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Activation of the human carbonic anhydrase (CA, EC 4.2.1.1) isozymes I, II (cytosolic) and IX (transmem-
brane, tumor-associated isoform) with a series of arylsulfonylhydrazido-L-histidines incorporating 4-
substituted-phenvyl, pentafluorophenyl- and b-naphthyl moieties was investigated. The compounds
showed a weak hCA I activation profile, but were more efficient as hCA II and IX activators. The 4-iodo-
phenyl-substituted derivative behaved as a strong and isozyme selective hCA II activator, with an activa-
tion constant of 0.21 lM. This is the first isoform-selective, potent CA activator reported to date.

� 2009 Elsevier Ltd. All rights reserved.
Carbonic anhydrases (CAs, EC 4.2.1.1)1 are activated by amines
and amino acids,2 and most of the 16 mammalian isozymes known
to date were investigated for their interaction with this type of
compounds.3–6,11c CA activators (CAAs), unlike the CA inhibitors
(CAIs)1 are not used clinically at this time, but some pharmacolog-
ical studies7 emphasized their potential use as agents to enhance
memory or for the management of Alzheimer’s disease. Indeed,
many CA isozymes (of the 15 known to date in humans—since
CA XV, the last isoform is not present in primates) are present in
reduced amounts in the brain of such patients.8 The CA activation
mechanism started to be understood only in recent years after the
report of the first X-ray crystal structure of isozyme CA II with his-
tamine.9 This, and subsequent kinetic and X-ray crystallographic
studies,10–12 showed the activators to bind at the entrance of the
active site cavity, in a region different of the inhibitor or substrate
binding sites, and to facilitate the rate-determining step of the cat-
alytic turnover, that is, the transfer of a proton from the zinc-
bound water molecule to the environment, with generation of
the catalytically active species of the enzyme, with hydroxide
coordinated to the zinc ion.1–4,11c In many mammalian isozymes
a histidine residue (His64, CA I numbering system) or a His cluster
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(His3, 4, 10, 15 and 64 in the case of CA II,9 the best catalyst to-
gether with CA IX among the many investigated such enzymes)13

assists this proton transfer process. Thus, in the presence of a
CAA, due to the supplementary proton release pathway in the
enzyme–activator complex, a dramatic enhancement of kcat is
observed (with no modification of KM) as reported by us and by
Silverman’s and Lindskog’s groups.3–6,10–12 The overall effect is an
enhancement of the catalytic turnover by a factor of 2–7 for the
various CA isozymes, generally in the presence of micromolar con-
centrations of activators, some of which are derivatives with phys-
iological relevance (e.g., histamine, catecholamines, amino acids
such as L-His, L-Phe, L-Tyr, L-DOPA, L-Trp, etc.) present in high
amounts in various tissues.3–6,10–12 In this way, the investigation
of CAAs may lead not only to new types of therapeutic agents
but also to a better understanding of these enzymes, present in a
multitude of isoforms and in various tissues/organs,3–6,10–12 in
some of which their role is not clearly established.

A well known CAA is L-His, the interactions of which with var-
ious isoforms has been characterized in detail both kinetically
and by means of X-ray crystallography by our group.10–12 As seen
from Figure 1, L-His binds at the entrance of the human (h) hCA
II active site, in the activator binding site previously discovered
by us for the histamine (Hsm)—hCA II adduct,9 participating in
three strong hydrogen bonds with His64, Gln92 and Asn67.12c In
addition, the activator molecule participates to an extended
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Table 1
Activation constants of hCA I and hCA II (cytosolic isozymes), as well as hCA IX
(transmembrane, tumor-associated isoform) with compounds 1–13 and L-His as lead
molecule

No. Compound KA (lM)*

hCA Ia hCA IIa hCA IXb

— L-His 0.03 ± 0.002 10.9 ± 0.7 9.71 ± 0.5
1 46.8 ± 3.1 25.0 ± 1.1 18.1 ± 0.9
2 63.4 ± 4.5 44.8 ± 2.8 19.5 ± 1.4
3 55.7 ± 2.8 19.6 ± 0.9 13.8 ± 1.2
4 76.3 ± 5.9 0.21 ± 0.01 14.1 ± 0.8
5 70.1 ± 6.0 6.53 ± 0.40 35.4 ± 1.8
6 78.9 ± 4.7 45.2 ± 1.7 29.8 ± 2.0
7 33.1 ± 1.9 51.7 ± 4.2 28.5 ± 1.7
8 44.8 ± 2.5 38.0 ± 1.9 27.4 ± 1.3
9 40.3 ± 3.6 28.7 ± 2.0 17.8 ± 0.5
10 54.7 ± 4.1 45.6 ± 1.9 30.5 ± 1.1
11 38.9 ± 3.2 49.5 ± 4.7 22.4 ± 1.5
12 42.5 ± 2.0 50.2 ± 2.1 30.2 ± 2.6

Figure 1. Superposition of hCA II—histamine, Hsm (pdb file 1AVN)9 and hCA II—L-
His (pdb file 2ABE)12c adducts as obtained by X-ray crystallographic experiments.
The catalytic Zn(II) ion (violet sphere) and amino acid residues involved in the
binding of activators (Asn67, Gln92, Asn62, and His64) are shown. Hsm is in yellow
(together with the corresponding amino acids involved in its binding) whereas L-His
(and the corresponding amino acids) are in green. The protein backbones/Zn(II) ions
are totally superposable for the two adducts and are in blue and violet, respectively.
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network of hydrogen bonds which involve its imidzolic Ne moiety,
and three water molecules from the active site, which connect the
activator and the zinc-bound water molecule, presumably leading
to the supplementary proton transfer pathway mentioned above.
All these hydrogen bonds are strong ones, the distances between
two adjacent oxygen atoms being in the range of 2.83–2.91 Å.12c

It may be observed that the amino group of L-His, similarly with
the amino group of histamine (from its aminoethyl moiety) are
freely fluctuating, being orientated towards the exit of the active
site and making few or no contacts with amino acid residues or
water molecules (Fig. 1).12c From the medicinal chemistry point
of view, this offers an interesting opportunity to derivatize these
moieties, in order to obtain different classes of CAAs. Indeed, many
types of such compounds have been reported by using histamine
as lead molecule,11 but no CAAs were yet obtained by considering
L-His as lead. Here we report a first study of this type, and investi-
gate some L-His derivatives which incorporate sulfonyl-hydrazine
moieties. The hydrazide function is a structural motif found in a
large variety of compounds of biological interest such as the anti-
tuberculosis drug isoniazide. The use of this moiety in the design of
CAIs has been applied successfully by this group, and new classes
of interesting compounds have been identified, among which
derivatives of types A and B.14,15
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a Human recombinant isozymes.12

b Catalytic domain, human recombinant enzyme.13
of CA activity, we report here an investigation of the phen-
ylsulfonylhydrazide derivatives of L-His as potential CAAs. These
compounds were designed using L-His as lead, since its binding
mode to CA II shown in Figure 1 is well understood. They were
reported earlier to behave as weak inhibitors of the prokaryotic en-
zyme histidinol dehydrogenase.16 The compounds 1–13 investi-
gated here as activators of several CA isozymes were prepared by
reaction of L-histidine methyl ester with arylsulfonyl hydrazides
of the type ArSO2NHNH2.16
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Data of Table 1 show that the L-His derivatives 1–13 show inter-

esting activating properties against the three CA isozymes hCA I, II
(cytosolic isoforms) as well as hCA IX (transmembrane, tumor-
associated isozyme) investigated in this study. The following struc-
ture activity relationship (SAR) can be observed for this small ser-
ies of compounds:

(i) against hCA I, all new derivatives 1–13 showed moderate
activating properties, with activation constants (KA-s) in
the range of 33.1–78.9 lM, being thus much less efficient
activators as compared to the lead molecule L-His, which is
a very effective activator (KA of 0.03 lM, Table 1). Thus,
the introduction of the bulky arylsulfonylhydrazido moiety
in the lead molecule L-His is detrimental for the hCA I acti-
vating properties of compounds 1–13, this class of deriva-
tives behaving as weak activators of this isoform. In fact,
the X-ray crystal structure of isoform hCA I in adduct with
L-His showed the activator to be bound quite deep within
the active site.17a On the contrary, the binding site of L-His
and other amino acid derivatives to hCA II is orientated
towards the entrance of the active site cavity,10,12 where
much more space is available for the binding of activators
(or inhibitors).17b,18

(ii) Indeed, against the ubiquitous and physiologically highly
relevant isoform hCA II the new compounds showed a more
interesting activation profile. Again, most of these com-
pounds (1, 2, and 6–12) were rather weak activators, pos-
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sessing KAs in the range of 25.0–51.7 lM. Three compounds
(3, 5 and 13) were better CAAs, with activation constants in
the range of 6.53–19.6 lM (in the same range as the lead
molecule, L-His which shows a KA of 10.9 lM), whereas com-
pound 4 showed excellent activating properties, with a KA of
0.21 lM (Table 1). Thus, the nature of the arylsulfonylhyd-
razido moiety present in derivatives 1–13 is highly impor-
tant for the CA II activating properties of these derivatives.
The only effective such substitution patterns were those
incorporating 4-halogeno-phenylsulfonyl (where the halo-
gen is bromine, iodine and chlorine) and 2-naphthyl-sulfo-
nyl moieties. The best activator was the iodo-substituted
derivative 4 which was 51.9 times a better hCA II activator
as compared to the lead molecule L-His. The next most effi-
cient CAA was the 4-chloro-derivative 5, which was 1.67
times more effective than L-His, but 31 times less effective
compared to the structurally-related 4-iodo derivative 4.
Thus, very small structural changes in the molecules of these
activators lead to dramatic changes in the CA activating
properties, but the interactions responsible for them are
unknown for the moment, since no X-ray crystal structure
of such activators with hCA II are available at the moment.

(iii) The tumor-associated isoform hCA IX was also activated by
all these compounds, with several of them behaving as mod-
erately effective hCA IX activators (i.e., compounds 1–4 and
9 showed KAs in the range of 14.1–19.5 lM, of the same
order of magnitude as L-His itself). Most of them were how-
ever weaker hCA IX activators, with activation constants in
the range of 22.4–35.4 lM.

(iv) An important observation which emerged during this
research is related to the specificity of compound 4 for the
activation of hCA II and not of the other two isoforms inves-
tigated here, that is, hCA I and IX. Indeed, the problem of
designing isozyme-selective CAIs and CAAs for this enzyme
family with 16 different members, is not a trivial one.1–4,11c

Most of the sulfonamide CAIs and many CAAs belonging to
the amino acid/amine type of compounds indiscriminately
inhibit or activate, respectively, all CA isoforms investigated
so far.1–4,11c This may constitute a problem when such an
enzyme modulator is used as a pharmacological agent that
should target only one isoform, and also explains the various
side effects seen when CAIs are clinically used as diuretics,
antiglaucoma or antiobesity agents.1–4,11c Some progress
has been registered ultimately for the design of isozyme-
selective CAIs but no reports regarding isozyme-selective
CAAs are available so far. Here we detect the first such com-
pound (i.e., derivative 4) which shows such an activating
profile of specifically activating only one isoform. Indeed, 4
is a submicromolar activator of isoform II and shows much
higher affinities for hCA I and IX (KAs in the range of
14.1–76.3 lM).

In conclusion, we report an activation study with a series of
arylsulfonylhydrazido-L-histidine derivatives, incorporating 4-sub-
stituted-phenyl, pentafluorophenyl- and b-naphthyl moieties.
These compounds showed a weak hCA I activation profile, but were
more efficient as hCA II and IX activators. The 4-iodophenyl-sulfo-
nyl substituted derivative behaved as a strong and isozyme selec-
tive hCA II activator, with an activation constant of 0.21 lM.
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Working at substrate concentrations considerably lower than KM ([S] << KM), and
considering that [A]f can be represented in the form of the total concentration of
the enzyme ([E]t) and activator ([A]t), the obtained competitive steady-state
equation for determining the activation constant is given by Eq. 2:9,11,12
v ¼ v0 � KA=fKA þ ð½A�t � 0:5fð½A�t þ ½E�t þ KAÞ
� ð½A�t þ ½E�t þ KAÞ2 � 4½A�t � ½E�tÞ

1=2gg ð2Þ
where v0 represents the initial velocity of the enzyme-catalyzed reaction in the

absence of activator.9,11,12
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