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ABSTRACT: The murine /3-glucuronidase structural gene (Gus-s) has been isolated from a BALB/cJ sperm 
D N A  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 B1 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),, homocopolymer tract within intron 
3 and a 23 base pair complex direct repeat within intron 9, are presented and discussed. 

x e  murine @-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)l. 
Three common alleles of Gus-s (4, -sb, -sh) 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 [GusIh, 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]O‘ 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-9. 
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 M 13 

sequencing primer (1 7-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 M 13mpl8 

Abbreviations: bp, base pair(s); cDNA, complementary DNA; RF, 
replicative form. 
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and M13mp19 phage R F  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 lo6 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. 

Restriction fragments from 
MGus-1, MGus-4, and MGus-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 
M13mp18 or M13mp19 and transformed into E. coli JM109 
(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 [y3*P]ATP (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-Hind111 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 EcoRI sites. The insert was oriented 
such that transcription from the T3 RNA polymerase promoter 
(Melton et al., 1984) yielded a [32P]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 pL of hybridization buffer (Melton et al., 1984). The 
radiolabeled RNA was added to 100 pg of total kidney RNA 
from androgen-treated female mice, heated to 85 OC for 15 
min, and hybridized at 45 OC overnight. The products of the 
reaction were treated with RNase A (40 pg/mL) and RNase 
T1 (500 pg/mL) for 30 min at 30 OC, after which SDS was 

DNA Sequence Analysis. 

added to a final concentration of 0.02%. Proteinase K was 
added to a final concentration of 0.15 pg/pL, and the reaction 
was incubated for 15 min at 37 OC, 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 KpnI-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 M 13 clone, quasi end labeled (Duncan, 1985) 
with [ L U - ~ ~ P I ~ A T P  (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 PvuII and the other 
with SacI. 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 
NH40Ac-1 mM EDTA and collected by precipitation with 
ethanol and resuspended in 12.5 pL of 0.1X SET (1 mM 
Tris-HC1, 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 pg of poly(A+) RNA, [c~’~p]dATP-la- 
beled primer [(-3-5) X lo5 cpm], 33.2 pL of hybridization 
buffer (Degen et al., 1987), and 50% formamide with a final 
volume of 98.7 pL. After overnight incubation at 39 OC, the 
nucleic acids were precipitated twice with ethanol and dissolved 
in 20 pL 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. (1 983) 
and Gallagher et al. (1987)l. From lo6 phage screened, 24 
positive clones were isolated. Characterization by restriction 
enzyme mapping, as described under Materials and Methods, 
revealed five unique, overlapping clones, designated MGus-  1 
through XAGus-5, which span approximately 40 kb of DNA 
(Figure 1). 

Nucleotide Sequence of Gus-s with Reference to Available 
GUS cDNAs. Restriction fragments from the genomic clones 
XAGus-1, XAGus-4, and XAGus-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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~ G U R E  I: Organization of the murine @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, BomHI; C, Sod; D, Drol; E, EcoRI: H, HindIII: K, KpnI: L, Soll; M, MnlI; N, HincII; P, PsfI; R, mal; S, Sphl; T, 
ToqI; '4, PuuII; X, XboI. (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 BI and BZ repetitive elements are designated; the solid arrowheads represent B1 
elements, and the open arrowheads represent B2 elements. The orientation of the arrow represents the direction of transcription from the putative 
RNA polymerase I11 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 kh upstream at nucleotide positions 
79-108 in Figure 2. 

Identification and Characterization of the First Exon and 
the Mojor 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 
cDNA 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 IO 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 ['*P]UTP, hybridized to total RNA from 
androgen-treated female mouse kidney, and digested with 
RNases A and TI ,  and the products were separated on a 6% 
polyacrylamide sequencing gel. The results, shown in Figure 
3, reveal a RNARNA 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 MI3 subclone (KpnIIEcoRI). Both 
primers hegin at the same restriction site (KpnI, residue 200) 
yet end at staggered positions (PVuII, residue 52; Sac& 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 KpnIIEcoRI M I 3  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 hp from the point 
of transcription initiation (Figure 2, residue 1) through a single 
polyadenylation signal (AATAAA) a t  position 13 995 
(Proudfoot & Brownlee, 1976) to the first in a stretch of 14 
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1 

CTCACATAAA AATCAGGGCA CAAAGCACCC CTAACCCCTT AGCPGGGAAG ACAGTAAAAG GTGAATCI"PT GGCTCCAGCC AACCAGTTTA ATGGGGTTCG -2201 
TGAGCTCCAA GCTCAGTCCC AACATACAAG GCAGA- TTCTGAGATG GCTTAGTGAA TACAGGTGTC TGCTCCCAAG TCTGATGACT GAGTTCTGTC -2101 
CTTGG(;ACTT ACAGGGTAGA AGGAGGAACA ACTCCAGCCA GACATCATCT GATCTTCACA CAGTGCAGGC ACACATGCAA ATTAATATAT AAATAAACAA -2001 
ACTAAGATAT AATAACATGG AT -1901 

TTTAG TTCCAGGGGA TTCAATTCTG GCCTCCAAGG GTACTTCACA CACCTAGTAC ACACTGATAG GTGCAGCMi -1801 
AACATCCATA TGTTATTTAT ATCTTTGAGG TTACTATGTA GCCTATCCTT CTACCPCAAC ATCCTGAGAG CTGGCGTAGA TGAGAAGCAC CATGTCCAGT -1701 
TCTAGGGAAG TTTTTTGTAG TTGCTGCTGT TCTTAGTGTT TATTTTCTGT TTCCCAGGGT TGCACTGGCA TGTATGTCTA TGCACCACAT GGTCCAGTGC -1601 

B 2 ~ ~ ~ ~ ~ ~  TAGAAGAGGT CATTCGATCC TCTAGGAGTG GAGTTAAPAA mxmmcs p p -1501 
G T A T C T C  TCTAGCCCPC CCCAGCAAAT AAATAAATAA ATAAGTCAGT CCTTTTAAAA AAAGGATTGA -1401 
CCTTTAACCT CTACCTGCAC ACGGTCATTG GTATACACAC ATCTGAAGCA GGCACCTGAA ACATAAACAC TCAAATATAA ATAAGTGGAT TGGAAGCTAG -1301 
CATACCTGTG CTTGGCCAGT TTTACTCATG CTGAGAATCA TTTCTTCTGT TCAGCGTCAC CCCCAACCCC TTAACAAWA TACTGGTAAT TGCAACAAAA -1201 
TGTAGGTATT TGTAACAACA ACAACAACAA ATGGGGAACC TTCTCTTGTG CTTAAGTTCA GCAGGCPTTA ATAATGCTTT AGCGAG- -1101 

B 1 4  TTT AGACTAACTA AACAGAGCTC TCTGGUWA -1001 
CCCAAATCAA AACGAATCAA ACAAAAACAT TCTTTAGGGA ACTTCCPTPT GGCTCAGTCT GAAAATCCAA ATGCACACCT TGGGGTGGTT GTATCTTTAG -901 
TTCAACTCAA AGATTTAGGT TGAAACCTAA ATGATATTTA CCTCCGTT" AAGAACTGGh AACTAAC -801 

BI- c T c T T T  GACTCGCT TAGCTGTATA TGTACTTGCC -701 
CAAGAGTGAA ATCTGAGCAC TGTTTGCTCA AGCCTGTTAG CTAGAGAGGC TGGAGTGATG GATTGGGGGP GGGGGTGGGG TGAGAGTTAC TAAGACCACT -601 
TTCAGAGAAT GGCTGCTGCA GGTCATGTGA ACCGTCATCG CAACCTPCAT TTGTGACTCG AATGACATCA CACAGOPCCA GGAGACACTT CTTTCATGGC -501 
CATTGCTGTC AGTTCTACTC CCTTCCTCAG AGACCKTAA GAAGAGACCT AGCTTCGAAC CTGCcTGcop GTCCTTTCCA GGCTTTAATA ACAAACTCCC -401 
CRAATTCTTC TCAGTGTCTC TTTTGAACTC TCATCCTTTC ACAGGAGTTA T G A A W C A  GTGGGATCAG GGACTTCAGG GCTTCTPTCA GATCTTAGCC -301 
TAGTGGTCCT GAGGCAAGCC CCAGAGTGTG AGGWVLGGAG GGGGAGATAT TAATAGATGT GAGGCAGGCA GCGGCTGACG TCAGGCATAT GGGGAAAcGA -201 
TCCAGGACTT CAAGCGACl'T CCTCT'XTCTG CAGAGTCCAG CCTTGGGGCC TCTAGATAGC CTTGAGCCAG CAGCTGTACA AGcGcTllGCC CTCAACCAAG -101 
TTGGCGCAGG CGGCTTCTCT CGAGAACATG TGACTCTTCC AGGTCCCGCC TCTGCCCTCC CAGAGAGGAG CCAGCCGXG GTCGGPGGGC -1 

&CTCGCCA GTATGPXCT AAAATCGAGT GCGTGl7'GGG TCGCGCTGSG co9Gcn;cn; TGCAOCTGCG CGCTOGCTCT GAAGGGCGGG ATGCTGTl'CC 
MetSerJA uLysT@er AlaCysTrpV alAlaLeuGl yGlnLeuLeu CysSerCysA 1aLeuklaI.a uLysGlyGly MetLeuPheP 

CGAAGGAGAG CCCGTOGCGG GAGCTWGG CGCTCERCXG ACElDZC4C TTccaCGCCG ACCTCTCGAA CAACOGGCTC CAGGGTTTCG AGCAGCAATG 
roLysGluSe rProSerArg GluJAuLysA laLeuAspG1 yLeuTrpHis  PheAlpAlaA SpLeuSerAs NllsnArgJAu GlnGlyPheG 1uGlnGlnTr 

GTAOCGGCAG COGCTACGGG AG 
pTyrArgGln ProLeuArgG l u  

2 

100 

200 

ATGCCII;TCC C2"CTAGCTT CAATGACATC ACCCAAGAAG CAGCCCTTCG GGAcTlTATT GGCT-GT GGTATGAACG GGAAGoE3TC CTGCCACGGC 
MetProValP roSerSerPh eAsnAspI l e  ThrGlnGluA laAlaLeuAr gAspPheIle  GlyTzpValT rpTyrGluAr gGluAZaIle  LeuProArgA 

G9TGG4CCCA AGATACCGAC ATGAGAGTGG TGTTGAGGAT CAACWl'GCX CATl'ATTATG CAGTTGTG 

2000 

300 
400 
500 
600 
'100 
800 
900 
1000 
1100 
1200 
1300 
1400 
1500 
1600 
1700 
1800 

1900 

3 

TGQZTGM Ta;G9TT04T 2300 
TrpValAs n G l y I l e H i s  

GT0GTGC;IIAC ATG3GGGAffi TC4- mr;9GGcn; ACATTAGCAA GCTGGTCCAG AGTGGGCCOC TGAco3CCn; CCCERTCACG AZTGCCATCA 2400 
ValValGluH i sGluGlyGl  yHisLeuPro PheGluAlaA s p I l e S e r L y  SLeuValGln SerGlyProL euThrThrCy sArgI l eThr  I l eA la I l eA  

ACAACACACT GACCCCKXT ACCClTOCGC CCK;GGAco9T OGTCTACAAG ACTGACACCT CCAT 
SnAsnThrLe uThrProHis ThrLeuProP r c G l y T h r I l  eVal TyrLys  ThrAspThrS erMe 

GTGAGC AGCATCCTCC CCCCCCCCCC TCCTGCCCAG 2500 
CAGACTTCCC CATAGGGAGA ATGGPTCTAG CTCTGGATCT G A T G A G A a  GcGTcGcATG CTAGGAGGGA AAGTGATTGC TGGAAGTTCT CAGGCCAGCI 2600 
AGAAGGTAGA ACCAGTCXCT GAGGTTGTCT TCIY;ATCTGC ACATGTGCAC TOPGOPGTAC ACACACACAC ACACACACAC ACACACACAC ACACACAGAG 2700 
GAGGCGCATT TAAAAAGCGA CACAGATAAT GGACCTTTGT TTTCCCACCC TAG 

GTATCCC AAGGGTTACT Z'TGTRXGGA 03CAAGCn"r 2800 
t T y r P r o  LysGlyTyrP heValGlnAs pThrSerPhe AspPhePheA 

ACTATGCGOG ACTGCATCM TCTATAUXC CCCTACXXCT TAc9TCG4TG ATATCACZGl' GATC4CTAAT GTa;AGOE9G ACATCG 
snTyrAlaGl yLeuHisArg SerVa lVa lL  euTyrThrTh rPxvThrThr TyrIhASp4 S P I h T h N a  1IleThrAsn V a l G l u G h 4  s p I l e G  

GTGA 2900 
GGAATCCCG CGGGAGGCTC TGTGCTAGGC TGGGTCCATP "TATCPCAA TTCCCAAGAG GAAAAAAATC CCTAA- AAAAGGCPTC AAGCATCTTT 3000 
TAGCCCTCCC CTGCCTCATT ATCCPCAGAA GATAAGACTT AGACTGCCCA AGCXWCAE TTEEGl'GG GTcpTccITT GUAGGAAGT GAGGACCAAT 3100 
GACAAGTGGG GTCTTGTCTA AAGTGGCATC ACTCAAAATA TTCGOTCACT TCCfiCCTE CTGTAACTCX TAATCTCTGC ACAGTAAGAT T T T a a a a a a c  3200 

3300 
BZtaaataGGS GCTm 3400 

aaaaactaaa taAATAAAAG GACAAGCAGT TGTPCGCPAT TDpcpTGG(;A CCTAAGGCXA cpTcIy;GAAG TGGTATGATP GATATCCTGT GGTlTCToK: 3500 
CCACAG 

3600 

4 

GGCT GGTKACCTAC TGG4lll'CTG TGC4GGGo4G CG4ACATIlC CAGCl'AGAffi T G C I I A C "  GGAn;3GGAC GlXUAGToG TGY3XCAToG 
lyLe uValThrTyr T z p I l e S e r V  a lGlnGlySe  rGluHisPhe GlnLeuGluV alG.lnLeuLe uAspGluAsp GlyLysValV aUllaHisGl 

GAollGGollAC CAa;GT09AC lTCAGGTTyx: CAGTGCCAAC cTcTGGT(xx: CTTACCrWlT GCATWIGCAT CC4GCCTACA TGTACTCCTT GGAG 
y!l'hrGlyAsn GlnGlyGlnL euGlnValPr oSerAlaAsn LeuTrpTrpP roTyrLeuMe tH i sGluHis  P M a T y r M  e tTyrSerLe  uGlu 

GTAACG 3700 
GTGATG- ACTGGGGCTA AGGAAGGTCC mGcTGCCA CCTGGTGACA GcAGGcAAoc AGGACAGG'K GCTAAATGGG TACTGTCTCA GATlTCCGGC 3800 
TmTCGGTC ACTPTGTGGG AGAGTCCAGC TGPGAATTGT G?AGGTCCTG AGATCATGTI' CTGTTAAAG ACAGAGAW TCATTTCTGC ATCPCAAGTG 3900 

5 



6 

_ _ _  
TTGTTTGTTT GTTTGTTTTG TTTTGT 

B1\ AG?U4C'IlTGG ATTTTCTGTA ATmAGTAA 
AlTTATTTTT GAGACAGGGG CTTGCTGGGT TTCCCTGGCT GGCCTCAAAC TGGCACTGAT CCCTTTGGTC CCAACTTCTG AGATTCTGGG ATTACACXZA 

G TGAAGGTGAC AACAACTGXG Tcn;n;sCTG 
V a l L y s V a l Z h  rThrThrGlu  SerValThrA 

spTyrTyrTh rLeuProVal  G l y I l e A r g T  hrValAlaVa  1 T h r L y s S e r  LysPheLeuI 1eAsnGlyLy  sProPheTyr  PheGlnGlyV aL4snLysELi 

CGXGGATTCX GXT 
s G l u A s p S e r  A s p  

ACTACTACXC CcIITccTGn: GGG9TTCG44 CAGTGGCYGT CAo9AAGXa AAGTTCClU T W C W  GCOCPnrAT TTEAAGGOG Tc4ACMGCA 

TGATCTACCA 
CCTCTCCTTC 
CAGAACAAGA 
CAGTGCTAC% 
AAACACATGC 

7 

8 

CCGCCCCCCA 
AAAGGAGTCT 
GAGGTGGTAA 
TTPrGAGAGG 
CTCCAATAGT 
TTGTTAATTC 
CCCCCTCTTA 

.A- 

AGGTCACGCA GCCCTGCTGT CTCCTAG 
ATC CGAGGGAAAG GCTTCGACTG GCCWTACTG GTAAAGGAll' TCAACCTGCT CCGTTGGCTC GoGGcEE4TT 
Ile ArgGlyLysG 1yPheAspTr  pProLeuLau Va lLysAspP  heAsnLeuLe UArgTrpLeu GlyAlaAsnS  

C c m c G T A C  CAGCCACTAT COCTACTC3G AGGAGGTACT TCXGCTCl" GACCGATACG GGAl7'GTGT CATCGXTGXG TGTCCCGGTG Ta;Gc9Tn;T 
erPheArgTh r S e r H i s T y r  P r o T y r S e r G  l u G l u V a l L e  uGlnLeuCys AspArgTyrG l y I l e V a l V a  I I l e A s p G l u  CysProGlyV a l G l y I l e V a  

GCTACX 
lLeuPr 

GTGA GTGCCCGCCC CCTCGCCGTC TACGATGCCC AGCGTCCCTA CCTTGTCTTC GAGCCPTTGG TGACCTTTTC CTCTCTGCCT CCACAG 
TCAG 
&ln 

A G m T G a C 9  Aa;AGTCACT ToGGo9CCAC CTAGAGGTGA TQZAGGAGCT GGTTCGCfXG GACAAAAATC ACCCTGCGGT TGTGATGTGG TCTGTGGCUI 
SerPheGlyA s n G l u S e r L e  uArgHisHis  LeuGluValM e t G l u G l u L e  uValArgArg  AspLysAsnH i s P r o A l a V a  1ValMetTrp  S e r V a l A l a A  

ATGAGCCTTC CTCTGCTCTG AAACOCGCCG CATATTACTT TAA 
snG1uProSe r S e r A l a L e u  L y s P r o A l a A  l a T y r T y r P h  e L y  

AOTGGATTTT 
TACCATGGAA 
TCTCAATCGG 
ATTGCAGET 
TAAAACTATA 

GGCACTGGAC 
GCCATCTCPC 
GCCAGTGCTC 
GGCAACCGAA 
ACCATGAAAG 
CCACCCGCAG 
GGAAGATGCA 
GCGGGGCTCA 
GATCTGTGCP 
AATTCAACAC 
TTGCTGCCAC 
CGGGAAGGAA 

10 

TTPTCTTTTT 
GTCCCCAGGC 
GTAGCACAGG 
GCTCTCTCAC 
GGAAACCACT - 

S C A G T  
TCCCATCGAG 
GCTTCTTAAT 
TATTTTTTGG 
GITGAGAACT 
TTCATTCAGG 
GGTCTTATGT 
TCGTAGGTCC 
TAATGCCTTT 
CGCCTCTGCC 
AGGGAAAGAG 

GCCEG TACGTGGXTG !lTATCIIY;TGT AAACAGCTAC TTTTCTTGGT 
A l a P r o  TyrValAspV a l I l e C y s V a  l A s n S e r T y r  PheSerTrpT  

ATCXTGACTA TGGGc9TTn; G X G T G X l l ' C  AGCCACAGCT GZATAGCCAG TTTCXGAACT GGTATAAGAC GCATCAGAAG CCGATTATCC AGAGCGXGTA 
y r H i s A s p T y  r G l y H i s L e u  G l u V a l I l e G  l n P r o G l n L e  uAsnSerGln  PheGluAsnT rpTyrLysTh  r H i s G l n L y s  P r o I l e I l e G  l n S e r G l u T y  

TGGAGCAGAC GCAATCXCAG GGATCCACG?i G 
r G l y A l a A s p  A l a I l e P r o G  l y I l e H i s G l  u 

TGAGATTGAT 
TTGAACTCCG 
CTGGTCTCAA 
ACCTGACATT 
TTGTGATTCT 
mEGm2Fa 
GGGAACTAAT 
CTCCATCTTC 
cGGccGp?Tp 
TGCTACATCG 
CCTTGTTCTC 
GACATCAAGA 
CCAAGGCAAT 
CAGWVLCCAA 
CCPTCAAGAG 
ATTTTGGTlT 
ACAGGTGTCT 

TTTCTGTGPG 
TIy;GcACTAA 
TAGCTAAGGC 
TGCATTCATG 
T A A I X E E Z  
AcI"pGcpGGG 
GTTTTAAATG 

TTTTAATTTA 
ATCACTGGGC 
GTTTGCTAGG 
CATTCATTCA 
TTGATTGATT 

GCCATCACCT 
GAGACAAAAT 
AGCCACAGTC ClTCATCK;C 
CAGCCTTCCT AACACTGCGG 
TACCTGGAAT TTTGCTG?TA 
CATGCTGTAG CTGCATCCCG 
ATAAAGCCAG GACTGGGTAG 
ACACAGCCPT CATATAAGAA 
ACTCTAACCC TAGACTAGCC 
GCTTCCCTGA CTCTTAATTT 
GTATTCATCT CTGCTCTCAT 
TAAGAGCCCT TCCCAGATTG 

TGCCATGGCA 
Ga3.X- 
TGGCCTTGAA 
CATGCATGCA 
ATTTAATGAA 
AATTGAACPC 

TATTTTCPGG 
CATGAGACTG 
C c c m A A T A  
CGAATCCTAA 
ACTCCACWA 
GCPGGAGTAC 
GAGTAACGAT 
ATTCTATTGG 
AAATCATGGG 
m c c G G A c  
ACGACGAGCC 

CACAGGTGGA 
CACTTACK;C 
TTCCTATTCC 
TPCATTCATT 

TGTGAGTACA 
AcAAccmA 
TGCTGGGGAT 
TCACA- 
CAGTTCCPCA 
COPAAAAATATT 
GTAGTAYRT 
ccCAcJL0M;G 
CAAAAAGATG 
GTCCTCTCCT 
CCTCCACCCA 
AGCCACAGTG 
T GT C T T CT GC 

. ._ -. . .. . - - - 
CAGCTTATOP 
W T T W l l T C  
GOCPCCTACT 
TTCTAGATGG 

CTTCAGACAC 
- T a m x x T  

CTGGATGAAT TATACTGCTT 
TGCPGTGGTG ACCCCPCCCC 
TTTGGAGATA GAGGTTTGCC 
GAGCTCCCAG ACpmTGAG 
CmTGCTAA TTTGGAGCTG 
TAAAAGAAAA AAAAAATAGT 
CTCCATTCCT CCTGGCTCAA 
CAGCCTTACA GGGAGCCACA 
TTAGCAGTGA GCPAUXCTG 
CTTTCATGGA CAG 
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4000 
4100 
4200 
4300 
4400 

4500 

4600 

4700 
4800 

4900 

5000 

5100 

5200 

5300 
5400 
5500 
5600 
5700 
5800 
5900 
6000 
6100 
6200 
6300 
6400 
6500 
6600 
6700 
6800 
6900 
7000 
7100 
7200 
7300 
7400 

7500 

7600 
7700 
7800 
7900 
8000 
8100 
8200 
8300 
8400 
8500 
8600 
8700 
8800 
8900 
9000 
9100 
9200 
9300 
9400 

9500 

9600 

9700 
9800 
9900 
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CTCTGGAGGG CTGAGATGAC AGGPOPCCCP CTGCACCTGG CCCAATGGCA ACTTAATGAA ATGAGCCTGT GAGCTGGAGA GTGGGCTCAG TGGTTAGCGC 10000 
TTOZAGCCTl' TCCGOPGGAC CPCAOPCPGG TTCCCAGCAC C€.ACACTGGG TACPTTAAAA CTGCCTGTAA CT(XAGTTCC AGACGATCTG ATGCCCTTTl' 10100 
TAGGCATCTG TGGTACCTG CATGACTGTA GTGCACAW ATGCACAATl AAAAAAAAAA ACCGCACAAA TCTTTATTAA AAGCATTTCT CA-GGGA 10200 
GAAGOPAGCT CAGTTGCCAG AGTATTTGTA TAGCATGClT AA?GXCTCT ATCCTACCCC TCTATACTAC CT?+lXCCAGC TGTACTl'AAT GCATGCCTAT 10300 
AGTACTAGX CTGGAGAAE CGAAATCCGG GGTCATCCCP GCCTACOPAA T G A m G A G  GCTAGPCPCG GATACAGAAA ACCCTGTCTC AAAACAAACA 10400 
AAAAAATTCT TCCTATGTCX AGACAGGTGT TGOPAGATCC TTAGCGATGA TGGAAATGTC TCTATCTOK: CTCCCTAGAA TGATAGCAAC CAGXACGAA 10500 
ACAGCAACAG GGGOPTTGAA ATGTGGGCAA T M C T G A A  TTCXTTTAGT GTGATCCTAA TTTAGATAGC CACATGTGGC CTTGTGACTA CTGTATTGPG 10600 

11 

B2 

B2 

B2 

GA CCcGccTcGc ATGTTCAGTG 12900 
A s  p P r o P r o A r g  MetPheSerG 

AGGiGTACCA GE3GGCTGlT CTGGAGAAIIT ACC4TTC4GT TCTGGATCXG AAACGTAAAG AATACGTGGT CGG9GAGcn: ATCTGGAAlT TCGCCGACTT 13000 
1uGluTyrGl n L y s A l a V a l  LeuGluAsnT y r U i s S e r V d  lLeuAspGln LysArgLysG lu!l)wValVa l G l y G l u L e u  I l e T I p A s n P  heAlaAspPh 

CATGACGAAC CAGT 
eMetThrAsn GlnS 

TGGSTATGGG ACTATTTCCA TTaaaaagta tgatgg- 

Z a a a a a A a a a a a g t a t  
GGCAGPTGAG TTQ2AGGACA CACAGCCTGG ATAAAGCACT TGCPGTGTGA 

l2 

B2 

ATAATGCTGG GTGTGGTGGC ACACATCl'GT AAcpccoITG TCCTATTAAA GGATGAGAAT 

TCTTATCAGC CCTCCTTGGT GPGTTTGGGT TGTTTTGTTT TAG 
CACCACT GAGAGTAATT GG9AAcE9GA AGGGG4TCTT CACTCGCCAG AGACAGCCCA 13400 
e r P r o L e  uArgVal I l e  G l y A s n L y s L  y s G l y I l  ePh eThrArgGln ArgGlnProL 

AAAcTTcGoc m A T T T T G  CGAGAGAGAT ACTGGAGGAT TGco4ACGAA ACOGGRGGTC AaX;TT04CG GCCGIC%ACC CAGTGllTG GAAGCAGACC 13500 
y s T h r S e r A l  a P h e I 1  eLeu ArgGluArgT y r T q A r g I l  eAlaAsnGlu ThrGlyGlyH i s G l y S e r G 1  y P r o A r g T h r  GlnCysPheG l y S e r A r g P r  

G!llUCGTTC TAAAGTTAC4 ACTACCT09C TGZXGACTa; C4GETCCC CAG3CAc3Tc CTG4CACTAG T A m c T A C T  TGaG4TTTTG TGAACTGATA 13600 
oPheThrPhe End 

CAAGGGGACT !ITAGE3GTc9 CA'lVXAAGCT GGCWTAATA ACITACAGn: CCPTAGGCTC AGTAATATGT CCTGCTGACA GGl"CCAAG 13700 

ATAAT!lTGll' AGTITTTTCT; GTGAACTCZ" GAAAGCCTG2 TGn;TG9ACX TTcTo9CTAA AIIT'WlGCT ACTI;GTGACA GGCTGGSGTG 13800 

TATc9OCT GGTCCTCCAT 13900 

CCR;CGGGTA CCACATGTAT GTCX;TATGTG GATCTACATG TGCXX;AAAAA AGTCATAOllT GT- 14000 

- 
" O X X m  AT009AATaC 

A A m T c T  

GGTATACACA CTGTGGTGAG 
1- v 
TCATATACAA GATITTTTTA 
CAGACTCCCC TGGAGCTGGA 
GTWTTGTlT ATGTATGTAT 
P 
ACAAAAGTCA GTCCTAGTTC 
CTTGAAAGAA CcoCTcCTCC 
GACTGTGCCT TTAAAAGGCA 
C r n A A C C C  CAGTGCCCTG 
GCATAAAATT AAGGAGCACC 

CAAGAGACCT 
AA(;AGGopop 
CTGAGCCATC 
AAAAAAATTC 
ATCACAAGTG 
GTATGTATGT 

TGTGCATGGT 
CACATACAGG 
l%TACTCTCC 
ATGTACTTGT 
GAGGAGGAGA 
TGATTCCCAA CACAGGC?AG 

TATCTCAAAA 
CAcATcPcAT 
TcATcAGccc 

ATTATOPGTA 
AmTCAGCA 
ATCXACATE 

AGlTAGGTCT 
TCCCCCCCCA 
TCTGTi3ATG 
TGGGATCCCC 

CGAAATGGAA 

CAAATggaag 
TACGGOPGOP 
ggaagttgaa 
TGTCTGTGTG 
ccTcAGopGC 
GTGTTTTGCC 
CCPGGOPCCT 
GGATGAGTCT 
AACPTCPCTA 
TGAGAAACAA 
AGAGCTGAAT 
TWGAGATA 

ttgaagactt 
TGTAAGCCAT 

gacttCTACA 
TCTGTCTGGA 
TGGGAACPGA 
TGCATATATG 

TTGGAAGGAC 
GCCPPCGAGG 
G A m G A m  
AATTCAGAGC 
GTCTCACCAG 
TGACAAACAC 

'f&GAT TCAAGTCCOC 
TAGAGACAGG AGGATCCOPT 
mpAAAGAT 
-Gzaams 
AGCATATACC 
TATGTACGK 
ACCTGGCCTC 
TTAGTGTGAG 
aGcpAGTGcp 
CCAGTCTGGG 
AAGTACTCOC 
CTTACCACOC 
GCTTGCTGAA 
mTACTAAT taaagttt t t  

TTAmATTA 
CTGGGATTTG 

CGTTCATATT 
TGTCTGGOK: 
TGK;AGGACA 
GGGGTCAGAT 

CTTAAGCACC 
TTACATGCAG 
AGAGTACTTC 
AGCTGGGTGC 
ATAGCAAGAG 

- - 
CTGTACTGCA CTTGGGPGGA 
CCACCCCPTC CCGGACCCAC 
AGCXTCAGG CCAGCCACGP - - 
CATACACACG AGTACCTATG 
CTCACTAAGG GTmGGTAT 
GTATATCCTC TTTTTAACTT 
GATPCCCTGG AACTGuu;ilT 
AAGCCATCPCCA 
GCTATGTGGT AAGATCCTAT 
AGCTTTAAGA ACAGCTGGAG 
AAGGCTGGTG TGGCAGCATT 
ACCCTGACTC GATTAAGGTA 
ac- 

_.... 

10700 
10800 
10900 
11000 
11100 
11200 
11300 
11400 
11500 
11600 
11700 
11800 
11900 
12000 
12100 
12200 
12300 

GCCTCC22,G 12400 
tag@ ttttacGCrr T C A A A G A T T m  12500 

B1 
D q  3 
DLGGAACPCTTG AT-- TGTCGGCCPC T'TGGATTfi GACATGGGCC ACCTTGATGA CCCCCPCCCC 12600 

CACTGCC 12700 
AGGCGTGTCC TTTAAAGTCT CTCTAATGCT AGCPGACAE AGACAGCAGG GTCTCTGAGC CAGCATCAGT TGAGTCCTGC GGTTAGTACA GCCCCGCATC 12800 

B l 2 c C  

A AAAAAAAAAA AAACTGITTC TTTcorpAcp ATCATPOPCG T C A T T m  14100 B1 14149 
FIGURE 2: Nucleotide sequence of the murine @-glucuronidase gene and its 5' and 3' flanking regions. The transcription initiation site (nucleotide 
1) and the putative (see text) poly(A+) addition site (nucleotide 14009) 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 repetitive elements (see text and Table 11). 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 1 is extremely GC rich 
(65%). Exon 12 encodes the carboxy-terminal56 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 @-Glucuronidase Gene 
exon nuclwtide positions length (bp) amino acids intron nucleotide positions length (bp) 

I 1-222 222 1-700 I 223-1882 I660 
2 1883-2068 186 11-132 2 2069-2282 214 
3 2283-2464 
4 2154-2896 
5 3501-3694 
6 441W6 I3 
1 4828-5006 
8 5091-5243 
9 1494-1518 

10 9455-9631 
I I  12879-13014 
12 13344-14009 

182 
143 
I88 
144 
119 
141 
85 

I l l  
I36 
666 

133-193 
193-241 
241-303 
304-351 
352-41 I 
411-460 
460-488 
489-541 
548-593 
593-6488 

3 2465-2753 289 
4 2897-3506 610 
5 3695-4469 175 
6 4614-4821 214 
1 5001-5096 90 
8 5244-1493 2250 
9 1519-9454 1816 

10 9632-12818 3241 
I I  13015-13343 329 

.Exon I also contains I2 nucleotides of 5' n o n d i n g  sequence preceding the ATG iniliation codon bExon 12 also Contains 496 nuclwtida of 3' 
noncoding sequence following the TAA termination c d o n  

2 3  - -239 

- 220 

'_ 2, I J 

-185 
FIGURE 3: Exon mapping of Gus-s exon 1. (A) The 220 base pair 
RNA:RNA (GUS-specific riboprokGUS 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 antisew 
GUS-specific ribprobe (containing the putative exon I plus flanking 
sequence) with total kidney RNA from androgen-treated female mice, 
followed by digestion with RNases A and TI. Lane 2 wntains 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 Ml3mplO with Hphl. (B) Schematic of GUS exon 
mapping. The 5' mmt Hindlll/EcoRI genomic fragment containing 
the putative exon 1 was cloned into corresponding restriction sites 
in a Bluescribe ribprobe vector. Labeled, antisense RNA was 
generated from the T3 promoter. The GUS antisense ribprobe was 
annealed with total kidney RNA from androgen-treated female mice 
and subsequently digested with RNases A and TI. The protected 
fragment (220 base pairs) was sired 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 1 I introns of Gus-s, which vary in size from 90 base 
pairs in intron 7 lo 3247 base pairs in intron IO, 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 & 

G A T C  1 2 

1 3! - -  

'Ir 

Lanc 1 f------- * 
Lane 2 f--- 

FIGURE 4 Determination of the site of transcription initiation by 
primer extension analysis. (A) The gel displays the sequence (labeled 
GATC) of the KpnllEcoRI MI3 subclone from which two nested 
M I  3 primers used in primer extension were derived. The products 
of two primer extension reactions using a KpnllSocl M I 3  primer 
and a KpnllPvull M I 3  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 lane8 I and 2 resolves 
into two bands. (B) Schematic of primer extension strategy showing 
origin of M 13 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 Y~~ 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. 

Repetiriue Elements wirhin 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 BI and B2 families of murine repetitive elements are 
found within Gus-s, the locations of which are shown in Figures 
I and 2, and a summary of their characteristics is presented 
in Table 11. Comparisons of the sequences of BI and B2 
elements with reported consensus sequences (Kalbet al., 1983; 
Krayev et al., 1982) are shown in Figure 6. Three of 1 I BI 
elements (Bld, Blg, and Blf)  and 3 of 8 B2 elements (B2c. 
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Intron Boundaries 
cccccc Consensus Splice Junctions ~ A G  ‘@A,, ........... TTTTTTXCJ Gg 

Intron No. 
1 gAG GTGcGc. .......... CTTTCCCtAG tc 
2 gtG GTcAGT ........... g TgTCTGCAG tG 
3 CAt GTGAGc ........... CCCaCCCtAG GT 
4 tcG GTGAGg ........... TgTCCCACM GG 
5 gAG GTAAcg ........... g CTCTCCtAG GT 
6 gAt GTGAGT ........... TgTCTCCtAG aT 
7 ACC OTGAGT ........... g CCTCCACAG tc 
8 tAa GTGAGT ........... TCaTggACAG Ga 
9 ggG OTGAGc ........... CTTgTCTtAG Gc 
10 gAG GTAAGc ........... TgaaTCCCAG Ga 
11 Agt OTGAGT ........... TTTgTTTtAG 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 G T  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 (Blf) which is not 

A 
B l c o r  

B l a  
B l b  

B l c  
B l d  

B l e  
B1  f 

819 
B l h  
B 1 i  

B1  j 
B l k  

B l c o n  
B l a  

B l b  
B1C 
B l d  

B l e  

819 
B l h  
B l i  

B l j  
B1  k 

B1  f 

B l c o n  
B l a  

B l b  

B l c  
B l d  
B l e  
B l f  

B l g  
B l h  
B1  I 
B1 j 
B l k  

CCGGG GTGG TGGCGCACGC CTTTAATCCC AGCACTCGGG 

++ +++tAT+Tt+ +t+++G+t+t ++t+t++A++ 
+A+++ & ++tt +++Tt+++T+ ++tt+G++++ t+tCt++AA+ 
- - _ _  - - - - 
----______ _ _ _ _ _ _ _ _ _ _  _ - -_______ -_________ 
_ _ _ _ _ _  ++++ ++++A++TA+ Ttt++t++++ ++A+T+T+l+ 
----______ _ _ _ _  ++CTtt t+G+++t+TT ++t+++T+++ 
++++A$+C+ +AAtA++T+G ++++C+t+AG +++CA+A++A 
++++++++if ++++A+++++ +++++++T++ +++++CT+++ 
TAt+TGtt++ ++A+At++AT ++++++++T+ +++++++A++ 

_ _ _ _ _ _  t++~+++t+T+T++ tA+++G++A+ ++++++G+At 
------____ _ _ _ _ _ _ _ _ _ _  _ -________ _ _ _ _ _ _ _ _ _ _  
--------__ _ _ _ _ _ _ _ _ _ _  _ _ _ _ _ _ _ _ _ _  _ _ _ _ _ _ _ _ _ _  

AGGCAGAGGC 50 
T+At+++++l 
++++++t+++ 
____------ 
++c+-+++++ 
+++G+C++++ 
tt+++++++G 
++++t++tA+ 
++t+++++++ 
_ _ _ _ _ _ _ _ _ _  
t+++++G++G 

tC+ - - - - - - - 

AGGCGGATTT 
+++T+t++C+ 
Gt+A+%+C+ 
- - _ _ _ _ _ _ _ _  
t++T+++tC+ 
+++A+A++CA 
+++++++tCt 
tt++AT++++ 
+++At+++++ 
_ _ _ _ _ _ _ _ _ _  
t+-t---+C+ 
+++TA++tC+ 

CTGAGTTCGA GGCCAGCCTG GTCTACAGAG TGAGTTCCAG 100 
++t+++++C+ ++++ti++-- ---------- --__------ 
+t+T+A+TTT +---it++++ ++it++++++ +---+-t+++ 
- - - - - - - - ++ ++T+++++++ ++++C+CT++ +ttA+++++A 
++%?+++Gt+ +-+++t+++T +++t+T-+-+ --++++++++ 
G-+tt+++T+ ++T++T+++T AG+++++-++ ti++------ 

+++T@++++ ++++++++++ +++++TG+++ CT++i+++++ 
+t++++++A+ +++t+++++t +t+++++A++ ++++++$?++ 
+++T+&+& ++t+++++++ ++G++++++T CA+++G++++ 

-++it+++++ 
-+tt+++Tt+ ++++++++++ +++++t+++A C+++++iTG+ 
%++T++T+t ++++++TG+- +++++++t+A +A++++++++ 

- - - - -_____ _--__----- - _ _ _ _ _ _ _ _ _  

GACAGCCAGG GCTACACAGA 
----______ _ _ _ _ _ _ _ _ _ _  
++++++ttA+ +++T++---- 
++++++++tA +++C++Tt+T 
A+++TTT+++ ++t+++++++ 
---------- _ _ _ _ _ _ _ _ _ _  
+t+++tt+++ +++++++++* 
++++++t++t ++++T+++i+ 
++it++++++ +it+++++++ 
AC++A++++t t++t+t+T+T 
+++++++Ti+ +++Gt+++++ 
+++++*++*+ &++t+&+++ 

GARACCCTGT CTCGAAAAAC 140 _ _ _ _ _ _ _ _ _ _  _ _ _ _ _ _ _ _ _ _  
_--------_ _ _ _ _ _ _ _ _ _ _  
++G+++t+++ +++A+tC++T 
++tt++++++ T+T+C+++C+ 
_--------- _ _ _ _ _ _ _ _ _ _  
t++tt+t+++ ++T+++C++A 
++ t ++-- +++ +++A+++#+ 
+G+++++++A ++G+++++C+ 
+iG+++t+++ ttT-++G+++ 
+++T++++++ ++--------  
A++++++++C +t+A++C+G+ 

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 B1 elements with consensus 
sequences in Figure 6 indicate that many of the partial ele- 
ments are lacking portions of the putative RNA polymerase 
I11 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 

B 
B 2 c o n  
B2a  

B2b  
B2c  

B2d 
B2e  
8 2  f 
8 2 9  
B2h  

B 2 c o n  
B 2 a  
B2b  

B2C 
B2d  

B 2 e  
B 2 f  

B29  
B2h  

B 2 c o n  
B 2 a  
B2b  

B 2 c  
B2d  
B 2 e  
B 2 f  

B 2 g  
B 2 h  

B 2 c o n  
B2a  
B2b  

B2c 
B2d  

B 2 e  
B 2 f  

B2g 
B 2 h  

GGGCTGGTGA GATGGCTCAG CGGGTAAGAG CACCCGACTG 
++A+++CA++ CtGt++-+++ G+TT++t+++ +++TG+-+++ 
_ _ _ _ _ _ _ _ _ _  -++++++Ti+ TC+T++++tt ++TTAt-+I+ 
+tt+++t+++ ttt+++++++ T+t++T+t++ ++++++++++ 
+++++++A++ +++tt+++++ ++CT++++++ +++T-++t+t 
Ct++++++++ +++t+++++i Ttt+++++++ ++++T+++++ 
++++++A+++ tttt++++++ T+++++++++ It+TA+-+++ 
+++++++A++ +t+tt++TG+ T+CT+++++t +++TA+-+++ 

_ _ _ _ _ _  +ATG +Ctt++-+tC AATT-+t+++ *++T-+++++ 

GGTCCGGAGT TCAAATCCCA GCAACCACAT GGTGGCTCAC 
t+t++T+Gt+ ++tGGt++t+ +++C+TT++A ++t+AT+t++ 
++A++CC-++ +TG+T+++++ +++Ct+t+++ ++CA+)St++ 
+t+++A++++ +++++++ttt ++++++++++ t+++-+++++ 
+++T+T++t+ ++++T++++t ++++GT+GG+ tA+++++G++ 
+++++it++* tt+tt++++t t+i+++tt++ ++it-++it+ 
+t+++T+t++ ++++++++t+ t+Ct++++++ +Att+++T++ 
t+A++CAG++ ++CtTtT+G+ C+tT+t++tC ++++TG-+++ 
++%+A++-+ ++++Ttt+T+ +++C+tt+C+ +++++++A++ 

CTCTTCCGAA 5 0  
T++++T+AG+ 
Tt+++++AG+ 
++++*+++++ 
++t++++T+$ 
+t+ttT++++ 
+++++t+T++ 
TC+++++At+ 
T+t+A+T+G+ 

AACCATCCGT 100 
++TT++TTt+ 
+++++*---- 
+it+++++++ 

G++++++T++ 
+++++++T++ 
+++++C+t++ 
+++Tt++T+C 
_ _ _ _ _ _ - _ _ _  

AACGAGATCT GATGCCCTCT TCTGGAGTGT CTGAAGACAG CTACAGTGTA 150 
+++------- _ _ _ _ _ _ _ _ _ _  _ _ _ _ _ _ _ _ _ _  _ _ _ _ _ _ _ _ _ _  _ _ _ _ _ _ _ _ _ _  
--------__ _ _ _ _ _ _ _ _ _ _  _ -________ _ _ _ _ _ _ _ _ _ _  _ _ _ _ _ _ _ _ _ _  
+++At+++++ ++CT++++++ ++++++titi ++++++++++ ++++++t+++ 
++t-++&+C AG+++++++t +TG+tT++++ ++++t++A++ ++t++i++i+ 
+tG+t+++++ ++CT++T+++ ++t+++++++ +++++tit++ ++++++++++ 
++T+++++++ ++CA++++++ +++++T+t++ ++++++++++ ++t+++++A+ 
+++-------  _ _ _ _ _ _ _ _ _ _  __-------- _ _ _ _ _ _ _ _ _ _  _____----- 
_ _ _ _ _ _ _ _ _ _  _ _ _ _ _ _ _ _ _ _  _ _ _ _ _ _ _ _ _ _  _ _ _ _ _ _ _ _ _ _  _ _ _ _ _ _ _ _ _ _  

CTTACATATA ATAAATAAAT AAATCTTTAC 180 _ _ _ _ _ _ _ _ _ _  _ _ _ _ _ _ _ _ _ _  __-------- 
_ _ _ _ _ _ _ _ _ _  _ _ _ _ _ _ _ _ _ _  __-------- 
t+++++t+++ tt+t++++++ ++++t++++A 
t+C++++TC+ Tic+++++++ ++t+------ 
T+t+++++++ ++++++++++ t+++++++tA 
++t+T+A+++ ++t+-++++I ++t+++++tA 
_ _ _ _ _ _ _ _ _ _  _ _ _ - _ _ _ _ _ _  __-------- 
_ _ _ _ _ _ _ _ _ _  _ _ _ _ _ _ _ _ _ _  __-------- 

FIGURE 6 :  Comparison of the B1 and B2 repetitive sequences of the murine P-glucuronidase gene (Gus-~) .  (A) A B1 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 111. 
The B1 sequences within and surrounding Gus-s are listed below, and their locations are given in Table 11; (+) 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 I11 split-promoter. The B2 sequences within and surrounding 
Gus-s are listed below, and their locations are given in Table 11. The designations within the sequences are as in (A). 
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Table 11: Characteristics of B1 and B2 Repetitive Sequences in the Murine @-Glucuronidase Gene 
nucleotide position strand" 5% sequence similarityb size of direct repeat direct repeat 

B l a S C  (1 1 14)-( 1 036)d + 85 
Blb* (831)-(730) + 81 
Blc* 3 963-4034 + 81 
Bld 4 090-4 222 + 79 8 CCAAAACA 
Ble* 4 262-4 339 + 74 
Blf  5 527-5 669 82 

B l h  12 283-1 2 435 - 84 12 T A ~ G T T T T T  A C ~  Blg  
- 

8 075-8 244 + 90 15 AAAATGACAAGAGCC 
- Bli* 12460-12506 82 

Blj* 12 572-12693 83 
Blk*  14056-14 149 83 
B2a* (1 977)-( 1 876) + 72 
B2b* (1 550)-(1467) 76 
B2c 3 209-3 400 + 96 13 AAAAAACTAAATA 
B2d* 6 253-6 426 83 
B2e 10 637-1 0 85 1 + 93 14 AAAAAGTATGATGG 
B2f 11170-11340 - 89 15 GGAAGTTGAAGACTT 
B2g* 11 698-1 1 798 72 
B2h* 13 800-13 882 + 75 

" With respect to direction of transcription from the RNA polymerase I11 promoter: (+) represents transcription from 5' to 3' from the same 
strand as GUS mRNA, and (-) represents transcription from the complementary strand. bBla-Blk sequences are compared to the B1 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 B1 or B2 repetitive sequences. dNumbers in parentheses represent nucleotide positions upstream from transcription 

initiation. CMismatches between direct repeats are indicated by the placement of the alternate bases at a single position within the sequence. 

- 
- 

- 

- 

- 

A t  - - - 
b b 

7 9 9 0  T T A A A A T A G T T A A C T A G T T A T A G C T A A C T A A T T A T A G T T A A C T A G T T A A A A  8 0 4 6  
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 7999-80 10 and 8033-8044. 
A palindrome within each inverted repeat is indicated by the adjacent arrows at positions 7999-8004 and 8005-801 0 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 l l  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 I1 
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 (1 986)]. 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 I1 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 I1 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+', 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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