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G-protein—coupled receptors (GPCRs) are key signaling molecules
and are intensely studied. Whereas GPCRs recognizing small-mole-
cules have been successfully targeted for drug discovery, protein-
recognizing GPCRs, such as the chemokine receptors, claim few
drugs or even useful small molecule reagents. This reflects both
the difficulties that attend protein—protein interface inhibitor dis-
covery, and the lack of structures for these targets. Imminent
structure determination of chemokine receptor CXCR4 motivated
docking screens for new ligands against a homology model and
subsequently the crystal structure. More than 3 million molecules
were docked against the model and then against the crystal struc-
ture; 24 and 23 high-scoring compounds from the respective screens
were tested experimentally. Docking against the model yielded only
one antagonist, which resembled known ligands and lacked speci-
ficity, whereas the crystal structure docking yielded four that were
dissimilar to previously known scaffolds and apparently specific.
Intriguingly, several were potent and relatively small, with I1Cs, val-
ues as low as 306 nM, ligand efficiencies as high as 0.36, and with
efficacy in cellular chemotaxis. The potency and efficiency of these
molecules has few precedents among protein-protein interface
inhibitors, and supports structure-based efforts to discover leads
for chemokine GPCRs.
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-protein—coupled receptors (GPCRs) play a central role in

many normal physiological pathways and altered diseased
states, and are the targets of approximately 30% of marketed
drugs (1). Ligand discovery against small-molecule GPCRs such as
the bioamine receptors has been particularly productive, as have
structure-based screens against their crystal structures (2-5).
Targeting larger-molecule-recognizing GPCRs has been more
difficult. Although multiple reagents are available for lipid and
peptidergic GPCRs, their molecular weights are substantially
higher than those typical for bioamine receptors, and they are less
ligand efficient. This reflects the challenges faced in ligand dis-
covery against peptide—protein and lipid—protein interfaces. These
difficulties are still more acute against chemokine GPCRs, which
recognize folded proteins of ~100 amino acids in length and are
thus protein—protein interface (PPI) targets (6). Although there
are several example drugs in this class, such as maraviroc, plerix-
afor, and vorapaxar, finding organic molecules with good affinity
and the physical properties of oral drugs is notoriously difficult for
PPI targets, as reflected in the high molecular weight and hydro-
phobicity of the few PPI drugs (7).

A public competition to predict ligand complexes with the
structure of C-X-C chemokine receptor 4 (CXCR4) inspired us to
bring structure-based discovery to bear against a key member of the
chemokine family (8). CXCR4 natively recognizes the CXCL12
chemokine, an 8-kDa protein. Like many other PPI targets,
CXCR4 plays a key signaling role: it is constitutively expressed in
many organs and is implicated in chemotactic roles as diverse as
lymphopoiesis, myelopoeisis, embryogenesis, angiogenesis, car-
diogenesis, neuron migration, and cerebral development (9, 10).
The receptor is involved in disease states such as myocardial
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infarction/reperfusion injury (11), myelokathexis (12), human im-
munodeficiency virus (HIV) infection (13), and the growth and
development of more than 20 different types of cancer (14). De-
spite intense interest, only a few potent and selective small mole-
cule antagonists have been discovered for CXCR4 (15-17). New
ligand chemotypes, the identification of which a structure-based
approach enables, might provide leads to perturb the critical bi-
ology for which CXCR4 is responsible.

Not withstanding intense effort, experimental structures of
GPCRs remain scarce, and so homology models are often used
for GPCR ligand discovery (18-21). Such models potentially
enable structure-based discovery against many more targets than
have been experimentally determined, but their reliability has
rarely been tested prospectively. From a technical perspective,
the ability to compare a discovery campaign against a homology
model to one against the subsequently released crystal structure
might illuminate model viability in an unbiased and wholly
prospective way.

Thus, we had two broad questions that we hoped to address in
this study. First, can we discover biologically useful ligands for
CXCR4 using a structure-based approach? Second, how does
a prospective docking screen against a homology model of the
receptor compare with that against the crystal structure? The first
question reflects the intense biological interest in this target and its
problematic status as a PPI, with all of the challenges that those
factors present for ligand discovery. The second question might
inform which parts of the class A GPCR family are good candi-
dates for homology-based drug discovery. A virtual screen of
a dopamine receptor D3 (DRD3) homology model was recently
shown to be as effective as a virtual screen against its crystal
structure (22), but transmembrane sequence identity between D3
receptor and its nearest structural template is 42%. CXCR4 has, at
best, 25% transmembrane sequence identity to the nearest tem-
plate structure. If we can rely only on models with sequence
identities as high as D3 receptor, then only about 10% of GPCRs
might be modeled, given the current structural coverage; however,
if 25% sequence identity suffices, then more than 70% are viable
for structure-based ligand discovery. Experimental tests of docking
hits against both model and crystal structure will potentially un-
cover new ligands for CXCR4, and may also inform the general
usefulness of distant GPCR homology models.
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Results

Homology Model Construction. The effort began with calculating
homology models for CXCR4. The GPCR Dock 2010 Assess-
ment (8) challenged us to predict the orientation of the small
molecule IT1t before release of the first CXCR4 structures (23).
We followed a strategy (SI Appendix, Fig. S1) that used enrich-
ment of known ligands to guide model selection, as pioneered in
earlier studies (19). Initial homology models were refined for
sequence alignment of CXCR4 to the four crystallographic
templates then available, §; and B, adrenergic receptors, adeno-
sine A, receptor, and rhodopsin (SI Appendix, Fig. S2). To ex-
pand backbone diversity, we used low-frequency elastic normal
modes to perturb template backbones (24). We calculated 576
and 510 homology models from the crystallographic templates
and the perturbed structures, respectively. We docked known
ChEMBLO04 ligands (25) and property-matched decoys to each
model and then measured the retrospective enrichment using
adjusted LogAUC (26). Enrichment is a widely used metric in
docking, reflecting the ranking of known ligands selected from
a database of decoy molecules, compared with what would be
expected at random. This can be expressed as either overall
enrichment over random, or, as we do here, a log-weighted en-
richment to emphasize the highest ranking molecules, which are
the most likely to be selected for testing. In the adjusted LogAUC
metric, a value of 0% represents completely random selection. To
select models, we also used the rank of the cocrystal ligand IT1t
(although its bound structure was still unknown), the number of
ligands interacting with the critical residue E”>? (27) (Ballesteros-
Weinstein numbering), and the complementarity between docked
ligands and modeled binding site. Five top models and their
corresponding ligand IT1t binding positions were ultimately
submitted to the competition.

Before release of the crystal structure, we continued to develop
homology models for prospective ligand discovery. In the final
iteration, we built 2044 homology models without extracellular
loop 2, docking each to 60 known ligands and 2456 property-
matched decoys. Overall, 36 billion ligand orientations and 55
billion conformations were sampled, so more than 64 trillion
complexes completed within 176 cpu-d or 9 h of wall clock time on
our cluster. Based on the criteria mentioned above, we selected
one model upon which we generated 1000 extracellular loop 2
variants. We selected a single-loop model with ligand enrichment
of 22% LogAUC for prospective screening.

Homology Model Virtual Screen. To predict previously undiscovered
CXCR4 ligands from the prospective homology model, we used
DOCK 3.6 to virtually screen the lead-like subset of ZINC (28),
i.e., molecules with molecular weights less than 350, logP less than
3.5, and 7 or fewer rotatable bonds. Each of the 3.3 million mol-
ecules in ZINC was sampled in an average of 11,000 orientations
and 2,700 conformations, or 41 trillion complexes sampled overall.
Each complex was scored for complementarity based on van der
Waals (using a modified AMBER potential function) and elec-
trostatic interaction energies (using potentials calculated with
DelPhi), corrected for ligand desolvation (26). The full screen
took 372 cpu-d, or 18 h of wall clock time on our cluster.

We then selected molecules for experimental testing. Com-
monly, this takes the form of visually inspecting the top ranking
500 molecules or up to 1% of the docking-ranked database. It is
well-known that docking scoring functions are approximate and
incomplete, but less discussed are problems with compound rep-
resentation in database libraries (e.g., incorrect ionization states,
overly strained conformations, and simple lack of availability from
vendors). More generally, what makes a good lead molecule
reflects a plurality of not only orthogonal but sometimes opposed
criteria. For instance, larger, hydrophobic molecules will often
bind tighter and score better, but biological efficacy and solubility
often favor smaller, less hydrophobic molecules. Whereas we
prefer molecules that engage all of their functional groups with the

5518 | www.pnas.org/cgi/doi/10.1073/pnas.1120431109

protein, we also are looking for the formation of key, “warhead”
interactions with tightly defined geometric criteria. These and
other extrathermodynamic criteria have not been reduced to
a single function—and, given their opposed nature, this might be
difficult to do—but may be rapidly evaluated by the eye of the
trained investigator. In CXCR4, molecules were rejected, in rough
order of importance, due to the following: (i) wrong ionization
state, (ii) unavailability, (iii) high internal energy, (iv) unsatisfied
polar interactions, and (v) low hit diversity. Molecules were pri-
oritized for key salt bridges to E”>? and at least one other anionic
residue, plus a complementary fit to the binding site.

Before release of the crystal structure, we purchased 24 high-
ranking molecules for testing, all in the top 1800 (0.05%) of 3.3
million molecules docked. One of these inhibited CXCLI12 in-
duced calcium flux in cell culture, with an ICsy of 107 pM, a hit
rate of 4% (compound 1; Table 1 and Fig. 14). Compound 1
ranked 1725th and fit deep within the modeled binding site,
forming salt bridges to E’* and D% in the putative docked
complex (Fig. 24). To measure chemical similarity to known
CXCR4 ligands in ChEMBLAO9 (25), we represented compound 1
by a 2D topological fingerprint, ECFP4, and compared the bits
(features) using the Tanimoto coefficient (T.), as is widely done
in the field (29). Despite a T, of 0.36, indicating marginal
chemical dissimilarity, the molecule was a combination of two
previously observed chemotypes, so we did not consider it par-
ticularly dissimilar. Moreover, specificity counterscreens sug-
gested that compound 1 also inhibited the related chemokine
receptor CCR2.

Crystal Structure Virtual Screen. With the crystal structure released,
we again screened the lead-like subset of ZINC, now composed of
4.2 million molecules (28). Docking statistics were similar, with
each molecule sampled in an average of 10,200 orientations and
2,100 conformations, or 87 trillion complexes sampled over-
all (SI Appendix, SI Methods). From among the top 0.03% of the
docking hit list, we purchased 23 molecules for testing. Compounds
2-5 (17% hit rate) substantially inhibited CXCL12-induced cal-
cium flux in cell culture, with ICs, values ranging from 55 to 77 pM
(Table 1 and Fig. 1 B—E). In the docked poses, all four inhibitors
formed salt bridges to E’° and D*®* (Fig. 2 C-F). Three formed
salt bridges through an unprecedented imidazole functional group.
Again comparing chemical similarity to known CXCR4 ligands, T.
values of 0.23-0.32 support their uniqueness (Table 1). Although
all four inhibitors are also topologically distinct from one another,
the similar docked poses suggest that compounds 3 and 4 fall into
the same structural class. All of the compounds have molecular
weights of 300-350 and calculated logP values of 0.5-3.5, placing
them within the lead-like (30) range.

Biological Activity. For biological relevance, compounds must not
only inhibit calcium flux, but must also inhibit lymphocyte migra-
tion. All five ligands inhibited human THP-1 monocyte migration
induced by CXCL12 in cell culture (Fig. 3 and SI Appendix,
Table S1), with compounds 1 and 2 almost completely inhibiting
chemotaxis at 100 pM.

Small molecules may perturb chemokine signaling without
competitive displacement of the large chemokine protein, for
instance binding under it in the transmembrane part of the site
(31, 32). Four of the five ligands modulated the binding of radi-
olabeled CXCL12 (Fig. 1F and SI Appendix, Fig. S3). Compounds
3 and 5 disrupted CXCL12 binding with ICsy of 306 nM and
14 uM, respectively. Compound 1 reduced binding with an ICs,
of 224 pM, but had a steep dose-response curve (aggregation
counter screening, below). Compound 4, although efficacious as
a signaling antagonist, actually increased CXCL12 binding,
whereas compound 2 did not modulate binding at all. These
observations are consistent with the often allosteric binding of
small molecules to chemokine receptors.

Ligand efficiency (LE) corrects binding energies for size, di-
viding free energy of binding expressed as RTlog(ICsq) (in kcal/
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crystal structure docking screen
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*Ligand efficiency.

"Tanimoto similarity to the most similar CXCR4 small molecule ligand in ChEMBLO9 database.

*Closest CXCR4 small molecule ligand in ChEMBLO09 database.
SRanks over 5000 not filtered for broken molecules.

mol) by heavy atom count. Although LE is notoriously low (poor)
for PPI inhibitors, compound 3 has an LE of 0.36, placing it in the
range of that for oral drugs. The four other compounds have LE
values of 0.24-0.28 (Table 1), more typical of PPI inhibitors.

Model Analysis. The release of the CXCR4 crystal structure
allowed us to compare the prospective model against the ex-
perimental structure. In the prospectively screened model, li-
gand IT1t docks deep in the transmembrane bundle, similar to
ligand binding in the structural templates. In the CXCR4 crystal
structure, IT1t binds higher in the site (SI Appendix, Fig. S4),
resulting in a poor root mean square deviation (RMSD) of 9.5
A between observed and predicted ligand position (SI Appendix,
Table S2). Overall binding site agreement was better, with a
transmembrane binding site heavy-atom RMSD of 2.3 A. Ret-
rospective enrichment of known ligands was also high at 21%
LogAUC (30% LogAUC before modeling extracellular loop 2),
comparing favorably with the crystal structure at 28% LogAUC
(SI Appendix, Fig. S54). This placed it at the top of the en-
richment distribution among all of the models we built, despite
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having an average binding site RMSD to the crystal structure
(SI Appendix, Fig. S6).

We were interested to compare our predicted model with those
with higher fidelity to the ultimate crystal structure that had been
submitted to the GPCR Dock 2010 Assessment (8), with a view to
evaluating their usefulness for docking screens. We investigated
the two top-scoring models in the assessment, both of which
predicted the IT1t ligand pose better than our model had, and
computed their retrospective enrichment of ChEMBL04 ligands.
These two models, VU-5 (33) and COH-1 (34), led to ligand
enrichments of 5% and 6% LogAUC, respectively, at least using
our docking method (SI Appendix, Table S2 and Fig. S54). We
also docked the five previously undiscovered ligands and more
than 3 million lead-like molecules in ZINC (SI Appendix, Table S3
and Fig. S5B); consistent with their modest retrospective enrich-
ments of ligands in ChEMBL, neither model ranked any of the
new ligands well. Docked against the VU-5 model, the best
scoring previously undiscovered ligand was compound 5 with
a rank of 3282, whereas none of the other four ligands ranked
better than 312,000. Similarly, against the COH-1, the best-ranked
ligand was compound 1, which ranked 19,977, whereas no other
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Fig. 1. Dose-response curves shown for inhibitor compounds 1-5. (A-E)
Percent calcium flux calculated as maximum minus minimum fluorescence as
a percent of baseline (n = 6). (F) [I"?°]-CXCL12 radioligand displacement by
compound 3.

ligand ranked above 63,000. These docking results take nothing
away from the success of these models in the competition, but
support the idea that even the field’s best models, at this level of
sequence identity, may struggle to achieve a structural fidelity that
is high enough to support new ligand discovery.

Posing this question another way, we wondered if we ourselves
had explored a model closer to the crystal structure, from among
the several thousand calculated, that may have performed better
in the docking. We retrospectively used ligand RMSD, known
ligand enrichment, and binding site RMSD to select the most
accurate model from among 2044 loopless models we originally
sampled. The selected model had a much improved ligand
RMSD of 2.9 A (compared with the 9.5 A that we had originally
predicted; SI Appendix, Table S2). Despite enriching known
ligands well (LogAUC of 22%, SI Appendix, Fig. S5A4), the
performance of the second model was substantially below the
30% LogAUC found for the model that was ultimately used in
the prospective docking. Indeed, when we docked the five pre-
viously undiscovered ligands against what was structurally the
best of our sampled models, their rankings were mediocre: the
top scoring of these molecules was compound 2, which ranked
15,344 of more than 3 million ZINC molecules docked, whereas
three other previously undiscovered ligands ranked below
22,200. Meanwhile, for the truly prospective homology model,
despite its poor predicting of the geometry of the crystallo-
graphic ligand IT1t, our top scoring ligand in the docking was
compound 1, which ranked 2803 of the 3.3 million ZINC mol-
ecules docked, whereas compounds 2, 3, 4, and 5 ranked 50121,
30898, 5380, and 5800, respectively. This suggests that a combi-
nation of geometric and also docking ranking criteria are ap-
propriate in selecting models to be used for docking prediction,
as has been suggested by others. Overall, these observations
support the idea that a certain minimum of sequence identity is
required to be able to calculate a high-fidelity model that can
reliably select dissimilar ligands, a point to which we will return.

Aggregation Counter Screen. Colloidal aggregation constitutes per-
haps the greatest source of false-positive results in screens against
soluble proteins, but has not previously been observed for mem-
brane-bound receptors. All of our ligands had Hill slopes in the
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Fig. 2. Docking modes of our inhibitors. (A) The homology model with
compound 1 (blue) as docked to the homology model. (B) The crystal
structure with compound 1 (yellow) as docked to it. (C) Compound 2 (yellow)
docked to crystal structure and the cocrystal ligand pose of small molecule
1T1t (blue lines). (D-F) Compounds 3-5 docked to crystal structure.

calcium flux assay of 1.5 or higher, which is often associated with
a colloidal mechanism of inhibition. Although such a slope could be
accounted for classically, by binding to a dimeric form of the re-
ceptor, as adopted in the crystal structure, all were counter
screened for nonspecific inhibition due to aggregation (35, 36). To
test for aggregation under our exact assay conditions, spin-down
precipitation was used to remove putative colloids (37). After spin-
down, the supernatant activity of compounds 1 to 5 was unaffected,
whereas the activity of compound 6 (S Appendix, Table S4) was
sharply attenuated. Due to the high Hill slope of 5 and inhibition
of the counter screen enzyme cruzain at 200 pM (SI), we cannot
completely discount the aggregation of compound 1 at high
concentration, although, at its ICsq value of 107 uM, it seems
well behaved. Conversely, compound 6 (SI Appendix, Fig. S7)
seems to be inhibiting CXCR4 via a colloidal aggregation
mechanism, which constitutes a previously undocumented de-
scription of aggregation-based activity against membrane-bound
receptors; this mechanism may merit future vigilance in GPCR
screening efforts. The behavior of all four other antagonists was
consistent with well-behaved, classical binding to CXCR4.

Discussion

Two key results emerge from this study. First, five CXCR4
inhibitors, representing three scaffolds dissimilar to those pre-
viously known, were identified; they are all substantially smaller
than most known CXCR4 ligands, giving them relatively favorable
ligand efficiencies. Indeed the best of them, compound 3, a 306 nM
antagonist of the receptor, has a ligand efficiency (LE) of 0.36; its
good physical properties put it well-within the lead-like range of
compounds that might be optimized as tools and bioactive mole-
cules. All five ligands inhibit CXCR4-mediated chemotaxis in cell
culture. The four inhibitors derived from the X-ray screen are
specific for CXCR4 versus CCR2, a close homolog, and so may
hold potential as reagents to modulate HIV infection, metastasis
and inflammation. Second, we compare a blind prospective virtual
screen against a GPCR homology model to both a subsequent
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Fig. 3. Inhibition of CXCL12 induced chemotaxis in THP-1 cells. (A) Fol-
lowing incubation with compounds 1-5 the number of cells that migrated
into the lower chamber was counted. (B) Schematic representation of the
Transwell chemotaxis chamber.

screen against the crystal structure, and to a twin study against
dopamine receptor D3 (DRD3) (22). The CXCR4 homology
model had a hit rate of 4%, with a single antagonist of modest
dissimilarity and specificity; the crystal structure screen had a hit
rate of 17%, with at least three of the four ligands being dissimilar
to previously known scaffolds and all four being specific. Con-
versely, docking against a DRD3 homology model discovered as
many ligands as docking against the crystal structure. Contrasting
these two targets and four campaigns illuminates the areas of the
GPCR landscape that may be amenable to structure-based ligand
discovery.

PPI targets are notoriously difficult to modulate with “drug-like”
organic molecules. Few PPI inhibitors possess an LE greater than
0.23 (7); to achieve a reasonable affinity, they are large and often
hydrophobic, requiring extensive optimization to deliver them into
biological milieus. In some ways, CXCR4 is typical of PPI sites: at
20 A across and 20 A deep, its orthosteric site is much larger and
more solvent exposed than those in biogenic amine GPCRs, for
example, and it bears a high net charge with at least five anionic
residues. Still, despite its large orthosteric site, CXCR4 has well-
defined subsites where mixtures of charge and hydrophobic com-
plementarity might be exploited by small molecules. Indeed the
docking poses of the previously undiscovered inhibitors exploit one
such subsite, also occupied by the cocrystal ligand, defined by E™¥
and D>, This may explain the unusually high LE (0.36) of com-
pound 3, which is far above that expected for most PPI inhibitors
and indeed above that for the one approved CXCR4 drug, pler-
ixafor (LE 0.25). Intriguingly, whereas most other chemokine
antagonists—all of them PPI inhibitors—have low LE values typ-
ical of the field, several have unusually high values. Thus, repar-
taxin (38), a CXCR1 antagonist, has an LE of 0.43, whereas the
CCRS antagonist, maroviroc, one of the few PPI drugs on the
market (7), has an LE of 0.33. It may be that chemokine receptors,
like GPCRs, are privileged when it comes to discovering ligands
with favorable physical properties. This observation, the conserved
nature of the chemokine receptor interface (32), and the high LE
of compound 3, together suggest that structure-based campaigns
against additional chemokine receptors may result in reagents with
pharmaceutically relevant properties.

From a technical perspective, it is interesting to ask why the
CXCR4 homology model performed so much worse than either
the dopamine D3 homology model or the crystal structure of
CXCR4. One important contribution was ligand bias in the da-
tabase. A great advantage of docking against the dopamine re-
ceptor was the bias toward biogenic amine mimetics in even an
“unbiased” library such as ZINC, which simply catalogs com-
mercially available molecules. There were not only many dopa-
minergic-like molecules in ZINC to find, but also many analogues
of these hits in ZINC, allowing an SAR by catalog campaign that
drove affinity from 1.6 uM for an original DRD3 docking hit to 81
nM for an optimized lead. This bias was also observed in docking
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screens against the adenosine A2a receptor (4, 39) and the p2
adrenergic receptor (3). Several lines of evidence suggest that the
bias toward CXCR4-like ligands was much reduced in ZINC:
there are relatively few molecules that share the same size and
charge properties as known ligands, and, in contrast to DRD3 we
found very few analogs in the database even for our lead-
like ligands.

A larger contribution to the weakness of the prospective CXCR4
model screen was clearly the accuracy of the model itself. The
DRD3 model, with 42% sequence identity to its template, closely
resembles the crystal structure (binding site RMSD, 1.65 A), and
the large number of known ligands and ample mutational data
helped to correctly predict the cocrystal ligand pose (also 1.65 A
RMSD). This level of accuracy was sufficient to attain a 23% hit
rate in a virtual screen of the DRD3 model. Although the relatively
poor 4% hit rate of the prospective CXCR4 homology model may
simply reflect our ineptness, our models were competitive with the
field, predicting the CXCR4-IT1t conformation better than all but
a few models submitted to the public competition (8). To further
assess the overall state of CXCR4 homology modeling, we per-
formed docking screens against the two most accurate competition
CXCR4 models, assessing how well they ranked the five ligands
identified here. Against these external models, retrospective en-
richment of previously known CXCR4 ligands was poor, as was
ranking of our five hits. The relatively poor outcome of screening
CXCR4 homology models vs. screening a DRD3 homology model
likely reflects the reduced accuracy that can be achieved at 25% vs.
42% sequence identity to structural templates, even with the best
homology models that the field now offers.

A lesson we draw is that for GPCRs sharing 42% or better
sequence identity with a structurally determined template, and
with sufficient mutant studies to predict ligand binding, which was
the case for the D3 receptor, accurate models may be within the
reach of general approaches. For those targets with much lower
sequence identities, certainly in the 18-25% range that charac-
terized the templates available to us for CXCR4, homology
models accurate enough for predictive ligand discovery may be
out of reach, even with domain expertise; exactly where the
boundary lies between these two regimens is uncertain at this
time. Putting aside issues of disease-relevance and experimental
pragmatism, which will naturally dominate, one might imagine an
additional prioritization axis for future GPCR crystal structures
that considers the number of new targets that these structures
enable to be reliably modeled.

Those technical points should not obscure the key, biological
result from this study: the ability to discover new chemical matter,
with favorable physical properties, for this critical PPI. Given the
difficulties for which these PPI targets are notorious, and a lack of
favorable bias in the docking library, we were uncertain as to
whether even the CXCR4 crystal structure would lead to new
ligands. Instead, the 17% hit rate observed was substantial, cer-
tainly much higher than we have experienced with soluble
enzymes (40, 41), and three previously undiscovered chemotypes
emerged. The ligand with the highest affinity by radioligand dis-
placement, compound 3, had an ICs of 306 nM and a ligand ef-
ficiency of 0.36. This is within the range of favorable leads for drug
discovery, well above the 0.23 ligand efficiency expected for most
PPI inhibitors (7). All of our inhibitors were active in cell culture,
inhibiting CXCR4-mediated chemotaxis, the primary cellular
endpoint for a chemokine receptor ligand, consistent with their
promise as leads. More generally, the study findings suggest that
structures of chemokine receptors will provide pragmatic tem-
plates for probe and drug discovery; such molecules are much
needed for biological understanding and for treating devastating
diseases in the areas of cancer, virology, and inflammation.

Methods

Homology Modeling and Docking. Homology modeling and docking proceeded
as described (Results and SI Appendix, S| Methods). The large solvent exposed
CXCR4 binding site presents a challenge for docking: to compensate, we used
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a unique procedure to balance electrostatics with rapid context-dependent
ligand desolvation (26). We filled the CXCR4 pocket with a single layer of low-
dielectric spheres, excluding any spheres displaced from the surface to perturb
the bulk dielectric minimally, while allowing the ligand to interact strongly
with charged groups throughout the binding site. The large binding cavity also
presented a challenge for exhaustive ligand sampling. To compensate, we
divided the binding pocket into three partially overlapping subsites for sam-
pling and docked separately against each (this reduces number of orientations
by ~3% (42). A single scoring grid was used to represent the entire site.

Calcium Flux-Based Assays. THP-1 monocytes were resuspended in assay
buffer containing FLIPR Calcium4 dye. Compounds were added at 100 uM
(single point) or the indicated concentrations (dose-response). After a 20 s
baseline measurement, CXCL12 was added at 30 nM, and the resulting cal-
cium response was measured for an additional 50 s. CCL2, a chemokine that
targets CCR2 (a distinct receptor of THP-1 cells) was added as a control for
compound specificity during the single-point compound screening. Ap-
proximately 60 s after CXCL12 addition, 6 nM CCL2 was added to each well
and calcium mobilization was measured for an additional 40 s. Percent cal-
cium flux for each agonist was calculated from the maximum fluorescence
minus the minimum fluorescence as a percentage of baseline. A two-tailed
Student t test between either the 30 nM CXCL12 control or the 6 nM CCL2
control and the compound of interest was used to identify statistically sig-
nificant inhibitory compounds (S/ Appendix, Fig. S8 A and B). For significant
CXCR4 inhibitors, the assay was repeated in a dose-response format.

Chemotaxis and Viability. Chemotaxis experiments were performed in THP-1
cells as described (S/ Appendix, SI Methods). CXCL12 ligand (30 nM) and
respective compounds (100 pM) were added to the lower chamber. Percent
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maximal migration was calculated as the number of migrated cells with
compound divided by number that migrated to CXCL12 alone.

Radioligand Binding. Binding studies were performed on pre-B cell leukemia
REH cells as described (SI Appendix, SI Methods). The competition binding
assays were carried out using 50 pM [I'2°]-CXCL12 as a tracer.

Counter Screens for Aggregation. In spin-down counter screens for aggre-
gation, compounds were centrifuged at 16,000 x g for 20 min. Supernatant
was removed and used for calcium flux experiments as above. Cruzain in-
hibition assays were performed as reported elsewhere (36).

Compound Sources. Compounds were obtained from the National Cancer
Institute and commercial suppliers. All active compounds were tested for
purity by liquid chromatography/mass spectrometry (LC/MS) at the University
of California San Francisco and were judged to be pure by peak height and
identity (S/ Appendix, S| Methods).
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