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The lytic function of human natural killer (NK) cells
is markedly influenced by recognition of class I major
histocompatibility complex (MHC) molecules, a process
mediated by several types of activating and inhibitory
receptors expressed on the NK cell. One of the most
important of these mechanisms of regulation is the
recognition of the non-classical class I MHC molecule
HLA-E, in complex with nonamer peptides derived
from the signal sequences of certain class I MHC
molecules, by heterodimers of the C-type lectin-like
proteins CD94 and NKG2. Using soluble, recombinant
HLA-E molecules assembled with peptides derived
from different leader sequences and soluble CD94/
NKG2-A and CD94/NKG2-C proteins, the binding of
these receptor–ligand pairs has been analysed. We
show first that these interactions have very fast associ-
ation and dissociation rate constants, secondly, that
the inhibitory CD94/NKG2-A receptor has a higher
binding affinity for HLA-E than the activating CD94/
NKG2-C receptor and, finally, that recognition of
HLA-E by both CD94/NKG2-A and CD94/NKG2-C is
peptide dependent. There appears to be a strong, direct
correlation between the binding affinity of the peptide–
HLA-E complexes for the CD94/NKG2 receptors and
the triggering of a response by the NK cell. These data
may help to understand the balance of signals that
control cytotoxicity by NK cells.
Keywords: HLA-E/kinetics/NK receptors/peptide
dependence

Introduction

Natural killer (NK) cell cytotoxicity is regulated by
the action of a large number of distinct receptors. The
interaction of these receptors with their ligands results in
transmission of either a positive or a negative signal, and
the balance of these activating and inhibiting stimuli
determines the behaviour of the NK cell (Yokoyama,
1993; Lanieret al., 1997; Leibson, 1997). Expression,
on the target cell, of molecules of the class I major
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histocompatibility complex (MHC) is one of the major
influences regulating the behaviour of NK cells. The basis
of this phenomenon is NK cell expression of class I
MHC binding receptors able to either inhibit or activate
cytotoxicity and cytokine production by the NK cell
(Parham, 1997).

Two major types of class I MHC protein-binding
receptors are expressed on human NK cells: the immuno-
globulin superfamily molecules, termed killer cell
immunoglobulin-like receptors (KIRs), and a heterodimer
formed from the C-type lectin-like molecules CD94 and
NKG2 (reviewed in Lanier, 1998b). Both receptor families
contain two subfamilies, highly homologous in their extra-
cellular domain, but differing markedly in their trans-
membrane and cytoplasmic tails. Inhibitory receptors, the
p58, p70 and p140 KIRs and the CD94/NKG2-A complex,
have a long cytoplasmic tail containing paired immuno-
receptor tyrosine-based inhibition motif (ITIM) units
(Vivier and Daeron, 1997). The activating p50 KIR and
the CD94/NKG2-C receptor have a short cytoplasmic tail
with a charged residue in the transmembrane sequence
through which they associate with the KARAP/DAP12
molecule (Olceseet al., 1997; Lanieret al., 1998b). The
function of the inhibitory receptors is relatively well
understood: deficient cell surface expression of class I
MHC proteins results in a markedly enhanced suscepti-
bility of the target cell to lysis by circulating NK cells;
interaction of the inhibitory NK receptor with these class I
MHC molecules results in blockade of the cytotoxic
activity and sparing of the target cell from NK lysis. The
function of the activating NK receptors is unknown, but
it has been suggested that they may activate NK cyto-
toxicity in situations where allele-specific loss of
expression of MHC proteins results in the absence of an
inhibitory interaction (Colonna, 1997).

The ligands for the KIRs are the classical class I MHC
molecules HLA-A, -B and -C. HLA-C proteins, the
major ligands mediating dominant resistance to NK lysis
(Cicconeet al., 1992; Colonnaet al., 1993), interact with
p58 KIR (Wagtmannet al., 1995; Fanet al., 1996;
Valés-Gómez et al., 1998b), while HLA-A and -B
molecules bind p70 and p140 KIRs (Wagtmannet al.,
1995; Dohringet al., 1996; Pendeet al., 1996). Interaction
of the inhibitory KIR with its specific class I MHC
ligand induces phosphorylation of tyrosine residues in
the cytoplasmic tail of the receptor and recruitment of
the SHP-1 protein tyrosine phosphatase which acts to
interrupt NK cell activation (Leibson, 1997; Renardet al.,
1997). Ligation of activating KIRs results in phosphoryla-
tion of the tyrosine residues in the immunoreceptor
tyrosine-based activation motif (ITAM) units of the
associated KARAP/DAP12 molecule and positive signal-
ling, probably via Syk and ZAP70 protein tyrosine kinases
(Brumbaughet al., 1997; Lanieret al., 1998b).
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The inhibitory CD94/NKG2-A heterodimer and the
activating CD94/NKG2-C receptor use the same mechan-
isms as the KIRs to mediate inhibition or activation of
NK cell cytotoxicity (Houchinset al., 1997; Carretero
et al., 1998; Lanieret al., 1998a; Le Dreanet al., 1998).
However, these receptor pairs do not seem to bind classical
class I MHC proteins, but instead recognize the non-
classical class I MHC molecule HLA-E (Borregoet al.,
1998; Braudet al., 1998; Leeet al., 1998b). Surface
expression of HLA-E depends on its binding to nonamer
peptides derived from the signal sequences of other class I
MHC proteins (Braudet al., 1997; Leeet al., 1998a).
Thus the interaction of CD94/NKG2-A with HLA-E can
be thought of as a strategy by which NK cells monitor
expression of classical class I MHC molecules indirectly,
via peptide-induced stabilization, and hence surface
expression of HLA-E (Lanier, 1998a). It has, however,
been suggested that not all class I MHC leader sequences
contain peptides able to bind HLA-E; a threonine for
methionine polymorphism in the signal sequence of many
HLA-B alleles has been thought to render these leaders
non-permissive for HLA-E binding (Braudet al., 1997)
and therefore apparently invisible for recognition by the
CD94/NKG2-A complex (Braudet al., 1998; Leeet al.,
1998b). Recently, an additional level of complexity has
been identified, in that it appears that the sequence of the
HLA-E-bound peptide can influence the binding to CD94/
NKG2-A (Llano et al., 1998; Brooks et al., 1999).
However, these experiments are based on cellular assays
and it is difficult to correlate the observed behaviour with
the action of a single receptor–ligand pair.

In the present study, anin vitro system has been
established which reproduces directly with purified soluble
proteins the pattern of recognition associated with CD94/
NKG2-A and CD94/NKG2-C in cellular assays. This
system has been used to address a number of issues.
The association and dissociation rate constants of the
interactions between the CD94/NKG2 receptors and
HLA-E have been defined, and the binding of the inhibitory
and activating CD94/NKG2 complexes to HLA-E com-
pared. The data presented here show first that the CD94/
NKG2-A–HLA-E–peptide interaction had kinetic para-
meters strikingly similar to those of the p58 KIR binding
to HLA-C (Valés-Gómez et al., 1998b). Secondly, the
inhibitory receptor binds to HLA-E with a higher affinity
than the activating receptor. Finally, whether the peptide
loaded onto the HLA-E molecule has any role in this
interaction has been investigated. These data indicate that
the sequence of the bound peptide can markedly influence
the affinity of CD94/NKG2-A and CD94/NKG2-C binding
to HLA-E and that even subtle variation in the affinity of
this interaction can have significant functional con-
sequences.

Results

Expression and refolding of soluble CD94/NKG2
heterodimers
Constructs encoding the extracellular portions of the
CD94, NKG2-A and NKG2-C molecules were expressed
separately inEscherichia coliwhere they formed inclusion
bodies that could be purified and then solubilized in 8 M
urea. In preliminary experiments analysing the refolding
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ability of CD94 and NKG2 proteins, separately and
together, no homodimer formation was observed, i.e. a
water-soluble, disulfide linked dimer ofMr 32 kDa was
seen only when both CD94 and NKG2 proteins were
included in the refold (data not shown). In refolding
experiments in which CD94 was incubated alone, soluble
species ofMr 17 kDa (consistent with a soluble monomeric
CD94 protein) were produced, whereas despite repeated
attempts, it has not proved possible to produce either
refolded, soluble NKG2-A or NKG2-C in the absence of
CD94 protein in the refolding mix. These data are con-
sistent with the observation that CD94 can be expressed
on the cell surface in the absence of NKG2 proteins,
whereas in the absence of CD94, NKG2-A proteins are
retained in the endoplasmic reticulum (ER) and do not
reach the cell surface (Lazeticet al., 1996; Brooks
et al., 1997; Carreteroet al., 1997). The dimeric material
obtained by refolding CD94 and NKG2-A or NKG2-C
together could be purified to homogeneity by a combin-
ation of anion-exchange chromatography and gel filtration
(Figure 1A–C). Analysis of this protein on SDS–PAGE
showed it to be a disulfide-linked dimer,Mr 32 kDa,
which on reduction was seen to be composed of two
subunits ofMr 17 and 15 kDa (Figure 1D), the predicted
Mr of the recombinant CD94 and NKG2 proteins. Soluble,
monomeric CD94 protein was also obtained in these
refolds and this also could be isolated as a pure species
(Figure 1).

That the soluble CD94/NKG2-A and NKG2-C hetero-
dimers were refolded correctly was tested further by
assaying the refolded proteins for reactivity with the
monoclonal antibody HP-3D9, which binds to a conform-
ation-dependent epitope on CD94 (Aramburuet al., 1990;
Phillips et al., 1996). Figure 2 shows that both the CD94
and the CD94/NKG2 complexes bound this antibody.
Further proof of the correct refolding of the heterodimer,
specific interaction of CD94/NKG2-A and NKG2-C with
HLA-E, but not other soluble HLA molecules, is shown
below.

HLA-E is able to bind multiple leader peptides
The extracellular portion of the HLA-E heavy chain was
expressed in bacteria, and soluble HLA-E–peptide–β2-
microglobulin (β2m) complexes were obtained essentially
as described (O’Callaghanet al., 1998a). Previously, HLA-
E*0101 has been suggested to have a markedly restricted
peptide-binding specificity such that it only binds nonamer
peptides derived from the signal sequences of certain
class I MHC proteins (Braudet al., 1997; Leeet al.,
1998a). These studies suggested that HLA-E-binding pep-
tides require the presence of a methionine residue at
position 2 (P2) of the nonamer peptide, and that for this
reason the leader peptides of many HLA-B alleles, which
have threonine at P2, assemble HLA-E inefficiently, if at
all (Braudet al., 1997, 1998; Leeet al., 1998a). However,
other studies have reported that these peptides can bind
to HLA-E, but that these peptide–MHC complexes do not
act to inhibit or activate NK cell lysis via the CD94/
NKG2 receptors (Borregoet al., 1998; Llanoet al., 1998;
Brookset al., 1999).

In these in vitro refolding experiments, all the HLA
leader peptides tested (see Table I for sequences) appeared
competent to assemble peptide–HLA-E–β2m complexes
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Fig. 1. Purification of CD94/NKG2-A (A) and CD94/NKG2-C (B)
heterodimers and CD94 monomer (C) by gel filtration (see Materials
and methods). (D) SDS–PAGE showing refolded CD94 monomer and
CD94/NKG2-A and CD94/NKG2-C heterodimers. In the non-reduced
gel, the heterodimer appears as an ~32 kDa band and monomeric
CD94 as a 14 kDa band; in the reduced gel, the heterodimer
components resolve as 17 and 15 kDa bands, respectively.

(Figure 3). Since it has been suggested that the HLA-B58
leader sequence-derived nonamer cannot bind to HLA-E,
this result was surprising. To analyse this phenomenon
more closely, the thermal stability of HLA-E complexed
with the leader sequence-derived nonamer of HLA-B7
was compared with that of HLA-E complexed with the
HLA-B58 leader sequence-derived nonamer (Figure 4).
This assay has been well characterized as a direct measure
of the stability of the peptide–HLA complex (Bouvier and
Wiley, 1994). In these experiments, the two peptide–MHC
complexes were equally stable, both having a melting
temperature (Tm) of ~63°C [for comparison, theTm of
HLA-A2 assembled with the influenza matrix peptide is
65°C (Bouvier and Wiley, 1994)]. Thus, at least for peptide
binding, HLA-E does not have a strict requirement for
methionine at P2 of the bound peptide. In this context, it
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Fig. 2. Binding of conformation-sensitive monoclonal antibody (HP-
3D9) to CD94, CD94/NKG2-A and CD94/NKG2-C proteins. HP-3D9
(10 µg/ml) was injected over a CM5 chip with a control surface (the
control curve was subtracted from all the other values, therefore it
would be ay 5 0 line), CD94 (429 RU), CD94/NKG2-A (401 RU)
and CD94/NKG2-C (334 RU). The antibody recognized monomer and
heterodimers with similar dissociation rates. This experiment is
representative of several others with similar results.

is worth noting that HLA-E recently has also been shown
to bind some viral peptides with either leucine or glutamine
at P2 of the nonamer (Ulbrechtet al., 1998). However,
caution should be used in extrapolating these data to cell
surface expression of the complex since it is also clear
that HLA-E is expressed only poorly, if at all, at the
surface of cells transfected with HLA-B alleles such as
HLA-B51 or -B58 (Leeet al., 1998a; Llanoet al., 1998).
This discrepancy could be explained in a number of ways,
but one plausible hypothesis might be that the HLA-B58
leader sequence nonamer is not available in the intact cell
for some reason. The processing of class I MHC leader
peptides which subsequently are loaded onto other MHC
molecules is complex and, for Qa-1b at least, involves
shuttling of the peptide between the ER and the cytosol
(Bai et al., 1998). Perhaps the HLA-B58 leader sequence-
derived peptide is cleaved during its processing in such a
way that the nonamer is generated with only a very poor
efficiency. Alternatively, TAP-dependent translocation of
this peptide into the ER may be inefficient.

The binding of HLA-E to CD94/NKG2-A has
extremely fast kinetics and is peptide dependent
The technique of surface plasmon resonance was used to
examine the interaction between soluble refolded HLA-E
and CD94/NKG2-A and CD94/NKG2-C proteins. HLA-E
molecules, assembled with the HLA-B7, -B58, -Cw3,
-Cw4, -Cw7 and HLA-G leader sequence-derived peptide
nonamers, bound specifically to the CD94/NKG2 hetero-
dimers, but not to CD94 alone. In contrast, soluble
HLA-Cw6, -Cw7 and -B8 molecules themselves bound
to neither the CD94/NKG2 nor the CD94 proteins. In
Figure 5, several HLA molecules, HLA-B8, HLA-Cw6
and-Cw7, were injected simultaneously over surfaces in
which CD94 monomers and CD94/NKG2-A dimers had
been immobilized, and compared with a control surface
in which no protein was present. Binding of these proteins
was not detected. The same preparations of HLA-Cw6
and -Cw7 injected over immobilized NKAT1 and NKAT2
bound to the receptors with the same specificity and
kinetics as reported previously (Vale´s-Gómezet al., 1998b)
(data not shown). Experiments were then performed using
soluble HLA-E complexes assembled with a number of
HLA leader sequence-derived peptide nonamers (Table I).
Increasing concentrations of these HLA-E proteins were
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Table I. Origin and sequence of the leader sequence-derived peptide nonamers used for HLA-E refolding

HLA Leader peptide koff KD (µM)a(CD94/ Inhibition koff KD (µM)a(CD94/ Activation
allotype sequence (/s) NKG2-A) of NK lysisb (/s) NKG2-C) of NK lysisb

-G VMAPRTLFL 0.42 2.33 yes 1.80 10.77 yes
-Cw*0302 VMAPRTLIL 1.22 7.35 yes ND ù35.4 no
-B*0702 VMAPRTVLL 1.27 11.23 yes ND ù56.2 no
-B*5801 VTAPRTVLL 1.33 17.06 no ND ù238 no
-Cw*0702 VMAPRALLL ND ù34.05 no ND ND no
-Cw*0402c VMEPRTLIL ND ù75.30 no ND ND no

Kinetic data, corresponding to the interaction between HLA-E loaded with each peptide and CD94/NKG2-A, are related to the data obtained in
cytotoxicity assays. Residues that differ from the HLA-B7-derived peptide, for which the crystal structure is known, are underlined. (Data are the
averages of 2–5 experiments performed using several batches of refolded protein assayed on sensor surfaces prepared at different times.)
aSteady-state values obtained using the general fit option of BIAevaluation 3.0 (see Materials and methods).
bInhibition or activation by HLA-E assembled with the indicated leader sequence-derived peptide through binding to the D94/NKG2-A or -C
complexes (Llanoet al., 1998).
cThe sequence of HLA-Cw*0402 has been partially corrected and the existence of this allotype is in question (Bunceet al., 1997).
ND 5 no kinetic parameters could be obtained for these pairs of proteins: in the column corresponding tokoff, because of the poor binding; in the
case ofKD, because the curve representingReq versus concentration did not reach saturation at the concentrations used in the experiment. This
reflects either a much lower affinity or non-specific binding.

Fig. 3. Purification of HLA-E–β2m–peptide complexes. (A–F) Gel
filtration (Superdex 200 column) profiles of the HLA-E complexes
showing a peak of aggregated material eluting at ~12 min and the
heterotrimeric (heavy chain–peptide–β2m) molecule used in the
binding experiments at ~15 min. The leader sequence-derived peptides
used to refold HLA-E in the various panels are HLA-B58 (A), -B7
(B), -G (C), -Cw3 (D), -Cw4 (E) and -Cw7 (F). (G) SDS–PAGE of
the peak fractions shown in (A–F). The positions of the heavy chain
(HC) andβ2m are indicated.

injected over the control surface, CD94, CD94/NKG2-A
and CD94/NKG2-C. The relevant curves showing
increasing concentrations of HLA-E loaded with different
peptides binding to either CD94/NKG2-A (Figure 6A) or
CD94/NKG2-C (Figure 7A) are depicted after the control
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curves (no protein immobilized on the flow cell) had been
subtracted. The curve corresponding to the flow cell
containing immobilized CD94 alone was comparable
to the control (mock immobilization) surface. This is
consistent with previous data showing that CD94 monomer
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Fig. 4. (A) CD spectra (250–194 nm) of HLA-E in complex with the
HLA-B7 and -B58 leader sequence-derived nonamer peptides.
(B) A comparison of the thermal stability of HLA-E complexed with
either the HLA-B7 or -B58 leader sequence-derived peptides. Curves
were obtained by monitoring the change in CD signal at 218 nm while
heating the sample from 20 to 90°C (scan rate of 0.7°C/min).

does not interact with HLA class I (Braudet al., 1998).
HLA-E molecules loaded with the HLA-B7, -B58, -Cw3,
-Cw4, -Cw7 and HLA-G leader sequence-derived peptide
nonamers all bound both CD94/NKG2-A and CD94/
NKG2-C, but with widely differing affinities. The associ-
ation and dissociation rate constants of the CD94/NKG2–
HLA-E interactions appeared to be very fast, as judged
by the shapes of the curves, similar to those observed
for the binding of the Ig superfamily KIRs to HLA-C
(Valés-Gómez et al., 1998b). Kinetic data were analysed
using both the general fit option and the simultaneous fit
option provided by BIAevaluation 3.0 (see Materials and
methods), and, where possible, the rate constants of the
interaction between CD94/NKG2-A, CD94/NKG2-C and
HLA-E were determined in experiments involving the
injection of increasing concentrations of peptide–HLA-E
complex. The averages of the measured dissociation rates
(koff) of CD94/NKG2-A binding to HLA-E loaded with
different leader sequence-derived peptide are depicted in
Table I. From the dissociation constants, we can calculate
the half-life of these complexes (t1/2): HLA-E (G) 1.6 s,
HLA-E (Cw3) 0.57 s, HLA-E (B7) 0.54 s, and HLA-E
(B58) 0.52 s. Notably, HLA-G binds with a much slower
dissociation rate which probably contributes to the
increased affinity of the interaction. For CD94/NKG2-C,
the onlykoff that could be calculated with some confidence
was that corresponding to HLA-E (G) with a value of
1.8/s (t1/2 5 0.39 s). These dissociation rate constants
should be taken as minimal estimates as they are subject
to sources of error such as rebinding (Vale´s-Gómezet al.,
1998b). The saturation plots represented in Figures 6B
and 7B correspond to steady-state analysis of repre-
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Fig. 5. HLA-B8, -Cw6 and -Cw7 do not bind CD94 or
CD94/NKG2-A. HLA-B8, -Cw6 and -Cw7 (all at 45µM) were
injected over a chip containing a control surface, CD94 (544 RU) and
CD94/NKG2-A (597 RU).

sentative data performed using the global fit option of
BIAevaluation 3.0 in the same experiment as shown in
Figures 6A and 7A. In Table I, the average of the values
for KD obtained in multiple different experiments are
given for comparison. These data revealed that (i) HLA-E,
assembled with any of the six peptides used, bound both
the CD94/NKG2-A and CD94/NKG2-C receptors with
very rapid association and dissociation rate constants, as
seen from the dissociation constants and from the shapes
of the curves shown in Figures 6A and 7A; and (ii) that
the affinity of this interaction varied with the peptide
bound to the HLA-E molecule and with the use of either
CD94/NKG2-A or CD94/NKG2-C (Figures 6 and 7;
Table I).

Discussion

NK cells can express a large repertoire of receptors able
to bind to class I MHC molecules (Morettaet al., 1996).
Thus, in order to achieve a precise understanding of the
biology of the individual receptor–ligand systems, it is
necessary to isolate any given receptor–ligand interaction
from the multitude of class I-binding receptors expressed
on an NK cell. With this purpose, the interaction of
the CD94/NKG2-A and CD94/NKG2-C receptors with
HLA-E has been reconstitutedin vitro using purified,
soluble proteins.

The CD94, NKG2-A and NKG2-C proteins were
expressed inE.coli, refolded together and the hetero-
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Fig. 6. Peptide specificity in the recognition of HLA-E by CD94/NKG2-A. (A) Increasing concentrations (0.28, 0.57, 1.14, 2.27, 4.55, 9.1, 18.18 and
36.36µM) of HLA-E, refolded using HLA-B58, -B7, -G, -Cw3, -Cw4 and -Cw7 leader sequence-derived peptide nonamers, were injected over the
same surface used in the experiment shown in Figure 2. The curves represent the binding of HLA-E to CD94/NKG2-A after the control flow cell
had been subtracted. (B) Steady-state saturation plots. The amount of RU at equilibrium was plotted against the concentration for each receptor–
ligand pair. This experiment is representative of several, using different surface chips and various batches of refolded protein, yielding similarresults
in all cases.

dimeric complexes purified to homogeneity. Several
pieces of evidence indicate that the refolded CD94/NKG2
molecules are refolded correctly: first, a water-soluble,
disulfide-linked heterodimer is formed only if both CD94
and NKG2 proteins are included in the refold (Figure 1).
Secondly, the heterodimers are recognized by conform-
ation-sensitive monoclonal antibodies including HP-3D9
(Figure 2) and HP-3B1 (data not shown). Thirdly, con-
sistent with the data obtained in cellular assays (Borrego
et al., 1998; Braudet al., 1998; Leeet al., 1998b), the
recombinant CD94/NKG2-A and CD94/NKG2-C com-
plexes bind specifically to HLA-E (Figures 5–7).

This binding had kinetic characteristics remarkably
similar to those of Ig superfamily KIRs binding to HLA-C,
both interactions being characterized by extremely rapid
association and dissociation rate constants. Presumably
this reflects functional constraints on the kinetics of the
interaction which are required for effective NK cell
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immunosurveillance (Vale´s-Gómezet al., 1998b), i.e. the
association rate constant is sufficiently fast that the rate-
limiting factor for the interaction will be the diffusion of
the molecules in the membrane (Bell, 1978). CD94/NKG2
complexes are expressed at relatively high levels on NK
cells; thus the availability of the HLA-E–peptide–β2m
complex will be a major factor in deciding the outcome
of the interaction between the NK cell and the target cell.

Another striking parallel between the binding of the
two Ig domain KIRs to HLA-C and the binding of CD94/
NKG2 to HLA-E is that the activating receptor binds to
the peptide–MHC complex with a much lower affinity
than the inhibitory receptor in both cases (Figures 6 and 7;
Table I). As has been discussed previously (Vale´s-Gómez
et al., 1998a), these data suggest that if an activating and
an inhibitory receptor compete for binding to a given
HLA ligand then the inhibitory receptor is more likely to
bind. It seems plausible to suggest that this phenomenon



M.Valés-Gómez et al.

Fig. 7. Peptide specificity in the recognition of HLA-E by CD94/NKG2-C. Increasing concentrations (0.28, 0.57, 1.14, 2.27, 4.55, 9.1, 18.18 and
36.36µM) of HLA-E, refolded using HLA-B58, -B7, -G, -Cw3, -Cw4 and -Cw7 leader sequence-derived peptide nonamers, were injected over the
same surface used in the experiment shown in Figure 2. The curves represent the binding of HLA-E to CD94/NKG2-C after the control flow cell
had been subtracted. (B) Steady-state saturation plots. The amount of RU at equilibrium was plotted against the concentration for each receptor–
ligand pair. This experiment was also repeated several times yielding similar results in all cases.

may contribute to the observed dominance of inhibition
over activation (Morettaet al., 1995). However, the
molecular basis of the weaker binding to HLA-E of the
CD94/NKG2-C receptor is unclear. These proteins are
both type II membrane glycoproteins, and comparison of
the NKG2-A and NKG2-C sequences reveals that the bulk
of the sequence variation between these proteins is found
in the membrane-proximal N-terminus of the molecule.
The only striking sequence variation occurring in the
C-terminal, membrane-distal portion of the molecule
occurs at residue 197. The crystal structure of the CD94
protein recently has been solved and a model for the
CD94/NKG2-A heterodimer proposed (Boyingtonet al.,
1999). In this model, residue 197 was suggested to be a
component of the HLA-E-binding site and thus perhaps
this lysine for glutamic acid change between the NKG2-A
and NKG2-C proteins is important for the altered bind-
ing affinity.
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These experiments also show that another major factor
controlling the outcome of the interaction between HLA-E
and the CD94/NKG2-A or CD94/NKG2-C receptors is
the nature of the bound peptide. Recent experiments,
published while this manuscript was in preparation, have
provided evidence that the primary structure of the peptide
bound to HLA-E can affect CD94/NKG2 recognition
(Llano et al., 1998; Brookset al., 1999). The experiments
presented here have examined the effect of the peptide
closely and indicate that recognition of the peptide–HLA-E
complex at the cell surface by the CD94/NKG2 receptors
is a critical checkpoint for surveillance of class I MHC
protein expression. As predicted from cellular assays,
HLA-E molecules assembled with the HLA-B7, HLA-
Cw3 or the HLA-G leader sequence-derived peptide
nonamer bound to the CD94/NKG2-A receptor (Figure
6). The difference among the affinity constants of the
interactions between these three HLA-E heterotrimers and
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CD94/NKG2-A are notable, the HLA-E molecule loaded
with the HLA-G leader sequence-derived peptide binding
to CD94/NKG2-A with the highest affinity (Table I).
Surprisingly, HLA-E molecules loaded with a leader
sequence-derived nonamer peptide from either HLA-B58,
HLA-Cw*0702 or HLA-Cw*0402 also bound to CD94/
NKG2-A. These observations were unexpected since a
variety of experiments have suggested that expression of
these HLA alleles does not confer protection from NK
lysis via CD94/NKG2-A signalling (Borregoet al., 1998;
Braud et al., 1998; Lee et al., 1998b; Llano et al.,
1998). Strikingly, however, the affinity of binding of these
complexes is weaker than that of the HLA-E/B7, -G or
-Cw3 leader sequence-derived peptide complexes that are
able to trigger inhibitory signalling in NK cells. These
data, therefore, strongly suggest that there is a marked
threshold effect of receptor–ligand binding leading to NK
cell response in this system. In this context, it is interesting
to compare the two sets of cytotoxicity data published
(Llano et al., 1998; Brookset al., 1999). The former
group, using 100µM B58 peptide, could not demonstrate
any protective effect of this peptide in cytotoxicity assays,
whereas the latter group using 300µM peptide, present in
the medium during the assay, could demonstrate protection.
Thus, increasing the number of HLA-B58-derived peptide–
HLA-E complexes, i.e. increasing the valency of the
HLA-E–CD94 interaction, appears to compensate for the
lower binding affinity.

A similar pattern is apparent for the interaction between
CD94/NKG2-C and HLA-E (Figure 7). It has been noted
previously, in cytotoxicity assays, that activation of lysis
of 721.221 cells loaded with HLA-E-binding peptides is
very poor (Llanoet al., 1998), the exception to this being
721.221 cells loaded with the HLA-E-binding G1 leader
sequence-derived peptide. Inspection of the affinity con-
stants of the various peptide–HLA-E–CD94/NKG2-C
interactions reveals that only the HLA-E–G leader
sequence-derived peptide binds CD94/NKG2-C with an
affinity (~10 µM) consistent with triggering of a response
by the NK cell (Figure 7).

The structural basis of the observed variation in binding
affinity for CD94/NKG2-A between HLA-E loaded with
different peptides is unclear. Inspection of the sequences
(Table I) indicates that substitution at residues P2, P3, P6,
P7 and P8, compared with the HLA-B7-derived peptide,
for which the three-dimensional structure is known, had
marked effects on the interaction of the peptide–HLA-E
complex with CD94/NKG2-A and CD94/NKG2-C. The
crystal structure of HLA-E in complex with the nonamer
peptide from the signal sequence of HLA-B7 (O’Callaghan
et al., 1998b) shows that P2, methionine in all of the
peptides studied except for threonine in the HLA-B58
sequence, is buried deep in the B pocket. This T for M
substitution, however, reduces the affinity of the HLA-E–
receptor interaction sufficiently to prevent both the inhibi-
tion and activation of lysis by CD94/NKG2-A and CD94/
NKG2-C, respectively. The P3 side chain occupies the
shallow D pocket and projects towards theα2 helix. It
could therefore be speculated that the marked decrease in
binding to CD94/NKG2 observed for the Cw*0402 pep-
tide, glutamic acid for alanine at P3, might result from
protrusion of the glutamic acid side chain out of the
groove and neutralization of the charge on the P5 arginine.
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Residue 6, threonine in most sequences and positioned
laterally with its -OH pointing up and possibly involved
in a hydrogen bond, is arginine in the -Cw7-derived
peptide. This substitution also has a drastic effect on the
binding of the peptide–HLA-E complex to CD94/NKG2-
A or -C. Residue 7, valine or leucine, is buried in the E
pocket pointing down, and this alternation of two similar
hydrophobic residues seems to have only minor effects
on the affinity of the interaction. P8, phenylalanine in the
HLA-G-derived peptide but leucine or isoleucine in all of
the others, results in a strikingly higher affinity of its
HLA-E complex for both CD94/NKG2-A and -C and
seems clearly to be an important contact residue. It
interacts with the rim of the peptide-binding groove, but
is solvent exposed (O’Callaghanet al., 1998b). Thus,
changes in the peptide sequence at residues P6 and P8, at
least, may directly influence binding to CD94/NKG2,
whereas substitutions at P2, P3 and P7 are more likely to
affect receptor binding indirectly by influencing peptide
binding.

Whatever the molecular basis of these phenomena,
these data emphasize that the action of the Ig superfamily
KIRs and the lectin-like CD94/NKG2 receptors appears
to be complementary. Expression on the target cell surface
of HLA-E molecules complexed with peptides derived
from the leader peptide of HLA-B allotypes bearing the
Bw4 public epitope (e.g. HLA-B58) and several very
common HLA-C alleles fails to mediate either inhibition
or activation of CD94/NKG2-expressing NK clones
(Llano et al., 1998). However, these are exactly the HLA
molecules with well-defined reactivity with Ig superfamily
KIRs (reviewed in Morettaet al., 1996; Lanier, 1998b).
Reciprocally, Ig superfamily KIRs reactive with HLA-B
molecules bearing the Bw6 epitope and the majority of
HLA-A alleles examined have not been defined, although
there is evidence that some may exist (Vyaset al., 1998).
However, these HLA molecules have leader peptides able
to assemble HLA-E–peptide–β2m complexes competent
to signal productively via CD94/NKG2 receptors.

Finally, if a critical threshold of signalling, a product
of affinity and valency, exists for CD94/NKG2 function,
then protection from NK cell lysis may require larger
or smaller numbers of cell surface HLA-E molecules,
depending on the binding affinity of the HLA-E–peptide
complex for CD94/NKG2-A. This model is consistent
with the idea that expression of class I MHC molecules
such as HLA-B58 or -Cw7 does not signal protection via
CD94/NKG2-A, because an insufficient number of cell
surface HLA-E leader sequence derived-peptide com-
plexes form to compensate for the lower binding affinities
of these interactions. Similarly, HLA-E molecules
assembled with the HLA-B7-derived peptide and the
HLA-G-derived peptide bound CD94/NKG2-A with a
5-fold different affinity. Thus, the appearance of suscepti-
bility to NK lysis would be predicted to require a more
profound down-regulation of the class I MHC protein for
HLA-G-expressing cells than for HLA-B7-expressing
cells.

Here it is interesting to consider CD94/NKG2-A recog-
nition of HLA-C-derived peptides in complex with HLA-E.
HLA-Cw7, which at least in Caucasian populations is
markedly the most common HLA-C allele (gene frequency
of 33%, phenotype frequency of 62%) (Bunceet al.,
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1997), does not mediate inhibition via HLA-E (Llano
et al., 1998), presumably because the HLA-E–Cw7 leader
sequence-derived peptide complex binds CD94/NKG2-A
with only a low affinity (Figure 6). In transfection systems,
overexpression of other HLA-C alleles can result in
assembly of sufficient HLA-E to interact productively
with CD94/NKG2-A (Phillipset al., 1996; Sivoriet al.,
1996; Llanoet al., 1998), but it is possible that this level
of expression is non-physiological. Normally, HLA-C
proteins are expressed on the cell surface at ~10% of the
level of HLA-A and -B molecules. The molecular basis
of this phenomenon is a matter for debate (Neefjes and
Ploegh, 1988; McCutcheonet al., 1995; Neisiget al.,
1998), but this observation does provoke the speculation
that a lower level of HLA-C leader sequence-derived
peptide might be available for binding to HLA-E. If this
is so and given that the nonamer peptide from HLA-Cw3
binds CD94/NKG2 with an affinity comparable with
that of HLA-B7, the numbers of HLA-E–HLA-C leader
sequence-derived peptide complexes formed might be
insufficient to protect from NK cell attack via interaction
with CD94/NKG2-A. Thus, in a cell with a selective
down-regulation of HLA-A and -B proteins, the remaining
low level of expression of HLA-C alleles might result in
inadequate levels of cell surface HLA-E protein to mediate
protection from NK attack via CD94/NKG2-A inhibitory
signalling. For example, the US2 and US11 proteins
encoded by human cytomegalovirus promote rapid proteo-
lytic degradation of HLA-A and -B proteins, but not of
HLA-C (Schustet al., 1998; Cohenet al., 1999). Similarly,
expression of the HIV-1 nef protein results in enhanced
internalization and degradation of HLA-A and -B mole-
cules, but not HLA-C (Le Gallet al., 1998). These
attempts by viruses to evade immunosurveillance by HLA-
A- and -B-restricted CTL, while avoiding attack by NK
cells, could be frustrated by a failure of recognition of
HLA-E complexed with HLA-C leader sequence-derived
peptides. Thus, deficient recognition of these complexes,
mediated either by a failure of the complex to bind CD94/
NKG2-A or by low level expression of HLA-C, may
represent a selective advantage for the host.

Materials and methods

Peptides and monoclonal antibodies
Peptides were synthesized by the Biopolymers Laboratory at Harvard
Medical School. Monoclonal antibody HP-3D9, specific for the CD94
protein (Aramburuet al., 1990), was purchased from Pharmingen (San
Diego, CA).

Cloning, expression, refolding and purification of
recombinant proteins
Soluble extracellular portions of the CD94, NKG2-A and NKG2-C genes
were generated by PCR, using as template cDNA prepared from an NK
cell line and the primer pairs 59-GGAATTCCATATGAAAAATTCTTTT-
ACTAAACTGAGTA-39 and 59-CGGGATCCTTAAATGAGCTGTTG-
CTTACAGAT-39 for CD94. The 59 primers 59-GGAATTCCATAT-
GCAGCGTCACAACAATTCTTCCCTGAATAC-39 (NKG2-A) and 59-
GGAATTCCATATGCCTTTCCTGGAGCAGAA-39 (NKG2-C), and the
39 primer 59-CGGGATCCTAAAGCTTATGCTTACAATGATA-39 were
used to prepare the soluble NKG2 constructs. These PCR products were
cloned into the pGMT7 vector and sequenced. For expression, plasmids
were transformed intoE.coli strain BL21 (DE3) (Studieret al., 1990).
The transformed bacteria were grown and expression of recombinant
protein was induced as described previously (Vale´s-Gómezet al., 1998b).
The CD94, NKG2-A and NKG2-C proteins accumulated as insoluble
aggregates and these inclusion bodies were purified as previously
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described (Vale´s-Gómez et al., 1998b). The yield of protein recovered
as inclusion bodies varied from 100 to 200 mg/l of bacterial culture for
CD94, NKG2-A and NKG2-C. The purified, denatured CD94 and NKG2
proteins were refolded together by dialysis to form the CD94/NKG2-A
and CD94/NKG2-C heterodimers. Briefly, 50 mg of CD94 protein and
100 mg of NKG2 protein were diluted in buffer [8 M urea, 100 mM
Tris pH 8.5, 50 mM glycine, 5 mM reduced glutathione (GSH) and
1 mM oxidized glutathione (GSSG)] and incubated at 10°C for 24 h.
This solution was then dialysed successively against refolding buffers
(0.4 M L-arginine pH 8, 100 mM Tris pH 8.5, pepstatin A and leupeptin,
both at 1µg/ml) supplemented with 4, 2 or 1 M urea, respectively in
the successive changes. After dialysis against refolding buffer without
urea, the mixture finally was dialysed against two changes of 10 mM
sodium phosphate pH 8. The refolding mix was then centrifuged and
filtered to remove any precipitated material. Soluble CD94 and CD94/
NKG2 heterodimers were purified by anion-exchange and size exclusion
chromatography. Refolded CD94/NKG2, in 10 mM phosphate pH 8,
was circulated overnight over a DEAE–Sepharose column (Amersham
Pharmacia), the column was then washed extensively with phosphate
buffer and proteins eluted with a linear gradient of 0–0.5 M NaCl in
10 mM phosphate pH 8. Under these conditions, the CD94/NKG2-A
and CD94/NKG2-C heterodimers eluted early in the gradient (~184 mM
NaCl for CD94/NKG2-A and 189 mM NaCl for CD94/NKG2-C)
separate from a later peak of aggregated material and refolded but non-
NKG2 associated CD94 protein. These two peaks were collected
separately, concentrated and then size-fractionated on a Hiload 16/60
Superdex 200 column to obtain pure CD94/NKG2 heterodimers and
CD94 monomers (Figure 1D). The yields of purified, refolded protein
were of the order of 3–5% for the heterodimer and 15–20% for the
CD94 monomer.

A construct encoding a soluble form of the HLA-E heavy chain
(HLA-E*0101) in the pGMT7 vector was obtained by PCR using the
primer pair 59-CATGCCATGGGTTCTCATTCTTTAAAATATTTTCA-
TACTTCTGTATCTCGTCCCGGCCG-39 and 59-CCCAAGCTTACGG-
CTTCCATCTCAGGGTGACGGGCTC-39 and template cDNA prepared
from the 721.221 cell line. The constructs encoding soluble forms of
the HLA-Cw6, -Cw7 and -B8 heavy chains have been described (Reid
et al., 1996; Valés-Gómez et al., 1998b). Soluble HLA–peptide–β2m
complexes were produced, refolded and purified essentially as described
previously (Garbocziet al., 1992; Fanet al., 1996; O’Callaghanet al.,
1998a; Vale´s-Gómezet al., 1998b).

Circular dichroism
Circular dichroism experiments were done as described previously
(Bouvier and Wiley, 1994). Briefly, HLA-E complexes were diluted to
0.18 mg/ml in 10 mM MOPS pH 7.5 and CD spectra (250–198 nm) for
each complex collected. Both complexes had minimum values at 218 nm
and so for the thermal denaturation experiments, curves were obtained
by monitoring the change in CD signal at 218 nm while heating the
sample from 20 to 90°C. The experiments were carried out using
an Aviv 62DS spectropolarimeter equipped with a thermo-electric
temperature controller.

Surface plasmon resonance
The interaction between soluble HLA-E and the soluble CD94 or CD94/
NKG2 proteins was analysed using a BIAcore 2000 instrument (BIAcore,
Piscataway, NJ) as described previously (Vale´s-Gómez et al., 1998b).
CD94/NKG2-A, CD94/NKG2-C and CD94 proteins were immobilized
to the dextran surface by amine coupling. Around 40–50% of the protein
immobilized was in a native conformation, as calculated from binding
of the conformation-sensitive monoclonal antibody HP-3D9 and HLA-E
protein. Control flow cells were prepared by applying the same treatment
as for immobilization of a protein, but without the injection of any
protein. Unless otherwise stated, analytes were injected simultaneously
over the test and control surfaces, using the multichannel flow option,
at a flow rate of 30µl/min. The data collection rate was set as high
as possible.

Analysis of the kinetics of the interaction between CD94/NKG2
complexes and HLA-E–β2m–peptide heterotrimers was carried out using
BIAevaluation software version 3.0 (BIAcore). First, because all the
curves reflecting CD94/NKG2 binding reached equilibrium very soon
after injection of the HLA-E complex, steady-state affinity data were
analysed using the general fit option.KD values were derived by curve
fitting analyses supplied in the BIAevaluation 3 package. Averages of
the affinity constants obtained in this way are depicted in Table I. Then
the kinetic parameters of each set of curves were analysed using the
simultaneous fit option. The numbers obtained in both ways were
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comparable. Where applicable, Scatchard plots were inspected and gave
comparable values for the affinity constants.
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