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Conserved Amino Acids within the Adenovirus 2 E3/19K
Protein Differentially Affect Downregulation of MHC Class I
and MICA/B Proteins
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Successful establishment and persistence of adenovirus (Ad) infections are facilitated by immunosubversive functions encoded in the

early transcription unit 3 (E3). The E3/19K protein has a dual role, preventing cell surface transport of MHC class I/HLA class I

(MHC-I/HLA-I) Ags and the MHC-I–like molecules (MHC-I chain-related chain A and B [MICA/B]), thereby inhibiting both

recognition by CD8 T cells and NK cells. Although some crucial functional elements in E3/19K have been identified, a systematic

analysis of the functional importance of individual amino acids is missing. We now have substituted alanine for each of 21 aas in

the luminal domain of Ad2 E3/19K conserved among Ads and investigated the effects on HLA-I downregulation by coimmuno-

precipitation, pulse-chase analysis, and/or flow cytometry. Potential structural alterations were monitored using conformation-

dependent E3/19K-specific mAbs. The results revealed that only a small number of mutations abrogated HLA-I complex forma-

tion (e.g., substitutions W52, M87, and W96). Mutants M87 and W96 were particularly interesting as they exhibited only minimal

structural changes suggesting that these amino acids make direct contacts with HLA-I. The considerable number of substitutions

with little functional defects implied that E3/19K may have additional cellular target molecules. Indeed, when assessing MICA/B

cell-surface expression we found that mutation of T14 and M82 selectively compromised MICA/B downregulation with essentially

no effect on HLA-I modulation. In general, downregulation of HLA-I was more severely affected than that of MICA/B; for

example, substitutions W52, M87, and W96 essentially abrogated HLA-I modulation while largely retaining the ability to

sequester MICA/B. Thus, distinct conserved amino acids seem preferentially important for a particular functional activity of

E3/19K. The Journal of Immunology, 2010, 184: 255–267.

H
uman adenoviruses (Ads) can cause diseases of the eyes,
respiratory tract, and the gastrointestinal tract (1). More
than 50 different Ad serotypes have been distinguished,

which are classified in six different species (2). In a considerable
proportion of patients, Ads persist for a variable length of time after
primary infection and may become latent (3, 4), with members of

species C (e.g., Ad2 or Ad5) being most often detected (3). Their
successful propagation in vivo is facilitated bymultiple strategies to
evade the host immune response (1, 5, 6). Many of these immune
evasion functions are encoded in the early transcription unit 3 (E3),
which is not required for virus replication in tissue culture cells but is
preserved in all human Ads (5, 7). This suggests that E3 proteins
have an important function in vivo. Indeed, over the past 2 decades,
experiments both in cell culture and animal models clearly dem-
onstrated that most E3 proteins have the capacity to modulate im-
mune response mechanisms (5, 7–13), ranging from inhibition of
Ag presentation (14), suppression of NK cell activation (15),
downregulation of apoptosis receptors (7–9, 16), and interference
with TNF receptor-induced activities (10, 17, 18).
The most abundant E3 protein in the early phase of the infection

cycle of species C Ads is E3/19K. E3/19K functions to counter the
recognition of infected cells by both innate and adaptive cellular
immune responses. Recognition of cells by cytotoxic CD8 T cells is
suppressed by preventing the transport of MHC class I (MHC-I)
molecules (in human: HLA class I [HLA-I]) to the cell surface (19–
25). More recently, we showed that E3/19K has a second function,
namely, to inhibit recognition by NK cells via intracellular se-
questration of the stress-induced MHC-I chain-related protein A
and B (MICA/B) molecules (15), which serve as ligands for the
activating NK receptor NKG2D (26, 27). Deletion of E3/19K, as
found in most Ad gene therapy vectors, makes transduced or in-
fected cells susceptible toNKcells (15, 28).As theNKG2D receptor
is also expressed on human CD8 T cells, g/d T cells, and NKT cells,
E3/19K may have a much wider immune evasion function than
initially anticipated.
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The mechanism by which E3/19K prevents cell surface transport
of HLA-I molecules has been established in principle (7, 19, 29).
Like MHC-I, E3/19K is a type I transmembrane glycoprotein.
Efficient suppression of MHC-I cell surface expression requires
the combined activity of two functional entities in E3/19K: the
ability of the luminal domain to bind newly synthesized HLA-I
molecules, and signals in the transmembrane and/or cytoplasmic
domain for localization in the endoplasmic reticulum (ER) (19,
21, 30, 31). Although the precise requirements for E3/19K-MHC-I
interaction are ill-defined, ER localization is promoted by a di-
lysine type ER retrieval signal in the cytoplasmic tail of E3/19K
molecules (31–34) that is recognized by the COPI coat, thereby
mediating retrograde transport of E3/19K and associated MHC-I
from the cis-Golgi to the ER (35). E3/19K may also be able to
indirectly inhibit transport of MHC alleles by binding to the TAP
and preventing efficient peptide loading (36).
E3/19K forms physical complexes with the heavy chain of most

MHC-I alleles soon after translocation into the ER. This interaction
is noncovalent, is independent on glycosylation of either MHC-I or
E3/19K, and does not require the association of MHC-I with b2-
microglobulin (b2-m) or peptide (37, 38). The latter is consistent
with the ability of E3/19K to bind MICA/B, MHC-I–like mole-
cules that do not associate with b2-m or peptide (15). However,
formation of the MHC-I/E3/19K complex does not prevent the
subsequent assembly with peptide/b2-m in cells or in vitro [(7, 21,
38), H.-G. Burgert, unpublished]. Rather, peptide binding and
complete folding of the polymorphic peptide-binding domains a1
and a2 may facilitate the association with E3/19K (39). As
a matter of fact, complex formation with E3/19K critically de-
pends on the a1 and a2 domains of MHC-I molecules (40–43) and
a number of amino acids in a1/a2 have been identified that have
a profound impact on the interaction (42, 44, 45).
Ad2 and Ad5 E3/19K proteins bind the great majority of human

HLA-A/B alleles, albeit with different affinities (14, 41, 44, 46),
and certain MHC-I alleles of other species (23, 40, 42, 47, 48).
Based on this promiscuous binding activity of E3/19K to MHC-I
and MICA/B alleles, the critical target structure of HLA-I is
thought to be rather conserved (42). However, all attempts to
determine the three-dimensional structure of the E3/19K-MHC-I
complex have not been successful as yet (38, 49).
Although the interaction does not require the cytoplasmic tail of

E3/19K (21, 50, 51), the transmembrane segment might be critical
for HLA-I interaction in vivo within the cell but is not essential in
vitro (38, 51, 52). Hence, the interaction is primarily mediated by
the luminal portion of E3/19K (30, 38, 51, 53). This suspicion was
confirmed by the complete loss of HLA-I binding upon disruption
in the luminal domain of the two intramolecular disulfide bonds
(30) and by construction of in-frame deletions (53). However, as
these mutations were associated with profound structural alter-
ations, the functional contributions of individual amino acids re-
main largely unknown.
E3/19K-like glycoproteins are expressed by human Ad species

B–E. Despite their common function to inhibit HLA-I transport
E3/19K proteins from different Ad species display poor sequence
homology (5, 10, 54–56). Only 20 of the 139–151 aas present in
E3/19K homologs of different serotypes are universally conserved
(Fig. 1) (5). We reasoned that the highly conserved amino acids
are essential for the function and/or structural integrity of E3/19K.
This hypothesis is supported by our previous observation that four
conserved cysteines forming two intramolecular disulfide bonds
between cysteines 11/28 and 22/83 of Ad2 E3/19K, respectively,
were absolutely required for functional activity, whereas mutation
of three nonconserved cysteines had no significant effect on E3/
19K function (15, 30). To further examine the role of conserved

residues in the ER-luminal domain of Ad2 E3/19K, we have
systematically replaced all 16 strictly conserved and 5 highly
conserved residues by alanines using site-directed mutagenesis.
Initially, mutants were screened for their ability to form com-
plexes with HLA-I by transient transfection into 293 cells, fol-
lowed by immunoprecipitation. Mutants with a strong reduction in
HLA-I binding were comprehensively characterized in permanent
cell lines for their efficiency of complex formation with HLA-I,
their capability to inhibit HLA-I transport, and their effect on
steady-state expression of HLA-I and MICA/B at the cell surface.
Interestingly, a differential effect of these mutations on HLA-I
specific E3/19K functions was observed, with some mutations
abrogating functional activity, whereas others caused only minor
changes. Some of these latter amino acids turn out to be critical
for MICA/B downregulation. Overall, many mutations have
a differential impact on HLA-I and MICA/B binding. By relating
the functional data to the structural changes as detected by con-
formation-dependent mAbs (57) amino acids were identified that
may form part of the E3/19K interface binding HLA-I. In addi-
tion, a computational method (screening for nonacceptable poly-
morphisms [SNAP]) was used to predict the functional importance
of each amino acid in the E3/19K luminal domain (58, 59).

Materials and Methods
Construction of mutant E3/19K genes

Using PCR-mediated oligonucleotide-directed mutagenesis, single amino
acid codons corresponding to the amino acid positions E5, P9, T14, I26,
K27, I37, K42, W52, P54, G55, Y60, V62, V64, F77, F79, M82, D84, M87,
L95, W96, P97, and P98 of Ad2 E3/19K were replaced by alanine codons
(Fig. 1). The Ad2 EcoRI D fragment inserted in the pBluescript II
KS-vector (Stratagene, La Jolla, CA) served as a template for the first
PCR carried out in two separate reactions, each using one mutagenesis-
oligonucleotide (listed in Supplemental Table 1) containing the mutation
(either sense or antisense) and one flanking oligonucleotide binding either
39 or 59 from the mutagenized site. The two partially overlapping products
combined served as template for the second PCR using the flanking pri-
mers only to give rise to a �1200-bp fragment carrying the single amino
acid mutation. After digestion with PacI and StyI (mutants E5–V64) or StyI
and BclI (mutants F77–P98) the corresponding fragments of 437 bp or 376
bp, respectively, were ligated into pBS-Ad2EcoRI D previously cleaved
with the respective enzymes. The correct sequence of each mutant was
verified by sequencing the portion of E3/19K amplified by PCR.

Cell lines and culture conditions

Two hundred ninety-three cells (ATCC CRL 1573) stably expressing Ad2
wild-type (Wt) E3/19K (293E3-45 or 293E3-22.7) were generated by
transfection of 293 cells with the Ad2 EcoRV C and EcoRI D fragments,
respectively (30, 60). In these plasmids E3 expression is driven by the
natural E3 promoter that is stimulated by Ad E1A present endogenously in
293 cells. The 293E3-45 expresses all E3 proteins, whereas 293E3-22.7
only expresses E3A proteins, including E3/19K. As the EcoRI D fragment
present in these cells lacks the second downstream poly A site, 293E3-22.7
cells only express ∼50–60% of the amount of E3/19K as compared with
293E3-45 (16, 60, 61). Cell lines expressing E3/19K mutants E5, P9, T14,
K27, I37, K42, W52, G55, Y60, V62, V64, M82, M87, W96, and P97 were
established by transfection of 293 cells with mutagenized Ad2 EcoRI D
fragments. Culture of 293 cells, transfection, and subsequent selection was
performed as described (30, 62).

mAbs and antisera

The following mAbs were used: W6/32; anti–HLA-A, B, C (ATCC HB95);
BB7.2, anti–HLA-A2 and Aw69 (63); 6D4, anti-MICA/B (BD Bio-
sciences, San Jose, CA) or obtained from V. Groh (64), and BAMO3, anti-
MICA/B (65). Tw1.3 (21) recognizes a discontinous, conformational epi-
tope in Ad2 and Ad5 E3/19K. 3F4, 3A9, and 10A2 are specific for Ad2 E3/
19K (57). Their epitopes were mapped to aa 3–13 (10A2), 15–21 (3A9),
and 41–45 (3F4). For production of 3F4, 3A9, and 10A2, mice were im-
munized with a bacterially expressed His-tagged form of Ad2 E3/19K
(57). To quantify E3/19K expression in the mutant cell lines by immu-
noprecipitation the polyclonal antiserum C-tail raised against the cyto-
plasmic tail peptide (aa 128–142) of Ad2 E3/19K (30) was used. The
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reactivity of this antiserum seems unaffected by mutations within the ER-
lumenal domain of E3/19K.

Transfection of cells

Transient transfections were performed using the calcium-phosphate
method. A total of 6 mg plasmid DNAwas resuspended in 90 ml TE (10 mM
Tris/HCl pH 8.0/1mM EDTA) and 100 ml 23 HBS buffer (50 mM Hepes
pH7.05, 140 mM NaCl, 1.5 mM Na2HPO4) was added. Thereafter, 10 ml
250 mM CaCl2 was added under constant vortexing. After 5 min of in-
cubation, the precipitate was added to a subconfluent monolayer of 293 cells
(6-cm dish), and cells were analyzed 48 h thereafter. To generate 293 cell
lines stably expressing mutant E3/19K proteins, plasmids carrying the
mutations were cotransfected together with the pGCneo 635 plasmid con-
ferring G418 resistance using electroporation. Prior to transfection, both
plasmids were linearized using the restriction enzymes SalI or ScaI for pBS-
Ad2EcoRI D and PvuI for pGCneo 635. The procedure for transfection and
selection has been described previously (30). After ∼14 d, G418-resistant
clones were harvested and screened for E3/19K expression by flow cy-
tometry (FACS) in the presence of saponin using a mixture of mAbs Tw1.3,
3A9, and 3F4, or by separate incubation with 3A9 and Tw1.3.

Cell labeling, immunoprecipitation, endoglycosidase H treatment,
and SDS-PAGE

Labeling of cells with 35S-methionine, immunoprecipitation with protein
A-Sepharose, and SDS-PAGE have previously been described in detail (19,
24). Cells were lysed either in 1% NP40 or 1% digitonin. In the latter case,
immunoprecipitates were washed in buffers containing 0.1% digitonin.
Endoglycosidase H (endo H) treatment of HLA-A2 Ags was performed
exactly as described (30). Radioactive proteins were quantified by phos-
phoimager (BAS 1000, FUJIX, Tokyo, Japan) analysis.

Flow cytometry

FACS was performed essentially as described (16, 30), except that 3–5 3
105 cells were used. Cells were stained with hybridoma supernatants or 1
mg purified mAb directed to E3/19K, HLA-I (W6/32) or MICA/B (6D4 or
BAMO3). Thereafter, cells were either stained with FITC-conjugated goat
anti-mouse IgG (1:50 dilution, Sigma-Aldrich, St. Louis, MO) or a 1:100
dilution of AlexaFluor 488-conjugated goat anti-mouse IgG (A11001, Life
Technologies, Rockville, MD). To assess the expression of intracellular
E3/19K all incubations except for the last resuspension step were con-

ducted in the presence of 0.1% saponin. Fluorescence profiles were ob-
tained by analyzing 5000 viable cells in a FACScan flow cytometer (BD
Biosciences).

Bioinformatics

SNAP (58, 59) was used to predict the functional effects of alanine sub-
stitutions in the luminal domain (residue 1–100). For the cysteines, the
effect of serine substitutions was investigated. SNAP is a neural network-
based method that uses sequence-only inputs to return a binary prediction
of functional effect (neutral/non-neutral) and raw scores for each sub-
stitution (ranging from 2100 to +100; server implementation of SNAP
returns reliability indices [RI] computed directly from raw scores). At
default, neutral predictions are negative (#0) and non-neutral predictions
are positive (.0). The overall classification accuracy of SNAP has been
reported as 79% (59) for a test set of.80,000 mutants with experimentally
determined functional effects. SNAP performed slightly worse for the
subset of .11,000 transmembrane protein mutants [∼73% accuracy (66)].
SNAP scores are correlated with expected accuracy of prediction as cal-
culated in testing on the original data. Higher scores of non-neutral pre-
dictions are also somewhat correlated with expected severity of change.

Results
Mutations of conserved amino acids in E3/19K differentially
affect coprecipitation with HLA-I molecules in transiently
transfected 293 cells

Despite the functional conservation of E3/19K proteins, their amino
acid sequences are markedly variable among Ad species (5, 10).
Only 20 aas within the luminal domain of 104–115 aas are strictly
conserved in E3/19Kmolecules of different humanAd species (Fig.
1, thick arrows plus cysteines). Another 23 positions are highly
conserved with only a single exchange found in one of the Ad
species. It is postulated that these conserved amino acids are critical
for structural integrity and functional activity of E3/19K. To test this
hypothesis, we now have performed alanine scanning mutagenesis
of the Ad2 E3/19K protein, replacing each strictly conserved amino
acid plus five highly conserved amino acids by alanine (thin ar-
rows). The four strictly conserved cysteines in the luminal domain

FIGURE 1. Amino acid sequence comparison of E3/19K proteins encoded by Ads from different subgroups. Alignment of E3/19K amino acid sequences

from species B–D Ads. With the exception of species E (only one existing serotype) at least four sequences are shown. Reprinted with permission from

Burgert et al (5). Sequences of the mature proteins with putative signal sequences omitted are shown. The consensus sequence is highlighted by black

shading. Dashes indicate absent residues. The strictly and highly conserved amino acids within the luminal domain mutated here are indicated by thick and

thin arrows, respectively. Introducing an additional gap after P9 and P5 in the species C and D sequence, respectively, makes P9 also strictly conserved.

Mutants from which stable clones have been generated are denoted with the single letter code and the position in bold, for strictly conserved amino acids,

and in plain for highly conserved amino acids. The conserved cysteines in positions 11, 22, 28, and 83 mutated previously are also indicated. E5� denotes

the nonconserved glutamic acid that was analyzed as control. The transmembrane region and the glycosylation sites in Ad2 E3/19K are highlighted by

a line below and asterisks above the sequences, respectively.
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have been analyzed previously (15, 30). The Ad2 protein was
chosen because four mAbs and an antiserum against the cytoplas-
mic tail were available, allowing us 1) to detect all mutants and 2) to
relate potential functional alterations to changes in conformation.
The neutral amino acid alanine was selected to keep the impact on
structural integrity to a minimum. As a first screen for functional
activity, mutant E3/19K genes were transiently transfected into 293
cells. The ability of the mutant proteins to bind HLA-I was exam-
ined by metabolic labeling and coprecipitation using mAb W6/32.
As the extent of HLA complex formation is dependent on the
amount of E3/19K expressed, which is mainly determined by the
transfection efficiency, the expression level of E3/19K was con-
trolled with the C-tail serum. To obtain preliminary information
about potential conformational changes, E3/19K was also pre-
cipitated with the conformation-sensitive mAb Tw1.3 that recog-
nizes a discontinuous epitope (21, 57). Examples of directly
precipitated E3/19K using C-tail serum and Tw1.3 as well as co-
precipitated E3/19K are shown in Fig. 2A. As expected, the ex-
pression level of E3/19K varied considerably, being low for
example, for Wt, K42, W52, and Y60 and higher for most other
mutants. When this is taken into consideration striking differences
of the mutations on the level of coprecipitation were revealed (Fig.
2, W6/32 [W]; compare, for example, I37, V64, and M87 with F77,
F79, and L95). To verify these data, the experiment was repeated
and the fluorographs were quantitatively analyzed by phosphoim-
ager analysis. The amount of coprecipitated E3/19K was related to
the total amount of E3/19K as determined by immunoprecipitation
with the C-tail serum and the ratio obtained for Wt E3/19K was set
to 100% (Fig. 2B). Likewise, the relative binding affinity of Tw1.3 to
the different mutants is expressed as the ratio of radioactivity de-
tected in the E3/19K-specific bands of the Tw1.3 precipitate versus
that by C-tail and the ratio obtained forWTE3/19Kwas set to 100%
(Fig. 2C). The quantitative analysis derived from 1–3 experiments
illustrates the differential effect of the mutations on HLA-I binding.
A number ofmutants had completely lost the ability to bind toHLA-
I (I37,W52, V64, andM87), others showedmodest reductions (e.g.,
P9, I26, K42, Y60, and P97) and again others hardly any negative
effect (i.e., F79, M82, L95, and P98). These minor effects were
unexpected considering that we had mutated conserved amino
acids. Also, the amino acids, the mutation of which lead to the most
devastating effect on HLA-I binding of E3/19K (I37, W52, V64,
M87, and W96) are not concentrated in a particular part of the se-
quence, but are widely distributed throughout the luminal domain.
Furthermore, there is no correlation between Tw1.3 reactivity and
HLA-I–binding activity. Precipitation with mAb Tw1.3 revealed
differential effects of the mutations on the integrity of the confor-
mational epitope (Fig. 2C). For example, although mutants I37 and
V64 no longer bound Tw1.3, all mutants from F77 to P98 repre-
senting the so-called “conserved domain” were recognized with
similar binding efficiency as Wt (56, 57).

Generation and structural characterizaton of stable transfectants
from a selected set of E3/19K mutants

Coprecipitation of E3/19K mutants with HLA-I is only a first cri-
terion for functional activity, particularly in combination with
transient transfections because these are prone to some variation
because of differences in transfection efficiency. To verify the above
data and to enable amore detailed analysis of E3/19K function, such
as inhibition of HLA-I transport and suppression of cell surface
expression, we selected mutants with ,50% binding activity to
HLA-I in the transient assay for establishment of stable trans-
fectants. Additional mutations were included, for example, the
mutation of the nonconserved aa E5 that served as a negative con-
trol. As some mutations had a profound effect on Tw1.3 binding

[Fig. 2C; and (57)], we screened the transfectants by intracellular
flow cytometry using amixture of mAbs Tw1.3, 3A9, and 3F4 in the
presence of the detergent saponin. Each of these mAbs binds to
different epitopes within E3/19K, therefore increasing the chances
for successful detection of E3/19K mutants. From the 6–8 clones
initially selected for further analysis, 2–5 with expression levels
similar to the Wt expressing clones were chosen for subsequent
experiments. Immunoprecipitation with the mutation-independent
antiserum C-tail indeed confirmed a similar expression level to the
Wt expressing clones 293E3-22.7 and 293E3-45 (Fig. 3). Further-
more, immunoprecipitations withmAbs Tw1.3, 3A9, and 3F4, were
used to characterize structural alterations associated with the in-
dividual mutants. Generally, Wt E3/19K is most efficiently pre-
cipitated by mAb Tw1.3, followed by 3A9 and the C-tail antiserum
although it lacks significant reactivity to 3F4. A similar pattern is
seen for mutants E5 (control mutation of a nonconserved amino
acid), T14, M87, and W96 (Fig. 3), whereas mutants P9, I37, W52,
G55, Y60, V62, and V64 exhibited a 7–22-fold enhanced binding to
mAb 3F4 [see also (57)]. This indicates that the 3F4 epitope com-
prising aa 41–45 and predicted to be on an internal loop between two
b-strands becomes exposed by thesemutations. In all thesemutants,
except W52 and G55, enhanced 3F4 binding was accompanied by
a significant reduction or even loss (i.e., I37, V64) of Tw1.3 binding,
suggesting considerable structural changes. By contrast, binding of
mAb 3A9 to its epitope on the loop comprising aa 15–21 was not
significantly altered, except for T14 andK27, which harbor changes
in the vicinity of the epitope. Of note is the difference in the apparent
molecular weight of mutant T14 compared with Wt and the other
mutants. This is explained by the elimination of theN-linked glycan
at position 12 by the T14A mutation as this residue is part of an N-
glycosylation site NVT14 that is destroyed by the mutation.

First criterion for E3/19K function: HLA-I–binding activity of
stably expressed E3/19K mutants

Two clones from each mutant with a similar expression level of E3/
19K as inWt expressing cloneswere tested for their ability to bind to
HLA-I. Extracts of 35S-methionine–labeled cells were precipitated
with the HLA-I specific mAbW6/32 (Fig. 4A, 4B). Coprecipitation
depends on the binding activity of the E3/19Kmutant, its expression
level, the expression level of HLA-I in that clone, and the amount of
HLA-I precipitated. As before, coprecipitated E3/19K was related
to the total amount of E3/19K precipitated by the C-tail serum. In
general, the data obtained with stable clones corroborated those
obtained after transient transfection (see Fig. 2B). Mutants that did
not exhibit significant binding to HLA-I in the latter also turned out
to show no (I37, W52, V64, and M87) or very little (W96) binding
activity in stable transfectants (Fig. 4A, compare lanes 1–3 with
lanes 12–13 and lanes18–19; 4B, compare lanes 1–3 with lanes 8–
13). By contrast, alanine mutants generated from the nonconserved
aa E5 (control mutant) or from T14 were coprecipitated to a similar
extent as Wt E3/19K. In agreement with the transient transfection
data, the remaining mutants showed reduced HLA-I complex for-
mation. The average percentage of coprecipitated E3/19K from 2–3
experiments relative to WT is shown as normalized data in Fig. 4C.
A comparison of the efficiency of coprecipitation in transient and
stable transfectants of the same mutant revealed little variation (0–
21%). The largest difference was observed for K42 (21.1%) and
V62 (17.8%). These results indicate that the HLA-I binding data
determined in transient and stable transfections are comparable,
hence, the transient assay appears to constitute a reliable screen for
assessing HLA-I–binding activity of E3/19K mutants. Taken to-
gether, the mutants may be classified in three groups: 1) mutants
such as I37, W52, V64, M87, and W96 that lost HLA-I binding by
.90% as compared with Wt 2) mutants exhibiting intermediate
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binding activities (11–79%; P9, K27, K42, G55, Y60, V62); and 3)
mutants such as T14, F79, M82, D84, and P98 with essentially
unaltered binding activities (differences to Wt ,20%).

Second criterion for E3/19K function: influence of mutations on
HLA-I transport

Coprecipitation depends on a number of factors, and as E3/19Kmay
inhibit transport of HLA-I alleles with low affinity to E3/19K in-
directly by binding to TAP, thereby impairing the recruitment of
HLA-tapasin complexes to TAP and peptide loading (36, 67), co-
precipitation alone may not be a reliable measure for E3/19K ac-
tivity. Thus, a lack of coprecipitation does not necessarily indicate
a lack of transport inhibition [(68); H.-G. Burgert, unpublished ob-
servation]. To directly assess HLA-I transport through the medium/
trans-Golgi apparatus in cells expressing mutant E3/19K, the ac-
quisition of complex carbohydrates by HLA-I was determined in
pulse–chase experiments. Acquisition of complex carbohydrates
results in endo H resistance of HLA-I and is indicative of transport
through themedium/trans-Golgi apparatus. To facilitate the analysis
and detect the small molecular weight changes associated with the
conversion of high mannose sugars to complex type carbohydrates,
the analysis was restricted to one allele, HLA-A2, which exhibits

high affinity to Ad2 E3/19K (41, 42, 44, 45). After pulse-labeling for
20 min cells were chased in an excess of unlabeled methionine for
2.5 h. In untransfected 293 cells, HLA-A2 undergoes a small shift in
apparent molecular weight (Fig. 5, lanes 1 and 2). This latter species
is endo H resistant, whereas the pulsed sample is cleaved (Fig. 5,
lanes 3 and 4). By contrast, HLA-A2 molecules in 293E3-45 cells
expressing Wt E3/19K remain endo H sensitive throughout the
chaseperiod, indicating complete transport inhibition (Fig. 5, lanes 5
and 6). A similar transport inhibition is noted for mutants E5, T14,
andK27,whereas a significant fraction of endoH–resistantHLA-A2
is observed in mutants K42, G55, Y60, and V62. A greater per-
centage ofmatureHLA-A2 is found inW52 (∼35%)andP9 (∼65%),
whereas in four clones (M87, W96, I37, V64), essentially all HLA-
A2 became endo H resistant within the 2.5-h timeframe (Supple-
mental Fig. 1B). These latter E3/19K mutants have apparently lost
the ability to retainHLA-A2.With the exception ofmutantW52, that
showed some degree of transport inhibition in the absence of direct
evidence for strong HLA-I binding the results of the pulse–chase
experiments correlatewell with the coprecipitation data (Fig. 4). For
some mutants (P9, I37, K42, V62, V64, M87, W96), we also as-
sessed the acquisition of endo H resistance of the HLA-I alleles
remaining in the lysates afterHLA-A2 immunoprecipitation (mostly

FIGURE 2. HLA-I binding of E3/19K mutants and reactivity with mAb Tw1.3 after transient transfection, metabolic labeling and immunoprecipitation.

Two hundred ninety-three cells were transiently transfected with Wt and mutant pBS-Ad2EcoRI D constructs using calcium phosphate precipitation. 45–48

h posttransfection cells were labeled with 100 mCi/ml 35S-methionine for 3 h. Digitonin lysates of cells were divided in three equal parts and incubated with

Abs C-tail (C), Tw1.3 (T), and W6/32 (W). Examples shown in A are collated from three independent experiments. As control, Wt E3/19K was analyzed in

each experiment, but only shown once. In addition, immunoprecipitations of mock transfected cells are shown. The mutants analyzed are given on top. The

position of the HLA-I species (HLA) and E3/19K protein (E3/19K) is marked on the left, that of molecular weight markers (GE Healthcare, Munich,

Germany) on the right. The relative radioactivity in the M82 and M87 mutants is lower due to the loss of one of the five methionines by the mutation.

However, as the E3/19K species in W6/32 and Tw1.3 precipitates were related to C-tail, this did not affect the analysis. Mutants E5, T14, K27, and G55

were only analyzed as stable clones (see below). B, Quantitative analysis of HLA-I binding by Wt E3/19K and alanine replacement mutants on transient

transfection. The association with HLA-I of Wt and mutants was quantitatively assessed by measuring the amount of radioactive E3/19K coprecipitated by

W6/32 using a phosphoimager. Binding to HLA-I of the different mutants relative to Wt is expressed as the ratio of radioactivity detected in the co-

precipitated E3/19K band versus that by C-tail, with the ratio obtained for Wt E3/19K set to 100%. C, Binding of mutants to the conformation-dependent

mAb Tw1.3 relative to Wt E3/19K. The ratio of E3/19K-specific radioactivity was calculated from the amount of radioactivity in the E3/19K species

precipitated by Tw1.3 and C-tail. Bars represent the mean of at least two independent experiments.
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HLA-B/C; Supplemental Fig. 1A, 1B, and data not shown). In gen-
eral, the resistant HLA fraction is nearly identical to that seen for
HLA-A2 (differences of ∼10%), except for mutant V62 where only
15%of HLA-A2molecules were transported as comparedwith 50%
of HLA-A2 depleted HLA-I. FACS analysis confirmed a differential
expression of HLA-A2 andHLA-I on the cell surface of V62mutant
cell lines, whereas their expression did not significantly differ in all
other mutants tested (Supplemental Fig. 1C and data not shown). It
remains to be seen whether the V62 residue is more critical for the
retention of HLA-B/C alleles as compared with HLA-A2.

Third criterion for E3/19K function: influence of mutations on
steady-state HLA-I cell surface expression

The pulse–chase experiments represent a kinetic snapshot of the
effect of the mutation on inhibition of HLA-A2 transport. Because
of the differential association of HLA-I alleles with E3/19K, the
cell surface expression of HLA-I at steady state cannot be inferred
from these experiments. Therefore, HLA-I cell surface expression
of cell clones expressing E3/19K mutants was quantitatively
compared with that in Wt expressing clones and untransfected
cells using flow cytometry. As the intrinsic expression of HLA in
the individual clones may vary, we have tested a minimum of three
clones from each mutant in at least two independent experiments.
Typical histograms of selected mutants are shown in Fig. 6A, and
the calculated mean fluorescence intensity relative to E3/19K-
negative 293 cells is shown in Fig. 6B. Whereas HLA-I expression
in Wt E3/19K expressing clones is reduced by .80% compared
with 293 cells, little or no downregulation was observed in mu-
tants P9, I37, W52, V62, V64, M87, and W96. These data are in
line with the coprecipitation data and correlate with the pulse–
chase data, therefore, these amino acids seem crucial for HLA-I
modulation. In mutants E5, T14, K27, and M82, the suppression
of HLA-I is only minimally compromised, whereas two other
mutant cell lines (K42 and G55) exhibit an intermediate HLA-I

cell surface level, correlating well with the reduced coprecipita-
tion of these mutants with HLA-I (reduction by 40% and 31%,
respectively). Taken together, a strong correlation exists between
the three criteria for E3/19K function, namely, HLA-I binding,
transport inhibition, and suppression of HLA-I cell surface ex-
pression. Interestingly, however, for mutants with a moderately
reduced HLA-I–binding capacity (reduction of 60–40% in co-
precipitation), small differences in binding seem to have a pro-
found impact on steady-state HLA-I surface expression.

Fourth criterion for E3/19K function: effect of mutations on
MICA/B cell surface expression

The discovery of a new functional activity of E3/19K, down-
regulation of the stress molecules MICA/B (15), prompted us to
test whether the mutations affected the capacity of E3/19K to
downregulate MICA/B in a similar way as HLA-I (Fig. 6C). By
and large, the mutations have a lesser impact on MICA/B down-
regulation than on HLA-I. However, there are significant differ-
ences among the mutants that suggest they might be classified in
different groups depending on their effect on both target mole-
cules. The classification scheme used in this study was based on
the ratio between the HLA and MICA/B cell surface expression
for each mutant, which is 0.67 and 0.85, respectively, for the two
E3/19K Wt expressing clones. As expected, the mutation of the
nonconserved aa E5 hardly affected either E3/19K function (HLA/
MICA/B ratio, 0.98). We consider mutants with an HLA/MICA/B
ratio ,1.8 as those where the altered amino acid has a similar
functional relevance for both HLA-I and MICA/B down-
regulation. This group comprises P9 (1.39), I37 (1.72), G55
(1.57), Y60 (1.18), V62 (1.08), and V64 (1.75). A second set of
mutations preferentially compromises the ability of E3/19K to
downregulate HLA-I with relatively little impact on MICA/B
downregulation (HLA/MICA/B ratios .1.8). These include mu-
tants K27 (2.38), K42 (2.34), W52 (2.37), M87 (4.17), W96

FIGURE 3. Relative binding activity of mAbs to al-

anine replacement mutants of E3/19K. The binding ef-

ficiency of the mAbs Tw1.3, 3A9, 3F4, and the C-tail

antiserum to thevariousE3/19Kmutantswas determined

by immunoprecipitation. Stable 293 transfectants ex-

pressing the mutants indicated on top were labeled with

100mCi/ml 35S-methionine for 1 h and lysed in 1%NP40

lysis buffer. Equal amounts of lysate were used for im-

munoprecipitation with the mAbs Tw1.3, 3A9, 3F4, and

C-tail serum denoted on top. The amount of radioactive

E3/19K precipitated by the Abs (see also Fig. 2) was

quantitatively determined by phosphoimager analysis.

E3/19Kp marks monoglycosylated E3/19K that is pres-

ent in all immunoprecipitates at a low level, but is the

exclusive species in the T14 expressing clones. Two in-

dependent experiments including the control cell lines

293E3-22.7 and 293E3-45 were carried out and are

shown in A and B .
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(1.93), and P97 (2.0). A third group with a reverse phenotype
consists of mutants M82 (0.32) and T14 (0.37) that lost the N-
linked glycan at position 12. Both mutations severely compromise
the capacity of E3/19K to downregulate MICA/B while leaving
downregulation of HLA-I largely intact. If we use an alternative
classification scheme based on the percentage difference between

the relative HLA-I and MICA/B expression, taking ,35% dif-
ference as a cutoff for a similar functional effect on both target
molecules, the grouping remains the same, except that K27 (23%)
would be considered as mutant with a similar impact on both
target molecules, whereas I37 (47%) and V64 (49.6%) would have
a preferential impact on HLA. Whatever system is used, the data

FIGURE 4. Capacity of E3/19K mutants to form complexes with HLA-I in cell clones stably expressing the mutants. Two cell clones of each mutant

along with the control cell lines 293, 293E3-22.7, and 293E3-45 were labeled with 100 mCi/ml of 35S-methionine for 1 h. NP40 lysates were im-

munoprecipitated with mAb W6/32 directed against HLA-I. Corresponding autoradiographs are shown in A and B. Positions of HLA-I heavy chains (HLA),

E3/19K, and b2-m are marked on the right, those of molecular weight markers (kDa) on the left. C, The amount of coprecipitated E3/19K was determined

by phosphoimager analysis and related to that found in cell lines expressing Wt E3/19K as described for Fig. 2B.
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suggest that some amino acids may have a differential role for
downregulation of the two E3/19K target proteins.

Functional relevance of residues as determined by prediction of
nonneutral versus neutral effects of mutations

Our selectionof aminoacidpositions formutationwasbasedon their
conservation among Ads. To validate this selection and to examine
the putative functional relevance of other amino acids in E3/19K,we
used a neural network-basedmethod, coined “SNAP,” for predicting
functional effects of single amino acid substitutions in sequence
(59). The inputs to the network include a number of protein features
(predicted from sequence) local to the given position (i.e., solvent
accessibility, secondary structure, and native chain flexibility), as
well as biochemical differences between the original and the in-
serted residues. The network was trained on a large set of known
mutants with experimentally annotated functional effects. SNAP
makes predictions as to whether a mutation constitutes a functional
nonneutral or neutral exchange. In the context of the SNAP analysis,
we considered an increase in cell surface expression of HLA-I or
MICA/B of .33% over cells expressing Wt E3/19K as significant
functional change and as threshold for signifying a nonneutral
change. Similarly, a reduction of coprecipitation by .33% was
considered a nonneutral change. When we compared our results
with the effects predicted by SNAP for the alanine substitutions we
found a large degree of agreement (Fig. 7A). Overall, of 26 positions
(including the four conserved cysteines) investigated, 19 pre-
dictions were correct, yielding an overall accuracy of 73%, which is
in complete agreement with the 73% accuracy of SNAP for pre-
dictions of transmembrane proteins (66). For example, SNAP pre-
dicts a neutral change (score: 212) for the mutation of the
nonconserved control residue E5, and accordingly this mutation
was experimentally shown to be neutral with regard to function. In
contrast, most mutants investigated in this study, for example, I26
(score: 32), W52 (score: 55), Y60 (score: 39), V62 (score: 48), and
V64 (score: 47) have high-positive scores, suggesting nonneutral
changes (Fig. 7A). High-reliability nonneutrality scores, suggesting
profound (nonneutral) functional alterations, are predicted for all
conserved cysteines, which has been verified in our previous study
(30). It appears that at least in part even quantitative functional
changes may be predictable, for example, the experimentally de-
termined changes are smaller for G55 (score: 27) and P54 (score: 8)
than for either of the above mentioned deleterious mutations. For
a few positions (P9, K27, P54, F79, D84, L95, and P98), SNAP did
not correctly predict the outcome, for example, the predicted neutral

P9A mutation (score: 210) almost completely abrogated E3/19K
function. In contrast, the K27A substitution predicted to produce
a nonneutral phenotype resulted only in minor changes of activity
(Fig. 6). Interestingly, the other mutants with incorrect predictions
have only been analyzed in the transient HLA binding assay.
As mutation of some residues results in functionally disparate

effects on the two E3/19K target proteins, the comparison between
prediction and functional alteration becomes more complex. For
instance, the T14A (score: 47) substitution had no significant effect
on HLA-I downregulation, but essentially abrogated intracellular
sequestration ofMICA/B. On the other hand,M87A (score: 40) was
very benign with respect to MICA/B downregulation, but was
functionally disruptive as witnessed by reconstitution of HLA-I cell
surface expression. Fig. 7B shows the SNAP predictions for all
residues in the luminal domain of E3/19K. It is remarkable thatmore
than half of all amino acid changes are predicted to be nonneutral
with relatively high reliability (54% with a score .10). However,
when taking a cue from experimental results to reset the threshold of
functional effect (lowest SNAP score for experimentally determined
nonneutral mutant is 24 for P97), the number of residues annotated
as functionally important was reduced to 33 of 100 (33%).

Discussion
Based on the hypothesis that conserved amino acids are func-
tionally important, we have systematically substituted alanine for
all 16 strictly conserved and 5 highly conserved amino acids in the
ER luminal domain of Ad2 E3/19K. A schematic drawing of this
domain incorporating the secondary structure prediction (57), the
approximate position of the mAb binding sites and that of the
conserved amino acids analyzed in this study are shown in Fig. 8.
Previous studies using deletion or mutagenesis of the cysteines
revealed that this domain is crucial for binding to HLA-I (30, 53).
Using a sensitive transfection system that is not influenced by
cytokine effects on HLA-I/MICA/B expression induced by viral
infection, and the kinetic issues of an infection system (time to
express E3 proteins, time to detect significant downregulation of
HLA-I/MICA/B), we show that the mutations induce a variety of
phenotypes ranging from total loss of HLA-I downregulation (e.g.,
in I37, V62, or V64) to only minimal effects in the M82, T14, or
K27 mutants. After an initial screen combining transient trans-
fection with immunoprecipitation, we selected mutants that ex-
hibited a .50% loss of HLA-I–binding activity in this assay for
comprehensive functional characterization in stable transfectants.
Functional activity of E3/19K was assessed using three criteria:

FIGURE 5. Transport of HLA-A2 in cells ex-

pressing mutant and Wt E3/19K molecules. The

293, 293E3-45, and mutant cell lines were pulse-

labeled for 20 min with 200 mCi/ml 35S-methio-

nine, chased for 2.5 h in an excess of cold me-

thionine and lysed (A, lanes 2, 4, 6–14; B, lanes 2,

4, 6–11). In addition, samples of 293 cells and

293E3-45 cells were lysed directly (0) after the

pulse (A and B, lanes 1, 3, 5). HLA-A2 molecules

were immunoprecipitated using mAb BB7.2. Im-

munoprecipitated material was treated with endo

H (+endo H; A, lanes 3–14, B, lanes 3–11), except

the material loaded in lanes 1 and 2, which was

mock-treated. The positions of the HLA-A2 heavy

chain carrying high mannose glycans (HLA-A2),

the endo H resistant HLA-A2 species (HLA-A2R)

and the endo H cleaved HLA-A2 species (HLA-

A2p) are marked on the left.
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(1) binding to HLA-I using coimmunoprecipitation, (2) inhibition
of HLA-I transport as analyzed by pulse–chase experiments, and
(3) inhibition of HLA-I cell surface expression using quantitative
flow cytometry. In addition, the effect of the mutations on the cell
surface expression of the newly discovered E3/19K target proteins
MICA/B was assessed. We are confident that the data obtained in
this study with the transfection system are also relevant for the
Ad2 infection because comparable functional data were obtained
for the W96A E3/19K mutant that was analyzed both in trans-
fected cells and in the corresponding virus mutant (15).
In general, consistent data were obtained with these three assays.

Mutants that exhibited a similar HLA-I–binding activity as Wt,
such as T14 and K27, or the control mutant E5, representing an
alanine substitution of a nonconserved residue, also retained the
capacity to prevent the transport of HLA-A2 and to suppress
steady-state expression of HLA on the cell surface. On the other
hand, mutants that had lost HLA-I–binding activity such as I37,
W52, V64, M87, or W96, were unable to suppress cell surface
expression of HLA-I. Thus, we found little evidence that an E3/
19K mutant that had lost HLA-I binding would indirectly interfere
with HLA-I transport, for example, by binding to TAP (36). Only

W52 fulfills to some extent the criteria of a TAP binding mutant
(lack of coprecipitation, combined with HLA transport inhibition).
However, the slower transport of HLA-A2 did not result in a re-
duced cell surface expression of HLA-A,B,C in different W52 cell
clones at steady state. More direct experiments will need to be
carried out to clarify whether this mutant may bind to TAP.
A good correlation between HLA-I binding and reduced HLA-I

cell surface expression also existed for most mutants with
a moderate effect on binding (e.g., K42, G55) whereby a copre-
cipitation efficiency of ∼50% of Wt may represent a critical
threshold, as small differences in the avidity of interaction (co-
precipitation) may lead to considerable changes in HLA-I cell
surface expression at steady state (Figs. 4C, 6, and data not
shown). Minor differences in the three assays are to be expected
because different numbers of cell clones were analyzed in each
assay system. Considering, that HLA-A2 binds with high affinity
to E3/19K (41, 44) and other alleles in 293 cells are likely to
interact less avidly, the pulse–chase analysis of HLA-A2 is
overestimating the effect of E3/19K on HLA-I transport.
Perhaps themost surprising result was that more than one-third of

the mutants exhibited only relatively minor functional deficiencies

FIGURE 6. Cell surface expression of

HLA-I and MICA/B in cells expressing

mutant and Wt E3/19K molecules, or in

E3/19K negative cells. A, HLA-I histo-

grams of 293 cells, 293E3-22.7 cells and

various cell clones expressing the E3/

19K mutant given in the upper left cor-

ner are shown. Cells were stained for

flow cytometry using mAb W6/32, fol-

lowed by FITC-labeled goat anti-mouse

IgG (solid histograms) or were in-

cubated with FITC-labeled goat anti-

mouse IgG alone (black line). B, Rela-

tive expression level of HLA-I and

MICA/B (C) as measured by FACS

analysis of 293 cells and cell clones

expressing Wt or mutant E3/19K mole-

cules using mAbs W6/32 and 6D4 or

BAMO3, respectively. Cells were

stained with the above mAbs, followed

by incubation with Alexa 488-coupled

goat anti-mouse IgG. At least four

clones from each mutant with similar

E3/19K expression as Wt expressing 293

cells were analyzed in at least 3–5 in-

dependent experiments. The background

staining obtained with the secondary Ab

alone was deducted and the mean fluo-

rescence intensity related to that of 293

cells, which was arbitrarily set to 100%.

Bars represent means and SEM.
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as measured by HLA-I coprecipitation (I26, P54, F77, F79, D84,
L95, and P98; Fig. 8, residues without shading) or FACS analysis
(T14, M82; Fig. 8, dark gray). This suggested that these conserved
amino acids are of lesser importance for the interaction with HLA-
I. Although their critical importance for the interaction of E3/19K
with HLA-I alleles not present in 293 cells cannot be excluded their
conservation may imply an essential role for the interaction with
other potential E3/19K target proteins. Interestingly, E3/19K was
shown to increase complex formation of certain MHC-I alleles with
the amyloid precursor-like protein 2, which has been implicated in
peptide transfer (37, 69) and in modulation of the stability and
endocytosis of some murine and human MHC-I alleles (70, 71).

Also, some of these conserved amino acids might be important for
the interaction with TAP or MICA/B.
In this study, we have examined the relevance of these conserved

amino acids for MICA/B downregulation. To date, attempts to
demonstrate a direct interaction between MICA/B and E3/19K
have failed; therefore, we could not reliably test the above mutants
by coimmunoprecipitation with MICA/B. However, all stable cell
lines were tested for cell surface expression of MICA/B. Moreover,
stable cell clones from mutant M82 that exhibited only minor
deficiencies in the transient HLA binding assay showed essentially
unaltered downregulation of HLA-I, whereas MICA/B down-
regulation was severely compromised. A similar phenotype was

FIGURE 7. Comparison of SNAP score prediction with functional change. A, The position and the residue mutated is given together with the SNAP raw

score and a semiquantitative indicator of functional disruption with (2) being none; (+), 33–50%; (++), 51–75%; (+++) .76%. A.33% change of MICA/

B or HLA surface expression or reduction in coimmunoprecipitation is considered significant and as a threshold for a nonneutral change. Residues for

which predictions did not correlate with functional data are indicated in bold. M: indicates that only MICA/B is functionally affected. pBased on coim-

munoprecipitation in the transient assay. B, SNAP prediction for the luminal domain of Ad2 E3/19K, aa 1–100. Nonneutral changes are depicted as black

bars above the zero line, neutral changes as white bars below the line. The y-axis represents the SNAP raw scores. Amino acid residues are given in italics

and bold when SNAP did not predict the phenotype correctly.
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seen for T14 (Fig. 6C and Fig. 8, dark grey shading). The T14A
mutation leads to a loss of one N-linked glycan because of dis-
ruption of the generic N-glycosylation signal. This loss of a carbo-
hydrate is not accompanied by significant structural changes (Fig.
3). Together with the profound deficiency of T14 to sequester
MICA/B, this suggests that this carbohydrate may mediate an
essential direct contact with corresponding carbohydrates of the
heavily glycosylated MICA/B proteins. Consistent with this dis-
parate phenotype, carbohydrates are not required for interaction
with HLA-I (40, 55). It will be interesting to investigate the role of
carbohydrates for MICA/B interaction in greater detail. Some
mutants such as P9, I37, G55, Y60, V62, and V64 show a similar
effect on both target proteins (Fig. 8, light gray shading). This is
reminiscent of the phenotype of the cysteine mutants C11, C22,
C28, and C83 that essentially abrogated both HLA-I and MICA/B
downregulation (15). For most other mutants, however, the re-
tention of MICA/B was less severely affected than that of HLA-I.
Prominent examples are W52, M87, W96, and P97 in which HLA-
I downregulation was essentially abrogated, whereas a significant
proportion of MICA/B was retained (Fig. 8, black shading). For
K27 and K42, the mutation-induced effect on HLA expression,
although relatively small, is also 2.3-fold higher than that seen for
MICA/B. An obvious explanation would be that E3/19K has
a higher affinity to MICA/B as compared with HLA-I. Although
a higher affinity interaction in the absence of b2-m may be
plausible the failure to detect MICA/B-E3/19K complexes in de-
tergent lysates argues against this possibility. Therefore, we sug-
gest that these amino acids are preferentially involved in the
downregulation and binding of HLA-I and are less important for
MICA/B downregulation.

The availability of four conformation-sensitive mAbs allowed us
to relate functional activities of the E3/19K mutants to structural
alterations induced by the mutations. Based on secondary structure
prediction, the luminal domain comprises a relatively “variable”
core domain (aa 1–78) composed of six b-strands connected by
loop regions that may be bound by mAbs [Fig. 8 and (57)]. This is
followed by a more “conserved domain” between aa 79–98 of Ad2
E3/19K (56, 72) adjacent to the transmembrane segment (see also
Fig. 1) that is predicted to contain a 13–15-aa-long a-helix (Fig. 8,
cylinder) that is followed C-terminally by a block of conserved
amino acids, W96, P97, and P98 that may represent a b turn-like
element. With the exception of P9, mutants in the N-terminal part
(i.e., E5, T14, K27, and K42) show only minimal or minor
structural changes as evidenced by the unaltered binding pattern of
Tw1.3 and 3F4, and only some minor impact on the 3A9 epitope.
This correlates with the minimal, if any, functional alterations
observed. For most other mutants in this domain (P9, I37, W52,
G55, Y60, V62, and V64), the functional changes are paralleled
by considerable structural alterations as evidenced by a 7–20-fold
increase of both 3F4 and 10A2 binding (not shown) and a dra-
matic loss of Tw1.3 binding. However, in each case, the pattern of
mAb binding confirms that the disulfide bonds within E3/19K are
intact. Thus, amino acids in the three central b-strands appear to
be critical for the structural integrity affecting secondary structural
entities, whereas mutations in loops 4 and 5 are more benign,
largely retaining, for example, the capacity to downregulate
MICA/B (K42, W52, and G55).
The “conserved domain” has been proposed to be important for

HLA association, possibly by influencing the correct folding of
more distal portions of the molecule (56). Surprisingly, the ma-
jority of these mutants in this domain (F79, M82, D84, L95, and
P98) did neither exhibit major structural alterations nor deficien-
cies in coimmunoprecipitation of HLA-I (Fig. 2). In stark contrast,
M87 and W96 nearly completely lost the ability to form com-
plexes with HLA-I, and accordingly were essentially unable to
retain HLA-I intracellularly. The particular importance of M87 is
supported by previous observations by Flomenberg et al. (56) in
which the equivalent residue M110 of the Ad35 E3/19K protein
was mutated to lysine, resulting in a loss of binding to monkey
MHC-I molecules. Thus, we conclude that M87 plays a crucial
functional role in several E3/19K molecules and the loss of
function is unrelated to the charge alteration. Most importantly,
the minimal alterations in mAb binding (57) suggest that the
mutation does not induce major conformational changes, in-
dicating that M87 may be directly involved in HLA-I binding.
Interestingly, in species D Ads methionine is replaced by leucine.
Therefore, it will be interesting to see whether species D has
a similar targeting profile for HLA-I and MICA/B as species C
(55). Similarly, a greatly reduced ability to form complexes with
HLA-I associated with a lack of HLA-I downregulation was seen
for the W96 mutant. Again, we did not find evidence for major
structural alterations when monitoring the epitopes of Tw1.3, 3A9,
3F4, and 10A2 (Fig. 3, and data not shown). Thus, W96 can also
be considered part of the interface interacting with HLA-I. In-
terestingly, the effect of the W96A mutation on MICA/B down-
regulation was relatively benign as was that of the neighboring aa
P97, lending further support that the structural changes are rather
subtle and locally restricted. It is speculated that the WPP motif
may influence the angle of the E3/19K luminal domain. The
substitution of alanine for aspartic acid in position 84 had only
a minor effect on HLA-I complex formation, which contrasts with
the data by Flomenberg et al. (56) who observed an 80% reduction
of coprecipitation when D84 was replaced by glycine in Ad35.
This difference might be explained by the different nature of the

FIGURE 8. Schematic model of the ER luminal domain of the Ad2 E3/

19K protein based on secondary structure prediction (57) showing the

approximate positions of conserved amino acids and the binding sites of

mAbs 10A2 (aa 3–13), 3A9 (aa 15–21), 3F4 (aa 41–46), and Tw1.3

(conformational). Light gray shading indicates amino acids the mutation of

which had a similar effect on HLA-I and MICA/B surface expression.

Black shading highlights amino acids that are primarily critical for HLA-I

modulation, whereas amino acids marked with dark gray shading (T14,

M82) affect predominantly MICA/B rather than HLA-I. Residues without

shading indicate those with no drastic effect on HLA binding. The drawing

is spread out to enable to show all relevant elements. We do not know the

orientation of individual b strands (arrows) and the relative position of

those to the a helix (column). [11C] and C28, as well as C22 and C83, are

connected via disulfide bonds (30), so in reality these form intimate con-

tacts. L1-L7 indicate loop structures that may be recognized by the mAbs.

The 10A2 and 3F4 epitopes are largely buried in the Wt molecule. The

frequently similar but distinct changes in binding by these two mAbs

suggests that their epitopes may be spatially close together. C, C terminus;

N, N terminus; TM, transmembrane domain.
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substituted amino acid, with glycine being less favored than ala-
nine in a helices, and the different properties of monkey versus
human MHC-I molecules.
Contrasting with the SNAP analysis that predicted that most

mutations in the conserveddomainwill result innonneutral functional
changes (Fig. 7B), it appears that with the exception ofM87 andW96
alterations in the conserved domain had little impact on HLA-I–
binding activity. Itwill be interesting to seewhether these amino acids
are of particular relevance for MICA/B downregulation or for in-
teraction with as yet unknown target molecules. Overall, it is very
unusual for a protein to have predicted such a large number of
functionally important residues. However, transmembrane proteins
generally have significantly more constraints on sequence than
globular molecules because of the structural limitations imposed by
membrane localization. Nevertheless, it would be prudent to further
experimentally validate SNAP predictions (both neutral and non-
neutral) in an effort to identify functionally important sites inE3/19K.
Many viruses evolved mechanisms to downregulate MHC-I to

evade cytotoxic CD8 T cells (25, 67). As this viral activity may
make such cells more susceptible to NK cells, many viruses ex-
press in addition immunoevasins that target NK cells (26, 27).
Multiple strategies are used, a very common one is to suppress the
expression of ligands for the major activating NK receptor
NKG2D, which is also expressed on CD8 T cells. Human and
mouse cytomegalovirus use a whole range of molecules for
downregulation of MHC-I and NKG2D ligands (26, 27). By
contrast, Ad appears to use solely E3/19K to avoid recognition by
both CTL and NK cells (15). In this respect, E3/19K is most
similar to m152/gp40 of mouse cytomegalovirus that also targets
both MHC-I and NKG2D ligands (27, 73). The involvement of
multiple target molecules that interact with receptors on different
cell types (NK and CTL) makes it difficult to predict the effect of
viral subversion of innate and adaptive cytotoxic lymphocytes. For
example, NKG2D may or may not contribute to activation of CD8
T cells (73, 74). Infection with Ads and Ad vectors that lack E3/
19K has been shown to provoke NK cell lysis (15, 28, 75). Our
data suggest that it might be possible to design Ads that may only
affect one E3/19K target molecule, MICA/B or MHC-I. In this
way, it may be possible to dissect the rather complex interactions
between Ads and NK cells and other NKGD-bearing lymphocytes.
This knowledge should be very useful for optimization of Ad
vectors, including replication-competent oncolytic Ad vectors.
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