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INVOLVE THE SUBSTITUTIONS OF METHYLATED
CpGs

B. C. SIM,* F. G. GROSVELDf AND K. M. HuI*

*Institute of Molecular and Cell Biology, National University of Singapore, Singapore, and
TGene Structure and Expression, National Institute for Medical Research, London, England

(Received 1 November 1989 ; accepted 20 February 1990)

SUMMARY

By the 1solation of overlapping cosmid clones and ‘chromosome walking’ studies
from the H-2K* gene, we have obtained cosmid clones encoding the H-2KI* gene
from two separate cosmid libraries. The nucleotide sequence of one of the clones
| was determined. The cloned H-2KI* gene could be transcribed in vitro to give a
| normal H-2 class I mRNA of 1-7 kb. However, the deletion of four nucleotides in
| exon 3 of the H-2KI* gene results in a translation termination codon at the
beginning of exon 4. In agreement with this, when expressed in human cells, the
H-2KI* gene gave a truncated, cytoplasmic polypeptide of M, 36,000. Therefore,
although the H-2KI* gene i1s homologous to other class I MHC genes in its
molecular organization and nucleotide sequence, it 1s a pseudogene. When
compared to the nucleotide sequence of the H-2K* gene, the H-2KI* gene has
undergone many substitutions of methylated CpG residues (™CpG). This
represents further evidence to suggest that this gene 1s inactive.
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INTRODUCTION

The molecular organization of the mouse class I MHC genes has been studied extensively.
| There are 26 class I genes reported for the B10 mouse (Flavell ez al., 1985) and at least 32 class
' I genes are present in the BALB/c mouse (Hood et al., 1983). These genes are distributed
| among four genetic regions, H-2K ; H-2D, H-2 L; Qa and Tla. The H-2K region of the B10,
| BALB/c, AKR and C3Hf/HeN mice are reported to contain two class I genes (Flavell ef al.,
1985: Hood et al., 1983). In the B10 mouse, these two genes are about 15 kb apart and are
arranged in a head-to-tail configuration (Flavell et al., 1985). One of these two genes, H-2K,
encodes the classical transplantation antigens. This gene has been extensively studied and the
nucleotide sequences of many of its alleles have been determined (Weiss et al., 1983 ; Mellor et
al., 1983 Arnold et al., 1984 ; Reddy & Pan, 1985; Minamide et al/., 1988). The second gene,
termed H-2K 1 for the b and k haplotypes (Flavell et al., 1985) and H-2K2 for the d haplotype
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(Hood er al., 1983), has not been well studied. The nucleotide sequence of the H-2K I* gene of
the C3H mouse has only recently been reported (Watts et a/., 1989b). However, the function
and evolutionary implications of the H-2K/* gene have not been studied.

The genetic organization of the H-2K region of the mouse is also unique from an
evolutionary point of view. In most animals, including man, all class I loci are telomeric to the
class II genes (Ploegh et al., 1981). In the mouse, however, the H-2K region is centromeric to
the class II genes (Klein, 1975). For this reason, it has been suggested that the H-2K locus
arose by translocation to its present site during evolution (Bodmer, 1981). In support of this
hypothesis, Flavell and colleagues have reported the similarity between the H-2K and Qa
region. They reported that the H-2K and Qa region genes occur as gene pairs in a head-to-tail
configuration (Flavell e al., 1985) and that they have similar hybridization patterns when
examined with 4 extragenic probes (Weiss et al., 1984). From these observations, these
authors suggested that the H-2K region was generated by the translocation of a ‘Q6 and Q7-
like” gene pair from the Qa region (Weiss et al., 1984).

Previously, we have cloned and sequenced the H-2K* gene from the C3Hf/HeN mouse
(Minamide et al., 1988). The H-2K molecules are the classical transplantation antigens,
which serve as restriction molecules to permit cytotoxic T cells to recognize foreign antigens
during cell-mediated immune responses (Zinkernagel & Doherty, 1979). The only reported
role of the H-2K 1 gene to date has been its implication as the donor gene to generate mutant
K°™* gene (Nathenson et al., 1986). To study its potential immune function and genetic
origin, we have cloned and studied the H-2K 1 gene from the C3Hf/HeN mouse, so that a

comparison at the nucleotide sequence level can be made with the H-2K* and Qa region
genes.

MATERIALS AND METHODS

Isolation of cosmid clones

Cosmid libraries were constructed in the vector pTCF (Grosveld et al., 1982) using high
molecular weight genomic DNA isolated either from C3Hf/HeN mouse livers or from the
AKR thymoma K36.16 tumour cells (Hui et al., 1984). Methods were as described by
Minamide and colleagues (1988). The C3Hf/HeN mice were obtained from Harlan Spraque
Dawley via the Animal Production Unit of the National Cancer Institute (Frederick, MD,
U.S.A.) (Callahan er al., 1981). This particular subline of C3Hf/HeN mouse has been
subsequently reported by us (Minamide ez al., 1988) and confirmed by others (Vogel et al.,
1988), to be identical to the C3H/HeN mouse. Over one million recombinant bacterial
colonies of each library were screened. Class I MHC cosmid clones were selected by
hybridization to the pH2IIa, pH2III and the 640 bp BamHI 5'-flanking DNA probes. The
H-2 class I DNA probes and the conditions for hybridization employed in this study have

been described (Hui et al., 1986). The pH2IIa and pH2III probes were from M. Steinmetz.
The 640 bp BamHI 5'-flanking probe was from R. A. Flavell.

DNA sequence analysis

Nucleotide sequences were obtained by both the M13 dideoxy chain termination method
(Sanger et al., 1977) and the chemical degradation method (Maxam & Gilbert, 1977). The
dideoxy-sequencing kit was purchased either from Amersham or United States Biochemical

Corporation (Sequenase). Nucleotide sequences were subsequently processed and analysed
by the DNASTAR microcomputer software package (DNASTAR Inc., Europe).
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DN A-mediated gene transfer

Exogenous DNA (50 pg) was introduced into human cells by electroporation (Potter,
1988). For K562 cells this was achieved with a Progenetor (Hoeffer) and the delivery of two
shocks at 300 V, 80 msecs in 279 mM sucrose and 1 mM MgCl,. For HelLa cells,
electroporation was performed with the Gene-Pulser (BioRad) by shocking the cells once at
240 V, 960 uFD 1n phosphate-buffered saline. The cell concentration employed was
| x 107/ml for all conditions. Total mRNA was subsequently harvested after 2 days and used
for Northern blots. The a-actin probe was obtained from M. Buckingham (Mintyetal., 1981).

Biochemical analysis of the H-2KI1* molecules

Two dimensional SDS-PAGE was performed as previously described (Jones, 1977) using
12-59% acrylamide gels. Immunoprecipitation of >>S-labelled cell lysates was carried out with
the monoclonal antibody (MoAb) 100-30 which recognizes a public antigenic determinant of
the k haplotype class I MHC molecules (kindly provided by Dr B. A. Askonas). Estimates of
molecular weight were obtained by plotting relative migration (Rf values) against log M,
using high molecular weight protein standards (cat. No. 6001LA, Bethesda Research
[Laboratories) as comparison.

RESULTS

Isolation and linkage of cosmid clones carrying the H-2K* and H-2KI* genes

Cosmid clones containing MHC class I sequences were selected from two cosmid libraries,
derived separately from genomic DNA of the C3Hf/HeN mouse and from the K36.16
tumour cells. Clones were first selected by virtue of their hybridization to the 640 bp BamH]I
5’-flanking DNA probe derived from the H-2K® gene (Flavell et al., 1985). The selected
cosmids were subsequently screened with both the pH2III and pH2IIa DNA probes (cDNA
sequences derived from the 5’- and 3’-region respectively of an H-2 mRNA, Steinmetz and
colleagues (1981a)). Cosmid clones which hybridized to all three H-2 probes were then
mapped by restriction endonucleases. From these clones, we previously sequenced and
characterized a cosmid clone, C3Hf-8, which contains the entire H-2K* gene of the
C3Hf/HeN mouse (Minamide et al., 1988). To identify the H-2K/* gene which maps 3" to the
H-2K* gene (Fig. 1), we have isolated a 2:7 kb Sa/I-EcoRI fragment which maps to the 3" end
of clone C3Hf-8 (Fig. 1). The cosmid clone C3Hf-8 contained a 5 kb 3" EcoRI end-fragment
which on further digestion with Sa/l, in order to remove the vector pTCF sequence,
generated a 2-7 kb fragment. This 2:7 kb fragment was then used as a probe to screen the pre-
selected cosmid clones. Several positive clones were isolated. One of the clones 1solated from
the C3Hf/HeN cosmid library was designated C3Hf-19. Another clone, isolated from the
K36-16 cosmid library, was designated 407-7. The relative positions of the H-2K* (clone
C3Hf-8) and the H-2KI* (clones C3Hf-19 and 407-7) genes on the chromosome and their

restriction endonuclease maps are summarized in Fig. 1.

To prove that clones C3Hf-19 and 407-7 are adjacent to the H-2K* gene, the 3" EcoRI end-
fragment was purified from the two H-2K* cosmid clones C3Hf-8 (Minamide et a/., 1988) and
c27-2 (Arnold et al., 1984). These two purified 3’ EcoRI end-fragments (a 2-7 kb fragment for
C3Hf-8 as described above, and a 3 kb fragment for c27-2) were used to compare with the 3 kb
EcoRI 5 end-fragments of the cosmid clones C3Hf-19 and 407-7. All four purified end-
fragments were separated on agarose gels and multiple Southern blots were obtained from the
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F1G. 2. Linking of H-2KI* to H-2K*. (A) Purified end-fragments of the different cosmid clones
(see Materials and Methods) were compared with EcoRI digests of the entire clone of the
different cosmids. Multiple blots were hybridized separately with each of the different end-
fragments. An example autoradiogram, obtained after hybridization to the 3 kb EcoRI 5 end-
fragment of clone C3Hf-19, is shown (E = EcoRI and S = Sall). (B) The different purified end-
fragments obtained were digested with Haelll and separated on agarose gels. As in (A),
multiple blots were hybridized separately with each of the different end-fragments. The
autoradiogram obtained after hybridization to the 3 kb EcoRI 5" end-fragment of clone C3Hf-
19 is shown. The lower-half of the gel was over-exposed during printing so that all small
fragments present can be seen clearly.

same gel. In addition, each of the four purified end-fragments was also used as a DNA probe
for hybridization to different set of filters obtained from multiple blots. All patterns obtained
after hybridization were identical. A representative pattern obtained with the 3 kb EcoRI 5’
end-fragment (isolated from C3Hf-19) as the DNA probe for hybridization is shown 1n Fig.
2(A). Extra hybridization fragments seen with EcoRI digests of clones C3Hf-8 and ¢27-2 (Fig.
2(A)) are possibly due to incomplete digestion by the restriction endonuclease. Further, these
purified fragments were digested with the restriction endonuclease Haelll. After Southern
blotting and hybridization with each of the four purified end-fragments, the HaellI fragment
patterns obtained with the C3Hf-19 3 kb EcoRI 5" end-fragment as the hybridization probe 1s
again shown as an example (Fig. 2(B)). These results confirmed that all the 1solated end-
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fragments overlapped with each other. The largest fragment generated after HaellI digestion
of the C3Hf-8 2-7 kb Sal/l-EcoRI purified fragment 1s slightly shorter than the 1-4 kb
fragment seen in the other clones (Fig. 2(B)). Moreover, the smallest hybridizing band seen
with the Haelll digests of the other end-fragments 1s missing when the end-fragment
generated from C3Hf-8 was used as the starting DNA (Fig. 2(B)). These observations are
explained by the fact that the 3" end-fragment generated from C3H{-8 1s smaller (2:-7 kb) than
the other end-fragments (all of 3 kb) (Fig. 1). From these results, we conclude that clones

C3Hf-19 and 407-7, which were 1solated from two independent cosmid libraries, contain the
H-2KI* gene.

Nucleotide sequence of the H-2K 1* gene

To compare the nucleotide sequences of the H-2K* gene, and the H-2KI* gene an 11 kb
EcoRI fragment which contains the entire H-2K /% gene, was 1solated from clone C3Hf-19 and
subcloned into the vector pBSV (hereinafter designated as KISV) this 11 kb EcoRI fragment
was used as the starting material for DNA sequencing. Smaller DNA fragments from this 11
kb EcoRI fragment were generated by either restriction endonucleases or Bal 31 nuclease
digestions. These smaller DNA fragments were subsequently cloned into the vectors
M13mpl8 or M13mpl9 for sequencing as previously described (Minamide et al., 1988). The
strategy employed for the determination of the nucleotide sequence of the H-2K/* gene are
depicted 1n Fig. 3.

The nucleotide sequence reported here for the H-2K* gene is displayed in Fig. 4 and is in
agreement with that determined by Watts and colleagues (1989b). Table 1 shows a
comparison of the nucleotide sequences of the H-2K/* and other class ] MHC genes including
that of the H-2K* gene. The nucleotide sequence of the H-2KI* gene 1s found to be quite
similar to that of the H-2K* gene (Fig. 4 and Table 1). An insertion of 189 bp, however, was
detected in the fifth intron of the H-2KI* gene (Fig. 4). A search for homology between this
sequence and other reported H-2 gene sequences in the DNA data bank revealed that i1t 1s
also present in (1) the 5’-flanking region of clone 27-1 (Q79) (Steinmetz et a/., 1981b) from the
Qa region; (2) the 3"-non-coding region of clones T3 and T13 (Pontarotti et al., 1986); (3) the
clone 17-3 (Fisher er al., 1985) from the Tla region; (4) the 5'-flanking region of the H-2K"
gene (Weiss et al., 1983) (Fig. 5(A)). On further analysis of this insertion, we detected a 39 bp
DNA sequence which is identical to the reported mouse Bl repeat sequence (Kalb et al.,
1983 ; Propst & Vande Woude, 1984) (Fig. 5(A), bold-types). We subsequently cloned the 189
bp insertion and used it as a probe to screen H-2° cosmid clones (obtained from A. Mellor).
The insert sequence clearly hybridized to most of the Qa region genes (Fig. 5(B)). However,
only three TL region genes (namely T3, T12 and T14) hybridized to this fragment (Fig. 5(B)).
This suggests that the Bl repeat sequence is present more frequently in the Qa region than in
the T1a region of the b haplotype mouse. This concurs with the observation by Ronne and
colleagues (1985), who concluded from both sequence homology and similar insertion
patterns that the H-2 genes are more related to the Qa genes than to the TL genes.

Other noticeable features of the nucleotide sequence of the H-2KI* gene are the absence of
a TATAA consensus sequence and the loss of multiple GpC dinucleotides in the 5'-flanking
regions (Fig. 4). These observations suggest that the H-2K/* gene may not be functional.
However, the absence of a TATAA box has been reported in many constitutively expressed
housekeeping and other genes (Bird, 1986). These genes generally contain CpG 1slands that
are completely unmethylated both in the germ line and in all somatic cells (Bird, 1986). Point
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TAACATCCTGATCTGAGGGTTTATTGCTTGTTACATTGATGGATTGAGAATACTTAGAGTTITIGGTTIGTIT -~~~ ~~~ TGATTT - 3035
voohinininivBinsialaen TareiaialoolDe e daiansiviaraMbisokee s s slascenwoallenssnsielBosalsssaenns@hbiWAlL v
~=TTTTTCAAGAAATAAATGGCAGATGGAGAACCTTCCAGAATCTGAGTCACTATGCTGTGTGTATCTGTTGGGACAGGATXAGGC 5119
] g B PR e S Alisieinnia Ao eainli e sinnin'vuis T RN 1 R e M L P e G..A.
TXTGGCAGCTGAGTGTGACCAGGGCTGTGCC -AGGTGTGCTCAGTCCGTTICTGATCTGTGATAAGGTCATTCCTAGGCTGT --CAC 3202
A e e e e A e e eara b e e b B s siee RBe aaioiniete Tl eT iivavnaive o 6G..C..CA..,CCA. ...BT...
CTCTGTGCTCTGCTCTCTCCATCACTATGA 323¢C
..... BroovssbiasBoveTanioeiienias

F1G. 4. Aligned DNA sequences of the H-2K /¥ and H-2K* genes. The H-2K* sequence 1s from
C3H-8 (Minamide er al., 1988). Dots indicate identity of DNA sequence and dashes are
inserted to align the sequences. Possible CCAAT box, initiation codon and polyadenylation
signal of the H-2K/* are underlined. Only amino acid sequence for the H-2K/* 1s shown. The
termination codon present in exon 4 of the H-2K/* i1s indicated in bold-types and the insert
sequences in intron 5 of the H-2K/* 1s bracketed. The square brackets, [ ], enclose sequences
which are different from that determined by Watts and colleagues (Watts et al., 1989b). (K =T
or G, M=C or A and X=any base). |

mutations and short stretches of nucleotide deletions are also observed in the exons of the
H-2KI* gene when aligned with the nucleotide sequence of the H-2K* gene (Fig. 4). In some
cases, these result in amino acid changes. Most importantly, two deletions, each of two
nucleotides, at the end of exon 3 1n the cosmid C3Hf-19 results in a translation termination
codon at the beginning of exon 4 (Fig. 4). These deletions are also confirmed as present in the
H-2K[* cosmid clone 407-7 using the chemical degradation sequencing method (Maxam &
Gilbert, 1977; data not shown). Hence, the conclusion from sequencing data is that the
H-2K* gene appears to be a pseudogene.

Biochemical characterization of the H-2K 1% gene product

To determine whether the cloned H-2K/* gene is functional in vitro, DNA transfection and
expression studies were performed with the construct K1SV which was subcloned from the
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Length (bp)

TABLE 1. DNA sequence homology

143

Number of different nucleotides

K1k Kk Q7@ Q8™ K&K Q1/KI* O8/Kl* Q8/Q7"
exon | 64 64 64 64 11/64 [8/64 18/64 0/64
intron | 202 197 163 162 45/202 72/202 74/202 1/163
exon 2 270 270 270 270 31/270 30/270 33/270 16/270
intron 2 206 187 186 192 63/206 74/206 71/206 10/186
exon 3 272 276 276 276 48/272 44/272 45/272 14/276
intron 3
(partial)f (104) (104) 2060 2060 (7/104) (47/104) (40/104) 11/2060
exon 4 287 276 285 276 14/276 17/276 9/276 11/285
intron 4 127 127 126 127 11/127 19/127 12/127 13/126
exon 35 117 120 117 116 16/117 16/117 20/117 14/117
intron 53 361 178 72 177 206/361  214/361  208/361 25/172
exon 6 33 33 33 33 3/33 1/33 2/33 3/33
intron 6 183 172 171 163 33/183 37/183 66/183 56/171
exon 7 39 39 39 40 3/39 4/39 4/39 7/39
intron 7 133 111 112 108 39/133 42/133 49/133 19/112
exon 8 32 32 32 32 1/32 5/32 6/32 6/32
changes 526/2315 593/2315 617/2315 206/2046
% changes 221 25-6%, 26-6%, 109,

* Nucleotide sequences for Q7 and Q8 were adapted from (33).
t Due to incomplete sequence for intron 3, it was not used to calculate the 7, changes.
fThe 189bp insertion was included.

cosmid C3Hf-19. Cosmid DNA was introduced into human cells by electroporation as
described above. Total cellular mRNA was isolated, blotted onto nitrocellulose membranes
and hybridized to the pH2IIla cDNA probe. When compared with total mRNA 1solated from
untransfected HelL a cells, the mRNA isolated from K 1SV-transfected HeLa cells produced a
stronger signal, by a factor of at least 20-fold, after hybridization with the pH2Ila DNA
probe (Fig. 6(A)). These results were further confirmed by Northern blots using mRNA of
K 1SV-transfected K562 cells and the pH2I1a probe. The K1SV-transfected K562 cells gave a
normal 1-7 kb H-2 class | mRNA transcript which was identical to that obtained from
mRNA isolated either from normal AKR mouse livers or H-2K*-(clone c27-2-)transfected
K 562 cells (Fig. 6(B)). This 1-7 kb H-2 transcript was not present in K562 cells (Fig. 6(B)).
Hence, it appears that the H-2KI* could give a complete, full-length H-2 transcript in vitro.

The gene product encoded by the H-2KI* gene was also studied by DNA transfection
experiments with K1SV. When introduced into human K562 cells, KISV consistently gave a
product of M, 36,000 on immunoprecipitation with the monoclonal antibody 100-30 (Fig.
7(A)(ii), arrow). This product is not present in untransfected K562 cells (Fig. 7(A)(1)) and 1s
not present on the cell surface (possibly due to the lack of association with the f2-
microglobulin) (Fig. 7(A)(iii)). More importantly, this M, 36,000 product was not competed
out by excess untransfected, unlabelled K562 human cell lysate (Fig. 7(A)(1v), arrow). Hence,
as would have been predicted from the nucleotide sequence, the H-2K/* gene gave a
truncated, cytoplasmic polypeptide of M, 36,000 due to the presence of a translation
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TABLE 2. Comparison of the number of CpG, TpG
and CpA occurrences in the H-2K 1*and H-2K* genes
of the C3Hf/HeN mouse.

Dinucleotide H-2K X H-2Kk
CpG 87* 129
GpC 189 181
TpG 271 261
GpT 164 177
CpA 240 193
ApC 168 162

* The figure shown i1s the actual number of
occurrences for each of the corresponding dinucleo-
tides. For each dinucleotide sequence under examin-
ation, the group having the reverse DNA sequence 1s
also counted and used as an internal control to ensure
random distribution. The 189 bp insert in intron 5 of
the H-2K 1* gene was not included in the comparison.

termination codon in exon 4 (Fig. 4). The presence of this polypeptide was also confirmed 1n
K1SV-transfected Hela cells (Fig. 7(B)(11), arrow).

Further, we devised and synthesized a K 1-specific oligonucleotide complementary to the
exon 1 sequence of the H-2K[* gene (5-GCTTGGCGCACAGTG-3’) in order to study tissue
expression of the H-2KI* gene. This oligonucleotide hybridized specifically to clones C3Hf-
19 and 407-7 but not to C3Hf-8 and c27-2. When used to test mRNA (up to 50 pg) 1solated
from mouse tissues including brain, thymus, spleen, liver, kidney, muscle, sperm, ConA-
activated T cell, and 7d and 12d embryos, no signal could be detected with this
oligonucleotide as a probe on Northern blots (data not shown). All these results suggest that
the H-2KI* gene 1s a pseudogene and is not expressed in vivo.

Mutations in the H-2K 1% gene are not random

A closer examination of the nucleotide sequence of the H-2K/* gene of the C3Hf/HeN
mouse and comparison with that of the H-2K* gene, revealed that the mutations in the H-
2K 1% gene do not appear to be random substitutions. Many of the CpG dinucleotides 1n the
H-2K* gene have been converted to TpG or CpA in the H-2KI* gene. As a consequence, the
H-2K I* gene has relatively small number of detectable CpGs compared with the H-2K* gene

FiG. 6. Transcription of the H-2KI* gene in vitro. (A) Comparative dot blots of untransfected
and K1SV-transfected human Hela cells. Different concentrations of purified mRNA were
spotted onto nitrocellulose membranes and hybridized to the cDNA probe pH2IIa. (B)
Northern blot comparison of mRNA isolated from KI1SV-transfected and untransfected
human K 562 cells with mRNA of normal AKR liver and K*-transfected K562 cells. The filter
was hybridized first with pH2IIa, and subsequently with the a-actin probe.
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(Table 2). This observation could not be explained solely by the differences in nucleotide
sequences between the H-2K/* and the H-2K* genes. This 1s concluded from the fact that,
when the number of occurrences of GpC, GpT and ApC are used as internal controls, their
frequencies in the H-2K /¥ and H-2K* genes are fairly constant (Table 2). These results suggest
that the CpGs in the H-2KI* gene might have been heavily methylated and that these
methylated CpGs were subsequently mutated during DNA replication as a result of
Inappropriate base pairing.

(A) K562 (+MoAb 100-30)

(i) Untransfected K562 (i) K1SV-K562
* @
» 94kd—¥
- .-‘
46kd— =¥ e
30kd —p
20kd—
(iil) K1SV-K562 (Surface) (iv) K1SV-K562 (Competed)
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(B) Hela (+MoAb 100-30)
(i) Untransfected Hela (i) K1SV-Hela
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DISCUSSION

The H-2K region of the mouse 1s unique with regard to its position within the MHC. The
mouse 1S the only species studied that has two class I genes centromeric to the class II region.
The significance of this 1s unknown. It has been suggested that the H-2K region arose by a
translocation to i1ts present site (Bodmer, 1981). However, genetic evidence of this
translocation was not reported. It has been reported that in the Qa region of the B10 mouse,
alternating gene regions are more similar to one another than to adjacent gene regions (Weiss
et al., 1984, Devlin et al., 1985). Similarly, on comparing the nucleotide sequences of the
H-2KI* gene and the H-2K* gene (Fig. 4), we have shown that the overall homology between
the different H-2K* alleles 1s stronger (over 999, Minamide et a/., 1988) than that between the
H-2K* and H-2KI* genes (77-3;, Table 1). The fact that adjacent genes are less homologous,
as reported for the Qa region genes (Flavell er al., 1985), suggests that the two genes present in
the H-2K region arose by the translocation of a gene pair, rather than the translocation of a
single precursor gene followed by gene duplication. Devlin et al. (1985) suggested that H-2K®
genes are more similar to the Q6 and Q8 genes, whereas the K 1° gene 1s more similar to the Q7
and Q9 genes. On comparison, the Q7-Q8 gene pair 1s found to be more homologous to one
another (109, changes) than in the K 1*-K* gene pair (over 209, changes) (Table 1). Therefore,
if the K 1%-K* gene pair originated by translocation from a ‘Qa-equivalent’ precursor gene
pair, the H-2K region could be considered as a recombination ‘*hot-spot’ where subsequent
deletion and substitution events occur more frequently than in the Qa region.

The evolutionary significance of the presence of a Bl repeat sequence in the fifth intron of
the H-2KI* gene 1s presently unknown (Fig. 4). Recently, these repeat sequences have also
been found in the H-2K region of two t-haplotype mice (Uehara et al., 1987). The similarity of
the Qa and H-2K region genes is further demonstrated by the observation that when the 189
bp insert element from the H-2K /* gene fifth intron was used as a probe, 1t hybridized to more
Qa region genes (50%) than T1a region genes (207,) in the B10 mouse. These repeat sequences
have been suggested as responsible for the generation of diversity in the Qa and T1la regions
of the mouse genome (Kress et al., 1984 ; Ronne et al., 1985) and may therefore contribute to
the genetic instability of the Qa region. This 1s supported by the observation that the absolute
number of Qa region genes in different mouse strains varies (Eastman O’Neill et al., 1986;
Watts et al., 1989a). The postulated function of Bl repeats in the generation of diversity may
also be operative in the H-2KI* gene.

FiG. 7. Two-dimensional SDS-PAGE analysis of the gene product encoded by H-2KI*. (A)
Human K 562 cells. (i) 35S-methionine labelled K562 cell lysate was prepared as described 1n
Materials and Methods and allowed to react with the MoAb 100-30. The immunoprecipitate
obtained was then analysed by two dimensional SDS-PAGE. The figure shows autoradiogram
obtained. (i1) K562 cells were transfected with the plasmid K1SV containing the H-2KI* gene
as described in Materials and Methods. After two days, the transfected cells were labelled with
35S-methionine and cell lysate was prepared and the immunoprecipitate analysed as in (1). The
surface-binding experiment, (A) (ii1), was performed with K1SV-transfected K562 cells. These
transfected cells were labelled with 35S-methionine before being reacted with the MoAb
100-30. After binding to the MoAb, the cells were washed, cell lysate was prepared and the
immunoprecipitate analysed as previously described. For the competition experiment, (A)
(iv), cell lysate was prepared after mixing both 33S-labelled K1SV-transfected (8 x 10° cells)
and unlabelled K562 cells (4 x 107 cells). The immunoprecipitate subsequently obtained was
then analysed. (B) (i) and (ii): same as in (A) (i) and (i1), except the human Hela cell line was
employed. The M, 36,000 spot, if present, is indicated by an arrow.
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Interactions between the Qa and the H-2K genes have also been well documented in the
generation of variant K molecules (Nathenson et al., 1986). Specifically, for the bm1 mouse,
the donor gene suggested was Q10 (Mellor et al., 1985): and for the bm6 mouse, the donor
gene 1S homologous with sequences 1in the Q4 gene (Geliebter et al., 1986). Such genetic
evidence suggests that evolutionary relatedness or proximity of location of the K-region and
Qa-region genes has allowed such intimate genetic interactions. It is conceivable, therefore,
that the H-2K/* and H-2K* genes in the C3Hf/HeN mouse have arisen as the result of
translocation of a gene pair from the Qa region.

The great reduction in the number of CpG residues in the nucleotide sequence of the
H-2K1* gene (Table 2) 1s an interesting observation. The class | MHC genes are regarded as
examples of housekeeping genes (Bird, 1986), and they are expressed in many different
tissues (Hood et al., 1983). The CpG residues within housekeeping genes occur
predominantly in functionally crucial positions in DNA sequences and therefore exert a
regulatory role (Bird, 1986; Doerfler, 1983). Hence, for the MHC genes, more frequent
clusters of CpGs can be found close to the promoter/leader and/or 5 regions of these gene
(Tykocinski & Max, 1984). The presence of un-methylated CpGs is essential for normal gene
activity (Bird, 1986; Doerfler, 1983). Over a period of time, 5-methylycytosine tends to
deaminate to thymidine, resulting in the depletion of CpGs by conversion of ™ CpGs to
either TpG or CpA (depending on which DNA strand underwent the mutation). A great
reduction in the number of CpGs in the H-2K/* gene (Table 2) suggests that internal CpGs
might have been methylated leading to gene inactivation. This explanation is also supported
by the presence of an excess of TpGs and CpAs in the H-2KI* nucleotide sequence (Table 2)
and by the detection of methylated cytosine residues in exon 3 of clones C3Hf-19 and 407-7 as
shown by chemical sequencing (data not shown). Table 2 shows that a mutation to CpAs is
preferred. However, at present we do not understand why the complementary (non-coding)
strand should be preferably deaminated.
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