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Abstract—N-Hydroxyurea binds both to carbonic anhydrase (CA) and to matrix metalloproteinases (MMPs). X-ray crystallogra-
phy showed N-hydroxyurea to bind in a bidentate mode by means of the oxygen and nitrogen atoms of the NHOH moiety to the
Zn(II) ion of CA, participating in a network of hydrogen bonds with a water molecule and Thr199. A derivatized N-hydroxyurea
showed low-micromolar affinity for several CAs. This simple zinc binding function may be exploited for obtaining potent metallo-
enzyme inhibitors, due to its versatility of binding to the metal ion present in the active site of such enzymes.

© 2006 Elsevier Ltd. All rights reserved.

Inhibitors of zinc enzymes need precise structural
requirements in order to tightly bind to the metal ion(s)
present in their active sites.! For example, primary sul-
fonamides (RSO,NH,), sulfamates (ROSO,NH,) or sul-
famides (RNHSO,NH,) show high affinity for binding
the Zn(II) ion present in a-carbonic anhydrases (CAs,
EC 4.2.1.1), acting as potent inhibitors with clinical
applications as antiglaucoma, diuretic, antiobesity or
antitumor drugs.>® Various CA isoforms are responsi-
ble for specific physiological functions, and drugs with
such a diversity of actions target in fact quite different
isozymes of the 15 presently known in humans.> In
all of them, the sulfonamide/sulfamate/sulfamide drug
binds in deprotonated form to the catalytically critical
Zn(Il) ion, also participating in extensive hydrogen
bond and van der Waals interactions with amino acid
residues both in the hydrophobic and hydrophilic halves
of the enzyme active site, as shown by X-ray crystallo-
graphic work of enzyme-inhibitor complexes.””
Although the Zn(II) coordination of CAs is identical
to that of the matrix metalloproteinases (MMPs)
(Fig. 1),' a family of zinc endopeptidases degrading
extracellular matrix (and many other substrates),' being
constituted of three histidine ligands and a water mole-
cule/hydroxide ion acting as nucleophile in the hydrolyt-
ic processes, sulfonamides, sulfamates or sulfamides do
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not bind to MMPs with high affinity."!? Instead, the
main classes of MMP inhibitors are constituted by com-
pounds incorporating hydroxamate or carboxylate zinc
binding functions.!'"* Indeed, X-ray crystallographic
studies showed both the carboxylate as well as the
hydroxamate deprotonated moieties to be coordinated
in bidentate fashion to the catalytic Zn(II) ions present
in many of the more than 25 MMPs presently
known."1%-14 On the other hand, hydroxamates do show
weak CA inhibitory properties,'” whereas some struc-
turally related zinc binding groups, such as the N-hy-
droxyurea one (a derivatized hydroxamate), scem to be
appropriate for designing both CA'> as well as
MMP!3 inhibitors.

N-Hydroxyurea 1 was previously shown to act as a
weak CA inhibitor,!> similar to the isosteric acetohy-
droxamic acid 2'°® (Table 1).'® The X-ray crystal
structure of the adduct of isozyme hCA II with 2
has been reported, being shown that the hydroxamate
moiety (deprotonated at the nitrogen atom) is coordi-
nated in monodentate fashion to the Zn(II) ion,
whereas its OH and CO groups participate in two
hydrogen bonds with the OH moiety of Thr199 and
another hydrogen bond with the backbone NH of
the same residue.'® However, the X-ray crystal struc-
ture and thus the precise binding mode of 1 to CA 11
was not known up to now. Here we report the X-ray
crystal structure of the adduct of hCA II with 1, and
its consequences for the design of metalloenzyme
inhibitors (Table 2).
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Figure 1. Zn(II) coordination sphere in CAs and MMPs.
Table 1. CA inhibition data with compounds 1-3
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Compound 4 is a MMP inhibitor."?

nt, not tested.

#Errors in the range of 5-10% of the reported value (from three dif-
ferent assays).

®1Cs, value, from Ref. 10b.

°Human (cloned) isozymes, by the CO, hydration method.'®

4 Catalytic domain of human, cloned isozyme, by the CO, hydration
method.'®

Analysis of the three-dimensional structure of the hCA
IT-1 complex'” revealed that the overall protein struc-
ture remained largely unchanged upon binding of the
inhibitor. As a matter of fact, an rmsd value of 0.26 A
was calculated over the entire Co atoms of hCA II-1
complex, with respect to the unbound enzyme. The elec-
tron density of the inhibitor 1 bound in the neighbor-
hood of the zinc ion is well defined (data not shown).
Unexpectedly, as shown in Figure 2 and Table 3, N-hy-
droxyurea binds in a bidentate fashion to the Zn(II) ion
within the hCA II active site, by means of both the nitro-
gen and oxygen atoms belonging to the NHOH moiety,
with distances of these atoms from zinc in the range of
2.00-2.07 A. Thus, unlike the isosteric hydroxamate 2,
which binds in monodentate fashion, only by means of
the nitrogen atom of the NHOH moiety (with a distance
Zn-N of 2.1 A),'° N-hydroxyurea 1 is the first inhibitor
showing this very exotic, bidentate binding illustrated in
Figure 2 (a superposition of the two adducts, that is,
hCA II-1 and hCA II-2, is shown in Figure 3). The
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Table 2. Crystallographic parameters and refinement statistics

Parameter

Value

X-ray source
Wavelength (A)

Enhance Ultra
1.54

Cell parameters a=4220 A
b=4145A
c=7226A
p=104.4°
o =17y=90°

Space group P2,

Water molecules 177

No. of unique reflections 16,238

Completeness® (%0) 97.3 (93.9)

No. of reflections [>2a(F,)] 16,061

(Ila(D)) 10.0 (4.9)

Resolution range (A) 10.0-2.0

R-merge (%) 14.0 (22.5)

Multiplicity 3.3(2.8)

R-factor (%) 19.8

R-free® (%) 229

rmsd of bonds from ideality (A) 0.012

rmsd of angles from ideality (°) 1.38

#Values in parentheses relate to the highest resolution shell (2.11-2.0).
® Calculated using 10% of data.

OH moiety of 1 (which is presumably deprotonated)
also participates in a strong hydrogen bond (of 2.50 A)
with the OH moiety of Thr199 (the same bond was also
observed in the adduct of 2 with hCA 1II). In addition,
the oxygen of the carbonyl moiety of 1 makes another
hydrogen bond with the backbone NH group of
Thr199. This bond was also observed in the hCA II-2
adduct.'®® A water molecule (wat84) also participated
in a network of two hydrogen bonds involving the OH
and NH groups of the inhibitor molecule bound to zinc
ion, as shown in Figure 3 and Table 3. Thus, a network
of four hydrogen bonds and the bidentate coordination
to the metal ion assure the binding of N-hydroxyurea to
the CA active site. Figure 3 shows that although com-
pounds 1 and 2 bind in the same region of the hCA 11
active site, near the zinc ion, they are not superposable,
with N-hydroxyurea 1 binding much closer to the metal
ion, so that the above-mentioned bidentate interaction
can be achieved. Indeed, data of Table 3 clearly show
that for 1, in its complex with hCA II, both the NI
and Ol atoms of the NHOH moiety are at a distance
of 2.00-2.07 A from the Zn(II) ion. However, the corre-
sponding oxygen atom (O1) of the hydroxamate 2 in the
complex with hCA II is much further away from zinc, at
a distance of 2.84 A (whereas the nitrogen N1, which is
coordinated to Zn(II), is at 1.96 A, a distance compara-
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Figure 2. (A) N-Hydroxyurea interactions when bound to the active
site of hCA II. (B) Schematic representation of the interactions
between the inhibitor 1 and the hCA II active site. Distances between
the Zn(II) ion and the inhibitor atoms, and hydrogen bonds in which
the inhibitor is involved (dotted lines) are shown in Table 3.

Table 3. Hydrogen bonds and contacts of the hCA II-N-hydroxyurea
1 adduct and the hCA Il-acetohydroxamic acid 2 adducts

hCA II residue Distance (A)

Hydroxyurea 1

0Ol Zn 2.07
0Ol Oy Thr199 2.50
Ol w84 2.60
NI Zn 2.00
N1 w84 2.92
02 NH Thr199 2.75
Hydroxamate 2

Ol Zn 2.84
N1 Zn 1.96
02 wl 2.75
02 N Thr199 2.80

ble to the corresponding distance in the hCA II-1 ad-
duct). These data clearly explain the better hCA II inhi-
bition observed with 1 (K} of 28 uM) as compared to 2
(an ICsy of 47 uM has been reported for this deriva-
tive),'%" and also the fact that the inhibitor 1 is coordi-
nated in a truely bidentate fashion to the metal ion,
whereas the inhibitor 2, like many other CA inhibitors
investigated earlier, is bound in monodentate fashion
to Zn(II). It should be also observed that various CA
isozymes show quite different affinity for 1, with CA
II, VA, and IX being inhibited with Kjs in the range
of 23-31 uM, whereas CA 1V is less prone to be inhibited
(Kp of 113 uM). But are these data relevant for the de-
sign of potent, medicinally useful metalloenzyme
inhibitors?

Figure 3. Superposition of the hCA 1I-H,NCONHOH 1 (in yellow)
and hCA II-CH;CONHOH 2!* (in green) adducts.

For replying to this question, we have prepared the
substituted N-hydroxyurea 3, by reacting 3,4-dichlor-
ophenyl isocyanate with hydroxylamine, as reported in
the literature.’> Compound 3 was then tested compara-
tively with 1 for the inhibition of four physiologically
relevant CA isozymes, CA 11, 1V, VA and IX (Table
1). It was observed that 3 acts as a low micromolar
inhibitor of all isozymes, being 34-127 times more effec-
tive as CA inhibitor as compared to the lead 1. Thus,
using 1 as lead, much more potent CA inhibitors can
be designed, as exemplified by this quite simple deriva-
tive 3. Presumably, the zinc anchoring function of 3
binds in the same manner as 1 to the metal ion, but its
organic scaffold may participate in supplementary inter-
actions with amino acid residues present in the hydro-
phobic and hydrophilic halves of the hCA II active
site (as evidenced in adducts of hCA II with sulfonamide
or sulfamate inhibitors),?? these favorable interactions
explaining the enhanced inhibition of 3 against various
CA isozymes are reported in Table 1.

Figure 4 also shows the binding of another substituted
N-hydroxyurea derivative, compound 4, to the Zn(II)
ion in MMP-8, as recently reported by Campestre
et al.! In this case, the oxygen atom of the NHOH moi-
ety of 4 is coordinated to zinc, with a Zn-O distance of
2.3A.

In conclusion, this study proves that N-hydroxyurea
constitutes a highly versatile ligand for the design of
metalloenzyme inhibitors. The parent derivative acts as
a weak inhibitor of several CA isozymes, and binds in
bidentate fashion, by means of its oxygen and nitrogen
atoms of the NHOH moiety to the Zn(II) ion of the ac-
tive site, participating in a network of hydrogen bonds,
similarly with the binding of the monodentate inhibitor
acetohydroxamic acid. A slightly more complex
N-hydroxyurea derivative, that is, 3-(3,4-dichlorophe-
nyl)-1-N-hydroxyurea, showed on the other hand low
micromolar affinity for several physiologically relevant
CA i1soforms, such as CA II, IV, VA, and IX, some of
which are targets for the design of anti-obesity or anti-
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Figure 4. Binding of the N-hydroxyurea derivative 4 to MMP-8."3

tumor therapies. N-Hydroxyurea derivatives bind in a
monodentate mode to MMPs, by means of the oxygen
atom belonging to the NHOH moiety. This simple zinc
binding function may be thus exploited for obtaining
interesting and potent metalloenzyme inhibitors, due
to its versatility of binding to the metal ion present in
the active site of such enzymes.
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