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The H-2 complex of mice contains many genes in addition to the gene families involved in immune reactions.
Some of them are believed to function in mouse development, as suggested by the findings that several
embryonic lethal mutations map within or near the H-2 complex. We have analyzed the H-2K/ts region in an
attempt to study non-H-2 genes encoded in this region. Overlapping cosmid clones spanning about 170 kilobase
pairs ofDNA, including the H-2K/tws region of the mouse, have been screened for genes expressed in embryonic
carcinoma cells. A transcript of 2.8 kilobase pairs (K. Abe, J.-F. Wei, F.-S. Wei, Y.-C. Hsu, H. Uehara, K.
Artzt, and D. Bennett, EMBO J. 7:3441-3449, 1988) encoded by the KE 4 gene flanking H-2K distally was

identified. The transcript was abundantly expressed in embryonic carcinoma cells but was present at low levels
in other tissues in adults. A cDNA for this transcript was isolated from the F9 embryonic carcinoma cell line
and sequenced. It potentially encodes a protein of 436 amino acids with several interesting features. First, it
contains two regions made of well-conserved repeats unusually rich in histidine residues. In the repeats,
histidine alternates with other amino acids, notably glycine or serine. Second, the two histidine-rich regions are

separated by three putative membrane-spanning domains. Third, the N-terminal part of the sequence shows
characteristics of a signal peptide. The results indicate that the protein coded by the gene may be a

transmembrane protein with histidine-rich charge clusters. A similar sequence motif found in other known
genes allows speculation on the possible function of this gene.

The major histocompatibility complex (MHC) includes
many genes involved in immune functions. The MHC I and
II gene families code for cell surface receptors involved in
immune recognition, and the MHC III genes encode com-
ponents of the complement system. Other genes, such as the
genes for tumor necrosis factors a and P (40) and the gene for
steroid 21 hydroxylase (2, 46), have also been mapped within
the MHC. This chromosomal region is believed to include
many other genes that are yet to be detected or character-
ized. For example, susceptibility to a number of diseases is
associated with certain MHC alleles in humans (8, 35).
Genes linked to the mouse MHC are implicated in affecting
the rate of early mouse development (16). Some of the
H-2-linked repeated sequences are transcribed during em-

bryogenesis (9, 30). Several embryonic lethal mutations of
the t complex map within H-2 (4); primarily, the tw5 mutation
has never been separated from H-2K by recombination (3).
twS is one of the embryonic recessive lethal mutations in the
t complex of the mouse. Embryos homozygous for tw5
develop normally until the elongated egg cylinder stage. At
this time, the endoderm becomes morphologically abnormal
and the embryonic ectoderm shows signs of pyknosis. Death
of the embryos usually occurs within the next 2 days (5).

Identification and characterization of non-MHC genes
within the MHC may provide insights into the genetics and
evolution of the complex and its relationship with many of
the MHC-linked diseases. Furthermore, identification of the
gene product of any of the H-2-linked genes that are ex-
pressed in embryogenesis is likely to contribute to our
understanding of mammalian development.
The MHC region has been scrutinized for expressed genes

both in humans and in mice. This region is an especially good
target for such an approach since substantial portions of the
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HLA and the H-2 complex have been molecularly cloned.
For example, five novel transcripts have been detected in the
vicinity ofHLA-B (39), and a gene containing a reiteration of
a dipeptide made of a basic residue next to an acidic residue
has been detected within the MHC III region in humans and
mice (28). In the H-2K region of the mouse, five different
transcripts have been identified (1). The embryonically ex-
pressed genes in the H-2K region would be particularly
interesting subjects for a detailed analysis, since they can be
potential candidates for twS. Therefore, we have isolated and
characterized the cDNA for one of the embryonic transcripts
within the H-2KItwS region. Analysis of the primary structure
of the cDNA reveals that the gene may code for a transmem-
brane protein with charge clusters consisting of histidine-
rich repeats. The possible function of this gene is discussed
in light of the sequence motifs found in other known genes.

MATERIALS AND METHODS

DNA probes. Cloned fragments or whole cosmids were
labeled by nick translation or by random priming to a specific
activity of at least 108 cpml,ug, using [ot-32P]dCTP as de-
scribed previously (13, 38). Unincorporated nucleotides
were separated from the DNA by passing the mixture
through a 0.8-ml spun column of Sepharose CL-6B.
Probe prehybridization. To block repetitive regions of

radiolabeled probes, hybridization solution containing 7 x
106 cpm of probe, 200 p.g of sonicated mouse genomic DNA
(average size, 300 base pairs [bp]), and 200 pLg of sonicated
salmon sperm DNA per ml was incubated at 42°C for 3 h.
The hybridization solution was then added to the filter bag
and incubated for 40 h at 52°C. Washing consisted of two
20-min 2x SSC (SSC is 0.15 M NaCl plus 0.015 M sodium
citrate)-0.1% sodium dodecyl sulfate (SDS) washes at room
temperature, three 20-min 0.2x SSC-0.1% SDS washes, the
first at room temperature and the second and third at 52°C,
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FIG. 1. (A) Molecular map of the H-2K region of the t haplotype. Locations of the H-2K and K2 MHC I genes are shown as solid boxes
at the top. The arrowhead at the right indicates that the MHC II gene, A,B3, is located within the next 10 kb of DNA past the end of the map.
Since the MHC is inverted in t haplotypes (36), the centromere is on the right side of the map and the telomere is on the left. The arrow at
about +65 kb indicates the centromeric limit of the region where the tWS gene should reside (3). Vertical lines indicate sites for the restriction
enzyme BamHI. (B) Regions contained in cosmids 16, 19, 24, and 32. The 4.9-kb BamHI fragment of cosmid 32, which was used to screen
an EC cell cDNA library, is also indicated.

and one 30-min 0.lx SSC-0.1% SDS wash at 68°C. The
washed filters were then exposed with X-ray film for 12 to 48
h at -700C.
RNA analysis and cDNA cloning. Total RNA was isolated

from tissues or F9 embryonal carcinoma (EC) cells by lysing
in guanidine thiocyanate and centrifugation through 5.7 M
cesium chloride by standard procedures (29, 37). Selection
of poly(A)+ RNA was done on oligo(dT)-cellulose columns
as described by Maniatis et al. (29). For all Northern (RNA)
blots, RNAs were electrophoresed in formaldehyde gels
containing 1% agarose and transferred to nylon membranes
(GeneScreen Plus; Dupont, NEN Research Products). Fil-
ters were hybridized, washed, and autoradiographed by
standard procedures (29, 37). Double-stranded cDNA was
prepared from the poly(A)+ RNA of F9 cells by the method
of Gubbler and Hoffman (17) and then cloned into a bacte-
riophage vector, Xgtll (21). The recombinant DNAs were
packaged in vitro into phages (Gigapack; Stratagene), and
the phages were plated and lifted onto nylon membranes
(GeneScreen Plus) as described previously (38). The filters
were autoclaved at 1000C for 1 min, hybridized with a
radiolabeled probe, washed, and autoradiographed as de-
scribed previously (38).

Sequencing strategy. The 2.7-kilobase-pair (kb) EcoRI
insert of clone 10.2a was digested with BamHI to yield four
fragments of 1,121, 913, 525, and 241 bp, respectively. Each
fragment was subcloned in the pBluescript-KS(+) vector
(Stratagene) in both orientations. Deletion subclones were
generated by exonuclease III and Si nuclease digestions
(Erase-A-Base system; Promega Biotec). Consecutive dele-
tion subclones generally overlapped by 50 to 100 bp. Cesium
chloride-isolated plasmid DNA was used as a template for
sequencing by the dideoxy method (34), using 35S-labeled
nucleotides and Sequenase (United States Biochemical
Corp.). Every sequence was read from both strands. Reac-
tions were run in 6% polyacrylamide gels, using the Sequi-
gen nucleic acid sequencing cell (Bio-Rad Laboratories). For
G+C-rich sequences in which band compression was a
problem, sequencing reactions were performed by using
dITP or 7-deaza dGTP instead of dGTP. The 2.7-kb EcoRI
fragment cloned in pBR322 was used as a template to
sequence over the BamHI sites. Synthetic oligonucleotides
(18-mers) were used as primers.

RESULTS
Isolation of cDNAs for embryonic transcripts encoded in the

H-2K/tws region. An overlapping set of cosmid clones span-

ning about 170 kb of DNA including the H-2K region has
been previously isolated and characterized (42). The attempt
to identify the tWS gene among these cosmid DNAs by a
strategy based on restriction fragment length polymorphism
between DNA from mutant (twSItwS) EC cells and from
revertant (tw5G/tw5G) mouse liver has not yet been informa-
tive. The revertant (a gift from K. Artzt) was spontaneously
derived from the t"'5 haplotype and contains the full comple-
ment of a complete t'5 haplotype except the lethal mutation,
as judged by genetic, molecular, and biochemical markers
(K. Artzt, personal communication). We used four cosmids
spanning the region to probe a genomic Southern blot
containing mutant and revertant DNA restricted with seven
different enzymes. This probing did not reveal any difference
between the mutant and revertant DNAs but ruled out the
possibility of a gross insertion or deletion of a transposon
between the two DNAs in this region. We have therefore
chosen to identify embryonically active genes embedded in
this region. Northern blots of poly(A)+ RNA isolated from
F9 EC cells were probed directly with whole cosmids, using
sonicated mouse genomic DNA to block repetitive se-
quences in the probes (see Materials and Methods). Cosmids
16, 19, and 32 (Fig. 1) each identified a different transcript,
whereas an MHC I probe hybridized to the same RNA did
not reveal any transcript (Fig. 2). The transcript in cosmid 32
corresponded to the KE 4 gene of Abe et al. (1) and was
unrelated to the transcripts detected by cosmids 16 and 19.
At least part of the transcribed sequence in cosmid 32 was
localized to a single-copy 4.9-kb BamHI fragment. On a
Northern blot, this probe detected two transcripts of about
2.8 and 1.5 kb. The 2.8-kb transcript was expressed abun-
dantly in EC cells and faintly in adult tissues, whereas the
1.5-kb transcript was expressed abundantly in adult kidney
cells but faintly in other tissues and EC cells (Fig. 3).
A cDNA library was constructed in the vector Xgtll, using

mRNA isolated from F9 cells. The library was screened with
the 4.9-kb BamHI fragment from cosmid 32, yielding several
positive clones. The sizes of the inserts ranged from 800 bp
to 2.7 kb, with no clear clustering of sizes. Clone 10.2a
contained the largest insert. Its size (2.7 kb) corresponded to
that of the larger transcript detected on Northern blots,
suggesting that it is a near-full-length cDNA. Three other
clones, of 2.2 kb, 2.0 kb, and 860 bp, have been character-
ized by restriction enzyme digests and partial sequencing;
they appear to be shorter cDNAs for the same transcript as
10.2a. Probing of a Northern blot with the 2.7-kb cDNA
indicated that the smaller 1.5-kb kidney-specific transcript

- |

VOL. 10, 1990 139

-%-Ilw-,

I



140 ST.-JACQUES ET AL.

3 2 pH-21Ia

- 28s

- 18s

FIG. 2. Northern blots of poly(A)+ RNA isolated from F9 EC
cells and probed with whole cosmids from the H-2KItws region. The
probe used in each case is indicated at the top. Cosmids 16, 19, and
32 are depicted in Fig. 1. pH-2IIa is an MHC I probe (38). Positions
of 18S and 28S RNAs are indicated at the right.

does not share any homology with this cDNA. Another gene
must therefore be at least partially encoded in the 4.9-kb
BamHI fragment of cosmid 32. This gene has not been
characterized further.
Because embryonic genes in this region are potential

candidates for tWS, the 2.7-kb cDNA was also used as a probe
on a blot containing poly(A)+ RNA from wild-type and
mutant (twS/twS) EC cells. No difference between the two cell
types was found (data not shown). Finally, in an attempt to
detect small differences in the DNA encoding the 2.7-kb
transcript between the mutant and the revertant, the cDNA
clone was used to probe denaturing gradient gels containing
restricted genomic DNA from mutant (t"'5twS) EC cells and
from revertant (tw5G/tw5G) mouse liver. No difference was
detected (data not shown).

Predicted amino acid sequence suggests that the cDNA codes
for a transmembrane protein. The 2.7-kb insert of clone 10.2a
was subcloned in the pBluescript vector and sequenced by
the dideoxy method, using plasmid DNA as a template (34).
The strategy of nested deletions was used to complete the
sequencing (Erase-A-Base system; Promega Biotec). The
sequence of clone 10.2a is shown in Fig. 4. Two ATG
codons, at positions 1 to 3 and 7 to 9, define the start of an
open reading frame (ORF) of about 1.3 kb. The sequence
ACCATGG around the second ATG codon is identical to the
optimal consensus sequence for translation initiation by
eucaryotic ribosomes (26). The region upstream of the
initiator codons contains a number of in-frame stop codons
and has a high G+C content. The ORF ends with a TAG stop
codon at position 1309. A canonical polyadenylation signal
(47) is located 22 nucleotides upstream from an 18-nucleo-
tide-long poly(A) tail. The presence of regions of internal
homology is evident when the 10.2a sequence is compared
with itself in a dot matrix analysis. These sequences that
share homology make up almost 30% of the ORF. They code
for the histidine-rich regions described below.
The predicted amino acid sequence determined from the

1.3-kb ORF encodes a protein of 436 amino acids with a
molecular mass of 47 kilodaltons. The sequence is rich in

histidine (14.7%) and glycine (13.5%). Comparison of codon
usage of this ORF with that of other eucaryotic proteins
(using the CODON FREQUENCY program) indicates that the
codons used in clone 10.2a in general are among the fre-
quently used ones. Three cysteines are present, at positions
276, 382, and 427. A single putative N-linked glycosylation
site (Asn-Phe-Thr) is present starting at position 337.
The N-terminal part of the ORF possibly encodes a signal

sequence. Although there exists no consensus for signal
sequences (32), they are generally between 18 and 25 amino
acids long and comprise three distinct regions: an N-terminal
region (n) variable in length and composition but always
carrying a positive net charge, a central hydrophobic region
(h) also variable in length but enriched in the amino acids
Phe, Ile, Leu, Met, and Val, with very few charged or polar
residues, and a more polar C-terminal region (c) that consists
of five or six residues and seems to define the cleavage site
(45). The N-terminal region of the ORF of the 10.2a se-
quence fits well with this description. It can be divided into
(i) a positively charged n region from Met-1 (or Met-3) to
His-9, with a net charge of +2 (one Arg residue plus the
amino group of the terminal Met residue), (ii) a more
hydrophobic h region from Trp-10 to Ala-26 that contains
three Val, five Leu, and no charged residues, and (iii) a more
polar c region from Gly-27 to Gly-30 or Gly-32, depending on
the location of the cleavage site. The exact cleavage site of
this putative signal sequence cannot be clearly predicted, but
considering the -3/-1 principle of Von Heijne (43, 44), it is
likely to take place either after Gly-30 or after Gly-32.
The predicted amino acid sequence was used to generate a

L K Ts Th B EC

2.8 kb

a -1.5 kb

FIG. 3. Tissue distribution of the cosmid 32 transcripts. The
4.9-kb BamHI fragment from cosmid 32 was used to probe poly(A)+
RNA from the sources indicated at the top (L, adult lung; K, kidney;
Ts, testis; Th, thymus; B, brain; EC, EC cells). The sizes of the two
transcripts are indicated at the right.
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-300 TCCCGGAGCC GGTGAGAGGT CCCTGCTGCT
-270 CCCTTACGGC GCTTTCTAGG CCTTTACCCC AACGAGTGGG CCATAGAGAC GCGGGCCCAG AGAGACCGTA AAGTTGCTGA TCAAAGGCTA
-180 GAGCGGTGTC GGGGGTGGGG GGCTGCATCC AGGAAGGGTG TTGGGGATGA GGTGGACCGG CCTTGGGGAC AATGTAAGAG CGGAGCAAGT
-90 AGTATAGAGG AAGGGCTTCA AGGGACGCGG ATCCCGAATA GGTAGATTGA GAGTCAAGTC GAGTCGTCTC TTGTTCCTCC GGTCAGCGTG

1 ATGIACC ATG_GC CTG CGG GCC CCC CAC TGG GTG GCT GTG GGA CTG CTG ACC TGG GCG GCT TTG GGG CTG CTG GTG
M T M G L R A P H W V A V G L L T W A A L G L L V 25
-----------_- -- - -_

mm

76 GCC GGA CAC GAG GGT CAT GGT GAC CTG CAC AAA GAT GTG GAA GAG GAC TTC CAT GGC CAC AGT CAC GGG CAC TCA
A G H E G H G D L H K D V E E D F H G H S H G H S 50
_ -_ _ _ _ _

151 CAT GAA GAT TTC CAC CAT GGC CAC AGC CAC GGG CAC TCG CAT GAA GAT TTC CAC CAT GGC CAC GGC CAC ACT CAT
H E D F H H G H S H G H S H E D F H H G H G H T H 75

226 GAA AGC ATC TGG CAT GGG CAT GCC CAC AGC CAC GAC CAT GGA CAC TCA CGT GAG GAA TTA CAC CAT GGC CAT AGC
E S I W H G H A H S H D H G H S R E E L H H G H S 100

301 CAT GGC CAC TCC CAC GAT AGC CTC CAC CAC GGA GGA CAT GGA CAT GCC CAT CGT GAA CAT AGC CAT GGG ACT TCT
H G H S H D S L H H G G H G H A H R E H S H G T S 125

376 AGG GAG GCT GGG GCT CCA GGC ATC AAA CAC CAC CTG GAC ACT GTC ACC CTC TGG GCC TAC GCA CTG GGG GCC ACA
R E A G A P G I K H H L D T V T L W A Y A L G A T 150

451 GTG CTG ATC TCC GCA GCT CCG TTC TTC GTG CTG TTC CTC ATC CCA GTA GAA TCT AAC TCT CCC AGG CAC CGC TCT
V L I S A A P F F V L F L I P V E S N S P R H R S 175

526 CTG CTC CAG ATC CTG CTC AGT TTT GCT TCC GGG GGG CTC CTG GGT GAT GCG TTC CTC CAC CTC ATC CCG CAT GCC
L L 0 I L L S F A S G G L L G D A F L H L I P H A 200

601 TTG GAA CCT CAT TCT CAC CAC GCT CCA GAG CAG CCT GA CAT GGA CAC TCC CAC AGT GGC CAG GGC CCC ATT CTC
L E P H S H H A P E Q P G H G H S H S G Q G P I L 225

676 TCT GTG GGG CTG TGG GTT CTC AGT GGG ATT GTC GCC TTC CTC GTG GTG GAG AAA TTT GTG AGA CAC GTG AAA GGA
S V G L W V L S G I V A F L V V E K F V R H V K G 250

751 GGA CAT GGA CAC AGT CAC GGA CAC GGA GAC AGG CAT GCG CAT GGA GAC AGT CAC ACC CAT GGA GAT AGA CAT GAG
G H G H S H G H G D R H A H G D S H T H G D R H E 275

826 TGT TCT TCA AAG GAA AAG CCC AGC ACA GAG GAA GAG AAG GAA GTG GGC GGG TTG CGG AAA AGG AGA GGA GGA AAC
C S S K E K P S T E E E K E V G G L R K R R G G N 300

901 ACT GGG CCC AGA GAT GGC CCG GTG AAA CCT CAG AGC CCT GAA GAA GAA AAA GCA GGC TCA GAC CTG CGT GTG TCT
T G P R D G P V K P Q S P E E E K A G S D L R V S 325

976 GGG TAC CTG AAT CTG GCT GCT GAC TTG GCA CAC AAC TTC ACA GAC GGT CTG GCC ATT GGT GCT TCC TTT CGT GGG
G Y L N L A A D L A H N F T D G L A I G A S F R G 350

1051 GGC CGA GGG CTA GGG ATC CTG ACC ACA ATG ACA GTC CTG CTG CAC GAA CTG CCT CAT GAG GTT GGG GAT TTT GCC
G R G L G I L T T M T V L L H E L P H E V G D F A 375

1126 ATC CTG GTC CAG TCT GGC TGC AGC AAG AAG CAG GCG ATG CGT CTG CAA CTC GTG ACT GCA ATT GGA GCA TTG GCA
I L V Q S G C S K K Q A M R L Q L V T A I G A L A 400

1201 GGC ACT CGT GTG CCC TTC TCA CCG AGG GAG GGG CAG TGG ACA GTG ACG TGG CAG GTG GTG CAG GTC CTG GCT GGG
G T R V P F S P R E G Q W T V T W Q V V Q V L A G 425

1276 TCC TGC CAT TCA CTG CAG GCG GAT TTA TCT ACG TAG CAACAGTGTC TGTGCTGCCT GAGCTATTGA GAGACCGATC
S C H S L 0 A D L S T *** 436

1352 TCCACTGCAG TCACTGTTGG AGGTGCTGGG GCTGCTGGGG GGTGTTGCCA TGATGGTACT GATTGCCCAT CTTGAGTGAG GGGTGAGGTG
1442 ACCTGTCCTT CCCCTAACTC CTAATAAAGG CAGTTGGTAG TCCTGGCCAG TGCTAATGCC AGAAGGAGTG TCAGCCTTGG AGATTAGCAG
1532 AGCCTCTGTT TGAGGCCTTA GAGGTATGAG GATCATACGG AGCATGAGAG GCCAGAAGGA CCACGGAGTG GGAGACTGCC CAGCAGCGTT
1622 GTTGCTTTTG GAAAAATCAA TGGGACCATG AAGAAGACTG GGAAGACGGT AGCCTACCCG ATGGTCCCTA ATCTACGATT TCTCAGCGCC
1712 ACGTGCCGCA GGGGTCCCTC CAAGGCCCAT CTCCCTCTGA ACTAGTTAGT GATGGCTTCA GGGAAGACCT GGCAGAAGGA CTGGGGTAGA
1802 CATCAATCGT GTGTCCTGAT TTGAAGGGGG AGGGGGGCTC CTTGGGAAGA TGTCTCAGCC TGATTTTTTG TCTCTACTCA TTTTATACCA
1892 CTGTTTGAAT GGGTGCGGAG GAACGGTGAC CAGGAA AGACCTTGGA TCTTCGGCCC CAAAAAAAAA AAAAAAAAA

FIG. 4. DNA sequence and deduced amino acid sequence of the cDNA clone 10.2a. The amino acid sequence is shown, in the one-letter
code, under the nucleotide sequence. Nucleotides are numbered at the left, and amino acids are numbered at the right. The sequence
ACCATGG, identical to the optimal consensus sequence for initiation of translation (26), and the canonical polyadenylation signal AATAAA
are boxed. The first in-frame stop codon is indicated by asterisks. Other features of the sequence are underlined: the putative signal sequence
(bold dashed line), the two histidine-rich regions (continuous lines), and the three putative transmembrane domains (fine dashed lines).
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FIG. 5. Hydropathy plot of the predicted amino acid sequence. The hydrophobicity index of each residue, averaged over a window of 21

amino acids by the method of Kyte and Doolittle (27), is plotted with respect to the position along the sequence. Positive values indicate
hydrophobic regions. A, Putative signal sequence; B, C, and D, three putative transmembrane domains predicted by the algorithm of
Eisenberg (12); H-1 and H-2, two histidine-rich regions (see text).

Kyte-Doolittle (27) hydropathy plot (Fig. 5). With the algo-
rithm of Eisenberg (12), three putative membrane-spanning
domains were found in the center of the amino acid se-
quence. The two histidine-rich regions are located before
and after, respectively, the three transmembrane domains.
Charge clusters with histidine-rich repeats. The most strik-

ing feature of the amino acid sequence is the presence of two
charge clusters rich in histidine (Fig. 6). The first region from
residues 40 through 123 is made up of six well-conserved
repeats in tandem. Each repeat starts with one or two
negatively charged residues, followed by a nonpolar residue
and a stretch of 9 to 15 amino acids in which histidine
alternates with mostly glycine or serine. This histidine-rich
sequence constitutes a statistically significant cluster of
charged residues as defined by Karlin et al. (22). The second
region, from residues 252 to 274, consists of two almost
identical repeats separated by a single alanine residue. Each
repeat unit is made up almost exclusively of histidines
alternating with glycines and serines.
An exhaustive homology search, using the FASTA program

of Pearson and Lipman (31), has not shown extensive
sequence identity to any known protein. The search, how-
ever, revealed several protein sequences rich in histidine and
glycine. One group of such sequences includes the bovine
and human high-molecular-weight kininogens (HMWK).
HMWK are plasma glycoproteins that carry the vasoactive
peptide bradykinin and also play a role as stoichiometric
cofactors for the activation of factor XI and prekallikrein in

the intrinsic pathway of blood coagulation (15). The identity
between the clone 10.2a predicted amino acid sequence and
the sequence of HMWK is about 35% in an 83-amino-acid
overlap. It is confined to the first histidine-rich domain of
clone 10.2a and fragment 1 (glycopeptide) plus fragment 2
(histidine-rich peptide) of the HMWK described by Han et
al. (18, 19). The homology includes one Lys-His and seven
His-Gly or Gly-His pairs. Another protein, the human histi-
dine-rich glycoprotein, also contains a histidine-rich region
that is 50% homologous to the histidine-rich region of bovine
and human HMWK (25) and therefore also shares some
conserved His-Gly pairs with clone 10.2a.
The pattern of histidine alternating with glycine or serine

found in the KE 4 sequence has not been described before
but is reminiscent of the pattern found in the paired repeat of
Drosophila melanogaster, in which histidine alternates with
prolinq.in the sequence His-Pro-His-Pro-X-Pro-His-Pro-His-
X-His-Pro-X-His-Pro-His-X-His-Pro-X-X-His-Pro-His (14).
In addition to the paired repeat, the Drosophila gene de-
formed also contains the sequence His-Ser-His-Ser-His-
Ser-His-Thr-His-Ser, which is very close to the motif found
in KE 4 (33).

DISCUSSION

Recently, Abe et al. (1) have searched for expressed genes
in the H-2K region by using two strategies: identification of
unique or low-copy-number sequences that are conserved

MOL. CELL. BIOL.
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FIG. 6. Alignment of the histidine-rich repeats. The first region consists of six repeats (from residues 40 to 124); the second region consists
of two repeats (from residues 252 to 274). Numbers on the left indicate the position of the first amino acid of each repeat. Conserved amino
acids are boxed.

across species, and localization of methylation-free CpG
islands. They identified five novel genes in the K region of
the mouse MHC which they named KE 1 to 5. The gene
present in cosmid 32, for which we have isolated a 2.7-kb
cDNA, corresponds to the KE 4 gene of Abe et al. (1). This
group reported that a nonmethylated CpG-rich island is
present at the telomeric end of the genomic 4.9-kb BamHI
fragment that we used to screen the cDNA library and that
sequences homologous to at least part of this gene are also
present in the genomes of other mammalian species, includ-
ing rat, Chinese hamster, mink, cat, and human. The pattern
of tissue expression of genes KE 1 to 4 (abundant in EC
cells) and their evolutionary conservation suggest that they
may play some important role in embryogenesis. Further-
more, as discussed by Abe et al. (1), these genes must be
considered as candidates for the twS gene, particularly KE 4,
which is expressed in 5.5-day-old embryos, a time when twS
is thought to act (5).
Nothing is yet known of the function of these genes.

Nevertheless, the predicted amino acid sequence for the KE
4 gene allows educated speculations on its functions. KE 4
shows a 35% sequence identity with bovine and human
HMWK over an 83-amino-acid overlap restricted to the
histidine-rich region. This similarity in amino acid composi-
tion might be indicative of a conserved function for this
peptide. It is close to the 25% identity over 100 amino acids
that is generally taken to indicate a genuine relatedness of
two peptides (11). The function of HMWK as a nonenzy-
matic cofactor in contact activation of the intrinsic pathway
of blood coagulation is well characterized. It has been shown
that HMWK is necessary for normal binding of factor XI and
prekallikrein to negatively charged surfaces in the milieu of
the plasma (48). Furthermore, the light chain of HMWK,
which contains the histidine-rich sequence and binds firmly
to negatively charged resins, is essential for the cofactor
activity (41). It is also noteworthy that a loss of procoagulant
activity of bovine HMWK results from a release of the
histidine-rich fragment by bovine plasma kallikrein (24).

Thus, it appears that HMWK binds to negatively charged
surfaces through the histidine-rich region and acts as a
surface-bound receptor for factor XI and prekallikrein (24).
The other histidine-rich plasma protein, histidine-rich glyco-
protein, has been shown to bind heparin with high affinity in
a way that probably involves the histidine residues (10).
The fact that the KE 4 protein may be a transmembrane

protein with a histidine-rich domain like those of HMWK
and histidine-rich glycoprotein suggests the possibility that
part of the KE 4 protein is involved in cellular binding to
extracellular matrix, collagens, or basement membrane mol-
ecules. Assuming that the single potential N-glycosylation
site (position 337) is located on the extracytoplasmic side of
the membrane, the most likely configuration for this protein
would place the second histidine-rich region on the extracy-
toplasmic side as well, a position in which it could be
involved in extracellular binding. The first histidine-rich
region, on the other hand, can be located on either side,
depending on how many membrane-spanning domains are
actually functional between the two histidine-rich regions.
Some binding specificity might be provided by sequences
outside the histidine-rich region or by another molecule
associated with this protein. This possibility is particularly
interesting since the gene products of some t lethal mutations
have long been suggested to be associated with cell surface
molecules that play a role in cell-cell interactions in early
embryos (6).
The characteristic pattern found in the histidine-rich re-

gion of KE 4 has not been described before, but another
sequence, the paired repeat, is also made up of histidines
alternating with other residues, in this case mostly proline.
This sequence, first described in the paired gene of D.
melanogaster, defines (by hybridization experiments) a set
of at least 11 other genes containing related His-Pro-rich
sequences (14). The role of these conserved histidine-rich
sequences is not known, but paired (14), bicoid (7), and
deformed (33), which contain such sequences, are all three
involved in early development and also contain homeobox
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domains. Other genes of this set are suspected of having a
developmental function on the basis of their temporal
expression patterns (14).

Recently, Karlin et al. (22) have developed a statistical
approach for the detection of "significant" clusters of
charged residues in the primary structure of a polypeptide.
They showed that such clusters are lacking for the bulk of
eucaryotic cytoplasmic enzymes and housekeeping proteins
as well as most procaryotic proteins but are abundant in (i)
cellular proteins involved in regulatory functions, including
nuclear transcription factors, steroid and thyroid hormone
receptors, nuclear proto-oncogenes, developmental control
proteins, high-molecular-weight heat shock proteins, and
transactivators of eucaryotic DNA viruses, and (ii) trans-
membrane proteins such as voltage-gated ion channels,
growth factors and neurotransmitter receptors, and opsins
(22, 23; V. Brendel and S. Karlin, unpublished data). The
presence of two significant charged clusters (mixed charges)
in the amino acid sequence described in this report also
suggests that this gene might belong to one of these func-
tional categories of proteins.
To learn more about the protein encoded by KE 4,

antibodies specific for the protein will be used to examine the
spatial localization of the protein at both cell and tissue level.
The temporal regulation will also be analyzed by examining
protein expression in embryos at various stages of develop-
ment.
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