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may be understood in far greater detail with information from reflection
analysis. A surprise has been just how ordered macromolecular crystals
can be. This offers potential in new phasing methods such as multiple beam
diffraction®® and the exploitation of the coherent radiation opportunities
available at third-generation synchrotron sources.
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[16] Protein Structures at Atomic Resolution

By 7ZBIGNIEW DAUTER

Introduction

In recent years there has been a dramatic increase in the number of
X-ray crystal structures of proteins refined at atomic resolution. This trend
has been anticipated'  and exceeds even the growth of the number of all
protein structures deposited at the Protein Data Bank (PDB) (Fig. 1).
There is no doubt that this explosion of atomic resolution structures is
owed mainly to the advances in macromolecular crystallography method-
ology. The most important advances have been in the practice of crystal
growth. The availability of convenient and quick protein-purification
methods, efficient crystal-growth screening conditions, convenient crystal-
lization chambers that employ only small amounts of sample, and some-
times mechanisms (robots) to automate the setting up of crystallization
trials all contribute to these successes. A number of atomic resolution data
have been obtained from crystals grown in microgravity, which makes it
possible to use efficiently the full diffraction potential of very-high-quality
protein crystals. The availability of bright synchrotron beam lines,

' Z. Dauter, V. S. Lamzin, and K. S. Wilson, Curr. Opin. Struct. Biol. 3, 784 (1995).
2Z. Dauter, V. S. Lamzin, and K. S. Wilson, Curr. Opin. Struct. Biol. 7, 681 (1997).
*S. Longhi, M. Czjzek, and C. Cambillau, Curr. Opin. Struct. Biol. 8, 730 (1998).
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FiG. 1. A histogram showing (in logarithmic scale) the number of all atomic resolution
protein structures available in the PDB at the end of each year.

maturation of cryopreservation techniques, and advances in the data pro-
cessing and handling software, coupled with a general increase in computer
speed and memory, is also responsible for this trend to a large extent.

Another factor is the increasing interest and appreciation of the re-
searchers involved that proteins refined at atomic resolution give a wealth
of additional, detailed information about the chemistry of the molecules
being investigated. It is generally accepted that macromolecular crystallog-
raphy provides valuable biochemical information about interactions be-
tween functional groups within a single protein or between partners in
multimolecular complexes. It is not so generally appreciated that chemical
reactions or interactions, which are crucial to all biological processes,
depend on the precise alignment of particular atoms in their particular en-
vironment. The more accurately the stereochemical and electronic details
about the interacting functional groups or molecules are known, the more
intricate is the information about the chemistry that can be gained, be it an
enzymatic reaction, or electron transfer, protein-ligand, protein—protein,
or protein—nucleic acid recognition or signal transduction.

Definition of Atomic Resolution

There is no sharply defined criterion for the data resolution to become
“atomic.” The primary result of the X-ray diffraction experiment is an
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electron density map. The atomic model serves only as a representation of
the electron density in terms more familiar to chemists. It is possible to
build models consisting of individual atoms even at low resolution, since
the building ““bricks” of macromolecules, i.e., amino acids and nucleotides,
are well known. The knowledge of bond lengths and angles within those
bricks is used in the interpretation of the electron density maps, and it is
applied in the form of constraints or restraints during refinement of the
atomic model. At low resolution the individual atoms are not represented
by well-resolved peaks in the Fourier syntheses, but when the number of
the measured reflection intensities (observables) increases, i.c., the reso-
lution of the diffraction data improves, the electron density tends to show
resolved peaks corresponding to individual atoms. This process is gradual,
and even at the resolution poorer than 2 A individual peaks can appear in
the well-defined parts of the model. On the other hand, even at a resolution
better than 1 A, some atoms in the flexible parts of a macromolecule may
be unresolved in the map.

The current consensus among crystallographers is that diffraction
data are considered ‘“‘atomic” if the resolution reaches at least down to
d-spacings of 1.2 A, and at this limit a majority of intensities are above the
20 level. This condition has been proposed by Sheldrick® on the basis of his
experience in solving large structures by direct methods, which are based on
the atomicity principle that requires that peaks in the Fourier synthesis
correspondmg to individual atoms do not overlap. The 1.2- A resolution
limit is a little shorter than the average bond length within crystallized
molecules, so that the requirement of nonoverlapping atoms is fulfilled.

In small molecule crystallography the diffraction data from organic
crystals usually have been collected on a four-circle diffractometer to the
maximum limit of the 26 angle achievable with the copper anode source,
which corresponds to about 0.8 A resolution. For noncentrosymmetric
structures this gives about five measured intensities per one parameter of
the anisotropically refined model. Since proteins contain a large amount
of bulk solvent, the same ratio of observables per parameter is achieved
at a resolution of about 1.0 A, which confirms the validity of a similar limit
for the macromolecular diffraction data to be classified as atomic.

Atomic Resolution Data Collection

Collection of data from crystals diffracting to atomic resolution
basically does not differ significantly from the *“‘ordinary” procedure.’”’
However, attention should be paid to certain points. Atomic resolution

*G. M. Sheldrick, Acta Crystallogr. A 46, 467 (1990).
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data should be complete at both highest and lowest resolution limits. The
highest resolution reflections carry the information about the finest details
of the structure, whereas the strong, low-resolution reflections modulate
the Fourier maps most significantly, and lack of them will seriously impair
the interpretation of electron density maps. Reflection intensities at the
high-resolution limit of diffraction are very weak in comparison to the
strong, low-resolution reflections. To obtain a meaningful measurement
of those weakest intensities, exposure time has to be long. Since all two-
dimensional detectors, in particular charge-coupled device (CCD)-based
detectors and imaging plates, have limited dynamic range, many strongest
reflection profiles will have overloaded pixels and therefore will not be
properly measured with such long exposure times. To estimate the
strongest intensities properly, one must make a separate pass of rotation
images with much shorter exposures (or attenuated X-ray beam). Some-
times more than two passes may be advised, since the effective exposure
difference between a pair of consecutive passes should not exceed about
10 for successful scaling of all data. The short-exposure data collection pass
should encompass all overloaded reflections from the previous one, and its
resolution limit should ensure enough reflections common to both passes
for the scaling procedure to be effective. Therefore it can be performed
with a longer crystal-to-detector distance and wider oscillation ranges.

If a crystal has relatively long cell dimensions, reflection profiles at high
diffraction angles at the edge of the detector may tend to overlap, espe-
cially when the longest cell dimension is oriented parallel to the X-ray
beam. If the crystal mosaicity is substantial, reflections will overlap even
with a very thin oscillation range. It is most beneficial to orient the crystal
with its longest (primitive) cell dimension along the detector spindle axis,
since then it will never come to be parallel to the beam. Often this can be
achieved at k-geometry goniostats.

As for any data collection by the rotation method, proper limits of total
rotation range should be selected, to ensure that at least the complete
asymmetric unit of the reciprocal space is covered. However, it is beneficial
to collect more data than the minimum, since increased redundancy leads
to more accurate estimation of the symmetry-averaged intensities.

In the scaling and merging procedure, attention should be directed
to the proper estimation of intensity uncertainties (sigmas). They are used
in the atomic model refinement as reflection weights, and if badly

? Z. Dauter, Methods Enzymol. 276, 326 (1997).

°Z. Dauter, Acta Crystallogr. D 55, 1703 (1999).

7Z. Dauter and K. S. Wilson, in “International Tables of Crystallography,” Vol. F, p. 177.
Kluwer Academic Publishers, Dordrecht, 2001.
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estimated they will adversely influence the refinement procedure. Bad
error estimates will lead to biased values of refined parameters and their
standard uncertainties, and therefore to a wrong goodness of fit. Since
two-dimensional (2-D) detectors do not measure individual X-ray quanta,
sigmas estimated according to the counting statistics need to be corrected.
All data collection programs have means to do that, based on the t-plot or
the x-square test.

Refinement Software and Protocols

Several programs can be used to refine protein models against atomic
resolution data. By far the most popular has been SHELXL.® It was
created by George Sheldrick, based on an enormous amount of experience
with refining small structures. The program has been extended to include
many options intended especially for macromolecules. It is extremely flex-
ible, allowing the user to design various protocols for anisotropic refinement,
restraints, rigid body groups, H-atom positioning, automatic solvent selec-
tion, etc., but also providing well-validated default values for all refinement
parameters. Another program, gaining increasing popularity and providing
similar refinement options, is REFMAC.’

When atomic-resolution data are available, it may be advisable to use
only limited resolution (1.5-1.8 A) in the first stages of refinement of the
isotropic model with the conjugate-gradient option. It will speed up the
procedure considerably, since at twice higher resolution the number of
reflections increases 8-fold. These moderate-resolution reflections within
an atomic-resolution data set should be strong and well measured, and will
produce relatively high-quality electron density maps, so that many fea-
tures such as more pronounced double conformations of side chains,
well-defined solvent atoms, etc. can be modeled confidently.

After extending the resolution to the full limit, the model can be refined
anisotropically and hydrogen atoms can be included at their calculated
positions. More subtle features appearing in the electron density can then
be modeled and the refinement process continued to convergence.

Geometric and B-factor restraints are necessary only to preserve ac-
ceptable stereochemistry of more flexible parts of the model. At atomic
resolution there is a large excess of observables over the refined param-
eters, and the influence of restraints on well-defined atoms is minimal.

® G. M. Sheldrick and T. R. Schneider, Methods Enzymol. 277, 319 (1997).
?G. N. Murshudov, A. A. Vagin, A. Lebedev, K. S. Wilson, and E. J. Dodson, Acta
Crystallogr. D 55, 792 (1999).
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However, releasing them completely will lead to large movements of atoms
in poorly defined parts of the model.

One of the most difficult features, even at atomic resolution, remains
the poorly defined solvent molecules. Water molecules in the first solvent
shell usually behave well, but further away from the protein surface or near
its flexible regions, electron density peaks may be confusing. Sometimes it
is possible to assign partially occupied water molecules in such peaks, or
even to refine their occupancies within alternative hydrogen bonding
networks or coupled to the protein side chains in double conformation.
However, even when one works at atomic resolution, the difficult problem
of modeling weak solvent sites still remains, although it is shifted further
away from the protein surface.

Itis a customary procedure to set aside a fraction (usually 5%) of all re-
ﬂectlons throughout the entire refinement process for cross-validation by
Riree.'® This is perhaps less necessary with atomic data than at moderate
or low resolution, where the danger of overfitting the model is more severe.
The Ry is extremely useful for validating the general refinement proto-
cols but, as a global factor, cannot serve to validate particular subtle fea-
tures such as individual side chain double conformations or weak water
sites.!! The refinement protocols at atomic resolution are rather well estab-
lished,'? and there is no need to validate anisotropic atomic displacements
or inclusion of hydrogen atoms. The individual structural features have to
be validated by the (preferably unbiased) electron density maps and by
chemical sense. Even if Ry is used to monitor the progress of refinement,
it is enough to assign about 1000 reflections for this purpose, which is
usually. significantly less than 5% of the total data, and use the rest for
refinement. In the last cycle of the refinement procedure all reflections
should be used to obtain the final statistics. In this sense there should be
no “‘final Ry.. value.”

Accuracy of Coordinates and Stereochemistry

The precision of the refined atomic positional and displacement par-
ameters depends mainly on the number of reflection intensities used,
taking into account the accuracy of their estimation, and on the agreement
between observed structure amplitudes and those calculated from the cur-
rent atomic model. At data resolution lower than atomic, it is possible to

' A. T. Briinger, Nature 355, 472 (1992).

'"E. J. Dodson, G. J. Kleywegt, and K. S. Wilson, Acta Crystallogr. D 52, 228 (1996).
*Z. Dauter, G. N. Murshudov, and K. S. Wilson, in “International Tables of Crystallog-
raphy,”” Vol. F, p. 393. Kluwer Academic Publishers, Dordrecht, 2001.
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estimate only roughly the average error of atomic positions. It is obvious
that within the protein model some parts are better defined than other,
more flexible regions, and such differences can be inferred only indirectly
from the atomic B-factors. There are global precision indicators that are
traditionally used at moderate resolution; these are derived from the
Luzzati plot," * or, more recently, the diffraction precision indicator
(DPI).!>1° These are not completely appropriate at atomic resolution,
since the least-squares refinement procedure offers the proper way of
estimating errors of the individual parameters from the inversion of the
least-squares matrix. From these, error estimates of all derived quantities,
such as bond lengths and angles, can be obtained. In practice it is possible
to perform the inversion of the full least-squares matrix only for smaller
structures, having 100-200 atoms. For larger models it is advisable to use
the block-matrix least-squares approximation in the last cycles, including in
each cycle a region containing 15-20 amino acids (about 1500 parameters),
and sxmultaneously removing all restraints and damping all parameter
shifts to zero.® This is a satisfactory compromise, providing individual error
estimates, perhaps with slightly less confidence. However, for this proced-
ure to be valid, uncertainties of the measured diffraction intensities have
to be estimated properly.

The precision of atomic coordinates in well- defined parts of protein
models refined at atomic resolution is about 0.02 A or even better. Coord-
inates of atoms heavier than carbon, nitrogen, and oxygen, such as sulfur or
metals, may be smaller than 0.01 A. Such accuracy can be reached when an
R-factor falls to 10-12%. Of course, flexible parts of the protein model,
with high B-factors, will be much less accurately defined.

Atomic Resolution Structures in the PDB

Table I lists all protein structures deposited in the Protein Data Bank!’
before end of the year 2002 that were refined at a resolution at least 1.2 A.
Since there is no sharp definition when a polypeptide can be accepted as a
protein, all structures built from amino acids are listed, including relatively
small oligopeptide antibiotics. The table gives the PDB code, protein size,
resolution, R-factor, deposition date, and the appropriate reference.

P, V. Luzzati, Acta Crystallogr. 5, 802 (1952).

“‘R Read, Acta Crystallogr. A 42, 140 (1986).
>D. W. J. Cruickshank, Acta Crystallogr. D 55, 583 (1999).

I6D M. Blow, Acta Crystallogr. D 58, 792 (2002).

"H. M. Berman, J. Westbrook, Z. Feng, G. Gilliland, T. N. Bhat, H. Weissig, I. N.
Shindyalov, and P. E. Bourne, Nucleic Acids Res. 28, 235 (2000).
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The structures are sorted according to the deposition date. It is appar-
ent that until 1997 there were only a few atomic resolution models
deposited per year, but after 1998 the number of atomic resolution struc-
tures grew very fast. This parallels the recent progress in the X-ray method-
ology, such as the availability of bright synchrotron beam lines, fast,
sensitive, and accurate detectors, efficient software for data processing,
model refinement, and graphics inspection.

In spite of the availability of several user-friendly and sophisticated pro-
grams, the task of refining and properly validating atomic resolution
models is complicated and time consuming. Very fine features can be con-
fidently validated only by inspection of the atomic model and electron
density maps on the graphics display and manual intervention. Therefore
the time elapsed from atomic data collection to structure deposition and
publication is usually several months, if not years. The contents of Table I
are therefore unavoidably outdated, and taking into account the current
trend, it may be expected that in the future the number of available atomic
resolution structures will grow even faster. This will provide a firmer basis
for more statistically valid discussion of various subtle features of protein
molecules as seen in the crystalline state. In the subsequent sections some
of these fine features will be presented.

Atomic Resolution Features

Various fine features become apparent at atomic resolution. Some of
them may be visible even at lower resolution, but when the resolution
approaches 1 A, they may be modeled with higher confidence.

Multiple Conformations

Double conformations of amino acid side chains can be modeled at
moderate resolution, even lower than 2 A, but at atomic resolution they
become more apparent. It is not uncommon to see up to 10-15% of all side
chains displaying multiple rotamers. This phenomenon is not restricted to
residues at the protein surface; often buried amino acids form clusters with
concerted alternative sets of side chain rotamers. Sometimes residues in the
free enzyme active sites are also observed in multiple conformations.'® At
the protein surface the double conformations of side chains are usually
coupled with partially occupied water sites. The split atomic sites can be re-
fined with the common occupancy x for one conformation and 1—x for the
alternative one.

'“D. Ghosh, M. Sawicki, P. Lala, M. Erman, W. Pangborn, J. Eyzaguirre, R. Gutierrez,
H. Jornvall, and D. J. Thiel, J. Biol. Chem. 276, 11159 (2001).
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Even at atomic resolution it is not possible to model some side chains,
which completely lack any interpretable electron density, if they are
positioned in very flexible protein regions. Sometimes also N- or C-termini
or very flexible loops completely lack electron density and cannot be mod-
eled at all. In such cases it is possible either to omit these parts from the
model and represent longer side chains by Gly or Ala, which causes con-
flicts during structure deposition, or model them in “empty” space with
zero occupancy, which can confuse the less “crystallographically know-
ledgeable” users of the PDB. Such cases should be explicitly listed in the
publication and remarked in the deposited file.

Multiple conformations also can be observed for the protein main
chain. Sometimes an individual “peptide flip” occurs, wherein an individ-
ual peptide plane is rotated. A partial occupancy peptide flip will produce
extended disorder over neighboring residues, including their side chains
(Fig. 2). The whole stretches of main chain, encompassing several residues,
also can follow two alternative pathways.'” Often the inspection of the

FiG. 2. The 2F,~F electron density at the 10 level of the double conformation peptide-flip
region around the Gly D212 residue in the structure of Erwinia asparaginase (107J), with four
molecules of 327 residues each, refined at 1.0 A.
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anisotropic displacement parameters (ADPs) can help in the identification
of such split patches of the protein chain.

Most commonly double conformations of side chains occur in polar
“linear’” amino acids, such as Ser, Asp, Asn, Glu, Gln, Lys, Arg. However,
multiple conformations are observed for other residues as well (Fig. 3). It is
not uncommon to see the two overlapped rotamers of Val or Thr, differing
in x; by 120° and having one ~-site in common. Similarly a Leu side chain
may have two x; values 180° apart, with the opposite “chirality” of its C”
atom. It is relatively common to see a Pro with two alternative C” sites, cor-
responding to the opposite ring pucker. A very clear two orthogonal orien-
tations of the His imidazole ring are apparent in all four independent
molecules in the structure of the ASV integrase (Fig. 4).%°

In one instance atomic resolution helped clarify the fake double con-
formation in RNase Sa.*' On the basis of the then available protein se-
quence, a cysteine was modeled in two partially occupied conformations
in the structure at 1.8 A.?2 At atomic resolution this residue was reinter-
preted as a threonine, having clearly different bond lengths, electron
density, and H-bonding contacts of its two ~ atoms (Fig. 5).

The double conformations of certain side chains can have a specific
relevance for the interpretation of protein biochemistry. The flexibility of
certain regions, particularly near the substrate or effector binding sites,
may be required for biological activity. Often in crystalline complexes vari-
ous substrates or inhibitors are not fully occupied, which may result in mul-
tiple conformations of those residues, which have to rearrange between the
apo and complexed forms. The detailed analysis of such variations, possible
only at.a very high resolution, may have profound biological importance.

Hydrogen Atoms and H Bonds

X-radiation is scattered by electrons, which are concentrated around
atoms in all molecules. Hydrogen atoms, having only one electron, scatter
very weakly and present problems even in small- structure crystallography.
In view of this, the term “proton,” often used by chemists to signify a
hydrogen atom, has been deliberately avoided in the present text.
According to the traditional opinion, it is not possible to identify hydrogen
atoms in macromolecules by X-ray diffraction, since their signal tends
to disappear in the noise. However, in view of the results of many

' 7. Dauter, K.S. Wilson, L. C. Sieker, J. Meyer,and J. M. Moulis, Biochemistry 36,16065 (1997).

207, Lubkowski, Z. Dauter, F. Yang, J. Alexandratos, G. Merkel, A. M. Skalka, and
A. Wlodawer, Biochemistry 38, 13512 (1999).

?1'J. Sevcik. Z. Dauter, V. Lamzin, and K. S. Wilson, Acta Crystallogr. D 52, 327 (1996).

?2J. Sevcik. E. J. Dodson, and G. G. Dodson, Acta Crystallogr. B 47, 240 (1991).
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Fi6. 3. Various residues with their side chains in double conformations with the 2F,—F,

electron density at 1o from the structure of Erwinia asparaginase (1073).
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Fi1G. 4. The His A202 residue of Erwinia asparaginase (107J) showing two orthogonal

conformations of its imidazole ring.
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F16.5. The residue A72 in RNase Sa with the 2F,~F, electron dénsity at the 1o level (A)in
the 1.8-A structure (1SAR),”> modeled as a cysteine, and (B) in the 12-A structure
(1IRGG).*! correctly modeled as a threonine. The clear effect of the model bias in the 1.8-A
structure removed most of the electron density of the second ~ atom.

atomic-resolution investigations this opinion must be largely abandoned.
Indeed, at “traditional” resolution of about 2 A or lower, it is not possible
to identify hydrogen atoms directly by crystallographic techniques. How-
ever, even at medium resolution they contribute to diffraction, and inclu-
sion of hydrogens in the calculated positions (which is possible and
advisable) leads to lower R-factors and clearer Fourier maps. Without
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hydrogens, their parent atoms will tend to refine toward the center of grav-
ity of the X—H pair. Of course this effect is negligible at low resolution, but
becomes significant when data resolution increases. However, experience
with small structures suggests that hydrogens cannot be refined as inde-
pendent atoms even at atomic resolution. They usually are refined as
“riding” on their parent atoms with related (e.g., 20 or 50% higher) iso-
tropic B-factors. This procedure is ‘“‘cheap’” as it does not increase the
number of refined parameters. Perhaps it is pointless to include hydrogen
atoms on residues in multiple, partially occupied conformations.

The interpretability of difference density peaks depends not only on
resolution, but also on many other factors, such as the quality of diffraction
data, B-factor overall, and in the particular protein region, average level of
noise in the Fourier synthesis, etc. As usual with the interpretation of the
electron density maps, some peaks are clear whereas others may be very
“subjective.”

Among the H-atom difference map peaks, the most clearly visible ones
correspond to main chain hydrogens, that is to C°~H and peptide N-H
atoms. Usually at atomic resolution a majority of main chain hydrogen
atoms have a reasonable difference density, sometimes even more than
75% of them. Hydrogen peaks around side chain atoms are usually less
pronounced, but in well-defined protein regions they can be clearly identi-
fiable, even within methyl groups (Fig. 6).!° Clear difference peaks were
identified for all hydrogens in one of the tyrosines (Tyr-13) of rubredoxin
in the first atomic resolution least-squares refinement of any protein.*

Hydrogens within certain hydrogen bonds between two similarly elec-
tronegative atoms may sometimes adopt two “‘tautomeric” positions on
either of the two energy minima close to one or another donor/acceptor.
Such a split of hydrogen positions has been identified in X-ray structures
of smaller molecules (e.g., cyclodextrin), but there is no chance to identify
such partially occupied hydrogen sites in protein crystal structures. This
consideration is particularly relevant to certain solvent waters, although
low temperatures may stabilize one of the alternative directionalities of
H-bonding networks.

In a number of particularly well-refined structures water hydrogen
atoms have been identified. In the 0.78-A structure of subtilisin®® 14% of
all protein hydrogen atoms have difference density peaks above 3¢, 65%
are above the 20 level, and several water molecules have clear density

K. D. Watenpaugh, T. N. Margulis, L. C. Sicker, and L. H. Jensen, J. Mol. Biol. 122, 175
(1978). K. D. Watenpaugh, L. C. Sieker, and L. H. Jensen, J. Mol. Biol. 131, 509 (1979).
K. D. Watenpaugh, L. C. Sieker, and L. H. Jensen, J. Mol. Biol. 138, 615 (1980).

**P. Kuhn, M. Knapp. M. Soltis, G. Ganshaw, M. Thoene, and R. Bott, Biochemistry 31,
13446 (1998).
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F1G. 6. Residue Thr-71 of ferredoxin (2FDN)': (top) the 2F,—F, electron density at the
1.50 level and (bottom) the difference map calculated before introduction of hydrogen atoms.

visible for their hydrogen atoms. In the 0.94-A resolution structure of con-
canavalin A% several waters have both their hydrogens identifiable in the
map and even more have only one hydrogen. In the latter case the water
molecules are surrounded by several possible H-bond acceptors, and the
second hydrogen is most probably associated with more than one acceptor.

Nonclassic H Bonds

The occurrence of the main chain C-H...O hydrogen bonds in proteins
and their role in maintaining the integrity of the protein secondary struc-
ture have been identified earlier,®?” mainly between C°~H donors and

2 A. Deacon, T. Gleichmann, A. J. Kalb, H. Price, J. Raftery, G. Bradbrook, J. Yariv, and
J. R. Helliwell, J. Chem. Soc. Faraday Trans. 1997, 4305 (1997).

207.S. Derewenda, L. Lee, and U. Derewenda, J. Mol. Biol. 252, 248 (1995).

7 G. F. Fabiola, S. Krishnaswamy. V. Nagarajan, and V. Pattabhi, Acta Crystallogr. D 53,316
(1997).
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carbonyl O atoms within both parallel and antiparallel 3-sheet regions.
This analysis was based on the statistics of interatomic contacts, taking into
account van der Waals radii of the involved atoms, including calculated
positions of hydrogen atoms. The atomic-resolution investigations allow
one to identify such interactions with enhanced confidence, not only be-
cause of more accurately refined atomic positions, but also because of the
appearance of hydrogen-atom peaks in the difference Fourier maps.”®*’ In
the structure of haloalkane dehalogenase™ 141 such C-H. . .O interactions
have been found. Interestingly, it has been observed®' that in the 3-sheet
structures the C"-H peaks are located not exactly at the “‘tetrahedral” pos-
itions with respect to their parent C* atoms, but are slightly shifted, so that
they can form more effective hydrogen bonds with carbonyl oxygen atoms
of the other strand.

However, the hydrogen atoms located on various other carbon atoms
may in certain cases form hydrogen bonds with electronegative acceptors.
In the structures of ASV integrase®” and proteinase K> one of the His resi-
dues, apparently protonated in integrase and uncharged in proteinase K,
forms hydrogen bonds through all four of its available imidazole ring atoms
(N‘“, C% ¢! and NEZ), and there is no indication of any possible disorder
involving the 180° flip of the ring, (Fig. 7).

The term “‘electronegative acceptor™ should also be expanded to in-
clude 7-electron systems of the aromatic rings.** The early investigation
of BPTI identified the interaction between the amide N-H and the tyrosine
ring;>> this hydrogen atom was effectively shielded from exchange by
deuterium. In fact this tyrosine accepts two N-H...7 hydrogen bonds,>!
from one side the main chain N-H, and from another side the asparagine
side chain amide. Both hydrogen atoms are visible in the difference
map. In the structure of concanavalin A** a water molecule placed at a

**T. Sandalova, G. Schneider, H. Kack, and Y. Lindgvist, Acta Crystallogr. D 55, 610 (1999).

21 Esposito, L. Vitagliano, F. Sica, G. Sorrentino, A. Zagari, and L. Mazzarella, J. Mol.
Biol. 297,713 (2000). L. Esposito, G. Vitagliano, A. Zagari, and L. Mazzarella, Protein Eng.
13, 825 (2000).

1. S. Ridder, H. J. Rozeboom, and B. W. Dijkstra, Acta Crystallogr. D 55, 1273 (1999).

SUA. Addlagatta, S. Krzywda, H. Czapinska, J. Otlewski, and M. Jaskolski, Acta Crystallogr.
D 57, 649 (2001).

32 7. Lubkowski, Z. Dauter, F. Yang, J. Alexandratos, G. Merkel, A. M. Skalka. and
A. Wlodawer, Biochemistry 38, 13512 (1999).

* C. Betzel, S. Gourinath, P. Kumar, P. Kaur, M. Perbandt, S. Eschenburg, and T. P. Singh,
Biochemistry 40, 3080 (2001).

** G. R. Desiraju and T. Steiner. “The Weak Hydrogen Bond.” Oxford University Press,
Oxford, 1999.

3 A. Wilodawer, J. Walter, R. Huber, and L. Sjolin, J. Mol. Biol. 180, 301 (1984).
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FiG. 7. The surrounding of His-142 in integrase (1CXQ)* and the 2F,-F, map at

c

lo showing all its imidazole ring atoms engaged in hydrogen bonds.

perpendicular distance of about 3.5 A from the phenyl ring of a tyrosine
donates a hydrogen atom that is clearly visible in the difference map.

The analysis of atomic resolution structures clearly shows the existence
of many weak, nonstandard H-bonding interactions within proteins. Their
contribution to the integrity of the protein fold is increasingly appreciated.

Protonation of Charged Groups

The most interesting hydrogen atoms from the biochemical point of
view are those that may be located on ionizable charged groups and are
governed by acid/base equilibrium. Unfortunately, these hydrogens are
most difficult to identify in the difference Fourier maps, since they usually
reside at termini of amino acid side chains (Asp, Glu, Arg, Lys, His), which
tend to have higher than average B-factors. Moreover, such O-H or N-H
bonds are polarized, so that effectively the bonding electrons are shifted
toward the electonegative, heavier atoms.

However, in several atomic resolution investigations such acidic hydro-
gen atoms have been identified. In concanavalin A*> a pair of oxygens from
neighboring carboxylates at a distance of 2.58 A are connected by a
hydrogen bond, with the difference density corresponding to the hydrogen
located close to the aspartate oxygen. Although concanavalin does not
have any enzymatic activity, such features are typical for active sites of



326 DATA [16]

the hydrolytic enzymes. Indeed, hydrogen atoms protonating active site
residues are obviously most interesting for discussing enzymatic mechan-
isms. Such crucial hydrogens have been identified in several structures.
For example, within the Asp-His-Ser catalytic triad of subtilisin,** hydroxy-
nitrile lyase,® elastase,”’” and proteinase K** the difference density shows
the hydrogen located at the N°' atom of the histidine pointing toward the
aspartate carboxyl oxygen. In proteinase K the density of the hydroxyl
hydrogen of catalytic serine is also visible pointing toward the N2 atom
of histidine.

In the complex of a glycosidase with the inhibitor containing a sugar-
fused imidazole ring,*® the difference density showed that the imidazole
N atom (corresponding to normal oligo-sugar glycosidic oxygen) is
protonated by the enzymatic glutamate, which helped to clarify the
stereochemistry of the enzymatic reaction.

With the high accuracy of the bond length estimation that is possible in
very high-resolution structures, the protonation state of the carboxyl
functions can be inferred indirectly from the comparison of the two C-O
distances. In the charged -COO™ form, both oxygen atoms are equivalent
and both bonds are expected to be equal, whereas in the protonated,
neutral ~-COOH form, the bond to the protonated oxygen atom should
be longer than that to the other oxygen. The inspection of the C—O bond
lengths within the clusters of the neighboring carboxyl groups in the struc-
ture of the serine-carboxyl proteinase®® clearly shows the directionality of
the hydrogen bond networks and identifies which atoms are protonated
(Fig. 8). In the thorough analysis of the structures of RNase A at six pH
values ranging from 5.2 to 8.8'" a clear trend was identified in the endocyc-
lic bond angles of the imidazole group of the catalytic histidine, correlated
to the changes in pH and the protonation of the imidazole nitrogen atoms.

Validation and Dictionary Targets

The standard practice in refining macromolecules is to use stereochemi-
cal restraints as additional observables, supplementing the X-ray data. The
geometric properties of the refined model are compared with the target

**K. Gruber, M. Gugganig, U. G. Wagner, and C. Kratky, Biol. Chem. 380, 993 (1999).

7M. Wiirtele, M. Hahn, K. Hilpert, and W. Hohne, Acta Crystallogr. D 56, 520 (2000).

** A. Varrot, M. Schiilein, M. Pipelier, A. Vasella, and G. J. Davies, J. Am. Chem. Soc. 121,
2621 (1999).

*> A. Wlodawer, M. Li. A. Gustchina, Z. Dauter, K. Uchida, H. Oyama, N. E. Goldfarb, B. M.
Dunn, and K. Oda, Biochemistry 40, 15602 (2001).

4OR. Berisio, V. S. Lamzin, F. Sica, K. S. Wilson, A. Zagari, and L. Mazzarella, J. Mol. Biol.
292,845 (1999). R. Berisio, F. Sica, V. S. Lamzin, K. S. Wilson, A. Zagari, and L. Mazzarella,
Acta Crystallogr. D 58, 441 (2002).
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FiG. 8. Four stretches of hydrogen bonded carboxyl functions in PSCP (1GA6).*° The
analysis of the C-O bond lengths within these groups defines the directionality of H-bonds
within each cluster.

values of various geometric parameters. The most commonly used
target values of bond distances and angles were compiled by Engh and
Huber*' from the structures of amino acids and peptides in the Cambridge
Structural Database.*?

At atomic resolution the number of measured reflections exceeds many
times the number of refined atomic parameters. For the crystal containing
50% of solvent and data extending to 1.2 A resolution there are about five
reflections per parameter, including an anisotropic displacement model.
For a tightly packed crystal with only 35% of solvent and data to 1.0 A
there are about eight parameters. This ratio of observables per parameter
is very similar in small structure crystallography, at about 0.8 A. Somewhat
lower resolution of data from protein crystals is compensated by the
presence of the solvent region, which contains no individually refined
atoms. In principle therefore, refinement of protein models should not re-
quire any restraints. Indeed, well-defined parts of the protein chain with

*' R. Engh and R. Huber, Acta Crystallogr. A 47, 392 (1991).
“F H. Alenand V. J. Hoy, “International Tables of Crystallography,” Vol. F, p. 663. Kluwer
Academic Publishers, Dordrecht, 2001.
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low B-factors refine in a stable manner. Only more flexible parts, with
high B-factors or partially disordered, require restraints to preserve a
reasonable geometry.*?

At atomic resolution the contribution of X-ray terms to the refinement
procedure is much greater than the influence of restraints. In many in-
stances workers have observed that individual stereochemical parameters
refined consistently to values different than in the restraint library! This
may identify either unusual, strained conformations, or a deficiency of
the target library.

In general, however, refinement of many atomic-resolution structures
has confirmed the validity of the Engh and Huber library of bonds and
angles; only a few corrections have been postulated. For example, a clear
difference between the N-C“-C angles for residues in a-helices (average
111.8° + 1.7°) and those in B-sheet (109.1° + 1.8°) was identified in the
0.87-A structure of RNase A.2° Small revisions were proposed for some
bond lengths on the basis of the structure of cutinase** and four other
atomic resolution structures.*’

An important message, from virtually all atomic-resolution investiga-
tions, relates to the planarity of peptide groups. Whereas other planar moi-
eties, in particular aromatic rings, preserve strict flatness, peptides often
display significant distortion from planarity. Deviations of the C®~C-N-
C® torsion w-angle by up to 20° have been observed in many structures.*®
Such distortions occur as a consequence of the strain in the protein main
chain, in tight turns, or when a side chain is anchored by strong interactions
with neighboring groups. Overrestraining peptide planarity may prevent
neighboring atoms from adopting their correct conformation. It is recom-
mend that the weight of the peptide-planarity restraint should produce a
standard deviation from the perfectly planar value of about 6°, instead of
the often targeted 3°.

The w-angle is not the only measure of peptide planarity, since the car-
bonyl O atom should also in an ideal case lie in the same plane. The degree
of its distortion from the plane can be measured by the pyramidalization
of the carbonyl C atom, expressed as the difference of the appropriate
torsion angles 7 (C*-C-N-C%)—7(O-C-N-C")—180°. The analysis of

43 7. Dauter, L. C. Sieker, and K. S. Wilson, Acta Crystallogr. B 48, 42 (1992).

g, Longhi, M. Czjzek, V. Lamzin, A. Nicolas, and C. Cambillau, J. Mol. Biol. 268, 779
(1997).

*V.S. Lamzin, Z. Dauter, and K. S. Wilson, J. Appl. Crystallogr. 28, 338 (1995).

oK. S. Wilson, S. Butterworth, Z. Dauter, V. S. Lamzin, M. Walsh. S. Wodak, S. Pontius,
J. Richelle, A. Vaguine, C. Sander, R. W. W. Hooft, G. Vriend, J. M. Thornton, R. A.
Laskowski, M. W. MacArthur, E. J. Dodson, G. Murshudov, T. J. Oldfield, T. Kaptein, and
J. A. C. Rullman, J. Mol. Biol. 276, 417 (1998).
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peptide bonds in eight atomic-resolution structures shows clear negative
correlation between the peptide C-N and C=O bond lengths.?

The geometric parameters, which were restrained during refinement to
the library target values, have little value as validation tools,''** since they
often reproduce the assumed mean and dispersion of the restrained param-
cters. A common example is the deviation of bond lengths from target
values of 0.010 A or less, which only proves that the model geometry is un-
necessarily overrestrained. Atomic resolution structures suggest that the
desired value of this deviation should be about 0.020 A to reflect the true,
natural variation!

The best parameters to use for validation are those that were not re-
strained during model refinement. Most useful is the Ramachandran plot,*®
since the main chain conformational torsion angles ¢ and v are not
restrained; similarly the side-chain rotamer angles y can be used. In atomic
resolution structures the ¢, 1 angles are tightly clustered in the core « and 3
regions of the Ramachandran plot, and even suggest a possible redefinition
of these regions.*®

In the context of structure validation, it is worth mentioning the accur-
acy of the estimation of crystal cell parameters. At atomic resolution
inaccuracy of cell dimensions may have a significant adverse effect on the
accuracy of the protein model.*® This is not a trivial problem, since the
cell dimensions estimated from diffraction-data processing are correlated
with the knowledge of the X-ray wavelength and possibly of the crystal-
to-detector distance. If the experimenter is very careful, the wavelength
can be estimated with as good as 0.01% accuracy (A = 1.5418 A for Cuk,,
is this accurate), but it is difficult, though possible, to measure wavelength
as accurately as this at a synchrotron source. The experimenter should
beware! Some, but not all data-reduction programs are able to refine the
unit cell parameters in a way that is independent of the precise measure
of the specimen-to-detector distance. Therefore the accuracy of cell param-
eters could be as good as about 0.02% or worse than 1%. Moreover,
particularly for lower symmetry crystals, the cell dimensions refined
from reflection positions vary depending on the crystal orientation. The
postrefinement procedure may average them, but only with limited accur-
acy. Cell parameters should be quoted with true precision, and examples
such as a = 123.456 A or 3 = 123.45° are not realistic.

Y7G. J. Kleywegt, Acta Crystallogr. D 56, 249 (2000).
*¥ G. N. Ramachandran, C. Ramakrishnan, and V. Sasisekharan, J. Mol. Biol. 7, 95 (1963).



330 DATA [16]

Valence Electrons

In the standard crystallographic practice, the scattering of individual
atoms is expressed by spherical scattering functions. This gives a good
agreement with experiment, even in small-structure crystallography where
the resolution of diffraction data reaches about 0.8 A. However, whereas
the inner core electrons of the closed shells are spherically symmetric, the
valence electrons of the outer shells, which are involved in interatomic
bond formation, do not conform with the spherical approximation. This
effect is very subtle, and to visualize the deformation of electron density
by the X-ray diffraction experiment, and to decouple it from the aniso-
tropic atomic displacement effect, one needs particularly accurate intensity
measurements at very high resolution and at low temperature.*’ Even with
small-structure crystals, such charge-density deformation studies are not
routine.

The constituent atoms and bonds of proteins have the same properties
as in any other molecule, including the symmetry of their valence electron
shells. Protein crystals do not diffract well enough to substantiate such an-
alysis of individual atomic electron clouds. However, they contain multiple
copies of the same building block, that is a (trans) peptide group, consisting
of five planar atoms between a pair of C”s of consecutive residues along the
protein chain. The averaging of electron density of N multiple copies of
well-defined peptides should diminish the map noise square root (N) times.
This procedure applied to crambin and subtilisin® refined with a classic,
spherical atomic model showed clear deformation densities revealing
o-bonding electrons. More thorough calculations based on crambin data
extending to 0.54 A" which involved representing the atomic scattering
parameters by the multipolar pseudoatom model, led to a satisfactory mod-
eling of the electron-density distribution. Such experiments can provide un-
biased information on the distribution of charge in proteins, which is
crucial, e.g., for studies of substrate binding or receptor recognition.

Metal Coordination

Heavier atoms, such as metals, contribute more than light atoms to
the total crystal scattering, therefore their parameters are refined in a
least-squares procedure with higher precision. C, N, and O atoms located
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in rigid parts of the protein chain may have the estimated standard uncer-
tainties of their positions in the order of 0.01-0.02 A. The positional accur-
acy of metals may be an order of magnitude better, comparable with the
accuracy of small structures. Interatomic distances within the [Fe,~S,] clus-
ters in ferredoxin refined at a resolution higher than 1.0 A2 are esti-
mated with SUs in the range 0.002-0.004 A, clearly showing that the
clusters are significantly distorted from the ideal tetrahedral geometry,
but each in a different way. These distortions, exerted by the surrounding
protein, are important for discussing the redox and electron transfer prop-
erties of ferredoxin.

In the 0.94-A resolution structure of concanavalin A” the accuracy of
bonds between Mn®* and Ca®* ions and coordinating atoms is 0.005-0.010
A, and that of the corresponding angles is about 0.2°. The observed distor-
tions from the ideal octahedral coordination of Mn?* explain the EPR and
CD spectra of this transition metal binding site. The Ca®" ion has seven
oxygen ligands, asymmetrically placed at distances 2.360-2.513 A where
the carboxylate oxygen atom most distant from Ca®* is shared with Mn>".

The high-precision model of ZnS, and FeS, coordination was obtained
by refining two structures of rubredoxin.’® Similar sites are present in vari-
ous other proteins, e.g., zinc-fingers. The metal coordination by four cyst-
eine sulfurs corresponds to a tetrahedron flattened along the 2-fold axis,
which also relates the surrounding parts of the protein chain, including
the characteristic CXXC motif.

A zinc ion is present in the deuterolysin,>® coordinated by two histi-
dines, an aspartate, and two water molecules in a distorted octahedral
geometry. Alcohol dehydrogenase contains two zinc atoms. The recent
atomic-resolution analysis™ showed some unexpected features around
the catalytic Zn site, and led to a proposed revision of the enzymatic mech-
anism, involving the puckering of NADH coenzyme and involvement of
the fifth Zn ligand, postulated as a hydroxide ion.

Since the solution of first protein X-ray structures of myoglobin and
hemoglobin in the 1950s much attention was directed toward the heme iron
coordination geometry and electronic states. Several atomic resolution
structures of heme-containing proteins are now available.
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The analysis of the sperm whale myoglobin structures in aquomet,
deoxy, and carbonmonoxy states ® showed that CO is coordinated to iron
in nearly linear conformation, bent by about 7°, in contrast to O,, which
binds in a more angular fashion. Binding of carbon monoxide is weakened
by a steric clash between its oxygen and a histidine and a valine from
helix E, and a need for reorganization of the heme, iron atom, and helices
E and F.

In the other thorough atomic resolution work on sperm whale myoglo-
bin in four states, carbonmonoxy, aquomet, oxy, and deoxy,”” it was found
that CO is coordinated at a small angle of 9°, whereas O, is bent by 58°.
The distal histidine ring in MbCO and MbO, was found in two similar con-
formations, but in MbCO a third, swung-out conformation with about 20%
occupancy was also observed. The analysis of anisotropic displacement par-
ameters suggests that the heme and the proximal helix F move as rigid
bodies, in contrast to the more flexible distal helix E. Details of the confor-
mational substates are discussed and correlated with the spectroscopic and
other available data.

The trematode hemoglobin®® has a tyrosine instead of a typical distal
histidine at E7 position. Its exceptionally high oxygen affinity is explained
by the stabilization of the ligand by a hydrogen bonding interaction with
another tyrosine at position B10.

The structures of nitrophorin 4 complexed with NO and NH; showed
that the iron is in the ferric Fe(Ill) state with ruffled heme and bent
Fe-N-O geometry.” Atomic resolution accuracy allowed a detailed
discussion of the relations between the iron electronic state and redox
properties and small distortions of the heme and other Fe ligands.

Several structures of various heme-containing cytochromes have been
refined at atomic resolution. The structure of cytochrome ¢, solved ab
initio, provided the most accurate model of a heme protein at a time. Its
structure has been compared with plastocyanin, which is the alternatively
used protein in the electron transfer from photosystem I in primitive organ-
isms. The single electron transfer pathway, serving interactions with both
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cytochrome fand photosystem 1, is proposed for cytochrome cg, in contrast
to two separate pathways in plastocyanin.

The structure of a soluble cytochrome css3 was solved ab initio using
ARP and refined at 0.97 A resolution.®" Its very low reduction potential
of +47 mV was discussed in relation to the high solvent accessibility of
heme.

Methyl-coenzyme M reductase contains the cofactor F43, a nickel-
containing porphinoid moiety. The structure of this methane-generating
enzyme was refined at 1.16 A in complex with coenzymes M and B. Inter-
actions of the protein and its several ligands and bound ions were discussed
in detail and the catalytic mechanism proposed.

Waters and Other Solvent Molecules

The satisfactory modeling of the solvent-water molecules is difficult at
medium resolution. This problem persists also at atomic resolution. In gen-
eral, crystals able to diffract to atomic resolution tend to be closely packed
and have less than an average amount of solvent but, except for small oli-
gopeptides or antibiotics, they also contain bulk solvent regions corres-
ponding to the completely disordered liquid phase. These structures have
more well-defined water sites, which are stable during refinement and prac-
tically belong to the well-defined protein model, but most troublesome
remains the intermediate shell of poorly defined or partially occupied
water sites at the border of the bulk solvent region.

The problems with Fourier synthesis in this intermediate region, lo-
cated at the border between the well-defined protein with good waters,
modeled as discrete atomic sites, and bulk solvent, represented as a con-
stant level of electron density, is responsible for the high R-factor at the
lowest resolution, often observed even for structures refined at atomic
resolution. The solvent B-factor parameter™ partially takes into account
the smooth conversion of these two representations.

Only crystals of relatively small polypeptides do not have bulk solvent,
and there it is possible to model all solvent-water molecules. The largest
structure where practically all expected waters were modeled is crambin.
In the investigation of the nonhomogeneous (Ser/Pro-22-1le/Leu-25) form
of crambin at 0.83 A resolution® 141 water sites were identified and their
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occupancies and B-factors refined, with the total amount equivalent to
97% of the 91 waters expected from the crystal density, and in addition
one molecule of ethanol was found. The pure sequence (Ser-22/Ile-25)
structure refined at 150 K and 0.89 A® revealed correlated alternative net-
works of disordered side chains and complementary water sites. The com-
parison of crambin structures at eight temperatures between 100 and
293 K® identified the transition of the hydrated protein into the glassy
state at about 180 K, in which multiple conformations of protein side
chains and five- or six-membered rings of water sites are dynamically
coupled.

Usually all solvent sites are modeled as waters, in spite of the fact that
often the mother liquor contains various other ionic or organic additives.
Ions, such as NH,", Na*, and Mg®" are isoelectronic with H,O and it is
practically impossible to identify them in the electron density. The only
way to verify the ldentlty of Mg?" and Na* is through their characteristic
coordination, Mg®" rather strictly octahedral and Na* irregular penta-
to heptahedral. However, if such sites are placed outside of the first,
well-defined solvent shell, but are partially disordered together with the
coordinating waters, there is no chance to characterize them even in atomic
resolution structures. A very careful analysis of charges of the hydrogen
bonding groups in the 1-A structure of pheromone Er-1°7 led to the
classification of three solvent sites as NH," ions.

Similar difficulties arise with such organic molecules as glycol, poly-
ethylene glycol (PEG), methylpentanediol (MPD), glycerol, or molecules
of buffers, such as Tris and HEPES. All these compounds are polar, well
soluble in water, and able to form hydrogen bonds. It is possible to identify
and refine such molecules only if they are anchored by hydrogen bonds at
the protein surface or sometimes between two protein molecules in the
crystal lattice, otherwise they tend to be completely disordered within the
bulk solvent. In several atomic resolution structures such molecules have
been identified, more often than at medium resolution. Two glycerol mol-
ecules, which diffused into the crystal during a short soak in cryoprotecting
buffer, were refined in the active site of dUTPase.®® Similarly, two cryopro-
tectant ethylene glycol molecules were present in the crystal of the BPTI
mutant.’! One or two molecules of MPD were found in the biotin binding
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sites in each of the four independent protein molecules in the 1.14-A struc-
ture of streptavidine mutant,” and this feature was not seen in lower reso-
lution (1.8-2.0 A) structures of streptavidin crystals, always grown from
50% MPD solution. The atomic resolution structure of scorpion toxin’®
permitted identification of both enantiomeric forms of MPD. Both forms
of MPD were also identified in the centrosymmetric crystal of a-helical
peptide at 0.75 A resolution.”! In the structure of ASV integrase®” well-
defined molecules of HEPES and citrate are present, both originating from
the buffer used in protein crystallization.

B-Factors

At atomic resolution not only positional parameters, but also atomic
displacement parameters (ADPs), represented by B-factors, can be refined
with high accuracy (note: “A” in ADP means atomic, not anisotropic, so
that there are isotropic or anisotropic ADPs’?). Beyond the 1.2 A limit,
the number of measured intensities justifies the anisotropic modeling of
atomic displacements represented by a symmetric tensor with six unique
terms. Almost all atomic-resolution crystal structures are refined anisotrop-
ically, since this procedure leads to more accurate models and better agree-
ment with experiment, as documented by a significant drop in the Ryee
value. After refinement of anisotropic ADPs the Fourier maps, particularly
the difference syntheses, appear much cleaner and have less noise. A thor-
ough discussion of anisotropic ADPs in proteins was published recently.”?

Similarly to the situation with positional parameters, the well-defined
atoms usually do not require their anisotropic B-factors to be restrained,
but ADPs of atoms in more flexible parts or in disordered regions, and in
particular weak water sites, do not refine well without restraints. In contrast
to the positional or geometric parameters, B-factors cannot be referred to a
predefined library. Various types of anisotropic ADP restraints are imple-
mented in SHELXL: DELU rigid bond restrains the ADP components
along the bond between two atoms to be equal, SIMU makes all ADP com-
ponents of two close atoms similar, and ISOR does not allow ADPs to
become too anisotropic.
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In several atomic-resolution structures the displacement parameters
were analyzed particularly thoroughly. It has been found that in most
atomic-resolution structures the average anisotropy (the ratio of the
minimum to maximum eigenvalue of the Uj; tensor, Ey,/E33) is about
0.40-0.50,” which shows a significant difference from an isotropic
displacement model.

The correlation of B-factor with the square of the distance from the mo-
lecular center was found for two lysozymes’* and for a-lactalbumin’ and,
earlier, for a trypsin-like proteinase.’® This suggests that to a high degree
the molecules follow the rigid body dynamics. The TLS analyses confirmed
the validity of such a model for molecules or individual domains.”””®

Structure Solution By Direct or Ab Initio Methods

Several atomic-resolution structures have been solved by direct
methods or the ab initio approach. These two terms are often incorrectly
used synonymously. According to the current consensus,’’ direct methods
employ probabilistic relationships among structure factors for solving the
phase problem, whereas ab initio methods use only native data for this
purpose, but not the isomorphous or anomalous differences, for example.
Of course, the structure may be also solved ab initio by direct methods.
Direct methods are often used to find the substructure of heavy (anomal-
ously scattering) atoms, which can be expanded, e.g., by probabilistic phase
estimation of Fourier recycling.

The programs most often used for direct methods applications to
macromolecules are SnB* and SHELXD.®' Both are based on the
Shake-and-Bake dual-space recycling,® iteratively refining phases in recip-
rocal space, and selecting atoms in real space. Among 29 atomic resolution
structures solved directly or ab initio, SnB has been used 10 times and
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SHELXD 9 times. Four times SHELXS" has been used and three times
ARP* expanded the whole structure from heavy atom positions. Two
times the recently introduced program ACORN® has been used.

Itis well known that the presence of heavier atoms enhances the chance
of solving the structure by direct methods.* Indeed, out of 28 atomic reso-
lution structures solved using a single wavelength data, 11 contain metals
and only three small structures have no atom heavier than oxygen. The size
of these structures varies from a small toxin with 13 residues® to alcohol
dehydrogenase containing 7120 atoms.>

Conclusion

The number of very-high-resolution structures currently deposited in
the PDB clearly shows that protein crystals diffracting to atomic resolution
are becoming less rare. Although the primary requirement is the ability of a
macromolecule to form a highly ordered crystal, the very significant factor
in the recent explosion of the atomic resolution analyses is the progress in
all involved techniques. The methods of protein purification and crystal
growth, availability of bright synchrotron beam lines, and progress in soft-
ware used in all stages of the analysis make such projects more tractable.
The enhanced accuracy of the resulting models and the possibility of de-
scribing very fine structural features are very important for better under-
standing of the chemistry responsible for the biological properties of
macromolecules, which is the ultimate goal of structural biology.
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