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Abstract : N-(4-t-Butylbenzoyl)-2-hydroxy-1-naphthaldehyde hydrazone (2), which is a potent inhibitor of
HIV-1 reverse transcriptase, was found to inhibit carboxypeptidase A in a mixed uncompetitive-competitive
mode. Molecular modeling studies suggest that 2 may inhibit CPA by binding to the S} and S2 subsites of free
CPA as well as to the CPA-phenylalanine binary enzyme-product complex. © 1997 Elsevier Science Ltd.

N-Acylhydrazones (NAH's) have been studied as potential therapeutic agents in a number of
pharmaceutical contexts. For example PIH (1) and related compounds have been shown to be potent chelators
for Fe3+ and, as such, have been examined as potential medicinal agents for the treatment of iron overload in
patients suffering from thalassemia with somewhat promising results.! Other reports indicate that NAH's can
exhibit antimalarial properties putatively through the inhibition of the cysteine protease falcipaine,? as well as
antibiotic and antifungal activities through an unknown mechanism.? Of particular interest is the observation
that the toxicity usually associated with non-specific metal binding agents is much less pronounced with the
NAH's, some of which have been employed in clinical trials.
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Recent studies in these laboratories have revealed that certain NAH's are specific inhibitors of both the
RNA-dependent DNA polymerase and the RNase H activities of HIV-1 reverse transcriptase (RT).# RNases H
from E. coli and from Thermus thermophilus are also susceptible to inhibition by NAH's, but the structure
activity relationship amongst the NAH's observed for inhibition of the bacterial enzymes differs significantly
from that observed for the retroviral enzyme.>

The possibility that NAH's might also be relatively nontoxic inhibitors of divalent metal ion dependent
proteolytic enzymes prompted us to carry out preliminary experiments concerning the interaction of NAH's
with carboxypeptidase A (CPA) and angiotensin converting enzyme (ACE), both of which utilize an active site
bound Zn2* for catalysis. In particular, the interaction of CPA with 2, 3, and 4 was studied with a view to
determining if some degree of specificity might be attainable in the inhibition process.” For comparison, the
inhibition of CPA by o-phenanthroline (OP), a relatively nonspecific inhibitor known to inhibit CPA by
removal of the catalytically essential zinc ion from the active site of the enzyme,? was studied in parallel.
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Table 1: Inhibition of CPA and ACE by N-Acylhydrazones

NAH Inhibition of CPA Inhibition of ACE
2 ICso=29 UM 5% at 63 uMt
3 33 % at 63 uMt 3% at 63 pMt
4 17 % at 63 uMT 2 % at 63 uMT

Peptidase activity of CPAY was monitored at 265 nm using 0.5 mM HP!0 in 25 mM Tris, 0.5 M NaCl, pH 7.5,
containing 3.5% ethanol (v/v), 25 °C, at [CPA] = 200 nM. Peptidase activity of ACE was monitored at 330
nm using 0.1 mM FAPGG!! in 50 mM Hepes, 0.3 M NaCl, pH 7.5, containing 5% DMSO (v/v), 25 °C, at
[ACE] = 0.03 units/mL.

1'Solubility problems precluded the possibility of determining ICsq values for these compounds.

Inhibition of the proteolytic activity of CPA was studied by examining the influence of potential
inhibitors on the rate of CPA-catalyzed hydrolysis of hippuryl-L-phenylalanine (HP) as monitored by
absorbance changes at 265 nm. As shown in Table 1, the peptidase activity of CPA was found to be
susceptible to inhibition by NAH's with 2 (ICsp = 29 pM) being the most potent of the NAH's studied. That the
inhibition process might be associated with interactions of the inhibitors with the active site metal ion is
suggested by the observation that 4, which lacks one of the metal ion binding sites, is a very weak inhibitor.
On the other hand the observation that 3, which is expected to have comparable metal ion affinity to that of 2
since it possesses the same metal ion binding sites but lacks the benzenoid ring fused to the hydroxyl-bearing
ring, is a much weaker inhibitor than 2 suggests that interactions with structural features of the active site other
than the metal ion play an important role in the inhibition of CPA by NAH's.

Figure 2: Dixon plot of the inhibition of CPA by N-Acylhydrazones:
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Peptidase activity was monitored at 265 nm using 0.5 mM HP and 200 nM CPA in 25 mM Tris, 0.5 M NaCl,
pH 7.5, containing 3.5% EtOH (v/v), at 25 °C. For the inhibition of CPA by OP, CPA was pre-incubated with
OP for 1 hr at 5 °C prior to peptidase activity measurment, as reported by Coombs et al.® Preincubation of
CPA with 2, 3 or 4 did not enhance inhibition. The data points are the average of two or more separate
determinations. Error bars are shown where the standard error exceeds 6%. For graphical presentation, the OP
data were fitted to a single exponential function whereas the data for 2 and 3 were fitted to linear regression.
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Analysis of the inhibition kinetic data for 2 and 3 by the Dixon plot method reveals linear relationships
typical of simple reversible enzyme inhibition. These observations are in contrast to the nonlinear Dixon plot
observed for inhibition by OP (Figure 2), which has been shown to inhibit CPA by removal of the essential
metal ion from the enzyme active site.8 The apparently parabolic Dixon plot for OP inhibition may result from
binding of two molecules of OP, followed by departure of a metal complex incorporating the catalytic zinc ion
and two molecules of the inhibitor. The double-reciprocal plot shown in Figure 3 indicates that the inhibition
by 2 is not simply competitive. This type of pattern of intersecting lines in the double reciprocal plots is

consistent with a mixed inhibition mode, where the inhibitor may bind to the free enzyme (E) and the enzyme-
substrate complex (ES).12

Figure 3: Double-reciprocal plot of the inhibition of CPA peptidase activity by 2:
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Enzyme assays were carried out using 25 mM Tris, 0.5 M NaCl, pH 7.5, containing 3.5% EtOH (v/v), 25 °C, at
[CPA] = 132 nM. HP concentrations were varied from 0.25 mM to 1.3 mM, and 2 concentrations of 0, 6.7, and

13.3 uM were used. Each data point is the average of three or more separate determinations. Standard error
bars are smaller than the symbols shown.

To investigate further the mode by which 2 inhibits CPA, molecular modeling studies involving
potential modes of binding of 2 to E and ES were carried out.!3 This study employed an X-ray crystallographic
structure of 2, which is shown in Figure 4 as a stereoscopic framework representation.!4 Attempts to dock 2
into the active site $;/S;'-subsite region were unsuccessful due to the size and bulkiness of the inhibitor
structure. Furthermore, it was clear that once the substrate HP was bound productively in the active site, there
was insufficient free volume remaining in the S; and S; subsites to allow for the binding of 2. These
observations led us to examine in detail the report of an alternative non-productive binding mode defined in X-
ray crystallographic studies. Christianson and Lipscomb!5 found that the slow hydrolyzing substrate, N-
benzoyl-phenylalanine, could bind to the enzyme-product complex CPA-Phe such that the hydrolysis product,
Phe, occupies the S;'-subsite, and the substrate, N-benzoyl-phenylalanine, occupies the S; and S;-subsites.
Since Phe is also a hydrolysis product for HP, it occurred to us that 2 might bind to span the S; and S; subsites
in a manner similar to that observed for N-benzoyl-phenylalanine. With Phe present in the S;'-subsite, this

would correspond to an enzyme-product-inhibitor ternary complex, whereas in the absence of Phe such binding
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would yield an EI complex with insufficient space available to allow binding of the substrate. The appropriate
kinetic model is shown below in Scheme 1 with the derived initial rate expression 1.0.® Using nonlinear
regression,!7 the data shown in Figure 3 were fitted to equation 1.0, where the K; was determined to be 47 t1i6
UM, and the apparent Kj', which, in this model, is related to the true Kj' by the factor k3/ky, was determined to
be 28 + 3 uM. Since k; is expected to be less than k3 for HP hydrolysis, 8 the true Kj' = (k2/k3)Kj'app should be
smaller than the measured Kj'app-

Scheme 1
v = VIS] E4S T ES —tm EP, — e E4P
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where Kij'app = (k3/k2)K|' EI EP,I

In order to help deduce a molecular mechanism consistent with this kinetic model of the inhibition
process, possible CPA-product-inhibitor complexes were investigated with further modeling studies.!3 Using
Lipscomb's crystallographic study!S of the binding of N-benzoyl-phenylalanine to the CPA-Phe complex as a
guide, the binding of 2 to the CPA-Phe complex was modeled.

Figure 4: X-ray crystal structure of N-(4-t-butylbenzoyl)-2-hydroxy-1-naphthaldehyde hydrazone (2).

It was found that direct interactions between the metal binding sites of 2 and the active site zinc ion were
strongly disfavoured by steric interactions. As a result, it was decided that inclusion of a water molecule as the
fourth zinc ligand would be necessary.!® Since the pKja of of the hydroxyl group of 2 was determined to be
9.62 * 0.08, the unionized form of the phenol was modeled.2® The docking of 2 into the S1/S; region of CPA
such as to minimize steric repulsions was followed by a molecular mechanics energy minimization. In the
resulting energy minimized structure (Figure S), 2 is oriented such that the B ring of the naphthalene ring is
placed into the hydrophobic pocket of the S)-subsite formed by the side chains of Tyr-198 and Phe-279. The
rest of structure 2 lies in a cleft formed by the active site residues Arg-127, Arg-145, Tyr-248, Gly-155, Ala-
156, Ser-157 and Thr-164. The aromatic ring of the z-butylbenzoyl group lies within favourable van der Waals
distance of Gly-155, Ala-156 and Ser-157. The hydroxyl group of Thr-164 appears to interact with the x-
electron cloud on the face of this phenyl group with a distance of 3.68 A separating the Thr-164 OH and the
center of the phenyl ring. The hydroxyl oxygen of 2 interacts with Arg-127 and Arg-145. The carbonyl
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oxygen of the amide group of 2 is hydrogen bonded to Arg-145. The Phe component of the ternary complex is
bound into the S'-subsite with the same interactions that are observed with the Phe substructure in the CPA-
Phe-(N-benzoyl-phenylalanine) complex.!5 There is an additional electrostatic interaction between the NH3+*
group of Phe and Glu-270. The only interaction observed between the Phe hydrolysis product and 2 is a 2.75 A
interaction between a hydrogen of the NH3* group and the C-3 carbon of the naphthalene ring. This interaction
is considered to be electrostatically favourable because of the partial negative charge at C-3 (-0.152 as
determined using MOPAC calculations).

Figure 5: Energy minimized complex between CPA, phenylalanine and 2.
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These proposed interactions in the ternary complex not only rationalize the affinity 2 for CPA, but also
may help explain the lack of binding ability of 3 and 4 to CPA. The NAH 3 lacks the extra phenyl ring found
in 2, which interacts favourably with the hydrophobic pocket of the S;-subsite. The NAH 4 lacks the C-2
hydroxyl group which is involved in important interactions with the active site Arg-127 and Arg-145. Another
important observation concerning this hypothetical interaction between CPA and 2 is that the hydrolysis
product Phe need not be bound to CPA in order for 2 to bind to the S;/S; subsites in this orientation, where the
favourable interactions with S/S; subsites are very similar in the models of the ternary complex (CPA-2-Phe)
and the binary complex (CPA-2). Thus, the binding of 2 to free CPA may be qualitatively very similar to that
suggested for the binding of 2 with the CPA-Phe complex.

In conclusion, it has been shown that the NAH 2 is a relatively specific inhibitor of CPA with no
activity against ACE. Kinetic and molecular modeling studies suggest that 2 binds to the S;/S, subsites of
CPA unlike normal substrates and known competitive inhibitors which interact strongly with the S;' subsite and
with the active site metal ion. These results, which indicate that effective inhibition of a metalloprotease can
result from the binding of an inhibitor to an enzyme product complex, suggest that such potential binding
modes should be considered in the rational design of inhibitors for other metalloproteases.
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