procedure. We have confidence in
the error estimates used in the programs DENZO [6]
and MOSFLM [7]. Nevertheless, this requires further
investigation and analysis.

Synchrotron sources, efficient 2D detectors and cryogenic
freezing are vital for AR data. Almost all recent structures
are from frozen crystals, which give considerable increase
in resolution and crystal lifetime. Carrying out the study on
a single crystal is always preferable to avoid the problems
of merging data from different samples.

Reduction of the mean ADP allows more accurate
definition of atomic positions, which is crucial in areas
of biological interest—active-site residues or bound
ligands. The structure of the protein at ambient cellular
temperature is what we wish to know, however, and
this differs from the cryogenic structure. On freezing
to O100K, significant changes do occur, especially in
the solvent and at the protein/solvent interface. The
biological significance of these changes needs thorough
investigation. An excellent review on cryogenic freezing
has been published [8]. Two AR structures published
recently by Hope (a pioneer in this field) and coworkers
[9,10] are of interest.

Direct and related methods for structure
solution

"Traditional direct methods are based on three properties;
positivity; atomicity; and atoms of equal height, which
gives a simple geometric relation between the electron
density and its square. This leads to mathematical
relations between the structure factors, placing restrictions
on phases once amplitudes are known. The relations are
sufficiently powerful to provide a straightforward solution
of the phase problem for small structures. The lack of AR
data has precluded the application of direct methods to
proteins, and one of the aims of attaining such data is to
remove this barrier.

Unfortunately, the statistical probabilities of the triple
product phase relationships (by far the most important for
large structures) are inversely proportional to the square
root of the number of atoms. For proteins, the individual
probabilities are extremely low, and extending a small set
of starting phases to generate the complete set has proved
extremely difficult. In addition, criteria for identifying
correct phase sets are generally not available.

With AR data, the structures of small proteins (up to 500
atoms) containing one or a few heavy atoms have proven

to be tractable with conventional direct methods (the real
size barrier for conventional direct methods is only 0200
atoms, and only a handful of larger structures have been
solved in this way). The structures of avian pancreatic
peptide [11] and rubredoxin [12] have both been solved.
New structures have not been solved at the rate we
anticipated, partly because alternative methods using the
presence of the heavy atoms have been exploited. In
addition, many such structures are solved by molecular
replacement. We expect that @b initio phasing of AR (or
even lower resolution) structures by maximum likelihood
will evolve [13].

A second set of approaches is being developed in parallel
in several laboratories, involving a combination of direct
methods or Patterson algorithms with real space density
selection of atoms. One of these is ‘Shake-and-Bake’ in the
program SnB [14]. This has been applied successfully to
several systems [15] and has recently been reviewed [16].
The largest of these systems is scorpion neurotoxin with
624 atoms at 0.96 A [17°].

Several results using SHELXD-97 (‘Half-Baked’) have
been presented by the Sheldrick group at a recent NATO
Advanced Study Institute on ‘Direct Methods for Solving
Macromolecular Structures’, Erice, May 1997. The largest
structure solved using b initio methods (i.e. no user
intervention) is HiPIP with an Fe4Sy4 cluster, comprising
two molecules of 84 residues in the asymmetric unit,
1260 protein atoms and 300 waters, at 1.2A resolution
by E Parisini. The largest structure without heavy atoms
is triclinic lysozyme, with 1001 protein atoms and 200
waters at 0.95A. The largest unknown structure solved is
hirustasin by I Uson, with data collected by P Mittl to 1.2 A
but very noisy beyond 1.4 A, with 0600 unique atoms. The
largest structure solved by ‘conventional’ direct methods
remains gramicidin A at 0.86 A, with 317 unique atoms,
solved by Langs [18].

Another approach is automated refinement for proteins
(ARP) [19]. This is not a direct method in the strict sense,
but an automated method for the extension of initial sets
of phases or partial structures. ARP becomes extremely
powerful with AR data. It can extend a single Fe model
for rubredoxin to the complete structure [20]. A recent
application is the solution of cytochrome ¢-553 from the
position of the Fe defined from the anomalous Patterson
synthesis at 0.97 A by S Benini, S Ciurli, WR Rypniewski
and KS Wilson (Erice, 1997).

Methods such as ARP and other ‘direct’ or automated
phasing procedures would greatly benefit from a good
set of starting phases. Introduction of anomalous or
MAD phases into the starting set certainly enhance their
performance, and such combinations of experimental and
direct methods will be of great use. Several advances in
these approaches were reported at the CCP4 meeting in
York in January 1997 [21].



Refinement

The great advantage of AR lies in the ratio of experimental
observations to refined parameters. At 1 A resolution, there
are about five observations for every parameter, even with
an anisotropic model. Provided the data are complete and
significant, least-squares or maximume-likelihood refine-
ment is well determined. Errors for each individual atomic
parameter can be estimated rigorously by inversion of the
least-squares matrix. Coordinate errors are as low as 0.02 A
for carbon atoms and down to 0.002 A for heavier atoms.
Errors are larger for the disordered or flexible parts of the
structure.

Small-structure refinement programs are, in principle,
capable of handling protein anisotropic models but require
the implementation of an extensive set of restraints.
SHELXIL. [22°°] has been extensively adapted to treat the
special properties of macromolecules. These particularly
relate to disorder, the need to impose restraints on
some regions, a model for the solvent continuum and
appropriate techniques of dealing with solvent. We expect
other programs, for example REFMAC [23°], to be
used in coming years. Refinement, including AR models,
was discussed at the CCP4 meeting in York, in April
1995 [24°°].

What do such refinements reveal? The high degree
of accuracy and anisotropic representation of ADP are
usually accompanied by a 5% drop in R factor and
Rfree, Which leads to a decrease in the noise level in
Fourier syntheses. This allows the modelling of features
normally unidentifiable in macromolecular structures.
Flexible regions can be modelled with confidence with
partial occupancies. Hydrogen atoms ride at calculated
positions: the majority of them can also be seen in
the difference Fourier maps. At the other extreme, the
positions of heavier atoms such as the FeySy clusters in
ferredoxins can be defined at an accuracy matching that
of inorganic model compounds. Water (solvent) molecule
occupancies can be estimated in parallel to their ADPs and
alternative hydrogen-bond networks analyzed.

The analysis of water structure and a brief discussion
of structures solved recently is provided in the next
sections. More extended descriptions of protocols for
refining AR structures have been provided by several
authors [1,22°°,25°,26°°].

Water structure

Water is the curse and blessing of the protein crystallog-
rapher. Crystals contain about 50% solvent, which means
that the protein experiences an environment not very
different from that /# vivo, and that ligands can diffuse
through the water channels to bind to the protein. The
disadvantage is the disorder, which is hard to model and
is to a large extent responsible for the weakness of the
high-resolution data. In addition, the sensitivity of protein
crystals to X-rays is largely due to the effects of secondary
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damage by the diffusion of ions and radicals in these
channels. The latter problem is diminished by cryogenic
data collection.

The disorder problem is by no means eliminated by
freezing. There is a first shell of waters around the
surface, many but not all of which have close to unit
occupancy. Part of this shell and certainly the next shells
have only partial occupancy, reflecting the presence of
overlapping hydrogen-bonding networks. Further away
from the surface of the protein, the situation descends
into disorder with no individual solvent sites visible.
The model for the disordered region is currently based
on Babinet’s principle [27]. This models a uniform
sea of density away from the ordered region and a
contrast-matching transition at the interface. That such
a model is reasonable is reflected in the substantial
reduction in R factor at low resolution. The R factor still
remains surprisingly high, however, often more than 30%
in the lowest resolution ranges. The physical significance
of this remains unclear and needs further investigation.
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A plot of density at the atomic centre versus B factor for RNase

Sa. There is a clear distinction between the C, N and O atoms,
highlighted by the three curves, which is especially significant at low
ADP. Reproduced with permission from [25°].

The ‘ordered’ region of the solvent also remains a
problem, and this one factor that is delaying the rapid
completion of the refinement of AR structures. We need
at least a semiobjective means of identifying the huge
number of water sites and their occupancies. To do this
using subjective computer graphics analysis is not tractable
if the increasing number of structures is to be satisfactorily
analyzed and compared. Global indicators such as Rgee
are not of great help in defining the meaningfulness of
individual low occupancy/high occupancy ADP water sites.
For the highest resolution structures, a plot of density at
the atomic centre against ADP value [25°] is promising for
occupancy evaluation (Figure 2).
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One point has become very clear: the low-resolution data
are vital. These underpin the contrast between protein
and solvent regions, and, even if the R factor is high,
contribute most importantly to the electron density maps.
Omitting data below 10A (or by some mispractitioners,
below 6A) lowers the R factor (which is not the object
of a crystallographic analysis—the best structure is more
important) at the expense of map quality. Paradoxically, for
the best solvent model, both the lowest resolution data and
AR data are required.

Structure validation and libraries

AR structures potentially provide sufficiently accurate
structural models to evaluate whether the target li-
braries used for chemical and stereochemical parameters,
and the relative weights accorded these parameters are
appropriate. The chemical bond lengths and angles
are generally based on those defined by Engh and
Huber [28] or modified implementations [29,30]. This
library is used by all major refinement packages. The
stereochemical restraints or force fields used vary and
can often be adjusted at the whim of the user. This is
prone to abuse. The small number of AR structures has
already made a contribution. For ribonuclease Sa at 1.1A
[25°] and cutinase at 1.0A [26°*], detailed analyses of
stereochemistry were carried out. Wilson and coworkers
[31°*] have analyzed a set of eight AR structures. While
the sample number is small, several clear conclusions have
already emerged.

First, the importance of accurate calibration of wavelength
and detector position is evident, as ignoring this leads
to errors of magnitude comparable with the accuracy of
derived interatomic distances.

Second, although the Engh and Huber [28] set seems
generally valid, small details may change if a larger number
of structures are analyzed. The present library does not
address the problem of different protonation states of
moieties such as carboxylates.

Third, there is a deviation of many peptide angles
from planarity by up to 20° with an rmsd of 06°. This

Table 1

reflects real deviations of the peptide from planarity, in
keeping with the distribution for small peptides from the
Cambridge Structural Database [32]. Analysis of about 200
‘good’ structures from the PDB at resolution less than AR
showed a much narrower distribution with an rmsd of 03°,
suggesting too tight restraints were conventionally applied
for Y [33].

Fourth, the angles in the sidechains are much more tightly
distributed around the preferred rotamer conformations in
the AR structures. This is a useful validation tool, as these
angles are not (usually) restrained during the refinement.

Finally, a comparable conclusion comes from the Ra-
machandran plot [34], where residues in the AR structures
cluster very tightly in the ‘allowed’ regions of (@)
conformational space, suggesting that the preferred regions
should be redefined. The Ramachandran plot remains the
best validator of overall fold correctness. Even for a protein
with essentially no secondary structural elements, such as
rubredoxin [35°], at AR, the Ramachandran plot has all
residues clustered in the allowed core regions.

Examples

During the past two years, several AR structures have been
published (Table 1). These still are largely restricted to
small protein, often metalloproteins. Structures of several
more representative proteins with molecular mass greater
than 20 kDa have been reported at various meetings. We
will mention a few examples and will try to emphasize
relevant biological implications. This is biased towards
research at Hamburg, but AR data are being recorded at
other synchrotron sites.

Cutinase

Cutinase is a 22kDa enzyme responsible for the degra-
dation of cutin. Its structure had previously been refined
to 1.6 A [36]. The 1.0A data allowed refinement with an
anisotropic model to a final R factor of 9.4% [26°°]. The
reduction of the mean coordinate error by one order of
magnitude to 0.021 A compared with the 1.6A analysis
produced substantial improvements in map and model
quality.

A selection of recently published atomic resolution structures.

Protein Asymmetric unit (kDa) Vu (A3Da-1) Resolution (A) Reference
BPTIO 6.5 1.9 1.1 [9]
Concanavalin A 25.0 2.4 1.2 [10]
RNase Sa 21.1 2.3 1.15 [25°]
Cutinase 22.0 2.0 1.0 [26°°]
Rubredoxin Cp 6.0 2.2 1.1 [35°]
Pheromone Er-1 4.4 1.5 1.0 [38°]
Crambin 4.7 1.8 0.83 [41]
yB-crystallin 21.0 1.8 1.18 [43]
p56lck SH2 domain 12.0 2.1 1.0 [44]
a-conotoxin 1.6 1.4 1.1 [45]

LBPTI, bovine pancreatic trypsin inhibitor.



Extensive modelling of disorder became possible for about
ten residues, one of these in the active site. Important
information has been gained on the flexibility of the
active-site flap. Most importantly, the protonation state
of the active-site histidine is clear: there is excellent
density for this hydrogen. Cambillau and coworkers [26°°]
emphasize another aspect of AR structures: it is possible
to distinguish C, N and O atoms from the density and
ADPs alone, giving absolute definition of orientation for
histidine, asparagine and glutamine.

Cutinase is the largest AR structure published to date.
It has allowed a thorough analysis of the protein stere-
ochemistry. Some potential deviations in bond distances
from the target values [28] have been discussed. The
reliability of the observed deviations is validated by
means of the associated estimated error. This provides a
further example that will contribute to the challenge of
finding new and more appropriate parameters for protein
stereochemistry.

Two cytochrome structures

In 1995, Sheldrick and coworkers [37] reported that the
structure of a novel cytochrome ¢4 had been solved, using
Patterson methods and SHELXS peak enhancement, at
1.2 A resolution [37]. This was the first @b initio structure
determination of a new protein. Cytochrome ¢4 gave
the largest drop in Ryfee, 8%, observed to date on
going anisotropic. The refined model provides the most
accurate view of a haem group in a protein. If we are
to understand and probe the effect of local environments
on the properties of the haem prosthetic group, we must
have structural data at the highest possible resolution.
The derived haem distances agree very well with those
available from the Cambridge Structural Database.

Recently, in Hamburg, another novel cytochrome structure
has been determined, that of cytochrome ¢-553, by
S Benini, S Ciurli, WR Rypniewski and KS Wilson (Erice,
1997). The crystal was frozen and data extended to 0.97 A.
The position of the iron atom was determined from the
anomalous Patterson synthesis, and the complete structure
was developed in a series of steps using ARP. This is the
first structure of a cytochrome from Gram-positive bacteria.
The high quality of the structure makes it possible
to examine the basis of the unusually low reduction
potential of ¢-553, and in particular the mechanism of the
stabilization of the 3+ charge on the Fe ion.

Pheromone Er-1 from Euplotes raikovi

The pheromone Er-1 from E. raikovi, a 40 amino acid
peptide, has provided diffraction data to 1.0A and is
extremely tightly packed in the cell with a specific packing
volume (Vyp) of 1.53 A3 Da=1. The structure solution has
been attempted using a barrage of techniques: molecular
replacement (MR), direct phasing with ‘Shake-and-Bake’
(SnB), isomorphous replacement and multiple-wavelength
anomalous scattering [38°°]. The structure was actually
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first solved using MR with considerable difficulty because
of the tight packing. It was subsequently the first structure
to be solved using SnB without direct human intervention.

Rubredoxin and ferredoxin

Rubredoxin was the first protein to which a true least-
squares refinement was applied [39]. It remains a paradigm
for accurate protein structure analysis. The function of
rubredoxin remains to be fully defined, but the role of the
polypeptide chain is to impose nonaqueous chemistry on
the FeSy cluster and fine tune its electron-transfer redox
properties. An analysis of the Clostridium pasteurianum
Fe-substituted (1.1A) and Zn-substituted (1.2A) rubre-
doxin has been published recently [35°]. The accuracy of
the metal-cluster distances, with bond errors of 10.003 A,
parallels that available for model compounds. The analysis
is currently being followed up by a study of the oxidized
and reduced forms of the Fe wild-type protein.

A 0.95 A analysis at 110K of the ferredoxin from Clostridium
acidiurici reveals the geometries of the two FeySy clusters
with an unparalleled accuracy (Z Dauter, KS Wilson,
LC Sicker, J] Meyer, J]-M Moulis, unpublished data).
The problem is to relate the small but statistically
highly significant distortions of the clusters from ideal
symmetry, and the nature of their surroundings, to the
redox potentials of this and other related ferredoxins.
These results put the onus on theorists to rationalize
the redox properties in terms of the environment of the
clusters in these two metalloproteins.

Cellulase

D Guerin and PM Alzari (personal communication) have
determined the structure of a complex of bacterial
endoglucanase CelA with a D-glucosyl residue bound to
subsite —1 of the active site (Figure 3). The high-resolution
structure of this complex, between an inactive mutant
of the endoglucanase with cellopentaose, is being refined
at 0.94A resolution. The R factor is below 10% for all
(0J200,000) independent reflections. The conformation of
the sugar in the -1 site is extremely well defined and
is distorted from the normal 4C; chair. Above the sugar
ring, a water molecule is well positioned to serve as
a nucleophile to hydrolyze the glycosidic linkage. This
crystal structure will contribute to the elucidation of the
details of the reaction mechanism and will serve as an
excellent model system to analyze protein—carbohydrate
interactions and the nature of the conformational changes
during the formation of the enzyme—substrate complex.

Triclinic lysozyme

"This is another system that has been known to diffract to
AR for many years. Walsh ¢z a/. (M Walsh, TR Schneider,
LC Sieker, Z Dauter, VS Lamzin, KS Wilson, unpublished
data) have refined the room temperature and cryogenic
structures at 0.95A to R factors below 10%. The solvent
structures reveal differences between the frozen and
ambient temperature crystals. 'The protonation states of
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Figure 3
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The complex of bacterial endoglucanase CelA, with a D-glucosyl residue bound to subsite =1 of the active site (DM Guerin, PM Alzari, private
communication). The density for the water molecule (W) positioned to serve as a nucleophile is shown in purple. The scissile glycosidic linkage

is marked with an arrow. Figure courtesy of DM Guerin and PM Alzari.

the carboxylate groups were amenable to analysis; this
involved a combination of direct observation of the
difference Fourier peaks and the C-O bond lengths.

Protein receptor-phosphate complexes

Two receptor—phosphate complexes have recently been
solved at 0.98 and 1.05A resolution [40]. A point of
biological interest is the presence of a very short hydrogen
bond, less than 2.45A, characterized by a low-energy
barrier. The existence of such an interaction had been
previously postulated from studies of model compounds
in the gas phase, but the accuracy of the AR analysis is
sufficient to provide unequivocal experimental evidence
in support of this.

Crambin

Crambin is the protein that has been structurally char-
acterized in the most detail, even though its function
remains unclear [41]. During a visit to EMBL Hamburg
in 1996, M Teeter recorded data to 0.67 A resolution.
After averaging over 42 peptides, the difference maps
clearly showed features characteristic of the deformation
of electron density from the spherical atom approximation

normally accepted in crystallography: the bonding elec-
trons [42]. Knowledge of fine details of the electronic
structure of proteins is the next step towards a deeper
understanding of their function and chemical interactions.

Conclusions

Clearly the first surge of 3D structural information, even
from a medium-resolution analysis, presents a major
breakthrough in rationalizing many of the properties of
a protein. Indeed, because of the limitations of crystal
quality, many analyses will remain limited to such resolu-
tion. This does, however, severely restrict the biological
questions that can be answered. To really probe the
chemistry of the active site of enzymes, of metal prosthetic
groups, and of ligand binding via hydrogen bonds and
other weak interactions, the most accurate models possible
are required. For small molecules, a coordinate accuracy of
00.002 A is routine. With synchrotron radiation, detectors
and cryogenic freezing, an accuracy approaching this level
is being obtained for a rapidly increasing number of
proteins. Structures published to date tend to be small,
but data have been collected to AR for systems as large
as LADH, neuraminidase and subtilisins.



What advances can be expected? To date, with few
exceptions, the AR structures have been of native
enzymes or of proteins as pilot studies. The next problems
to be addressed relate to protein function and require
structures of complexes with substrates and/or inhibitors.
AR studies of a series of ligands will be of importance for
the development of modelling techniques.

In terms of techniques, more powerful synchrotron
radiation sources will make AR data collection more
tractable on larger structures from smaller crystals. Major
advances can also be expected in the application of direct
methods and associated automated procedures for phase
extension and model building.

Finally, there will soon be a sufficiently large database
of AR protein structures to construct a protein-based
library of stereochemical parameters; it may take a little
longer until there is a good enough database to suggest
corrections to the Engh and Huber [28] set, an allowance
for different protonation states and variation of properties
with cryogenic freezing.
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