The EMBO Journal vol.4 no.12 pp.3167—3171, 1985

Analysis of mouse major urinary protein genes: variation between
the exonic sequences of Group 1 genes and a comparison with an
active gene outwith Group 1 both suggest that gene conversion has

occurred between MUP genes

A.J.Clark?, A.Chave-Cox, X.Ma and J.O.Bishop

Department of Genetics, University of Edinburgh, West Mains Road,
Edinburgh EH9 3JN, UK

Present address: A.F.R.C. Animal Breeding Research Organisation, West
Mains Road, Edinburgh, UK

Communicated by J.O.Bishop

Here we compare the exonic sequences of four Group 1 mouse
major urinary protein (MUP) genes and four Group 1 cDNA
sequences. These define seven different nucleotide sequences
which differ from each other by 0.35% of bases on average,
and which would code for seven different MUP proteins that
could probably be resolved physically into at least five classes.
The sequences differ at 13 nucleotide positions and at six
codons, and although they are closely related their descent
cannot be described by a simple series of duplications. We
also describe the sequence of another liver cDNA (pMUP15)
which has diverged from the Group 1 consensus sequence in
14.6% of bases. The divergence is much greater over exons
1 —3 than over exons 4 — 6, suggesting that an ancestral gene
conversion event has occurred. pMUP1S5 also differs from the
Group 1 genes in having a longer signal peptide sequence and
a different splice configuration between exons 6 and 7. Unlike
the Group 1 sequences, pMUP15 contains a potential N-linked
glycosylation site. Other published work has shown that a
shorter cDNA clone which is identical over their common se-
quence to pMUP1S codes for MUP proteins that are unusually
large in size and acidic in pI. We show here that mouse urine
does indeed contain a glycosylated MUP protein with those
properties, presumably the product of the gene that corre-
sponds to pMUP15.

Key words: mouse/major urinary protein genes/variation/gene
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Introduction

Major urinary protein (MUP) is the most abundant product of
male mouse liver and MUP mRNA makes up ~5% of liver
mRNA on a weight basis (Hastie and Held, 1978; Clissold and
Bishop, 1981). MUP mRNA is also found in the submaxillary,
sublingual, mammary and lachrymal glands (Hastie et al., 1979;
Shaw et al., 1983). The protein is made up of a number of dif-
ferent components, many of which can be resolved on one- or
two-dimensional gels. MUPs are under multihormonal control
and different components display different patterns of hormonal
regulation. For example, testosterone stimulates the expression
of some genes more than others in female liver (Clissold et al.,
1984) and thyroxine and growth hormone induce the expression
of different subsets of MUP genes (Knopf et al., 1983). The
mouse genome contains ~ 35 MUP genes (Bishop er al., 1982),
most of which can be classified into two groups (Group 1 and
Group 2), each with ~15 members. The Group 1 genes are
active, while the Group 2 genes are pseudogenes (Ghazal et al.,
1985). In the previous paper (Clark er al., 1985) we presented
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the full sequence of the transcription unit of a Group 1 gene and
a Group 2 gene. Here we present the exonic sequences of three
more different Group 1 genes and two Group 1 cDNA clones
and compare these with each other and with two published cDNA
sequences (Kuhn ez al., 1984). The mRNA corresponding to each
of these sequences could in principle be translated to give a MUP
protein. Seven out of the eight code for slightly different MUP
proteins. The nucleotide sequences are closely related, but the
pattern of their relationships is complex, suggesting that gene
conversion may have played a part in their origin. We also de-
scribe a liver cDNA clone, pMUPI1S, which belongs neither to
Group 1 nor to Group 2 and show that in intron 6 the correspond-
ing mRNA is spliced differently from the Group 1 mRNAs. The
pMUPI1S5 sequence differs from the Group 1 and Group 2 se-
quences by ~ 15 and 17 %, respectively. The distribution pattern
of the differences along the sequences suggests that an ancient
gene conversion event may have occurred between them.

Results
Comparison of the sequences of different Group 1 MUP genes

In the previous paper (Clark et al., 1985) we described the se-
quence of a complete Group 1 gene and a complete Group 2 gene.
We have also determined the exonic sequences of three other
MUP genes (isolated as genomic clones from BALB/c DNA li-
braries, Clark et al, 1982) and of three MUP cDNA clones
isolated from a BALB/c liver cDNA library (Figure 1). The four
genes had all been classified as belonging to Group 1 by DNA-
RNA hybridisation methods. The sequencing data confirm their
close similarity, and show that each one codes for a different
MUP protein (Tables I and III). Two of the three cDNA clones
(pMUP8 and pMUP11) correspond to transcripts of Group 1
genes. Both are incomplete copies of the mRNA, with a defi-
ciency at the 5’ end. pMUPS is 670 and pMUPI11 714 nucleotides
long while the length of the long form of MUP mRNA is 879
nucleotides (Clark et al., 1984a). Gene BL1 and pMUPS are iden-
tical over their common length. pMUPS8 may therefore corres-
pond to the mRNA transcribed from BL1. The coding sequence
of pMUPI11 corresponds to a fifth MUP protein. All of the Group
1 sequences are very closely related. The average divergence
from the Group 1 consensus sequence is 0.35%. The five Group
1 sequences which are different at the DNA level also differ from
each other at the protein level by at least one amino acid.
Table I shows the differences between the regions of seven
MUP genes that code for mRNA. Five of these are described
above. Two more are cDNA clones isolated and sequenced by
Kuhn ez al. (1984). Where possible, the part of intron 6 that is
present in short Group 1 mRNA is included, with intron residue
numbers. Variation is observed at a total of 19 different sites,
of which 14 are present in long-form mRNA. At 18 sites only
two alternative nucleotides are found. At 13 of these sites the
minority nucleotide is present in only one of the seven genes,
at four sites it is present in two genes and at one site it is present
in three. The nucleotide differences listed in Table I affect 10
codons (Table II). Four are silent differences while six are re-
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Fig. 1. Sequence comparison of exonic MUP sequences. The exonic sequences of MUP genes cloned in \ phages (BS6, etc.) and MUP cDNA clones isolated
from a BALB/c liver cDNA library (pMUP11, etc.) were aligned. The first six of these are Group 1 genes and their consensus sequence (Group 1-Con) is
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shown immediately underneath and is compard with pMUP15 and BS2,3. The vertical lines delineate the exons.
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Variation between MUP gene sequences

Table 1. Differences between Group 1 MUP genes

Coding region 3'-non- S’ part of

coding intron 6
11112223455 778 1
05593780723 273 23340
845260654638 351 98906
BS6 CGTGGTTCTCG GCATA
BS5 CGTGATT/ GCG ACT GCGTA
BS1 CGTGGTTGGCA ATT TGTTG
BLI1 CGTGGATCGAG ACT GCGAA
MUPI11 / AGGGTTCGCG GCC AN
1057 GGTAGTGCGCA ATT /AN
499 CGTAGATCGCG ATT AN

* * * * ok

The numbers at the top are the residue numbers of the long form of Group
1 mRNA (coding region and 3'-non-coding region), or residue numbers
within intron 6 (5’ part of intron 6). 1057 and 499 are from Kuhn er al.
(1984). / signifies not known. The positions marked * are those at which a
single minority nucleotide is present in more than one sequence.

Table II. Codon and amino acid changes at the 10 positions at which Group
1 MUP genes are known to vary

Nucleotide Amino acid Consensus Rarer codon
codon
108 -5 CTG Leu CTA Leu Silent
154/5 11 GTA Val AGA Arg
192 24 GTC Val GTG Val Silent
236 39 AGA Arg AAA Lys
270 50 AAT  Asn AAA Lys
286 56 TTC  Phe GTC Val
305 62 TCC  Ser TCG  Ser Silent
474 118 GGG Gly GGT Gly Silent
526 136 CAA Gin AAA Lys
538 140 GAG Glu AAG Lys

placement differences. Of these, five could be expected to pro-
duce a significant difference in the charge of the protein.

Clone pMUP15

The third MUP cDNA clone, pMUPIS, is longer than the two
Group 1 cDNA clones. It extends 30 bp into the 5’-untranslated
region of exon 1 while terminating at the same 3’ position. It
also contains two insertions relative to the Group 1 sequences
(see below). At the nucleotide level pMUP1S is considerably di-
verged from both the Group 1 consensus sequence (14.6%) and
from the Group 2 gene BS2,3 (17.4%) (Table IV). It has an open
reading frame 186 amino acids long which begins at the ATG
homologous to the Group 1 and Group 2 genes and terminates
at the homologous TGA stop codon. The signal peptide region
is 66 nucleotides long, 12 nucleotides [four CTG (Leu) codons]
longer than that of the Group 1 genes. The region correspon-
ding to the mature protein is the same length as in the Group
1 genes. The divergence of pMUP15 and the Group 1 consensus
is reflected at the protein level. The two sequences differ by
56/182 amino acids (30.7%).

The sequences of both pMUPS8 and pMUP11 show that corre-
sponding RNA transcripts were spliced to yield a 45-bp exon
6. The same pattern of splicing is seen in three other Group 1
MUP cDNA clones (Clark et al., 1984a; Kuhn et al., 1984).
S1 nuclease protection experiments and Northern blot anaiyses

Table ITI. Amino acid patterns at the six known variant sites of Group 1 MUP
genes

11
135534

190660

BSI VRNFQK
1057 VRNVQK
BLI VRKFKE
MUPI11 RRNFQE
499 VRKFQE
BS6 VRNFQR
BSS VKN/ QE

The patterns are arranged in order of charge, with those likely to produce a
more positive protein at the top. The numbers at the top are the residue
numbers of mature Group 1 MUP protein. Amino acid 56 of BSS is not
known.

Table IV. Divergence between 5’ and 3’ regions of various MUP genes

Comparison % Divergence
Total sequence Exons 1—3 Exons 4—7

Group 1-Con. versus pMUP1I5S  14.6 20.4 11.1
BS2,3 versus pMUP15 17.4 222 14.4
Group 1-Con. versus BS2,3 13.0 12.2 13.5
Consensus versus Group 1-Con. 4.5 4.9 43
Consensus versus pMUP15 8.9 15.2 5.2
Consensus versus BS2,3 7.2 6.8 7.7

Group 1-Con. refers to the consensus sequence of the six Group 1 genes
sequenced. Consensus refers to the consensus sequence of the comparison
between Group 1-Con., MUPI1S5 and BS2,3.

confirm that this is the prevalent mode of splicing of the Group
1 MUP gene transcripts (Clark et al., 1984a). In contrast the
transcript of pMUP1S has been spliced to yield a 76-bp exon
6. In principle these different splicing patterns could be due to
differences in the region of the Group 1 donor site, in the MUP15
donor site (within intron 6 of the Group 1 gene), or in the com-
mon acceptor site, or it could be due to some combination of
such differences (Busslinger et al., 1981; Fukumaki et al., 1982;
Felber et al., 1982; Treisman et al., 1982, 1983). The gene cor-
responding to MUP1S has not yet been isolated, so that a com-
plete comparison of the introns is not possible. However,
examination of the homologous sequences in the Group 1 genes
shows that the splice point that generated pMUPI1S occurred
31 bp downstream to that which generated the two Group 1
cDNA clones. In the Group 1 consensus sequence (Figure 1) the
sequence immediately 3’ to this point is GTTGGT, which is quite
close to the donor site consensus GTARGY. Presumably this
sequence, or a closely related counterpart, exists in the MUP15
gene and acts as a functional donor site. However, since there
is no divergence between pMUP15 and the Group 1 consensus
sequence in the region of the donor site which generates the
shorter (45 bp) exon 6, the precursor of pMUP15 mRNA may
itself be spliced in two configurations.

. Minor MUP proteins are glycosylated

Szoka and Paigen (1978) failed to detect glycosylation of MUP
proteins, and indeed the known sequences of the Group 1 genes,
which probably code for the bulk of MUP, do not contain an
N-linked glycosylation site. However, Kuhn et al. (1984) found
a potential glycosylation site in the sequence of p199, a cDNA
clone that is less complete than MUP15, but identical to it over
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Fig. 2. Glycosylation of a minor MUP component. Purified MUP was
fractionated on a column of Con-A-Sepharose. The fractions were resolved
by IEF (1-—3) and SDS-PAGE (4 —6) and stained with Coomassie blue.
Tracks 1 and 4, fractionated; 2 and 5, unbound, 3 and 6, bound to Con-A-
Sepharose.

their common length. By hybrid-selection followed by cell-free
translation of the hybridised mRNA in the presence of the dog
pancreas membrane fraction to effect post-translational modifi-
cation, Kuhn et al. (1984) showed that p199 is homologous in
sequence to mRNA that codes for a group of four proteins that
migrate more slowly through an SDS gel than most of the MUPs
and are also more negative in charge. That is, they show the
characteristics expected of glycosylated MUPs.

Our interest in MUPIS led us to ask directly whether mouse
urine contains glycosylated MUP proteins, and whether these are
the proteins identified by Kuhn ez al. (1984) as coded for by a
gene or a small gene family which is homologous to p199 =
MUP15. The MUP proteins were isolated from the urine of both
BALB/c and C57BL mice and fractionated on Con-A-Sepharose
columns. Both the fractions and the unfractionated MUP proteins
were resolved on SDS gels and also separately by isoelectric
focusing, and the gels were stained with a general protein dye.
Urine from both strains contained a minor fraction of MUP pro-
tein that binds specifically to Con-A-Sepharose, and which mi-
grates more slowly on SDS gels and is more negatively charged
than the bulk of the MUP protein (Figure 2, only BALB/c
shown). Only the band that was retained by the Con-A-Sepharose
was stained with a thymol-H,SO, stain specific for glycosylated
proteins (data not shown).

Discussion
Group 1 genes are active

All the available evidence indicates that BS6 is a true gene in
that it appears to have all the DNA sequences necessary for cor-
rect transcription, processing and translation. The BS6 promoter
region is active in fibroblasts in association with the SV40
enhancer (P.Ghazal and J.O.Bishop, unpublished experiments).
The translation of BS6 and three other Group 1 genes, BS1, BS5
and BL1, would yield acidic proteins of the size of MUP. A
number of lines of evidence show that Group 1 genes are the
most abundantly expressed in both BABL/c and C57 livers. (i)
6/8 independently isolated cDNA clones correspond very closely
(<0.5% divergence) to the Group 1 consensus sequence (Clark
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etal., 1984a; Kuhn et al., 1984; and this paper). (ii) Under strin-
gent washing conditions Group 1 genes hybridise considerably
more strongly to end-labelled liver mRNA than do other isolated
MUP genes (Clark et al., 1982). (iii) From MUP mRNA hybrid-
selection-translation experiments and signal intensities in Northern
blot hybridisations, Kuhn er al. (1984) estimated that the ratio
of Group 1 sequences to p199-type (MUP15-type) sequences in
total C57BL liver mRNA is ~ 10. Similarly, Clark et al. (1984a)
found the ratio of Group 1 to Group 2 mRNA in BALB/c liver
mRNA to be ~ 10.

About half of the 35 MUP genes are pseudogenes (Ghazal et
al., 1985). Of the active genes, one or two are identical or very
similar in sequence to MUP15 (Kuhn et al., 1984). Thus out
of the total of ~ 18 active genes we have extensive data on the
coding sequences of eight, including about half of the Group 1
genes.

Group 1 genes may be related through gene conversion

The seven Group 1 sequences contain a non-random distribution
of differences at 19 sites. At 13 sites one sequence differs from
all the others. We have argued that the 45-kb units that contain
the Group 1 genes are closely related to a common ancestor
(Clark et al., 1984b; Ghazal et al., 1985). If so, these single-
incidence differences may be explained as relatively recent mu-
tation events. The three different bases present at another site
are also consistent with independent mutational changes. At the
remaining five sites two different nucleotides are each present
in more than one gene (see Table I). The distribution of changes
at these five sites may be used in an attempt to establish a pedi-
gree of relationships between the genes. The inter-relationship
of the entire set can be explained only by supposing that multiple
mutations to the same base have occurred at several of the five
sites. However, there is no evident reason why this should have
occurred. Two of the sites are in the 3’ non-coding region, and
the others correspond to Leu—Leu, Asn—Lys and Glu—Lys,
respectively. Furthermore, no simple series of recombination
events between any two postulated ancestral combinations of the
two variants at each site can explain the observed sequences. The
most likely explanation of these relationships would seem to
involve gene conversion superimposed on gene duplication.

Group 1 MUP genes code for different protein products

Five of the six Group 1 sequences described here code for pro-
teins that differ from one another by at least one amino acid.
Two of the sequences described by Knopf ez al. (1983) code for
two additional Group 1 proteins. The greatest pair-wise difference
is three amino acids. The pattern of differences present in the
seven protein variants is shown in Table III, where the proteins
are listed in order of probable net charge. It is likely that these
proteins could be resolved by sensitive methods into at least five
components. In fact the two-dimensional gels of Knopf er al.
(1983) and Kuhn ef al. (1984) show that the main size class of
MUP protein resolves into five charge components.

PMUPI5 may have been generated by an ancient gene conver-
sion event

In contrast to the differences between the Group 1 consensus and
BS2,3, those between pMUPI1S and the Group 1 consensus and
those between pMUP15 and BS2,3 are distributed non-uniformly
along the sequence. In the latter comparisons the first three exons
are considerably more diverged than the last four (Table IV).
One possible explanation for this is that the 3’ regions of MUP
genes are under stronger selective constraints than the 5’ regions
and are not as free to diverge. If this were the case, the ratio




of replacemnet site to silent site differences would be greater in
exons 1 —3 than in exons 4 —6. The corrected frequencies of
replacement site and silent site differences (Perler e al., 1980)
are 14.4% and 11.6%, respectively, a ratio of 1:2. The frequen-
cies over exons 1 —3 are 27.5% and 22.4%, a ratio of 1.2 and
over exons 4 —6 they are 9.8% and 8.9%, a ratio of 1.1. Thus
the disproportionate conservation of exons 4 — 6 of pMUP15 and
the Group 1 consensus seems not to be due to selection. Another
possible explanation for the non-uniform divergence between
pMUPIS5 and other MUP genes is gene conversion. The fact that
pMUPIS is equally divergent from the Group 1 consensus and
BS2,3 suggests that the 3’ region of a gene ancestral to both the
Group 1 and Group 2 genes may have converted the homologous
regions of MUPIS (or vice versa) at about the same time as the
onset of divergence of the Group 1 and Group 2 genes. Alterna-
tively, the 5’ regions of MUP1S or the Group 1/Group 2 ancestor
may have been converted by a more distantly related MUP gene.
The two different regions of divergence define a notional junc-
tion between exons 1 —3 and exons 4 —7, with twice as much
divergence to the 5’ side as to the 3’ side of the junction (Table
IV). Genomic clones corresponding to pMUP1S are not yet avail-
able so that it is not possible to determine precisely the positions
of the boundaries of the proposed converted region. However,
given that the difference in degree of divergence occurs between
exons 3 and 4, a boundary must occur in intron 3. In both BS6
and BS2,3 this intron contains a long stretch of the repeated di-
nucleotide GT (Clark ef al., 1985), which has been found at the
boundaries of putative regions of gene conversion (Proudfoot and
Maniatis, 1980; Shen et al., 1981).

Materials and methods

Cloned DNA

The isolation of MUP genomic clones and subclones is described in Clark et
al. (1982, 1984b) and Bishop er al. (1982). pMUP11 and pMUPI15 were isolated
from a cDNA library prepared by using poly(A)* RNA from female mouse
(BALB/c) liver as a template for oligo(dT)-primed DNA synthesis by reverse
transcriptase. Single-stranded cDNA > 1 kb in size was isolated by polyacrylamide
gel electrophoresis and made double-stranded with DNA polymerase I and reverse
transcriptase. After treatment with nuclease S1, fragments >1 kb were again
isolated by polyacrylamide gel electrophoresis, treated with DNA polymerase
I and cloned into Smal-cleaved pUC8. White colonies were isolated into micro-
titre plates and screened with mouse DNA isolated from the genomic subclones
pBS6-5-5 and pBS2-2-2 (Bishop er al., 1982) by the method of Gergen er al.
(1979). The methods used differed only in minor ways from standard procedures
(e.g., Maniatis et al., 1982) and will be published in detail elsewhere (A.Chave-
Cox, unpublished data). The propagation of bacteriophage and plasmid clones
and the isolation of DNA were carried out as described (Clissold and Bishop,
1982; Clark et al., 1982; Bishop et al., 1982).

DNA sequencing

The exonic sequences of BS1, BS5 and BL1 were obtained by sequencing from
nearby restriction sites using subclones generated in M13mp8 and M13mp9 and
M13tg130 and M13tg131 (Kieny et al., 1984). The cDNA inserts were excised
from pUCS8 at the polylinker, recloned into M13mp8 and sequenced by the pro-
gressive method of Hong (1982).

Fractionation of MUP with Con-A-Sepharose

Urine was collected from 8- to 10-week-old mice by bladder massage, dialysed
overnight against distilled water, and fractionated on a column of Sephadex G-100
developed with 0.2 M NHHCO,. Fractions containing MUP were lyophilised
and dissolved in 50 mM Tris-HCI, 500 mM NaCl, 1 mM MgCl,, 1 mM MnCl,,
1 mM CaCl,, pH 6.0. 2 ml (20 mg) of protein was passed over a 7 ml column
of Con-A-Sepharose-4B (flow-rate 3.6 ml/h) which was thoroughly washed with
the same buffer, and the bound fraction was eluted with the same, containing
0.17 M Naj,-tetraborate. The agarose IEF gel (170 mm running length X 110 X
3 mm) contained 0.74% agarose, 8.75% sorbitol, 3.1% pH 4 —6 ampholines
and 0.8% pH 3 — 10 ampholines (both Pharmacia). The electrode solutions were
0.5 M H,SO, and 1 N NaOH. Focusing was for 90 min at 1000 V and 30 min
at 1500 V. Acrylamide IEF was performed on 5% preformed plates (LKB Pagplate
1804-111) containing 2% pH 4 —5 ampholines. The electrode solutions were 1 M

Variation between MUP gene sequences

H;PO, and 1 M glycine. Focusing was for 3 h at 1400 V. The SDS-PAGE sep-
arating gels contained 15% acrylamide, and the spacers 6%, and the gels were
run for 6—8 h at 0.12 mA per mm? cross-sectional area. Glycosylated proteins
were stained by washing polyacrylamide gels twice (2 h each) in 10 volumes
of 25% isopropanol, 10% acetic acid, for 2 h in the same solution containing
0.2% thymol, and for 2.5 h at 35°C in 80% H,SO,, 20% ethanol.
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