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A crystal embeds structurally identical
molecules in a lattice that exhibits perfect
translational symmetry, yet the essence of
all biological and chemical reactions is
purposefully directed structural change
that evolves in time along a reaction coor-
dinate. That is, mechanism involves
structural change, not just static struc-
ture. The phrase ‘time-resolved crystal-
lography’ thus seems at first glance
paradoxical: how can crystallographic
techniques be applied effectively to a spa-
tially heterogeneous, time-dependent set
of molecular structures? At a minimum, a
crystal in which the individual molecules
are progressing, spatially at random,
along a reaction coordinate will exhibit
substitutional disorder in which the con-
tents of each unit cell differ slightly in
structure. Crystallography can reveal only
the space average structure over all the
molecules in the crystal, and the time-
average structure over the duration of the
X-ray exposure that generates each indi-
vidual diffraction image1–3. At a maxi-
mum, crystallinity may be completely lost
as the reaction progresses and the struc-
ture changes substantially; the experi-
ment fails.

Synchrotrons are pulsed X-ray sources,
in which brief X-ray pulses of 100–200 ps
duration repeat every few microseconds,
the circulation time required for a bunch
of electrons moving at very nearly the
velocity of light to make one circuit of a
high energy storage ring such as the
European Synchrotron Facility (ESRF) in
Grenoble, France, the Advanced Photon
Source (APS) in Argonne, Illinois, USA or
SPring-8 in Japan. If the storage ring is
operated in a multibunch mode in which
several equally-spaced bunches of elec-
trons are circulating then the repetition
rate of the pulses is an integer sub-multi-
ple of the circulation time and, depending
on the exact mode of operation, may be as
short as a few tens of ns. For first- and sec-
ond-generation synchrotron sources of
lower brilliance that rely largely on bend-
ing magnet beamlines, a typical X-ray
exposure from a well-ordered single crys-
tal of a biological macromolecule is in the

tens to hundreds of ms range4,5 and is
accumulated over thousands of pulses.
From the point of view of the experiment,
the pulse structure of the X-rays is irrele-
vant; the source is effectively continuous.
High brilliance hard X-ray sources such as
the ESRF and APS equipped with focused
undulator or wiggler beamlines can deliv-
er orders of magnitude more photons per
pulse per unit bandpass to small protein
crystals. Hence, this typical exposure time
is reduced to ten microseconds or less,
comparable with the circulation time.
The pulse structure of the source becomes
important, and can be exploited for ultra-
fast time-resolved experiments.

This exploitation has required several
additional experimental and technical
advances: laser-based approaches to uni-
form, rapid reaction initiation through-
out the molecules in the crystal; the
ability to select individual X-ray pulses
with a fast shutter train and to deliver
them to the crystal at a controllable time-
delay after reaction initiation; the avail-
ability of low-noise, sensitive detectors
and of sophisticated algorithms for
extracting accurate structure amplitudes
from relatively weak images of crowded
diffraction patterns; and the development
of the Laue technique, in which a station-
ary crystal is illuminated by the naturally
polychromatic synchrotron beam and
requires an exposure time roughly three
orders of magnitude shorter than that of a
monochromatic rotation experiment6–12.
An ultrafast time-resolved experiment is
necessarily more complicated than a
more conventional, static structure deter-
mination, but it is now clear that the
experimental hurdles have been identified
and largely overcome. Attention is shift-
ing to the biochemical systems to which
the experiment can be applied.

Two successful ns time-resolved experi-
ments have been reported in the last 18
months, on the carbon monoxide com-
plexes of myoglobin, MbCO13, and on the
blue light photoreceptor or xanthopsin
known as photoactive yellow protein,
PYP14, originally isolated and character-
ized from the phototrophic bacterium

Ectothiorhodospira halophila. In both
experiments, the molecules are first stim-
ulated and a structural change initiated by
a brief laser flash — the so-called ‘pump’;
after a suitable, adjustable time delay in
the range from ns to ms, an X-ray pulse
falls on the crystal and generates a diffrac-
tion pattern — the ‘probe’.

In the first example, a single covalent
bond between the iron atom of the heme
and the carbon monoxide is ruptured by a
ns light flash; the carbon monoxide
migrates away from the heme; the heme
and the protein relax towards the stable,
deoxymyoglobin structure; and eventual-
ly, the carbon monoxide rebinds to the
heme and re-relaxation to the reactant
MbCO structure occurs. At room temper-
ature in the crystal, the entire, fully-
reversible process is complete in a few
hundred microseconds. This reaction has
been studied for decades by numerous
techniques such as UV-visible absorption,
fluorescence and Raman spectroscopies
that largely probe the electronic and
vibrational structure of the heme and its
immediate environment, and by molecu-
lar dynamics and other computational
approaches (see citations in ref. 13).

The intent of the ns crystallographic
experiments is to place an experimental,
structural foundation under these spec-
troscopic and computational inferences,
and to probe the time evolution of the ter-
tiary structure of the globin which is
largely invisible to the spectroscopic
probes. One asks: what are the structural
processes by which the globin relaxes? Do
these resemble, in Frauenfelder’s graphic
phase15, a “protein quake” emanating
from the heme epicenter? Are they expo-
nential or stretched exponential in nature?
Can distinct structural intermediates be
detected? The initial experiments13,16

point in a promising direction but
answers to these questions are not yet in.

PYP displays an efficient, fully-
reversible photocycle that requires rough-
ly one second to traverse after absorbing a
photon in the blue region of the visible
spectrum. Although the Arizona group
who discovered PYP suggested that its
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tively alter the structural mechanism. For
example, two distinctly different struc-
tural models for early intermediates in
the photocycle of PYP have resulted from
the time-resolved14 and cryogenic31 stud-
ies. Although both models reveal a cis
chromophore, quite distinct from the
trans chromophore in the ground state,
the disposition of the tail of the chro-
mophore and in particular, of its car-
bonyl oxygen, is different in the two. This
revives an old concern. Structural biolo-
gists now regard as firmly established
that the (static) structures of a molecule
in the crystal and in dilute solution are
for practical purposes identical, yet we
must now ask: are their dynamics identi-
cal? Are the rates and pathways of the
reaction mechanism significantly altered
by the conditions of the crystallographic
experiment? These questions may only be
answered by parallel, detailed, spectro-
scopic and mechanistic studies in the
crystal and in solution, on systems such
as heme proteins, PYP and bacteri-
orhodopsin.

Ingenious experiments 30 years ago by
Parkhurst and Gibson32 attacked these
questions by comparing the photolysis of
the carbon monoxide complex of hemo-
globin in dilute solution, in erythrocytes
and in a polycrystalline slurry.
Stimulated by their work, I proposed sin-
gle-crystal, pump-probe experiments on
the carbon monoxide complex of hemo-
globin to Quentin Gibson in 1969. It did
not take us long to decide that experi-
mental, crystallographic examination of
protein structural relaxation was clearly
impossible at that time. The reaction in
the crystals was known to be complete in
a few tens of microseconds32 and labora-
tory X-ray sources were much too weak,
even when the then-typical large crystals
of 800–1000 microns were used. Time-
resolved crystallography would not work;
the experiments had to await the devel-
opment of brilliant synchrotron X-ray
sources.

Application to other protein systems
such as DNA photolyase, photosynthetic
reaction centers and bacteriorhodopsin,
and to processes such as light-driven pro-
tein unfolding, is likely to occupy syn-
chrotron-based scientists for some time.
Extension from the ns to the 100 ps and
later to the fs time domain will require
new strategies that may employ faster
lasers, or novel types of X-ray sources, or
X-ray pulse-slicing techniques to delight
the experimentalists; and data analysis
strategies aimed at isolating time-inde-

pendent structures from time-dependent
data will amuse the applied mathemati-
cians. It’s not necessary to be at a syn-
chrotron to have fun — but it helps!
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Determining a ‘basis set’ of protein folds that represent a majority of protein structures — making use of
synchrotron radiation facilities — may be possible in the near future.
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Crystallography using synchrotron radi-
ation is poised to play a critical role in
research to determine the biochemical
functions of  proteins encoded by novel
sequenced genes. High throughput
sequencing has recently resulted in the
determination of the complete DNA
sequences of several genomes, and the
pace of genome data accumulation is
increasing. Each gene codes for a mole-
cule with one or more biochemical func-
tions. Many molecules — each with a
specific  biochemical function — partici-
pate in a pathway (often defined bio-
chemically and/or genetically), such as
synthesis, degradation or transport of
amino acids, proteins or DNA; cell
growth, death, or adaptation and so
forth. However, analysis of several
genomes indicates that a large fraction of
the encoded proteins cannot be assigned
to particular biochemical functions or to
participation in particular pathways, and
thus, no assays can be easily devised to
investigate their exact roles. 

Using the power of synchrotron radia-
tion to facilitate structure determina-
tions, structural biology can play an
important role in the search for the func-
tions of these novel genes. Since the
function of a gene product is tightly cou-
pled to its three-dimensional structure,
determining the structure, or its folding
pattern, may provide important insight

into its biochemical function, which, in
turn, may help to place it in a particular
cellular pathway. Thus, the structural
study of the proteins encoded by an
entire genome — an approach often
called ‘structural genomics’ — may be an
important foundation for the under-
standing of the biological pathways of
the whole organism.

How many different gene products are
there in an organism, and what fraction
of them have no known biochemical
functions or genetically defined roles?
Currently 13 microbial genomes have
been sequenced and over 60 more are
being sequenced1. The sizes of the
genomes vary widely: Mycoplasma geni-
talium has ~700 genes, and the human
genome is estimated to have >80,000
genes. At the present time, there is no
convenient way of inferring the function
of a gene from its DNA sequence unless
the gene product has a significant
sequence similarity or predicted motif
similarity to those whose functions are
already known. The current estimate of
genes that encode products with ‘known’
biochemical and biological (that is, the
pathway is known) function(s) varies
from approximately 30–60%, depending
on the organism and the methods used:
this may be an over-estimate because of
the uncertainty of the ‘cut-off ’ values of
sequence similarities used to count the

genes with ‘known’ functions. An even
smaller fraction of the novel genes can be
inferred to have roles in particular
defined pathways. 

Even in the absence of sequence simi-
larities, proteins can have three-dimen-
sional structures that are similar to the
structures of other proteins (hopefully
some with known functions). Thus,
information about the three-dimension-
al structure of a given protein — without
a known function or with only an
implied function based on sequence
analysis alone — may provide important
clues about its biochemical function or
role in a pathway. However, determining
the structures of all of the gene products
of a genome, especially the human
genome, is an overwhelming task.
Nevertheless, an examination of the
Brookhaven Protein Data Bank2 (PDB)
structure database reveals three impor-
tant facts: (i) a smaller number of new
folds are discovered each year despite the
fact that the number of structures deter-
mined annually increase exponentially;
(ii) many proteins are composed of two
or more folding domains that have been
observed in other proteins; and (iii),
some folds are found among proteins
from all three kingdoms: bacteria,
archaea and eukarya. Such observations
suggest strongly that the total number of
protein folds is much smaller than the


