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ABSTRACT The amino-terminal amino acid sequence and
several internal peptide sequences of angiotensin I-converting
enzyme (ACE; peptidyl-dipeptidase A, kininase II; EC 3.4.15.1)
purified from human kidney were used to design oligonucleo-
tide probes. The nucleotide sequence of ACE mRNA was
determined by molecular cloning of the DNA complementary to
the human vascular endothelial cell ACE mRNA. The complete
amino acid sequence deduced from the cDNA contains 1306
residues, beginning with a signal peptide of 29 amino acids. A
highly hydrophobic sequence located near the carboxyl-
terminal extremity of the molecule most likely constitutes the
anchor to the plasma membrane. The sequence of ACE reveals
a high degree of internal homology between two large domains,
suggesting that the molecule resulted from a gene duplication.
Each of these two domains contains short amino acid sequences
identical to those located around critical residues of the active
site of other metallopeptidases (thermolysin, neutral endopep-
tidase, and collagenase) and therefore bears a putative active
site. Since earlier experiments suggested that a single Zn atom
was bound per molecule of ACE, only one of the two domains
should be catalytically active. The results of genomic DNA
analysis with the cDNA probe are consistent with the presence
of a single gene for ACE in the haploid human genome.
Whereas the ACE gene is transcribed as a 4.3-kilobase mRNA
in vascular endothelial cells, a 3.0-kilobase transcript was
detected in the testis, where a shorter form of ACE is syn-
thesized.

Peptidyl-dipeptidase A (EC 3.4.15.1) plays an important role
in blood pressure homeostasis by hydrolyzing angiotensin I,
the inactive peptide released after cleavage of angiotensin by
renin, into angiotensin II (1). Accordingly, this Zn metal-
lopeptidase is designated angiotensin I-converting enzyme
(ACE), although being the same enzyme as kininase II, it is
also able to hydrolyze bradykinin and various other peptides
(2, 3). This enzyme is a widely distributed peptidase, occur-
ring, for example, as a membrane-bound ectoenzyme on the
surface of vascular endothelial cells and renal epithelial cells
and as a circulating enzyme in plasma (3-5). We report here
the amino acid sequence of ACE as deduced from the
nucleotide sequence of DNA complementary to the ACE
mRNA .}

MATERIALS AND METHODS

Purification and Sequencing of ACE and Preparation of
Oligodeoxyribonucleotide Probe. The cortex of fresh postmor-
tem human kidneys (600 g) was homogenized (54:100, wt/vol)
in 20 mM potassium phosphate buffer (pH 8) containing 250
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mM sucrose and a mixture of protease inhibitors, cells debris
was discarded, and the particulate fraction was sedimented
by centrifugation at 105,000 X g for 1 hr. The pellet was
resuspended in 200 ml of 150 mM potassium phosphate buffer
(pH 8; buffer I) and treated for 18 hr with the detergent
3-[(3-cholamidopropyl)dimethylammonio]-1-propanesulfo-
nate (CHAPS, 8 mM; Serva). The supernatant obtained after
centrifugation at 105,000 x g for 1 hr was dialyzed exten-
sively against buffer I and then applied at a flow rate of 24
ml/hr to a 3 X 80-cm column of phenyl-Sepharose 4B (Phar-
macia). Roughly 60% of the enzyme activity was retained on
the column and was eluted as a single peak by a linear
gradient of 0-10 mM CHAPS in buffer I (800 ml). ZnSO, and
KCl were added to final concentrations of 0.1 mM and 330
mM, respectively, and the purification was completed by
affinity chromatography on Lisinopril {N*-[(S)-1-carboxy-
3-phenylpropyl]-L-lysyl-L-proline} coupled to Sepharose 4B
as described (6). The protein isolated after this last step (1.2
mg) was analyzed, after reduction by 5% (vol/vol) 2-mer-
captoethanol and denaturation by boiling, by NaDodSO,,/
6% polyacrylamide gel electrophoresis (7).

Treatment with CNBr (2.0 mg together with 0.5 mg of ACE
in 0.2 ml of 70% formic acid for 16 hr at room temperature)
was used to cleave the enzyme at methionine residues and
generate fragments for sequencing. Peptide fragments were
isolated by reverse-phase HPLC on Vydac C, (average pore
size, 30 nm; particle size, 5 um; column dimensions, 4.6 X
250 mm; The Separations Group, Hesperia, CA), using a
trifluoroacetic acid/water/acetonitrile gradient system. Sev-
eral peptides were separated, lyophilized, and sequenced
with an Applied Biosystems (Foster City, CA) model 470A
protein sequencer. The native protein was also analyzed to
obtain an amino-terminal sequence.

A 64-fold-redundant mixed oligonucleotide, HACES®,

whose sequence (3'-TACACCCG?TT%XSGACCCT%TT—
éTA-S') was based (8) on the peptide sequence Met-Trp-

Ala-Lys-Ser-Trp-Glu-Asn-Ile (sequence CN8b, see Results)
was synthesized on an automated DNA synthesizer (Gene
Assembler, Pharmacia) using phosphoramidite chemistry.
Preparation and Screening of cDNA Libraries. A human
umbilical vein endothelial cell cDNA library primed with
oligo(dT) and constructed in bacteriophage Agtll (Clontech,
Palo Alto, CA) was screened with the 3?P-labeled HACE6
probe (specific activity =5 x 10° cpm/pmol). Hybridizations
with HACES6 probe were performed in 6x SSC (1x SSC is
150 mM NaCl/15 mM sodium citrate, pH 7) containing 0.1%
NaDodSO,, 50 mM sodium phosphate buffer (pH 6.8), 5x
Denhardt’s solution (1% is 0.02% Ficoll/0.02% polyvinylpyr-

Abbreviation: ACE, angiotensin I-converting enzyme.
iThe sequence reported in this paper is being deposited in the
EMBL/GenBank data base (accession no. J04144).
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rolidone/0.02% bovine serum albumin), and 0.1 mg of dena-
tured salmon sperm DNA per ml at 50°C. Filters were washed
twice in 2X SSC/0.1% NaDodSO, at 55°C (15 min per wash).
To obtain clones corresponding to the 5’ end of ACE mRNA,
another cDNA library was constructed using 5 ug of poly(A)*
RNA from cultured endothelial cells of human umbilical vein.
Cells were grown in the presence of 20% fetal bovine serum,
heparin at 100 ug/ml, and fibroblast growth factor (gift of D.
Gosporadowicz, Cancer Research Institute, University of
California, San Francisco) at 2 ng/ml (9). Total RNA was
extracted from the cells after three subcultures (10) and
purified on (dT);-cellulose (Pharmacia). The cDNAs were
specifically primed with a 17-base oligomer (CP5-21) com-
plementary to a sequence located near the 5' extremity of an
ACE cDNA clone isolated from the first endothelial cell
library (see Results), together with (dT);,_;3 (Pharmacia).
Subsequent steps for library construction in Agtl0 were
performed according to Koenig et al. (11). Recombinant
phages (1.5 x 10° clones) were screened under high-strin-
gency conditions with a 300-base-pair (bp) human genomic
DNA restriction fragment (see Results) labeled at high
specific activity (12).

Nucleotide Sequencing. Phage inserts were subcloned in
both orientations into the EcoRI site of plasmid vector
pBluescript (Stratagene, San Diego, CA). Single-stranded
DNA was prepared by infection of cultures with M13 helper
phage KO7 and sequenced by the chain-termination method
(13). Sequencing reactions were primed either with the
universal primer or with 20-mer primers synthesized accord-
ing to a confirmed cDNA sequence. Both strands of all
regions were sequenced by using the modified T7 polymerase
(Sequenase, United States Biochemicals, Cleveland).

RNA and Genomic DNA Hybridization with ACE cDNA.
Testicular, renal, and endothelial cell poly(A)* RNAs were
isolated as described above. Northern blots were prepared
with glyoxalated RNA according to the procedure of Thomas
(14). Human high molecular weight DNA from placental
nuclei (14 ug) was digested with HindlIl, electrophoresed in
a 0.7% agarose gel, and analyzed by Southern blot hybrid-
ization under high-stringency conditions (final washing con-
ditions: 0.1x SSC/0.1% NaDodSOy, 45 min at 65°C) (15).

RESULTS

The purified ACE migrated as a single band at 170 kDa on
polyacrylamide gel electrophoresis (data not shown). Deter-
mination of the enzymatic activity with furylacryloyl-
L-phenylalanylglycylglycine as substrate (16) showed appar-
ent Kinetic constants equal to 136 uM for K, and 22,100
min~! for k., similar to those measured for the rabbit
pulmonary enzyme (16). Amino-terminal sequence analysis
revealed a high degree of similarity with amino-terminal
sequences of other mammalian ACEs (Fig. 1). Thirteen
internal peptide sequences were obtained (Table 1). Se-
quence CN8b, completed by the putative preceding methio-
nine, was selected to design oligonucleotide probe HACES.

Two clones, AHEC1922 [3.3 kilobases (kb)] and \AHEC2111
(2.8 kb), were obtained by screening 1.5 x 10° phages of the

HUMAN L D|P G| L|Q|P GID)|IF| S A |D|E|A G
RABBIT T L D|P G|L|L P G|D|F{A A |D|N}IA G
CALF E L D|P A|L|Q|P G|N|F|P A|ID|E|A G
PIG L D|{S A|L|Q (P G|C|F|T A|D|E|A G
MOUSE L D|P G| L|Q|P G|N|F|S P |DJE[A G

Fi1G. 1. Amino-terminal amino acid sequence of human kidney
ACE. Alignment with amino-terminal sequences of rabbit lung (17),
calf lung (18), pig kidney (19), and mouse kidney (20) ACEs.
One-letter amino acid notation is used. The aspartic acid shown in
parentheses probably resulted from deamidation of the asparagine
predicted by the nucleotide sequence (see Fig. 2). Boxes indicate
amino acids conserved in all species.
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Table 1. Amino acid sequence data for CNBr fragments of
human kidney ACE

HPLC Location
elution in
Pep- time, predicted
tide min Sequence* proteint
CN1 5.6 LKQGWTPRR 882-890
CN2 9.7 GHIQYF 962-967
CN3 109 PPEFWEGS 310-317
CN4 12.1  ALEKIAFLPFGYLVDQ-R-GVF  429-450
CNS 123 VVPFPDKPNLDVTST-LQ 268-285
CNé6 12.8 ETTYSVATV 719-727
CN7 13.0 KLGFSRPWPEA 1143-1153
CN8a 140 LE(QPTDGREVV-HA 917-930
CN8b 140 WA(K)SWENIYD 257-266
CN9 19.3  ATSRKYEDLL 7461755
CN10 20.6 VGLDALDAQ 560-568
CNlla 222 LLFAWEGWHNAAGIPLKPL 156-174
CN1lb 22.2 YETPSL-QDLERL 800-812

*The two residues assigned from the protein sequence data that differ
from those predicted from the nucleotide sequence are shown in
parentheses (see text). Dashes indicate unidentified residues.

fLocation in the sequence predicted from the cDNA (Fig. 2).

oligo(dT)-primed library. These clones contained a nucleo-
tide sequence identical to the probe HACEG6 except for one
base, which changed a lysine to a glutamine residue. All the
other available peptide sequences of ACE, except the amino-
terminal sequence, were present in the protein sequence
deduced from the clones (Table 1). A single inversion in
assignment of amino acids during sequencing of two peptides
that were coeluted in the same HPLC peak (sequences CN8a
and CN8b, Table 1) explains the apparent discrepancies in
position 259 corresponding to HACES6 and in position 919.
The two clones overlapped by 2323 bp and spanned 3840
nucleotides of the ACE mRNA. The cDNA corresponding to
the 5’ end of the mRNA was obtained from another endot-
helial cell cDNA library (see Materials and Methods) primed
with the oligomer CP5-21, which is complementary to nucle-
otides 234-250 of ACE cDNA (see Fig. 2) located near the 5’
end of clone AHEC2111, and with oligo(dT). This library was
screened with a 300-bp DNA restriction fragment, isolated in
this laboratory from a human genomic library and selected
because it hybridized both with CP5-21 oligonucleotide and
with a synthetic 44-base oligomer designed after the amino-
terminal sequence of human ACE. From several independent
positive clones obtained, clone ACHDT32, 250 bp long, was
found to overlap by 60 bp with clone AHEC2111 and to
contain the 5’ end of the coding sequence of ACE mRNA
together with a short nontranslated region.

The nucleotide sequence of ACE cDNA obtained by
sequencing the three overlapping clones (Fig. 2) comprises
4024 nucleotides. The 3’ end of the sequence does not extend
to the polyadenylylation signal. The open reading frame from
the first ATG codon to the stop codon TGA encodes 1306
amino acids. The amino-terminal amino acid, leucine (see
Fig. 1), is located after a signal peptide of 29 residues. The
calculated molecular mass for the mature enzyme is 146.6
kDa.

Clone AHEC1922 was used as a probe to study ACE gene
expression by Northern blot analysis. Cultured endothelial
cells from umbilical veins contained a mRNA with an
estimated size of 4.3 kb that hybridized with the probe (Fig.
3, lane c). In the testis, a mRNA of 3.0 kb was detected (lane
b).

Southern blot analysis of human DNA under stringent
conditions was performed with a 300-bp EcoRI(end)-Bgl 11
restriction fragment from the 5’ end of clone AHEC2111. This
probe hybridized with a single, 9.5-kb restriction fragment
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GCCGAGCACCGCGCACCGCGTC 22

ATGGGGGCCGCCTCGGGCCGCCGGGGGCCGGGGCTGCTGC TGCCGCTGCCGCTGCTGTTGCTGCTGCCGCCGCAGCCCGCCCTGGCGT TGGACCCCGGGCTGCAGCCCGGCAACTTTTCTGCTGACGAGGCCGGG 157
MetGlyAlaAlaSerGlyArgArgGlyProGlyLeuLeuLeuProLeuProLeuLeuLeuLeuleuProProGlnProAlaLeuAlaLeuAspProGlyLeuGlnProGlyAsnPheSerAlaAspGluAlaGly
-29 -20 -10 +1 10
GCGCAGCTCTTCGCGCAGAGC TACAACTCCAGCGCCGAACAGGTGCTGTTCCAGAGCGTGGCCGCCAGCTGGGCGCACGACACCAACATCACCGCGGAGAATGCAAGGCGCCAGGAGGAAGCAGCCCTGCTCAGC 292
AlaGlnLeuPheAlaGlnSex‘Tyx‘AsnSerSerAlaGluGanalLeuPheGlnSerValnnlaSetTrpMaHisAspThrAsnI leThrAlaGluAsnAlaArgArgGlnGluGluAlaAlaLeuleuSer
20 30 S0 60
CAGGAGTTTGCGGAGGCCTGGGGCCAGAAGGCCAAGGAGCTGTATGAACCGATCTGGCAGAACTTCAC GGACCCGCAGCTGCGCAGGA’! ‘CATCGGAGCTGTGCGAACCCTGGGCTCTGCCAACCTGCCCCTGGCT 427
G1lnGluPheAlaGluAlaTrpGlyGlnLysAlaLysGluLeuTyrGluProlleTrpGlnAsnPheThrAspProGlnLeuArgArglleIleGlyAlaValArgThrLeuGlySerAlaAsnLeuProleuAla
70 80 90 100
AAGCGGCAGCAGTACAACGCCCTGCTAAGCAACATGAGCAGGATCTACTCCACCGCCAAGGTCTGCCTCCCCAACAAGACTGCCACCTGCTGGTCCCTGGACCCAGATCTCACCAACATCCTGGCTTCCTCGCGA 562
LysArgGlnGlnTyrAsnAlaLeuLeuSerAsnMetSe ;Arg IleTyrSerThrAlalysValCysLeuP toAsans ThrAlaThrCysTrpSer LeuAspP roAspLeuThrAsnlleLeuAlaSerSerArg
110 20 130 14 150
AGCTACGCCATGCTCCTGTTTGCC TGGGAGGGCTGGCACAACGCTGCGGGCATCCCGCTGAMCCGCTGTACGAGGATTTCACTGCCCTCAGCMTGAAGCCTACMGCAGGACGGCTTCACAGACACGGGGGCC 697
SerTyrAlaMetLeuLeuPheAlaTrpGluGlyTrpHisAsnAlaAlaGlyIleProLeulysProLeuTyrGluAspPheThrAlaLeuSerAsnGluAlaTyrLysGlnAspGlyPheThrAspThrGlyAla
160 170 180 190
TACTGGCGCTCCTGGTACAACTCCCCCACCTTCGAGGACGATCTGGAACACCTC TACCAACAGCTAGAGCCCCTCTACCT GAACCTCCATGCCTTCGTCCGCCGCGCACTGCATCGCCGATACGGAGACAGATAC 832
TerrprgSetTrpTyrAsnSerProThrPheGluAsprpLenGluHisLeuTyrGlnGlnLeuGluProLeuTytLeuAsnLeuHJ.sAlaPheValArgAxgAlaLeuﬂiskqArgTyrGlyAspArgTyt
200 210 220 230
ATCAACCTCAGGGGACCCATCCCTGCTCATCTGCTGGGAGACATGTGGGCCCAGAGCT GGGAAAACATCTACGACATGGTGGTGCCTTTCCCAGACAAGCCCAACCTCGATGTCACCAGTAC! TATGCTGCAGCAG 967
IleAsnLeuArgGlyProlleProAlaHisLeuLeuGlyAspMetTrpAlaGlnSerTrpGluAsnIleTyrAspMetValValProPheProAsplysProAsnLeuAspValThrSerThrMet LeuGlnGln
250 260 270 280
GGCTGGAACGCCACGCACATGTTCCGGGTGGCAGAGGAGTTCTTCACCTCCCTGGAGCTCTCCCCCATGCCTCCCGAGTTCTGGGARGGGTCGATGCTGGAGAAGCCGGCCGACGGGCGGGAAGTGGTGTGCCAC 1102
GlyTrpAsnAlaThrHisMetPheArgValAlaGluGluPhePheThrSerLeuGluLeuSerProMetProProGluPheTrpGluGlySerMet LeuGluLysProAlaAspGlyArgGluvalValCysHis
290 300 310 320 330
GCCTCGGCTTGGGACTTCTACAACAGGAAAGACT TCAGGATCAAGCAGTGCACACGGGTCACGATGGACCAGCTCTCCACAGTGCACCATGAGATGGGCCATATACAGTACTACCTGCAGTACAAGGATCTGCCC 1237
AlaSerAlaTrpAspPheTyrAsnAquysAspPhequI leLysGlnCysThrArgValThrMetAspGlnLeuSerThrValHisHisGluMetGlyHisIleGlnTyrTyrLeuGlnTyrLysAspLeuPro

350 360 370
GTCTCCCTGCGTC C A\CCCCGGC'I"K‘CCA‘I‘GAGGCCA'I‘‘I'GGGGACGTGCTGGCGCTCTCGG'I‘C'I'CCAC‘l‘CCTGAACATC'!‘GCACAM\A'I'CGGCC'l‘GC‘l'GGACCG'I‘G'.I.'CACCAA'I'GACACGGAAAG‘I'GAC 1372
ValSerLeuArqArgGlyAlnAsnProGlyPheHisGluAla IleGlyAspValLeuAlaLeuSerValSerThrProGluHisLeuHisLysI leGlyLeuLeuAspArgValThrAsnAsgThrGluSerAsp
390 400 410 420

ATCAATTAC TTGCTAAMATGGCACTGGAMMATTGCCTTC CTGCCCTTTGGCTACT TGGTGGACCAGTGGCGCTGGGGGGTCTTTAGTGGGCGTACCCCCCCTTCCCGCTACAACTTCGACTGGTGGTATCTT 1507
IleAsnTyrLeuLeuLysMetAlaLeuGluLysIleAlaPheLeuProPheGlyTyrLeuValAspGlnTrpArgTrpGlyValPheSerGlyArgThrProProSerArgTyrAsnPheAspTrpTrpTyrLeu
430 440 450 460

CGAACCAAGTATCAGGGGATCTGTCCTCCTGT TACCCGAAACGAAACCCACTTTGATGCTGGAGCTAAGT TTCATGTTCCAAATGTGACACCATACATCAGGTACTTTGTGAGT TTTGTCCTGCAGTTCCAGTTC 1642
AthhrLysTyrGlnGlyI leCysProProValThrArgAsnGluThrHisPheAspAlaGlyAlaLlysPheHisValProAsnValThrProTyrIleArgTyrPheValSerPheValleuGlnPheGlnPhe

480 490 500 510
CATGMGCCCTGTGCMGGAGGCAGGCTATGAGGGCCCACTGCACCAGTGTGACATCTACCGGTCCACCMGGCA CAAGCTCCGGAAGGTGCTGCAGGCTGGCTCCTCCAGGCCCTGGCAGGAGGTGCTG 1777
HisGluAlaLeuCysLysGluAlaGlyTyrGluGlyProLeuHisGlnCysAspIleTyrArgSerThrLysAlaGlyAlaLysLeuArgLysValleuGlnAlaGlySerSerArgProTrpGlnGluValLleu

520 530 540 550

AAGGACATGGTCGGCTTAGATGCCCTGGATGCCCAGCCGCTGCTCAAGTACTTCCAGCCAGTCACCCAGTGGCTGCAGGAGCAGAACCAGCAGAACGGCGAGGTCCTGGGCTGGCCCGAGTACCAGTGGCACCCG 1912
LysAspMetValGlyLeuAspAlaLeuAspAlaGlnProLeuleuLysTyrPheGlnProValThrGlnTrpLeuGlnGluGlnAsnGlnGlnAsnGlyGluValLeuGlyTrpProGluTyrG1lnTrpHisPro
560 570 580 590 600
CCGTTGCCTGACAACTACCCGGAGGGCATAGACCTGGTGACTGATGAGGCTGAGGCCAGCAAGT TTGTGGAGGAATATGACCGGACATCCCAGGTGGTGTGGAACGAGTATGCCGAGGCCAACTGGAACTACAAC 2047
ProLeuProAspAsnTyrProGluGlyIleAspLeuValThrAspGluAlaGluAlaSerLysPheValGluGluTyrAspArgThrSerGlnValValTrpAsnGluTyrAlaGluAlaAsnTrpAsnTyrAsn
610 620 630 640
ACCAACATCACCACAGAGACCAGCAAGATTCTGCTGCAGAAGAACATGCAAATAGCCAACCACACCCTGAAGTACGGCACCCAGGCCAGGAAGT TTGATGTGAACCAGTTGCAGAACACCACTATCAAGCGGATC 2182
ThrAsnIleThrThrGluThrSerLysIleLeuLeuGlnLysAsnMetGlnIleAlaAsnHisThrLeulysTyrThrGlnAlaArglysPheAspVa ].AsnGlnLeuGlnAsnThrThr IleLysArgGlylle
650 660 670 80 690
ATAAAGAAGGTTCAGGACCTAGAACGGGCAGCGCTGCCTGCCCAGGAGCT GGAGTACAACAAGATCCTGTTGGATATGGAAACCACC TACAGCGTGGCCACTGTGTGCCACCCGMTGGCAGCTGCCTGCAG 2317
1 leLysLysValGlnAspLeuGluArquaAlaLeuProAlaGlnGluLeuGluGluTytAsnLys IleLeuLeuAspMetGluThrThrTyrSerValAlaThrValCysHisProAsnGlySerCysLeuGln
710 720 730
CTCGAGCCAGATCTGAC GMTGTGATGGCCACATCCCGGAMTATGMGACCTGTTATGGGCAA TGGCGAGACAAGGC GAGCCATCCTCCAGT TTTACCCGAAATACGTGGAACTCATCAAC 2452
LeuGluProAspLeuThrAsnVa 1Met.AlaThrSerArgLysTyrG1uAspLeuLeuTrpAla‘l‘rpGluGlyTrpArgAspLysAlaGlyArgAla IleLeuGlnPheTyrProlLysTyrValGluLeulleAsn
740 50 760 770
CAGGCTGCCCGGCTCAATGGCTATGTAGATGCAGGGGACTCGTGGAGGTC TATGTACGAGACACCATCCCTGGAGCAAGACC TGGAGCGGCTCT TCCAGGAGCTGCAGCCACTCTACCTCAACCTGCATGCCTAC 2587
GlnAlaAlaArgLeuAsnGlyTyrValAspAlaGlyAspSerTrpArgSerMet TyrGluThrProSerLeuGluGlnAspLeuGluArgLeuPheGlnGluLeuGlnProleuTyrLeuAsnLeuHisAlaTyr
790 800 810 820
GTGCGCCGGGCCCTGCACCGTCACTACGGGGCCCAGCACATCAACCTGGAGGGGCCCATTCCTGCTCACCTGCTGGGGAACATGTGGGCGCAGACCTGGTCCAACATCTATGACTTGGTGGTGCCCTTCCCTTCA 2722
ValArgArquaLeuHisArqusTyrGlyAlaGlonsI leAsnLeuGluGlyProIleProAlaHisLeuLeuGlyAsnMet TrpAlaGlnThrTrpSerAsnlleTyrAspLeuValValProPheProSer
840 850 860 870
GCCCCCTCGATGGACACCACAGAGGCTATGCTAAAGCAGGGCTGGACGCCCAGGAGGATGTTTMGGAGGCTGATGATTTCTTCAC CTCCCTGGGGCTGCTGCCCGTGCCTCCTGAGT TCTGGAACAAGTCGATG 2857
AlaProSerMetAspThrThrGluAlaMet LeuLysGlnGlyTrpThrProArgArgMet PhelysGluAlaAspAspPhePheThrSerLeuGlyLeuleuProValProProGluPheTrpAsnlysSerMet
880 890 900 910
CTGGAGAAGCCAACCGACGGGCGGGAGGTGGTCTGCCACGCCTCGGCCTGGGACTTCTACAACGGCAAGGACTTCCGGATCAAGCAGTGCACCACCGTGAACTTGGAGGACCTGGTGGTGGCCCACCACGAAATG 2992
LeuGluLysProThrAspGlyArgGluValValCysHisAlaSerAlaTrpAspPheTyrAsnGlyLysAspPheArgIleLysGlnCysThrThrValAsnLeuGluAspleuValValAlaHisHisGluMet

920 930 940 950
GGCCACATCCAGTATTTCATGCAGTACAAAGACTTACCTGTGGCCTT A TGCCAACCCCGGCTTCCATGA CATT GTGCTAGCCCTCTCAGTGTCTACGCCCAAGCACCTGCACAGTCTC 3127
GlyHisIleGlnTyrPheMetGlnTyrLysAspLeuProValAlaLeuArgGluGlyAlaAsnProGlyPheHisGluAlal leGlyAspVa 1LeuAlaLeuSerValSerThrProlysHisLeuHisSerLeu

970 980 1000

AACCTGCTGAGCAGTGAGGGTGGCAGCGACGAGCAT GACATCMCTTTCTGATGMGATGGCCCTTGACMGATCGCCTTTATCCCCTTCAGCTACCTCGTCGATCAGTGGCGCTGGAGGGTATTTGATGGMGC 3262
AsnLeuleuSerSerGluGlyGlySerAspGluHisAsplleAsnPheLeuMet LysMetAlaLeuAspLysIleAlaPhelleProPheSerTyrLeuValAspGlnTrpArgTrpArgVa lPheA.:pGlySex‘

1010 1020 1030 1040 050
ATCACCMGGAGMCTATAACCAGGAGTGGTGGAGCCTCAGGCTGMGTACCAGGGCCTCTGCCCCCCAGTGCCCAGGACTCMGGTGACTTTGACCCAGGGGCCMGTTCCACATTCCTTCTAGCGTGCCTTAC 3397
I leThrLysGluAsnTyrAsnGlnGlnTzp'l‘rpSerI.euArgLeuLysTyrGlnGlyLeuCysP roProvValProArgThrGlnGlyAspPheAspProGlyAlalysPheHisIleProSerSerValProTyr

060 1070 1080 1090
ATCAGGTACT'l'TGTCAGCTTCATCATCCAGTTCCAGTTCCACGAGGCACTGTGCCAGGCAGCTGGCCACACGGGCCCCCTGCACMGTGTGACATCTACCAGTCCMGGAGGCCGGGCAGCGCCTGGCGACCGCC 3532
IleArgTyrPheValSerPheIleIleGlnPheGlnPheHisGluAlaLeuCysGlnAlaAlaGlyHisThrGlyProleuHisLysCysAspl leTyrGlnSerLysGluAlaGlyGlnArgLeuAlaThrAla

1100 1110 1120 1130 1140
ATGAAGCTGGGCTTCAGTAGGCCGTGGCCGGAAGCCATGCAGCTGATCACGGGCCAGCCCAACATGAGCGCCTCGGCCATGTTGAGCTACTTCAAGCCGCTGCTGGACTGGC TCCGCACGGAGAACGAGCTGCAT 3667
Met LysLeuGlyPheSerArgProTrpProGluAlaMetGlnLeuIlleThrGlyGlnP roAsnMetSerAlaSerAlaMetLeuSerTyrPheLysProLeuleuAspTrpLeuArgThrGluAsnGluLeuHis

1150 1160 1170 1180
GGGGAGAAGCTGGGCTGGCCGCAGTACAACTGGACGCCGAACTCCGCTCGCTCAGAAGGGCCCCTCCCAGACAGCGGCCGCGTCAGCT TCCTGGGCCTGGACCTGGATGCGCAGCAGGCCCGCGTGGGCCAGTGE 3802
GlyGluLysLeuGlyTrpproGlnTyrAsnTrpThrProAsnSerAlaArgSerGluGlyProLeuProAspSerGlyArgVal SerPheLeuGlyDeuAspLeuAspAlaGlnGlMlaAqualGlyGlrE

1190 1200 1210 1220 1230
CTGCTGCTCTTCCTGGGCATCGCCCTGCTGGTAGCCACCCTGGGCCTCAGCCAGCGGCTCTTCAGCATCCGCCACCGCAGCCTCCACCGGCACTCCCACGGGCCCCAGTTCGGC TCCGAGGTGGAGCTGAGACAC 393 7
Leu;eu!euEEeLeuGIEI IegazeuzeuVa ElaTE:LeuG;zLeﬁe!GlnAqueuPheSer IleArgHisArgSerLeuHisArgHisSerHisGlyProGlnPheGlySerGluValGluLeuArgHis

1240 1250 1260 1270
TCCTGAGGTGACCCGGCTGGGTCGGCCCTGCCCAAGGGCCTCCCACCAGAGACTGGGATGGGAACACTGGTGGGCAGCTGAGGCGGT 4024
Ser *
1277

Fi1G.2. Nucleotide sequence and deduced amino acid sequence of human endothelial cell ACE cDNA. The nucleotide sequence is numbered
on the right, starting from the first nucleotide of clone ACHDT32. The amino acid sequence, presented below the nucleotide sequence, is
numbered from the leucine found at the amino terminus of the mature protein, which is preceded by a 29-residue signal peptide. The termination
codon TGA is denoted by an asterisk. The peptide sequence used for construction of probe HACES is overlined (peptide sequence data had
indicated lysine rather than the glutamine predicted here at position 259; see text) Potential sites of asparagine-linked glycosylation are
underlined (21). The putative transmembrane segment near the carboxyl terminus is boxed.

(Fig. 3, lane a). Similar results were obtained when a cDNA DISCUSSION
fragment located close to the 3’ end was used (data not
shown). These results are consistent with the presence of one A striking feature of the cDNA sequence is the presence of

gene for ACE per haploid human genome. a high degree of internal homology (Fig. 4 Top). Two
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FiG. 3. (Left) Genomic Southern blot analysis (lane a). Human
placental DNA (14 ug), digested with Hindlll, was hybridized with
a 300-bp EcoRl(end)-Bgl II fragment from the 5' end of clone
AHEC2111. (Right) Northern blot hybridization. Human testis
poly(A)* RNA (20 ug; lane b) and cultured human endothelial cell
poly(A)* RNA (15 ug; lane c) were hybridized with clone
AHEC1922.

homologous domains surrounded by nonhomologous regions
can be delimited: a continuous nucleotide sequence identity
>60% is observed between positions 700-1770 and positions
2495-3565 (overall identity, 70.1%). At the amino acid level

1200
1080

960 1
840
720
600
480
360 1
240

120
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the overall similarity calculated for the corresponding 357
residues is 67.7%. The identity is maximal in the central part
of these two domains; for example, an identity of 89% is
observed for amino acids 361-404 and 959-1002, segments
comprising essential residues of the putative active sites (see
below). The number and positions of the cysteine residues
are the same in the two domains (Fig. 4 Middle). There are
17 potential asparagine-linked glycosylation sites (21) in the
molecule, mostly grduped in the amine-terminal region of the
protein and in the region located at the junction between the
two homologous domains (Figs. 2 and 4).

Two particular regions of the protein display a hlgh degree
of hydrophobicity, the signal peptide and the region located
just before the carboxyl terminus (Fig. 4 Bottom). A search
for membrane-associated helices (24) indicates that these two
regions have the highest probability of being involved in
membrane insertion. Since amino-terminal sequence analysis
of the protein indicates that the signal peptide is cleaved off
during processing, the mature enzyme is most probably
anchored to the cell membrane by its carboxyl-terminal
hydrophobic segment, as suggested by Hooper et al. (19).

A computer-assisted search revealed no clear significant
homology of ACE with any other protein found in the

FiG. 4. (Top) Dot matrix
comparison (22) of the amino
acid sequence of ACE with itself

—T

o 120 240 360 480 600

720 840

960

(horizonta] and vertical axes).
Diagonal bars are generated by
segments of 60 amino acids that
show =60% sequence identity

1080 1200

)
_29 40 90

L] T T 1 - 1 T T L) 1
170 250 330 410 490 570 650 730 810 890 970 1050 1130 1210 1277

) y . . between the horizontal and ver-

tical axes. The long diagonal line
represents the line of 1dent|ty
resulting from the comparison of
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HHEMGH

CYSTEINE 11 111 |||
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! LI the enzyme sequence with itself.

The two offset diagonals denote
the internal homology present
within the enzyme sequence.
(Middle) Schematic diagram
showing the cysteine positions,
the potential asparagine-linked
! glycosylation sites, and the po-
sitions of the putative residues of
the active site (one-letter code).
(Bottom) Hydropathy analysis
done according to the method of
Kyte and Doolittle (23) with a
window size of 10 residues. Pos-
itive values indicate increasing
hydrophobicity.

Y
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National Biomedical Research Foundation data bank (release
15.0). Alignment with the sequence of another Zn protease,
thermolysin (25), revealed short segmental identities only in
regions comprising residues involved in catalytic activity.
The x-ray structure analysis of thermolysin (26) showed that
the His-142, His-146, and Glu-166 coordinate the Zn atom.
Corresponding residues (His-361, His-365, and Glu-389;
His-959, His-963, and Glu-987) are found within short con-
served regions in the two domains of ACE (Fig. 5). Another
glutamic acid (Glu-143) of thermolysin, which acts as a
general base in catalysis, is again found in the two domains
of ACE (Glu-362 and Glu-960). Another possible homology is
observed around His-231 of thermalysin, which stabilizes the
transition state by formation of a hydrogen bond to the water
molecule with the oxygen of the scissile bond to be cleaved.
This histidine residue is conserved in the two domains of
ACE (Fig. 5). Similar short sequences are also observed in
the corresponding regions of rat or rabbit neutral endopep-
tidase (27, 28) (Fig. 5), a Zn metalloendopeptidase able to
hydrolyze enkephalins, Kkinins, and several neuropeptides,
like ACE, but with different efficiency and sensitivity to
inhibitors (3, 30). Segmental homology was also found with
the sequence reported (29) for the Zn protease collagenase
from human skin fibroblasts (Fig. 5). The structural similarity
between the active site of true endopeptidases (thermolysin,
neutral endopeptidase, and collagenase) and ACE most likely
explains why this enzyme can act both as a peptidyl-dipep-
tidase and as an endopeptidase (3).

In ACE the regions homologous to active-site sequences of
thermolysin and neutral endopeptidase are present twice in
the molecule, included in regions highly similar in the two
domains. Whether both of these putative active sites of ACE
are involved in catalysis cannot be determined from sequence
analysis. However, it has been reported (31, 32) that each
ACE molecule contains one Zn atom, suggesting that only
one domain js able to coordinate the metal. Likewise, binding
studies with competitive ACE inhibitors suggest a single class
of sites (33, 34). These observations may indicate that despite
its repetitive structure, ACE has only one functional active
site per molecule.

The sequence of ACE cDNA indicates that the ACE gene
most likely resulted from a gene duplication. Since other
known mammalian ACEs are of a similar size, it is likely that
they also resulted from a gene duplication that occurred
before mammalian radiation. Our Southern hybridization
results are consistent with the presence of one ACE gene per
human haploid genome, encoding the different forms of ACE.
The plasma enzyme probably originates from the vascular
endothelium and is enzymatically and immunologically iden-
tical to the solubilized membrane-bound enzyme (35, 36). The
sequence described here is that of a protein possessing a
hydrophobic anchor in its carboxyl-terminal region. The

hACE T V H [H M G [H] 365 Al [T 391
hACE V A H |H M G |H| 963 aAllzr] 989
THERM V V A [H L T {H| 146 Al lr] 168
rNEP V I G |H I T |H| 581/588

hCOLL V I G |H L G (H] 222

nacE [E]TV B K - I - G 409

hACE [H| Lt H s - L - [N] 1007

THERM [H| I. N S G I I |{N| 238

rNEP |H| LI N - G I - |N| 635/643

hCOLL [H] L' R Y R I E {N] 120

FiG. 5. Homology among amino acid sequences (one-letter
notation) of human ACE (hACE), thermolysin from Bacillus ther-
moprotealyticus (THERM) (25), rat or rabbit neutral endopeptidase
(rNEP) (27, 28), and human skin fibroblast collagenase (hCOLL)
(29). The first and second lines refer to the first and second domains
of ACE. Numbers refer to the last amino acid position in each protein
segment. Identical residues are boxed; conservative amino acid
changes are indicated by broken lines. Gaps are indicated by dashes.
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plasma enzyme may derive from this form by a posttransla-
tional modification or result from transcription of a mRNA
different at its 3’ end, although we have not been able, by
Northern blot analysis, to detect a second mRNA species in
human endothelial cells. It may also be that the enzyme is
released by leakage from the plasma membrane. The obser-
vation of a 3-kb mRNA in the testis is in agreement with the
observation that testicular ACE is synthesized as a shorter
polypeptide chain than the vascular endothelial enzyme (37).
The results of the present study suggest that the testicular
ACE mRNA and the endothelial ACE mRNA (4.3 kb) result
from differential splicing of the gene transcript.
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