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Summary

We differentially screened a pool of mouse testis clones
in order to identify genes important in germ cell
development. One of the isolated clones was found to be
expressed only in the male germ line where it is first
detected at around the pachytene spermatocyte stage.
This gene maps to a subregion of the /-complex in the
distal inversion near, but not within, the twl8 and the f"0

deletions. A comparison of the I and wild forms of the

gene reveals a high degree of sequence conservation.
This gene is associated with a CpG-rich island at its 5'
end. It encodes a novel protein with extensive a-helical
structure indicative of coiled-coil interactions.

Key words: testis-specific gene, /-complex, distal inversion,
CpG island, mouse.

Introduction

Spermatogenesis, the differentiative pathway by which
diploid germ cells develop into haploid spermatozoa
has been extensively studied in the mouse (for reviews
see Hecht, 1988; Willison and Ashworth, 1987). It can
be subdivided into three phases: a premeiotic phase
starting shortly after birth when mitotic divisions
increase the numbers of diploid spermatocytes, a
meiotic phase when two successive divisions give rise to
round spermatids and a postmeiotic phase (spermiogen-
esis) when extensive morphogenetic changes culminate
in the production of mature sperm (Bellve\ 1979).

The /-complex is a naturally occurring variant, which
occupies approximately 15 cMorgan of the proximal
region of mouse chromosome 17, from a point near the
centromere to a point between the major histocompati-
bility complex (MHC) and the Pgk-2 locus, and which
represents about 1 % of the genome. Alternative forms
of the complex are termed /-haplotypes. The /-complex
results in a range of phenotypic abnormalities affecting
embryonic development and male fertility (Silver,
1985). Males homozygous for semilethal or hetero-
zygous for two complementing lethal haplotypes are
sterile, the former having very few sperm, and the latter
having normal numbers of sperm that are unable to
fertilise eggs (Bennett, 1975; Dooher and Bennett,

1977). Males heterozygous for a single haplotype (+//)
show transmission ratio distortion in that they can
transmit the /-carrying chromosome to up to 95 % or
more of their offspring. One possible explanation for
such non-Mendelian transmission is that the haploid
products of meiosis are not functionally equivalent, a
consequence of gene expression during or after meiosis.
A number of studies indicate that transmission ratio
distortion is caused by the functional inactivation of
wild-type sperm by their / counterparts in heterozygous
animals (Seitz and Bennett, 1985; Olds-Clarke and
Peitz, 1986), an effect that could be achieved by the
selective passage of message or protein between germ
cells.

At the DNA level, it is now known that the region of
mouse chromosome 17 where the /-complex maps has
undergone two major non-overlapping inversions, a
proximal and a distal (Hermann et al. 1986; Artzt et al.
1982) and also two smaller inversions, a centromeric
and a middle (Hammer et al. 1989). These rearrange-
ments are responsible for the low rate of recombination
between wild-type and /-chromosomes in the region of
the /-complex. Rare recombination events generate
partial /-haplotypes comprising proximal, central or
distal portions of the /-complex (Fox et al. 1985), which
are useful tools for the genetic analysis of this region
(Lyon and Meredith, 1964).
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Lyon (1984) proposed a model explaining trans-
mission ratio distortion in terms of a single /-responder
locus (Tcr) and three r-distorter loci (Ted 1,2,3), a
model analogous to that of the segregation distortion
(SD) system in Drosophila (Hartl and Hairaizumi,
1976). In this model, the products of the distorter loci
interact with the responder locus in cis or trans and in an
additive way leading to the 'poisoning' of the wild Tcr
allele thus raising the transmission of sperm carrying
the Tcr on the r-chromosome in +/t heterozygotes.
Making use of partial haplotype analysis, the responder
and distorter elements have been mapped within the t-
complex (Fox et al. 1985) while a fourth distorter locus
(Tcd-4) has also been identified (Silver and Remis,
1987). Expanding on this model, Lyon (1986) proposed
that Ted loci are equivalent to sterility loci Tcs
responsible for sterility in t/t homozygous males while
recessive f-lethal genes confer a selective advantage by
eliminating such sterile males from the population.
Candidate genes for distorter/sterility loci (Tcp-1
Willison et al. 1986; 117c3 Rappold et al. 1987; tctex-1
Lader et al. 1989) and for the responder locus (T66
Schimenti et al. 1988) have now been cloned.

In this paper, we describe a differential screening
experiment that led to the isolation of a testis-specific
cDNA clone that is expressed in a developmentally
regulated manner in the mouse germline. This gene was
mapped to the f-complex and has several features that
suggest that it might play an important role in sperm
development and function.

Materials and methods

Mice
CBA/Ca, C57BL/6 and TO mice were purchased from
Harlan Olac Limited. All r-haplotype mice were bred by Dr
M. Lyon at Harwell. BXD recombinant inbred mice were
purchased from the Jackson Laboratories.

Cell lines
Cell line R44-1 was obtained from Dr L. Stubbs (ICRF) with
the permission of Dr F. Ruddle. The cell line Southern
presented in Fig. 4 was also a gift from Dr L. Stubbs.

Differential screen
Colonies selected from a CBA/Ca testis cDNA library
(Dudley et al. 1984) and stored in microtiter plates at -120°C
were transferred in duplicate onto Whatman 541 paper by
means of a manual replicator (Taub and Thompson, 1982).
The filters were probed with randomly primed cDNA probes
made from 18S sucrose gradient fractionated testis poly(A)+

RNA derived from 2- and 3-week CBA/Ca mice. Poly(A)+

RNA was prepared using oligo (dT)-trisacryl cellulose affinity
chromatography columns (LKB) by the procedure of Chirg-
win et al. (1979). Probe construction was according to Dudley
et al. (1984). M-MLV reverse transcriptase was obtained from
BRL.

Selected clones were colony-purified, and plasmid DNA
from each was digested with EcoRI and Hindlll, electrophor-
esed on agarose gels blotted onto Hybond nylon filters and
rehybridized with the 3 week probe. All clones selected for
further analysis had positive hybridizing inserts.

Northern blotting
RNA was prepared as described by Dudley et al. (1984) and
analysed on denaturing formaldehyde gels as described by
Maniatis et al. (1982). RNA was blotted onto nitrocellulose
and hybridized according to Dudley et al. (1984).

Southern blotting
High molecular weight genomic DNA was prepared from
mouse tissues as reported by Silver et al. (1983). 10 fig of DNA
was digested to completion with specific restriction enzymes
(NBL, BRL), electrophoresed on agarose gels and blotted on
Hybond nylon filters (Amersham) according to Southern
(1975). Filters were baked for lh and u.v. crosslinked
according to the manufacturers' specifications. Hybridization
conditions were 50 % formamide, 5xSSC, 5xDenhardts, 1%
SDS, 200 ngml"1 denatured, sonicated salmon sperm DNA at
42°Cfor 18-24 h.

Probe construction
Probes for Southern and northern hybridization were
prepared using the random oligonucleotide priming method
(Feinberg and Vogelstein, 1984). cDNA inserts were purified
using the Geneclean Kit (Stratech).

Library screening
The t haplotype mouse testis cDNA library (prepared from
t6/twl haplotype mice and kindly provided by Keith Willison)
was screened at high density using duplicate Hybond N filters
(Amersham) which were hybridized at high stringency
according to the manufacturers' specifications. Single colonies
were obtained by two further rounds of screening.

Sequencing
All sequencing, except where stated, was done by the dideoxy
chain termination method (Sanger et al. 1977) using the
Sequenase enzyme and Kit (United States Biochemicals).

Clone 46 was derived from a cDNA library constructed
from testes RNA of CBA/Ca mice using £coRI and Hindlll
linkers in the pUC9 vector (Dudley et al. 1984). Its entire
insert was subcloned into M13mpl8 and 19 vectors and
sequenced from each direction using the M13 universal
primer. Using a single central Pstl site, EcoRl-Pstl and
Hindlll-Pstl fragments were isolated and subcloned in the
same vectors and sequenced using the universal M13 primer.
The sequencing of this clone was completed from both strands
using synthetic oligonucleotide primers.

The insert of clone pBsl3 was subcloned into the pBS SK
vector and sequenced using T3, T7 and synthetic primers.
Due to the presence of two severe compressions at the 5' of
the sequence, which proved refractile to dideoxy sequencing
using dITPs and deaza-analogues or the thermostable Taq
polymerase enzyme, a 5' £coRI-Sai/3A fragment was end
labelled and sequenced with the chemical method of
sequencing (Maxam and Gilbert, 1977).

Hybrid selection
Hybrid selection was performed as described by Willison et al.
(1986) except that the DNA was denatured in 0.4 N NaOH
prior to application to the filters.

In situ hybridization
In situ hybridization to metaphase spreads was carried out as
described by Lyon et al. (1986, 1988).

Computing
The PBsl3 amino acid sequence was used to search the
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protein data banks PIR 20 (National Biomedial Research
Foundation) and 0WL8.1 (Akrigg et al. 1988) by the method
of Collins et al. (1988) using the Smith and Waterman (1981)
algorithm with a PAM 250 and 100 matrix (Dayhoff, 1978) and
a gap penalty of 8. Further DNA sequence analysis was
performed using the GENB ANK data base of the Microgenie
DNA analysis programmes (1988 Beckman, updates).
Further analysis was carried out on the VAX cluster using the
'Wisconsin' DNA package and the EMBL and GENBANK
data banks (Daresbury, England).

Results

Differential screen
Previously we described the preparation of a testis
cDNA library made in the plasmid vector pUC9
(Dudley etal. 1984). Clones expressed more abundantly
in the testis than in the liver or exclusively in the testis
were identified by screening against randomly primed
cDNA probes made from liver and testis poly(A)+

RNA. Of 600 clones originally identified as 'testis
specific', 259 were further screened with randomly
primed cDNA probes made from the 18S poly(A)+

RNA isolated from the testis of 2-week and 3-week-old
mice, in order to distinguish expression in premeiotic (2
week) and meiotic or postmeiotic stages (3 week).
Twelve clones that reproducibly showed preferential
hybridization to the 3 week probe were selected, colony
purified and studied further. DNA from plasmid
preparations of these clones was used to make probes to

screen Northern blots made from total testis RNA from
2-week and 3-week-old mice as well as kidney, liver and
brain RNA. Six of the clones hybridized only to RNA
isolated from the testis of 3-week-old mice and not to
RNA from 2-week-old testis samples or other tissues,
and hence were regarded as showing meiotic or
postmeiotic expression specific to the germ cells (eg.
clone 46, Fig. 1A). The remaining six clones detected
transcripts in all the tissue RNAs examined (eg. clone 1,
Fig. IB). The clones that showed the testis-specific
postmeiotic pattern of expression were used as probes
on Southern blots of mouse and human genomic DNA.
The hybridization data showed that (1) all six clones
were present in low copy number in the mouse genome;
(2) all six showed an identical pattern of hybridization
regardless of the sex of the mouse the DNA was
prepared from, suggesting that none of the clones
mapped to the Y chromosome; and (3) the probes
hybridized to human DNA under conditions of moder-
ate stringency suggesting some degree of evolutionary
conservation (results not shown). One of these clones,
called clone 46, was selected for extensive analysis.

Tissue-specific expression of clone 46
Clone 46 was hybridized to a northern blot of RNA
samples isolated from a wide range of somatic tissues
including testis and female reproductive tract (Fig. 1C).
The resulting hybridization was specific to testicular
RNA even on prolonged exposure, thus confirming the
strict tissue specificity of this gene.

T B K H L
T3 T2 B K L

Fig. 1. Northern blot analysis
. of expression of clone 46 (A,

H K i _ . • " '• " •- ~ C, D and E) and clone 1 (B).
(A) The lanes indicated are T3
(3-week-old testis), T2 (2-
week-old testis), B (brain), K
(kidney) and L (liver). (B) The
same samples as in A on a
different blot probed with
clone 1. (C) Clone 46 used to
probe RNA from L (liver), T
(adult testis), B (brain), K
(kidney), H (heart), L (lung),

§ S (spleen) and F (female
Q reproductive tract). (D) Clone

Q | 46 used to probe RNA isolated
B from the testis of juvenile

animals, the numbers indicate
A g the age of the animal in days.

(E) Clone 46 used to probe
RNA made from the testis of
(1) CBA/Ca mice, (2) tw2/twl

27 24 21 20 18 17 123 (-mutants or (3) T/tw' t-
mutants. Two transcripts, an
upper (faint) of about 3 kb and

^ M & W W a lower (intense) of 2 kb in
size (judged in relation to the
18s and 28s rRNA species) are
present in panels A.C-E.
Clone 1 was isolated from the

same differential screen as clone 46. It has a transcript of about lkb. All blots were hybridised at 42°C for 18h in 50%
formamide, 5xSSC with denatured sonicated salmon sperm DNA (50/jgml"1) as competitor. Washes were in 2xSSC at
room temperature for 30min, followed by O.lxSSC, 0.1% SDS at 55°C for 30min.
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Temporal and developmental expression of clone 46
On a northern blot of RNA samples isolated from the
testis of CBA/Ca mice ranging in age from 17 days up
to 27 days clone 46 was shown to be expressed at just
detectable levels at day 18 (Fig. ID). This suggests that
this clone corresponds to a gene first expressed in late
pachytene spermatocytes/early secondary spermato-
cytes and that its expression is regulated in a
developmental manner. The results showed the pres-
ence of two transcripts, approximately 2 and 3 kb in
size, with the lower molecular weight transcript being
more abundant and accumulating in the later stages of
spermatogenesis (day 24 onwards). These transcripts
could be detected after short autoradiographic ex-
posure (30min) indicating that they are highly abun-
dant in the testis while their absence in testis RNA
prepared from mice younger than 17 days (Fig. 1A)
indicates that both transcripts are specific to the germ
cells. Using clone 46 on northern blots of mouse
embryo RNA no signal was detected between day 10
and the end of gestation (results not shown). This
suggests either no expression of this gene during
embryogenesis or expression in specific embryonic
tissues at levels below detection using northern blotting
of RNA isolated from whole embryos.

Expression of 46 in t-mutant mice
To determine whether there was any variation in the
pattern of expression of clone 46 in the testes of t-
mutant mice, RNA was prepared from the testes of
mice of different haplotypes and probed on northern
blots. Using homozygous and heterozygous animals
bearing either complete or partial f-haplotypes, we
were unable to detect any quantitative or qualitative
differences between these animals and CBA/Ca
(Fig. IE).

Sequencing of cDNA clones
DNA sequencing revealed that clone 46 was a partial
cDNA 1515 bp in length with a Hindlll at its 5' end, the
result of digesting the cDNA with that enzyme during
preparation of the library (Fig. 2). An 870 bp Hindlll-
Accl fragment from the 5' end of clone 46 was used to
screen a ft/twl mouse testis cDNA library. A clone
2028 bp in length was isolated and shown to contain the
entire coding sequence. This clone was called p/fel3 and
is the f-mutant equivalent of clone 46. p/Jsl3 has an
open reading frame starting at nucleotide 72 and ending
at nucleotide 1770, encoding a polypeptide of 566 amino
acids and relative molecular mass 61976 (Fig. 2). A
comparison of the DNA sequence of clones 46 and
pBsl3 showed there are two silent base substitutions at
nucleotides 510 and 789 and a G to C substitution at
position 508 changing a glycine in p/3sl3 to an arginine
in clone 46. The initiation of translation occurs at a
sequence that conforms well with the established
consensus (Kozak, 1984) and is completely identical to
that of the preprovasopressin neurophycin II gene listed
in the same paper. Analysis of the cDNA revealed that
there was no upstream termination codon but genomic
sequencing has revealed that there is a stop codon 75

nucleotides upstream from the start of translation, 3
nucleotides beyond the end of the cDNA (results not
shown). The AAUAAA consensus polyadenylation
signal (Proudfoot and Brownlee, 1976) is present 12 bp
upstream of the start of the poly A tail.

A clustering of CpG dinucleotides is present at the 5'
end of pBsl3 and the presence of single Sacll
(nucleotide 141) and Pvul (nucleotide 187) sites may
indicate the presence of an Hit island at the 5' end of
this clone (Bird, 1986). However, HTF islands (Hpall
tiny fragment) are clusters of CpG dinucleotides in an
unmethylated state and we currently do not know
anything concerning the methylation patterns of pBsl3.
Four G/C boxes (GGGCGG or CCGCCC), which are
usually associated with upstream promotor sequences,
as well as 5' coding regions in a number of genes
including chicken /S-actin and hamster HMG CoA
reductase (Gardiner-Garden and Frommer, 1987), are
also present at positions 39, 92,' 220 and 329.

Analysis of predicted protein structure
Computer analysis of the protein products of clones
pBsl3 and 46 did not identify any potential hydrophobic
membrane spanning domains. Secondary structure
prediction analysis of the protein encoded by clone
pBsl3 using the combined algorithm of Eliopoulos etal.
(1982) reveals extensive o--helical structure in this
protein (Fig. 3). The prominent feature of the cr-helices
is the presence of heptad repeats of the consensus
sequence (abcdefg)n with a high density of hydrophobic
residues occupying positions a (72%) and d (65%) in
this repeating unit. The presence of these apolar
residues at positions a and d in the heptad repeat can
lead to the formation of the a^helical structure through
coiled-coil interactions with similar amino acids of other
repeats (Crick, 1953).

The pBsl3 amino acid sequence was used to search
the protein data banks, as described in Materials and
methods. Stretches of significant sequence similarity
were observed between pBsl3 and mouse laminin
(1606-1764; pBsl3:342-483) chicken apolipoprotein
(125-220; pBsl3:365-460) and with a hypothetical
protein BGRF1 (102-253; pBsl3:177-329) of unknown
function encoded by the B95-8 Epstein-Barr virus
(Baer et al. 1984). These similarities extended over the
regions of pBsl3 that are predicted to be alpha helix
and contain imperfect heptad repeats. However,
comparison of the pBsl3 amino acid sequence with the
proteins encoded by the testis-expressed cDNAs,
including Tcp-1 (Willisonetal. 1986), 117c3 (Rappoldet
al. 1987) and T66 (Schimenti et al. 1988), showed no
sequence identity.

Using the PROSITE database, a number of consen-
sus motifs with a possible significant role in the function
of this protein have been identified in particular a
protein kinase C phosphorylation site, a cell attachment

Fig. 2. Nucleotide sequence of pBsl3. The position of
nucleotides and amino acid differences between pBsl3
(t form) and clone 46 (wild-type form) are indicated. The
poly A addition motif and a CCA repeat are underlined.
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GTGGAGAGAGGGAAGGGGAGGGAGAAAGTGGAGGGGGAGGGCGGAGATACCACCACCACCACCATCACCAGGATGCCAGACGTGAAAGAG

M P D V K E

AGGGCGGCCCGGAAGGAGCCCGGCGCGGCAGACAGCGCCTCCCGTGAATCCCGCGGGGGAAACACCCGGGACAGCGCGAGCAGCGCCAGG

R A A R K E P G A A E S A S R E S R G G N T R E S A S S A R

GGCACCGATCGTGTAGGTTCAACCGTCGCCCGAGCACGCCCGCCCTCACCCCAGGGTCCGCGCAGCGGCGCGGTAAA^ArGGCGCCACGA

+ + + * t + + + __ 1

G T D R V G S T V A R A R P P S P Q G P R R G A V K T A P S

GGTCCCGTGGGCCACGGAGGACTGCGGACTCGCCCGACCTCCCGGTGTCCCCAGCCCTCCGCCCGAGCGAAGCTCCCCTCGGTCACGCGT

+ + + + + + + + +

G P V G H G G L R T G P T S R C P Q P S A R A K L P S V T R

360

C A P L P P S P G K G H L G G T P S S H R L G M T E R V H D

C C
CCTTCCAAGCTTGATTGTCACTTGGAAGAAAGGAGTTTATCTTCAAGCAGCCTGAAAGGCAAGCTCAAGGACACCATGCCCAGCGACTTC

t + + t + + + + +
A S K L D C Q L E E R S L S S S S L K G K V K D T M P S D F

R
TGGGAGCATCTGAATGAGCAGCTGTCAGCCGTGCCCCCCGACTTCAGCTCTGCTCTTGAGCTTCTGAAGGAGATCAAAGAGATCCTGTTG

t + + + + + + + +

W E H L N E Q L S A V P P D F S C A L E L L K E I K E I L L

TCCCTGCTGCTGCCACGGCAGAGCCGCCTGAACAATGAGATCGAGGAAGCTCTGGACATGGAGTTCCnCCAGCAGCAAGCCGACCGCGGA

+ + + + + + + + -t

S L L L P R O S R L K N E I E E A L D M E F L O O Q A D R G

C

+ + 1 + + + + + 1

D L N V S Y L S K Y I L N M M V L L C A P I R D E A V Q R L

540

630

E N I S D P V R L L R G I F Q V L G Q M K M D H V N Y T I Q

AGCCTCCAGCCCCAGCTTCAGGAACACTCCCTCCAGTTTGAGCGGGCTCAGTTCCAGGAGCGCCTCAACAAAGAGCCCAGACTCCTCAAC

+ + + + + + + + +
S L Q P Q L Q E H S V Q F E R A Q F Q E R L N K E P R L L N

+ + + + 1 1 + + +

H T T K W L T Q A A T Q L I A P S A S S S D L Q D C S S S A

990

1531

1711

G P S P S D V A V P E P L S P A M V L S O G F L N L L T W D

1 + + + + 1 + + +

P E N E E F P E T L V A D R P R L Q E L E S Q Q S O L T I L

GCCTCTGTCTTGCTGGTGGCCAGTAGCTTCTCTGACAGTGGTCTGTTTAGCTCACCCCAGTTTGTAGACAAGCTGAAACAAATCACGAAG
+ 1 + + + + + + +

A S V L L V A S S F S D S C L F S S P O F V D K L K O I T K

+ + + 1 + 1 + + +

S L V E D F N S R P E E V H Q S V S E Q V V E E V H Q G L E

+ + + + + + + + +

S M C L A A L S S E N T A S L V G Q L Q N I A K K E N C V R

AGCCTCATTGACCAGCGTATACACTTGTTCCTCAAGTGCTGCTTTCn-CCTGGCTGTGCAGCGATCCCTCTTGGACCTTCCCGGGGGCCTC
+ + + + 1 + + 1 +

S V I D Q R I H L F L K C C F V L G V Q R S L L D L P G C L

ACTCTGATCGAAGCTGAGCTGGCGGAACTGGGCCAGAAG'nTGTCAGCCTGACCCATCACAACCAGCAGGTGTTTGCCCCGTATrACACC

+ + + + + + + + +
T L I E A E L A E L G Q K F V S L T H H N Q Q V F A P Y Y T

GAGATCTTAAAAACCCTCATCTCCCCAGCCCAGACCCTGGCCACCAAAGGTGGGTCTCT

+ + + + +

E I L K T L I S P A Q T L A T K G G S L * *

TGGACCCAGGAGAAAGCGCATCTCCCTGGGATGACATCACCACTGAGCAGCAGGGTCCCCTCTGCCCCACCCCCCACAGCCAGCACACCA

+ 1 1 + 1 + + 1 •

GGGCTGTAACAAGACAAACATGTCAACAACTGGCCCAAACCCGCTCCATAATAAACTTGTGAACTGCAAAAAAAAAAAAAAAAAAAAAAA

1690

AAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAA

2028
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A A + A A A A A + + + A + + A A A

bbcbtTtttchhccf^Thctd 11111H HI U> sttTTTTttttTtcJ 111 III 1111111 htTtTI 111111II111111111H11HH111 hcoooccchN 11111II

481
+ A A + A + A A A

l4^ccBB8ccH4^4+tV^B8B88888bbBbT^ttcdlllllllllllK>»tttbeBB8tccrtt^c<»c ctt

Fig. 3. The pBsl3 predicted amino acid sequence is shown in single letter code. The combined secondary structure
predictions from eight separate methods (Eliopoulos et al. 1982) are shown underneath the sequence and are presented by
the letters H, B and T (a helix, /3 sheet and turns predicted by >5 methods respectively) and h, b and t (a- helix, fi sheet
and turns predicted by <5 methods respectively) and c (ambiguous prediction). The heptad repeats (abcdefg)n (see text)
are labelled by square brackets with positions a and d marked with triangles or crosses (triangles indicate hydrophobic
residues), Potential N-glycosylation sites (•) , a protein kinase C phosphorylation site ( Q ), and a RGD cell attachment
motif (['_"]) are shown. The leucine heptad runs from amino acid 299 to amino acid 320. The amino acid substitution of
arginine for glycine within the putative protein kinase C phosphorylation site is indicated (R).

RGD motif (but no export signal sequence), a leucine
heptad repeat and four potential glycosylation sites
(Fig. 3). The N-glycosylation site at position 248 has a
proline at the C-terminal position, which may suppress
modification at this site (Bause, 1983), although it
remains unknown at present if any of the potential
glycosylation and phosphorylation sites are utilized.

Chromosomal mapping
Southern analysis using clone 46 and the BXD
recombinant inbred parental strains failed to reveal any

Fig. 4. Chromosomal assignment of clone 46. Clone 46 was
used to probe a Southern blot of DNA prepared from a
series of cell lines (see text for description) and restricted
with EcoBA. a indicates an allele (15 kb) common to
Balb/c genomic DNA and the R44 and 167/EJ cell lines
both of which contain mouse chromosome 17. b and c are
alleles (7 and 3 kb) present in Balb/c genomic DNA but
which are not detected in the two cell lines. V79 Hamster
and HeLa are controls for the chromosomal background on
which the mouse chromosomes appear, and CVQE and
MDMD(B)B1 contain proximal and distal portions of
mouse chromosome 17 respectively on monkey or dog
backgrounds. The CVQE and MDMD(B)B1 cell lines do
not contain fragments covering the length of the t-complex.
Hybridization was at 65°C in 0.5M NaPO4 buffer (pH8.0)
and 7% SDS for 20 h. Final wash was at O.lxSSC, 0.1%
SDS at 65 °C. Autoradiography was on Fuji RX film at
70°C for 20 h with intensifying screens.
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polymorphisms using 15 different restriction endonu-
cleases (results not shown).

Somatic cell hybrids were used to determine the
chromosomal localization of the gene corresponding to
clone 46. Cell line R44 has mouse chromosomes 17 and
18 on a hamster background (Smiley et al. 1978) while
cell line 167/EJ has mouse chromosomes 17 and 3 on a
human background (P. Goodfellow, unpublished ob-
servations). On hybridization with clone 46, a 15 kb
allele was detectable in the genomic DNA from both
cell lines, identical to the allele detected in the BALB/c
genomic DNA (Fig. 4). The common allele detected
with these three genomic samples was not present in
hamster DNA. Two other cell lines that had small parts
of mouse chromosome 17 on dog or monkey back-
grounds failed to show the common allele on hybridiz-
ation with clone 46; cell line MDMB(B)B1 has a distal
fragment of chromosome 17 on canine background
(fragment distal to Crya locus spanning through the

MHC to some point within Tla-Qa, Weis et al. 1986)
while cell line CVQE has proximal parts of chromo-
some 17 on monkey background (D. Nelson, unpub-
lished results). Two fainter restriction alleles (7 and
3 kb) present in the £coRI-digested BALB/c DNA
were absent from the R44 cell line indicating that these
represent homologous loci residing on other mouse
chromosome(s) but these have not yet been mapped.
These data suggested strongly that clone 46 mapped to
chromosome 17.

In situ hybridization experiments were performed in
order to confirm the data from the somatic cell hybrids
and establish where on chromosome 17 clone 46
mapped. Chromosome 17 was marked using the
T(l;17)190Ca reciprocal translocation (Lyon et al.
1986), which also carries the distal partial f-haplotype
I*17 and which gives fairly recognisable long and short
marker chromosomes. Metaphase spreads from a
mouse heterozygous for the T190 Ca translocation,

A

B

C
D"~

E

i ^ ^ ^

2 5 \
3 £%$£

L
3 K M

0 10 20 30 40

j
(
1

(

rhl7

hi
3
4

. . s.

—1
-I

1

I I

j=
5
£§§

\

)

1 -

10 20 30 40 SO 60

1 7
1 7

B

Fig. 5. (A) Diagram of grain
distribution patterns after
hybridization of clone 46 to, left,
a normal chromosome and, right,
to the long marker chromosome
of T190. (B) Mitotic cell showing
hybridization of clone 46 to band
17A3 (small arrowhead) on the
normal chromosome 17. The long
T190 translocation marker is
indicated with a larger
arrowhead. (C) Cell showing
hybridization of clone 46 to the
distal third of band 17B (small
arrowhead) carried on the long
T190 translocation marker
chromosome. The normal
chromosome 17 is indicated by
the larger arrowhead.



568 N. D. Mazarakis and others

10kb

8kb

I
^ A B C D Fig. 6. (A) Mapping of pBsl3
^ to the distal region of the

I ! ! mouse f-complex using partial
1OM»- # • fttj haplotype analysis. pBsl3 was
8 k b - *"* ustd to probe a Southern blot

of mouse genomic DNA
digested with the restriction
enzyme Sst\. (A) Lane 1:
Wild-type (TO) DNA. Lane 2:
T/twl DNA. Lane 3: fwl/r2

DNA. Lane 4: fwl8/+DNA.
Lane 5: rwl8/t6 DNA. The
absence of the 10 kb /-allele in
the rwl8/+DNA indicates that
pBsl3 either maps into the twl8

• deletion or lies distal to the
deletion. The presence of both
t and wild-type alleles in f"18//6

DNA shows that pBsl3 maps
distal to the rwl8 deletion.
(B) Lane A: Wild-type (TO)
DNA. Lane B: T/tw[ DNA.
Lane C: twl/tw2 DNA. Lane

B D: th20/+ DNA. The presence
of both alleles in t20/+ DNA
indicates that pBsl3 lies
proximal or distal to the r*"20

deletion. Blots were hybridized
at42oCfor24hin50%
formamide, 5xSSC with
denatured sonicated salmon

sperm DNA (SO^gmP1) as competitor. Blots were washed twice in 2xSSC, 0.1% SDS at room temperature for 30min,
and then in O.lxSSC, 0.1 % SDS for 30min at 65°C. Autoradiography was at -70°C for 72h with intensifying screens.
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have the distal /-haplotype inversion on the long marker
chromsome while the homologous chromosome 17 is
normal and wild type. The data from this experiment
are shown in Fig. 5(A,B,C). 63 grains were detected in
bands 17B/C of the translocated I17 chromosome with
49 grains in region 17A3/B of the normal chromosome.
297 grains were scored with 38 % in the relevant region.
The difference in band position of the grains on the
translocated and normal chromosomes is attributable to
the presence of the /-complex distal inversion. Lyon et
al. (1988) showed that this inversion extends from band
A3 to band C. Thus since the peak grain distribution for
clone 46 is in bands A3-B on a normal chromosome and
bands B-C on a /-chromosome this clone maps within
the distal inversion and near its proximal edge.

Attempts to map the gene more precisely were made
with the pBsl3 probe using an 55/1 polymorphism
detected between wild (TO) and t(wl/w2) mouse
DNA. The proximal partial haplotype twl8 carries a
small deletion at the proximal edge of the distal
inversion, with wild-type chromatin beyond (Bucan et
al. 1989). The haplotype P also carries a small
deletion, distal to and not overlapping the twl8 deletion
(Lyon et al. 1979), and has f-chromatin beyond.
Southern analysis of Sstl restricted genomic DNA from
mice heterozygous for the twl8 and f120 haplotypes
reveals that the / specific 10 kb allele is absent in the
twl8/+ DNA but present in the th20/+ DNA

(Fig. 6A,B). Animals of genotype r18^16 showed both
the / and wild-type allele. Thus, the gene must map
either between the tw'8 and f*20 deletions or distal to the
t*20 deletion.

Hybrid selections in vitro translations
In order to establish whether clone 46 encoded a
protein that was a candidate for any of the polymorphic
/-complex polypeptides (Silver et al. 1983) hybrid
selection/m vitro translation was performed using DNA
from pBsl3 and testis RNA isolated from wild-type
(C57BL/6) and homozygous / (/lv2r7) mice (Fig. 7A).
The results showed that with both RNA samples a
major band was detectable at about 63 x 103 Mr with two
less intense, but specific bands at about 74xlO3 and
52X103 (Fig. 7B). The estimated relative molecular
mass of the major hybrid selected product (63 000) is in
good agreement with the coding capacity of the pBsl3
open reading frame (61976). When these in vitro
products were analyzed on two-dimensional gels the
63 x 103 MT polypeptide focused to a spot with an acidic
pi of about 6.2 and the 74xl03Mr protein band
resolved into two spots of pi of about 7.0 (Fig. 7B). The
52X103 band did not focus under the conditions used.
No polymorphisms were identified between / and wild
mice on two-dimensional gels suggesting that these
proteins do not correspond to any of the /-complex
proteins described by Silver et al. (1983).
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Discussion

Fig. 7. (A) Hybrid selection/translation. RNA was hybrid selected using
clone pBsl3 DNA, translated in the rabbit reticulocyte lysate, the products
separated on a 10% agarose gel and fluorographed. Lane 1: No RNA in the
selection. Lane 2: Selection using 300 ̂ g total RNA isolated from the testes
of C57BL/6J mice. Lane 3: As above using RNA from the testes of fw2/'wl

mice. Lane 4: Molecular weight markers ( C labelled): 97X103

(Phosphorylase b), 69X103 (bovine serum albumin) and 46X103 (ovalbumin).
a, b and c indicate bands at relative molecular masses of approximately 74,
63 and 52X103 respectively. (B) 2-dimensional gel analysis of hybrid selection
products using testis RNA from C57BL/6J mice. Vertical axis is relative
molecular mass and the horizontal axis is a linear pH gradient. From the
position of the strong spot at about 46X103 (endogenous products) which has
a pi of 7.0, and comparisons with the mobility of hybrid selected actin RNA
product (data not shown) the pis of the 63X103 protein (B) and the 74X103

protein (A) were approximately 6.2 and 6.9 respectively.

In this paper, we describe the structure and expression
of a novel gene mapping to the mouse f-complex. This
gene has a strict testis-specific developmental pattern of
expression similar to that described for other f-complex
genes such as T66 (Schimenti et al. 1988) and 117c3
(Rappold et al. 1987). Both these genes are only
expressed in male germ cells and transcripts are first
detected in pachytene spermatocytes as the cells
progress through spermatogenesis. This pattern of
expression has also been demonstrated for phosphogly-
cerate kinase 2 (Gold et al. 1983) and many as yet
uncharacterised cDNA clones (Dudley et al. 1984;
Thomas et al. 1989). The pachytene spermatocytes are
known to be the most transcriptionally active of the
germ cells (Bellve\ 1979) and the increasing number of
cDNA clones which first detect transcripts at this stage
may, in part, reflect this fact. For some of the clones
mentioned above transcripts first detected at the
pachytene stage are also detected in the secondary
spermatocytes and in the haploid cells although in most
cases there is no evidence that the genes continue to be
transcribed in these later cells.

Clone pBsl3 identifies three bands on a Southern blot
of DNA isolated from BALB/c mice and digested with
EcoRl. Data from the somatic cell hybrids reveal that

only one of these hybridizing sequences maps to
chromosome 17. The chromosomal location of the
other two sequences remains unknown but it is
significant that they hybridize only weakly to pBsl3
suggesting that they have only limited sequence identity
to the probe. In contrast, only one peak of hybridiz-
ation, on chromosome 17, is seen on in situ hybridiz-
ation to metaphase spreads. This supports our view that
pBsl3 is not derived from transcripts originating from
the two weakly hybridizing alleles detected on Southern
blots and has its origins on chromosome 17. Signifi-
cantly, we detect two transcripts with pBsl3 on
northern blots of testes RNA and can identify three
polypeptides after hybrid selection. In the absence of
any evidence that pBsl3 is the product of differential
splicing we propose that the larger, and less abundant,
transcript detected on northern blots may be the
product of one of the alleles mapping outside chromo-
some 17. In a similar fashion, the 74xlO3A/r polypep-
tide detected on hybrid selection would be the result of
translating this larger transcript. We have not detected
a third transcript to account for the third polypeptide.

A comparison of the sequence of pBsl3 (t clone) and
clone 46 (wild-type clone) reveals that between
nucleotides 458 (the start of clone 46) and the point at
which the open reading frame is closed (nucleotide
1769) there are three nucleotide substitutions, one of
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which results in a glycine in the t being replaced by an
arginine in the wild-type protein. This substitution
modifies a potential protein kinase C phosphorylation
site, which if utilised could lead to altered function
between the two proteins. Over a similar number of
nucleotides a comparison of the t and wild-type forms of
Tcp-1 revealed 8 base changes leading to 6 amino acid
substitutions (Willison et al. 1986). Within the coding
sequence, then, it seems that clone pBsl3 has diverged
significantly less from the wild-type allele than Tcp-1,
particularly at the amino acid level. The significance of
this is unclear but it may reflect the fact that clone pBsl3
and Tcp-1 are located in the distal and proximal regions
of the r-complex, respectively. There is an increasing
body of evidence suggesting that the history of these
two parts of the f-complex is different. There are many
more partial /-haplotypes with breakpoints in the
proximal than in the distal inversion. In addition, the
strong linkage disequilibrium in the proximal inversion
which has led to all partial haplotypes from this region
having an identical allele for markers such as Tcp-1 is
not detected in the distal inversion. The evidence points
to a mechanism involving segmental exchange in the
distal inversion as opposed to single crossovers in the
proximal (Erhart et al. 1988). An alternative expla-
nation to account for the difference in sequence
conservation between the t and wild-type forms of Tcp-
1 and clone 46 is that due to differences in function
clone 46 protein is under greater evolutionary con-
straints than TCP-1. We are currently extending our
analysis of clone 46 to establish how well the sequence is
conserved between different ^-haplotypes and different
mouse strains.

The data presented here suggest that this gene may
play an important role in sperm development. It is
exclusively expressed in the male germ cells and is first
detectable as the cells prepare to enter spermiogenesis.
It has been mapped to the r-complex, a region of
chromosome 17 known to harbour a number of genes
expressed in the germ line. Furthermore from its
position this gene becomes a candidate for distorter
gene Tcd-2 (Lyon, 1986). The presence of heptad
repeats and an RGD sequence may indicate that this
protein is transported to the cell surface but an
understanding of its role in germ cell development will
have to await further studies.

This work was carried out with the support of the Wellcome
Trust and an SERC postgraduate studentship (N.M.). We
acknowledge Keith Willison and Alan Ashworth for providing
libraries and useful discussions, Lisa Stubbs for Southern
filters and advice and Philip Cunningham for computer
analysis.
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Note: In order to facilitate the positioning of clone 46 on
the mouse gene map, it has been given the name D17
KEN.l. The sequence of pBsl3 has the accession
number X52128 in the EMBL Data Library.


