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Abstract. The investigation of biological macromole-
cules and the characteristics that determine their
function has been of particular interest over the last
decades. Here we overview some modern approaches
for making the most of the 3-D protein structural
information, with a distinctive emphasis on macro-
molecular crystallography and complementary tech-
niques used to establish the structure-function rela-
tionship. A tight link between the biology of the

cellular processes and the underlying chemistry of
protein function governs the flow of the presented
material. The reader will be lead through the basic
principles of protein structure analysis and the means
to capture the characteristics that portray the func-
tion. The techniques exploiting high-resolution data
and allowing quantification of molecular motion and
structure-activity relationship are given particular
attention.
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Introduction

Proteins are large biological molecules that are
capable of performing a wide range of functions. It is
not surprising that the investigation of these macro-
molecules and the characteristics that determine their
function has been of particular interest over the last
decades. The formation, development and the suste-
nance of a living organism are governed by the correct
function of proteins. Metabolic pathways such as the
fatty acid synthesis ([1] and references therein) or the
citrate cycle [2], both essential for almost any organ-
ism, are probably the best-known examples. There are
numerous other processes, such as signal transduction
or expression regulation, where the high degrees of
specificity and efficiency of proteins and their inter-
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actions are indispensable for the correct biological
function [3].

Proteins may act as a specific recognition site (good
examples would be antibodies) or play a framework
role, acting as ”glue” or forming tissue such as skin or
muscles. Proteins may tunnel substances through
otherwise hostile environment, as can be seen from
ion transport through cell membranes. Finally, pro-
teins can be highly efficient, specific and versatile
chemical catalysts (enzymes), on which we will place
particular emphasis throughout this text.

In enzymatic catalysis two compounds (small organic
or inorganic molecules) may be combined into a larger
molecule (by synthetic enzymes), or large compounds
dismantled into smaller ones (by degrading enzymes).
Compounds may also be stereochemically rearranged
(by racemases). Enzymes are known to catalyse about
4000 reactions [4] and catalysis generally involves the
steps of substrate binding, chemical modification
(intermediate state) and product release. For each of
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these steps a number of structural requirements need
to be fulfilled. Binding small molecules to the protein
in its active site lowers the energy barrier of the
chemical reaction, which at the same environmental
conditions but without the enzyme would not nor-
mally occur. Enzymes are not only capable of binding
substrates specifically, but also of providing the
environment that stabilises high-energy transition
states, which favours the chemical conversion. Bind-
ing sites and contact properties, as well as chemical
properties such as reactivity and specificity are deter-
mined by surface characteristics, which in turn are set
by the arrangement of the atoms within that area. It is
the protein as a whole that determines the specific
properties of the atoms constituting its active site.

What makes a protein?

Proteins are composed of non-branched chains of L-a-
amino acids that are connected to each other through
the so-called peptide bonds. In a cell, the polypeptide
chains are assembled in the ribosomes, a process that
in itself is dependent on the correct functioning of a
series of enzymes [5]. Ribosomes produce a protein
from an RNA sequence template and are large,
complex arrangements of both RNA (ribonucleic
acid) and protein molecules that play various roles.
Deciphering the sequence of the mRNA threaded
through the ribosome in order to deliver the correct
amino acid residue is achieved at a specific codon-
reading site. The amino acid residues are linked to
each other at a synthesis site and the new protein chain
is threaded out of the ribosome complex. The
subsequent assembly of the polypeptide chain into
the correct 3-D structure involves the formation of
secondary structural elements such as helices and
strands, and the arrangement of those elements into
the tertiary structure, which gives the molecule its
shape. Conformational freedom along the protein
backbone exists only as rotations around the N-Ca
and the Co-C bonds where, due to stereochemical
constraints, only a limited number of combinations are
possible. For decades this has been exploited in the
form of the Ramachandran plot, widely used in
structure determination, validation and analysis [6].
Protein folding is a complex process for which the
driving forces are still only understood to a small
extent. Extensive efforts continue to be put into the
elucidation of this process from the bioinformatics
side using molecular dynamics simulations [7] as well
as a variety of structural studies [8].

Proteins through the looking glass

A large number of methods have been established
with an aim of unraveling the many questions imposed
by the mystery of protein function. Some of them

From atoms to proteins

focus on the biophysical properties, some on the
chemical composition, while others are geared to-
wards the study of 3-D structural properties and the
relation of that knowledge to the catalytic function.
There is a variety of means by which the structural
information of a macromolecule can be obtained.
Biochemical or biophysical methods, e.g. gel filtration,
electrophoresis or dynamic light scattering are used
routinely for the validation of the protein sample
during production and reveal basic information about
the molecular weight and the oligomerisation state of
a macromolecule. X-ray small angle scattering
(SAXS) on protein solutions can be employed to
compute the molecular shape and known 3-D struc-
tures can be exploited for the determination of their
relative arrangement in multi-domain proteins or
large assemblies. For studies of large macromolecules
and biomolecular complexes the use of electron
microscopy (EM) is emerging. Similar to SAXS, it
provides information on the size and shape of the
macromolecule up to a resolution of about 10 A and
requires only very small amounts of the sample.
Nuclear magnetic resonance (NMR) is well suited for
solution studies of biological macromolecules, target-
ing the investigation of molecular interaction and
molecular flexibility.

Macromolecular X-ray crystallography (MX) pro-
vides perhaps the most detailed picture of the bio-
logical molecules. MX has become the predominant
technique for 3-D structure determination and is the
main contributor to the rapid increase in the number
of structures available from the Protein Data Bank
(PDB) [9] (Fig. 1). The resolution that can be obtained
in an MX experiment is typically high (Fig.2), and
allows visualisation of the macromolecular 3-D struc-
ture down to very small building blocks — the
individual atoms and, sometimes, even electrons. At
the same time, it provides long-range structural
information. All this has opened up new opportunities
for establishing structure-function relationships that
convert the mere assembly of atoms in space into an
appropriately folded biological molecule with a dedi-
cated purpose and function.

The last decade has witnessed a rapidly emerging
combined use of crystallography with complementary
methods with an aim to provide structural information
at different levels. Examples include the placement of
crystal structures into SAXS envelopes of large multi-
protein complexes [10], the use of EM envelopes for
crystallographic structure solution by molecular re-
placement [11] and the combination of X-ray struc-
ture analysis with molecular dynamics simulations
[12] or quantum chemical calculations [13] for high-
lighting the link between a structure and the under-
lying chemistry of protein function.
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Figure 1. Statistics from the Protein Data Bank (PDB) as of 6 April 2006. (a) The methods used for structure determination. (b) The

growing number of structures accumulating in the PDB.
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Figure 2. Histogram on crystallographic resolution to which the structures in the PDB have been determined. The majority of structures

are in the 2.0 A range.

From proteins to crystals and to crystal structures

Since MX relies on the analysis of diffraction patterns
from a crystalline sample, the proteins need to be
crystallised. Crystallisation can be viewed as an
adjustment of the external conditions so that regular
packing of the molecules to each other is favoured.
Bringing flexible macromolecular entities into regular
arrangement is a major challenge and still remains
rather art than science. It is therefore not surprising
that crystallisation of biological macromolecules has
become a massive field of research. Most commonly
used are vapour diffusion methods (see for example

the methods outlined in [14, 15]) where a drop
containing a protein solution and a precipitant is
equilibrated via the gas phase against a higher
concentrated precipitant solution. The advantages
are in the large variability of the amount of sample
needed (i.e. the drop sizes) and the ease of retrieval of
the crystals for subsequent measurements. An exam-
ple of a newer technique is counter diffusion [16],
where a capillary with the protein solution is inserted
into a gel layer, through which a gentle interaction
with the precipitant solution takes place. This method
gained new attention through microgravity experi-
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ments. However, the crystal retrieval, e.g. for cryo-
genic cooling and data collection, may be problematic.
The list of possibilities for the crystallisation set-up
and the trial conditions is almost endless. Therefore,
the number of available crystallisation screens and, at
the same time, the degree of automation in setting up
large numbers of crystallisation trials is rapidly grow-
ing [17].

Protein molecules pack loosely into the crystalline
lattice and are surrounded by layers of solvent
molecules from the crystallisation cocktail. The high
solvent content influences the diffraction properties
but also provides accessibility of the protein molecules
to small molecule compounds. The presence of the
solvent and high ionic strength of the crystallisation
mother liquor also allows the relay of the information
gathered from the crystal structures back to the in vivo
environment [18]. The structures observed in the
crystal are normally the same as the ones in solution,
the exceptions being loops or amino acid side chains
involved in crystal lattice contacts. The strain imposed
on the molecules by the crystal lattice as a whole is
almost insignificant as was demonstrated by a study on
flexible sarcin-ricin domain motifs from 23S (E. coli)
and 28S (rat) rRNAs, which showed that their crystal
structures corresponded very well to the molecular
dynamics-simulated structures representing energy-
minimised states [19]. Also, the differences between
NMR structures determined in solution (i.e. in ab-
sence of a crystal lattice) and X-ray crystal structures
were generally within the margins of error and may be
attributed to the different (mathematical) treatment
of the models, e.g. different restraints, simplified
treatment of non-bonded interactions and exclusion
of explicit solvent molecules in the NMR refinement
process ([20] and references therein). One example is
the X-ray crystal and NMR of myoglobin structures,
where the only relevant observed changes were in the
conformation of two side chains in the haem pocket
[21]. Efforts to make structure comparison easier are
manifested in the creation of databases for NMR
structures [22] The overall molecular shapes of macro-
molecules also remain unchanged in the crystal, as was
illustrated by their comparison to low-resolution
envelopes obtained by SAXS experiments in solution
[23]. However, there could be exceptions, e.g. multi-
domain proteins or proteins occurring as multimers,
where the relative arrangement of the subunits is
energetically poorly defined and thus may be affected
by the weak crystal lattice forces [24].

Enormous efforts have been put into the development
of crystallographic methodology and technology,
which were to a large extent driven by biotechnolog-
ical, pharmaceutical or academic interest, as well as
large scale initiatives such as structural genomics [25]
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and industrial scale structure-based drug design [26].
We now witness an upcoming era of high-throughput
crystallisation facilities and powerful synchrotron X-
ray sources with automated beamlines and sample
handling environment that dramatically enhance the
process of 3-D structure determination [27, 28].
Complemented by the development of efficient soft-
ware that minimises the user effort and spans the
whole range of steps from processing of diffraction
data to the validation of the macromolecular model at
the end of the refinement, macromolecular crystal-
lography is now evolving into a widely used and easy-
to-apply method. The reader is referred to a compre-
hensive review by Dauter [29] on the past and recent
developments in macromolecular crystallography.

Seeing is believing

The direct result of the crystallographic structure
determination is an electron-density distribution in 3-
D space from which the atomic positions, expressed as
a set of 3-D coordinates, can be derived and the
molecular structure modelled. Crystallographic
model building hence forms a major step in the
structure determination process. Nowadays automatic
routines can aid building protein models into electron
density [30] in largely unbiased manner.

The accuracy of the atomic positions is defined by the
strength of crystal diffraction and thus by the reso-
lution to which the X-ray data have been measured.
The crystallographic resolution is approximately
equal to the minimum distance between two points
that can still be resolved in the electron density map
(see Fig.3 for a gallery of maps at different reso-
lution). This in turn defines the amount of detail that
can be obtained from the resulting macromolecular
model. During the crystal structure refinement the
protein stereochemistry is usually restrained to the
target values that are ordinarily taken from the library
of small molecule compounds. At a resolution of 3.0 A
or lower the amount of the observed data is very
limited. The individual atoms and often even the side
chains cannot be resolved in the electron density map.
Consequently, the derived models are heavily influ-
enced by predefined stereochemical restraints and the
coordinate error in the atomic positions can be in the
range of 0.5 A. The resolution of 2.2 A corresponds to
about ‘typical’ structures available from PDB (see
also Fig.2), where chemical groups (phenyl rings,
carboxylates, etc) and isolated atoms (e.g. solvent or
metals) are already resolved. The coordinate error is
of an order of 0.2 A. At atomic resolution (1.2 A or
higher [31]) not only the bonded atoms are resolved
and their types become distinguishable but also the
atomic positions can be accurately determined to 1/
100th of an Angstrom. At ultra-high resolution (0.8 A
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Figure 3. Examples for electron density maps at different reso-
lution of the X-ray data with error-free crystallographic phases.
Maps are contoured at the same level, 1.0 o above the mean. The
amount of detail increases impressively with the resolution.
Pictures were kindly provided by James Holton (Lawrence

Berkeley National Laboratory, One Cyclotron Road, MS
6R2100, Berkeley, CA 94720, USA).

or higher), the bonding electrons and hydrogen atoms
can be detected and thus the chemical properties can
be directly inferred from the crystal structure. The
benefits of atomic and ultra-high resolution have been
reviewed elsewhere [32-34] and the idiom “seeing is
believing” is perfectly applicable for these structures.

Protein structure interpretation

In high-resolution protein structures, where the X-
ray term dominates over stereochemical restraints,
the deviations from the library values can be consid-
erable. An analysis of squid ganglion DFPase deter-
mined to 0.85 A shows that individual bond lengths
and angles may differ significantly from the usually
employed targets and even suggests the revision of
those libraries for macromolecules based on data
from ultra-high resolution structures [35]. The high
accuracy of the model becomes most relevant for the
interpretation of active sites or ligand binding studies
where, at ultra-high resolution, the analysis of
interatomic distances may be followed by the inter-
pretation of chemical bonding or the charge distri-
bution. Charge density analysis has so far almost
exclusively been done on small molecule compounds,
but recent advances demonstrated its applicability
also to macromolecules [36]. An example is the exact
characterisation of ligand-protein contacts in com-
plexes of aldose reductase at a resolution of 0.66 A
[37], where the complementarity of the surface
charges on the protein and the ligands could be
directly observed. Such complementarity is neces-
sary for strong binding interaction and the exact
placement of the ligand as well as the correct spatial
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arrangement of the chemically active groups in-
volved in the catalytic reaction.

From atomic structure to protein chemistry

The fine details attainable in high-resolution electron
density maps are now increasingly used for extensive
probing of active sites in terms of their chemical
properties and charge distribution. The level of
accuracy can be so high that electronic effects caused
by the protein environment can be monitored. These
effects can be quite far-reaching and may originate
from the overall molecular architecture. Lario and
Vrielink [38] observed that within o-helices the
electron density of the main chain carbonyl groups is
polarised toward the oxygen atoms, while in 3-sheet
structures the charge density is higher in between the
carbon and oxygen atoms. Following this, one may be
able to quantify the complex polarisation effects that
influence the chemical properties of the active site
residues by, for example, altering their pKa values
[39-41]. Considerable effort has been put into the
development of refinement software to take into
account the atomic properties that go beyond the
regular spherical model. The first attempts to model
delicate features in the electron density for small
molecules were made by Hansen and Coppens [42]
and have then over the years been tuned towards
application to macromolecules [36, 43]. Differences in
bond order or electron lone pairs can now be detected
in ultra-high resolution difference electron density
maps and modelled accordingly [44]. The main
requirement for the application of a non-spherical
modelis the sufficient ”sharpness” of the atomic peaks
in the electron density, which sets a current resolution
limit of about 0.9 A.

Small size with big impact — hydrogen atoms in protein
structures

In structures determined to atomic resolution or
higher, most hydrogen atoms can be seen directly,
and the detection of the bonding electrons around the
parent atom allows determination of its protonation
state, the pKa value, or H-bonding interactions in
general. Since most of the catalytic reactions involve
hydrogen transfer of some sort, such information can
be of high importance for establishing the catalytic
mechanism. The large number of examples where the
protonation state of residues or the involvement of
exceptional H-bonding contacts in catalysis could be
observed from MX structure analysis makes extensive
discussion on individual proteins close to impossible.
The reader is therefore referred to the specialised
literature (e.g. [37, 45-49] and the references therein).
We illustrate the importance of direct observation of
hydrogen atoms through the studies of aldose reduc-
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tase, a highly relevant drug target, which showed the
full potential of the characterisation of the ligand and
cofactor binding sites in terms of electron and charge
distribution. In aldose reductase unusual hydrogen
donors and acceptors have been identified unambig-
uously from the appearance of hydrogen peaks in the
0.66 A electron density maps [50], which revealed the
chemical properties of the protein as well as the bound
inhibitors [37, 50] (Fig.4). The charge distribution
directly determined from the diffraction data using
multipole refinement [37, 51] (Fig.5), showed re-
markable electrostatic apoenzyme-cofactor comple-
mentarity within the active site. This work pioneered
the experimental analysis of the protein host-guest
interaction at the electrostatic level, beyond geo-
metrical or putative hydrogen bonding considerations.

His110

IDD59%4

Figure 4. The active site of human aldose reductase, showing the
double conformation of the inhibitor IDD552, the contact dis-
tances and the protonation state of the residues involved in binding.
(a) In blue is the 2F,-F, map, in red is the F,-F, map showing the
hydrogen atom positions and the trace of a lower occupancy
alternate conformer for Tyr 48. Both maps are contoured at the
level of 2 o above their mean. The yellow numbers and lines are
distances for contacts made by the conformer of the inhibitor
IDD552 with higher occupancy; the white numbers correspond to
its lower-occupancy conformer. (b) The difference in H-bonding in
the two aldose reductase inhibitor structures. In one case (left,
inhibitor IDD594) the proton of Tyr 48 is clearly attached to the
tyrosine OH atom. In the other case (right) it is involved in an
almost symmetrical H-bond to one of the conformers of inhibitor
IDDS552; the H atom is delocalised along the bond and shared
equally between the binding partners. The numbers show the
hydrogen bonding distances [50].
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Determination of atomic resolution structures of
complexes that represent various stages of the cata-
lytic reaction can help in mapping the complete
reaction path and understanding the catalytic mech-
anism. The high accuracy of the atomic positions
allows reliable interpretation of ligand-induced struc-
tural changes, even if they seem small. This was
beautifully demonstrated in a study of horseradish
peroxidase, where the X-ray radiation during the
diffraction data collection was used to create various
binding states of oxygen, hydrogen peroxide and
water to the haem group, thus mapping the catalytic
pathway [52]. This study also served as a neat example
of the complementary application of UV/VIS spec-
troscopy during the crystallographic measurements.

Quantitative structure-ativity relationship
“Quantitative structure-activity relationship” (QSAR)
is a technique that has emerged recently in the context
of drug design ([53] and references therein) and aims
at deriving the energetics of substrate binding, recog-
nition or catalysis from biophysical data. This is
achieved by correlating the chemical, geometrical
and electronic properties of the ligands with kinetic
data. The effects of ligand binding were studied in
horseradish peroxidase, where the correlations be-
tween molecular structure, molecular orbital energies
(derived by quantum chemical calculations) and the
experimental reaction rates were used to simulate the
optimal enzyme-substrate conformations [54]. It was
shown that proteomic modifications of the enzyme,
designed to decrease the H-bonding distance between
the substrates of concern and the catalytic histidine,
may be useful in enhancing the reactivity towards
recalcitrant phenolic contaminants and improving
degradation efficiencies in engineering applications.
In another case the crystal structures were used to
verify the simulated models of active conformations of
HIV-1 protease [55]. This 4-D QSAR approach
yielded not only the most favoured conformational
states, but also showed the importance of the H-
bonding patterns between enzyme and ligand and
allowed characterisation of the active conformation of
the inhibitors. Following this, a use of highly accurate
crystal structures would make it possible to relate the
extent of weakening of hydrogen bonds to the
electronic and steric properties of ligands. If those
ligands are lead compounds, these results can be
correlated to the known pharmacological data.
Structure-activity relationship is currently based on
tabulated atomic properties that are used in docking
or other computational approaches for surveying the
structure-target-ligand interactions. These atomic
properties can change substantially as a function of
the specific environment. Therefore, the availability



Cell. Mol. Life Sci.

Vol. 64, 2007

Review Article 1965

Figure 5. Experimentally determined (left) and theoretical electrostatic potential (right) on the NADP™ cofactor in the active site of
human aldose reductase. Positive electrostatic charge is contoured in blue, negative charge in red. Hydrogen atoms and lone electron pairs
as well as the surface charge distribution on the nicotinamide group of NADP* are shown [51].
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Figure 6. TELP (thermal ellipsoids) representation of the oligo-
saccharide ligand in CelA, showing the variations in mobility of the
sugar rings dependent on their respective binding sites. Larger
ellipsoids indicate higher mobility (larger displacement), which is
most pronounced for subsite +3. The sugar subsites from -3 to +3
were grouped as indicated by thin lines and the numbers display
refined group occupancies [61].

of highly accurate crystal structures, where the atomic
(electronic) properties are directly available, would
permit rational design of interactions with inhibitors.
In addition to the atomic coordinates and the 3-D
structural properties, the energetics of ligand binding
can then be taken into account for structure interpre-
tation. This method was tried on aldose reductase [37]
(and literature cited above), for which complexes with
inhibitors and cofactor were available to ultra-high
resolution.

Static and dynamic

A number of approaches have been employed to go
beyond a static, time and space averaged image of the
structures in the crystallographic analysis. Some
involved time-resolved measurements on a series of
crystals, or applying multi-wavelength techniques
such as Laue diffraction for fast data collection, with
an aim to catch glimpses of transient chemical states in
the crystal. However, the generally fast rate of
chemical turnover may pose a problem. For an
extensive overview on the past and recent develop-
ments in this area see [56] and the references therein.
Other methods focus on the inherent molecular
motion and aim at the investigation of what can be
called ”dynamic properties”. Even though a protein
molecule is embedded in a crystal lattice, it is still
surrounded by a great deal of solvent and the contacts
between the molecules are rather loose. Therefore
one can expect that traces of the intrinsic mobility are
retained even though large-scale motion may be
impeded by the crystal lattice [18].

Some time ago Dunitz et al. [57] made a comment
referring to the crystallographic analysis of small
molecule compounds: “crystals should not be seen as a
chemical cemetery”. Recent developments have dem-
onstrated that also for macromolecules it is feasible to
extract information that goes beyond the mere atomic
positions. Displacement of atoms around their equi-
librium position has been routinely modelled by an
atomic displacement parameter, ADP, (the so-called
temperature factor) that describes a probability
density function for the location of a given atom
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Figure 7. CPK (1 A spheres) representation of a series of trypsin structures in various ligand-binding states that map the reaction pathway
from covalent intermediate to product. The structures are named after their crystallisation conditions (PH4, PH5 and PH6) or the added
covalently binding inhibitors phenylmethylsulphonyl fluoride (PMSF) or di-isopropyl fluorophosphate (DFP). The ROOM structure has
been determined at room temperature, while all others at 100 K. The colours represent the vectors of principal direction of motion
determined from the anisotropic atomic displacement parameters where the vector components X,Y,Z have been translated into RGB
colour code. The change in colours and hence the pattern of directional motion in the molecule is dependent of the ligand’s nature and its

binding state [62].

[58]. Atlow resolution, modelling of this displacement
is restricted to the spherical shape (isotropic). At
atomic resolution (1.2 A or higher), the high data to
parameter ratio allows extension of this model to a 3-
D ellipsoid (anisotropic), which is defined by the
lengths, and the directions of its three principal axes.
Such anisotropic ADPs carry valuable information
about directional motion in a macromolecule. Indeed,
any enzymatic reaction requires motion of some sort.
Substrates need to be admitted and bound, cofactors
need to be brought to contact and often the active site
needs to be shielded against the adverse effects of the
surrounding (aqueous) solvent. Furthermore, the
protein needs to adjust itself to accommodate the
changing stereochemistry along the reaction path,
which is also a prerequisite for the achievement of the
high turnover rate [59, 60].

The inclusion of anisotropic ADPs into the high-
resolution macromolecular model [58] can elucidate

molecular properties that hint at the crystal structures
of biological molecules not being as static and rigid as
they had been thought to be. One example is cellulase
A from Clostridium thermocellum where the flexibil-
ity of the bound ligand could be visualised in a TELP
representation [61] (Fig. 6). This, in addition to the
analysis of the bond distances, allowed better charac-
terisation of the binding sites and visualisation of
considerable torsional strain in the sugar moieties of
the cellopentaose ligand, in particular in the region
close to the cleavage site. The distortion may help
bring the sugar subunits in binding sites +1 and -1 into
ideal contacts with the catalytically active residues for
cleavage of the glycosidic bond, while the mobility of
the sugar moieties, as seen from the TELP picture,
may be used for estimating the strength of their
binding contacts.

At atomic resolution, the direct availability of indi-
vidual anisotropic ADPs permits straightforward
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extraction of directional motion from the principal
components of the thermal ellipsoid. This may allow
monitoring both subtle changes as well as larger scale
motion. On a series of trypsin structures that repre-
sented various substrate and inhibitor binding states, a
noticeable change of direction of motion was detected
that was dependent on the binding state [62]. This
change of directionality concurred with the observed
structural alterations such as the change of width and
length of the specificity pocket, as well as the contact
distances between active site residues and ligands
(Fig. 7).

At ’typical’ resolution, around 2 A, the individual
anisotropic ADPs cannot yet be derived and motion
within a macromolecule can to an extent be modelled
by the so-called translation-libration-screw (TLS)
refinement [63], describing the rigid-body motion of
either regions in the molecule or the molecule as a
whole. Using a TLS approach Harata and coworkers
characterised the molecular motion of lactalbumin
[64], lysozyme [65] and recently xylanase II [66]. They
attempted to decouple the TLS and the atomic
contribution to the overall atomic motion in the
molecule and to characterise the rigid body motions of
protein fragments in the structure. Also in their most
recent study they monitored the influence of lattice
contacts. Another tool, a vibrational (normal mode)
analysis [67] has been successfully tried on a number
of structures to extract characteristic domain motion.
This method can be used to characterise (theoretical-
ly) structural subunits in the protein and may also
indicate internal enzymatic cooperativity. For exam-
ple, in the case of S-adenosyl-L-homocysteine hydro-
lase normal mode calculations show strong coupling of
the hinge-bending motions of the individual subunits
to each other and to other low-frequency vibrations
[68]. The use of the low-frequency vibrational modes
can also be promising for facilitating the structure
solution by molecular replacement [69] for cases
where variations in domain arrangement can be
expected and ensembles of the search model are
needed.

Outlook

With low coordinate error and availability of data on
thermal motion from atomic resolution structures, it
now becomes possible to catch the snapshots of
enzymatic reactions. This bridges the gap between
the 3-D atomic structure and the underlying chemistry
that governs the biological function. With the upcom-
ing third generation synchrotron sources, novel data
collection and structure interpretation methods we
can foresee that high-accuracy atomic models will
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become of increasing importance in the near future
and that the already ongoing developments of soft-
ware tools will make the wealth of detail present in
such structures easily accessible.
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