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The 2,4,6-trimethylpyridinium derivative of histamine is an effective activator of the zinc enzyme
carbonic anhydrase (CA, EC 4.2.1.1). However, unlike other CA activators, which bind at the entrance
of the active site cavity, an X-ray crystal structure of hCA II in complex with the 1-[2-(1H-imidazol-4-
yl)-ethyl]-2,4,6-trimethylpyridinium salt evidenced a binding mode never observed before either for
activators or inhibitors of this enzyme, with the 2,4,6-trimethylpyridinium ring pointing towards the
metal ion deep within the enzyme cavity, and several strong hydrophobic interactions stabilizing the
adduct. Indeed, incubation of the activator with the enzyme for several days leads to potent inhibitory
effects. This is the first example of a CA activator which after a longer contact with the enzyme behaves
as an inhibitor.

� 2010 Elsevier Ltd. All rights reserved.
Carbonic anhydrases (CAs, EC 4.2.1.1) are ubiquitous metallo-
enzymes present in prokaryotes and eukaryotes, which catalyze
the equilibration of CO2 with HCO�3 , in water at neutral pH
(CO2 + H2O M HCO�3 + H+). In higher vertebrates CAs are involved
in respiration and CO2 transport between the metabolizing tissues
and lungs, pH and carbon dioxide homeostasis, electrolyte secre-
tion in various tissues and organs, biosynthetic reactions, bone
resorption, calcification, tumorigenicity, etc., through its 16 known
isozymes.1–5

The active site of most CA isozymes contains a Zn2+ ion which is
essential for catalysis,6 which decrease the pKa of a coordinated
water molecule, facilitating its ionization in the rate-limiting step
of the catalytic mechanism, with formation of the zinc hydroxide
species of the enzyme, the real nucleophile attacking the CO2 mol-
ecule bound in its neighborhood.1–7 The resulting proton is the
transferred from the active site to external buffers via a proton
shuttle, which is the reside His64 in isoforms such as CA II, IV,
VI, VII, IX, XII, etc., being placed in the middle of the active site cav-
ity and possessing a flexible side chain (Fig. 1).6–9
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CA inhibitors (CAIs) possess an entire range of pharmacologic
applications, as diuretics, antiglaucoma, antiobesity, antipain or
anticancer agents/diagnostic tools.1,10–12 CA activators (CAAs)
however remained largely unexplored for a long time,13,14

although activation of CA was reported simultaneously with its
inhibition.15 Many natural compounds incorporating protonatable
moieties, such as biogenic amines, amino acids, and peptides were
found to act as CAAs, with various potencies.13–19 The first X-ray
crystallographic characterization of a CA II in complex with an
activator (histamine 1)20 revealed that the activator binds at the
entrance of the active site cavity and through its imidazole moiety
participates in additional proton shuttling processes between the
active site and the bulk solvent, thus acting as a second proton
shuttle of the enzyme, in addition to His64 (Fig. 1). The primary
amino moiety of histamine did not participate to any interaction
with the enzyme active site and could be derivatized for obtaining
activators with better efficiency.20 Subsequent X-ray crystallo-
graphic work led to the characterization of the hCA I and/or hCA
II adducts with other activators such as L- and D-His (compounds
2 and 3),21,22a

L- and D-Phe (compounds 4 and 5)22b and D-Trp 623

among others.
As shown in Figure 1, where a superposition of these X-ray

crystal structures is presented, all activators 1–5 except D-Trp 6,
bind in the same region of the CA active site, at its entrance, some-
how parallel to His64, participating thus to the shuttling of protons
from the active site towards the external medium. Only D-Trp

http://dx.doi.org/10.1016/j.bmcl.2010.10.045
mailto:mailies@temple.edu
mailto:claudiu.supuran@unifi.it 
http://dx.doi.org/10.1016/j.bmcl.2010.10.045
http://www.sciencedirect.com/science/journal/0960894X
http://www.elsevier.com/locate/bmcl


N
H

NN
+

Me

Me

Me

N
H

N

NH2

O
+

Me

Me

Me

A-

8

1

+

A-

7

Scheme 1. Preparation of the 2,4,6-trimethylpyridinium histamine derivative 8 by
reaction of histamine 1 with the pyrylium salt 7 (A = hexafluorophosphate).

Table 1
Crystallographic parameters and refinement statistics for the hCA
II–8 adduct

No. of total reflections 65,665
No. of unique reflections 14,365
Completenessa (%) 99.43 (100.0)
F2/sig(F2) 7.0 (3.4)
R-sym (%) 19.3 (45.1)
Refinement statistics (20.0–2.09 Å)
R-factor (%) 20.2
R-freeb (%) 29.0
Rmsd of bonds from ideality (Å) 0.012
Rmsd of angles from ideality (�) 1.49
Numbers of protein atoms 2063
Numbers of activator atoms 16
Numbers of water molecules 155
Average B factor (Å2) 18.19

a Values in parenthesis relate to the highest resolution shell
(2.10–2.09 Å).

b Calculated using 5% of data withheld from the refinement.

Figure 1. Superposition of the X-ray crystal structures of hCA II complexed with the
following activators: histamine 1 (pink, PDB 1AVN),20

L-His 2 (gold, PDB 2ABE),21a

D-His 3 (sky blue, PDB 2EZ7),22a
L-Phe 4 (magenta, PDB 2FMG),22b

D-Phe 5 (yellow,
PDB 2FMZ)22b and D-Trp 6 (gray, PDB 3EFI).23 The Zn(II) ion is the magenta sphere,
with its three protein ligands (His94, 96 and 119) evidenced, whereas the protein
backbone is shown in the ribbon representation. The natural proton shuttle residue,
His64 is also shown (in red).
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binds in a slightly different manner, towards a more external part
of the CA II active site. These binding sites have thus been denom-
inated the ‘activator binding sites A’ (where 1–5 bind) and the
‘activator binding site B’ (where 6 binds), respectively.23
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Considering that the amino moiety of histamine 1 does not par-
ticipate in interactions with amino acid residue when bound to the
enzyme (Fig. 1),20 a large number of derivatization approaches
have been used for obtaining high affinity CAAs, such as among
others the acylation, sulfonylation, or incorporation in oligopeptide
chains of this molecule.19,24 Many such compounds showed highly
enhanced CA activating properties compared to the lead 1.19,24

However, a procedure successfully used to obtain sulfonamide CAIs
incorporating positively charged moieties, that is, reaction of
amino sulfonamides with pyrylium salts,25–27 has never been
approached for preparing histamine derivatives with potential CA
activating properties. Indeed, sulfonamides possessing substituted
pyridinium moieties are unable to penetrate plasma membranes
in vivo, specifically inhibiting thus only the transmembrane CA
isoforms, being isoform-selective CAIs.25–27 We report here the
preparation of the 2,4,6-trimethylpyridinium derivative of
histamine 1, its activating properties against several physio-
logically relevant CA isoforms, and the X-ray crystal structure of
this compound in complex with the dominant isoform hCA II
(h = human enzyme).

Reaction of histamine 1 with 2,4,6-trimethyl pyrylium
hexafluorophosphate 7 afforded the pyridinium salt 8 by the
Bayer–Piccard synthesis (Scheme 1).25–28 Compound 8 has been
extensively characterized by physico-chemical procedures which
confirmed its structure,29 and has been investigated as activator
of several relevant isoforms, such as hCA I, II and VII (cytosolic)
as well as hCA IX, XII and XIV (transmembrane enzymes, with an
extracellular active site).30,31

Kinetic measurements30 led to the observation that 8, similarly
to the lead histamine 1, behaves as an effective activator of these
CAs, with activation constants in the micro–nanomolar range.
Thus, the KA-s were of 3.15 lM against hCA I, of 18.0 lM against
hCA II, of 7.71 lM against hCA VII, of 0.76 lM against hCA IX, of
0.96 lM against hCA XII and of 0.08 lM against hCA XIV. It may
be thus observed that 8 was a stronger activator of the transmem-
brane isoforms hCA IX, XII and XIV (affinities of 80 nM–0.96 lM)
whereas its efficacy against the cytosolic isoforms hCA I, II and
VII was slightly lower (affinities of 3.15–18 lM). These differences
are obviously due to the different architectures of the active sites of
these CA isoforms.4

In order to better understand the activity of this new CAA, and
also to gain insights towards the design of this class of pharmaco-
logical agents, we solved the X-ray crystal structure for the com-
plex of hCA II with 8, a medium potency activator of this isoform
(KA of 18 lM). We have chosen this isozyme due to the fact that
it is the physiologically dominant one1 and it also crystalizes eas-
ily.2–4 Crystals of the hCA II-8 adduct were isomorphous with those
of the native protein,32–37 allowing for the determination of the
crystallographic structure by difference Fourier techniques. The
crystallographic parameters and refinement statistics are shown
in Table 1.

Analysis of the three-dimensional structure of the complex re-
vealed that the overall protein structure remained largely un-
changed upon binding of the activator. As a matter of fact, an
rms. deviation value of 0.25 Å was calculated over the entire Ca
atoms of hCA II-8 complex with respect to the unbound enzyme.
The analysis of the electron density maps within the enzyme cavity
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showed features compatible with the presence of one molecule of
8 bound within the active site (Fig. 2A). However, in contrast to
other hCA II-activator adducts for which the structure was deter-
mined earlier by X-ray crystallography,20–23 cases in which the
activator molecule was found to bind always at the entrance of
the cavity (Fig. 1), for the hCA II–8 adduct we evidenced the
compound bound deep within the active site cavity, but not
coordinated to the metal ion (Figs. 2 and 3). Instead, 8 was found
anchored via hydrophobic interactions to several amino acid resi-
dues deep within the CA II active site. The Zn(II) ion in the hCA
II–8 adduct is coordinated by the three His residues (His94, 96
and 119) and a water molecule/hydroxide ion (Fig. 2), as in the
uncomplexed enzyme. The activator 8 has the 2,4,6-trimethylpy-
ridinium moiety in the close proximity of the zinc ion, being in
Figure 2. (A) 2Fo-Fc map contoured at 1.0 sigma level (blue) and Fo-Fc map
contoured at 2.0 sigma level (red) showing the activator molecule (yellow) 8
interacting with the active site residues of hCA II. (B) Hydrophobic interactions in
which 8 participates when bound to the hCA II active site (red dashed lines). The
Zn(II) ion is the violet sphere, with its three histidine ligands (His94, 96 and 119) in
blue and green, whereas residues 121, 131, and 200–202 are also shown as stick
models.
van der Waals contact (<4 Å) with His94, Val121 and Pro202 (Table
2). The distance between the 4-methyl group of 8 and the Zn(II) ion
was of 3.5 Å. The ethylene bridge and the imidazole ring of 8 also
participate in van der Waals contacts with residues Phe131 and
Pro202. The imidazole ring was found freely fluctuating within
the middle of the enzyme active site, as observed in Figure 3 (the
B factors of all atoms of 8 are around 35, showing a certain degree
of flexibility of the compound when bound to the CA active site).
This binding mode is indeed remarkable and it has never been
evidenced before for any class of CAAs or CAIs (sulfonamides are
normally coordinated in deprotonated form to the metal ion, with
a Zn–N distance of around 2 Å).4 Indeed, by comparing this hCA II -
8 adduct with that of the same isozyme complexed with sulfon-
amide 9 reported earlier by our group (and which possess the
2,4,6-trimethylpyridinium-ethyl fragment also found in 8),27 we
observe important differences of binding between the two com-
pounds within the enzyme active site. Although the two molecules
incorporate the same 2,4,6-trimethylpyridinium ethylene frag-
ment (Fig. 4), the sulfonamide moiety of 9 is coordinated to the
Zn(II) ion, whereas its phenethyl fragment is filling the middle part
of the active site cavity and the substituted pyridinium moiety is
oriented towards the hydrophobic part of it and makes a strong
parallel p stacking with the phenyl ring of Phe131.27 For the acti-
vator 8, the orientation of the 2,4,6-trimethylpyridinium moiety
is reverted compared to that of sulfonamide 9. This fragment is
Figure 3. Overall view of the hCA II–8 (in yellow) adduct. The protein is shown as
ribbon, the Zn(II) ion is the violet sphere, with its three histidine ligands (His94, 96
and 119) in blue and green, whereas residues 121, 131, and 200–202 are shown in
gray.

Table 2
Hydrophobic interactions in which 8 participates when
bound within the hCA II active site cavity

Activator 8 atom hCA II residue Distance (Å)

CAB Ce1 His94 3.36
CAF Ce1 His94 3.97
CAN Cf Phe131 3.24
CAI Cf Phe131 3.71
CAJ Ce1 Phe131 3.63
CAN Cd1 Val121 4.13
CAA Cd Pro202 3.48
CAO Cc Pro202 3.59



Table 3
CA II activity after incubation of enzyme and
compound 8 for variable periods of time
(15 min–6 days). Enzyme concentration was
10 nM whereas the activator/inhibitor (8) con-
centration of 20 lM

Incubation time CA II activitya (%)

15 min 156
1 h 153

12 h 154
24 h 149
36 h 147
48 h 65
72 h 14
96 h 5

144 h 3

a Initial activity in the absence of test
compound taken as 100%, as obtained by the
stopped flow CO2 hydrase assay.30

Figure 4. Superposition of the hCA II–8 adduct (yellow, PDB file 3HFP) with the hCA
II–9 adduct (magenta, PDB file 1ZE8).27 The Zn(II) ion, its ligands and the protein
backbone are superposable between the two structures, whereas the activator 8
and structurally related inhibitor 9 bind very differently to the enzyme, with their
trimethylpyridinium moieties totally non-superposable.
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buried deep inside the active site of CA II. Furthermore, neither the
ethylene bridge nor the imidazole moieties of 8 are superposable
to any of the corresponding moieties of 9. These two compounds
adopt entirely different conformations and orientations when
bound into the hCA II active site (Fig. 4).
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The question that arises is how can 8 act as a CAA considering
its binding mode to the enzyme discussed above? In fact, as
mentioned into the introductory part, the activators facilitate the
proton transfer pathway between the zinc-bound water molecule
and the reaction medium, by means of protonatable moieties
present in them. This is usually done through a relay of 2–4 water
molecules which connect the zinc-bound water to the protonatable
moiety of the activator, as shown by X-ray crystallographic and
kinetic studies.20–23 In the case of the present structure, the
zinc-bound water is present (although it almost clashes with the
4-methyl group of 8) and the imidazole moiety of the activator is
in an appropriate position to be able to act as a proton shuttling
moiety (Figs. 2 and 3). However, there is no water molecules relay
connecting the two elements, due to the fact that the activator
molecule binds very deep within the active site cavity, blocking
with its bulky trimethylpyridinium moiety the space normally
available for such a relay.6–8,20–23 Thus, we performed additional
kinetic experiments for understanding this binding mode of 8 to
hCA II. Indeed, when the CA activation/inhibition is measured,
activator/inhibitor and enzyme are incubated for 15 min,30 which
is a much shorter time compared to the time-frame of the crystal-
lographic experiments (i.e., several days). In order to check
whether this difference is responsible for the observed binding,
we have incubated 8 with hCA II for periods ranging from several
hours to six days and measured the CA activity in such samples.
Data of Table 3 allowed us to observe that at incubation periods
of up to 36 h an activation of the enzyme could be measured,
which is of the same magnitude as the one presented above in
the discussion. However, with longer incubation periods (>36 h)
a gradual inhibition of the enzyme could be evidenced, which led
to a potent effect after several days, when the enzyme was com-
pletely inhibited by 8 (Table 3).

The hCA II–8 adduct described here can be thus considered an
extreme case, where the time-dependent (strong) stabilization of
the 2,4,6-trimethylpyridinium moiety in the hydrophobic environ-
ment close to the Zn2+ ion is positioning the imidazole moiety in a
region where it interferes with the catalytic mechanism of the
enzyme, transforming the compound from a CA activator into an
inhibitor.

In conclusion, the 1-[2-(1H-imidazol-4-yl)-ethyl]-2,4,6-tri-
methylpyridinium salt, a derivative of histamine, was prepared
and investigated as activator of several cytosolic and transmem-
brane CA isoforms. Activities from the nanomolar to the micromo-
lar range were detected against some physiologically relevant CAs
The X-ray crystal structure of hCA II in complex 8 evidenced a
binding mode never observed before either for activators or
inhibitors of this enzyme, with the 2,4,6-trimethylpyridinium ring
of the compound pointing towards the metal ion within the
enzyme cavity and being fixed deep inside the cavity by a large
number of hydrophobic interactions. This is the first example in
the literature of a CA activator which time-dependently becomes
an inhibitor, and the mechanism by which this is achieved is also
explained at the molecular level by means of kinetic and X-ray
crystallographic experiments.
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