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The 14 kDa homodimeric N1L protein is a potent vaccinia and variola (smallpox) virulence factor. It is
not essential for viral replication, but it causes a strong attenuation of viral production in culture when
deleted. The N1L protein is predicted to contain the BH3-like binding domain characteristic of Bcl-2
family proteins, and it is able to bind the BH3 peptides. Its overexpression has been reported to prevent
infected cells from committing apoptosis. Therefore, interfering with the N1L apoptotic blockade may
be a legitimate therapeutic strategy affecting the viral growth. By using in silico ligand docking and an
array of in vitro assays, we have identified submicromolar (600 nM) N1L antagonists belonging to the
family of polyphenols. Their affinity is comparable to that of the BH3 peptides (70-1000 nM).We have
also identified the natural polyphenol resveratrol as a moderate N1L inhibitor. Finally, we show that
our ligands efficiently inhibit growth of vaccinia virus.

Introduction

The 14 kDa homodimeric N1L protein is a potent vaccinia
and variola (smallpox) virulence factor1-6 and possibly for
other DNA viruses.7-11 It is not essential for viral replication,
however, when deleted, it causes the strongest attenuation of
viral production in culture.2,4 Its deletion also reducesmortality
of intracranially infected mice by a factor of 10000.2 Recent
determinationof theN1Lcrystal structure showed its structural
similarity to Bcl-2 antiapoptotic family members, however it
doesnot sharewith themsignificant homologyat the level of the
amino acid sequence,5,6 and small molecule inhibitors, anta-
gonizing its activity, have not been identified previously.

Although the exact role of N1L in vaccinia virus life cycle is
not fully understood, several recent reports suggest its involve-
ment in modulating cellular apoptotic machinery.6,12 For
instance, its overexpression interfereswith induced apoptosis.6

The strong viral growth attenuation of N1L knockouts sug-
gests that the apoptotic blockade is a rather critical event in the
virus life cycle. Therefore, the specific inhibition of the N1L
apoptotic blockade should have debilitating effects on virus
growth. In addition to poxviruses, several other DNA viruses
encode Bcl-2 like antiapoptotic proteins. For example, these
proteins are encoded by gammaherpesviruse Epstein-Barr
virus,7 Kaposi’s sarcoma-associated herpesvirus,8 murine
gammaherpesvirus 68,11 alphaherpesvirus Marek’s disease
virus,9 andAfrican swine fever virus.10 Thus, N1L antagonists
and their derivatives could have rather broad therapeutic
applications.

The N1L protein is predicted to contain the putative BH3-
like binding domain characteristic of Bcl-2 family proteins.
However, neither the exact mode of binding of BH3 peptides
to N1L has been elucidated nor have small molecule binders
been identified previously. We have addressed the lack of
structural information by merging in vitro and in silico
methods in the same iterative protocol in which each round
of in silico modeling and ligand screening was followed by
comprehensive in vitro testing employing independent bio-
chemical and biophysical methods. To model possible con-
formational changes of N1L upon ligand binding, we have
implicitly incorporated the protein flexibility by treating its
structure as a collection of conformational subensembles.
Although the idea of using multiple receptor conformations
for in silico ligand docking is not new,13-19 we look at its
application for a given problem from a different perspective.
We assume the validity of the energy landscape theory of
protein folding, which views a protein as an ensemble of
energetically similar conformers on a rugged energy landscape
biased toward the native structure.20-27 The protein confor-
mers are in dynamic equilibriumwith eachother, which canbe
shifted by such factors as presence of ligands. This ligand-
induced conformational equilibrium shift ultimately trans-
lates into an observable biochemical effect, which helps
to identify protein conformers specifically interacting with
a ligand. By feeding back this information, we refine the
structures of both protein conformers and inhibitor scaffolds.

Iterative application of in silico protein modeling, virtual
ligand screening (VLSa), and thorough biochemical evalua-
tion of the hits have led to the discovery of submicromolar
inhibitors of theN1LBH3-likedomain (IC50=600-900nM)
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belonging to the family of polyphenols. The leading N1L
antagonists are specific to N1L and possess insignificant affinity
toward its cellular homologues Bcl-2 and Bcl-XL. Several of the
discovered N1L antagonists efficiently inhibited VacV-GFP
virusgrowth(viral IC50=2-17μM),while exhibitingminimum
nonspecific cytotoxicity in control experiments at concentrations
up to 150 μM. Additionally, we have identified resveratrol, a
natural polyphenol, as a moderate N1L antagonist.

Results

Modeling of the Putative N1L-Bim Peptide Complex and in

SilicoDockingExperiments.Asofnow, the crystal structureof
the complex of N1L with BH3 peptide substrates is not avail-
able. Further, no significant amino acid sequence similarity can
be observed with other known Bcl-2 family proteins (Support-
ing Information Figure 1). Moreover, the visual appearance of
the molecular surface of its putative BH3-binding site bears
little resembles to that of Bcl-XLandBcl-2, which is characteri-
zed by a well-defined groove, formed by several helices con-
taining BH regions6 (Supporting Information Figure 2B). The
equivalent N1L helices are tightly packed together, forming
a closed apo-N1L structure, where the binding groove is buried
within (Supporting Information Figure 2A). Therefore, for
N1L to be able to bind BH3 peptides, it must undergo the con-
formational change. The relatively lowaffinity of BH3peptides
toward N1L (71 to >1000 nM, compare with 2-10 nM for
Bcl-XL)6 is in agreement with this observation.

The initial approximation of the open N1L conformation
was obtained by docking Bim peptide from the human Bim
protein into the putative BH3 binding site (see Experimental
Section). The peptide docking resulted in the opening of a large

groove similar to the one observed in Bcl-XL (Supporting
Information Figure 2A). The groove is formed by helices R2,
R3, andR5.The equivalenthelices inBcl-XLcontain important
BH regions (Supporting Information Figure 2B). We have
retained 125 low energy conformations of the holo-N1L struc-
ture generated during peptide docking experiments so that the
conformational change can be approximately described as a
conformational ensemble. All of these conformers were used
for in silico ligand docking experiments.

Thedocking sitewasdefined in the centerofmostlypositively
charged cavity formed at the Bim peptide-binding site. This
cavity is completely concealed within the closed N1L confor-
mation (Supporting Information Figure 2A). The molecular
surface region with similar charge distribution can be observed
in the Bcl-XL peptide-binding groove and is formed by BH
regions (Supporting Information Figure 2B). During iterative
rounds of ligand optimization, the chosen docking site was
further refined to accommodate improved ligand structures.

The predicted binding mode of a select ligand is shown on
Supporting Information Figure 2A. In a given binding mode,
the ligand is predicted to strongly interactwithN1LhelicesR2
and R5, which are equivalent to Bcl-XL helices containing
BH1 andBH3 regions.Note that during optimization rounds,
hundreds of N1L conformers were accumulated. The con-
formers were organized into subensembles depending of the
docking scores of validated ligands. Within a conformational
subensemble, associated with a particular ligand, multiple
predicted binding modes of a ligand could be observed.

From the ligand structures presented in Table 1, it is easy
to recognize that they belong to a family of polyphenols, an
important class of biologically active compounds.Thepredicted

Table 1. Best N1L Antagonists Obtained at Each Scaffold Optimization Rounda

a In parentheses, ligand IDs correspond to those in the Supporting Information Table 1. Optimization round is indicated by a roman numeral next to
ligands ID. Best IC50 values shown. *Resveratrol was added to the compound set because of its structural similarity to ligand 3. The octanol-water
partitioning XLogP coefficients of the compounds were obtained from the PubChem database (http://pubchem.ncbi.nlm.nih.gov).
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multiple mode binding of the discovered ligands is consistent
with their chemical nature and certain structural symmetry.
Polyphenols are negatively charged under the physiological
conditions and form strong electrostatic interactions with a
mostly positively charged binding site cavity.

Recently, such polyphenols as gossypol and its derivatives
have been reported to antagonize Bcl-2 family of proteins.28,29

Importantly, the ligand8 (Table1),discoveredonthe thirdround
of the optimization protocol, is the superstructure of gossypol
and its close derivatives, apogossypol and apogossypolone.28,29

Determination of IC50 Values for N1L Ligands. The
top hits, predicted in in silico ligand docking experiments,
were obtained from NCI and tested for interference with the
BH3peptide binding toN1L. The competitive IC50 values were
determined by fluorescence polarization assay (FPA), as des-
cribed in the Experimental Section (Table 1, Supporting In-
formation Table 1). Three rounds of ligand scaffolds optimiza-
tion have led to over 8-fold improvement of their affinity. The
best obtained IC50 values are in submicromolar range (between
600 and 900 nM, Table 1), which is comparable with the repor-
ted affinity of BH3 peptides (71 to over 1000 nM).6 For several
ligands, IC50 values were also determined at multiple N1L con-
centrations todemonstrate IC50 dependenceonprotein concen-
tration (Supporting Information Table 1) and to obtain better
IC50 values at low N1L concentration (IC50 asymptotically
approaches true KD with decreasing receptor concentration).
Unfortunately,wewerenot able todecreaseN1Lconcentration
below 500 nM due to the assay sensitivity limitations.

The obtained IC50 values were used to rationalize the hits
selection for the subsequent round of in silico ligand scaffold
optimization. Twomain criteria were applied while selecting
hits for optimization: (1) improved IC50; (2) insignificant
cross-reactivity with Bcl-XL and Bcl-2 proteins. The hits,
selected at each round of optimization, are highlighted in the
Supporting Information Table 1.

In parallel to N1L, the ligands were assayed against
structurally related cellular antiapoptotic proteins Bcl-2
and Bcl-XL (Figure 1). These proteins were assayed together
with N1L on the same plate and at the same time. Note that
incomplete titration curves are shown for Bcl-2 and Bcl-XL
(ligand saturation was not achieved in an indicated concen-
tration ranges) solely to demonstrate that given ligands
poorly interact with these proteins. These experiments al-
lowed for addressing issues of ligand specificity. The ligands,
determined to bind well to all three proteins, were discarded
from further scaffold optimization rounds. Additionally, the
current database of N1L conformers was updated by dis-
carding those conformers where the cross-reacting ligands
scored the best in in silico docking experiments.

Equally importantly, the cross-reactivity testing allowed
the implicit identification of the nonspecific promiscuous
compounds. The FPA assay is sensitive to such experimental
artifacts as a ligand fluorescence quenching, and the ligand-
induced peptide or protein aggregation because of the limited
compound solubility or its strong nonspecific interactions
with peptide and/or protein. Thus, a compound, inducing
the decrease of the fluorescence polarization equally well in
the experiments with all three proteins, is potentially a non-
specific promiscuous ligand.

The vaccinia virus contains another Bcl-2-like antiapop-
totic protein closely related toN1L, F1L.12 At the last round
of optimization, we have screened several of our ligands
against recombinant F1L protein and determined that our
best N1L antagonists also efficiently bind to F1L (Figure 1).

Differential Scanning Calorimetry Experiments. In addi-
tion to FPA experiments, we have assessed the thermo-
dynamicsof ligand interactionwithN1Lbydifferential scanning
calorimetry (DSC) (Figure 2) at each round of scaffold optimi-
zation. DSC measures the effects of ligand binding on protein
melting temperature and enthalpy of unfolding. The melting
temperature is the measure of quality of packing of protein
tertiary structure, while the enthalpy of unfolding (area under
DSC peak) is proportional to tertiary structure content of a
protein.

Figure 1. Determination of IC50 values of select N1L antagonists by
fluorescence polarization experiments. (A) Ligand 7: IC50(N1L)=
0.6 μM, IC50(F1L)=1.4 μM. (B) Ligand 11: IC50(N1L)=0.9 μM,
IC50(F1L)=1.7μM. (C)Ligand12: IC50(N1L)=0.9μM,IC50(F1L)=
0.6 μM, IC50(Bcl-2)=4.7 μM, IC50(Bcl-XL)=8.5 μM.FPA, normal-
ized fluorescence polarization; Log([L],M), decimal logarithm of the
ligand concentration in M. Data were fit to the variable slope
dose-response equation. FPA assay was performed as described in
the Experimental Section. Incomplete titration curves (ligand satura-
tion was not achieved in a given concentration range) are shown for
Bcl-2 and Bcl-XL in (A) and (B) solely to demonstrate poor ligand
binding to these proteins.
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All of the tested ligands induced decrease of the N1L
melting temperature, suggesting that N1L assumes more
flexible and open conformational state upon ligand binding,
which also might influence its homodimeric state. The
broadening of the DSC peaks indicated presence of multiple
protein species in the system. Interestingly, in spite of
decrease of melting temperature, the binding of the majority
of ligands had little or no effect of enthalpy of unfolding

(except for ligand 12). In the case of ligand 11, the increase
of enthalpy of unfolding and slight decrease of melting
temperature were observed (Figure 2B). Collectively, the
DSC data are consistent with an assumption that the bind-
ing of ligands must induce strong conformational changes
of N1L.

The same experiments were conducted with stable mono-
meric I6K N1L mutant (Figure 2C). As expected, the mono-
meric N1Lmutant is at least as stable as wild type dimer. The
presence of select ligands also did not have any dramatic
effects on its unfolding, indicating that these ligands do not
significantly interact with stable monomeric form of N1L.

Analytical Ultracentrifugation Studies.Modeling and DSC
studies suggested that the binding of a small molecule to N1L
is possible only after a significant rearrangement of its tertiary
structure. This rearrangement might alter the subunit inter-
face and affect the stability of a dimer. To determine if the
ligand binding has any effect on the homodimeric state of
N1L, the analytical ultracentrifugation (AUC) experiments
were conducted for select ligands (Supporting Information
Figure 4). In the absence of ligands, the equilibrium constant
of N1L dimerization (KD) was 6 nM. The ligands 7 (100 μM)
and 11 (100 μM) clearly destabilized the N1L dimer by
increasing KD to 3.3 and 8 μM, respectively.

Antiviral Properties of N1L Antagonists. The antiviral
properties of N1L antagonists were studied in CV1 and
HT1080 cells using a green fluorescent protein (GFP)-expres-
sing recombinant vaccinia virus (Figure 3, Supporting Infor-
mation Figure 5). The Supporting Information Figure 5
presents raw assay data collected for certain ligands. Addi-
tionally, it provides examples of both toxic and nontoxic
ligands.

Figure 2. Thermodynamics of ligands interaction with N1L as
determined by differential scanning calorimetry. (A) (-), N1L, 71
μM, DMSO only, Tm=58.6 �C, ΔH=13.1 kcal/mol; ligand 3, 214
μM, Tm 54.4 �C,ΔH=11.0 kcal/mol; ligand 6, 71 μM, Tm=57.5 �C,
ΔH=8.7 kcal/mol; resveratrol: 214μM,Tm=54.2 �C,ΔH=10.3kcal/
mol. (B) (-), DMSO only, Tm=57.2 �C,ΔH=16.1 kcal/mol; ligand
7: 106 μM,Tm=54.9 �C,ΔH=12.3 kcal/mol; ligand 9, 106 μM,Tm=
52.3 �C,ΔH=17.8 kcal/mol; ligand 11, 106 μM, Tm=56.3 �C,ΔH=
20.3 kcal/mol; ligand 12, 106 μM, Tm=48.6 �C,ΔH=11.2 kcal/mol.
(C) N1L, 71 μMprotein, DMSO, Tm=58.6 �C,ΔH=13.1 kcal/mol;
N1L-Resv, 71 μM protein, 214 μM resveratrol, Tm=54.2 �C, ΔH=
10.3 kcal/mol; N1L I6K, 71 μMprotein, DMSO,Tm=61.5 �C,ΔH=
15.8 kcal/mol; N1L I6K-Resv, 71 μM protein, 214 μM resveratrol,
Tm=61.1 �C, ΔH=15.9 kcal/mol.

Figure 3. Inhibition of vaccinia virus growth by N1L antagonists.
(A) VacV-GFP growth inhibition EC50 values obtained in CV1 and
HT1080 cell lines. (B) Ligand cytotoxicity in the absence of VacV-
GFP. The indicated ligands were added to the cells at 150 μM. The
ligand numbering corresponds to that of the Table 1.
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The viral growth inhibition potency of certain ligands
achieved 2-18 μM (cellular EC50), while no significant non-
specific cytotoxicity was observed at compounds concentra-
tions above100μM(ligands2,9, and11). Thus, evenourworst
ligand (9, EC50 = 18 μM) has a maximum working concen-
tration toEC50 ratio of 5.6 (best being 50 for ligand 2), which is
sufficient for complete and specific inhibition of viral growth.

Purification and Characterization of N1L Monomeric

Mutants. The following mutations were chosen based on the
calculated decrease of the free binding energy (see Experi-
mental Section) of the dimer subunits relative to the wild type
N1L: I6K, I6H, E92R, and E92C. The mutations are located
on the well-defined hydrophobic interface of the N1L dimer,
opposite of the putative BH3-like domain. The mutants were
purified, and their oligomeric statewas assessedbybothFPLC
and AUC. From the above mutants, the I6K mutant did not
exhibit detectable oligomerization as determined by both
methods and was chosen for further experiments.

Discussion and Conclusions

The eukaryotic viruses usually require several days to
achieve maximum production of progeny viral particles with-
in the infected cells. The massive virus multiplication allows
the virus to spread to other cells. Higher eukaryotic cells have
evolved mechanisms aimed at slowing or stopping the virus
replication cycle. The most important of these mechanisms is
the induction of self-destruction in the process of apoptosis.
The triggering of apoptosis results in destructionofmitochon-
drial function by recruiting Bak and Bax proteins. The Blc-2
proteins act as signal transduction checkpoint regulators of
mitochondrial destruction by modulating the activity of Bak
and Bax proteins through heterodimerization.

During their evolution, viruses have developedmechanisms
to block apoptosis, permitting completion of their replication
cycle, by expressing proteins mimicking Bcl-2 function. The
presence of Bcl-2 like proteins in the genome of several DNA
viruses, including vaccinia and smallpox, suggests an impor-
tance of the apoptotic blockade for their life cycle. Therefore,
targeting viral proteins, which manipulate host cell apoptotic
signaling pathways, could be a promising point of the ther-
apeutic intervention.

Designing smallmolecule inhibitors, interferingwithprotein-
protein interactions, has long been recognized to be the most
challenging problem of the modern rational drug discovery.
The strong binding of a small molecule to a protein-protein
interface must be accompanied by a free energy gain compar-
able to that of the binding of a significantly larger molecule
(bindingof apeptideor aprotein takesplace acrossmuch larger
interface). Thus, for a smallmolecule tobe able to competewith
a protein or peptide, its binding must induce such a receptor
conformational change that would significantly contribute to
the decrease of overall free energy of a system. The bottleneck
of the problem is an inability of available in silico methods
to reliably model the ligand-induced protein conformational
changes.

Previously, it has been demonstrated that an implicit treat-
ment of an “induced-fit” of a receptor by using multiple
representative conformers is sufficiently accurate for purposes
of drug discovery.30-32 In this work, we treat a receptor as
an ensemble of multiple representative conformers. However,
we look at the application of this method from a different
perspective.

Specifically, we assume the validity of the energy landscape
theory of protein folding, which describes a folded protein as

a dynamic ensemble of energetically close conformers biased
toward the native structure.20,25,33-40 We use the framework
of this theory to formulate the logistics of hit discovery and
optimization and to test it in a real-life application.

As was pointed out by Friere36 and Ma et el.,37 the ligand
binding could be viewed as a “lock-and-key” binding to an
“induced-fit-like” states already present within a conforma-
tional ensemble representing the folded state of a protein. If
a ligand binds to one of the “induced-fit-like” states with
sufficient free energy, then this particular state becomes the
most populated and the overall protein folded state is chan-
ged. The change of the receptor folded state ultimately
translates into an observable biological effect.

There could be many “induced-fit-like” states, and po-
tentially there are many ligands that could bind and stabi-
lize these states. The binding of a nonspecific ligand can be
pictured as multiple modes binding to an array of receptor
conformers. Such treatment of a ligand binding simplifies
the task of finding the initial hits; a diverse set of receptor
conformers, roughly approximating the putative induced-
fit-like state, should lead to a discovery of weak, nonspecific
binders. This conformer set was constructed from suben-
sembles generated during the peptide docking experi-
ments. The application of VLS (see Supporting Informa-
tion and Experimental Section) using this conformational
set resulted in the identification of several low affinity bin-
ders (Table 1, Supporting Information Table 1, Support-
ing Information Figure 3, round 1). The affinity of these
binders was significantly improved after two iterations of
optimization protocol.

It is easy to see that the majority of the discovered ligands
belongs to the family of polyphenols, an important class of
biologically active compounds. Polyphenols, in spite of high
aromatic content, are rather soluble in aqueous solutions due to
the labile protons of hydroxyl groups attached to the phenyl
rings. The predicted octanol-water partitioning coefficients
(XLogP,41 http://pubchem.ncbi.nlm.nih.gov) of approximately
half of the compounds are well within the range, acceptable for
drug-like smallmolecules (<5.0, although tamoxifeneXLogP=
8.3). Moreover, the ligand 8 is a superstructure of gossypol,29

apogossypol,28 apogossypolone,42 and their numerous deriva-
tives,whicharewell-characterizedBcl-XL/Bcl-2 ligands. It is not
surprising that the ligand 8 is a poor antiviral, due to its cross-
reactivity with Bcl-XL and Bcl-2, resulting in cytotoxicity in
uninfected cells (Figure 3B). Interestingly, we have discovered
that natural polyphenol trans-resveratrol is a moderate N1L
inhibitor and a weak Bcl-XL inhibitor (IC50=190 μM). These
findings are consistent with several reports of its antiviral
activity.43-45

The inspection of the Supporting Information Table 1
reveals that the discovered ligands lack consistency in both
structure andpotency.The severity of structural inconsistency
actually prevents theR-group analysis or any other attempt to
correlate ligand structures with their affinities. However, the
overall improvement of affinity and specificity is observed
from one round of the optimization to another. The ligand
structure and potency inconsistencies are the side effects of
the receptor-centered ligand scaffold optimization strategy
employed in this work. The lock-and-key paradigm, which
follows from the energy landscape theory of protein folding,
implies that multiple ligand scaffolds target multiple receptor
conformers with possibly different affinities. To structurally
diversify the ligand set in the course of in silico hits derivatiza-
tion, we deliberately used chemical fingerprints as a chemical
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similarity measure (see Supporting Information and Ex-
perimental Section) to maximize the scaffold hopping. This
strategy has led to the broadening of the ligand optimization
“tree” (Supporting Information Figure 3B) and increasing of
the chances to discover cell-permeable, nontoxic, and specific
ligands.

As expected, the binding of ligands to N1L induces major
protein conformational changes, manifested in decrease of
N1L melting temperature (Figure 2). The decrease of melting
temperature upon ligand binding is often considered to be an
alarming sign of nonspecific nature of its interactions with a
protein. However, in many cases, the decrease of melting
temperature indicates that upon ligand binding, protein adapts
more open/flexible conformation. For instance, cofilin binding
to F-actin decreased F-actin melting temperature by∼10 �C,46
while F-actin binding to plectin ABD decreased plectin ABD
melting temperature by ∼5 �C.47 In the case of N1L, the
decrease ofmelting temperature ismostly due to itsmonomeri-
zation, as was confirmed by AUC experiments. The mono-
merization of native homodimeric form of N1L (KD = 6 nM
vs KD = 8 μM in the presence of ligand 11) is thermodynami-
cally possible only if individual subunits are driven by a ligand
binding into an energetically similar to, ormore favorable than,
corresponding conformational state within a homodimer. The
increase of enthalpy of unfolding of N1L and insignificant
decrease of itsmelting temperature in the presence of the ligand
11 indicates this transition (Figure 2B).

The effects of ligand binding onto oligomeric state of N1L
indicated possible biological importance of the homodimeric
state of N1L. To further investigate this phenomenon and to
validate that the observed monomerization of wild type N1L
caused by specific interactionswith ligands, we have designed,
expressed and purified stable monomeric N1L mutant I6K
(N1L I6K). The DSC experiments performed with select
ligands and I6K, suggested that these ligands do not signifi-
cantly interact with N1L I6K (Figure 2C). Importantly, the
mutation has caused an increase of the enthalpy of unfolding
and a slight increase of the melting temperature, indicating
thermodynamic stabilizationof the individual subunits. These
results are consistent with the binding of the ligand 11 to the
wild type N1L (Figure 2B), which manifested in enthalpy
increase and insignificant decrease of melting temperature.

Finally, we have investigated the antiviral properties of the
most potent and specific N1L antagonists obtained at differ-
ent rounds of ligand optimization (Figure 3, Supporting
Information Figure 5). Several ligands exhibited potent anti-
viral properties by efficiently inhibiting production of VacV-
GFP virus while showing little nonspecific cytotoxicity in
control experiments. The key to success of these studies was
that the ligand specificity issue was addressed by testing the
N1L ligands for cross-reactivity against other proteins from
Bcl-2 family such as Bcl-XL and Bcl-2. This testing was
routinely performed at each round of optimization. The
nonspecific ligands, interacting with all three proteins, were
discarded from following rounds of scaffold optimization
together with their associated receptor conformer subensem-
bles (see Supporting Information and Experimental Section).
This step eliminated the majority of nonspecific ligand scaf-
folds, which bind to induced-fit-like states energetically favor-
able for all three structurally related proteins and are cytotoxic
to cells because of their suppression of cellular Bcl-2 family
proteins.

Interestingly, vaccinia virus contains another Bcl-2-like
antiapoptotic protein, F1L.12 We have screened several of

our ligands against recombinant F1L protein and determined
that their affinity to F1L is comparable to that of N1L
(Figure 1). This unplanned off-target activity of the N1L
ligands might strengthen their antiviral potency.

In summary, we have discovered several potent and specific
N1L antagonists, which possess strong vaccinia virus growth
attenuation properties. The discovered ligands belong to a
family of polyphenols, a class of compounds attracting signi-
ficant attention as drug candidates.28,42 We have demons-
trated that, in those cases, where inhibition of close receptor
homologues is undesirable, the ligand specificity can be
achieved by targeting receptor “induced-fit-like” conforma-
tions that are energetically less favorable for its homologues.

Experimental Section

Protein Expression and Purification. Recombinant N1L pro-
tein and its monomeric mutants were overexpressed and puri-
fied as previously described.6 Recombinant human Bcl-XL and
Bcl-2 proteins were prepared as previously described.48 Recom-
binant F1L protein, lacking both N-terminal and C-terminal
transmembrane regions, was purified as follows. The F1L
DNA sequence coding for residues 35-190 was amplified from
vaccinia Western Reserve (WR) by PCR and subcloned into
pGEX plasmid (Novagen) as an N-terminal GST-fusion. The
GST-tagged F1L was expressed in Escherichia coli (E. coli)
BL21(DE3) cells. The protein expression was induced with
500 μM IPTG at 20 �C for 18 h. The cell pellets were homo-
genized in PBS. The cell lysate containing GST-F1L was loaded
to a glutathione Sepharose 4B column (GE Healthcare) and
washed with five column volumes of PBS. The GST tag was
removed by incubating beadswith bound proteinwith thrombin
(0.5 μg/mL) at room temperature overnight. Then F1L was
eluted with PBS. The protein was further purified with a Super-
dex 200 column in 20 mM Tris pH 8.0, 100 mM NaCl, 5 mM
β-mercaptoethanol.

Fluorescence Polarization Assay. Binding of N1L, F1L, Bcl-
XL, andBcl-2 to the BH3domains of several Bcl-2 family proteins
was quantified using fluorescence polarization anisotropy-based
peptide binding assays.48 Fluorescein isothiocyanate (FITC)-
conjugated synthetic peptides comprising the BH3 domains of
pro-apoptotic Bcl-2 proteins (BH3-Bim, FITC-aminohexanoyl
(Ahx)-DMRPEIWIAQELRRIGDEFNAYYAR;BH3-Bak, FITC-
Ahx-PSSTMGQVGRQLAIIGDDINRRYDS) were prepared
at the Burnham Institute’s medicinal chemistry core facility.
Varying concentrations of proteins were incubated with 10 nM
of the corresponding peptides: N1L, Bcl-XL, which were incu-
bated with BH3-Bak, while F1L, Bcl-2 were with BH3-Bim. The
resulting change of fluorescence polarization was measured on
Analyst TM AD assay system (LJL Biosystems) and used to
calculate IC50 values.

Differential Scanning Calorimetry. DSC experiments were
performed at a scanning rate of 1K/minunder 3.0 atmofpressure
using N-DSC II differential scanning calorimeter (Calorimetry
Sciences Corp, Provo, UT). DSC samples contained PBS buffer,
1.0mg/mLN1L, 2 or 5%DMSOand107 or 214μMcompounds.

Analytical Ultracentrifugation. Sedimentation equilibrium ex-
perimentswere performed in ProteomeLabXL-I (BeckmanCoulter)
analytical ultracentrifuge. N1L samples in PBS at concentrations
0.45, 0.15, and 0.05 mg/mL were loaded in six-channel equilibrium
cells and spun in a An-50 Ti 8-place rotor at 20000 rpm, 20 �C, for
24 h. AUC samples also contained 2% DMSO and between
50 and 100 μM compounds. Data were analyzed using Hetero-
Analysis software (by J. L. Cole and J. W. Lary, University of
Connecticut). The best fit of the sedimentation equilibrium data
for N1L alone and in the presence of ligand 12 was achieved
using themonomer-dimer-tetramer equilibriummodel, and in
the presence of ligands 7 and 11 using the monomer-dimer
equilibrium model.
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Modeling of Bim Peptide Binding and Construction of Sub-
ensemble Collection. The complex of N1L with Bim peptide was
modeled by in silico docking of peptide at the putative BH3-like
domain. The starting complex conformation was built by super-
imposition of N1L crystal structure (2I396) with the crystal
structure of Bcl-XL in complex with Bim peptide (1PQ149). The
conformational change of single N1L monomer upon ligand
binding was modeled by globally optimizing the initial model of
the complexwithbiased probabilityMonteCarlo (BPMC).50The
BPMC was performed in internal coordinates space as imple-
mented in the ICMprogram.51Thedocking simulationbyBPMC
was set up as follows. The flexible region of the N1L monomer
was defined as an amino acid stretch encompassing residues
from L29 to I66. This sequence stretch is composed from three
clearly defined loops (L29-D35, L50-G53, Q61-I66) and two
R-helices (D36-T49, P54-N60). For the residues comprising
the loops, both the side chain χ and backbone j, ψ angles were
unfixed, while for the residues comprising R-helices only side
chain χ angles were unfixed. In addition to these angles, the side
chain χ angles of amino acid residues within 10 Å of the Bim
peptidewere unfixed. The rest of theN1Lmonomer structurewas
held constant. The Bim peptide was fixed at its initial position by
weighed harmonic restraints, and its side chain χ angles were
unfixed. During the minimization run, the weight of harmonic
restraints was gradually diminished, allowing the peptide to
move. At the end of theminimization, top 25 low energy complex
conformations were retained. Then the peptide was removed
from the ICM complex object. For each of the N1L conforma-
tions, the side chain χ of amino acid residues within 10 Å of the
Bim peptide were unfixed, the conformations were “relaxed” by
BPMC, and the top four conformations together with the initial
“bound” conformation were retained. The outlined procedure
resulted in the construction of conformational stack containing
25 subensembles each composed of five conformers (125 con-
formers total).

Virus Inhibition and Cytotoxicity Assays. CV-1, HeLa, and
HT1080 cells (ATCC nos. CCL-70, CCL-2, and CRL-12011
respectively) were grown in the Dulbecco’s Modified Eagle
Media (DMEM) (Mediatech) containing 10% fetal calf serum
(FCS) (HiClone), 4.5 g/L glucose, L-glutamate, pyruvate, and
1000 U/mL Pen-Strep (Omega) in a 37C incubator with 5%
CO2. The vaccinia virus strain WR (VacV-WR) (ATCC no.
VR-119) and the recombinant virus VacV-NP-GFP expressing
green fluorescent protein (GFP) fused to the influenza virus
nucleoprotein52 (provided by Shane Crotty, La Jolla Institute
for Allergy & Immunology) were grown in the media contain-
ing 2.5% FCS. The confluent monolayers of cells in 96-well
plates (seeded at 1-2 � 104 cells/well 12 h before use) were
infected with VacV-NP-GFP at multiplicity of infection (MOI)
of 0.05-0.1 for 1 h before addition of the compounds. All ex-
periments were conducted in duplicates. Controls included rif-
ampicin or no compound. Compounds were added in 3-fold
dilutions. After 2.5 days incubation, the media was replaced
with phosphate-buffered saline (PBS), and the GFP fluores-
cence (Ex/Em= 485 nm/535 nm) of VacV-NP-GFP-infected
cells was measured using PHERAstar (BMG Labtech). The
cell viability was measured in uninfected cells under the same
conditions using the ATPLite assay following the manufac-
turer protocol (PerkinElmer). The inhibitory concentrations
(IC50) and toxicity concentrations (TC50) were calculated using
Prism-5 (GraphPad). TC50s of fairly nontoxic compounds were
estimated using their max concentration (150 uM). The inhi-
bition of VacV-WR was validated by incubation 130 uM of
compounds 16 and 50 (or 100 μg/mL of rifampicin as a control).
The virus titer was measured by the plaque assay after a 1.7-day
incubation of a compound with CV-1 cells infected at MOI =
0.05 and 1.0.

Ligand Source and Compound Databases. All ligands used in
this work and corresponding databases in SDF format were
obtained from “The NCI/DTP Open Chemical Repository” at

http://dtp.nci.nih.gov . The compounds were all greater than
95% pure as certified by the supplier (NCI DTP Discovery
Services). The database for discovery of initial low affinity hits
was constructed by further clustering by chemical fingerprint
similarity the NCI drug-like database. The ligand NCI/DTP
accession numbers (NSC) are provided in the Supporting In-
formation Table 1. The ligands were dissolved in 100% DMSO
and stored at -20 �C until further use.

Design of Monomeric N1LMutants. The necessary mutations
were identified as follows. The set of potential mutation sites was
compiled upon visual inspection of the N1L dimer interface. The
amino acid mutations were introduced into the N1L structure
using simple charge/property inversion logic. Themutationswere
introduced into the N1L amino acid sequence, the side chains of
the introduced amino acids were locally minimized, and the
resulting structures were submitted to DCOMPLEX server53 at
http://sparks.informatics.iupui.edu/czhang/complex.html for the
binding energy evaluation. Four highest energy mutations were
chosen based on the results of the predictions: E92R, E92C, I6K,
and I6H.
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