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ABSTRACT. Human angiotensin-I converting enzyme (ACE) is a central component of the renin-angiotensin
system and a major target for cardiovascular therapies. The somatic form of the enzyme (SACE) comprises
two homologous metallopeptidase domains (N and C), each bearing a zinc active site with similar but
distinct substrate and inhibitor specificities. On the basis of the recently determined crystal structures of

both ACE domains, we have studied their complexes with gonadotropin-releasing hormone (GnRH), which
is cleaved releasing both the protected Neind COOH-terminal tripeptides. This is the first molecular
modeling study of an ACEpeptide substrate complex that examines the structural basis of ACE’s
endopeptidase activity and offers novel insights into subsites that are distant from the obligatory binding
site and were not identified in the crystal structures. Our data indicate that a bridging interaction between
Arg500 of the N-domain and Afgof GnRH that involves a buried chloride ion may account for its role

in the specificity of the N-domain for endoproteolytic cleavage of the substrate at thdéekhinusin

vitro. In support of this, the protected NHerminal

dipeptide of GnRH exhibits stronger interactions

than the protected COOH-terminal dipeptide with the N-domain of ACE. Further comparison of the models
of ACE—substrate complexes promotes our understanding of how the two domains differ in their function

and specificity and provides an extension of the
design up to the Ssubsite of the enzyme.

Hypertension is a major risk factor in cardiovascular and
kidney disease, affecting a quarter of the world’'s adult
population ). The development of novel therapeutic ap-
proaches has focused on the ren@amgiotensin system
(RAS), which plays a key role in the regulation of blood
pressure and electrolyte balance in huma)slf the main
pathway of the RAS, renin acts on the circulating precursor
angiotensinogen to generate the decapeptide angiotensi
(Ang) I, which is converted by angiotensin-l converting
enzyme (ACE) to the potent vasopressor octapeptide Ang
II. In parallel, ACE affects blood pressure by inactivating
bradykinin (BK) and kallidin, vasodilator peptides which are
generated from kininogen by the action of kallikreiB).(
Because of this dual function, ACE inhibitors have been first
line antihypertensive therapies for many yeas ).

ACE (EC 3.4.15.1) is classified as a member of the M2
gluzincin family within the MA clan 8, 9). There are two
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pharmacophore model used for structure-based drug

isoforms of ACE that are transcribed from the same gene in
a tissue-specific mannet@): the somatic form (SACE) that

is found in a variety of tissues and the testicular form (tACE),
which is exclusively expressed in germinal cells. SACE is a
1,277-residue type | transmembrane glycoprotein with an
ectodomain consisting of two highly homologous parts (N
and C domains). tACE is a 701-amino-acid isoform that
rexcept for the first 36 residues is identical to the C domain
of SACE (11). Each domain contains an active site bearing
the characteristic HEXXH zinc-binding motif of Zn-pepti-
dases (zincins)1Q). The sequence and structural homology
at the active sites of ACE favors an enzymatic mechanism
analogous to that proposed for thermolysih3)( This
hydrolytic reaction proceeds via a general-base mechanism
with the nucleophilic attack of a water molecule or hydroxide
ion on the carbonyl carbon of the scissile bodd)(

The recent breakthrough in determining the high-resolution
crystal structures of human tACE (C domain of SACEp)(
and that of the N domain of SACH), both in the absence
and presence of the potent inhibitor lisinopril, has renewed
the interest in the study of their enzymatic activity at a
molecular level and has provided a structural basis for the
design of domain-specific inhibitorsl7, 18). Despite the
structural homology of the two domains of sACE, which
have ~60% sequence identity, some notable differences
between the active sites were observeg).(Consistent with
the observed chloride-dependent activation of ACH,(only
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Table 1: Sequences of the Natural Substrates Ang |, An@K, for the N domain of sACE. All heteroatoms with the

and GnRH in Two Orientations for C-Terminal (GnRHand exception of zinc and chloride ions were removed. Missing
N-Terminal Endopeptidase Cleavage (GnifH atoms and hydrogen atoms were added using the LEaP
P. P, P, P P, Ps P, P, P/ P’ P/ module of AMBER 8 29). The protonation state of ionizable
Asp Arg val Tyr lle His Pro Phe His® Leu Ang | groups was prediqted by the _programirH?l using a con-
Asp Arg Val Tyr Il His® Pro Ang:7 tinuum electrostatic model with the PoisseBoltzmann
Arg Pro Pro Gly Phe Ser PfoPhé Arg BK method B0). In addition to this, visual inspection of all

pGlu His Trp Ser Tyr Gly Lel Arg® Pro nGly GnRk
nGly Pro Arg Leu Gly Tyr Se¥ Trp® His pGlu GnRH,

3pGlu is the N-terminus pyroglutamic acid, and nGly is the amidated
C-terminus Gly residue of GnRH.

histidine residues for hydrogen bonding ability with their
neighboring residues was performed. The added atoms were
subjected to 500 rounds of energy minimization with steepest
descent gradients, while all other atoms were kept fixed by
o . applying 50 kcaimol1-A~2 positional restraints. Implicit
one chloride ion was bound to the N domain as opposed tosolvent was applied using the generalized Born modeiGB
the two found in the crystal structure of tACES). In (31) with 16 A cutoff for the nonbonded interactions. GnRH
addition, tACE has been co-crystallized with the antihyper- structure was also generated using LEaP and was subjected
tensive drugs captopril and enalapril20). to energy minimization in implicit solvent. For the pyro-
The most common small-molecule inhibitors exhibit glutamic acid residue, GAFF paramete8)@and AM1-BCC
comparable selectivity for both active sit&d), whereas the partial atomic charges3g) were assigned by the AMBER
N domain is 1000-times more sensitive to inhibition by the module Antechamber. Hisesidue of GnRH was assigned
phOSphiniC peptlde RXP40-22) and more than 3000‘t|mes |ts protonated form_
less sensitive to inhibition by RXPA38@3). Both domains Docking of the SubstrateShe program AutoDock 3.05
hydrolyze the principal physiological peptides Ang  and BK 34y was used for all docking calculations, and AutoDock-
at comparable rates but with different chloride concentration T40ls was used for visual inspection of the docking results.
requirementsZ4). Whereas the enzymatic activity of the C  protein and ligands were treated with the united-atom
domain is high'ly erendent on chloride concentration, that approximation by merging all nonpolar hydrogens. Kollman
of the N domain is much less s@4). _ . partial charges were assigned to all protein atoms, whereas
Interestingly, ACE exhibits endopeptidase activity for for zinc and chloride ions, formal charges and van der Waals
substrates with amidated C-termini such as substance P a”%arameters from the AMBER database were assigned. The
gonadotropin-releasing hormone (GnRH, formerly known as | gmarckian genetic algorithm was employed with the
luteinizing hormone-releasing hormone or LHRH) by cleav- following standard parameters: a population size of 50
ing their C-terminal tripeptides. Other natural substrates with jndividuals: a maximum number of 1.5 10° energy
high specificity for the N domain are Ang (25) and evaluations and a maximum number of 27,000 generations;
N-acetyl-SDKP, the latter being involved in the control of  ap glitism value of 1; a mutation rate of 0.02; and a crossover
the hematopoietic stem cell proliferatioBd]. Because of  [ate of 0.80 84). For most of the calculations, 100 docking
its protected amino-terminal pyroglutamic acid, GnRH is also qunds were performed with step sizes of 0.25 A for
metabolized to release the N-terminal tripeptide, in addition {anslations and Sfor orientations and torsions. Docked
to the C-terminal tripeptide (Table 127). The N domain  conformations were clustered with 1.5 A tolerance for the
of ACE is mainly responsible for the primary amino-terminal root-mean-square positional deviation.

endoproteolytic cleavage of GnRH, whereas carboxy-  pgecause of the relatively high conformational freedom of
terminal cleavage is performed by both active sites of ACE e decapeptide substrate, its docking into the catalytic

in vitro (24, 28). , . _ channel of ACE with the scissile bond in the appropriate

T_he unique _endopeptldase activity of ACE for GnRH, in  grientation is practically difficult. For this reason, we have
conjunction with the available crystal structures of both performed the docking of GnRis and GnRH_yo in two
enzymatic domains, has motivated oursilico studies of  gtens and their docked conformations were then linked
their complexes. With the aim of gaining structural informa- together. Two grid maps for each domain of ACE, one
tion regarding the interaction of the enzymmubstrate centered at the S5,-S,'-S,'-Sy' subsites (zinc-binding site)
complexes, GnRH was docked into the catalytic channel of jnq the other at the 1%-S-S-S; subsites (substrate
both ACE domains, in the appropriate orientation for either channel), were calculated using AutoGrid with 8181 x
COOH- or NH-terminal cleavage. Molecular dynamics gq grid points of 0.25 A spacing. The two grid maps
calculations have been employed as a means to allow foroverlapped at the S, subsite. In order to acquire the
enzyme reorganization in the presence of substrate. All GnRH: conformation, GnRK.s was docked into the sub-
simulations were carried out with explicit solvent representa- giyate channel and GnRH, at the zinc binding site and
tion so as to examine the effect of solvent molecules in \jce versa for GnRK. Selection of the conformations from
mediating intermolecular interactions. This study extends our {he docking calculations is based on different criteria for each
knowledge of the structural determinants that contribute to part of the substrate. When referring to the accepted
substrate specificity, which will aid the design of second- ¢onformations at the ACE zinc-binding domain, two criteria
generation domain-specific ACE inhibitors. should be satisfied: (I) the distance between(@nRH)

or Trp® (GnRHy) carbonyl oxygen and zinc is shorter than

COMPUTATIONAL METHODS 3.0 A, and (ll) the N-terminus of Gfy(GnRHc) or the

Structure PreparationThe crystal structure coordinates C-terminus of Ty? (GnRH,) is oriented toward the substrate
of ACE—lisinopril complexes were obtained from RSC: pdb channel domain. For the substrate channel domain, a docked
code 1086, for the C domain (tACE) and pdb code 2C6N, conformation is accepted when the distance between the
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C-terminus carbon of Tyrand the N-terminus nitrogen of have been added as described below. The prewibstrate
Gly® is shorter than 4.0 A. complexes were immersed in isometric truncated octahedron
However, the choice of an appropriate conformation for water boxes, constructed from a cubic box~e90 A, and
each fragment is hampered by the extensive conformationalan appropriate number of Naons was added to neutralize
space of the pentapeptides. For instance, even after 10@he system. The following procedure was used in order to
rounds of docking GR~nGly'?into the zinc-binding domain  equilibrate the position of solvent molecules, the temperature,
of nACE, there was no acceptable solution. The docked and the pressure of the system: (a) energy minimization for
conformations that fulfilled criterion | did not have the 100 steps with steepest descent and 900 steps with conjugate
expected orientation of the N-terminal group, whereas thosegradients was performed by imposing 50 koabl-2-A-2
consistent with criterion 1l were at an inappropriate distance positional restraints on the solute atoms; (b) temperature was
from the zinc. Therefore, performing 26@00 rounds of gradually increased at 300 K (in 50 K steps) within six
docking was necessary. In order to achieve an increasedounds of 5-ps constant volume dynamics, while solute atoms
number of conformations that fulfill criteria | and Il, the were kept fixed by imposing 10 kcahol-1-A-2 restraints;
charge of LetO was changed from-0.50 to—1.50 e. In (c) restraints were then released within 20 ps in the NVT at
this way, at least two accepted conformations of the?Gly 300 K; and (d) the density of the simulation box was
nGly' fragment at the zinc-binding domain of nACE were increased from 0.90 to 1.05@n™3 within 150 ps of constant
obtained per 100 docking rounds. Docked conformations pressure dynamics. Subsequently, production runs of 2,000
were ranked by the predicted binding energy, though the final 3,000 ps were carried out at physiological conditions
choice was also based on visual inspection of the enzyme (300 K, 1 atm) in the NPT ensemble. The translational center-
substrate interactions, in order to verify that accommodation of-mass motion was removed every 1000 steps, and trajec-
of the R-P;-P;’ side chains is reasonable according to the tories were updated every 500 steps (viz. every ps). For visual
X-ray crystal structures of both ACE domains with lisinopril inspection and analysis of the MD trajectories, the program
(see Results and Discussion). VMD 1.8 (39) was used. Solvent-accessible and buried
After having selected the appropriateP;' conformation, surface areas were calculated by the program MSMS 2.5
P, and R moieties were included in the calculation of the (40) with a probe radius of 1.5 A within VMD. The
second grid, being regarded as part of the substrate channelFigures were also prepared with VMD and plots using the
Consequently, each predicted conformation of the MR program GRACE 5.1.
fragment occupied distinct sites from those of the zinc-  Zinc Force Field Parameterd.he zinc coordination sphere
binding domain fragment so that all accepted conformations in native ACE comprises His383/361, His387/365, Glu411/
were productive. The top-ranked binding modes among the 389 (C-/N-domain numbering), and a solvent molecule. In
accepted conformations were also visually inspected in orderaccordance with a well-accepted proposal for thermolysin
to validate that intermolecular interactions were predicted (13, 14), ACE—substrate complexes involve an analogous
properly; in particular, whether H-bonding donor and ac- pentacoordinated metal center. As soon as the substrates are
ceptor atoms were correctly positioned and whether hydro- positioned in the central channel of the enzyme, the carbonyl
phobic residues lay inside hydrophobic subsites of the oxygen of the scissile bond binds to zinc by displacing the
enzyme. In this fashion, the choice of the-P; fragment zinc-bound water toward Glu384/362. We initially experi-
depends on both the value of the predicted binding energymented with a nonbonded metal representation, using the
as well as its reasonable placement inside ACE, with the parameters proposed by Stote and Karpi®.(However,
latter influenced by the presence of the zinc-bound GnRH we found that during the equilibration period, water moved
moiety (see Results and Discussion). Subsequently, GaRH toward the R side of the substrate. Consequently, Glu384/
and GnRH_10 were linked together, and a bond between 362 came to within a distance of 2.0 A from zinc and
the oxygen of the scissile bond and zinc was created usingremained there for the rest of the simulation (data not shown).
LEaP. At this point, a TIP3P water molecule was placed Such a tendency of zinc to be hexacoordinated during
between the scissile bond and Glu411/389 (cACE/nACE), unrestrained MD calculations has been also observed by
which was also linked to zinc. Each ACEubstrate complex  others using the nonbonded approach with the AMBER force
was subjected to energy minimization as described abovefield (42, 43).
while constraining the movement of all enzyme atoms. For this reason, we adopted the bonded approach with
Torsional angle restraints were imposed when necessary tcexplicit bonds between the metal and its ligands. Force field
keep the Tyi—Gly® peptidic bond of GnRH in the trans- parameters were derived from hybrid B3LYP density func-
conformation. tional calculations using GAUSSIAN 9814). A model of
Molecular DynamicsAll calculations were carried out the active site (Figure 1 in Supporting Information), was
using SANDER and PMEMD programs of AMBER 29). extracted from the high-resolution crystal structure of tACE.
The force field of Cornell et al.35) was employed with ~ The inhibitor was replaced by a water molecule opposite
full representation of solvent using the TIP3P water model Glu411, and\-methylacetamide was docked as the substrate.
(36). Periodic boundary conditions were imposed by means The HEMGH...E zinc-binding motif was retained, except that
of the particle mesh Ewald method with &8 A limit for the Met was truncated into Gly and Glu4ll into butyrate.
direct space sum. Numerical integration was performed with Geometry optimizations were then carried out with loose
a 2-fs time step, and all bonds involving hydrogen atoms convergence criteria using the LANL2DZ basis, which was
were constrained with SHAKE3{). Temperature and  shown to perform quite well for analogous systedfs) (For
pressure controls were imposed using a Berendsen-typecomparison, 3-21G*/ and 6-31G*/B3LYP geometry optimi-
algorithm @8) with coupling constants of 1.0 and 5.0 ps, zations were also carried out. Analogous force fields by
respectively. Force field parameters for the zinc-binding sites others 46, 47) were taken into consideration in extracting
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the bond and angle parameters shown in Table 1 of theof GnRH, the two fragments comprise p&Ghryr® and
Supporting Information. All dihedral angle parameters Gly—nGly' (Table 1). Each fragment is docked at two
including zinc were set to zero. The partial atomic charge overlapping binding sites, one centered at the zinc-binding
of zinc was set te+-0.75 e, and the standard AMBER charge domain and the other centered at the central groove and
of the five ligand atoms was increased $9.25 e (i.e., the parallel to helicesx1 anda2. In order to obtain the proper
two histidine N2, the glutamate Q, the zinc-bound water ~ GnRH orientation for carboxy terminal cleavage (GrdRH
oxygen, and the carbonyl oxygen of the substrate). This the Gf—nGly!° fragment is docked at the zinc-binding site
minimal charge distribution is in good agreement with partial and pGld—Tyr® at the substrate channel. In the opposite
charges reported for zinc and its coordinating ato#8s49) orientation for amino terminal cleavage (GnRHdocking

by using the RESP fit methodb(). The same Lennard is performed with GI§—nGly° at the substrate channel and
Jones parameters as for the docking calculatidris € pGIlut—Tyr® at the zinc-binding domain (Figure 1).

1.10 A, e* = 0.0125 kcaimol™1) were employed46). Even for the pentapeptide fragments of GnRH with 18

The additional set of AMBER force field parameters and 15 flexible torsions for pGlaTyr® and Gly—nGly*,
(Table 1 in Supporting Information) was assessed during therespectively, the conformational space is still large enough
course of molecular dynamics simulations by examining the t0 be sampled adequatelifhe possibility of applying
geometry of the zinc coordination sphere of the AGENRH distance restraints between ACE and GnRH during the
complex in both orientations. The plots of zirkigand bond ~ docking procedure would have significantly increased the
and angle values as a function of simulation time (Figures 2 humber of accepted conformations. Given that distance
and 3 in Supporting Information) exhibit a well-defined restraints between a ligand and a protein atom cannot be
geometry that is in agreement with that provided by the imposed using AutoDock, the negative charge of the’Leu
B3LYP density functional calculations. A minor point is that carbonyl oxygen was increased, so as to achieve an increased
Zn—OW and Zn-N of histidine exhibit shorter bonds in humber of docked conformations with the appropriate
comparison with those extracted from DFT calculations by orientation of the scissile bond. It should be noted that the
~0.2 and~0.1 A, respectively. As far as the imidazole N8/ increase of the negative charge of the ligand results in
N9—Zn—0 angles are concerned, depending on the systemoverestimation of the calculated binding energies because
under study they exhibit a fluctuation between 1a0d 140. of the artificially increased electrostatic energy of the-@n
This observation is in accordance with our DFT calculations Pair. This approach is only suitable to compensate for a weak
when comparing results from different basis sets, which led distance restraint between the two opposite charges. Indeed,
us to assign the same value for both angle parameters (i.e.the number of accepted conformations of Gnfitithe zinc-

0, = 125)). binding domain of cACE is increased significantly upon
changing the charge of L&D as well as the estimated
RESULTS AND DISCUSSION energies that are higher by3 kcatkmol™* (Table 2). At this

point, the accepted conformations were evaluated by com-

For the sake of simplicity in making direct comparisons paring the binding mode of ;PP, with that of the
between the two opposite orientations of GnRH in the S crystallographic position of the inhibitor complexes. In this
primed and non-primed subsites of both ACE domains, way, use of the experimenta| data on the distingt S’
residues of GnRKl toward the N-terminus are numbered subsites of ACE render the choice of the structure to be used
P1'—P5', and those toward the C-terminus are numbered P for subsequent MD calculations simpler. Thus, the highest
P7, as shown in Table 1. For the same reason, tACE that affinity conformation that exhibits a reasonable binding mode
corresponds to the C domain of sACE is referred as cACE with respect to the cocrystalized inhibitor was chosen (Figure
and to the N domain of SACE as nACE. 2).

Docking of the Substrat®rediction of small molecule or As far as the second GnRHfragment is concerned,
short peptide binding modes becomes quite straightforward docking of pGld—Tyr® into the substrate channel of cACE
because of the available crystal structures of ACE with the produced 12 accepted conformations per 100 docking rounds
bound inhibitor lisinopril {5, 16). The binding subsites;S (Table 2). However, nine of these exhibited major steric
S/, and $' are well characterized, and the differences at hindrances with the Gh+~nGly*° fragment, which was also
the active sites between the two domains of ACE are the case for nACE for both GnRH orientations. For this
documentedi6). However, obtaining models of ACE with  reason, after having selected the top-ranked conformation
larger substrates, such as GnRH, introduces two majorof the zinc-bound fragment, residues—HfP; were included
difficulties: first, subsites 5-S, and $' need to be identified,  in the substrate channel grid box for the subsequent docking
and second, a decapeptide such as GnRH occupies aalculations. Using this approach, all solutions for the P
relatively large conformational space inside the catalytic P;fragment are prevented from overlapping with the selected
groove of ACE. In conjunction with the enzyme’s plasticity P,—P; moiety of the zinc-binding domain, as illustrated in
and reorganization upon binding of the substrate, prediction Figure 4 of the Supporting Information for the corresponding
of the interactions that dominate their complex is a chal- GnRH: fragments. The calculated binding energies are higher
lenging task. To overcome this, we have carried out a than those calculated in the absence of theH? fragment
fragment- and knowledge-based docking method followed by ~1.0 kcatmol™! (Table 2), a result that is attributed to
by molecular dynamics calculations. In the first stage of this the increased electrostatic contribution of the 4, charged
approach, a binding conformation of the substrate is obtainedtermini. A similar approach has been applied by McCammon
by flexible docking of two peptidic fragments: one that and co-workers in the relaxed-complex scheme that permits
brackets the scissile bond, of which the carbonyl oxygen the design of potent drugs by combining two or three ligand
binds zinc, and one for the remaining residues. In the casefragments with weak affinity31). The higher affinity ligand



Simulated Interactions of the ACESnRH Complex

Biochemistry, Vol. 46, No. 30, 2008757

Ficure 1. Cartoon of ACE C-domain (and cACE, upper panel) and N-domain (nACE, lower panel) with GnRH shown as yellow sticks,
zinc as gray, the zinc-bound water as red, and the buried chloride ions as green spheres. GnRH is shown either docked for carboxy terminal
cleavage (GnRH upper) or for amino terminal cleavage (GnggHower).

Table 2: Comparison of the Results Obtained for GgR}cking to CACE between Two Approaches for Each of the Substrate?Parts

no. of mean
accepted docked mean binding
GnRH fragment ACE domain conformations energy energy mean rmsd
A. Gly5—nGly*° cACE zinc- 7 —18.0(3.7) —11.8(2.9) 5.2 (1.9)
(Leu’O: —0.50¢€) binding domain
A. Gly5—nGly*° cACE zinc- 12 —20.6 (3.6) —15.0 (2.9) 5.0 (1.3)
(Leu’O: —1.50¢€) binding domain
B. pGIut—Tyr® CACE channel 12 —15.9 (2.1) —9.0(1.9) 7.4(1.4)
without Gly*-Leu’
B. pGIUt—Tyrs cACE channel 18 —16.9 (1.7) —9.9 (1.5) 6.9 (1.2)

with GlyS-Leu’

a(A) Docking of the C-terminal zinc-binding fragment by using the Kollman charge or by increasing the negative charge of terhay!
oxygen atom. (B) Docking of the N-terminal fragment including or excluding thé-@lgu’ moiety of the top-ranked C-terminal fragment. The
results are given per 100 docking rounds with the standard deviation in parenthesis; energies arenol kcahd rmsd from the top-ranked

solution in A.P Nine of these are not meaningful because of steric hindrance at the zinc-bound docked conformations.

is used at the first phase of docking and is then regarded asminimization using the AMBER molecular mechanics force
part of the enzyme, which was found to introduce specificity field.

in the orientation of the second ligand within a possible linker

Molecular Dynamics CalculationsBecause the initial

distance to the first ligand, while excluding any unproductive pinding modes of GnRH were predicted by keeping the

binding modes. In the case of ACESnRH complexes, the

enzyme atoms in their crystallographic positions and in the

conformation selected for the subsequent MD runs was absence of solvent molecules, we have employed molecular
among the top-three ranked results and was within a dynamics (MD) calculations as a means to introduce the

calculated binding energy range of 1.5 koabl™l. The

effect of protein flexibility. Explicit solvent treatment was

docking results obtained for each domain of ACE with GnRH used so as to observe interactions between ACE and GnRH
in both orientations are summarized in Table 2 of the that are mediated by the polar solvent. In this way, it is
Supporting Information. Finally, the two GnRH fragments possible to monitor local motions of the enzyme in the
were linked together, and after the addition of the zinc-bound presence of the substrate at the nanosecond time scale and
water molecule and the bonding of zinc with the scissile bond investigate the structural characteristics that govern their
carbonyl oxygen, the substrate was subjected to energyinteraction. The scope of this study is to investigate the



8758 Biochemistry, Vol. 46, No. 30, 2007 Papakyriakou et al.

by the docking calculations display less reorganization during
the MD phase.

The radius of gyration () of ACE in each complex with
GnRH exhibits minute fluctuations during the course of the
simulations (Figure 4A), thus supporting the stability of the
overall compact structure of ACE. In remarkably good
agreement with the initial value &y = 23.62 A for cACE
and Ry = 24.45 A for nACE, the mean value calculated
throughout the total simulation time with the standard
deviation in parenthesis is 23.74 (0.06) for cCACEnRH.,
23.86 (0.05) for cACEGnRHy, 24.72 (0.08) for nACE
GnRH., and 24.69 (0.11) for nACEGNRH,. This is further
supported by the plots of the accessible surface area of the
enzyme complexes, which exhibit fluctuations within 2% of
the initial value and are calculated to be 23404 (197) for
CACE—GnRH., 23085 (254) for cACEGNnRH, 25730
(340) for NACE-GnRH., and 25847 (467) for nACE
GnRH, in A2 (Figure 4B). The buried surface area of GnRH
as a function of simulation time is shown in Figure 4C and
D and is calculated to be 1427 (25) for cAEBNRH:, 1431
(32) for cACE-GnRHy, 1404 (37) for nACE-GnRH, and
1332 (25) for NACE-GnRH, in A2,

A hinge mechanism has been recently proposed for
substrate entry into the active site cleft of tACE), on the
enzyme-substrate interactions immediately prior to cleavage, basis of homology to human ACE2, which was crystallized
either at the COOH- or at the NHerminal tripeptides. For ~ both in an open conformation without inhibitor and in an
this reason, a water molecule is coordinated to Zn(ll) so that inhibitor-bound closed conformation (pdb IDs: 1R4L and
it can attack the carbonyl carbon of the scissile bond. In order 1R42, respectively)53). Normal-mode analysis revealed
to accurately represent the zinc binding environment, force intrinsic flexibility about the active site of tACE so that six
field parameters were extracted by carrying out DFT calcula- hinge regions could be identified: 9825, 296-297, 400~
tions on a model of the zinc-binding domain of ACE 409, 434-439, 535-537, and 569578 (tACE numbering).
including N-methylacetamide as the substrate. This new set In particular, region 98125 lies close to the surface between
of AMBER force field parameters appears to be effective in the a2 lid helix anda4; region 569-578 lies between the
representing the pentacoordinated zinc-binding geometryconserved HEMGH motif and E411 that binds zinc so that
throughout MD calculations. The MD trajectories were hinging about this region results in opening up the catalytic
analyzed in order to identify important intermolecular site (2). The mobility of the simulated ACEGnRH
interactions by extracting their geometric features (distancescomplexes was investigated by calculating the B-factors of
and angles) as a function of simulation time. The major the backbone & atoms from their root-mean square fluctua-
interactions between ACE and GnRH are summarized in tions during the 2-ns MD simulation (Figure 4). A compari-
Table 3. Hydrogen-bonding interactions were monitored son between the two domains of the enzyme with the
using 3.5 A as the distance cutoff and 1285 the angle  orientations of the two substrates reveals that (i) region 98
cutoff, whereas hydrophobic interactions were included for 125/71-98 (cCACE/nACE) exhibits quite higtB-factors,

a pair of carbon atoms at a distance shorter than 4.5 A. Onlyindicating that substrate binding into the catalytic cleft might
interactions that are present more than half of the simulation not influence the mobility of residues about which the hinge
time are considered, whereas water-mediated hydrogen bondspens; (ii) region 569578 (cACE) exhibits lowB-factors,
should be observed at least at 25% of the trajectory frames.whereas the corresponding 54556 region in nACE shows

Overall Enzyme-Substrate Conformatioi.he four sys- some degree of flexibility that can be attributed to the loop
tems appear to be well equilibrated after the first 100 ps, asregion between helix25 anda26; (iii) in both domains of
evident from the plots of the root-mean-square deviation ACE, the region between shegt and the following loop

His2

Tyr5

Ficure 2: Initial conformations of the substrate’s fragmentHr-
Py'-P;’ docked inside the two domains of ACE: (A) CAEBNRH.,

(B) cACE—GnRHy, (C) NnACE-GnRH: and (D) NnACE-GnRH.

For comparison, the inhibitor lisinopril is shown at its crystal-
lographic position as yellow sticks, zinc is shown as a gray sphere,
and the zinc-bound water is in red.

(rmsd) of either @ atoms of ACE or all atoms of GhRH
from their initial coordinates and as a function of simulation
time (Figure 3). For each enzymsubstrate complex, the

up to shee32 exhibits high flexibility (i.e., residues 150
158 in cACE and 125136 in nACE); (iv) in cACE, regions
292—299 (between helixt9 anda10) and 305-310 (before

average value and the standard deviation in A were calculatedhelix a11) display more than double tBefactors for GnRk

for the total simulation time; cACE: 1.48 (0.23) GnRH::
1.86 (0.18); cACE: 1.47 (0.25) GnRHy: 2.23 (0.28);
nACE: 1.45 (0.19)— GnRH:: 2.80 (0.48); nACE: 1.64
(0.24)— GnRHy: 3.42 (0.45). Noticeably, the complex that

in comparison with those for GnRi whereas the corre-
sponding region in NACE (269278) exhibits comparable
high flexibility for both GnRH orientations; (v) in nACE,
region 530-538 exhibits higher flexibility for GnRK than

exhibits the highest deviation from the initial coordinates is for GnRH., in contrast to the corresponding region 552
nACE with GnRH,, in contrast to both complexes of cACE 560 in cACE that has equally lo®-factors for both GnRH
that display the lowest variations. However, this observation orientations; and (vi) the region between helik4 and sheet
does not indicate that cACE complexes with GnRH are more 4 (320-327) in nACE appears to be more flexible in
stable, rather that the conformations of the substrate predictedGnRH: than in GnRH,.
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Table 3: ACE Residues of Domains C and N that Exhibit Major Electrostatic Interactions with Both Orientations of GhnRH

ACE S Se S S, S S S S/ S' '
C- Lys118 Glul23 Glu403  Glu403 Asp358 Ala356 Ala354 Glul62 Lys511 Lys511 GnRH:
domain —=
Trp59 Arg522 Glu41l  His410 WAT Arg522  Asp377  Val380 His513
Thr92 Aspl21 Trp357 His353 His513 Phe457
Vall19 Met223 Tyr360 Ser355 Ala354 Phe519
Leul22 Phe570 Phe391 Val518 Val380 Tyr523
Lys118 Glul23 Glu123 Glu403 Arg522 Arg402 Pro519 Trp357  Asp415 Glul62 GnRK
Ser222 Tyr51 Glu403  Trp220 Tyr360 WAT His513 Asp453 His353
Tyr213 Tyr213 Trp59 1le204 Arg522 Phe512  His513 Glu376
Ala400 Pro519 Trp357 Val518 Val379 Ala354
Phe391 Val380 Val380
Glu403 Phe457 Phe512
His410 Tyr523
Phe527
N- Arg90 Gly382 Thro7 Tyr338 Asp336 Ala334 Ala332 His331 GIn259 — GnRH:
domain
Arg381 Ala383 Arg500  Tyr372 Tyr372 Tyr369 Glu389 Ser357 Lys489
Ser548  Trp201 Leu3d2 Gly382  Arg500 His331  Thr358 Phe435
Tyr338 Thro7 Trp335 Phe490  Glu362 His491
Pro385 Leu98 Tyr338 His491  Asp393  Tyr498
Tyr369 His491 Tyr501
Phe505
Ala94 Arg381 Glu389 Ala334 Ala334 Asp43 His331 Ala332 Glu431 Ala332 GnRHy
Thro7 Leu3d2 CL2 Tyr338 CL2 Lys364 His491 Asp393 Asp393 GIn355
Tyr338 Tyr369 Val36 Asn494  WAT Phe435 Phe505 Thr358
His388 Trp335 Arg500 His491 His331
Val329 Tyr501
Trp335 Phe505
Phe490

aResidues that provide hydrophobic contacts are marked in bold, whereas those found to be water-mediated are underlined. The zinc-bound
water is designate@/AT and the buried chloride io@L2.

cACE nACE
20 _
c$ 95
215 a
2 2
1.0 1.0+ 1
500 1000 1500 2000 500 1000 1500 2000
Time (ps) G“RHQ Time (ps)
GnRHx
2
]
v
=
("4
500 1000 1500 2000 500 1000 1500 2000
Time (ps) Time (ps)

FiGURE 3: Root-mean-square deviation as a function of simulation time from the initial model of AC&d@ns (upper plots) and GnRH
all atoms (lower plots) in the complex of cACE (left) or nACE (right) with GniRflack lines) or GnRHK (red lines).

interaction with its carbonyl oxygen. An examination of the

a Phe-His—Leu tripeptide substrate using the tA€E  calculated distances between the atoms of the GnRH scissile
lisinopril structure, Sturrock et al58) have demonstrated bond and either Tyr523/501 or Ala354/332 of cACE/nACE
that (i) Tyr523 promotes the formation of the intermediate reveals that (i) the Tyr523/501 hydroxyl group is restricted
similar to the role of His231 and Tyr157 in thermolysin by at a distance of 3:54.5 A from the scissile bond oxygen of
forming a hydrogen bond between the hydroxyl group and both GnRH orientations and both ACE domains (Figure 5A
the scissile bond carbonyl oxygen; (ii) Ala354 plays a role in Supporting Information) and that (ii) although Ala354/
similar to that of Ala113 in thermolysin by stabilizing the 332 is well positioned to interact with AfiyH in GnRH,
scissile bond nitrogen of the substrate via hydrogen-bondingthis is not the case for S&H in GnRHy, which is removed

Enzyme-Substrate Specific InteractionBy modeling of
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Ficure 4: Time dependence of the radius of gyratiory, (), accessible surface area of the enzyme, ASA (B), and buried surface area
of the substrate, BSA (C, D) during the MD simulations of the ACE complexes with either Giiitétk lines) or GnRHK (red lines).

from the carbonyl oxygen of either Ala354 in cACE or
Ala332 in nACE (Figure 5B in Supporting Information). This
observation implicates the placement of GnRidissile bond

for primary amino-terminal endoproteolytic cleavage by ACE
and raises the point whether a water-mediated interaction
between Ala354/332 and 3BiH can compensate for a direct
hydrogen bond.

Another interesting observation is that the carbonyl oxygen
of either Set in GnRHy or Gly? in GNnRH: forms a stable
hydrogen bond with the zinc-bound water molecule of cACE.
In contrast, the MD simulation of nACE reveals that only
SefO (GnRH,) and not GI§O (GnRHc) is within proper
hydrogen-bonding distance (Figure 6). &lgf GnRH:
exhibits a hydrogen bond with the Tyr369 hydroxyl group
of nACE, a residue that is replaced by Phe391 in cACE.
The latter exhibits van der Waals contacts with the neighbor-
ing Tyr® residue of GnRIid (Table 3). This observation
implies that the carbonyl oxygen of the-FP, peptide bond
(SefO in GnRH, or GIy*O in GnRH:) might contribute to
the enhancement of the zinc-bound water nucleophilicity via
a hydrogen-bonding interaction, in conjunction with the
polarization between zinc and Glu384/362 carboxylate that
is proposed to promote water’s attack on the carbon of the
scissile bondX4). The absence of such an interaction in the
NACE—GnRH: complex may be a factor that predisposes
the endoproteolytic activity of nACE to NHerminal
substrate cleavage.

Interactions that Support GnRHCleavage by Both ACE
Domains.By carrying out a series of sophisticated kinetic
measurements on a variety of ACE substrates, Husain an
co-workers have recently shed light on the basis of the
exopeptidase activity of the C domaib5j. This mainly
involves the carboxylate-docking interactions with Lys511
and Tyr520, as was previously observed in the tACE-
lisinopril crystal structureX5). Because GnRH is protected
at both NH- and COOH-termini, such carboxylate-docking
interactions become less important for transition-state sta-
bilization. Analysis of our MD data reveals that the conserved
Lys511/489 residue participates in the binding of GrRH
by forming a hydrogen bond with the Prbackbone, in
contrast to GnRK, where $' is occupied by the protonated
His? and exhibits no interactions with Lys511/489. Concern-
ing Tyr520/498, it appears to be involved only in the
interaction of GnRHK with the S' subsite of NnACE (Table
3). Therefore, cleavage of the C-terminal tripeptide of GnRH

g
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OFIGURE 5: B-factors calculated from the atomic fluctuations of ACE

Co. atoms during the course of the 2-ns MD trajectory (red) in
comparison with the corresponding crystallographic values (black).
(A) cACE—GnRH, (B) cACE-GnRHy, (C) NnACE-GnRH., and

(D) nACE—GnRH, complexes.

is not expected to be strongly dependent on these two ACE
residues that provide the carboxylate-docking interactions.
However, major electrostatic interactions are displayed at
the §' that is occupied by Afgof GnRH.. In cACE, both
Glul62 and Asp377 are predicted to form salt bridges with
Arg8, similar to Glu362 and Asp393 in nACE. Additional
hydrogen-bonding interactions are provided by the conserved
His513/491 residue of both ACE domains, in addition to
Ser357 and Thr358 of nACE (Table 3). These interactions
are thus expected to contribute significantly to the endopro-
teolytic cleavage of the GnRH C-terminus by both domains
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Ficure 6: Representation of the chloride binding site of the nACE
(cyan sticks}GnRHy (yellow sticks) complex. The CI2 ion is

shown as a green sphere, the zinc ion is in gray, and the zinc-

bound water is in red.

of ACE. Furthermore, the Ssubsite in both ACE domains
accommodates Pt@f GnRH. into a hydrophobic cage of

Biochemistry, Vol. 46, No. 30, 2008761

GnRHy, whereas for GnRHE Trp® exhibits water-mediated
hydrogen bonds with Arg522 in cACE or Arg500 in nACE.
This finding is in agreement with a previous suggestion that
this residue, which lies on the same helixl{ of tACE) as
that of two residues (Tyr520 and Tyr523) that interact with
the inhibitor, may interact with the substrate as wéb)(

What is of more interest is that only in the simulation of
the NACE-GnRHy complex does the guanidine group of
Arg® display a strong electrostatic interaction with the CI2
ion, a contact that is not present in the initial docked
conformation. ThisinteractionresultsinannACE Arg50C!—+Arg®
substrate bridge, which can increase the stability of the
ground and transition states (Figure 6). In addition to this,
Arg? is found to stabilize the zinc-binding Glu389 through
a hydrogen bond between the guanidine and carboxylate
(Figure 6 in Supporting Information), an interaction that
might further increase the affinity of the enzymsubstrate
complex. At this point, it must be noted that Tyr202 (the
other CI2 ligand in nACE) is displaced upon the interaction
of Arg® with the chloride ion.

On the basis of an earlier report that the affinity of chloride
binding to ACE is increased with substrates that contain a
basic B' side chain, particularly that of arginind9), an
analogous bridging interaction has been recently proposed
for cACE and R Arg (55). From our data, the protonated
His? (P,) residue of GnRIH does not appear to be implicated

aromatic rings comprising Phe and Tyr residues (Figure 7B i sych an interaction; however, this hypothesis seems to be

and D). This is also the case for Leuwwhich is well
positioned to exhibit both hydrophobic and hydrogen-
bonding interactions at the; Subsite of ACE.

plausible on a structural basis for a basic residue in a position
other than the P, for example, Ar§ of GnRHy. Taking into
account that in all the other MD simulations of GnRH with

Apart from the interactions observed near the zinc-binding ACE (Table 3) there is no direct interaction with CI2, this

site, the $—S; subsites provide major interactions with
GnRH.. The R residue Trp of GnRH. interacts with the
chloride-binding Arg522/500 residue of cACE/nACE and
exhibits hydrophobic interactions with Phe570 and Met223
of cACE or Leu32 and Leu98 of nACE. Interestingly, the
S; subsite provides major interaction with Pyof GnRH:

in contrast to GnRKwhere Gly exhibits fewer interactions
with either domain of ACE. The conserved Asp358/336
residue backbone forms stable hydrogen bonds witl%, Tyr
whereas Tyr372 of nACE provides further stabilization with
GnRHc: (Table 3). The conserved Trp357/335 of ACE and
Phe391 of cACE or the corresponding Tyr369 of nACE
exhibit van der Waals contacts with the Tygide chain.
Finally, the S subsite with Lys118 in cACE or Arg90 and
Arg381 in nACE provide the appropriate context for interac-
tion with the polar groups of pGhin GnRH.. In addition,

ionic bridge might play a major role in the endoproteolytic
cleavage of GnRH by nACE, which is in agreement with
experimental evidence that the N domain of ACE is mainly
responsible for the primary NHerminal cleavage of GnRH
(24, 28).

Recently, Sturrock and co-workers synthesized a lisino-
pril—tryptophan analogue inhibitor of ACEKT) on the basis
of the interactions of the phosphonic acid inhibitor RXPA380
(23). Molecular modeling studies have revealed that the
indole—NH has the ability to establish a strong hydrogen
bond with Asp453 of cACE and that the tryptophan makes
hydrophobic interactions with Val379 and Val380. This is
also apparent for Téof GnRHy, which displays hydrogen-
bonding interactions with Asp393 at th¢ 8f nACE (Table
3), in contrast to cACE for which such an interaction is not
observed (Figure 7B and D). Therefore, the iesidue of

a hydrophobic cage comprising Trp59, Val119, and Leul22 GnRH is predicted to contribute appreciably to the specific-

accommodates pGlun cACE, interactions that were not
detected in the simulations of NACESNRH.. However,
pGIut along with Tr@g and TyP of GnRH orientation for
COOH-terminal cleavage displays similar interactions with
both domains of ACE.

Interactions that Support GnRHCleavage by nACE.
Remarkably, in all MD trajectories, the conserved Arg522/
500 residue of cACE/nACE exhibits either direct or water-
mediated hydrogen-bonding interactions with GnRH
(Table 3). This residue is one of the three CI2 ligands

ity of nACE for NHx-terminal cleavage.

Interactions that Contribute to the Affinity of the A€E
GnRH ComplexA number of important interactions between
ACE and GnRH cannot be strictly classified as described
above but are predicted to contribute significantly toithe
vitro endoproteolytic activity of ACE. The Pbasic histidine
residue of GnRIY exhibits strong electrostatic interactions
with both domains of ACE, if it is protonated. Specifically,
Asp415 and Asp453 residues of cACE or Asp393 and
Glu431 of nACE form hydrogen bonds with the His

(Tyr224/202 and a water molecule are the other two) and is imidazole ring. The conserved Phe527/505 residue exhibits

reported to be critical for the chloride dependence of ACE
activity (56). Our results indicate that there is a direct
interaction between both Arg522 and Arg500 and>Tgfr

van der Waals contacts with Hisf GnRH in both ACE
domains, whereas Val379 and Val380 of cACE that exhibit
contacts with GnRKl are replaced by the polar Ser357 and
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/

Ficure 7: S prime subsites of (A) cACEGNRH., (B) cACE-GnRHy, (C) nACE-GnRH., and (D) nACE-GnRHy complexes;
representations are as in Figure 6.

Thr358 residues in the;Ssubsite of nACE. As far as the  hydrophobic contacts with Trp220 and 1le204 of cACE or
S;' subsite is concerned, pGlof GnRHy exhibits electro- Val36 and Trp335 of nNACE (Table 3).
static and hydrophobic interactions with both domains of  As discussed above, Afgwhich occupies the s3subsite
ACE, though cACE is predicted to provide more interactions of the nACE-GnRH, complex, is able to bind the CI2 ion.
directly (Table 3). On the basis of these observations, it is In cACE, Ar¢f is predicted to be implicated in a salt bridge
predicted that P> and R’ residues might contribute equally with Glul23, a residue that can also provide electrostatic
to the affinity of both ACE domains for GnRH interactions with Hi3 of GnRH: or the Pr8 carboxylate
Even though GI§ exhibits a few contacts in both GnRH  group of GnRHK, at the $ subsite of CACE (Table 3). In
orientations, this residue is predicted to mediate some keynACE, this residue is replaced by Gly99, which cannot
interactions. Particularly for GnREGly® provides additional mediate similar interactions; however, Gly382 and Ala383
stabilization to the zinc-bound water of cACE, whereas for display hydrogen bonds with Hi®f GnRH: and Arg381
nACE, it is implicated in two hydrogen bonds with Ala334 with Pr@ of GnRHy. Further stabilization through hydro-
and Tyr369 (Table 3). At the opposite orientation, Gbyf phobic contacts with Hfds provided by Trp201 and Tyr338
GnRH, is predicted to interact with the chloride-binding site, of nACE, in contrast to cACE for which no such interactions
either directly with Arg522 of cACE or by a water-mediated were observed. Pfomakes van der Waals contacts with
interaction with the CI2 ion of nNACE. As far as thg Sibsite Tyr213 of cACE or Leu32 and Tyr338 of nACE (Table 3).
is concerned, Glu403 of cACE exhibits interactions with  As far as the protected termini of GnRH are concerned,
either the Seér hydroxyl group of GnRHK or the Led nGly!® of GNRHy displays hydrogen-bonding interactions
backbone of GnRKl whereas in nACE, this residue is with Lys118, Ser222, and Tyr213 at the & cACE, or
replace by Tyr338. In addition, Léwf GnRHy makes Ala94 and Thr97 of nACE. In the opposite orientation, n&ly
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on GnRH: reveals minor interactions with both ACE
domains at the Ssubsites, which are mainly water-mediated
hydrogen bonds. In contrast, when the sibsite is occupied
by pGIut of GnRHy, major interactions are exhibited with
both ACE domains and especially with cACE (Table 3). This

Biochemistry, Vol. 46, No. 30, 2008763

additional stabilization through a hydrogen bond with the
zinc-bound water. This has been observed in all MD
simulations with the exception of that of the nAEBEnRH:

complex. However, both orientations of GnRH display
hydrogen-bonding interactions with the conserved Arg522/

residue was also predicted to exhibit strong electrostatic and500 chloride-binding residue, either directly or in a water-

hydrophobic interactions at the; Subsite of the cACE
GnRH: complex.

CONCLUSIONS

Although the precise biological role of ACE in the

mediated manner, interactions that support the basis of the
chloride-dependent activity of ACE.

In conclusion, this simulation study of a zinmetallo-
protease complex with a peptide substrate reveals valuable
information on the structural determinants of their interaction
and offers new insights into the dynamic nature of their

processing of GnRH is unclear, there are several studies thabinding. The data reported here provide a structural basis

suggest that it mig_ht be im_portant for the degradation of t_he for the chloride-dependent activity of ACE and an apprecia-
hormone. Alternative peptidases are capable of hydrolyzing 5 of new enzyme substrate contacts that contribute to

the C-terminal residues from prohormone intermediates in
mice lacking carboxypeptidase activityg). Among these,

somatic ACE efficiently removes the C-terminal dipeptide
from the Gly-Lys-Arg-extended GnRH. Furthermore, enzy-
matic degradation of GnRH by intestinal mucosal tissues is

regulated by endopeptidase-24.18 (EC 3.4.24.18), endopep
tidase-24.15 (EC 3.4.24.15), and ACE as indicated by the

formation of GnRKL-3 and GnRHL-4 (59). Finally, the
activity of GnRH-inactivating peptidases may vary in dif-

substrate recognition. In addition, these simulations provide
an extended view of the catalytic subsites that are more
distant from the metal center in comparison with those
identified by the small-molecule inhibitors. These findings
are likely to contribute to the targeting of the distal binding

Subsites in the design of next-generation domain-selective

inhibitors of ACE with improved pharmacological profiles.
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A series of docking calculations in combination with MD
simulations have been carried out in order to study the
structural characteristics of an AGEnRH complex. The
substrate was docked inside the catalytic groove of both
domains of ACE in appropriate conformation for either
COOH- or NH-terminal endoproteolytic cleavage, and the
reorganization of their complex was monitored by MD
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This article was released ASAP on July 3, 2007, with a
minor error in one of the pdb codes in the first paragraph of
the Computational Methods section. The correct version was
posted on July 13, 2007.

SUPPORTING INFORMATION AVAILABLE
A figure with the model of the catalytic site of ACE used

calculations. Although both domains of ACE provide the for the DFT calculations, a table with important geometrical
appropriate context for either direct or water-mediated features of the zinc coordination sphere and the derived
interactions with the substrate, our data indicate that the N AMBER force field parameters, four figures with plots of

domain of ACE provides an additional electrostatic interac-

selected distances and angles versus simulation time of ACE

tion with the substrate, which may explain its preference for with GnRH, a table summarizing the docking results of each

the primary amino-terminal endoproteolytic cleavage of
GnRHin uitro. On a structural basis, it is possible that the
Arg® guanidine side chain of GnRHnteracts directly with

GnRH fragment with both ACE domains, and a figure
illustrating the highest docked conformations of the cACE
GnRH: complex. This material is available free of charge

the chloride ion of NACE as well as stabilizes the zinc-bound via the Internet at http://pubs.acs.org.

Glu389 carboxylate through hydrogen-bonding interaction.
Such an interface is predicted to comprise an nACE
Arg500°---Cl~---TArg® GnRHy bridging interaction. In sup-
port of this observation, the protected N-terminal pGlu
residue of GnRIY exhibits stronger interactions in the'S
subsite of both ACE domains, with respect to those provided
by the amidated C-terminal nGfof GnRH.. By virtue of

the absence of any C-terminal carboxylate-docking interac-
tions with the protected peptide, the contribution of pGlu
in stabilizing the ground and transition states of the enzyme
substrate complex may play a key role.

Moreover, apart from the carboxylate group of Glu384/
362 in cACE/nACE that polarizes the zinc-bound water that
attacks the carbon of the scissile bond,*Sar the Gy
carbonyl oxygen of GnRklor GnRH:, respectively, exhibits
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