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EVIEWSH

" New directions in protein
crystal growth

L. J. DeLucas and C. E. Bugg

Major advances in the technology involved in determining protein
crystal structures have facilitated several new and existing

applications for protein

ography. Protein crystal growth, the

crystall
one major bottleneck in this field, has recently received much
attention and several new developments hold promise for the future.

Since completion of the first crystal-
lographic study of a protlein struc-
ture (myoglobin) in 1960, crystal-
lognpl:Lhu become a valuable tool
for ermining the three-
dimensional structures of compli-
cated biomolecules. ‘Protein crystal-
lography’, & term used widely to
descxibe hic studies of
biological molecules such as pro-
o Loy Tolo 1 svtabilshing thesoee
a role struc-
!l.l::ly foundations of molecular bio-
logy and biochemistry. It has been
important in revesling structure/
function relationships that are of
major importance in understanding
how operate in bl:?c;
logical systems. Crystatlograp
studies of proteins have become of
interest in the past fow years to the
pharmaceutical, , and
chemical industries, as promising
tools in engineering, drug
design and other applications to
biological systems.

Other methods for determining
protein structurs, such as two-
dimensional NMR spectroscopy
which can be performed using pro-
teins in solution, are likely to
become more and more useful dur-
ing the next few years, but it is
unlikely that any of these techniques

Lawrence DeLucas is at the Centre for
Macromoaiecular Crystallography and
Charles Bugg is at the Department of
Biochemistry, University of Alabama,
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will be competitive with crystallo-
graphy in the near future for rou-
tinely determining three-
dimensional structures of large pro-
teins and other complicated bio-
logical macromolecules. Unfortun-
ately, protein crystallography has
the Iuniqu.m requirement that rela-
tively large, high-quality single crys-
tals must be obtained before a
structural study can be pursued.
Therefore, protein crystal has
become a topic of considerable
im .
In practice, all of the major steps
that are involved in determining a
protein structure by crystallographic
techniques (see Fig. 1) are subject
to a number of expsrimental diffi-
culties. proteins that
bhave been studied during the past
three decades required many years
of intense effort before the complete
three-dimensional structure was
known. Consequently, until re-
cently, there was limited intercst in
using protein crystallography as a
general tool in biological research,
and protein crystallography pro-
gramg were limited to a few labora-
tories, primarily in academic institu-
tions. ‘

The advent of recombinant DNA
techniques, however, has made it
easier and quicker to obtain suitable
amounts of pure protein. Similarly,
several recent advances in tech-
nology (i.e. synchrotron radiation
sources, electronic ares detectors,
computer graphics, anomalous dis-
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persion methods for determining
protein phases. new refinement
techniques and software) have made
it much easier to determine the
crystal structure of a protein or other
macromolecules.

Significantly, these major ad-
vances involve those experimental
steps which are undertaken either
before or after suitable crystals have
been obtained. For the most part, the
general procedures that are used for
growing protein crystals have not
changed appreciably during the last
few years. Most protein crystals are
still grown by brute-force, trial-and-
error methods, which require inves-
tigations of large numbers of experi-
mental conditions in hopes of iden-
tifying those that will produce
usable crystals. However, once good
crystals of a particular protein have
been obtained, the crystallography
often moves along at a rapid rate.

Current techniques for protein
crystal growth

Various techniques have been util-
ized to grow protein crystals*. In all
of these methods, crystallization is
dependent upon control of solubil-
ity, and on the kinetics of nucleation
and subsequent growth. Solubility is
influenced by inherent properties of
the macromolecule itself as well as
by its environment {i.e. solvent,
temperature, pH etc.]. In all the
crystallization methods, the basic
principle is that a condition of
supersaturation of the protein solu-
tion is approached slowly, while
trying to maximize favorable inter-
molecular interactions*,

It is generally believed that the
protein must be homogensous and
free of contaminants to optimize the
chance of producing large high-
quality crystals*® and advances in
purification techniques (i.e. HPLC,
affinity chromatography, isoelectric
focusing, etc) have been important.
However, for many proteins of
interest, it remains difficult to pro-
duce large quantities of purified
material.

Micromethods

A major achievement in protein
crystal growth technology has been
the development of methods that per-
mit crystal growth studies using

© oW o

A 4

T YT Y W

Thd EEEYY T W

et v

e 2 N BT

!
!
i

 iZNA N M



et e R Pk Y £ et S e R

TIBTECH - JULY 1987 [Vol. §]

—Fig. 1
A bottleneck in
protein X-ray
crystallography

To determine the structure of a
protein by crystallography. it is
generally necessary to grow discrete
single crystals for detailed X-ray
diffraction studies (Fig. 5). These
crystals usually must be about 0.3
1.0mm on a side; considerably
larger crystais are required for neut-
ron diffraction studies. High-
resolution data sets require accurate
maeasurements for the intensities of
thousands of diffraction profiles
from crystals of the protein, typically
referred to as ‘native’ protein cry-
stals. Generally, heavy-atom deriva-
tives (e.g. metal complexes or com-
plexes that contain multi-electron
atoms such as iodine) must be
prepared, either by diffusing these
complexes into the native protein
crystais, or by crystallizing the
macromolecule in the presence of
the heavy-atom complexes. The
techniques of multiple-isomorphous
replacement?, which have been
widely used for solving protein
structures, require that a series of
different heavy-atom complexes
must bind to the protein without
disrupting the native crystal-packing

obtain pure protein
[monts to years)

grow high-quality three-dimensional crystals
‘months to years)

Y

produce heavy-atom dertvatives
(& monihs)

J

collect X-ray data
2 —& mortng)

v

structure determination
{2— 12 months)

v

structure refinement
(6— 12 months)

scheme. Once potential derivatives
are identified and diffraction data
sats recollected for each of the
heavy-atom complexes, an electron
density map is calculated. Finally, a
protein model that matches the map
is constructed and refined, by adjust-
ing atomic parameters so that the
calculated diffraction patterns agree
with the measured data.

microliter quantities of sample:
these include dialysis, liquid-liquid
diffusion and vapor-diffusion.

Dialysis. In the dialysis technique,
the protein solution is held within a
small chamber by a semipermeable
membrane. The protein sclution is
then slowly brought toward a state of
supersaturation by dialysis against
an external solution containing a
precipitating agent*®. Crystal growth
conditions can be adjusted easily by
controlling the composition of the
external solution (i.e. precipitant
" concentration, pH, buffer type, etc).
Microliter quantities of sample in
specially  constructed  dialysis
cells*®, can be used for screening
potential crystallization conditions
and unsuccessful experiments (pre-
cipitated samples) can often be
repeated by modification of the exter-
nal solution. Another advantage of
the dialysis method is that as the
difference in concentrations inside
and outside the dialysis cell
decreases, so too does the rate of
equilibration, thereby permitting a
gradual asymptotic approach to
equilibrium.

Liquid-liquid diffusion. Crystalliza-
tion by free interface liquid-liquid
diffusion is similar to dialysis except
that two solutions (protein and
precipitant) are not separated by a
semipermeable membrane. One is
layered on top of the other (typically
the more dense solution is placed

at the bottom) and allowed to dif- .

fuse until equilibrium is reached.
The high protein and precipitant
concentrations initially present at
the interface create conditions suit-
able for crystal nucleation. As dif-
fugion continues, the lower protein
and precipitant concentrations favor
optimal crystal growth from pre-
existing nuclei’ .

Vapor diffusion. The technique that
is now most widely used for
protein crystal growth involves
equilibration by vapor diffusion.
Droplets of protein solution (as
small as 0.5 ul) containing concen-
trations of precipitant slightly below
that needed to render the protein
insoluble, are placed over reservoirs
containing higher precipitant con-
centrations. The droplet then slowly
equilibrates with the reservoir
through the vapor phase. The pro-
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cess is typically used for screening
large numbers of conditions by
placing the protein droplets on
siliconized coverslips, which are
subsequently inverted (to give hang-
ing drops) and placed over small
1 ml) reservoirs in multi-chamber
plates. Several hundred combina-
tions of pH, buffer type, precipitant
type, precipitant concentration, tem-
perature, etc. can be examined
quickly by this approach using only
a few milligrams of protein.

Major problems in protein crystal
growth

Despite the development of stan-
dard micromethods for crystallizing
biological materials, protein crystal
growth has continued to be much
more of an art than a science.
Generally, suitable crystals are
obtained only by screening proce-
dures that involve examination of
hundreds or thousands of experi-
mental conditions. Generally, pro-
tein concentrations ranging between
5 and 50 mg/ml are used with initial
experiments performed at room tem-
perature (=22°C) and/or 4°C. The pH
and ionic strength is varied using a
variety of buffers and salts; initial pH
scteenings extend from pH = 2.0 to
pH = 10.0. Finally, precipitating
agents include salts such as NaCl or
NH,SO, and organic compounds
such as hexylene glycol (2-methyl-
2,4-pentanediol) and polyethylene
glycols.

For most proteins, suitable crystal-
lization conditions require a specific
combination of these parameters.
Often changes as small as 0.1 pH
unit can affect the quality of, or even
the ability to grow protein crystals.
In spite of this, these trial-and-error
techniques have permitted a number
of proteins to be crystallized during
the past few years. However, there is
a growing list of important proteins
that have not yet been crystallized
despite intensive efforts. Some pro-
teins merely form amorphous pre-
cipitates that display no evidence of
crystallinity. This is not surprising,
since proteins have a large number
of sites capable of intermolecular
interactions but relatively few which
will produce the precise alignment
of molecules necessary for crystal
formation. In other cases, small
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microcrystals may be obtained
readily, but these crystals cannot be
induced to grow large enough for
structural studies. Most researchers
agree that protein purity and homo-
geneity are usually necessary for
crystallization efforts to be success-
ful. It has been suggested that the
presence of impurities may prevent
crystallization or terminate crystal
growth prematurely after nucleation.
There are also numerous examples
of proteins that produce relatively
large crystals which display such
severe internal disorder that high-
resolution structural analyses are not
possible.

Physical factors such as convec-
tive flow effects (Fig. 2) may also
influence crystal growth.

Clearly there is a need for basic
studies of both the nucleation and
growth phases of protein crystals.
Without a fundamental knowledge
of these processes, crystallographers
will be forced to continue to rely on
time consuming, trial-and-error
methods of the past.

Recent advances in protein crystal

growth

Although protein crystal growth
continues to be a major bottleneck in
widespread applications of protein
crystallography, several promising
new approaches are emerging.

Surfactants

One of the most exciting develop-
ments is the progress that has been
made in crystallization of membrane
proteins. Three-dimensional crystals
of integral membrane proteins of
sufficient quality to produce X-ray
diffraction patterns were first
reported for bacteriorhodopsin, iso-
lated from the purple membrane of
halobacteria®, for porin, an outer
membrane protein from Escherichia
coli*®, and more recently for the
photoreaction center from Rhodop-
seudomonas viridis*'*?, Crystalli-
zation of these membrane proteins
was achieved using short chain
surfactants (detergents) which are
believed to shield the hydrophobic
intramembranous surfaces of the
molecules thereby allowing polm
interactions between molecules to be
the stabilizing force in the crystals.

In some cases, the quality of the

— Fig. 2

Gravitational effects on crystal:

convective flow effects. A
Schiieren photograph of a tri-
glycine crystal growing under
unit gravity at isothermal con-
ditions. Schlieren photography
highlights differences in refractive
index; the lighter regions show
the parts of the solution which
have iower dengity. As material is
incorporated onto the surface of
the growing crystal, density varia-
tions occur in the surrounding
solution. Under gravitational
influence, the low density solution
around the crystal rises thereby
producing convective flow pat-
tarns. The turbulence created by
this flow may influence crystal
growth by creating non-uniform
conditions across the crystal sur-
face, by forcing the solution to
flow at such a rate that steady-
state diffusion ceases to be a rate-
limiting step in growth, and by
genersting convective stirring
effects which can cause multiple
nucieation sites within the solu-
tion. The crystal here is approxi-
mately 1.5x04cm and is
attached to a glass rod which is
vartical in the photograph. {Kindly
provided by Roger Kroes and
William Witherow.}

crystals (as evidenced by both
appearance and resolution limits of
the X-ray diffraction patterns) could
ba improved using small amphiphi-
lic molecules such as heptane 1,2,3-
triol’*** mixed with surfactants.
The strategy is to optimize contacts
between the protein-surfactant
micelles by altering the size and/or
ionic characteristics of the micelle. It

TIBTEGH - JULY 1987 [Vol. 5]

has been hypothesized that the small
amphiphilic molecules act by form-
ing mixed micelles with surfactants,
which are smaller than the pure
surfactant micelles. To date, several
membrane proteins have been crys-
tallized with some yielding crystals
of sufficient quality for high-resolution
crystallographic analysis!?-1315-2¢ Ex.
perience with new synthetic deter-
gents and amphiphilic molecules
will most probably increase the
chances of obtaining useful crystals
of many other membrane proteins. It
has been found that detergents such
as p-octylglucoside are also useful for
crystallization experiments with
hydrophilic proteins?', possibly by
interfering with nonspecific inter-
actions that compete with those that
are favorable for crystal growth.

Mechanisms

Especially encouraging progress is
now being made in experimental
and theoretical studies of the princi-
ples of protein crystal growth. Inves-
tigations regarding the mechanisms
of protein crystal nucleation, growth
and growth cessation have recently
been reported®??—23 and have indi-
cated that optimum protein crystal
growth requires much more careful
monitoring and control of major
parameters (i.e. rate of protein
concentration, temperature etc.) than
is possible with current techniques.
Generally, it has been observed that
larger and better crystals are ob-
tained if the rate of equilibrium is
decreased. A prototype vapor dif-
fusion system that permits dynamic
control of equilibration rates during
protein crystal growth processes has
been developed recently?®, and
efforts to automate this system are in

progress.
Robotics has also been applied
to protein crystal growth
experiments?”-2%, Several systems
have been developed to automate
present techniques for hanging drop
(vapor diffusion) experiments. Auto-
mated syringes inject and mix pro-
tein precipitant solutions on the
glass coverslip. Reservoir solutions
are then automatically injected into
a depression or well onto which the
inverted coverslip is placed.
Dynamic light-scattering methods
have been used to monitor nuclea-
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Payioad specialist, Congressman Bill Nelson,
growth experiments in space on STS-61C.

performing. protein crystal

tion events during protein crystal
growth, thus permitting nucleation
and growth to be separated and con-
trolied as different processes .
Quasi-elastic light scattering can be
used to monitor the effects of protein
concentration on the size and shape
distribution of small aggregates in
protein solutions, and efforts to apply
this information for controliing
crystal formation are in progress. The
considerable bedy of theoretical and
experimental data relating to the
growth of organic and inorganic
crystals is now being applied to pro-
tein crystal growth. It is likely that the
multi-disciplinary fundamental pro-
tein crystal growth studies now in
s will lead to a much better
understanding of the basic processes
involved, and will result in much
more powerful experimental systems
for dynamically monitoring and con-
trolling protein crystal growth,

Space experiments
One promising new development
in protein crystal growth involves
studies of crystal growth in the
microgravity environment obtain-
able in space (Fig. 3). Crystal growth
- 'has been of considerable interest to
the National Aeronautics and Space

Administration (NASA) and to other '

space-oriented researchers for a
number of years®?, and several fun-
damental studies of crystal growth in
space are in Pprogress. The major
motivation behind these space
experiments is to examine the effects

o

that density-driven convective flow
has on crysta} growth. Under micro-
gravity conditions, convective flow
patterns (Fig. 2) are suppressed. The
absence of gravity therefore provides
a direct way to examine the role of
convection on crystal growth. In
addition, microgravity conditions
may serve to minimize sedimenta-
tion, which can interfere with uni-
form growth of protein crystals (Fig.
4a). Since protein crystals are ex-
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tremely fragile, one might expect
that protein crystal formation would
be particularly affected by fluctua-
tions in the growth environment,
including those caused by gravi-
tational effects.

Several laboratories around the

“world are involved in efforts to

gravitational effects on
protein crystal growth. The first
reported space experiments*?
involved the growth of lysozyme and
p-galactosidase crystals on Spacelab
1. These preliminary studies indi-
cated that the space-grown pratein
crystals are larger than crystals of
these proteins obtained under the
same experimental conditions on
earth.

Subsequent space experiments,
coordinated through NASA's Mar-
shall Space Flight Center in Hunts-
ville, Alabama, have involved proto-
type hardware development, and
protein crystal growth on four differ-
ent shuttle flights in 1985 and 19863,
The latest hardware version which
was flown in January 1986 on shuttle
flight STS-61C (Fig. 5) consists of
twenty-four vapor-diffusion cham-
bers, with syringe mechanisms for
activating and deactivating the
experiments. Once in orbit, the

investigate

— Fig. 4

Crystals of cansvalin: (a) grown

in flight hardwara under controlled
conditions on earth: (b} grown under microgravity conditions on shuttle
flight STS-61C.




Vapour diffusion crystal growth hardwara. One complete unit consists of
twenty-four syringes and plungers. Bar, 5 cm,

experiments are activated by extrud-
ing protein soiutions from the
syringes forming droplets on the
syringe tips. These droplets are then
permitted to equilibrate with reser-
voir solutions in the chambers.

The resulting crystals of canavalin
growing in 40 ul droplets are shown
in Fig. 6. The NASA protein crystal
growth project is in the initial stages,
and the space experiments have
been primarily used to develop
reliable vapor-diffusion techniques
that may be used in the future for
systematically evaluating gravita-
tional effects on protein crystal
growth. The prototype system (Fig.
SLevolved over the course of the four
shuttie flight experiments, and the
current version of the hardware
worked well on the last mission,
producing crystals of all proteins
that were included (hen egg white
lysozyme, human serum albumin,
human C-reactive protein, bacterial
purine nucleoside phosphorylase,
canavalin, and concanavalin B).

It is clear that microgravity condi-
tions can have remarkable effects on
crystal morphology in some cases, as
evidenced particularly by the crystal
growth studies with canavalin,
Canavalin crystals grown in hanging
droplets on earth quickly sediment
to the bottom of the droplets and
grow as fused aggregates of poorly
formed crystals (Fig. 4a). Under

microgravity conditions, canavalin
crystals grow dispersed through the
droplets (Fig. 5) resulting in uniform
morphologies for nearly all of the
canavalin crystals (Fig. 4b). Interest-
ing morphology changes were also
noted for crystals of human C-
reactive protein and for human
serum albumin.

Detailed studies of microgravity

—Fig. 6

Canavalin crystalg growing in a
40 ul droplet under microgravity
conditions. Bar, 1 mm.
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effects on protein crystal growth
must await future shuttle flights. The
prototype hardware that has been
developed will form the basis for the
design of automated systems that
permit dynamic monitoring and con-
trol of key variables including tem-
perature, protein concentration,
fonic strength, pH, and precipitating
agent concentration. This hardware
should prove useful for both ground-
based and space experiments that
are directed at better understanding
of protein crystal growth processes,

Conclusions
It has become clear that the

-exciting applications of protein Crys-

tallography cannot be utilized to
their full potential until the basic
principles of protein crystal growth
are better understood and new
experimental techniques for crystal-
lizing proteins are developed. This
recent effort, already rewarded by
success, is likely to continue to

-develop rapidly during the next few

years,
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obuainable in space (1, 2). The
nn)ormouvanmbchmddmcspaoccxpm

addition, sedimentation of crystals,
which can interfere with the formation of
single crystals, is climinated in the absence
of gravity,

Microgravity protein crystal growth ex-
periments  performed on Spacelab 1 by

tained within closed chambers. Each experi-
ment was performed within a chamber ¢5.3

cm’) with clear plastic windows. Before the

launch, a double-barreled syringe was load-
ed with protein solurion and crvstallizing
{precipitating) solurtions in adjacent barrels,
The mouths of these double-barreled sv-
ringes were stoppered during launch and
landing. The chamber contained an absor-
bent material that was saturared with a
solution of the precipitating agent. All solu-
tions were loaded ~24 hours before the
launch. Once in orbit, crystal growth was
acuvated by extruding the solutions onro
the tip of the syringe, where mixing of the
protein solution and precipitating agent was
achieved by repeatedly withdrawing and ex-
truding the solutions. The suspended drop-
let was then allowed to equilibrate with the
surrounding solution of precipitating agent.
The protein droplets were photographed
after activation and ar 24-hour intervals
during the 3-day experiments. After 3 days,
the solutions and suspended crystals were
withdrawn into the syringes and stoppered
for retum to Earth (§).

Control experiments on Earth were per-
formed in equipment identical to that used
for the shuttle experiments. The control
experiments were begun 7 days after che
shuttle landed; the same protein solutions
and identical loading, activation, and deacti-
vation times were used in the control cxperi-
ments as in the STS-26 experiments. Exten-
sive control experiments were also per-
formed in prototypes of the space shurtle
hardware before and after the shuttle experi-
ments were complered.

X-ray diffraction photographs were used
for qualitative cvaluation of diffraction reso-
tutions. The results from these analyses are

Littke and John (5) indi that the space-  consistent with the more detailed studies of
grown crystals from a liquid-liquid diffusion three-dimensional (3-D) daca sers measured
symwerclargg-duncrymlsobm:ndby with the area detecror systems (9). Because »
the Same experimental system on Earth.  evaluation of diffraction resolutions from -
Experiments on four U.S. space shurtic mis-  phorographs is highly subjective, and is of- -
sions in 1985 and 1986 ked to-development  ten dependent on arystal orientations, we .
ofanm protein crystal growth by have depended primarily on 3-D intensity
vapor diffusion rechniques (6). We used this dana ses for comparison of space- and I
equipment for a series of protein Earth-grown crystals.
growth in on US. space shurle Intensity dama sets from crystals of chrec 3
flight STS-26 in September 1988. The re. protins were analyzed in a varicty of differ- -
sults of these experiments are present.d ent ways (Fig. 1). The largest Bragg angles -
The vapor diffusion technique used on  at which usable dara could be measured -
8TS-26 is related to the hanging  were assembled, and the percentage of data -
drop method (7), and thus the mj vity above background levels throughout the ,
tesults can be compared with extensive data  dara collection range was evaluated. Ploes :
obtained from experiments on Earth, The  were made of average Jo(1) values, where | :
hardware was adapted from that used ona s intensity, versus diffraction resolution and b
series of four shuttle missions in 1985 and of percentages of data above various cutoff b
1986 (6). Crystals werc grown in 40-ul  leveis as functions of resolution, Dara sets
droplets thar were extruded from syringes  from spacc- and Earth-grown crystals were
and subscgucntly permitted to equilibrate compared by using Wilson plots ( 10). The
with solutions of precipitating agents con-  Wilson plot can be used to estimate the
REPORTS 651 -
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overall B values for a crystal, the B value
being a parameter that refiects the internal
order within a crystal. Relative Wilson plots,
also known as difference Wilson plots {10),
are useful for assessing changes in the inter-
nal order of protein crystals. These plots of
In(EF,YEF,}), where F is the crystallo-
graphic structure factor for crystals of type a
and b, versus 4 sin® /A (resolution) are
rourinely used to characterize and compen-
sate for the disordering effects resulting
from the diffusion of heavy-atom derivatives
into protein crystals. The slopes of these
plots are directly related to the difference in
overall B values for two different crystals, a
(Earth-grown) and b (space-grown). )
The STS-26 experiments included an en-
gineered native form of y-interferon D' (v
IFN DY). Crystals of y-IFN D' are trigonal
(spacc group R32, witha = b = 114 Aand ¢
= 315 A). The crystals were grown from a

solution of 49% ammonium sulfate, 0.05.M
sodium acetate, pH = 5.9 (11). Many crys-
tallization experiments werc performed at
the University of Alabama at Birmingham
with this protein over a 2-vear period, and
3-D intensity data sets were collected. For
§TS-26, five crystallizadon experiments
were performed under conditions identical,
excepe for graviry, 1o those routinely used
for crystal growth studies on Earth. Two
crystals were obtained that were larger than
the best that have been produced in any
ground experiments; one was ~50% larger
than the largest crystal that had been ob-
tained previously. The overall morphology
was similar to the Earth-grown crystals.
The 3-D intensity data for the STS-26
crystal were compared with data sets ob-
tained from four Earth-grown crystals. The
space-grown crystal displayed an increasc in
measurable dara throughout the resolution

1004 51A 38A a1A  28A 26A
0.80 1
0.60+
0.404
0201
0.00 +
-0.20 + + + + + + +
0.00 0.02 0.04 0.06 008 0.10 0.12 0.14 0.6
ot 28 A 19A 16A 1.39A
.
0.81+ ‘\.\
“~
0.61 ¢ \ \
\
\
0.21 4+ \‘
e
.\
0.01 + + \. p—it —*—B—
LT ohz o022 o032 o4 o5z 1 Comparson of diffrac
tion incensity data for space-
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s0A 37A  28A 24A 22A I ) ) of (A) *n%ogﬁ
0.70 4 /\\ (B) porcine clastasc, and (9]
060t ,\ isocitrate lyase. The y axis
shows the fraction of data
0.50 + AN with liy(l) = 5.l (A) Space-
grown v-IFN D' crystal and
040+ \.\ the dara obeained from four of
1 N the largest Earth-grown crys-
0.30 e\ tals of y-IFN D'. (B) s;z:—
0.20 + ‘\”\ grown porcine elastasc crystal
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-, T cl Earth. () Comparison of in-
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tensity distributions for space-
grown and Earth-grown crys-
tals of isocitrate lyasc.

range, with a s1gilifiedit ALaR Ao
sured data bevond 3.0 A resolution. where
the Earth-grown crystals displayed no sig-
nificant diffraction.

Although this improvement could reflect
enhanced counting statistics resulting from
the larger crvstal volume, cxamination ot a
relative Wilson plot indicated that the space-
grown crystal has a lower effective B value.
This relative Wilson plot is shown n Fig.
2A, where the dara from the space-grown
crystal is scaled to the data from an Earth-
grown crystal. If the B values of the two
crystals were comparable, the relative Wil-
son plot should be flat with a slope of zero.
For comparative purposes, a Wilson plot
bascd on data from two of the Earth-grown
+IFN D! crystals is shown. The slope for
this plot is essentially zero, whereas the
space versus ground plot displays a positive
slope throughout the resolution range, with
a stecper slope at the higher resolutions,
indicating that the B value for the space-
grown crystal is lower than that for the
Earth-grown crystal.

Crysuals of porcine
rhombic (space grou P2,2,2;, with a =
509 A, b = 572 A, and ¢ = 75.0 A).
Crystals were grown by seeding techniques
from solutions of precipitant (1.5M sodium
sulfate, 0.1M sodium acctate, rH = 5.0)
(12). Small seed crystals were added to the
solution of precipitating agent in on¢ side of
the double-barreled syringes. The sced crys-
wals used were ~50 wm in the maximum
dimension. A number of well-formed elas-
msccrymlsmdlcmngcofo.s to 2.1 mm
were obtained from six crystallizaton cx-
periments on STS-26. Comparison of 3-D
intensity data for a spacc-grown crystal with
dimensions comparable to Earth-grown
crystals studied carlier (13) (Fig. 1B) re-
vealed that the space-grown crystal yielded
signi morc data at all resoludon

with enhancement in the ultimate
resolution at which measurable data can be
obmined. The relative Wilson plot (Fig. D
did not reveal a significant difference in B
values for data in the lower resolunon
ranges, but the highet resolution data inci-
cated that the space-grown crystal had a
significantly lower overall effective B value.

Crystals of isocitrate lyase arc orthorhom-
bic {space group P2,2:2;, with a = 80.7 A,
b =123.1 A, and ¢ = 183.4 A}. Crystals arc
grown from a solution of 1.7M sodium
citrate, 0.1M wris-HCI, pH = 8.0. Crystalli-
zation experiments (14) have invariably re-
sulted in the growth of dendritic clusters
(Fig. 3A).

An improved habit for isocitrate lyase was
observed from the experiments on STS-26.
Although some dendritic growth was found
in the space samples, 2 number of well-

elastasc are ortho-
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These prisms belong to the same space
group as the Earth-grown dendrites, but
they vielded better intensity data through-
out the intensity range ( Fig. 1C). A relauve
Wilson plot (Fig. 2C) indicated thar, except
at the lowest resolution range, the space-
grown crystal had a significantly lower effec-
tive B value than the Earth-grown crystal.

Of the cight other proteins crystallized on
8TS-26 (15), six did not produce crystals
large enough for diffraction analysis. One
produced only a partial data set, the analysis
of which was inconclusive when compared

-to Earth dara. The final protein (canavalin)
displayed higher resolution (~0.2 A) on the
film data, but the 3-D dara could not be
processed because of experimental difficul-
ties that arosc during the data collection
process.

The improved diffraction patterns from
the spacc-grown crystals may not be catirely
attributable vo enhanced internal order of
the crystals. Intensity data sets were collect-
ed in three different laboratorics in order to
obuain the data as rapidly as possible after
the space experiments and to collect dara at

e AR e dl U m Rl OWIL CTVSTAlS were
routinely analyzed. Although the same tvpe
of area detector system was used in these
three laboratories, there were varations in
data collection procedures. However, when
the results for these experiments are consid-
cred rtogether, the dara indicate thar protcin
crystals grown under microgravity condi-
tions diffract to higher resolution than the
best crystals obtained under similar condi-
tions on Earth. The lack of success for six of
the eight remaining proteins is artributed ro
nonoptimum crystal growth conditions for
the space experiment.

The relative Wilson plots indicate that the
‘'space-grown crystals are more highly or-
dercd at the molecular level chan crystals
grown by the same method on Earth. Under
microgravity conditions, convective flow
patterns that accompany crystal growth
would be ¢liminated, thus generating a
more controlied environment at crystal in-
terfaces. Because protein crystals are rela-
tively weakly bonded, with water bridges
playing predominant roles, molecular-pack-
ing patterns may be more regular in the
absence of convective turbulence. The abili-

.19 4

ye required to determine the strucrure and by
0121 increasing the accuracy of molecular details.
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Fig. 3. (A) Typical dendritic morphology for

isocitrate | aystals grown on Earth. The
dmm:onsy:;edm dendiritic cluster are 0,74 and
0.46 mm, respectively. (B) Prisms of isocitrare
lyase grown on STS-26. The crystal dimensions
arc approximately 0.4 mm by 0.25 mm by 0.4

mm

Ty to grow protein crystals with increased
molecular order should cnhance crystallo-
graphic solutions by shortening the time
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ABSTRACT Competitive inhibitors of the salvage path-
way enzyme purine-nucleoside phosphorylase (purine-
nucleoside:orthophosphate ribosyltransferase, EC 2.4.2.1)
‘bave been designed by using the three-dimensional structure of
the enzyme as determined by x-ray crystallography. The
process was an iterative one that utilized interactive computer
graphics, Monte Carlo-based conformational searching, en-
ergy minimization, and x-ray crystaliography. The proposed
compounds were synthesized and tested by an in vitro assay.
Among the compounds designed and synthesized are the most
potent competitive inhibitors of parine nucleoside phosphory-
Iase thus far reported.

The concept of drug design based on crystallographic and
modeling methods has received much attention, yet few solid
examples have appeared in the literature. Two notable ex-
ceptions are the reports by Erickson ef al. (1) on the design
of human immunodeficiency virus protease inhibitors and
Appelt er al. (29) on the design of thymidylate synthase
inhibitors. Advances in crystallography, computer graphics,
and related fields have resulted in a dramatic increase in the
number of macromolecular structure determinations while
advances in computer hardware and computational methods
have aflowed the computational chemist to address more
complex problems with higher accuracy (2, 3). Clearly,
structural information combined with graphical methods for
depicting the accessible volume, electrostatic potential, and
active-site hydrophobicity aids drug design. Further en-
hancement in the quality of the ‘‘designed compounds’’ is
expected from methods that can accurately evaluate the
target molecule in terms of binding conformation, binding
affinity, and binding-induced changes in protein conforma-
tion. We have developed Monte Cario-based conformational
search methods that, in combination with encrgy minimiza-
tion, accurately predict the crystallographically observed
ligand binding conformations for enzyme-inhibitor com-
plexes. We now report the use of crystallographic and
modeling methods for the design of competitive inhibitors of
the enzyme purine nucleoside phosphorylase (PNP; purine
nucleoside:orthophosphate ribosyltransferase, EC 2.4.2.1).1
PNPuuTmfnrDrlgDedgn. PNP catalyzes the
reversible phosphorolysis of purine ribo- or 2'-deoxyribonu-
cleosides to the purine and ribose- or 2-deoxyribose-a-1-
phosphate. The enzyme has been isolated from both eukary-
otic and prokaryotic organisms (4) and functions in the purine
salvage pathway (5, 6}). PNP isolated from human erythro-
cytes is specific for the 6-oxypurines and many of their
analogs (7), while PNPs from other organisms vary in their
specificity (8). The human enzyme is a trimer with identical
subunits and a total molecular mass of =97 kDa (9, 10).

The publication costs of this article were defrayed in part by page charge
payment. This article must therefore be hereby marked “advertisemens'’
in accordance with 18 U.S.C. §1724 solely to indicate this fact.

Interest in PNP as a drug target arises from its ability to
rapidly metabolize purine nucleosides and from its role in the
T-cell branch of the immune system. The chemotherapeutic
potential of purine nucleoside analogs such as the 6-thiopurine
2'-deoxyribonucleosides (11) and 2',¥'-dideoxyinosine (12)
may be severely compromised by PNP metabolism. Hence, a
combination of a PNP inhibitor with these compounds may be
highly efficacious. Administered alone, PNP inhibitors have
potential therapeutic value since children iacking PNP activity
exhibit severe Tcell immunodeficiency while maintaining
normal B-cell function (13). This profile suggests utility for
PNP inhibitors in the treatment of T-cell leukemias or lym-
phomas, in organ transplantation, and in T-cell-mediated
‘autoimmune diseases such as rheumatoid arthritis and lupus.
Despite the potential benefits of PNP inhibitors and despite the
large number of PNP inhibitors that have been synthesized to
date (4, 14), no compound has yet reached clinical trials,
Although potencies for the best compounds have affinities
10-100 times higher than the natural substrate (K, =40 uM),
it is expected that T-cell immunotoxicity will require very tight
binding inhibitors (K;, <10 nM) due 10 the high in vivo PNP
activity and competition with substrate (15). Hence, we de-
termined the structure of human PNP (Fig. 1) by x-ray
crystallography (16) and have used these results in combina-
tion with computer-assisted molecular modeling to design
highly potent inhibitors of this key enzyme.

Overall Strategy for Inhibitor Design. Once the structure of
PNP was known, a scheme was used that involved both
inhibition data and x-ray crystallography for evaluation of the
synthesized compounds and a combination of these data and
molecular modeling for the design of the next round of target
molecules. A flow chart describing the overall strategy is
shown in Fig. 2. Proposed compounds were screened by
modeling the enzyme—inhibitor complex by using interactive
computer graphics (17) and AMBER (18, 19) based molecular
energetics. Monte Carlo/energy minimization techniques
(20) were used to sample the conformational space available
to potential inhibitors docked into the PNP active site.
Qualitative evaluation of the enzyme-inhibitor complexes by
molecular graphics and semiquantitative evaluation of the
interaction energies between the inhibitors and the enzyme
aided in prioritization for chemical synthesis. The resulting
compounds were evaluated by determination of their ICq,
values and by x-ray diffraction analysis using difference
Fourier maps. The details of the modeling studies, organic
syntheses, and x-ray diffraction experiments will be pub-
lished elsewhere. The results of these analyses frequently led
to proposed modifications of existing compounds or to the
identification of new target compounds. Further analyses,

Abbreviation: PNP, purine nucleoside phosphorylase.

The atomic coordinates and structure factors for PNP and PNP-
guanine complex have been deposited in the Protein Data Bank,
Chemistry Department, Brookhaven National Laboratory, Upton,
NY 11973 (reference PNP3, PNP4) and will be released 1 year from
the date of publication.
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F16. 1. Three-dimensional structure of human PNP. Each sub-
unit in the trimer is represented by a ribbon that passes through the
a-carbon positions. The molccule is viewed down the trimer axis.
The ribbon is color-coded by secondary structure such that g-strands
are green, a-helices are blue, and loops and tums are white. The
substrates guanosine and phosphate are shown in the active site as
ball and stick models.

such as K; determinations and in vivo assays, were performed
on the most potent compounds. Using this iterative process
we were able to improve the potency of the best known
membrane-permeable competitive PNP inhibitors by almost
2 orders of magnitude.

of the Active Site of PNP. The PNP trimer
possesses three identical active sites near the interface be-
tween adjacent subunits. Each individual active site utilizes
residues primarily from one subunit; however, participation
of Phe-159 in the adjacent subunit is observed. The arrange-
ment of key amino acids in the active site of PNP is shown
in Fig. 3. The purine binding site is the most deeply buried and
specificity for analogs of the 6-oxypurines is provided by
Glu-201 and Lys-244, which form hydrogen bonds with
purine atoms N(1)-H and O(6). The remainder of the purine
binding site is largely hydrophobic, being composed of res-
idues Ala-116, Phe-200, Val-217, Met-219, and Phe-159 of
another subunit. These residues along with Thr-242 and
Asn-243 form a cavity that accommodates a purine base.

Structure—-Based Drug Design

Delermine
5 t
'r:l:cet"l?::t.ei?n"’ 3-0 Model =
& Structure
Synthesize
Determine
Structure -« —Determine 1Csg—

ot Complex
Evaluate in Whole Cells

Evaluste iln Anim-l:—J
Preclinical LToxic:oh:pgy

Clinical Trials

Fi1G. 2. Flowchart showing the overall strategy for the design of
competitive inhibitors of purine nucleoside phosphorylase.

Proc. Natl. Acad. Sci. USA 88 tiY¥Y1) 1141

The phosphate binding site. composed of residues Ser-33.
Arg-84. His-86, and Ser-220, is located near 3 glycine-rich
loop (residues 32-37) with the phosphate positioned for
nucleophitic attack at atom C(l'} of the nucleoside. The
ribose binding site is largely hydrophobic and contains a
hydrogen bonding group. Tyr-88, which interacts with the
0(3') position. The residue nearest O{2) is Met-219 and the
residue nearest O(3') is His-86. One side of the ribose binding
site contains several aromatic amino acids including Phe-139,
Phe-200, His-86, and Tyr-88. This hydrophobic patch serves
to orient the ribose to facilitate nucleophilic attack by phos-
phate and subsequent inversion at C(1').

A Swinging Gate Controls Access to the Active Site. The
initial electron density for PNP was weak and poorly defi ned
near residues 241-260 (16). indicating high thermal motion for
these residues. X-ray analysis of many complexes of PNP
with substrates or inhibitors has now confirmed that these
residues form a gate that opens during substrate binding to
accommodate the substrate or a competitive inhibitor. The
maximum movement after substrate or inhibitor binding
occurs at His-257, which is displaced outward by several
angstroms. The gate is anchored near the central B-sheet at
one end and near the C-terminal helix at the other end. The
gate movement is complex, apparently involving a helical
transformation near residues 257-261. Consequently, initial
inhibitor modeling attempts using the native PNP structure
were far less successful than subsequent: analyses using
coordinates for the guanine-PNP complex.

Previously Known PNP Inhibitors. Prior to our studies,
several PNP inhibitors had been reported with K; values of
10--10-7 including 8-aminoguanine (21), 9.benzyl-8-
aminoguanine (22), and §'.iodo-9-deazainosine (23). Acyclovir
diphosphate (24) had a K; value near 1078 if assayed at 1 mM
phosphate rather than the more frequently used value of 50
mM. During our studies, the synthesis of g-amino-9-(2-
thienylmethylyguanine (Ki, 6.7 X 10-% M) was reported (25).

Complexes of these compounds bound to PNP, which were
analyzed by x-ray crystallography, are illustrated in Fig. 4.
The most important findings were the following: (i) 8-amino
substituents enhance binding of guanines by forming hydrogen
bonds with Thr-242 and possibly the carbonyl oxygen atom of
Ala-116, (i) 9-deaza analogs acquire potency through donation
of a hydrogen bond to Asn-243, (iii) substitution by hydro-
phobic groups at the 9-position of a purine enhances binding
through interaction with the hydrophobic region in the ribose
binding site, (iv) acyclovir diphosphate is a multisubstrate
inhibitor in which the acyclic spacer between N(9) of the
purine and the phosphate is optimal for accommodating the
two binding sites, and {v) additional binding affinity in acy-
clovir diphosphate may result from a hydrogea bond between
the a-phosphate and Tyr-88 and from the interaction of the
ethylene spacer and the hydrophobic region. Based on these
results, a number of compounds were proposed that incorpo-
rated these and other features predicted to enhance inhibitor
binding.

The Hydrophobic Patch in the Ribose Pocket Contributes to
Tight Binding Inhibitors. An initial series of compounds
synthesized in this program exploited the hydrophobic region
in the ribose binding site. A number of 9-substituted 9-
deazapurine analogs werc prepared with various aromatic,
heteroaromatic, and cyclic aliphatic substituents. Crystallo-
graphic data showed that generally the planes of the aromatic
rings tend to orient in a reproducible conformation. The
aromatic groups optimize their interaction with Phe-159 and
Phe-200 resulting in the classic herringbone arrangement
reported in a variety of aromatic systems (26). In some cases,
ring substitution resulted in displacement of the molecular
centroid; however, the ring tilt relative to Phe-159 and
Phe-200 remained relatively constant. The optimum spacer
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between the purine base and the aromatic substituent appears
to be a single methylene group,

Inhibitors with cyclic aliphatic substituents at N(9} were as
potent as the aromatic analogs discussed above with the
aliphatic substituents occupying the same general volume as
the aromatic groups (Table 1). As with the aromatic series,
the optimum spacer was one carbon atom. X-ray analysis of
the PNP complex of 9-cyclohexyi-9-deazaguanine and the
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Fi1G. 4. Line drawings of representative inhibitors in the active
site of PNP. The inhibitors are 8-aminoguanine (A4), 8-amino-9-(2-
thienylmethyl)guanine (B), acyclovir-diphosphate (C), and 3'-iodo-
9-deazainosine (D). The models were prepared from analysis of
d:lﬂ'ercnce Fourier maps using 3.2 A resolution data and calculated
phases.

Proc. Nanl. Acad. Sci. USA 88 11991

FiG. 3. Ball and stick mode] of
key residues in the active site of
PNP. Color coding is by atom type
with carbon atoms green, oxygen
atoms red, and nitrogen atoms
blue. Models of guanosine and
phosphate that were determined
from x-ray crystallographic stud-
ies are also shown.

complex of 9-cyclohexylmethyl-9-deazaguanine showed the
surprising result that the two cyclohexyl groups occupy
approximately the same volume and the 9-deazapurine of the
cyclohexyl analog is shifted in order to accommodate the
nonoptimal fit to the active site.

inhibitor Potency Is Dependent on Phosphate Concentration
for a Wide Variety of Compounds. Previously, Tuttle and
Krenitsky (24) established that the K; value for acyclovir
diphosphate was larger at 50 mM phosphate (standard assay
conditions) than at 1 mM phosphate (cellular conditions) ( 27.
This result can be explained by competition between the
distal phosphate group and inorganic phosphate for the
phosphate binding site. During our crystallographic analysis
of certain PNP-inhibitor complexes, we discovered signifi-
cant displacements of the inhibitors in the active site that
appearcd to result from close contacts between the inhibitor
and a sulfate ion that occupies the phosphate binding site.

Table 1. [nhibition data for selected PNP inhibitors by increasing
lCm value
)
I H
I
m m
CHE. By phos-  phos- )

Rt R: phate’ phatet Ratio¥
(§)-3-Chlorophenyl CH,CO,H  0.031 0.0059 5.3
3-Chlorophenyl CH:CN 1.8 0010 180
2-Tetrahydrothienyl H 0.22 0.011 20
3.4-Dichlorophenyi H 0.25 0.012 21
3-Thienyl H 0.08 0.020 4.0
3-Trifluoromethylcyclohexy! H 0.74 0.020 37
Cyclopentyl H 1.8 0.029 62
Cycloheptyl H 0.86 0.030 29
Pynidin-3-yl H 0.20 0.030 7.3
2-(Phosphonoethyl)phenyl? H 0.45 0.035 12
Cyclohexyl H 2.0 0.043 47
2-Furanyl H 0.31 0.085 36
(R)-3-Chlorophenyl CH,CO;H 090 0.16 5.6
2-Phosphonopropoxyphenyl H 42 1.0 2

*Compounds with R not equal to H are racemic mixtures unless the
R or § isomer is designated.

TCalif spleen PNP assayed in 50 mM phosphate buffer.

iCalf spleen PNP assayed in 1 mM phosphate buffer.

$Cs at 50 mM phos

uanine base.

phate divided by ICs at 1 mM phosphate,
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Therefore, we assayed these and other PNP inhibitors at both
1 mM and 50 mM phosphate. These results, summarized in

Table 1, show that the ICs(50¢ mM) is equal to or larger than -

the ICs(l mM), in some cases by as much as 100-fold. The
ratio and the dimension of the 9-substituent show some
correlation. Some compounds, such as 8-aminoguanosine
and 8-amino-9-(2-thienyimethyl)guanine, show no difference.
In the case of nucleosides, the result may be due to a
hydrogen bond between the phosphate and O(3"). Since the
concentration of phosphate in intact cells is =1 mM, we
routinely used this assay condition for all PNP inhibitors.
8-Amino-9-deazaguanine Analogs Are Poor Inhibitors. Both
8-aminoguanine analogs and 9-deazaguanine analogs are good
inhibitors of PNP; however, the first 8-amino-9-deazapurine
analog prepared was a relatively poor PNP inhibitor. To
explain this poor binding, we undertook crystallographic anal-
ysis of PNP complexes with four compounds having a 9-thie-
nylmethyi substituent but with the bases being guanine, 8-ami-
noguanine, 9-deazaguanine, and 8-amino-9-deazaguanine. The
results of the x-ray analysis are summarized in Fig. 5. These
data showed one binding mode for compounds that accept a
hydrogen bond at N(7) and another for compounds that have
a hydrogen bond donor at N(7). In both types of binding, a
hydrogen bond is formed between N(7) and Asn-243. The
g-aminoguanine analogs make use of the Thr-242 side chain to
form an additional hydrogen bond and to improve binding
affinity. When N(7) has an attached hydrogen atom, Asn-243
undergoes a shift that is clearly seenin difference Fourier maps
and is probably caused by the formation of the highly favorable
N(7)-H: - O hydrogen bond. A concomitant shift by Thr-242
results in its inabitity to hydrogen bond to 8-amino substitu-
ents. Furthermore, the overali conformational change causes
the y-carbon of Thr-242 to approach the 8-position of the
purine, thereby generating a hydrophobic environment for the
8-amino group and causing a decrease in binding affinity. Table
2 lists ICsy values for several PNP inhibitors, which exhibit this
striking phenomenon.
Mammﬂ:cm;ummmomm
PBinding of Muitisubstrate Inhibitors. To take full advantage of
the binding properties of the enzyme active site, it is necessary
to design compounds that bind to all three subsites. Acyclovir
diphosphate, although not membranc permeable and subject

Asn 243 Asn 243

1Cgp = 0.16uM

ICso = 11uM
Asn 243 Asn 243
W _{: H o\'/“" 242 :'"_{, H-OY The 242
9 w oM & om
N
W@ "
| )Duﬂ, _
Hr"'k‘u : H,N‘k‘*u 4
IC50 = 0.084M 1Cgp = B.OuM

Fic. 5. Comparison of the effects of 8-amino and 9-deaza mod-
ifications of purine analogs. The R group is 2-thienylmethyl in the
purine example and 3-thienylmethyl in the 9-deazapurine example.
Proposed hydrogen bonds, shown as dotted lines, are derived from
the analysis of difference Fourier maps. The ICs, values are taken
from Table 2 at 50 mM phosphate.

Proc. Natl. Acad. Sci. USA 88 (1991) 11543

Tabie 2. Effects of 8-amino substitution

[Cep uM
8-A-9-
9.-substituent G 8-AG 9-DG DG
2-Thienyimethyi 11* 0.16* 0.14 —
3-Thienylmethyl — 0.085* 0.08 8.0
Benzyl —_ 0.47* 0.23 7.7
Cyclohexylmethyl —_ — 2.2 150
3-Methyl-2-thienyl methyl 48* 4* — —
2-Furanylmethyl 18+ 0.25* 0.31 -

Calf spleen PNP was assayed in 50 mM phosphate buffer. G.
guanine; 8-AG, 8-aminoguanine; 9-DG, 9-deazaguanine; 8-A-9-DG.
8-amino-9-deazaguanine.

*Human erythrocytic PNP assayed in 50 mM phosphate buffer (28).

to extracellular metabolism, is a good example. Our results
suggest that an ideal PNP inhibitor in the 9-deazapurine series
would contain a bulky hydrophobic group and a substituent
with affinity for the phosphate site interlinked by spacers with
optimum lengths. Crystallographic and modeling studies sug-
gested a single atom as the optimal spacer between the purine
base and hydrophobic group, while modeling studies using
coordinates from the native enzyme suggested that a two- [0
four-atom spacer should link the hydrophobic group to a group
having affinity for the phosphate binding site. Such a com-
pound (structure 1) with a four-atom spacer from the ortho
position of a benzyl group to a phosphonate group was a
surprisingly poor PNP inhibitor.

o o Q@ H
N ] N
HN X uu)I\ HN
e 6 TN S RS
; . O
m.#/\/‘o m-#
HO HO
1 2 3

Subsequent crystallographic analysis revealed that the plane
of the aromatic ring had rotated ~90° in order to accommo-
date the long spacer. More sophisticated modeling studies
using coordinates from the guanine-PNP complex and Monte
Carlo/energy minimization techniques predicted that a two-
carbon spacer would provide a better fit while maintaining
the optimnum orientation of the aromatic ring. A compound
(structure 2} with a two-carbon spacer was a much better
inhibitor of PNP; however, it was clear from the x-ray
analysis that the aromatic ring was still not able to form an
ideal Herringbone packing interaction. Concurrently, com-
pounds (structure 3) were being modeled in which the spacer
to the phosphate binding site branched from the benzylic
carbon, thus placing no direct restrictions on the tilt of the
aromatic ring. Several compounds have now been prepared
in this series and confirm the modeling studies based on the
x-ray structure. One of the racemic mixtures was separated,
individual [Cso values were determined, and crystallographic
analysis was carried out on the enantiomers. This analysis
showed that the S isomer is the potent PNP inhibitor. Fig. 6
shows an active site model of the best PNP inhibitor along
with the experimental electron density. This series of com-
pounds contains the most potent membrane-permeable in-
hibitors of PNP yet reported. |

Summary. Crystallographic and modeling methods have
been combined with organic synthesis to produce inhibitors

| A variety of in vivo assays have been performed for the most potent
PNP inhibitors, These include evaluation of T-cell cytotoxicity in
cell cultures and elevation of inosine levels resulting from PNP
inhibition in rats.
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of PNP. Kinetic data for selected compounds showed that the
inhibitors are competitive with respect to inosine. The ap-
proach can best be described as iterative, in which accumu-
lated knowledge is used to produce optimized compounds.
Competitive inhibitors benefit from the following features: (/)
an analog purine base with hydrogen bonds to Giu-201,
Thr-242, Asn-243, and/or Lys-244, {i}) a bulky hydrophobic
group near the ribose binding site, (/i) a substituent with
affinity for the phosphate binding site, and (iv) spacers that
link these groups together without perturbing the binding
geometry of the individual groups. These features are exem-
plified in compounds such as (5)-9-[1-(3-chlorophenyl)-2-
carboxyethyl]-9-deazaguanine (Table 1, first entry), which
exhibits an ICs; value of 5.9 nM.

We found that computer modeling required significant
tuning in order to provide useful results. Crystaliographic
results were useful in testing and modifying modeling param-
eters. The most useful modeling results were achieved after
incorporation of the conformational searching techniques
described above and when the coordinates for the PNP-
guanine compiex model were used.

Crystallographic analysis was based primarily on the re-
sults of difference Fourier maps in which the quantitative
relationships between residues in the active site and the
inhibitor could be characterized. During these studies, ~3§
PNP-inhibitor complexes were evaluated by x-ray crystal-
lographic techniques. It is noteworthy that the resolution of
the PNP model extends to only 2.8 A and that all of the
difference Fourier maps were calculated at 3.2 A resolution,
much lower than often considered essential for drug design.
Crystallographic analysis was facilitated by the targe solvent
content that allowed for free diffusion of inhibitors into
enzymatically active crystals (28). During the 2.5 years of this
project, =60 active compounds were synthesized. The large
number of active compounds designed and the enhancement
in inhibitor potency of nearly 2 orders of magnitude stand as
proof that crystallographic and computer-assisted modeling
methods are now capable of playing a critical role in the rapid
discovery of therapeutic agents.
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Fic. 6. Binding geometry of
the best PNP inhibitor (Table 1,
first entry). The difference electron
density (complex native) a1 3.2 A
resolution is shown for the inhibi-
tor. The key amino acid residues in
the active site are shown. The
phosphate ion, which would nor-
mally be displaced by the inhibitor,
is also shown for reference.
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