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High-throughput methods for
obtaining protein crystal structures 
are providing chemists with
“blueprints” for drug design.

Viagra, a “celebrity” drug if there ever was one, made the
cover of Nature in September. But it wasn’t in the spot-
light all by itself. The well-known anti-impotence treat-

ment (sildenafil, generically) was nestled in the sprawling catalyt-
ic domain of phosphodiesterase 5 (PDE5), its established
enzyme target. If you flipped through the inside of that issue of
the journal, you might also have spotted similar X-ray crystal struc-
tures of PDE5  complexes with two second-generation erectile
dysfunction treatments, Cialis (tadalafil) and Levitra (vardenafil)
(1). According to Joong Myung Cho, CEO of CrystalGenomics
(www.crystalgenomics.com), the Deajeon, South Korea, company
that published the Nature study, these are the first crystal struc-
tures of PDE5 inhibitor complexes to be reported. 

These findings will be useful for developing a new drug, says
Cho. “We know how those compounds interact with the active
site of the target proteins. So we can improve the binding activ-
ity, which means higher activity [and] less side effects.”

Crystal structures of potential drug targets are essentially
“blueprints” for the chemical and physical space that needs to
be filled for a chemical compound to be a successful drug. Thus,
for PDE5 or any other potential protein target, having a 3-D
structure available adds tremendous value to drug develop-
ment by making it a more chemically rational process. Conse-
quently, structure-based drug design has had some big verifiable
successes. Most notably, the HIV drugs Agenerase (ampre-
navir, FDA-approved in 1999) and Viracept (nelfinavir, FDA-
approved in 1997) were developed based on the 3-D structure
of HIV protease (2). 

But, by and large, structure-based design has not been the
primary approach for drug discovery projects over the past decade.
Instead, the tool du jour has been bioassay-based high-through-
put screening of chemical libraries (constructed on the basis of
random selection, previous literature results, “druglike” proper-
ties, and/or computational analysis). The target crystal structure
might come into play somewhere along in the development
process for optimization purposes, but it might not.

There is not a lack of interest in structure-based design, howev-
er. Raymond Stevens, a professor at the Scripps Research Insti-
tute (www.scripps.edu), estimates that when structure is central-
ly used as part of the drug discovery process, there is a 50% cost
and time savings in the period between target selection and filing
an Investigational New Drug application (3). The issue is more
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one of experimental reality. Growing and analyzing diffractable
protein crystals have generally been a time-consuming and expen-
sive ordeal. For instance, according to Cho, researchers at various
organizations had been trying to get a structure for PDE5 for
“4–5 years.” Crystallography has, therefore, often not fit into the
high-volume, high-speed template of modern pharmaceutical research.

But a convergence of new developments has gone a long way
in establishing protein crystallography as a high-throughput tech-
nique in its own right and bringing rational structure-based design
more frequently to the forefront in early-stage drug discovery efforts. 

Robots, Nanodrops, and Synchrotrons
Already a common aspect of other drug-discovery-related screen-
ing applications, automation has more recently made inroads

into crystallography. What has made crystallography—and partic-
ularly protein crystallography—such a slow and complicated
process is the large number of variables that it requires. Fine
tuning the exit strategy of protein molecules from solution to
afford high-quality crystals involves optimizing conditions such
as pH and temperature as well as the ionic strength and specif-
ic concentrations of any number of salts, organic additives, and
detergents. This can be facilitated by making changes two steps
back in the process (as laid out in Figure 1), in which the
protein is produced by cloning and expressing the appropriate
DNA sequence in cell culture (usually in E. coli). Various muta-
tions or chemical tags can be incorporated into the protein that
might favorably affect its inherent crystallization properties (while
not interfering with the active site)—but this adds even more
parameters to the equation.

Automation allows these variables to be vetted in a highly
parallel fashion—hundreds of crystallizations at a time instead
of one or two. For example, in a recent 18-month period, scien-
tists at Syrrx (www.syrrx.com), a San Diego structure-based drug
discovery company founded by Stevens, solved 73 structures after
executing several million crystallization trials on more than 400
unique drug-discovery targets (4). The Syrrx researchers used an
integrated platform including parallel fermentation systems for
protein expression, liquid-handling robots for preparation of crys-
tallization solutions, and automated imaging equipment for moni-
toring and providing feedback on crystal growth. All of these
components are now available commercially. In addition, soft-
ware tools are available that minimize the operator intervention
(and expertise) required for X-ray diffraction data collection
and even 3-D structure determination.

According to Stevens, two recent technical improvements have
allowed crystallography applications to take advantage of the
available automation and achieve this type of throughput—the
ability to dispense protein nanodroplets and the increased
intensity of synchrotron radiation sources. “Those are probably
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the two biggest breakthroughs that have revolutionized the field,”
he says. Most of the crystallization robots on the market are
now able to work with less than 1 µL of protein solution. This,
says Stevens, “means that you can miniaturize everything else.”
So you can use less of the sometimes difficult-to-produce mate-
rial to perform a greater number of paral-
lel experiments. In addition, the smaller
drops equilibrate faster, leading to a more
rapid appearance of crystals. 

And the third-generation synchrotron
radiation sources that are now available
provide the power to collect X-ray diffrac-
tion data on the smaller crystals that
result from these nanodrops. Electrons emit
synchrotron X-ray radiation when they are
revolved (in a particle accelerator) at speeds
close to that of light. There are various
synchrotron facilities in the United States
and internationally. “Synchrotron beam
lines have become much more intense, and
they are now suitable for very small crys-
tals,” says Stevens.

Furthermore, according to Harren Jhoti,
CEO of Cambridge, U.K.-based Astex
Technology (www.astex-technology.com),
another fully automated structure-based
drug design company, the intense X-ray
sources that are available, including the
synchrotrons, as well as much improved
laboratory sources, “mean you can shrink
the time it takes you to get X-ray data by
an order of magnitude at least. That coupled
with all the improvements in software
[allows] data analysis to be done in a much
more efficient way.”

Crystal Mining
Despite these innovations, protein crys-
tallography is still a specialized task, accord-
ing to Cho. “All proteins have different
properties,” he says. Therefore, protein by
protein, a lot of legwork still is necessary
to produce soluble pure active proteins and
effectively crystallize them. Automation, he
believes, will get you only so far. 

But, says Stevens, all of the information
being generated from high-throughput crys-
tallization trials will be vital for making
protein crystallography a less overwhelm-
ing endeavor in the future. “What we
really need to do,” he says, “is to learn from
the data that we have collected how to
improve efficiency and lower the cost.” 

The Biological Macromolecular Crys-
tallization Database (http://wwwbmcd.nist.
gov:8080/bmcd/bmcd.html ) contains the
crystallization conditions and crystal data
for all forms of proteins that have been

published. This database, however, does not include all of the
crystallization trials that did not quite pan out. Some commer-
cial software such as Crystal Monitor, developed by Emerald
BioStructures (www.emeraldbiostructures.com), can be used to keep
track of all the crystallization data in high-throughput experiments

to allow for more complete data mining.
By capturing the conditions used and data
obtained at every step of the process—
from cloning and expression to structure
determination—all of the information relat-
ed to the successes and, importantly, the fail-
ures from each of the crystallization trials is
available to make more informed decisions
for future experiments.

Syrrx has deployed similar software on
its own data to find some “crystallization
hot spots”. Says Stevens, “Right now, there
are these commercial screens that everybody
uses for crystallizing proteins. We have deter-
mined that half of these conditions are
useless, [even though] we still spend money
on them.” One specific finding, he says, is
that “polyethylene glycol with salts is the
best combination for crystallizing proteins.”

This type of information, according to
Stevens, will reduce the number of exper-
iments that need to be carried out, improv-
ing success rates and lowering cost.

Building to Spec
Traditionally, when protein crystal struc-
tures have been used as part of the drug
development process, they fulfilled an opti-
mization function in which an already
known inhibitor is complexed to its target
(as with the PDE5 Viagra example) and
improvements are made from there. But
because high-throughput crystallography
has significantly widened the structural
bottleneck, protein structures are now more
available than ever to be integrated into the
initial discovery process for lead compounds.

One consequence of this is an increased
use of docking programs, in which a solved
protein structure can be computationally
represented and screened against a large virtu-
al library of small molecules for active-site
binding. Accurately emulating the many
factors driving a ligand–protein binding event
is a difficult task, and these algorithms still
have many challenges to overcome—success
rates range from 2 to 20% according to one
report (5)—but they can be an advantageous
place to start. CrystalGenomics, for instance,
uses docking as a major component of its
drug discovery process for novel targets.
“Whenever we have the 3-D structure of the
target protein, we generate more than 3
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Figure 1. Getting from gene to protein structure
involves five basic steps, each with its own unique
challenges: protein expression, protein purification,
protein crystallization, data collection, and struc-
ture determination. (Adapted with permission from
Modern Drug Discovery, October 2002, 26–33).



million different small leadlike molecules in the computer,” says
Cho. “We do the docking experiments to find the best molecules
for the active site.” They then synthesize these molecules, bind them
to the target, and perform NMR analysis and X-ray co-crystalliza-
tions to study and optimize the interactions in more detail.

Docking programs are also used to screen virtual fragment
molecules that might interact with some portion of the active site
and could be built into full-fledged lead molecules. But more

recently, the physical crystals themselves have become used in this
approach. X-ray structure analysis is now being used directly as
an experimental screening technology for fragments, literally allow-
ing lead molecules to be built to spec. Fragment-based drug discov-
ery was first performed with NMR, notably by scientists at Abbott
Laboratories (http://abbott.com), who developed a technique called
“SAR by NMR” (6 ), which is able to detect weak-binding frag-
ments at protein active sites. Fragments that are determined to
bind to proximal locations at the active site can theoretically be
linked together to form high-affinity ligands. 

Now companies such as Astex Technology are applying the
much higher structural detail of X-ray crystal analysis to this frag-
ment-based approach. They expose target crystals, which they
have generated via automated high-throughput crystallography,
to 500–1000 member libraries of organic fragments. The frag-
ments, which are selected from computational methods, virtual
screening, or based on general knowledge, typically have low
molecular weights and low binding affinities, so they would
normally be missed in a bioassay-screen. 

“The process,” says Jhoti, “is to soak the crystals in solutions
of these fragments.” The resulting crystals are then analyzed
with X-ray diffraction, and the data collection and structural
determination are performed in a completely automated fashion
with the company’s Autosolve software, according to Jhoti. The
program provides an electron density picture of a fragment bound
at the active site. “That information goes directly to our chemists,
who then design modifications to that fragment and then synthe-
size further analogs and begin to grow the fragment,” says Jhoti.
“We pursue the whole approach by growing these fragment hits
into larger drug-size molecules with improved potency and selec-
tivity.” And crystallography is used at each step in the process to
continually optimize the “maturing” compound. With this
approach, the company has developed compounds against a vari-
ety of targets that are now in preclinical development. 

Structural GenomiX (www.stromix.com) has developed a simi-
lar method called FAST (Fragments of Active Structures) for its
lead discovery program. Furthermore, Abbott has followed up its
NMR technique with a crystallography screening approach, which

it used in the discovery and optimization of a new class of uroki-
nase inhibitors for the treatment of cancer (5). 

Meanwhile, Astex is working on what Jhoti calls its “newest tech-
nology” that seeks to answer the question, “What happens if you
can identify more than one fragment that has bound in adjacent
pockets on the protein?” Attaching these moieties so that they have
optimal spatial orientation for the active site might appear straight-
forward, but has been a major challenge, according to Jhoti, and

software has not often been able
to resolve the problem. The Astex
researchers have recently demon-
strated a method called dynam-
ic combinatorial X-ray crystal-
lography (Figure 2), in which
cocktails of self-assembling frag-
ments are screened against protein
crystals. In a recent study with
cyclin-dependent kinase 2 crys-
tals, they were able to observe a
product formed from a selection

of the fragments within the active site of the protein (7 ). In
essence, the most suitable ligand is being “self-selected” directly by
the protein molecule. The precise mechanism by which this occurs
is still not clear. But, says Jhoti, “We think that the technology will
open up a whole range of different targets to us.” 

Tackling Membranes 
Even with the extensive progress in structure-based design, there is
an immense landscape of proteins out there to be solved and drugged.
“To me, the field is still in its infancy,” says Stevens. “There are a
lot of developments that need to take place.” One of the biggest
gaps, according to him and others, is with integral membrane proteins,
which in vivo are vectorially inserted into the lipid bilayer of
biological membranes. The solubility properties for this class of
proteins are such that growing diffractable crystals is a particularly
onerous task. Unfortunately, this is also the largest family of drug
targets out there. One class of membrane proteins, G-protein coupled
receptors (GPCRs), are targets for more than 50% of current
drugs on the market and make up the majority of validated targets
in biomedical research. Clearly, high-throughput crystallography
will have to deal with this gap before it can truly transform the
drug discovery paradigm. Jhoti, for one, looks for inspiration in this
year’s Nobel Prize in chemistry awarded to Roderick MacKinnon
for solving the structure of one of the ion channels. “The ion
channels, being integral membrane proteins, have now yielded to
X-ray crystallography,” he says. “One does hope that the remain-
ing membrane proteins, such as the GPCRs, also yield.” 
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Figure 2. Potent ligands were detected by X-ray crystallography from a dynamic combinatorial library of compounds
derived from hydrazines and isatins assembled in the presence of crystals of the target protein, cyclin dependent kinase 2.
(Illustration supplied by Astex. See Ref. 7)
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