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The murine B-glucuronidase (GUS) gene complex, [Gus], encompasses the GUS structural element, Gus-s,
and a set of regulatory elements which serve to modulate Gus-s expression. Three common GUS haplotypes
representing virtually all inbred strains of laboratory mice have been compared with respect to GUS mRNA
sequence. Results of such comparisons revealed sequence variations which target the location of one of the GUS
regulatory elements to sequences within Gus-s and which account for known electrophoretic and heat stability
differences among GUS allozymes of the three common GUS haplotypes.

The murine B-glucuronidase (GUS) gene complex, desig-
nated [Gus] and located on chromosome 5, provides a useful
model system for examining the structure and function of
mammalian regulatory elements. Elements of [Gus] have
been identified through characterization of natural variants
of GUS expression (for a review, see reference 23).

The elements of [Gus] include the GUS structural gene,
Gus-s, and a set of regulatory elements which serve to
modulate Gus-s expression. Three common alleles of Gus-s
(Gus-s, -s®, and -s") specify allozymes which differ in
electrophoretic mobility, heat stability, or both (15, 18, 22,
27). Included among the GUS regulatory elements is a
cis-active element, designated Gus-u, which controls the
levels of GUS synthesis in all tissues at all times (17). Gus-u,
while exerting control over the rate of GUS synthesis, does
not influence the levels of GUS mRNA in tissue, suggesting
that the effects of this regulatory element on GUS synthetic
rates occur subsequent to the processing of GUS transcripts,
possibly at the translational level (28). Combinations of
specific alleles of Gus-s and its regulatory elements define
three common GUS haplotypes: [Gus]“, [Gus]®, and [Gus])*
(Table 1 defines each haplotype insofar as is necessary for
this report).

We are attempting to utilize the natural variants of GUS
structure and regulation to identify and characterize the
DNA determinants of the underlying elements within [Gus].
One aspect of this strategy is comparative sequencing of
exons of Gus-s among the common GUS haplotypes. Results
of this analysis account for electrophoretic and heat stability
differences which distinguish GUS allozymes among the
three common haplotypes of [Gus]. More important, these
results permit us to infer the location of the Gus-u regulatory
element within [Gus].

Cloning and structural characterization of Gus-s® and
Gus-s". Using a cDNA probe representing exons 4 through
12 of the murine GUS structural gene, Gus-s, we have
identified and isolated single recombinant genomic clones
which contain the entire 14-kilobase (kb) gene from each of
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the three common murine GUS haplotypes, A, B, and H
(Fig. 1).

An H haplotype genomic library was prepared from spleen
DNA of the C3H/HeJ inbred mouse strain and constructed in
the N bacteriophage vector EMBL3. A random primer-
labeled (6) fragment (1.4-kb PstI-HindIII) from the GUS
cDNA clone pGUS-1 (7, 24) was used as a hybridization
probe to screen approximately 10° recombinant phage in this
library by in situ hybridization (1, 20). A cloned genomic
DNA, designated AHGus-1, was isolated in this manner and
contains all of Gus-s" within a 20-kb insert (Fig. 1). \HGus-1
was purified (19) and characterized by restriction mapping
with EcoRlI, Sall, and HindIII.

cosBGus-1 was isolated from a cosmid library prepared
with DNA from the YBR (B haplotype) inbred mouse strain
in the laboratory of Miriam Meisler at the University of
Michigan. cosBGus-1 contains all of Gus-s® within a 40-kb
insert (Fig. 1).

MAGus-4, previously published by this laboratory, con-
tains a 20-kb insert within which is found the A allele of
Gus-s (4). We have previously reported the complete se-
quence organization of this allele, which includes 14,009
nucleotides and 12 exons (4). Restriction mapping of
AHGus-1 and cosBGus-1 revealed patterns very similar to
those of AAGus-4 (Fig. 1).

Comparison of exon sequences among the three common
alleles of Gus-s. The sequencing strategy for the informative
clones used in determining the exon sequences of the B and
H alleles of Gus-s is shown in Fig. 1. Sequence comparisons
among the exons of the A, B, and H alleles are presented as
composite mRNAs in Fig. 2.

The mRNA sequence of the A allele (Fig. 2) is that
previously reported by our laboratory (8). Comparison at the
nucleotide level revealed that the A and B mRNAs differ at
17 positions, 14 of which are transitions, while 3 are trans-
versions (Fig. 2). The mRNA sequence of the H allele differs
from that of the B allele by a single transition at position 272
and from that of the A allele by a total of 18 residues. The
single difference between the B and H alleles predicts a
restriction-fragment-length polymorphism resulting from the
change of a Hphl site in the A and B alleles to a FoklI site in
the H allele. This difference provides the only restriction-
fragment-length polymorphism which distinguishes the B
and H alleles among inbred mouse strains (7).

Comparison of the polypeptide sequences of the A, B, and H
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TABLE 1. Definitions of the three common
B-glucuronidase haplotypes®

[Gus] Allele of: Al Representative
haplotype Gus-s Gus-u ozyme inbred strain
A ([Gus]?) a b GUS-A BALB/cJ
B ([Gus)®) b b GUS-B YBR
H ([Gus]®) h h GUS-H C3H/Hel

¢ Information is summarized from references 17 and 23.

allozymes. Of the 17 nucleotide differences between A and B
mRNAs, 1 was in the 5’ untranslated region, while 6 clus-
tered in the 3’ untranslated region. The remaining 10 differ-
ences appeared in the amino acid-coding portion of GUS
mRNA. Seven of the ten differences were silent, producing
no amino acid changes, while the remaining three specified
differences in two amino acids (Fig. 2). The variation at
positions 806 and 807 between A mRNA and that of either B
or H predicted an aspartic acid at residue 265 in the A
polypeptide versus a glycine in the B or H polypeptide. At
position 970, a guanine in A mRNA was replaced by an

adenylate residue in B and H mRNAs. This difference,

predicted a valine at residue 320 of the A polypeptide versus
isoleucine in the B or H polypeptide. Of the two amino acid
differences described, only the difference at residue 265
resulted in a change in the net charge of the GUS polypep-
tide, providing the structural basis for the observed differ-
ence in electrophoretic mobility between GUS-A and either
GUS-B or GUS-H (15, 18).

As described above, the mRNA sequence of the H allele
differed from that of the B allele by a single base at position
272. This difference predicted an isoleucine at residue 87 in
the H polypeptide versus a threonine in the A or B polypep-
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tide, resulting in a slight polarity difference between the
polypeptides. Since this variation represented the only dif-
ference between the H and B polypeptides, it must provide
the structural basis for the historically observed heat lability
of the enzyme product of the H allele relative to that of either
B or A (9).

According to the algorithm of Garnier et al. (10), the single
amino acid difference between B and H polypeptides at
residue 87 predicts a perturbation in protein secondary
structure. This algorithm predicts an extended or beta-sheet
conformation in the B polypeptide from amino acid 74
through 80 followed by five residues primarily in random
coil-and-turn configurations and then by an a-helical stretch
from residue 86 through 94. In contrast, the same algorithm
predicts a beta-sheet conformation for the H polypeptide
from residue 74 to 85, with an interruption by turns or
random coils of only three residues, followed by a region of
a-helix extending from residue 86 to 93 (Fig. 3).

The algorithm of Chou and Fasman (3) also predicts a
difference in protein secondary structure as a result of the
single amino acid difference between the B and H polypep-
tides (data not shown).

Furthermore, the algorithms of Kyte and Doolittle (14)
and Hopp and Woods (13) predict that over a stretch of
approximately 10 amino acids extending from residue 83 to
92, the B polypeptide is significantly more hydrophilic than
the same stretch of amino acids in the H polypeptide (Fig.
3B).

Predictions of protein secondary structure and hydro-
pathicity were made by using the DNASTAR Sequence
Analysis Program (DNASTAR, Inc., Madison, Wis.).

Targeting of the GUS regulatory element, Gus-u. The
solitary nucleotide difference between the B and H mRNAs
suggested a structural basis for the cis-active regulatory
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FIG. 1. Sequencing strategy for Gus-s exons of the three common murine GUS haplotypes. AAGus-4, A\HGus-1, and cosBGUS-1 designate
genomic clones containing Gus-s alleles carried by the A, H, and B haplotypes, respectively. Restriction fragments from AHGus-1 and
cosBGus-1 were isolated by gel electrophoresis through low-melting-temperature agarose and were ligated into M13mp18 or M13mp19.
Single-stranded M13 templates were sequenced by the quasi-end-labeling adaptation of the dideoxy chain termination method (5). In addition,
some restriction fragments were 5’ end labeled with [y-3>P]JATP (3,000 Ci/mmol) and sequenced by the method of Maxam and Gilbert (21).
Resulting DNA sequences were entered, stored, and analyzed by using the Microgenie DNA Sequence Analysis Program (Beckman
Instruments, Inc., Fullerton, Calif.) (26). Below the genomic clones is a graphic representation of the published exon-intron organization for
the A haplotype allele of Gus-s (4), in which darkened blocks represent exons of Gus-s. Indicated by vertical lines extending down from the
expanded exon map of Gus-s are informative restriction sites which are designated as follows: Ba, BamHI; Bg, Bglll; C, Clal; H, HindIlI;
Ps, Pstl; Pv, Pvull; R, EcoRV; S, Sphl; and X, Xbal. The dashed line at approximately +4.7 kb designates an EcoRV site which is absent
in the A haplotype but present in the B and H haplotypes. Sequencing strategies for exons of the B and H haplotypes are depicted by
horizontal arrows indicating the direction and extent of each sequence determination, with haplotype designations shown to the left of each
set of arrows.



4076 NOTES Mot. CeLL. BioL.

Exon 1

AGCCTCGCCA GTATGTCCCT AAAATGGAGT GUGTGTTGGG TCGCGCTGGGE CCAGCIGCTG TGCAGCTGCG CGCTGGCTCT GAAGGGCGGG ATGCTGTTICC CGAAGGAGAG CCCGTCGCGG 120
A MetSerLe uLysTrpSer AlaCysTrpV alAlaleuGl yGlnLeuleuy CysSerCysA laleuAlale ulLysGlyGly MetleuPheP rolLysGluSe rProSerArq 36
B °©
H -~

Exon 2
GAGCTCAAGG CGCTGGACGG ACTGIGGCAC TTICCGLGCCG ACCTCTCGAA CARCCGGCTG CAGGGTITCG AGCAGCAATG GTACCGGCAG CCGCTACGGG CGGGCCC AGTCTTIGGAC 240
GluLeulysA labeuAspGl yLeuTrpHis PheArgAlaA spleuSerAs nAsnArgleu GlnGlyPheG 1luGlnGlnTr pTyrArgGln ProleuArgG 1ySerGlyPr oValleuAsp 76

ATGCCTGICC. CTICTAGCTT CAATGACATC ACCCAAGAAG CAGCCCTICG GGACTTTAIT
MetProValP roSerSerPh eAsnAsplle G A1 Az

GGCTGGGTGT

GGTATGAACG GGAAGCAATC CTGCCACGGC GATGGACCCA "AGATACCGAC 360
rpZyrGluAr LeuP raTx; nAspThrA 116

xon 3
ATGAGAGTGG TGTTGAGGAT CAACAGTGCC CATTATTATG CAGITGT GGTGAATGGG ATTCATGTGG TGGAACATGA GGGAGGTCAC CTCCCCTTTG AGGCTGACAT TAGCAAGCTG -480
MetArgValV alleuArgll eAsnSerAla HisTyrTyrA laValValllr pValAsnGly IleHisValV alGluHisGl uGlyGlyHis LeuProPheG luAlaAspIl eSerlysleu 156

xon 4
GTCCAGAGTG GGCCCCTGAC CACCTGCCGG ATCACGATTG CCAPCAACAA CACACTGACC CCTCATACCC TTCCGCCGGG GACCATCGTC TACAAGACTG ACACCTCCAT ATCCCAAG 600
ValGlnSerG lyProleuTh rThrCysArg IleThrileA lalleAsnAs nThrieuThr ProHisThrl euProProGl yThrileVal TyrLysThrA spThrSerMe jtTyrProLys 196

GGTITACTITG TCCAGGACAC ARGCTTIGAC TICTTCAACT ATGCGGGACY GCATCGATCT GTGGTCCTCT ATACCACCCC TACCACTTAC ATCGATGATA TCACTGIGAT CACTAATGTG 120
GlyTyrPheV alGlnAspTh rSerPheAsp PhePheAsnT yrAlaGlyle uHisArgSer ValValLeuT yrThrThrPr oThrThrTyr IleAspAspl leThrValll eThrAsnVal 236

Xon
GAGCAAGACA IC 0 T5GA£C‘1'AC‘PGG ATTICTCTCC AGGGCAGCGA ACATTTCCAG CTAGAGGTGC AACTTTTGGA TGAGGACGGC AARGTCGTGG CCCATGGGAC AGGGAACCAG 840
GluGlnAspl leQlyleuVa 1ThrTyrTrp IleSerValG 1nGlySerGl uHisPheGln LeuGluValG lnLeuleuAs pGluAspGly LysValValA laHisGlyTh rGlyAsnGln 276
T A GT
Ser Glu Gly
T A GT
Ser Glu Gly

Exon 6
GGTCAACTTC: AGGTTCCCAG TGCCAACCTC TGGTGGCCTT ACCTGATGCA TGAGCATCCA GCCTACATGT ACTCCTIGGA TGAAGGTG ACAACAACTG AGTCTGTGAC TGACTACTAC 960
GlyGlnLeuG lnValProSe rAlaAsnlLeu TrpTrpProT yrleuMetHi sGluHisPro AlaTyrMet?T yrSerLeuGl ’3lLysVal ThrThrThrG luSerValTh rAspTyrTyr 316

xon 7
RCCCTICETG TCGCGATTCG AACAGTGGCT GTCACAARGA GCAAGTTCCT CATAAACGGG AAGCCCTTCT ATTTCCAAGG GGTCAACAAG CACGAGGATT CAGATRATCCG AGGGAAAGGC 1080

ThrLeuProV alGlylleAr qThrValAla ValThrlysS erlysPhele ulleAsnGly LysProPheT yrPheGlnGl yValAsnLys HisGluAs; 1yLysGl 356
a T
1 le Asn
A T
I le Asn

TTCGACTGGC CGCTACTGGT AAMAGGATTIC AACCTGCTCC GTTGGCTCGG GGCAAATTCC TTTCGTACCA GCCACTATCC CTACTCAGAG GAGGTACTTC AGCTCTGTGA CCGATACGGG 1200
PheAspTrpP roleuleuVa lLysAspPhe Asnleuleul rgTrpleuGl yAlaAsnSer PheArgThrS erHisTyrPr oTyrSerGlu GluValleuG lnleuCysAs pArgTyrGly 396
G

Leu
G
Leu

Exon 8
ATTGTGGTCA TCGATGAGTG TCCCGGTGTG GGCATTGTIGC TACQICAGAG TTTTGGCAAC GAGTCACTTC GGCACCACCT AGAGGTGATG GAGGAGCTGG TTCGCCGGGA CAAAAATCAC 1320

IleValVall leAspGluCy sProGlyVal GlylleVall euPfoGlnSe rPheGlyAsn GluSerleuA rgHisHisle uGluValMet GluGlulLeuV alArgArgAs pLysAsnHis 436

CCTGCGGTTG TGATGTGGTC TGTGGCCAAT GAGCCTTCCT CTGCTCTGAA ACCCGCCGCA TATTACTTTA AGACGCTGAT CACCCACACC AAAGCCCTGG ACCTCACCCG TCCCGTGACC 1440
ProAlaValV alMetTrpSe rValAlaAsn GluProSerS erAlaleuly sProAlaAla TyrTyrPhel ypThrleull eThrHisThr LysAlaleuA spleuThrAr gProValThr 476

Exon 10
TTTGTGAGCA ACGCCAAATA TGATGCAGAC CTGGGiCCC CGTACGTGGA TGTTATCTGT GTAAACAGCT ACTTTTCTTG GTATCATGAC TATGGGCATT TGGAGGTGAT TCAGCCACAG 1560
PheValSerA snAlalysTy rAspAlaAsp LeuGlyAlaP roTyrValAs pVallleCys ValAsnSerT yrPheSerTr pTyrHisAsp TyrGlyHisL euGluValIl eGlnProGln 516

LeuAsnSerG lnPheGluAs nTxrpTyrlys ThrHisGlnlL ysProllell eGlnSerGlu TyrGlyAlaA spAlallePr oGlyIleHis GlufspProP roArgMetPh eSerGluGlu 556
Exon 12

TACCAGAAGG CTGTTCTGGA GAATTACCAT TCAGTTCTGG ATCAGAAACG TAAAGAATAC GTGGTCGGAG AGCTCATCTG GAATTTCGCC GACTTCATGA CGAACCAG ACCACTGAGA 1800

IyrGlaLysA laValLeuGl uAsnTyrHis SerValleuA spGlnl) LysGluTyr ValValGlyG luLeulleTr pAsnPheAla AspPheMetT hrAsnGln. 596

xon 11
CTGAATAGCC AGTITGAGAA CTGGTATAAG ACGCATCAGA AGCCGATTAT CCAGAGCGAG TATGGAGCAG ACGCAATCCC AGGGATCCAC KAGFACCCGC CICGCATGTT CAGTGAGGAG 1680

GTAATTGGAAR ACAAGAAGGG GATCTTCACT CGCCAGAGAC AGCCCAAAAC TTCGGCCTTT ATTTTGCGAG AGAGATACTG GAGGATTGCC AACGAAACCG GAGGTCACGG TTCAGGGCCG 1920
VallileGlyA snLysLysGl yIlePheThr ArgGlnArqG lnProlLysTh rSerAlaPhe IlelLeuArgG luArgTyrTr pArglleAla AsnGluThrG lyGlyHisGl erGlyPro 636
c
Ile
c
Ile

AGGACCCAGT GTTTCGGAAG CAGACCGTTC ACGTTCTAAA GTTACAACTA CCTCACTGCA GACTCGCAGG TGTCCCCAGA CACTTCCTGA CACTAGTATT TCTACTTGGG ATTTTGIGAA 2040
ArgThrGinC ysPheGlySe rArgProPhe ThrPheEnd 648
A

AA G T
Arg

A A G T
Arg

CTGATACAAG GGGACTITAG AAGTGACATC ARAGCITITC TTCCGTGGGE ATAATAACTT ACAGIGCCTIT AGGCTCAGTA ATATGICCTG CTGAGAGGTG TCCAARGATAA TTTGTTAGIYT 2160

TTITTGGCCTT GGCTTIGTIGA ACTCTTGAAA GCCTGCTGTG TGAACATTCT CACTAAATTA AGAGCTACTG GTGAGAGGCT GGAGTGATGG CTGGCTCACA ATTTAAGAGC ACTGACTGTT 2280

A

A

| TGAGCTCGTC CICCATTICC CAGGTGATCC AMATGCCCTT TTGGCCCCTG CGGGTACCAC ATGTATGTGG 2400

ARTCIN 2456
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FIG. 3. (A) Comparison of predicted secondary structure char-
acteristics of the region of the GUS polypeptide which contains the
solitary difference in amino acid sequence between the B and H
haplotypes. Conformational states predicted by the algorithm of
Garnier et al. (10) for each amino acid between residues 70 and 100
are summarized. Designations of conformational state are as fol-
lows: C, coil; E, extended chain; H, a helix; T, turn. Solid circles
represent residues at which differences in conformational states are
predicted between the B and H polypeptides. Location of the single
amino acid difference which distinguishes the B from the H poly-
peptides is indicated by the arrow. (B) Comparative hydropathicity
profiles for the GUS polypeptides of the B and H haplotypes.
Hydropathicity data derived from the Hopp and Woods algorithm
(13) for the GUS polypeptides between amino acid residues 70 and
100 are presented in the top panel, while the bottom panel represents
similar data derived from the algorithm of Kyte and Doolittle (14).
For each panel, regions greater than zero are hydrophilic, while
regions less than zero are hydrophobic. Solid and dashed lines
represent hydropathicities for polypeptides of the B and H haplo-
types, respectively.
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element, Gus-u. Mice of the A and B haplotypes are ho-
mozygous for the wild-type allele, Gus-u®, while the three-
to fivefold-lower levels of GUS activity in tissue which are
characteristic of the H haplotype are controlled by the
mutant allele, Gus-u" (17).

We have previously demonstrated that the mutant allele of
Gus-u in H haplotype mice alters the rates of GUS synthesis
without altering the levels of GUS transcripts, thus preclud-
ing an effect on transcriptional or transcript-processing
mechanisms (28). From this we inferred that Gus-u encoded
a recognition site within either the processed GUS transcript
or the GUS polypeptide. Since only a single nucleotide
difference was observed for GUS mRNAs in mice which
manifest the variant alleles of Gus-u, the location of this
difference targeted Gus-u to a region within the second exon
of Gus-s, thus placing it within the coding sequence of the
gene over which it exerts control.

The effect of Gus-u on the expression of GUS must occur
subsequent to the processing of GUS transcripts but prior to
the acquisition by GUS of the ability to react with polyclonal
antibodies used in establishing the rate of GUS synthesis. In
their evaluation of the parameters responsible for the differ-
ential expression of GUS between murine tissues, Bracey
and Paigen (2) suggest that such differences arise primarily
from alterations in translational yield, which they define as
the number of mature enzyme molecules formed per minute
per mRNA molecule. Variations in translational yield can be
due either to alterations in translational efficiency or to an
event which promotes the maturation of GUS polypeptides
to a point at which they can be recognized by GUS antibod-
ies.

If Gus-u regulates translational yield of GUS polypep-
tides, then the expression of this element could vary be-
tween the GUS haplotypes so that transcripts derived from
the wild-type Gus-u® allele are translated more efficiently
than those from the Gus-u* allele. Differences between
transcripts involving primary sequences or secondary struc-
ture or both are known to alter the rate of attachment to
ribosomes or other stages of translation initiation or both.
11).

DNA variations responsible for differences in features of
GUS structure. The amino acid difference at residue 265,
which predicted an aspartic acid in the A polypeptide as
opposed to a glycine at this position in the B and H
polypeptides, resulted in a change in the net charge of the
protein. This amino acid difference provided the structural
basis for the observed difference in electrophoretic mobility
between GUS-A and either GUS-B or GUS-H, since GUS-A
migrates more rapidly toward the anode at alkaline pH than
either GUS-B or GUS-H does (15, 18). This conclusion is
consistent with a previous prediction that the difference in
electrophoretic mobility among the GUS allozymes is due to
a single charge difference in the GUS polypeptide (23).

A single amino acid difference between the B and H
polypeptides at residue 87 provides a structural explanation

FIG. 2. Derived sequences of murine GUS mRNAs and their encoded polypeptides for each of the common GUS haplotypes (A, B, and
H). The GUS mRNA sequence for the A haplotype was published previously (8), while those of the B and H haplotypes represent a
compilation of novel sequence from Gus-s exons contained within the genomic clones (Fig. 1). Nucleotides are numbered in the 5'-to-3’
direction from 1 to 2456. Nucleotide 1 represents the base at which transcription is initiated (4). Amino acids are numbered in italics (1 to 648),
beginning with the first residue of the signal sequence (4). Exon locations are demarcated by vertical lines, with exon numbers located above
the nucleotide sequence at the beginning of each exon. A single line of sequence shown for a region of mRNA or polypeptide or both indicates
identity among the haplotypes (e.g., nucleotide sequence 121 to 240). However, if sequence differences exist within a line, then only the
sequences representing such differences for the B and H haplotypes are shown beneath the complete A haplotype sequence (e.g., nucleotide

sequence 241 to 360).
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for observed differences in heat stability of GUS activity
among the A, B, and H allozymes (9). The heat lability of
GUS-H activity relative to that of GUS-B is observed
regardless of pH, buffering anion, buffer molarity, or ionic
strength (12). The sequence variation between the B and H
polypeptides also underlies significant differences in the
predicted secondary structure and hydropathy of the pro-
tein, thus providing a sound basis for the established differ-
ence in heat stability between GUS-H and GUS-B activities.

Evolution of the three common GUS haplotypes. The nu-
cleotide sequence data for the A, B, and H mRNAs can be
used to calculate the point at which chromosomes carrying
these GUS structural alleles diverged. Assuming a mutation
rate of approximately 4.2 X 107% to 7.0 x 10~° substitutions
per site per year for neutral mutations (16, 25), the A and B
alleles diverged approximately 8.7 x 10° to 14.5 X 10° years
ago. This estimate is based on the observation that of 17
nucleotide differences detected between the A and B
mRNAs, 15 were silent.

We acknowledge Kenneth Blumenthal and Steven Small for
helpful discussions during the preparation of the manuscript.
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