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ABSTRACT: The murine 8-glucuronidase structural gene (Gus-s) has been isolated from a BALB/cJ sperm
DNA bacteriophage library and its nucleotide sequence established. The gene is organized into 12 exons
comprising 17.5% of the 14 009 base pair (bp) region spanning the interval between transcription initiation
and the putative site of polyadenylation. A TATA box sequence, embedded within a GC-rich region, is
found 28 bp upstream from the transcription initiation site. Eleven members of the Bl family and eight
members of the B2 family of murine repetitive elements were identified within Gus-s and 2440 bp of flanking
sequence. Other novel sequences found within Gus-s, including a (AC),s homocopolymer tract within intron
3 and a 23 base pair complex direct repeat within intron 9, are presented and discussed.

’Ee murine f§-glucuronidase gene complex, designated
[Gus], provides an excellent model system for examining the
structure and function of mammalian regulatory elements
which serve to control and modify gene expression. The GUS
structural gene, Gus-s, and three GUS-specific regulatory
elements, identified through characterization of natural var-
iants of GUS expression, define the GUS gene complex on
chromosome 5 of the mouse [for a review, see Paigen (1979)].
Three common alleles of Gus-s (-52, -s%, -s%) specify allozymes
which differ in electrophoretic mobility, heat stability, or both
(Paigen, 1961; Swank et al., 1973; Lalley & Shows, 1974).
Specific alleles of each of three GUS regulatory elements
(Gus-r, Gus-t, and Gus-u) are associated with specific alleles
of Gus-s, and these associations define three common haplo-
types, [Gus)?, [Gus)?, and [Gus)?, and several rare haplotypes.
The effects of each regulatory variant on the expression of
GUS have been examined in considerable detail at the cellular
and biochemical levels.

Gus-r, a cis-active regulatory element tightly linked to Gus-s,
controls the androgen responsiveness of kidney GUS mRNA
(Palmer et al., 1983). Recently, a rare GUS haplotype,
[Gus)?, was described in which kidney GUS does not respond
to androgen (Lund et al., 1988). [Gus]° represents a cis-
active, “null” variant of the androgen response of kidney GUS
which may represent either a mutant form of a novel, GUS-
specific response element or an allele of Gus-r. To date, no
androgen-responsive element has been identified in an an-
drogen-responsive gene. Structural and functional comparisons
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of DNAs within and surrounding the GUS structural gene
between this variant and haplotypes which respond normally
could provide identification of this element.

A second element, Gus-u, is tightly linked to Gus-s and
controls in cis the levels of GUS synthesis in all tissues at all
times (Lusis et al., 1983). In addition, a third regulatory
element, designated Gus-t, is tightly linked to Gus-s and exerts
an additional control in trans over GUS synthesis in certain
tissues (Meredith & Ganschow, 1978; Lusis et al., 1983).
Recent preliminary studies from our laboratory strongly infer
that the control of the rates of GUS synthesis by Gus-u and
Gus-t is not exerted through control of GUS mRNA levels
(Wawrzyniak and Ganschow, unpublished experiments).
Systematic comparisons and genetic manipulations of the
DNA within the GUS gene complex could reveal the DNA
determinants of these regulatory elements.

Clearly, efforts to identify the DNA determinants of the
GUS-specific regulatory elements require the characterization
of the GUS structural gene (Gus-s). To this end, we have used
a GUS ¢cDNA,! pGUS-1 (Palmer et al., 1983), to isolate a
series of overlapping bacteriophage clones which span Gus-s°.
Determination of the entire nucleotide sequence from one
haplotype provides molecular access into the GUS gene com-
plex and allows the design of experiments to identify the
differences in DNA structure within [Gus] which are causally
related to differences in regulation among the GUS haplotypes.

MATERIALS AND METHODS

Materials. Restriction enzymes, T4 DNA ligase, and M13
sequencing primer (17-mer) were purchased from New Eng-
land BioLabs, Inc. T4 polynucleotide kinase, RNase T1, and
T3 polymerase were obtained from Bethesda Research Lab-
oratories. Sodium 2’,3’-dideoxynucleoside 5’-triphosphates,
sodium 2’-deoxynucleoside 5’-triphosphates, and M13mp18

! Abbreviations: bp, base pair(s); cDNA, complementary DNA; RF,
replicative form.
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and M13mpl9 phage RF DNAs were purchased from
Pharmacia P-L Biochemicals, Inc. Bluescribe vector was
obtained from Stratagene. Avian myeloblastosis virus reverse
transcriptase was obtained from Life Sciences, Inc. The Rapid
Deletion Subcloning Kit was purchased from International
Biotechnologies, Inc. Bacterial alkaline phosphatase and
RNase A were obtained from Sigma. Low-melting agarose
was purchased from Seakem. NA45 paper was purchased
from Schleicher & Schuell. Radionucleotides were obtained
from New England Nuclear Products/Dupont.

Identification of Cloned Genomic DNAs. A murine
BALB/cJ sperm DNA library, constructed in Charon 4A in
the laboratory of Leroy Hood and kindly provided by Jerry
B. Lingrel, was screened for GUS genomic clones. A nick-
translated (Rigby et al., 1977) GUS cDNA clone, pGUS-1
(Palmer et al., 1983; Gallagher et al., 1987), was used as a
hybridization probe to screen approximately 10° recombinant
phage in this library by in situ hybridization (Benton & Davis,
1977; Maniatis et al., 1978). Cloned genomic DNAs identified
in this manner were purified (Maniatis et al., 1982) and
characterized by restriction mapping with EcoRI, BamHI, and
HindIII

DNA Sequence Analysis. Restriction fragments from
MGus-1, AAGus-4, and AAGus-5 (see Figure 1) were isolated
by gel electrophoresis through low-melting agarose or by
electrophoresis onto NA45 paper according to the manufac-
turer’s instructions. Purified fragments were ligated into
M13mpl8 or M13mpl19 and transformed into E. coli IM109
(Messing et al., 1981; Yanisch-Perron et al., 1985). M13
clones too large to be sequenced completely were modified by
rapid deletion subcloning according to Dale et al. (1985),
creating a nested set of subclones. Single-stranded M13
templates were sequenced by the quasi-end-labeling adaptation
of the dideoxy chain-termination method (Duncan, 1985). The
products of these reactions were separated by electrophoresis
on denaturing 5% and 6% polyacrylamide gels. Gels were
dried under vacuum with heat and then autoradiographed.

In addition, several genomic DNA fragments were 5’ end
labeled with [y-3?P]JATP (3000 Ci/mmol) by T4 poly-
nucleotide kinase, following treatment with bacterial alkaline
phosphatase, and sequenced by the method of Maxam and
Gilbert (1980). Sequencing reactions were run on denaturing
6% and 20% polyacrylamide gels. Gels were dried under
vacuum with heat and then autoradiographed.

Resulting DNA sequences were entered, stored, and ana-
lyzed with the Microgenie DNA Sequence Analysis Program
from Beckman Instruments (Queen & Korn, 1980).

Exon Mapping. A 2.6-kb EcoRI-HindIII genomic frag-
ment containing the putative first exon and flanking sequence
of Gus-s (see Figure 3) was cloned into a Bluescribe vector
between the HindIII and £coRI sites. The insert was oriented
such that transcription from the T3 RNA polymerase promoter
(Melton et al., 1984) yielded a [3?P]UTP-labeled transcript
containing sequence complementary to that of the sense strand
in the corresponding exon sequence within GUS mRNA. The
resulting antisense RNA was isolated in low-melting agarose,
visualized with ethidium bromide staining, and excised. This
RNA was removed from the gel by phenol and phenol—chlo-
roform extractions, precipitated with ethanol, and resuspended
in 15 uL of hybridization buffer (Melton et al., 1984). The
radiolabeled RNA was added to 100 ng of total kidney RNA
from androgen-treated female mice, heated to 85 °C for 15
min, and hybridized at 45 °C overnight. The products of the
reaction were treated with RNase A (40 ug/mL) and RNase
T1 (500 ug/mL) for 30 min at 30 °C, after which SDS was
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added to a final concentration of 0.02%. Proteinase K was
added to a final concentration of 0.15 ug/uL, and the reaction
was incubated for 15 min at 37 °C, extracted with phenol and
phenol-chloroform, and ethanol precipitated. To assess the
extent of RNase protection of the probe, samples were ana-
lyzed on a denaturing 6% polyacrylamide gel.

Primer Extension Analysis. Primers for primer extension
analyses were generated from a 2.5-kb Kpnl-EcoRI subclone
of M13 containing the putative first exon of Gus-s and 5/
flanking sequence (Figure 4) extending to the 5’ most EcoRI
site in Figure 1. The M13 universal 17-mer primer was hy-
bridized to this M13 clone, quasi end labeled (Duncan, 1985)
with [-3?P]dATP (3000 Ci/mmol), and extended with avian
reverse transcriptase in the presence of 2.5 mM dNTPs. The
resulting double-stranded M13 DNA was divided into two
aliquots, one of which was digested with Poull and the other
with Sacl. The digestion products were run on a denaturing
5% polyacrylamide gel to isolate the single-stranded primers
which were located by autoradiography and excised. The
DNA was eluted from the gel overnight at 37 °C in 0.5 M
NH,OAc~-1 mM EDTA and collected by precipitation with
ethanol and resuspended in 12.5 yL of 0.1X SET (1 mM
Tris-HCl, pH 7.5, 0.5 mM EDTA, 0.1% SDS).

Total RNA was isolated according to Chirgwin et al. (1979),
and poly(A+) RNA was prepared by oligo(dT)—cellulose
chromatography (Aviv & Leder, 1972). The hybridization
solution contained 6 ug of poly(A+) RNA, [a-3?P]dATP-la-
beled primer [(~3-5) X 10° cpm), 33.2 uL of hybridization
buffer (Degen et al., 1987), and 50% formamide with a final
volume of 98.7 uL.. After overnight incubation at 39 °C, the
nucleic acids were precipitated twice with ethanol and dissolved
in 20 uL of reverse transcriptase mix (Degen et al., 1987). The
extension reactions were incubated at 37 °C for 1 h and
stopped by ethanol precipitation. The samples were analyzed
by electrophoresis on a denaturing 6% polyacrylamide gel,
which was then dried and autoradiographed.

RESULTS AND DISCUSSION

Isolation and Mapping of Murine GUS Genomic Clones.
A BALB/cJ mouse DNA library was screened for GUS
structural gene sequences with the murine GUS cDNA probe,
pGUS-1 [for description of this probe, see Palmer et al. (1983)
and Gallagher et al. (1987)]. From 10° phage screened, 24
positive clones were isolated. Characterization by restriction
enzyme mapping, as described under Materials and Methods,
revealed five unique, overlapping clones, designated AAGus-1
through AAGus-5, which span approximately 40 kb of DNA
(Figure 1).

Nucleotide Sequence of Gus-s with Reference to Available
GUS c¢DNAs. Restriction fragments from the genomic clones
MAGus-1, AAGus-4, and AAGus-5 were used for DNA se-
quencing (see Figure 1). Generation of DNA fragments and
clones for sequencing, as well as sequencing techniques, is
described under Materials and Methods. The sequencing
strategy showing the informative clones is depicted in Figure
1. For 98% of the gene and flanking regions, both DNA
strands were sequenced or determined more than once in in-
dependently derived subclones. The sequence of the remaining
genomic DNA was determined with single subclones. Se-
quence comparisons between overlapping murine GUS cDNAs
(Gallagher et al., 1988) and GUS genomic DNAs permit
identification of the 3’-terminal 10 exons of Gus-s and most
of the exon which immediately precedes this group. The 5/
end of the incomplete exon was localized 18 base pairs up-
stream of the 5" GUS cDNA termination point (Gallagher et
al., 1988) by comparisons of our genomic sequence with
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FIGURE 1: Organization of the murine 8-glucuronidase gene. (A) Overlapping genomic clones of the A haplotype are shown with a kilobase
scale. The stippled area within the partial restriction map marks the boundaries of Gus-s. Restriction sites indicated in (A) and (B) include
the following: B, BamHI; C, Sacl; D, Dral; E, EcoRI; H, HindIll; K, Kpnl; L, Sall; M, Mnll; N, Hincll; P, Pst]; R, Rsal; S, Sphl; T,
Taql; V, Poull, X, Xbal. (B) The enlarged region from (A) shows a partial restriction map of Gus-s with darkened blocks indicating exons
and stippled areas representing introns. (C) Locations of Bl and B2 repetitive elements are designated; the solid arrowheads represent Bl
elements, and the open arrowheads represent B2 elements. The orientation of the arrow represents the direction of transcription from the putative
RNA polymerase III promoters of these repeats. The vertical height designates the relative size of the element. (D) Sequenced fragments
of the gene; arrows represent the area and direction sequenced; double-ended arrows designate complementary clones sequenced.

published rat GUS cDNA sequence (Nishimura et al., 1986)
and with consensus splice junction sequences (Mount, 1982).
However, this exon does not represent the first exon of Gus-s
since DNA sequence encoding the amino-terminal 10 amino
acids of mature mouse GUS (A. J. Lusis and K. Wilson,
personal communication) is localized within an open reading
frame approximately 1.5 kb upstream at nucleotide positions
79-108 in Figure 2.

Identification and Characterization of the First Exon and
the Major Site of Transcription Initiation. We have utilized
several approaches to identify and characterize the first exon
of Gus-s. Initially, we searched in the upstream direction of
the GUS genomic sequence for a continuation of the rat GUS
c¢DNA sequence similarity not represented in the previously
identified 11 exons of Gus-s. The continuation of sequence
similarity to rat GUS cDNA sequence begins at residue 222
in Figure 2. This continuation begins on the appropriate side
of a donor splice junction consensus sequence, is separated by
1660 base pairs from the 5’ end of the first of the previously
identified group of 11 exons, and continues uninterrupted
through the 5 end of the published rat GUS cDNA to residue
8 in Figure 2. This similarity includes sequences encoding the
amino-terminal 10 amino acids of the mature GUS poly-
peptide, a 22 amino acid signal sequence, and all or a portion
of the 5" untranslated sequence of Gus-s. That this sequence
represents almost all of the first exon of the Gus-s transcrip-
tional unit is inferred from results of nuclease protection and
primer extension experiments described below.

In order to size the putative exon 1, a restriction fragment
containing the putative first exon of Gus-s plus 3’ and 5/
flanking sequences was ligated into the Bluescribe vector as
described under Materials and Methods and in the legend to
Figure 3. The antisense strand of this insert was transcribed
in the presence of [*2P]UTP, hybridized to total RNA from
androgen-treated female mouse kidney, and digested with
RNases A and T1, and the products were separated on a 6%
polyacrylamide sequencing gel. The results, shown in Figure
3, reveal a RNA:RNA protected fragment comigrating with

a 220 base pair marker (Figure 3). This result indicates that
the size of the putative exon 1 is approximately 220 nucleotides.

To identify the site of transcription initiation, two nested
antisense primers containing a portion of the putative first exon
were created from a single M13 subclone (Kpnl/EcoRI). Both
primers begin at the same restriction site (Kpnl, residue 200)
yet end at staggered positions (Poull, residue 52; Sacl, residue
121) within the exon (See Figures 2 and 4). Each radiolabeled
antisense primer was hybridized to mouse kidney poly(A+)
RNA and extended with reverse transcriptase, and the prod-
ucts of extension were separated electrophoretically in a 6%
polyacrylamide sequencing gel in parallel with a chain ter-
mination sequencing reaction of the Kpnl/EcoRI M13 sub-
clone from which the primers were derived. As shown in
Figure 4, the length of each extended primer corresponds to
an extension which terminates in a doublet at a T residue of
the antisense strand of Gus-s corresponding to the A nucleotide
designated as residue 1 of Figure 2 in the genomic sequence.
This A residue lies 12 base pairs upstream from the beginning
of the sequence which encodes the signal domain of the GUS
polypeptide. That this site represents the beginning of the first
exon, and thus the Gus-s transcription initiation site rather
than an acceptor splice junction, is strongly supported by the
size of the protected fragment in the exon sizing studies and
the unambiguous absence of an acceptor splice junction con-
sensus sequence at or near this residue.

Another experiment utilizing a primer derived from within
exon 2 results in an extension product whose size concurs with
that found in the extension studies described above. Moreover,
these results substantiate that intron 1 contains no coding
sequence for GUS mRNA (data not shown).

Taken together, the results of cDNA sequence comparisons,
primer extension analyses, and nuclease protection studies
enabled us to define the structure of Gus-s.

Features of Gus-s. Gus-s spans 14009 bp from the point
of transcription initiation (Figure 2, residue 1) through a single
polyadenylation signal (AATAAA) at position 13995
(Proudfoot & Brownlee, 1976) to the first in a stretch of 14
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CTCACATAAA AATCAGGGCA CAAAGCACCC CTAACCCCTT
TGAGCTCCAA GCTCAGTCCC AACATACAAG GCAGAGGGGC
CTTGGGACTT ACAGGGTAGA AGGAGGAACA ACTCCAGCCA

ACTAAGATAT AATAAGATGG AT

B2

TTTAG

TTCCAGGGGA

AACATCCATA TGTTATTTAT ATCTTTGAGG TTACTATGTA

TCTAGGGAAG TTTTTTGTAG TTGCTGCTGT TCITAGIGTT
B2 CTGTGGAGGC TAGAAGAGGT CATTCGATCC TCTAGGAGIG

GAAGAACACC TAATGCTCTT AACCACTAAG CCAT

CCTTTAACCT
CATACCTGTG
TGTAGGTATT
Bl

CCCAAATCAA

TTCAACTCRA
Bl g :

1 CGAAGGAGAG
roLysGluSe

GTACCGGCAG
pTyrArgGln

TCCCCTTGTG
GTTTCIGCTA
GCCCTGTGTG
GCTCCCACTT
TAGAATCCTA
TCCCTGCTCT
TCCTACCTCG
GTGTGCTACA
GTGCCTTTAA
CTCCCAGGTT
GAGAGGACAT
CAGGGTCTGG
TCTTTTTCCA
GGCGCAGTCG
GAATGACCCT
ACAGGATTTC

2 ATGCCTGTCC
MetProValP

GATGGACCCA
rgTrpThrGl

GCAGTCTGGG
CTCTTCTGGA

3 GTGGTGGAAC
ValValGluH

ACAACACACT
snAsnThrle

CAGACTTCCC
AGAAGGTAGA
GAGGCGCATT

ACTATGCGGG
snTyrAlaGl

GGAATCCCGG
TAGCCCTCCC
GACAAGTGGG

aaaaactaaa
CCACAG

GGCT
lyLe

GACAGGGAAC
yThrGlyAsn

GTGATGTGGG
TTTTTCGGTC

CTACCTGCAC
CTTGGCCAGT
TGTAACAACA

AACGAATCAA
AGATTTAGGT
ATCTGAGCAC
GGCTGCTGCA
AGTTCTACTC
TCAGTGTCTC
GAGGCAAGCC
CAAGCGACTT
CGGCTTCTCT

GTATGTCCCT
MetSerLle

CCCGTOGCGG
rProSerArg

COGCTACGGG
ProleuArgG

CTCACCTAGA
GGCAGGCGCT
TGCTTGICAC
TAACTTTCCT
GGAGATGCTA
CCTTTCCTAC
TTTCCTATTG
CAGTACATGT
CCCACCAAGT
GCTAGAGTTA
TGCCACCACA
TCTTTCCTGT
TCAACTGTCC
TGAAGAATAG
GAACGTCCAT
ATCGGTGGTA

CTTCTAGCTT
roSerSerPh

AGATACCGAC
nAspThrAsp

CTGTCCAGAA
AGGGGGTACC

ATGAGGGAGG
18GluGlyGl

GACCCCTCAT
uThrProfHis

CATAGGGAGA
ACCAGTGCCT
TAAARAGCGA

ACTGCATCGA
yLeuHisArg

CGGGAGGCTC
CTGCCTCATT
GTCTTGTCTA

GGTGACCTAC
uValThrTyr

CAGGGTCAAC
GlnGlyGlnL

ACTGGGGCTA
ACTTTGTGGG

ACGGTCATTG
TTTACTCATG
ACAACAACAA

TGTTTGCTCA
GGTCATGTGA
CCTTCCTCAG
TTTTGAACTC
CCAGAGIGTG
CCTCTTTCTG
CGAGRACATG

AAAATGGAGT
ulLysTrpSer

GAGCTCAAGG
GluLeuLysA

AG
1u
GTGCGCGC
GGAGGTTAAT
GCCCCAGGCA
TACTGAGCCT
GAGTGTTGTA
CCCACTACAG
CTAGGTAGGG
GGCTCTCTCC
GGAGGTTGGA
CATCTCACCA
CAAGTGATGA
GGCCTTCTCT
TTTAGACTGG
TGCAGAGTTC
ACCCARATCCT
CTTCCTGGCT
GGCCAGGGCT

CAATGACATC
eAsnAsplle

ATGAGAGTGG
MetArgValVv

GGGCTCTGTG
CGAGACAGAC

TCACCTCCCC
yHisLeuPro

ACCCTTCCGC
ThrLeuProP

ATGGTTCTAG

GAGGTTGTCT
CACAGATAAT

TCTGTGGTCC
SerValValL

TGTGCTAGGC

TGGATTTCTG
TrplleSerV

TTCAGGTTCC
euGlnValPr

AGGAAGGTCC
AGAGTCCAGC

TATCTC
GTATACACAC
CTGAGAATCA
ATGGGGAACC

AGCCTGI‘TAG
ACCGTCATCG
AGACCTCTAA
TCATCCITTC
AGGGAAGGAG
CAGAGTCCAG
TGACTCTTCC

GCGTGTTGGG
AlaCysTrpV

CGCTGGACGG
laLeuAspGl

TCCCTGGGAC
ATGGGTTTGC
ATGGATTTTT
TTTGTTTIATG
GATGTTTGTG
AGATTTGGGG
TTGGCGCAGA
TCTTCCTICTC
AGATAACTTG
GCTCTGTGTG
ACCACCACAC
GTTTCCTTGG
CCTGTGGCTC
ACTTGTGGAT
TCTCTTTAGC
GCACCTCTCA
TTACCAGCTG

ACCCAAGAAG
ThrGlnGluA

TGTTGAGGAT
allLeuArgTl

TCATGGGTCA
AGCAGAGCCC

TTTGAGGCTG
PheGluAlaA

CGGGGACCAT
roGlyThrIl

CTCTGGATCT
TCTGATCTGC
GGACCTTTGT

TGCAGGGCAG
alGlnGlySe

CAGTGCCAAC
oSerAlaAsn

TTTGCTGCCA
TGTGAATTGT

AGCTGGGAAG
TTCTGAGATG
GACATCATCT

TTCAATTCTG
GCCTATCCTT
TATTTTCTGT
GAGTTAAARA
TCTAGCCCTC
ATCTGAAGCA
TTTCTTCTGT
TTCTCTTGTG

TCGCGCTGGG
alAlaleuGl

ACTGTGGCAC
yleuTrpAis

GGGCCCCTGT
TTTCCATGGA
GCAGCCAGTA
CAGAGTCTCC
TCTGCTAGGA
AGCCACATCC

CAGCCCTTCG
laAlaLeuAr

CAACAGTGCC
eAsnSerAla

GAGAAGGGTT
TGTGGCCATT

ACATTAGCAA
spIleSerLy

CGTCTACAAG
eValTyrLys

GATGAGACCG

ACATGTGCAC
TTTCCCACCC

CCCTACCACT
rProThrThr

TTTATCTCAA

CGRACATTTC
rGluHisPhe

CTCTGGTGGC
LeuTrpTrpP

CCTGGTGACA

D’AMORE ET AL.

ACAGTAAAAG GTGAATCTTT GGCTCCAGCC AACCAGTTTA ATGGGGITCG
GCTTAGTGAA TACAGGIGTC TGCTCCCAAG TCTGATGACT GAGTTCIGTC
GATCT'I’CACA CAGTGCAGGC ACACATGCAA ATTAATATAT AAATAAACAA

GOCTCCAAGG GTACTTCACA CACCTAGTAC ACACTGATAG GTGCAGGCAA
CTACCTCAAC ATCCTGAGAG CTGGCGTAGA TGAGAAGCAC CATGTCCAGT
TTCCCAGGGT TGCACTGGCA TGTATGICTA TGCACCACAT GGTCCAGTGC

AIGGTTGTGA GGCTGCCATG TGGGTGCTGG GAATCAAACG GGGTCCICTG
CCCAGCAAAT AAATAAATAA ATAAGTCAGT CCTTTTAAAA AAAGGATTGA
GGCACCTGAAR ACATAAACAC TCAAATATAA ATAAGTGGAT TGGAAGCTAG
TCAGCGTCAC CCCCAACCCC TTAACAAGCA TACTGGTAAT TGCAACAAAA
CTTAAGTTCA GCAGGCTTTA ATAATGCTTT AGGGAGCAGG GCAGTGGTGG

A GCCAGTTT AGACTAACTA AACAGAGCTC TCTGGAAAAA
GGCTCAGTCT GAAAATCCAA ATGCACACCT TGGGGTGGTT GTATCTTTAG
CAG GIGGCATATG CCTTTAGTCC CAGCACTCAG

AAGAACTGGA AACTAAC

AAGACTCGCT TAGCTGTATA TGTACTTGCC

TGGAGTGATG GA’I‘TGGGGGT GGGGGTGGGG TGAGAGTTAC TAAGACCACT
TTGTGACTCG AATGACATCA CACAGGTCCA GGAGACACTT CTTTCATGGC
AGCTTCGAAC CTGCCTGCGT GTCCTTTCCA GGCTTTAATA ACAAACTCCC
TGAAGAAARCA GTGGGATCAG GGACTTCAGG GCTTCTTTCA GATCTTAGCC
TAATAGATGT GAGGCAGGCA GCGGCTGACG TCAGGCATAT GGGGAAACGA
TCTAGATAGC CTTGAGCCAG CAGCTGTACA AGCGCTTGCC CTCAACCAAG

TCTGCCCTCC

CCAGCCGCTG

GTCGGTGGGC

CCAGCTGCTG TGCAGCTGCG CGCTGGCTCT GAAGGGCGGG ATGCTGTTCC
yGlnLeuLeu CysSerCysA laleuAlale ulysGlyGly MetLeuPheP

TTCCGCGCCG ACCTCTCGAA CAACCGGCTG
PheArgAlaA spleuSerAs nAsnArgLeu

GAAGCTTCCA GAAGTCAGGG GATGGGCGGA
GGGGAGCGAC CAGAGCAGGA AGTGGGACCT
TTTTTTAAAG CTTTTAATTT TACTTCATAG
GIGTCTCCTT CGATAACCTA GGCTGGCCTG
CTGCATCCCG GTGCACATAC CTCCCATGCT
AGGAGGGGGG AGCAAATGTG ACTTTGCACA
AGCAAACCTG TGTGCTCACA GTCTCCTCCT
TTGTTTAAAA TGTGTACCCA TTATTTATGT
GTCTCACCTA GGTCACAGGG ATGTAACTAA
AGACAGCGAC TCACATTAAC CTCCGACTCA
CTCTCAGTTT TCAACTGCAC TGCCCAGCAT
TCCCTGCTGT TGGCCTTCTT CCTTGTAGCA
AATCTTGGCT CTGGTACTAT CTGCCCTGAG
TTTTACAGAG TCTCTCCCCT GTGTCCCCTA
TGTATCCTCA GGTCAGCCTC AGATATACTA
TTACTGGTGC GCTCCGCCAT GATTGGCTTA
CCAGCACGTG ACTCCACTTC TTCTTTCCCT

GGACTTTATT GGCTGGGTGT GGTATGAACG
gAspPhelle GlyTrpValT rpTyrGluAr

CATTATTATG CAGTTGTG
HisTyrTyrA laValVal

GT CAGTATAGGG
GCTTTGTGGG CTCCATTAGA ACACCATTCT
TACCCTCTGC TCATCTCICC TTGTGTCTGC

GCTGGTCCAG AGTGGGCCCC TGACCACCTG
sleuValGln SerGlyProl euThrThrCy

ACTGACACCT CCAT
ThrAspThrS erMe
GTGAGC AGCATCCTCC
GCGTCGCATG CTAGGAGGGA AAGTGATTGC
TGTGGTGTAC ACACACACAC ACACACACAC
TAG
GTATCCC AAGGGTTACT TTGTCCAGGA
tTyrPro LysGlyTyrP heValGlnAs

TACATCGATG ATATCACTGT GATCACTAAT
TyrIleAspA splleThrVa 1IleThrAsn

AGCTGACACC TTTCTGGTGG GTCTTCCTTT
TCCTTCCTCC CTGTAACTCC TAATCTCTGC

CCTAAGGGGA CTTCTGGAAG TGGI‘ATGA’I'I‘

CAGCTAGAGG TGCAACTTTIT GGATGAGGAC
GlnLeuGluV alGlnLeuls uAspGluAsp

CTTACCTGAT GCATGAGCAT CCAGCCTACA
roTyrLeuMe tHisGluHis ProAlaTyrM

GCAGGCAACC AGGACAGGTG GCTAAATGGG
AGATCATGTT CTGGTTAAAG ACAGAGACTG

CAGGGTTTCG
GlnGlyPheG

GGGATGCCTG
GGCATGCTGA
TGCTGGGACT
GATGTCCGGG
CTTTCCCATC
GAGCTAGCAG
CTCTCAGATT
GGGGTGGGGG
GGTCATCAGG
TAGCCATGTG
TCAGCAAAAG
ATGGTCACTG
AAAGAACTTG

AGCAGCAATG
1uGlnGInTr

TACCTGGAGA
GAACCGCATG
TGAACCCAGG
TGAATCTCTT
TTGTGAAAAG
AGGACCCTCA
CATTCATTCA
GGCGCCACCC
CTTAGTGCTA
CTCCCTTAGC
AGGAAGTARG
CCTTTTATGT
GTTTGAACAG

TGGTTCTCTA
TGAAGCAGAG
TACAATGCTG
AG
TCGGGCCC
SerGlyPr

GGAAGCAATC
gGluAlalle

AGAGGTTGGC

TCCATCTGAT

AG
TGGGTGAA
TrpValAs

CCGGATCACG
sArgIleThr

cceeeeceee
TGGAAGTTCT
ACACACACAC

GGGTGCTGGG
GATAGCCAGG
GAGTCGGAAC

AGTCTTGGAC
oValleuAsp

CTGCCACGGC
LeuProArgA

TGGGGGCAAG
GGCGGGGGELC

TGGGATTCAT
nGlyIleHis

ATTGCCATCA
IleAlaTIleA

TCCTGCCCAG
CAGGCCAGCT
ACACACAGAG

CACAAGCTTT GACTTCTTCA

pThrSerPhe

GTGGAGCAAG
ValGluGlnA

AARAGGCTTC
GCAAGGAAGT
ACAGI‘AAGAT
GATATCCTGT

GGCAAAGTCG
GlyLysValv

TGTACTCCTT
etTyrSerle

TACTGTCTGA
TCATTTCTGC

AspPhePheA

ACATCG
splleG
GTGA
AAGCATCTTT
GAGGACCAAT
'I"I‘Taaaaaac

TGGCCCATGG
alAlaRisGl

GGAG

uGlu
GTAACG

GATTTCCGGC

ATCTCAAGTG

-2201
-2101
~2001
~1901
-1801
-1701
-1601
-1501
-1401
-1301
-1201
-1101
-1001
-901
-801
-701
-601
=501
~-401
-301
=201
-101
-1

100

200

300
400
500
600
700
800
900
1000
1100
1200
1300
1400
1500
1600
1700
1800

1900

2000

2100
2200

2300

2400

2500
2600
2700

2800

2900
3000
3100
3200
3300
3400
3500

3600

3700
3800
3900
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QBGBGCIQQA_IAGIGBGBQQ_QIGIQIQBBA_QAAI

ACILLULAA

CAGTGT
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CGAGCAGTCG CTGAGGTCAG CCTGGTCTCC CTAGTGRATT CCAAGACAGC
C(IIACCTCCC AACAAAACAA ATCccaaaac aG'I'I‘GAGCl‘G_’L‘QﬁI‘QQQACA

W&ccuaaca AAACATAAOC
AGAATCAGGA GTTCTAGGTC ATCCTTAGCT ACAAGTGAGG
GTGAGGCCTT CCTGTTGGGT GACGCTCAGT CCACCTGGAT

ACTACTACAC
spTyrTyrTh

CGAGGATTCA
sGluAspSer

CCTTCCTGTC
rLeuProVal

GAT
Asp
GTGAGTT

ITGTGTGCTG
AGGTCACGCA

CCTTTCGTAC
erPheArgTh

GCTACC

1LeuPr
GTGA

AGTTTTGGCA
SerPheGlyA

ATGAGCCTTC

snGluProSe

ATTCAGCCTC
ATCAACCCAC

ATTTATTTTT
TGATCTACCA
CCTCTCCTTC
CAGRACAAGA
CAGTGCTAGG
AAACACATGC

CTGTTTGTGG
GCCCTGCTGT

CAGCCACTAT
rSerHisTyr

GTGCCCGCCC

ACGAGTCACT
snGluSerLe

CTCTGCTCTG
rSerAlaLeu

TGTAGGCAGT
CAAAATTGTG

GGGATTCGAA
GlyIleArgT

GGAGCTGTGG

TGAGCCTACA

CTCCTAG
ATC
Ile

CCCTACTCAG
ProTyrSerG

CCTCGCCGTC

TCOGGCACCAC
uArgHisHis

AAACCCGCCG
LysProAlaA

CGGGACCATG
GGTTTTCTAC

GITIGITIIG

AGTGGATTTT
TACCATGGAA
TCTCAATCGG
ATTGCAGTGT
TAAAACTATA

GTCCCCAGGC
GTAGCACAGG
GCTCTCTCAC
GGAAACCACT

CAGTGGCTGT
hrValAlaVa

CATCAATGTG
TAGGGTGGAC

CGAGGGAAAG
ArgGlyLysG

AGGAGGTACT
luGluValle

TACGATGCCC

CTAGAGGTGA
LeuGluValM

CATATTACTT
laTyrTyrPh

GAAGTCAACC
CCATTGACCC

TTCCCTGGCT
TGAGATTGAT
TTGAACTCCG
CTGGTCTCAA
ACCTGACATT
TTGTGATTCT

CACAAAGAGC
1ThrLysSer

TGGCATGTTG
GGGGTGAGTC

GCTTCGACTG
lyPheAspTr

TCAGCTCTGT
uGlnLeuCys

AGCGTCCCTA

TGGAGGAGCT
etGluGlule

TAA

ely
GTGAGTG

ATAACCAGGT

TCCTAATCAT

GGCCTCAAAC
TTITAATTTA
ATCACTGGGC
GTTTGCTAGG
CATTCATTCA
TTGATTGATT

mmmmmmmm
CTACATGAGA CTGTATTTTA AAAAARAAAA AAAAACTCCA GTGGTGTGGG
GCCACATCGG CTCTCCTAG

G TGAAGGTGAC AACAACTGAG TCTGTGACTG
V allysValTh rThrThrGlu SerValThrA

AAGTTCCTCA TAAACGGGAA GCCCTTCTAT TTCCAAGGGG TCAACAAGCA
LysPheLeul leAsnGlyly sProPheTyr PheGlnGlyV alAsnLysHi

GGAGTCATTG ATTTCTCCIT CCCCTACCTC TGTGCCCTGG GAAGATACCA
CAGGGGCGGG GCTTTAGAAG AAAGTGCGAA CTCTCCAGTC ACAAGGGTAG

GCCGCTACTG GTAAAGGATT TCAACCTGCT CCGTTGGCTC GGGGCAAATT
pProLeuleu VallysAspP heAsnleule uArgTrpleu GlyAlaAsnS

GACCGATACG GGATTGTGGT CATCGATGAG TGTCCCGGTG TGGGCATTGT
AspArgTyrG lyIleValVa 1IleAspGlu CysProGlyV alGlyIleVa

CCTTGTCTTC GAGCCTTIGG TGACCTTITC CTCTCTGCCT CCACAG
TCAG
oGln

GGTTCGCCGG GACAAAAATC ACCCTGCGGT TGTGATGTGG TCTGTGGCCA
uValArgArg AspLysAsnH isProAlaVa 1ValMetTrp SerValAlaA

CTCTTTCTTC CCTGGGCTTA GTTCCGGTCT GGCCTTAGCA CTTTGGCCIG
GGATAGGTGC TGTGATGTCA GTATCCCCTT CATCACTACT GGAGACCCAA
ACTTGAGATG AAATCCCGAG TTTCCTTGGA TTCACACAAC TGTAGAGTTT

AGAACTTTGG ATTTTCTGTA ATTTTAGTAA
TGGCACTGAT CCCTTTGGTC CCAACTTCTG AGATTCTGGG ATTACACGCA
TTTCTGTGTG TGCCATGGCA CACAGGTGGA GGTCAAAGGA CAGCTTATGT
TTGGCACTAA GGGCTGGGCT CACTTACTGC CTGCTCCTCT TTTTTTTTIC
TAGCTAAGGC TGGCCTTGAA TTCCTATTCC TCCTGTTTCT GOCTCCTACT
TGCATTCATG CATGCATGCA TTCATTCATT CATTCATTCA TTCTAGATGG

TGCATGCTAG
GTCACATAGA
CCGCCCCCCA
AAAGGAGTCT
GAGGTGGTAA
TTTTGAGAGG
CTCCAATAGT
TTGTTAATTC
COCCCTCTTA
ATGGGGAAGA

ATCACCCACA
IleThrHisT

GGTGGTCTCC
GGGTTARAGG
ACCCTGACAA
CTGTCCCGGG
aactagttaa

B1 Trcea

10

GCCAGTGCTC
GGCAACCGAA
ACCATGAAAG
CCACCCGCAG
GGAAGATGCA
GCGGGGCTCA
GATCTGTGCT
AATTCAACAC
TTGCTGCCAC
CGGGAAGGAA

CCAAAGCCCT
hrlysAlaLe

ACACTCCACG
GACTAACTTC
GAGAAAAGGC
GGACCTGCCA
aaTAGCTAAC

CAGT
TCCCATCGAG
GCTTCTTAAT
TATTTTTIGG
GTTGAGAACT
TTCATTCAGG
GGTCTTATGT
TCGTAGGTCC
TAATGCCTTT
CGCCTCTGCC
AGGGAAAGAG

GGACCTCACC
uAspLeuThr

CCTCTGCTTG
CTGCTAACTC
CTGGTAGTCA
CCTCCTCATG
TAAttaaaat

TGCTACATCG

AGCCACAGTC
CAGCCTTCCT
TACCTGGAAT

CTTCATCTGC CATGAGACTG TCACAGCCTT CTGGATGAAT TATACTGCTT
AACACTGCGG CCCTTTAATA CAGTTCCTCA TGCTGTGGTG ACCCCTCCOCC
TTTGCTGTTA CGAATCCTAA CGTAAATATT TTTGGAGATA GAGGTTTGCC

CCTIGTICIC
GACATCAAGA
CCAAGGCAAT
CAGGAACCAA
CCTTCAAGAG
ATTTTGGTTT
ACAGGTGTCT

CGTCCCGTGA
ArgProValT

GTCTTTAGGC
ACACGGCGTA
AGAGTACTTG
CACATATARA
agttaactag

CATGCTGTAG
ATAAAGCCAG
ACACAGCCTT
ACTCTAACCC
GCTTCCCTGA
GTATTCATCT
TAAGAGCCCT

CCTTTGTGAG
hrPheValSe

TTGTGCTTAC
GGCAATGTGG
TTGTTCTTAC
AGGGGAAACA
ttaaaaAATA

CTGCATCCCG ACTCCACGAR GTAGTATTTT GAGCTCCCAG ACTTTTTGAG
GACTGGGTAG GCTGGAGTAC CCCAGAGTGG CTTTTGCTAA TTTIGGAGCTG
CATATAAGAA GAGTAACGAT CAAAAAGATG TAAAAGAAAA AAAAAATAGT
TAGACTAGCC ATTCTATTGG GTCCTCTCCT CTCCATTCCT CCTGGCTCAA
CTCTTAATTT ARATCATGGG CCTCCACCCA CAGCCTTACA GGGAGCCACA
CTGCTCTCAT GGCTCCGGAC AGCCACAGTG TTAGCAGIGA GCTACCACTG
TCCCAGATTG ACGACGAGCC TGTCTTCTGC CTTTCATGGA CAG
GACGCTG
sThrleu

CAACGCCAAA TATGATGCAG ACCTGGGG
rAsnAlalys TyrAspAlaA spleuGly
GT GAGCCTGGAG TGGGGGGGGG
TACCAGCTAA GCAGCAGTGG CCAGTCCAGC CGTTTCACGA GTGGGCTTCT
CTTCTAACCC CAAGAAGGCT GGGCTGGATC CGGGACAATG TACTTGTTTA
AGAGGGCCAG AGTACGGTTC CCAGTCCCCA CATGATGGTG ACTCAGCCAT
GCCATTTATT AATTTTCTAA ARATAGTTTA AAATAATAGt taaaatagtt
ATAAGTTaaa atgacaagag cCcAl
AG] A

CATGCCTGAC
ATTGTTCCAA
TTTTTAATIT
TAACCCCAGA
TCTAGCCACT
TTGTACCCCT
TGTCCCCAGG
TGACACATAG
GCAAGGCCAC
CAGCAGCCTT
CTATTCTGAC

ATCATGACTA
yrAisAspTy

TGGAGCAGAC
rGlyAlsAsp

GACCCGGCCT
CTTTGATGTT

GTGAGCCCAG
AGAGCTTGCT
GARPATTGAGC

GTGCCTAGCC

TTAGGAAGTG
ATTGTTTCTA

ATGCTACTTC
GAGAGACTAG

acaagagccc llbllAGCCC lbbbllblbl blbrLlLlAG AACCCACCCT
AGTGCTTGCC CTAACTTCCA TGTGGACTCA GAAGGCTTTA CTGGGCGCCC
ATCCAGTCAC CACAGCCTGG AGAGGGTGTG TGGTCCCTTG GAAAGACCTC
CTTGGGTGAC ACTGGAGGCT AGCTAGCTAG ACACGGAACT TTTTTTTTTT

TACGTGCATT
GTCAGCTCTG
CACAGCACTG
ACCCCTCCAA
GAGGCAGARA
AAGTTTAGAT
AGGAGACCAG
AGTCCCAGTA
CTCAGTGTGT

TGGGCATTTG
rGlyHisLeu

GCAATCCCAG
AlaTleProG

CAGCTCCCAG
TCCACCCTGC

GGIGCTITIGL
TAGACTCAGA
CCTTCTCAAT
TGCCTGGCCC
GGTAGGTGTG
CGGCCAGTTT
GAACAGAACT
TTATATATTA
GAGGGGTAAA

GAGGTGATIC
GluVallleG

GGATCCACGA

CTGCATGTGT

ACTCTTTGAT
TATAAATCAG
TARATTAAGG
AGTCAGTGCA
GCTAGATATA
AGAATGAAGT
GCCCCGTTTG
TTCACTCGAC

AGCCACAGCT
1lnProGlnle

G

lyIlefisGl u

GCACCTCICT
ATTCTTTTGT

GTAAGCGGT
AAGCCTACAC
TCTGCGTTTC

GAGGGTGTCG
GCTGTTTAGA
AGGAGACTGG
ACCAGGAGAT
CACCTGTGGT
AGTCTGAACT
AAAATCCAAC
GGTCTGGTCT
CGCTCTTGTC

GAATAGCCAG
uAsnSerGln

TGATTGTCAC
ACGTTGGCTG
TTTCCTAAGA

ACTGACTGCT ACGAGCTGCA GATTGAACCT GGAAGAGCAG CCAGTGCTCT
CCATACCTAT CCCTGTCCCG TGGACACCCC CACCAGTGTC TGGGAAGAAA
AGACATGGCT CAGTGGTACA GCCTGTGCTC AGCACATGCA AGCCCTTGGC
GTAGCTCAAT TGATGAATGT TTGTCTCGAA TTCCCAAAAC CCTGGACTTG
CCCTAGCACT TGTGAGGTAG AGGCCAGTGG GTCATCAGTT CAAGGCCACC
CCGAAGAGAA AARACTTATC CACTCTCCCT AGCTTGGATC GCATCCCCAG
AAGGTCAGGG GCTGGATGGA TGGTGGCTTT GTTTCCAGTC ATGACCCAGT
TGACTTTATT TCCTGGGTAG GGCGGGCTAA CCTGTGTCAT TTGCATGTGA
TTAG

GCCCCG TACGTGGATG TTATCTGTGT AAACAGCTAC TTTTCTTGGT

AlaPro TyrValAspV allleCysVa lAsnSerTyr PheSerTrpT

TTTGAGAACT GGTATAAGAC GCATCAGAAG CCGATTATCC AGAGCGAGTA
PheGluAsnT rpTyrLysTh rHisGlnLys ProIleIleG lnSerGluTy

GATGGCGATG GGTGCTTAGT TACTTACCTC TTTTCCCTTT CCCTGCCAGG
CTGCATGCAG GCCTCTGTTIT GGCTCCTGCG CATCCCAGAG ACAGCCCATT
AATCCTCTGT TCAATGCTGA GGCTGCCTCA GATTCACAAT CTCCCTTAGC

7135
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7136 BIOCHEMISTRY

CTCTGGAGGG CTGAGATGAC AGGTGTCCCT CTGCACCTGG CCCAATGGCA
TTCGAGCCTT TCOGGTGGAC CTCAGTCTGG TTCCCAGCAC CCACACTGGG
TAGGCATCTG TGGGTACCTG CATGACTGTA GTGCACACAG ATGCACAATT
GAAGGTAGCT CAGTTGCCAG AGTATTTGTA TAGCATGCTT AAAGCTCICT
AGTACTAGCC CTGGAGAATC CGAAATCCGG GGTCATCCCT GCCTACGTAA
AAAARATTCT TCCTATGTCG AGACAGGTGT TGGTAGATCC TTAGCGATGA
ACAGCAACAG GGGGTTTGAA ATGTGGGCAA TAAGACTGAA TTGGTTTAGT

GGC.AG'I'I‘GAG TTGCAGGACA CACAGCCTGG GCTCTGTGAG ATAAAGCACT

ATAATGCTGG GTGTGGTGGC ACACATCTGT AACTCCGTTG TCCTATTAAA

GGTATACACA CTGIGGTGAG CAAGAGACCT TATCTCAARA GAAATggaag
B2 GCTGTCTTCA GACACACCA( AGA AT T2

Wﬂw

TCATATACAA GATTTTTTTA AAAAAAATTC ATTATGTGTA TGTCTGTGIG
CAGACTCCCC TGGAGCTGGA ATCACAAGTG ATTTTCAGCA CCTCAGGTGC
G'I"I'I"I‘TGTTI‘ ATGI‘ATG‘I‘AT G‘I‘ATGTATGT ATC{:ACA'I'I‘G GTGTTTTGCC

B2

ACAAAAG‘I‘CA G‘I‘CCI‘AG’I'I'C CACATACAGG AG'I‘I‘AGGI‘CT GGATGAGTCT
CTTGAAAGAA CCCCTCCTCC CGTACTCTCC TCCCCCCCCA AACTTCTCTA
GACTGTGCCT TTAAAAGGGA ATGTACTTGT TCTGTGAATG TGAGAAACAA
CCTTTAACCC CAGTGCCCTG GAGGAGGAGA TGGGATCCCC AGAGCTGAAT
GCATAAAA‘I'I‘ AAGGAGCACC TGATTCCCAA CACAGGCAAG TGAAGAGATA

Bl MCTTG ATCCTTTTTG TGTCGGCCTC TTGGATTAAA CJ\CATGGGCC

AGGCGTGTCC TTTRAAGTCT CTCTAATGCT AGCTGACATC AGACAGCAGG
AGGACAGATC TTTTAGTGGT GGTCGAGTGG ATCTCACGTC AGGCCCGGCT

11 AGGAGTACCA GAAGGCTGTT CTGGAGAATT ACCATTCAGT TCTGGATCAG
luGluTyrGl nLysAlaVal LeuGluAsnT yrHisSerVa lLeuAspGln

CATGACGAAC CAGT
eMetThrAsn GlnS

GTGAGT GTCTGTTGGG CTTAGGGATT GTTCTCAGGT
GGAGATGGCT TAGGTAGTAA AGTACTTGCT TTGGTCTAGT TTACAGTGGT
TTTGGATGGG CATCTGCTTG CTCCCTCCAA CACGTGGGTG CCTGCGATTG

TCTTATCAGC CCTCCTTGGT GTGTTTGGGT TGTTTIGTIT TAG

oPheThrPhe End

TTCCCAGGTG ATCCAAATGC CCTTTTGGCC CCTGCGGGTA

CACCACT
erProle

AAACTTCGGC CTTTATTTTG CGAGAGAGAT ACTGGAGGAT TGCCAACGAA
ysThrSerAl aPhelleleu ArgGluArgT yrTrpArgIl eAlaAsnGlu

GTTCACGTTC TAAAGTTACA ACTACCTCAC TGCAGACTCG CAGGTGTCCC

CAAGGGGACT TTAGAAGTGA CATCAAAGCT TTTCTTCCGT GGGGATAATA

ATAATTTGTT AGTTTTTTGG CCTTGGCTIT GTGAACTCTT GAAAGCCTGC

D'AMORE ET AL.

ACTTAATGAA ATGAGCCTGT GAGCTGGAGA GTGGGCTCAG TGGTTAGCGC 10000
TACTTTAAAA CTGCCTGTAA CTCCAGTTCC AGAGGATCTG ATGCCCTTTT 10100
AARAAAAAAA ACCGCACAAA TCTTTATTAA AAGCATTTCT CAGCCTGGGA 10200
ATCCTACCCC TCTATACTAC CTAGACCAGC TGTACTTAAT GCATGCCTAT 10300
TGAGTTTGAG GCTAGTCTCG GATACAGAAA ACCCTGTCTC AAAACAAACA 10400
TGGAAATGTC TCTATCTGTC CTCCCTAGAA TGATAGCAAC CAGCCACGAA 10500
GTGATCCTAA TTTAGATAGC CACATGTGGC C'I"I‘G'I‘GACTA CTGTATTGTG 10600

AA 10700
A 10800

aaaaagtat gatggCGAAG TGCCCTGTGT CTGTACTGCA CTTGGGTGGA 10900
TGCTGTGTGA TGAGCTGAGT TCAAGTCCCC CCACCCCTTC CCGGACCCAC 11000
GGATGAGAAT TAGAGACAGG AGGATCCGTIT AGCTCTCAGG CCAGCCACGT 11100

ttgaagactt mmmmmmummm 11200

11300

gacttCTACA AGCATATACC CGT'I‘CATA’I'I‘ CATACACACG AGTACCTATG 11400
TCTGTCTGGA TATGTACGTG TGTCTGGGTC CTCACTAAGG GTAAAGGTAT 11500
TGGGAACTGA ACCTGGCCTC TGTGAGGACA GTATATCCTC TTTTTAACTT 11600
TGCATATATG ‘I'I‘AGTGTG'AG GGGGTC‘AGAT GA'I'I‘CCCTGG AACI‘GGAEI:I 11700

11800

GCC'I'I‘CGAGG CCAGI‘CTGG; ‘I'I‘ACATGCAG GCTATG‘I‘GGT AAGATCCTAT 11900
GAGTTGAGTT AAGTACTCCC AGAGTACTTC AGCTTTAAGA ACAGCTGGAG 12000
AATTCAGAGC CTTACCACCC AGCTGGGTGC AAGGCTGGTG TGGCAGCATT 12100
GTCTCACCAG GCTTGCTGAA ATAGCAAGAG ACCCTGACTC GATTAAGGTA 12200
TGACAAACAC ’I'I‘I‘TACI‘AAT taaagttttt acITICTTGT TTGGTTTTCC 12300

X X AG 12400
12500

ACCTTGATGA OCCCC'I‘CCCC WW 12600

12700

GTCTCTGAGC CAC{:ATCAGI‘ TGAGTCCTGC GGI‘TAGTACA CCCGCATC 12800
CTGATACTCC TTTTGCGITG AATCCCAG

GA CCCGCCTCGC ATGTTCAGTG 12900
As pProProArg MetPheSerG

AAACGTAAAG AATACGTGGT CGGAGAGCTC ATCTGGAATT TCGCCGACTT 13000
LysArgLysG luTyrValVa 1GlyGluleu IleTrpAsnP heAlaAspPh

CGGCGTTTCC CCGTCCTGGG CATTTGTAAG AATCCTAGAA GTGGGTCTGG 13100
TAAAAGGAGA ARAGTAGGCT TCAGATTGGG TTGTACCTCC CTCCCCCAGC 13200
AACTTTGGGG TGAGTAGGTT TCATAGCAAG TATCTTTACT TTCTGAGCCA 13300

GAGAGTAATT GGAAACAAGA AGGGGATCTT CACTCGCCAG AGACAGCCCA 13400
vArgValIle GlyAsnLysL ysGlyIlePh eThrArgGln ArgGlnProl

ACCGGAGGTC ACGGTTCAGG GCCGAGGACC CAGTGTTTCG GAAGCAGACC 13500
ThrGlyGlyH isGlySerGl yProArgThr GlnCysPheG lySerArgPr

CAGACACTTC CTGACACTAG TATTTCTACT TGGGATTTTG TGAACTGATA 13600

ACTTACAGYTG CCTTAGGCTC AGTAATATGT CCTGCTGAGA GGTGTCCAAG 13700
TGTGTGAACA TTCTCACTAA ATTAAGAGCT ACTGGTGAGA GGCTGGAGTG 13800

GGTCCTCCAT 13900
14000

TCATTGCIGT TTGAGGCAGG GTTTTTCTGT GTAGGCCCTG GCTGTCCTGG 14100

FIGURE 2: Nucleotide sequence of the murine 3- glucuromdase gene and its 5" and 3’ flanking regions. The transcription initiation site (nucleotide
1) and the putative (see text) poly(A+) addition site (nucleotide 14 009) are identified by solid dots. The numbers to the right of each line
correspond to the terminal nucleotide of that line. The 2300 nucleotides of 5’ flanking sequence presented are numbered -1 to —2300. The
numbers to the left of the sequence designate exons. The deduced amino acid sequence is indicated by the three-letter code below the coding
sections of the exons. Stippled boxes beginning at nucleotides =28 and 13 995 indicate the positions of the TATA box and polyadenylation
signal, respectively. Repetitive elements of the B1 or B2 families are underlined and are distinguished by labels to the left of the sequence.
Lower-case letters indicate direct repeats associated with certain of the repetltlve elements (see text and Table II). A 23-nucleotide direct
repeat located at 7990-8012 and 8024-8046 and indicated by lower-case letters is not associated with a repetitive element.

A residues located 10 bp downstream from the polyadenylation
signal. We are unable to define the base at which poly-
adenylation begins because of the presence of this homo-
polymeric sequence. However, on the basis of GUS cDNA
sequence (Gallagher et at, 1988), it is clear that the site at
which polyadenylation of GUS mRNA occurs is either within
or at one end of this homopolymeric A interval.

The murine GUS gene is composed of 12 exons separated
by 11 introns (Figures 1 and 2 and Table I). The first exon
contains the 5 untranslated region (12 bp), an appropriate
translation initiation motif (CCAGTATGT) at position 8
(Kozak, 1984), and the coding sequence of the 22 amino acid
GUS signal sequence as well as that for the first 48 amino
acids of the mature GUS polypeptide. The coding sequence

of the first 10 amino acids of mature GUS as determined by
Lusis and Wilson (personal communication) begins at nu-
cleotide residue 79 (Figure 2). The second amino acid within
this sequence of 10 differs from that determined by protein
sequencing (Lys instead of Ile). Exon I is extremely GC rich
(65%). Exon 12 encodes the carboxy-terminal 56 amino acids
of GUS as well as the entire 499-nucleotide 3’ untranslated
region of GUS mRNA including a single polyadenylation
signal, AATAAA (Proudfoot & Brownlee, 1976). The 12
exons vary in size from 85 bases in exon 9 to 666 bases in exon
12.

Comparisons of sequences of Gus-s exons with published
human GUS cDNA sequence (Oshima et al., 1987) reveal that
all of exon 6 and several nucleotides of exon 5 of the murine
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Table I: Locations and Sizes of Exons and Introns within the Murine 8-Glucuronidase Gene
exon nucleotide positions length (bp) amino acids intron nucleotide positions length (bp)
1 1-222 222 1-709 1 223-1882 1660
2 1883-2068 186 71-132 2 2069-2282 214
3 2283-2464 182 133-193 3 2465-2753 289
4 2754-2896 143 193-241 4 2897-3506 610
5 3507-3694 188 241-303 5 3695-4469 775
6 4470-4613 144 304-351 6 4614-4827 214
7 4828-5006 179 352-411 7 5007-5096 90
8 5097-5243 147 411-460 8 5244-7493 2250
9 7494-7578 85 460-488 9 7579-9454 1876
10 9455-9631 177 489-547 10 9632-12878 3247
11 12879-13014 136 548-593 11 13015-13343 329
12 13344-14009 666 593-648°

2Exon 1 also contains 12 nucleotides of 5’ noncoding sequence preceding the ATG initiation codon. ®Exon 12 also contains 496 nucleotides of 3’

noncoding sequence following the TAA termination codon.
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FIGURE 3: Exon mapping of Gus-s exon 1. (A) The 220 base pair
RNA:RNA (GUS-specific riboprobe:GUS mRNA) hybrid molecule
resulting from exon mapping for the first exon of Gus-s is shown in
lane 1. This fragment was generated from hybridization of an antisense
GUS-specific riboprobe (containing the putative exon 1 plus flanking
sequence) with total kidney RNA from androgen-treated female mice,
followed by digestion with RNases A and T1. Lane 2 contains a 239
base pair radiolabeled marker derived from a Hinfl digestion of a
GUS/pUC construct. Lane 3 shows a 220 base pair marker from
digestion of M13mpl0 with Hphl. (B) Schematic of GUS exon
mapping. The 5" most HindIIl/EcoRI genomic fragment containing
the putative exon 1 was cloned into corresponding restriction sites
in a Bluescribe riboprobe vector. Labeled, antisense RNA was
generated from the T3 promoter. The GUS antisense riboprobe was
annealed with total kidney RNA from androgen-treated female mice
and subsequently digested with RNases A and T1. The protected
fragment (220 base pairs) was sized on a 6% sequencing gel and
subjected to autoradiography.

GUS gene are missing from a human GUS ¢cDNA obtained
from both placenta and fibroblasts. Whether this deletion
represents differential or incorrect splicing of a primary
transcript is not known at this time, but of note is the ob-
servation that the deleted human sequence begins with a GTG
motif commonly found at splice junctions.

The 11 introns of Gus-s, which vary in size from 90 base
pairs in intron 7 to 3247 base pairs in intron 10, account for
82.5% of the gene. The splice junction sequences (Figure 5)
flanking these introns conform to consensus splice junction
sequences and the GT-AG rule (Mount, 1982; Breathnach &

GATC 1 2

; ‘l Illl“

T—> -

14

i

Bl

RI & Pou Sac Kpn
(— v 1 1 ]
Lane 1 €------- —_—
Lane 2 §---——————*

FIGURE 4: Determination of the site of transcription initiation by
primer extension analysis. (A) The gel displays the sequence (labeled
GATC) of the Kpnl/EcoRI M13 subclone from which two nested
M 13 primers used in primer extension were derived. The products
of two primer extension reactions using a Kpnl/Sacl M13 primer
and a Kpnl/Pvull M13 primer (lanes 1 and 2) comigrate with the
T residue (antisense with respect to Gus-s) designated to the left of
the sequence. Upon lower exposure, the band in lanes 1 and 2 resolves
into two bands. (B) Schematic of primer extension strategy showing
origin of M13 primers and result. The A residue is the transcription
initiation site which corresponds to the antisense T residue identified
in (A).

Chambon, 1981). Availability of intron sequences is useful,
although the functional significance of the GUS introns and
their role in GUS regulation are not known. Intron sequence
may provide important regulatory information as shown by
the identification of a tissue-specific enhancer in an intron of
a rearranged 7,, immunoglobulin gene (Gillies et al., 1983).
In addition, Brinster et al. (1988) recently demonstrated that
introns play a role in facilitating transcription of microinjected
genes. However, this facilitation of transcription is not ob-
served by transfection of the identical genes into cultured cells,
demonstrating that this effect may be only on genes exposed
to developmental influences.

Repetitive Elements within Gus-s. The Gus-s gene and its
flanking sequences have been searched for repetitive elements,
direct repeats, and inverted repeats. Several representatives
of the Bl and B2 families of murine repetitive elements are
found within Gus-s, the locations of which are shown in Figures
1 and 2, and a summary of their characteristics is presented
in Table II. Comparisons of the sequences of B1 and B2
elements with reported consensus sequences (Kalb et al., 1983;
Krayev et al., 1982) are shown in Figure 6. Three of 11 Bl
elements (B1d, Blg, and B1f) and 3 of 8 B2 elements (B2c,
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Intron Boundaries

Consensus Splice Junctions éAG C'.l‘éAGT ......... .. %%%%%%XCAG G%
Intron No.

1 gAG GTGCGC. . vn v CTTTCCCLAG tc

2 gtG GTCAGT...... v....gTgTCTGCAG tG

3 CAt GTGAGC..... e CCCaCCCtAG GT

4 tcG GTGAGG ..t vsvrenn TgTCCCACAG GG

5 gAG GTAACG....vuusuns gCTCTCCLtAG GT

6 gAt GTGAGT........... TgTCTCCLAG aT

7 Acc GTGAGT. . vvvaennn gCCTCCACAG tc

8 tAa GTGAGT....venennn TCaTggACAG Ga

9 ggG GTGAGC...vvunns ..CTTgTCTtAG Gc

10 gAG GTAAGC...... «....TgaaTCCCAG Ga

1z Agt GTGAGT......... . ITTQTTTLAG ca

FIGURE 5: Exon-intron splice-junction sequences of Gus-s. These
sequences are compared to the consensus sequence at the top. Matches
are indicated by capital letters; mismatches, by lower-case letters.
The intron boundaries are indicated. The invariant GT and AG
residues at the respective 5’ and 3’ ends of the introns are in bold-face

type.

B2e, and B2f) are complete and are flanked by direct repeats.
There is a single complete B1 element (B1f) which is not

A

Blcon CCGGGCGTGG TGGCGCACGC CTTTAATCCC AGCACTCGGG AGGCAGAGGC 50
Bla +A+++§k+++ +++T++++T+ +++++G++++ +++C+++AA+ T+A+++++++
Blb —-—----- ++ ++++ATHTHE +++++G++++ +4t++++R4+ +++++r bttt
BlC  mmmmremmms e e e e
Bld ------ +H4+ H AL +TA+ TH+d+++++4 ++A+T+T+++ ++CH+—+ b +++
Ble ===mo—s—om —oe- +HCT++ ++G+++++TT ++++++T+4++ +4+4G+CH+++
Blf ++++A¥%+C+ +AA+A++THG ++++C+++AG +++CA+A++A +++++++44G
Blg tHEdtb bbbt bRt R bt R R T A 40T+ b+ b+ A+
Blh TA++TG++++ ++A+A+++AT +++++++4T+ +++++++A++ ++++++++++
BlL mmmmmmmme e e e e
Bly  ------ +++¥?+++++T+T++ +A++H+GHHAL ++++++G+A+ ++++4+GH4G
Blk  mmmemmeem e e rmmemmen e +C+

Blcon AGGCGGATTT CTGAGTTCGA GGCCAGCCTG GTCTACAGAG TGAGTTCCAG 100

Bla FH+TH+++C+ +++++++4+C+ bttt o mmmmmmmme s oo
Blb GH+A+F++C+ +++T+A+TTT +-—=++++++ +tttttttt+ +o——bmtbtt
Ble ——mmmmmmem oo ++ #+TH++++ 44+ ++4+C+CT++ +++A+H+++4A
Bld +++T++++C+ ++§2+++G++ Frt ettt T+ T—+—4 ==ttt +t+4
Ble +++A+AH+CA G+t ++T+ ++T++T+++T AGH++++-4+ +++4mmmomm
B1f FHH+ 0t F AT+ bbbttt rd 4+ ++TGH++ CTH+++++++
Blg +HHHATHE++ A4+t 4A+ Pttt thtb AR ++++++$%++
Blh +++A+++++4 +++T+§%;$% +t+ttttitt ++GH+4++++T CA+++G+H+++
Bli = mmemmmem e mmmmeemeee e e =+ttt
B13 Pt om0t =ttt + T+ttt ++ ttt4++++A CHe++++TG+
Blk +++TA+++C+ Fr++T+H+T++ ++++++TG+= +++++++++A +A++++++++

Blcon GACAGCCAGG GCTACACAGA GAAACCCTGT CTCGAAAAAC 140
Bla ~  memomomemms mmmeemmme eemmmmmmee e

Blb FHttrF A FF T m e e mmm e el
Blc +Httt ettt rA A+ +CHETH+T ++GHH+++++ +++A++C++T
Bld A+++TTT+++ ++++++++++ ++++++++++ T+T+CH+++C+
Ble = mmmmemmmmm e e e
B1f FHttHtrbdr bbbttt bbbttt +4TH4+CH4A
Blg R e B B +++A+++ﬁk+
Blh +tHt+drtttt Attt 4G+ A G+ +++CH
Bli AC+H+At+++++ +4++++4+T+T ++G+++++++ +4+T-++G+++
Blj +H+++++THd ++4G++++++ +++TH+++++ 4=
Blk e+ttt $%}+++++++ A++++++++C +++A++C+G+

D'AMORE ET AL.

flanked by direct repeats. One of the complete B2 elements,
found within intron 4 (see Figures 1 and 2), creates a re-
striction fragment length polymorphism that distinguishes
DNA of A haplotype mice from that of B haplotype mice
(Gallagher et al., 1987), providing a useful GUS haplotype
marker. Comparisons of the Bl elements with consensus
sequences in Figure 6 indicate that many of the partial ele-
ments are lacking portions of the putative RNA polymerase
I1I promoter. A partial B2 element within exon 12 of Gus-s
is found within the 3’ untranslated region of GUS mRNA
(Gallagher et al., 1988).

Another repetitive sequence motif is found within intron 3
of Gus-s, consisting of a 38 base pair alternating AC homo-
copolymer tract (positions 2659-2696). Such alternating
purine-pyrimidine homocopolymers have the ability to form
left-handed DNA conformational helices known as Z-DNA
(Hamada et al., 1984a). Transfection studies with pSV2-cat
constructs containing various-length alternating homoco-
polymers linked to the SV40 promoter and the coding sequence
for CAT show as much as a 10-fold increase in CAT gene
expression when compared to controls (Hamada et al., 1984b).
The affect of this homocopolymer stretch on Gus-s gene ex-
pression remains to be elucidated.

A novel complex repeat not associated with B1 or B2 ele-
ments is located within intron 9 of Gus-s and is described in

B2con GGGCTGGTGA GATGGCTCAG CGGGTAAGAG CACCCGACTG CTCTTCCGAA 50

B2a ++A+++CA++ CH+G+++++++ G+TTH+++++ +++TG+—+++ T++++T+AGH
B2b  —mm——————- —++++++T++ T++T++++++ ++TTA+-+++ T++++++AG+
B2c tHdttt bt bbbttt s T+ TH++ bttt t4+ dhtd it
B2d Ft+tbtArt Fhtr bttt F+CTHE 44+ # 4+ T+ b4+ +++++++T++
B2e CHt++++++++ ++++++++++ Th++++++++ ++++T+++++ +++++TH+++
B2£ +H+t Attt Attt t Tttt bt e TAf—+++ +t++t+++T+H
B2g FEEE RS R E PTG THCTH+44+4 +++TAr—+4++ TCH+++ATE
B2h  m==m—- +ATG +C+++++++C AATT+++++ +++T-+++++ T+++A+T+G+

B2con GGTCCGGAGT TCAAATCCCA GCAACCACAT GGTGGCTCAC AACCATCCGT 100

B2a +++++T+G++ +++GG+++++ +++C+TT++A ++++AT++++ ++TT++TT++
B2b ++A++CC~++ +TG+T+++++ +++CH+++++ ++CA+PC+++ +++++s-mom
B2c R I o ndiE S E R
B2d +++T+T++++ ++++T+++4+ ++++GT+GG+ +A+++++G++ Gr+++++T++
Be B it e A I AR R e
B2f ++++TH4++ ttttttdttt ++C+HH++t++ A4+ +++T+H+ ++4++4+CHH++
B2g ++A++CAG++ ++C+T+T+G+ C++T++4+++C ++++TG-+++ +++T+++T+C
B2h ++ PR+ 4+ THH+TH +44C+++4C+ +H+++++R4+ —mmm e

B2con AACGAGATCT GATGCCCTCT TCTGGAGTGT CTGAAGACAG
B2a FHt e emmm mmm e mmmce remmmemmme e e

| I el

B2c +HHA+HH A +CTHH++4+ 4+ttt 4+4 HHrtdtbttt tbrt bbbt
B2d +++-++$%+C AGH+++++++ +TGH+TH+++ +++++++R4++ ++++++++++
B2e +4GH++++++ ++CTH+TH4+ -+ttt 4+4 +hdbdttttt +Htbreti+4
B2f ++T+++++44 +4+CA++++++ +++++T++++ ++++++++++ ++++++++A4+
B2g B e e
B2h ~  mmmmessoo o —ommmo—o mmmmmmmmes mmmmeoo—oo oo

B2con CTTACATATA ATAAATAAAT AAATCTTTAC 180

B2a = -mmmmmmmss mmmmsmmomm mmemeeeeee
B2b ~  m---—-m--- mmmmom—m—mm ——emmmmeee
B2¢ R N S e S -y
B2d ++C++++TC+ TH++++++4+ +4+4-—————
B2e T4++++++444+ ++4++4++444 +++++++4+A
B2f +4+4++T+A+++ +4++=+++3+ ++4++++4++R
B2g momemmmmos semosoeooo -
B2h mommeosses messmm—emem —memoooe-ee

FIGURE 6: Comparison of the Bl and B2 repetitive sequences of the murine 3-glucuronidase gene (Gus-s). (A) A BI consensus sequence reported
by Kalb et al. (1983) is shown on the top line with the underlined sequences indicating the putative split-promoter for RNA polymerase III.
The B1 sequences within and surrounding Gus-s are listed below, and their locations are given in Table II; (+) indicates nucleotide identity
with the consensus sequence, (-) indicates the nucleotide is missing relative to the consensus sequence, and additional nucleotides that are not
found in the consensus sequence are listed above each line. (B) A B2 consensus sequence reported by Krayev et al. (1982) is shown on the
top line with the underlined sequences indicating the putative RNA polymerase III split-promoter. The B2 sequences within and surrounding
Gus-s are listed below, and their locations are given in Table II. The designations within the sequences are as in (A).
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Table II: Characteristics of B1 and B2 Repetitive Sequences in the Murine 8-Glucuronidase Gene

nucleotide position strand? % sequence similarity?  size of direct repeat direct repeat
Bla*¢ (1114)—(1036)4 + 85
Blb* (831)-(730) + 81
Blc* 3963-4034 + 81
Bld 4090-4222 + 79 8 CCAAAACA
Ble* 4262-4339 + 74
Bi1f 5527-5 669 - 82
Blg 8075-8244 + 90 15 AAAATGACAAGAGCC
Blh 12283-12435 - 84 12 TASGTTTTTAC®
B1i* 12460-12 506 - 82
B1j* 1257212693 - 83
Bik* 14056~14149 - 83
B2a* (1977)-(1 876) + 72
B2b* (1550)—(1467) - 76
B2c 3209-3400 + 96 13 AAAAAACTAAATA
B2d* 6253-6426 - 83
B2e 10637-10851 + 93 14 AAAAAGTATGATGG
B2f 11170~11340 - 89 15 GGAAGTTGAAGACTT
B2g* 11698-11798 - 72
B2h* 13800-13882 + 75

4 With respect to direction of transcription from the RNA polymerase III promoter: (+) represents transcription from 5’ to 3’ from the same
strand as GUS mRNA, and (=) represents transcription from the complementary strand. ®Bla-Blk sequences are compared to the Bl consensus
sequence reported by Kalb et al. (1983). B2a-B2h sequences are compared to the B2 consensus sequence reported by Krayev et al. (1982).
¢ Asterisks represent partial Bl or B2 repetitive sequences. 4Numbers in parentheses represent nucleotide positions upstream from transcription
initiation. ¢Mismatches between direct repeats are indicated by the placement of the alternate bases at a single position within the sequence.

—r——
—_—

————
D ——
-
» >
7990 TTAAAATAGTTAACTAGTTAAAATAGCTAACTAATTAAAATAGTTAACTAGTTAAAA 8046

FIGURE 7: Diagram and sequence of a complex repeat within intron 9 of Gus-s. Sequence for the complex repeat is given with nucleotide
numbers corresponding to those in Figure 2. The 23-base direct repeat is indicated by the two long arrows (7990-8012; 8024-8046). The
12 base pair inverted repeat, contained within the direct repeat, is designated by the arrows spanning positions 7999-8010 and 8033-8044.
A palindrome within each inverted repeat is indicated by the adjacent arrows at positions 79998004 and 8005-8010 and positions 8033-8038

and 8039-8044.

Figure 7. This repeat consists of a 23 base pair direct repeat
(residues 7990-8012 and 8024-8046 in the nucleotide se-
quence, Figures 2 and 7) separated by 11 bases. Within the
direct repeat is a 12-base inverted repeat (7999-8010 and
8033-8044, figure 7) which itself is palindromic (TTAAC-
TAGTTAA). The significance of this repeat, if any, is un-
known. However, such inverted and palindromic repeats are
capable of forming secondary structures which may serve to
control and/or modify gene expression.

Promoter Elements. Two putative RNA polymerase II
promoter regions are discernible within and surrounding the
5’ end of Gus-s. The location of one of these regions suggests
that it controls transcription of Gus-s while a second motif
toward the 3’ end of the first intron of Gus-s apparently
controls another transcriptional unit (Wang et al., unpublished
experiments).

Appropriately located and positioned at ~28 relative to the
transcription initiation site of Gus-s is a TATA box sequence
(Breathnach & Chambon, 1981) which is imbedded within
a GC-rich region (62% over 500 bases) containing a number
of CpG dinucleotides. Lack of methylation of CpG di-
nucleotides has been implicated as a possible control mecha-
nism of transcriptional activation in housekeeping genes as well
as certain other genes [Wolf & Migeon, 1985; for review, see
Bird (1986)]. Whether the TATA box and CpG dinucleotides
affect expression of Gus-s remains to be established. Sequence
flanking the 5’ end of Gus-s does not contain a CAAT box
motif commonly found in RNA polymerase II transcription
units (Breathnach & Chambon, 1981), nor does it have any
binding sites for the SpI transcription factor (Briggs, 1986).

A second promoter motif is located within intron 1 and on
the same strand as Gus-s. The RNA polymerase II recognition

signals, CCAAT (position 1623) and TATA (position 1674),
are appropriately oriented and spaced relative to each other
(Breathnach & Chambon, 1981). Downstream from the
TATA box is a consensus translation initiation sequence, at
position 1764 (CCGCCATGA) (Kozak, 1984), followed by
an open reading frame which extends to nucleotide 1858
(Figure 2). We have identified by nuclease protection analysis
a transcription start site at one of the A residues at position
1702 or 1703 (Wang et al., unpublished experiments).

To initiate study of the [Gus] complex at the molecular level,
we have used a GUS cDNA probe to isolate a series of
overlapping GUS genomic clones. Reported here is the com-
plete sequence of the A haplotype of the GUS structural gene,
Gus-s°, which provides essential information for comparisons
of the various GUS structural alleles. Functional comparisons
by genetic manipulation of the DNA within the GUS gene
complex among the available GUS haplotypes may reveal
differences in DNA structure and function which are causally
related to the well-characterized variation in GUS expression
among inbred mouse strains,
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