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Abstract—Killer cell immunoglobulin-like receptor (KIR) 2DL4 is the only KIR member reported to be expressed by all
human natural killer (NK) cells. It differs from other KIR members in both structure and function. Its specific interaction
with HLA-G, a non-classical MHC class I molecule, has been suggested to play an important role in regulating NK cell-
mediated cytotoxicity. However, this interaction is still in doubt. In addition, the soluble KIR2D1.4 extracellular domain used
in many studies was produced by eukaryotic expression, which is less efficient than prokaryotic expression. In this study, we
describe a method of rapid production of a large amount of soluble KIR2DL4 extracellular domain based on a prokaryotic
expression system. With this soluble KIR2DL4, we verified the interaction between KIR2DL4 and HLA-GI.
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Natural killer (NK) cells are a fundamental compo-
nent of the immune system, which provide a link between
innate and adaptive immunity. They can lyse tumor and
virally transformed target cells without prior sensitization
in the early stages of an immune response. However, the
molecular mechanism(s) involved in their cytotoxic func-
tion remained mysterious for many years, until Ljunggren
and Karre proposed the “missing self” hypothesis in 1990
[1]. According to this hypothesis, the activity of NK cells
is regulated by the balance between inhibitory and acti-
vating signal and the inhibitory signal is provided by the
interaction of MHC class I molecules expressed on nor-
mal self cells with their receptors expressed on NK cell
membrane. Since many tumor cells and virally trans-
formed cells have lost or express insufficient amounts of
MHC class I molecules, they will be recognized and lysed
by NK cells as non-self cells.

Human NK cells express killer cell immunoglobu-
lin-like receptors (KIR) and lectin-like receptors
(CDY%4/NKG?2) that can recognize MHC class I mole-
cules and subsequently either inhibit or activate NK cyto-
toxicity [2]. KIR2DL4 (CD158d, 103AS) is a member of

Abbreviations: NK) natural killer (cells); KIR) killer cell
immunoglobulin-like receptor; ITIM) immunoreceptor tyro-
sine-based inhibition motif.

* To whom correspondence should be addressed.

KIR family and shares structural features with both acti-
vating and inhibitory receptors [3, 4]. It has a single cyto-
plasmic immunoreceptor tyrosine-based inhibition motif
(ITIM) that is found to be required for inhibitory func-
tion, and a positively charged amino acid (arginine) in the
transmembrane region that is often related to activating
function. Besides this distinct feature, KIR2DL4 also dif-
fers from other KIR members in its unique immunoglob-
ulin (Ig) domain configuration: its two Ig domains are
arranged in a D0-D2 configuration whereas the two or
three Ig domains of other KIR members are arranged in
the order D1-D2 or D0-D1-D2, respectively.

Although KIR2DL4 was reported to be an HLA-G-
specific receptor expressed on all NK cells, their interac-
tion was questioned by another study in which the authors
failed to detect their interaction by both ELISA assay and
surface plasmon resonance assay [5, 6]. Since the binding
of HLA-G ligands to KIR2DL4 receptors may play an
important role in reproduction, tissue transplantation,
and tumor immune escape [5, 7, 8], it is important to ver-
ify their interaction or to search for new ligands for
KIR2DLA.

The rapid production of sufficient amounts of func-
tional molecules is an important step to perform func-
tional and structural analysis of KIR2DL4, such as co-
crystallization of its extracellular domain and its ligand.
Thus far, all studies investigating the interaction of
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KIR2DL4 and HLA-G have used KIR2D14 molecules
expressed on NK cells or soluble KIR2DL4 extracellular
domain secreted from transfected eukaryotic cells.
However, eukaryotic expression systems are usually less
productive and more laborious than prokaryotic expres-
sion. Here we report a method to produce a GST-
KIR2DLA4 extracellular domain fusion protein in E. coli
with high yield. After refolding and purification, the
expressed protein was used to confirm the interaction
between KIR2DL4 and HLA-G1.

MATERIALS AND METHODS

Cell lines and antibodies. NK92 cells were main-
tained in a-MEM supplemented with 12.5% (v/v) horse
serum, 12.5% (v/v) fetal bovine serum (FBS), 2 mM L-
glutamine, 1.5 g/liter sodium bicarbonate, 0.2 mM inosi-
tol, 0.1 mM 2-mercaptoethanol, 0.2 mM folic acid, 100-
200 U/ml IL-2, and K562 cells transfected with pLPCX-
HLA-G1/EGFP or pLPCX-EGFP were maintained in
RPMI1640 supplemented with 10% FBS and 5 pg/ml
puromycin. Both cell lines were grown at 37°C in a
humidified atmosphere containing 5% CO,.

Mouse monoclonal anti-GFP primary antibody was
purchased from Abcam Ltd. (UK) and rabbit polyclonal
anti-GST primary antibody was purchased from
Invitrogen (USA). Horseradish peroxidase conjugated
secondary antibodies were purchased from Santa Cruz
(USA).

Cloning of KIR2DL4 cDNA. Total cellular RNA of
NK92 cells was prepared with TRIZOL (Invitrogen) and
was reversely transcribed with Thermoscript™
(Invitrogen) to produce total cellular cDNAs. The
KIR2DL4 ¢cDNA was amplified with the forward primer
5'-ATGTTGCTCATGGTCGTCAGCATGGCGTGT-3'
and the reverse primer 5'-GGCAGACATGTT-
TATTTGAAGAGGAGA-3' with Platinum pfx DNA
polymerase (Invitrogen) and was ligated into pGEM-T
Easy vector (Promega, USA). The construct was trans-
formed into DH5a cells and positive colonies were
sequenced. After sequencing, we compared the sequence
that we cloned with other reported sequences from
GenBank with vector NTI suite 6.0 software (InforMax,
Inc., USA).

Construction and expression of GST-KIR2DL4
extracellular domain fusion protein. The encoding
sequence of extracellular domain of KIR2DL4 was
amplified using pGEM-T Easy/KIR2D14 as the DNA
template with the forward primer 5'-AATGGATCCCA-
GAGTGTGTGGGCAC-3' containing a BamHI site,
and the reverse primer 5'-CATCTCGAGTCAGAGTAC-
CTAATCACAGC-3' containing an Xhol site. The PCR
product was digested with BamHI and Xhol (New
England Biolabs Inc., USA) and was ligated into pGEX-
4T2 vector (Amersham Biosciences, USA).
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The GST-KIR2DL4 extracellular domain fusion
construct was transformed into E. coli GJ980 competent
cells (kindly provided by Prof. Gong Yi, Shanghai
Research Center of Biotechnology, Chinese Academy of
Sciences) and the transformants were selected on agar
plates with 50-100 pg/ml ampicillin. A positive transfor-
mant was then grown in Luria—Bertani (LB) medium at
37°C with vigorous shaking. Isopropyl-1-thio-B-D-
galactopyranoside (IPTG, 0.1-0.4 mM) (Promega) was
added when the ODy, value reached 0.6-1 to induce pro-
tein expression and the E. coli were harvested 3-4 h later.

Refolding and purification of the fusion protein. The
E. coli was collected by centrifugation and was resuspend-
ed in 0.1 volume of 0.1 M phosphate buffer (PB, pH 8.0).
After sonication, the lysate was centrifuged at 5000g for
30 min and the supernatant was removed to another tube.
Both the supernatant and the pellet were examined to
detect the presence of a fusion protein. After confirming
that the fusion protein was mainly in the pellet fraction,
the pellet was washed with 0.1 M PB containing 0.5%
Triton X-100, 2 M urea, and 1 M NaCl, respectively, and
then was dissolved in 0.1 volume of denaturing solubiliza-
tion buffer (0.1 M PB, 8 M urea, pH 8.5). After being agi-
tated for 15-30 min, the solution was centrifuged at
10,000g for 15 min and the supernatant was collected for
further refolding.

The fusion protein was refolded by dialyzing the
supernatant in alkaline buffer (20 mM Tris and 0.3 M
NaCl, pH 9.6) at 4°C for 48 h with three changes of the
alkaline buffer. Then the dialysis buffer was changed to
alkaline buffers with pH value equal to 9.0 or 8.5, and
then to a normal phosphate buffered saline (PBS), with
12 h dialysis at 4°C for each buffer. Finally, the protein
was further purified with glutathione-Sepharose 4B
(Pharmacia Biotech, USA). The protein concentration,
before and after each step, was determined by Bradford
assay.

Preparation of HLA-G1 solution. HLA-G1 cDNA
(GenBank No. AF226990) was cloned from peripheral
blood mononucleated cells of a healthy Chinese [9] and
was first ligated into pEGFP-NI1 vector. The HLA-
GI1/EGFP fragment was then integrated into pLPCX
retroviral vector (Clontech, USA) and was packaged in
293T cells. K562 cells were then infected with the 293T
supernatant and were selected by puromycin (5 pg/ml) for
two weeks or more. After successful transfection was con-
firmed by flow cytometry and microscopy showing that
more than 85% of the cells display green fluorescence, the
transfected K562 cells were lysed with the lysis buffer (1%
NP-40, 10 mM Tris, pH 7.5, 140 mM NaCl, 50 mM NaF,
1 mM EDTA, 0.4 mM sodium orthovanadate, 0.1 mM
phenylmethylsulfonyl fluoride) at 4°C for 30 min fol-
lowed by centrifugation at 10,000g for 30 min. The super-
natant was then pre-cleared with lysis buffer-equilibrated
glutathione beads and was used as the HLA-G solution
for ligand-binding assay.
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Ligand-binding assay. Purified GST-KIR2DL4
fusion protein was first incubated with HLA-G solution
at 4°C for 30 min in the absence and then for another 2 h
in the presence of lysis buffer-equilibrated glutathione
beads. After washing the beads with lysis buffer three
times, the protein complex was recovered by boiling the
beads in 2x SDS-PAGE sample buffer for 5 min and was
subjected to immunoblot analysis with anti-GFP anti-
body and anti-GST antibody.

RESULTS

KIR2DL4 full-length cDNA cloning from NK92 cells.
The cDNA of KIR2DL4 gene with a full length of
1596 bp was cloned from NK92 cells (Fig. 1) and was
submitted to GenBank (GenBank No. AY601812). The
sequencing result showed that our cDNA was a new vari-
ant of the KIR2DL4 gene, sharing the identical extracel-
lular and transmembrane domains and a similar cytoplas-
mic domain with other reported cDNA variants in
GenBank except that our clone had an extra fragment in
its cytoplasm domain that encodes 21 amino acid residues
(Fig. 2, see color insert, p. 4).

Expression, refolding, and purification of GST-
KIR2DL4 fusion protein. The successful construction of a
GST-KIR2DL4 extracellular domain fusion protein
expression vector was confirmed by restriction digestion
analysis with BamHI and Xhol (Fig. 3). The recombinant
was expressed in E. coli GJ980 strain with IPTG induc-
tion. As shown in Fig. 4a, the most abundant protein,
mainly present in the pellet fraction and occupying about
30% of total cellular protein determined by Quantity One
software (Bio-Rad, USA), has an apparent molecular

2036 bp
1636 bp

Fig. 1. Analysis of cDNA of KIR2DL4 cloned from NK92 cells
in 1% agarose gel. Lanes: /) PCR product, a fragment of expect-
ed length of 1596 bp (arrow indicated); 2) molecular weight
markers (1 kb DNA Extension Ladder).
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Fig. 3. Identification of pPGEX-KIR2DL4 recombinant plasmid
by BamHI and Xhol digestion. Lanes: /) molecular weight mark-
ers; 2) restriction digestion products including a KIR2DL4
extracellular domain fragment of about 700 bp and a pGEX-4T-
2 vector fragment of 4970 bp.
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Fig. 4. SDS-PAGE and western blotting analysis of GST—
KIR2DL4 fusion protein expression. a) SDS-PAGE (12% sepa-
rating gel) detection of induced GST-KIR2DL4 fusion protein:
1) before IPTG induction; 2) supernatant after IPTG induction;
3) inclusion bodies after IPTG induction; M) protein molecular
weight markers. b) Western blotting detection of induced pro-
tein: 1) after IPTG induction; 2) before IPTG induction.

weight of about 51 kD, which is consistent with the
expected molecular weight of GST-KIR2DL4 fusion
protein. Immunoblotting with anti-GST antibody con-
firmed its identity as GST-KIR2DL4 fusion protein (Fig.
4b). During the process of refolding, there were tiny
aggregates and, as a result, a part of protein was lost and
the total refolding efficiency was 20%. After purification
by affinity chromatography, another 40% of total protein
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was lost and the purity of protein of interest reached above
90% (Fig. 5). The yield of the fusion protein at the end
was as high as 0.5 mg per 100 ml of E. coli culture.

Expression of HLA-G1/EGFP fusion protein on
K562 cell membrane. In order to get the natural HLA-G
protein for ligand-binding assay, we transfected human
erythroleukemia HLA-A, -B, -C, and -G-negative K562
cells with HLA-G1/EGFP fusion protein. The expres-
sion of HLA-G1/EGFP fusion protein on K562 cell
membrane was verified by flow cytometry analysis (Fig. 6,
see color insert, p. 5) and confocal imaging (Fig. 7). The
functional activity of the fusion protein was confirmed by
cytotoxicity assay, which showed that HLA-G1/EGFP
could protect K562 cells from killing by NK92 cells (data
not shown).
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Fig. 5. SDS-PAGE analysis of GST-KIR2DL4 fusion protein
purification. Lanes: M) protein molecular weight markers; /)
before IPTG induction; 2) supernatant after IPTG induction; 3)
inclusion bodies after IPTG induction; 4) purified protein after
refolding.

Fig. 7. Confocal images of HLA-G1 on K562-transfected cells.
a) EGFP mainly expresses in cytoplast and karyon of K562 cells;
b) HLA-G1/EGFP located on the membrane of K562 cells.
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Fig. 8. Direct interaction of HLA-G1 and KIR2DL4. Western
blotting was performed with GFP and GST antibodies. GST indi-
cates samples pulled down by native GST protein; GST-KIR2DL4
indicates samples pulled down by refolded GST-KIR2DL4 fusion
protein; symbol “—” indicates pLPCX-EGFP transfected K562
cells lysate; symbol “+” indicates pLPCX-HLA-G1/EGFP trans-
fected K562 cells lysate.

Binding activity of GST-KIR2DL4 fusion protein
with HLA-G1. HLA-G1/EGFP transfected K562 cells
were lysed and the lysate was pulled down with the refold-
ed GST-KIR2DL4 fusion protein. Western blotting
analysis of the precipitates showed that the refolded GST—
KIR2DILA4 fusion protein could specifically bind to HLA-
G1. The controls of native GST protein or EGFP alone
showed that the GST or EGFP part of the fusion protein
did not contribute to their specific interaction (Fig. 8).

DISCUSSION

We successfully cloned a new variant of the
KIR2DL4 cDNA from NK92 cells. The full length of this
variant was 1596 bp with an open reading frame of
1191 bp. Compared with other sequences from GenBank,
the sequence we cloned from NK92 cells encodes a pro-
tein that contains the conserved extracellular and trans-
membrane domains, but has an extra fragment in its rela-
tively polymorphic cytoplasm domain. This insert is pro-
duced by alternative splicing resulting from the lack of an
A (adenine) in the pre-RNA sequence (Fig. 2, see color
insert). Since the extra 269-290 amino acid contains no
ITIM or ITIM-like motif, which is required for inhibito-
ry signal transduction, it is speculated that it will not
affect signal transduction after ligand binding. However,
further studies are needed to test this speculation.

The protein refolding of inclusion bodies has been a
bottleneck for expressing recombinant protein in
prokaryotic cells for a long time. E. coli thioredoxin
reductase (trxB) mutant strain GJ980 allows the forma-
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tion of disulfide bonds in the prokaryotic cell, which is
believed to encourage correct folding and soluble expres-
sion of recombinant protein [10], but in our present study
the protein of interest was still expressed mostly in inclu-
sion bodies. We tried several methods to refold the
recombinant protein, but mostly failed because of aggre-
gation. Finally, we got the correctly folded protein by
using alkaline buffer and stepwise reduction of the pH
value of the alkaline buffer. The calculated p/ of
KIR2DLA4 extracellular domain, based on its amino acid
sequence, is 8.2, which may explain the ability of an alka-
line buffer to enhance its refolding process. In addition,
we found that washing the inclusion bodies with a high
concentration of saline, detergent and 2 M urea could
facilitate purification.

The ligand-binding assay in the present study sup-
ported the observation that KIR2DL4 was a HLA-G spe-
cific receptor [5]. Recognition of non-classical, rather
than classical MHC class I molecules is consistent with
KIR2DL4’s divergent structure compared to KIRs that
recognition HLA-A, -B, and -C. Unlike these KIRs,
2DL4 is phylogenetically conserved in humans and Old
World primates, fitting well with recognition of con-
served, nonpolymorphic class Ib, HLA-G [11, 12].
However, we have no explanation so far why this lig-
and—receptor interaction was not observed in another
study [6]. We hope that the availability of the protocol
reported here to rapidly produce a large amount of solu-
ble KIR2DL4 extracellular domain could facilitate the
co-crystallization of HLA-G1 and KIR2DIL4 and, as a
consequence, could promote the further study of their
interaction.
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