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Abstract: A strategy for overexpression in Escherichia coli of the
extracellular immunoglobulin domain of human CD8a was de-
vised using codon usage alterations in the 5’ region of the gene,
designed so as to prevent the formation of secondary structures in
the mRNA. A fragment of CD8a, comprising residues 1-120 of the
mature protein, excluding the signal peptide and the membrane-
proximal stalk region, was recovered from bacterial inclusion bod-
ies and refolded to produce a single species of homodimeric, soluble
receptor. HLA-A2 heavy chain, 82-microglobulin and a synthetic
peptide antigen corresponding to the pol epitope from HIV-1 were
also expressed in E. coli, refolded and purified. CD8a/HLA-A2
complexes were formed in solution and by co-crystallization with
a stoichiometry of one CD8aa dimer to one HLA-A2-peptide unit.
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Major histocompatibility complex proteins (MHC or HLA in man)
bind peptide antigens and present them on the cell surface where
they can be recognized by T lymphocytes expressing a unique T
cell receptor (TCR) matching the specific MHC-peptide combina-
tion. The transmembrane glycoproteins CD8 and CD4 are charac-
teristic of distinct populations of T lymphocytes whose antigen
responses are restricted by class I and class II MHC molecules,
respectively. CD8 and CD4 play major roles both in the differen-
tiation and selection of T cells during thymic development and in
the activation of mature T lymphocytes in response to antigen
presenting cells (Fung-Leung et al., 1991, 1993; The et al., 1991;
Killeen et al., 1992; Zamoyska, 1994). CD8 and CD4 are, there-
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fore, considered to be the main accessory molecules for T cell
receptors. Although CD8 and CD4 are immunoglobulin superfam-
ily proteins and determine antigen restriction by binding to MHC
molecules the structural basis for their similar functions appears to
be very different. Their sequence and structural differences are
significant (Maddon et al., 1985), and whereas CD4 is expressed
on the cell surface as a monomer CD8 is expressed as an aa or an
af3 dimer (Norment & Littman, 1988).

Several lines of evidence have demonstrated that CD8 possesses
binding specificity for class I MHC molecules independent of the
peptide antigen carried in the complex (Norment et al.,, 1988).
Mutational analyzes have indicated that the main recognition site
for CD8 is the flexible loop of the &3 domain of MHC molecules,
comprising residues 223-229 (Potter et al., 1989; Salter et al.,
1990; Sun et al., 1995).

The analysis of the molecular basis underlying cellular immune
responses has suffered from the lack of availability of soluble
protein reagents with which to study structural and kinetic aspects
of the interactions involved. Recently, however, a number of groups
using expression systems ranging from Escherichia coli to mam-
malian cells have reported strategies for obtaining soluble TCR
(Eilat et al., 1992; Hilyard et al., 1994; Ishii et al., 1995; Garboczi
et al., 1996; Gregoire et al., 1996; Garcia et al., 1996a) and CD8
molecules (Leahy et al., 1992; Alcover et al., 1993; Garcia et al.,
1996b). Here, we report a strategy for high-level expression of the
extracellular immunoglobulin domain of human CD8« in E. coli
and for the folding of the CD8aa dimer as a MHC-binding recep-
tor. Complex between CD8aa and HLA-A?2 associated with pep-
tide antigen was assembled in solution by co-refolding and obtained
by co-crystallization.

Results and discussion: To construct CD8a expression vectors
for use in a range of expression systems a DNA fragment consti-
tuting the entire open reading frame was first generated by the
polymerase chain reaction (PCR) using ¢cDNA prepared from a
cytotoxic T-lymphocyte cell line as template. A plasmid containing
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this fragment was then used as template in a second generation of
PCR reactions to synthesize five CD8a cDNA fragments which
were inserted in plasmids containing the T7 promoter. These con-
structs all encode polypeptide chains in which an initiation codon
is followed by the mature CD8«a N-terminal region, comprising the
entire immunoglobulin domain but truncated at different points
C-terminally of this (Fig. 1). Constructs with equivalent C-terminal
truncations but incorporating the CD8« signal sequence were tested
for expression from a baculovirus promoter in insect cells.

Previously, expression of human CD8« in insect and CHO cells
has indicated that disulfide bonding of the dimer through Cys143
is critical for the production of a secreted receptor (Leahy et al.,
1992; Alcover et al., 1993). In contrast, Cys160, which is also
involved in covalently linking the membrane-bound receptor, was
found to prevent expression of soluble CD8a« (Leahy et al., 1992).
In accordance with this we found that in insect cells CD8« 1-146,
1-120/141-146, and 1-116/141-146 could be expressed as se-
creted dimers although at low levels (data not shown). The re-
quirement for the Cys143 residue for secretion of CD8aca dimer
from insect cells indicates that this residue is essential either for
the folding of the protein or for its stability during intracellular
transport. These possibilities cannot at present be distinguished
and since cysteine residues pose a potential problem when refold-
ing protein in vitro constructs incorporating or omitting Cys143
were tested in bacteria (Fig. 1).
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Fig. 1. CD8a« and truncated proteins expressed in E. coli. Schematic pre-
sentation of CD8e illustrating domain organization (top) and the extent of
the truncated proteins expressed in bacteria (below). L = signal sequence,
Ig = immunoglobulin domain, MP = membrane proximal domain, Tm =
transmembrane domain, Cyt. = cytoplasmic domain. Numbers indicate
amino acid positions of domain boundaries in relation to the mature protein
and the endpoints of proteins expressed in E. coli. “C” signifies the pres-
ence and positions of the cysteine residues at positions 143 and 160 in-
volved in forming the interchain disulfide bonds in the CD8aa dimer.
Expression vectors containing the codon information for the illustrated
truncated proteins were constructed both with the original codon usage for
human CD8« and with codon usage changes in the 5’ end of the insert as
described.
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From plasmids containing inserts with the original human CD8«
codon usage, no induction of expression could be detected in
E. coli as assessed by comparison of whole cell extracts after gel
electrophoresis and Coomassie staining. In contrast, expression
was readily detectable when six codons in the CD8«a gene were
altered by silent mutations, using the primer 5'-GGAAT TCCATAT
GAGTCAATTTCGTGTATCACCGCTGGATCG-3’, to make the
5’ end of the gene more A/T rich (data not shown). It has previ-
ously been reported that such changes, as would be expected with
a lower G/C content and therefore weaker base-pairing potential,
decrease the tendency for hairpin formation in the 5" end of the
CD8a mRNA (de Smit & van Duin, 1990, 1994; Makrides, 1996).
It appears likely, therefore, that secondary structure formation in
the original sequence has a severe adverse effect on the potential
for expression in E. coli (Garboczi et al., 1996). Expression from
the mutated constructs are estimated to yield in excess of 100
mg/L, an increment of at least two orders of magnitude over the
expression level obtained with the unmutated sequence.

Analysis of cellular fractions from lysed bacteria expressing
CD8a showed that virtually all the protein is deposited in inclusion
bodies as has previously been observed with bacterially expressed
MHC heavy chain and 82m polypeptides (Garboczi et al., 1992).
Purification of the CD8« inclusion bodies by washing yielded
protein estimated to be approximately 90% pure (not shown). Sim-
ilar inclusion body purity was obtained with HLA-A2 and 82m.
CD8a could not be resolubilized in the pH 6.5 buffer used for the
MHC chains (Garboczi et al., 1992) but adjustment of pH to 8.0,
NaCl to 500 mM and the addition of 10% Glycerol made it readily
soluble.

The resolubilized CD8« polypeptide (2 mL of 10 mg/mL) was
incubated 30 min in reducing and denaturing buffer (15 mL of mM
guanidine hydrochloride, 50 mM Tris-HCI pH 8.0, 10 mM EDTA,
100 mM NaCl, 10 mM DTT), and then diluted into conditions
permitting formation of the native protein conformation (1 L of
200 mM Tris-HCI pH 8.0, 10 mM EDTA, 1 M L-arginine, 0.1 mM
PMSEF, 6.5 mM cysteamine, and 3.7 mM cystamine). After adding
two more pulses of protein at 12 h intervals and allowing refolding
to proceed for 48 h, soluble protein was concentrated for analysis
and purification by gel filtration. Four of the polypeptides ex-
pressed and illustrated in Figure 1 produced mainly aggregate
peaks of high molecular weight. In contrast, the elution profile of
the 1-120 polypeptide showed one major peak of approximately
30 kDa as expected for the CD8aa dimer. In this elution profile no
indication of aggregates was evident (data not shown). The CD8a«a
dimer was further purified by cation exchange on a Mono-S col-
umn eluting as a single peak at approximately 175 mM NaCl. Gel
analysis of this peak showed only one band at the expected posi-
tion for CD8a.

The identity of the purified CD8« was verified by two methods.
Edman sequencing produced a run of ten amino acids correspond-
ing to the mature N-terminus of CD8«, which indicated that the
introduced methionine residue had been cleaved off in the bacteria.
Electrospray mass spectrometry confirmed the molecular weight
of CD8a (13,464.0) as very close to the theoretical value of
13,463.2 Da for residues 1-120, excluding the initiating methio-
nine (Fig. 2). A smaller peak of slightly higher molecular weight is
likely to correspond to a small fraction of protein which has re-
tained the N-terminal methionine residue (Fig. 2).

To test whether CD8aa /HLA-A2 complexes could be formed
in solution, a co-refolding experiment was performed. Gel filtra-
tion analysis of the concentrated protein reveals that the folding of
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Fig. 2. Electrospray mass spectrometry analysis of soluble CD8aa receptor. The mass spectrometer was calibrated using horse heart
myoglobin (Mr 16951.48). A: Electrospray mass spectrum of CD8aa showing mass-to-charge ratio peaks after proton bombardment.
B: Deconvolution of the spectrum shown in A indicating the molecular weight of the single dominant peak.

both CD8a« and HLA-A2 are impaired and that more aggregates
are formed under these conditions than during individual refolding.
A peak is detectable, however, at the expected position correspond-
ing to approximately 75 kDa for the CD8aa/HLA-A2 complex,
which was not present in either the CD8a refolding or in the
HLA-A2 refolding (not shown). Analysis of the protein in this

peak demonstrated that the components expected in the complex
are present in amounts corresponding to one CD8aa dimer to one
HLA-A2 (Fig. 3A, lanes 1 and 5) indicating that stable complex
formation can take place in solution.

Crystallization trials were performed at room temperature by
vapor diffusion from sitting drops on microbridges with a 2:1
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Fig. 3. A: SDS-PAGE analysis of co-refolded and co-crystallized CD8aa
and HLA-A2. Lane 1-4 and M were stained with Coomassie Blue, lane 5
was silver stained. Lanes | and 5: protein from the peak corresponding to
complex formed from co-refolded CD8a, HLA-A2, B2m and peptide:
lane 2: resolubilized crystal set up with CD8aa and HLA-A2 complex:
lane 3: HLA-A2; lane 4: CD8aa, M: protein size markers as indicated. The
bands corresponding to A2 heavy chain (A2 HC), 82m and CD8a are
indicated with arrows. B: Crystal of CD8aa-HLA-A2/pol peptide com-
plex grown in 12% PEG 20,000, 100 mM MES pH 6.5.
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mixture of separately refolded HLA-A2 and CD8aa. A 1 uL pro-
tein solution containing CD8ae at 10 mg/mL and HLA-A2/pol at
20 mg/mL were mixed with 1 uL reservoir solution from Crystal
Screen kits I and II (Hampton Research, California). Crystals ap-
peared with two reservoir conditions, 12% PEG 20,000, 100 mM
MES pH 6.5, and 15% PEG 6000, 50 mM MES pH 6.0 after
approximately seven days (Fig. 3B). One crystal later diffracted at
2.7 A resolution (Gao et al., 1997). To initially resolve the com-
ponents constituting the crystal a fragment was washed, resolubi-
lized, and analyzed by gel electrophoresis (Fig. 3A, lane 2). The
protein bands present in this sample correspond exactly to those
from the individual HLA-A2 and CD8e (Fig 3A, lanes 3 and 4,
respectively). Furthermore, the ratios of the CD8a to the HLA-A2
heavy chain and 82m bands are identical to those found in the
sample from the co-refolding peak assumed to be the receptor-
ligand complex (Fig. 3A, lane 1).

The estimated molar ratios of the polypeptide bands represent-
ing HLA-A2 assembly and CD8ae are identical in the complex
formed in solution and in the crystal but the stoichiometry indi-
cated by the band intensities is somewhat unexpected. Because
CDS8 has been detected on the T cell surface as a dimer, whereas
CD4 is detected as a monomer, it has been speculated that CD8
would bind two MHC molecules and that a bivalent stoichiometry
could be involved in T cell-target cell ligation and T cell activation
(Giblin et al., 1994). However, the gel analysis of the complexes,
taking into consideration that CD8a stain weaker with Coomassie
than does B2m, are more indicative of a 1:1 HLA-A2:CD8aa ratio
and this has been confirmed by the crystal structure (Gao et al.,
1997). The space-filling model of the complex based on the crystal
structure furthermore rules out that more than one CD8aa dimer
can bind the MHC (Gao et al., 1997).
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