N
TECHNICAL REPORTS

Atomic Resolution Protein Crystal Structures
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In small molecule X-ray crystallography, the
term “resolution” is rarely used; it is assumed
that the data are collected to the maximum 26
angle achievable on the diffractometer with cop-
per radiation which corresponds toan interplanar
spacing of 0.8 A. Protein crystals in general do
not diffract as well as small molecules due to
their much larger size and the high content of
disordered solvent. Traditionally, macromolecu-
lar structures solved at 3 A or less are called low
resolution, up to 2 A-medium and beyond 2 A-
high resolution. About five years ago, only a few
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small proteins (like crambin, rubredoxin, insu-
lin) were known to diffract to beyond 1.2 A
resolution, which can be termed “atomic” [1].

In the last few years, important advances have
taken place which have enabled the collection of
atomic resolution diffraction data on crystals of
larger proteins. The most important factors were
the existence of fast detectors, such as imaging
plate and CCD scanners, the use of cryogenic
cooling and the availability of very high intensity
synchrotron beam lines.

The amount of data is proportional to the
cube of resolution, and going from 2 to 1 A, there
are 8 times more reflections to collect, integrate
and merge. Moreover, these very high resolution
intensities are usually weak. Therefore it is im-
portant to use fast, sensitive and accurate detec-
tors together with efficient integration software.

The experience of the last few years shows that
it is possible to shock-freeze most protein crys-
tals and this technique has become routine. The
lifetime of the crystal in the beam is prolonged
and it is possible to collect all data from an
individual crystal. Any slight non-isomorphism
would make it impossible to merge 1 A data from
more than one crystal. Successfully frozen crys-
tals usually diffract better than at ambient tem-
perature. As an example, the triclinic crystals of
liver alcohol dehydrogenase diffract to 1.0 A
when frozen but not further thanto 1.7 Aat4°C.

The most important prerequisite for the atomic
resolution data to be collected is the availability
of synchrotron beam lines, based on wigglers or
undulators, providing very strong and highly
collimated X-radiation. Such beam lines now
exist in most synchrotron sites and new ones are
being constructed.

During atomic data collection, one should
take every precaution that the data are as com-
plete as possible, especially in the lowest resolu-
tion range, and that they are accompanied by
well estimated standard uncertainties. This re-
duces the errors during refinements and ensures
that Fourier maps show meaningful features
even at very low density levels. It is advisable to
use F2 (intensities) rather than F (amplitudes) for
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refinement, without any omissions and includ-
ing intensities estimated as negative. If R free
cross-validation is employed, all reflections
should be used in the final refinement cycles.

Completeness of the data is particularly im-
portant (again, both at high and low resolution
limits) if they are to be used to solve the un-
known structures by direct or Patterson search
methods. Such methods work successfully for
metalloproteins; hopefully ever larger structures
will be solved by direct methods in the near
future [2,3].

At atomic resolution the number of measured
reflections exceeds the number of refined param-
eters several times. Even in case of anisotropic
refinement, with 3 positional and 6 anisotropic
displacement parameters, at 1.0 A the number of
observables is more than 5 times higher than the
number of parameters, assuming about 40% of
solvent in the protein crystal. That, in principle,
allows refinement of the protein model without
stereochemical restraints. In practice this is true for
most of the protein chain; however in every struc-
ture there are always highly flexible parts which
have to be restrained even at the highest resolution.
These are usually long, charged side chains at the
protein surface, sometimes parts of main chain
loops, larger ligands (e.g. oligopeptides or
oligosugars) and poorly defined water molecules.

Although almost any macromolecular refine-
ment program used for lower resolution analyses
can be used with atomic resolution data, the
refinement of protein models at ultra-high reso-
lution requires a specially careful approach. Most
of the default restraints and parameter values
must be re-evaluated. The program particularly
suited for such work, and written with macro-
molecular as well as small molecular applica-
tions in mind, is SHELXL [4]. It allows a com-
prehensive refinement of atomic models and
offers a broad choice of options. One can use
either a conjugate gradient algorithm, faster but
requiring more cycles, or a full- or block-matrix
method, slower and more computer memory
demanding but having a larger radius of conver-
gence and requiring less cycles. The full matrix
algorithm (standard for small molecules) is the
only one giving proper estimates of the uncer-
tainty of individual atomic parameters and of
values dependent on them, like bond lengths or
angles. SHELXL offers a rich choice of restraints . LLNL,
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of both stereochemical and atomic displacement
(thermal) parameters.

At about 1 A most protein models can be
refined anisotropically to an R factor of about
10%; some down to 7%. The errors of atomic
positions and bond lengths for C, Nand O atoms
may be lower than 0.02 A in the good part of the
protein molecule ranging to 0.05 A in more
flexible regions.

Not very many macromolecular structures at
atomic resolution have been published. This in-
cludes a few classic works, e.g. on crambin [5]
and rubredoxin [6], plus a number of more
recent reports, e.g. ribonuclease Sa [7], cyto-
chrome C; [8] and the SH2 domain [9]. More
studies have been reported at crystallographic
conferences in the last couple of years (ECM-16,
Lund, 1995; ACA, Montreal, 1995) and after the
IUCr Congress in Seattle it can be expected that
this field will boom and a wealth of atomic
resolution structures will be reported and ana-
lyzed in detail.

Some of the papers on atomic resolution struc-
tures report the detailed refinement of models
known previously from lower resolution studies
and some, in addition, report the solution of
unknown structures ab initio using direct meth-
ods. The application of direct methods to larger
structures advanced considerably in recent years,
mainly due to the work of groups in Buffalo
(Shake’n’Bake) and Goettingen (SHELXS). Cur-
rently it seems that structures with up to 500
atoms have a chance to be solved by this ap-
proach, especially if they contain heavier atoms.
Herbert Hauptman formulated the optimistic
opinion that with the next 5-10 years, larger
structures (above 1,000 atoms) will be solved by
direct methods, possibly also at somewhat lower
than atomic resolution. The direct methods ap-
proach is of particular importance for
oligopeptides, which are too small to develop
well defined secondary structure, therefore resist
the molecular replacement approach and gener-
ally do not bind heavy atoms [10, 11, 12].
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The size of the protein studied at atomic reso-
lution range from the oligopeptides (sometimes
with multiple copies in the asymmetric unit) with
30-40 amino acids to larger proteins. Data to
1.0 or beyond have been collected on crystals of
P1 lysozyme (15 kDa), bacterial trypsin (19 kDa),
ribonuclease Sa (2 x 10 kDa), cutinase (20 kDa),
gB-crystallin (21 kDa), fungal trypsin (22 kDa),
savinase (27 kDa), concanavalin a (25 kDa),
xylanase (35 kDa), neuraminidase (42 kDa), up to
LADH (2 x 37 kDa).

The refinement and analysis of the large
amount of structural detail from atomic reso-
lution study takes a long time. That, in part,
explains the delay between reporting prelimi-
nary results and appearance of the final pub-
lications. However, several conclusions can
already be formulated. First, even relatively
large proteins can diffract to atomic resolu-
tion (like LADH with 750 amino acids in the
asymmetric unit). That suggests that, in the
future, many more atomic resolution studies
can be expected. Second, although compre-
hensive analyses must wait, some trends in
these very accurate structures have already
been identified. Up to 15% of the amino acid
residues exist in alternative conformations,
most often serine, threonine and acidic side
chains, but sometimes also tyrosine and even
tryptophan. Double conformations of the main
chain loops have also been found [13]. Ioniza-
tion states of charged acidic groups can be
identified from the corresponding C-O bond
lengths. Although the OH hydrogen of the
catalytic serine was not found in the differ-
ence Fourier map of savinase [14], such stud-
ies are feasible. Such subtle features as the
electron density corresponding to s and p bonds
with the “averaged” peptide group of crambin
have been reported. Third, the atomic resolu-
tion structures will serve as an improved “li-
brary” of stereochemical target values in the
refinement and validation of structures at lower
resolution. For example, the peptide groups
tend to be not completely planar; their spreads
(06=6°) around the average of 179° reaches up
to 20°. Fourth, the solvent structure can be
analyzed more accurately; often well defined
alternative, partially occupied water sites may
be identified.

Atomic resolution studies open up the possi-
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bility of identifying and discussing many subtle
features which play very important biological
roles. Many biological processes involve the trans-
fer of hydrogen or electrons; discussion of such
phenomena requires very high accuracy of the
structural models, which only atomic resolution
can provide. Another example is the discussion
of thermophilicity; it seems clear now that there
is no single decisive factor responsible for this.
Instead, many weak, low energy contributions
lead to the global effect. That again requires
highly accurate structures for detailed discus-
sion.

There is no doubt that in the near future many
new atomic resolution structures will appear,
shedding light on the detailed chemical and bio-
logical features of proteins. W
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