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A B S T R A C T

The binding of the adenovirus (Ad) protein E3-19K with the human leukocyte antigen (HLA) plays an important
role in Ad infections, which is the causative agent of a series of gastrointestinal, respiratory and ocular diseases.
The objective of this research is to evaluate the essential interactions between E3-19K and HLA-A2 using the X-
ray crystal structure of the E3-19K/HLA-A2 complex, and to identify small molecules that could potentially
disrupt their binding. Computational methods, including molecular dynamic simulations, MM/GBSA calcula-
tions, and computational solvent mapping, were implemented to determine potential binding site(s) for small
molecules. The previous experimentally determined hot spot residues, Q54 and E177 in HLA-A2, were also
predicted to be the dominant residues for binding to E3-19K by our theoretical calculations. Several other
residues were also found to play pivotal roles for the binding of E3-19K with HLA-A2. Residues adjacent to E177,
including Q54 and several other residues theoretically predicted to be crucial in HLA-A2 were selected as a
potential binding pocket to perform virtual screening with 1200 compounds from the Prestwick library. Seven
hits were validated by surface plasmon resonance (SPR) as binders to HLA-A2 as a first step in identifying
molecules that can perturb its association with the Ad E3-19K protein.

Adenovirus (Ad) infections are generally not a major concern in
healthy individuals, but they can be severe and sometimes even fatal in
children and immunocompromised adults.1–3 More than 70 known
serotypes for Ad (Ad1∼Ad70) have been reported, that are further
classified into seven species from A to G.4–8 In the 1980s, it was de-
termined that the Ad protein E3-19K binds to the major histocompat-
ibility complex (MHC) class I molecules, retaining them in the en-
doplasmic reticulum of the Ad infected cells, thereby blocking their
escape to the surface of the cell.9–11 By subverting the antigen-pre-
senting function of the MHC class I molecules, the virus renders infected
cells less susceptible to lysis by cytotoxic T-lymphocytes (CTLs).12,13 A
subsequent in vivo study with cotton rats confirmed a key role for E3-
19K in Ad infections.14 Human MHC class I molecules, known as human
leukocyte antigen (HLA), are involved in distinguishing between “self”
versus “foreign” proteins in the body. The importance of E3-19K in Ad
infection in human cells suggests that disruption of E3-19K binding to

MHC I could sensitize Ad-infected cells to lysis by CTLs. In this study,
we evaluated the protein-protein interaction (PPI) of the E3-19K/HLA-
A2 complex to identify a site where bound small molecule could inhibit
PPI in order to discover potential inhibitors.

The crystal structure of the Ad2 E3-19K/HLA-A2 complex was de-
termined by Li et al,15 providing crucial information to explore po-
tential binding sites for small molecules. The binding interface for the
Ad2 E3-19K/HLA-A2 complex features two salt bridge interactions
between K27 (Ad2 E3-19K) and E53 (HLA-A2), and K42 (Ad2 E3-19K)
and E177 (HLA-A2). Additionally, hydrogen bond networks between
A19, Y49, I51, Y88, Q92, Y93 of Ad2 E319K and D238, T178, E177,
E69, K19, and S20 of HLAA2, respectively, also stabilize their interac-
tions. Moreover, a number of hydrophobic contacts contribute to this
PPI. However, from a visual analysis of static interactions alone, it is
difficult to determine which contacts are pivotal for PPI and which ones
act as energetically hot spots. Thus, we further explored the interactions
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by computational methods, including molecular dynamic (MD) simu-
lations, molecular mechanics/generalized-born surface area (MM/
GBSA) calculations and computational solvent mapping (CSM),16 re-
sulting in the identification of a most probable binding site. Since there
is no known compound that inhibits this PPI, ligand-based approaches
were not viable for identifying potential inhibitors, thus the Prestwick
library was used to conduct virtual screening toward the promising
binding site to identify potential binding compounds. The predicted
binders were subjected to surface plasma resonance (SPR) to test their
affinities with HLA-A2, and to evaluate the feasibility of developing
small molecule inhibitors by disturbing the interaction between E3-19K
and HLA-A2.

20-ns MD simulations of Ad2 E3-19K/HLA-A2 complex were in-
itially performed in a water box, and per-residue energy decomposition
was calculated to gain further insights into the energetic contributions
of individual residues to the complex formation using the MM/GBSA
approach.17 Unsurprisingly, the most favorable residue interactions are
distributed throughout the interface of the Ad2 E3-19K/HLA-A2 com-
plex (Fig. 1A). The energetically most favorable interactions are formed
by residues E177, W51, P50, Q54, S20, H13, N21, T178, F22, D238,
and P57 from HLA-A2 (Fig. 1B) with Y49, Y93, M89, K42, A19, Y46,
L25, Q92, I51, V48, and N20 from Ad2 E3-19K (Fig. 1C). It is notable
that the dominant contributions of E177 in HLA-A2 and Y49 in Ad2 E3-
19K reflect their critical roles in salt bridge and hydrogen bond inter-
actions formed with their counterpart residues of K42 in Ad2 E3-19K
and T178 of HLA-A2. Moreover, hydrogen bond interactions between
the backbone carbonyl of D238 in HLA-A2 and the backbone NH of A19
in E3-19K, the S20 backbone in HLA-A2 and the Y93 sidechain in E3-
19K, and the sidechain of E177 and backbone of I51 also contribute
prominently to the binding. However, the two salt bridge interactions
between Ad2 E3-19K and HLA-A2 show markedly different effects in
stabilizing the PPI. The salt bridge formed by E177 of HLA-A2 and K42
of Ad2 E3-19K shows a dominant contribution to the binding, con-
sistent with the experimental results of the E177K HLA-A2 mutant

abolishing binding activity.18,19 However, the salt bridge interaction
formed by E53 of HLA-A2 with K27 of Ad2 E3-19K is unstable during
MD simulations, with both residues contributing less than 1 kcal mol−1

for their binding (data not shown). Another residue tested through
experimental mutant assay is Q54 of HLA-A2; the Q54G mutant sig-
nificantly reduced to the binding affinity with Ad2 E3-19K.19 It is no-
table that although Q54 contributes significantly to binding based on
the theoretical energy decomposition, it contributes much less than that
of E177 in HLA-A2, consistent with the experimental results of the
E177K mutant abolishing activity while the Q54G mutant just reduces
activity in HLA-A2. Therefore, the energy decomposition indicates that
the dominant hot spots are E177 (HLA-A2) with K42 (Ad2 E3-19K) and
Y49 (Ad2 E3-19K) with T178 (HLA-A2), suggesting that the sur-
rounding area could be a viable binding site for small molecules.

Subsequently, we used an alternate approach, CSM, to explore the
interface region, around the energetic hot spots for small molecule
binding pockets. However, due to the sensitivity of CSM to conforma-
tional changes21 the Multiscale Modeling Tools for Structural Biology
(MMTSB)22 were first utilized to identify the major conformations for
the Ad2 E3-19K/HLA-A2 complex. The clustering analysis is presented
in Fig. 2 with 4 different clusters identified using an RMSD radius of
1.5 Å during the 20-ns MD simulations. Cluster 1 was the dominant
conformation, sampled for 50% of the simulation time. Clusters 2 and 3
occupied 22% and 18% of the simulation time, respectively. Cluster 2
was sampled during the last 5-ns of the simulations, while cluster 4 was
only observed at the beginning of the simulation and occupied 10% of
the conformation populations. One cluster centroid was picked from
each cluster, and these four complexes were separated into the re-
spective Ad2 E3-19K and HLA-A2 interface regions for the subsequent
CSM analysis.

The FTMap online server applies the CSM method to probe small
molecule binding sites. The four representative cluster structures of Ad2
E3-19K and the corresponding four HLA-A2 structures from the above
MMTSB clustering were individually submitted to this server.23 The

Fig. 1. The major residues for the Ad2 E3-19K/HLA-A2 complex that contribute to binding. (A) Principal contributing residues for HLA-A2 are shown with gold
sidechains and are labelled in black, while favourable residues for Ad2 E3-19K are shown with hot pink sidechains and labelled in red. The surfaces of HLA-A2 and
Ad2 E3-19K are in light gray and light pink respectively. The side chains contributing the two highest interaction energies, E177-K42 and Y49-T178, are highlighted
in green and cyan for HLA-A2 and Ad2, respectively. Hydrogen bonds are shown as black dashed lines. The picture was prepared with Chimera1.10.2.20 (B) Per-
residue energetic contributions for the pivotal residues of HLA-A2; (C) Per-residue energetic contributions for the important residues of Ad2 E3-19K. Individual
contributions for residues with energy contribution greater than 1 kcal mol−1 are listed.
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mask strategy was used to focus on the PPI binding interface instead of
searching the full protein surfaces. The output results generated by
FTMap were in PDB format with consensus clusters of the different
probes mapped to the surface of the Ad2 E3-19K or HLA-A2. Druggable
binding sites are shown in Fig. 3 for consensus cluster strength above 16
and additional hot spots within 8 Å (weaker binding sites are not
shown).24,25 Several strong druggable binding sites were identified on
Ad2 E3-19K and HLA-A2, respectively, by analyzing the consensus
clusters of the probe molecules. There are four, three, two and two
possible druggable binding sites (or consensus sites, CS) on the PPI
interface of Ad2 E3-19K in the MMTSB cluster 1, cluster 2, cluster 3 and
cluster 4, as shown in Fig. 3A–D, respectively. Two binding sites are
commonly found in all of them and are circled in dark red dash lines.
These two spots are primarily comprised of K42, A47, Y49 and K16,

T23, L25, and are thus the FTMap predicted hot spots for Ad2 E3-19K.
The results are consistent with the MM/GBSA per-residue contribution
calculations above, since L25, K42 and Y49 are significant contributing
residues for the interaction with HLA-A2 in the binding free energy
calculation. Similarly, two hot spots were detected on the PPI interface
of HLA-A2. One includes P50, W51, Q54, E177 and T178, while the
other includes R12, H13, S20 and N21. These residues correspond to
nearly all of those exhibiting contributions to HLA-A2 in the MM/GBSA
decomposition (Fig. 1B).

MM/GBSA26,27 and FTMap both identify the same residues as con-
tributing to the HLA-A2/E3-19K interface stabilization. Accordingly,
we used this information to determine the docking pocket most likely to
provide an anchor for binding compounds that can interrupt the PPI
binding. Conventional drug therapies against viruses mainly target viral
enzymes, but a major drawback for this strategy is the high frequency
emergence of resistant strains resulting from continuous mutation.28,29

The alternative development of host-targeting inhibitors could drama-
tically enlarge the repertoire of therapeutic targets, and potentially
offers a greater barrier to the emergence of resistance. Furthermore,
targeting host molecules has the potential for broad-spectrum indica-
tions when targeting pathways are shared by the different variants of a
given virus or by different types of virus.30,31 Consequently, targeting
HLA-A2 appears more promising, since so many serotypes of Ad have
already been identified. Moreover, the experimental results indicate
that the Q54G mutant of HLA-A2 interacts weakly with E3-19K, and
that mutation of E177K on HLA-A2 abolishes the interactions with E3-
19K, indicating that the interface is quite sensitive to relatively small
structural alterations.18,19 Consequently, we have focused on targeting
either of the two druggable HLA-A2 CS that include P50, W51, Q54,
E177 and T178. Subsequently, virtual screening using GOLD5.2.232

against HLA-A2 with the 1200 compound Prestwick chemical library
was performed to identify novel scaffolds that bind to the hot spots. The
binding site sphere was defined as being within 10 Å around the hot
spot residue of E177, thus the residues of P50, W51, E53, Q54, L172,
E173, N174, G175, K176, E177, T178, L179, Q180 are involved in the

Fig. 2. Clustering distribution of the Ad2 E3-19K/HLA-A2 complex during the
20-ns MD simulations. Y-axis values represent the RMSD of individual snapshot
structures from the centroid of the respective cluster.

Fig. 3. FTMap druggable binding sites on Ad2 E3-19K and HLA-A2 for the MD simulations cluster 1 (A), cluster 2 (B), cluster 3 (C) and cluster 4 (D). Cluster 1 is the
dominant conformation in MD simulations with population nearly 50% during 20-ns simulations. CS1-CS4 are druggable consensus sites that could bind more than
16 probes in FTMap and they are named in order of their significance. CS1 is the most important druggable binding site from FTMap, and is shown in green, CS2 is the
second most important, and colored in cyan, CS3 ranks third and is colored in dodger blue, while CS4 is the least important, and is shown in khaki. Ad2 E3-19K is
shown in a light pink transparent surface with residues contributing to binding in pink sidechains. HLA-A2 is shown with a light gray transparent surface throughout,
with pivotal residues shown with gold sidechains. The dark red and gray dashed circles are consensus druggable binding sites that occur in all four MMTSB clusters
for Ad2 E3-19K and HLA-A2, respectively.
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binding pocket. This includes the residues P50, W51, Q54, E177, and
T178 that showed the highest contribution to the energy decomposi-
tion, as well as being one of the two identified hot spots. Compound
selection was based on the ChemPLP33 scoring function. The top 36
compounds according to ChemPLP were selected for experimental
testing by SPR binding analysis to determine which ones were at least
capable of binding to HLA-A2. Of 36 tested compounds, seven com-
pounds directly bound to HLA-A2 with KD values ranging from 2.5 μM
to 75 μM. All seven compound structures and KD values are illustrated
in Fig. 4. Two compounds, Haloperidol and Trazodone hydrochloride,
had tighter interaction, with KD values below 10 μM and Trazodone
showed the best binding affinity with KD values at 2.5 ± 2.2 μM. Three
compounds (Doxazosin, Raloxifene, and Vatalanib) showed moderate
binding affinities at 15.7 μM, 22.0 μM, and 21.2 μM, respectively, while
Astemizole showed the lowest affinity.

Fig. 5 shows the docking poses of two representative compounds,
Astemizole and Trazodone. The NH+ group in the six-member ring
contained in both compounds interacts with hot spot residue E177 in
HLA-A2 by salt bridge interactions, mimicking the interaction of the
K42 sidechain in Ad2 E3-19K. Additionally, one hydrogen bond inter-
action was found between Astemizole and the sidechain of T178, that
also mimics the interaction with Y49 in Ad2 E3-19K. Moreover, the
aromatic rings of the compounds exhibit stacking interactions with the
amide moiety of Q54 and the indole moiety of W51, as well as hy-
drophobic interactions that also promote their binding.

In conclusion, 20-ns MD simulations were performed on the crystal
complex of Ad2 E3-19K/HLA-A2 in a water environment, and energy
decompositions were calculated to predict the hot spots by MM/GBSA
per-residue decomposition. Q54 in HLA-A2 contributes significantly to
the energy decomposition, although much less than that of the hot spot
residue E177. This result is consistent with the experimental results of
Q54G reducing the activity rather than abolishing it as E177K did. The
FTMap results also confirm the hot spot and binding area for small
molecules from MM/GBSA. The theoretical predictions help explain the
experimental results and provide more extensive information on the
binding of Ad2 E3-19K and HLA-A2. Considering the emergence of
resistant strains of the virus, a host-targeting strategy was applied in
this research to explore the potential for broad-spectrum inhibitors by
selecting HLA-A2 as a target. Then, a virtual screening with GOLD was
performed on HLA-A2 with 1200 compounds from the Prestwick library
within the binding area determined by MM/GBSA and FTMap. The top
36 compounds with the highest ChemPLP scores were selected to ex-
perimentally investigate their binding affinities with HLA-A2. Seven
hits were validated by SPR as binding to HLA-A2 at the micromolar
level. To our knowledge, this is the first approach to discover small
molecule inhibitors of adenovirus that potentially bind to the interface
between Ad2 E3-19K and HLA-A2. Work is continuing to develop
analogs of these compounds with improved potency and molecular
properties.

Fig. 4. Direct binding analysis by SPR. Binding affinities (KD values) of seven hits to the immobilized HLA-A2 proteins were determined by fitting the SPR data with
steady-state affinity model.

Fig. 5. Docking poses of Astemizole (A) and Trazodone (B) with HLA-A2. Interacting residues of HLA-A2 are colored in gold, salt bridge contacts are indicated by
dashed lines and the surface of HLA-A2 is colored in light gray.
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