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Abstract

The N- and C-terminal domains of human somatic Angiotensin I Converting Enzyme (sACE-1)

demonstrate distinct physiological functions, with resulting interest in the development of domain-

selective inhibitors for specific therapeutic applications. Herein, the activity of lisinopril-coupled

transition metal chelates were tested for both reversible binding and irreversible catalytic

inactivation of sACE-1. C/N domain binding selectivity ratios ranged from 1 to 350, while rates of

irreversible catalytic inactivation of the N- and C-domains were found to be significantly greater

for the N-domain, suggesting a more optimal orientation of the M-chelate-lisinopril complexes

within the active site of the N-domain of sACE-1. Finally, the combined effect of binding

selectivity and inactivation selectivity was assessed for each catalyst (double-filter selectivity

factors), and several catalysts were found to cause domain-selective catalytic inactivation. The

results of this study demonstrate the ability to optimize the target selectivity of catalytic

metallopeptides through both binding and orientation factors (double-filter effect).
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INTRODUCTION

Angiotensin I Converting Enzyme (ACE) is involved in the Renin-Angiotensin System

(RAS) and plays an essential role in the regulation of blood pressure and fluid

homeostasis.1–3 The action of ACE in the maintenance of homeostasis occurs through the

cleavage of angiotensin I to form angiotensin II, a potent vasoconstricting octapeptide.

Angiotensin II causes blood vessels to constrict, leading to increased blood pressure.3–5

Additionally, ACE promotes degradation of the vasodepressor peptide bradykinin, and this

cleavage further increases blood pressure.5–8 Because of its prominent physiological roles,

ACE has become an attractive therapeutic target for the treatment of hypertension and heart

failure.

Human ACE is a glycoprotein and primarily a membrane-bound ectoenzyme that is

expressed as a somatic isoform (sACE-1) and a testis isoform (tACE).9 Human sACE-1

contains two similar extracellular domains, the N- and C-domains, each containing a

conserved Zn2+-binding motif HEXXH at the active site.10,11 Human tACE is identical to

the C-domain of sACE-1, except for the first 36 N-terminal residues.

Although the N- and C-domains share ∼ 60% sequence homology, previous research has

shown notable differences in the substrate specificity, sensitivity to chloride activation,

inhibitor-binding affinity and physiological roles for the two domains.12–17 The N-domain

has activity that is less dependent on chloride activation12,18 and is more thermostable than

the C-domain of sACE-1.19 While both domains possess similar affinity for the substrates

angiotensin I, substance P, and bradykinin,12 the N-domain of sACE-1 specifically cleaves

angiotensin-(1–7),20 luteinizing hormone-releasing hormone (LH-RH),12 enkephalin

precursor Met-Enk-Arg-Phe,20 and natural tetrapeptide Acetyl-Ser-Asp-Lys-Pro.21–23

However, studies using the N-domain-selective inhibitor, phosphinic peptide Ac-

Asp-(L)Pheψ(PO2-CH2)(L)Ala-Ala-NH2 1 (RXP407),15,24 showed no effect on blood

pressure regulation, consistent with studies on transgenic mice, in which overexpression of

only the N-domain gave a phenotype that was similar to that for transgenic mice in which

the entire ACE gene was knocked out These results suggest that the N-domain is unlikely to

be involved in cardiovascular function. However, other studies have demonstrated distinct

and significant roles for the N-domain such as control of hematopoietic stem cell

proliferation. The C-domain of sACE-1 has been proposed to be the most prominent domain

in the regulation of blood pressure, consistent with the fact that lisinopril has been shown to

favorably bind to the C-domain of sACE-1 and is a commercially available drug for the

treatment of hypertension. The development of drugs selective for either the N- or C-domain

could be beneficial for specific therapeutic treatments and/or experimental strategies.

Although there already exist several domain-selective inhibitors of sACE-1, such as the

phosphinic peptides 1 and (2S)-2-[[2-[hydroxy-[(1R)-2-phenyl-1-

(phenylmethoxycarbonylamino)ethyl] phosphoryl]cyclopentanecarbonyl]amino]-3-(1H–

indol-3-yl)propanoic acid (RXPA 380),17 these inhibitors function through a reversible

mode of inhibition, requiring stoichiometric saturation of sACE-1. We have been developing

a series of catalytic metallopeptides that irreversibly inactivate sACE-1, without the

requirement for target saturation (potentially reducing side-effects for in vivo use, relative to
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reversible inhibitors). These compounds each contain a catalytic metal-chelate, such as the

M-ATCUN (amino terminal copper/nickel binding motif), M-DOTA, M-EDTA, or M-NTA

complexes, where M = Fe3+, Co2+, Ni2+ or Cu2+, coupled to lisinopril, which serves as the

targeting ligand that binds sACE-1 with high affinity. Such catalytic metallopeptides were

previously shown to promote oxidative modification and/or cleavage of targeted proteins or

nucleotides through multiple-turnover production of reactive oxygen species (ROS).25–30

Our previous study demonstrated that lisinopril-conjugated transition metal-chelates,

consisting of combinations of the transition metals Fe3+, Co2+, Ni2+, and Cu2+ and the

chelators EDTA-lisinopril, NTA-lisinopril, DOTA-lisinopril, and tripeptide GGH-lisinopril,

were able to both reversibly inhibit and irreversibly modify and/or cleave sACE-1 in the

presence of ascorbate, O2 and/or peroxide. However, the domain selectivity of their

reversible inhibition and irreversible inactivation and/or cleavage could not be assessed by

the previous methods.

The goal of the current study was to characterize the N- vs. C-domain selectivity for both

reversible inhibition (binding selectivity) and irreversible inactivation (catalytic selectivity)

of sACE-1 that were mediated by metal-chelate-lisinopril catalysts. In order to study

individual domains, we monitored sACE-1 activity using the commercially available

fluorogenic substrates Abz-SDK(Dnp)P-OH, derived from tetrapeptide Ac-SDKP, and Abz-

LFK(Dnp)-OH, obtained from a combinatorial library, which are selective for the N- and C-

domains of sACE-1, respectively. Abz-SDK(Dnp)P-OH is selectively hydrolyzed by the N-

domain of sACE-1 with a kcat/KM that is 50-fold higher than observed for hydrolysis by the

C-domain,22 while Abz-LFK(Dnp)-OH is cleaved by the C-domain with a kcat/KM that is

75-fold higher than observed for the N-domain.31 Therefore, the separate use of each

domain-selective substrate allowed us to assess the reversible inhibition and irreversible

inactivation of each corresponding domain in an isolated manner. A similar approach was

used previously by Jullien et al. to assess the domain selectivity of several reversible

inhibitors of sACE-1.16 In addition to the M-chelate-lisinopril complexes mentioned above,

we also present results herein for novel catalysts based on combinations of the metals Fe3+,

Ni2+, and Cu2+, with lisinopril-coupled 4,11-bis(carboxymethyl)-1,4,8,11

tetraazabicyclo[6.6.2]hexadecane 4,11-diacetic acid (CB-TE2A-lisinopril). All complexes

are shown in Figure 1. To assess the C/N-domain selectivity for each catalyst, we have

evaluated binding affinity (Ki) and the inactivation rates for each domain of sACE-1.

Furthermore, we have established C/N double-filter selectivity factors that both account for

the overall reactivity of the catalysts, and provide an approach for screening the candidates

for the domain-selective irreversible inactivation of sACE-1 and other protein targets.

RESULTS

Preparation and Characterization of Lisinopril-Coupled Transition Metal Chelates

The chelators used in these studies (EDTA, NTA, DOTA, GGH and CB-TE2A) were

purchased from commercial companies and coupled to the side chain of lisinopril as

previously described.33 The identities and purity of the synthesized chelate-lisinopril

compounds were validated as previously reported, with > 99% purity as defined by RP-

HPLC and ESI-MS.33
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Determination of Michaelis-Menten Kinetic Parameters for Cleavage of Domain-Selective
Substrates

sACE-1 hydrolyzes the fluorogenic substrates Abz-SDK(Dnp)P-OH and Abz-LFK(Dnp)-

OH at the D-K and L-F peptide bonds, respectively.22,31 Variable concentrations of each

domain-selective substrate were incubated with sACE-1 (1 nM), and cleavage of substrate

was immediately monitored by real-time fluorimetry. The kcat, KM and kcat/KM values were

obtained from Michaelis-Menten plots (summarized in Table 1). The values were also

compared to those for the generic substrate used in our previous study, Mca-

RPPGFSAFK(Dnp)-OH, which is derived from bradykinin and lacks significant domain

selectivity.30

Determination of IC50 Values

Dose-dependent inhibition of each domain of sACE-1 by each M-chelate-lisinopril species

was monitored by incubating sACE-1 with variable concentrations of each complex at 37°C

for 20 min, prior to mixing with each domain-selective fluorogenic substrate. The M-

chelate-lisinopril complexes studied were M-NTA-lisinopril, M-GGH-lisinopril, M-EDTA-

lisinopril, M-DOTA-lisinopril and M-CB-TE2A-lisinopril, where M = Fe3+, Co2+, Ni2+ and

Cu2+. Neither Fe-GGH-lisinopril nor Co-CB-TE2A-lisinopril were used in the experiments

due to weak metal binding, as shown in the metal titration profiles (Supporting Information).

The IC50 curves for lisinopril and each chelate-lisinopril complex are shown in Figure 2, for

each domain-selective substrate. Lisinopril gave the lowest IC50 values (1.5 and 0.25 nM for

the N- and C-domain, respectively). The attachment of chelators to the lysine side chain of

lisinopril resulted in increased IC50 values ranging from 20 to 2700 nM and from 0.6 to 630

nM for the N- and C-domain of sACE-1, respectively. The IC50 values appeared to increase

with the size of the chelate-lisinopril complexes: NTA-lisinopril < GGH-lisinopril < EDTA-

lisinopril < CB-TE2A-lisinopril < DOTA-lisinopril. An exception was observed for CB-

TE2A-lisinopril. Although the mass of CB-TE2A-lisinopril (∼728 amu) is between that of

EDTA-lisinopril and DOTA-lisinopril, it demonstrated a very low IC50 value, comparable to

IC50 values for the M-NTA-lisinopril complexes. Additionally, IC50 values appeared to

increase with the negative charge of the attached chelator.

When using the N-domain-selective substrate, Abz-SDK(Dnp)P-OH, the IC50 values ranged

from 20 to 3400 nM, in the order M-NTA-lisinopril ≈ M-CB-TE2A-lisinopril < M-GGH-

lisinopril < M-EDTA-lisinopril ≈ M-DOTA-lisinopril. When using the C-domain-selective

substrate, Abz-LFK(Dnp)-OH, the IC50 values were generally lower than those obtained for

the N-domain-selective substrate. The IC50 values (and Ki values) for the C-domain-

selective substrate ranged from 0.2 to 900 nM and increased in the order M-NTA-lisinopril

< M-GGH-lisinopril < M-CB-TE2A-lisinopril < M-EDTA-lisinopril ≈ M-DOTA-lisinopril.

The overall trends observed using domain-selective substrates were generally in agreement

with our previous observations of positive correlations between the IC50 value and both the

negative charge and the size of M-chelate-lisinopril complexes (shown in Figure 3).

Inhibition Mode by Dixon Plots and Inhibition Constants

To determine whether the M-chelate-lisinopril complexes bound directly to the active site of

each domain of sACE-1, the concentrations of each substrate and selected complex were
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varied, and Dixon plots were constructed. Cu-GGH-lisinopril and lisinopril were used as

representative complexes. As shown in Figure 4, lisinopril, a competitive inhibitor, gave a

Dixon plot in which the fits of various concentrations of Abz-LFK(Dnp)-OH intersected

within the left quadrant. A similar Dixon plot profile was observed for Cu-GGH-lisinopril,

suggesting that both lisinopril and Cu-GGH-lisinopril also behave as competitive inhibitors

of the C-domain of sACE-1 (in the absence of co-reactants). We also demonstrated that both

lisinopril and Cu-GGH-lisinopril bound directly to the active site of the N-domain of

sACE-1, using the same approach with Abz-SDK(Dnp)P-OH (Supporting Information). In

summary, both lisinopril and Cu-GGH-lisinopril act as competitive inhibitors of both

domains of sACE-1, although with differing affinities (Table 2).

Inhibition constants (Ki) for each M-chelate-lisinopril complex at both N- and C-domains

were obtained by use of the IC50 values for each complex, the concentration of substrates,

and KM for the corresponding substrate, as shown in eqn. 4 (Experimental Section). A

summary of the IC50 and Ki values obtained for each M-chelate-lisinopril complex for both

the N- and C-domains, is shown in Table 2. The Ki values determined for lisinopril were 1

and 0.1 nM for the N- and C-domain, respectively, consistent with previous reports.30,34 For

the M-chelate-lisinopril complexes, Ki values obtained from the C-domain-selective

substrate ranged from 2 to 200-fold lower than the corresponding Ki values obtained for the

N-domain-selective substrate. However, M-CB-TE2A-lisinopril showed a similar affinity to

both domains, with a Ki ∼ 20 nM, with the exception of Fe-CB-TE2A-lisinopril, which

showed a higher Ki value for binding to the N-domain of sACE-1. In general, complexes

showed selectivity toward the C-domain, consistent with the C-domain selectivity of

lisinopril.

Each domain selectivity ratio (C/N) listed in Table 2 was obtained from the ratio of the Ki

for the N-domain to the Ki for the C-domain for each complex. A comparison of the C/N

domain selectivity ratio and the size, charge, and identity of the side chain of each lisinopril

complex is illustrated in Figure 5. The NTA-lisinopril complexes demonstrated the highest

C/N selectivity ratio, while the CB-TE2A-lisinopril complexes showed the lowest C/N

domain selectivity ratio (except for Fe-CB-TE2A-lisinopril). The C/N domain selectivity

appeared to decrease with higher mass of the M-chelate-lisinopril complexes, with the

exception of lisinopril (no attached M-chelate). For M-CB-TE2A-lisinopril, alternative

factors, such as hydrophobicity may have influenced the result; CB-TE2A-lisinopril appears

to be more hydrophobic than the other chelate-lisinopril species, as evidenced by a

comparatively higher retention time in RP-HPLC (Figure SM1 of the Supporting

information). Among the same metal binding domains, varying the transition metal typically

did not introduce significant variability in the C/N domain selectivity (except for Fe-CB-

TE2A-lisinopril).

Time-Dependent Inactivation of sACE-1

Reactions were performed that contained sACE-1, M-chelate-lisinopril complex, and co-

reactants (H2O2, ascorbate, H2O2+ascorbate, or none). A concentration of each M-chelate-

lisinopril complex that gave approximately 80% sACE-1 activity (for each substrate) was

used (see Supporting Information for concentrations). At specific time points, the enzyme
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activity at one of the two domains was assayed by mixing aliquots from the reaction with the

corresponding domain-selective fluorogenic substrate. The remaining activity of sACE-1 at

each time point during the incubation was obtained from the initial rate of substrate

cleavage. All experiments were performed for each domain.

Time-dependent inactivation was observed for several M-chelate-lisinopril complexes. For

the N-domain-selective substrate, under oxidative conditions (both H2O2 and ascorbate

present), Cu-GGH-lisinopril showed the greatest inactivation rate followed by Co-EDTA-

lisinopril ≈ Cu-EDTA-lisinopril > Ni-CB-TE2A-lisinopril > Cu-DOTA-lisinopril ≈ Fe-

DOTA-lisinopril ≈ Cu-CB-TE2A-lisinopril > Co-DOTA-lisinopril ≈ Fe-CB-TE2A-

lisinopril > Ni-EDTA-lisinopril > Ni-GGH-lisinopril > Co-GGH-lisinopril. In the presence

of ascorbate (no H2O2), only Cu-GGH-lisinopril showed significant catalytic inactivation of

sACE-1. In the presence of H2O2 (no ascorbate), rates of sACE-1 inactivation decreased in

the order Co-EDTA-lisinopril > Fe-DOTA-lisinopril > Co-DOTA-lisinopril > Cu-GGH-

lisinopril > Cu-EDTA-lisinopril > Ni-CB-TE2A-lisinopril > Ni-GGH-lisinopril. In the

absence of co-reactants, the rates of sACE-1 inactivation for each complex were below

background. Control experiments, in which no catalyst was present, were also conducted,

and the inactivation rates were negligible (see Supporting Information).

For the C-domain-selective substrate, observed rates of sACE-1 inactivation were generally

lower than for the N-domain-selective substrate. The fastest rate of inactivation of the C-

domain of sACE-1 was observed for Co-EDTA-lisinopril, in the presence of H2O2 (no

ascorbate). Both Cu-DOTA-lisinopril and Fe-DOTA-lisinopril also demonstrated relatively

high inactivation rates when only H2O2 was present. In the presence of both H2O2 and

ascorbate, the inactivation rates decreased in the order Co-EDTA-lisinopril > Ni-CB-TE2A-

lisinopril > Cu-CB-TE2A-lisinopril > Cu-EDTA-lisinopril ≈ Fe-DOTA-lisinopril > Ni-

EDTA-lisinopril > Cu-GGH-lisinopril ≈ Cu-DOTA-lisinopril ≈ Fe-CB-TE2A-lisinopril. In

the presence of ascorbate (no H2O2), Cu-GGH-lisinopril showed the most prominent rate of

catalytic inactivation, followed by Cu-EDTA-lisinopril, Co-GGH-lisinopril, and Ni-GGH-

lisinopril. The rates of inactivation of sACE-1 by all M-chelate-lisinopril complexes, for

both Abz-SDK(Dnp)P-OH and Abz-LFK(Dnp)-OH substrates, are plotted in Figure 6. A

comparison of the rates of inactivation for the two substrates indicates the relative rates of

inactivation of the N-domain vs. the C-domain (RN and RC, respectively).

DISCUSSION

Kinetic Parameters for Domain-Selective Substrates

sACE-1 contains two homologous domains that have different substrate selectivity. Prior

studies have demonstrated that the natural tetrapeptide Ac-SDKP was cleaved selectively by

the N-domain (kcat/KM ∼ 30 µM−1 min−1 for the N-domain vs. kcat/KM ∼ 0.6 µM−1 min−1

for the C-domain).22 Due to the high efficiency of cleavage by the N-domain relative to the

C-domain, we used the fluorogenic substrate Abz-SDK(Dnp)P-OH, derived from the natural

tetrapeptide, in order to study the effect of the M-chelate-lisinopril complexes toward the N-

domain of sACE-1.
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The C-domain-selective fluorogenic substrate Abz-LFK(Dnp)-OH was obtained from a

combinatorial study, in which it was shown that the substrate was cleaved selectively by the

C-domain (kcat/KM ∼ 30 and 2200 µM−1 min−1 for the N- and C-domain, respectively).31

Therefore Abz-LFK(Dnp)-OH was used as a C-domain-selective substrate for this work.

We determined the kinetic parameters for cleavage of each substrate by use of Michaelis-

Menten plots (Supporting Information). The KM and kcat values were 35 ± 5 µM and 175 ±

10 min−1, respectively, for cleavage of the N-domain-selective substrate, and 12 ± 2 µM and

1380 ± 90 min−1, respectively, for cleavage of the C-domain-selective substrate. Our KM

values for these two substrates were comparable to other published results (41 and 4 µM for

the N- and C-domain-selective substrates, respectively).22,31 However, the catalytic

activities were moderately lower, most likely reflecting the addition of Brij-35, which was

shown to maintain enzyme stability, or the higher concentration of NaCl (300 mM) used in

our experiments. In the absence of Brij-35, the activity of sACE-1 decreased over time

(Supporting Information). It is not known exactly how Brij-35 stabilizes sACE-1; however,

it has been proposed that this nonionic surfactant may provide hydrophobic interactions with

the protein, resulting in preservation of the protein structure and/or solubility in aqueous

solution (or preventing it from degradation).35,36 On the other hand, Brij-35 may interact

with the substrate, possibly leading to shifts in the apparent activity.

Domain-Selective Reversible Inhibition

Each M-chelate-lisinopril complex was tested for dose-dependent inhibition of each domain

of sACE-1 (IC50 values). To compare the binding affinity of each complex for the two

domains, Ki values for each domain were calculated as described earlier. The Ki values

obtained using the N-domain-selective substrate were generally higher than those obtained

using the C-domain-selective substrate (Table 2), suggesting that the complexes typically

bind more favorably to the C-domain, with different degrees of C/N domain selectivity.

The sACE-1 binding affinity of the M-chelate-lisinopril complexes appeared to increase

with a higher positive charge on the M-chelate centers of the complexes. A previous surface

potential study revealed that the N-domain binding groove of sACE-1 is less negatively

charged than that of the C-domain.37 Therefore some of the M-chelate-lisinopril complexes

with a higher positive charge showed tighter binding to the C-domain (lower Ki values)

although other factors, such as size, also influenced the domain selectivity. M-NTA-

lisinopril and M-CB-TE2A-lisinopril are good examples. The M-CB-TE2A-lisinopril

complexes were found to bind both domains of sACE-1 with similar affinity, except for Fe-

CB-TE2A-lisinopril, which favored the C-domain, most likely as a result of greater

electrostatic attraction to the more negatively-charged binding groove of the C-domain. In

general, the affinities for each domain were found to inversely correlate with the size

(expressed as mass) of the M-chelate-lisinopril complexes. DOTA-lisinopril and EDTA-

lisinopril are bulky, relative to other M-chelate-lisinopril complexes studied, and have a

greater difficulty fitting into the active site of sACE-1, as reported in our previous study,

resulting in higher Ki values.30 However, the M-CB-TE2A-lisinopril complexes were an

exception. The sizes of these complexes are between that of the M-EDTA-lisinopril and M-

DOTA-lisinopril complexes, yet they had a greater affinity for both domains of sACE-1,
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most likely because of their greater positive charge and relative hydrophobicity, as observed

by a greater retention time in RP-HPLC purification (Supporting Information). A number of

studies on peptide-based inhibitors of sACE-1 have demonstrated that a motif containing X-

Proline, where X was a hydrophobic amino acid residue, was a lead structure for food-

derived peptide inhibitors against ACE (Ile-Pro-Pro has an IC50 value of 5µM and lowers

blood pressure by up to ∼ 30 mmHg in SHR)38 due to a hydrophobic pocket in the active

sites of sACE-1 formed by Tyr520/486, Phe457/423 and Phe527/453 (numbers correspond

to N-domain/tACE).38–40

The C/N domain binding selectivity was obtained for each complex from the ratio of Ki

values obtained using the N- and C-domain-selective substrates. The greatest C/N selectivity

was observed for the M-NTA-lisinopril complexes, which have a less negative charge than

the M-DOTA-lisinopril or M-EDTA-lisinopril complexes and have two empty cis-metal-

coordination sites that may interact with specific amino acid residues within the C-domain

binding groove, which is more negatively charged. These factors may contribute to the

distinct domain selectivity of the M-NTA-lisinopril complexes. Interestingly, M-GGH-

lisinopril, M-EDTA-lisinopril and M-DOTA-lisinopril all showed modest C-domain

selectivity; their C/N selectivities were similar to that of free lisinopril, with the exception of

Cu-GGH-lisinopril, which showed a greater C/N selectivity, possibly as a result of available

axial metal-coordination sites within its square-planar geometry. The M-EDTA-lisinopril

and M-DOTA-lisinopril complexes do not have an empty-coordination that could interact

with residues in the C-domain.

Domain-Selective Irreversible Inactivation

Time-dependent catalytic inactivation of sACE-1 by the M-chelate-lisinopril complexes was

monitored for each domain of sACE-1, and different rates of inactivation were observed. In

the absence of redox co-reactants, the M-chelate-lisinopril complexes behaved as classical

inhibitors–no time-dependent inactivation was observed. However, when ascorbate and/or

H2O2 were added, a catalyst-promoted time-dependent decrease in the activity of sACE-1

was observed. As we reported previously, the M-chelate-lisinopril complexes facilitate the

conversion of the oxidant O2 (or H2O2) to reactive oxygen species (ROS), possibly via

metal-bound intermediates, through single-electron transfer events.41,42

Additionally, ascorbate, a known pro-oxidant, reduces the oxidized metal centers, thereby

creating a complete cycle of oxidation/reduction at the metal center.42–44 Consequently,

ROS can be produced with multiple turnover number, and this reactivity is optimal when the

M-chelate reduction potential is poised between the reduction potentials of the reductant and

oxidant half-reactions. This effect was observed in cases of oxidative catalytic cleavage of

nucleic acids and/or inactivation of proteins.26,29,44 However, we observed previously that

the Cu-GGH-lisinopril complex, which has a much greater Eo (∼1000 mV), was the most

efficient catalyst for the inactivation of sACE-1, suggesting a unique mechanism of ROS

generation and/or protein inactivation.

Regarding the domain selectivity of irreversible catalytic inactivation, each domain was

differently inactivated by each of the M-chelate-lisinopril complexes, as illustrated in Figure

6. The rates of catalytic inactivation of the N-domain were typically greater than those
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observed for the C-domain, possibly due to either more favorable alignment of reactive

metal centers within the N-domain or differing rates of association/dissociation of the

complexes to/from each domain of sACE-1. For catalytic inactivation of the N-domain of

sACE-1, a number of complexes had relatively high inactivation rates, including Cu-GGH-

lisinopril, Co-EDTA-lisinopril, Cu-EDTA-lisinopril, and Fe-DOTA-lisinopril, and their

ability to inactivate sACE-1 was dependent on the presence of co-reactants. Catalytic

inactivation of both domains by Cu-GGH-lisinopril appeared to depend on O2, since the

highest inactivation rates were observed in the presence of ascorbate (the addition of H2O2,

a mechanistic shunt, did not increase the inactivation rate). The catalysts Co-EDTA-

lisinopril and Fe-DOTA-lisinopril quickly inactivated the N-domain of sACE-1 in the

presence of H2O2 (without ascorbate), consistent with our previous observation that the

respective M-chelates lacking lisinopril produce hydroxyl radicals in the presence of H2O2

but do not consume ascorbate.44 Cu-EDTA-lisinopril was found to effectively inactivate

sACE-1 in the presence of both ascorbate and H2O2 as its reduction potential lies between

those of ascorbyl radical/ascorbate and H2O2/OH•.26 For inactivation of the C-domain of

sACE-1, each of the complexes Co-EDTA-lisinopril, Fe-DOTA-lisinopril, and Cu-DOTA-

lisinopril showed a similar dependence on peroxide-promoted inactivation. In limited cases

the introduction of ascorbate actually reduced the rate of sACE-1 inactivation, most likely

due to the ability of ascorbate to scavenge ROS.

Our previous study with a fluorogenic substrate lacking domain selectivity, Mca-

RPPGFSAFK(Dnp)-OH, illustrated that several M-chelate-lisinopril complexes not only

promoted oxidative modifications but also cleaved sACE-1, since cleavage fragments were

observed on SDS-PAGE.30 Herein, we employed the N- and C-domain-selective substrates

to investigate the enzyme activity at the individual domains, and we observed that the rates

of inactivation of sACE-1 by M-chelate-lisinopril species were significantly dominant for

the N-domain, as the ratios of rates of inactivation for the N-domain and C-domain (RN/RC)

of sACE-1 were greater than 1 (Figure 7 and Supporting Information). In the presence of

both ascorbate and peroxide, Cu-GGH-lisinopril illustrated the highest ratio of the

inactivation rates at the N-domain to the C-domain (RN/RC) of sACE-1 shown in Figure 7,

and our previous work also showed that under the same condition, Cu-GGH-lisinopril

demonstrated the fastest cleavage rate of sACE-1, suggesting that the cleavage of sACE-1

may occur mainly at the N-domain.

Double-filter Effect

Herein we experimentally establish the double-filter effect, which results from the

combination of binding selectivity and catalytic selectivity. The C/N double-filter selectivity

factors (DFSF) are shown in Table 3 and were obtained from eqn. (1) as the product of the

corresponding C/N domain binding selectivity factor (the ratio of inhibition constants Ki,N /

Ki,C, shown for each complex in Table 2) and the corresponding ratio of the rates of

inactivation obtained at the C- and N-domain (the ratio RC/RN) under the same co-reactants

conditions (inverse ratios RN/RC plotted in Figure 7 and in the Supporting Information).

(1)
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These numbers reflect the overall selectivity of irreversible inactivation for each catalyst.

The catalysts Ni-GGH-lisinopril, Fe-EDTA-lisinopril, Co-EDTA-lisinopril, Ni-EDTA-

lisinopril, Cu-EDTA-lisinopril, Fe-DOTA-lisinopril, Ni-DOTA-lisinopril, Cu-DOTA-

lisinopril, Fe-CB-TE2A-lisinopril, and Cu-CB-TE2A-lisinopril each demonstrated greater

catalytic efficiency (C/N double-filter selectivity factor) of inactivation of the C-domain

than the N-domain, as shown in Table 3. For some catalysts, such as the Fe-NTA-lisinopril

complex, a high C/N binding selectivity heavily influenced the C/N double-filter selectivity

factor. In many cases, opposition of binding selectivity and catalytic selectivity resulted in

balanced C/N double-filter selectivity factors (∼1). Complexes with the highest C/N double-

filter selectivity factors may be the best candidates for selective irreversible inactivation of

the C-domain of sACE-1, although successful use is also likely to require sufficiently high

second-order rate constants for targeted inactivation.

CONCLUSIONS

We have developed a series of catalytic metallopeptides that target sACE-1. The catalysts

showed a range of N- vs. C-domain binding selectivity, and reversible inhibition was

typically selective toward the C-domain of sACE-1. The binding affinity of these lisinopril

complexes appeared to correlate with size, charge (of the side chain), and hydrophobicity,

with differences between the two domains causing selectivity. Catalytic inactivation by each

of the M-chelate-lisinopril complexes was also monitored, and most complexes irreversibly

inactivated sACE-1 at the N-domain more rapidly than at the C-domain, most likely

reflecting that the reactivity depended on the alignment of each catalytic metal center,

relative to the active site of each domain, and this alignment appeared more optimal for the

N-domain. The combination of binding selectivity and catalytic selectivity resulted in a

double-filter effect, in which efficient targeted inactivation required both targeted binding

and a proper orientation of the metal center relative to the target once bound.45 Additionally,

the reactivity of these complexes demonstrated variable co-reactant selectivity that depended

on the coordination environment, the reduction potential, and other factors. Our findings in

this work will be useful for further development of domain-selective ACE inhibitors and are

broadly applicable in the development of catalytic metallopeptides for selective inactivation

of other protein targets.

EXPERIMENTAL SECTION

Enzyme

Recombinant human somatic ACE (sACE-1: Leu30-Leu1261, with C-terminal His tag, >95

% purity by SDS-PAGE under reducing conditions), originally isolated from an NS0-

derived murine myeloma cell line, was purchased from R&D Systems. Single-use aliquots

of sACE-1 were made and stored at −20 °C until use.

Substrates

Fluorogenic substrates Abz-SDK(Dnp)P-OH (N-domain-selective substrate) and Abz-

LFK(Dnp)-OH (C-domain-selective substrate) were purchased from Enzo Life Science and

Sigma Aldrich, respectively (Abz; aminobenzyl, Dnp; dinitrophenyl). Stocks of both
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fluorogenic substrates were prepared in DMSO, and the concentrations were determined

spectrophotometrically (using ε365 = 17300 M−1cm−1).46

Chemicals and Reagents

Lisinopril was purchased from Cayman Chemical Company. CB-TE2A and 1,4,7,10-

tetraazacyclododecane-1,4,7,10-tetraacetic acid (DOTA) were purchased from Macrocyclics

and stored at −20 °C in powder form. N-hydroxysuccinimide (NHS) was purchased from

GenScript, and 1-ethyl-3-[3-dimethyl aminopropyl] carbodiimide hydrochloride (EDC) was

purchased from Pierce and stored at −20 °C. Ethylenediaminetetraacetic acid (EDTA) was

purchased from Aldrich. Nitrilotriacetic acid (NTA) was purchased from Sigma. The

tripeptide GGH-OH (GGH) was obtained from Bachem. The Fe (II) sulfate heptahydrate,

Co (II) chloride hexahydrate, Ni (II) acetate tetrahydrate, Cu (II) chloride dihydrate, and Zn

(II) chloride salts were purchased from ACROS, J.T.Baker, Aldrich, J. T. Baker, and MCB

Reagents, respectively. Sodium chloride, sodium hydroxide, and ammonium persulfate were

purchased from Fisher. HEPES was purchased from Sigma. Acetonitrile, SDS, and

Na2HPO4 were purchased from Sigma-Aldrich. NaHCO3 was purchased from Mallinckrodt.

The 40% acrylamide/Bis solution (19:1) was purchased from Bio-Rad, and TFA was

purchased from ACROS. The C18 preparatory and analytical columns used for RP-HPLC

were purchased from Vydac. D2O (99.96%) used for 1H-NMR was purchased from

Cambridge Isotopes Laboratory.

Synthesis and Characterization of Lisinopril-Coupled Chelates

The identities and purity of the synthesized chelate-lisinopril compounds (using EDTA,

NTA, DOTA, GGH and CB-TE2A) were validated as previously reported. The synthesis of

compound CB-TE2A-lisinopril was performed by first making a solution containing 500

mM CB-TE2A, 500 mM NHS, 500 mM EDC in DMSO and reacting for 20 min at ambient

temperature. After 20 min, 48 µL of this reaction mixture was mixed with 552 µL of a

solution that contained 22 mM lisinopril in 100 mM NaHCO3, pH 8.0. The reaction

proceeded overnight at RT in the dark, followed by HPLC purification. RP-HPLC elution

conditions used a gradient method, running from 15 to 65% B from 0 to 45 min, 65 to 95%

B from 45 to 50 min, and 95% B from 50 to 55 min where mobile phase A = H2O, 0.1%

TFA; B = acetonitrile, 0.1% TFA. The RP-HPLC fraction for product CB-TE2A-lisinopril

was collected, lyophilized, resuspended in water, and ESI-TOF MS analysis provided the

expected mass of 728.4 amu (negative mode) with no evidence of uncoupled lisinopril

reactant (404 amu). The concentration of CB-TE2A-lisinopril was quantified by UV/vis

titration with a solution containing a known concentration of copper (II) chloride. The

lisinopril-coupled chelates used in these studies were > 99% purity as defined by RP-HPLC

and ESI-MS.33

Preparation of Lisinopril-Conjugated Transition Metal Chelates

A 10 mM stock solution of each metal salt was prepared in water, except for the iron sulfate

solution that was made fresh each day. The metal solution was added to each chelate-

lisinopril compound in a buffer containing 20 mM HEPES, 100 mM NaCl, pH 7.4. The ratio

of M: chelate-lisinopril was 1: 1.1, and the mixture was incubated at room temperature for at
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least 30 min before use. The kinetic stability of M-CB-TE2A-lisinopril complexes was

assessed as described earlier.33

Determination of Michaelis-Menten Kinetic Parameters (KM and kcat) for Domain-Selective
Substrates

sACE-1 (1 nM) and variable concentrations of each fluorogenic substrate were incubated at

37 °C in a buffer containing 50 mM HEPES, 300 mM NaCl, 10 µM ZnCl2, 0.05% Brij35,

pH 7.4. The sACE-1-mediated hydrolysis of each fluorogenic substrate was monitored by

measuring the increase in fluorescence at 420 nm (excitation wavelength at 320 nm). The

observed fluorescent signal was corrected for inner filter effect (IFE) as shown in eqn. (2)

where Fobs and Fcorr are the uncorrected and corrected fluorescence intensities, respectively,

c is the concentration of substrate, ℓex and ℓem are the fluorescence cuvette pathlengths for

excitation and emission, respectively, and εex and εem are the fluorogenic substrate

extinction coefficients at 320 nm and 420 nm, respectively.47

(2)

The initial slope for each trace (RFU/min) was converted into concentration units (µM/min)

based on a calibration curve obtained from the complete hydrolysis of several concentrations

of each corresponding substrate.

Determination of IC50 Values

sACE-1 (1 nM) and variable concentrations of each M-chelate-lisinopril complex were

preincubated for 20 min at 37 °C in a buffer containing 50 mM HEPES, 300 mM NaCl, 10

µM ZnCl2, 0.05% Brij35, pH 7.4. After preincubation, 1.4 µL of 0.5 mM fluorogenic

substrate was added into 68.6 µL of the mixture and substrate cleavage by sACE-1 was

immediately monitored by real-time fluorimetry at 37 °C, with excitation at 320 nm and

emission at 420 nm. Initial rates of fluorescence increase were determined for each

concentration of M-chelate-lisinopril, and these initial rates were expressed as a percentage

(% maximal activity) of the average of several initial rates of uninhibited substrate cleavage

by sACE-1 in the absence of M-chelate-lisinopril complexes (using the same substrate).

Plots of % maximal activity vs. M-chelate-lisinopril concentration were fit to eqn. (3), where

A, [I], n, and [IC50] are the % maximal activity, inhibitor concentration, fitted cooperativity,

and fitted IC50 respectively. For each M-chelate-lisinopril complex, IC50 values were

determined for each domain, by use of the corresponding domain-selective substrates.

(3)

Determination of Inhibition Mode by Dixon Plots

First, sACE-1 (1 nM) was preincubated with variable concentrations of inhibitor for 20 min

at 37 °C in a buffer containing 50 mM HEPES, 300 mM NaCl, 10 µM ZnCl2, 0.05% Brij35,

pH 7.4. Second, variable concentrations of each fluorogenic substrate were added into the

preincubated mixture and the fluorescence traces were immediately monitored. The

concentrations of the substrates Abz-SDK(Dnp)P-OH and Abz-LFK(Dnp)-OH were 7.5, 10

Hocharoen et al. Page 12

J Med Chem. Author manuscript; available in PMC 2014 December 27.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



and 15 µM. The observed fluorescent signal was corrected for IFE using eqn. (2)47 and the

initial rates (µM/min) for all traces were calculated as described above. Dixon plots were

created by plotting the reciprocal initial rate (min/µM) vs. the concentration of inhibitor, for

each substrate concentration. The inhibition constant (Ki) for reversible binding of each

inhibitor to each domain was calculated from eqn. (4) for the classical competitive inhibitor,

where IC50, [S] and KM are the inhibitor concentration that gave half-maximal activity, the

substrate concentration, and the Michaelis constant, respectively.48,49

(4)

Time-Dependent Inactivation of sACE-1

sACE-1 and each M-chelate-lisinopril complex were preincubated for 20 min at 37 °C in a

buffer containing 50 mM HEPES, 300 mM NaCl, 10 µM ZnCl2, 0.05% Brij35, pH 7.4.

After preincubation, co-reactants ascorbate and/or H2O2 (or no co-reactants) were added to

initiate each reaction. Reaction concentrations were 1 nM sACE-1, a concentration of M-

chelate-lisinopril that gave ∼80% activity (calculated by use of eqn. (3), where A = 80%),

and 1 mM ascorbate and/or H2O2 (or no co-reactants). Each time-dependent ACE-

inactivation reaction proceeded at 37 °C for a period of 2 h, and at each specific intervening

time point, a 68.6 µL aliquot was taken from the reaction mixture and mixed with 1.4 µL of

0.5 mM fluorogenic substrate in a fluorescence cuvette. Substrate cleavage by sACE-1 was

immediately monitored by real-time fluorimetry as described above. Initial rates of substrate

cleavage were determined for each time point for the time-dependent inactivation of

sACE-1, and these initial rates were expressed as a percentage (% maximal activity) of the

average of several initial rates for uninhibited substrate cleavage by sACE-1 (same

substrate), determined in the absence of both inhibitor and co-reactants. Plots of % maximal

activity vs. time were fit to a first-order exponential decay model (eqn. (5)), and the initial

rate of inactivation of sACE-1 by each M-chelate-lisinopril complex was determined.

Experiments were performed for each domain-selective substrate (for each catalyst with or

without co-reactants).

(5)

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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ABBREVIATIONS USED

Abz aminobenzoic acid

Dnp dinitrophenol

DFSF double-filter selectivity factors

DOTA 1,4,7,10-tetraazacyclododecane-1,4,7,10-tetraacetic acid

EDC 1-ethyl-3-[3-dimethyl aminopropyl] carbodiimide hydrochloride

NHS N-hydroxysuccinimide

NTA nitrilotriacetic acid
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Figure 1.

Summary of the M-chelate-lisinopril complexes. M = Fe3+, Co2+, Ni2+, Cu2+; R = N(H)-

lisinopril. Reduction potentials of the M-chelate domains were determined previously,32 and

redox couples are 3+/2+ for Fe, Co, Ni-ATCUN, and Cu-ATCUN complexes and 2+/1+ for

all other Ni and Cu complexes.
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Figure 2.

Concentration-dependent inhibition of sACE-1 using (A) the N-domain-selective substrate,

Abz-SDK(Dnp)P-OH, and (B) the C-domain-selective substrate, Abz-LFK(Dnp)-OH. Dose-

response curves are shown for lisinopril (♦), NTA-lisinopril (■), GGH-lisinopril (▲),

EDTA-lisinopril (●), DOTA-lisinopril (▼), and CB-TE2A-lisinopril (★).
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Figure 3.

Relationship between IC50 values and both the charge of side chain and mass of M-chelate-

lisinopril complexes using (A) the N-domain-selective substrate, Abz-SDK(Dnp)P-OH, and

(B) the C-domain-selective substrate, Abz-LFK(Dnp)-OH. Plots include lisinopril (♦) and

metal complexes of NTA-lisinopril (■), GGH-lisinopril (▲), EDTA-lisinopril (●), DOTA-

lisinopril (▼), and CB-TE2A-lisinopril (★). Orange, Fe; pink, Co; green, Ni; blue, Cu;

black, no metal.
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Figure 4.

Dixon plots of sACE-1 with (A) lisinopril and (B) Cu-GGH-lisinopril with various

concentrations of the C-domain-selective substrate, Abz-LFK(Dnp)-OH: 7.5 µM (■), 10 µM

(♦) and 15 µM (▲). The correlation coefficients for the lines in (A) are 0.96, 0.94, and 0.95

and for lines in (B) are 0.99, 0.99, and 0.98 for substrate concentration = 7.5 µM, 10 µM,

and 15 µM, respectively.
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Figure 5.

C/N domain binding selectivity factors were influenced primarily by the identity of the

chelating ligand (the data within the plot were typically clustered into ligand-specific

regions) and also by the size, charge, shape, and hydrophobicity of the resulting

coordination complexes. The data shown here include lisinopril (♦) and both metal-free and

metal-bound forms of NTA-lisinopril (■), GGH-lisinopril (▲), EDTA-lisinopril (●),

DOTA-lisinopril (▼) and CB-TE2A-lisinopril (★). Orange, Fe; pink, Co; green, Ni; blue,

Cu; black, no metal.
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Figure 6.

Initial rates of inactivation of each domain (RN and RC) of sACE-1 by M-chelate-lisinopril

complexes and co-reactants, monitored by use of (A) the N-domain-selective substrate, Abz-

SDK(Dnp)P-OH and (B) the C-domain-selective substrate, Abz-LFK(Dnp)-OH. The co-

reactants used (1 mM each) were H2O2 + ascorbate (H+A), ascorbate (A), H2O2 (H), or no

co-reactant (None).
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Figure 7.

Ratios of the inactivation rates for the N/C domains (RN/RC) for each metal-chelate-

lisinopril complexes, obtained when both ascorbate and peroxide were present.

*undetermined due to large uncertainty.
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Table 1

Apparent Michaelis-Menten kinetic parameters of different substrates used by sACE-1

Substrate kcat (min−1) KM (µM) kcat / KM (µM−1 min−1)

Mca-RPPGFSAFK(Dnp)-OHa 1220 ± 50 4.5 ± 0.6 270 ± 40

Abz-SDK(Dnp)P-OH 180 ± 10 35 ± 5 5 ± 1

Abz-LFK(Dnp)-OH 1380 ± 90 12 ± 2 115 ± 20

a
see ref 30
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Table 3

C/N double-filter selectivity factors (DFSF)a

Complexesb A+Hc

[Fe-NTA]1+–lisin 160 ± 90

[Co-NTA]0–lisin —d

[Ni-NTA]0–lisin —d

[Cu-NTA]0–lisin —d

[Co-GGH]0–lisin 1.4 ± 0.7

[Ni-GGH]0–lisin 3.2 ± 0.8

[Cu-GGH]0–lisin 1.0 ± 0.2

[Fe-EDTA]0-–lisin —d

[Co-EDTA]1-–lisin 3.2 ± 0.4

[Ni-EDTA]1-–lisin 8 ± 2

[Cu-EDTA]1-–lisin 2.2 ± 0.4

[Fe-DOTA]0–lisin 4.6 ± 0.6

[Co-DOTA]1-–lisin 1.3 ± 0.5

[Ni-DOTA]1-–lisin 5 ± 1

[Cu-DOTA]1-–lisin 2.7 ± 0.6

[Fe-CB-TE2A]2+-lisin 30 ± 10

[Ni-CB-TE2A]1+–lisin 1.0 ± 0.3

[Cu-CB-TE2A]1+–lisin 2.4 ± 0.8

a
calculated using eqn. (5) (Experimental Section).

b
lisin=lisinopril.

c
In the presence of 1 mM ascorbate + 1 mM H2O2.

d
undetermined due to large uncertainty.
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