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ABSTRACT. Positional-scanning combinatorial libraries of fluorescence resonance energy transfer peptides
were used for the analyses of thet8 S’ subsites of the somatic angiotensin I-converting enzyme (ACE).
Substrate specificity of ACE catalytic domains (C- and N-domains) was assessed in an effort to design
selective substrates for the C-domain. Initially, we defined thepgcificity by preparing a library with

the general structure Abz-GXXZXK(Dnp)-OH [Abz o-aminobenzoic acid, K(Dnp)= Ne¢-2,4-
dinitrophenyllysine, and X is a random residue], where Z was successively occupied with one of the 19
natural amino acids with the exception of Cys. The peptides containing Arg and Leu in gosiion

had higher C-domain selectivity. In the sublibraries Abz-GXXRZK(Dnp)-OH, Abz-GXZRXK(Dnp)-OH,
and Abz-GZXRXK(Dnp)-OH, Arg was fixed at;Pso we could define the C-domain selectivity of the

S, S, and S subsites. On the basis of the results from these libraries, we synthesized peptides Abz-
GVIRFK(Dnp)-OH and Abz-GVILFK(Dnp)-OH which contain the most favorable residues for C-domain
selectivity. Systematic reduction of the length of these two peptides resulted in Abz-LFK(Dnp)-OH, which
demonstrated the highest selectivity for the recombinant ACE C-dorkaiiiK, = 36.7uM~1 s71) versus

the N-domain KeafKm = 0.51uM~1 s71). The substrate binding of Abz-LFK(Dnp)-OH with testis ACE
using a combination of conformational analysis and molecular docking was examined, and the results
shed new light on the binding characteristics of the enzyme.

The angiotensin I-converting enzyme (ACEC 3.4.15.1) two homologous domains (N- and C-domains) within a single
is a zinc-dipeptidyl carboxypeptidase that plays an important polypeptide sequence, each domain possessing its own
role in blood pressure regulation by converting the inactive catalytic site 5—8). A smaller isoenzyme (96110 kDa),
decapeptide angiotensin | to the potent vasopressor angiofound exclusively in male germinal cells, contains a single
tensin Il (1). The enzyme is also able to hydrolyze bradykinin active site and corresponds to the C-domain of the somatic
(2, 3) and other naturally occurring peptides such as enzyme with the exception of a short unique N-terminal
substance P and luteinizing hormone-releasing horm#ne ( sequence 9—11). The recent description of the crystal
Several ACE forms are present in mammalian tissues. A structure of human testis ACE provided new details at the
somatic isoform (156180 kDa), which is expressed in molecular level {2). Another form of human ACE that
endothelial, epithelial, and neuroepithelial cells, consists of consists of only the N-domain was found in ileal fluid of
patients undergoing surgery and is believed to be a result of
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deH%ﬁ?\j‘éi&i’y%?ié‘ggéd%svﬁ ederal deoSzaulo. The C- and N-domains of ACE are functional and share

1 Abbreviations: ACE, angiotensin I-converting enzyme; Abz, & high degree of homology, particularly at the active centers,
o-aminobenzoic acid; CVFF, consistent valence force field; Dnp, 2,4- but they differ in substrate specificities, inhibitor and chloride

dinitrophenyl; ESFF, extensible systematic force field; FRET, fluores- ; - ; r ; i
cence resonance energy transfer; MALDI-TOF, matrix-assisted laser profiles 16-19), and their stability under denaturing condi

desorption ionization time-of-flight; PS-SC, positional-scanning syn- tion§ 20). The active sites of bOth _domain_s c_Ieave_a_ngio-
thetic combinatorial. tensin I, substance P, and bradykinin with similar efficiency
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(4), while the natural circulating tetrapeptitieacetyl-seryl- Synthesis of Peptide Librarie®?S-SC libraries were
aspartyl-lysyl-proline Z1) and angiotensin 17 (Asp-Arg- synthesized by the methods previously descril#g] 29),
Val-Tyr-lle-His-Pro) @2) are more specific for the N-domain  except Abz and Dnp were used as the fluorescence donor
catalytic site. Selective inhibitors for each domain have and acceptor, respectively. For preliminary experiments, we
already been described, such as the phosphinic peptidgorepared a library with the general structure Abz-GXXZXK-
RXP407 @3) and RXPA380 24), which have 1000- and  (Dnp)-OH, where the Z position was successively replaced
3000-fold higher inhibitor potencies for the N- and C- Wwith one of the 19 amino acids (cysteine excluded). X
domains, respectively. represents a randomly incorporated residue introduced by
coupling a balanced mixture of 19 amino aci@g)( Three
other libraries were prepared with structures Abz-GXXRZK-
(Dnp)-OH, Abz-GXZRXK(Dnp)-OH, and Abz-GZXRXK-
(Dnp)-OH, in which two of the positions were fixed: the P

We have previously described fluorescence resonance
energy transfer peptide analogues of the N-domain specific
substrateN-acetyl-seryl-aspartyl-lysyl-proline (Ac-SDKP-
OH) (25). The peptides Abz-SDK(Dnp)P-OH and Abz-TDK- g S
(Dnp)P-OH exhibited high N-domain selectivity, but were position as Arg f"‘”d z &}Sl'? PZ’. and .B’Wh'Ch included 19

naturally occurring amino acids with the other positions

barely hydrolyzed by the C-domair2j). In the stud d . .
preseynte)cli he?le we ﬁescribe the devg?opment of seI}éctivera.ndomlzed (Cys excludgd). Stock solutions of each pepude
substrates for ,the C-domain of ACE using positional- mixture were prepared in DMSO, and the concentrations

scanning synthetic combinatorial (PS-SC) libraries of fluo- \évxet:relcrt?oer? iléﬁcgclij;lg%ih; zit;sgcr)t())alcge C(:]fTI?np, with a molar

rescence resonance energy transfer peptides. This strategy Synthesis and Purification of Fluorescence-Quenched

mvoly es the successive re_placeme_:nt of _each _posmon n thePeptidesThe fluorescence resonance energy transfer peptides
peptide sequence with a single amino acid residue. M'Xturescontaining the Dnp group, coupled to théNH, group of

of amino acids are coupled to mixtures of resin-bound amino y,o ,imate Lys residue, were synthesized by a solid-phase
a_tuds for the synthesis of_the libraries. Besides some intrinsic methodology, using Fmoc-Lys(Dnp)-OH to introduce the
limitations of the synthetic process, due to nonequimolar or quencher groupd?). All the peptides obtained were purified
incomplete libraries, the reported results ysing this approachby semipreparative HPLC. The molecular weight and purity
for endoproteases seem to be very convincB@-80). We  qf the synthesized peptides were checked by amino acid
synthesized a PS-SC library specially designed for screeninggnaysis and by molecular weight determination with MALDI-
peptidases with carboxydipeptidase activity, where peptidesToE mass spectrometry, using a TofSpec E instrument from
contain the quencher group (Dnp) in the last position and a \Micromass (Manchester, U.K.). The stock solutions of
free C-terminal carboxyl groug@(). Initially, we prepared  peptides were prepared in DMSO, and the concentrations
a library with the general structure Abz-GXXZXK(Dnp)-  were measured spectrophotomerically using the molar ex-
OH [Abz = o-aminobenzoic acid, K(Dnp}= N-2,4- tinction coefficient of Dnp as described above.
dinitrophenyllysine, and X is a randomly incorporated  Screening of Peptide Librarieslydrolysis of the peptide
residue], where the Z position was successively occupied ibraries was performed in 0.1 M Tris-HCI buffer (pH 7.0)
with one of 19 amino acids with the exception of cysteine. containing 0.05 M NaCl and 1@M ZnCl,. Enzymatic

To ensure equivalent coupling of the randomized residues, activity was continuously followed at 37C in a Hitachi

a balanced isokinetic mixture of 19 amino acids was used F-2000 fluorimeter by measuring the fluorescence at 420 nm
in the synthesis, as described previou8%)( The selectivity (lem) and 320 nm 4ey). The assays were performed at low
ofthe §', S, and S [nomenclature by Schechter and Berger substrate concentrations ([$] Kn), and the initial velocity
(33)] subsites of ACE was examined with the sublibraries of hydrolysis was measured. Under these conditions, the
Abz-GXXRZK(Dnp)-OH, Abz-GXZRXK(Dnp)-OH, and velocity is proportional to the catalytic efficienclga/Km
Abz-GZXRXK(Dnp)-OH, in which Arg was fixed in the P (29).

position because this was the optimalrEsidue, in terms Determination of Kinetic Parameters for Peptides Ded

of domain selectivity, in the Abz-GXXZXK(Dnp)-OH from the Libraries Assays with peptides derived from the
library. The libraries were screened with wild-type recom- libraries were performed at 37C, in 0.1 M Tris-HCI (pH
binant human ACE and two full-length ACE mutants. On 7.0) containing 0.05 M NaCl and 1M ZnCl,. Enzymatic

the basis of the library screen, we designed internally activity was continuously followed in a Hitachi F-2000
guenched substrates containing the most favorable residuefuorimeter by measuring the fluorescence at 420 ig)(

that confer C-domain selectivity. and 320 nm 4ex). The enzyme concentration for the initial
rate determination was chosen so that less than 5% of the
MATERIALS AND METHODS substrate present was hydrolyzed. The slope was converted

into micromoles of substrate hydrolyzed per minute based

Enzyme PreparatiorHluman testicular ACE was prepared on a calibration curve obtained from complete hydrolysis of
as reported previouslyl4). The three human recombinant each peptide. The inner-filter effect was corrected using an
ACE proteins, namely, the wild type containing two intact empirical equation as previously describ@8)( The kinetic
functional domains and the two full-length ACE mutants parameter,, and k., were calculated by the nonlinear
containing only one intact catalytic site, were kindly supplied regression data analys@rafit program 84). The kea/Knm
by F. Alhenc-Gelas from the Institut National de la Sagite  values were calculated as the ratio of these two parameters.
de la Recherche Micale (Paris, France). The molar Optimum pH and Chloride Influence on Catalytic Ay.
concentrations of the enzymes were determined by activeThe pH dependence of ACE hydrolysis using the substrate
site titration with the tight-binding inhibitor lisinopril and  Abz-LFK(Dnp)-OH (10u«M) was studied over a pH range
analyzed as previously describelby. of 5.0-9.5. We used a four-component buffer comprised of
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Ficure 1: Combinatorial fluorescence-quenched peptide libraries for scanning of subsites. Fhe libraries with Abz-GXXZXK(Dnp)-

OH (Py), Abz-GXZRXK(Dnp)-OH (R), Abz-GZXRXK(Dnp)-OH (R), and Abz-GXXRZK(Dnp)-OH (P) general sequences were incubated

with the wild type, the C-domain, and the N-domain of ACE as described in Materials and Methods. The assays were performed at low
substrate concentrations where the reactions followed first-order conditionyg.a)iee provides the relative catalytic efficiency values (%)
normalized by the best substrate in each series.XTdds shows the amino acids in the different#;’ positions that were investigated.

The errors were less than 5% for any obtained value. According to Schechter and B&yd&ar{P; are designed for amino acid residues

in the N-terminal direction and;Pis designed for residues in the C-terminal direction from the scissile bond.

25 mM glycine, 25 mM acetic acid, 25 mM Mes, and 75 ESFF (metal adapted) force field85 were used in all

mM Tris in the presence of 100 mM NaCl and 4Bl ZnCl,. energy minimizations and dynamic runs. The conjugate
Enzymatic activity was measured at 3T, using the gradient minimization algorithm was used after running 1000
fluorimetric assay described above. initial steps, and then 3000 cycles of molecular dynamics

The influence of chloride ions (6500 mM) on the followed by 3000 cycles of energy minimization in an NTV
catalytic activity of recombinant forms of ACE was inves- €ensemble, at a temperature of 300 K. All calculations were
tigated. The enzyme was incubated with Abz-LFK(Dnp)- carried out with a dielectric constant of 1.00 and a cutoff
OH (10u4M) at 37°C in 0.05 M Hepes (pH 7.6) containing  distance of 9.50 A. The structure of Abz-LFK(Dnp)-OH was

101M ZnCl,. The hydrolysis was followed by the continuous generated with standard bond lengths and angles using the
fluorimetric assay described above. builder tool of INSIGHT I (ACCG“’yS Inc.) and then

Determination of the Substrate Clesge SiteThe scissile ~ Minimized. The initial position of Abz-LFK(Dnp)-OH in the
bonds of hydrolyzed peptides were identified by isolation aCtive site of the catalytic C-domain of ACE was determined
of the fragments using analytical HPLC (as described above),PY Superimposing the important pharmacophoric groups of
and their structures were deduced from amino acid sequencN€ Abz-LFK(Dnp)-OH inhibitor on the corresponding atoms

ing (protein sequencer PPSQ-23, Shimadzu, Tokyo, Japan)Of lisinopril in the ACE-lisinopril complex. After removal
and by MALDI-TOF mass spectrometry. of the reference inhibitor (lisinopril), the structure of the

C-domain-Abz-LFK(Dnp)-OH complex was refined by

Modeling StudiesMolecular modeling calculations were . A ;
running an energy minimization and molecular dynamics.

performed using the DISCOVER module of INSIGHT Il
(version 98.0, Accelrys Inc.) on a Silicon Graphics Octane regyLTS

1 workstation. The starting structure was the X-ray crystal

structure of testis ACE complexed with a known inhibitor =~ C-Domain Selectity Defined by Peptide Librarie®?S-
lisinopril (12). After the crystallographic water molecules SC libraries were used to map the-#P,’ substrate specificity
had been removed and hydrogens added, the CVFF and thef wild-type ACE and two mutants, each containing only
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Table 1: Kinetic Parameters for the Hydrolysis of FRET Peptides by Recombinant Forms 8f ACE

wild type C-domain N-domain
KealKm KealKm KealKm
peptide kat(s)  Km@M)  (@M™s™)  kea(s?) Knm@M)  @M7s?)  Ka(s?) Ka@M) @M*s™)
Abz-GVIRFK(Dnp)-OH 11.9 0.35 34.0 19.6 0.38 51.8 2.0 0.52 3.8
Abz-GVILFK(Dnp)-OH 22.4 1.00 22.4 37.9 0.58 65.4 9.4 3.14 3.0
Abz-VIRFK(Dnp)-OH 13.8 0.43 32.1 8.7 0.36 24.1 0.9 0.45 2.0
Abz-VILFK(Dnp)-OH 26.3 0.96 27.4 18.0 0.95 18.9 1.2 1.01 1.2
Abz-IRFK(Dnp)-OH 14.6 0.44 32.8 104 0.40 25.9 5.0 2.63 1.9
Abz-ILFK(Dnp)-OH 75.6 1.44 32.0 62.6 2.04 30.7 10.2 6.29 1.6
Abz-RFK(Dnp)-OH 62.1 3.68 16.9 64.7 2.94 22.0 3.2 5.93 0.6
Abz-LFK(Dnp)-OH 82.6 3.98 20.8 80.8 2.20 36.7 3.9 7.74 0.5

aThe assays were performed at 37 in 0.1 M Tris-HCI (pH 7.0) containing 0.05 M NaCl and 1 ZnCl,. Measurements were made as
described in Materials and Methods. The standard deviations of the kinetic constants were less than 5%.

one functional catalytic site, termed the C-domain and
N-domain. Initially, the library with the general sequence
Abz-GXXZXK(Dnp)-OH was scanned to define the speci-
ficity of the P, position. Figure 1 shows the relative values
normalized by the residue with the higher velocity of the
hydrolysis value. The ratio of the relative velocity values
for the C-domain versus the N-domain (C/N selectivity)

substrates containing Val at; Rvas observed for the
C-domain.

Not surprisingly, the $ subsite presented a strict restric-
tion for Pro with the sequence Abz-GXXRPK(Dnp)-OH
being resistant to hydrolysis by all three recombinant forms
of ACE. This result validated the use of these combinatorial
libraries in the study of the substrate specificities of car-

indicates the residues that favor C-domain selectivity (Figure boxydipeptidases. Again, the main differences in the speci-

1). All three forms of ACE showed a preference for His in
the R position. The relative activities of Leu and Arg were
~2- and ~3-fold higher, respectively, for the C-domain.
Peptides containing Leu at; Rvere very susceptible to
hydrolysis by the C-domain, but poorly hydrolyzed by the
N-domain. Surprisingly, the sequences containing lle;at P
were almost resistant to hydrolysis by both the wild type
and the C-domain and poorly hydrolyzed by the N-domain.
The peptides containing Tyr and Phe were efficiently
hydrolyzed by the three forms of ACE, while those contain-
ing Trp at R gave the lowest relative activity of the aromatic

ficity of the sites could be observed with the aromatic
residues. Substrates with Phe followed by Trp atvirere
more susceptible to hydrolysis by the C-domain than by the
N-domain, while peptides with Tyr in this position were
better substrates for the N-domain active site. With the
exception of Lys, which was almost 3-fold more selective
for the C-domain, the other residues in thépdsition gave
similar relative activities for both active sites.

ACE Actity on Substrates Designed from the Results for
the Libraries. The results from the peptide libraries were
used to design selective substrates for the C-domain by

amino acids. Met was also readily accommodated by both incorporating the best amino acids in each subsifeqS;").

active sites, being slightly better for the N-domain.

The fluorescence resonance energy transfer peptides Abz-

The three other sublibraries with the general sequencesGVIRFK(Dnp)-OH and Abz-GVILFK(Dnp)-OH were pre-

Abz-GXXRZK(Dnp)-OH, Abz-GXZRXK(Dnp)-OH, and
Abz-GZXRXK(Dnp)-OH were screened to study thg, &,

pared and assayed with human wild-type recombinant ACE
and its functional C- and N-domains (Table 1). Shorter

and S specificities, respectively. In these sequences, Arg homologues were also prepared, and the ratio of the catalytic

was fixed in the PPposition due to its C-domain preference
and also to increase the water solubility of the libraries.
Figure 1 shows that the,Ssubsite of the C-domain

efficiency, C- versus N-domain, increased with the reduction
of the length of the peptide (Figure 2), mainly due to the
higher k.o: values (Table 1). Thé, for the hydrolysis of

accommodated a broad range of amino acids while thethe tripeptide Abz-LFK(Dnp)-OH by the C-domain was 20

N-domain was more restrictive. His at positiopdave the
highest relative activity for the three forms of ACE. Arg gave

times higher than that for the N-domain. For the hexapeptide
AbzGVILFK(Dnp), theke was only 4-fold higher for the

similar results for both active sites, while Lys was 3-fold C-domain (Table 1). This series of substrates was also tested
better in the case of the C-domain. In contrast, peptideswith purified human testis ACE. The kinetic parameters
containing Asp and Glu at position, Were poorly hydro- presented in Table 2, similar to those for the recombinant
lyzed by the C-domain, but were better substrates for the C-domain, demonstrated that the shortening of the length of
N-domain. The highest C/N selectivity values determined the peptide increased thk., values but reduced the
among all the substrates that were tested were presented bgubstrate’s affinity as reflected by the highgy value. All
the peptides with lle (8-fold) and Ser (6-fold) at. P the peptides that were tested were cleaved at the-Rae

The S subsite of the C-domain and of wild-type ACE bond by the recombinant forms as well as testis ACE.
presented very similar hydrolysis profiles, while the N- Effects of pH and Chloride Concentrationhe effect of
domain showed somewhat different preferences. The mainpH on the hydrolysis of Abz-LFK(Dnp)-OH by the recom-
contrasts were observed with the substrates containingbinant N- and C-domains was determined over the pH range
hydrophobic aromatic or aliphatic amino acids in the P of 5.0-9.5 (Figure 3). Optimal hydrolysis occurred around
position. Substrates with Phe af Were better hydrolyzed  pH 7.5 for the N-domain and pH 8.0 for the C-domain. The
by the N-domain than by the C-domain; Tyr was more bell-shaped curves are characteristic of those reported for
susceptible to hydrolysis by the C-domain, and Trp was the ACE substrates. Abz-LFK(Dnp)-OH was hydrolyzed by the
poorest residue for both active sites. A clear preference for N-domain over a broader pH range (69.0). In the acidic
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FiGURE 2: Efficacy of the ACE domains in the hydrolysis of the Su Si’, and $' subsites (Figure 5A). From the docking
synthetic substrates derived from the peptide libraries. Efficacy C/N experiments, the energy-minimized bound conformer of Abz-

is the r_atio of recombinant C-domaik../K,, vs recombinant LFK(Dnp)-OH in the active site of the C-domain was
N-domainkea/Kn values. obtained. The total potential energy of the protdigand
Table 2: Kinetic Parameters for the Hydrolysis of FRET Peptides interaction was found to be778.8 kcal/mol, which s an
Containing the Most Favorable Residuyes foyr the C-Domain 5vith indication of the _relatlve St.ablllty of th.e enzyrmbgand .
Testis ACE complex. The residues forming the subsites of the C-domain
active site were defined as those located less than 6.00 A

i — 1 —1g 1T

peptide keat(S7) K (M) KealKn (WM 7257 from the important functionalities of Abz-LFK(Dnp)-OH.
Abz-GVIRFK(Dnp)-OH  14.8 0.72 20.5 i ; ; ) ;
Abz-GVILFK(DNp)-OH 20,6 130 59 The numbers of critical residues in the C-domain are
Abz-VIRFK(Dnp)-OH 104 0.48 217 according to Natesh et all?), and in parentheses are shown
Abz-VILFK(Dnp)-OH 7.3 0.64 11.4 the corresponding residues in the somatic AGEE The
Abz-IRFK(Dnp)-OH 7.5 0.70 10.7 modeling revealed that the isopropyl chain of théeRicine
Abz-ILFK(Dnp)-OH 34.3 1.42 24.1 interacts with the hydrophobic Val518 (Val1094) and the
Abz-RFK(Dnp)-OH 48.2 3.40 14.2 ; :
Abz-LFK(Dnp)-OH 56.1 3.43 16.5 polar Ser516 (Ser1092) of the Subsite at distances of 2.25

and 4.95 A, respectively. The distance between the Leu
carbonyl and the Zn atom in the active site of the C-domain
was observed to be 5.63 A. This value is larger than expected,
but is probably due to the fact that the docking experiment
was performed in the absence of crystallographic water. The
P1' phenylalanine interacts with residues Glu162 (Glu738),
Thr166 (Thr742), GIn281 (GIn857), Asp377 (Asp953), and
Val380 (Val956) (Figure 5B). In the N-domain, Glul62
(Glu738) and Asp377 (Asp953) are replaced with Asp and
GIn, respectively. Thus, these interactions are likely to
contribute to the domain selectivity of this substrate. The
S, subsite readily accommodates the lysine-Dnp residue of
the Abz-LFK(Dnp)-OH substrate. Thr282 (Thr858) and
Asp453 (Aspl029), residues that are not conserved in the
5 6 7 8 9 10 N- and C-domains, make contact with the phenyl ring of
pH the dinitrophenyl group. The Abz-LFK(Dnp)-OH substrate
Ficure 3: pH dependence of Abz-LFK(Dnp)-OH hydrolysis by was also docked with a homology model of the N-domain
recombinant forms of ACE: C-domai®f and N-domain®). The (36). However, the calculated binding energy for the
hydrolysis conditions are described in Materials and Methods.  N-domain-substrate complex was significantly higher than
limb, the [Ka determined for the N-domain was 5.7 and for that for the C-domain complex, indicating that the latter is
the C-domain 6.7. a more stable complex. Moreover, less than 40% of the
The chloride anion concentration had a greater effect on C-domain residues’ N-domain counterparts made contact
the catalytic activity of the recombinant ACE C-domain with With the Abz-LFK(Dnp)-OH substrate.
Abz-LFK(Dnp)-OH, as shown in Figure 4. The N-domain
reached maximum activity with 0.05 M NaCl while the DISCUSSION
C-domain with 0.1 M chloride. In these assays of optimal  Recent findings confirm that the physiological functions
pH and salt determination, a concentration of the recombinantof ACE are not limited to the cardiovascular system, and
N-domain 50-fold higher than that of the C-domain was used this has awakened an interest in defining the role of the
to obtain measurable fluorescence values. enzyme and, more specifically, its N- and C-domain active
Modeling of Abz-LFK(Dnp)-OHThe substrate Abz-LFK-  sites in different biological processes. Rousseau ef4). (
(Dnp)-OH, which presented the highest C-domain selectivity, showed that the natural circulating tetrapeptide involved in

a Conditions of hydrolysis are as described in the footnote of Table
1. The standard deviations of the kinetic constants were less than 5%.

Relative activity (%)
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Ficure 5: Schematic representation of Abz-LFK(Dnp)-OH modeled into the active site of testis ACE. (A) Different binding subsites and
the Abz-LFK(Dnp)-OH peptide residues that make contact with the active site by hydrogen bonding (dashed lines). (B) Interactions between
the P1 Phe (yellow) and Sisubsite residues (blue).

the control of hematopoietic stem cell proliferatibiacetyl- efficiencies kea/Km). However, the hydrolysis of Abz-FRK-
seryl-aspartyl-lysyl-proline (Ac-SDKP-OH), was a specific (Dnp)P-OH kealKm = 20.5uM 1 s7%) and Abz-YRK(Dnp)P-
substrate for the N-domain of ACE. Furthermore, the peptide OH (keaf Km = 25.5uM ™t s7%) by testis ACE is stronger or
angiotensin 7 is also an N-domain specific substrate and similar to that of the recombinant C-domain. Araujo et al.
a C-domain selective inhibitor2f). We have previously  (25) determined these values for the hydrolysis of Abz-FRK-
described a rapid and sensitive method for assaying ACE (Dnp)P-OH and Abz-YRK(Dnp)P-OH by the recombinant
activity using fluorescence resonance energy transfer sub-C-domain to be 25.6 and 12:BM~* s72, respectively.
strates with the general structure Abz-peptidyl-K(Dnp)P-OH  Molecular docking of the energy-minimized conformer of
(25). In addition, specific substrates for the N-domain were Abz-LFK(Dnp)-OH in the testis ACE active site provides a
developed. The peptides Abz-SDK(Dnp)P-OH and Abz- clearer understanding of a possible molecular basis for the
TDK(Dnp)P-OH are hydrolyzed by the N-domain wikky substrate’s domain specificity. The bulky aromatic ring of
values 256-300 times higher than those obtained for the the Phe at P extends into the deep,/'Socket (Figure 5B).
C-domain. Michaud et al3() mapped the specificity of the  Of the residues that make contact with thg Residue,
ACE $—S; subsites by using a series of synthetic substrates Glu162 and Glu376 are both replaced with a smaller Asp in
based on the Ac-SDKP-OH structure. They defined some the N-domain. This substitution increases the size of the S
of the C-domain preferences and demonstrated that shortenpocket which would favor a Tyr at;Pas opposed to Phe.
ing of the peptidic chain increased this active site specificity. On the other hand, the Asp377 to GIn substitution would
However, a systematic study of the requirements of the ACE affect the charge of this region and could interact with the
domains has never been performed. For this purpose, wehydroxyl group of a tyrosine which we have shown to be a
developed PS-SC fluorogenic peptide libraries that allowed preferred P residue for N-domain hydrolysis (Figure 1).
us to evaluate the substrate specificity of the two active sitesFinally, Val380 which displays a hydrophobic interaction
of ACE and to define the requirements for C-domain with the aryl Phe is replaced with the more hydrophilic Thr.
selectivity. We mapped the; 30 S’ subsites of wild-type  The testis ACE Ser516 in the ocket is replaced with an
ACE, containing two intact functional domains, and two full- asparagine in the N-domain. The less polar hydroxyl group
length ACE mutants, each containing only one intact catalytic favors the isopropyl Pgroup of the Leu. Furthermore,
site. Comparative analysis of the specificity of both active Ser516 is more likely to make contact with Lys and Arg
sites elicited the residues that favor C-domain selectivity which exhibited greater C-domain selectivity. Similarly, the
(Figure 1). The peptide Abz-LFK(Dnp)-OH was the most Val518 to Thr substitution also affects the hydrophobicity
selective substrate for the C-domain of ACE. of the § subsite. The hydrophobic interactions with thé S
The pH profile for the hydrolysis of this peptide by the pocket might be important for C-domain inhibitor selectivity
N- and C-domains demonstrated that optimal activity for both as reported previousl\88). However, more recently, Geor-
forms of the enzyme occurred around pH 7.5 and the curvesgiadis et al. 89) have suggested that the orientation of the
were bell-shaped (Figure 3). However, the N-domain hy- hydrophobic P residue is more important for C-domain
drolyzed this peptide over a broader pH range and with very specificity. In the case of Abz-LFK(Dnp)-OH, it is unlikely
low catalytic efficiency. that the lysine confers any selectivity per se as replacement
We observed a stronger NaCl dependence for the hydroly-of this B’ residue with other groups does not have a
sis of Abz-LFK(Dnp)-OH by the C-domain than by the significant effect on the C-domain selectivity (A. K. Carmona
N-domain (Figure 4). This is a feature observed for some et al., unpublished data).
natural ACE substrated (3, 17). In conclusion, we provide a detailed description of the
Testis ACE followed the same pattern of hydrolysis substrate specificity of both active sites of somatic ACE and
presented by the recombinant ACE C-domain, but cleaved have characterized differences that better define the C-
the peptides with lowerk.y; values and thus catalytic domain’s preference for certain substrates. In addition, we
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have developed C-domain selective substrates that will
facilitate further characterization of this active site as well
as the development of domain specific inhibitors.
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