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Our understanding of the mechanism by which the E3-19K
protein from adenovirus (Ad) targets major histocompatibility
complex (MHC) class I molecules for retention in the endoplas-
mic reticulum is derived largely from studies of Ad serotype 2
(subgroup C). It is not well understood to what extent observa-
tions on the Ad2 E3-19K/MHC I association can be generalized
to E3-19K proteins of other serotypes and subgroups. The low
levels of amino acid sequence homology between E3-19K pro-
teins suggest that these proteins are likely to manifest distinct
MHC I binding properties. This information is important as the
E3-19K/MHC I interaction is thought to play a critical role in
enabling Ads to cause persistent infections. Here, we character-
ized interaction between E3-19K proteins of serotypes 7 and 35
(subgroup B), 5 (subgroup C), 37 (subgroup D), and 4 (subgroup
E) and a panel of HLA-A, -B, and -C molecules using native gel,
surface plasmon resonance (SPR), and flow cytometry. Results
show that all E3-19K proteins exhibited allele specificity toward
HLA-A and -Bmolecules; thiswas less evident forAd37E3-19K.
The allele specificity for HLA-Amolecules was remarkably sim-
ilar for different serotypes of subgroup B as well as subgroup C.
Interestingly, all E3-19K proteins characterized also exhibited
MHC I locus specificity. Importantly, we show that Lys91 in the
conserved region of Ad2 E3-19K targets the C terminus of the
�2-helix (MHC residue 177) on MHC class I molecules. From
ourdata,wepropose amodel of interactionbetweenE3-19Kand
MHC class I molecules.

Ads2 are widespread in the human population, with at least
51 human serotypes (Ad1 to Ad51) known that are classified
into six subgroups (A–F) (1, 2). Following primary infection of
the respiratory tract, Ads of subgroup C (the most commonly
studied subgroup) can be recovered from stool for months, and
even years, after the virus is no longer detected in nasopharyn-
geal specimens (3, 4). It is believed that this is amanifestation of
the ability of Ads to counteract host antiviral immune re-

sponses and establish persistent infections. Diseases caused by
Ad infections are generally mild except in immunosuppressed
individuals, such as AIDS patients and transplant recipients, in
which case Ad infections can be fatal (5–8).
It was first shown that Ad2 could drastically decrease the

expression of MHC class I molecules on Ad2-infected cells
(9–11). The E3-19K protein of Ad2 was found to be specifically
responsible for this effect (11). It is now understood that
E3-19K binds directly to and retains MHC class I molecules in
the ER. Consequently, E3-19K down-regulates MHC class I
molecules on Ad-infected cells and protects cells from recogni-
tion and lysis by allospecific CTLs (9–17). E3-19K-mediated
suppressing effects on CTL activity were shown in Ad-infected
human and mouse cells (15, 16, 18). Moreover, in vivo data
support a role for E3-19K in Ad infections (19); lungs of cotton
rats infectedwith amutant Ad containing a deletion in the gene
encoding E3-19K caused amore severe immunopathology than
lungs infected with wild-type Ad. It was suggested that the
absence of E3-19K in themutant virus activatedCTLs as part of
the inflammatory response to the infection (19). Thus, there is
convincing evidence from in vitro and in vivo studies that
E3-19K, through its association with MHC class I molecules,
facilitates the undetected replication of the virus in infected
host cells. This is thought to contribute to the ability of Ads to
establish and maintain persistence (19–21).
E3-19K is a type I transmembrane glycoprotein that includes

anN-terminal ER lumenal domain and a short C-terminal cyto-
solic tail. The ER lumenal domain of E3-19K binds with high
affinity to the ER lumenal domain ofMHCclass Imolecules (12,
22–26), and the dilysine motif in the cytosolic tail of E3-19K
provides the signal for localization in the ER (12, 27, 28). The ER
lumenal domain of E3-19K has been subdivided into three
regions with loosely defined boundaries (26, 29) as follows: 1)
residues 1 to �78/81 are rather variable between E3-19K pro-
teins of different subgroups; 2) residues�79/82 to 98 are rather
conserved betweenE3-19Kproteins of different subgroups; and
3) residues 99 to 107 link the ER lumenal domain to the trans-
membrane domain. To date, we have a limited understanding
of how the variable and conserved regions of E3-19K are
involved in targetingMHC class I molecules. Similarly, we have
a weak understanding of how the low levels of sequence homol-
ogy (as low as �34%) between E3-19K proteins of different
serotypes and subgroups affect their immunomodulatory func-
tion. It is reasonable to assume that such significant differences
in sequences will translate into differential MHC I binding
properties. Consistent with this view, we showed previously
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that Ad2 E3-19K associates with MHC class I molecules in an
allele- and locus-specific manner (30, 31). It was also reported
that Ad2 E3-19K co-immunoprecipitated more readily with
HLA-A2 than HLA-B7 (32). Furthermore, it was shown previ-
ously that Ad2 and Ad19a E3-19K proteins of subgroups C and
D, respectively, differ in their capacity to inhibit the trafficking
of MHC class I molecules to the cell surface (12). This kind of
information on theMHC I binding function of E3-19K proteins
of different Ad serotypes and subgroups is critical not only for
our understanding of the structure/function relationship of
E3-19K but also because it is thought that the ability of a par-
ticular Ad serotype to replicate and establish persistent infec-
tion in host cells may depend on the avidity of its E3-19K pro-
tein for the HLA molecules present in the infected individual
(21, 33). There is therefore an epidemiological component to
our understanding of Ad pathogenesis that can be probed from
a systematic study of E3-19K function across Ad serotypes and
subgroups.
In this study, we carried out a systematic analysis of interac-

tion between E3-19K proteins of Ad serotypes 7 and 35 (sub-
group B), 5 (subgroup C), 37 (subgroup D), and 4 (subgroup E)
and HLA-A (A*0301, A*1101, A*3101, A*3301, and Aw*6801),
HLA-B (B*0702 and B*0801), and HLA-C (Cw*0304 and
Cw*0401) molecules using site-directed mutagenesis, native
gel, SPR, and flow cytometry. A molecular and cellular charac-
terization of E3-19K proteins across serotypes and subgroups
will provide a more in-depth understanding of its immuno-
modulatory function and will also generate knowledge relevant
for advances in Ad pathogenesis.

EXPERIMENTAL PROCEDURES

Cell Lines and mAbs—The human HLA-A and -B negative
B-cell line C1R stably expressing HLA-A*1101 (A11/C1R; a gift
from Dr. R. Gavioli, University of Ferrara, Ferrara, Italy) and
HLA-A*3101 (A31/C1R (31)) were maintained in RPMI 1640
medium (Invitrogen) containing 200 �g/ml hygromycin B
(Mediatech) and 300 �g/ml G418 (Calbiochem). W6/32
(Abcam), anti-HLA-A11 (One Lambda), and anti-HLA-A31
(One Lambda) were used as primary Abs, FITC-conjugated rat
anti-mouse IgG (eBioscience) and FITC-conjugated goat anti-
mouse IgM (Jackson ImmunoResearch)were used as secondary
Abs in flow cytometry. The P33 antibody (directed against
amino acids 45–59 of Ad2 E3-19K) (gift from Dr. W. Wold,
Saint Louis University School of Medicine, St. Louis, MO) was
used in immunoblotting.
Cloning and Expression—Viral DNAwas isolated fromAd37

(strain GW; a gift from J. Chodosh, Harvard Medical School,
Boston) by digestion with proteinase K (100 �g/ml) (Invitro-
gen) at 37 °C for 1 h in 10 mM Tris, 1 mM EDTA, 0.6% SDS (pH
8.0) followed by phenol/chloroform extraction and ethanol
precipitation. The cDNA encoding the signal peptide and ER
lumenal domain (residues 1–95) of Ad37 E3-19K (referred to as
Ad37 E3-19K) with a C-terminal His6 sequence was generated
by PCR using the isolated DNA of Ad37 as a template and
the primers 5�-ACTGGATCCATGCTGGGTAAGACATTG-
TGG-3� (forward) and 5�-CCGGAATTCTCAATGGTGATG-
GTGATGATGCTTGGTAGGGGGCCACAAGC-3� (reverse).
Similar strategies were used to clone Ad7 (residues 1–109),

Ad35 (residues 1–109), Ad5 (residues 1–101), and Ad4 (resi-
dues 1–108) E3-19K proteins (the viral DNA of Ad7, Ad35,
Ad5, and Ad4 were gifts of Drs. E. F. Pedersen (Cornell Uni-
versity Medical College, New York), M. Horwitz (deceased),
and W. Wold). Ad2 E3-19K (residues 1–100) was generated
as described previously (30). The cDNA encoding Ad2
E3-19K [K91E] (residues 1–100) was generated by the
QuikChange site-directed mutational approach (Stratagene)
using the Ad2 E3-19K/pFastBac plasmid as template. Recom-
binant, soluble E3-19K proteins were expressed using the Bac-
to-Bac baculovirus expression system (Invitrogen) and purified
as described previously (30).
Expression plasmids for the ER lumenal domains of

HLA-A*0301, -A*1101, -A*3101, -A*3301, -Aw*6801, -B*0702,
-B*0801, -Cw*0304, and -Cw*0401 heavy chains have been
described previously (31). The cDNAs encoding the ER lume-
nal domains of HLA-A*1101[G56R], HLA-A*1101[E177K],
and HLA-A*1101[G56R,E177K] heavy chains were generated
by PCR using the QuikChange site-directed approach and the
plasmids of HLA-A*1101 heavy chain as template (34). Plas-
mids harboring the correct DNA sequence were transformed
into competent BL21(DE3)pLysS cells. Recombinant class I
heavy chains and �2-microglobulin (�2m) were expressed as
inclusion bodies in BL21(DE3)pLysS cells. Inclusion bodies
were washed and solubilized in urea as described previously
(35).
The cDNA of full-length HLA-A*1101[E177K] heavy chain

was generated by the QuikChange approach using the plasmid
pCR2.1-TOPO/HLA-A*1101 (a gift from Dr. P. Parham, Stan-
ford University School of Medicine, Stanford, CA) as template,
followed by insertion into theHindIII and XbaI restriction sites
of the pcDNA3.1 vector (Invitrogen). The plasmid was linear-
ized with BglII followed by transfection into C1R cells by elec-
troporation as described previously (31). Stable transfectants
expressing HLA-A*1101[E177K] were isolated by selection in
600 �g/ml G418 for 2–3 weeks. The cell-surface expression of
HLA-A*1101[E177K] was determined by flow cytometry (see
below).
The P631 plasmid was used for expression of full-length Ad2

E3-19K as described previously (36). The cDNA of full-length
Ad2 E3-19K[K91E] was generated by the QuikChange ap-
proach using the P631 plasmid as template. The Ad2 E3-19K
and Ad2 E3-19K[K91E] plasmids were then linearized with
PvuI and each transfected into both A11/C1R and A31/C1R
cells by electroporation to generate the following four co-trans-
fectants: Ad2 E3-19K/A11/C1R, Ad2 E3-19K[K91E]/A11/C1R,
Ad2 E3-19K/A31/C1R, and Ad2 E3-19K[K91E]/A31/C1R. The
co-transfectants were cultured in RPMI 1640 medium supple-
mented with 10% FBS for 48 h followed by plating into 24-well
plates. The selection of transfectants was initiated with 200
�g/ml Zeocin (Invitrogen) and 200 �g/ml hygromycin B for
Ad2 E3-19K/A11/C1R and Ad2 E3-19K[K91E]/A11/C1R co-
transfectants and with 200 �g/ml Zeocin and 300 �g/ml G418
for Ad2 E3-19K/A31/C1R and Ad2 E3-19K[K91E]/A31/C1R
co-transfectants. After 2–3 weeks of selection, drug-resistant
co-transfectants, which proliferated in many wells, were ex-
panded and maintained individually in 100 �g/ml Zeocin and
200 �g/ml hygromycin B for Ad2 E3-19K/A11/C1R and Ad2
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E3-19K[K91E]/A11/C1R co-transfectants and in 100 �g/ml
Zeocin and 300�g/mlG418 forAd2E3-19K/A31/C1R andAd2
E3-19K[K91E]/A31/C1R co-transfectants. The expression lev-
els of Ad2 E3-19K and Ad2 E3-19K[K91E] proteins in the co-
transfectants were determined to be comparable by immuno-
blottingwith the P33 antibody. Levels of cell-surface expression
of HLA-A*1101 and -A*3101 were determined by flow cytom-
etry (see below).
Viruses and Infection—Ad2 and H2dl801 (H2dl801 has a

deletion in the gene encoding Ad2 E3-19K (37)) (a gift from
Dr. W. Wold) were grown in HeLa S3 cells as described pre-
viously (31). Viruses were purified using the Adeno-X virus
purification kit (Clontech) as described previously (31). A11/
C1R and A11[E177K]/C1R cells (2.5 � 106 cells) were
infected with Ad2 and H2dl801, respectively, at an estimated
multiplicity of infection in the range of 60–100 in serum-
free RPMI 1640 medium. After 1 h, 4 ml of RPMI 1640
medium containing 10% FBS was added to the cells. Mock
infections (infection with serum-free RPMI 1640 medium)
were carried out in an identical manner. Mock-, Ad2-, and
H2dl801-infected transfectants were harvested at 48 h post-
infection. Levels of cell-surface expression of HLA-A*1101
and HLA-A*1101[E177K] were determined by flow cytom-
etry (see below).
Flow Cytometry—A11/C1R and A11[E177K]/C1R transfec-

tants and Ad2 E3-19K/A11/C1R, Ad2 E3-19K[K91E]/A11/
C1R, Ad2 E3-19K/A31/C1R, andAd2 E3-19K[K91E]/A31/C1R
co-transfectants were characterized by flow cytometry using an
LSR instrument (BD Biosciences). All cells were washed twice
with PBS containing 1%BSA and 0.1%NaN3. TheA11[E177K]/
C1R transfectant was incubated at 4 °C using the mAb W6/32
for 45min and the FITC-conjugated IgG for 45min followed by
sorting on a MoFlo high speed cell sorter (BD Biosciences) to
pool the fraction of cells expressing the highest levels of HLA-
A*1101[E177K]. Mock-, Ad2-, and H2dl801-infected A11/C1R
and A11[E177K]/C1R transfectants were incubated with anti-
HLA-A11 and the FITC-conjugated IgG, followed by fixing in
1% paraformaldehyde in the dark for 10min. Ad2 E3-19K/A11/
C1R and Ad2 E3-19K[K91E]/A11/C1R co-transfectants were
incubated with anti-HLA-A11 and the FITC-conjugated IgG;
Ad2 E3-19K/A31/C1R and Ad2 E3-19K[K91E]/A31/C1R co-
transfectants were incubated with anti-HLA-A31 and the
FITC-conjugated IgM. All cells were analyzed for MHC class I
cell-surface expression by gating to exclude dead cells. Data
analysis was performed using the Summit version 4.3 software
(Beckman Coulter).
In Vitro Reconstitution of MHC Class I Molecules—Recom-

binant, solubleMHCclass Imoleculeswere assembled from the
inclusion bodies of class I heavy chains and�2m (or biotinylated
�2m) in the presence of synthetic peptides in an oxidative
refolding buffer (35). Refolded �2m was biotinylated as de-
scribed previously (31). TheMHC I-restricted peptides used for
refolding have been described previously (31). Proteins were
purified on a Superdex 200HR 10/30 column in 20mMTris and
150 mM NaCl (pH 7.5).
Native Gel Band Shift Assay—E3-19K proteins (14 �g) were

incubated withMHC class I molecules (20 �g) (2:1 molar ratio)
on ice in 20mMTris and 150mMNaCl (pH 7.5) for 30min. The

incubation mixtures were analyzed by native PAGE (10%) at
4 °C in 25 mM Tris and 200 mM glycine (pH 8.3). Proteins were
visualized with Coomassie Blue R-250.
Surface Plasmon Resonance—Quantitative analyses of inter-

action in E3-19K/MHC I pairs were performed using SPR at
20 °C on a Biacore T100 instrument as described previously
(31). Biotinylated MHC class I molecules were immobilized on
a streptavidin-coated sensor chip (Series S Sensor chip SA, cer-
tified) at a density of �750–800 resonance units using a stock
solution (�30 nM) in HBS-EP (10 mM Hepes, 150 mM NaCl, 3
mM EDTA, and 0.05% Surfactant P-20 (pH 7.4)) at a flow rate of
60�l/min. Uncoupled streptavidin sites were blockedwith bio-
tin (30 �l/min for 1 min). Solutions of E3-19K proteins (2.5 nM
to 10 �M) were injected over the sample, and control flow cells
(60 �l/min for 4 min) and binding responses (with control
responses automatically subtracted) were recorded. Binding
surfaces were regenerated with HBS-EP. Equilibrium dissocia-
tion constants were determined by plotting binding responses
at steady state versus E3-19K concentrations based on a 1:1
Langmuir binding model using the Biacore T100 evaluation
software (version 2.0.1, Biacore).

RESULTS

Expression andCharacterization of E3-19KProteins of Differ-
ent Serotypes and Subgroups—We generated baculovirus sys-
tems for expression of soluble Ad7 (residues 1–109; subgroup
B), Ad35 (residues 1–109; subgroup B), Ad5 (residues 1–101;
subgroup C), Ad37 (residues 1–95; subgroup D), and Ad4 (res-
idues 1–108; subgroup E) E3-19K proteins. Proteins were
expressed in High Five insect cells at levels ranging from 0.2 to
3 mg of purified protein/liter of cell culture. The proteins
migrated as closely spaced bands on SDS-polyacrylamide gel
(e.g. see Fig. 1 for Ad37 E3-19K) because of N-glycosylation as
demonstrated previously for Ad2 E3-19K (30). There are four
cysteine residues that are absolutely conserved in the ER lume-
nal domain of all E3-19K proteins (38). These cysteine residues
are paired, for example, as Cys11/Cys28 and Cys22/Cys83 in Ad2
E3-19K of subgroup C (38). Interestingly, with the exception of
E3-19K proteins of subgroup C, all other E3-19K proteins have
two additional conserved cysteine residues in their ER lumenal
domains.We showedpreviously forAd7 andAd37E3-19Kpro-

FIGURE 1. Characterization of Ad37 E3-19K of subgroup D. SDS-PAGE (15%)
analysis of Ad37 E3-19K, with five potential N-linked glycans, from expression in
High Five cells and after purification by gel filtration chromatography.
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teins (subgroups B and D, respectively) that these two Cys res-
idues form a disulfide bond (39).
Qualitative andQuantitative Analysis of Interaction between

E3-19KProteins ofDifferent Serotypes and Subgroups andMHC
Class I Molecules—Interaction between E3-19K proteins of
subgroups B (Ad7 and Ad35), C (Ad5), D (Ad37), and E (Ad4)
and HLA-A (A*0301, A*1101, A*3101, A*3301, and Aw*6801),
-B (B*0702 and B*0801), and -C (Cw*0304 and Cw*0401) mol-
ecules was monitored by a native gel band shift assay and SPR
(Fig. 2 and Table 1, respectively). Results show that Ad37
E3-19K interacts with HLA-Amolecules (Fig. 2A) as evidenced
by new bands on the native gel that migrate at different positions
from those of uncomplexedAd37 E3-19K andHLA-Amolecules.
A quantitative analysis of interaction in Ad37 E3-19K/HLA-A
complexes by SPR yielded equilibriumdissociation constants (Kd)
of �240 nM (Table 1). Interaction between E3-19K proteins of

subgroups B, C, and E and the same HLA-A molecules was also
determined by SPR (Table 1). The Kd values clearly indicate that
these E3-19K proteins display allele-specific interaction with
HLA-A molecules, a binding property that was less apparent for
Ad37 E3-19K (at least with this particular set of HLA-A mole-
cules). Interestingly, this allele specificity is remarkably similar for
different serotypes of subgroup B (compare Ad7 with Ad35
E3-19K) as well as subgroup C (compare Ad2 with Ad5 E3-19K).
Moreover, results from SPR show that, overall, Ad37 E3-19K of
subgroupD exhibits theweakest binding affinities (highestKd val-
ues) for HLA-A molecules, and Ad4 E3-19K of subgroup E dis-
plays the strongest binding affinities.
The characterization of Ad37 E3-19K was extended to

include interactionwithHLA-B and -Cmolecules. Results from
native gel (Fig. 2B) revealed that interaction between Ad37
E3-19K and HLA-B*0702 led to a protein smear with a very
faint band at the expected position of a complex. In contrast, no
new band could be seen on the gel for the mixture of Ad37
E3-19K and HLA-B*0801, although a weak smear of the HLA-
B*0801 band could be observed. These results are consistent
with Ad37 E3-19K interacting, at best, very weakly with HLA-B
molecules causing complexes to dissociate during electropho-
resis. Analysis of interaction with HLA-C molecules failed to
produce new bands on the gel (Fig. 2B). Instead, intense and
focused bands corresponding to uncomplexed Ad37 E3-19K
and HLA-C molecules were observed, which is consistent with
a lack of complex formation. Finally, interaction between Ad37
E3-19K andHLA-Bmolecules could not be determined reliably
by SPR because of weak binding responses, and no interaction
could be detected with HLA-Cw*0304 (Table 1). Taken
together, these results show that Ad37 E3-19Kmanifests locus-
specific interaction with MHC class I molecules, i.e. higher
avidity with HLA-A relative to -Bmolecules and no interaction
withHLA-Cmolecules. An SPR analysis of interaction between
E3-19K proteins of subgroups B, C, and E and the same HLA-B
and -C molecules (Table 1) revealed allele-specific interaction
with HLA-B molecules and MHC I locus-specific interaction,
as observed for Ad37 E3-19K.
Overall, results from native gel and SPR showed that

E3-19K proteins of subgroups B–E exhibit allele-specific
interaction (this was less apparent for Ad37 E3-19K of sub-

FIGURE 2. Analysis of interaction between Ad37 E3-19K of subgroup D
and HLA-A, -B, and -C molecules. Samples of E3-19K (14 �g) were incubated
with HLA-A molecules (20 �g) (A) and HLA-B and -C molecules (20 �g) (B) (2:1
molar ratio) on ice in 20 mM Tris, 150 mM NaCl (pH 7.5) for 30 min. After the
addition of native gel loading buffer, the incubation mixtures were immedi-
ately loaded onto the native gel (10%) and run at 4 °C in 25 mM Tris, 200 mM

glycine (pH 8.3).

TABLE 1
Summary of equilibrium dissociation constants
Values were determined in duplicate by surface plasmon resonance at 20 °C (�S.D.).

Immobilized

Kd (nM)

Subgroup B Subgroup C Subgroup D Subgroup E

Ad2 E3-19K [K91E]Ad7 Ad35 Ad2a Ad5 Ad37 Ad4

A*0301 43.3 � 4.1 40.3 � 0.2 14.9 � 4.7 47.5 � 1.6 260.3 � 9 7.1 � 0.3
A*1101 48.7 � 3.1 33.1 � 0.9 15.5 � 2.8 54.6 � 3.3 242 � 11.2 3.3 � 0.2 637 � 10.2
A*3101 117 � 5.3 70.8 � 0.8 255 � 21 400 � 4.1 263.2 � 10 16.9 � 0.1 2579 � 100
A*3301 235 � 7 225.4 � 1.8 18.3 � 3 55.8 � 1.6 206.5 � 8 16 � 0.5
Aw*6801 40.1 � 0.5 35.4 � 0.9 17.3 � 1.7 67.7 � 8.8 253 � 9.3 8.3 � 0.4
B*0702 141 � 4 198.2 � 3.6 41.6 426 � 10.4 NDb ND
B*0801 292.6 � 7.4 85.3 � 4.5 39.7 � 4.3 102.3 � 5 ND 290.7 � 14
Cw*0304 NBc NB NB NB NB
A*1101[E177K] 136.9 � 1.0 33.9 � 4.6 2220 � 105 3046 � 191 ND ND
A*1101[G56R] 462 � 9.2
A*1101[G56R,E177K] 733 � 18

a Kd values were taken from Ref. 31 except for HLA-A*1101[E177K].
b NDmeans the Kd value could not be determined reliably.
c NB means no binding was detected.
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group D) and MHC I locus specificity (higher avidity with
HLA-A relative to -B molecules and no interaction with
HLA-C molecules).

MHC Residue 177 Modulates Differentially the Immuno-
modulatory Function of E3-19K Proteins of Different Serotypes
and Subgroups—Early studies have identified putative E3-19K-
binding sites at both the N terminus of the �1-helix and the C
terminus of the �2-helix (23, 24). Consistent with this, we
showed previously that MHC residue 56, located at the N-ter-
minal end of the �1-helix (Fig. 3), critically influences the
immunomodulatory function of Ad2 E3-19K toward HLA-A
molecules (31). Here, we sought to examine whetherMHC res-
idue 177 located at the C-terminal end of the �2-helix (Fig. 3)
also plays a role inmodulating interaction with E3-19K. Impor-
tantly, MHC 177 is a conserved and solvent-exposed Glu resi-
due that occupies a position structurally equivalent to that of
MHC 56, i.e. the end of an �-helical segment. These arguments
make the negatively charged Glu177 a potential “hot spot” for
E3-19K interaction on MHC class I molecules.
To assess the role of MHC residue 177, we introduced a

Glu177 to Lys177 mutation in HLA-A*1101 heavy chain and
monitored interaction first with Ad2 E3-19K (subgroup C) by
native gel (Fig. 4A). Results clearly show that the E177K muta-
tion in HLA-A*1101 abolished interaction with Ad2 E3-19K,
relative to interaction with HLA-A*1101, as evidenced by the
lack of a complex band and the presence of a strong band cor-
responding to uncomplexed HLA-A*1101[E177K]. We
extended this analysis to include Ad7 and Ad35 (subgroup B),
Ad5 (subgroup C), Ad37 (subgroup D), and Ad4 (subgroup E)
E3-19K proteins (Fig. 4A). Results show that Ad5, Ad37, and
Ad4 E3-19K proteins are also affected, most likely to a different
extent, by the E177K mutation in HLA-A*1101 as indicated by

FIGURE 3. Location of residues 56 and 177 in the peptide-binding groove
of HLA-A*1101. A close-up view along the groove of HLA-A*1101 (PDB code
1q94) showing residue 56 (Gly56 in HLA-A*1101 and solvent-exposed Arg56 in
HLA-A*3101) at the N-terminal end of the �1-helix and conserved solvent-
exposed residue Glu177 at the C-terminal end of the �2-helix. The conserved
solvent-exposed residues Glu53 and Glu173 are also labeled. These residues
represent potential interaction sites with conserved residues in E3-19K pro-
teins. The backbone-to-backbone distance between residues 56 and 177 is
19.8 Å. The bound peptide is omitted in the groove and only C� atoms are
shown (except for the side chain of Glu177). The N and C termini are indicated.

FIGURE 4. MHC residue Glu177 modulates the MHC I binding function of E3-19K proteins of different serotypes and subgroups. A, samples of Ad7 and
Ad35 (subgroup B), Ad2 and Ad5 (subgroup C), Ad37 (subgroup D), and Ad4 (subgroup E) E3-19K proteins (14 �g) were incubated with HLA-A*1101 and
HLA-A*1101[E177K] (20 �g) (2:1 molar ratio) as described in Fig. 2. The mixtures were loaded into the native gel (10%) that was run as described in Fig. 2. Note
that the pI values of Ad2 and Ad5 E3-19K are 8.85 and 8.33, respectively; when pI values of proteins are above (or at) the pH of the running buffer (pH 8.3), they
do not penetrate into the native gel (see Ref. 30 for a native gel of Ad2 E3-19K). B, expression of HLA-A*1101 (left panel) and HLA-A*1101[E177K] (right panel)
on the surface of C1R cells was determined by flow cytometry at 48 h post-infection with Ad2 (black lines) using anti-HLA-A11 mAb. The expression of
HLA-A*1101 and -A*1101[E177K] on the surface of mock- (dotted black lines) and H2dl801 (gray lines)-infected cells, determined under identical conditions, is
shown in each panel. Controls were mock- (infection with RPMI 1640; dotted black lines), Ad2- (black lines), and H2dl801 (gray lines)-infected cells incubated with
FITC-conjugated IgG alone. The mean logarithm fluorescence intensity of HLA-A*1101 and HLA-A*1101[E177K] expression on Ad2- and H2dl801-infected cells
was normalized relative to that on mock-infected cells (which was set to 100%). Histograms are representative examples of three independent experiments.
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the absence of strong bands at the expected positions of
E3-19K/HLA-A*1101[E177K] complexes and of intense bands
corresponding to uncomplexed HLA-A*1101[E177K]. In
marked contrast, however, results clearly show that Ad7 and
Ad35 E3-19K proteins of subgroup B associate with HLA-
A*1101[E177K] as evidenced by the presence of new bands cor-
responding to E3-19K/HLA-A*1101[E177K] complexes and of
very faint bands at the position of uncomplexed HLA-
A*1101[E177K]. Taken together, results from the native gel
show that the ability of E3-19K proteins of subgroups C–E to
associate with HLA-A*1101 is affected by a mutation in MHC
residue 177 in HLA-A*1101. In contrast, E3-19K proteins of
subgroup B are evidently less affected by this particular
mutation.
An analysis of interaction in E3-19K/HLA-A*1101[E177K]

pairs was carried out by SPR to firmly establish the role ofMHC
residue 177 in theMHC I binding function of E3-19K (Table 1).
Results show that the Kd values are considerably higher (lower
affinity) for Ad2 and Ad5 E3-19K proteins interacting with
HLA-A*1101[E177K] (2220 � 105 and 3046 � 191 nM, respec-
tively) relative to HLA-A*1101 (15.5 � 2.8 and 54.6 � 3.3 nM,
respectively). The Kd values could not be determined reliably
for Ad37 and Ad4 E3-19K proteins suggesting very weak inter-
action with HLA-A*1101[E177K]. In striking contrast, the Kd

value of Ad7 E3-19K is moderately higher for HLA-
A*1101[E177K] (136.9 � 1.0 nM) relative to HLA-A*1101
(48.7 � 3.1 nM), whereas that of Ad35 E3-19K is essentially
unchanged (Table 1). Thus, overall, results from SPR extend
those from native gel and provide convincing evidence that
MHCresidue 177 inHLA-A*1101 is critical for interactionwith
E3-19K proteins and that the extent of its modulating effect
differs with serotypes and subgroups.
To show that the effect of MHC residue 177 on interaction

with Ad2 E3-19K has functional consequences in cells, Ad2-
infected C1R cells stably expressing HLA-A*1101[E177K] were
characterized by flow cytometry (Fig. 4B). The cell-surface
expression of HLA-A*1101[E177K] on infected C1R cells, rela-
tive to mock-infected cells, was determined to be 83.6%. This is
significantly higher than the cell-surface expression of HLA-
A*1101,whichwas determined to be 25.2%under identical con-
ditions. This effect onMHC I expressionwas specific to E3-19K
as infection of C1R cells with H2dl801 virus lacking the gene
encoding Ad2 E3-19K (37) had essentially no effect on cell-
surface expression of HLA-A*1101[E177K] and HLA-A*1101
(Fig. 4B). Taken together, the significantly weaker affinity of
Ad2 E3-19K for HLA-A*1101[E177K] (Table 1), relative to
HLA-A*1101, allowed themutant to escape retention in the ER
of infected C1R cells and, consequently, be expressed at signif-
icantly higher levels on the cell surface.
Overall, results from native gel, SPR, and flow cytometry

unambiguously show that MHC residue 177 in HLA-A*1101
critically influences the immunomodulatory function of
E3-19K proteins in a way that varies according to serotypes and
subgroups. Thus, in addition to MHC 56, we have identified
MHC 177 as another important E3-19K-binding site on MHC
class I molecules.

MHC Residues 56 and 177, Insights into the E3-19K-Binding
Mode—A close examination of our in vitro binding data (Table
1) shows that E3-19K proteins of subgroups B, D, and E, but not
those of subgroupC, display rather similar binding affinities for
HLA-A*3101 relative to other HLA-A molecules. It is the
noticeably weaker affinity of Ad2 E3-19K of subgroup C for
HLA-A*3101 (Table 1), together with an analysis of MHC I
polymorphism, that allowed us previously to identify a critical
role for MHC residue 56 on the immunomodulatory function
of Ad2 E3-19K (31). Our new SPR results extend this earlier
finding and show that MHC 56, in a way similar to MHC 177,
modulates theMHC I binding function of E3-19K proteins in a
manner that varies with serotypes and subgroups. Because our
results on MHC residues 56 and 177 were obtained using dif-
ferent E3-19K/MHC I pairs (E3-19K/HLA-A*3101 forMHC56
and E3-19K/HLA-A*1101 for MHC 177), we sought here to
carry out a side-by-side comparison of mutations at MHC 56
and 177 in the Ad7 E3-19K/HLA-A*1101 pair to further
characterize the binding mode of E3-19K. For this, we moni-
tored and compared interaction of Ad7 E3-19K with HLA-
A*1101[G56R], HLA-A*1101[E177K] (discussed above), and
the double mutant HLA-A*1101[G56R,E177K] using SPR
(Table 1). The Kd values indicate that mutations at positions
56 (462 � 9.2 nM) and 177 (136.9 � 1.0 nM) each weakened
interaction with Ad7 E3-19K relative to HLA-A*1101
(48.7 � 3.1 nM). Interestingly, the mutation at residue 56 had
a noticeably more suppressing effect on interaction with
E3-19K than the mutation at residue 177. Finally, the Kd
value for Ad7 E3-19K association with the double mutant
HLA-A*1101[G56R,E177K] is 733� 18 nM. This value is higher
than theKd values of either of the singlemutants and thusmost
likely reflects a combination of their individual suppressing
effects. Taken together, these studies provide evidence that the
Ad7 E3-19K/HLA-A*1101 interface includes interaction with
both MHC residues 56 and 177 and that MHC 56 likely repre-
sents a more dominant contact site in the complex.
Lys91 in Ad2 E3-19K Targets the C Terminus of the �2-Helix

on MHC Class I Molecules—To date, we have a rather weak
understanding of how E3-19K uses its variable and conserved
regions to associate with MHC class I molecules. This knowl-
edge is important as it undoubtedly can help understand the
molecular basis of differential interaction in E3-19K/MHC I
pairs. In a very recent study (36), we showed that residues
89–93 (89MSKQY93) in the conserved region of Ad2 E3-19K
are essential for its immunomodulatory function. Here, to gain
insights into where this critical stretch of residues from the
conserved region preferentially binds on MHC class I mole-
cules, i.e. at the N terminus of the �1-helix or the C terminus of
the�2-helix (Fig. 3), we introduced a Lys91 toGlu91mutation in
Ad2 E3-19K and monitored interaction with HLA-A*1101 and
HLA-A*3101 using a native gel band shift assay. First, note that
Lys91 is conserved (or substituted by Arg residue) in all E3-19K
proteins (numbering of the equivalent Lys or Arg varies with
serotypes) thus suggesting an important functional role for this
residue. Second, as shown in Fig. 3, the N terminus of the
�1-helix in HLA-A*1101 has Gly56, whereas that in HLA-
A*3101 carries Arg56, and the C terminus of the �2-helix in
both of these alleles carries Glu177. Finally, we showed previ-
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ously that Ad2 E3-19K binds strongly to HLA-A*1101 but con-
siderablymoreweakly toHLA-A*3101 (seeTable 1) (32). Taken
together, an analysis of interaction between E3-19K[K91E] and
HLA-A*1101 and HLA-A*3101 will likely allow us to distin-
guish just how E3-19K uses a critical stretch of residues from its
conserved region to target MHC class I molecules, i.e. through
interactions at theN terminus of the�1-helix or theC terminus
of the �2-helix.
The incubation mixtures of Ad2 E3-19K (lane 1 in Fig. 5A)

and Ad2 E3-19K[K91E] (lane 4) with HLA-A*1101 (lane 2)
clearly show that the K91E mutation in Ad2 E3-19K weakened
interaction with HLA-A*1101 as evidenced in lane 5 by the
considerably fainter band at the expected position of a complex
(compare lane 3 for Ad2 E3-19K/HLA-A*1101 with lane 5 for
Ad2 E3-19K[K91E]/HLA-A*1101). A similar analysis revealed
that the K91Emutation inAd2 E3-19K also affected interaction
withHLA-A*3101 (Fig. 5A, lane 6) as evidenced in lane 8 by the
lack of a protein smear at the expected position of a complex
(compare lane 7 for Ad2 E3-19K/HLA-A*3101 with lane 8 for
Ad2 E3-19K[K91E]/HLA-A*3101) and the presence of strong
bands corresponding to uncomplexed Ad2 E3-19K[K91E] and
HLA-A*3101. Taken together, results fromnative gel show that
the K91E mutation in Ad2 E3-19K markedly suppressed inter-
action with both HLA-A*1101 and HLA-A*3101.
Our data from native gel were extended by a quantitative

analysis of interaction inAd2E3-19K[K91E]/MHC Ipairs using

SPR (Table 1). The Kd values show that Ad2 E3-19K[K91E], in
comparison to Ad2 E3-19K, interacts considerably more
weakly with HLA-A*1101 and -A*3101 (Table 1), 637 � 10.2
versus 15.5 � 2.8 nM for HLA-A*1101 and 2579 � 100 versus
255 � 21 nM for HLA-A*3101. Taken together, a reasonable
interpretation of native gel and SPR results is as follows. First,
that Ad2 E3-19K[K91E] failed to interact with HLA-A*3101
(see Fig. 5A, lane 8, and Table 1) suggests that the negatively
chargedGlu91 inAd2E3-19K[K91E] is unlikely to target the site
of the positively chargedArg56 at theN terminus of the�1-helix
(Fig. 3) as this would have otherwise resulted in a favorable
electrostatic interaction and promoted complex formation.
Second, that Ad2 E3-19K[K91E] showed weakened interaction
not only with HLA-A*3101 but also with HLA-A*1101 (see Fig.
5A, lane 5, and Table 1) can be accounted for on the basis of
repulsive electrostatic interactions between the negatively
charged residues Glu91 in Ad2 E3-19K[K91E] and the nega-
tively charged Glu177 at the C terminus of the �2-helix of both
HLA-A*3101 and HLA-A*1101 (Fig. 3). Our results are there-
fore more consistent with the conserved region of Ad2 E3-19K,
in particular the stretch of residues near Lys91, targeting the
C-terminal end of the �2-helix (MHC residue 177) rather than
the N-terminal end of the �1-helix on MHC class I molecules
(see Fig. 3 and model under the “Discussion”).
Finally, to validate our biochemical observations, we used a

functional assay based on measurements of HLA-A*1101 and
-A*3101 expression levels on the surface of C1R cells co-trans-
fected with either Ad2 E3-19K or Ad2 E3-19K[K91E]. Results
show that, relative to A11/C1R cells, expression levels of
HLA-A*1101 (Fig. 5B) on Ad2 E3-19K/A11/C1R and Ad2
E3-19K[K91E]/A11/C1R co-transfectants were 35.1 and 75.2%,
respectively. These results correlate with the differential affin-
ities of Ad2 E3-19K and Ad2 E3-19K[K91E] for HLA-A*1101
(Table 1); the considerably more weakly bound Ad2
E3-19K[K91E]/HLA-A*1101 complex allowed HLA-A*1101 to
be expressed on the surface of C1R cells at significantly higher
levels. A similar analysis with HLA-A*3101 showed that this
allele is, however, expressed at similarly high levels on the sur-
face of both Ad2 E3-19K/A31/C1R and Ad2 E3-19K[K91E]/
A31/C1R co-transfectants (Fig. 5B), 77.2 versus 83.2%, respec-
tively. These results suggest that for intrinsically weak
complexes such as the Ad2 E3-19K/HLA-A*3101 complex,
effects that further weaken binding affinities do not necessarily
translate into markedly higher levels of MHC I cell-surface
expression.
Taken together, these biochemical and functional analyses

have provided evidence that Lys91 in the conserved region of
Ad2 E3-19K is functionally important and that this residue
most likely associates with MHC class I molecules through
interactions at the C terminus of the �2-helix rather than the N
terminus of the �1-helix.

DISCUSSION

A key finding from our characterization of interaction in
E3-19K/MHC I pairs is that E3-19K proteins of subgroups B, C,
and E display allele-specific interaction with HLA-A and -B
molecules; this effect was less obvious for Ad37 E3-19K of sub-
group D (at least with this particular set of HLA-A and -B mol-

FIGURE 5. Lys91 in the conserved region of Ad2 E3-19K binds to the site of
Glu177 on MHC class I molecules. A, samples of Ad2 E3-19K (lane 1) and Ad2
E3-19K[K91E] (lane 4) (14 �g) were each incubated with HLA-A*1101 (lane 2)
and HLA-A*3101 (lane 6) (20 �g) (2:1 molar ratio) as described in Fig. 2. The
incubation mixtures (lanes 3 and 5, respectively, for HLA-A*1101 and lanes 7
and 8, respectively, for HLA-A*3101) were loaded into the native gel (10%)
that was run as described in Fig. 2. B, expression of HLA-A*1101 (left panel)
and HLA-A*3101 (right panel) on C1R co-transfectants was determined by
flow cytometry after staining with either anti-HLA-A11 or anti-HLA-A31
mAbs. Black lines represent Ad2 E3-19K/A11/C1R and Ad2 E3-19K/A31/C1R
co-transfectants; gray lines represent Ad2 E3-19K[K91E]/A11/C1R and Ad2
E3-19K[K91E]/A31/C1R co-transfectants. The expression of HLA-A*1101 and
-A*3101 on the surface of C1R cells (dotted black lines) is shown in each panel.
Controls were HLA-A*1101 (dotted black lines), HLA-A*3101 (dotted black
lines), and co-transfectants incubated with FITC-conjugated IgG (Ad2 E3-19K/
A11/C1R, black lines; Ad2 E3-19K[K91E]/A11/C1R, gray lines) or FITC-conju-
gated IgM alone (Ad2 E3-19K/A31/C1R, black lines; Ad2 E3-19K[K91E]/A31/
C1R, gray lines). At least three clones for each co-transfectant showing
comparable expression levels of E3-19K or E3-19K[K91E] were analyzed. The
mean logarithm fluorescence intensity of HLA-A*1101 and HLA-A*3101
expression on co-transfectants was normalized relative to that on A11/C1R
and A31/C1R cells, respectively (which was set to 100%).
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ecules). In a previous study (31) (Table 1), we showed that Ad2
E3-19K displays allele-specific interaction with HLA-A mole-
cules and, importantly, that this specificity correlates (in a neg-
ative way) with levels of MHC I expression on Ad2-infected
C1R cells. This functional link is further supported here from
our data on the differential association of Ad2 E3-19K with
HLA-A*1101 relative to both HLA-A*1101[E177K] and Ad2
E3-19K[K91E] mutants. Thus, allele-specific interaction is a
common property of E3-19K proteins, and binding affinities
correlate (in a negative way) with levels of MHC I cell-surface
expression on infected cells. As expected, our data also indi-
cated that this correlation is less evident for E3-19K/MHC I
pairs that have intrinsically weak affinities, i.e. intrinsically high
levels of MHC I cell-surface expression.
Our results also indicate that the allele specificity of E3-19K

proteins for HLA-A molecules is remarkably similar for sero-
types of subgroup B as well as subgroup C. Furthermore, our
results indicated that Ad37 E3-19K of subgroup D has the
weakest binding affinities, although Ad4 E3-19K of subgroup E
has the highest binding affinities for HLA-A molecules. Inter-
estingly, it was reported previously that immunoprecipitates of
MHC class I molecules from Ad-infected 293 cells co-precipi-
tated Ad2 E3-19K (subgroup C) but not Ad19a E3-19K (sub-
group D) (40). Because the amino acid sequence of Ad19a
E3-19K is identical to that of Ad37 E3-19K, this result is con-
sistent with our finding that Ad37 E3-19K binds very weakly to
MHC class I molecules. From these studies, we infer that the
different MHC I binding properties of E3-19K proteins are the
manifestation of differences in key amino acids at the E3-19K/
MHC I interface.
Our binding data also showed that E3-19K proteins of sub-

groupsB,C,D, andEdisplay the same locus-specific interaction
withMHC class I molecules, i.e. stronger affinities with HLA-A
compared with HLA-B molecules, and no interaction with
HLA-C molecules. This ability of E3-19K proteins to distin-
guish between MHC gene products may represent a survival
mechanism evolved by Ads to selectively manipulate host CTL
andnatural killer (NK) cell functions. Indeed, given thatHLA-A
and -Bmolecules present viral peptides specifically to receptors
on CTLs and that HLA-Cmolecules present viral peptides spe-
cifically to inhibitory receptors on NK cells (41), the MHC I
locus specificity of E3-19K proteins may predispose Ads to
avoid clearance by both CTLs and NK cells. Other viral immu-
nomodulatory proteins such as the Kaposi sarcoma-associated
herpesvirus K5 protein (42) and Nef from HIV-1 (43) display
the same MHC I locus specificity, a property that has been
shown to protect virally infected cells from lysis byNK cells (42,
43).Note that this potential inhibitorymechanismofNKcells is
distinct from that proposed recently by McSharry et al. (44) in
which E3-19K sequesters MHC I chain-related proteins A and
B molecules, i.e. the ligands of the activating NK receptor
NKG2D.
From our binding and cell-based studies, we identifiedMHC

residue 177 in HLA-A*1101 as a critical residue for the immu-
nomodulatory function of E3-19K proteins. More specifically,
we showed that the extent of MHC 177-modulating effects on
E3-19K proteins varies with serotypes and subgroups, with
serotypes of subgroup B being less sensitive tomodulation than

those of subgroups C–E. Studies of interaction between HLA-
A*3101 and E3-19K proteins also allowed us to conclude that,
in a manner similar to MHC 177, MHC 56 differentially mod-
ulates the MHC I binding function of E3-19K proteins. Impor-
tantly, a characterization of interaction between Ad7 E3-19K
and the double mutant HLA-A*1101[G56R,E177K] showed
thatMHC residues 56 and 177 are both part of theAd7 E3-19K/
HLA-A*1101 interface, with MHC 56 being a more dominant
contact site. Interestingly, the backbone-to-backbone distance
between MHC residues 56 and 177 (see Fig. 3) is 19.8 Å, and
assuming that E3-19K adopts an Ig-like structure (45), its lon-
gest dimension would be roughly 33 Å (approximated from the
x-ray structures of Ig-like proteins such as �2m, US2, and the
�3-domain of MHC class I heavy chain). Thus, it is entirely
reasonable to suggest that the E3-19K structure can span the
distance of 19.8 Å. This analysis further supports our experi-
mental findings that MHC residues 56 and 177 are both con-
tacts sites in the Ad7 E3-19K/HLA-A*1101 complex.
On the basis of our data, we propose amodel of interaction in

E3-19K/MHC I pairs in which all E3-19K proteins establish
evolutionally conserved interactions with MHC residues at
both the N terminus of the �1-helix and the C terminus of the
�2-helix of the peptide-binding groove. As suggested by our
data, E3-19K proteins most likely use residues from its con-
served region, such as the conserved Lys91, to mediate interac-
tionwith conservedMHCresidues, such asGlu177, at theC-ter-
minal end of the �2-helix. Note that there are at least two other
conserved and negatively charged solvent-exposed MHC resi-
dues at theN-terminal end of the binding groove, namely Glu53
and Glu173 (see Fig. 3), that may also be important for interac-
tion with conserved residues in E3-19K proteins. These evolu-
tionally conserved interactions would provide a basal level of
stabilizing energy to the E3-19K/MHC I association. In our
model, we also suggest that these interactions are supple-
mented by other important contacts at both the N terminus
of the�1-helix and the C terminus of the�2-helix of the groove
that involves residues from the variable region of E3-19K.
These contacts would contribute additional binding energy to
the E3-19K/MHC I association, the extent of which can vary
with serotypes and subgroups depending on the complementa-
rity of the interacting surfaces. Consequently, and as supported
by our data, to achieve optimal stabilizing interaction at the
E3-19K/MHC I interface, either the N terminus of the �1-helix
or the C terminus of the �2-helix will serve as a dominant bind-
ing region in different E3-19K/MHC I pairs. This view on the
conserved and variable regions in the E3-19K/MHC I associa-
tion accounts for why 1) E3-19K proteins of subgroup B or C,
which have high levels of sequence homology in their variable
regions, display similar allele specificity toward HLA-A mole-
cules; and 2) E3-19K proteins of different subgroups, which
show considerably lower levels of sequence homology in their
variable regions, display distinctively different binding affinities
(Kd values) for a given HLA-A molecule.
The critical role of MHC class I molecules in host antiviral

immunity has put tremendous pressure on viruses to evolve
escape mechanisms from immune surveillance. For Ads, this is
achieved through the intriguing E3-19K protein that targets
MHC class I molecules for retention in the ER. In this study, we
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have provided new information on the MHC I binding proper-
ties of E3-19K proteins of different serotypes and subgroups.
From this, a picture is emerging on how E3-19K, with a unique
arrangement of variable and conserved domains, mediates
interaction with its cellular target. This knowledge contributes
to move forward our understanding at the molecular level of
E3-19K function. Also, our results showingmajor differences in
the strength of interaction in different E3-19K/MHC I pairs
more firmly establish the notion that this association plays an
important role in the pathogenesis of Ads. In a clinical setting,
information on Ad serotypes and subgroups and HLA back-
ground of immunocompromised patients is potentially useful
to identify patients whomay be at higher risks of developing Ad
diseases.
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