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Carbonic anhydrase activators: X-ray crystal structure
of the adduct of human isozyme II with L-histidine
as a platform for the design of stronger activators
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Abstract—Activation of the carbonic anhydrase (CA, EC 4.2.1.1) isoforms hCA 1, II, and IV with r-histidine and some of its
derivatives has been investigated by kinetic and X-ray crystallographic methods. L-His was a potent activator of isozymes I
and IV (activation constants in the range of 4-33 uM), and a moderate hCA II activator (activation constant of 113 uM). Both
carboxy- as well as amino-substituted L-His derivatives, such as the methyl ester or the dipeptide carnosine (B-Ala-His), acted as
more efficient activators as compared to L-His. The X-ray crystallographic structure of the hCA II-L-His adduct showed the acti-
vator to be anchored at the entrance of the active site cavity, participating in an extended network of hydrogen bonds with the
amino acid residues His64, Asn67, and GIn92 and, with three water molecules connecting it to the zinc-bound water. Although
the binding site of L-His is similar to that of histamine, the first CA activator for which the X-ray crystal structure has been
reported in complex with hCA II (Briganti, F.; Mangani, S.; Orioli, P.; Scozzafava, A.; Vernaglione, G.; Supuran, C. T. Biochem-
istry 1997, 36, 10384) there are important differences of binding between the two structurally related activators, since histamine
interacts among others with Asn67 and GIn92 (similarly to L-His), but also with Asn62 and not His64, whereas the number of
water molecules connecting them to the zinc-bound water is different (two for histamine, three for L-His). Furthermore, the imid-
azole moieties of the two activators adopt different conformations when bound to the enzyme active site. Since neither the amino-
nor carboxy moieties of L-His participate in interactions with amino acid moieties of the active site, they can be derivatized for
obtaining more potent activators, with pharmacological applications for the enhancement of synaptic efficacy. This may consti-
tute a novel approach for the treatment of Alzheimer’s disease, aging, and other conditions in need of achieving spatial learning
and memory therapy.

© 2005 Elsevier Ltd. All rights reserved.

Activation of the zinc enzyme carbonic anhydrase (CA,
EC 4.2.1.1) has recently been shown to constitute a nov-
el therapeutic approach for the enhancement of synaptic
efficacy, which may constitute an excellent means for the
treatment of Alzheimer’s disease, aging, and other con-
ditions in need of achieving spatial learning, and memo-
ry therapy.'? In fact, it has previously been shown by
this group that a multitude of physiologically relevant
compounds such as biogenic amines (histamine, seroto-
nin, and catecholamines), amino acids, oligopeptides, or
small proteins among others act as efficient CA activa-
tors (CAAs) for many of the 16 presently known human
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CA isozymes.>® By means of electronic spectroscopy,
X-ray crystallography, and kinetic measurements, it
has been proved that the activator molecule binds within
the enzyme active cavity at a site distinct of the inhibitor
or substrate binding sites, participating thereafter in the
rate-determining step of the catalytic cycle, that is, the
proton transfer processes between the active site and
the environment.”-8

In addition to clarifying basic aspects of the CA catalyt-
ic mechanism, CAAs might lead to interesting pharma-
cological applications, although this field is largely
unexplored for the moment.>® Thus, recently it has
been reported! that phenylalanine, a CAA first investi-
gated by our group,®® when administered to experimen-
tal animals produces an important pharmacological
enhancement of synaptic efficacy, spatial learning, and
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memory, proving that this class of unexplored enzyme
modulators may be used for the management of condi-
tions in which learning and memory are impaired. It
should also be mentioned that it was previously reported
that the levels of several CA isoforms (such as CA I and
CA 1I) are significantly diminished in the brain of pa-
tients affected by Alzheimer’s disease,'? a fact strongly
supporting the involvement of CAs in cognitive func-
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Two X-ray crystallographic structures of adducts of
the main isoform, that is, human CA II (hCA II) with
activators, are known at this moment: one with hista-
mine,” and another one with phenylalanine (a ternary
complex in which azide is also bound to the Zn(II) ion
of the hCA 1I active site).® Both of them showed the
activator molecule to be bound at the entrance of the
active site cavity (in a region different from the inhib-
itor binding site), where it is anchored by hydrogen
bonds to amino acid side chains (Asn62, Asn67, and
GIn92) and water molecules, and also leading to a
complete reorganization of the hydrogen bond net-
work within the active site cavity. Positioned in such
a favorable way, the activator facilitates the rate-limit-
ing step of CA catalysis, that is, a proton transfer
reaction between the zinc-bound water molecule and
the environment, which in many CA isozymes (in
the absence of activators) is assisted by the amino acid
residue His64 situated in the middle of the active site
cavity.®1° This proton transfer reaction (in which
either the imidazolic moiety of His64 or a protonat-
able moiety of the activator molecule participates)
leads to the formation of the catalytically active nucle-
ophilic species of the enzyme, with hydroxide coordi-
nated to the zinc ion.

Considering mainly histamine or different di-/tripeptides
as lead molecules, many types of potent CAAs have
been reported for isozymes CA I, II, and IV,!'"1¢ but
no other X-ray crystallographic studies for this type of
pharmacological agents are available in the literature.
Here, we report such a study, and more precisely we
have resolved the X-ray crystal structure of the adduct
of the physiologically most relevant cytosolic isoform
hCA II'7 with vr-histidine, an activator previously de-
scribed by our group.'® The new structure may be used
as a platform for the design of new types of activators
for many of the physiologically crucial CA isozymes
identified up to now in higher vertebrates.

Compounds 1-5 investigated as activators of the physi-
ologically relevant isozymes hCA I, 11, and IV, that is,
histamine, L-Phe, L-His, and its methyl ester, as well as
the dipeptide carnosine (B-Ala-L-His) are commercially
available from Sigma-Aldrich and were used without
further purification.
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Activation data with compounds 1-5 against the three
above-mentioned human CA isozymes are shown in
Table 1. hCA I and II data for 1-3 and 5 have previously
been reported,”®!1"15 whereas the hCA IV data of all
the compounds and the L-His-OMe 4 data against all
isozymes are presented here for the first time.

It may be observed that all these derivatives act as po-
tent hCA 1 activators, with activation constants (Kas)
in the range of 1.2-4 pM. The best hCA 1 activators
were L-Phe and carnosine, whereas L-His was the least
effective one. Thus, derivatization of both the amino-
as well as the carboxy moieties of L-His leads to an
enhancement of the CA activatory properties, a finding
that will be explained later after discussing the X-ray
crystal structure of the adduct. Against hCA 1I, hista-
mine 1, and L-His 3 act as medium—weak activators,
with Ks in the range of 113-125 uM, whereas the meth-
yl ester 4, the dipeptide 5 or L-Phe 2 were much better
activators (Kas in the range of 10.3-84 uM). Similarly,
against hCA 1V, histamine 1, and L-His 3 acted as medi-
um potency activators (Kus in the range of 33-37 uM),
whereas compounds 2, 4, and 5 were more effective
CAAs (Kas in the range of 4.6-23 pM).

Thus, L-Phe is a more effective CAA against all the iso-
zymes investigated here, compared to L-His or hista-
mine, whereas derivatization of both the amino- or
carboxy moieties of L-His (such as in the ester 4 or the
dipeptide 5) leads to an enhancement of the CA activa-
tory properties against all three investigated isoforms.

Table 1. Activation data of hCA isozymes I, II, and IV with histamine,
L-phenylalanine, L-histidine, L-histidine methyl ester, and carnosine

Compound No. K" (M)

hCAT® hCATII® hCAIV®
Hst (histamine) 1 2 125 37
L-Phe 2 1.2 10.3 4.6
L-His 3 4 113 33
L-His-OMe 4 2.5 84 23
B-Ala-His (carnosine) 5 1.3 35 15

#Mean from at least three determinations by the esterase method, with
4-nitrophenyl acetate as substrate.'® Standard error was in the range
of 5-10%.

® Human recombinant isozymes."’
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To assess the molecular basis responsible for the activa-
tory properties of L-His 3 toward hCA 11, we solved the
crystal structure of the complex, which was prepared
and crystallized as previously reported for other CA-ac-
tivator adducts.”-?° This three-dimensional structure was
analyzed by difference Fourier techniques, the crystals
being isomorphous to those obtained for the native en-
zyme?!™23 and refined using the CNS program.??> The
statistics for data collection and refinement are summa-
rized in Table 2.

The structure refinement allowed us to evidence the spa-
tial arrangement of the activator within the enzyme ac-
tive site. The unbiased calculated electron density map
of the hCA II-L-His adduct showed one molecule of
activator (numbered as His300) present within the active
site (Fig. 1). The water molecules and amino acid resi-
dues involved in the recognition of the activator, togeth-
er with the Zn(II) ion and its ligands, are also shown in
this figure. The overall binding of L-His, at the entrance
of the active site cavity of hCA II (similar to the binding
of histamine’ and phenylalanine® to this isozyme), is
presented in Figure 2A, whereas the key amino acids in-
volved in the recognition of this binding site are shown
in Figure 2B.

Inspection of the electron density maps at various stages
of the crystallographic refinement, showed features com-
patible with the presence of the L-His molecule bound to
the active site, as clearly illustrated in Figure 3. The
binding of 3 to the enzyme did not significantly perturb
the enzyme structure, even in close proximity of the li-
gand. As a matter of fact, the rms deviation, calculated
over the entire Ca atoms of hCAII-3 complex with re-
spect to the unbound enzyme, was of 0.36 A. Interac-
tions between the protein and Zn(Il) ion were entirely
preserved in the adduct (Figs. 3 and 4). Thus, the Zn(II)
ion remained in its tetrahedral geometry, being coordi-
nated to the imidazolic moieties of His94, His96, and

Table 2. Crystallographic parameters and refinement statistics for the
hCA II —L-His adduct

Parameter Value

X-ray source Rotating anode
Wavelength (A) 1.54

Cell parameters a=4270 A
h=41.79 A
c=T283A
o=7y=90°
B =104.47°

Space group P2,

No. of unique reflections 15,867

Completeness (%)* 95.0 (90.1)

No. of reflections [>20(F,)] 14,294

(Ila(D)* 22.1 (5.1)

Resolution range (A) 8.0-2.0

R-factor (%) 18.2

R-free (%)° 21.8

Rmsd of bonds from ideality (A) 0.005

Rmsd of angles from ideality (°) 1.34

#Values in parenthesis relate to the highest resolution shell, 2.07-
2.00 A.
® Calculated using 5% of data.

Figure 1. Unbiased calculated electron density map of the hCA II-L-
His adduct, showing the activator (His300), water molecules, and
amino acid residues involved in the recognition of the activator,
together with the Zn(II) ion and its ligands.

His119, as well as to a water molecule (w150, zinc-oxy-
gen distance of 2.23 A).

As seen in Figures 2-4, L-His binds at the entrance of
the hCA II active site, in the activator binding site pre-
viously discovered by us,”® participating in three strong
hydrogen bonds with Ne of His64 (distance of 3.16 A),
N6 of GIn92 (distance of 3.12 A), and O of Asn67 (dis-
tance of 3.31 A). In addition, the activator molecule par-
ticipates in an extended network of hydrogen bonds
which involve its Ne moiety, three water molecules
(w133, w130, and w129) as well as the zinc-bound water
molecule (w150). All these hydrogen bonds are strong
ones, the distances between two adjacent oxygen atoms
being in the range of 2.83-2.91 A (Fig. 4). They are
probably also involved in the proton transfer processes
by which activators facilitate the rate-determining step
of the catalytic cycle. It should be mentioned that in
hCA 11, in the absence of activators, it is the imidazolic
moiety of His64 which acts as a proton shuttle between
the active site and the environment.>® It must also be
noted that similar to histamine,” the amino moiety of
L-His does not participate in any contacts with the en-
zyme. The same is true for the carboxy moiety of L-
His, and this may also explain why some L-His deriva-
tives in which either the amino- or the carboxy moieties
have been modified still possess CA activatory proper-
ties, which, in some cases, are even enhanced as com-
pared to those of L-His (see Table 1). Indeed, the
methyl ester of L-His 4 or the dipeptide 5 showed better
hCA 1II activatory properties, probably because their
modified carboxy/amino moieties participate in more
favorable contacts with amino acid residues in the
neighborhood of the activator binding site, such as
Leul98, Pro202, Pro201, and Phel31.

Although L-His and histamine are structurally very sim-
ilar, their binding to hCA 11 is rather different, excepting
the fact that they bind in the same region of the active



C. Temperini et al. | Bioorg. Med. Chem. Lett. 15 (2005) 5136-5141 5139

Figure 2. (A) Electrostatic surface potential of hCA 1I in complex with
L-His 3. Polar atoms are colored in red (negatively charged) and blue
(positively charged). The activator molecule is shown in green. (B)
Ribbon diagram of the hCA II with L-His bound (in green) and key
amino acid residues involved in binding of the activator molecule
(Asn62, His64, Asn67, and GIn92, in yellow). The Zn(Il) ion is in
magenta.

site (Fig. 5). A superposition of the two structures is
shown in Figure 5. Thus, as shown earlier by our
group,” histamine participates in three strong hydrogen
bonds when complexed to the hCA 1I active site, one
with GIn92 (similarly with L-His, see above), another
one with Asn62 (whereas L-His makes the second hydro-
gen bond with His64), and the third one with Asn67
(similarly to r-His). Indeed, in the present structure,
the distance between No of L-His and N& of Asn62 is
of 4.07 A (the corresponding distance in the hCA II-his-
tamine adduct is of 3.20 A),” which results in the impos-
sibility of hydrogen bond formation. In addition,
histamine makes a weaker hydrogen bond with O3 of
Asn67 (of 3.47 A), interaction which is more favorable
in the hCA II-histidine adduct investigated here (dis-
tance Od of Asn67 to Ne of Asn67 of 3.31 A). Further-
more, the orientation of the imidazole moieties of the
two activators when bound to the hCA II active site is
rather different (Fig. 5). Indeed, although the aliphatic
chains of the two compounds are almost entirely super-
posable, the two imidazole rings make an angle of

His94U

‘\:‘— &:\@Hisl 19

-

Figure 3. Details of the active site in the hCA II-L-His adduct,
showing amino acid residues participating in recognition of the
activator molecule, reported in green and numbered as His300.
Hydrogen bonds, water molecules (w150, 129, 130, and 133), and the
active site Zn(II) ion coordination are also shown.
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Figure 4. Schematic representation for the binding of L-His (numbered
as His300) to the hCA II active site. The Zn(II) ligands and hydrogen
bonds connecting the Zn(II) ion and the activator through a network
of four water molecules are shown, as well as the three hydrogen bonds
(dotted lines) between the activator molecule and amino acid residues
His64, Asn67, and GIn92 (figures represent distances in A).

around 45°, which in the case of L-His orients the ring
in a favorable conformation for participating in the
above-mentioned hydrogen bond with His64. For hista-
mine, which is placed in a somehow more vertical con-
formation as compared to L-His, the imidazole ring is
too far from His64 for making this favorable hydrogen
bond (Fig. 5). Another major difference between the
two structures concerns the relay of water molecules
connecting the activator molecules to the zinc-bound
water. Thus, in the hCA II-histamine adduct there are
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Figure 5. Superposition of the hCA 1I active sites complexed with L-
His (green) and histamine (yellow), showing also the amino acid
residues involved in the binding of the two activators.

two such water molecules, whereas in the hCA II-L-His
adduct, three water molecules are present in this relay
(Fig. 4). It is thus clear that a complete reorganization
of the hydrogen bond network occurs after the binding
of activators, which may be different for diverse struc-
tural classes of CAAs. This is, in fact, the first example
in which such a difference is being identified.

The activation of other CA isozymes involved in critical
physiological processes with the derivatives investigated
here is also of great importance, considering the fact that
the active site geometry of many such isozymes (for exam-
ple, the cytosolic CA VII** and CA XIII,? or the tumor-
associated isozymes CA IX? and XII%7) is rather similar
to that of CA II, but some of the key amino acid residues
involved in the binding of activators (such as L-His or his-
tamine) are different in some of them. Such studies may
lead both to novel pharmacological applications of CAAs
as well as to a better understanding of the physiological
role of some of these CA isoforms.

In conclusion, activation of three CA isoforms, that is,
hCA 1, II, and IV, with L-histidine and some of its deriv-
atives has been investigated by kinetic and X-ray crystal-
lographic methods. L-His was a potent activator of
isozymes I and IV (activation constants in the range of
4-33 uM) and a moderate hCA II activator (activation
constant of 113 uM). Both carboxy- as well as amino-
substituted L-His derivatives, such as the methyl ester
or the dipeptide carnosine (B-Ala-His), acted as more
efficient activators as compared to L-His. The X-ray
crystallographic structure of the hCA II-L-His adduct
showed the activator to be anchored at the entrance of
the active site cavity, participating in an extended net-
work of hydrogen bonds with the amino acid residues
His64, Asn67, and GIn92, and with three water mole-
cules connecting it to the zinc-bound water. Although
the binding site of L-His is similar to that of histamine,
the first CA activator for which the X-ray crystal
structure has been reported in complex with hCA II,
there are important differences of binding between the

two structurally related activators, since histamine inter-
acts among others with Asn67 and GIn92 (similarly to
L-His), but also with Asn62 and not His64, whereas
the number of water molecules connecting them to the
zinc-bound water is different (two for histamine, three
for L-His). Since neither the amino- nor carboxy moie-
ties of L-His participate in interactions with amino acid
moieties of the active site, they can be derivatized for
obtaining more potent activators, with pharmacological
applications for the enhancement of synaptic efficacy.
This may constitute a novel approach for the treatment
of Alzheimer’s disease, aging, and other conditions in
need of achieving spatial learning, and memory
therapy.?
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