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The murine j-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 P-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-sa, -sb and 5h) 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]", [Guslb, 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_sb 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 X 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 106 recombinant phage in this
library by in situ hybridization (1, 20). A cloned genomic
DNA, designated XHGus-1, was isolated in this manner and
contains all of Gus_sh within a 20-kb insert (Fig. 1). XHGus-1
was purified (19) and characterized by restriction mapping
with EcoRI, SalI, and HindIll.
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-s6 within a 40-kb
insert (Fig. 1).
XAGus-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
XHGus-1 and cosBGus-1 revealed patterns very similar to
those of XAGus-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 HphI site in the A and B alleles to a FokI 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
3-glucuronidase haplotypesa

[Gus] Allele of: Representative
haplotype Gss u-u Allozyme inbred strain

A ([Gus]') a b GUS-A BALB/cJ
B ([Gus]b) b b GUS-B YBR
H ([Gus]') h h GUS-H C3H/HeJ

a 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-

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 Gamier 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. XAGus-4, XHGus-1, and cosBGUS-1 designate
genomic clones containing Gus-s alleles carried by the A, H, and B haplotypes, respectively. Restriction fragments from XHGus-1 and
cosBGus-1 were isolated by gel electrophoresis through low-melting-temperature agarose and were ligated into M13mpl8 or M13mpl9.
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-32P]ATP (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, BglII; C, ClaI; H, HindIll;
Ps, PstI; Pv, PvuII; R, EcoRV; S, SphI; and X, XbaI. 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.

1

0

VOL. 9, 1989



4076 NOTES MOL. CELL. BIoL.

Exon 1
A ACCTCGCCA GTATGTCCCT AAAATGGAGT GCGTGTTGGG TCGCGCTGG;G CCAGCTGCTG TGCAGCTGCG CGCTGGC'ICT GAAGGGCGGG AIGC7GTTCC CGAAGGAGAG CCCIGTCGCGG 120

A 14~~etSerLe uLys7zpSer AlaCvsTroV IAIaLeuGi vGinLeuLeyi CvsSerCvsA 1aLeuAlaLe uLysGlvGly MetL uPheP roLvsGluS& rProterAr7 36

H G
lExon 2

GAGCTCAAGG CGCTGGACGG AC?TGGWCAC T~TCCGCGCCG ACCTCTCGAA CAMCCGr.CTG CAGGGTTTCG AGCAGCAATG G;TACCGGCAG CCGCIACGGG MIGGC AGTCTTGGAC 240
GI uLeysA IaLeuAspG1 yLeufrpfis PheArgAlaA spLeuSerAs9 nAsnArgLeu GinGlyPheG luGInGInTr pTyrArgGln Pr*LeuArgG 14erGlyPr oVaiLeuAsp 76

ATGCCTOT,CC CTC~TAGCT? CMA?GACA?C ACCCAAGAAG C&GCCCTTCG GGACTl'TATT GGCTCGGGIGT GGTATGAACG GGAAGCAATC C~TGCCACGGC G;ATGGACCC ~AGATACCGAC 360
*$t'roVA1P :r*SOrSerPh eAsrjAsplIe ThrGInGluA laAiaLeuAr ~gAspPhel1e GlrZVrA'aIT reTvrGluAr 9gGhAiaUle LeuProAr9A a=TpThrGI nAspTAhrAso 116

c
Thr
T

Exon 3
ATGAGAGTGG TGTTGAGGAT CA&cAG.TGCC CATT!ATTATG CAG?TTWG GGTGAATGGG ATTCATGTGG TGGAACATGA GGGAGGTCAC CT CCCTTTG AGGCTGACAT TAGCAAGCTG -480
HetA,rgVI~V .1LUuArgZi eAsr*SerA1a Biv?lyrTyrA taVmlVA4T pVa1AsnG1y IieiflaVaIV alf$lIuH!sGl uGlyGlyHfis LeuProPbeG luAI.AspUl eSerLysI.eu 1-56

xo 4GTCCAGA? GGGCCCCTGAC:CACCTGCCG ATCACGATTG CCATCAACA& CACACTGACC CCTCATACCC TTCCGCCGGG GACCATCGTC TACAAGACTG ACACCTCCAT~TTCAG600
V.01GThSvzG: lyProeuTThhtrcysMgr l1.ThrIIAalekdIAsnAsi ,nThrLeuThr PrafHiaThrL, euProProGi yThIieVal TyrLysT'hrA sptrhrSerMa I TyrProLys 196

OM?AC?TTG ICCAGGACC AAGCflGAC TTC?TCAACT ATGCOGGGCT GCATCGATCT GTCGTCCT'CT A?ACCACCCC TACCACTTAC AkTCGATGA?A TCACTOTGAT CACTAATOGTG 720
G1y?rPheaiGrtAsTh rerPhAsp hePhAsnT yrAl1aGIyL& uffisrg-Ser VaiVaiLeuT yrThrThrPr oThrThrTyr IleAspAspi leThrVd1 Ii eThrAsnVal 236

GAGCMGACA t-C =TGG? GACCTACTG TTTCTGTGc AGGCAGC-G& ACAITTTCCAG iCTAG&GGTGC AACTTiTGGA TGAGGACGGC AAAGTCGTGG CCCATGGGAC AGGGAACCAG 840
GluGinAs leG0yLeuVa, iThrT rnr ZIeSorVAIG lmGiySerGi uHisPheGln Lr,G.IuVaIG ThLeuLeuAs pluAs Il LysVa1ValIA laHIsGIy7h rGi AsnGTn 276

GGTCAACTTC AGGTTCCCAG TGCCAACCTC TGGTGGCCTT ACCTGATGCA:TGAGCATCCA GCCTACATGT AC'ICC'TTGGA GCLAAGGTG ACAACAAC?G AGTCTGTGAC TGACTACTAC 960
GlyGinLeuG inVaiPr*Sv rAlaAsnLeu TrpTrpProT yrLeuet*tHi sGluHisPro Aia7yrMetT yrSerLeuGl lVaLysVal ThrThrThrG luServalTh rAspTyrTyr 316

A~CCTCCTG TCGGGCATTCG MCATGGCT GTCACAAAGA GCAMGTTC-CT CATAAACGGG MAGCCCTTCT AITTCCAAGG GG'TCAACAAG CACGAGGATT CAGA?kTCCG AGGGAAGGxC 1080
ThrLeuProV alGiyheAr T7hrValAla VaiThLysS erL aPheLe uhleAsnGly LvsProPheT yPheGlnGl yValAsnLy_s HisGluAs S rslA 14yLy;Gly 356

TTCGACTGGC CGCTACTGGT AAAGGATTTC AACCTGC7CC GTTGGCTCGG GGCAAATTCC TTTCGTACCA GCCACTATCC CTACTCAGAG GAGGTACTTC AGCTCTGTGA CCGATACGGG 1200
PheAspt!rp roLeuLeuVa lLysAspPhe AsnLe-uLeuA rgT'rpLeual yAlaAsnS*z PheArgThrt erilisTyrPr oTyrSerGtv GluValLeuG lnLeuCsA pAqyrl 396

G
Leu

ATTGTTGGGCA TCGATGAGTG TCCCGGTGTG GGCATTGTGC TAC I~GT7I'7GGCAAC GAGTCACTTC GGCACCACCT AGAGGTGATG GAGGAGCTGG TTCGCCGGGA CAAAAATCAC 1320
Z1eVAl Va11 leAspGluCy sProGlyVal GlyIleValL euPGIoGnSe rPheGlyAsn GiuSerLeuA rgHisHisLe uGluVaiMet GluGluLeuV alArgArgrAs pLysAsnHlis 436

[Exon 9
CCTGCGGTTG TGATGTGGTC TGTGGCCAAT GAGCC TCCT CTGCTCTGA ACC CCCGA TATCTA AAGCTGAT CACCCACACC AAAGCCCTGG ACCTCACCCG TCCCGTGACC 1440
ProAlaVa.lV aOMetTrpSe rVaIAIaAsn GluProSerS erAlaLeuLy sProAlaAla TyrTyrPheL ysThrLeull eThrHisThr LysAlaLeuA spLeumhrAr gProValThr 476

Jxon 10
TTTGTGA,GCA ACGCCAAATA TGATGCAGAIC CIGGG ~CC CGTACGTGGA TGTTATCTGT GTAAACAGCT ACTTTTCTTG GTATCATGAC TATGGGCATT TGGAGGTGAT TCAGCCACAG 1560
PheValSerA snAlaLysTy rAspAlaAsp LeuGl lAaP roTyrValAs pValIleCys ValAsnSerT yrPheSerTr pTyrHisAsp TyrGlyHisL euGiuValrl eGlnProGln 516

Exon 11
CTGM'TAGCC AGOTTTGAGM CTGGTATAAG ACGCATCAGA. AGCCGATTAT CCAGAGCGAG TATGGAGCAG ACGCAATCCC AGGGATCCAC AGCCCCTCGCATGTT CAGTGAGGA 1680
LeuAsnterG laPheGluAs nTrpTyrLys ThrHisGInL ysprohlehl eGlnSerGltu TyrGlyAlaA spAlahIePr oGlylleHis Glu spProP roArgrMetPh eSerGluGlu 556

Exon 12
TACCAGAAGG CTGTTCTGGA GAATTACCAT TCAGTTCTGG ATCAGAAACG TAAAGAATAC GTGGTCGGAG AGCTCATC7G GAATTTCGCC GACTTCATGA CGAACCAGTZ ACCACTGAGA 1800
TyroInLysA laValLeuGi1 uAsnTy His SerValLeuA sp lnL sAr -LysCIuTyr ValValGIy IuLeuIieTr pAsnPheAla As PeMetT hrAsnGlnSo rProLeuArq 596

G
Pro

Pro

G?AATITGGAA AC-A&GAAWGGGGA~1TCMACT CGCCAGAGAC AGCCCAAA C TTCGGCCTTT ATTTTGCGAG AGAGATACTG GAGGATTGCC AACGAAACCG GAGG'TCACGG TTCAGGGCCG 1920
VaIZIJe,GyA snLysLysGI yhlePheThr ArqGInArqG InProLysTh rSer-AiaPhe IleLeuAreG iuArgTyr7r pArgIleAla AsnGluThrG lyGlyHisGl vterGlyPro 636

tie

AGGACCCAGT GTTTCGGAAG CAGACCGTTC ACGTTCTAAA GTTACAACTA CCTCACTGCA GACTCGCAGG IGTCCCCAGA CACTTCCTGA CACTAGTATT TCTACTTGGG A?TTTGTG;AA 2040
Ar2Thr,GlnC ysPheG.IySe rArgProPhe ThrPhetnd 648
A AA G T

Arq
A AA C T

Arg

CIGATACAAG GGGACTTTAG AAGTGACAIC AMGCTTTTC ?TCCGTGGGG ATMATACTT ACAGTGCCTT AGGCTCAGTA ATATGTCCTG. CTGAGAGGTG 7CCAAGATAA TTTGTTAG?T 2160

TTITaGGcCTT GGCTTTGTGA ACTCTTGAAA GCCTGCTGTG TGAACATTCT CACTAAAT'TA AGAGCTACTG GTGAGAGGCT GGAGTGATGG CTGGCTCACA ATTTAAGAGC ACTGACTGT'T 2280

A

A

CTAC'IGGAGG TTCCAGA?TC:.AA?TCCTA~CC ACCCACCTGG ::GGACTA-.!A:TGAGCTGG.TrC CTCCATTTCC CAGGTGATCC AAATGCCCTT TTGGCCCCTG CGGGTACCAC ATGTATGTGG 2400

2456TA?CTGGA7C TACAT?CGG~~..M~~Z
...........~~~~~~~~~~£

C ~ ~ ~
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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.

element, Gus-u. Mice of the A and B haplotypes are ho-
mozygous for the wild-type allele, Gus-ub, 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_uh (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 ofGUS transcripts but prior to
the acquisition by GUS of the ability to react with polyclonal
antibodies used in establishing the rate ofGUS 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-ub allele are translated more efficiently
than those from the Gus-uh 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 (I 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 ofmRNA 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).

VOL. 9, 1989



MOL. CELL. BIOL.

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 10-9 to 7.0 x 10-9 substitutions
per site per year for neutral mutations (16, 25), the A and B
alleles diverged approximately 8.7 x 105 to 14.5 x 105 years
ago. This estimate is based on the observation that of 17
nucleotide differences detected between the A and B
mRNAs, 15 were silent.
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