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M osquito-borne flaviviruses are human patho-
gens and a major burden in many regions of
the world by causing diseases that include

yellow fever and the sometimes fatal dengue hemor-
rhagic fever and the dengue shock syndrome (1). In
2007 the four serotypes of dengue viruses were esti-
mated to cause 50�100 million annual human infec-
tions worldwide and 22,000 deaths. The number of den-
gue fever cases per year is increasing steadily, including
in the United States where dengue virus has spread to
36 states since 1985, and the risk of an outbreak is rec-
ognized (2). Nevertheless, there are no known antiviral
compounds and no therapeutic treatment against den-
gue virus. Safe vaccines against the yellow fever flavivi-
rus exist, and progress toward a dengue virus vaccine is
being made, but the availability of vaccines is often lim-
ited, and in the United States people are not likely to
be vaccinated. Therefore, a better defense against out-
breaks of dengue infection and exposure to the disease
is offered by antiviral agents as a treatment strategy.

Dengue virus is an enveloped virus with a ssRNA ge-
nome that is translated as a polyprotein. Cleavage of the
polyprotein produces three structural proteins (capsid,
C; premembrane, prM; and the glycosylated envelope,
E, protein) that form the virus particle and seven non-
structural proteins that form the replicase complex for
genome replication. The immature dengue virus at neu-
tral pH is an icosahedral particle with a diameter of
�600 Å and an external coat of trimers of prM:E het-
erodimers, as shown by cryo-electron microscopy recon-
struction (3). Notable protrusions occur at the position
of the 6-fold symmetry axis with significant open regions
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ABSTRACT Infection by the mosquito-borne dengue virus causes dengue fever
and the sometimes fatal dengue hemorrhagic fever. The increasing number of den-
gue infections per year suggests that the virus is becoming more virulent and its
transmission is expanding. Nevertheless, no effective treatment for dengue infec-
tion currently exists. In a search for antiviral agents effective against dengue virus,
we investigated the potential of targeting a structural protein site rather than an
enzymatic one. Using this approach, we now report the discovery of a small mol-
ecule ligand that inhibits viral growth. Our results also provide the first evidence
that the binding site, a pocket located at the hinge between domains 1 and 2 of the
envelope protein (E protein) on the virus surface, is a valid target for antiviral
therapy. Ligand candidates were identified from libraries of �142,000 compounds
using a computational high-throughput screening protocol targeting this pocket
of the E protein. Cell-based assays were conducted on 23 top-ranked compounds.
Among four with good antiviral activity profiles, the compound P02 was found to in-
hibit viral reproduction at micromolar concentrations. Using saturation transfer dif-
ference NMR spectroscopy, we also show that the compound binds virus and com-
petes for binding E protein with the known ligand N-octyl-�-D-glucoside. Together,
the results are consistent with an inhibition mechanism against maturation or
host-cell entry mediated by ligand binding to the E-protein pocket. P02 is a prom-
ising lead compound for future development of an effective treatment against den-
gue virus and related flaviviruses.
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in the surface exposing the lipid. By contrast, the ma-
ture virus is �500 Å in diameter and 90 E:E homodimers
coat the viral surface (4) by forming a close-packed
smooth, outer shell of uniform thickness. E protein com-
prises three domains and is elongated in shape
(Figure 1).

Structural comparisons of E protein in the immature
and mature virus support an approach for inhibitor de-
sign distinct from pursuing the more common target of
viral enzymes. Fitting into cryo-EM density for these two
viral forms requires a change in the relative orientation
of domains 1 and 2 (5). Further variation in the domain
orientation was observed in the crystallographic struc-
ture of a postfusion form of E protein (6). The overall dif-
ferences in the angular orientation between domains 1
and 2 span �35° with the largest variation occurring be-
tween the mature and postfusion forms. In addition,
the interface between domains 1 and 2 has been iden-
tified as a site for ligand binding; N-octyl-�-D-glucoside
(BOG) was observed in one crystallographic structure (7)
to lie in a buried pocket formed between domains 1
and 2 (Figure 1). This pocket appears to result from an
induced-fit binding because in other structures of the E
protein from dengue (5, 8, 9) or tick-borne encephalitis
virus (10) a loop connecting the two domains adopts an
alternative conformation that closes over and elimi-
nates the pocket. The large-scale structural changes be-
tween immature and mature virus, including the differ-
ences in domain orientations of E protein, suggest

ligand binding to this BOG pocket could inhibit a step
in the virus lifecycle at which the virus E protein under-
goes a structural transition (7). A similar strategy of tar-
geting a buried pocket in a viral capsid protein was ex-
ploited with human rhinovirus (11), leading to the
development of numerous antiviral compounds
(12−14).

Here we report the use of a four-stage computational
high-throughput screening (HTS) (15, 16) of three NCI
compound libraries to identify small-molecule ligands
with potential to bind the BOG pocket in dengue E pro-
tein. The screening of �142,000 compounds to select
23 for experimental validation is described. The results
from in-cell assays and from saturation transfer differ-
ence (STD) NMR spectroscopy, a direct measure of bind-
ing and competition with BOG, are then presented. We
propose that a compound discovered to have antiviral
activity and shown to bind E protein is a strong lead can-
didate for the development of new therapeutics against
dengue virus and related flaviviruses.

RESULTS AND DISCUSSIONS
Screening NCI Libraries against the BOG Pocket. A

four-stage protocol (Scheme 1) was used to computa-
tionally screen ligands to bind the BOG pocket of E pro-
tein and enhance the potential for finding antiflavivirus
activity in a biological assay conducted on a smaller
scale. The compounds in the diversity, D, (1990 com-
pounds) and mechanistic, M, (879 compounds) librar-
ies have diverse or mechanistically desirable properties,
respectively, and are largely subsets of the significantly
larger plated, P, library (�140,000 molecules). When
this study was initiated, the compounds were available
from NCI for biological evaluation. The reliability of the
docking method applied to the targeted site of dengue
E protein was demonstrated by docking BOG and com-
paring the results with the known structure of the crys-
tallographic complex (see Supporting Information).

Stages 1 and 2: SP and XP Docking. The ranked
Gscore and Emodel scores for the three libraries follow-
ing standard precision (SP) docking (stage 1) are shown
in Figure 2, where lower ranked compounds are plotted
by increasing value along the abscissa. Supplementary
Figure S2 shows analogous plots for stage 2 extra-
precision (XP) docking. The trends in Figure 2 are simi-
lar to a Gaussian profile with a rapid initial drop over a
small number of the most favorable compounds, fol-
lowed by more slowly decreasing scores for a substan-

Domain 2 Domain 1

Domain 3BOG
binding
pocket

Groove

Figure 1. Monomeric dengue E protein showing the tar-
geted BOG site. Upper: Surface representation of E protein
domains 1 (green), 2 (blue), and 3 (red). Lower: Ex-
panded view of the BOG site and groove region with
solvent-accessible surface with 1.4 Å radius solvent probe
(red) and buried surface (green for hydrophobic, blue for
hydrophilic).

766 VOL.3 NO.12 • 765–775 • 2008 www.acschemicalbiology.orgZHOU ET AL.



tially larger number of compounds and a sharp fall off
as the scores approach zero in value. The percentages
of ligand complexes with negative scores are compa-
rable in all cases: 1342 (67.4%), 578 (65.8%), and
90,337 (64.5%) of the molecules from the D, M and P li-
braries, respectively, for Gscore profiles. Rankings with
Gscore and Emodel differ, although there is a 15�20%
overlap in the stage 1 top-ranked compounds. The ar-
rows in Figure 2 delineate the cutoff values needed for
either Gscore or Emodel to select the top-ranked 250
compounds to compose the T3�500 set for stage 2. The
best P library scores (Figure 2, panels e and f) are supe-
rior to those for D and M libraries (Figure 2, panels a�d).
Recalling that D and M libraries are a subset of P, many

more than 3000 ligands for Gscore and Emodel would
have been required to carry forward to stage 1 in order
to include the D and M compounds selected for T3�500.

Stage 3: Thermal Relaxation. Stage 3 allowed inter-
nal flexibility of both protein and ligand atoms by en-
ergy minimization. The calculated energies for the T3�50

set are provided in Supplementary Table S2.
Compounds were ranked by the interaction energy

(Figure 3, panel a), which includes a solvation contribu-
tion. Overall, the van der Waals energy contributed
most to the interaction energy, but the electrostatic en-
ergy showed the greatest variation and was therefore
the major factor for the ranking of molecules in stage 3.
Energy minimization of the combined set of 2�25 com-
pounds selected on the basis of either Gscore or Emodel
from stage 2 resulted in a continuous energy profile,
which suggests both scoring functions favor compounds
similarly suited for the BOG binding site. In addition,
there was no overlap in these top-ranked 50 ligand mol-
ecules among the three libraries even though the D
and M libraries are largely subsets of the P library. Inde-
pendent screening of the three overlapping libraries
therefore selected three exclusive sets of potential com-
pounds for binding E protein.

The Gscore value is plotted in Figure 3, panel b
against the same compound rankings as Figure 3,
panel a. It is clear from the many maxima and minima
in Figure 3, panel b that GScore does not directly paral-

XP screening 

Relaxation screening Stage 3

SP screening Stage 1

T3×500

Stage 2

Stage 4

Biological test

Visual analysis

Biophysical analysis

Libraries:
D, M, and P 

T3×50

T3×15

T23

Active
compounds

Leads

Scheme 1. Virtual screening flow chart for the Diversity
(D, 1990 compounds), Mechanistic (M, 879 compounds),
and Plated (P, �140,000 compounds) NCI libraries

TABLE 1. Biological activity measured for
compounds selected from computational
HTS

IC50 (�M)

Compound CC50 (�M)a YFV-IRES-Luc virusb YF-RLuc2A-RPc

D01 95 � 6 28 � 5 31 � 7
D02 343 � 80 98 � 39 181 � 30
D03 61 � 3 31 � 0.3 12 � 5
D04 350 � 2 70 � 5 230 � 40
D05 880 � 85 500 � 10 1300 � 400
M01 309 � 5 179 � 21 27 � 8
M02 70 � 12 51 � 7 N/A
P01 563 � 33 376 � 177 195 � 6
P02 371 � 47 13 � 3 17 � 3

aHost-cell cytotoxicity. bInhibition in viral growth. cInhibi-
tion of replication of the YF-R.luc2A-RP replicon.
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lel the interaction energy, and therefore both energy
and GScore were used to select the candidates for the fi-
nal graphical analysis. This T3�15 set was composed of
10 molecules defined by the most favorable interaction
energy list and 5 defined by the most favorable Gscore
for each library.

Chemical properties of the T3�50 and T3�15 mol-
ecules from stage 2 and stage 3, respectively, were ana-
lyzed to identify the features selected by docking. The
presence of hydrogen bonding and cationic and anionic
groups was evaluated, as well as the amount of hydro-
phobic and aromatic contact surface area (Supplemen-
tary Table S3). The largest change in these features to
evolve over the stage of the screening is the increase in
ligand hydrogen donor groups. As expected on the basis
of the hydrophobic nature of the buried BOG binding
site, few of the selected compounds have cationic (4%
and 2%) or anionic groups (2% for both sets).

Stage 4: Visual Analysis. The final selection for the
T23 set to submit to experimental testing considered
the chemical nature of the ligand and the structural

quality of the fit in the binding site. The T23 set com-
prised 11, 7, and 5 molecules from the D, M, and P li-
braries, respectively.

Inhibition of YFV-IRES-Luc Virus Growth. To test the
ability of the T23 compounds to inhibit viral growth, con-
fluent BHK cells were infected with YFV-IRES-Luc at a
low multiplicity of infection (MOI) and inhibition of virus
growth was determined from the reduction in luciferase
activity (see Methods). Of the 23 compounds tested,
nine compounds (Figure 4) showed inhibitory activity
against YFV-IRES-Luc growth (Table 1) at concentrations
less than CC50. IC50 values ranged from �13 �M for
P02 to 500 �M. The antiviral activity of P02 is well-
substantiated by the more than 25-fold lower IC50 value
compared with CC50, although the viral reduction activi-
ties of the other compounds shown in Table 1 appear
to be toxicity-mediated.

The antiviral activity of compound P02 was further
characterized by determining its effect on virus produc-
tion measured from a virus titer. The levels of virus re-
lease in the presence of 10 �M and 100 �M P02 were
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Figure 2. Stage 1, ranking all ¡ T3�500 set. GScore (panels a, c, and e) and Emodel (panels b, d, and f) scores ranked for li-
braries D (panels a and b), M (panels c and d), and P (panels e and f) from SP screening. The arrow indicates the cutoff
points for selection of the T3�500 set, �’s indicate the compounds selected for the T3�15 set. Red triangles indicate the
compounds active in the YFV-IRES-Luc virus growth assay (Table 1). Symbols on the right of the arrow indicate active com-
pounds that were selected by computational screening based on the alternative scoring function.
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determined by plaque assay (data provided in Support-
ing Information). As expected, the virus titer is reduced
�10 orders of magnitude at 100 �M P02.

Inhibition of YF-R.luc2A-RP Replication. To investi-
gate the possibility that the observed inhibition of YFV-
IRES-Luc virus resulted from interference with viral pro-
tein production or genome RNA replication, the
compounds were tested for inhibition of replication of
the YF-R.luc2A-RP replicon (Table 1). The YF-R.luc2A-RP
replicon lacks the viral structural proteins, including E
protein. Thus, activity in this assay reflects the effect of
compounds on genome replication or protein synthesis,
as opposed to assembly and maturation of virus par-
ticles or host-cell entry. Only the nine compounds that
were active against YFV-IRES-Luc were tested in this as-
say, in which luciferase activity indicates the level of ge-
nome RNA replication. IC50 values are listed in Table 1
(IC50 YF-RLuc2A-RP). For the compounds D02, D04, and
D05, IC50 values obtained for inhibition of YF-R.luc2A-RP
replication are higher than those for inhibiting YFV-IRES-
Luc virus growth, while P02 has comparable activities

in viral growth and replicon assays. These results sug-
gest that compounds D02, D04, and D05 inhibit the vi-
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rus life cycle at steps other than replication, consistent
with inhibition of maturation or virus entry into cells as a
result of binding E protein, and P02 activity may in-
volve multiple targets.

Binding Measured by NMR. NMR, including satura-
tion transfer difference (STD) NMR, was used to directly
test the binding of a compound with antiviral growth ac-
tivity to either whole virus or isolated dengue E protein.
One compound only has been tested thus far due to the
substantial amount of whole virus or purified E protein
required for NMR. Ligand resonances appear in an STD
spectrum as a result of the transfer of magnetization
from the large-molecular-weight species to a bound
small-molecule ligand; efficient transfer is possible only
when the ligand and macromolecular protons are spa-
tially close.

STD measurements were first conducted in the pres-
ence of yellow fever virus for the compound P02, which
has the lowest IC50 (Table 1, 13 �M) for inhibiting YFV-
IRES-Luc virus growth. The results (Supplementary Fig-
ure S3) indicate P02 binds the virus. P02 likely associ-
ates with E protein given that E protein covers the entire
external surface of the virus and the lipid layer is largely
inaccessible (4).

To further test for specific binding of the compound
P02 to E protein and explore binding to the BOG pocket
targeted in the computational screening, NMR experi-
ments were conducted on purified dengue E protein
with BOG only and BOG in the presence of P02 to deter-
mine if P02 competes with BOG (drawn in Figure 4 along
with the nine compounds from Table 1). The reference
1D 1H spectrum of a mixture of P02 (0.45 mM) and BOG
(0.45 mM) in the absence of E protein is shown in
Figure 5, panel a. Resonances from BOG and P02 are la-
beled. Upon addition of dengue E protein at a concen-
tration (20 �M) too low to detect, the 1D spectral inten-
sities of the P02 resonances are significantly reduced
(Figure 5, panel b). The loss of intensity indicates that
P02 associates with E protein, and the unbound state
observed by the resonances in Figure 5 is in slow ex-
change with the E protein-bound state. On the other
hand, changes are imperceptible in Figure 5, panel b
for resonances from BOG, the known E protein ligand
(7), so that under the conditions of the experiment, BOG
is in fast exchange between the free and bound states.
The differences in the NMR exchange behavior of P02
and BOG indicate that the binding affinity of P02 is

greater than that of BOG. For the sample conditions
used here and assuming typical chemical shift differ-
ences between free and bound ligands, the slow ex-
change behavior of P02 is consistent with a dissocia-
tion constant of 1 �M or smaller.

P02

P02

BOG

BOG

8 17 6 5 4 3 2
ppm

a

c

b

d

e

× 5

× 5

4.0 3.0 2.0 1.0
ppm

Figure 5. NMR spectra (600 MHz, 277 K) to assess P02
binding to dengue E protein. a) 1D 1H reference spectrum
of P02 and BOG with the resonances labeled. The large
resonance at 4.8 ppm is from water. b) Same as panel a af-
ter addition of dengue E protein. c) 1H reference spectrum
of BOG plus dengue E protein with no irradiation. d) 1H
STD spectrum for sample shown in panel c with on-
resonance irradiation at �2 ppm. e) same as panel d after
addition of compound P02.
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Competition experiments were conducted to further
explore the nature of P02 binding. STD experiments
were measured by selective irradiation of E protein at
low concentration with either BOG only or BOG in the
presence of P02. The 1H spectrum of BOG plus dengue
E protein, without saturation of the E protein reso-
nances, is provided in Figure 5, panel c for reference.
The STD spectrum of this sample calculated from spec-
tra measured with and without saturation (Figure 5,
panel d) has strong signals corresponding to the BOG
resonances at 0.8 and 1.3 ppm. Thus there is efficient
magnetization transfer from E protein to BOG upon as-

sociation. Addition of P02 to this sample of BOG plus
dengue E protein results in nearly complete loss of inten-
sity from the BOG resonances in an STD spectrum
(Figure 5, panel e). The loss of these signals indicates
that association of BOG with E protein is greatly reduced
and that P02 competes with BOG for binding to E pro-
tein. (Resonances from P02 are not observed in the STD
spectrum because P02 is in slow exchange and magne-
tization is transferred to the bound-state P02 reso-
nances, which are too broad and low intensity to de-
tect in the STD spectrum.) The data in Figure 5 provide
unambiguous evidence that P02 associates with E pro-

Leu207 Thr280

Thr48

Gln271

Ser274

Asp203

Gln200

a b

c d

Figure 6. Binding features of the active compounds (Table 1) docked in the BOG channel of E protein. Ribbon drawing of E
protein colored light green for domain 1 and light blue for domain 2. The molecule is rotated �90° about a horizontal axis
from Figure 1. Ligands are shown by stick (panel a) or ball-and-stick (panels b�d) models. a) P02 contacts with selected
E protein residues drawn as sticks. b) Longer ligands P01, P02, and D05. c) Shorter ligands D03 and D04. d) Ligands M01
and M02 extend into the groove (upper right).
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tein and competes with BOG for binding. This competi-
tion supports the proposal that P02 binds in the BOG
pocket.

Assessment of Computational Screening. How the
scores of the nine compounds with antiviral activity
(Table 1) ranked during the course of the computa-
tional screening was examined to assess the utility of
screening three libraries, where D and M are relatively
small subsets of the P library, and the use of both
Gscore and Emodel rankings.

The nine compounds with antiviral activity, marked
by red triangles in Figures 2 and 3, are observed to come
from all three libraries; however, the compounds identi-
fied from the D and M libraries scored well below the
cutoff value used for the P library in stage 1 (see Sup-
porting Information) and did not pass the selection fil-
ter for screening the large P library. Therefore the objec-
tive of finding a set enriched with active compounds
was met, although the method may have failed to ex-
tract all potentially active compounds from the large
number of molecules in the structurally redundant P
library.

Gscore ranking at stage 1 screening of the large P li-
brary yielded active compounds, but Emodel ranking
did not. This result is shown by the occurrence of red tri-
angles to the left of the arrow in Figure 2, panel e,
whereas none occur in Figure 2, panel f (also shown in
Supplementary Figure 2). Because most compounds
with antiviral activity were identified by the Gscore and
Emodel rankings were less efficient, we conclude that
the predictive power of Gscore is superior.

Binding Site Interactions of Docked Compounds.
The BOG binding pocket is a channel with open access
at both ends so that linear molecules of different length
can be accommodated.

Details of the interactions predicted for P02, the com-
pound demonstrated here by NMR to bind E protein (see
above), are shown in Figure 6, panel a. As docked, P02
has high chemical complementary with the channel of
E protein. Numerous energetically favorable interactions
are observed, including many from the E protein polar
residues noted above. P02 heteroatoms are in close
contact with side chains of Gln200, Asp203, Gln271,
Ser274, and Thr48 and main chain peptide groups of
Thr280 and Ala50. Favorable hydrophobic contacts, il-
lustrated with Leu207 in Figure 6, panel a, are also
observed.

The docked structures for the nine compounds listed
in Table 1 cluster into three types of complexes (Figure 6,
panels b�d). P02 is oriented similarly to P01 and D05
(Figure 6, panel b), which are also relatively longer mol-
ecules and span the full length of the binding channel.
These ligands also make contact with the polar groups
from E protein located near the end of the channel
(Glu49, Gln200, Asp203, and Gln271). Exploitation of
these interactions in future design efforts could enhance
binding affinity and confer specificity, as previously rec-
ognized from simulations (17, 18). The docked orienta-
tions of compounds D02 and D04 (Figure 6, panel c) and
(M01 and M02 in Figure 6, panel d) are highly over-
lapped with the phenyl rings nearly superimposed and
located in a hydrophobic area of the barrel. M01 and
M02 have an additional group positioned to the right
in Figure 6, panel d and lies in a shallow groove in the
E protein surface (Figure 1). This additional contact area
has the potential to enhance binding affinity by burial
of hydrophobic surface of the protein and ligand.

Conclusion. A hierarchical four-stage computational
HTS was used to identify small-molecule compounds
that bind to the BOG pocket of the E protein of dengue
virus with the goal of developing antiviral agents against
flaviviruses. The screening reduced �142,000 mol-
ecules from three NCI libraries to only 23 top-ranked
compounds, which were tested for antiviral activity in
biological assays. P02 was demonstrated both to bind
E protein and to have antiviral activity. Moreover, P02
was shown by STD NMR to compete with BOG for bind-
ing to E protein, which unambiguously demonstrates as-
sociation of P02 with E protein and supports a binding
site that overlaps the BOG pocket targeted by computa-
tional screening. P02 binding in the BOG pocket is rea-
sonable in view of the numerous favorable intermolecu-
lar interactions between P02 and BOG-site residues
(Figure 6, panel a) in the modeled complex. The evi-
dence for binding E protein and the antiviral activity, to-
gether, support P02 as a strong lead compound for fu-
ture design efforts and provide a foundation for
exploring an antiviral mechanism based on disruption
of the essential viral process of maturation or cell entry
by stabilizing selected conformational states of flaviviral
structural proteins in a manner similar to that known
for rhinovirus (14, 19−22).

Three additional compounds (D02, D04, and D05)
were found to have activity against virus growth in the
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�M concentration range, while exhibiting reduced activ-
ity in a viral replication assay (Table 1). Although the cy-
totoxicity of these compounds infers a toxicity-mediated
viral reduction, this activity profile, which is consistent
with inhibition of the virus life cycle by blocking virus en-
try into cells or disruption of virus maturation, nonethe-
less renders these compounds worthy of consideration
for future development given the need and early stage of
identifying inhibitors against dengue virus.

In accordance with other recent studies (15, 16), the
results reported here are strong testimony to the value
of the computational screening approach. The objective
to identify ligands of dengue virus E protein relied on

computational docking with Glide. Ligand flexibility
was taken into account throughout the computation,
starting with the first stage of docking by use of course-
grained docking of explicit rotamers generated for all
compounds. Careful visual inspection of the complexes
after energy relaxation yielded the final set of the num-
ber of compounds targeted for biological assays. There
was no overlap in the top 50 ligand molecules ranked
out of the three libraries even though the D and M librar-
ies are subsets of the P library, and thus independent
screening of these three overlapping libraries selected
a unique set of potential E-protein ligands from each
library.

METHODS
Screening Strategy. A hierarchical four-stage protocol

(Scheme 1) was implemented for HTS against dengue E protein
using three NCI small-molecule libraries: diversity (D), mechanis-
tic (M), and plated (P). The objective was to balance the simula-
tion time and docking accuracy in order to select �50 com-
pounds, a small number amenable to visual inspection and
biological assays. Details on the setup and scoring are in Sup-
porting Information.

The initial screening stage used the SP docking procedure
in Glide (FirstDiscovery v2.7, Schrödinger, Inc.) (23, 24), de-
signed for handling a large number of compounds and minimiz-
ing the number of false negatives by using a “soft” potential
that permits minor steric clashes. Multiple conformations were
generated for each molecule in the library by exhaustive enu-
meration of the energy minima for the rotatable torsion angles
and prescreened for docking by eliminating high-energy con-
formers. Generated poses of a specific ligand conformer posi-
tioned in the active site were scored and ranked by Gscore and
Emodel functions, and the top 500 compounds from each of the
three libraries were selected to carry forward to the second
stage screening. Of the 500 compounds, 250 were selected on
the basis of Gscore ranking and 250 on the basis of Emodel
ranking. In the case of some number (N) of compounds ranked
at the top with both Gscore and Emodel, one-half of these (N/2)
were retained for each scoring function and the cutoff increased
until 250 compounds were selected. These 1500 compounds
defined the T3�500 set.

The second stage utilized the XP docking procedure of Glide
(23−25), which incorporates a more accurate, finer-grained
docking algorithm designed to eliminate false positives that sur-
vive the SP stage 1. As in SP docking, the XP protocol includes li-
gand flexibility by docking multiple conformers in a rigid recep-
tor, and the resulting complexes were ranked by both Gscore
and Emodel. The top 50 molecules from each of the three librar-
ies (25 from each ranking by Gscore or Emodel) generated the
T3�50 set of compounds.

Stage 3 involved thermal relaxation of the T3�50 set of mol-
ecules. The receptor�ligand complexes were refined by energy
minimization executed with the Liaison module (FirstDiscovery
v2.7). The energy was minimized by the truncated Newton
method with optimization of the atomic coordinates of all li-
gand atoms and protein atoms within 15 Å of any ligand atom
while the atomic coordinates of all other protein atoms were
fixed. The energy function was the OPLS-AA force field (26), in-

cluding van der Waals and electrostatic terms. Solvation was
modeled implicitly using the surface generalized Born model,
which includes the solvent reaction-field energy, Urxnf, and the
cavity energy, Ucav, proportional to the change in exposed sur-
face area of the ligand. A 10 Å cutoff was used for long-range in-
teractions. Energy minimization was carried out for 500 steps,
or until the system reached a root-mean-square gradient less
than or equal to 0.01 kcal mol�1 Å�1. This final stage gener-
ated the set T3�15, or 15 compounds from each of the P, D and
M libraries, selected on the basis of either the energy function
used for minimization (10 compounds) or Gscore (5 com-
pounds) criteria.

Stage 4 was visual examination of the selected complexes
and assessment of the compound physico/chemical features.
T3�15 molecules were evaluated for a maximal number of func-
tional groups, minimal solvent exposure and all ligand atoms
having significant contact within the binding site, maximal num-
ber of intermolecular hydrogen bonds, and balance between
the hydrophobic and hydrophilic groups of the ligand to main-
tain a proper partition coefficient.

YFV-IRES-Luc Virus Growth Assay. BHK cells were plated in a
96-well plate and grown at 37 °C. At confluency, cells were in-
fected with YFV-IRES-Luc virus at a MOI of 0.1. Details on cell
type and generation of YFV-IRES-Luc virus are in Supporting In-
formation. A low MOI was utilized to ensure that fewer cells were
infected so that spread of released virus could be monitored. Af-
ter 1 h of incubation with the virus, cells were overlaid with cul-
ture media containing serial dilutions of compounds at concen-
trations below the CC50 values (see below). Compound stock
solutions were in DMSO solvent. Controls included uninfected
cells, infected cells, and DMSO-treated infected cells. Cells were
incubated at 37 °C, 5% CO2 for �36 h and lysed using 50 �L
of Cell Culture lysis buffer (Promega Inc.), and 10 �L samples of
cell extracts were placed into a 96-well opaque plate. Lucif-
erase activity was determined from the luminescence gener-
ated with fire-fly luciferase substrate (Promega Inc.). Lumine-
scense was measured in a 96-well-plate luminometer, LMax II
(Molecular Devices). A reduction in luciferase activity indicates
inhibition of YFV-IRES-Luc virus growth. The luciferase lumines-
cence as a function of compound concentration was analyzed by
nonlinear regression analysis using GraphPad Prizm to esti-
mate the IC50 of each compound. The IC50 was defined as the
concentration of the compound to cause 50% reduction of lucif-
erase activity in infected cells as compared to the DMSO-treated
cells.
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YF-R.luc2A-RP Replication Assay. BHK cells were plated in a
96-well plate and grown at 37 °C. At confluency, cells were in-
fected with YFV pseudoinfectious particles (PIPs) (see Support-
ing Information) containing YF-R.Luc2A-RP. Cells were then over-
laid with culture media containing serial dilutions of compounds
at concentrations below the CC50 values. Controls included un-
infected cells, infected cells, and DMSO-treated infected cells.
Cells were incubated at 37 °C, 5% CO2 for �36 h and lysed us-
ing 50 �L of Renilla lysis buffer (Promega Inc.), and 10 �L
samples of cell extracts were placed into a 96-well opaque
plate. Luciferase activity was determined as described above.

Cell Viability Assay. In accordance with the manufacturer’s
protocol for determining cell viability as a measurement of cyto-
toxicity, BHK cells were plated in a 96-well plate at a conflu-
ency of �4 � 104 cells/well. The cells were incubated at 37 °C
for 24 h to a confluency of �5 � 105 cells/well, at which time
the cells were overlaid with culture media containing serial dilu-
tions of compounds. Compound stocks were generated by dis-
solving compounds in DMSO and added to the media to give a
final DMSO concentration of 1%. Untreated and 1% DMSO-only
treated cells served as positive controls. Cells were then incu-
bated at 37 °C, 5% CO2 for �36 h. At �36 h post-treatment, the
media on the cells was replaced with fresh media to remove
the compounds. Next, 10 �L of XTT-substrate from the Quick
Cell Proliferation Kit was added to each well. Cells were incu-
bated at 37 °C for a further 2 h. Plates were then removed, and
the optical density, OD450, was measured using a 96-well plate
reader (Molecular Devices) to determine the amount of formazan
dye generated by cellular mitochondrial dehydrogenases, as an
indicator of cell viability. CC50 is the concentration of compound
that reduces the OD450 value by 50% compared to that for
DMSO-only treated cells. OD450 values for untreated cells were
nearly equal to those for DMSO-only treated cells.

STD NMR. STD NMR experiments (27) were performed on a
Varian 600 MHz spectrometer at 277 K, without sample spin-
ning. E protein purification is described in Supporting Informa-
tion. Samples were in 12 mM d-Tris, 100 mM NaCl, 95% D2O,
and 5% d-DMSO solution. 1D STD spectra were obtained via
phase cycling by subtracting an on-resonance FID, with selec-
tive saturation of protein resonances at �2 ppm, from an off-
resonance FID, with saturation at 30 ppm, using a series of
50 ms Gaussian-shaped saturation pulses (2 s total saturation
time) and a 2-s recycle delay. For high quality data, 1D 1H STD
spectra were recorded with 10 K data points covering 8000 Hz,
and up to 16 K difference scans were accumulated. During the
signal accumulation, FIDs over different time periods (320
scans, �1280 scans, and �10 K scans) were stored separately
to compare against one another.
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