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ABSTRACT A method for cloning full-length HLA-A,B
cDNA (1.1 kilobases) by using the polymerase chain reaction
(PCR) is described. Six HLA-AB alleles (HLA-A2, -A25, -B7,
-B37, -B51, and -B57) were cloned, and their structures were
determined. Multiple PCR clones for each allele were se-
quenced to obtain both an accurate consensus sequence and an
"authentic" done having that sequence. Sequences from 50
clones encoding five different alleles permit assessment of the
frequency and nature of PCR-produced errors. These include
recombinations, deletions, and insertions in addition to point
substitutions. Authentic clones were obtained at a frequency of
between 30% and 70%, and analysis of three or four clones
generally should be sufficient for characterization of an allele.

HLA-A,B,C genes encode cell surface glycoproteins that, in
association with 82-microglobulin and a peptide, form the
ligand for the antigen receptor ofCD8+ T lymphocytes (1, 2).
They are probably the most polymorphic of human genes,
their diversity resulting from positive evolutionary selection
and correlating with the capacity to respond to different
antigens (3-5). Although structures for over 50 HLA-A,B,C
alleles have been determined, many others remain unchar-
acterized (6). Current methods for analysis of HLA-A,B,C
alleles are limited by the time and effort required to make and
screen either genomic or cDNA libraries. The polymerase
chain reaction (PCR) provides an approach that could elim-
inate these procedures and potentially speed the acquisition
of allelic sequences (7). In this paper we describe the appli-
cation of PCR to the cloning and sequence determination of
class I HLA cDNA.t

MATERIALS AND METHODS
Cell Lines. The following human Epstein-Barr virus-

transformed cell lines were used in this study: JY (HLA-A2,
HLA-B7); BM92 (HLA-A25, HLA-B51); WIN (HLA-Al, HLA-
B57); MOC (HLA-AJ, HLA-A2, HLA-B13, HLA-B57);
KASO (HLA-Al, HLA-B37); and MG (HLA-Al, HLA-A30,
HLA-B13, HLA-B37). The boldface genes are those for which
cDNAs were cloned. Cells were grown in RPMI 1640 medium
containing 10%o (vol/vol) fetal calf serum and supplemented
with glutamine, penicillin, and streptomycin.

Preparation and Amplification of cDNA. One hundred-
milliliter cultures of cells were used to prepare total cellular
RNA (8). First-strand cDNA was synthesized by using oli-
go(dT) and avian myeloblastosis virus reverse transcriptase
(9) and was trace-labeled with [a-32P]dCTP. Approximately
1% of total radioactivity was incorporated into a trichloro-
acetic acid-precipitable form. Half of the product was ex-
tracted and back extracted with 1:1 (vol/vol) phenol/

chloroform, twice extracted with ether, and precipitated with
ethanol. The precipitate was redissolved in 50 /4 of water,
and 3 ,uI was used as the target for PCR amplification, which
was performed by using GeneAmp kits and a DNA thermal
cycler (Perkin-Elmer/Cetus). The reaction was in 100 pJ and
used 50 pmol of each primer. Two protocols were used:
amplifications using protocol 1 went for 30 cycles in which
each cycle consisted of 60 sec at 940C, 60 sec at 650C, and 90
sec at 72°C. Experiments using protocol 2 used 20 cycles with
60 sec at 94°C, 1 sec at 65°C, and a variable time at 72°C,
which started at 50 sec and increased incrementally by 1 sec
in each cycle. In both protocols the amplification finished
with 10 min at 72°C.

Subcloning and Sequencing. Half of the PCR product was
extracted and back-extracted with phenol/chloroform, pre-
cipitated with ethanol, and digested with 40 units of HindIII
for 1 hr at 37°C. After similar extraction and precipitation, the
HindIII-cut product was digested with 40 units of Sal I for 1
hr at 37°C. Double-cut product was purified with glass beads
and ligated to similarly cut M13mp18 and M13mp19 vectors,
which were used to transform competent JM109 cells (10).
Phage were picked, grown in liquid culture, and used to
prepare single-stranded M13 DNA, which was then se-
quenced, and the sequences were analyzed as described (11).

RESULTS
Our goal was to isolate and sequence cDNA clones encoding
complete class I HLA heavy chains. Total RNA from human
B-cell lines was used to prepare single-stranded cDNA, and
this provided the substrate for specific amplification ofHLA-
A,B,C sequences by the PCR. The oligonucleotides used to
prime specific amplification derive from relatively conserved
sequences in the 5' and 3' untranslated regions ofHLA-A,B,C
genes (Fig. 1). Restriction sites for Sal I and HindIII were
incorporated into the 5' and 3' primers, respectively, to
enable the amplification products to be subcloned into se-
quencing and expression vectors. A four-base spacer se-
quence was placed external to the restriction site, a prelim-
inary experiment having shown that amplification products
without a spacer could not be cut efficiently with either
enzyme.

Amplification resulted in the expected product of -=1.1
kilobases (kb), which was quite pure as assessed by electro-
phoresis (Fig. 2). This product, predicted to contain a mixture
of HLA-A,B,C sequences, was directionally subcloned into
M13mpl8 and M13mpl9 vectors and, after transformation of
Escherichia coli, individual recombinant phage were picked

Abbreviation: PCR, polymerase chain reaction.
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FIG. 1. (A) Schematic ofa HLA class I cDNA
PCR product showing PCR primers (large ar-
rows), sequencing primers (small arrows), and
exon boundaries (vertical lines). Arrowheads are
at the 3' hydroxyl end of each oligonucleotide
primer and point in the direction of polymerase
extension. (B) Sequences ofpriming and sequenc-
ing oligonucleotides. Priming oligonucleotides
were designed from comparison of the 5' and 3'
untranslated regions of HLA-A2.1 (12), -A3 (13),
-A24 (3), -B44 (14), -Bw58 (15), -Cw1, -Cw2 (16),
and -Cw3 (17) with selection of conserved se-
quences. The Sal I site in HLA-SP2 and the
HindIII site in HLA-3P2 are underlined. Sequenc-
ing oligonucleotides S are derived from the sense
strand; and N, from the antisense strand.

and analyzed by limited sequencing with one or two oligo-
nucleotide primers (Fig. 1). We now have analyzed well over
100. clones, and without exception they all contained class I
HLA inserts. On the basis of locus-specific nucleotides (5),
these clones can, by sequencing with oligonucleotides 3S and
4N, be assigned to an HLA locus. Although one or two clones
from HLA-C and other class I genes have been tentatively
identified, almost all of the clones obtained derive from
HLA-A and HLA-B, and analysis was concentrated on them.
We anticipated that replication errors introduced during

the PCR would necessitate sequencing of multiple clones to
determine the true sequence of an allele and to identify a
clone having that sequence. To assess the magnitude of this
problem, we studied five alleles from three cell lines: HLA-
A2 and HLA-B7 from JY, HLA-A25 and HLA-BSI from
BM92, and HLA-B57 from WIN. For each allele the se-
quences of 10 clones-five from the sense strand and five
from the antisense strand-were determined. In each case a
clear consensus sequence was obtained (Fig. 3), and a
significant number of the clones (four for HLA-A2, three for
HLA-B7, six for HLA-A25, three for HLA-BSJ, and seven for
HLA-B57) had sequences that were identical to the relevant
consensus and most probably represent faithful copies of the
gene (Table 1). These results clearly show the feasibility of
this approach for the isolation and characterization ofHLA-
A,B alleles.
Between 3 and 7 clones in each set of 10 had one or more

mutations with respect to the consensus sequence, and these
are listed in Table 1. They are presumably the result of
"errors" in the PCR amplification. Every mutation was
unique to a single clone, indicating that errors are infrequent
events, mostly occurring late in amplification as the target
sequences accumulate. Clones having point substitutions,
deletions, insertions, and recombinations were all found,
giving a total of 37 mutations, including 28 point substitu-
tions, in the 52,579 nucleotides sequenced. The frequency
with which errors were found was 1 per 1421 nucleotides.
The amplification ofHLA-A2 and HLA-B7 and other class

I sequences from the JY cell line was performed first and used
protocol 1 as described in Materials and Methods. Four of
the clones studied proved to be recombinants between HLA-
A2 and HLA-B7 (Table 1). These apparent recombinants
presumably arise from premature termination of the poly-
merase in one cycle with hybridization of the unfinished
product to a heterologous strand, followed by extension and
completion in a subsequent cycle. Although the frequency of
such recombination did not pervert interpretation of the data
from JY, a homozygous cell line, its potential for confusing
the analysis of heterozygous cells is considerable. Amplifi-

cation protocol 2 was therefore designed with the goal of
reducing these events. The major changes were to reduce the
hybridization time from 60 sec to 1 sec, thus favoring the
hybridization of short oligonucleotides over longer incom-
plete amplification products, and to decrease the number of
amplification cycles. The experiments with the BM92 and
WIN cell lines used protocol 2, and the absence of any
recombinants in the clones analyzed suggests that these
modifications were effective. The number of point mutations
accumulated was also reduced, presumably due to the fewer
cycles of amplification (Table 1).
These experiments show the need for analysis of multiple

PCR clones but also indicate that the requisite number may
generally be less than 10. An experiment was next designed
to specifically isolate clones encoding HLA-B37 from two
cell lines. The KASO cell line is homozygous for HLA-B37,
and four HLA-B locus clones from that line gave an identical
sequence that is distinct from other HLA-B alleles. The
heterozygous MG cell line expresses both HLA-B13 and
-B37. Knowledge of the previously sequenced HLA-B13
allele allowed us to assign, on the basis of preliminary
sequence, three clones as potentially containing HLA-B37,
and these were completely sequenced. The three clones gave
an unambiguous consensus sequence that was identical to
that of the HLA-B37 clones from the KASO cell line. One of
the MG HLA-B37 clones had a sequence identical to that of
the consensus, while the other two each had single and
distinct point substitutions. Thus, in this experiment we were
able to define the sequence of HLA-B37 and obtain an
authentic clone on the basis of four clones from one ampli-
fication and three from the other. In addition, the coding
regions of the HLA-B37 genes in the two cells were shown to
be identical.
We find the nucleotide sequence encoding HLA-A2 of the

JY cell line to be identical to that obtained from the LCL-721
cell line (12), which was used to interpret the crystallographic
structure of the JY protein (1, 18), and also to be identical to
that from the GM637 cell line (19). HLA-BS1 from the BM92
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234 -

FIG. 2. Agarose gel of 1/10th
ofthe amplification product pro-
duced with protocol 1 from the
following cell lines: WIN (lane
2), BM92 (lane 3), and MOC
(lanes 4 and 5). In lane 1 are
markers derived from a Hae III
digest of 4X174 replicative form
DNA (New England Biolabs).
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FIG. 3. Consensus nucleotide sequences for the six HLA-A,B alleles cloned and sequenced by using PCR amplification. All consensus
sequences derive from sequences of 10 individual clones except for HLA-B37, which was derived from 7.

cell line was also found to be identical in sequence to
HLA-BSJ from two other cell lines (20). In contrast the PCR
sequence of HLA-B7 from JY differs from the HLA-B7
cDNA sequence of Sood et al. (21) at 26 positions, although
the predicted proteins differ by just one amino acid. Com-
parison of nucleotide sequences from more than 30 HLA-B
alleles shows that the HLA-B7 cDNA has an unusually high
number of silent substitutions, whereas the HLA-B7 PCR
sequence does not. This suggests that many ofthe differences

between the PCR and the cDNA sequences are artefacts of
the cDNA analysis (21). Our analysis of 10 PCR HLA-B7
cDNA sequences does not support the suggestion that JY
expresses two distinguishable HLA-B7 alleles (22).
HLA-A25, HLA-B37, and HLA-B57 are alleles that have

not been sequenced previously. HLA-A10 is serologically
split into HLA-A25 and HLA-A26 subtypes. The HLA-A25
sequence differs from the 8/16 clone ofCianetti et al. (19) that
probably encodes HLA-A26 by a localized cluster of eight
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Differences from consensus*
G-685 -- A
None
None
None
None
A-361 -- G; recombination

with B7, 561-602; A-652 -*
G

23 1098 A-310-G; T-538-C; T-965
C

25 1098 Recombination with B7,
917-932; T-1050 -- C

28 1098 C-117 T
29 1098 A-293 G
3 1089 None
4 1089 None
7 1089 A-188 G
10 1089 C-218 T
12 1089 C-111 T; recombination

with A2, 874-909
21 1089 Recombination with A2,

653-734; G-996 A
22 1089 C-914 -- T
24 1088 Deletion, 278
26 1089 None
27 1089 A-785 G
201 1098 None
202 1098 None
204 1098 C-358 T
207 490 None
208 728 None
115 1098 G-456 A
116 1098 None
117 1098 None
118 1098 C-426 T
119 1098 T-67 -- C; A-908 G
203 989 None
205 972 G-126 -- A; deletion, 8%-1012
206 1089 None
211 1041 T-1033 -- C
212 1089 A-839 G
101 1089 None
102 1089 A-437 G; T-1073- C
103 1089+ Insertion of 104 bases, 895
104 1017 Deletion, 74-145
105 1089 Deletion, 1039
407 1089 None
408 1089 None
411 1089 None
412 922 G-190- A
415 1089 None
303 1089 None
304 1089 G-1051 -* A
305 780 None
307 1089 T-984 -- C
310 830 None

*Gives position and nature of the mutation.

substitutions giving rise to seven amino acid substitutions in
the long a-helix of the a, domain. Thus, these two alleles are
probably related in evolution by a single segmental exchange.
Such a simple relationship is not seen between HLA-B57 and
its serologically related partner, HLA-Bw58. Although the
HLA-BS7 and -Bw58 alleles clearly share a common ancestor,
they differ by 16 nucleotide substitutions that are scattered
throughout the coding region and produce eight amino acid

differences. HLA-B37 shows relationships with HLA-B18
(residues 1-62) and HLA-Bw47 (residues 63-90) in the a,
domain and is a composite of segments shared with at least
five other HLA-B molecules in the a2 domain (Fig. 4).

DISCUSSION
Application of molecular biology to the major histocompat-
ibility complex (MHC) has provided the analytical resolution
that the complexity of this system demands. In turn, analysis
ofMHC polymorphism provides a critical test for methods to
clone and sequence genes. HLA-A,B,C alleles comprise a
large family of highly related sequences in which variation is
produced by relatively small differences in large numbers of
nucleotides, and every difference is potentially important.
For example, a single substitution in exon 4 of HLA-Aw68
results in the protein being unable to bind to the CD8
glycoprotein of T cells (26). We find that a variety of
mutational events-recombinations, deletions, insertions,
and point substitutions-occur with detectable frequency in
amplification with the PCR and that analysis of multiple
clones is essential to obtain reliable data. In particular, the
identification of recombinations required considerable prior
knowledge of the nature of polymorphism in class I HLA
genes, and such artefacts pose potential complications in the
analysis of less-well-characterized genes or DNA sequences
for which the extent of polymorphism is not known. By
analysis and comparison of multiple PCR clones, we have
obtained unambiguous sequences for six HLA-A,B alleles
and in each case have obtained one or more clones with the
authentic consensus sequence. These clones have the poten-
tial to be used for expression studies and thereby for immu-
nological analysis of the encoded proteins.
Advantages over traditional cloning approaches are (i) the

considerable saving of time and effort in the procedures,
leading to the isolation of clones; and (ii) the predictability or
reliability of the approach, in that clones are always full-
length and no failures to clone targeted genes have so far
occurred. The major disadvantage is the increased sequenc-
ing that results from the analysis of multiple clones. How-
ever, we judge this to be significantly less burdensome than
the making and screening of libraries and the subsequent
purification of clones. There has been variability in the
numbers and nature of PCR errors in sets of clones from
different alleles, making it difficult to gauge a minimum
number of clones that must be analyzed to obtain either an
accurate sequence or an authentic clone. However, numbers
between three and six should generally suffice, and there has
been no ambiguity in knowing when an allele is "done." A
possible refinement to this approach is the use of locus-
specific amplification primers, and this may be necessary for
investigation of HLA-C and nonclassical class I genes (27).
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