
Volume 12 Number 22 1984 Nucleic Acids Research

Comparison of the whey acidic protein genes of the rat and mouse

S.M.Campbell and J.M.Rosen
Department of Cell Biology, Baylor College of Medicine, One Baylor Plaza, Houston, TX 77030,
USA, and

L.G.Hennighausen+, U.Strech-Jurk* and A.E.Sippel
Institut fur Genetik, Universitat zu K6ln, 5000 Ko1n 41, FRG

Received 6 August 1984; Revised and Accepted 22 October 1984

ABSTRACT
Whey acidic protein (WAP), a hormonally-regulated 14,000 dalton cysteine-

rich protein, is the principal whey protein found in rodent milk. Genomic
clones encompassing both the 2.8 Kb rat and 3.3 Kb mouse WAP genes have been
characterized. The genes consist of four exons and three introns. The middle
two exons encode the two cysteine-rich regions which probably form separate
protein domains. Homology in the 5' flanking DNA of the mouse and rat extends
at least 325 bp upstream of the putative CAP site, including a precisely con-
served stretch of 50 bp around the unusual TATA and CAAT sites. The homology
previously observed between the 3' noncoding sequences of the rat and mouse
mRNAs extends at least 20 bp into the 3' flanking region. Several potential
glucocorticoid receptor binding sites have been found in the 5' flanking
region of the WAP gene. The conservation of the 5' flanking region of the WAP
genes may be related to regulation of expression of WAP by peptide and/or
steroid hormones.

INTRODUCTION

During lactation the mammary gland secretes large amounts of milk protein

which consists predominantly of the acid-precipitable caseins and several whey

proteins (1). WAP has so far been discovered only in the milk of rats, mice

and rabbits (2; J.C. Mercier and L.G. Hennighausen, unpublished results), and

not in the better-characterized ruminant milks. In the milk of the lactating

rodent WAP is several-fold more abundant than a-lactalbumin (3). In the lac-

tating rat mammary gland, WAP mRNA comprises 15% of the total poly(A)+ mRNA

(4,5). Studies using rat mammary gland explant cultures have shown that the

hormonal induction of WAP is responsive to both glucocorticoids and prolactin,

although the steroid hormone appears to be of primary importance (5).
Cloned WAP cDNA's from mouse and rat have been sequenced and the respec-

tive protein sequences deduced. (2,6,7) The mouse protein contains 134 amino

acid residues while the rat protein contains 137. The most striking feature

of these proteins is the large number of cysteine residues arranged into two

domains with similar arrangements of the six cysteines in each. The signal

peptide and cysteine domain 1 are more conserved at the amino acid level than
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domain 2. Additionally, the 3' noncoding region is better conserved than the

coding portions of the mRNA.

Although the function of WAP is unknown, certain features of its primary

structure suggest comparisons with other proteins of known function. The

arrangement of cysteines in each of the two domains of WAP is similar to that

seen in the other "Four Disulfide Core Proteins" (7-9). These proteins, which
include wheat germ agglutinin, several snake venom toxins and the neuro-

physins, share a comwon pattern of cysteines which in some cases have been

shown to form specific intramolecuilar disulfide bonds and folding patterns

(8,9). Gilbert (10) and Blake (11) have suggested that exons of eukaryotic

genes may encode structural or functional domains of the protein. Exon multi-

plication seems to have played a role in the evolution of the collagen (12),
ovomucoid (13) and a-fetoprotein (14) genes. The similar patterns of the

cysteine clusters in the two WAP domains suggest that analogous mechanisms

have operated in the case of WAP, with both domains evolving from a single

primordial domain by means of an intragenic duplication (2).
Genomic clones from both the rat and mouse WAP genes have been isolated

and used to derive the sequences of the coding exons, intron/exon splice

junctions, and of the 5' and 3' flanking sequences. The exon structure of the

WAP genes reflects the structure of the proteins. In addition, homology in

the 5' and 3' flanking DNA of the mouse and rat WAP genes probably reflects

conservation of sequences important to the expression and/or processing of the

WAP mRNA.

MATERIALS AND METHODS

Materials

All restriction endonucleases were purchased from Boehringer Mannheim,

New England Biolabs, Amersham, or Bethesda Research Laboratories. DNA

polymerase I, DNA polymerase I Klenow fragment, T4 DNA ligase, and T4 poly-

nucleotide kinase were from Bethesda Research Laboratories. Calf intestinal

phosphatase was from Boehringer Mannheim. NACS-Prepak columns were obtained

from Bethesda Research Laboratories.
Library Screening

A genomic DNA library of the GR mouse (15) was screened by in situ plaque

hybridization (16). Fifty petri dishes each containing "2x104 phage plaques
were screened with the cloned insert of pWAP1 (1) as a hybridization probe.
The hybridization probe was isolated by preparative gel electrophoresis and

was radioactively labeled to a specific activity of '108 cpm/pg DNA by nick
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translation (17). A Charon 4A library of rat DNA generated by partial Hae III

digestion was screened as described previously (18).

Gel Transfer and Hybridization

Total BALB/c mouse liver DNA or recombinant mouse DNA was digested with

restriction endonucleases, electrophoresed on agarose gels, and transferred to

nitrocellulose filters as described (19). The filters were hybridized to nick-

translated pWAP6 DNA in order to detect the mouse WAP gene (1). The filters

were washed in 0.2 X SSC at 65°C, and the hybridization signal was visualized

by autoradiography. Transfers and hybridization of rat DNA were done as

described (18).

Sandwich Hybridization

To visualize 5' regions not represented in the rat cDNA clone (2), an RNA

sandwich hybridization technique was employed. The DNA of interest was

digested with the appropriate restriction enzymes and electrophoresed on

agarose gels. Bidirectional transfers were done using the method of Smith and

Summers (20), and the filters baked for 4 hrs. The filters were prehybridized

in 5 ml of 50% formamide, 0.6 M NaCl, 5 mM EDTA, 50 mM Tris-HCl pH 7.4, 0.1%

SDS, 0.04% BSA, 0.04% polyvinylpyrrolidine, 0.04% Ficoll0, and 300 ug/ml
sheared salmon sperm DNA (hybridization solution). After 4 hrs at 37°C, 5 ug

of lactating mammary gland poly(A)+ RNA was added and incubated at 37°C for 12

hrs. The filters were washed for 1 hr at 68°C in 2 X SSC, 0.1% SDS, then

placed in a seal-a-bag containing 5 ml hybridization solution. Denatured

nick-translated cDNA probe was added and the filters hybridized at 37°C over-

night. The filters were washed in 2 X SSC, 0.1% SDS, first at room tempera-

ture for 10 min and then at 68°C for 1 hr. The hybridization patterns were

visualized by autoradiography.
Plasmid Subcloning

For the mouse gene, the 7.2 Kb Eco RI fragment of XWAP24 was subcloned

into pBR322 and into pUR250 (21). For the rat gene, the 1.1 and 2.4 Kb Eco RI

fragments of WAPX1 and the 3.3 Kb fragment of WAPX2 were subcloned into

pBR325. For dideoxy sequencing, these subclones were digested with Hae III

and subcloned into the Sma I site, or with Sau 3A and subcloned into the

Bam HI site of M13mp8. The digested WAP subclone DNA was treated with calf

intestinal phosphatase before ligation to prevent multiple insertions. Single

stranded DNA was isolated from the subclones and screened by hybridization

with nick-translated WAP cDNA or by sandwich hybridization to isolate clones

containing WAP exon sequences.
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DNA Sequencing

The muse sequence was obtained by 3' end labeling with (a-32P) dNTP and

Klenow fragment of DNA polymerase I (22). Fragments were separated on agarose

gels, electroeluted and sequenced according to Maxam and Gilbert (23).

Fragments subcloned in pUR250 were sequenced directly without purifying frag-

ments (21). Rat WAP sequence was obtained by labeling either at 3' ends

with (a-32P) dNTP and Klenow (22), or at 5' ends with (y-32P) ATP and poly-

nucleotide kinase (23). The end-labeled fragments were then digested with a

second enzyme to generate single-end-labeled fragments, resolved by electro-

phoresis in low melting point agarose, and purified by elution from NACS-

Prepak columns. Sequencing was then carried out by the procedure of Maxam and

Gilbert (23). DNA was routinely precipitated from 2.5 M NH4CH3COO with 2.5

volumes of ethanol, and was desalted by precipitation from 26 tl of 300 mM

NH4CH3C0O acetate with 1 ml of ethanol, followed by lyophilization from 20 jl

of distilled water. Dideoxy sequencing using M13mp8 was done by the method of

Smith (24). Computer analysis of the sequence data was done using the RELIX

Sequence Information System (25).

RESULTS AND DISCUSSION

Cloning of the WAP Genes, Identification of Coding Regions, and Sequencing

Two genomic clones, WAPXI and WAPX2 (Fig. IA), were isolated from the rat

DNA library. WAPX1 contains a 1.1 Kb Eco RI fragment, and WAPX2 contains a

3.3 Kb Eco RI fragment, which hybridized to a 435 bp WAP cDNA clone. Both the

1.1 and 3.3 Kb fragments contain a unique Hinc II site, also present in the

cDNA clone (1). This site is identical in both the 1.1 and 3.3 Kb fragments

by DNA sequencing (data not shown). A probe consisting of the portion of the

WAP cDNA extending from the unique Taq I site to the 3' end hybridized only to

the 3.3 Kb band. This indicated that the 1.1 Kb piece lacks the 3'-most por-

tions of the coding region. Since the restriction maps of WAPXL and WAPX2 do

not overlap outside of the 1.1 and 3.3 Kb pieces (Fig. 1A), it was concluded

that WAPA1 contains the 5' end and 5' flanking DNA, while WAPX2 contains the

3' end and 3' flanking DNA. From the map of WAPX1, it was predicted that the

5'end of the gene would reside in either the 1.1 Kb piece or the neighboring

2.4 Kb Eco RI fragment. Sandwich blotting to localize the 5' end of the gene

detects the 2.4 Kb Eco RI piece of WAPXI; this fragment does not hybridize to

the 32P-labeled WAP cDNA alone. The gene thus lies on three Eco RI fragments
within two phage clones.

A genomic clone, AWAP24 (Fig. 1B), isolated from the GR mouse library,
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Figure 1 Structure of the Mouse and Rat WAP Genes. A) The Rat Whey
Acidic Protein Gene. R = Eco RI, H = Hha I, C II = Hinc II,
T = Taq I, B = Bam HI. Solid boxes in the genomic portion of
the figure represent exons. The heavy line in the mRNA diagram
represents the protein coding portion of the mRNA. B) The Mouse
Whey Acidic Protein Gene. Xh = Xho I, Xb = Xba I, S = Sal I,
P = Pst I.

contained a 7.2 Kb Eco RI fragment which hybridized to 32P-labeled pWAP6, a

plasmid with a 450 bp WAP specific cDNA insert. Southern blot analysis of

total Eco RI-digested DNA also revealed the presence of a single 7.2 Kb

fragment. Thus, the entire mouse WAP gene lies on this 7.2 Kb Eco RI fragment
which carries a unique Bam HI restriction site, also present on the cloned

cDNA (7; see Fig. 1B).
Partial restriction maps of the WAP clones and the strategy used for

sequencing are shown in Fig. 2. The sequence was obtained from both strands of

the DNA in all cases. The conclusions derived from the sequencing are dis-

cussed below. The complete sequence of both the rat and mouse genes is found

in Fig. 3.

Exon Structure of the WAP Gene Mirrors the Structure of the Protein

The WAP gene extends over 3.3 Kb of the genome in the mouse, and 2.8 Kb

in the rat, and is composed of four exons divided by three introns (Fig. 1A
and B). The difference in the sizes of the genes is primarily due to the

difference in the third introns - the size in the mouse is 1.10 Kb, in the rat

this intron is -500 bp. The first exon encodes 26 nucleotides of the 5'

untranslated region of the mRNA in the mouse, 33 in the rat, plus the

sequences encoding the 19 amino acid signal peptide and the first 10 amino

acids of the mature protein (Fig. 3). The second exon is 135 bp long in both
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Figure 2 Sequencing Strategy for the WAP Genes. A) Rat Gene. Ah =
Aha III, Av = Ava I, B Bam HI, C II = Hinc II, Ha = Hae III,
Hh = Hha I, N Nco I, RI = Eco RI, RV = Eco RV, S = Sst I,
Sa = Sau 3A, T = Taq I. Fragments were labeled on the 5' (solid
circles), or 3' (open circles) ends, or were sequenced by
dideoxy method (vertical line). Solid boxes on line indicate
exons. B) Mouse Gene. A = Alu I, Av = Ava II, B = Barn HI,
Bg = II, H = Hinc II, Hf = Hinf I, K = Kpn I, P Pst I,
S = Sal I, Sc = Sac I, Xb = Xba I, Xh = Xho I. Sequences were
derived either from purified restriction fragments or by direct
sequence analysis of fragments cloned into the polylinker of the
vector pUR250 (4,22). Solid boxes indicate exons.

the mouse and rat, while the third exon comprises 165 bp in the mouse and 168

in the rat. It has been hypothesized that the second and third exons of the

WAP gene arose via an intragenic duplication of a primordial gene containing a

single cysteine domain (2). Each exon encodes precisely 1 cysteine domain;

additionally, the 3' ends of the second and third exon are both located at

analogous positions with respect to the cysteine clusters; the splice junction

splits the fourteenth codon 3' to the double cysteine in each domain. The

fourth exon consists of 146 nucleotides in the mouse and 161 in the rat,

encoding the last 4 amino acids of the mouse protein and 8 of the rat, the

stop codon, and 131 bp of the conserved 3' noncoding region in the mouse, 134

bp in the rat (Fig. 3). The sequence of the introns is only slightly more

divergent than that of the exons.

Many protein molecules are composed of separate regions of folding known

as protein or structural domains. Gilbert (10) and Blake (11) suggested that

exons of eukaryotic genes might correspond with particular structural domains

of defined function, providing organisms with the structural building blocks
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-1156
RAT cactcgaacg gactgcctac tgtcagatcc

-1096 -1076
RAT gagcagagag gtagttgcca aggcctgggg

-1016
RAT ttcctttggg gctggcctga aacgaaacat

-956 -936
RAT ttcaaagagg agaggecatg ggccacagtg

-876
RAT ggctggcgcg acagccagta aacacacagt

-816 -796
RAT aagtcaagga aatgtcccga gagcaatggg

-736
RAT cgttggcaca gcatggggcc cttctgagaa

-676 -656
RAT atgtgtaccc tgtactctct acaaggagca

-596
RAT gaaaagcacc aagaaaagaa accatcctct

-536 -516
RAT tttttttttt taaagatttt tatttatttc

-456
RAT aagagggcat cagatcccac tggatcccag

-396 -376
RAT aggacctctg gaagagcagt cagtgctccc

-316
RAT tccgagaaag gggtcccaac ccaaccattc
MOUSE *---t*---- e----ooce-

-1136 -1116
catttacatg agatgcccag aatagacaga cgcagaaacc

-1056 -1036
gctcggggaa ctagcgagag gctgctggca ggcacaggtt

-996 -976
caaggttaca gcctgaaaga gcttcccctg ggactttgtc

-916 -896
aagacctccg gccagtcaaa ggagtatggg ctgcaccata

-856 -836
cactcactct cgagtcattg catccccttc cttgcaagag

-776 -756
cacagtgccc aacaggacat cccatccggg cccatgacac

-716 -696
gtgggctttc aaggttccct gcacaggcaa tccttttttg

-636 -616
agtgcctcca cattcttata aaacttttta gaaaactcca

-576 -556
gatgtgactg tacacatttg gagctcggaa tttccttttt

-496 -476
atgtatggga gcacactgtc gctatcttca gacacaccag

-436 -416
atggttgtga gccaccatgt ggttgctggg acctgaactc

-356 -336
aaccactgag ccatctctcc agccctcgga atttcctttg

-296 -276
aaagtgatat ctgtcacatt tgttacagat cccatttctt
*------c*c to-O------00-c-- to-- --t-------

-256 -236 -216 -197
R cc-ttctctg ctccttaatt tttttcgttt tggccataaa caagttttac cttttaagtg aaa-aaataa
M *OtOOtOOOo *o*@@@c@e. -.c-c--c-- *OataeeeOO o-o--ao--- teoeeeeeoe gggg-o-a--

-177 -157 -137
R cgaccaccct tacaaaggac ttcttaaaaa tggactccga attgtgaacc ttgttctggt agcctgggcc
M tOOOOOOOOO 0000000000 *Oto*****O **c** *-g--ooooogc**o00000ctog coeoceO.60

-117 -98 -78 -59
R tgctctctgc atgtgtccaa ga-ggaagtg ttttagccca tctacgccta tgcaagcctg ccc-ccctcc
N oeooooeect gOO@Ogoooo*@a@@@@@*@ *@g@@@@@@. *O*ogagoog *oecoeo*c ttOcO**aoo

AAAAAAAAAA -41 VVVVVVV-21 -1+1 Exon I+
R tt-ccccaa agtcttcctc ctgtgggtcc tttaaatgca tcccagacac tcaggctacc ATCAGTCATC
N ccacOOOoOO *--O@0-0*0000*@@@@@@@@ eo*ooo9*e0 0 ***00 0 ooO-coag.o *ooo*oo---

+21 000 +41 +61
R ACTTGCCTGC CGCCGCCGAC ACCATGCGCT GTTCGATCAG CCTCGTTCTT GGCCTGCTGG CCCTGGAGGT
N *O**O***OA *CO----OGT *e000eAOT *CCTC-o--e o----ooo0*0000-000000 *00000000

C ys
+81 +101 +121+ Intron I+
R AGCCCTTGCT CGGAACCThC AGGAACATGT CTTCAACTCA G gtaggcccc aggtattcac tt-actgcag
N GeOeooC.00 *AOOO----G *OOOOOOAOO 0000000000 0 *eoaooooo oototceo* coteertno

+Intron I+ Exon II+
R -//-ttttgtacag TTCAGTCCAT GTGTTCTGAT GACAGTTTCA GTGAGGACAC AGAATGTATC AAC¶GCCAAA
N-//-eeeoegooo *0*-*****- *OICCAAA*A *Coo-CCC*o TOOOGeoo *-oGeoeoeo eT-*o*o

Cys Cys Cys

R CCAACGAGGA GTGTGCCCAG AATGACATGT GTTGTCCCAG TrC;T;GT AGGTCC1;CA AAACTCC;T
N .000000000*00000000* -o--C-oo-o-- C--o-oGT oooe-5-**ee OooAoOC99o *9**e****

Cys C ysCys Cys Cys
+ Intron II+

R CAACA gtaag tccctgccca t----ggtgg tagagaagag caaacaggaa caagaacctg cctagagagg
M 00000 000--00-Oc*OO atccceoeoo *goeo-g-oo oc-g-o-ogt *-ooogt-oo ooogo*ooo*

Intron II+
R a--ataacc ctttacccac acaccaattc - --//--- --cggcat gaaa-gctt cgggtggtaa
N ocac-o-gto*00000000 OOO*OOOcOo t --//--- tatggooooo o--eggoo-o tooe**oooo
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+ Exon III+
R gagagtgacc atctcttccc cag TTGAGGT TCAAAAGGCT GGCCGCTGCC CC1;GAATCC AATCCAGATG
N -*oee *e.ec-.e *o* *eoGT*o oCGosAoee *oeTT*oooe T w*00ee *CeeeeAeCe

Cys

R ATCGC1TG-- C2GGACCA1G CCCAAAGGAC AACCCATGCT CCATCGACAG TGATTGTTCT GGCACCATGA
N *--AGOAGTA *CeGo-G-e *0e*T A*G *TAGAe--- *--GoeeeCo *eeGeeeeee *---A6@eO@

Cy s Cys Cys
Intron III+

R AATGC¶CAA GAA2GGC¶GT ATCA¶GAGTT GRTAGACCC AGAACCAA+gt atgcagc9tc aagaccc-tg
N *@@@-@@@OO CGTC@A@OS@ G.-----CAO **eCACCeee *-iGe--G *0 *-----tt-- *-ae--et-a

CysCyS Cys C ys

R gagctccatt tctccctaga ccccctctgg cacccacctt actctttat ---//--- ttatccccat
N *-coc6*ce -Oeeeeeeee tete-*eeee *cee.....* *ec-egc-e ---.//.--- -----*@

+Intron III + Exon IV+
R ctgtatctcc tacag AAMCT CCTACAGTGA T¶TCCTTTCA G¶GAGAAGCC ¶GCCCIGG-A 1VCC1GCC¶G
N ecaec.c -*ee *-A*eCeeee*-- O"*Coo-- Goe**eeeCe o*eeeo@*@*

R TCAGGAGTGA CCAGCCCAAG CC¶GTACAGC AAGAACCTTC ACTCTTGGAT C-CAGAGAGA ACA&TAA1CT
N **Goo**Cee oeo*ee eeee Te0A**e*** *-xoCeeeee *OeeGoeeeO -C0eSOOOO -*@O@-@@@O0

3' FLANKING REGION+
R TTCThACTGC 7GCTAATAA AATCCATT¶G GCTTT+atgtc tctgtctgtc tatctgtcct g
N *6A6Teee *0........ *eeeeeee*A AO-- eceec .e*00*0.- *egeee*etg t

Figure 3 Sequence of the Rat and Mouse WAP Genes . The CAAT box (A), TATA
box (V), initiation codon (0), cryptic rat splice consensus
region (O), and termination codon (*) are indicated. Triplets
encoding cysteines are underscored; the polyadenylation signal
is doubly underscored. Splice junctions are indicated by arrows
(+) as is the end of the mRNA.

from which novel protein functions would be made. For example, in the cases

of collagen (12) and a-fetoprotein (14) there is evidence from amino acid

sequence and genomic structure to establish that the genes evolved by intra-

genic amplification of exons. In the case of ovomucoid (13), exon amplifica-

tion gave rise to three functional domains, connected by short peptides and

with disulfide bonds formed strictly within the domains. And although the

position of these cysteines is constant within each domain, there is only low

homology of the amino acid sequences in each domain, exactly as is found in

WAP (2). In another abundant milk protein gene, the 0-casein gene of the rat,

there is also evidence for exon amplification as a mechanism of evolution

(26). WAP provides another possible example for this mechanism of the

generation of protein diversity.

Splice Junctions of the WAP Exons

The splice junctions of the WAP gene shown in Fig. 4 are similar to the

splice junction consensus sequences compiled by Mount (27), and also conform
to Chambon's rules (28). An interesting feature is the 12 bp (4 amino acid)
insertion found in the rat gene. This insertion involves a duplication (10 of
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3' JUNCTIONS

EXON:INTRON
*

CONSENSUS - (C,A)AG GT(A,G)AGT (15)

EXON 1:INTRON 1
*

CTTCAACTCAG GTAGGCCCC AGGTATTCAC
IIIIIIIImnT11111111111 I III
CTTCAACTCAG GTAAGCCCC AGTTTCTCAC

EXON 2:INTRON 2
*

AACTCCTGTC AACA GTAAGT CCCTGCCCAT
III111 rn11111111TTII 11111
AACTCCTGTC AACA GTAAGT CCCCGCCCAA

EXON 3:INTRON 3

CCAGMCCAA GTATGCAGCCT CAAGACCC-T

CiiCAii IIGinT iT III iiiTCCAGTGCCAG_GTGTGCAGTIT CAAAACCCTT

5' JUNCTIONS

INTRON:EXON
*

CONSENSUS - (NxC,T)N(C,T)AG G (15)

INTRON 1:EXON 2
*

CTTCCCGTTT TGTACAG TTC AGTCCATG
I IIIrnII 111 11111111

TCNCACCTTT TGTGCAG TTC AGTCCATG

INTRON 2:EXON 3
*

ATCTCTTCCC CAG TTGAGGT TCAAAAGGCT

ATCTCTC-CC CAG TTGGTGT TCCGAAGCT
INTRON 3:EXON 4

*

CTGTATCTCC TACAG AATCT CCTACAGTGA
1111T1F 1 III

CCATCTCCCC TACAG --TGA

Figure 4 A Comparison of Rat and Mouse WAP Gene Splice Junctions. Splice
junction consensus sequences are underlined.

12 bases homology) of the splice consensus region of the rat relative to the

mouse, although it is impossible to determine whether this phenomenon arose

via a duplication of this region in the rat or a deletion of one copy of the

consensus in the mouse. Another possibility would involve activation of a

cryptic splice junction sequence in the intron of the rat gene. The factors

which cause the selection of the 5'-most splice consensus in the rat instead

of the 3'-most consensus are unknown.

Conservation of the 3' Flanking DNA of the WAP Gene

The sequences of the rat and mouse WAP gene fourth exons and 3' flanking

regions are shown in Fig. 3. As reported previously (1), there is greater

homology between the rat and mouse genes in the 3' noncoding region of the

gene (91%) than within the coding regions (82%). It is likely that some

important function of this region has resulted in its unusual conservation.

The homology extends 22 bases 3' to the putative message end. The 3' flanking

DNA is repetitive in sequence, consisting of T residues in every other posi-

tion, alternating mainly with G and C residues. This pattern ends after +22,
at least in the rat. A computer search (25) of mammalian gene sequences in

the Genbankt sequence database did not reveal any other genes with similar

stretches in analogous positions. There do not appear to be regions of

homology with U4 snRNA, as have recently been reported surrounding polyadenyl-

ation sites (29). We also do not observe any sequence closely resembling that

found by Benoist et al. in 5 of 11 mRNA's, although the region surrounding the
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polyadenylation site is AT-rich as seen in those mRNAs (30).

Comparison of the Rat and Mouse 5' Flanking Regions

The sequences of the rat and mouse 5' flanking DNA and first exons are

compared in Fig. 3. The 5' end of the mouse mRNA has been tentatively

localized by in vitro transcription of the WAP gene using a whole HeLa cell

transcription extract (L.G. Hennighausen and M. Theisen, unpublished results),

and by sequencing full-length cDNA clones (31). The CAP site is probably at

the A residue 26 nucleotides upstream from the initiation site of translation

in the mouse, 29 in the rat. The homology between the mouse and rat sequences

is 83Z, and extends at least to position -325. Further data indicate that the

homology extends as far as -800 (unpublished observations). An unusual form

of the Goldberg-Hogness 'TATA' box (28), TTTAAAT, is present in both the rat

and mouse genes at a position 30 bases upstream from the predicted initiation

site. A sequence similar to the 'CAAT' box (28) sequence, CAAAGTCT, is located

around -55. A region of 50 bases including these two postulated regulatory

sites is perfectly conserved between the mouse and rat genes. In contrast,

the 5' flanking regions of the rat B-casein (S.M. Campbell, W.K. Jones, and

J.M. Rosen, unpublished observation) and a-lactalbumin genes (32), whose

expression are also regulated by prolactin and glucocorticoids, demonstrate no

such homology with the rat WAP gene.

The rat and mouse diverged '17 million years ago (33). Most quoted rates

of evolution of silent codon positions or of introns are in the range of 3.5-

5.5 x 10 9 mutations/site/year. These values indicate that the overall

homology found in the WAP 5' flanking DNA is unlikely to be significant.

However, there are local regions of higher homology, particularly the pre-

cisely conserved 50 bp surrounding the 'TATA' and 'CAAT' boxes. These may

represent sequences of functional importance conserved through evolution.

The unusual 'TATA box' we find in the WAP gene (TTTAAAT) is also found in

the y- (18) and a-casein (34) genes, but not in the B-casein gene (26). A

computer search of 105 eukaryotic 5' flanking sequences in Genbankt found only

3 genes with a 'T' in the second position of their 'TATA boxes'. This was

found in the rat preprocarboxypeptidase gene, whose 'TATA box' sequence is

TTTAAAA (35), the bovine opsin gene (TTCATAA) (36), and this rat preprosomato-

statin gene (TTTAAAA) (37). Thus the TTTAAAT found in the genes mentioned

above appears to be a relatively specific feature of a small number of genes

encoding major milk proteins. Preliminary in vitro transcription analysis of

the a- and Y-casein genes indicates that the TTTAAAT sequence is a weak

promoter in this system (38). The transition of an A to a C, T, or G in the

second position of the TATA sequence has been shown to reduce the in vitro
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efficiency of the promoter sequence in other genes (35). Of interest is the

lack of this unusual element in the B-casein gene, which is expressed to a

greater extent than the other three milk protein genes during lactation. The

role that the altered TATA sequence may play in tissue and differentiation

specific regulation of mammary gland gene expression remains to be

established.

The mechanism by which WAP gene expression is regulated by glucocorti-

coids is unknown. One thousand one hundred ninety seven bp of 5' flanking DNA

of the rat gene have been sequenced and within this sequence several short

elements related to the family of octanucleotides reported by Payvar et al.

(40) in sequences shown by DNase I footprinting to bind the glucocorticoid

receptor have been observed. These sequences are at -394, -598, -626 and

-1127 (Fig. 3). In addition, a 9 bp subset of the putative progesterone

receptor binding sequence of Mulvihill et al. (41) is present in both the

mouse and rat at -277 (rat coordinates, Fig.3). A competitive DNA cellulose

binding assay (42) has identified multiple glucocorticoid receptor binding

sites between -566 and -1250 in the rat WAP gene, some of which have affini-
ties comparable to those observed for the MMTV LTR DNA (M. Pfahl, unpublished

results). Studies are underway to further characterize the functional

importance of these regions and to define other hormone-responsive elements in

the WAP gene. The structural information reported in this manuscript is a

necessary prerequisite for the definition of these sequences by both direct

hormone receptor binding studies including DNAse I footprinting and DNA-

mediated gene transfer experiments.
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