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ABSTRACT The human renin gene was isolated from a
Charon 4A human genomic library and characterized. The
gene spans about 11.7 kilobases and consists of 10 exons and 9
introns that map at points that could be variable surface loops
of the enzyme. The complete coding regions, the 5'- and 3'-
flanking regions, and the exon-intron boundaries were se-
quenced. The active site aspartyl residues Asp-38 and Asp-226
are encoded by the third and eighth exons, respectively. The
extra three amino acids (Asp-165, Ser-166, Glu-167) that are
not present in mouse renin are encoded by the separate sixth
exon, an exon as small as 9 nucleotides. The positions of the
introns are in remarkable agreement with those in the human
pepsin gene, supporting the view that the genes coding for
aspartyl proteinases have arisen as the result of duplication of
a common ancestral gene. As in most eukaryotic genes, the
putative T-A-T-A and C-A-A-T sequences, which may play a
role in the initiation of gene transcription, are found in the
vicinity of -29 and -51 nucleotides of the cap site. Further
upstream, at nucleotides -456 to -451, is located the
hexanucleotide T-G-T-T-C-T, which has recently been sug-
gested as a binding site for the glucocorticoid receptor. In the
3'-flanking region, there is the conserved hexanucleotide se-
quence A-A-T-A-A-A, thought to be necessary for polyade-
nylylation. Blot-hybridization analyses of the isolated gene
done and the total cellular DNA after digestion with restriction
enzymes revealed that human renin is encoded by a single
gene.

Renin is an aspartyl proteinase synthesized mainly in the
juxtaglomerular cells of the kidney, which are located in the
afferent arterioles immediately proximal to the glomeruli (1).
When the blood flow through the kidney becomes in-
adequate, renin is secreted into the circulation where it acts
on a plasma protein to produce the decapeptide angiotensin
I. Under the influence of the converting enzyme, the angio-
tensin I derived from the larger parent protein angiotensin-
ogen, in turn, becomes angiotensin II, which has potent
vasoconstrictor and aldosterone secretion-stimulating activi-
ties. Renin is, therefore, the key enzyme of the renin-
angiotensin-aldosterone cascade aimed at increasing blood
pressure and extracellular fluid volume (2).

Recently we (3) have reported the isolation and sequence
analysis of a human renin cDNA clone. From the cDNA
sequence, the human renin precursor, preprorenin, was
shown to be composed of 406 amino acids. In the present
study, we used the human renin cDNA to isolate the cor-
responding gene sequence from a human genomic library.
Analysis of the organization and structure of the renin gene
revealed that it exists in a single copy, spans roughly 11.7
kilobases (kb), and consists of 10 exons. We also examined
the intron-exon junctions to see if there is a correlation

between the intron-exon organization of the gene and the
tertiary structure of the protein.

MATERIALS AND METHODS
Materials. All restriction enzymes were obtained from

either New England Biolabs or Takara Shuzo (Kyoto, Ja-
pan). Escherichia coli alkaline phosphatase and T4 DNA li-
gase were from Takara Shuzo. [_y-32P]ATP (>5000 Ci/mmol;
1 Ci = 37 GBq) and [a-32P]dCTP (=3000 Ci/mmol) were
from Amersham.

Screening. A human genomic library, prepared from partial
Alu I and Hae III digestion and ligated into the EcoRI arms
of the X vector Charon 4A, was kindly provided by T.
Maniatis (4). A portion of the amplified library plated on E.
coli LE 392 was screened, by the method of Benton and
Davis (5), for sequences that hybridize with cDNA probes
[Pst I-Hpa II and Hpa II-Rsa I fragments of pHRn 321 (3)]
labeled with 32P by nick-translation to a specific activity of 2
x 108 cpm/,ug. Hybridization was conducted at 65°C for
12-24 hr and the filters were sequentially washed several
times in (i) 0.3 M NaCl/0.03 M sodium citrate/0.1%
NaDodSO4 at room temperature, (ii) 0.3 M NaCI/0.03 M
sodium citrate/0.1% NaDodSO4 at 65°C, (iii) 15mM NaClI1.5
mM sodium citrate/0.1% NaDodSO4 at 65°C, and (iv) 0.3 M
NaCl/0.03 M sodium citrate at room temperature and ex-
posed to Fuji x-ray film RX-50 with a DuPont Cronex Light-
ning Plus screen. Positive clones were picked and rescreened
at low plaque density to achieve high purity. Preparation of
phage DNA was carried out as described (6).

All cloning experiments were performed in accordance
with the guidelines for research involving recombinant DNA
molecules issued by the Ministry of Education, Science and
Culture of Japan.

Subcloning. DNA fragments from the positive phage clones
were digested with EcoRI and the four fragments spanning
the entire length of the gene were isolated by electrophoresis
through 0.7% agarose gels. The purified DNA fragments
were subcloned into the EcoRI site of plasmid pBR322 since
larger quantities of the EcoRI fragments were required for
sequence determination. Transformations of E. coli HB101
were performed as described by Morrison (7).
Mapping and Sequencing. DNA samples were digested

with various restriction enzymes under conditions specified
by the supplier and separated by electrophoresis on 0.7% and
2.5% agarose or 5% polyacrylamide gels. Ethidium bromide-
stained gels were photographed under UV light and DNA
was transferred to nitrocellulose filters in 0.9M NaCl/0.09 M
sodium citrate as described by Southern (8). Hybridization
was carried out at 65°C for 12 hr with nick-translated cDNA
probes as described above, and filters were autoradiographed
at - 70°C with intensifier screens.

Abbreviation: kb, kilobase(s).
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Appropriate restriction fragments were isolated from poly-
acrylamide gels and sequenced according to Maxam and
Gilbert (9) by using the 5' end-labeling method. The se-
quence strategy used is shown in Fig. 1C.

RESULTS
Isolation of a Genomic Clone for Human Renin and Subclon-

ing of Its EcoRI Fragments. A human genomic library con-
structed in the X phage Charon 4A (4) was screened for the
renin gene by using a nick-translated cDNA insert as a
hybridization probe. After screening 400,000 recombinant
phages, 7 positive clones were identified. They were plaque-
purified and their DNA was isolated for restriction endonu-
clease characterization. Preliminary restriction enzyme
analysis of these clones indicated that they covered similar
regions of about 12 kb of the human genome. Two clones,
designated XHRn 42 and XHRn 72, were further analyzed and
shown to have three EcoRI sites (Fig. lA). The orientation of
the gene was determined by using the 5' and 3' specific
cDNA probes generated by digesting the human renin cDNA
at a unique Hpa II site. Four EcoRI fragments (the 5'-most
7.8-kb, the 3'-most 5.7-kb, and the overlapping 3.4-kb and
0.8-kb fragments shown in Fig. 1A), which together comprise
17.7 kb of the human genome, were subcloned for the sub-
sequent sequence analysis.

Soubrier et al. (10) have shown that the renin gene exists
in a single copy in the human genome. To confirm this and to
establish the absence of major sequence rearrangement of
the renin gene during cloning and propagation of the XHRn
72 DNA, we analyzed restricted genomic DNA by blot
hybridization. When the placental cellular DNA was di-
gested with Sac I or HindIII, the fragments detected by the
[32P]cDNA probe were identical with those seen in the cloned
XHRn 72 DNA except the fragments containing the left or a
portion of the right arm of X phage DNA. The sizes of these
hybridizing fragments correspond exactly to those expected
from the partial restriction map shown in Fig. 1B. These
results suggest that the cloned gene sequence (XHRn 72)
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FIG. 1. Restriction map and strategy for sequencing the human
renin gene. (A) Location of EcoRI sites in recombinant phage
clones. (B) Detailed restriction map of the renin gene and its flank-
ing regions. The restriction sites utilized for sequencing are indi-
cated by downward lines. (C) Regions of the DNA that were se-

quenced; the horizontal arrows indicate the direction and length of
each sequence analysis. The structure of the renin gene is illus-
trated schematically with solid (coding regions) and open bars (un-
translated regions) and solid lines (introns and flanking regions). All
sites of the following restriction enzymes are shown: B, BamHI;
EV, EcoRV; H, HindIII; K, Kpn I; S, Sac I. Restriction sites used
for sequencing are AC, Acc I; Al, Ava I; BII, Ban II; BG, Bg1 I;
BS, BstEII; D, Dra I; DD, Dde I; E, EcoRI; HA, Hae III; HF, Hin-
fl; HP, Hpa II; N, Nco I; R, Rsa I; SA, Sau3AI; ST, Stu I (these
do not cover all of the sites present in the gene).

represents the original structure of the human renin gene that
is present as a single copy in the chromosome.

Organization of the Cloned Gene. From the results of single
and double digestion experiments using the subcloned frag-
ments, a partial restriction map of the human renin gene was
constructed (Fig. 1B). The restriction fragments containing
an exonic sequence and its surrounding regions, identified by
blot hybridization with a nick-translated [32P]cDNA probe,
were subjected to nucleotide sequence analysis to determine
the exon-intron junctions. The subcloned 0.8-kb fragment
that did not hybridize with the cDNA probe was also se-
quenced to cover the entire coding sequence. As shown in
Figs. 1 and 2, human renin gene consists of 10 exons and 9
introns. Central parts of the introns were not sequenced. The
exon sequences are identical with those of the corresponding
region of the cDNA (3). In accordance with the general G-T-
A-G rule, all of the introns begin with the dinucleotide G-T
and end with A-G. More extensive consensus sequences
have been proposed for the RNA splice sites by analyzing a
great number of eukaryotic genes that are transcribed by
RNA polymerase II (12, 13). The donor (C-A-G/G-T-A-A-T-
G-T) and the acceptor [QC)11-N-T-A-G/G] consensus se-
quences are reasonably well matched by the intron-exon
junctions of the renin gene (Fig. 2).
When compared to mouse renin, human renin contains

three extra amino acids (Asp-165, Ser-166, Glu-167; the
numbering system begins from Leu-1 of mature renin) at the
middle of its polypeptide chain. Surprisingly, these three
additional amino acids are nearly fully encoded by a separate
exon (as defined in Fig. 2) of only 9 nucleotides.
Comparison between the gene structure and a proposed

tertiary structure of human renin (14) revealed that all of the
intron-exon boundaries follow the rule, proposed by Craik et
al. (15), that splice junctions tend to map at protein surfaces.

Flanking Regions. The 3'- and 5'-flanking regions, with a
special emphasis on the 5' portion, were also sequenced
since these regions may be important in the regulation of
gene expression. The transcription initiation site or the cap
site was tentatively assigned to the residue A labeled + 1
based on the fact that an "A", which is preceded by a "C"
in most cases, is the preferred cap site and assuming that our
cDNA covers nearly the full length of its template-namely,
human renin mRNA. This assignment is supported by the
relative position of the putative regulatory sequences such as
the Goldberg-Hogness box ("TATA") found upstream of
the 5' terminus. Inspection of the region upstream from the
start site revealed the presence of the promoter sequence T-
A-T-A-A-A between positions -29 and -24. At positions
-Slto -46 there is the sequence C-A-A-T-C-A, which is
homologous to the consensus "CAAT" box. In the region
immediately upstream from the TATA box, several palin-
dromic sequences are observed (Fig. 2). Further upstream is
located a hexanucleotide sequence, T-G-T-T-C-T, which has
been suggested to be a preferential binding site for the
glucocorticoid receptor by using cloned DNA fragments of
mouse mammary tumor virus (11). That the human renin
gene is regulated by the steroid hormone is an exciting, but
unproven, possibility.
The 3' end of the human renin gene was determined by

comparing the nucleotide sequence of the 3'-untranslated
region of the gene with the sequence of cDNA that contains
the complete 3'-noncoding region (3). The potential polyade-
nylylation signal (A-A-T-A-A-A) found in the majority of
eukaryotic genes is located 20 nucleotides upstream from the
poly(A) addition site or 180 nucleotides downstream from the
termination codon. Several short direct repeats were found
in the 3'-flanking region by a local homology search using the
method of Korn and Queen (16). For example, at 3-9 nucle-
otides downstream from the termination codon is the se-
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-548 -500 -4150
AGGTGTGAGCCACCATGCCTGGCCCCTCTACTCTTATAATTAAACCAGCTGTTGCTTTTCCTGCCAAGAAACCAGTCATGAAGATTCAC CCATGTTCTAG~,,AI4;G*G'AAAAC

- +0O -3500
TGGGCTGTAGCCTGGGAGAGGCCAGTCAGGGACAAAGCCAAAGTTAATATAGAGAATGGAGCTTCCAGGGTATAGGGGTTGGGTCTGGGCTAGGGAGCTGGAAACCTAGG

-300 -250
T'1TTACGCTTGTCCCAGTTTTGATGTTAGCCCTGAGCAGTGCTGTTTCTCATCAGCCTCTGCCTGCTCCAGGGGTCACAGGGCCAAGCCAGATAGAGGGCTGCTAGCGTC

-200 -150
vvv

ACTGGACACAAGATTGCTTTCCCACAGCTGTCCTTCCTCCAGCCCCTCTGCTGGGGATCCGGAAACCT~GGGTACCCTTCACCCACCTAGCTCTGTCCCGCAGTGAGAl'fT"l

-o100 -50 -141
ATT'GCTGACTGCCCTG;CCATCTACCC(;AGG;GTAATAAATCAGGGCAGAGCAGAATTGCAATCACCCCATGC:ATGGAGTGTATAAAAGGGGAAGGGCTAAGGGAGCCACEG

Tet~sp~l _o1 _9 bp_ Pey

AACCTCAGTGGATCTCAGAGAGAGCCCCAGACTGAGGGAAGCATGGATGGA- - TTTAAACG GTAATTGGTAA---------CCTCCACCCTGGGCC

gllePheLeu E on (151bpjTyrMetAsp T
AG GATCTTCCTC- -TACATGGAC GTGAGTGCTTGGCTCAGCCCCTCGCTCCCTCCCTG------ GCCCTCTCTTTTTACCCCCAGACG

lny xn314blTrl~s alTyrHis Exn4(119 b IleIleThr
AGTAYC Exon ATC"TGCCaTCGTGv |GTGAGACCTA--------GTCCCCCTGCCAG TGTATCAC----- -----S-ATCATCACC GTAAGTTGGGCC

Vai yGly Exon 5(197 b'j TyrAsnAr
G------TCCTCTGGTCCTTCCTCCCACAG GTGGGTGGA _TACAACAG GTGGGGACTGGGACTCCAAGGGCTGAGGTGGGGGGACAGGAGG

Exon 6

Fg sperGl
GGAGAAGAGATGGGGAGTGGAAGGAGAG--------CCTTTCTGCTGTCTCTCTTTCTCTGCAG AGATTCCGA GTAAGGAGACAAAACCCCCACATGGCTGTGACCTT

IuAsnSer~ln on710b MetLy s~il
CCAG--------CTTGCTGGGTCCTGGAGGTTATGGGTTTCCAAGAGCTTCTGATCTTTCCTTTAG GAATTGCCCAA Exo °. e)ATGMGGGGTG

[yValSerVal 'D812bjLeulheAsp
TCCTCAACCCTCCCCGGGCTCC--------GGCCTCCCCCAG GGTGTCTGTG-- eCTGTTTGAT GTAAGAAGCCAAAGAGGG--------ACTCA

'ryrValVal Eo999bjValPheGln
AGAAGGCTCTCTTTGCCCCCCACCCCAG TATGTCGTG- JGTATTTCAGGTGAGGTTCGAGTCGGCCCCCTCGGTGG.--------CGGGGTCAGGC

AAGGTGAAAGGAGAATGCTCATGTGCTGGGTATGGAGAAACTCTCCCCCTTCCTGCCAG |GU TCCTA- E-xn 10(159l__ eTTGGCCCGCAGAGGCCCTCTGCCA

CCCAGGCAGGCCCTGCCTTCAGCCCTGGCCCAGAGCTGGAACACTCTCTGAGATGCCCCTCTGCCTGGGCTTATGCCCTCAGATGGAGACATTGGATGTGGAGCTCCTGC

TGGATGCGTGCCCTGACCCCTGCACCAGCCCTTCCCTGCTTTGAGGACAAAGAGAATAAAGACTTCATGTTCAC AGCCTGTTGCATCTGGGTT

FIG. 2. DNA sequence of the human renin gene. Position + 1 corresponds to the probable transcription initiation site. Exons are boxed.
The C-A-A-T, T-A-T-A, and A-A-T-A-A-A sequences are underlined. The hexanucleotide T-G-T-T-C-T, which is considered to be the
glucocorticoid-receptor-binding sequence (11), is indicated by a bold line. Palindromic sequences in the 5'-flanking region are marked by
dots, stars, closed triangles, and open squares. Repeated sequences in the 3'-noncoding region are indicated by various lines. bp, Base pairs.

quence A-G-G-C-C-C-T, which is repeated at nucleotides
23-29. The sequence C-C-C-T-C-T-G-C-C beginning at nucle-
otide 6 is reiterated around the 72nd nucleotide from the
termination codon. The sequence C-A-G-C-C-C-T at nucle-
otide 35 is also found at nucleotide 151.

DISCUSSION
Blake (17) has recently pointed out that there is a good
correlation between the number of exons and the length of
polypeptide chain, with 2 or 3 exons per 100 amino acid
residues. The human renin gene, having 10 exons per 406
residues, is a representative example of this rule. However,
the presence of the unusually small exon, which consists of
9 nucleotides and codes essentially completely for the extra
3 amino acids not found in mouse renin (Fig. 3), is a unique
feature of the human renin gene. Cloning and sequence
analysis of the renin gene provide (as discussed below) (i) a
clue to the evolution of the gene family to which it belongs
and (ii) tools for clarifying the control mechanism of expres-
sion of the gene.

In addition to the nucleotide sequences of all 10 exons and
their exon-intron junctions, we have sequenced about 500
nucleotides flanking the 5' end of the human renin gene in the
hope of learning about some of the mechanisms involved in
the regulation of its expression. In addition to the putative
TATA and CAAT boxes, this region is expected to contain

unique recognition sequences (to be identified by future
studies). The fact that hexanucleotide T-G-T-T-C-T, found
=450 base pairs upstream from the start of transcription, is
identical to the suggested binding site of DNA for the
glucocorticoid-receptor complex offers intriguing hints for
future exploration. An interesting alternative possibility is
that the nucleotide sequence responsible for the binding of
the aldosterone-receptor complex might reside in this con-
trolling region or upstream for the following reason. Since
high aldosterone levels in the circulation are achieved by the
expense of stored renin, it seems possible to speculate that
aldosterone can, in turn, trigger the biosynthesis of renin to
compensate the decrement of renin stored in the juxtaglo-
merular cells. The sequence presented here and the cloned
5'-most fragment of the gene containing the promoter and the
region immediately upstream would be valuable for explor-
ing the control mechanism of the transcription of the renin
gene.

Structural Comparison of Human Renin and Pepsin Genes
Suggests That They Are Descendants of a Common Ancestral
Gene. The primary and tertiary structures of aspartyl pro-
teinases have been studied extensively (3, 14, 18-29) and
there is clear evidence that they have a closely resembling
bilobal structure that accommodates the two catalytically
important and strictly conserved aspartyl residues in the
right position. The hypothesis that the members of the aspar-
tyl proteinase family have arisen from a single ancestral gene

Biochemistry: Miyazaki et al.
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hRen LTLGNTTSSVILTNY MDTQYYGEIGIGTPPQTFKVVFDTGSSNVWVPSSKCSRLYTAC VYHKLFDASDSSSYKHNGTELTLRYSTGTV SGFLSQDI ITV(GITVTQMFGEVTEMPALPFM
mRen SSLTDLISPVVLTNY LNSQYYGEIGIGTPPQTFKVIFDTGSANLWVPSTKCSRLYLAC GIHSLYESSDSSSYMENGDDFTIHYGSGRV KGFLSQDS VTVGGITVTQTFGEVTELPLIPFM
pPep IGDVPLENY LDTEYFGTIGIGTPAQDFTVIFDTGSSNLWVPSVYCS SLAC SDHNQFNPDDSSTFEATSQELSITYGTGSM TGILGYDT VQVGGISDTNQIFGLSETEPGSFL
hPep VDEQPLENY LDMEYFGTIGIGTPAQDFTVVFDTGSSNLWVPSVYCS SLAC TNHNRFNPEDSSTYQSTSETVSITYGTGSM TGILGYDT VQVGGISDTNQIFGLSETEPGSFL
bChy VASVPLTNY LDSQYFGKIYLGTPPQEFTVLFDTGSSDFWVPSIYCK SNAC KNHQRFDPRKSSTFQNLGKPLSIHYGTGSM QGILGYDT VTVSNIVDIQQTVGLSTQEPGDVF
Pen AASGVATNTPTA NDEEYITPVTIG GTTLNLNFDTGSADLWVFSTELPA SQ Q SGHSVYNPSATGK ELSGYTWSISYGDGSSASGNVFTDS VTVGGVTAHGQAVQAAQQISAQFQ
End AGTTTTTTID SLDDAYIVVIQLGTPAATLNLNFDTGSADLWVFAGGSSNNSGGH NVYNSAASSASAT LLSTGKWSIAYAAGASASG LNRDGTVTVGGVTAHGQAVQAA AAAFA
Rhi AGVGTVPMTDYGNDVEYYGQVTIGTPGKSFNLNFDTGSSNLWVASVTCK S GCKGGRDKWNPSDSSTYKATGYDWSIGYGDGSA SGVLGKDM VILGGIDITGGQIQLSQRLGGGFP
pCD GPIPEVLKNY MDAQYYGEIGIGTPPQCFTVVFDTGSSNLWVPSIHCKLLDIAC WIHHKYNSGKSSTYVKNGTTFAIHYGSGSL SGYLSQDT VSVSN
bPep VSEQPLQNY LDTEYFGTIGIGTPAQDFTVIFDTGSSNLWVPSIYCS SEAC TNHNRFNPQDSSTYE
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hRen L AEFDGVVGMGFIEQAI GRVTPIFDNIISQGVLKEDVFSFYYNRDSENSQSLGGQIVLGGSDPQHYEGNFHYIALIK TGVWQIQMKGVSVGSSTLLCEDGCLALVDTGASYISGSTSSI
mRen L AQFDGVLGMGFPAQAV GGVTPVFDHILSQGVLKEKVFSVYYNR GPHLLGGEVVLGGSDPEHYQGDFHYVSLSK TDSWQITMKGVSVGSSTLLCEEGCEVVVDTGSSFISAPTSSL
pPep YYAPFDGILGLAYPSISAS GATPVFDNLWDQGLVSQDLFSVYLSS NDD SGSVVLLGGIDSSYYTGSLNWVPVSV EGYWQITLDSITMGGETIACSGGCQAIVDTGTSLITGPTSAI
hPep YYAPFDGILGLAYPSISSS GATPVFDNIWNQGLVSQDLFSVYLSAD DQ SGSVVIFGGIDSSYYTGSLNWVPVTV EGYWQITVDSITMNGEAIACAEGCQAIVDTGTSLLTGPTSPI
bChy TYAEFDGILGMAYPSLASE YSIPVFDNMMNRHLVAQDLFSVYMDRD GQE SMLTLGAIDPSYYTGSLHWVPVTV QQYWQFTVDSVTISGVVVACEGGCQAILDTGTSKLVGPSSDI
Pen QDTNNDGLLGLAFSSINTVQPQSQTTFFDTVKS SLAQPLFAVALKHQ QP GVYDFGFIDSSKYTGSLTYTGVDNSQGFWSFNVDSYTAGSQSG DGFSGIADTGTTLLLLDDSVV
End A ATNDGLLGLAFSSINTVQGSQN LFFVQGKS LAQTPLFSVYLAHQ Q GVYDFGLIDSSAYTGSLNYTGVA SQGFWSFNVDSYTAGSGSTI GDVSGIADTGTTVLYLPTSVV
Rhi G DNDGLLGLAFDTAITT PKGSTNAFDQLSEEGSVGQPVFGIYLGK GQSGGGGDFDFGGWIMNQYGGTLVNTNLDDGEGYWALNVDGGTVGGSTVG GGFQGILDTGTSLLILPNNIA
pCD KGSLAYHNVTR KAY
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hRen EKL MEALGAK KRLFDY VVKCNEGPTLPDISFHLGGKEYTLTSADYVFQESYSSKKLCTLAIHAMDIPPPTGPTWALGATFIRKFYTEFDRRNNRIGFALAR
mRen KLIMQALGAKEKRLHEY VVSCSQVPTLPDISFNLGGRAYTLSSTDYVLQYPNRRDKLCTVALHAMDIPPPTGPVWVLGATFIRKFYTEFDRHNNRIGFALAR
pPep AINIQSDIGASENSDGEM VISCSSIDSLPDIVFTIDGVQYPLSPSAYILQDDD SCTSGFEGMDVPTSSGELWILGDVFIRQYYTVFDRANNKVGLAPVA
hPep A NIQSDIGASENSDGDM VVSCSAISSLPDIVFTINGVQYPVPPSAYILQSEG SCISGFQGMNLPTESGELWILGNVFIRQYFTVFDRANNQVGLAPVA
bChy L NIQQAIGATQNQYGEF DIDCDNLSYMPTVVFEINGKMYPLTPSAYTSQDQG FCTSGFQSEN HS QKWILGDVFIREYYSVFDRANNLVGLAKAI
Pen SQYYSQVSGAQQDSNAGGYVFDCSSS LPDFSVSISGYTATVPGSLINYGPSGDG STCLGGIQSNSG IG FSIFGDIFLKSQYVVFDSDGPQLGFAPQA
End SAYYSQVSGA TDSAAGGLDITCDGLWAMPAGVGST ASVPLSTANYGGQGNGSS GCLGGIQSAAG IG LLIFGDIFIKASYVVFDSNNPNLGFAPAA
Rhi ASL VAFGAG DEAGAGFTIACTSASFKP FPWSFDG AIFETITSISQNEDDG ACTAAFGER TGGEAILGDTFLKNNYVVFNGGVPEIQIAPVA

FIG. 3. Alignment of amino acid sequences of aspartyl proteinases. Locations of splice junctions of human renin and pepsin genes are
indicated by arrows and arrowheads, respectively. The alignment is based on the primary structural homologies among human renin (hRen)
(3), mouse renin (mRen) (23, 24), pig pepsin (pPep) (18, 22), human pepsin (hPep) (29), bovine chymosin (bChy) (18, 22), penicillopepsin
(Pen) (25), endothiapepsin (End) (18), rhizopuspepsin (Rhi) (18), pig cathepsin D (pCD) (26, 27), and bovine pepsin (bPep) (18).

by duplication and subsequent divergence has been formu-
lated based on these earlier observations. When the gene
structure of human renin determined in the present study is
compared with that of human pepsinogen gene reported by
Sogawa et al. (29), similarities are striking; both genes have
9 exons of similar sizes, with human renin containing an
additional exon with an unusually small size. Furthermore,
the intron positions of the two genes coincide very well; the
locations of all introns (except the first one and those flank-
ing the 9-nucleotide-long exon of human renin gene) show a
nearly perfect match (Fig. 3). For example, the introns in the
human renin gene interrupt the coding region§ at codons 33,
83/84, 125, 164/165, 230, 233, 273, 320/321, and 353/354 and
those in the pepsinogen gene occur at codons 19, 73/74, 113,
152/153, 219, 258, 306/307, and 339/340 (note that the active
site aspartyl residues of the renin and pepsinogen correspond
to codons 104 and 292 and codons 94 and 276, respectively,
according to this numbering system). These genetic data lend
strong support to the above hypothesis.

Association of the Splice Junctions with the Surface Loops
That Show Length Variation. Craik et al. (30) have recently
examined the intron positions of the genes for serine pro-
teinases and dihydrofolate reductases and found that
intron-exon junctions frequently occur at surface regions
where the length of the polypeptide chains is significantly
altered by addition or deletion of a short segment of amino
acids. This finding led them to propose a sliding junction
model or an exon shuffling model that reasonably explains
the observed coincidence of splice junctions with variability
in surface loops on related proteins; according to this model,

the length variation is caused by junctional sliding and the
presence of intronic/exonic structure provides an enhanced
possibility for variation of the gene products, thereby speed-
ing the evolution. To see if this attractive hypothesis can be
applicable to the members of the aspartyl proteinase family,
we compared the splice junctions of the human renin gene
with the amino acid sequences, aligned properly to maximize
homologies, of microbial and mammalian aspartyl protein-
ases, including human renin and pepsin (Fig. 3). Among 8
introns interrupting the coding sequence for mature human
renin, 7 map at positions where length polymorphism occurs;
only 1 intron at Gly-207 exists within a region of strict length
conservation (Fig. 3). Thus, the comparison of gene struc-
ture and protein structure of the aspartyl proteinase family
also supports the proposed mechanism of gene diversifica-
tion.
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