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TAP- and tapasin-dependent HLA-E surface expression
correlates with the binding of an MHC class | leader peptide
Veronique M. Braud*, David S.J. Allan*, Douglas Wilson' and

Andrew J. McMichael*

Background: The human major histocompatibility complex (MHC) class Ib
molecule HLA-E is transcribed in most tissues but little is known about its
localisation within the cell. We have recently shown that HLA-E binds signal-
sequence-derived peptides from human MHC class | molecules in vitro.

Results: Using a newly characterised antibody recognising HLA-E, we show
that HLA-E is expressed at the cell surface. We demonstrate that HLA-E
surface expression is correlated with the presence of MHC class | molecules
which provide suitable leader sequence peptides capable of binding to HLA-E.
Further studies on the interaction of HLA-E with molecules in the endoplasmic
reticulum revealed that HLA-E associates with the transporter associated with
antigen processing (TAP) and calreticulin, and that HLA-E expression is
TAP-dependent and tapasin-dependent. In addition, HLA-E dissociates from
TAP upon binding of MHC class | leader sequence peptides.

Conclusion: These experiments establish that surface expression of HLA-E is
regulated by the binding of a restricted pool of peptides from the leader
sequence of MHC class | molecules. The correlation between HLA-E and MHC
class | surface expression might be relevant to the function of HLA-E. Our
results also show that, although these HLA-E binding peptides are derived from
signal sequences, they may be released back into the cytosol and subsequently
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translocated by the TAP complex and loaded onto HLA-E molecules.

Background

Major histocompatibility complex (MHC) class Ia mol-
ecules present peptides derived from cytosolic proteins to
CD8* T cells. Assembly of MHC class I molecules occurs
in the endoplasmic reticulum (ER) and requires peptide
translocation through the transporter associated with
antigen processing, TAP (reviewed in [1]). In human cells,
newly synthesised MHC class 1 heavy chains associate
with calnexin which is later displaced by the association of
B,-microglobulin (B,m) [2-4]. Following dissociation of
calnexin, class I-B,m heterodimers are stably associated
with another ER-resident protein, calreticulin [5]. Another
molecule, tapasin, which is associated with TAP and with
MHC class I-calreticulin complexes, acts as a bridge
between them. MHC class I association with TAP facili-
tates peptide binding and the class I molecules are
released and exported to the cell surface upon stable
loading of peptide [2,6-8].

Recently, some of the nonclassical MHC class Ib mol-
ecules have been shown to bind peptides to fulfil spe-
cialised antigen-presentation functions. HLA-G is mainly
expressed on human trophoblast and binds a wide range of
peptides in a TAP-dependent manner [9,10]. The non-
MHC-encoded CD1 may present peptides as well as

lipids and glycolipids to T cells [11-14]. The mouse Qa-2
molecule also has the capacity to present a diversity of nat-
urally processed peptides [15]. Murine H-2M3 presents
N-formylated peptides to specific T cells, and the presen-
tation requires TAP [16,17]. The mouse Qa-1 molecule
binds a very limited pool of peptides derived from MHC
class I leader sequences [18,19]. These observations
suggest that nonclassical MHC class Ib molecules bind
peptides in a similar way to classical MHC class I mol-
ecules and that, for most, loading is TAP-dependent.

Some epitopes follow an alternative route to be presented
at the cell surface. Signal-sequence-derived peptides are
loaded onto HLLA-A*0201 and exported to the plasma
membrane in the TAP negative cell line T2 [20,21]. This
suggests that some leader sequences might be degraded
within the ER and the resultant peptides loaded onto
newly synthesised class I molecules, independently of
TAP. However, presentation of certain epitopes located in
signal sequences requires TAP [22,23], and the nonclassi-
cal Qa-1 molecule presents leader sequence peptides in a
TAP-dependent manner [18].

Recently, we have shown that another human MHC class Ib
molecule, HLLA-E, is able to bind signal-sequence-derived
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(a,b) Characterisation of DT9 reactivity by
immunoprecipitations and analysis by one-
dimensional isoelectric focusing
electrophoresis (1D-IEF). [35S]-methionine
and [35S]-cysteine-labelled cell lines: .45 (lane
| 1), .174 (lane 2), Daudi (lane 3), C1R (lane 4),
KM BCL (lane 5), .221 (lane 6), NR BCL (lane
1 7),JO BCL (lane 8), BM36.1 (lane 9), and
mouse L cells transfected with HLA-A*0301
and human ,m (lane 10) were used for
immunoprecipitations with DT9. An
immunoprecipitation in .221 cells using the
irrelevant antibody K918 is shown in lane 11.
Bands were identified according to the HLA
typing and compared with
immunoprecipitations with the anti-MHC class
| antibody W6/32 (data not shown). In (b),
nonspecific bands (NS) were seen in samples
processed in a similar way, but without

10 11

addition of any antibodies (data not shown). In
(a), the closed arrow indicates the

b)) 1 2 3 4 5 6 7 8 9 10 11 ! o
HLA-E*0101 allele which has an arginine at
— \NS, residue 107, and the open arrow the
Nj__ ~— HLA-E*0103 and E-N3 alleles which have a
NS NS glycine at position 107. HLA typing was as
follows: .45 (HLA-A*0201, B*5101,
Cw*0102, E*0101); .174 (HLA-A*0201,
NS B*5101, Cw*0102, E*0101); Daudi (HLA-
—_— A*0102, A*6601, B*5801, B*5802
B2m Bam Bom B2m ) ) ) )
A = bom 220 B fom_fem NS Cw*0302, Cw*0602, E*0103, E-N3); C1R
- Ccwao1 (HLA-B*3501, Cw*0401, E*0101); KM BCL
E(R107) - (HLA-A*0101, A*68, B*8, Cw*701, E*0101,
E(R107) E(R107) = E(R107) E(R107)  E(R107) E(R107) E*0101); .221 (HLA-E*0101); NR BCL
J— — o — —— Cw1602 _—
Cwioz Cwl02 —— — (HLA-A*0101, A*0301, B*8, B*60, Cw*3,
— —— EG17)7s £(G107) £(G107) Cw*0701, E*0101, E*0103); JO BCL
cwioz Cwi02 o= w701 (HLA-A*0201, A*0301, B*5101, B*5701,
weoz NS Cw70l  Cygo2 \s Cw*1602, Cw*0602, E*0103, E-N3);
NS _ . Ak *! *
o oL GOl Bl\él)36 1 (I—lLA A*0101, B*3501, Cw*4,
— ) — — ——m — — E*0101, E*0101).
Actin Actin Actin e’ Actin - Actin T cin T Actin A_ctin Actin

Current Biology

peptides similar to those binding to Qa-1 [18,19,24,25].
The optimum binding peptide is a nonamer, and using
alanine and glycine substitutions we established primary
anchor residues at positions 2 and 9 and secondary anchor
residues at position 7 and possibly 3. Until now, data sug-
gested that HLA-E was largely localised in the ER.
Neither mouse cells transfected with HLLA-E and human
B,m, nor the LCL721.221 cell line (.221 cells), which only
expresses HLA-E and HLLA-F, show cell-surface expres-
sion of HLA-E [25-27].

We report here that HLA-E is expressed at a low level on
the surface of cells. Its expression is correlated with co-
expression of human MHC class I molecules, providing
leader sequence peptides capable of binding to HLA-E.
Loading of these signal-sequence-derived peptides is
TAP and tapasin-dependent and HLA-E assembly
appears to be similar to classical MHC class I assembly.

Results

Maturation of HLA-E in lymphoblastoid cells detected by
the monoclonal antibody DT9

We recently characterised a mouse monoclonal antibody
D'T9 that recognises cottontop tamarin MHC class I mol-
ecules and cross-reacts with human HLA-E and HLA-C
molecules. This antibody detects both HLA-E heavy
chains complexed with human (,m and free HLA-E
heavy chains, as shown by immunoprecipitations from B-
cell lines and the B,m-negative cell line Daudi respec-
tively (Figure 1). DT9 recognises the two previously
reported HLA-E alleles, which differ by a single amino-
acid residue at position 107, HLA-E-arginine-107 and
HLA-E-glycine-107 (Figure 1) [28]. Immunoprecipita-
tions from B-cell lines expressing different HLLA haplo-
types demonstrated that DT9 does not cross-react with
HLA-A and HLA-B alleles but does recognise HLA-C
molecules (Figures 1,2a,2b and data not shown). The
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HLA-E matures in lymphoblastoid cells. Pulse-chase experiments using
DT9 were performed in (a) KM BCL cells and (b) JO BCL cells. Cells
were pulsed for 15 min with [35S]-methionine and [35S]-cysteine and
chased for the times indicated (in min) along the top of the gels. DT9
immunoprecipitates were analysed by 1D-IEF. The numbers to the right
of the gels correspond to the number of sialic acid groups on HLA-E.

cross-reaction with HLLA-C was confirmed in .221 cells
transfected with HLA-C alleles, in which staining with
DT9 was equivalent to that with the anti-MHC class |
antibody W6/32 (data not shown).

We used DT9 to study the maturation of HLA-E in B-cell
lines by pulse-chase experiments followed by one-dimen-
sional isoelectric focusing electrophoresis (1D-IEF). In
homozygous B cell lines, both HLA-E alleles matured to
sialated forms after a 1 hour chase, indicating that the mole-
cule had left the ER and reached the Golgi network (Figure
2a,b). The more acidic bands appearing with time were
removed by treatment of the precipitate with neu-
raminidase, confirming that they represented the sialated
forms of HLA-E (see Supplementary material). The rate of
intracellular trafficking was slow compared with most HLLA-
A and HLA-B molecules, which are sialated after
15-30 minutes [29,30]. HLA-E matured with a half-time
between 60 and 90 minutes. Mature HLA-E molecules dis-
appeared after 3-5 hours, implying that HLA-E turnover is
more rapid than that of classical class I molecules.

Surface expression of HLA-E correlates with the binding of
MHC class | signal-sequence-derived peptides

DT9 was used to detect HLLA-E at the cell surface by flow
cytometry. As shown in Figure 3, D'T9 mAb did not stain
HLA-A, HLA-B, HLA-C and HLA-G negative .221 cells,
indicating that in these cells HLA-E does not traffic to the
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plasma membrane. The weak staining by the anti-class |
antibody W6/32 was possibly due to surface expression of
HLA-F; a sialated form of HLA-F appeared after
90 minutes in a pulse-chase experiment using .221 cells
and W6/32 (data not shown). Lack of surface expression of
HLA-E in .221 cells was consistent with pulse-chase
experiments, which showed a single band representing
the nonsialated form of HLA-E retained in the ER
(Figure 4a).

We previously reported that HLA-E, like the mouse Qa-1
molecule [18,19,24], binds iz vitro peptides derived from
the leader sequence of some MHC class I molecules [25].
Because their leader sequences are shortened, peptides
capable of binding to HLA-E cannot be generated from
the endogenous HLA-E and HLA-F in .221 cells [25]. To
test whether lack of HLA-E surface expression in .221
cells could be explained by lack of binding of a signal-
sequence-derived peptide, we analysed the maturation
and expression of HLA-E in .221 cells transfected with
HLA-A*0201, whose leader sequence peptide binds to
HLA-E [25]. The .221-A*0201 cells, in contrast to .221,
were stained by DT'9, suggesting that the leader peptide
might contribute to HLA-E surface expression (Figure 3).
The surface expression was low in comparison with the
expression of classical MHC class I molecules. Sialated
forms of HLA-E were also detected after 1 hour in a
pulse-chase experiment using D'T9 in .221-A*0201 cells
(Figure 4b). It was confirmed that D'T9 can detect HLA-E
binding to such leader sequence peptides as staining was
observed on .221 cells incubated at 26°C in the presence
of the leader-sequence peptide 3-11 from HLA-B*0801
but not with an irrelevant peptide (Figure 3).

To rule out the possibility that HLLA-E was binding an
HLA-A*0201 peptide distinct from the signal sequence-
derived peptide 3-11, we stained several other .221 cells
transfected with HLLA-A and HLA-B alleles (Figure 3,
Table 1). The leader peptide 3-11 from these alleles dis-
plays some polymorphism, mainly at positions 2, 7 and 8 in
the peptide (Table 1). The corresponding leader peptides
were synthesised and tested for binding to HLA-E in the
in vitro peptide-binding assay previously described ([25];
data not shown). The substitution of the methionine for a
threonine at position 2 in the peptide, which is an anchor
residue, disrupted peptide binding whereas the
polymorphisms at positions 7 and 8 (leucine for valine or
phenylalanine) did not. DT9 bound to .221 cells trans-
fected with an HLLA allele with a leader peptide capable of
binding to HLA-E (Figure 3, Table 1). The only excep-
tions were HLA-B*¥1302 and HLA-B*2705, which
induced a low level of HLA-E surface expression despite
having the inappropriate sequence (Table 1); this is being
fully investigated. Among the HLA alleles possessing a
leader peptide capable of binding to HLLA-E, there was no
common amino-acid sequence with an HLA-E-binding
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Figure 3
HLA-E is expressed at the cell surface when
Irrelevant mAb an MHC class | leader-sequence peptide
Irrelevant mAb 400 capable of binding to HLA-E is available.
4001 1 HLA-E cell surface expression was analysed
] ,'/DT9 mAb ﬂ /DTQ mAD by flow cytometry on .221, .221-A*0201 and
3201 1 3204 .221-B*5801 cells usir_]g D_T9, W6/32 or
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motif except for the leader sequence peptide 3-11. The
correlation therefore demonstrates that HLLA-E expression
is significantly increased on binding of peptides derived
from the leader sequences of some MHC class I molecules
and implies that HLA-E binds a restricted pool of pep-
tides. The mouse HLA-E homologue Qa-1 also predomi-
nantly binds a single leader sequence peptide from mouse
MHC class I molecules [19,24].

HLA-E interaction with ER-resident molecules

We studied HLA-E interactions with ER chaperone mol-
ecules and the TAP complex. Immunoprecipitations in
mild detergents such as digitonin maintain TAP—class I or
calreticulin-class 1 interactions [2,5]. The results of
immunoprecipitations in digitonin with anti-TAP2, and
anti-calreticulin antibodies are shown in Figure 5.
Whereas no HLA-E—f3,m complexes were recovered in
the TAP-negative cell line T2 following an anti-TAP2
immunoprecipitation, HLA-E was associated with the
TAP complex in C1R-A2 and .221 cells (Figure 5a).

HLA-Cw*0401 and HLA-A*0201 were also associated
with TAP in C1R-A2 cells (Figure 5a and data not
shown). Thus, the HLA-E-TAP interaction occurred in
cells in which MHC leader sequence peptides capable of
binding to HLA-E were (C1R-A2) or were not (.221)
available. HLLA-E does not mature rapidly (Figure 2a,b)
and might therefore stay associated with TAP while
waiting to be loaded with peptide. Ortmann ¢z a/. [2] pre-
viously failed to detect any MHC class I molecules associ-
ated with TAP in digitonin lysates of .221 cells. This
difference might be due to an insufficient exposure time,
as the amount of HLA-E is lower than classical class I
molecules. HLA-E-TAP association was also recently
observed in the trophoblast-derived choriocarcinoma cell
line JAR [31]. Immunoprecipitations in digitonin with an
anti-calreticulin antibody also showed that HLA-E associ-
ated with calreticulin in both TAP-negative and TAP-
positive cells (Figure 5b). HLA-E therefore seems to
behave like classical MHC class I molecules, associating
with both TAP and calreticulin.
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HLA-E remains in the ER in .221 cells but export to the Golgi can be
restored by transfection of HLA-A*0201. Pulse-chase experiments
using DT9 for the times indicated (in min) in (a) .221 and

(b) .221-A*0201 cells were performed and analysed by 1D-IEF. The
numbers to the right of the gel in (b) correspond to the number of sialic
acid groups on HLA-E.

To confirm the above result and verify that in B-cell lines
HLA-E was part of the TAP-tapasin—class I-calreticulin
complexes described by Sadasivan ez /. [5], we performed
two sequential immunoprecipitations in cells of the KM
B-cell line, .221-A*0201 and .221 cells. The first immuno-
precipitation was done in digitonin using an anti- 'AP2
antibody in order to immunoprecipitate the multicomplex.
As the TAP and calreticulin association with MHC class 1
is not maintained in NP-40 lysis buffer, we destabilised
the complex by addition of this detergent and performed a
second immunoprecipitation using DT9. HLA-E was
recovered from KM BCL, .221-A*0201 or .221, following
these sequential immunoprecipitations (Figure 5c). It has
previously been shown that an equal amount of class I can
be recovered after immunoprecipitation with an anti-T'AP
antibody followed by an anti-calreticulin or an anti-class I
antibody, suggesting that the pool of class I molecules
associated with TAP is simultaneously associated with cal-
reticulin [5]. In light of the results shown in Figure 5¢, we
conclude that HLA-E is also part of this multicomplex.

Interaction with tapasin was also studied using the tapasin-
defective cell line .220 transfected with HLA-A*0201
(.220-A*0201) [32,33]. Whereas HLA-A*0201 is detected
at the cell surface of .220-A*0201 [32], no HLA-E surface
expression was observed (Figure 6), despite its presence in

HLA-E cell-surface expression

HLA class | Signal sequence- 221 FACS
alleles derived peptide  transfectants  staining
(residues 3-11) with DT9
mAb
Possessing a leader VMAPRTLLL .221-A*0101 +
sequence peptide VMAPRTLVL .221-A*0201 +
(residues 3—11) VMAPRTLVL 221-A*0211 +
capable of binding to VMAPRTLLL .221-A*0301 +
to HLA-E* VMAPRTLVL .221-A*2403 +
VMAPRTLVL .221-A*2501 +
VMAPRTLLL .221-A*3601 +
VMAPRTVLL .221-A*0702 +
VMAPRTVLL .221-A*0801 +
VMAPRTLFL 221-G +
Not possessing a f 221 -
leader sequence VTAPRTLLL .221-B*1302 +
peptide (residues VTAPRTVLL .221-B*1501 -
3-11) capable of VTAPRTLLL .221-B*2705 +
binding to HLA-E” VTAPRTVLL .221-B*3505 -
VTAPRTVLL .221-B*4601 -
VTAPRTVLL .221-B*5101 -
VTAPRTLLL .221-B*5401 -
VTAPRTLLL .221-B*5501 -
VTAPRTVLL .221B*5801 -

*The binding of synthetic peptides was tested in anin vitro peptide-
binding assay, as previously described ([25] and data not shown).".221
cells do not express HLA-A, HLA-B, HLA-C and HLA-G class |
molecules but express HLA-E and HLA-F, which have a shorter leader
sequence and lack the appropriate peptide capable of binding to HLA-E.

.220-A*0201 cells, detected by immunoprecipitations using
W6/32 and D'T9 (data not shown). No HLA-E molecules
were recovered following TAP coprecipitation in .220-
A*0201 (data not shown), consistent with the HLLA-BS8, -A1
and -G phenotype in .220 described elsewhere [33]. We
conclude that HLA-E assembly and maturation requires
tapasin, acting as a bridge between TAP and HLA-E—cal-
reticulin complexes. HLLA-E therefore interacts with TAP,
calreticulin and tapasin, like classical MHC class 1 mole-
cules, although it binds signal-sequence-derived peptides.

Binding of signal-sequence-derived peptides to HLA-E is
TAP-dependent

We assessed the contribution of the TAP complex to the
loading of peptides onto HLA-E. Using D'T9, we stained
three T'AP-deficient cell lines in which TAP1 and TAP2
are either missing ('T'2 [34] and .174 [35]) or not functional
because of a frameshift mutation in one of the subunits
(BM36.1 [36]). A negligible level of HLLA-E expression
was observed on the surface of the cells (Figure 7a and
data not shown). Furthermore, the sialated forms of
HLA-E were not detected in a pulse-chase experiment in
T2-A3 cells (data not shown). In contrast, when BM36.1
infected by a recombinant vaccinia virus encoding both
human TAP1 and TAP2 subunits was metabolically
labelled for 6 hours, sialated HLA-E appeared (Figure 7b).
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Figure 5

HLA-E associates with TAP and calreticulin. (a)
(a) TAP coprecipitation in digitonin lysate
using a rabbit anti-TAP2 serum was N
performed in T2, C1R-A2 and .221 cells. =
Immunoprecipitates were analysed by 1D-IEF.
(b) Calreticulin coprecipitation in digitonin
lysate using a rabbit anti-calreticulin serum
was also performed in T2, C1R-A2 and .221
cells and analysed by 1D-IEF. (c) Molecules
associated with TAP were first
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immunoprecipitated in digitonin lysate using a
rabbit anti-TAP2 serum from .221-A*0201,
.221 and KM BCL cells. TAP-associated

molecules were then eluted in NP- 40 lysis
buffer and a second immunoprecipitation

using DT9 was performed. Samples were
analysed by 1D-IEF.

Together, these results demonstrate that HLA-E expres-
sion is TAP-dependent.

We then investigated whether HLA-E, like classical
MHC class T molecules, dissociates from TAP upon
binding of peptides translocated from the cytosol: .221
cells were metabolically labelled and permeabilised with
streptolysin O and after incubation with or without leader
peptides, TAP was precipitated in digitonin [2]. The rate
of dissociation of HLA-E from TAP was enhanced by the
introduction into the cytosol of the leader sequence
peptide from HILA-A*0201 which binds to HLA-E
(Figure 8, lane 2), compared to no peptide (lane 1) or the

Figure 6
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HLA-E expression is tapasin-dependent. Flow cytometry staining of
.220-A*0201 cells using DT9 and BB7.2 monoclonal antibodies (mAb)
and K918 as an irrelevant antibody.

HLA-E leader peptide (lane 3), which does not bind to
HLA-E [25]. Thus, leader-sequence peptides from MHC
class I molecules can be translocated by the TAP
complex, which is also important for loading onto HLA-E.
These results imply that, although located in leader
sequences, these peptides must reach the cytosol and then
be translocated back into the ER by the TAP complex to
be loaded onto HLLA-E.

Discussion

We used an antibody that recognises HLA-E and HLA-C
molecules to demonstrate that HLLA-E is stably expressed
at the surface of human cells that also express certain
MHC class I molecules. HLA-E surface expression corre-
lates with binding of signal sequence-derived peptides
from MHC class I molecules. HLA-E therefore binds a
restricted pool of peptides, in a similar fashion to the
mouse MHC class Ib Qa-1 molecule, which predomi-
nantly binds a single peptide derived from the signal
sequence of H-2D and H-2L class I molecules [18,19].
Mouse Qa-1 and HLA-E might have a similar and con-
served function; both have limited polymorphism, a broad
tissue distribution, a low cell-surface expression and a slow
maturation rate [37]. They also share some unique substi-
tutions in the binding groove, especially a serine replacing
a tryptophan at position 147, which disrupts the highly
conserved hydrogen bond to the main-chain carbonyl
oxygen of P8 of the peptide found in other MHC class I
molecules [25,38]. This might explain the restricted pool
of peptides, and the kinetics of HLA-E turnover observed
in pulse-chase experiments (Figure 2a,b).

We also showed that HLA-E expression is TAP-depen-
dent and tapasin-dependent and that HLLA-E associates
with calreticulin, tapasin and TAP. HLA-E assembly
therefore seems to be similar to MHC class I assembly.
This is consistent with HLA-E sharing many of the char-
acteristics of classical MHC class I molecules. First, the
percentage of amino-acid sequence homology between
HLA-E and HLA-A, HLA-B or HLA-C molecules varies
from 50 to 90%, depending on the exon [39]. Second,
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Figure 7
HLA-E expression is TAP-dependent.
(a) FACS analysis of the TAP-negative cell (@) Irrelevant mAb (b) 1 2 3 4
line BM36.1. Cells were stained with DT9 and 2507 3‘ F == 1
W6/32 monclonal antibodies (mAb), and : DT9mAb Bom — SR
K918 as an irrelevant antibody. (b) CO BCL 200]
cells (lane 1); BM36.1 untreated (lane 2), _ W6/32 mAb {
infected with wild-type vaccinia virus (lane 3), 3 1501
or infected with a vaccinia virus encoding the § . e e S
two human subunits of TAP (lane 4) were £ 1001 HLA—EEl - _
metabolically labelled for 6 h and 8 : o
immunoprecipitations were carried out using 50 : .
DT9 and analysed by 1D-IEF. The numbers to i H — e
the left of the gel in (b) correspond to the L . W - - |
number of sialic acid groups on HLA-E. 0100 101 102 103 104 ﬁ
BM36.1 cells
Fluorescence intensity )
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HLA-E has a very similar structure to its classical MHC
counterparts (C. O’Callaghan ez @/., personal communica-
tion). Third, HLA-E heavy chain associates with 3,m and
binds peptides [25,27,40]. Fourth, HLA-E tissue distribu-
tion matches classical MHC class I tissue distribution [41].

It is surprising that the loading of the signal-sequence-
derived peptide requires the presence of TAP, but similar
observations have been made for the mouse Qa-1 mole-
cule [18]. TAP-dependent HLLA-E expression could result
from TAP acting as a chaperone in the ER. If leader
sequences are generated in the ER, HLA-E might load
peptides only when associated with TAP, without requir-
ing peptide translocation. This is, however, unlikely,
because HLA-E is not expressed at the cell surface of
BM36.1, which has a normal TAP1 subunit to interact
with class I, and a different cytosolic carboxy-terminal
domain in TAP2. Despite this nonfunctional TAP2, the
complex still assembles and can be immunoprecipitated
with an anti-TAP1 antibody [36]. It is therefore likely that
HLA-E associates normally with 'TAP in BM36.1, making
a simple non-transporting role for T'AP quite unlikely.

The full-length leader sequences of MHC class I mol-
ecules, or a peptide generated from them, might recycle
back to the cytosol. Studies on the processing of signal
sequences suggest that some signal-sequence peptides are
released into the cytosol. The processing of the prepro-
lactin signal sequence in eukaryotic cells results in the
production of two fragments, the amino-terminal peptide
being released into the cytosol [42]. Peptides derived from
MHC class I signal sequences might follow this pathway,
particularly as the peptide binding to HLA-E is at the
amino terminus of the signal sequence. One other leader
sequence peptide known to be presented in a TAP-
dependent manner is also located at the amino terminus
[23]. In addition, other MHC class I leader sequence

peptides have been eluted from MHC class T or class 11
molecules, all located at the amino terminus of the signal
sequence, close to the peptide binding to HLA-E [43,44].
This suggests that HLA class I signal sequences might all
be processed in a similar way. Further investigations are in
process to confirm these hypotheses. Another possibility is
that the full-length signal sequence from MHC class 1
molecules, once released into the ER, cannot be degraded
by ER resident proteases (reviewed in [1]). Long peptides
or misfolded proteins can recycle back into the cytosol to
be further degraded by the proteasome to generate
nonamer peptides, which are then translocated back into
the ER through the TAP complex [45-48]. Signal

sequences from class I molecules could follow this route.

It is intriguing that the two nonclassical class I molecules
Qa-1 and HLA-E bind and present signal-sequence-
derived peptides at the surface of cells expressing MHC
class I molecules. It is interesting that HLA-E expression is
controlled not only by MHC class Ia molecules, but also by
HLA-G [41,49]. It is likely that HLLA-E trafticks to the cell
surface of trophoblast cells because HLLA-G leader peptide
3-11 can bind to HLA-E and HLA-E is expressed on .221-
G cells (Table 1) [25]. HLA-E might therefore have a func-
tion that correlates with the expression of other MHC class
I molecules. One possibility might be that HLA-E interacts
with a receptor on natural killer (NK) cells in order to
protect cells expressing MHC class I from NK cell-medi-
ated lysis. Alternatively, HLA-E might interact with CD8*
T cells, as the residues involved in CDS8 interaction are
conserved in HLA-E [50]. HLA-E, like Qa-1, might there-
fore be involved in alloreactive responses and in immune
regulation by CD8* T cells of CD4* T cells expressing a
specific VB T-cell receptor [37,51,52]. The leader-sequence
peptides from MHC class I could also be displaced by spe-
cific peptides during bacterial or viral infections and HLA-
E might present these peptides to o3 or y0 T cells.
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HLA-E dissociates from TAP on binding of MHC leader-sequence
peptide. Metabolically labelled .221 cells were permeabilized using
streptolysin O and incubated for 10 min at 37°C, with no peptide
(lane 1), VMAPRTLVL peptide (lane 2), or MVDGTLLLL peptide
(lane 3) to allow transport through the TAP transporter. The
VMAPRTLVL peptide from the leader sequence of HLA-A*0201, is
capable of binding to HLA-E in vitro, whereas the MVDGTLLLL
peptide from HLA-E leader sequence is not. Cells were then lysed in
digitonin. TAP and molecules associated with TAP were
immunoprecipitated using a rabbit anti-TAP2 serum. Precipitates were
analysed by 1D-IEF.

Conclusions

Here, we demonstrate for the first time that HLA-E is
stably expressed at the cell surface. HLA-E surface
expression correlates with the expression of those
MHC class I molecules which possess a peptide in their
leader sequence capable of binding to HLA-E. Like
classical MHC class I molecules, HLA-E is associated

with calreticulin, tapasin and 'TAP in the ER and HLA-E
surface expression is TAP-dependent and tapasin-
dependent. These findings might be relevant to protec-
tion from NK cell-mediated lysis.

Materials and methods

Cell lines and HLA class | typing

The mutant cell lines LCL721.221 (.221), .221-A*0201 and
.220-A*0201 were kindly provided by R.DeMars (University of Wiscon-
sin, Madison). All the other .221 cells transfected with various HLA
alleles were generously given by P. Parham (Stanford University, Stan-
ford, California). Mouse L cells transfected with HLA-A*0301 and
human B,m were provided by F. Lemonnier (Pasteur Institute, Paris).
The HLA-A, -B, and -C typing was performed on DNA by PCR utilising
sequence-specific primers (PCR-SSP), as described elsewhere
[53,54]. The HLA-E DNA typing was kindly performed by R. Steffensen
(Aalborg Hospital, Aalborg, Denmark), by PCR utilising sequence-spe-
cific oligonucleotides (PCR—SSO), according to the 12th International
Histocompatibility Workshop protocol.

Antibodies, peptides and vaccinia viruses

DT9 was generated by immunisation of mice with purified tamarin MHC
class | molecules (using anti-class | antibody BB7.7), and screened by
flow cytometry on tamarin B-cell lines, tamarin T-cell lines and human
B-cell lines. W6/32 detects a conformational epitope on human MHC
class | molecules. BB7.2 sees a specific determinant on HLA-A2 and
A69 molecules loaded with peptides. K918 monoclonal antibody,
which recognises H-2Kd molecules was used in all the experiments as
an irrelevant antibody, and was kindly provided by A. Townsend (Insti-
tute of Molecular Medicine, Oxford). A polyclonal rabbit anti-TAP2
serum kindly provided by J. Neefjes (The Netherlands Cancer Institute,
Amsterdam) was used for the coprecipitations in digitonin lysates. The
polyclonal rabbit anti-calreticulin serum was purchased from Affinity
Bioreagents. Peptides from MHC class | leader sequences were syn-
thesised on a SMPS-350 automated peptide synthesiser (Zinsser Ana-
lytical) by conventional Fmoc chemistry, precipitated with ether,
lyophilised, and subjected to HPLC to ascertain purity (>95%). The
vaccinia virus encoding human TAP1 and TAP2 subunits (hTAP1
+2-Vac) was kindly provided by J. Yewdell (National Institute of Allergy
and Infectious Diseases). BM36.1 cells were infected with 5 plaque
forming units (PFU) per cell, with wild-type vaccinia virus (WT-Vac) or
hTAP1+2-Vac for 90 min at 37°C during the metabolic labelling.

Flow cytometry

HLA-E and HLA class | expressions were monitored by flow cytometry
using the panel of antibodies described above and a fluorescein-conju-
gated goat anti-mouse IgG F(ab’),. Cells were analysed on a FACScan
(Becton Dickinson). For the stabilisation of HLA-E at the cell surface, .221
cells were cultured overnight at 26°C in the presence of 50 uM peptides.

Pulse-chase experiments

Pulse-chase experiments were performed as previously described [30].
Cells were pulse-labelled for 15 min with 100 uCi [35S]-methionine +
[35S]-cysteine (Amersham) and chased for the indicated times. A stan-
dard immunoprecipitation of HLA-E was performed using DT9.
Samples were analysed by 1D-IEF, followed by autoradiography.

Coprecipitation in digitonin lysates

Metabolically labelled cells were lysed in digitonin lysis buffer, as previ-
ously described [7] A standard immunoprecipitation was then per-
formed by addition of the anti-TAP2 or anti-calreticulin polyclonal rabbit
sera (10 pland 5 pl respectively). For the sequential immunoprecipita-
tions, after immunoprecipitation by the anti-TAP2 antibody in digitonin,
dried beads binding the multicomplex calreticulin—class I-tapasin—TAP
were resuspended in NP-40 lysis buffer. Supernatants containing the
molecules dissociated from TAP were subjected to a second immuno-
precipitation with DT9.



Dissociation of MHC class | molecules from TAP

Metabolically labelled cells were washed in transport buffer (5mM
Hepes pH 7.3, 130 mM KCI, 10 mM NaCl, 1 mM CaCl,, 2 mM EGTA,
2 mM MgCl,) and permeabilized by addition of 2.5 IU ml-1 streptolysin
O (Wellcome Diagnostic) for 4 min at 37°C. Peptides and ATP were
added at a final concentration of 100 uM and 10 mM respectively, and
cells were incubated for another 10 min at 37°C, to allow translocation
through the TAP complex. Transport was stopped by addition of
10 mM EDTA and 0.02% NaN,. A standard TAP coprecipitation in digi-
tonin was then performed as described above.

Supplementary material

Figure S1 showing identification of the sialated forms of HLA-E and
Figure S2 demonstrating HLA-E cell-surface expression when an MHC
class | leader-sequence peptide capable of binding to HLA-E is avail-
able are published with this paper on the internet.

Acknowledgements

The authors are grateful to R. DeMars for the gift of cell lines .221,
.221-A*0201 and .220-A*0201 and to P. Parham for all the other .221
transfectants used in this study. We also wish to thank R. Steffensen and
T. Rostron for performing the HLA-E and the HLA-A, HLA-B and HLA-C
typing respectively, and Vincenzo Cerundolo and Tim Elliott for valuable dis-
cussions. This work was supported by the Medical Research Council.

References

1. Cerundolo V, Braud V: Cell biology of MHC class | molecules. In
HLA and MHC genes, Molecules and Function. Edited by Browning
M, McMichael A. Oxford: Bios Scientific Publisher Ltd;
1996:193-223.

2. Ortmann B, Androlewicz MJ, Cresswell P: MHC class 1/B,-micro-
globulin complexes associate with TAP transporters before
peptide binding. Nature 1994, 368:864-867.

3. Sugit A M, Brenner MB: An unstable B,-microglobulin: major
histocompatibility complex class | heavy chain intermediate
dissociates from calnexin and then is stabilized by binding
peptide. J Exp Med 1994, 180:2163-2171.

4. Nofner E, Parham P: Species-specific differences in chaperone
interaction of human and mouse major histocompatibility
complex class | molecules. J Exp Med 1995, 181:327-337.

5. Sadasivan B, Lehner PJ, Ortmann B, Spies T, Cresswell P: Roles for
calreticulin and a novel glycoprotein, tapasin, in the interaction of
MHC class | molecules with TAP. Immunity 1996, 5:103-114.

6. Suh W, Cohen-Doyle MF, Fruh K, Wang K, Peterson PA, Williams
DB: Interaction of MHC class | molecules with the transporter
associated with antigen processing. Science 1994,
264:1322-1326.

7. Lewis JW, Neisig A, Neefjes J, Elliott T: Point mutations in the alpha
2 domain of HLA-A2.1 define a functionally relevant interaction
with TAP. Curr Biol 1996, 6:873-883.

8. Peace Brewer AL, Tussey LG, Matsui M, Li G, Quinn DG, Frelinger
JA: A point mutation in HLA-A*0201 results in failure to bind the
TAP complex and to present virus-derived peptides to CTL.
Immunity 1996, 4:505-514.

9. Lee N, Malacko AR, Ishitani A, Chen M, Bajorath J, Marquardt H,
Geraghty DE: The membrane-bound and soluble forms of HLA-G
bind identical sets of endogenous peptides but differ with respect
to TAP association. Immunity 1995, 3:591-600.

10. Diehl M, Munz C, Keiholz W, Stevanovic S, Holmes N, Loke YW,
Rammensee H: Nonclassical HLA-G molecules are classical
peptide presenters. Curr Biol 1996, 6:305-314.

11. Bendelac A, Lantz O, Quimby ME, Yewdell JW, Bennink JR,
Brutkiewicz RR: CD1 recognition by mouse NK1* T lymphocytes.
Science 1995, 268:863-865.

12. Castano AR, Tangri S, Miller JEW, Holcombe HR, Jackson MR, Huse
WD, et al.: Peptide binding and presentation by mouse CD1.
Science 1995, 269:223-226.

13. Beckman EM, Porcelli SA, Morita CT, Behar SM, Furlong ST, Brenner
MB: Recognition of a lipid antigen by CD1-restricted af* T cells.
Nature 1994, 372:691-694.

14. Sieling PA, Chatterjee D, Porcelli SA, Prigozy Tl, Mazzaccaro RJ,
Soriano T, et al.: CD1-restricted T cell recognition of microbial
lipoglycan antigens. Science 1995, 269:227-230.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

Research Paper HLA-E surface expression Braud etal. 9

Joyce S, Tabaczewski P, Angeletti RH, Nathenson SG, Stroynowski I:
A nonpolymorphic major histocompatibility complex class Ib
molecule binds a large array of diverse self-peptides. J Exp Med
1994, 179:579-588.

Fisher Lindahl FK, Hermel E, Loveland BE, Wang CR: Maternally
transmitted antigen of mice: a model transplantation antigen.
Annu Rev Immunol 1991, 9:351-372.

Attaya M, Jameson S, Martinez CK, Hermel E, Aldrich C, Forman J, et
al.: Ham-2 corrects the class | antigen-processing defect in
RMA-S cells. Nature 1992, 355:647-649.

Aldrich CJ, Decloux A, Woods AS, Cotter RJ, Soloski MJ, Forman J:
Identification of a Tap-dependent leader peptide recognized by
alloreactive T cells specific for a class Ib antigen. Cell 1994,
79:649-658.

Decloux A, Woods AS, Cotter RJ, Soloski MJ, Forman J: Dominance
of a single peptide bound to the class Iy molecule, Qa-1°.J
Immunol 1997, 158:2183-2191.

Wei ML, Cresswell P: HLA-A2 molecules in an antigen-processing
mutant cell contain signal sequence-derived peptides. Nature
1992, 356:443-446.

Henderson RA, Michel H, Sakaguchi K, Shabanowitz J, Appella E,
Hunt DF, Engelhard VH: HLA-A2.1-associated peptides from a
mutant cell line: a second pathway of antigen presentation.
Science 1992, 255:1264-1266.

Hombach J, Pircher H, Tonegawa S, Zinkernagel RM: Strictly
transporter of antigen presentation (TAP)-dependent presentation
of an immunodominant cytotoxic T lymphocyte epitope in the
signal sequence of a virus protein. J Exp Med 1995,
182:1615-1619.

Uger RA, Barber BH: Presentation of an influenza nucleoprotein
epitope incorporated into the H-2DP signal sequence requires the
transporter-associated with antigen presentation. J Immunol
1997, 158:685-692.

Cotterill LA, Stauss HJ, Millrain MM, Pappin DJC, Rahman D, Canas
B, et al.: Qa-1 interaction and T cell recognition of the Qa-1
determinant modifier peptide. Eur J Immunol 1997, 27:2123-2132.
Braud V, Jones EY, McMichael A: The human major
histocompatibility complex class Ib molecule HLA-E binds signal
sequence-derived peptides with primary anchor residues at
positions 2 and 9. Eur J Immunol 1997, 27:1164-1169.

Ulbrecht M, Honka T, Person S, Johnson JP, Weiss EH: The HLA-E
gene encodes two differentially regulated transcripts and a cell
surface protein. J Immunol 1992, 149:2945-2953.

Ulbrecht M, Kellermann J, Johnson JP, Weiss EH: Impaired
intracellular transport and cell surface expression of
nonpolymorphic HLA-E: evidence for inefficient peptide binding.
J Exp Med 1992, 176:1083-1090.

Geraghty DE, Stockschleader M, Ishitani A, Hansen JA:
Polymorphism at the HLA-E locus predates most HLA-A and -B
polymorphism. Hum Immunol 1992, 33:174-184.

Neefjes JJ, Ploegh HL: Allele and locus-specific differences in cell
surface expression and the association of HLA class | heavy
chain with B2-microglobulin: differential effects of inhibition of
glycosylation on class | subunit association. Eur J Immunol 1988,
18:801-810.

Hill A, Takiguchi M, McMichael A: Different rates of HLA class |
molecule assembly which are determined by amino acid
sequence in the a2 domain. Immunogenetics 1993, 37:95-101.
Gobin SJP, Wilson L, Keijser SV, van den Elsen PJ: Antigen
processing and presentation by human trophoblast-derived cell
lines. J Immunol 1997, 158:3587-3592.

Greenwood R, Shimizu Y, Sekhon GS, DeMars R: Novel allele-
specific, post-translational reduction in HLA class | surface
expression in a mutant human B cell line. J Immunol 1994,
153:5525-5536.

Grandea AG, Androlewicz MJ, Athwal RS, Geraghty DE, Spies T:
Dependence of peptide binding by MHC class | molecules on
their interaction with TAP. Science 1995, 270:105-108.

Salter RD, Cresswell P: Impaired assembly and transport of HLA-A
and -B antigens in a mutant TxB cell hybrid. EMBO J 1986,
5:943-949.

DeMars R, Chang C, Shaw S, Reitnauer PJ, Sondel PM: Homozygous
deletions that simultaneously eliminate expressions of class | and
class Il antigens of EBV-transformed B-lymphoblastoid cells. 1.
Reduced proliferation responses of autologous and allogeneic T
cells to mutant cells that have decreased expression of class Il
antigens. Hum Immunol 1984, 11:77-97.



10

36.

37.

38.

39.

40.

41.

42.

43.

44.

45,

46.

47.

48.

49.

50.

51.

52.

53.

54.

Current Biology, Vol 8 No 1

Kelly A, Powis SH, Kerr LA, Mockridge |, Elliott T, Bastin J, et al.:
Assembly and function of the two ABC transporter proteins
encoded in the human major histocompatibility complex. Nature
1992, 355:641-644.

Soloski MJ, Decloux A, Aldrich CJ, Forman J: Structural and
functional characteristics of the class Ib molecule Qa-1. Immunol
Rev 1995, 147:67-89.

Connolly DJ, Cotterill LA, Hederer RA, Thorpe CJ, Travers PJ, McVey
JH, et al.: A cDNA clone encoding the mouse Qa-1a
histocompatibility antigen and proposed structure of the putative
peptide binding site. J Immunol 1993, 151:6089-6098.

Koller BH, Geraghty DE, Shimizu Y, Demars R, Orr HT: HLA-E. A
novel HLA class | gene expressed in resting T lymphocytes. J
Immunol 1988, 141:897-904.

Shimizu Y, Geraghty DE, Koller BH, Orr HT, Demars R: Transfer and
expression of three cloned human non-HLA-AB,C class | major
histocompatibility complex genes in mutant lymphoblastoid cells.
Proc Natl Acad Sci USA 1988, 85:227-231.

Wei XH, Orr HT: Differential expression of HLA-E, HLA-F, and
HLA-G transcripts in human tissue. Hum Immunol 1990,
29:131-142.

Lyko F, Martoglio B, Jungnickel B, Rapoport TA, Dobberstein B:
Signal sequence processing in rough microsomes. J Biol Chem
1995, 270:19873-19878.

Rammensee HG, Friede T, Stevanoviic S: MHC ligands and peptide
motifs: first listing. Immunogenetics 1995, 41:178-228.

Barber LD, Gillece Castro B, Percival L, Li X, Clayberger C, Parham P:
Overlap in the repertoires of peptides bound in vivo by a group of
related class | HLA-B allotypes. Curr Biol 1995, 5:179-190.
Roelse J, Gromme M, Momburg F, Hammerling G, Neefjes J:
Trimming of TAP-translocated peptides in the endoplasmic
reticulum and in the cytosol during recycling. J Exp Med 1994,
180:1591-1597.

Neisig A, Roelse J, Sijts AJ, Ossendorp F, Feltkamp MC, Kast WM, et
al.: Major differences in transporter associated with antigen
presentation (TAP)-dependent translocation of MHC class I-
presentable peptides and the effect of flanking sequences.

J Immunol 1995, 154:1273-1279.

Wiertz EJHJ, Jones TR, Sun L, Bogyo M, Geuze HJ, Ploegh HL: The
human cytomegalovirus US11 gene product dislocates MHC
class | heavy chains from the endoplasmic reticulum to the
cytosol. Cell 1996, 84:769-779.

Hughes EA, Hammond C, Cresswell P: Misfolded major
histocompatibility complex class | heavy chains are translocated
into the cytoplasm and degraded by the proteasome. Proc Natl
Acad Sci USA 1997, 94:1896-1901.

Houlihan JM, Biro PA, Harper HM, Jenkinson HJ, Holmes CH: The
human amnion is a site of MHC class Ib expression: evidence for
the expression of HLA-E and HLA-G. J Immunol 1995,
154:5665-5674.

Gao GF, Tormo J, Gerth UC, Wyer JR, McMichael AJ, Stuart DI, et al.:
Crystal structure of the complex between human CD8*and
HLA-A2. Nature 1997, 387:630-634.

Ware R, Jiang H, Braunstein N, Kent J, Wiener E, Pernis B, Chess L:
Human CD8* T lymphocyte clones specific for T cell receptor VB
families expressed on autologous CD4* T cells. Immunity 1995,
2:177-184.

Jiang H, Ware R, Stall A, Flaherty L, Chess L, Pernis B: Murine CD8*
T cells that specifically delete autologous CD4* T cells expressing
VB 8 TCR: a role of the Qa-1 molecule. Immunity 1995, 2:185-194.
Bunce M, O’Neill CM, Barnardo MCNM, Krausa P, Browning MJ,
Morris PJ, Welsh KI: Phototyping: comprehensive DNA typing for
HLA-A, B, C, DRB1, DRB3, DRB4, DRB5 & DQB1 by PCR with 144
primer mixes utilizing sequence-specific primers (PCR-SSP).
Tissue Antigens 1995, 46:355-367.

Krausa P, Browning MJ: A comprehensive PCR—SSP typing system
for identification of HLA-A locus alleles. Tissue Antigens 1996,
47:237-244.

Because Current Biology operates a ‘Continuous Publication
System’ for Research Papers, this paper has been published
on the internet before being printed. The paper can be
accessed from http://biomednet.com/cbiology/cub — for
further information, see the explanation on the contents page.



	TAP- and tapasin-dependent HLA-E surface expression correlates with the binding of an MHC class I leader peptide
	Background
	Results
	Maturation of HLA-E in lymphoblastoid cells detected by the monoclonal antibody DT9
	Surface expression of HLA-E correlates with the binding of MHC class I signal-sequence-derived peptides
	HLA-E interaction with ER-resident molecules 
	Binding of signal-sequence-derived peptides to HLA-E is TAP-dependent

	Discussion
	Conclusions
	Materials and methods
	Cell lines and HLA class I typing
	Antibodies, peptides and vaccinia viruses
	Flow cytometry
	Pulse-chase experiments
	Coprecipitation in digitonin lysates
	Dissociation of MHC class I molecules from TAP
	Supplementary material

	Acknowledgements
	References

	 Figures & Table
	Figure 1
	Figure 2
	Figure 3
	Figure 4 & Table 1
	Figure 5
	Figure 6
	Figure 7
	Figure 8


