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ABSTRACT. Angiotensin I-converting enzyme (ACE, peptidyl dipeptidase, EC 3.4.15.2) is a key enzyme
in cardiovascular pathophysiology. A wide spectrum of monoclonal antibodies to different epitopes on
the N and C domains of human ACE has been used to study different aspects of ACE biology. In this
study we characterized the monoclonal antibody (mAb) 5F1, developed against the N domain of human
ACE, which recognizes both the catalytically active and the denatured forms of ACE. The epitope for
mAb 5F1 was defined using species cross-reactivity, synthetic peptide (PepScan technology) and phage
display library screening, Western blotting, site-directed mutagenesis, and protein modeling. The epitope
for mAb 5F1 shows no overlap with the epitopes of seven other mAbs to the N domain described previously
and is localized on the other side of the N domain globule. The binding of mAb 5F1 to ACE is carbohydrate-
dependent and increased significantly as a result of altered glycosylation after treatmengiuitbsidase-1
inhibitor, N-butyldeoxynojirimycin (NB-DNJ), or neuraminidase. Out of 17 species tested, mAb 5F1 showed
strict primate ACE specificity. In addition, mAb 5F1 recognized human ACE in Western blots and on
paraffin-embedded sections. The sequential part of the epitope for mAb 5F1 is created by the N-terminal
part of the N domain, between residues 1 and 141. A conformational region of the epitope was also
identified, including the residues around the glycan attached to Asn117, which explains the sensitivity to
changes in glycosylation state, and another stretch localized around thé3i&®PSRY N0, Site-directed
mutagensis and inhibition assays revealed that mAb 5F1 inhibits ACE activity at high concentrations due
to binding of residues on both sides of the active site cleft, thus supporting a hinge-bending mechanism
for substrate binding of ACE.

Angiotensin I-converting enzyme (ACEJEC 3.4.15.1, unpublished observations). Furthermore, ACE has been
CD 143) is a zinc metallopeptidase responsible for the assigned as a CD marker, CD 143 §).

formation of the vasoconstrictor angiotensin Il and the  gomatic ACE consists of two homologous domains (N
inactivation of the vasodilator bradykinin. The enzyme is 5.4 ¢ domains), each having a functional active Sje4

also involved in neuropeptide metabolism and reproductive yetis_specific isoform, consisting of the C domain of somatic

and immune functions (for reviews see refs-4). The  Acg with an additional 36-residue O-glycosylated region
somatic isoform is expressed widely at surtadeid inter- at its N-terminus, is transcribed from a tissue-specific

faces and plays an important role in blood pressure regula—promoter in intron 12 of the ACE gend(). The tertiary

tion, the development of vascular pathology, and endothellumStructure of somatic ACE is still unknown: however, the

remodeling in some disease states. High ACE expression is .
a characteristic of endotheligb)(and dendritic cells®) as crystal structures of the N domain of human ACE and of

. ; ) human testis ACE (equivalent to the C domain) were recently
well as of endothelial progenitor cells (EPC) (Danilov et al., described 71, 12). Moreover, some ideas about the arrange-
. . - ment of the N and C domains in somatic ACE have been
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1 Abbreviations: ACE, angiotensin-converting enzyme; Hip-His-Leu,
hippuryl--histidyl-L-leucine; Z-Phe-His-Leu, benzyloxycarbonylphe- cesses. For example, the study of the effect of mAbs on ACE

nylalanyl+-histidyl-_-leucine; CHO, Chinese hamster ovary; mAb, ~Shedding 14) or ACE dimerization in reverse micelleq)
monoclonal antibody; ELISA, enzyme-linked immunosorbent assay; in conjunction with the epitope mapping of functionally

CD markers, cluster designation markers; PBS, phosphate-bufferedactive antibodies allowed us to identify the region on the N
saline; CHAPS, 3-[(3-cholamidopropyl)dimethylammonio]-1-propano- d in that is likelv to b ible for the | te of
sulfonate; TMB, tetramethylbenzidine; NB-DN;butyldeoxynojiri- omain that 1S likely to be responsibie ior the low rate o

mycin. somatic ACE shedding and ACE dimerizatidi6). One of
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the mAbs, 3A5, which greatly influences ACE sheddithd)(
also demonstrated strong anticatalytic activity7,( 18).

Danilov et al.

medium (Cambrex Bioscience Walkersville, Inc., Walkers-
ville, MD) or OPTI-MEM (Invitrogen Corp.) without FBS.

Localization of the epitope for another monoclonal antibody, Culture medium was collected as a source of soluble ACE,
1B3, allowed the development of a new, sensitive method whereas cell lysate was prepared with 8 mM CHAPS as a
for the detection of an ACE mutation using plasma samples source of the membrane-bound form of ACE4(25). In
(19). Recently, we defined the epitopes for two other mAbs the experiments with restricted glycosylation, the cells were
to the N domain of ACE, 1G12 and 6A12, and developed a grown using serum-free Ultra-CHO medium containing 2
highly sensitive method for the detection and quantification mM N-butyldeoxynojirimycin (NB-DNJ), an inhibitor of the
of ACE inhibitors in human blood1@). oligosaccharide-processing enzynoeglucosidases | and II.
There are a number of reasons why it is important to This medium was changed twice over a period of 5 days
determine the fine epitope mapping of these mAbs. First, before harvesting. For Western blotting, tAGES, D629,
interpretation of immunofluorescence data requires the useand the chimeric ACE mutants were purified by lisinopril
of mAbs that recognize distinct epitopes on the molecule of affinity chromatography as described previousg)(
interest. Second, the complexity of the posttranslational ~AntibodiesThe properties of a set of monoclonal antibod-
processing of ACEg, 6) makes it desirable to define exactly ies directed to different epitopes located on the N domain
which intermediates will be recognized by which antibodies. of ACE are described in detail elsewhef{19).
Third, site-specific antibodies are potentially valuable re- ACE actvity was assayed fluorometrically with different
agents to study the role of structural domains of ACE. substrates, Hip-His-Leu and Z-Phe-His-Leu, as descridgéd (
Finally, the presence of anti-ACE autoantibodies was indi- 28). For the inhibition assay, the N domain of ACE (D629;
cated recently in several diseases with an autoimmunelO milliunits/mL, determined using Z-Phe-His-Leu) was
component, such as lupus erythrematosis, scleroderma, anéncubated fo 1 h at 37°C with increasing concentrations
rheumatoid arthritis 14, 20; Danilov, Matucci-Cerinic, et ~ (0.01,0.1, 1.0, and 1@g/mL) of purified mAb 5F1 or control
al., unpublished observations). The clinical significance of MAbs before the residual ACE activity was determined with
the presence of these autoantibodies is still unclear; howeverHip-His-Leu or Z-Phe-His-Leu.
it is possible that the epitope specificity of the ACE  Quantification of ACE Binding by Anti-ACE mAbs. (A)
autoantibodies for these distinct diseases could be characPlate Precipitation AssaMicrotiter plates bound with goat
teristic of the pathology. Therefore, fine epitope mapping anti-mouse IgG were coated with different anti-ACE mAbs
of these monoclonal ACE antibodies might help to elucidate and were incubated with serum-free culture medium or
the molecular mechanisms involved in the development of lysates obtained from CHO-ACE cells (wild type or mutants)

autoantibodies to ACE in different diseases.
In this study we define the epitope for mAb 5F1, a mAb

as a source of soluble or membrane-bound recombinant ACE
(17). Plasma or serum from human or animal species as well

that recognizes both catalytically active and denatured human@S the supernatant of the homogenates [1:10 (w/v) in 50 mM

ACE, and gain important insight into the dynamics of the
molecule during substrate and inhibitor binding.

MATERIALS AND METHODS

ChemicalsBenzyloxycarbonyl--phenylalanyl-histidyl-
L-leucine (Z-Phe-His-Leu) was obtained from Bachem (King
of Prussia, PA). Hippuryl-histidyl-L-leucine (Hip-His-Leu)

Tris-HCI and 150 mM NacCl, pH 7.5, with 0.5% Triton
X-100] of kidney or lung from the same species was also
used as a source of ACE. In some experiments mAbs were
adsorbed to the wells of microtiter plates directly, without
the goat anti-mouse bridgd7, 29). For inhibition studies,

the incubation of ACEs with immobilized mAbs was
performed in the presence of lisinopril or EDTA. To
investigate the effect of glycosylation, purified preparations

and other reagents (unless otherwise indicated) were obtainef human tissue (seminal fluid) or blood ACE were treated

from Sigma (St. Louis, MO).

Expression of Human ACE Constructs in CHO Cells.
Constructs tACRA36 (human testis ACE lacking the N-
terminal O-glycosylated 36 residue®1}, D629 (residues
1-629 of somatic ACE, comprising the N domain and 17
residues of the interdomain linker22), Nfr737 (residues
1-737 of somatic ACE, comprising the N domain and linker
with an additional 108 residues from the C domaid3})(
and chimeric ACE mutants (human tA@B6 substituted
with regions of the N domain sequencf were generated
previously. Chimera C1-141Ndom (previously NdelACE)
has tACEA36 residues 37163 replaced with homologous
N domain residues-1141, C395-557Ndom has tAQE6
residues 417579 replaced with N domain residues 395
557, and C561-601Ndom has tAGB6 residues 583623
replaced with N domain residues 56801. Stable cell lines
of CHO cells expressing wild-type human somatic ACE
(clone 2C2), tACRA36, D629, Nfr737, and the ACE
chimeras were cultured as described previougll—5).

with neuraminidase (Sigma, St. Louis, MO), 0.25 milliunits/
mL for 1 h at 37°C.

The amount of ACE precipitated by a given mAb reflects
the binding affinity and was quantified by two methods:

(i) Precipitated ACE activity in the wells was estimated
using the substrates Hip-His-Leu or Z-Phe-His-Leu, as
described previouslyl().

(if) The amount of precipitated ACE protein was quantified
by incubation with sheep anti-ACE polyclonal antibodies
conjugated with horseradish peroxidase from an ACE ELISA
kit (Chemicon Int., Temecula, CA), followed by a spectro-
photometric assay with tetramethylbenzidine (TMB) as
substrate Z9).

(B) ELISA.The 96-well microtiter plates (Corning Corp.,
Corning, NY) were coated with 5aL of purified human
ACE isolated from kidney, lung, or seminal fluid in native
or denatured forms (15 ug/mL) and incubated overnight
at 4 °C. After washing, 5QuL of hybridoma supernatants
containing mAbs to ACE or pure mAbs (1@y/mL) was

CHO-ACE cells at confluence were washed gently with PBS added and incubated fd@ h at room temperature. The

and incubated for 2448 h with serum-free Ultra-CHO

ACE—mADb complex was then incubated with goat anti-
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Ficure 1: Precipitation of different human ACEs by mAb 5F1. Plate precipitation assay. ACE activity in different ACE preparations,
human recombinant ACE expressed in CHO cells (membrane-bound and soluble), lung and kidney ACE, soluble ACE from seminal and
ascitic fluid and plasma, truncated N-fragments of different lengths (629 and 737 amino acid residues), and ACE chimera C1-141Ndom,
was adjusted to a final enzymatic activity of 50 milliunits/mL using Z-Phe-His-Leu as a substrate. ACE preparations were then incubated
with microtiter plates coated with mAb 5F1 and 9B9 (as a positive control) via goat anti-mousd Ty@Kecipitated ACE activity was
quantified spectrofluorometrically using Z-Phe-His-Leu as a substrate. Data were presented as a ratio of precipitation of different ACEs to
that of soluble recombinant ACE, expressed in CHO cells.

mouse polyclonal antibody conjugated with alkaline phos- of pin-attached hexapeptides with mAb 5F1 were detected
phatase (Sigma, St. Louis, MO) diluted 1:1000 with PBS/ by ELISA as described in re30. Nonimmune mouse 1gG
BSA for 1 h atroom temperature and washed afterward. was used as a negative control.

Alkaline phosphatase was developed uspigitrophenyl Phage Display Library Screeningwo filamentous phage
phosphate as a substrate, and absorbance was read @ieptide libraries, displaying 7- or 12-residue peptides with
405 nm. random sequences fused to the N terminus of minor coat

The binding of mAb 5F1 to selected peptides was protein (plll) (New England Biolabs, Ipswich, MA), were
evaluated using a competition ELISA. Microtiter wells were used according to manufacturer’'s recommendation for screen-
coated with purified human kidney ACE and subsequently ing with mAb 5F1. Briefly, polystyrene plates coated with
blocked with a solution of 0.2% casein; peptide competitors mAb 5F1 (10ug/mL) and blocked with 0.2% casein were
were then added to each well at concentrations of 0.25 andincubated with the phage peptide libraryJ0'° CFU). The
1 mg/mL, followed immediately by addition of anti-ACE  supernatant was discarded, and plates were washed 10 times
mAb. Hexapeptide®'SGRTPP#’SRYNFD,3TKAGAL, with TBS/Tween. Bound phages were eluted with 0.1 M
and 1?RSLHRH, comprising a selection of sequences of glycine/HCI, pH 2.2, and the eluate was immediately
ACE, were synthesized by Biosynthesis, Inc. (Lewisville, neutralized wih 1 M Tris-HCI, pH 8.0. The eluted phages
TX) and used in competitive ELISA. were amplified by infectingescherichia coliand used as

Synthetic Peptide Library Screening: PepScan Technol- input phages for the next round. Phage clones of the third
ogy.A series of hexapeptides covering amino acid positions and fourth round of biopanning were sequenced with the T7-
201-557 [mature somatic ACE numbering)] in the N sequence kit of Pharmacia. Alignment of the peptide
domain of human ACE were synthesized on polyethylene sequences of the isolated clones with each other as well as
pins derivatized with B-alanine residues attached to their with human ACE (full-length, two- domain ACE as well as
surface and arranged in 96-well form@60). The interactions  individual N and C domains) was performed using the PIMA
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Ficure 2: Cross-reactivity of mAb 5F1 with primate ACE. Plate precipitation assay. ACE activity in ACE from different tissues, lung,
kidney, and plasma of different primate species, was adjusted to a final enzymatic activitl@fsilliunits/mL using Hip-His-Leu as a
substrate. ACE preparations were then incubated with microtiter plates coated with mAb 5F1 as in Figure 1. Precipitated ACE activity was
quantified spectrofluorometrically with Hip-His-Leu as a substrafd.(Data were presented as a percentage of precipitation of different
ACEs to that of human ACE (panels A and B) and to that of plasma ACE (panel C).

multiple sequence alignment program (http://don.imgen.bc- followed by the variant amino acid in single letter code, e.g.,
m.tmc.edu:9331/cgi-bin/multi-align/multi-align.pl). E49A.

MutagenesisThe single N domain (D629)18, 18, 22 Western BlottingThe purified N domain (D629), testis
was used as a starting point for mutagenesis studies. AACE (tACEA36), and chimeric mutants C1-141Ndom, C395-
series of six single amino acid substitutions in D629 cDNA 557Ndom, and C561-601Ndom were used for Western
were generated using a modification of the QuickChange pjotting, as well as supernatants of tissue homogenates from
site-directed mutagenesis protocol (Stratagene, La Jolla, CA),rat lung, rabbit lung, and mouse kidney. mAb 4G6, which
substituting the supplied polymerase with the high-fidelity recognizes both SACE and the isolated N domain, and
Pfu polymerase (Promega Corp.). Complementary primers polyclonal anti-tACE antibodies (generated against tA-
required for the introduction of point mutations were CEA36) were used as positive controls. All samples for
designed with WATCUT (Michael Palmer, University of sSpS-PAGE were equilibrated to a total ACE activity in
Waterloo, Canada; http://watcut.uwaterloo.ca/watcut), using 15—-20 uL of 5 milliunits (Z-Phe-His-Leu) for detection by
the restriction analysis and silent mutation analysis positive controls and 10 milliunits for mAb 5F1. Samples
software, and purchased from Ingaba Biotechnical Indus- were resolved on 7% SDSPAGE reducing gels and
tries (South Africa). Restriction enzyme sites were intro- transferred by electrophoresis to nitrocellulose membrane
duced through silent mutations to facilitate Screening. (Hybond_ECL, Amersham Biosciences)_ Detection was car-
Mutants were identified and confirmed by DNA sequence ried out using the ECL-Plus horseradish peroxidase system
analysis. Mutated variants of the truncated N domain were (Amersham Biosciences).
transfected into CHO cells using the calcium phosphate Modeling of the N Domain Structuré model of the N

metEOd_' 'rll'hesfe conr?tructs do ngtAcgrllztain a transmembrangy, ain of human ACE in an open conformation was built
anchor; therefore, the expresse protein was secreted, o,iously 18), based on the unliganded structure of

into the culture medium. Stable cell lines were grown in

bulk, and serum-free culture medium (Gibco OPTIMEM, homologue ACE2 [PDB D 1R423()].

Invitrogen Corp.) was harvested from these transfected ResyLTS

cells as a source of the mutated variants of the N-terminal

domain of human ACE. These mutants are referred to by Previously, we demonstrated that one out of eight mAbs
the single letter amino acid code for the wild-type pro- directed to the N domain of human ACE had an epitope that
tein and the position of this amino acid in the sequence, did not overlap with any of the other4¥). This mAb was
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1 15 16 30 31 45 46 60 61 75 76 90 91 105
Human LDEGLQPGNFSADEA GAQLFARSYNSSAEQ VLFQS| WAHDTN ITAENARRQEEAALL SQEFAEAWGEKAKEL YEPIWQNFTDPELRE IIGAVRTL LEL
Chimp LDPGLQPGNFSADEA GAQLFﬂSYNSSAEQ VLFQsmWAHDTN ITAENARRQEEAALL SQEFAEAWGEKAKEL YEP'WQNFTDPILRR IIGAVRTLHLPL
M.Rhe LDEFGLQPGNFSADEA GAQLFADSYNSSAED VLHXHNHKHXKKKKK HHHXKXKX¥EEAALL SQEFAEAWGEKAKEL YEPIWQNFTDPELRK IIGAVGTL LEL
Rat LDPGLOPGNFSADEA GAQLFADSYNSSAEV VMFOSTAASWAHDTN ITEENARLOEEAALI NOEFAEVWGKKAKEL YESIWONFTDOKLRR IIGSVQTLGEANLPL
Rabbit LDPGLLPGDFAADEA GARLFASSYNSSAEQ VLFRSTAASWAHDTN ITAENARRQEEEALL SQEFAEAWGKKAKEL YDPVWONFTDPELRR IIGAVRTLGEANLPL
106 120 121 135 136 150 151 165 166 180 181 155 196 210
Human AKRQQ LLSNMSR IYS PNKTAT CWSLDPDLTNILASS RSYAMLLFAWEGWHN GIPLKPL FTA LSNEAYRODGFELTG AYWRSWYNSPTFESD
Chimp AKRQQ LLSNMSR IYS PNKTAT CWSLDPDLTNILASS RSYAMLLFAWEGWHN GIFPLKFPL FTA LSNEAYRODGFELDTG AYWRSWYNSPTFESD
M.Rhe AKRQQOYNBLLSHNMSR IYS PNKTAT CWSLDPDLTNILASS RSYAMLLFAWEGWHN GIPLKPL FTA LSNEAYRODGFEDTG AYWRSWYRSPTFESD
Rat TORLOYNSLLSNMSR IYSTGKVCFPNKTAT CWSLDPELTNILASS RNYARVLFAWEGWHD AVGIPLEKPLYQDFTA LSNEAYRQDGFSDTG AYWRSWYESPSFEES
Rabbit AKRQOYNSLLSNMSQ IYSTGKVCEPNKTAS CWSLDPDLNNILASS RSYAMLLFAWEGWHN AVGIPLKPLYQEFTA LSNEAYRODGFSDTG AYWRSWYDSPTFEED
211 225 226 240 241 255 256 270 271 285 286 300 301 315
Human LEHLYQQLEPLYLNL HAFVRRALHRRYGDR YINLRGPIPAHLLGD MWAQSWENIYDMVVP FPDKPNLDVTST GWNATHMFRVAEEF FTSLELSPMEPPEFW,
Chimp LEHLYQQLEPLYLNL HAFVRRALHRRYGDR YINLRGPIFAHLLGD MWAQSWENIYDMVVP FPDKPNLDVTSTMEQ BGWNATHMFRVAEEF FTSLELSFMPPE
M.Rhe LEHLYQQLEPLYLNL HAFVRRALHRRYGDR YINLRGPIPAHLLGD MWAQSWENIYDMVVP FPDEPNLDVTSTMEQ BGWNATHMFRVAEEF FTSLELSPMPPEFW
Rat LEHLYHQWVEPLYLNL HAFVRFALHRRYGDK YINLRGPIPAHLLGD MWAQSWENIYDMVVE FPDEPNLDVTSTMVQ KGWNATHMFRVAEEF FTSLGLSPMEFPEFWA
Rabbit LERIYHQLEPLYLNL HAY¥VRRVLHRRYGDR YINLRGPIPAHLLGN MWAQSWESIYDMVVP FPDKPNLDVTDVMVQ KGWNATHMFRVAEEF FTSLGLLPMPPEFWA
316 330 331 345 346 360 361 375 376 390 391 405 4086 420
Human SMLEKPADGREVVC HASAWDFYNRKDFRI KQCTRVTMDQLSTVH HEMGHEOYYLQYKDL PVSLREGANPGFHEAR IGDVLALSVSTPEHL HKIGLL NDTES
Chimp SMLEKPADGREVVC HASAWDFYNREDFRI KQCTRVTMDQLSTVH HEMGHEQYYLOQYKDL PVSLRGGANPGFHEA IGDVLALSVSTPAHL HKIGLLD NDTES
M. Rhe SMLEKPADGREVVC HASAWDFYNRKDFRI KQCTRVTMDQLSTVH HEMGHEOYYLQYKDL PVSLRGGANPGFHEA IGDVLALSVSTPBHL HKIGLLDHVTNDTES
Rat ESMLEKPADGREVVC HASAWDEFYNRKDFRI KQCTRVTMDQLSTVH HEMGHVQYYLQYKDL HVSLRRGANPGFHEA IGDVLALSVSTPAHL HKIGLLDRVANDIES
Rabbit ESMLEKFEDGREVVC HASAWDFYNRKDFRI KQCTQVTMDQLSTVH HEMGHVQYYLQYKDQ PVSLRR-ANPGFHEA IGDVLALSVSTPAHL HKIGLLDHVTNDTES
421 435 436 450 451 465 466 480 481 495 496 510 511 525
Human DINYLLEMALEKIAF LEFGYLVDOWRWGVE SGRTPPSRYNFDWWY LRTKYQGICPPVERN ETHFDAGAKFHEE TPYIRYFVSFVLOQFQ F LCKEA GEL
Chimp DINYLLEMALEKIAF LPFGYLVDQWRWGVFE SGRTP'SRYNE‘DWWY LRTEYQGICPPVEEN ETHE‘DAGAKFE]PE TPYIRYFVSFVLQFQ E‘*LCKE}A GEL
M.Rhe DINYLLEMALEKIAF LPFGYLVDOWRWGVEF NGRTFPSHYNFDWWY LRTKYQGICPPVERN ETHFDAGAKFHEP TPYIRYFVSFVLOFQ F LCKEA GEL
Rat DINYLLEMALEKIAF LPFGYLVDOWRWGVF SGRTEPSRYNYDWWY LRTKYQGICPPVARN ETHFDAGAKFHIPSV TEPYIRYFVSFVLQFD FHQALCKEAGHQGEL
Rabbit DINYLLEMALEKIAF LPFGYLVDQWRWGVF SGRTPSSRYNFDWWY LRTKYQGICPPVVRN ETHFDAGAKFHIPSV TPYIRYFVSFVLQFQ FHOALCMEAGHQGPL
526 540 541 555 556 570 571 585 586 600 801 612
Human HOCDIY®STKAGAKL LOAGSSREPWQEV LKDMVGEDALDAQFL LEYFQPVTOWLOQEQON GEVLGWPEYQ PPLPDNYFPEGID
Chimp HQCDI;ISTKAGAKL LOAGSSRPWQEV LKDMVGEDALDAQPL LIYE‘QPVTQWLQEQN GEVLGWPEY(Q PPLPDNYPEGID
M.Rhe HQCDIY@STKAGAKL QAGSSREWQEV LEDMVGSDALDAQPL LNYFQPVTOWLOEQN GEVLGWPEYQWR FPPLPDNYPEGID
Rat HOCDIYQSTKAGAKL QOQVLOAGCSREPWQEV LKDLVGSDALDASAL MEYFQPVSOWLOEQN ORNGEVLGWPEYQWR FPPLPDNYFPEGID
Rabbit HQCDIYQSTRAGAKL RAVLOAGCSREWQEV LKDMVASDALDAQPL LDYFQPVTQWLQEQN ERNGEVLGWPEYQWR PPLPNNYPEGID

Ficure 3: Alignment of the N domains of mammalian ACE. Amino acid residues unique for primate (human, chimpanzee, and Macaque)
ACE are highlighted in red. Amino acid residues in chimpanzee ACE which differ from human ACE (but not from Macaque Rhesus ACE)
are highlighted in green. Amino acid residues in Macaque ACE which differ from human ACE and chimpanzee ACE are highlighted in
blue.

able to bind catalytically active ACE in solution as well as by this mAb from plasma or ascitic fluid might be explained
denatured ACE on a Western blot. Here we present a moreby the greater negative charge of blood ACE which carries
detailed study of this antibody, mAb 5F1, and fine mapping more terminal sialic acid residues on its glycans. Interest-
of its epitope. ingly, mAb 5F1 precipitated the ACE chimera C1-141Ndom
mAb 5F1 Binding to Different Types of Human ACE. where the first 141 amino acid residues from the N domain
Figure 1 demonstrates the relative binding of mAb 5F1 (and replaced the equivalent residues in the C domain. This
mAb 9B9 as a positive control) with ACE molecules of indicates that one of the regions comprising the epitope for
different origin and size: (1) recombinant human somatic mAb 5F1 is present in the first 141 amino acid residues of
ACE expressed in CHO cells in membrane-bound (1277 the N domain. mAb 9B9 did not bind to this chimeric ACE
residues) and soluble (1203 residues) for@9;((2) native at all.
somatic ACE from human lung and kidney (a mixture of ~ mAb 5F1 Binding ACE from Different Specids.order
membrane-bound and soluble ACE) and from plasma andto obtain further information about the localization of the
ascitic and seminal fluids (soluble ACE); (3) truncated N epitope for mAb 5F1, we examined the cross-reactivity of
fragments having 612 amino acid residues from the N domain mAb 5F1 with ACE from different species. Previously, we
and 17 amino acid residues from the interdomain linker, with found that mAb 5F1 binds only to primate ACE7 32).
(Nfr737) (23) and without (D629) 16, 18, 22) an additional Figure 2 demonstrates the precipitation of ACE from
108 amino acid residues from the C domain; (4) a catalyti- different primate species by mAb 5F1. mAb 5F1 precipitation
cally active ACE chimera C1-141Ndom (previously NdelACE) of plasma ACE from all primates studied [chimpanzee,
having the first 141 amino acid residues from the N domain Macaque Rhesus#facaca mulatty Japanese Snow Macaque
and the rest from the C domait). (Macaca fuscatp Bear MacaqueMacaca arctoides and
The relative precipitation of different ACEs varies sig- baboon] was statistically lower than that of ACE from human
nificantly. mAb 5F1 binding to membrane-bound ACE (at plasma (Figure 2A,B). Lower precipitation relative to human
least from lung and CHO cells) was significantly higher than ACE was also demonstrated for ACE from the lung and
to soluble ACE or truncated N fragments, while in contrast, kidney of Macaque Snow and baboon. This indicates that
binding of mAb 9B9 (positive control for precipitation of the few substitutions in chimpanzee and Macaque Rhesus
the N domain) to membrane-bound ACE is significantly ACE (Figure 3) might be responsible for the observed
lower than that of soluble ACE. The fact that precipitation decrease in mAb 5F1 binding to plasma ACE from these
of soluble ACE from seminal fluid by mAb 5F1 was species. The amino acid sequence of the N domain of human
significantly (2-3-fold) higher than precipitation of ACE  ACE was aligned (Figure 3) with chimpanzee and Macaque
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Ficure 4: Binding of mAb 5F1 to synthetic peptides (ELISA). mAb 5F1 ¢i@mL) was incubated with a set of 110 overlapping hexapeptides
covering the human ACE sequence from residue 201 to residue 557 and immobilized on the pins in a 96-well format mictotBé).plate (
Mouse nonimmune IgG at the same concentration was used as a negative control. Bound mAb 5F1 was revealed using a second anti-mouse
IgG conjugated with horseradish peroxidase. Krexis shows peptide number, which is the sequence position of its first amino acid
residue; thg-axis showsyso values. Peptides showing significant binding to ACE are highlighted in yellow. (A) Representative experiment,

with a red line indicating the cutoff for statistical significance with the mean of the lowest 508%s@¥alues. (B) Statistical analysis of

four independent experiments. Significant antibody binding to a hexapeptide was determinedpyvatue greater than the mean of the

lowest 50% of all values, plus three times the standard deviafign (

Rhesus ACE (which are recognized by mAb 5F1) and rat comparison with ACE from other primates (Figure 2C),
and rabbit ACE (which were not recognized by mAb 5F1). which in turn might result in a lower proportion of sialic
This alignment allowed the identification of primate-specific acid on those glycan moieties of Macaque Rhesus ACE
residues (colored red) as well as a few substitutions in which participate in the epitope for mAb 5F1.

chimpanzee and Macaque Rhesus ACE (colored green and Epitope Mapping with Synthetic Peptides Immobilized on
blue, respectively; Figure 3). Plastic Pins.In order to localize the epitope for mAb 5F1,

Most of the substitutions in chimpanzee and Macaque a set of 110 overlapping hexapeptides covering the amino
Rhesus ACE may be excluded from being responsible for acid sequences of predicted epitopes on the N domain
the decrease of mAb 5F1 binding relative to human ACE, (residues 201557, somatic ACE numbering®(30) were
on the basis that mAb 5F1 did not overlap with the other tested for 5F1 binding (Figure 4). In a representative
seven mAbs to the N domainiY), the epitopes of which  experiment mAb 5F1 bound specifically with overlapping
were partially defined and found to be localized on one side hexapeptides from two regions of the N domain starting from
of the N domain globule 13, 16, 18). Thus, of these  *% and*"*P (Figure 4A). Both of these regions have a double
substitutions, the most probable candidate for inclusion in proline motif: 45PP*6 and*7PP*"6. mAb 5F1 reproducibly
the epitope of mAb 5F1 is the motif between S451 and R458 bound only to a motif fronf>% to 462D (Figure 4B), with
where three substitutions in chimpanzee and Macaque Rhesuthree standard deviations (SD) more mAb 5F1 binding to
ACE were found (Figure 3). these pins than to the control.

In contrast to plasma ACE, the precipitation of lung and  Epitope Mapping with Phage Display Librariels order
kidney ACE from Macaque Rhesus was significantly higher to confirm the epitope localization defined with the set of
than that from human, baboon, or Macaque Snow tissuesynthetic peptides, two phage libraries displaying peptides
(Figure 2B). This result might be indicative of a significantly ~of different lengths (7- and 12-mer) were tested with mAb
different glycosylation pattern of ACE in Macaque Rhesus 5F1. After three rounds of selection with mAb 5F1 and
in comparison with human ACE and even more so in amplification, 18 phage clones were isolated and sequenced.
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Alignment

with full-size, two-domain ACE (1-277) with truncated N domain (1-612)
37 HDIYPRH
712 RNHQTHRRQDGK
7.7 THRLLL
512(2) QPHTLSMHRHYY TPPTSRAHAHYY  6_12(2)
3_12(2) SPSDRLMHNHYH SPPQSRA 6_7
57 MPH---IHRH APPXSPT 2.7
9.7 HPRPRNN YPXPPLX 1.7
212 FAWXQHLHALEP RQGGQYP 10_7
47 QGHIGNE QRATPFP 87
ACE GLSQRLFSIRHRSLHRHSHG PPSRYNFDWWYLRTKYQGICPPVTRNNETH ACE

1246 1265 455 483

Ficure 5: Phage display peptide library screening with mAb 5F1. After three rounds of selection and amplification with mAb 5F1, 18
phage clones were isolated and sequenced. The phage sequences were aligned with each other and with the human somatic ACE sequenc
(1—1277) containing the highest degree of homology to the phage consensus motifs. Bold letters denote an exact match to the residues of
human somatic ACE. The frequency of clones with the same sequences is denoted in parentheses. All sequences fall into two groups.
Alignment of these sequences with each other and full-size ACE falls within amino acid residuesl?B5§(in the cytoplasmic tail of

ACE), whereas alignment with the N domain alone reveals similarity with amino acid residue483.1
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Ficure 6: Competitive peptide ELISA. Microtiter wells were coated with purified human kidney AGEg(BIL in 50uL) and subsequently
blocked with a solution of 0.2% casein. Peptide competitors were then added to some wells at concentrations of 0.25 and 1 mg/mL followed
immediately by addition of anti-ACE mAb (10g/mL). The following hexapeptides, comprising a selection of sequences of ACE, were
used: 451SGRTPP, 457SRYNFD, 535TKAGAL, and 1260RSLHRH. Bound mAb 5F1 was revealed with goat anti-mouse polyclonal
antibody conjugated with alkaline phosphatase ugkmifrophenyl phosphate as a substrate and detected at 405 nm. Data are presented as
a percentage of 5F1 binding (me&nSD of two independent experiments in triplicate) in the presence of peptides relative to that in control
wells without peptides.

Biopanning of the 7-mer library with mAb 5F1 resulted in revealed a mimotope. Thus it would be misleading to
the isolation of 10 independent phage clones, whereasconclude that’”>PPVTRN*®is part of the epitope for mAb
biopanning of the 12-mer library revealed 8 independent 5F1; however, the detection of this sequence by phage
phage clones. If the sequences of all 18 peptides are alignedlisplay adds to the evidence that a double proline motif is
with full-length human somatic ACE, the sequences align included in the epitope.

with the motif!253S5|IRHRSLHRHSHG?%5, with a consensus Competitve Peptide ELISATo confirm and further define

motif 2HRH'2%3 However, if the alignment is performed the epitope for mAb 5F1, we performed a competitive pep-
with the N domain of ACE (amino acid residues from 1 to tide ELISA, where candidate peptides (synthesized in solu-
612), the sequences align with the motfCPPVTR- tion, not on pins) were tested for their ability to compete
NETH*3, with a consensus motif”*PP6 (Figure 5). with mAb 5F1 for binding of human ACE immobilized on
Moreover, individual alignment of the sequence of each plastic. Both hexapeptidé¥SGRTPP and®’SRYNFD com-

phage with the ACE sequence did not reveal a consensugpeted with human kidney ACE immobilized on the plate
sequence, except for phages 2-7, 6-7, and 6-12, all of whichfor binding to mAb 5F1, whereas an unrelated peptide,
were aligned with the motif’>PPVTRN*8- On the basis of  53TKAGAL, and another candidate peptidé*RSLHRH,

the hexapeptide binding evidence (Figure 4), however, we did not compete with human ACE for mAb 5F1 binding
suggest that although PPVTRN was the only N domain (Figure 6). These results indicate that a motif betw&és
sequence common to the tested phage peptides, this approacind#6?D is at least one of the regions included in the mAb
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plate precipitation assays (Figure 1), we used Western
blotting to investigate the binding of mAb 5F1 to three
chimeric ACE mutants, comprising the C domain of ACE
substituted with homologous regions of the N domain
sequence. Equal amounts of active enzyme were blotted

— 100 against mAb 5F1, with N domain-specific mAb 4G6 and
(- >e polyclonal anti-tACE antibodies as positive controls.

Only C1-141Ndom, containing N domain residueslt1,

~ « cross-reacted with mAb 5F1 (Figure 7). This supports the
e evidence from the plate precipitation assay regarding the
importance of residues-1141 and implies that N domain

goo:;trlovz -- .- " regions 395557 and 561601 alone are not sufficient for
= T5

9EvVIOWI
WOpPNLYL-LD
WOpN/S5-96€0
WopNL0g-1950
(eq) muw

6290

mAb 5F1 binding.

e ~ The fact that mAb 5F1 did not bind C396-557Ndom is

mAB:Ice polyclonal ant-AGE surprising considering the evidence that residues around
FiIGURE 7: Western blot analysis of the binding specificity of mAb  451—462 are an important part of the epitope. However, it
5F1 to recombinant ACE fragments. The purified N domain (D629), should be noted that this mAb was raised against the native
testis ACE (tACEA36), and chimeric mutants C1-14INdom«1  n gomain and that binding to the denatured N domain in

141), C396-557Ndom (396557), and C561-601Ndom (56601) . . . .
were equilibrated to a total ACE activity in 20 L of 5 milliunits Western blotting was weak in comparison with mAb 4G6,

(Z-Phe-His-Leu) for detection by positive controls and 10 milliunits Which was raised against the denatured N don@dh Thus,

for mAb 5F1. Samples were boiled and separated on 7%-SDS it appears that the motif around 45462 must be cor-
PAGE under reducing conditions. Proteins were transferred to rectly folded in order for mAb 5F1 to bind and, therefore,
nitrocellulose membranes and developed with mAb SFlg(2nL.) that this motif is a structural, rather than a sequential, part

or with positive controls: antibody 4G@&4), (positive control for . . .. : o

the N domain), or polyclonal anti-tACE antibodies (tAGE6 and of the epitope. The additional bands visible in the positive
chimera are positive controls) in culture fluid. The molecular mass controls for C396-557Ndom and C561-601Ndom could be
is shown on the right. After incubation with mAbs, binding was attributed to the presence of degradation products or im-
detected using the ECL-Plus horseradish peroxidase Chem'lum"properly processed species in the purified samples, while the

nescence system (Amersham Biosciences). absence of a signal for C1-141Ndom in the positive controls
5F1 epitope, whereas the sequences ardfAmP and!264 probably indicates a higher activity of this mutant toward

HRH probably represent mimotope33j. Z-Phe-His-Leu.
Western Blottingln order to confirm the involvement of Residues +141 are not strongly conserved between
residues +141 in the 5F1 epitope as suggested by the earlier primates and other mammals (Figure 3), which allowed us

il mAb 5F1
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Ficure 8: Effect of mutations on the precipitation of ACE activity by mAb 5F1. ACE activity of culture fluid from CHO cells expressing

each mutant was equalized with ACE activity of the truncated N domain (D629), which was considered here as a wild-type ACE, in a range
of 5—10 milliunits/mL (with Z-Phe-His-Leu as a substrate). Then precipitation of ACE activity of each mutant by mAb 5F1 was estimated

by the plate precipitation assay. Results are expressed as a percentage of precipitated ACE activity from each mutant to that of the truncated
N fragment and shown as the me&anSD of four to six independent experiments, each in duplicates or triplicates.
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Ficure 9: Fine epitope mapping for mAb 5F1. The epitope for mAb 5F1 was mapped onto the surface of (A) the substrate-bound crystal
structure of the N domain of human ACE (PDB ID 2C6N) and (B) an open active site model of the N domain based on the unliganded
structure of ACE2 18). The surface is colored gray, with amino acid residues that were mutated to define the epitope for mAb 5F1 in
colors as follows: residues whose substitution results in a significant increase in mAb 5F1 binding are colored orange; those causing a
significant decrease are colored purple, and those having no effect are colored yellow (excluding glycosyation site N480, which is colored
green). Note that the side chain of K187 is truncated in the crystal structure, probably due to its mobility. Asn residues at the N-linked
glycosylation sites are colored green, while glycan residues observed in the crystal structure are cola@dNetdll glycosylation sites
had ordered glycan residues in the crystal structure, and no glycan residues were included in the modeled open form. Residues colored blue
were suggested to be in the epitope for mAb 5F1 after screening the synthetic peptide libraries (Figure 4) and competition binding studies
Figure 5). The putative surface on ACE covered by mAb 5F1 is represented in (A) by an ellipse (red) with an approximate area of 880
2 and an arrow in (B) indicates the lengthening of the epitope that would occur with opening of the active cleft.

to define the epitope for 5F1 in more detail. As mentioned of NB-DNJ led to a significant increase in mAb 5F1 binding
above, we isolated 18 phage clones that bind to mAb 5F1[201 4+ 24% in comparison with untreated ACR € 0.05)].
using the phage display technique (Figure 5). BLAST In addition, we demonstrated that neuraminidase treatment
alignment of individual phage sequences with ACE revealed of purified somatic ACE from seminal fluid led to increased
one phage from the 12-mer library (2-12) that aligned with precipitation of ACE activity by mAb 5F1 [123 10% in
67AW gQkake. yEP’8 and another from the 7-mer library (9- comparison with untreated ACIg & 0.05)]. Binding of mAb
7) that aligned with'KR qgyN. Since the region around 5F1 also increased after treatment of human serum ACE with
107-112 is conserved in rabbit ACE but not in rat, the neuraminidase [17% 18% ( < 0.05)].
interaction of mAb 5F1 with ACE from these species allowed  This indicates that (1) a glycan moiety is probably involved
us to determine whether this motif is part of the epitope for in the epitope for mAb 5F1 and (2) removal of sialic acid
5F1. In a Western blotting experiment using tissue homo- residues from glycan termini facilitates mAb 5F1 binding
genates from these species, mAb 5F1 did not bind to rat orto somatic ACE. In contrast, enrichment of the sialic acid
to rabbit ACE (data not shown), thus demonstrating that content as a result of ACE circulation in viv85) resulted
amino acids 106109 are not an essential part of the mAb in a dramatic (2 3-fold) decrease in mAb 5F1 binding to
5F1 epitope. The motif’AW gQkake. yEP® is mutated in blood ACE (see Figure 1). Furthermore, the precipitation of
both rat and rabbit ACE and thus could not be excluded by ACE by mAb 5F1 depends to a great extent on the origin of
this experiment as a sequential part of the epitope for the ACE sample. For example, precipitation of soluble human
mAb 5F1. recombinant ACE expressed in COS and HEK cells was
Influence of Glycan Moieties on the Binding of mAb 5F1 almost 3-fold higher (272 23% and 285t 10%,p < 0.05,
to ACE.Altered glycosylation of human somatic ACE and respectively), and precipitation of soluble ACE from human
the N domain by expression in CHO cells in the presence umbilical vein endothelial cells and macrophages was lower
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Ficure 10: Anticatalytic effect of mAb 5F1 on the recombinant truncated N domain. Culture fluid from CHO cells transfected with the
recombinant truncated N domain (D629) (10 milliunits/mL with Z-Phe-His-Leu as a substrate) was incubated with different mAbs to the
N domain of ACE. Experimental conditions: [ACE] 10 milliunits/mL; 100 mM potassium phosphate buffer containing 300 mM NacCl
and 80uM ZnSQy, pH 8.3, at 37°C. Results are shown as the megaiSD of several (six to eight) experiments. mAb 9B9, which does not
inhibit ACE catalytic activity 7), was used as a negative control, whereas mAbs 3A5 and i2H5, with strong anticatalytic pa@ncy (

were used as positive controls. Residual ACE activity is expressed as the percentage of ACE activity remaining after mAbs were added to
the reaction mixture.

(76 £ 12% and 72+ 2%, p < 0.05) than that of ACE binding of 10% or more was observed in comparison with
expressed in CHO cells. These data suggest that a glycarthe wild-type N domain (D629).

moiety is an integral part of the epitope for mAb 5F1. Of the six mutations, one (K187A) resulted in a significant

Mutagenesis of the N Domain of ACH.previous studies  decrease in mAb 5F1 binding, indicating that K187 forms
we defined the epitopes for some mAbs to the N domain of an important part of the epitope, while three mutations
human ACE broadly by examining the cross-reactivity of (K107A, K126A, and N480Q) had no effect on mAb 5F1
these mADbs, raised against human ACE, with naturally binding, and two (E49A and E327A) caused an increase in
occurring variants of ACE and described the differences in binding (Figure 8). The increase in binding caused by E49A
functional properties of these mAb%5, 16). However, the and E327A suggests that these amino acids may be included
residues that could be evaluated were limited by the in the binding surface for mAb 5F1 and that their mutation
availability of amino acid sequences of naturally occurring to Ala facilitates a more favorable interaction. The negligible
variants. Replacement of specific amino acids in the N- effect of the elimination of glycosylation site N480 suggests
terminal domain by site-directed mutagenesis allowed for a that a glycan at this site is not involved in mAb 5F1 binding.
rational, systematic, and quantitative analysis of the interac- Similar substitutions of more than 25 amino acid residues
tion between antibodies and ACE. in the N domain {2, 17) did not change 5F1 binding.

Mutagenesis of amino acid residues for fine epitope  Modeling of the N Domain of ACE and Fine Epitope
mapping of mAb 5F1 was based on the following: (i) the Mapping. The determination of X-ray crystal structures of
epitope for 5F1 contains the motfPP*®as well as residues  the C and N domains of human ACEQ 11), together with
which are specifically mutated in Macaque Rhesus; (i) the the site-directed mutagenesis data, made it possible to define
surface area of the epitope should be between 500 and 90Qhe epitope for mAb 5F1 in fine detail (Figure 9). While the
A2 (36, 37); (iii) the epitope for mAb 5F1 contains @ native N domain structure was reported to be nearly identical
glycosylation site. to the inhibitor-bound C domain structur®l}, implying that

Accordingly, a putative epitope was predicted on the basis no ligand-dependent conformational change occurs for the
of analysis of the N domain crystal structure (PDB ID 2C6N), N domain, the presence of two ligands (acetate &kd
and amino acids near the proposed epitope boundary werecarboxyalanine) bound to the active site of the enzyme
selected for mutation. Mutated residues are mostly protru- suggests that this might represent another ligand-bound
sions on the protein surface, as these are more likely to formstructure 17, 38). For this reason we employed both the
interactions with the antibody, and N480 is a glycosylation substrate-bound crystal structure of the N domain of ACE
site. The selected residues were substituted with Ala or with (PDB ID 2C6N) and an “open” conformation modeled on
GIn in the case of glycosylation site N480. Figure 8 the structure of human ACE-related carboxypeptidase, ACE2
demonstrates the effect of six mutations in the N-terminal (PDB ID 1R42). Figure 9A shows the predicted epitope for
domain on the binding of mAb 5F1. The effect of a mutation mAb 5F1 on the surface of the N domain crystal structure.
was considered to be of significance when a change in mAb The epitope includes residues F49D462 (identified using
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PepScan and competitive peptide ELISA), E49, K187, and domain of human ACE12), which represents the N domain
E327 (identified by mutagenesis), and glycosylation site in a so-called “closed conformationl{, 18) as well as an
N117. It excludes K126 and glycosylation site N480 N domain model based on the 3D structure of ACE-related
(eliminated by mutagenesis) and is estimated to cover acarboxypeptidase, ACEZ{), which represents an “open
surface area of approximately 70000 A2. K107 is also conformation” of the N domain (Figure 9). Mapping of
included in the epitope; however, since mutation of this residues implicated in mAb 5F1 binding onto the surface of
amino acid was shown to have a negligible effect on mAb the molecule revealed that the epitope is large (approximately
5F1 binding, this residue is probably not an essential part of 700—900 A2) and confirmed its location to be quite far (more
the epitope. The majority of the amino acid residues in the specifically, on the other side of the N domain globule) from
epitope are charged or polar (65%), including one Arg, three the epitopes for the other seven mAbs to the N domain of
Lys, four Glu, one His, and one Asp, while only 35% of the ACE which we developedlg—19).
residues are hydrophobic, and most of these have their side Synthetic peptide library screening allowed us to identify
chains buried in the core of the protein and their polar main- at least one part of the epitope for mAb 5F1, residttés
chain atoms exposed on the surface (Figure 9). The proximity TPPSRYN¢C, which was also suggested by comparison of
of glycosylation site N45 to the epitope suggests that the sequences of ACE from various primates (Figures 3, 4,
carbohydrate residues attached to this site might alsoand 6). It is worth noting that this motif is part of one of the
participate in the epitope. immunodominant regions on the N domain, which were re-
Inhibitory Activity of mAb 5F1.In the modeled open Vealed recently using polyclonal antibodies to ACE and
conformation of the N domain (Figure 9B), in which the PepScan technolog@). However, we did not isolate the
active cleft opens by as much as 16 A, E49 can be seen toSame, or any other mAb 5F1-related, sequence using a phage
move away from the remainder of the epitope. This appar- peptide library (Figure 5). The observed low similarity be-
ently contradicts previous evidence that mAb 5F1 has no tween the selected phage inserts and the sequence of ACE
anticatalytic activity against ACEL(). is most likely due to the fact that the sequence of interest is
In order to investigate the inhibitory activity of mAb 5F1  Not guaranteed to be present in a commercially available
further, the purified N domain (D629) was incubated with Phage library such as that employed here. This fact has been
increasing concentrations of mAb 5F1 before determination N0téd to have important implications especially for longer
of ACE activity with substrates Hip-His-Leu and Z-Phe-His- €Pitopes since these are less likely to be present in their
Leu. Figure 10 demonstrates that mAb 5F1 does inhibit ACE entirety 60). Furthermore, the techniques of peptide scanning
N domain activity at high concentrations (&@/mL, which and phage display are limited in their ability to characterize
represents an approximate 5-fold molar excess), while control®Pitopes that are conformational in nature rather than only
mAb 9B9 has no inhibitory activity at this concentration. Seduence-dependent, as seems to be the case for mAb 5F1.
mAb 3A5 and i2H5 demonstrating a potent inhibitory activity " the absence of a complete complementary phage sequence,
(18) were used as a positive control for inhibition. The fact Mimotopes may be identified that take on a similar conforma-
that no inhibition was detected at lower concentrations can 0N to the epitope while appearing to be unrelated in se-
be explained by the fact that mAb 5F1 binds more weakly duence 83), as was seen in this case with a double proline
to the N domain than the other mAbs tested and explains motif (Figure 5). The failure to isolate a true antigen-homo-

why inhibitory activity was not detected previously7. logous peptide and instead to identify only mimotope se-
guences is not uncommobl). The conformation-dependent,
DISCUSSION as opposed to sequence-driven, nature of 5F1 binding to this

part of the epitope is supported by the fact that mAb 5F1 did
Monoclonal antibodies to ACE are extremely useful tools not bind a denatured ACE chimera containing both double pro-
for the investigation of, among other things, enzyme func- line motifs identified by peptide library scanning (Figure 7).
tions and structural topography. In the case of human ACE, A sequential element of the mAb 5F1 epitope is present
mAbs that recognize conformational epitopes on the N in the first 141 residues of the N domain, as evidenced by
domain surface and sequential epitopes on the denatured Ghe detection of a denatured chimera containing this se-
domain have been used successfully for the following: (i) quence, by Western blotting (Figure 7). On the basis of our
ACE quantification both in solution by ELISA20) and on  fine mapping (Figure 9), this sequence is likely to include
the cell surface by flow cytometry6), (ii) to study the  residues around N117 or K126. Residues 1069 were

structure and function of ACE18-19), (iii) to deliver excluded as candidates on the basis of the lack of mAb 5F1
enzymes and genes to the pulmonary endothel8n42), binding to rabbit ACE (data not shown), which has this
(iv) as a diagnostic tool for lung vessel visualizatiat8,( sequence intact.

44), and (v) for immunohistochemistry2®, 45—-49). In agreement with the observed effect of different glyco-

In this study we performed fine epitope mapping of a sylation states on substrate binding, the mAb 5F1 epitope
monoclonal antibody to human ACE, 5F1, which is unique includes a glycosylation site, N117. This strong glycosylation
in that it binds catalytically active ACE in solutiodT) and dependence implies that the glycan moiety attached to N117
on the cell surface?b) as well as denatured ACE in Western is quite different in different tissues and cells and suggests
blotting (1L7) and on paraffin-embedded sections (R. Metzger, that binding of mAb 5F1 might be used as a tool for
unpublished observations). To this end a combination of discriminating between ACE from different sources. It should
screening of a synthetic peptide library based on the ACE be noted that only single glycan residues from two glyco-
sequence, random phage peptide library screening, Westerrsylation sites near the epitope were present in the crystal
blotting, and site-directed mutagenesis was used. The epitopestructure but that in vivo these glycan chains might be many
was mapped onto the recently published structure of the Nresidues long, containing branch sites and charged sialic
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acids. Thus the increase in binding following deglycosylation
or desialation probably results from a removal of glycan
residues that otherwise partially obscure the binding site for
mAb 5F1. It is interesting that despite its proximity to the
epitope, elimination of the glycan at N480 by mutation did
not alter mAb 5F1 binding significantly. However, a third
glycosylation site, N45, which was not mutated, is close to
the edge of the epitope, so that an extended glycan chain at
this site might also participate in mAb 5F1 binding.
Mutagenesis experiments aimed at delineating the bound-
aries of the epitope revealed the importance of two residues,
E49 and E327 (Figure 8), that lie on the opposite side of the
active cleft from the rest of the epitope, as predicted by the
open model of the N domain (Figure 9B). During the opening
of the active cleft depicted by this model, E49 and E327
move away from the remainder of the epitope by ap-
proximately 20 A, a movement too large to be encompassed
by the surface of association with mAb 5F1 since this area
also includes K187 and must be smaller than 900 A
Logically then, these residues could not all be included in
an epitope for mAb 5F1 that also allowed the active cleft to
open and the substrate to bind while the antibody was in
place. This finding was surprising to us, as a previous study
had not attributed any inhibitory activity of ACE to mAb
5F1(17). However, when increasing concentrations of mAb
5F1 were added to the ACE N domain before assaying for
ACE activity, inhibition was observed at 10g/mL mAb
5F1, a concentration higher than had previously been used
to assess inhibitionl(). This result not only validates our
mapping of the epitope of mAb 5F1 but also confirms the
predicted importance of the opening of the active site cleft
in order to allow substrate binding in ACEL§ 38).
Moreover, it seems to implicate a small number of residues
(those around E49) in this process, consistent with a hinge-
bending motion such as that seen in ACE2, excluding any
other candidate openings which are not in the vicinity of
the epitope. However, we cannot entirely exclude the
possibility that mAb 5F1 binding stabilizes the interactions

between secondary structure elements which must move in 12.

order to allow opening at a distant site, as has been observed
previously (8).
Thus we have made use of a combination of different

methods to define the epitope for mAb 5F1, an antibody that 13.

recognizes both catalytically active and denatured ACE, and
by means of this process have identified a possible use for
mAb 5F1 in studying ACE glycoforms and uncovered further
evidence for the importance of hinge bending in the catalytic
activity of ACE.
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