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The Transmembrane Domain of the Adenovirus E3/19K Protein Acts
as an Endoplasmic Reticulum Retention Signal and Contributes to
Intracellular Sequestration of Major Histocompatibility Complex Class
I Molecules
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The human adenovirus E3/19K protein is a type I transmembrane glycoprotein of the endoplasmic reticulum (ER) that abrogates
cell surface transport of major histocompatibility complex class I (MHC-I) and MHC-I-related chain A and B (MICA/B) mole-
cules. Previous data suggested that E3/19K comprises two functional modules: a luminal domain for interaction with MHC-I
and MICA/B molecules and a dilysine motif in the cytoplasmic tail that confers retrieval from the Golgi apparatus back to the
ER. This study was prompted by the unexpected phenotype of an E3/19K molecule that was largely retained intracellularly de-
spite having a mutated ER retrieval motif. To identify additional structural determinants responsible for ER localization, chime-
ric molecules were generated containing the luminal E3/19K domain and the cytoplasmic and/or transmembrane domain
(TMD) of the cell surface protein MHC-I K%, These chimeras were analyzed for transport, cell surface expression, and impact on
MHC-I and MICA/B downregulation. As with the retrieval mutant, replacement of the cytoplasmic tail of E3/19K allowed only
limited transport of the chimera to the cell surface. Efficient cell surface expression was achieved only by additionally replacing
the TMD of E3/19K with that of MHC-I, suggesting that the E3/19K TMD may confer static ER retention. This was verified by ER

retention of an MHC-I K® molecule with the TMD replaced by that of E3/19K. Thus, we have identified the E3/19K TMD as a
novel functional element that mediates static ER retention, thereby increasing the concentration of E3/19K in the ER. Remark-
ably, the ER retrieval signal alone, without the E3/19K TMD, did not mediate efficient HLA downregulation, even in the context
of infection. This suggests that the TMD is required together with the ER retrieval function to ensure efficient ER localization

and transport inhibition of MHC-I and MICA/B molecules.

uman adenoviruses (Ads) can cause a variety of acute diseases

(1) but can also persist for variable lengths of time in a clini-
cally inapparent state (2). More than 50 different Ad serotypes
have been distinguished and classified into six different species, A
to F (3). Ads devote a considerable part of their genome to im-
mune evasion functions that facilitate infection and/or maintain a
state of balance during persistence or latency (1, 4). If this balance
is perturbed, as in immunosuppressed patients, serious or life-
threatening disease may ensue (5). Ads are also widely used as
vectors for vaccination and gene therapy (6). Thus, a better un-
derstanding of their interaction with the immune system has ma-
jor medical implications.

Many of the Ad immune evasion genes are grouped together in
the early transcription unit 3 (E3), which is nonessential for virus
replication in vitro but is preserved in all human Ads (4, 7). This
suggests an important role in vivo, which is supported by various
in vivo models (1, 8, 9). E3 proteins counter a variety of immune
responses (4, 7, 10), including antigen presentation and natural
killer (NK) cells (11). In this context, the E3/19K protein has a
dual function. It prevents the transport of newly synthesized ma-
jor histocompatibility class I (MHC-I; HLA in humans) molecules
to the cell surface, thereby interfering with peptide presentation to
cytotoxic T lymphocytes (CTL) (12-15). E3/19K also suppresses
recognition by natural killer cells via intracellular sequestration of
the stress-induced MHC-I-related chain A and B (MICA/B) mol-
ecules (11), which serve as ligands for the major activating NK
receptor, NKG2D (16).
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E3/19K proteins are type I transmembrane glycoproteins ex-
pressed by Ads of species B to E. Despite their common function,
their sequence homology is poor (4, 10, 17, 18). The mature Ad2
protein consists of 142 amino acids forming a luminal domain of
~104 amino acids with two N-linked high-mannose carbohy-
drates, a transmembrane segment of ~23 amino acids, and a 15-
amino-acid cytoplasmic tail. E3/19K appears to combine two
functional entities to block cell surface display of MHC-I and
MICA/B molecules: (i) the luminal domain, which binds newly
synthesized HLA-I molecules, and (ii) a dilysine motif in the cy-
toplasmic tail, which mediates the retrieval of E3/19K-MHC-I
complexes from the cis-Golgi back to the endoplasmic reticulum
(ER) (12, 13, 19-21).

The structural requirements of Ad2 E3/19K for MHC-I and
MICA/B binding are well characterized; they include two crucial
intramolecular disulfide bonds and a number of other conserved
amino acids within the luminal domain (22-26). Recently, de-
tailed insight into the interaction between the luminal E3/19K
domain and a soluble form of HLA-A2 was provided by crystal-

Received 9 December 2012 Accepted 12 March 2013

Published ahead of print 20 March 2013

Address correspondence to Hans-Gerhard Burgert, H-G.Burgert@warwick.ac.uk.
Copyright © 2013, American Society for Microbiology. All Rights Reserved.
doi:10.1128/JV1.03391-12

June 2013 Volume 87 Number 11


http://dx.doi.org/10.1128/JVI.03391-12
http://jvi.asm.org

lography (26). However, the roles of the transmembrane domain
(TMD) and cytoplasmic tail in this process remain controversial.
While complex formation can clearly be demonstrated in vitro in
their absence (22,27, 28), in vivo studies within cells suggested that
the interaction is reduced or even abrogated upon deletion of the
cytoplasmic tail or the TMD, respectively (13, 28—30). Due to the
lack of appropriate antibodies, it remained unclear whether this
was caused by secondary structural alterations in the luminal do-
main induced by the deletions or whether it reflected merely a
need for membrane anchoring mediated by the TMD (27, 28, 31).
Also, the exact mechanism of ER localization is not completely
understood. While deletion analysis of the cytoplasmic tail and the
analysis of an E3/19K reporter chimera clearly identified a dilysine
motif important for ER retrieval (4, 13, 19-21, 29, 32), these stud-
ies are complicated by the fact that the efficacy of ER retrieval by
dilysine motifs depends on the sequence context (33). When the
structural requirements for ER localization were studied in the
context of E3/19K itself, conflicting data were obtained (29, 30),
suggesting that other structural elements within the E3/19K pro-
tein may be responsible for ER retrieval.

The present study was prompted by the phenotype of an E3/
19K molecule with a mutated dilysine retrieval motif. As expected,
this mutant reached the cell surface, yet the great majority re-
mained in the ER. Thus, elements in the mutated protein other
than the ER retrieval signal clearly contributed to ER retention. By
analyzing a series of chimeric molecules in which the cytoplasmic
tail and TMD of E3/19K were replaced individually or in combi-
nation with corresponding domains of the bona fide murine cell
surface molecule MHC-I K¢, we provide evidence that the E3/19K
TMD acts as a signal for static ER retention that significantly en-
hances HLA complex formation. Thus, we have discovered a new
functional element in E3/19K, and we propose that efficient trans-
port inhibition of HLA and MICA/B molecules requires the com-
bined activity of an ER retention signal in the E3/19K TMD and
the ER retrieval signal in its cytoplasmic tail.

MATERIALS AND METHODS

Construction of E3/19K and K¥ mutant proteins. The Ad2 EcoRI D frag-
ment (2,674 bp; nucleotides 27372 to 30046 of the Ad2 reference se-
quence), containing the E3/19K gene, was ligated into pBluescript II
KS(—) (Stratagene), yielding pBS-EcoRI D. All mutants were introduced
using PCR-mediated mutagenesis essentially as described previously (24).
Generally, each construct was designed using mutant oligonucleotide
pairs encompassing the desired sequence alteration in combination with
respective flanking primers. For construction of the E3/19K-K¢ chimeras
EEK and EKK, a three-step protocol was used, separately amplifying E3/
19K sequences with K?-compatible ends by using pBS-EcoRI D as the
target DNA and the corresponding K¢ domains by using the K¢ cDNA
vector pSV-KY (34) as the template. The last step consisted of the combi-
nation of the two PCR products, followed by PCR with flanking oligonu-
cleotides. Constructs EKE and EKE* were constructed similarly, but EKK
was used as the template DNA to amplify a 5’ fragment. In two indepen-
dent reactions, the corresponding 3" fragments were generated by using
either the wild-type or the mutated (EEE*) pBS-EcoRI D fragment as
template DNA. These PCR fragments were cleaved with BsrGI and Bcll
and were ligated into wild-type pBS-EcoRI D cleaved with the same en-
zymes.

The K¢ gene containing the TMD of E3/19K (KEK) was generated by
subcloning an 810-bp Apal/Nsil fragment of the genomic clone p191.6 of
murine K¢ (35) into appropriately cleaved pPGEM7+ (Promega), result-
ing in pKKK-AN. The sequence corresponding to the transmembrane
domain of Ad2 E3/19K (nucleotides 29175 to 29243 of the GenBank Ad2
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reference sequence) was amplified with flanking primers using pBS-EcoRI
D as the template. The E3/19K-specific primers were flanked with 5" se-
quences homologous to the upstream (nucleotides 3388 to 3397) and
downstream (nucleotides 3466 to 3472) K¢ coding sequences (numbered
according to the published K gene sequence [35]). This E3/19K amplicon
was first fused to an upstream K¢ amplicon by using appropriate primers
and p161.6 as the template. The K%-E3/19K hybrid TMD amplicon was
then fused by another assembly PCR to a downstream K%-specific ampli-
con generated by using relevant primers with p191.6 as the template. The
final fusion amplicon produced by the flanking K¢ primers was restricted
with Sacl and was inserted into SacI-digested pKKK-AN, replacing its
original small SacI fragment to yield pKEK-AN. pKEK-AN was then in-
serted into appropriately cleaved p191.6. All intermediates, as well as the
final construct, were verified by sequencing. The sequences of the oligo-
nucleotides used for the construction of the various chimeric molecules
are available upon request. The generation of KKE has been described
previously (36).

Cell lines, culture conditions, and transfections. Transfection of 293
cells (ATCC CRL 1573) with the wild-type and mutant Ad2 EcoRI D and
EcoRV C fragments (encoding E3A and the entire E3 region, respectively)
led to the establishment of the 293.12, 293E22.7, and 293E3-45 cell lines,
constitutively expressing wild-type E3/19K (12, 37). 293 cells expressing
the Ad5 E1A and E1B genes were specifically used to provide the E1A
transactivating function for the Ad E3 promoter present in the transfected
EcoRV C and EcoRI D fragments. This system has been shown previously
to yield good expression levels of E3 genes (23, 37). The mutant E3/19K
cell lines were established by transfection of 293 cells with mutated EcoRI
D fragments and the neomycin phosphotransferase gene essentially as
described previously (23, 24). 293K%2 and 293.12K"8 were generated by
transfection of 293 and 293.12 cells, respectively, with a genomic clone of
the murine H-2K¢ gene (14). 293KKE, previously termed 293KdE3, ex-
presses a K¢ molecule with its cytoplasmic tail replaced by that of E3/19K
(36). Similarly, cells expressing K¢ molecules with the TMD of E3/19K
(KEK) were established. 293 cells were grown in complete Dulbecco’s
modified Eagle’s medium (DMEM) containing 10% fetal calf serum
(FCS), 2 mM glutamine, and antibiotics. For routine culture, the medium
of the transfectants was supplemented with 200 pg/ml of active G418
(Calbiochem). K562 is an erythroleukemia cell line lacking MHC class I
expression (ATCC CCL243) that was grown in complete RPMI medium.
The K562-EEE and K562-EEK cell lines, derived from K562 by transfec-
tion of constructs EEE and EEK, respectively, were cultured in complete
RPMI medium supplemented with 600 pg/ml of G418.

Construction of recombinant adenoviruses expressing mutant E3/
19K proteins. In order to study mutant E3/19K proteins EEE*, EKE, and
EKE* in the virus context, the wild-type Ad2 genome, cloned as a bacterial
artificial chromosome (BAC) (38), was modified by a two-step mutagen-
esis procedure, essentially as described previously (39). First, the modified
E3/19K sequences from the corresponding pBS-EcoRI D plasmids were
transferred to pBS-EcoRV C (37), containing the Ad2-EcoRV C fragment
(encompassing the entire E3 region) that had been labeled previously at its
unique Swal site by a PCR-amplified kanamycin resistance (Km") gene
derived from pGPS1.1 (New England BioLabs). Next, the EcoRI frag-
ments of these constructs containing the E3/19K mutation and the Swal-
flanked Km" cassette were transferred to the Ad2-BAC by homologous
recombination as described previously (38, 39). Likewise, the wild-type
E3 sequence was replaced by an EcoRI fragment of an unmodified Km*
cassette-labeled construct as a control (EEE). After the selection of recom-
binant BACs with kanamycin, the resistance cassettes were removed from
each construct by Swal treatment, followed by recircularization with T4
DNA ligase (New England BioLabs). The repaired mutant BACs were
retransformed into Escherichia coli and were screened for the loss of the
Km' cassette, and sequences were verified across the mutation and recom-
bination site. Modified viruses (Ad2-EEE, Ad2-EEEX, Ad2-EKE, Ad2-
EKE*) were reconstituted from the corresponding BACs upon transfec-
tion of 293 cells with purified BAC DNA as described previously (38).
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FIG 1 Schematic representation of wild-type E3/19K (EEE), murine MHC-1 K¢ (KKK), and various chimeric proteins. The composition of the chimera is
indicated on the left by three capital letters representing the ER luminal, transmembrane, and cytoplasmic domains, respectively. An “E” refers to E3/19K-derived
sequences (open rectangles) and a “K” to K-specific sequences (shaded rectangles). Asterisks denote mutation of the dilysine motif. All constructs were stably

transfected into the human embryonic kidney cell line 293.

MAbs and antisera. The following monoclonal antibodies (MAbs)
were used in this study: W6/32 against HLA-A, -B, and -C (ATCC HB95);
BB7.2 against HLA-A2 and -Aw69 (40); BAMO3 against MICA/B (41);
Twl.3 (13) (kindly provided by J. Yewdell, NIH), 3A9, and 3F4 (42)
against E3/19K. The C-tail (23) and Kc-tail (36) polyclonal antisera rec-
ognize the cytoplasmic tails of E3/19K and K¢, respectively.

Cell labeling, immunoprecipitation, SDS-PAGE, and endo H treat-
ment. Labeling of cells with [*>S]methionine, immunoprecipitation of
NP-40 extracts, sodium dodecyl sulfate-polyacrylamide gel electrophore-
sis (SDS-PAGE), and endo-3-N-acetylglucosaminidase H (endo H) treat-
ment were carried out essentially as described previously (12, 23, 43).

Flow cytometry analysis. For the detection of antigens, unfixed cells
were incubated with the MAbs listed above, followed by goat anti-mouse
IgG conjugated with fluorescein isothiocyanate (Sigma) or Alexa Fluor
488 (Invitrogen), as described previously (23, 24), except that for internal
staining of antigens, 0.075% saponin (Sigma) was used. For the last two
washes and for analysis, saponin was omitted from the buffer. As demon-
strated previously (23, 24), staining in the presence of the mild detergent
saponin allows the Abs access to the ER lumen, preserving ER membrane
proteins while concomitantly extracting a large fraction of cell surface
proteins. This treatment therefore detects primarily intracellular proteins,
and the values obtained with the saponin treatment were used as the
denominators in the ratios (cell surface/internal staining) shown in Fig.
2B, 8B, and 9.

Immunofluorescence. Immunofluorescence was performed princi-
pally as described previously (44), with the modifications indicated below.
Cells were fixed for 10 min in 3% paraformaldehyde (Sigma) in phos-
phate-buffered saline (PBS) and were washed twice with PBS. Internal
staining was achieved by permeabilizing the cells for 5 min with 0.5%
Triton X-100—PBS. Nonspecific binding sites were blocked for 30 min
with 1% bovine serum albumin (BSA)-PBS. This buffer composition was
kept throughout the subsequent incubation and washing steps. The pri-
mary antibody 3A9 (42) was applied for 1 h as a 1:5 dilution of MAD cell
culture supernatant. As a secondary antibody, Cy3-conjugated goat anti-
mouse IgG (Dianova) was used in a 1:200 dilution. Preparations were
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embedded with Vectashield (Serva) and were viewed with a confocal laser
scanning microscope (CLSM) (TCS4D; Leica) equipped with a krypton-
argon laser.

RESULTS

Constructs and cell lines utilized to identify the domains that
contribute to the intracellular localization of E3/19K. To iden-
tify the structural elements that contribute to the intracellular se-
questration of E3/19K and HLA molecules, site-directed mu-
tagenesis and domain swapping were employed to systematically
manipulate the TMD and/or cytoplasmic tail of the Ad2 E3/19K
protein (Fig. 1, EEE). Replacement of the dilysine motif at posi-
tions 139 and 140 of E3/19K by serine is denoted by an asterisk. In
addition, the TMD (EKE, EKE*) and/or the cytoplasmic tail
(EKK, EEK) of E3/19K was replaced by that of the murine MHC-I
molecule K¢ (Fig. 1, KKK). This MHC-I allele was chosen as a
control for the distribution of a typical cell surface protein, since it
allowed us to monitor the presence and correct folding of individ-
ual domains in the mutant constructs due to the availability of
antibodies to various portions of E3/19K and K. All mutations
were introduced into the EcoRI D fragment of Ad2. By this means,
the known Ad-specific control elements, such as the promoter,
donor, and acceptor splice sites, translation regulatory elements,
and poly(A) signals, were retained. The mutagenized Ad2 frag-
ments were transfected into 293 cells together with the neomycin
resistance gene. A total of 25 to 30 cell clones derived from each
transfection were screened initially for expression of the E3/19K
constructs by quantitative fluorescence-activated cell sorting
(FACS) analysis in the presence of the detergent saponin. Clones
with E3/19K expression similar to that of cells expressing wild-
type E3/19K, as verified by immunoprecipitation after 30 to 60
min of metabolic labeling, were chosen for further analysis. In
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FIG 2 Differential cell surface and intracellular distributions of mutant constructs in 293 cells stably expressing K¢, wild-type E3/19K, and E3/19K variants.
Internal and cell surface expression of constructs was determined by quantitative flow cytometry in the presence and absence of saponin, respectively. MHC-T1 K¢
was detected using MAD 34-1-2, while wild-type E3/19K and E3/19K mutants were detected using MAb Tw1.3. (A) Filled histograms represent the background
staining obtained with the secondary antibody alone; open histograms denote specific staining. The MFI is given in the upper right corner of each histogram. (B)
Subcellular distribution is expressed as the ratio of the MFI obtained upon cell surface staining to that obtained upon internal staining. At least three independent
experiments were performed for at least three different clones of EEE*, EEK, EKK, EKE*, and EKE, two cell lines for EEE, and one cell line for KKK. Data are

expressed as means and standard errors of the means.

addition, the relative distributions of mutant proteins on the cell
surface and intracellularly were compared with those seen in a cell
line constitutively expressing wild-type E3/19K (EEE).

Efficient expression of E3/19K on the cell surface requires
replacement of its transmembrane domain. In line with the pre-
vious suggestion that the dilysine motif is the only structural de-
terminant in the E3/19K protein required for inhibition of trans-
port to the cell surface (20, 29, 34), mutation of this motif resulted
in expression of the mutant protein on the cell surface (Fig. 2A,
EEEX, bottom), whereas wild-type E3/19K (EEE) did not reach the
cell surface. Remarkably, though, internal staining in the presence
of the detergent saponin revealed that the majority of the EEE*
protein remained intracellular (Fig. 2A; compare the mean fluo-
rescence intensities [MFIs] of 98.5 and 31.9). An inverse distribu-
tion was seen for the bona fide plasma membrane protein MHC
K¢ (KKK), where the majority of the protein was found on the cell
surface (MFIs, 55.0 versus 93.2 [Fig. 2A]). The histograms in Fig.
2A show typical results for one cell clone for each transfection. To
control for clonal variation, three or more independent clones
from each transfection were analyzed in at least three different
experiments. The relative subcellular distribution of constructs
was expressed as the ratio of the MFI obtained in the absence of
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saponin to the MFI in the presence of saponin (primarily reflect-
ing cell surface versus internal expression; see Materials and Meth-
ods) (Fig. 2B). The collective data clearly confirm that EEE* is
predominantly localized intracellularly. Therefore, amino acids in
the E3/19K protein other than the dilysine motif in the cytoplas-
mic tail seem to contribute to intracellular localization. Since re-
placement of the entire cytoplasmic tail of E3/19K protein by that
of K¢ (Fig. 1, EEK) resulted in a distribution similar to that for
EEE* (Fig. 2A [MFIs, 89.7 versus 36.0] and B), other elements
within the C-terminal portion of E3/19K apart from the dilysine
motif appear to play a minor role in ER retention. Thus, although
EEE* and EEK could be detected on the cell surface, the majority
of each of these mutant proteins was localized intracellularly. To
assess the impact of additional structural features on intracellular
localization, a chimeric E3/19K protein was generated in which
both the TMD and the cytoplasmic tail were replaced by the re-
spective K sequences (EKK [Fig. 1]). Interestingly, the distribu-
tion of EKK differed drastically from those of EEE* and EEK and
was comparable to the staining ratio of the plasma membrane
protein KKK (Fig. 2A [MFIs, 25.2 versus 88.4] and B). These re-
sults suggest that the TMD of K¢ promotes cell surface expression
and that, conversely, the E3/19K TMD contributes to its efficient
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intracellular retention. This view was confirmed by the phenotype
of a chimeric protein containing the TMD of K¢ together with an
E3/19K tail where the dilysine motif was mutated (EKE* [Fig. 1]),
thus eliminating the impact of ER retrieval. Indeed, EKE* was
expressed on the cell surface to an extent similar to those of the
EKK and KKK proteins (Fig. 2A and B). Finally, to more precisely
delineate the relative importance of the two structural elements, a
chimeric protein bearing the TMD of K9 together with the native
E3/19K tail (EKE [Fig. 1]) was analyzed. As predicted for a protein
with a functional dilysine motif, EKE shows a distribution similar
to that of the wild-type E3/19K protein (Fig. 2A and B, compare
EEE with EKE). Together, these results demonstrate that both the
dilysine motif and the TMD of the E3/19K protein contribute
significantly to its efficient intracellular localization, whereas
other amino acids in the cytoplasmic tail are of minor importance
for subcellular distribution.

The subcellular distribution of the chimeric proteins is con-
sistent with their flow cytometry phenotype. To confirm the dis-
tributions of the constructs between cell surface and intracellular
compartments and to obtain more information as to their intra-
cellular localization, immunofluorescence microscopy in the ab-
sence and presence of a detergent was performed with MAb 3A9
(42), directed to a formaldehyde-resistant, exposed linear epitope
(residues 15 to 21) of the E3/19K protein (Fig. 3). In line with
previous observations, EEE was not detected on the cell surface
(Fig. 3A). The same holds true for EKE (Fig. 3F). In agreement
with the flow cytometry analysis, EEE* and EEK were detected on
the cell surface (Fig. 3B and C); however, their expression was
generally weaker than that of EKK or EKE* (Fig. 3D and E). When
the same cell lines were fixed and treated with detergent to addi-
tionally detect E3/19K in cytoplasmic compartments (Fig. 3G to
L), cells expressing EKK and EKE* exhibited primarily a cell sur-
face pattern and little internal staining (Fig. 3], K). This contrasts
dramatically with cell lines expressing wild-type E3/19K, which
showed bright reticular staining of the perinuclear region, typical
for the ER (Fig. 3G). Likewise, this perinuclear rim of fluorescence
was present in cell lines expressing EEE*, EEK, and EKE (Fig. 3H,
I, and L), with EEE* and EEK exhibiting somewhat higher num-
bers of vesicular structures. Thus, the chimeras may be classified
into three groups. The proteins of the first group, with intact di-
lysine motifs, are efficiently localized in the ER (EEE, EKE). Also,
proteins in the second group, containing the native TMD without
a functional dilysine motif (EEE*, EEK), are localized predomi-
nantly in the ER at steady state, although the presence of vesicular
structures and a low level of cell surface expression indicate trans-
port to other compartments. Finally, the third group comprises
proteins with the capacity to be transported efficiently to the cell
surface (EKK, EKE*, and KKK).

Manipulations of the cytoplasmic tail and TMD of E3/19K do
not significantly affect the conformation of the luminal region.
ER retention of EEE* and EEK might be due to misfolding and
activation of the unfolded protein response by quality control sys-
tems residing in the ER (45). We therefore sought to find potential
evidence for misfolding of the E3/19K mutants and chimeras by
analyzing their abilities to be recognized by a panel of conforma-
tion-sensitive MAbs against the E3/19K protein (42). However,
when the various E3/19K constructs were immunoprecipitated
from [**S]methionine-labeled cells using MAbs 3A9, 3F4 (data
not shown), and Twl.3, no significant change in reactivity from
that of wild-type E3/19K was observed, indicating that the confor-
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cell surface

FIG 3 Subcellular distribution of wild-type E3/19K and E3/19K mutants as
analyzed by immunofluorescence. Transfected 293 cells stably expressing
wild-type E3/19K (EEE), EEE*, EEK, EKK, EKE*, or EKE were stained for
immunofluorescence microscopy using MAb 3A9 followed by Cy3-conju-
gated goat anti-mouse IgG. Cells were either left intact for the assessment of
expression on the cell surface (A to F) or permeabilized with Triton X-100 for
internal staining (G to L).

mation of the N-terminal luminal domain of E3/19K, present in
all constructs, did not seem to be grossly altered by changes in the
TMD or the cytoplasmic tail. As an example, immunoprecipita-
tion data are shown for the conformation-sensitive MAb Twl.3,
which recognized all mutant proteins of the expected size with
similar efficiencies (Fig. 4). Wild-type E3/19K contains two car-
bohydrates of the high-mannose type and migrates at approxi-
mately 25 kDa, with some faster-migrating species indicative of
mannose processing. Accordingly, the predominant ~25-kDa
protein species of EEE, EEE*, EKE*, and EKE represent the fully
glycosylated form, whereas the faster-migrating minor species
(Fig. 4A, filled arrowheads) represent the respective monoglyco-
sylated forms. Due to the different sizes of the cytoplasmic tails of
K and E3/19K (40 versus 15 amino acids), the chimeric proteins

Journal of Virology


http://jvi.asm.org

E3/19K Transmembrane Domain as ER Retention Signal

A EEE EEE* EEK EKK EKE* EKE B 293 K562 C K562 K562-EEE K562-EEK
— e e EEE EEK EEE EEK Chase() 0 1 3 0 1 3 0 1 3 +EndoH
 <on “ T - 1} g
E—F . —
ps 30— 304
- -
.
i
|. — E - EEE i s e
- T - -”‘— EEKC
- — - EEE
1 2 3 4
14.34

1 2 3 4 5 6

FIG 4 Size and carbohydrate modification of wild-type E3/19K and E3/19K variants as analyzed by immunoprecipitation. (A) E3/19K constructs were
immunoprecipitated from lysates of stably transfected cell lines after 1 h of metabolic labeling with [**S]methionine by using MAb Tw1.3, directed to a
conformational epitope in the luminal domain of E3/19K. Similar results were obtained after immunoprecipitation with the conformation-dependent MAbs 3A9
and 3F4 (data not shown). Filled arrowheads indicate monoglycosylated forms of E3/19K. The acquisition of complex-type glycans is visualized as slower-
migrating protein species above the main labeled band (indicated by a line and an asterisk to the right of the respective lane). The positions of molecular size
marker proteins are given on the left. (B) Wild-type E3/19K (EEE) and EEK constructs were immunoprecipitated from lysates of stably transfected 293 and K562
cell lines after 2.5 h of metabolic labeling with [**S]methionine by using MAb Tw1.3. (C) K562 cells and transfectants with wild-type E3/19K and EEK were
pulse-labeled for 20 min and were chased for 1 and 3 h. The precipitated material was treated with endo H in order to identify constructs that still contain
high-mannose carbohydrates that are cleaved by endo H () and therefore have not been transported through the medial Golgi complex.

EEK and EKK exhibit a 2.25-kDa increase in apparent molecular
mass (Fig. 4A, lanes 3 and 4). The same results were obtained by
using antisera against the respective cytoplasmic tails (data not
shown). As expected, an antiserum against the C-terminal 11
amino acids of K¢ recognized constructs EEK and EKK, while a
serum against the C terminus of E3/19K (C-tail) recognized all
other constructs. Thus, the correct apparent molecular weight and
the ability of the proteins to be recognized by the corresponding
antibodies suggest that all mutants contain the desired sequence
alterations. Moreover, the similar efficiencies with which Tw1.3
immunoprecipitates the various constructs show that the altera-
tions introduced into the TMD and cytoplasmic domain do not
seem to significantly affect the conformation of the luminal part of
E3/19K. Therefore, it is highly unlikely that the predominantly
intracellular localization of EEE* and EEK is mediated by a quality
control system that recognizes and retains unfolded proteins.
Carbohydrate modifications reveal the importance of the
TMD and cytoplasmic tail for transport inhibition. The wild-
type Ad2 E3/19K contains two N-linked carbohydrates of the
high-mannose type characteristic of ER-resident proteins (46),
whereas glycoproteins that exit the ER may undergo further mod-
ifications in post-ER compartments and incorporate complex-
type carbohydrates. Because these processed proteins show slower
electrophoretic mobility in SDS-PAGE, the appearance of these
forms represents another means of assessing the abilities of the
mutant proteins to exit the ER. Such slower-migrating protein
species are visualized to some extent for EEK and EEE* but are
much more prominent for EKK and EKE*, both containing the
TMD of K¢ (Fig. 4A, lanes 2 to 5). This conversion to complex-
type sugars is indicative of transport through the medial and trans-
Golgi apparatus, which was not seen for E3/19K proteins with
intact dilysine motifs (EEE and EKE) (Fig. 4A, lanes 1 and 6).
Quantitation of band intensities revealed that 44% of EKK, 47% of
EKE*, 11% of EEK, and ~5% of EEE* were processed within the
labeling period of 1 h (data not shown). Therefore, the mutation
of the dilysine motif principally allowed the exit of the E3/19K
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protein from the ER to the medial Golgi apparatus, where it was
shown to acquire endoglycosidase H-resistant complex carbohy-
drates (data not shown), in line with previous data for a secreted
E3/19K variant (28). The extent of this processing, and thus the
degree of transport through the medial Golgi apparatus, is drasti-
cally enhanced by the TMD of K (Fig. 4A, compare the processing
of EEE* and EEK with that of EKK and EKE*). This was verified by
the acquisition of endo H-resistant carbohydrates in pulse-chase
analysis (data not shown). The limited acquisition of complex-
type sugars for EEE* and EEK confirmed the immunofluorescence
data and strongly suggests that the constructs lacking dilysine mo-
tifs (EEE* and EEK) remain largely in the ER. Because this could
be caused by complex formation with HLA, we tested whether
transport to the cell surface was increased in the absence of HLA
molecules. To this end, wild-type E3/19K and EEK were stably
expressed in K562 cells, which lack HLA. While the expression
levels of these E3/19K constructs were lower in K562 than in 293
cells due to the lack of E1A, which transactivates the E3 promoter
(Fig. 4B), the absence of HLA molecules did not result in en-
hanced cell surface transport: neither construct showed evidence
for processing to a higher apparent molecular weight (Fig. 4B, lane
2, asterisk; compare EEK in 293 and K562 cells) or for acquisition
of endo H resistance in pulse-chase analyses (Fig. 4C). This is
consistent with the lack of expression of both types of transfec-
tants on the cell surface (data not shown). Therefore, we exclude
the possibility that HLA complex formation causes ER retention
of constructs with mutated dilysine motifs. Rather, the lack of
transport of EEK in K562 cells suggests that the presence of HLA
molecules contributes to the limited EEK transport in 293 cells.
The capacity of the E3/19K chimera to bind HLA depends on
the nature of the TMD. To assess whether the manipulations
of the E3/19K protein would affect its ability to associate with HLA
molecules, complex formation was measured by coimmunopre-
cipitation. HLA antigens were precipitated using MAb W6/32,
directed to HLA-A, -B, and —C (Fig. 5A). In cells expressing wild-
type E3/19K (EEE), E3/19K was coprecipitated as an additional
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FIG 5 E3/19K constructs exhibit differential complex formation with HLA.
293 cells and cell clones stably expressing E3/19K constructs were metaboli-
cally labeled with [*°S]methionine for 1 h, and lysates were subjected to im-
munoprecipitation with MAb W6/32. (A) The positions of HLA-I heavy
chains (HLA), the various E3/19K forms (EXX), and 3,-microglobulin ($,m)
are marked on the right; those of molecular size markers (in kilodaltons) are
given on the left. (B) The association with HLA-I of wild-type (Wt) E3/19K
and the mutants indicated in panel A was quantitatively assessed by measuring
the amount of radioactive E3/19K coprecipitated with HLA and relating it to
the total amount expressed as detected by direct precipitation with Twl.3
using a phosphorimager (data not shown). The ability of each mutant to bind
to HLA-I is expressed as the ratio of the radioactivity detected in the copre-
cipitated band to that detected in the directly precipitated E3/19K band. The
ratio obtained for wild-type E3/19K was set to 100%. The data are from a single
coprecipitation experiment.

band of 25 kDa that was not present in nontransfected cells
(Fig. 5A, lanes 1 and 2). E3/19K-related protein species of the
expected molecular weight were also seen in cells expressing the
mutant E3/19K molecules (Fig. 5A, lanes 3 to 7). Although the
visualization of EKK and EKE* was compromised by the heterog-
enous nature of the coprecipitated band (Fig. 4A), both proteins
were clearly visible in longer exposures (data not shown). Thus, all
mutants retain the ability to form complexes with HLA molecules.
Quantitative phosphorimager analysis of the coprecipitated mu-
tants relative to wild-type E3/19K revealed that the levels of com-
plex formation with HLA by EEE, EEE*, and EEK were compara-
ble within the 1-h labeling period (Fig. 5A, lanes 2 to 4, and B),
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whereas the amounts of coprecipitating protein were substantially
lower in cell lines expressing EKK, EKE*, or EKE (Fig. 5A, lanes 5
to 7, and B). This indicates that the TMD of E3/19K contributes
significantly to the efficiency of complex formation with HLA
molecules.

Replacement of the E3/19K TMD and cytoplasmic tail dra-
matically affects the efficiency of HLA and MICA/B retention.
To determine whether the ability of HLA molecules to interact
with the mutant E3/19K constructs correlates with their transport,
the carbohydrate processing of HLA molecules was analyzed in a
pulse-chase experiment (Fig. 6). Stable transfectants and non-
transfected control cells were pulse-labeled for 20 min, washed,
and further incubated for 150 min in the presence of an excess of
unlabeled methionine. Subsequently, HLA-A2 was precipitated
first (Fig. 6A), and thereafter the remaining HLA-A, -B, and -C
alleles (Fig. 6B). The processing of HLA-A2 was analyzed sepa-
rately, since it has been shown to have a high affinity for Ad2
E3/19K (22, 47). Furthermore, by analyzing only one HLA allele,
small changes in apparent molecular weight accompanying the
conversion of the single HLA glycan to complex-type sugars in the
medial and trans-Golgi apparatus become more apparent. Precip-
itated HLA antigens were digested with endo H, which cleaves
high-mannose sugars, resulting in species of HLA that migrate
faster (HLA-A2°, HLA®) than the HLA species that acquired endo
H-resistant, complex carbohydrates in the medial and trans-Golgi
apparatus (HLA-A2®, HLA®). Quantitation of the amounts of
endo H-resistant protein in the individual cell lines (Fig. 6, bot-
tom) revealed that processing of HLA antigens in the presence of
EKK and EKE* was indistinguishable from that seen in the
absence of E3/19K in 293 cells. In contrast, in the presence of
wild-type E3/19K (EEE), EEE*, or EKE, essentially all HLA-A2
molecules remained endo H sensitive and thus contained high-
mannose-type sugars. Similar results were obtained for the pro-
cessing of the remaining, lower-affinity HLA alleles (Fig. 6B), ex-
cept for EEK- and particularly EKE-expressing cells. In cells
expressing EEK, a considerably larger proportion of HLA mole-
cules acquired endo H resistance than in the EEE* transfectant.
This is not reflected in the distribution of the two E3/19K con-
structs themselves (Fig. 2B), indicating that amino acids in the
cytoplasmic tail of E3/19K other than the dilysine motif may not
affect their transport but may have an influence on the interaction
with MHC class I molecules. The phenotype of EKE is surprising
considering the presence of the native E3/19K retrieval signal but
is consistent with its reduced level of complex formation with
HLA-A, -B, and -C alleles observed in coprecipitation experi-
ments (Fig. 5) and with the generally lower binding affinity of
HLA-B and -C alleles for E3/19K (25, 47).

Finally, the steady-state expression of HLA and MICA/B on the
cell surface was quantitatively determined using flow cytometry.
At least three different cell clones derived from each transfection
were analyzed using MAb W6/32 (Fig. 7A). The HLA expression
level in 293 cells and three G418-resistant, E3/19K-negative cell
lines was set at 100%. The results confirm the data obtained from
coprecipitation and pulse-chase analysis. As shown previously,
HLA expression on the cell surface is drastically reduced in the
presence of wild-type E3/19K (EEE) (12-14). In line with the
pulse-chase experiments, the removal of the ER retrieval signal in
EEE* and EEK alleviates the transport block, whereby HLA cell
surface expression reached considerably higher levels in EEK-
than in EEE*-expressing cell lines (reduced by 34% versus 66%).
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FIG 6 Differential transport of HLA molecules in cells expressing E3/19K chimeras. Transport of HLA molecules was analyzed in a pulse-chase
experiment (20-min pulse, 2.5-h chase). First, HLA-A2 was immunoprecipitated with MAb BB7.2 (A). The remaining HLA-A, -B, and -C molecules were
precipitated with MAb W6/32 (B). Precipitated material was treated with endo H to enable differentiation between molecules transported through the
medial Golgi apparatus, where they acquire endo H-resistant (*) complex-type carbohydrates, and those that still contain high-mannose carbohydrates
that are cleaved by endo H () and therefore have not reached this compartment. The percentage of HLA molecules that have acquired endo H resistance
(% endo H resistant) relative to the total amount of HLA precipitated is shown separately in corresponding bar diagrams for HLA-A2 (A) and the

remaining HLA molecules (B).

Some reduction in the level of HLA expression (by approximately
25%) was visible in EKK transfectants, whereas cell lines express-
ing EKE* exhibited normal HLA levels. Remarkably, despite the
presence of the ER retrieval signal in EKE, HLA cell surface expres-
sion at steady state is only slightly suppressed in EKE-expressing
cell lines, consistent with the reduced ability to interact with HLA
molecules and the ability to acquire endo H resistance. Expression
of HLA-A2 on the plasma membrane correlated with the pulse-
chase results (data not shown). Of note, the cell surface expression
pattern for MICA/B, the other known target molecule of E3/19K,
was largely similar in these transfectants (Fig. 7B). This indicates
that the downregulation of both MICA/B and MHC-I molecules
similarly depends on the TMD and cytoplasmic tail of E3/19K.
The E3/19K TMD actively suppresses the expression of a
bona fide plasma membrane protein on the cell surface. The data
presented above show that the MHC-I TMD promotes cell surface
expression of E3/19K and, conversely, that the E3/19K TMD has
features that contribute to the retention of E3/19K and HLA mol-
ecules in the ER. To directly investigate whether the TMD alone is
sufficient to promote ER retention and suppress cell surface ex-
pression of a heterologous bona fide plasma membrane protein,
the K¢ TMD was replaced by that of E3/19K to yield KEK (Fig. 1).
Stable 293 transfectants were screened for expression of KEK by
flow cytometry in the presence and absence of saponin using
MAbs SF1.1.1 and 34-1-2, directed to the a3 and a1/a2 domains
of K9, respectively. Successful immunoprecipitations with 34-1-2
and antibodies directed to the cytoplasmic tail of K¢ (C-tail) con-
firmed the presence of the respective domains in KEK and the
expected molecular weight (Fig. 8A). Nontransfected 293 cells and
KEK-negative, G418-resistant cell clones, such as K1, exhibited
only background bands. As shown in Fig. 8B, KEK-expressing cell
clones exhibited drastically reduced cell surface expression and,
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concomitantly, increased intracellular staining relative to wild-
type K¢ (KKK), a pattern very similar to that of K% in cells coex-
pressing wild-type E3/19K (KKK +EEE). As expected, a hybrid K¢
molecule with its cytoplasmic tail replaced by that of E3/19K
(KKE) (Fig. 1) showed an exclusively intracellular localization
(Fig. 8B). The surface expression of other typical cell surface mol-
ecules, such as CD46 or HLA, was not significantly affected by
KEK expression (data not shown).

Taken together, these results demonstrate that the TMD of
E3/19K can dominantly convert a plasma membrane protein into
an intracellular protein; thus, it contains features that favor
intracellular localization/ER retention. Comparative pulse-
chase analyses of KEK and KKE with wild-type K¢ in the pres-
ence and absence of E3/19K (KKK+EEE and KKK, respec-
tively) clearly indicated that both constructs are retained in the
ER. Unlike wild-type K¢ (KKK), which shows the typical pro-
cessing associated with the acquisition of complex-type sugars
(Fig. 8C, lanes 4 to 6, asterisk), KEK and KKE failed to acquire
complex-type sugars, like wild-type K¢ in the presence of E3/
19K (KKK+EEE) (Fig. 8C, compare lanes 7 to 12 with lanes 1 to
3). The progressively lower apparent molecular weights of the
chased K molecule, reflecting mannose trimming in the ER,
and the drastically enhanced complex formation with the 100-
and 110-kDa species of the amyloid precursor-like protein 2
(APLP2) (Fig. 8C, compare lanes 7 to 12 with lanes 1 to 3),
which is known to occur when transport of K¢ out of the ER is
inhibited, e.g., by coexpression of E3/19K (36), provide inde-
pendent evidence for ER localization of KEK, KKE, and K¢ in
the presence of E3/19K. The close correlation between APLP2
coimmunoprecipitation and ER localization is confirmed by
the loss of association of the two APLP2 species upon the trans-
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FIG 7 Relative cell surface expression of the E3/19K target molecules HLA and
MICA/B in cell clones expressing mutant and wild-type E3/19K. Steady-state
expression of HLA (A) and MICA/B (B) molecules on the cell surface was
determined by flow cytometry using MAbs W6/32 and BAMO3, respectively,
followed by incubation with Alexa Fluor 488-coupled goat anti-mouse IgG. At
least three clones from each transfection were analyzed in at least two inde-
pendent experiments. The background staining obtained with the secondary
antibody alone was subtracted, and the MFI was related to that for 293 cellsand
three E3/19K-negative transfectant clones (293), which was set to 100%. Bars
represent mean values; error bars, standard errors of the means.

port of K¢ out of the ER and the acquisition of complex-type
sugars during the chase period (Fig. 8C, lanes 4 to 6).

ER retention by the E3/19K TMD also occurs during virus
infection. To assess the physiological relevance of our findings,
the functional activity of the newly discovered ER retention signal
in the E3/19K TMD was analyzed during viral infection. To this
end, the E3/19K mutants EEE*, EKE*, and EKE were introduced
into the Ad2 genome using recombineering (38, 39). HeLa cells
(data not shown) and 293 cells were infected with wild-type Ad2,
Ad2 viruses expressing the modified E3/19K molecules, and Ad2
dl810, an Ad2 lacking all E3 genes, as a negative control (48) (data
not shown). As indicated by the ratios of cell surface expression to
internal staining, the distributions of the mutant E3/19K mole-
cules (Fig. 9A) and HLA target molecules (Fig. 9B) were essentially
the same as those in the transfection system (Fig. 2 and 7). Wild-
type E3/19K (EEE) and EKE were exclusively found intracellu-
larly, whereas some cell surface expression and an increased ratio
were seen for EEE*. Remarkably, Ad2-mediated expression of
EKE* resulted in a ratio typical for a cell surface protein. The HLA

6112 jviasm.org

expression profile was consistent with that of the transfected cell
lines (Fig. 7) and correlated with that of the E3/19K mutant con-
structs except for EKE, where downregulation of HLA was only
modest, even though EKE was completely intracellular. Thus, the
results obtained by the transfection system used here for most
experiments were essentially reproduced during virus infection,
suggesting that the newly discovered functional activities of the
TMD are physiologically relevant.

DISCUSSION

The adenovirus E3/19K protein subverts the recognition of T cells
and NK cells by retaining MHC-I and MICA/B molecules in the
ER (11, 12, 15, 24). To date, this capacity was thought to be based
on the combined action of two functional entities: the ER luminal
domain, which binds to MHC-I and MICA/B molecules, and an
ER retrieval signal in the cytoplasmic tail that mediates the retro-
grade transport of E3/19K with its attached target molecules from
the ER-Golgi intermediate compartment (ERGIC)/cis-Golgi to
the ER (20, 21, 28, 29). In this study, we show that the TMD of
E3/19K represents an additional functional element that crucially
contributes both to efficient ER localization of E3/19K and to the
downregulation of target molecules. This conclusion was reached
by analyzing a series of chimeric constructs that contained the
luminal domain of E3/19K together with the TMD and/or cyto-
plasmic tail of the bona fide plasma membrane protein MHC-IK*,
Analysis of these E3/19K-MHC-I chimeras revealed the impor-
tance of the E3/19K TMD in this process, since its replacement led
to high cell surface expression. Conversely, replacement of the
TMD of K by that of E3/19K was sufficient to cause ER retention,
showing the dominant activity of the latter. Based on these data,
we propose that the TMD of E3/19K mediates static ER retention.
In agreement with this conclusion, the TMD contributes signifi-
cantly to the binding and retention of HLA-I and MICA/B mole-
cules, since its replacement severely compromised the downregu-
lation of these molecules.

Figure 10 illustrates the transport characteristics of the various
E3/19K molecules and the HLA molecule and summarizes the
overall efficiency of HLA-I downregulation. Chimeras with simi-
lar phenotypes are grouped together. In wild-type E3/19K (EEE),
the ER retrieval signal and the ER retention signal of the TMD act
in concert to maintain a high concentration of E3/19K in the ER,
where it efficiently associates with its target molecules (Fig. 10A).
Without the ER retrieval signal, but in the presence of the cognate
E3/19K TMD (Fig. 10B, EEE* and EEK), the bulk of these con-
structs remains in the ER through static ER retention, and only a
small fraction of E3/19K-HLA complexes is further transported to
the cell surface. The predominant intracellular retention of these
constructs is not caused by complex formation with HLA in the
ER, because there was no transport in HLA-negative cells. The
higher HLA cell surface expression observed for EEK-expressing
cells than for EEE*-expressing cells may suggest that residues in
the cytoplasmic tail other than the ER retrieval signal impact on
the efficiency of HLA downregulation, as previously suggested
(29). In the absence of both the dilysine motif and the E3/19K
TMD (Fig. 10C, EKK and EKE*), there is no static ER retention,
and consequently, large amounts of chimeric proteins rapidly exit
the ER. Due to the lack of an ER retrieval signal, these constructs
are further transported through the Golgi apparatus to the cell
surface. Thus, these constructs have a distribution and cell surface
expression comparable to that of typical surface proteins, such as
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293 cells stably expressing KEK, KKE, or wild-type K¢ in the absence (KKK) (293K“2 cells) or presence (KKK+EEE) (293.12K“8 cells) of E3/19K were
pulse-labeled for 20 min (0) and then chased for 40 min and 120 min as indicated. The asterisk in lane 6 indicates a K¢ species with complex-type carbohydrates.
Note the enhanced coprecipitation of the APLP2 p100/p110 bands in cells expressing KKK+ EEE, KEK, and KKE compared to that in cells expressing wild-type
K9 alone (KKK), which is indicative of ER retention (36).
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FIG 9 The cell surface and intracellular distributions of E3/19K variants and
HLA are confirmed in the context of virus infection. The EEE*, EKE, and EKE*
E3/19K mutants were inserted into the Ad2 genome by recombineering, and
the reconstituted viruses were used to infect 293 cells. Cells were analyzed 18 h
postinfection by flow cytometry for cell surface and internal expression of
E3/19K constructs and of HLA by using MAbs Tw1.3 and W6/32, respectively.
The ratios of cell surface staining to internal staining of E3/19K constructs (A)
and HLA (B) are given as means and standard errors of the means derived from
three independent experiments. Similar results were obtained upon infection
of HeLa cells (data not shown).

K. Tt is not clear to what extent EKE* and EKK reach the cell
surface in complex with HLA molecules. Coimmunoprecipitation
of these constructs is substantially lower than for wild-type E3/
19K and the other mutants with a native E3/19K TMD. However,
these constructs can still be coprecipitated after 1 h of chase (data
not shown), indicating that considerable fractions of EKK and
EKE* remain associated with HLA molecules during transport to,
and possibly on, the cell surface. As expected, no cell surface ex-
pression was demonstrated for EKE, which, due to the absence of
the E3/19K TMD, is rapidly transported from the ER to the
ERGIC/cis Golgi but is also efficiently returned to the ER owing to
the presence of the ER retrieval signal (Fig. 10D). Surprisingly, this
was not the case for the majority of HLA-I and MICA/B molecules
in those cells, which were transported further to the cell surface.
This suggests that complexes with EKE that reach the ERGIC/cis-
Golgi compartment are prone to dissociation, releasing the HLA
and MICA/B molecules for transport to the cell surface (Fig. 10D).
Conversely, the E3/19K TMD seems to prevent rapid ER export
and hence dissociation and thus contributes to efficient HLA
downregulation. Viral infection with corresponding Ad2 mutants
confirmed the important functional contributions of the TMD
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and the cytoplasmic tail. Taking these findings together, this
model can explain the transport characteristics of the chimeras
and their effects on HLA cell surface expression. Accordingly, it is
the combination of static ER retention provided by the polar TMD
and ER retrieval provided by the dilysine motif that brings about
efficient HLA and MICA/B downmodulation.

Our findings with EEK and EEE* are in line with previous
studies using C-terminally deleted E3/19K proteins, which also
showed cell surface expression (13, 29). However, since the intra-
cellular expression was not concomitantly quantified, those stud-
ies provided no information on the relative distribution of con-
structs to the cell surface versus intracellular compartments (13,
19, 29). Moreover, the previous studies did not specifically assess
the role of the TMD. Deletion analyses have shown that E3/19K
mutants truncated within the luminal domain (at residue 96) ad-
jacent to the TMD or within the TMD exhibited no interaction
with HLA molecules and were secreted. In contrast, constructs
truncated at a point C-terminal of the TMD within the cytoplas-
mic tail associated with HLA molecules and were expressed on the
surface (28, 31). This may suggest that in vivo, the luminal domain
alone, without a TMD or a cytoplasmic tail, is insufficient for HLA
interaction. However, in those studies, the possibility that mis-
folding, e.g., due to inappropriate disulfide bond formation, was
the potential cause for the loss of complex formation could not be
ruled out. Furthermore, the question of whether the TMD was
required as a mere membrane anchor or had additional functions
remained open. In contrast, the conformation of the luminal do-
mains in the constructs generated here does not seem to be signif-
icantly altered, since all conformation-dependent MAbs tested
showed similar efficiencies in precipitating the mutant and wild-
type E3/19K molecules (Fig. 4). This panel of MAbs was shown to
be highly sensitive to conformational changes induced by muta-
tions of individual amino acids, small deletions, or disruption of
intramolecular disulfide bonds (23, 24, 42, 49). Our data empha-
size the crucial importance of the TMD not as a mere membrane-
anchoring device but rather as a functional module that both me-
diates static ER retention and enhances the efficiency of complex
formation with target molecules. In light of our data, the loss of
interaction upon deletion of the TMD (28, 31) might be explained
by the lack of static ER retention and ER retrieval, leading to an
insufficient concentration of E3/19K in the ER. These in vivo data
are not necessarily in conflict with the successful interaction of the
purified soluble luminal E3/19K domain with HLA molecules in
vitro, since this may have been forced by the high protein concen-
trations used in those systems (22, 25, 26, 28, 31).

Due to the common function of all E3/19K proteins examined
to date (7, 12, 17, 25, 50), the specific feature of the TMD, identi-
fied here as promoting ER retention, should be preserved in E3/
19K proteins. However, none of the 20 strictly conserved amino
acids of E3/19K is localized in the TMD (24). Also, its length is not
distinctly different from those of TMDs of plasma membrane pro-
teins (23 amino acids in E3/19K versus 24 in K%) (51). A well-
conserved property of the TMDs of all E3/19K proteins, however,
is the unusually high number of polar amino acids. Nine polar
residues are present in species C (e.g., in the Ad2 E3/19K protein),
9to 12 in species B, 9 in species E, and 4 in species D (4). Therefore,
the high number of polar amino acids in the E3/19K TMD could
contribute to static ER retention. In contrast, the TMD of K¢, used
here as a bona fide plasma membrane protein to replace the cor-
responding domain of E3/19K, contains only two polar residues.
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E3/19K sorting/retrieval regulation
Construct/HLA
EEE | - >
A
HLA > > ++++
B EEE*, EEK +++ » >
HLA > » | +++
EKE*, EKK - — —
C
HLA — — R
EKE ) —
D
HLA — » |+
R » ERGIC/ R plasma
cis-Golgi membrane

FIG 10 Summary of transport characteristics of wild-type E3/19K and chimeras and their effects on HLA transport in transfected cells. The transport of E3/19K
constructs and HLA molecules between the ER and the ERGIC/cis-Golgi complex, and from there to the plasma membrane, is indicated by filled and shaded
arrows, respectively. The thickness of the arrows represents the intensity of transport. Mutants are grouped in panels A to D according to their transport behavior.
The capacity for static ER retention and the extent of HLA downregulation are indicated semiquantitatively on the left and right, respectively.

While we cannot recognize major differences from the TMDs of
other typical cell surface proteins, such as CD4, CD8, or the inter-
leukin 2 (IL-2) receptor alpha chain (21, 32, 52), used in similar
domain-swapping studies, we cannot completely rule out the pos-
sibility that those TMDs would give identical results. It will be
interesting to mutate the various polar amino acids individually
and in combination so as to elucidate their potential role in this
process. Moreover, it is tempting to speculate as to whether lower
numbers of polar amino acids in the TMDs of other E3/19K pro-
teins may in fact be less potent at promoting ER retention of target
molecules. In support of this, the Ad19a E3/19K protein, with four
polar amino acids in the TMD, is less efficient than Ad2 E3/19K at
downregulating HLA alleles (17). Apart from E3/19K, numerous
other proteins have been described where uncharged polar or
charged amino acids in the TMD contribute to efficient ER local-
ization or are otherwise involved in regulating the transport of
protein complexes to the cell surface (45). Examples include the
B-cell immunoglobulin receptor (54, 55), cytochrome P450 (56,
57), and the ER-resident protein UDP-glucuronosyltransferase
(GT) (58). Interestingly, like E3/19K, the latter contains a dilysine
motif, the mutation of which also does not affect the predominant
ER localization (59). In addition, various viral proteins have been
reported where ER localization is mediated by TMDs, although in
many cases ER retention is more complex, involving multiple
TMDs, e.g., the E1 and E2 complexes of hepatitis C virus and
rubella virus (59, 60). In both cases, these represent viral envelope
proteins that have to assemble in the ER to mediate virus budding
or are retained individually to avoid the export of unassembled
protein complexes. In light of the striking polarity of the E3/19K
TMD, this quality control mechanism may have been exploited
for the immune evasion function of E3/19K, in that it guarantees a
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high local concentration in the ER membrane for efficient seques-
tration of HLA and MICA/B molecules.

We cannot rule out the possibility that the E3/19K TMD, apart
from increasing the local concentration in the ER and increasing
the time for interaction, may also directly enhance complex for-
mation with HLA molecules. Since the proposed ER retention
function impacts on complex formation, these two phenomena
are interrelated and cannot easily be separated. Based on the fact
that polar amino acids tend to interact with other polar TMDs
(61), the polarity of the E3/19K TMD is unlikely to directly medi-
ate interaction with the nonpolar TMD of HLA molecules. Rather,
the E3/19K TMD may mediate self-association, and this may be
required for efficient HLA complex formation. Accordingly, the
E3/19K TMD may constitute the inner core of the complex, with
the larger HLA molecule covering the exposed surface. In support
of this, we consistently observe efficient coprecipitation of E3/19K
by using MAbs against HLA molecules, yet very little if any copre-
cipitation of HLA molecules by use of E3/19K-specific MAbs. Oli-
gomerization may also be mediated by cysteines, since all E3/19K
molecules have at least 1 cysteine in the TMD, and those of Ad
species B, C, and E have 2 to 5 cysteines. In support of this notion,
we and others previously provided evidence for the existence of
disulfide-linked E3/19K dimers (13, 23, 28), although no individ-
ual cysteine could be assigned to this phenomenon. For species D
E3/19K, oligomerization may also involve a GxxxG motif in the
TMD, which has been shown to serve as a module to support
interactions between TMD helices (62—64). Thus, the E3/19K
TMD may have an additional role in promoting oligomerization,
thereby contributing to improved complex formation with target
molecules. Further mutagenesis analysis will be necessary to clar-
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ify the roles of these amino acids in oligomerization and HLA or
MICA/B downregulation.

It is not immediately obvious why two elements for ER local-
ization should be employed for E3/19K function, since the dilysine
motif is highly efficacious and does not require an additional ele-
ment to ensure its ER localization. However, our findings clearly
show that neither the ER retrieval signal on its own nor the TMD
alone can provide complete suppression of HLA and MICA/B cell
surface levels. Given the efficiency of ER localization by the ER
retrieval signal, we suggest that the TMD of E3/19K has been evo-
lutionarily selected to maximize its immunomodulatory function.
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