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Synchrotron radiation applications to macromolecular
crystallography
Keith Moffat∗ and Zhong Ren†
Progress has been rapid in the development and
application of four different types of macromolecular
crystallographic experiment at synchrotron hard X-ray sources:
multiwavelength anomalous diffraction; studies of crystals with
very large unit cell dimensions; structure determination at
atomic or near-atomic resolution; and time-resolved studies.
The results illustrate the interplay between the advanced
technical capabilities available at new beamlines and more
challenging scientific issues.
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Abbreviations
APS
Advanced Photon Source
CHESS
Cornell High Energy Synchrotron Source
DHFR
dihydrofolate reductase
ESRF
European Synchrotron Radiation Facility
HRV
human rhinovirus
MAD
multiwavelength anomalous diffraction
MIR
multiple isomorphous replacement
NSLS
National Synchrotron Light Source
PF
Photon Factory
PYP
photoactive yellow protein
TBP
TATA box binding protein
TF
transcription factor

Introduction
The past five years since the publication of Helliwell’s
magnum opus [1] on the applications of synchrotron
radiation to macromolecular crystallography have seen a
maturation of certain applications, the successful development of new applications, and proposals for revolutionary
new applications [2•,3]. These advances have been made
largely possible by the commissioning of purpose-built
insertion device beamlines at third generation sources such
as the European Synchrotron Radiation Facility (ESRF),
in Grenoble, France, the Advanced Photon Source (APS)
at Argonne National Laboratory, USA, and (shortly) by
SPring-8 outside Osaka, Japan. New beamlines have been
complemented by the continuous upgrading and wider
availability of beamlines at existing synchrotron facilities,
such as the National Synchrotron Light Source (NSLS) at
Brookhaven National Laboratory, USA, the Cornell High
Energy Synchrotron Source (CHESS) at Ithaca, New York,
USA, the Photon Factory (PF) at Tsukuba, Japan, and the

Deutsche Elektronensynchrotron at Hamburg, Germany
[4]. As the science drives the technology, the advances
have been fuelled, first, by the evident success of the
multiwavelength anomalous diffraction (MAD) phasing
technique [5] and its consequent, wide adoption; second,
by increasing numbers of experiments and refinement at
atomic resolution (< 1.2 Å [6,7]); third, by continued structure determination of virus and multiprotein complexes
that crystallize with very large unit cells — in excess of
500 Å and even 1000 Å (e.g. [8,9]); and fourth, by the
development and successful application of time-resolved
experiments on the timescales of kiloseconds, tens of
seconds, milliseconds and nanoseconds [10,11••,12•,13••].
A characteristic of the field is the interplay between the
science to be explored and the technology (in the broadest
sense) with which to conduct it. The X-ray source, the
beamline optics, the crystal manipulation devices, the
detector and the software [14] are integral parts of the
experiment and, for the best results, their properties have
to be considered from the outset. The ability to conduct
first-rate synchrotron experiments is often at least as much
due to effective background reduction as to enhancement
of the diffraction signal. Measurement of the highest
resolution shells of monochromatic oscillation data, or of
the intrinsically weak Laue diffraction patterns obtained
with exceedingly brief, single X-ray pulses [15••], depends
critically on the reduction of the background noise. Thus,
seemingly mundane experimental details, such as the
beamline slit system, the air path around the crystal, the
method of mounting the crystal, and the intrinsic noise and
mode of operation of the detector, become important. It
is ironic that, while huge sums of money are available for
enhancing the signal (via source brilliance), much smaller
sums are typically available for reducing the noise.
The overall result has been a rapid and very substantial
increase in the percentage of papers in macromolecular
crystallography that utilize synchrotron radiation. Five or
seven years ago, only the more adventurous crystallographers used synchrotron radiation on their most challenging
problems; in 1996, Hendrickson and Brändén [16] noted
that more than 60% of the X-ray studies reported in the
journal Structure used synchrotron radiation, a percentage
that is matched or even slightly higher in Science, Nature
and Cell. The use of synchrotron radiation is fast becoming
routine for a wide variety of structural projects, while
challenging new applications that are currently by no
means routine continue to be developed.
One point of our brief review is to illustrate why and
how advances have occurred. We describe a variety
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of experimental types, provide current examples and
note pertinent technical advances. We do not intend (or
pretend) that our literature citations are comprehensive
and refer the reader to other, more comprehensive reviews
[2•,4]. In particular, we pass over studies of microcrystals
[17] and of capillary and other forms of microfocusing
optics [18]. Note also the invaluable structural reports that
appear at the back of each issue of Current Opinion in
Structural Biology and of Structure. It is a mark of the wide
acceptance of synchrotron radiation that these reports now
seldom explicitly mention its use in a project.

MAD and related energy-dispersive
synchrotron diffraction methods

MAD [5,19••] entered its production phase around 1994
and the trend of its use continues. All tricks to incorporate
anomalous scatterers [20•] have been aptly used to
their maximum extent. Two Cu-containing proteins or
cupredoxins have been solved by measuring the robust
diffraction at the K absorption edge of the intrinsic Cu
[21,22]. The structures of a fragment of the iron-sulfur
protein of the bovine heart mitochondrial cytochrome bc1
complex and two binuclear zinc cluster proteins have been
determined using MAD at the K absorption edges of the
2Fe-2S cluster and the binuclear Zn center, respectively
[23–25]. A number of selenomethionine-substituted proteins [26–33] have been engineered (for a review, see
Doublie [34]) and their structures solved successfully.
Geiger et al. [35] demonstrated a MAD experiment that
took advantage of both the Se and Br absorption edges in
the TFIIA/TBP/DNA complex. Both subunits of TFIIA
and TBP were substituted with selenomethionine and
the oligonucleotide was substituted with five bromine
atoms. Peat et al. [30,36] showed that a threonine or valine
substitution for methionine avoided the oxidized selenium
atoms on the intermolecular contact surface, and thereby
improved the chance of crystallization.
Heavy atoms incorporated via chemical modification
[33,37–41,42••] are still commonly used. The use of Yb3+
ion [33,40,41,42••] suggests that lanthanide elements are
also well suited for MAD experiments of large proteins.
Lanthanides can be incorporated into macromolecules by
substitution for intrinsic Ca2+ or Mg2+ ions. The suitability
of multimetal clusters for phasing very large macromolecular assemblies by multiple isomorphous replacement
(MIR) has been investigated [43•]. Such clusters, for
example Ta6Br14, may also be used as the anomalous
scatterers in a MAD experiment.
A set of experimental phases of exceptional quality
(both accurate and complete) has been obtained by
Burling et al. [42••] from a 230-residue Yb3+-substituted
subtilisin fragment of mannose-binding protein A. Perfect
isomorphism, long claimed to be an advantage of MAD,
has now been fully demonstrated. Because of the accuracy
of the purely experimental MAD phases, the electron
density map is not influenced by any refined models and

shows such features as partially reduced disulfide bonds,
local disorder, mobility of chemically equivalent molecules
and a diffuse, partially disordered solvent layer around
exposed hydrophobic groups (for comments, see [44•]).
If the heavy-atom sites can be located using such
other means as a direct methods approach, FA and
φA are no longer unknowns in the phasing process
and only FT and φT remain to be determined. The
parameter-to-observation ratio is therefore reduced, and
more reflections can be phased. A MAD data set from
the biotinyl domain of acetyl-coenzyme A carboxylase
[45] did not result in an interpretable density map using
the conventional MAD phasing protocol but generated
an interpretable map using the modified phasing process.
The success of the modification is due more to the increase
in completeness of the phased data set (from 85% to
99.7% in the resolution range from 20 to 2.5 Å) than to
the improvement of phase accuracy (50˚ mean phase error
for both cases). Direct methods have also been used to
help locate the selenium sites in the MAD phasing of
the UmuD′ protein [36] and the DNA-binding domain of
OmpR [31].
The algorithms underlying MAD phasing are generally
classified as algebraic or probabilistic. The former is a
straightforward least-squares approach, whereas the latter
is based on Bayesian statistics, which theoretically should
result in less biased phases and may be more popular in the
future [38]. (For an ‘under-the-hood’ look, see [19••,46,47]
and literature cited therein.) It has been shown that
MAD phasing can be treated as a special case of MIR
[47–49]. This approach seems to be gaining in popularity
[25,29–31,35,37,38,50].
MAD data collection can be thought of as a set of
monochromatic oscillation experiments at three or more
wavelengths, except that the looping over spindle angle,
wavelength, and inverse beam can be altered for the
purpose of minimizing systematic errors arising from, for
example, decay due to radiation damage. A diamond
trichromator has been designed to select three desired
wavelengths [51] such that diffraction data at these three
wavelengths can be measured simultaneously. Another
polychromator combining a curved crystal and a grid
screen has been proposed to select several wavelengths
and focus them at the sample from slightly different
incident angles [52]. Results from these new instruments
are still awaited.

Studies of crystals with large unit cell
dimensions
It has long been known that brilliant synchrotron X-ray
sources offer major advantages over laboratory sources for
the study of crystals with large (e.g. exceeding 300 Å) cell
dimensions, and this experimental type is now relatively
mature (e.g. see [53–59]). Almost all experiments continue
to employ the standard monochromatic oscillation tech-
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nique using wiggler sources and record the data on film
or, increasingly, on imaging plates. The Laue technique,
however, has also proved effective at revealing small
structural changes [60].
Interesting wrinkles emerge. For example, Zhao et al.
[54] finally discovered that, after data collection at a
nominal X-ray wavelength of 0.91 Å, post refinement of
cell dimensions and other diffraction parameters, structure determination and crystallographic refinement, their
model of human rhinovirus (HRV) 3 was systematically
expanded with respect to the known structure of HRV14.
The bond lengths of HRV3 were apparently systematically
larger than those of HRV14; the length scale was somehow
wrong. This effect was ultimately traced to the magnitude
of the wavelength used in HRV3 data collection, and,
when corrected, necessitated a decrease in the unit cell
(and hence of all structural dimensions, expressed in
fractional cell coordinates) derived from post refinement
by only 7 parts in 1000. That such a small effect was
clearly detectable emphasizes the necessity for wavelength
stability of the beamline during such experiments, and
the desirability of explicitly measuring the wavelength
during the course of macromolecular data collection, for
example, by examining a standard small molecule crystal
of unimpeachable cell dimensions.
Because of the high implicit redundancy in the diffraction
data that arises from crystals with high noncrystallographic
symmetry, even data sets of low completeness may
prove to be adequate for structure determination, always
provided they are of sufficient accuracy. For example,
Llamas-Saiz, Rossmann and coworkers [61] successfully
solved the structure of a mutant canine parvovirus,
although the data were only 32.5% complete, to 3.25 Å
resolution, with an excellent Rmerge of 9.0% (after
rejection of weak reflections with I < 2σ[I]).
One of the frontiers now lies in successful data collection
on crystals with even larger cells in the 750–1000 Å
range [9,58,62], for which the anticipated structure of
bluetongue virus by the Oxford group headed by David
Stuart is likely to set the pace. High brilliance, undulator
sources are essential to resolve such densely packed
diffraction patterns. A second frontier lies in systems with
much less or no noncrystallographic symmetry, including
multiprotein and nucleoprotein complexes such as the
20S proteasome [63], cytochrome c oxidase [64,65••],
photosystem I [66] and light-harvesting complex II [67].
The ‘Holy Grail’ is the successful structure determination
of the intact ribosome and ribosomal subunits; but here,
curiously, data collection itself is no longer the problem
but rather, the development of suitable methods of phase
determination that involve metal clusters (see [43•] and
references therein).
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damage, and the recording of their diffraction patterns
with extremely low background [6,7]. Although the third
is now routinely achieved by cryocrystallographic techniques [68•], flash freezing almost invariably introduces
a substantial increase in mosaic spread and hence is
inconsistent with the first and second requirements. The
dilemma is illustrated in Figure 6 of Chayen et al. [2•].
If the highest resolution is required, should ambient
temperatures, which retain the lowest mosaic spread
and the highest peak intensity to background intensity
ratio for each reflection but run the near-certain risk
of increased radiation damage, be employed? Or should
cryogenic temperatures be employed? The decision is
further clouded by the properties of the X-ray source
and beamline to be employed. Ideally, the emittance of
the source radiation (the product of its spatial extent and
angular extent — a key property which is conserved as
the beam propagates down a perfect beamline) should be
matched to the acceptance of the crystal (the product of its
linear dimensions and its mosaic spread). The emittance
for third generation synchrotron sources is generally well
matched to the acceptance of excellent protein crystals,
but this match is lost when the acceptance of the protein
crystal is increased by orders of magnitude upon freezing.
As numerous samples are generally available for crystals
that diffract to atomic resolution, it may well be preferable
to preserve a low mosaic spread at all costs and to
replace samples frequently as radiation damage appears.
An excellent example is provided by Longhi et al. [69•].
The existence of thermal damage must also not be
ignored. Although the crystal heating rate arising from
X-ray absorption in focused, bending magnet, Laue beams
can be several hundred degrees per second [70], it has not
been sufficiently appreciated that focused, monochromatic
beams from undulator sources at the ESRF and the APS
can impose a similar heating rate and thus buckle the
crystal and reduce (often reversibly!) its order. If the
heating rate exceeds the cooling rate generated by heat
loss to the cryogen from the crystal surface [71], the
temperature will rise monotonically until the crystal is
destroyed.
Accurate diffraction data at atomic or near-atomic resolution is essential to the application of direct methods for
phase determination. The ‘Shake-and-Bake’ method of
Hauptman and his coworkers (for a review, see Ealick [72])
has now proved applicable to structures with as many as 64
amino acids. The prospects for its extension to even larger
structures, via the incorporation of anomalous scattering
information and more efficient computational procedures,
appear excellent, but the technique will continue to
depend on diffraction data of the highest quality to
the highest resolution, and hence on synchrotron data
acquisition.

Atomic resolution

Time-resolved studies

Crystallography at atomic resolution demands crystals of
low mosaic spread, high order, low sensitivity to radiation

Strategies for time-resolved crystallography depend on the
lifetime of the intermediate(s) whose structure is to be
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determined [73•,74]. The traditional approach is to prepare
indefinitely stable chemical variants of the intermediates,
and it continues to prove powerful as in the recent
example of dihydrofolate reductase (DHFR). The reaction
catalyzed by DHFR passes through five kinetically
distinguishable intermediates. Sawaya and Kraut [75] have
prepared isomorphous, stable crystal structures believed to
be analogous to each intermediate and to a presumptive
transition state. From these six stable structures, they
pieced together a ‘movie’ at 2.1 Å resolution which reveals,
among other features, loop and subdomain movements
related to the overall mechanism.
The traditional approach has been denoted ‘chemical
trapping’ [70,76], in which the lifetime of intermediates
is prolonged by chemical manipulation. With the very
brief X-ray exposures available at intense synchrotron
sources, the lifetime need not be indefinitely long, and
the extent of chemical perturbation necessary to stabilize
the normally transient intermediates can be reduced.
An excellent example is provided by the comprehensive
time-resolved Laue crystallographic studies of Stoddard
and coworkers [77,78,79••,80•], in combination with site
specific mutagenesis, molecular dynamics calculations and
optical studies, on isocitrate dehydrogenase with a time
resolution of tens of milliseconds. A further example
is provided by a study of two ferryl intermediates of
catalase, denoted compound I and compound II, by
Gouet, Hajdu and coworkers ([11••]; see also [76]). These
intermediates have lifetimes in the tens of minutes range,
and hence the restraints on crystallographic data collection
are quite relaxed. They used monochromatic, Weissenberg
crystallography [81,82] at the PF and recorded diffraction
data on very large, 40 × 40 cm2, image plates at a long
crystal-to-detector distance of 43 cm and thus reduced
the background markedly — but at the expense of a long
scan time. Data were collected with an exposure time of
20–40 seconds per degree of crystal rotation, for a total data
acquisition time of 600–1200 seconds over a 30˚ rotation.
A second approach employs ‘physical trapping’ [70,76]
and stabilizes intermediates by cryogenic techniques. The
desired reaction is either initiated in the crystal at room
temperature, allowed to proceed for a known time, then
quenched by flash freezing to trap the intermediate; or
the crystal is flash frozen, and the entire reaction initiation
and evolution is conducted at low temperature. Scott et
al. [83••] used the former strategy to study a catalytic
RNA intermediate in the self-cleavage reaction of the
hammerhead ribozyme. The time resolution is set by the
time courses of both the reaction initiation process and the
freezing process; the latter is typically tens of milliseconds
or longer [70] and depends on the crystal dimensions and
the freezing protocol. Hartmann et al. [84] and Teng et al.
[10] both used the latter strategy to study the photolysis
and rebinding of carbon monoxide from myoglobin at
temperatures of 36–40K. Teng et al. [85] further addressed
the issue of why the results of Hartmann et al. [84] and

of two earlier studies [10,86] did not agree in detail, even
though all were studying the same reaction via ostensibly
the same experimental approach. In time-resolved studies
extending over several hours, Teng et al. [85] followed
the excruciatingly slow drift (< 1 Å per hour) of the
photolyzed carbon monoxide away from the heme, under
conditions of continuous illumination at 40K. Its trajectory
mapped well on to a time-independent ligand probability
distribution derived from computational studies [87].
This result, as with the parallel crystallographic and
molecular dynamics studies of isocitrate dehydrogenase
[79••], gives further confidence in the interpretation of the
crystallographic results. The structural differences among
the earlier studies are attributed largely to differences in
the photolysis protocols, although inadvertent temperature
jumps and differences among space groups and crystals
may also contribute.
The most challenging form of time-resolved crystallography is provided by ‘no trapping’, in which the chemical
and physical manipulation of intermediates and associated
artefacts are avoided, but the necessity for ultrarapid
crystallographic measurement is introduced. In one such
study, Moffat, Getzoff and coworkers [12•,88,89] used
time-resolved Laue diffraction at beamline X26C, NSLS,
with a 10 ms time resolution, to study the decay of a
small bacterial photosensor, photoactive yellow protein
(PYP), from a saturated, photostationary state obtained
by brief laser illumination of small crystals of typical
dimensions 50 × 50 × 350 µm3. They were able to observe
the structural change that is associated with late stages
in the PYP photocycle and to infer those associated
with earlier stages. The novel, 4-hydroxycinnamic acid
chromophore of PYP is trans in the dark, resting state
and is inferred to rapidly isomerize to cis on absorption of
a blue photon. Isomerization conveys structural changes
to the surrounding protein over the microseconds to
hundreds of milliseconds time range, and thus generates
the structural signaling state directly observed in these
experiments. The chromophore finally re-isomerizes to the
resting state over a few seconds. As the PYP photocycle is
fully reversible and the crystals are resistant to X-ray- and
laser-induced damage, highly redundant accurate Laue
data could be accumulated over numerous reaction cycles
on the same crystal. Successful structural analysis was
aided by using novel algorithms for the reduction of static
[90–92] and time-resolved [89] Laue data.
Spectroscopic studies of both carbonmonoxy myoglobin
photolysis and PYP reveal very fast spectral changes down
to the 100 fs timescale that are presumably accompanied
by structural changes in the chromophore and the protein.
The ultimate goal of the ‘no trapping’ approach is to
conduct ultrarapid X-ray studies and thus provide a
structural foundation for these spectroscopic studies and
for computational approaches that presently extend only to
the few nanoseconds timescale. The X-ray pulse duration
emitted by a single-particle bunch circulating in the ESRF,
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APS or CHESS is around 150 ps and repeats every few
microseconds – the circulation time in the storage ring.
Some time ago, a 150 picosecond exposure from an
undulator temporarily installed at CHESS was shown to
be sufficient to yield an X-ray diffraction pattern of very
modest quality from a large, well-ordered protein crystal
[93]. However, it required the careful design, development
and commissioning of the focused, white beam BL3/ID9
beamline at the ESRF by Wulff and coworkers [15••] to
demonstrate that entire Laue data sets of high accuracy
could be obtained on smaller crystals. To obtain the
desired time resolution of nanoseconds and below, the
fast shutter train had to be slaved to the accelerator
ring clock, and triggering signals had to be developed
to fire a pulsed laser for reaction initiation and to arm
the sensitive, low-noise, image-intensified charge-couple
device (CCD) detector. With these elaborate experimental
developments in hand [15••], it proved possible to conduct
the first time-resolved experiments with nanosecond
time resolution and achieve a six orders of magnitude
increase in time resolution on carbonmonoxy myoglobin
photolysis at physiological temperature ([13••]; see also
[94]). This reaction, as that of PYP, is fully reversible
in the crystal, and indeed carbon monoxide rebinding is
fully complete in ∼ 100 ms, as shown both by the X-ray
results and by parallel optical studies. A putative location
for the outgoing carbon monoxide could be visualized
and falls neatly beside the ligand trajectory visualized
at cryogenic temperature [85], thus tying together the
results at cryogenic and physiological temperatures. In
these initial studies, structural changes at the heme
could readily be detected on the nanosecond to tens
of microseconds timescale, but those in the globin were
barely distinguishable from noise.
In all such time-resolved experiments, a particular time
point may reveal a superposition of structures, and it is
the individual components of this superposition whose
structures are required. The final piece of the timeresolved puzzle involves techniques for unscrambling
this superposition ([95]; W Krebs, Z Ren, K Moffat,
unpublished data), which continues to remain a challenge.

Conclusions and frontiers
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4:567-579.

24.

Concha NO, Rasmussen BA, Bush K, Herzberg O: Crystal
structure of the wide-spectrum binuclear zinc β-lactamase
from Bacteroides fragilis. Structure 1996, 4:823-836.

41.

25.

Bellon SF, Rodgers KK, Schatz DG, Coleman JE, Steitz TA:
Crystal structure of the RAG1 dimerization domain reveals
multiple zinc-binding motifs including a novel zinc binuclear
cluster. Nat Struct Biol 1997, 4:586-591.

42.
••

26.

Davies C, White SW, Ramakrishnan V: The structure of
ribosomal protein L14 reveals an important organizational
component of the translational apparatus. Structure 1996,
4:55-66.

43.
•

27.

Lee Y-H, Ogata C, Pflugrath JW, Levitt DG, Sarma R, Banaszak LJ,
Pilkis SJ: Crystal structure of the rat liver fructose-2,6bisphosphatase based on selenomethionine multiwavelength
anomalous dispersion phases. Biochemistry 1996,
35:6010-6019.

28.

29.

30.

Reinemer P, Prade L, Hof P, Neuefeind T, Huber R, Zettl R,
Palme K, Schell J, Koelln I, Bartunik HD, Bieseler B: Threedimensional structure of glutathione S-transferase
from Arabidopsis thaliana at 2.2 Å resolution: structural
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