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Abstract—Metal complexing anions represent an important class of inhibitors of the metalloenzyme carbonic anhydrase (CA, EC
4.2.1.1). The first inhibition study of the transmembrane isozymes CA XII (tumor-associated) and XIV with anions is reported.
These isozymes showed inhibition profiles with physiologic/non-physiologic anions quite distinct from any other cytosolic (CA 1
and II) or transmembrane isoforms (e.g., CA IX) investigated earlier. hCA XII has a good affinity for fluoride and bicarbonate
but is not inhibited by heavier halides, perchlorate, nitrate, and nitrite. The best hCA XII inhibitors were cyanide (K7 of 1 uM)
and azide (K of 80 uM). hCA XIV was on the other hand weakly inhibited by fluoride and not at all inhibited by perchlorate,
but showed good affinity for most other anions investigated here. Chloride and bicarbonate showed Kjs in the range of 0.75-
0.77 mM for this isoform. The best hCA XIV anion inhibitors were sulfate, phenylarsonic, and phenylboronic acid (Kj in the range

of 10-92 pM).
© 2007 Elsevier Ltd. All rights reserved.

Similarly to many metalloenzymes, the carbonic anhy-
drases (CAs, EC 4.2.1.1), which catalyze the intercon-
version between carbon dioxide and bicarbonate, are
inhibited by metal complexing anions such as cyanide,
cyanate, halides, etc., but in many cases, also by anions
with lower capacity to bind metal ions in solution (such
as perchlorate, tetrafluoroborate or sulfate among oth-
ers).!® The inhibition is achieved by coordination of
the anion to the catalytically critical Zn(II) ion from
the enzyme active site.'® The interaction of various
CAs (among the 16 isoforms described until now in
mammals)!~® with such inhibitors is crucial from the
physiologic point of view, since many CAs participate
in metabolons in which various anion exchangers
(AEs) or sodium bicarbonate cotransporters (NBCs)
interact physically and functionally with the enzyme.” !
Indeed, for allowing the control of their pH and bicar-
bonate levels, cells express various anion and bicarbon-
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ate transport proteins that rapidly and selectively move
bicarbonate across the plasma membrane (Fig. 1).°
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Figure 1. Interaction of cytosolic (CA II) and transmembrane (CA IX
and XII) isozymes with other proteins involved in pH homeostasis and
anion transport such as (1) the monocarboxylate transporter; (2) the
Na*-H*-antiporter; (3) the ATP-dependent Na*—K*-antiporters; (4)
the H'—ATP-ase; (5) acquaporins ; (6) membrane-bound CAs (CA IX,
XII or XIV); (7) bicarbonate/chloride anion exchangers (AEs).”!
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Physical interactions have been identified between the
ubiquitous cytosolic isoform CA II and the erythrocyte
membrane CI” /HCO,~ anion exchanger AE1, mediated
by an acidic motif in the AEl C-terminus.® In a seminal
research, Casey’s group has found that the presence of
CA 1I attached to AE1 accelerates AEl bicarbonate
transport activity, as AE1 moves bicarbonate either into
or out of the cell.” In efflux mode the presence of CA 1I
attached to AEI increases the local concentration of
bicarbonate at the cytoplasmic AE1 transport site. In
the opposite direction, when bicarbonate is transported
into the cell, the presence of CA II on the cytosolic sur-
face accelerates transport by consumption of bicarbon-
ate, thereby maximizing the transmembrane
bicarbonate concentration gradient experienced by the
AELl transporter. It should be mentioned that CA 1I is
highly resistant to inhibition by bicarbonate.* The same
interactions also occur between CA II and Na*/HCO,~
cotransporter isoforms NBC1 and NBC3.%!! All exam-
ined bicarbonate transport proteins, except the DRA
(SLC26A3) ClI" /HCO,~ exchange protein, have a con-
sensus CA II binding site in their cytoplasmic C-termi-
nus.!%!" Casey’s group also identified extracellular
regions of AEl and NBCI1 that directly interact with
the membrane-bound isoform CA 1V,! to form a phys-
ical complex (metabolon) between these proteins.!®-'!
SLC26A6, a plasma membrane ClI” /HCO,~ exchanger
with a suggested role in pancreatic bicarbonate secre-
tion, was also recently found to bind the cytoplasmic en-
zyme CA IL.'! Mutation of the identified CA II binding
site greatly reduced SLC26A6 activity, demonstrating
the importance of the interaction. Taken together, these
data of Casey’s group support a mechanism for acute
regulation of membrane transport, denominated
‘metabolon disruption’, and allow the design of thera-
peutic applications for such phenomena, as for example
in the management of cardiomyocyte hypertrophy.!?

Many mammalian CA isozymes have been investigated
in the last years for their interaction with a multitude
of physiologic (such as among others bicarbonate, chlo-
ride, sulfate, etc.) as well as non-physiologic anions,
such as CA 1, 1L, IV, VA, VI, VIL, IX, and XIIL.!31°
Some of the isozymes mentioned above, such as CA
IX, are predominantly found in cancer cells.?>-?! CA
IX is a transmembrane protein with a critical function
in tumorigenesis, being involved among others in main-
taining the acid—base balance and intercellular commu-
nication.?’*212 CA IX consists of an N-terminal
proteoglycan-like domain unique among the CAs, an
active CA catalytic domain, a single transmembrane
region, and a short intracytoplasmic tail,?°*?! being par-
ticularly interesting for its ectopic expression in a multi-
tude of carcinomas derived from cervix uteri, kidney,
lung, esophagus, breast, colon, etc., contrasting with
its restricted expression in normal tissues, namely in
the epithelia of the gastrointestinal tract.20-212.22

CA XII is another transmembrane, tumor-associated
CA isozyme with a more diffused expression in some
normal tissues,>® which displays several characteristics
in common with CA IX but also with CA XIV.?* anoth-
er transmembrane isoform which is normally not found

in tumors: (i) all these three enzymes are multidomain
proteins with the CA domain situated outside the cell;
(i1) their CO, hydrase catalytic activity is medium-—
high,!® being intermediate between that of the very
effective catalyst which is CA II (one of the fastest en-
zymes known in nature)* and that of the slow cytosolic
isozyme CA 1, a highly abundant protein in red blood
cells and the gastrointestinal tract, whose physiologic
function is little understood at this time;'® (iii) all these
three enzymes are highly inhibited by sulfonamides and
their derivatives (sulfamates, sulfamides, etc.), making
them interesting candidates for various medicinal chem-
istry applications.?®

The inhibition of CA IX with anions has been investi-
gated earlier by this group,'3? but no such data are avail-
able for the other two transmembrane isozymes, that is,
CA XII and XIV. Here we report the first CA XII and
X1V inhibition study with a group of physiologic as well
as non-physiologic anions.

Buffers and metal salts (sodium or potassium fluoride,
chloride, bromide, iodide, cyanate, thiocyanate, cyanide,
azide, bicarbonate, perchlorate, nitrate, hydrogen sul-
fide, and arsenate) were from Sigma—Aldrich (Milan,
Italy) of highest purity available, and were used without
further purification. Inhibition data of the cytosolic hu-
man (h) isozymes hCA 1 and II, as well as the three
transmembrane ones hCA IX, XII, and XIV are shown
in Table 1. Data for hCA I, II, and IX were reported
earlier'3™!” and are presented in Table 1 for the sake
of comparison.

Data of Table 1 show the following regarding CA XII
and XIV interaction with these anion inhibitors: (i) ha-
lides (except fluoride), perchlorate, nitrate, and nitrite
behave as very weak hCA XII inhibitors, with inhibition
constants in the range of 73-300 mM (a precise value
was not possible to estimate for perchlorate since no
appreciable inhibition has been achieved at 300 mM
and higher concentrations led to ionic strength changes
that alter the enzyme assay).?® On the other hand, only
hydrogen sulfide behaved as a moderate hCA XII inhib-
itor (K of 4.85 mM), whereas most of the anions inves-
tigated here, such as fluoride, cyanate, thiocyanate,
bicarbonate, carbonate, hydrogen sulfite, sulfate, sulfa-
mide, sulfamate (deprotonated sulfamic acid),?’” pheny-
larsonic acid, and phenylboronic acid, showed good
hCA XII inhibitory activity, with Kjs in the range of
0.56-0.84 mM. The best hCA XII inhibitors were the
metal complexing anions cyanide and azide, which
showed inhibition constants in the range of 1.0-
80 uM. (ii) Several important differences between hCA
XII and all other investigated CA isoforms regarding
their inhibition by anions can be observed from these
data. Thus, similarly to CA II (involved in a metabolon
with an anion exchanger transporting chloride and
bicarbonate)’!! CA XII is resistant to inhibition by
chloride (as well as the other heavy halogenides, such
as bromide and iodide, with Kjs in the range of 73—
215 mM), but unlike CA II, which is also insensitive to
inhibition by bicarbonate/carbonate, CA XII is well
inhibited by these two anions/substrates of all CAs



1534 A. Innocenti et al. | Bioorg. Med. Chem. Lett. 17 (2007) 1532—-1537

Table 1. Inhibition constants of anion inhibitors against isozymes CA 1, 11, IX, XII, and XIV for the CO, hydration reaction, at 20 o6

Anion K; (mM)*

hCA I® hCA 11° hCA IX™ © hCA XII®® hCA XIvde
F~ >300° >300 48 0.56 37
cl 6 200 33 73 0.77
Br~ 4 63 16 82 0.77
I 0.3 26 7 215 0.78
CNO~ 0.0007 0.03 0.043 0.73 0.73
SCN~ 0.2 1.6 0.13 0.80 1.19
CN~ 0.0005 0.02 0.004 0.001 0.77
N,~ 0.0012 1.5 0.005 0.08 0.76
HCO,~ 12 85 13 0.75 1.10
CO,> 15 73 29 0.64 0.98
HSO,~ 18 89 75 0.84 0.76
S0, 63 >300 >300 0.77 0.010
Clo,~ 3.6 13 8 >300 >300
NO,~ 7 35 46 79 0.81
NO,~ 8.4 63 42 94 0.92
HS~ 0.0006 0.04 0.007 4.85 0.74
H,NSO,NH, 0.31 1.13 0.096 0.83 0.75
H,NSO;H 0.021 0.39 0.092 0.70 1.09
PhAsO;H, 31.7 49.2 0.055° 0.84 0.084
PhB(OH), 58.6 23.1 0.12° 0.80 0.092

# Errors were in the range of 3-5% of the reported values, from three different assays.

®From Ref. 13a, against the human recombinant isozyme.
¢ Catalytic domain of the human, recombinant isozyme.

4 Full length, human recombinant isozyme.

¢ This work.

(K7s of 0.64-0.75 mM). Thus, from such divergent data,
it is rather unclear whether CA XII can participate in
metabolons with AEs/NBCs, since it is strongly inhibit-
ed by one of the anions involved in these transport pro-
cesses, that is, bicarbonate. However, we cannot rule out
this hypothesis, due to the high resistance of CA XII to
chloride inhibition. Thus, it may be possible that in tis-
sues in which the enzyme must work in pH conditions in
which bicarbonate/carbonate are not very stable (i.e.,
acidic pH), an isoform such as CA XII, which is not
inhibited by chloride, could in principle participate in
a metabolon involving the exchange of this anion for
another one (such as for example bicarbonate). This
hypothesis warrants further physiological experiments
for better understanding this very interesting behavior
of CA XII, for the first time evidenced for any CA iso-
form, that is, resistance to inhibition by chloride, but
sensitivity to bicarbonate/carbonate. Another striking
result is the very good inhibition of hCA XII by fluoride
(K7 of 0.56 mM), considering the fact that hCA I and 11
are not at all inhibited by it, whereas hCA IX and XIV
(see latter in the text) have affinities in the range of
37-48 mM for this anion (Table 1). The same is true
for sulfate, an anion which does not inhibit hCA 1, II,
and IX, but acts as a good inhibitor of hCA XII (and
XIV too). Among all isozymes investigated here, hCA
XII was the least inhibited by hydrogen sulfide (K; of
4.85 mM), whereas all other isozymes showed Kjs in
the range of 0.6 pM-0.74 mM for this anion. Perchlo-
rate on the other hand was a good hCA I, II, and IX
inhibitor, but did not inhibit at all hCA XII and XIV;
(ii)) hCA XIV was weakly inhibited only by fluoride
(K1 of 37 mM) and was not inhibited appreciably by per-
chlorate even at concentrations as high as 300 mM. All

other anions investigated here, except sulfate, phenylar-
sonic acid, and phenylboronic acid, showed good inhib-
itory activity against hCA XIV, with Kis in the range of
0.74-1.19 mM (Table 1). The best hCA XIV inhibitors
were just the three anions/compounds mentioned above,
that is, sulfate, phenylarsonic acid, and phenylboronic
acid (Kps in the range of 10-92 uM). Such compounds
(the phenylarsonic and phenylboronic acids), together
with the simplest derivatives incorporating a sulfon-
amide moiety, that is, sulfamide and sulfamic acid,?’
may formally be considered as anion inhibitors of
CAs, since generally their inhibition profile against most
isozymes is very similar to that of the inorganic anions
(i.e., Kjs in the milli-micromolar range), and distinct
from that of the ‘organic’ inhibitors, such as the aromat-
ic/heterocyclic sulfonamides, which typically show K;s in
the micro-nanomolar range."® It has also been proven
by X-ray crystallography that both sulfamide and sulfa-
mic acid bind as mono-/dianions to hCA I1.%7 (iv) there
are again some quite surprising results regarding CA
XTIV inhibition by anions. Thus, the best anion inhibitor
of hCA XIV was unexpectedly sulfate (K; of 10 uM),
which appreciably inhibits only hCA XII among other
investigated isoforms,'*!° and does not bind at all (or
binds quite weakly) isoforms I, II, and IX (Table 1).
The isoelectronic/isosteric anions with sulfate, sulfamide
(in deprotonated form, as monoanion)?’, and sulfa-
mate?” were much weaker hCA XIV inhibitors (Kis of
0.75-1.09 mM) as compared to sulfate, although these
compounds generally act as better hCA I, II, and IX
inhibitors (again as compared to sulfate—Table 1).
Phenylboronic acid and phenylarsonic acid also showed
much higher affinity for hCA XIV as compared to hCA
XII (by a factor of 8.7-10), these compounds being
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rather weak hCA 1 and II inhibitors, but more efficient
hCA IX inhibitors (Table 1). Thus, both derivatives
(phenylarsonic and phenylboronic acids) may be consid-
ered as interesting lead molecules for the design of inhib-
itors with diverse zinc-binding functions of the classical
sulfonamide anchor, for the potential design of isozyme-
selective CA XIV inhibitors. Another very interesting
difference between hCA XII and XIV regards their
behavior toward halides. As mentioned above, hCA
XII is resistant to inhibition by halides (except fluoride
to which it is highly susceptible), whereas hCA XIV is
well inhibited by all halides heavier than fluoride, the
difference of affinity of these two isoforms being quite
appreciable, that is, 94.8-fold for chloride, 106.5-fold
for bromide, and 275.5-fold for iodide, respectively. It
is rather difficult to rationalize these data, considering
the fact that the active sites of hCA XII and XIV are
highly similar (Fig. 2).?%2° However, as both chloride
and bicarbonate are rather good hCA XIV inhibitors,
we can state that probably this isozyme is not involved
in metabolons with AEs/NBCs, in contrast to hCA II.
The same situation as for halides can be noted regarding
the interaction of these isoforms with nitrate or nitrite,
with hCA XIV being 97-102 times more susceptible to
be inhibited as compared to hCA XII.

The amino acid sequences of a CA domain of three
transmembrane CA isozymes (hCA IX, XII, and XIV)

were aligned with those of two cytosolic CA isozymes
(hCA II and I) manually?** (Fig. 2). The three trans-
membrane CAs showed an overall similarity of 34.1-
35.4% with hCA II. Among hCA IX, XII, and XIV,
39.3-46.3% of similarity were seen in amino acid
sequences of the CA domain. The highest similarity
was observed between hCA XII and hCA XIV. A phy-
logenetic analysis also revealed that these two trans-
membrane CAs were most closely related to each
other,?** which is consistent with the findings observed
in this study that a panel of anionic inhibitors revealed
inhibition profiles comparable between hCA XII and
hCA XIV, but differing from those of hCA I, hCA 1I,
and hCA IX. In Figure 1, the 36 amino residues that
were previously defined?*® to participate in the active
site architecture are indicated by a mixture of asterisk,
plus sign, and ‘z’ above the hCA II sequence. Among
these active site residues, 26 amino acids were conserved
between all three transmembrane CAs and hCA 11, the
enzyme showing the highest CA catalytic activity among
the CA family. Interestingly, hCA IX, hCA XII, and
hCA XIV exhibit specific amino acid usages which are
conserved among transmembrane CAs but not seen in
cytosolic CAs (indicated by light-gray box in Figure
1), including two cysteine residues at residue numbers
23 and 202 (the numbering was based on hCA 1II se-
quence) that probably enables a more rigid molecular
structure of extracellular CA isozyme.

18 28 38 48 58 68
CA 11: HSHHUGYGKHNGPEHUHKDF P | AKGERQEPUD | DTHTAKYDPSLKPLSUSYDOATSLRIL
CA I: NMA-PO--B00K----0-5-LY---N-NH-B-——— K-SET-H-T-=-=1----NP--AKE-|

CA I¥:{aa 1-136)
CA ®11:(aa 1-29)

CA #¥1U:{aa 1-15) EGPH-QD--PASY-ECGHNA-g- | --0-DSUTF--D-PA-QPHGYDQPGTEP-
Ta an 98 128 138
CA Il: ... AFNUVEFDDSQDKAVULKGGPLOGTYRL I [F LG, SLOGOGS{HYTUDKKKYAAMELELIUHUNT . KYGDF
CA 1: ces SgH-N-E-NDNRS------ FSDS---F&- GU--S-B-BUAR---5A--55L
CA I¥: SUQLTLPPG. .. .LEMALGPGRE--ALZL US-L .STAFARU
CA Xll: SUKLHLPSD. .. .MHIQ-LO.SR-SATEL |18-Y-S0L-P-A
CA ®IV: TUQLSLPST. ...LYL--LP.RK-URARL --QKGSPG--gg0 INSEATF-G-g | E-Y0DSDS-DSL
158 168 178 156@ 198 288
CA 11I: Lt | FLKUG ., SAKPGLQKUUDULDS IKTKGKSADF THFOPRGLLPESL . DYNTYPGS[ SN
CA I: |guLH---,E-N-K----L-A-QA------ R-P------ ST---5--, -FR-§- -5 m—
CA 1¥: -AAR--EE-PEENSAYEQLLSR-EE-AEE-SETQUPGL- |1 SA---SOFSR-FORE - -EEE
CA XII: -AUL |EN-, -FN-5YD- I FSH-QHU-Y--QE-FUPG-N|EE----RTRE-YRZR--SEE
CA ®IU: -!—LIE——ETKHIHVEHILSH—HEUFIH—DOKTSUPP—HL—E———KU—GU—FH N - - E
218 228 238 240 258 2608
k| AT
CA 11: ILKEPISUSSEUULKF.HKLHFHGEGEPE.ELHUDLIPHQPLKNHQIKFISFK
CA I: -1C--5--—-—-- LAQ- . -5-L5-U--DNA, UP-QHEHE-T----G-TUR---
CA 1¥: TRFHOTUNL-AK-LHTLSOT-UG. . . .. -GOSRLOLEFEAT---NG-U-E--- (aa +69)
CA Kll: TRFRN-UQ I -0--L-RLETA-YCTHMOD-SPRE-IN QU-KFDE-LUYT-- (aa +65)
CA KIU: TRFYRASQI-M--LE-LQGT-FSTE-E.-S5.K-LUQ AL---HQ-NUF--- (aa +59)

Figure 2. Sequence alignment of the CA domain sequence of three transmembrane CA isozymes (hCA IX, XII, and XIV) with that of two cytosolic
isoforms (hCA II and I). Conserved amino acid residues (as compared to hCA II) are indicated by a bar. Residues (36 amino acids) previously
defined to participate in the active site are indicated by a mixture of asterisk, plus sign, and ‘z’ above the hCA II sequence. Seventeen residues known
to form a hydrogen-bond network within active site are indicated by plus and ‘z’; the latter indicates the three zinc-liganded histidines. Amino acid
residues conserved among the three transmembrane CAs but not seen in cytosolic CAs are indicated by light-gray boxes, including two cysteine
residues (indicated by ‘C’, above the hCA II sequence).
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In conclusion, the first anion inhibition studies of the
transmembrane isozymes hCA XII and XIV are report-
ed here. These enzymes showed inhibition profiles with
physiologic/non-physiologic anions quite distinct from
any other cytosolic (CA I and II) or transmembrane iso-
forms (e.g., CA IX) investigated earlier. hCA XII has a
good affinity for fluoride and bicarbonate but is not
inhibited by heavier halides, perchlorate, nitrate, and
nitrite. The best hCA XII inhibitors were cyanide (K
of 1 uM) and azide (K; of 80 uM). hCA XIV was on
the other hand weakly inhibited by fluoride and not at
all inhibited by perchlorate, but showed good affinity
for most other anions investigated here. Chloride and
bicarbonate showed Kjs in the range of 0.75-0.77 mM
for this isoform. The best hCA XIV anion inhibitors
were sulfate, phenylarsonic, and phenylboronic acid
(K7 in the range of 10-92 uM).
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