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ABSTRACT: Human somatic angiotensin-converting enzyme (ACE) is a membrane-bound dipeptidyl carboxy-
peptidase that contains two extracellular domains (N and C). Although highly homologous, they exhibit
different substrate and inhibition profiles. The phosphinic inhibitors RXPA380 and RXP407 are highly
selective for the C- and N-domains, respectively. A number of residues, implicated by structural data, are
likely to contribute to this selectivity. However, the extent to which these different interactions are responsible
for domain selectivity is unclear. In this study, a series of C- andN-domainmutants containing conversions to
corresponding domain residues were used to scrutinize the contribution of these residues to selective inhibitor
binding. Enzyme kinetic analyses of the purified mutants indicated that the RXPA380 C-selectivity is
particularly reliant on the interaction between the P2 substituent and Phe 391 (testis ACE numbering).
Moreover, a C-domain mutant in which Phe 391 has been changed to a Tyr residue, in addition to containing
an N-domain S2

0 pocket (S20F/Y), displayed the greatest shift toward a more N-domain-like Ki. None of the
single mutations within the N-domain caused a large shift in RXP407’s affinity for these enzymes. However,
the double mutant containing the Tyr 369 to Phe change as well as Arg 381 to Glu displayed a 100-fold
decrease in binding affinity, confirming that the S2 pocket plays a major role in RXP407 selectivity. Taken
together, these data advance our understanding regarding the molecular basis for the remarkable ACE
domain selectivity exhibited by these inhibitors.

Angiotensin-converting enzyme (ACE)1, a central component
of the renin-angiotensin system, is important in the regulation of
blood pressure and renal and vascular function, as well as fluid
and electrolyte homeostasis. The enzyme is primarily responsible
for the cleavage of a dipeptide from the C-terminus of a wide
range of peptide substrates, including the conversion of angio-
tensin I (Ang I) to the potent vasopressor angiotensin II (Ang II)
and the degradation of the vasodilator bradykinin (BK). Because
of this central role in blood pressure regulation, ACE is a key
target for the treatment of hypertension (1).

ACE is a membrane-bound protein comprising intracellular,
transmembrane, and glycoslated extracellular regions. Two iso-
forms are expressed inmammalian tissues, namely, somatic ACE
(sACE) and testis ACE (tACE) (2, 3). The 1227-residue ectodo-
main of sACE has two homologous domains, the N- and C-
domains distal and proximal to the cell membrane, respectively,
each containing an active site with the zinc binding motif,

HEMGH. Testis ACE consists of only one extracellular domain
identical to that of the C-domain of sACE and is expressed
exclusively in male germinal cells (4).

Although the domains of sACE display 55% amino acid
sequence identity, they demonstrate a number of differences,
such as chloride dependence, substrate specificity, inhibition
profiles (5, 6), and thermostability (7). In terms of substrate
specificity, it is known that the C-domain converts Ang I to
Ang IImore effectively than theN-domain, while the inactivation
of BK occurs at a similar rate (5, 8, 9). While the C-domain is
more prominent in Ang I conversion, natural peptides such as
N-acetyl-Ser-Asp-Lys-Pro (AcSDKP) (10) and gonadotropin-
releasing hormone (formally known as luteinizing hormone-
releasing hormone) (8) have both been shown to be preferentially
cleaved by the N-domain.

ACE inhibitor therapies are one of the main treatments for
hypertension to date, although a number of adverse side effects
have been described (11, 12). These have been attributed to the
excess levels of BK resulting from the complete inactivation of
ACE (13-15). It has therefore been suggested that selective
inhibition of the C-domain could reduce blood pressure, while
allowing the N-domain to maintain normal BK levels (1, 16).
This would result in more effective treatment of hypertension
with lowered side effects.

While the C-domain appears to have a more prominent role in
blood pressure regulation, several important peptides are cleaved
preferentially by the N-domain. This suggests that N-domain-
selective inhibition could have beneficial consequences without
alteration of blood pressure. For example, elevation ofAcSDKP,
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a known antifibrotic agent, via ACE N-domain inhibition could
be beneficial to minimize collagen deposition in the left ventricle
while maintaining normal angiotensin and blood pressure
levels (17-19).

Using a number of phosphinic peptide libraries, Dive et al.
were able to identify two compounds, RXP407 and RXPA380,
which selectively inhibit the N- and C-domains of ACE, respec-
tively, by approximately 3 orders of magnitude (16, 20). These
highly selective compounds allow for the potential development
of domain-selective inhibitors with clinical relevance. It is there-
fore necessary to understand both the nature and extent of
interactions of such inhibitors with residues in the ACE active
sites.

Combinatorial synthesis of RXP407 indicated the importance
of the P2 and P2

0 functional groups for N-selective binding, while
a series of RXPA380 analogues implicated the S2

0 pocket to play
a role in the C-selectivity of this inhibitor (20, 21). Furthermore,
the resolution of the tACE-RXPA380 crystal structure (22) has
revealed an important aromatic interaction between the inhibitor
P2 Phe moiety and a unique tACE S2 residue, F391.

Structural data, while vital for rational structure-based design,
do not afford the mechanistic insight mutational and enzyme
kinetic data provide. Kinetic data can facilitate in determining
contributions of the different active site residues toward selective
inhibitor binding. For example, recently we reported structures
of the C-domain cocrystallized with two C-selective keto-
ACE analogues, (5S)-5-[(N-benzoyl)amino]-4-oxo-6-phenylhex-
anoyl-L-tryptophan (kAW) and (5S)-5-[(N-benzoyl)amino]-4-oxo-
6-phenylhexanoyl-L-phenylalanine (kAF) (23). Kinetic analysis
of domain-specific binding was assessed through the generation
of C- and N-domain active site mutants and revealed several
active site residues important for selective binding, thereby
confirming the importance of such analysis (23).

The aim of this work was to understand the molecular basis of
the remarkable ACE domain selectivity exhibited by RXPA380
andRXP407. Therefore, particular active site residues in both the
C- andN-domainswere selected (Figure 1) andmutated based on
available structural and kinetic data. Their significance in the
specificity of RXPA380 and RXP407, respectively, using an
internally quenched, non-domain-specific fluorogenic substrate,
Abz-FRK(Dnp)P-OH, was investigated. This analysis can pro-
vide valuable information for the design of novel inhibitors with
clinical benefit, as well as provide a more detailed mechanistic
picture of the specific binding of ACE.

EXPERIMENTAL PROCEDURES

Construction of tACE Mutants. A human tACE mutant
tACEΔ36NJ (24), terminating at Ser 625 and lacking the region
encoding the O-glycosylated 36 N-terminal residues, was cloned

into the BamHI and EcoRI restriction sites of pcDNA3.1(þ)
(Invitrogen) to facilitate expression. A series of mutants contain-
ing selected residues converted to their N-domain counterparts
were generated as described previously (23) (Table 1, Figure 1).
The same approach was used to create a number of multiple
mutants by sequential site-directed mutagenesis.
Construction of N-Domain Mutants. Human soluble

N-domain D629 (25), containing residues 1-629, was previously
cloned into EcoRI and XbaI restriction sites of pcDNA 3.1(þ)
(Invitrogen) for expression (26). Introduction of mutations in the
S2 and S2

0 pockets, converting residues to the corresponding
C-domain residues (Figure 1), was performed using the full-
length D629 gene in pBlueScript (pBS; Strategene; Table 1).
PCR-based site-directed mutagenesis was carried out using the
pBS construct as described previously (23).
Heterologous Expression and Purification of tACE and

N-Domain Mutants. All constructs, tACE and N-domain,
were expressed in Chinese hamster ovary (CHO) cells (27). Testis
ACE was purified by lisinopril affinity chromatography, as
described previously (27, 28). N-domain constructs were purified
using the same method but required addition of NaCl to a final
concentration of 800 mM in both the harvested medium and
wash buffer (29). ACE activity was detected using a fluorogenic
assay with hippurylhistidyl-leucine (Sigma) or Z-phenylalanyl-
histidylleucine (Sigma) as a substrate (30, 31). Pooled fractions
were dialyzed against 2 L of 5 mM HEPES (pH 7.5) overnight.
The purity of each mutant was assessed using SDS-PAGE and
Coomassie staining.
Substrate Hydrolysis.Hydrolysis of the fluorogenic peptide

Abz-FRK(Dnp)P-OH (a kind gift from A. Carmona, Universi-
dade Federal de S~ao Paulo) has been described previously
(23, 32). Enzyme activity was monitored in 50 mMHepes buffer,
pH 6.8, containing 200 mM NaCl and 10 μM ZnCl2 by
determining fluorescence at λex=320 nm and λem=420 nm, at
25 �C, in triplicate using a Varian Cary Eclipse fluorescence
spectrophotometer. Kinetic constants were calculated using the
direct linear plot method (33).
Inhibition Kinetics. Stock solutions of RXPA380 and

RXP407 were made by dissolving the phosphinic inhibitors in
water and then diluting in 50 mM Hepes buffer, pH 6.8 (for
appropriate inhibitor ionization), containing 200 mM NaCl and
10 μMZnCl2. Approximately 0.2 nMenzymewas incubated with
an appropriate concentration range of inhibitor at ambient
temperature for 45 min. Twenty microliters of the enzyme-
inhibitor mixture was added to a substrate reaction mixture of
4 or 8 μM Abz-FRK(Dnp)P-OH in the above-mentioned buffer
to make up a total volume of 300 μL. Residual enzyme activity
was monitored by determining fluorescence using the approach
described in substrate hydrolysis. Inhibition constants were
calculated using the Dixon method (34).

FIGURE 1: A cartoonofactive site residues thatdiffer betweendomainswithin subsite pockets (Schechter andBurgernomenclature). The catalytic
zinc ion is shown as a gray circle. Subsite location of amino acid residues unique to the C-domain active site are indicated in black, while
corresponding N-domain residues are in gray.
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RESULTS

Despite high sequence similarity between the domains of
sACE, differences in inhibitor selectivities are observed, suggest-
ing that changes in amino acid composition within the active sites
play a role in inhibitor selectivity. Previously, several unique
active site residues in the C- and N-domains of ACE were
indicated to interact with the two phosphinic inhibitors using a
cocrystal structure of RXPA380 and tACE (22) as well as several
docked structures of RXP407 with the N-domain (26, 35, 36).
Therefore, unique residues in the obligatory binding site of each
domain (N andC) were converted to their corresponding domain
counterparts in order to assess the effects of such conversions on
the selectivity of phosphinic inhibitors, RXPA380 and RXP407
(Table 1). These mutants were expressed in CHO cells and
purified via lisinopril affinity chromatography.
Hydrolysis of Abz-FRK(Dnp)P-OH. To analyze the cat-

alytic integrity of each construct, kinetic constants were calcu-
lated for each mutant using the fluorogenic peptide Abz-
FRK(Dnp)P-OH. Under the conditions described in the Experi-
mental Procedures, Abz-FRK(Dnp)P-OH demonstrated a simi-
lar affinity for both the C- and N-domains, withKm values of 3.9
and 3.7 μM, respectively (Table 1), consistent with previously
published data (32). All mutants displayed Km values similar to
those of the wild-type enzymes; however, there was greater
variation among the kcat values. For example, the TEVVD
mutant displayed the highest value of 37 s-1 while the lowest
value of 0.26 s-1 was obtained forNdomST357,358VV (Table 1).
Domain Selectivity of RXPA380. RXPA380 demonstrated

C-domain-specific inhibition of the hydrolysis of the fluorogenic
peptideAbz-FRK(Dnp)P-OH,with an 880-fold higher affinity for
the C-domain than for theN-domain (Table 2). This inhibitor was
then analyzed for its selectivity toward a series of tACE mutants
containing corresponding N-domain active site substitutions.

Of the single residue S2
0 pocket mutants, V380T demonstrated

the highest increase inKi, approximately 7-fold over that of tACE
(Table 2, Figure 2). The V379Smutation caused a 2-fold decrease

in Ki compared to the C-domain (Table 2, Figure 2). The
corresponding N-domain mutant, Ndom S357V (Table 1), con-
taining the tACE Val in this position demonstrated a further
decrease in affinity for RXPA380 compared to that of the
N-domain (Table 2). The double mutant VV379,380ST and
single mutants E376D, D453E, and T282S demonstrated only
modest increases in Ki values of 2.6-, 5.3-, 4.2-, and 3.6-fold,
respectively (Table 2, Figure 2).

Table 1: Summary of tACE and N-Domain Mutants and Their Kinetic Parameters (Km and kcat) for Abz-FRK(Dnp)P-OH Hydrolysisa

mutant pocket tACE residues N-domain residue Km (μM) kcat (s
-1)

tACE (C-domain) 3.9 25.6

T282Sb S2
0 Thr 282 Ser 260 5.0 1.2

E376Db S2
0 Glu 376 Asp 354 9.9 0.6

V379Sb S2
0 Val 379 Ser 357 5.9 29.6

V380Tb S2
0 Val 380 Thr 358 10.6 27.0

VV379,380STb S2
0 Val 379, Val 380 Ser 357, Thr 358 6.8 33.0

D453Eb S2
0 Asp 453 Glu 431 5.5 5.5

V518Tb S1 Val 518 Thr 496 12.0 6.9

F391Yb S2 Phe 391 Tyr 369 10.3 4.5

E403Rb S2 Glu 403 Arg 381 3.7 30.2

TEVDb S2
0 Thr 282, Glu 376, Val 380, Asp 453 Ser 260, Asp 354, Thr 358, Glu 431 26.8 27.7

TEVVDb S2
0 S2

0 pocket Ser 260, Asp 354, Ser 357, Thr 358, Glu 431 18.4 36.8

S2
0F/Yb S2

0, S2 S2
0, F391 combined S2

0 and Tyr 369 6.7 28.8

N-domain 3.7 11.4

Ndom S357Vc S2
0 Val 379 Ser 357 7.0 2.6

Ndom T358Vc S2
0 Val 380 Thr 358 4.9 5.1

Ndom Y369Fc S2 Phe 391 Tyr 369 12.6 3.9

Ndom R381Ec S2 Glu 403 Arg 381 11.7 10.8

Ndom ST357,358VVc S2
0 Val 379, Val 380 Ser 357, Thr 358 5.0 0.26

Ndom YR369,381FEc S2 Phe 391, Glu 403 Tyr 369, Arg 381 8.14 25.0

aCleavage of the fluorogenic peptide substrate Abz-FRK(Dnp)P-OH by a series of tACE and N-domain active site mutants was analyzed. Initial velocities
for at least seven substrate concentrations were determined in triplicate, and kinetic constants were calculated using the direct linear plot method (33). btACE
(C-domain) construct containing mutation(s) converting the indicated C-domain residue to the corresponding N-domain residue. cN-domain construct
containing mutation(s) converting the indicated N-domain residue to the corresponding tACE residue.

Table 2: Kinetic Parameters for the Inhibition of ACE by RXPA380 and

RXP407a

mutants pocket RXP407 Ki (nM) RXPA380 Ki (nM)

tACE 2800 69.0

T282S S2
0 ndb 251

E376D S2
0 ndb 363

V379S S2
0 330 36.4

V380T S2
0 800 462

VV379,380ST S2
0 1100 177

D453E S2
0 ndb 288

V518T S1 11000 276

F391Y S2 1500 2326

E403R S2 1800 97.5

TEVD S2
0 6600 2236

TEVVD S2
0 760 1160

S2
0F/Y S2

0/S2 16.1 5300

N-domain 5.2 60900

Ndom S357V S2
0 20.5 320000

Ndom T358V S2
0 3.4 ndb

Ndom Y369F S2 18.0 21600

Ndom R381E S2 33.5 ndb

Ndom ST357,358VV S2
0 3.6 ndb

Ndom YR369,381FE S2 631 ndb

aInhibition constants for wild-type tACE and the N-domain, as well as
active site mutants containing corresponding N- and C-domain active site
residue substitutions, using the fluorogenic peptide substrate Abz-FRK-
(Dnp)P-OH, were determined using the Dixon method (34). Initial velo-
cities for at least seven inihibitor concentrations were determined in
triplcate, at different substrate concentrations. bNot determined.
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In assessing multiple S2
0 mutants, the TEVDmutant displayed

a 32-fold increase in Ki in relation to tACE, compared to the
16-fold increase observed with the quintuple TEVVD pocket
mutant (Table 2, Figure 2).

The effect of the S1 V518 replaced with a Thr residue was
investigated and shown to cause a 4-fold increase inKi from that
of the wild-type tACE (Table 2, Figure 2). This shift is probably a
result of the decrease in hydrophobicity resulting from the Val to
Thr substitution and is consistent with previous data reported for
the keto-ACE derivatives (23). Analysis of the S2 F391Ymutant,
however, revealed the highest shift in Ki for RXPA380 observed
for all of the single mutations, a 34-fold decrease in affinity
relative to tACE (Table 2, Figure 2), while the corresponding
N-domain mutant, Ndom Y369F (Table 1), displayed a recipro-
cal, albeit less marked, increase in RXPA380 binding affinity
compared to the wild-type N-domain (Table 2).

The tACE construct S2
0F/Y, containing an N-domain S2

0

pocket as well as the S2 F391Y mutation, was used to investigate
the combined contribution of these subsites to domain selectivity.
This mutant displayed an approximately 80-fold increase in Ki

compared to the C-domain, the highest increase observed among
all of the tACE mutations (Table 2, Figure 2).
Domain Selectivity of RXP407. In contrast to RXPA380,

RXP407 demonstrated an approximately 550-fold selectivity
for the N-domain (N-domain Ki = 5.16 nM; C-domain Ki =
2.8 μM; Table 2).

In order to investigate the effect of particular residues on
RXP407 binding, we mutated unique active site residues within
the N-domain to their corresponding tACE counterparts
(Table 1). Surprisingly, however, single mutations in both the
S2 and S2

0 pockets resulted in only modest increases in Ki from
that of the wild-typeN-domain (Table 2). Introduction of two S2

0

mutations (Ndom ST357,358VV, Table 1) did not notably
decrease the affinity of RXP407 for the double mutant
active site. Interestingly, however, the S2 double mutant,
Ndom YR369,381FE (Table 1), rendered an increase in Ki more
than 100-fold compared to that of the wild-type N-domain
(Table 2, Figure 3).

To further explore the molecular basis of RXP407 domain
selectivity, the single andmultiple tACEmutants described above
(Table 1) were tested to analyze the effect of mutations on the
affinity of the inhibitor. As with the N-domain single mutations,
individual substitutions within these pockets had little effect on
their affinity for this inhibitor (Table 2). Interestingly, while the
tACE construct containing an N-domain-like S2

0 pocket
(TEVVD, Table 1) caused a slight decrease in Ki, approximately

4-fold from that of tACE (Table 2), this construct combined with
the F391Y mutation (S2

0F/Y) resulted in a shift in affinity of
approximately 175-fold, demonstrating a Ki only 3-fold higher
than that of the N-domain.

DISCUSSION

Despite sequence similarity between the N- and C-domains,
the phosphinic inhibitors RXPA380 and RXP407 display
marked ACE C- and N-selectivity. The relative contributions
of key active site residues unique to each domain toward such
selectivities will provide (1) an understanding of mechanism(s) of
inhibitor binding action and (2) useful insight into the design of
domain-specificACE inhibitorswith possible therapeutic benefit.

Initial kinetic assessment analyzed the catalytic activity of the
mutants. Variations among kcat values are usually a result of
effects on the formation of the tetrahedral intermediate. How-
ever, the RXPA380-tACE crystal structure revealed that, of the
substitutions tested, only V518 is within 7 Å of the residues
stabilizing the transition state (K511, H513, and Y520) (22).
These substitutions are therefore unlikely to have a direct effect
on hindering the formation of this intermediate and may be
possible that these conversions cause a change in the orientation
of the substrate molecule, which might result in unfavorable or
more efficient interaction with these stabilizing residues, thereby
reducing the efficacy with which the substrate is cleaved. The
lowered catalytic efficiency observed for V518T could be attrib-
uted to a change in conformation of the transitions state H513, as
a result of favorable interactions introducedwith the replacement
of this Val moiety with the corresponding N-domain Thr.

RXPA380 demonstrated a marked C-domain selectivity
(Table 2). Surprisingly, single N-domain substitutions within
the S2

0 and S1 pockets had minor effects on this selectivity. The
decrease in affinity observed for V380T is probably due to a
reduction in hydrophobicity within the S2

0 subsite, caused by the
Val to Thr substitution (Figure 4), which is in agreement with
suggestions by a previous study (21). In that study, the P2

0

pseudo-Trp moiety was identified as potentially conferring the
selectivity observed with this inhibitor, particularly the hydro-
phobic interactions of this group with the C-domain V379 and
V380 residues. These interactions would be lost in the N-domain
(replaced with S357 and T358).

Interestingly, however, the V379S mutation caused an
opposite effect on binding of RXPA380 to what was expected
(Table 2, Figure 2). This phenomenon has been previously
observed with the C-domain-selective inhibitor kAW, which

FIGURE 2: Logarithmic scale comparison of the relative binding
affinity of tACE active site mutants for RXPA380 with that of
wild-type tACE (C-domain). Values above zero represent a decrease
in affinity relative to that of tACE, toward amoreN-domain-likeKi.

FIGURE 3: Logarithmic scale comparison of the relative binding
affinity of N-domain active site mutants for RXP407 with that of
the wild-type N-domain. Values above zero represent a decrease
in affinity relative to the unmutated N-domain toward a more
C-domain-like Ki.
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also has a Trp in the P2
0 position (23). Although an explanation

for this result is not clear from the RXPA380-tACE crystal
structure, it has been suggested to be a consequence of
hydrogen bond formation between the mutant Ser and the
indole N of the inhibitor Trp via a water molecule (23). This
process may be facilitated by rearrangement of S2

0 pocket
residues and the inhibitor side chains (Figure 4). This was
supported by the absence of any change in affinity observed
for the V379S mutant with the C-domain-selective inhibitor
kAF, containing a Phe in this position and therefore lacking a
hydrogen bond acceptor (23). This idea is further emphasized
by the decrease in RXPA380 affinity observed for the Ndom
S357V mutant (Table 2). This construct contains a Val in this
position and therefore lacks a hydrogen bond donor group.

Only minimal changes in Ki were observed for S2
0 mutants

E376D and D453E (Table 2, Figure 2). The distances of residues
E376 and D453 from the inhibitor Trp are 5.92 and 5.51 Å,
respectively (Figure 4), as seen in the RXPA380-tACE cocrystal
structure. Hence, due to the space available within this subsite,
the design of compounds with more extensive substituents at the
P2

0 position could potentially lead to considerably increased
domain-specific inhibition.

To further understand the results obtained with the single S2
0

mutants and investigate synergistic effects of the interactions,
two multiple tACE mutants were generated: one containing an
N-domain S2

0 pocket (TEVVD),where all of the uniqueC-domain
residues were substituted with their N-domain counterparts, and
a similar construct lacking the V379S mutation (TEVD)
(Table 1). The combined effect of the unique TEVD mutant
suggests that there is an additive effect within this pocket
(Figures 2 and 4). Furthermore, the presence of a Val at position
379 in tACE (or position 357 in the N-domain) seems to decrease
affinity for RXPA380, while the presence of a Ser in this position

causes the opposite effect. These data emphasize the limitations
of a static model derived from the X-ray data of an enzy-
me-inhibitor complex and the importance of kinetic and bio-
chemical analyses that take into account the dynamics of the
protein’s active site and its ligand.

Of all of the single mutations, the S2 pocket F391Y caused the
biggest increase in Ki (Table 2, Figure 2). The tACE-RXPA380
crystal structure (PDB code 2OC2) revealed an aromatic inter-
action between the N-terminal pseudo-Phe side chain of the
inhibitor andF391 of tACE in the S2 pocket (22). This interaction
seems to be responsible for the positioning of RXPA380 within

FIGURE 4: Stick representation of RXPA380 (orange) within the active site of tACE (PDB code 2OC2) aligned to the N-domain (PDB code
2C6F). Residues differing between tACEand theN-domain are shown in yellow and purple sticks, respectively. The position of the active site zinc
ion is indicated as a gray sphere, two of the zinc-chelating residues (His 383 andHis 387) are shown as black lines, and the inhibitor’s carbon and
phosphorus atoms are in orange and cyan, respectively. All distances are given in angstroms (Å). Alignments were performed using the program
ALIGN (37) and images manipulated with PyMOL software (DeLano Scientific, LLC).

FIGURE 5: Sphere representation of RXPA380 (orange) and the
N-domain Y369 (tACE F391) in purple. The N-domain structure
(2C6F) was aligned to the tACE-RXPA380 cocrystal structure
(2OC2). It is clear that there may be steric clash within this pocket
(S2), resulting in the inhibitor adopting a different orientation. Align-
ments were performed using the program ALIGN (37) and images
manipulated with PyMOL software (DeLano Scientific, LLC).
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the active site and would be lost in the N-domain, where the Phe
residue is replaced by Y369 (Figure 4). Furthermore, the Tyr
hydroxyl might result in a steric clash with the P2 Phe of
RXPA380 (Figure 5) which could result in a different orientation
of the inhibitor in the N-domain. Therefore, based on the X-ray
structure and mutational kinetic analysis, it is likely that F391
makes an important contribution to the C-domain specificity of
this inhibitor.

The most N-domain-like RXPA380-binding character was
observed by a mutant combining substitutions within the S2

0 and
S2 pockets, S2

0F/Y (Table 2, Figure 2). Although there was an
80-fold decrease in affinity for RXPA380 compared to that of the
C-domain, this inhibitor still demonstrated an approximately
10-fold higher affinity for this construct than for the wild-type
N-domain, suggesting that there must be additional factors
contributing to the marked selectivity of this inhibitor, such as
scaffolding residues stabilizing the conformation or positioning
of conserved residues important for selective binding.

In contrast to RXPA380, RXP407 displayed a 550-fold higher
affinity for the N-domain (Table 2), results comparable with
previous findings (16, 20, 21). Single substitutions in the N-
domain active site did not result in large reductions in RXP407
binding affinity (Figure 3). With the seemingly limited role
observed for individual residues in conferring N-selectivity, we
investigated the effect of double mutants of the above residues.

Interestingly, two S2
0 conversions in the N-domain (Ndom

ST357,358VV, Table 1) had a similar affinity for RXP407
compared to that of the wild type (Table 2, Figure 3), while a
double mutation within the S2 pocket (Ndom YR369,381FE,
Table 1) caused a greater than 100-fold increase in Ki for this
inhibitor (Table 2, Figure 3). These data, along with the
individual mutations having modest effects on Ki values, suggest
that the presence of either Y369 or R381 is sufficient to position
RXP407 and allow prominent N-selective binding.

The concept of the S2 pocket playing the major role in
selectivity is consistent with the original report of RXP407

synthesis (20), where it was shown that the presence of an
aspartate residue and N-acetyl group in the P2 position was
important for the selectivity of RXP407. Moreover, while the P2

0

alanine was less important, as no residues in this position con-
ferred major N-selective inhibition, the presence of an amidated
C-terminus contributes to the selectivity of this compound.
Further investigation is required to understand the contribution
of the protecting group and S2

0 residues in N-selectivity.
No RXP407-N-domain crystal structure is presently avail-

able. However, several docked structures have been modeled,
with differences in inhibitor orientation and hence residue
contacts. Utilizing the N-domain crystal structure, Corradi et
al. proposed Y369 alone interacts with the N-acetyl group of
RXP407 (26). Jullien et al. (35) as well as Tzakos and Gerotha-
nassis (36) made use of homology modeling and suggested that
Y369 and R381 both interact closely with the inhibitor. Based on
the previously reported importance of the P2 aspartate and
N-acetyl group of RXP407 in N-selectivity (20), as well as the
data presented here, it seems the models whereby the P2 group
interacts with both Y369 and R381 are more compelling
(Figure 6). However, the model proposed by Corradi et al. could
still be relevant in describing an orientation where R381 is
mutated and RXP407 can still bind to this mutant active site
with relatively high affinity. Further kinetic studies of other active
site mutants and crystal structure determination are required in
order to refine and confirm the current models.

Testing the affinity of RXP407 for tACE mutants rendered
similar results to the N-domain mutants for the discrete substitu-
tions, where only slight changes in affinity were observed
(Table 2). Interestingly, the full S2

0 pocket substitutions com-
bined with the S2 F391Y conversion yielded a protein with a
Ki 175-fold lower than that of wild-type tACE, while this
construct lacking the S2 mutation displayed only a 4-fold
decrease (Table 2). This highlights the fact that ACE domain
selectivity is the result of a combination of residues in different
active site pockets.

FIGURE 6: Stick representations ofRXP407 (orange) within the active site of the homology-modeledN-domain as performed by Jullien et al. (35).
The modeled complex was aligned to the tACE-lisinopril cocrystal structure (PDB code 1O86). Residues differing between tACE and the
N-domain are shown in yellow and purple sticks, respectively. The position of the active site zinc ion is indicated as a gray sphere, two of the zinc-
chelating residues (His 383 and His 387) are shown as black lines, and the inhibitor’s carbon and phosphorus atoms are in orange and cyan,
respectively. All distances are given in angstroms (Å). Alignments were performed using the programALIGN (37) and images manipulated with
PyMOL software (DeLano Scientific, LLC).
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Wehave shown that a number of residues within the active site
of tACE play a significant role in the domain selectivity of
RXPA380. In particular, F391 as well as a number of residues
within the S2

0 pocket, as demonstrated by the S20F/Y construct,
seem to have an additive effect in the marked C-domain
selectivity of this inhibitor. In terms of N-selectivity, the presence
of either Y369 or R381 allows for RXP407 to bind selectively to
the N-domain active site, with the S2

0 residues studied playing no
prominent roles in this selectivity. Based on this work, it can be
suggested that the incorporation of a moiety that interacts
favorably with the F391 residue, while utilizing the S2

0 pocket
more extensively, could lead to other C-domain-specific inhibi-
tors. Furthermore, design of N-selective inhibitors should opti-
mize the interactions with Y369 and R381. In addition, we
have shown the importance of kinetic data in understanding
the mechanistic basis of the N- and C-domain active sites
and the role such a mechanism plays in specific binding of
inhibitors.

This work paves the way for amore rational design of domain-
selective ACE inhibitors based on both the structural and
functional aspects of ACE. Such inhibitors could be of clinical
benefit including, but not limited to, cardiovascular disease
states.
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