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Abstract

Recent developments in X-ray source technology provide new opportunities for both the rapid imaging of

macromolecules in three dimensions, and the observation of short-lived structural intermediates in light-sensitive

macromolecules. Pioneering time-resolved X-ray diffraction studies on macromolecules have laid the foundations for

similar studies on increasingly complex macromolecular systems at developing X-ray sources. In addition, the increased

peak brilliance expected from an X-ray free electron laser source opens the possibility of new imaging technologies for

determining X-ray structures from systems which do not readily yield well-diffracting crystals. Here we review the

potential impact of extreme brilliance free electron laser X-ray sources on structural biology. We both sketch the

biological case for sub-picosecond X-ray studies of light-sensitive proteins and describe the new imaging possibilities

which will emerge through ultrafast X-ray imaging. A central issue is that of X-ray-induced radiation damage on

macromolecular samples, and the advantages in this context of working in the femtosecond regime, are discussed.

r 2004 Elsevier Ltd. All rights reserved.
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1. Introduction

Synchrotron radiation has profoundly influenced the

field of structural biology. Along with the development

of cryo-techniques for freezing crystals (Garman, 2003)

(Fig. 1) and the shift from X-ray film to image plate and

image intensified CCD detectors, the rate of determina-

tion of X-ray protein structures has accelerated con-

tinuously over the last two decades, since synchrotron

radiation use has become mainstream. There are 25,000

entries now approaching in the protein data bank

(http://www.rcsb.org/pdb/), approximately 85% of

which are X-ray structures, and the rate at which

macromolecular structures are being determined is
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currently in excess of 10 new protein data bank entries

per day. While this number is somewhat inflated by the

presence of closely related mutant structures, complex

structures, structures of homologous proteins from

different sources, and catalytic intermediate structures,

etc., an impressive acceleration of progress cannot be

denied.

There are essentially two major trends for the future

development of the field of structural biology. One is to

increase throughput through the implementation of

automated technology, and the expression ‘‘structural

genomics’’ has become a catch phrase within the

community. Structural genomics programmes (Gershon,

2000) aim to determine all unique protein structures

from within a specific genome, and thereby build up a

database of all protein folds (and structures) in nature.

Integral to these programmes is the projected increase in

access to synchrotron radiation that the structural

biology community is predicted to enjoy over the next
ed.

http://www.rcsb.org/pdb/
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Fig. 1. A protein crystal mounted and frozen within a cryo-loop and the resulting X-ray diffraction pattern recorded at a synchrotron

source. Images courtesy S. Törnroth.
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decade. The use of automation technology, at all steps of

the process from protein production to structural

determination, is certainly simplifying the methods and

accelerating the rate of progress. A consequence is that,

more and more, protein structures are determined

primarily to address biological and medical questions

put forward by another community of scientists rather

than to solve a structure in its own right.

The second major direction for structural biology is to

focus on challenging scientific problems which are not

easily solved with the existing technology, for which there

are a plethora of examples. For example, the structural

determination of membrane proteins represents a major

challenge within the structural biology community (Lan-

caster, 2003; Cogdell et al., 2003; Fromme et al., 2003;

Landau et al., 2003; MacKinnon, 2003; Bass et al., 2003;

Abramson et al., 2003a,b; Chang, 2003; Toyoshima et al.,

2003). This is because membrane proteins are located

within cell membranes, and therefore contain both

hydrophobic and hydrophilic surfaces, which are mutually

repulsive and do not naturally form crystal contacts.

Another example is the structural determination of large

biological complexes such as the ribosome, which consists

of a large number of individual components of both

proteins and RNA. The remarkable milestone of X-ray

structures of the ribosome subunits (Ban et al., 2000;

Wimberly et al., 2000; Hanus et al., 2001) is one of the

jewels in the crown of structural biology, and, as with most

membrane protein structures, is indebted to the high X-ray

brilliance of synchrotron radiation. Most membrane

proteins and large biological complexes are available in

only small quantities, and are difficult to assemble, purify,

stabilise and crystallise. An important contribution in this

regard has been the availability of micro-focus beam-

lines at synchrotron sources (e.g. http://www.esrf.fr/

UsersAndScience/Experiments/SCMatter/ID13/) through
which progress towards well-diffracting crystals can be

monitored and optimised using crystals which histori-

cally were too small to be viable for structural

determination. Nevertheless, many of these problems

will, in all likelihood, prove intractable with traditional

protein crystallisation techniques and may therefore

demand novel approaches. It is here that the next

generation of X-ray sources can be expected to make a

profound impact (Patel, 2002).

Another growing challenge within structural biology

is to go beyond the structural determination of the

resting state of an enzyme, and structurally to char-

acterise its functional mechanism throughout its cataly-

tic cycle. Within this sub-discipline of ‘‘time-resolved’’

X-ray crystallography the aim is to visualise the details

of how a protein functions in four-dimensions (three

spatial plus time) and thereby gain insight into how

nature has evolved to perform remarkably subtle

chemical tasks. Although the numbers of examples

where this approach has been successful are relatively

few (see, e.g. Hajdu et al., 2000; Moffat, 1998; Wilmouth

et al., 2001; Neutze et al., 2002), it is certain that an

X-ray free electron laser will offer genuine advantages

for such applications, potentially widening the field

dramatically.

Three main features of the next generation of light

sources will have to be exploited in order to create

genuinely new possibilities for structural biology. The

first is simply an evolutionary, albeit dramatic, increase

in the number of photons available per X-ray pulse,

which is projected to increase to around 1012 photons/

pulse within a DE/EB10�2 bandwidth (Winnik, 1995;

Wiik, 1997), (c.w. B1010 photons/pulse in B10%

bandwidth at ID09 of the ESRF (Wulff et al., 1997)).

This number is comparable with the X-ray exposure

required to recover a diffraction image from very small

http://www.esrf.fr/UsersAndScience/Experiments/SCMatter/ID13/
http://www.esrf.fr/UsersAndScience/Experiments/SCMatter/ID13/
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crystals (o1000mm3 in volume), hence it will be possible

to record interpretable X-ray diffraction data from small

crystals in a single shot. As such it is a simple matter

of extrapolation from current synchrotron-based

experiments to foresee what type of experiments,

particularly within the area of time-resolved crystal-

lography, may be possible with such a source. The

second feature is the exceptionally high brilliance of this

radiation, enabling the X-ray beam to be focused close

to the diffraction limit. As such it appears that the X-ray

spot focal diameters of 100 nm or less will be easily

attained using a free electron laser beam without

significantly sacrificing the total X-ray flux. This creates

revolutionary new possibilities for ‘‘nano-crystallogra-

phy’’ which are certainly not feasible at the existing

X-ray sources. The final feature is the temporal structure

of the planned free electron laser, which will provide X-

ray pulses of approximately 100 fs in duration, an

improvement (reduction) of three orders of magnitude

over existing synchrotron sources. This time structure

creates the possibility for both evolutionary experiments

in terms of improved temporal resolution in time-

resolved X-ray diffraction, and for extraordinary

experiments that are not even conceivable at existing

sources today.

In this article, we will review the potential impact and

benefits of planned X-ray free electron laser facilities on

time-resolved X-ray crystallography (Section 2) as

well as outline proposals for novel methods of

structural determination using ultra-intense X-ray pulses

(Section 3). Both applications exploit the increased

peak-brilliance of the next generation of light-sources

over existing synchrotrons. Finally, in Section 4 we

conclude by sketching a personal view of how the

projected development of X-ray source technology may

influence structural biology.
2. Potential impact on time-resolved X-ray

crystallography

Protein functions are remarkably diverse. In order to

achieve the full spectrum of biological catalysis within

the cell, enzymes fold to form carefully designed

scaffolds upon which an active site where chemical

catalysis performed is constructed. Enzyme function,

however, is seldom passive and the enzyme must

coordinate the arrival and binding of substrates, the

release of products, and the input of energy in both

space and time. Time-resolved crystallography, as the

name suggests, seeks to follow enzymatic reactions fully

along the reaction coordinate in order to characterise

structurally all details of an enzyme’s function.

There are two distinct branches within time-resolved

protein crystallography. The first branch is the sub-

discipline of pump–probe crystallography, whereby a
reaction is rapidly triggered at room temperature using a

‘‘pump’’ (most commonly laser light) and the structural

changes within the protein are followed in time using an

X-ray ‘‘probe’’ (Moffat, 1998). The most spectacular

successes within this branch include 100 ps studies on the

photo-dissociation of a carbon-monoxide molecule

bound to the haeme group of myoglobin following

nano-second (Srajer et al., 1996, 2001) and femto-second

(Schotte et al., 2003) laser excitation. Related studies

concern the negative phototaxis receptor photoactive

yellow protein (Perman et al., 1998; Ren et al., 2001).

Due to the need to collect X-ray diffraction data rapidly,

Laue-diffraction (i.e. using a white beam X-ray probe)

has been the only feasible method for such studies

(Bourgeois et al., 1996). Exceptionally well-diffracting

protein crystals have been required in these studies

because of problems with high background and spatial

overlaps using the Laue-diffraction technique. The first

proof-of-principle experiments used a broad wavelength

X-ray probe within DE/EB100%, although it has since

been demonstrated that the quality of X-ray diffraction

data can be improved significantly using narrower

bandwidth radiation (Bourgeois et al., 2000). The

conception of multi-layered X-ray optics is soon likely

to see the development of narrow-beam ‘‘pink-Laue’’

diffraction (i.e. DE/EB1%), which may soon allow

these specialist techniques to be applied to a broader set

of biologically systems.

The second major branch of time-resolved crystal-

lography is the use of physical techniques to control the

rates of reactions within crystals (Hajdu et al., 2000). If a

specific reaction can, for all practical purposes, be

stopped entirely, then monochromatic X-ray diffraction

data may be collected at low temperature, thereby

avoiding the technical, and frequently overwhelming,

challenges associated with white-beam data collection.

The most widespread technique in this respect is coined

‘‘kinetic crystallography’’, since the enzyme’s kinetics

are controlled using physical parameters (e.g. lowering

the crystal’s temperature, or varying the crystal’s pH),

frequently followed by plunging the crystal into liquid

nitrogen and thereby ‘‘freezing’’ the protein into a

desired conformation. A correspondence between enzy-

matic reactions at room temperature and at low

temperature can be drawn using single-crystal micro-

spectrophotometry (Hadfield and Hajdu, 1993; Bour-

geois et al., 2002), through which spectral properties of

specific intermediates can be compared within crystals.

For example, with light-driven proteins one can

illuminate crystals at low temperature, allowing the

reaction to evolve up to the point where the thermal

energy needed to cross a specific energy barrier

is unavailable. As such a high population of a spe-

cific reaction intermediate may be achieved and this

method has been successful for studies on carbon-

monoxide: myoglobin complexes (Schlichting et al.,
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1994), photoactive yellow protein (Genick et al., 1998),

bacteriorhodopsin (Neutze et al., 2002; Edman et al.,

1999; Royant et al., 2000) (Figs. 2 and 3), and sensory

rhodopsin II (Edman et al., 2002). Alternatively, one can

start a reaction at room temperature and subsequently

quench the reaction by freezing the crystal in liquid

nitrogen. Examples of this technique include studies of

serine protease catalysis in which the reaction was

activated using a pH jump (Wilmouth et al., 2001), or

studies of quinoprotein amine oxidase (Wilmot et al.,

1999) and dethiobiotin synthetase (Kack et al., 1998),

for which the reactions were activated using substrate

soaking.

Fourth generation X-ray sources will have a signifi-

cant impact on both of these sub-disciplines. In the first

instance, the significantly superior X-ray flux within a

narrow X-ray bandwidth will immediately make avail-
Fig. 2. Difference electron density resulting from structural

changes associated with an early intermediate in the photocycle

of bacteriorhodopsin. Negative electron density changes are

lightly shaded, and positive electron density changes are darker

grey. This figure is reproduced with permission from Ref.

Edman et al. (1999).

Fig. 3. Overview of the structural changes in the photocycle of bacteri

Neutze et al. (2002).
able a tremendous improvement in signal-to-noise ratios

for pump–probe studies on those systems which have

already proven accessible using synchrotron radiation

(Srajer et al., 1996; Perman et al., 1998). This consequent

improvement in resolution will enable the structural

details of light-driven processes to be visualised in more

detail with considerably more confidence. Since the

problem lies in the (subtle structural) details, these gains

are perfectly consistent with the aims of such experiment

and represent evolutionary improvements with the next

generation of light sources. An interesting technical

point is it is likely that, for very well-diffracting

macromolecular systems, it will prove advantageous to

use the ‘‘background’’ undulator radiation rather than

the ‘‘laser-line’’ in such studies, since the former will

provide a broader accessible bandwidth. With appoxi-

mately 1012 photons per pulse predicted within both the

laser line and the undulator pedestal, there shall be

tremendous flexibility for the scientist to optimise

experimental conditions.

The second spectacular gain of an X-ray free electron

laser (XFEL) will be the reduction of the available X-ray

pulse duration by three orders of magnitude over

synchrotron radiation. Since the typical period of atomic

vibrations within macromolecular systems is from 100 to

1000 fs, the availability of an X-ray probe with 100 fs

duration will create the revolutionary possibility for

visualising, in four dimensions, many basic photoche-

mical phenomena. For example, an important class of

biological systems are retinal proteins. This family of

integral membrane proteins includes the visual rhodop-

sins, which are the primary photoreceptor for vision in

animals (Palczewski et al., 2000), the sensory rhodopsins,
orhodopsin. This figure is reproduced with permission from Ref.
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which govern negative or positive phototaxis in their

host bacteria (Landau et al., 2003), and the transport

rhodopsins (Landau et al., 2003), which harvest light so

as to pump ions across cell membranes. Low-tempera-

ture studies on bacteriorhodopsin have shown that a

water molecule hydrogen-bound to the retinal becomes

disordered by light early in the photocycle (Edman et al.,

1999) (Fig. 2). Due to the high X-ray flux and short

pulse duration of the predicted XFEL beam, it should be

feasible to follow retinal isomerisation from an all-trans

conformation to its 13-cis conformation and clock the

time-scale with which this water molecule becomes

disordered.

Another exciting example falls within the field of

photosynthesis, whereby photons are first captured by

an integral membrane reaction centre complex, where-

upon their energy is utilised by other processes within

the cell. Ultrafast stimulated Raman scattering studies

on bacterial reaction centres have implicated persistent

large-scale coherent motions, with a period of B1 ps,

following rapid photoexcitation (Vos et al., 1993). If the

interpretation of these spectral results is correct, then an

XFEL should make it possible to characterise these

motions fully. Certainly, time-resolved X-ray diffraction

studies with 100 fs temporal resolution will be performed

on many macromolecular systems. This will provide an

exciting and creative direction for future XFEL users,

and structural results will shed new light on the fastest

biological processes in nature.

Related to these studies are the emerging possibilities

for time-resolved structural probes of light-dependent

macromolecules without using X-ray difffraction. In

particular two proof-of-principle demonstrations have

recently been published for solution phase X-ray

scattering (Neutze et al., 2001) and X-ray absorption

spectroscopy (Saes et al., 2003) on simple photochemical

systems in solution. A common theme to both experi-

ments was that the structural information recovered lay

in the local-vicinity of (relatively) heavy-atoms dissolved

within a lighter solvent matrix. The increased X-ray flux

available from an XFEL should make it possible to

recover with confidence smaller signals over a higher

background, and hence improve the general applicabil-

ity of these techniques. Significant improvements in

photon statistics will create the possibility for these

techniques to also be applied to macromolecular

systems. Since enzymes contain heavy atoms near the

active site, or since they may be introduced using

chemical means, then information on structural changes

in the immediate vicinity of these atoms could prove

invaluable in piecing together the structural details of

their functional mechanism.

A third important, yet surprisingly under-sung,

application of an XFEL within the discipline of time-

resolved crystallography is to structurally characterise

slower enzymatic processes through time-resolved X-ray
diffraction. In particular, the proposed pulse structure at

the TESLA facility (Wiik, 1997) foresees thousands of

100 fs X-ray pulses within microseconds long pulse

trains separated by nano-second intervals, each pulse

with sufficient X-ray photons to generate an interpre-

table X-ray diffraction image from very small crystals. It

is not difficult to imagine triggering a reaction within a

crystal by a variety of means, and designing the pulse-

structure to match your chosen time window. Further-

more, the X-ray beam profiles may be tuned from

bunch-to-bunch, and this provides an opportunity to

design the experiment so as to optimise the X-ray

diffraction data completeness. For instance, one might

arrange a series of narrow bandwidth X-ray pulses

which do not overlap spectrally, such that a quasi-Laue

diffraction experiment may be built up of composite

parts, thereby incorporating the primary benefit of Laue

diffraction (i.e. the ability to sample many diffraction

spots in a single experiment (Bourgeois et al., 1996))

while avoiding many of the pit-falls of the technique

(e.g. spatial and spectral overlaps, and prohibitive

restrictions on the degree of mosaic spread of the

crystals). It may also prove it possible to overcome some

of the technical challenges on the slower (milliseconds to

seconds) time-scales using a rapidly spinning crystal in

combination with rapid-readout 2D X-ray detectors,

such as the developing pixel detectors (Sellin et al., 2001;

Ayzenshtat et al., 2002, 2003).

These possibilities are particularly exciting since the

vast majority of enzymes do not use light as their

reaction trigger, and enzyme catalysed reactions invari-

ably involve structural changes on the microseconds to

milliseconds regime, with the femtosecond to picosecond

regime being something of a special case. The methods

available for reaction triggering (Hajdu et al., 2000)

could involve substrate soaks, caged compounds (i.e.

compounds containing a reactive species, such as ATP,

which are blocked until photoactivated), pH jumps,

temperature jumps, etc. Since it is possible to record all

diffraction data from a single multi-bunch pass, it will

also become possible to study non-reversible processes

or systems involving such large-scale structural changes

within their catalytic cycle. Large-scale movements, in

particular, are frequently incompatible with the crystal

lattice and the desired movements themselves tend to

destroy the crystal contacts. A well-known example of

this problem occurs in the later half of the photocycle of

bacteriorhodopsin, for which the only successful experi-

ment to structurally characterise the late M-intermediate

(Fig. 3) relied upon crystallising a triple mutant

analogue for this intermediate (Subramaniam et al.,

1993), rather than directly observing the light-driven

conformational change within a crystal. From an

aesthetic viewpoint, one particularly appealing aspect

of an application of an XFEL to time-resolve structural

changes on the microsecond to millisecond time-scale, is
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that the field would come full circle, since for optimal

results both kinetic and time-resolved crystallography

techniques would need to be incorporated into the

design of each experiment targeting biologically relevant

structural questions.
3. Potential impact on structural problems not accessible

through crystallisation

Despite the impressive and accelerating rates at which

new protein structures are being determined, there is no

cause for complacency within structural biology. Many

structural problems take years of painstaking work to

reach to conclusions, as the proteins or protein:DNA or

RNA complexes must be over-expressed or purified

from natural sources, characterised biophysically, pur-

ified, stabilised, and thereupon crystallisation experi-

ments may begin. Whereas crystals are frequently

recovered even for difficult problems, in the over-

whelming majority of crystallisation experiments on

challenging systems, it takes thousands of crystallisation

experiments to optimise crystals to the point where they

are suitable for structural determination. A few notor-

ious cases include bacteriorhodopsin, where the first

crystals were published in 1980 (Michel and Oesterhelt,

1980) yet it was another 16 years before the most

successful crystal form emerged (Landau and Rosen-

busch, 1996); LacY, where cystine-mutant cross-linking

studies were performed on every residue within the

protein, and a ‘‘cross-linking’’ model was proposed, well

before diffracting crystals were recorded (Abramson

et al., 2003a, b); and the ribosome, where the first

crystals were published in 1981 (Appelt et al., 1981;

Yonath et al., 1984) yet an X-ray structure did not

emerge until almost two decades later (Ban et al., 2000;

Wimberly et al., 2000; Harms et al., 2001).

As the field of structural biology moves into the post

Human-genome (or ‘‘post-genomics’’) era, emphasis is

moving away from the study of individual protein

structures towards understanding the role of protein (or

DNA and RNA) components within larger complexes,

and their interactions with other components within the

cell at the structural level. Protein:protein interactions,

signalling pathways, and regulation pathways are just a

few of the challenges for which there currently is only a

limited understanding at a structural level. Since it is

frequently difficult, or even impossible, to recover large

quantities of correctly assembled stable biological

complexes, a prerequisite even to begin crystallisation

experiments, new approaches will be needed to address

many of these challenges at a structural level.

An obvious evolutionary development from the

current success enjoyed by micro-focus beamlines at

third generation synchrotron sources, is to construct

nano-focus beamlines at an XFEL. In practice, along
the path towards recovering micro-crystals (volumes of

1000 mm3 or more) or larger crystals, one frequently

follows leads with thousands of nano-crystals (i.e.

volumes of 1 mm3 or less) or ‘‘crystal-like’’ material,

which is still visible under a microscope. However, as

one reduces the focal spot of an XFEL to the sub-

micron level, one has to become increasingly concerned

with issues of radiation damage, even at cryogenic-

temperatures. Furthermore, if one wishes to record

useful diffraction data from crystals of 1 mm3 or smaller,

rather than 1000 mm3 or larger, then the data-collection

strategy must necessarily change. Primarily, it is unlikely

that such a small crystal will survive more than a single

exposure from the full XFEL beam. Consequently,

rather than build up a complete X-ray diffraction data

set by rotating a single crystal within the X-ray beam

and collecting a sequence of diffraction images, one will

be forced to scale together individual diffraction images

from hundreds of different nano-crystals (more or less

randomly aligned) in order to build up complete

diffraction data. It is yet to be proven that one can

effectively scale together such data, but it is reasonable

to expect that this computational problem will be solved

as nano-focus XFEL sources become reality.

The concept of nano-focus single-shot X-ray beams

raises the issue of radiation damage to biological

samples. A new possibility which is specific to an XFEL

is to try to understand the extent to which the very

short-pulse lengths can be exploited to push the

radiation damage barrier beyond very real limits at

synchrotron sources (Garman, 2003), i.e. can one

rapidly image an exploding sample before the effects

of X-ray damage destroy all useful structural informa-

tion. To investigate this problem we performed a series

of molecular dynamics simulations on a single particle of

lysozyme exposed to a rapid, extremely intense X-ray

beam (Neutze et al., 2000). We modified the molecular

dynamics package GROMACS (Lindahl et al., 2001) to

include: heating by the X-ray beam whereby the recoil

momentum was conserved; bond breaking, through the

use of Morse rather than harmonic potentials; sample

ionization due to inelastic scattering, photoelectric

ionization, and the emission of Auger electrons from

the atoms of the sample. These simulations kept an

inventory of the number of electrons removed from each

atom through these processes, since their ionization

states strongly affected their dynamics, as well as their

X-ray scattering cross-sections.

Fig. 4 shows how the number of X-ray-induced

ionization events increased in time for a sample exposed

to a 12 keV X-ray pulse containing 3� 1012 photons

focused through a 100 nm diameter focal spot. In the

first simulation the FWHM of the X-ray pulse is

assumed to be 10 fs, whereas the second is set at 50 fs.

While the number of primary ionization events (photo-

electric and inelastic) is the same for both simulations,
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Fig. 4. Ionisation events and energy changes during the exposure of a single molecule of lysozyme to an intense X-ray pulse containing

3� 1012 X-ray photons focused through a 0.1mm diameter focal spot. This figure is reproduced from Ref. Neutze et al. (2000).

Fig. 5. Visual representation of the explosion of a single

molecule of lysozyme when exposed to an extremely intense

femtosecond duration X-ray pulse. This figure is reproduced

with permission from Ref. Neutze et al. (2000).
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Fig. 6. Landscape of damage tolerance. This figure plots the

effective R-factor values for a range of pulse durations and X-

ray pulse intensity (given in units of number of photons focused

through a 0.1mm focal spot). Values of R below 15% are

suggested to be acceptable. This figure is reproduced with

permission from Ref. Neutze et al. (2000).
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the natural time scale for Auger emission (approxi-

mately 10 fs for the light atoms) leads to there being more

secondary ionization events in the second simulations.

The creation of a large number of charges in close

proximity provides an enormous driving force for a

Coulomb explosion, and this is delayed slightly by inertial

effects. Most dramatically, for the shorter simulation

there has been insufficient time for the efficient conver-

sion of electrostatic potential energy into kinetic energy,

and the sample has only begun to explode at the

completion of the X-ray pulse. In contrast, by the end

of the 50 fs X-ray pulse, half of the potential energy is

converted to kinetic energy, and the X-ray-induced

explosion of the sample is well underway. A visual

representation of this fact is given in Fig. 5, where a

sequence of pictures show the structure of the lysozyme

molecule at the beginning, near the centre, and towards

the end of the 50 fs X-ray pulse.
To quantify the results from these simulations, X-ray

scattering distributions from the single lysozyme mole-

cule were calculated throughout the simulation and were

averaged over the simulation (I(t)), and were compared

against a hypothetical ‘‘ideal case’’ where the effects of

radiation damage are turned-off ‘‘in silico’’ (I0). An

agreement factor defined as

R ¼ jOIðtÞ �OI0j=OI0

which is analogous to the R-factor used as a representa-

tion of the quality of the crystallographic data and

model. Fig. 6 provides a graphical representation of this

analysis, plotting R as a two-dimensional contour versus

the pulse-duration and the total X-ray flux. Somewhat

arbitrarily an R-factor of 15% is chosen as a boundary

marking the borderline of tolerable damage, and it is

clearly seen that in order to sustain 3� 1012 photons

through a 100 nm focal spot, the X-ray pulse should be

of the order of 10 fs or less. For longer X-ray pulse it is

necessary to use a lower X-ray flux through the sample.

This result quantifies what one would intuitively expect

from the results of the simulations (Fig. 4) and their

structural representation (Fig. 5).
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Working from the assumption that Ro15% is a

reasonable criterion for judging which X-ray scattering

data could be useful, it is possible to calculate the X-ray

scattering power for a number of samples, and from that

determine what resolution interpretable data may be

recovered (Fig. 7). It is evident that even very small well-

ordered crystals, for example 10� 10� 10 of lysozyme

(B0.1mm3) which is too small to be easily seen under an

optical microscope, can still produce X-ray diffraction

to reasonable resolution when using pulses with a

duration consistent with the planned XFEL facilities.

This could prove to be a significant advantage over

existing experiments at synchrotron sources. To recover

useful X-ray diffraction data to good resolution from

even smaller non-ordered clusters appears to be challen-

ging unless the X-ray pulse duration can be shortened.

Nevertheless, there should be sufficient statistics to

recover some useful structural information from well

ordered yet non-crystalline systems, such as an icosahe-

dral virus, even with X-ray pulses longer than 100 fs.

This situation is rather similar to the current state of the

art in electron microscopy, where low-resolution elec-

tron microscopy structures are now rapidly recovered

from a large-number of images of single virus particles

(Bottcher et al., 1997). Likewise, it is possible to recover

low-resolution structural information from non-sym-

metric samples (Mueller et al., 2000) using electron

microscopy as long as the sample is sufficiently large,

and it appears that ultra-fast X-ray scattering ap-

proaches may provide complementary information. In

all likelihood, the best structural results will emerge

through electron microscopy studies to recover a low-

resolution structural model, followed by X-ray scatter-
Fig. 7. X-ray scattering from small clusters of lysozyme nano-crystals

through a 0.1 mm focal spot.
ing studies aiming to extend the resolution of the model.

To a structural biologist, the difference between data to

6 Å resolution and to 3 Å resolution is effectively

entering a new regime, since it is only at higher

resolution that the details of structural mechanism

become tangible.

Since these simulations were published, there have

been a number of suggestions as to how to improve the

physical model for the Coulomb explosion of the

protein. Most attention has been paid to the influence

of secondary electrons which lead to additional ioniza-

tion events within the sample (Ziaja et al., 2001, 2002).

Recent calculations, which explicitly incorporated elec-

tron trajectories and their interactions with other atoms

within the simulated sample (Jurek et al., 2004), have

suggested that the rate of onset of radiation damage

effects may be somewhat enhanced over the earlier

model (Neutze et al., 2000). The availability of the first

experimental results from the Tesla Test Facility Vis-UV

FEL (Wabnitz et al., 2002) is very promising in this

regard. It should soon be possible to measure ionization

and protein fragmentation effects due to interaction

with a soft X-ray FEL beam. While a different regime,

these experiments will help guide improvements in

computational models.

Progress has also recently been made on the treatment

of data resulting from an X-ray scattering experiment

without crystals. In electron microscopy studies, the

cross-correlation between images is widely used to sort

individual images into specific image classes, such that

numerical averaging techniques can be applied. Due to

the enhanced signal-to-noise ratio recovered by sorting

and averaging, a common-line projection theorem can
as a function of the total number of 12 keV photon (I0) passing
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Fig. 8. Molecular transform of a single macromolecule of lysozyme, and its representation in reciprocal space. Any two Ewald-

spheres, upon which the X-ray scattering patterns are projected, share a common line of intersection in reciprocal space. This can be

used to classify different images and recover the orientation of a randomly oriented sample. This figure is reproduced with permission

from Ref. Huldt et al. (2003).
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then be used to find the mutual orientation of the

averaged images. This theorem is based upon the idea

that any two projections through a three-dimensional

object have at least one line in common (Van Heel,

1987). Huldt et al. have extended this idea into the X-ray

domain (Huldt et al., 2003) by noting that any two X-

ray scattering images will share at least one curve in

common where the Ewald spheres intersect in reciprocal

space (Fig. 8). From this observation, after sorting-and-

averaging based upon the cross-correlations between

individual X-ray scattering images, it will be possible to

orientate each of the averaged image classes (deriving

from randomly orientated biological samples) relative to

each other such that the X-ray scattering intensities can

be accurately mapped throughout the Ewald sphere.

This averaging approach will significantly improve the

resulting photon statistics, and will thereby overcome

many of the difficulties associated with single-shot

imaging. As such the resolution which one can achieve

in the final model will be limited by how accurately

individual images can be sorted into image classes and

oriented relative to each other, and the proposed

alignment protocol (Huldt et al., 2003) appears to be

very powerful in this respect.

Theoretical work has also been performed on

generating electron density from images recorded from

non-crystalline samples. Miao et al. (2001) have shown

that, when noise is added to X-ray scattering intensities

(sampled along a regular three-dimensional grid) from a

single Ribisco molecule, it was possible to invert these

intensities and recover electron density. In particular,

due to the continuous sampling of reciprocal space,

rather that the discreet sampling of reciprocal space

when recording diffraction from a crystalline lattice,

there was sufficient information available to determine

the phases directly. The algorithm used information

regarding the boundary of the molecule, with a key
concept being that over-sampling allowed the electron

density outside of the molecule to be calculated, which

should be zero, providing a powerful constraint on the

experimental phases. A noteworthy theoretical issue

remaining to be addressed is how best to map

experimental data onto a regular grid in reciprocal

space when starting from randomly oriented raw

images. Sorting, averaging, orientation and interpola-

tion methods will produce data with quite unusual

properties, which may influence the convergence and

noise sensitivity of any given iterative phasing algo-

rithm. Nevertheless, the numerical experiment of Miao

et al. (2001) has since been experimentally demonstrated

in a different arena using a frozen Escherichia coli

bacteria as a sample and coherent synchrotron gener-

ated X-rays as the source (Miao et al., 2003). While

several technical challenges still remain in moving from

theoretically generated data to genuine experimental

data, it appears that the key ingredients concerning how

to process experimental data and recover electron

density have already been well formulated.
4. Conclusion

Structural biology has enjoyed a period of extended

success and growth during the last decade. As many of

the traditional challenges from crystal growth to model

building are becoming automated, effort is increasingly

turning to more challenging problems. Two of the future

challenges for structural biology are to understand the

structural details of reaction mechanisms, and to study

the structural biology of large complexes, which are

difficult to produce and purify in quantities suitable for

traditional X-ray crystallography approaches.

Time-resolved X-ray crystallography is a powerful

tool when probing beyond the resting state structure of
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an enzyme. While there have been several milestones in

this field using synchrotron generated X-rays (Hajdu

et al., 2000; Moffat, 1998), the projected properties of an

XFEL should make it possible to study both light-driven

systems with improved temporal and spatial resolution,

and to study the catalytic reactions of non-reversible

systems. The latter point is particularly poignant since

most biological reactions do not follow fully reversible

photo cycles, and this new technology may open up a

large number of biological problems to study which were

not accessible using synchrotron radiation. This is

particularly true for systems undergoing large-scale

movements, which can disrupt the crystal lattice.

X-ray scattering from non-crystalline samples pro-

mises a potentially revolutionary avenue for many of the

most challenging problems in structural biology (Patel,

2002; Neutze et al., 2000). It is clear that there are

benefits to be had from using ultra-fast X-ray exposures,

but the technique will push both the technical limits of

the XFEL source, and the physical limits of the

biological sample. As such many significant challenges

remain and this new regime is only beginning to be

understood, yet the structural biology community

should look forward to a period of excitement as novel

X-ray scattering approaches are realized experimentally,

and unanticipated opportunities arise and are exploited.

Ultimately, as these new X-ray facilities emerge (Patel,

2002) they will open new windows providing unique

structural insight into the most challenging biological

problems of the day.
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