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The heterodimeric natural killer cells antigen CD94 (CD94)–NKG2-

A/NKG2-B type II integral membrane protein (NKG2A) receptor family

expressed on human and mouse natural killer (NK) cells monitors global

major histocompatibility complex (MHC) class I cell surface expression

levels through binding to MHC class Ia-derived leader sequence peptides

presented by HLA class I histocompatibility antigen, alpha chain E (HLA-

E; in humans) or H-2 class I histocompatibility antigen, D-37 (Qa-1b; in

mice). Although the molecular basis underpinning human CD94–NKG2A

recognition of HLA-E is known, the equivalent interaction in the murine

setting is not. By determining the high-resolution crystal structure of

murine CD94–NKG2A in complex with Qa-1b presenting the Qa-1 deter-

minant modifier peptide (QDM), we resolved the mode of binding. Com-

pared to the human homologue, the murine CD94–NKG2A–Qa-1b–QDM

displayed alterations in the distribution of interactions across CD94 and

NKG2A subunits that coincide with differences in electrostatic complemen-

tarity of the ternary complex and the lack of cross-species reactivity. Nev-

ertheless, we show that Qa-1b could be modified through W65R + N73I

mutations to mimic HLA-E, facilitating binding with both human and

murine CD94–NKG2A. These data underscore human and murine CD94–
NKG2A cross-species heterogeneity and provide a foundation for humanis-

ing Qa-1b in immune system models.
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Introduction

Natural killer (NK) and T cells express an array of

receptors that sense and respond to major histocompati-

bility complex (MHC) molecules expressed across all

nucleated cell types. Many of these receptors, expressing

the common immunoreceptor tyrosine-based inhibitory

motifs (ITIM) [1], modulate NK and T-cell activity

through engagement to their MHC ligands resulting in

inhibition of effector function – such as directed cell

lysis in NK and CD8+ T cells [2,3]. These receptors

function to limit autoimmunity and over-reactivity to

antigen and serve as a mechanism by which interference

with MHC-driven immunity by viruses and tumours

can be detected, i.e. ‘missing self’ by NK cells [4].

One such molecule expressed by mature NK and acti-

vated T cells is NKG2A that assembles with CD94 to

form an inhibitory heterodimeric receptor [2,5]. CD94

and NKG2A are ancient lineages of C-type lectins, with

homologues identified in some nonvertebrate species [6]

and homologues found across all vertebrate species

including in mouse [7]. CD94–NKG2A heterodimers are

known to bind HLA-E [5] in humans, and Qa-1b in

mouse [8] – the equivalent MHC homologue. Through

this interaction, CD94–NKG2A mediated inhibition

serves to educate NK cells, to tune NK cell activation

and prevent NK cell activity against HLA-E/Qa-1b that

is broadly expressed by healthy nucleated cells [5,9].

HLA-E/Qa-1b itself presents peptides derived from leader

sequences of classical MHC-I molecules and thus acts as

a monitor for the global expression of MHC-I [10]. As

such, reduced MHC-I expression and consequent HLA-

E/Qa-1b surface loss, such as through viral immunomo-

dulation, can unleash NK cell degranulation and targeted

cell lysis. Consequently, viruses have evolved strategies to

preserve HLA-E expression to inhibit NK cell activity

such as by human cytomegalovirus (HCMV) where the

protein UL40 encodes leader sequences which acts as a

peptide ligand for HLA-E [11]. Therapeutically, targeting

of NKG2A/Qa-1b can enhance NK cell cytotoxicity and

decrease viral antigen titre in a murine model of chronic

hepatitis B infection [12].

In addition to a role in NK cell immunity, CD94–
NKG2A is also expressed by activated/exhausted T

cells in response to chronic antigen stimulation [13] or

tumour infiltration [14]. Here, CD94–NKG2A limits

sustained CD8+ T-cell effector function [3] and can be

upregulated under suppressive cytokines such as

TGF-b [15,16]. Similarly, HLA-E/Qa-1b over-

expression by tumour cells has been attributed to

enhanced tumourigenicity through appropriation of

such mechanisms [17]. Thus HLA-E expression is a

negative prognostic marker for breast cancer [18].

Conversely, loss of HLA-ABC expression on bladder

tumours is countered by acquired expression of

NKG2A+ on CD8+ T cells; where NKG2A blockade

can boost an anti-tumour TCR-independent response

[19]. Targeting of the CD94–NKG2A–Qa-1b/HLA-E

axis in onco-immunotherapy has shown promising effi-

cacy. For example, PD(L)-1 and NKG2A blockade

combination therapy increases survival in pre-clinical

tumour models [20]. In humans, combination therapy

of NKG2A blockade with cetuximab (an EGFR-

depleting antibody) in individuals with squamous cell

carcinoma of the head and neck exhibited increased

response rates compared to those previously reported

for cetuximab therapy alone [20]. Such activity was

attributed to enhanced ADCC activity by NKG2A+

NK cells. Similarly, targeting of the CD94–NKG2A–-
Qa-1b axis during peptide vaccination, which induced

NKG2A expression on CD8+ T cells, improved treat-

ment efficacy in murine vaccine models [21].

HLA-E and Qa-1b both present highly similar pep-

tides in highly homologous conformations [22].

Despite this, human CD94–NKG2A exhibits no cross-

species binding to HLA-E-VMA or Qa-1b-Qdm in sur-

face plasmon resonance experiments [22]. Similarly,

Qa-1b-Qdm tetramers do not stain human PBMC nor

do HLA-E-VMA tetramers bind murine splenocytes

[23]. However, detectable binding of HLA-E-VMA tet-

ramers to Rhesus PBMC highlights a divergence in

CD94–NKG2A interactions with MHCs at least

between primates and mouse [23].

As a result of the increasing interest in NKG2A as a

target for immune therapies, understanding of CD94–
NKG2A function in pre-clinical animal models is of

increasing importance. Whilst a structural understand-

ing of Qa-1b exists, structural data describing CD94–
NKG2A heterodimeric assembly and its engagement

to Qa-1b remains unsolved. To this end, we crystallised

murine CD94–NKG2A in complex with Qa-1b pre-

senting the Qa-1 determinant modifier (Qdm) peptide

(AMAPRTLLL) – the most abundant peptide eluted

from Qa-1b molecules. The resultant crystal structure

describes how CD94–NKG2A assembles to engage

Qa-1b in a similar overall fashion to the human homo-

logue, yet subtle differences at the receptor-ligand

interface underscore differences in recognition.

Results

Crystal structure of murine CD94–NKG2A in

complex with Qa-1b-Qdm

We determined the structure of murine CD94–NKG2A

(henceforth mCD94 & mNKG2A) in complex with Qa-
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1b loaded with the Qa-1 determinant modifier (Qdm/H-

2D3–11; AMAPRTLLL) peptide. Each component was

expressed, refolded and purified from Escherichia coli

produced inclusion bodies and crystallised in complex in

23% PEG3350 and 0.2 M NaBr. mCD94–NKG2A–Qa-

1b-Qdm crystallised in space group P212121 (cell dimen-

sions a = 52.2, b = 65.1, c = 198.6), diffracted to 2.6 �A

resolution and the consequent structure refined to a

Rfactor and Rfree of 20.6% and 25.1%, respectively

(Table 1). The quality of the electron density at the inter-

face of CD94–NKG2A with Qa-1b was of high quality,

allowing for robust interpretation of the structure.

Analysis of the murine CD94–NKG2A–Qa-1b-Qdm

complex structure revealed that mCD94–NKG2A

formed a heterodimer that bound near-perpendicular

atop the Qa-1b binding groove (Fig. 1A). Ligand bind-

ing by mCD94–NKG2A across the peptide binding

groove resulted in mCD94 and mNKG2A binding pre-

dominantly over the a1 and a2 helices of Qa-1b, respec-

tively (Fig. 1B). This locale positioned mNKG2A over

the N-terminal portion of Qdm (peptide residues P1-5)

with the mCD94 subunit binding over the exposed cen-

tral peptide portion (P5-6) (Table 2).

The mCD94–NKG2A heterodimer assembled in the

same manner as the previously solved human homo-

logue structure [24], characterised by three b-strands
from each c-type lectin fold subunit (NKG2A-b1, -b2,
-b7 and CD94-b1, -b2, -b7 – as annotated previously

for human CD94 [25]) forming a six-stranded anti-

parallel b-sheet (Fig. 1C). CD94 and NKG2A each

formed similar c-type lectin folds diverging most signifi-

cantly from each other within the long loosely ordered

loop 3 of NKG2A (NKG2A-L3) which did not form an

ordered pair of anti-parallel b-strands (denoted

CD94-b3, -b4) as observed in CD94 (Fig. 1D). The

resulting assembly brought together a ligand binding

site comprised of five CD94 loops (CD94-L2, -L3, -L5, -

L6, -L7) and a b-strand (CD94-b6) combining with five

NKG2A loops (NKG2A-L2, -L3, -L5, -L6, -L7) and

two b-strands (ΝΚG2Α-b5, -b6) (Fig. 1E). A large por-

tion of the binding site comprised of the long and

largely disordered CD94-L3 and NKG2A-L3 loops

which both, in our analyses, formed short a-helices. To
align to previously described human CD94 domain

nomenclature, this helix (denoted CD94/NKG2A-a2) is
located within -L3 and thus divides loop 3 into -L3 and

-L3’, respectively (see Fig. 1C). Together, the mCD94–
NKG2A complex formed 159 total contacts to Qa-1b-

AL9, with the CD94 forming 54 non-bonded contacts,

seven H-bonds and eight salt-bridges (total buried sur-

face area of ~ 1100 �A2) whilst the NKG2A formed 77

non-bonded contacts, 10 H-bonds and three salt-bridges

(total buried surface area of 1300 �A2). As such, the rec-

ognition of Qa-1b appears evenly distributed across the

heterodimeric receptor.

Murine CD94–NKG2A engages Qa-1b similarly but

with altered electrostatics

Given the debate as to the evolutionary origins of

HLA-E and Qa-1b, comparison of CD94–NKG2A

binding to their MHC ligands is important to under-

standing the conservation of receptor function between

humans and mice used in pre-clinical studies. Overall

comparison of mCD94–NKG2A binding to Qa-1b was

performed with the previously published structures of

the human CD94–NKG2A–HLA-E–VMA complex,

PDB accession IDs: 3CDG and 3CII [26,27]. These

human structures exhibit a high degree of similarity

and were consequently treated equivalently during

analysis and henceforth referred to as hCD94 and

hNKG2A. Comparison with the human complex

revealed the murine receptor bound with a conserved

overall binding mode (Fig. 2A). Similar positioning

of CD94–NKG2A to MHC ligand, as indicated by

each subunits centre-of-mass (COM) was observed,

Table 1. Data collection and refinement statistics.

Data collection statistics CD94–NKG2A/Qa-1b-Qdm

Temperature (K) 100

X-ray source MX2 Australian synchrotron

Space group P212121

Cell dimensions a = 52.2, b = 65.1, c = 198.6

Resolution �A 50.0–2.60 (2.74–2.60)

Total no. observations 21 632 (12725)

No. unique observations 12 620 (3077)

Multiplicity 8.0 (8.2)

Data completeness (%) 100 (100)

1/rI 11.8 (1.9)

Rmerge (%)1 0.12 (0.82)

Refinement statistics

Non-hydrogen atoms 5141

Protein 5040

Water 101

Rfactor (%)2 20.6

Rfree (%)2 25.1

r.m.s.d. from ideality

Bond lengths (�A) 0.008

Bond angles (°) 1.03

Ramachandran plot

Favoured regions (%) 95.5

Allowed regions (%) 4.5

B-factors (�A2)

Average main chain 63

Average side chain 69

Average water 52

1Rmerge = ∑hkl ∑j|Ihkl,j � < Ihkl > |/∑hkl ∑j Ihkl,j.;
2Rfactor = ∑hkl‖Fo| � |

Fc‖/∑hkl|Fo| for all data excluding the 5% that comprised the Rfree

used for cross-validation.
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however, the murine receptor exhibited a more obtuse

(3°) binding angle between dimer subunits (Fig. 2B).

This increased angle was accompanied by small shifts

(mNKG2A: 2.8 �A and mCD94: 3.4 �A) in overall posi-

tioning of the murine receptor; docking more centrally

over the peptide binding groove of Qa-1b.

Alterations in the electrostatic surface potential of

HLA-E and Qa-1b bound to their commonly presented

MHC-I derived peptides (VMA and Qdm, respec-

tively) have been previously documented and indicate

divergence in HLA-E/Qa-1b structure–function [22].

HLA-E exhibits a largely negatively charged a2 helix

Fig. 1. Structure of murine CD94–NKG2A bound to Qdm presented by Qa-1b. (A) Structural overview of mCD94–NKG2A in complex

with the Qdm peptide (AMAPRTLLL) presented by Qa-1b. CD94, NKG2A, Qa-1b and b2m represented as cartoon and coloured by

chain; Qdm peptide = sticks, coloured by atom (carbon = yellow, oxygen = red, nitrogen = blue). (B) Birdseye view of mCD94–NKG2A

binding atop the Qa-1b peptide binding groove. mCD94–NKG2A represented as cartoon with Qa-1b shown as a surface representation

with MHCa1 and MHCa2 helices shown as cartoon representation. Qdm is shown as both sticks and surface and coloured by atom.

(C) Cartoon representation of mCD94–NKG2A heterodimer domain architecture (N and C termini labelled N and C respectively). Struc-

tural elements annotated according to secondary structure; a-helices ([a] teal), b-strands ([b] magenta) and loops ([L], CD94 blue,

NKG2A green). (D) Schematic representation of mCD94–NKG2A heterodimer domain architecture. Arrows = b-strands, rectangles = a-

helices. Structural elements involved in ligand binding are underlined. (E) Arrangement of mCD94 and mNKG2A chains over Qa-1b (sur-

face, a1 and a2 helices = cartoon) and Qdm peptide (surface and sticks) from side (top) and birds-eye (bottom) views. Each binding

structural element is rendered opaque and non-binding elements semi-transparent. mCD94 is located over the Qa-1b a1 domain and

Qdm P8 residue whilst NKG2A binds over the a2 domain and Qdm N-terminus resulting in a near perpendicular binding mode. Struc-

tural figures produced in PYMOL [49].
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and a pocket of positive charge in the a1 helix to

which complementary charges are observed on the

interfacing human CD94–NKG2A dimer surfaces ([26]

and Fig. 2C). In contrast, Qa-1b has an overall posi-

tively charged a2 helix; both in the unbound [22] and

ligated state (Fig. 2C). Consequently, the murine

Table 2. Contacts between Qa-1b and CD94–NKG2A.

NKG2A Qa-1b Type

Arg 146Ne Asp 151Od1 Salt-bridge

Arg 146Ng1 Glu 148O H-bond

Arg 146Ne,Ng1 Asp 151Od1,Od2 Salt-bridge

Arg 146Cd,Cf Ala 149C,O Asp 151Cd VDW

Ser 179C,O Gln 155Ne2 VDW

Leu 180N,Ca,C,O Gln 155Ne2 VDW

Ile 181Cc1,Cd1 Asp 151Cb,O His 154Cb, Gln 155Ne2,Cc,N,Cd,Oe1 VDW

Met 219Ce His 154O VDW

Ser 221Ca,CCb,Oc Gln 155Oe1, Ala 158Cb VDW

Ala 222N Gln 155Oe1 H-bond

Ala 222N,Ca,Cb Gln 155Cd,Oe1 VDW

Ser 223O,Cb,Oc Ala 158C, Tyr 159N,Ca,Cb, Pro 163Cc,Cd VDW

Thr 226Oc1 Ala 158Ca,Cb VDW

Asp 228Od1,Od2 Arg 131Ng1,Ng2 Arg 157Ng2 Salt-bridge

Asp 228Cc,Od1,Od2 Arg 131Ng1,Ng2,Cf, Arg 157Ng2,Cf VDW

His 234Ce1 His 154Nd1,Ce1,Ne2,Cd2,Cc VDW

Pro 235Cc,Cd Asp 151Od1,Od2 VDW

CD94 Qa-1b Type

Glu 79Oe1,Oe2 Trp 65Cb,Cc,Cd2,Ce3 VDW

Phe 110Cf Ala 149O VDW

Gln 112O Asn 73Nd2 H-bond

Gln 112O,Cb,Oe1,Ne2 Asn 73Cc,Od1,Nd2, Glu 152Oe1 VDW

Thr 113Ca,Cb,Oc1,Cc2 Asp 69Cc,Od2, Trp 65Cf2 VDW

Phe 114N,O,Cb,Cc,Cd1,Cd2,Ce1,Cf Asp 69Od1,Cc,Cg2,Od1, Arg 72Ng1,Cd,CΒ, Asn 73Cc,Od1,Nd2 VDW

Glu 143Cd,Oe1,Oe2 Arg 79Ne,Cd VDW

Val 154Cc2 Arg 72Cd,Ne VDW

Glu 164Oe1 Arg 72Ng2 Salt-bridge

Glu 164Oe2 Arg 72Ne,Ng2 Salt-bridge

Glu 164Cd,Oe2 Arg 72Ne,Ng2,Cf VDW

Asn 168Cc,Nd2 Arg 68Ng1 VDW

Asn 170Od1 Arg 72Ng2 H-bond

Asn 170Cc,Od1,Nd2 Arg 72Ng2,Cf, Trp 65Cf3,Cg2 VDW

Arg 171Cc,Cf,Ng1,Ng2 Trp 65Cg2,Ce2,Cf2,Cd1,Ne1 VDW

NKG2A Peptide Type

Ser 179Oc Arg 5Ng1 H-bond

Ser 179O,Cb,Oc Arg 5Ng1,Cc,Ne,Cf,Cd VDW

Ala 222O,Cb Pro 4Cc, Arg 5Cd,Cc VDW

Ser 223Oc Pro 4Cd,Cc VDW

CD94 Peptide Type

Phe 110O Arg 5Ng1 H-bond

Phe 110C,O Arg 5Ng1,CΖ,Ng2 VDW

Gln 112Oe1 Thr 6N H-bond

Gln 112Ne2 Thr 6O H-bond

Gln 112CD,Oe1,Ne2 Thr 6O,N,Cc2,C, Arg 5Ca,C,Ne,Cf,Ng2,Ng1, Cb, Leu 8Cc VDW

Ser 158Oc Leu 8Cd1 VDW
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NKG2A interaction surface exhibits an overall nega-

tive charge (mCD94 = acidic, mNKG2A = acidic) – in

contrast to the polarised human receptor

(hCD94 = acidic, hNKG2A = basic). Thus, murine

CD94–NKG2A utilises a highly acidic surface poten-

tial across it’s binding surface which complements the

largely basic Qa-1b surface in comparison to human

counterparts.

Murine NKG2A exhibits a larger contribution to

MHC binding than in humans

Given the differences in surface charge complementarity

and receptor positioning between ligated human and

murine CD94–NKG2A receptors, we next sought to

quantify the contributions of both subunits of the

CD94–NKG2A dimer to ligand binding between spe-

cies. The interface areas of CD94–NKG2A and HLA-

E/Qa-1b were similar, as observed by the total buried

surface area (BSA) between the human and murine

receptors (human = 2380 �A2, murine = 2400 �A2)

(Fig. 2D). However, distribution of the interfaces across

CD94 and NKG2A differed between the murine and

the human, with the human interface biased towards

CD94 and the murine interface spread more evenly

between CD94 and NKG2A (Fig. 2D) (hCD94 :

hNKG2A to pMHC = 60 : 40%; mCD94 : mNKG2A

to pMHC = 54 : 46%). This difference in binding area

distribution was most significant at the peptide inter-

face. Both human and mouse peptide interfaces were

skewed towards contacts to CD94. However, the CD94

bias was more notable in the human interface and not

as marked in their murine counterparts (Fig. 2D).

Similar observations were also made by quantifying

the contacts between CD94–NKG2A and MHC–pep-
tide subunits whereby murine NKG2A formed an

increased proportion (43% of total contacts, 12%

increase vs. hNKG2A) of contacts most significantly

to MHC (39% of total contacts, 10% increase vs.

hNKG2A) (Fig. 2E). Increased contacts by mNKG2A

included six salt bridges not observed in the human

complex. The footprint of these contacts was more

condensed around the peptide of Qa-1b by mCD94–
NKG2A compared to that in humans (Fig. 2F) with

CD94 distal from the locale of positions 19 and 89

which were contacted in the human system. Likewise,

the increased contact footprint of mNKG2A differed

most significantly through interactions with 157 and

159 in Qa-1b. Thus, in comparison to the human sys-

tem, altered electrostatic complementarity is accompa-

nied by an increased contribution of total mNKG2A

contacts and more specific mNKG2A salt-bridge inter-

actions to Qa-1b.

Human and murine CD94–NKG2A are divergent

at the ligand interface

Analysis of the global parameters of murine CD94–
NKG2A binding to Qa-1b revealed that despite an overall

similar binding mode, there was divergence of the bio-

chemical properties of the receptor-ligand interface

between species particularly with respect to NKG2A. Such

differences coincide with the observation that murine

CD94–NKG2A does not bind HLA-E, and human

CD94–NKG2A does not bind Qa-1b [22]. Indeed, at the

sequence level, murine and human NKG2A extracellular

domains exhibit greater divergence (identity = 43%,

similarity = 60%) compared to CD94 (identity = 54%,

similarity = 71%) (Fig. 3A; Table 3). Similarly, the

MHC-a2 helix, atop which NKG2A binds, exhibits

greater divergence (identity = 58%, similarity = 67%)

compared to MHC-a1 helix residues (identity = 70%,

similarity = 78%) upon which CD94 binds.

In particular, a consecutive region encompassing -b5,
-L6, -b6, which contributes a significant part of the

ligand binding interface, exhibits particularly low

sequence identity in both CD94 (38%, 5/13 residues)

and NKG2A (25%, 3/12 residues). In mouse, mNKG2A

diverges within this locale both sequentially and struc-

turally, where the murine L6 loop is shifted 6.7 A closer

to the Qdm peptide cargo compared to the human com-

plex structure (Fig. 3B). As a result, both A222 and S223

side chains contact Qdm at the P5 proline, which is com-

mon to both murine and human leader sequence pep-

tides. Yet in the humans, V213 and N214, which occupy

equivalent positions in the NKG2A-L6 loop, were too

distal from the peptide to form contacts (Fig. 3B).

Murine NKG2A utilised two residues to form inter-

actions with Qa-1b that are not observed in the human

complex. Firstly, the guanidino group of mNKG2A

R146 formed a salt bridge with the carboxyl group of

D151 on the Qa-1b a2 helix (Fig. 3C). In humans,

hNKG2A also possesses arginine at this position, how-

ever, HLA-E incorporates serine at position 151 and

thus hNKG2A forms a hydrogen bond with S151

(Fig. 3C). Secondly, mNKG2A utilises the acidic D228

to form a salt bridge with R157 of Qa-1b (Fig. 3C).

Interestingly, in humans, HLA-E also possesses R157,

yet alanine occupies the equivalent position (A219) in

NKG2A (Fig. 3C). As a result, hNKG2A does not

contact HLA-E despite the salt-bridge capable R157

being similarly available for binding. Thus, the

mNKG2A component of the CD94–NKG2A heterodi-

mer utilises salt bridges to enable increased comple-

mentarity to Qa-1b concurrently with a larger

contribution to the interface area and overall contact

distribution compared to human CD94–NKG2A.
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Qa-1b can be mutated to permit human CD94–
NKG2A recognition

Despite the finding that mouse and human CD94–
NKG2A utilise a unique molecular footprint, there is a

similar position of the receptor over the a1 and a2 heli-

ces of their respective ligands (Fig. 2A). However, there

are several divergent amino acids between Qa-1b and

HLA-E at the interface involved in binding to CD94–
NKG2A (Fig. 3A). Therefore, we made several muta-

tions in Qa-1b to positions involved in binding mouse

CD94–NKG2A to the corresponding amino acids pre-

sent in HLA-E; namely Qa1b-W65R, -R72Q, -N73I, -

D151S, -H154E, -Q155H and D162G (Fig. 4A,B). We

then determined the ability of these mutants to bind to

human and mouse CD94–NKG2A by surface plasmon

resonance (SPR) (Fig. 4A).

The affinities of wild-type Qa-1b of KD ~ 19 ll for

mouse CD94–NKG2A and HLA-E of KD ~ 5 ll
for human CD94–NKG2A were consistent with our pre-

vious findings (Fig. 4A, Table 4) [22]. In contrast, there

was no binding evident between wild-type Qa-1b and

human CD94–NKG2A, nor HLA-E and mouse CD94–
NKG2A, also consistent with previous findings (Fig. 4A,

Table 4). Interestingly, the mutations Qa-1b-W65R and -

D151S (Fig. 4A) appeared to slightly improve the affinity

for mouse CD94–NKG2A, although there was minimal

binding of both complexes with human CD94–NKG2A

(Fig. 4A, Table 4). The mutations Qa-1b-H154E and -

Q155H had a small impact (< 2-fold decrease in affinity)

on binding to mouse CD94–NKG2A, whilst still not sig-

nificantly interacting with human CD94–NKG2A. How-

ever, the mutant Qa-1b-N73I complex had a > 3-fold

weaker affinity for mouse CD94–NKG2A and also had a

weak but measurable affinity for human CD94–NKG2A

(Fig. 4A, Table 4).

As W65R improved binding to mouse CD94–NKG2A

and N73I improved binding to human CD94–
NKG2A, a Qa-1b double mutant of W65R + N73I was

generated to determine if this complex could interact

with both mouse and human CD94–NKG2A. Intrigu-

ingly, SPR analysis showed the Qa-1b W65R + N73I

mutant had the highest affinity of all the Qa-1b com-

plexes for both mouse and human CD94–NKG2A

(Fig. 4A, Table 4).

Qa-1b-W65 was bound by a cluster of murine CD94

loops (L2, L3’ and L7) with diverse physicochemical

side chains including the acidic E79 located on the L2

loop (Fig. 4C); where E79 charge complementarity

with mutated W65R may have mediated enhanced

murine CD94–NKG2A binding. In the human system,

R65 on HLA-E is positioned in an apparent charge

repulsion state within the basic NKG2A-K164 and

CD94-R171 environment (Fig. 4C).

At position 73, Qa-1b-N73 forms a polar hydrogen

bond network with Q112 and non-polar contacts with

F114 of murine CD94 (Fig. 4D). Both Q112 and F114

are conserved in human CD94 (Fig. 3A) where HLA-

E-I73 is less influential to the human CD94–NKG2A

interface. Thus, a direct structural explanation for Qa-

1b-N73I mutation-mediated binding to human CD94–
NKG2A is not immediately clear. Nevertheless, our

SPR analysis showed that adjustments could be made

at the molecular interface to permit binding of a single

complex to both mouse and human CD94–NKG2A.

Discussion

The murine immune system is the most closely studied

next to the human immune system. As a generalisa-

tion, fundamental principles gleaned from one species

Fig. 2. Structural comparison of human and murine CD94–NKG2A binding to MHC ligand. (A) Structural alignment of mCD94–NKG2A and

hCD94–NKG2A complexed with Qa-1b-Qdm and HLA-E-VMA, respectively. Murine and human structures coloured by chain, human struc-

ture rendered with transparency. (B) Conservation of cross-species binding mode as indicated by CD94 and NKG2A overall positioning

(centre-of-mass (COM); spheres; coloured by chain) above the peptide (surface and sticks) and MHC (surface). A small rotation (3°) in the

resulting crossing angle, in relation to the peptide binding groove, is exhibited between homologues due to 3.4 and 2.8 �A shifts in CD94

and NKG2A subunit COMs, respectively. (C) Human and murine CD94–NKG2A engage MHC via altered electrostatic complementarity. For

each complex, the interface has been opened to show the underside of CD94–NKG2A and the MHC peptide binding groove surface that

makes up the interface. Surfaces are coloured by electrostatic potential (scaled from +5 to �5 kT/e). (D) Human/murine CD94 and NKG2A

subunit contributions to MHC and peptide buried surface area (BSA). Data presented as a nested donut chart whereby BSA of CD94 and

NKG2A are quantified in the outer circle and sub-divided into their MHC or peptide interface partner (inner circle). Slice colours indicate pro-

tein chain. (E) The number of CD94–NKG2A subunit contacts to MHC and peptide in human and murine complexes (< 4.0 �A) (outer circle).

Number of van der Waals (vdW; grey; < 4.0 �A), salt bridges (red; < 3.4 �A) and hydrogen bonds (blue; < 3.4 �A) are shown (inner circle). (F)

Interface contacts between human (left) and mouse (right) CD94 (light blue) NKG2A (light green), HLA-E/Qa-1b (light grey) and peptide (yel-

low). The interface surfaces have been opened up as in (C), residues involved at the contact interface are cross-coloured to the correspond-

ing binding subunit. Residues with contacts ≤ 4.0 �A are shown. Residues which contact multiple subunits are clarified in Fig. 3A. Structural

figures produced in PYMOL.
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transfer analogously to the other, yet the finer details

often differ. The CD94/NKG2A interaction with Qa-

1b is an ancient system whose primary function has

been conserved, yet important differences remain

[28,29]. In this study, we provide the crystal structure

of the murine CD94/NKG2A-Qa-1b complex. This

provides a direct comparison with the human

equivalent and provides a basis to rationalise the sub-

tle differences between the two systems.

Despite similar presentation of the MHC leader

sequence peptide, there is no cross-species reactivity

between the CD94/NKG2A with the Qa-1b/HLA-E of

mouse and human [22]. We show that this is primarily

driven by the differences in charge distribution across

Fig. 3. Complementarity of murine CD94–NKG2A for Qa-1b. (A) Pairwise sequence alignment of human and murine CD94, NKG2A, Qa-1b/

HLA-E and Qdm/VMA peptides. Schematic structural elements are shown as described in Fig. 1D. Residues which contact receptor/ligand

are coloured with interacting subunit as described in Fig. 2F. Residues discussed in (B) and (C) are denoted with arrowed markers.

“-” = gap, “.” = small positive score, “:” = score >1.0, “|” = identity. (B) Divergence of the murine NKG2A-L6 loop compared to the human

complex. The murine complex is coloured as Fig. 1A and the human complex grey-scaled. (C) Salt-bridge compatibility of murine NKG2A for

Qa-1b. Left: murine D228 and R146 of mNKG2A form high-enthalpy salt bridges to D151 and R157 of Qa-1b. Right: R137 and A219 in equiv-

alent positions of hNKG2A are highlighted. R137 forms hydrogen bond with S151 whereas A219 does not bind R157. Structural figures pro-

duced in PYMOL. Aligned sequences of the murine and human CD94 and NKG2A extracellular domains: mCD94 = Uniprot: O54707 [43–179],

mNKG2A = Uniprot: Q9Z202 [119–244], hCD94 = Uniprot: Q13241 [43–179] & hNKG2A = Uniprot: P26715 [110–233]. Murine and human

MHC-1b sequences were: Qa-1b (H2-T23) = Uniprot: P06339 [21–205] & HLA-E = Uniprot: P13747 [22–206]. Sequences were aligned using

the EMBOSS Needle Pairwise Sequence Alignment tool implementing the BLOSUM62 matrix [55].
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the interfaces. The murine interface is distinctly polar

with the CD94 and NKG2A carrying net negative

charges that complement positive patches on the Qa-1b

molecule. By contrast, the human system is dipolar with

the CD94 carrying a negative charge and the NKG2A a

positive charge, with each binding oppositely charged

regions on HLA-E [26]. The net result is that of the

interactions to Qa-1b only one is strictly conserved to

HLA-E (Q112CD94 to E152HLA-E/Qa1b). And yet

through the mutation of Qa-1b residues W65 + N73,

binding to the human CD94–NKG2A was attained.

Interestingly, the double-substitution W65R + N73I

also increased the affinity to mCD94–NKG2A beyond

that of the wild-type. This is despite the single substitu-

tions significantly reducing the recognition of Qa-1b by

mCD94–NKG2A. Given the lack of inter-species cross

recognition, it is unlikely that the Qa-1b W65 + N73

hybrid recapitulates either the docking mode to Qa-1b

or HLA-E but instead represents an intermediate, sug-

gestive of a degree of plasticity at the CD94–NKG2A

interface. Taken together, the recognition of Qa-1b and

HLA-E by CD94/NKG2A has substantially diverged

but can be engineered for cross-reactivity.

CD94–NKG2A has a restricted peptide sequence

preference with minimal modifications permitted from

the canonical MHC-I leader peptide [30,31]. These

restrictions are largely due to the specificity imposed

on the peptide by MHC-E, with non-canonical pep-

tides showing greatly reduced or intermediate affinity

for the MHC [31–34]. The sequence of MHC-E varies

across mammalian species, yet the sequences of the

leader peptides are highly conserved such that Qa-1b

can present the MHC-I leader sequences from other

mammalian species, including human [32,35]. Simi-

larly, the Qdm peptide can be presented by HLA-E

and is recognised by hCD94-hNKG2A [36]. This is

consistent with the notion of CD94–NKG2A co-

evolving with MHC-E whilst the MHC-I leader pep-

tide remains conformationally fixed. Indeed, Q112CD94

is the only strictly conserved interface residue, serving

as the crucial anchor for both human and mouse

receptors to the peptide. Our structural analysis sup-

ports the expectation that mCD94-mNKG2A would

exhibit a comparable permissiveness to MHC-I leader

sequences as observed in hCD94-hNKG2A. The

murine structure reveals no steric barriers to slight

alterations in the MHC leader peptide, such as phenyl-

alanine at P8, present in some human MHC leader

peptides, but not in murine counterparts.

The binding to Qa-1b is more evenly distributed

between the CD94 and NKG2A domains than

observed in the human which is heavily skewed

towards the CD94 domain. Indeed, previous alanine

scanning mutagenesis of the human NKG2A interface

residues did not perturb the interaction with HLA-E

[26]. Differences between the mouse and the human

CD94/NKG2 system are also coincident with the

swapping of the activating signalling domains. In

the mouse the activating DAP10 and DAP12 adapters

couple with the CD94 subunit, whilst in the human

system DAP12 couples NKG2C and NKG2E [37]. As

such, though the murine CD94/NKG2A/DAP12 com-

plex is potentially bifunctional it appears to be pre-

dominantly inhibitory [37], and the NKG2C and

NKG2E components do not contain any signalling

capacity but are activating by virtue of CD94 adaptor

coupling. In contrast, the human system is unequivo-

cally binary with inhibitory NKG2A (ITIM domains)

and activating NKG2C and NKG2E (coupling

DAP12) [38]. This is consistent with a model whereby

the role of human CD94 is to drive the interaction

with HLA-E, whilst the NKG2 domain determines the

downstream function of the receptor. Indeed, there are

no differences between binding residues of human

NKG2A and -2C. In contrast, there are subtle differ-

ences between murine NKG2A and -2C at the binding

interface with a substitution at I181V. As murine

NKG2A and CD94 share contributions to both

pMHC recognition and signalling, such differences

may be amplified through peptide specificity and

underlie subtleties in pMHC recognition

and downstream effector function and licencing of

murine NK cells.

The CD94/NKG2A interaction with Qa-1b regulates

both the adaptive and innate immune response. These

functions are of interest in tumour studies where ele-

vated Qa-1b/HLA-E expression is correlated with a

negative prognosis [17,21,39]. Qa-1b/HLA-E expression

is generally low in healthy tissue, yet becomes elevated

in the inflammatory tumour environment. Thus, a

Table 3. Sequence similarity and identity of human and murine

CD94–NKG2A/MHC1b extracellular domains.

Subunit Murine Human

%

Similarity

%

identity

MHC Qa-1b1 HLA-E2 80 70

a1 78 70

a2 67 58

CD94 mCD943 hCD944 71 54

NKG2A mNKG2A5 hNKG2A6 60 43

Peptide Qdm (H-2D3–11) VMA(HLA-G3–11) 78 78

1Qa-1b (H2-T23) = Uniprot: P06339 [21–205], a1 = [69–105], a2 =

[157–201]; 2HLA-E = Uniprot: P13747 [22–206], a1 = [70–106],

a2 = [158–202]; 3mCD94 = Uniprot: O54707 [43–179]; 4mNKG2A =

Uniprot: Q9Z202 [119–244]; 5hCD94 = Uniprot: Q13241 [43–179];
6hNKG2A = Uniprot: P26715 [110–233].
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common tumour immune-evasion strategy involves the

down-regulation of MHC-Ia expression to evade T-cell

detection and upregulation of Qa-1b/HLA-E to

dampen the NK cell response [21,40]. Thus, blocking

the CD94–NKG2A–HLA-E interaction is a current

target for several immune-therapy approaches

[20,41,42]. Our data highlights that whilst the primary

function of CD94/NKG2A is evolutionarily conserved

there are nonetheless differences that may need to be

considered when considering the murine model in rela-

tion to human immunotherapy.

Materials and methods

Recombinant protein production and purification

The extracellular domains of the heavy chain of Qa-1b (Uni-

prot: P06339 [21–300]), murine b2-microglobulin (Uniprot:

P01887 [21–119]), CD94 (Uniprot: O54707 [43–179]) and

NKG2A (Uniprot: Q9Z202 [119–244]) were sub-cloned into

the pET30 expression vector. Qa-1b was purified by estab-

lished methods [22]. Briefly, the Qa-1b heavy chain and b2m
were expressed separately in E. coli into inclusion bodies.

Qa-1b was refolded in the presence of the Qdm peptide (H-

2D3–11: AMAPRTLLL) at a molar ratio of heavy chain :

b2m : peptide of 1 : 2 : 10 in a buffer comprised of 10 mM

Tris pH 8.0, 400 mM L-arginine, 5 mM reduced glutathione,

and 0.5 mM oxidised glutathione. The refolded Qa-1b was

subsequently dialysed into a buffer composed of 10 mM Tris

pH 8.0 and then purified in turn by anion exchange then gel

filtration chromatography and stored in 10 mM Tris pH 8.0,

150 mM NaCl. The CD94/NKG2A heterodimer was purified

as described previously [26]. Components were expressed

separately in E. coli from which inclusion bodies were iso-

lated. These were resuspended in 8 M urea, 0.5 mM EDTA,

and 1 mM DTT. CD94–NKG2A was refolded by flash dilu-

tion in a solution containing 5 M urea, 100 mM Tris–HCl

(pH 8.0), 400 mM L-arginine, 5 mM reduced glutathione, and

0.5 mM oxidised glutathione. The refolding solution was then

dialysed against 1 M urea and 10 mM Tris–HCl pH 8.0, fol-

lowed by dialysis against 10 mM Tris–HCl pH 8.0. Refolded

CD94–NKG2A heterodimer was then purified by anion

exchange and size exclusion chromatography.

Crystallisation and structure determination

The CD94–NKG2A/Qa-1b-AMAPRTLLL complex was

generated by mixing the components at a 1 : 1 molar ratio

and then concentrating to ~ 10 mg�mL�1. Crystallisation

was performed at 294 K by the hanging-drop vapour-

diffusion method from a solution comprising 23%

PEG3350 and 0.2 M NaBr. The structure was determined

as detailed previously [43]. Prior to data collection, crystals

were equilibrated in reservoir solution with 35% PEG3350

as a cryoprotectant and then flash-cooled in a stream of

liquid nitrogen at 100 K. X-ray diffraction data were col-

lected at the MX2 beamline (Australian Synchrotron, Clay-

ton, Vic., Australia). The data were recorded on a

Quantum-315 CCD detector and were integrated and scaled

using MOSFLM and SCALA from the CCP4 programme

suite [44]. Details of the data processing statistics are sum-

marised in Table 1. Phases for the structure were deter-

mined by molecular replacement as implemented in PHASER

[45] with the human CD94–NKG2A complex (Protein Data

Bank accession code: PDB: 3BDW [24]) and Qa-1b (Protein

Data Bank accession code: PDB: 3VJ6 [22]) used as inde-

pendent search models. Refinement of the models pro-

ceeded with iterative rounds of manual building in COOT

[46], refinement in BUSTER version 2.10.3 [47] and validation

with MOLPROBITY [48]. The final model comprised the com-

plete extracellular domains of Qa-1b (residues 1–278) and

Fig. 4. Surface plasmon resonance of murine and human CD94–NKG2A interactions with Qa-1b. (A) Surface plasmon resonance measure-

ments of murine and human CD94–NKG2A (m942A and h942A) binding to Qa-1b wild-type (WT) and named mutants. Representative refer-

ence subtracted sensorgrams shown. Equilibrium binding analysis with mean response at each analyte concentration for murine CD94–

NKG2A (orange) and human CD94–NKG2A (blue) and a non-linear regression curve fitted to a one-to-one specific binding model (line) are

shown. Calculated KD value � standard deviation is denoted inset. Calculated KD values derived from n = 2 injections and representative of

n = 2 independent experiments. (B) Positions of the mutations to murine Qa-1b to approximate human HLA-E as tested by SPR mapped to

the structure of Qa-1b. (C) The local environment of the Qa-1b residue W65 and the human HLA-E residue R65 at the interface with CD94–

NKG2A, coloured by chain. (D) The local environment of the Qa-1b residue N73 and the human HLA-E residue I73 at the interface with

CD94, coloured by chain. Structural figures produced in PYMOL.

Table 4. Summary of Qa-1b mutations that affected binding to

murine and human CD94–NKG2A.

Qa-1b/HLA-E complex

KD mouse CD94

–NKG2A (lM)

KD human CD94

–NKG2A (lM)

Qa-1b Qdm wild type 19 � 1 n.d.

HLA-E VMAPRTLLL N/A 5 � 1

Qa-1b W65R 9 � 1 > 300

Qa-1b R72Q n.d. n.d.

Qa-1b N73I 65 � 6 150 � 40

Qa-1b D151S 12 � 4 N/A

Qa-1b H154E 33 � 7 > 150

Qa-1b Q155H 30 � 20 n.d.

Qa-1b D162G N/A N/A

Qa-1b W65R + N73I 8 � 2 45 � 14
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b2m (residues 1–99). CD94 and NKG2A both were missing

residues in the L5 loop; CD94 (residues 58–140, 147–178)
and NKG2A (residues 127–208, 213–243). Refinement sta-

tistics are summarised in Table 1. Final model and data are

submitted in the Protein databank under accession code

PDB: 8UMO.

Visualisations of structures generated using PYMOL v2.2

[49]. Receptor crossing angle was derived by first calculating

two vectors: (a) between CD94 and NKG2A centre-of-

masses (calculated in PYMOL) and (b) a single-value decompo-

sition (numpy.lnalg.svd) [50] line-of-best-fit through MHC

a-helical Ca atom coordinates (residues 49–85 137–181).
Crossing angle was subsequently calculated by taking the

arccosine of the dot product of both unit vectors. Surface

electrostatics were calculated using PDB2PQR [51] and APBS

[52]. Buried surface area (BSA) calculated using PISA [53]

with default probe parameters. Intermolecular contacts enu-

merated using NCONT (CCP4) [44] with a 4.0 �A cut-off for all

contact types. Subsequent graphs and plots generated using

MATPLOTLIB [54].

Surface plasmon resonance

Surface plasmon resonance (SPR) was performed

essentially as described [22]. Briefly, all experiments

were performed using a Bio-Rad ProteOn XPR36 instrument

(Bi-oRad, Hercules, CA, USA) at 25 °C in a buffer contain-

ing 10 mM HEPES (pH 7.4), 150 mM NaCl, and 0.05%

Tween-20 (HBS-T). Mouse or human CD94–NKG2A

was diluted into 10 mM sodium acetate (pH 5) and 60–450
response units (RU) were immobilised on separate flow cells

of a GLC Sensorchip (Bio-Rad) by amine coupling, with an

activated and deactivated adjacent flow cell with no coupled

protein serving as a control. Recombinant Qa-1b and HLA-

E were purified by size exclusion chromatography within

48 h prior to SPR. Wild type or mutant Qa-1b or wild type

HLA-E (refolded with VMAPRTLLL peptide) was serially

diluted in HBS-T and injected at a flow rate of 30 lL�min�1

for 60 s. Following subtraction of data from control flow

cells, the steady-state KD values were derived by the equilib-

rium fit option of the PROTEON software (Bi-oRad, Hercules,

CA, USA) and PRISM (GRAPHPAD PRISM software version 8.31,

GraphPad Software, San Diego, CA, USA).
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