Reconstitution of Class | MHC Molecules Expressed in E. coli and

Complexed with Single Antigenic Peptides

The HLA-Cw3 heavy chain has been expressed at high level as insoluble
protein aggregates in E. coli. The protein aggregates dissolved in strong de-
naturant solution were efficiently reconstituted by removal of denaturant in the
presence of an HLA-Cw3 binding peptide (FAM) and $32m. The reconstituted
HLA- Cw3/FAM protein binds specifically to a p58 natural killer cell inhibitory
receptor, a natural ligand. The HLA-AZ molecule has also been reconstituted
in complex with either of a peptide from myelin associated glycoprotein (MAG)
or a peptide from the GAG protein of human immunodeficiency virus. The
HLA-A2/MAG protein crystallized under the identical conditions as HLA-A2
purified from human lymphoblastoid cells. The reconstitution method has
yielded an abundant supply of HLA molecules complexed with single antigenic
peptides, and may be of general utility in reconstituting any class 1| MHC
molecules. However, the HLA molecules could not be reconstituted either
without a peptide or with an irrelevant peptide. Using this property, the
reconstitution method could be used to determine whether a peptide is
restricted/bound to certain class | MHC molecule. (JKMS 1997 12 : 280~ 5)
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INTRODUCTION

Class I major histocompatibility complex (MHC) mol-
ecules are polymorphic cell-surface glycoproteins that
consist of two noncovalently associated polypeptide
chains, heavy chain and light chain (1, 2). The heavy
chain (44 kDa) is encoded within the MHC loci and
spans the membrane bilayer (3, 4), while the light chain
(12 kDa) is a non-MHC encoded protein called S 2-
microglobulin ( 5 2m ; ref. 2, 5). In humans, there are
three kinds of class I MHC molecules, human leukocyte
antigen (HLA) -A, -B and -C (6). Like other conventional
MHC molecules, class I MHC molecules present anti-
genic peptides to T lymphocytes. Presentation of anti-
genic peptides by class I MHC molecules on virus
infected ot transformed cell sutfaces results in the
activation of cytotoxic T lymphocytes and the subsequent
lysis of target cells (7).

Like other class I MHC molecules, HLA-C molecules
can present antigenic peptides to cytotoxic T lympho-
cytes, and can elicit alloreactivity (8~10). Recent studies
have shown that HLA-C molecules also serve as a
recognition element for natural killer cells (11, 12).
However, in contrast to HLA-A and -B, HLA-C mol-
ecules are weakly expressed on the cell surface (13). This
low level expression of HLA-C molecules (10% of HLA-
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A and -B) may be a result of poot assembly of the
molecules (14, 15) or a defective enhancing element at
the promoter region (16, 17). The low level expression of
HLA-C molecules has hampered the chatracterization of
these molecules and figuring out the functional roles in
the immune system.

Here we report the high level exptression of the
HLA-Cw3 heavy chain in E.co/i and the efficient
reconstitution of the molecule in the presence of an
HLA-Cw3 binding peptide. We have also reconstituted
the HLA-A2 molecule in complex with either a peptide
from myelin associated glycoprotein (MAG) ot a peptide
from the GAG protein of human immunodeficiency vitus
(HIV). The reconstitution method has yielded an
abundant supply of HLA molecules complexed with
single antigenic peptides. High level expression of
HLA-A2 heavy chain and (2m in E. coli and the
efficient refolding of HLA-A2 molecule in the presence
of antigenic peptides have been described by Garboczi
et al. (18). Recently, the HLA-Cw4 molecule has also
been ovetexpressed in E. coli and refolded successfully by
using a similar method (19). Our results suppott that the
reconstitution method originally described by Garboczi et
al. (18) is of general utility in refolding any class I MHC
molecules. The overexpression of HLA molecules will
accelerate  biochemical, immunological and ctystallo-
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graphic studies that have been limited by the small
amounts of protein available from homozygous human
cell lines.

MATERIALS AND METHODS
Gene Sources and Bacterial Strains

The HLA-Cw3 heavy chain ¢<DNA (HLA-Cw0304,
kindly provided by S. Y. Yang, Sloan Kettering) was
contained in the eukaryotic expression vector pcDNA3
(Invitrogen). The HLA-Cw3 heavy chain was subcloned
into the expression vector pRSETA containing a T7
promoter (Invitrogen) by PCR and exptessed in E. coli.
pHN1+ plasmids containing the HLA-A2 and S 2m
sequence (kindly provided by D. N. Garboczi and D. C.
Wiley, Hatvard University) wete used to overexptess the
HLA-A2 heavy chain and B2m. The E. coli strain
DH5a was used for DNA manipulation and the BL21
(DE3) plysS was used for HLA-Cw3 heavy chain
expression. The E. coli strain XA90 F lacI® was used for
expression of HLA-A2 heavy chain and S 2m.

Peptide Synthesis

MAG peptide (amino acids 556-564 of myelin asso-
clated glycoprotein) and GAG peptide (amino acid 77~
85 of HIV GAG protein) were kindly gifts from D. N.
Garboczi and D. C. Wiley (Hatvard Univetsity). YQF
peptide (YQFTGIKKY) and FAM peptide FAMPNFQ-
TL) restricted to HLA-Cw6 and HLA-Cw3, respectively
(20, 21), were synthesized from Bio-Synthesis, Inc. (Lew-
isville, TX).

Construction of Expression Plasmids

The protein coding tegion of the entire extracellular
domain of HLA-Cw3 heavy chain (amino acids 1~275)
was amplified by PCR using Tag DNA polymerase with
the 5’-oligonucleotide primer ACCCCGCATATGGGC-
TCCCACTCCATGAGGTAT and 3’-primer GTTTC-
AAAGCTTTAGGTGAGGGGCTCCGGCAGCCC, con-
taining the undetlined Ndel and HindIll testriction
sites, respectively. The 5 -primet encoded an N-terminal
methionine and the first 7 amino acids of the protein.
The stop codon TAA at codon 276 was included in the
Hindlll tecognition sites. The amplified DNAs were
gel-purified, digested with Ndel/Hindlll, and ligated
into pRSETA that had been digested with Ndel/HindIll
and gel-purified. The recombinant DNAs wete trans-
formed into E. co/i DHS ¢, and clones containing the
cotrect insert were identified by agarose gel electro-

281

photesis. The sequence of the construct was verified by
DNA sequencing.

Protein Expression and Preparation of Inclusion Body
Proteins

The plasmid (pHLA-sCw3) containing the extracel-
lular domain of HLA-Cw3 heavy chain was transformed
into E. coli BL21 (DE3) plysS for expression. Six liters
of bactetia cartying expression plasmids were grown from
a single colony at 37°C in LB medium containing 100
ug/ml ampicillin and 0.1% glucose, and induced with 0.5
mM  isopropyl- 5 -D-thiogalactopyranoside IPTG)  at
ODgyg of 0.6-0.8. Four hours after the induction, bactetia
wete harvested by centrifugation, and inclusion bodies
(insoluble protein aggregates) were isolated as described
by Nagai and Thogersen (22), with the modification of
a freeze and thaw step after detergent treatment of the
bactetia (23). Briefly, the lysate was centrifuged and the
pellec was washed four times with the Triton solution
(50 mM Tris, pH 8.0, 0.5% Trtiton X 100, 0.1 M NaCl,
1 mM EDTA) and one time with the Ttis solution (50
mM Tris, pH 8.0, 1mM EDTA), and the inclusion body
pellet was dissolved in 20 ml of Urea solution (50 mM
2-N-morpholinoethanesulfonic acid (MES, pH 6.5)/8 M
utea/1 mM EDTA /1 mM DTT). Insoluble material was
precipitated by centrifugation at 15,000 tpm for 30 min
at room temperatute, and the protein solution was stored
at -70C in aliquots.

Reconstitution of HLA-Cw3 and HLA-A2 with Single Anti-
genic Peptides

Refolding and complex formation of the two de-
natuted HLA-Cw3 subunits, together with an HLA-
Cw3 specific peptide, FAM (FAMPNFQTL), was pet-
formed by a dilution method in the presence of a
reduced/oxidized glutathione redox buffer (18). Inclusion
body ptoteins of heavy and light chains of HLA-Cw3
and the antigenic peptide were diluted into 200 ml of
0.1 M Tris (pH 8.0)/0.4 M L-Arginine/2 mM EDTA/S
mM reduced glutathione/0.5 mM oxidized glutathione/
0.5 mM phenylmethylsulfonyl fluoride (PMSF). The final
concentrations of the heavy chain, 2m, and the pep-
tide were 31 pg/ml(1 uM), 24 ug/ml (2 uM), and 10
ug/ml (10 uM), respectively. The refolding mixture was
incubated at 10°C for 48-72 hr. HLA-A2 was recon-
stituted by the same method in the presence of either
the MAG peptide ot GAG peptide.

Purification of Refolded Protein

The 200 ml of refolding mixture was concentrated
with a Centriptep-30 and a Centricon-30 to a volume
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of 0.5~1 ml. The concentrated protein was subjected to
a Sephacryl §-200 gelfileration column (Pharmacia)
equilibrated in 20 mM Tris (pH 7.5). The fractions wete
collected in 1.5 ml Eppendotf tubes, and were analyzed
by SDS PAGE under non-reducing conditions. The
fractions containing the cotrectly folded heavy and light
chains together were pooled and concentrated with a
Centricon-30 to a volume of 250 yl.

Native Gel Shift Assay

The soluble p58 NK inhibitory receptor, NKR-K7 and
HLA-Cw3 were mixed with equal molarities and incu-
bated for 2~4 hr at 4°C. Protein concentration was
determined by Bradford dye binding method. The
reaction mixtute was then assayed on a 15% nondena-
turing actylamide gel in 0.3 M Tris (pH 8.5). Protein
samples wete neither heated nor reduced. The native gel
running buffer contained 24.8 mM Tris/192 mM glycine.

RESULTS
HLA-Cw3 heavy chain expression and purification

The HLA-Cw3 heavy chain (HLA-Cw0304) was ex-
ptessed in E. coli. To create polypeptide of the extra-
cellular domain (31 kDa) of the HLA-Cw3 heavy chain,
translation stop codons were placed at amino acid residue
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Fig. 1. (a) SDS PAGE of the expressed HLA-Cw3 heavy chain in
E. coli. Bacterial cells were lysed with the SDS loading buffer, and
the samples were loaded on a SDS gel. Lanes : 1, size marker
proteins (97, 66, 45, 31, 21.5 and 145 kDa from the top); 2,
lysate from cells with plasmid expressing amino acids 1-275 of
the heavy chain, not induced; 3, lysate from cells with plasmid
expressing amino acids 1-275, induced by 0.5 mM IPTG. (b) SDS
PAGE of purified inclusion body protein of HLA-Cw3 heavy chain.
Lanes : 1, size marker proteins ; 2, inclusion body protein of
HLA-Cw3 heavy chain. Gels were stained with Coomassie blue
R-250.
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276 using PCR. The polypeptide was expressed at high
level in E. eoli (Fig. 1), and appeared from preliminaty
experiments to be insoluble. The inclusion body protein
was putified by taking advantage of its insolubility in
aqueous and detergent solution. Lysing the bacterial cells
by freeze and thaw method with lysozyme and detergents
and washing the inclusion bodies several times with
Triton solution yielded highly purified proteins up to 20
~30mg per liter of bacterial culture. The purified
inclusion body protein was over 80% pute as determined
on SDS gels (Fig. 1).

Reconstitution of class | MHC molecules with single
antigenic peptides

The extracellular domain of the HLA-Cw3 heavy chain
(amino acids 1~275) and /32m were reconstituted by
a dilution method (18) in the presence of an HLA-Cw3
binding peptide, FAM. The refolded protein was purified
on a gel-filtration column. The typical gel-filcration
chromatogtaphy profile exhibits three major peaks. The
first peak was eluted at the excluded volume of the
column (fraction numbers 3~7 in Fig. 2) and the second
peak was eluted with a retention volume corresponding
to 40 kDa (fraction numbers 10~12). The third peak
was eluted with a retention volume corresponding to 15
kDa (fraction numbers 18~20). SDS PAGE analysis of
the peak fractions (Fig. 2) reveals that the first peak
consists of aggregated heavy chain, the second peak
consists of correctly folded heavy chain and /3 2m, and
the third peak consists of correctly folded 3 2m. HLA-
Cw3 was reconstituted with a final efficiency of ~10%
in the presence of an HLA-Cw3 binding peptide, but was
not reconstituted at all either without a peptide or with
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Fig. 2. Nonreducing SDS PAGE of fractions from Sephacryl
S-200 gelfiltration chromatography of HLA-Cw3 reconstitution
mixture. Lanes : M, size marker proteins (same as fig. 1) ; 3-19,
fraction number. Fractions were collected in 1.5 ml Eppendorf
tubes, and the gel was stained with Coomassie blue R-250. The
heavwy and light chains of HLA-Cw3 are marked H and L,
respectively.
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Fig. 3. Nondenaturing PAGE of
reconstituted class | MHC mole-
cules. Lanes : 1, HLA-Cw3/FAM
. 2, HLA- A2/MAG ; 3, HLA-A2/
GAG. Proteins were detected
with Coomassie blue R-250.

an irrelevant peptide.

HLA-A2 was also reconstituted by the same method
in the presence of the MAG peptide and GAG peptide,
respectively. The gel-fileration chromatography profile of
HLA-A2 was similar to that of HLA-Cw3. Interestingly,
however, the HLA-A2 reconstitution was more efficient
than that of HLA-Cw3. The final yield of HLA-A2
reconstitution was 15~20%.

Characterization of reconstituted class | MHC molecules

The reconstituted and purified class I MHC molecules
wete analyzed by non-denatuting PAGE (Fig. 3) and SDS
PAGE (Fig. 4a, b, ¢) under reducing and non-reducing
conditions. The reconstituted MHC molecules behaved
like a normal globular protein and appeared as one band
on a native gel and two bands (heavy chain and /3 2m)
on a SDS gel with appropriate mobility. The MHC
molecules were vety soluble and stable for at least six
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months at 4°C, while the HLA molecules reconstituted
without peptide or with irrelevant peptide were not
stable and disappeated when the molecules wete collected
and concentrated.

Crystallization of HLA-A2 : MAG peptide complex

Vapor diffusion crystallization experiments using hang-
ing drops were done with HLA molecules, and the
reconstituted HLA-A2 : MAG peptide complex ctystal-
lized under the buffer conditions of 0.1 M MES (pH
6.5)/15% polyethylene glycol PEG) 8,000, indicating
that the HLA-A2 protein is correctly folded. The
crystallization condition is identical to the previously
reported one for HLA-A2 from homozygous human cell
lines (24). Thin, ovetlapping plate crystals wete grown
within 2~3 days, with the occasional formation of single
crystals. SDS PAGE analysis of the washed crystals
revealed that the heavy chain and [ 2m are present in
the crystals (data not shown).

Native gel shift assay

Eatlier studies indicate that the p58 natural killer cell
inhibitory receptor (NKR) is a natural ligand for HLA-C
molecules (25). To verify that the reconstituted HLA-
Cw3 molecule has native conformation, we decided to
check whether it can form a complex with p58 NKR.
p>8 NKR was expressed in E. co/i and refolded by a
dilution method in the presence of a reduced/oxidized
glutathione redox buffer (Kim et al., manusctipt in
preparation). The direct binding interaction between the
HLA-Cw3 and a soluble form of p58 NKR was
observed using native gel shift assay, as had been
successfully used to detect the direct binding interaction

NR M R NR

Fig. 4. SDS PAGE of reconstituted class | MHC molecules under reducing and nonreducing conditions. (a) HLA-Cw3/FAM, (b}
HLA-A2/MAG and (c) HLA-A2/GAG. Lanes : M, size marker proteins (same as fig. 1) ; R, reducing conditions ; NR, nonreducing

conditions.
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Fig. 5. Native gel shift as-
say reveals that the recon-
stituted HLA-Cw3 molecule
forms a complex with the
p58 NKR-K7. Lanes: 1,
HLA-Cw3/FAM @ 2, p58
NKR-K7 + HLA-CW3/FAM ;
3, p58 NKR-K7. The shifted
complex band is marked
with an arrow.

- -

of the HLA-A2/TAX and a T-cell antigen teceptor
(TCR), and of superantigen and a TCR /3 -chain (23, 26).
The HLA-Cw3 formed a complex with p58 NKR-K7
and the complex appeared as a prominent shifted band
that migrated at a position, distinct from either HLA-
Cw3 or NKR-K7 alone (Fig. 5). When the HLA-Cw3
and p38 NKR-K7 were mixed at a 1:1 molar ratio, the
HLA-Cw3 and NKR-K7 protein were completely shifted
into the complex band, indicating that the binding stoi-
chiometty is 1:1. Howevet, no shifted band appeared
when the p58 NKR-K7 was mixed with HLA-A2/MAG
ot HLA-A2/GAG (data not shown), indicating that the
interaction between the HLA-Cw3 and p58 NKR-K7 is
highly specific.

DISCUSSION

We have overexptessed the HLA-Cw3 heavy chain in
E. coli as insoluble protein aggregates (inclusion bodies).
After dissolving the inclusion body proteins in strong
denaturants (8 M utea), we have been able to reconstitute
the HLA-Cw3 heavy chain and S2m under dilute
conditions by the temoval of denaturant in the presence
of an HLA-Cw3 binding peptide. We have also re-
constituted the HLA-A2 heavy chain and (2m in the
presence of the MAG peptide and GAG peptide te-
stricted to HLA-A2. The reconstituted HLA proteins
appear as a sharp peak on gel-filtration chromatography
at an elution volume consistent with the expected
molecular weight of the complex. Analysis of the
complex by SDS PAGE reveals that it is composed of
the HLA heavy chain and /3 2m. The reconstituted HLA
proteins appear as one band on a nondenatuting poly-
acrylamide gel and SDS gel under reducing and non-
reducing conditions indicating that the HLA heavy chain
and (3 2m are correctly refolded and reconstituted. The
reconstituted HLA proteins are vety soluble and stable
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for at least 6 months at 4.

The reconstitution method has yielded an abundant
supply of HLA molecules complexed with single anti-
genic peptides. Intetestingly, however, the reconstitution
of HLA-Cw3 molecule was less efficient (about 2 fold)
than that of HLA-A2. This may provide a possible
explanation why the expression level of HLA-C molecules
is much lower than that of HLA-A ot -B molecules on
the cell surface (13). However, since the expression level
of HLA-C on the cell sutface is about 10% of HLA-A
ot -B, poor assembly of HLA-C molecules obsetved in
this study does not completely account for the weak
expression of HLA-C molecules. The defective enhancing
element found at the 5° promoter of the HLA-C genes
(16, 17) could be a more important factor for the low
expression level of HLA-C molecules on the cell surface.

The reconstitution method, otiginally described by
Garboczi et al. (18), has been successfully used to recon-
stitute the HLA-A2, HLA-Aw68 and HLA-B27 (18, 27,
28). We have also used the same method to reconstitute
the HLA-Cw3 with the FAM peptide and the HLA-A2
with the MAG peptide and GAG peptide. These results
suggest that the reconstitution method may be of general
udlity in refolding any class I MHC molecules.

HLA-A2 and -Cw3 molecules can be successfully re-
constituted in the presence of cotrect peptides. Howevet,
the HLA molecules can not be treconstituted either
without a peptide or with an itrelevant peptide. Garboczi
et al. found that the HLA complexes formed without
peptide are not stable i witro (18). Such presumed
“empty” HLA molecules appear early in a time course
of refolding, but disappear by 24 hr when the complexes
ate collected and concentrated. These findings are rem-
iniscent of the antigen presenting mechanism to the class
I MHC molecules iz vivo. Class I MHC molecules are
complexed with calnexin in the cell before they ate loaded
with antigenic peptides (29). Therefore, it is possible to
speculate that the calnexin is introduced to stabilize the
short-lived “empty” HLA molecules in the cell.
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