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Two approaches were used to design inhibitors of the metalloenzyme carbonic anhydrase (CA, EC
4.2.1.1): the tail and the ring approaches. Aliphatic sulfamates constitute a class of CA inhibitors (CAls)
that cannot be classified in either one of these categories. We report here the detailed inhibition profile of
four such compounds against isoforms CAs [—XIV, the first crystallographic structures of these
compounds in adduct with isoform II, and molecular modeling studies for their interaction with hCA
IX. Aliphatic monosulfamates/bis-sulfamates were nanomolar inhibitors of hCAs II, IX, and XII,
unlike aromatic/heterocyclic sulfonamides that promiscuously inhibit most CA isozymes with low
nanomolar affinity. The bis-sulfamates incorporating 8 or 10 carbon atoms showed higher affinity for
the tumor-associated hCA IX compared to hCA II, whereas the opposite was true for the mono-
sulfamates. The explanation for their interaction with CA active site furnishes insights for obtaining
compounds with increased affinity/selectivity for various isozymes.

Introduction

A paradigm in carbonic anhydrase (CA,” EC 4.2.1.1) drug
design was that aliphatic sulfonamides RSO,NH, (R =aliphatic
group) are inactive as inhibitors, unlike the aromatic/hetero-
cyclic ones of the type ArSO,NH,.! This view was subse-
quently challenged, being shown that aliphatic sulfonamides
incorporating perhaloalkyl moieties of the type C, X5, 1SO,-
NH, (n = 1-4, X = F, CI),” as well as various aliphatic
sulfamates/bis-sulfamates® > potently inhibit several CA iso-
zymes involved in fundamental physiologic/pathologic states.
Indeed, this family of metalloenzymes comprises 16 different
isoforms, of which several are cytosolic (CAs I—1I1I, CA VII,
and CA XIII), five are membrane-bound (CA IV, CA IX, CA
XII, CA XIV, and CA XV), two are mitochondrial (CAs VA
and VB), and one (CA VI) is secreted into saliva/milk.®~'?
Three acatalytic forms are also known, i.e., CA VIII, CA X,
and CA XI.? These enzymes are involved in crucial physiolo-
gical processes connected with respiration and transport of
CO,/bicarbonate between metabolizing tissues and lungs, pH
and CO, homeostasis, electrolyte secretion in a variety of
tissues/organs, biosynthetic reactions (such as gluconeogenesis,
lipogenesis, and ureagenesis), bone resorption, calcification,

"The X-ray coordinates of the hCA I1—sulfamate adducts are available
in the Protein Data Bank with the IDs 3IBI, 3IBU, 31BL, 3IBN.
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tumorigenicity, and several other physiologic/pathologic pro-
cesses. Consequently many of them are also well-established
drug targets.®”'® In fact, sulfonamide CA inhibitors (CAIs)
such as acetazolamide AAZ, methazolamide MZA, dorzola-
mide DZA, or brinzolamide BRZ (Chart 1), among others,
are clinically used agents as diuretics®’ and for the manage-
ment of a variety of disorders connected to CA disbalances,
such as glaucoma, edema due to congestive heart failure,”® or
drug-induced edema.”® Other agents of this pharmacological
class show applications as anticonvulsants,'*> and antiobe-
sity'® or antitumor drugs/tumor diagnostic agents.>®%11:14

Many classes of new CAls are constantly being reported '
because of at least two reasons: (i) the large number of
catalytically active isoforms (12 in primates, 13 in other
mammals),® which are drug targets for many types of applica-
tions, as mentioned above® ™ '* (for example, the antiglaucoma
sulfonamide drugs target CAs I1, IV, and XII, the antiobesity
CAIs target CA VA and CA VB, the anticonvulsant ones
probably target CA VII and XIV, whereas the antitumor
drugs/diagnostic agents target the transmembrane isoforms
overexpressed in tumors, CAs IX and XII)>®%!"1* and (ii) the
lack of isozyme selectivity of the presently available, clinically
used compounds.®

Considering the fact that, as mentioned above, aliphatic
derivatives received scant attention as CAlIs' > and that the
adduct of hCA I with CF;SO,NH,2® represented the unique
complex of a linear aliphatic sulfonamide to be characterized
in complex with a CA isozyme,'® we decided to investigate in
some detail aliphatic sulfamates/bis-sulfamates as a platform
for designing tight-binding, possibly isoform-specific CAls. In
this paper we report on the high resolution crystallographic

© 2009 American Chemical Society
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structure of sulfamates 1—4 in complex with the cytosolic
dominant isoform hCA 11, together with a molecular model-
ing study of the adducts of some of these CAls with the tumor-
associated isoform hCA IX, a recently validated drug target.'’
This combined approaches give a possible explanation for the
experimentally observed different affinities of this class of
compounds toward various isozymes (e.g., hCA II and hCA
IX), providing useful insights for the design of more isozyme-
selective inhibitors mainly targeting the tumor-associated
CA IX.

Results and Discussion

Chemistry and CA Inhibition. Sulfamates/bis-sulfamates
1—4incorporating linear aliphatic chains with 8 or 10 carbon
atoms have been reported earlier by our groups® > and tested
for the inhibition of 3 CA isozymes of the 16 known in
mammals, i.e., CAs I, II, and IX. Considering the very
interesting inhibition profile observed against these iso-
forms,> > we report here the complete inhibition profile of
the four sulfamates against all the catalytically active human
isozymes, CAs [—XIV (Table 1).

At this point, it is worth mentioning that two main
approaches were used for the drug design of CAls up to
now: (i) the “ring” approach,'® which led to the discovery of
DZA, BRZ, and the other clinically used sulfonamides,
involving exploring a great variety of ring systems on which
the sulfonamide group (as a zinc-binding group [ZBG]) has
been attached, and (ii) the “tail” approach,? consisting of
attaching tails that will induce the desired physicochemical
properties (e.g., water solubility, liposolubility, membrane
impermeability, etc.) to different scaffolds of well-known
aromatic/heterocyclic sulfonamides possessing affinity for
the CA active site. It is observed that the aliphatic sulfamates
investigated here in detail do not belong to any of these two
categories of CAls, constituting thus a third, less understood
but general class of CAls possessing a very simple scaffold
(a linear aliphatic chain) to which one or two ZBGs are
attached. Thus, the present types of derivatives bring new
insights into the design of CAls, even if they are chemically
very simple entities.

Data of Table 1 show the following SAR for the inhibition
of isoforms CAs I—XIV with sulfamates 1—4 (and AAZ or
DZA as standard inhibitors, presented here for comparison):
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Table 1. Inhibition Data of Sulfamates 1—4 and Sulfonamides AAZ
and DZA against CA Isoforms hCAs I—XIV by a Stopped-Flow CO,
Hydrase Assay'®

K; (nM)?

isozyme* 1 2 3 4 AAZ DZA
hCA 1° 3.7 5307 3785 890% 250 50000
hCA I1° 26" 07 146° 245 12 9
hCAIII® 9100 877 1128 1206 200000 770000
hCA IV? 799 676 841 912 74 8500
hCA VA? 1254 805 1202 1368 63 42
hCAVB® 624 888 1457 1592 54 33
hCA VI® 795 1334 1020 1414 11 10
hCAVII® 766 889 796 923 25 3.5
hCA IX®  25.0° 23.17 4.0° 7.0° 25 52
hCAXII® 70 79 79 82 57 3.5
mCA XIII? 1125 956 569 960 17 18
hCA XIV? 390 711 605 852 41 27

“h = human; m = murine isozyme. ® Full length enzyme. ¢ Catalytic
domain. “Mean value from at least three different measurements.'®
Errors were in the range of 5% of the obtained value (data not shown).
¢ Avalue of 3.5 nM has been reported in ref 3. From ref 4. € From ref 5. Data
of AAZ and DZA are from ref6.” A value of 2.7 nM has been reported inref 3.

(1) Sulfamates 1—4 act as strong inhibitors of 3 of the 12
CA isozymes, i.e., CAs II, IX, and XII, with inhibition
constants in the range of 0.7—25.0 nM. In addition, 1 is also
avery good hCA Tinhibitor (Kj of 3.5nM), being, as far as we
know, the most potent inhibitor of this isoform ever
reported.®'® It may be observed that for hCA II the mono-
sulfamates are better inhibitors than the bis-sulfamates. For
the two monosulfamates 1 and 2 (against hCA II) derivative
2 is 3.8 times a better inhibitor than derivative 1, whereas for
the bis-sufamates 3 and 4, the shorter derivative 3 is a more
effective inhibitor compared to the longer one 4. For the
inhibition of hCA IX the bis-sulfamates 3 and 4 were more
effective inhibitors compared to the monosulfamates 1 and 2,
whereas against hCA XII all four derivatives showed very
similar inhibitory properties, with inhibition constants only
ranging between 7.0 and 8.2 nM (Table 1). Two clinically
used drugs AAZ and DZA show rather comparable inhibi-
tory activity with sulfamates 1—4 against these three iso-
zymes.

(1) Sulfamates 1—4 also effectively inhibited isoforms hCA
IV and hCA VII, with inhibition constants of < 100 nM, i.e., in
the range of 67.6—92.3 nM (Table 1). The monosulfamates
1 and 2 were slightly more effective inhibitors than the
corresponding bis-sulfamates 3 and 4 against both isoforms,
whereas the length of the aliphatic chain variably affected
activity. In particular, for hCA IV and the monosulfamates,
the best activity was observed for derivative 2, whereas for
the bis-sulfamates the best activity was observed for deriva-
tive 3. For hCA VII, the monosulfamate and bis-sulfamate
1 and 3 were more active than longer derivatives 2 and 4. The
two clinically used drugs on the other hand behave as potent
hCA VII inhibitors; AAZ was a medium potency hCA 1V
inhibitor, whereas DZA was a weak hCA IV inhibitor
(Table 1).

(ii1) The remaining seven CA isoforms, i.e., CAs I, I1I, VA,
VB, VI, XIII, and XIV, were weakly inhibited by sulfamates
1—4 (except 1 which, as shown above, was a very potent hCA
I inhibitor), with inhibition constants in the range of
378—9100 nM (Table 1). Several important questions remain
unanswered: Why is 1 such a potent hCA Tinhibitor, whereas
its congeners 2—4 are 108—254 times less effective inhibitors
of this isozyme? Why are these sulfamates 85—877 times
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Table 2. Crystal Parameters, Data Collection, and Refinement Statistics for the Adducts of Sulfamates 1—4 with hCA II

inhibitor
1 2 3 4
Crystal Parameters
space group P2, P2, P2, P2,
unit-cell parameters
a(A) 42.00 42.07 42.15 41.99
b(A) 41.22 41.41 4141 41.34
¢ (A) 71.67 71.97 71.99 71.85
B (deg) 104.24 104.29 104.52 104.25
Data Collection Statistics
temperature (K) 100 100 100 100
resolution range (A) 20.00—1.93 20.00—1.41 20—1.55 20.00—2.20
total reflections 47038 169645 122960 36037
unique reflections 17190 46508 32941 11593
completeness (%) 95.2(96.5) 97.8 (78.5) 94.3 (84.2) 94.7 (85.1)
Ry 0.037 (0.051) 0.055(0.199) 0.056 (0.225) 0.084 (0.240)
mean I/o(]) 18.9 (13.9) 18.3 (5.6) 19.4 (5.0) 12.2 (4.0)
Refinement Statistics

resolution range (A) 20.0—1.93 20.0—1.41 20.00—1.55 20.00—2.20
no. of reflections 17173 45982 32410 11162
RY (%) 16.9 20.0 17.9 18.7
Rivee” (%) 20.5 21.5 20.0 223
rmsd from ideal geometry
bond length (A) 0.007 0.007 0.007 0.007
bond angle (deg) 1.4 1.4 1.5 1.5
residues 3-260 3-261 3-261 3-261
no. of protein atoms 2049 2059 2059 2059
no. of water molecules 322 363 336 171
no. of inhibitor atoms 13 15 18 20
average B factor (A?)
all atoms 12.5 13.9 14.0 18.4
protein atoms 11.7 11.8 12.1 17.7
inhibitor atoms 13.3 17.4 22.1 42.6
PDB accession codes 3IBI 3IBU 3IBL 3IBN

@ Roym =D nirp_il Ikl — (IChkD))| > piry i (hikl), where I,(hkl) is the ith measurement and (/(hkl)) is the weighted mean of all measurements of /(hk).

bR= Skl Fo(hkD)| — |Fo(hkD)||/> i Fo(hkl); Ryree calculated with 5% of data withheld from refinement. Values in parentheses refer to the highest

resolution shell.

better hCA TIII inhibitors compared to AAZ and DZA
(which, as most sulfonamides/sulfamates investigated so
far, act as very weak CA III inhibitors)??!

It is also observed that the two clinically used compounds
AAZ and DZA strongly inhibit all seven of these CAs, except
CA 1II, as mentioned above, with K7 values in the range of
2.5—52 nM. Consequently, the aliphatic sulfamates show a
much more isoform-selective inhibition profile compared to
the aromatic/heterocyclic sulfonamides in clinical use, as at
least six isoforms that are potently inhibited by sulfonamides
are not inhibited significantly by this class of CAls.

Crystallography. To determine the key interactions and
molecular features that contribute to high inhibitory proper-
ties of aliphatic sulfamates 1—4 toward hCA II, these
compounds have been cocrystallized with this isozyme.
Crystals of the hCA II/inhibitor adducts were isomorphous
with those of the native protein,*? allowing for the analysis of
the three-dimensional structures by difference Fourier tech-
niques. Data collection and refinement statistics for each
complex structure are shown in Table 2.

Inhibitor binding did not generate major hCA Il structural
changes in any of the enzyme—inhibitor complexes studied;
in fact, the rmsd for the superposition of the corresponding
Co atoms between the native enzyme and each enzy-
me—inhibitor complex ranged from 0.277 to 0.298 A. In

the active site region of each complex, a well resolved
electron density, fully compatible with the inhibitor mole-
cule, was visible (Figure 1). The binding mode of the four
inhibitors to the enzyme is quite similar. In particular, the
ionized sulfamate NH ™~ group coordinates to Zn>" ion and
donates a hydrogen bond to Thr1990G, while one of the two
sulfamate oxygens accepts a hydrogen bond from the back-
bone NH group of Thr199. The aliphatic tails adopt a similar
conformation (Figure 2), all of them pointing toward the
hydrophobic part of the active site (the so-called “hydro-
phobic wall”) and making numerous van der Waals interac-
tions with residues placed in this region (Figure 1).
Specifically, the aliphatic tails of the two monosulfamates 1
and 2 are almost perfectly superimposable. In the same
manner, the tails of the two bis-sulfamates 3 and 4 adopt a
rather similar conformation but not equal to that character-
izing the monosulfamate compounds, as evidenced by the
differences in torsion angles y; —y4 (see Table 3 and Figure 2).

Comparison of the structures of the four complexes
reported here provides a reasonable explanation for the
different affinities of the inhibitors toward hCA II (see
Table 1). In particular, the elongation of the monosulfamate
alkyl chain from 8 (compound 1) to 10 (compound 2) carbon
atoms increased the inhibitory capability of the second
compound, which is one of the best hCA II inhibitor
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Figure 1. Active site regions in the hCA 1I—1 (A), hCA I1-2 (B), hCA 113 (C), and hCA 114 complexes. Hydrogen bonds, active site Zn>*
coordination, and residues establishing strong van der Waals (distance of <4.5 A) interactions with the inhibitors are also shown. The
simulated annealing omit |2F, — F,| electron density maps relative to the inhibitor molecules are reported.

Table 3. Torsion Angles (deg) of the Aliphatic Tail of Com-
pounds 1—4

o X X X X X K

Compounds 1,3
NH,80,0 R
X% X3 X4 Xs Xs X7 X3 Xo

o a0 S AT I
NH,S0,0 R

R = CH, , OSO,NH,

X1 X2 X3 Xa X5 Xe X7 X8 Xo

109 65 86 —165 —156 165 —61
106 60 75 —179 177 —177 171 163 90
175 —-69 —173 =70 168 168  —166
174 —-64 —178  —65 177 173 =173 65 —162

AW N -

reported in the literature.>'® This phenomenon can be
ascribed to the increase of the contact area between the tail
and the hydrophobic wall of the enzyme active site, which
improved the binding of the inhibitor. In contrast, the
elongation of the bis-sulfamate alkyl chain from 8
(compound 3) to 10 (compound 4) carbon atoms reduced
the inhibitory activity. In fact, in this case the presence of the
second sulfamate group makes the tail longer than the depth
of the catalytic cleft (~15 A),>> thus forcing the polar
extremity of the tail to bend upon the helix incorporating
residues Asp130-Vall35. However, because of the hydro-
phobic character of the helix, this second sulfamate moiety
cannot establish polar interactions with hCA 1I in the
complex hCA I1—3 or in the complex hCA II—4. In conclu-
sion in the case of bis-sulfamates 3 and 4, the more flexible
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Figure 2. Superposition of hCA II—inhibitor adducts. 1is reported
in cyan, 2 in blue, 3 in orange, and 4 in red.

and polar inhibitor tail is not properly stabilized by an
increased number of enzyme/inhibitor van der Waals inter-
actions. In agreement with this finding, high B factors
characterize the more external part of the bis-sulfamate
chains, especially for compound 4 when bound to the enzyme
active site (see Table 2).

Modeling Studies. To assess the molecular basis of the
differences observed in the affinity of aliphatic monosulfa-
mates and bis-sulfamates toward hCA II and hCA IX (see
Table 1), the hCA IX model was built by homology model-
ing, following the same procedure previously described by
our groups'* and subsequently used to manually dock
compounds 2 and 4 in the enzyme active site (see Experi-
mental Section for details). The structural comparison of
hCA IX—2 and hCA IX—4 complexes with the correspond-
ing adducts with hCA II revealed that the region of the hCA
IX active site encompassing the short helical region defined
by amino acid residues 130—136 and the loop incorporating
residues 198—204 bear a number of potential critical muta-
tions in the tumor-associated isoform (hCA IX) compared to
the cytosolic one (hCA II). In particular, the hCA II residues
Phel31, Gly132, and Vall35 in this helical region are replaced
in hCA IX by Val, Asp, and Leu, respectively, whereas
residue Leu204 in the loop is mutated into Ala. To investi-
gate the potential influence of these residues on the different
affinities exhibited by inhibitors 2 and 4 toward the two
isozymes, free molecular dynamic (MD) simulations of 3 ns
were carried out on both hCA II—inhibitor X-ray structures
and hCA IX—inhibitor theoretical models. The last 1.5 ns of
all four MD simulations was used for the subsequent trajec-
tory analysis. As shown in Figure 3, both rmsd of all heavy
atoms and the atomic fluctuations relative to the Co atoms
revealed a similar behavior among the four simulations, not
a trivial result considering that two of them (CA IX complex-
es) are derived from a modeled protein structure. In addition,
well converged trends were observed for rmsd, with no hints
of large scale conformational transitions.

A careful analysis of the four MD trajectories revealed
that while the tetrahedral geometry of the Zn>" binding site

Vitale et al.

Time (ps)

3 T T T T T T T T

B) | oves B

a5k — CAIL4 A
— CAIXD
— CAIX 4 J

Residue Number

Figure 3. (A) Root mean square deviations for all heavy atoms as a
function of time and (B) Ca atom root mean square fluctuations
(RMSF) as a function of the residue number during the last 1.5 ns of
MD simulations for the adducts of compounds 2 and 4 with hCA 11
and hCA IX.

and the key hydrogen bonds between the sulfamate moiety of
the inhibitor and the enzyme active site were preserved in all
complexes, different patterns of van der Waals and/or
hydrogen bond interactions involving the active site residues
and inhibitor tails could be observed. According to the X-ray
structure, the analysis of the MD trajectory revealed that the
hCA II—2 complex is stabilized by a number of van der
Waals interactions between the inhibitor alkyl moiety and
the hydrophobic residues lying on the aforementioned heli-
cal and loop regions, which are not conserved in the corre-
sponding hCA IX complex, thus accounting for the lower
affinity of the inhibitor toward hCA IX with respect to hCA
IT (Figures 2 and 4A). In particular, the van der Waals
interactions involving Leu204 in the hCA II complex, occur-
ring along the entire production run, were drastically atte-
nuated in the hCA IX adduct not only by the replacement of
the Leu bulky residue with the smaller alanine but also by the
concurrent mutation of Vall35 into a Leu. In fact, Ala204 in
hCA IX, similar to its counterpart Leu204 in hCA II, is
located on the re-entrant side of the loop that exposes the
Pro202 residue, forming in turn a sort of “gate” with residue
Vall35, located at the end of the helix. This gate is narrowed
in hCA IX with respect to hCA II because of the Val/Leu
mutation, thus hampering a free access to the inhibitor alkyl
moiety. The mutations Phel31/Val and Glyl132/Asp also
play a key role in lowering the affinity of the inhibitor toward
hCA IX with respect to hCA II. In fact, in the first case the
shorter side chain of the valine residue weakens the van der
Waals interaction with the inhibitor, while in the second one,
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Figure 4. Active site region in the hCA IX—2 (A) and hCA IX—4 (B) complexes showing the residues participating in recognition of the
inhibitor molecules. Hydrogen bonds, active site Zn>* coordination, and residues establishing strong van der Waals (distance of <4.5 A)

interactions with the inhibitors are also shown.

where a neutral residue is substituted by a negatively charged
one, a potential destabilizing effect on its interaction with the
inhibitor hydrophobic tail is observed. In contrast, this last
mutation determines the higher affinity of compound
4 toward hCA IX. In fact, the second sulfamate group of
the inhibitor, which in the adduct with hCA II forms only
hydrophobic contacts, in hCA IX is engaged in a hydrogen
bond interaction, stable through MD trajectory (occurrence
of ~67%), with the aforementioned Aspl32 residue
(Figure 1D and Figure 4B). This additional hydrogen bond
balances the less favorable van der Waals interactions occur-
ring in the hCA IX—4 complex with respect to the hCA 11—4
adduct and is responsible for the inversion observed in the
affinities of compounds 2 and 4 for the two isoforms.

Conclusions

Aliphatic monosulfamates and bis-sulfamates constitute a
class of CAls distinct from those obtained by the tail or ring
approaches. We report here the detailed inhibition profile
againt all catalytically active mammalian enzymes, CAs
I-XIV, the first X-ray structures for four such compounds
in adduct with the physiologically dominant isoform II, in
addition to molecular modeling studies for the interaction of
two such compounds with hCA IX. These compounds were
nanomolar inhibitors of only hCAs II, IX, and XII, unlike
aromatic/heterocyclic sulfonamides in clinical use that pro-
miscuously inhibit most of the 12 CA isozymes with low
nanomolar affinity. Moreover, the bis-sulfamates incorporat-
ing 8 or 10 carbon atoms showed higher affinity for the tumor-
associated isozyme CA IX compared to hCA II, whereas the
opposite was true for the corresponding monosulfamates.
This behavior was explained by considering our crystallo-
graphic and molecular modeling studies, which identified the
region incorporating amino acid residues 130—136 as a “hot
spot” to be considered in structure-based drug design of CA

IX-selective inhibitors. Indeed, major differences in such
amino acid residues present in the tumor-associated isozyme
compared to the cytosolic ones were evidenced, as well as
different interactions in which the tail of the inhibitors parti-
cipate, when bound to the active site of these isozymes. Thus,
aliphatic sulfamates/bis-sulfamates constitute a very interest-
ing case of CAls leading to isoform-selective compounds,
whereas the explanation of their interaction with the enzyme
active site furnishes new insight for obtaining compounds with
increased affinity and selectivity for the various isozymes.

Experimental Section

Materials. Sulfamates 1—4 were prepared as reported earlier,’ >

whereas other compounds and buffers were from Sigma-Aldrich,
Milan, Italy. The 12 CA isozymes used in the experiments were
recombinant ones obtained and purified as reported earlier by this
group. 115

CA Inhibition Assay. An Applied Photophysics (Oxford,
U.K.) stopped-flow instrument has been used for assaying the
CA catalyzed CO, hydration activity. Phenol red (at a concen-
tration of 0.2 mM) has been used as indicator, working at the
absorbance maximum of 557 nm, with 10 mM Hepes (pH 7.5) as
buffer and 0.1 M Na,SO, (for maintaining constant the ionic
strength), following the CA-catalyzed CO, hydration reac-
tion.'® The CO, concentrations ranged from 1.7 to 17 mM for
the determination of the kinetic parameters and inhibition
constants. For each inhibitor at least six traces of the initial
5—10% of the reaction have been used for determining the initial
velocity. The uncatalyzed rates were determined in the same
manner and subtracted from the total observed rates. Stock
solutions of inhibitor (10 mM) were prepared in distil-
led—deionized water with 10—20% (v/v) DMSO (which is not
inhibitory at these concentrations), and dilutions up to 0.01 nM
were done thereafter with distilled—deionized water. Inhibitor
and enzyme solutions were preincubated together for 15 min at
room temperature prior to assay in order to allow for the
formation of the E—I complex. The inhibition constants were
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obtained by nonlinear least-squares methods using PRISM 3
and regresent the mean from at least three different determina-
tions.

Crystallization, Data Collection, and Refinement. The four
hCA II—inhibitor complexes were all obtained by addinga 5 M
excess of inhibitor to a 10 mg/mL protein solution in 100 mM
Tris-HCI, pH 8.5. Crystals of the complexes were grown using
the hanging drop vapor diffusion technique at 293 K. In
particular 2 uLL of complex solution and 2 uL of precipitant
buffer (2.5 M (NH4)>SOy4, 0.3 M NaCl, 100 mM Tris-HCI
(pH 8.2), and 5 mM 4-(hydroxymercurybenzoate)) were mixed
and suspended over a reservoir containing 1 mL of precipitant
solution. Crystals appeared within 3 days. Prior to cryogenic
freezing, the crystals were transferred to the precipitant solution
with the addition of 15% (v/v) glycerol. X-ray diffraction data
were collected at 100 K at the synchrotron source Elettra in
Trieste, Italy, using a Mar CCD detector. Data were integrated
and reduced using the hk/ crystallographic data reduction
package (Denzo/Scalepack).?* Diffraction data for each crystal
were indexed in the P2, space group with one molecule in the
asymmetric unit. Unit cell parameters and data reduction
statistics are recorded in Table 2. The atomic coordlnates of
CA 1l refined at 2.0 A resolution (PDB entry 1CA2)*? were used
as a starting model for crystallographic refinement after deletion
of non-protein atoms. An initial round of rigid body refinement
followed by simulated annealing and individual B factor refine-
ment was performed using the program CNS.?* Model visuali-
zation and rebuilding was performed using the program O.?
Inhibitor molecules were identified from peaks in |F,| — |F|
maps and were gradually built into the models over several
rounds of refinement; restraints on inhibitor bond angles and
distances were taken from similar structures in the Cambridge
Structural Database,”’ and standard restraints were used on
protein bond angles and distances throughout refinement.
Water molecules were built into peaks of >30 in |F,| — |F
maps that demonstrated appropriate hydrogen-bonding geo-
metry. The correctness of stereochemistry of the final model was
checked using PROCHECK .?® Final refinement statistics for all
structures of hCA II—inhibitor complexes are presented in
Table 2.

Modeling Studies and Molecular Dynamics Simulations. The
model of the hCA IX catalytic domain (Gly12-Phe260) was built
using a procedure previously described by Alterio et al.'*
Briefly, the hCA IX sequence was retrieved by the Swiss-Prot/
TrEMBL? database [primary accession number Q16790] and
modeled using both hCA 11?2 (34% sequence 1dent1ty) and mCA
XIV (44% sequence identity) (PDB entry 1RJ6)* X-ray struc-
tures as templates. The alignment used for model building
procedure was the same as that used previously.'** Fifty homo-
logy models were built with MODELLER, version 6.2,! and
their q}uality was assessed by using PROCHECK?® and 3D-
profile’” module of INSIGHT II (Accelrys Software Inc.). The
best model in term of PROCHECK G-factor and 3D-profile
score was then complexed to inhibitors 2 and 4 by superimpos-
ing the heavy atoms from the three catalytic histidines hCA 11—2
and hCA I1—4 structures to the corresponding atoms of hCA IX
model. Both experimental and theoretical (hCAIX—2 and
hCAIX—4) complexes were completed by addition of all hydro-
gen atoms and underwent energy minimization with the SAN-
DER module of AMBERY package,® using the PARM99 force
field.** Atomic charges of both 2 and 4 molecules were obtained
with RESP methodology.®® 2 and 4 conformations, derived
from the corresponding hCA II—inhibitor crystal structures,
were fully optimized using GAMESS program>® at the Har-
tree—Fock level with STO-3G basis set. Single-point calcula-
tions on each optimized molecule was performed at the RHF/6-
31G* level. The resulting electrostatic potential was thus used
for a one-stage single-conformation RESP charge fitting. Partial
charges for the three histidines and the zinc ion were those
published by Suarez and Merz.?’ To preserve integral charge of
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the whole system, partial charges of Co. and Ha atoms of zinc-
ligand residues and of N and H atoms of inhibitor sulfonamide
groups were modified accordingly. A bonded approach between
Zn*" ion and its ligands ensured the experimentally observed
tetrahedral Zn®" coordination in all complexes during MD
simulations. Equilibrium bond distances and angles were taken
from hCA 1I crystal structures. Force constants of 120, 20, and
30 kcal/(mol A) were used for N(His)-Zn, N(His)-Zn-N(His),
and N(His)-Zn-N(sulfamate) bond stretching and angle bend-
ing parameters, respectively. All the torsional parameters asso-
ciated with Zn>*—ligand interactions were set to zero as in
Hoops et al.*® To perform molecular dynamics simulation in
solvent, minimized complexes were confined in truncated octa-
hedron boxes (x, y, z=80 A) filled with TIP3P water molecules
and counterions (Na®/Cl") to neutralize the system. The sol-
vated molecules were then energy minimized through 1000 steps
with solute atoms restrained to thelr startmg positions using a
force constant of 10 kcal mol ™' A~ prior to molecular dynamics
(MD) simulations. After this, the molecules were submitted to
90 ps of restrained MD (5 kcal mol ™" A~ 1) at constant volume,
gradually heatlng to 300 K, followed by 60 ps of restrained MD
(5 kcalmol ™! A~ ') at constant pressure to adjust system density.
Production MD simulations were carried out at 300 K with a
constant pressure for 3 ns and a time step of 1.5 fs. Bonds
involving hydrogens were constrained using the SHAKE algo-
rithm.* Snapshots from production run were saved every 1000
steps and analyzed with the MOLMOL program.*’
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