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The protein encoded by the NCE103 gene of Candida glabrata, a B-carbonic anhydrase (CA, EC 4.2.1.1) des-
ignated as CgCA, was investigated for its activation with amines and amino acids. CgCA was weakly acti-
vated by amino acids such as L-/p-His, L-Phe, L-DOPA, and 1-Trp and by histamine or dopamine (Kas of
21.2-37 uM) but more effectively activated by p-Phe, p-DOPA, p-Trp as well as serotonin, pyridyl-alkyl-
amines, aminoethyl-piperazine/morpholine (Kas of 10.1-16.7 pM). The best activators were L-/p-Tyr,
with activation constants of 7.1-9.5 uM. This study may bring a better understanding of the catalytic/
activation mechanisms of B-CAs from pathogenic fungi.

© 2010 Elsevier Ltd. All rights reserved.

The recent characterization of the metalloenzyme carbonic
anhydrase (CA, EC 4.2.1.1) in fungi'* led us to initiate a systematic
search for modulators of these enzymes activities, that is, inhibi-
tors and activators, which might show therapeutic potential.>~> In-
deed, among the five independently-evolved (o, B, v, 8, and )
classes of CAs reported up to date, the a-class from mammalian
sources has been studied to a far greater extent than the other four
classes. Yet, CAs other than those belonging to the a-class are
widely distributed in nature, with the B-CAs being the most wide-
spread such catalysts for the interconversion between carbon diox-
ide and the bicarbonate ions.!> Recent work has shown that
various CAs are present in metabolically diverse species, from both
the Archaea and Bacteria but also in microscopic eukaryotes, such
as yeast and other pathogenic fungi, indicating that these enzymes
have a more extensive and fundamental role than originally recog-
nized.’3~® It is now known that the genomes of basidiomycetes
and hemiascomycetouos yeasts contain only p-CAs whereas the fil-
amentous ascomycetes also possess a-class CAs in addition to the
B-CAs.! Muhlschlegel's group showed?? that inhibition (with
ethoxzolamide, a sulfonamide CA inhibitor) of the fungal B-CAs
from pathogenic species such as Candida albicans or Cryptococcus
neoformans lead to the inhibition of the growth of the fungus, in
certain conditions.
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Candida glabrata is a pathogenic fungus which, similar to C. albi-
cans, possesses a recently characterised B-CA isoform encoded by
the NCE103 gene.® C. glabrata is a common cause of mucosal and
invasive, systemic infections, accounting for 15% of Candida infec-
tions in the general patient population.'®!'! Furthermore, this path-
ogen is innately resistant to azole antifungal agents and it is
frequently reported to be resistant or less susceptible to other clin-
ically used antifungal agentsl.'? Recently, we have shown that® this
B-CA has a significant enzymatic activity for the hydration of
carbon dioxide to bicarbonate and protons, and, that similar to
B-CAs from other fungal species (e.g., C. albicans, C. neoformans
and Saccharomyce cerevisiae), is inhibited by the major classes of
CA inhibitors (CAls): the inorganic anions and the sulfonamides
and their bioisosteres.!3-16

Inhibition of CAs, mainly the mammalian o-CAs, was investi-
gated in great detail>!”'® with several clinically used CA inhibitors
(CAIs) having applications as diuretics, antiglaucoma, antiobesity
or anticancer agents/diagnostic tools.> CA activators (CAAs), how-
ever, received less attention, and this class of enzyme modulators
started to be investigated systematically for their interaction with
mammalian o-CAs only in the past 10 years.!® Indeed, our groups
have reported several kinetic and X-ray crystallographic studies
regarding the interaction between all mammalian isoforms (CA
[-XV) with amino acid and amine activators, also unravelling the
activation mechanism of these enzymes.'®?2 Furthermore, very
recently we have extended the CA activation studies to the B-class
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enzymes. We have reported the first CA activation studies of Cab, a
B-CA from the archaeon Methanobacterium thermoautotrophicum??
as well as the S. cerevisiae p-class enzyme Nce103p,%* encoded by
the NCE103 gene, which in fact can be found in all basidiomycetes
and hemiascomycetous yeasts.!? Here, we extend our CA activa-
tion studies of B-CAs to C. glabrata CA (CgCA), an homologous
enzyme to S. cerevisiae Nce103p, which has been scantly investi-
gated to date.

The rate-determining step of the CA catalytic cycle for the
hydration of CO, to bicarbonate is the formation of the zinc
hydroxide species of the enzyme,® which occurs via the transfer
of a proton from the Zn(II)-coordinated water molecule to the envi-
ronment. This process can be assisted by amino acid residues from
the enzyme active site or by the binding of an activator molecule
within the enzyme cavity.!°"'* Such phenomena that are well
understood for the o-CAs (with many X-ray crystal structures of
enzyme-activator adducts available),’®~22 only recently started to
be investigated for the p- and y-classes enzymes.?>?* However,
from these few studies that have been published to date, there is
evidence that activation mechanisms of the a-, B- and y-CAs are
similar. For example, the binding of the CA activator to the enzyme
active site, forming an enzyme-activator complex, which facili-
tates the shuttling of protons between the Zn(II) ion-coordinated
water molecule and the environment, in order to generate the
nucleophilic zinc hydroxide, catalytically active species of the en-
zymes, occurs in all o-, B- and y-CAs. 32324

Here we report the first activation study of CgCA with a series of
amines and amino acids (of types 1-19), which have been investi-
gated earlier'®"!* for their interactions with mammalian o-CAs as
well as very recently?>?* with the p- and y-class enzymes from
the Archaea domain and from the yeast S. cerevisiae, respectively.
This study may help a better understanding of the B-CA catalytic/
activation mechanism (the natural proton shuttling residue in this
class of enzymes has not been yet identified).

NH,
’}‘ \ NH, HO NH,
£ A
H N
OH N
OH

12
14
13
X
| _ /NHZ X/ N
N N0, _/ N\nH
15:n=1 17: X=NH
16:n=2 18:X=0 19

Data of Table 12° show histamine to be an activator of CgCA as
well as Cab and hCA 1123 At a concentration of 10 uM, histamine
enhances k¢, values for all the enzymes mentioned above, whereas
Ky values remain unchanged. According to previous studies, hista-
mine is a millimolar activator for the a-class enzyme (hCA II), with
Ka of 125 uM,'® whereas it is a more effective activator for the
archaeal one Cab (K, of 76 uM) and the yeast ScCA investigated
earlier (Ka of 20.4 uM). The results from the present study show
that histamine has high affinity against CgCA with a K of
27.4 uM (see discussion later in the text). It is thus obvious that
the activation mechanisms of the o- and B-CAs are likely to be sim-
ilar, that is, the CA activator enhances k., but does not influence on
Ky, facilitating the release of the proton from water coordinated to
the catalytic zinc ion.

Data of Table 2 show that all amino acids and amines 1-19,
which have been investigated in this study, act as CAAs against
the fungal enzyme CgCA. However, the activation profiles of these

Table 1

Kinetic parameters for the activation of human (hCA) isozyme II (a-class) and B-class
enzymes Cab, ScCA and CgCA with histamine (Hst), measured at 25 °C, pH 8.3 in
20 mM Tris buffer and 20 mM NaClOy,, for the CO, hydration reaction®

ISOZyme kca: (571) KM“ (I‘l’lM) (kcat)HstM (571) KAk“ (”M) HSt
hCAIP 1.4 x10° 9.3 2.0 x 10° 125

Cab® 3.1 x 10* 1.7 4.5 x 10* 76

ScCA® 9.4 % 10° 9.5 19.6 x 10° 20.4

CgCA® (3.8+0.1)x 10° 7.9+0.05 (10.7+0.2)x 10° 27.4+1.1

" Observed catalytic rate without activator. Ky values in the presence and the
absence of activators were the same for the various CAs (data not shown).
™" Observed catalytic rate in the presence of 10 uM activator.
" The activation constant (Ka) for each enzyme was obtained by fitting the
observed catalytic enhancements as a function of the activator concentration.?®
Mean from at least three determinations by a stopped-flow, CO, hydrase method.?®
Standard errors were in the range of 5-10% of the reported values.

¢ Human recombinant enzyme, data from Ref. 10.

b Archaeal recombinant enzyme, data from Ref. 15.

¢ Yeast/fungal recombinant enzymes. Mean + standard error (from three different
assays).

Table 2
Activation constants of hCA II (cytosolic a-isozyme), Cab (archaeal p-CA) yeast p-CAs
from S. cerevisiae (ScCA) and C. glabrata (CgCA) with amino acids and amines 1-19

No. Compound Ka“ (uM)
hCAI?  Cab® ScCA® CgCA?
1 | -His 10.9 69 82 37.0+1.61
2 Db-His 43 57 85 21.2+0.93
3 |-Phe 0.013 70 86 24.1+0.89
4 |, Phe 0.035 103 86 15.7 +0.41
5 -DOPA 11.4 114 90 23.3+0.99
6  p-DOPA 7.8 156 89 15.1+0.62
7 L -Trp 27 169 91 22.8+1.13
8 b-Trp 12 41 90 12.1£0.40
9 I Tyr 0.011 105 85 9.5+0.37
10 pTyr 0.058 192 84 7.1£0.18
11 4-H,N-1-Phe 015 89 21.3 31.6+1.55
12 Histamine 125 76 204 274+1.10
13  Dopamine 9.2 51 131 27.6£0.84
14  Serotonin 50 62 15.0 16.7 £ 0.75
15  2-Pyridyl-methylamine 34 18.7 16.2 15.0£0.42
16  2-(2-Aminoethyl)pyridine 15 40 11.2 16.3+£0.37
17  1-(2-Aminoethyl)-piperazine 23 13.8 9.3 14.9+0.29
18  4-(2-Aminoethyl)-morpholine 0.19 185 10.2 10.1+0.48
19 L-Adrenaline 96 115 095 10.8+0.51

Activation data of hCA II, Cab and ScCA with these compounds are retrieved from
Refs. 23,24.
* Mean from three determinations by a stopped-flow, CO, hydrase method.?®
Standard errors were in the range of 5-10% of the reported values for the activation
of hCA 11, Cab and ScCA.212324

4 Human recombinant isozyme, from Ref. 21.

> Recombinant archaeal enzyme, from Ref. 23.

¢ Recombinant yeast enzyme, from Ref. 24.

4 Recombinant yeast enzyme, this study. Mean * standard error (from three dif-
ferent assays).

CAAs against CgCA are different from other recently investigated
o- and B-class enzymes, including hCA 1II, Cab and ScCA,'92324
which are included in Table 2 for comparison. The following struc-
ture-activity relationship (SAR) can be observed for the activation
of CgCA with compounds 1-19:%°

(i) Several amino acids, such as L-/p-His, L-Phe, .-DOPA, L-Trp,
4-amino-L-phenylalanine, as well as histamine 12 and dopa-
mine 13, showed activation constants in the range of 21.2-
37.0 uM, therefore they are considered as moderate CgCA
activators. However, it may be observed that most of these
derivatives (except histamine and dopamine) are much
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weaker activators of the yeast enzyme ScCA. Cab, on the
other hand has completely different activation profiles with
these derivatives, whereas hCA Il is very effectively activated
by most amino acids, as well as by dopamine, but is weakly
activated by histamine.

(ii) A second group of derivatives, including p-Phe, p-DOPA,
p-Trp, as well as arylalkylamines 14-19, act as more effective
CgCA activators when compared to the compounds dis-
cussed above, with the activation constants in the range of
10.1-16.7 puM. Thus, it may be observed that all p-amino
acids were more effective activators when compared to the
corresponding r-enantiomers. The nature of the heterocy-
clic/aromatic ring to which the aminoalkyl chain is linked,
also influences on the CA activating properties, as the mor-
pholine derivative 18 and L-adrenaline 18, are shown to be
the best CAAs in this subseries. Similar to the results from
the first group of derivatives, the activation profiles of these
compounds against CgCA are very different from other o-
and B-class enzymes which have been investigated earlier
(Table 2). For example, L-adrenaline, which is considered as
an ineffective hCA II activator (K of 96 pM), shows similar
activation effects against Cab and CgCA (Kas of 10.8-
11.5 uM), whereas it is shown to be a submicromolar activa-
tor of the ScCA (Ka of 0.95 pM).

(iii) The most potent activators of CgCA were 1- and p-Tyr, with
an activation constant in the range of 7.1-9.5 pM. Again the
p-enantiomer was a better activator compared to the L-one,
as for the amino acids mentioned above. It may be observed
that, similar to L-adrenaline discussed above, Cab and CgCA
show similar affinities for 1-Tyr, with Kas of 9.5-10.5 uM,
but rather different affinities towards p-Tyr. In contrary to
CgCA, L-Tyr is a very weak CAA against ScCA with a K, of
85 1M, whereas it is shown to be an extremely potent hCA
IT activator (Ka of 11 nM).

Some other SAR data are obvious: for example, small structural
changes, such as the introduction of an amino (compound 11) or
OH (L-Tyr, compound 9) moiety in the para-position of the phenyl
ring in the molecule of a weak CAA (against CgCA), .-Phe (K of
24.1 uM), lead to important differences of activity. Indeed, L-Tyr
is 2.5 times a better CgCA activator when compared to L-Phe and
a 3.3 times better activator when compared to 4-amino-L-phenyl-
alanine. Thus, the activation profile of CgCA is very different from
that of other o~ or B-CAs which have been investigated earlier.

Another striking difference between the enzyme investigated
here and other fungal B-CAs is outlined below. For ScCA there is
a striking difference in the Kus of the investigated amino acids ver-
sus the amines, with 4-H,N-Phe 11 behaving as an amine and not
as an amino acid. Indeed, the ‘amine type’ CAAs showed Kjs in the
range of 0.95-21.4 uM, whereas the ‘amino acid type’ CAAs in the
range of 82-91 uM (Table 2). In the case of CgCA, this net differ-
ence of activity between amines and amino acids has not been ob-
served at all, with efficient activators detected among both amines
(e.g., 18 and 19) and amino acids (e.g., 8-10).

A possible activation mechanism of the C. glabrata B-CAs by 1-
Tyr 9 is depicted schematically in Figure 1. As for other fungal -
CAs, the catalytic Zn(II) ion in the CgCA active site is coordinated
to residues Cys106, His161 and Cys164 (Nce103p of C. albicans
numbering system).*?4 A second pair of conserved amino acid res-
idues in all sequenced B-CAs known to date, 2424 is constituted by
the dyad Asp108-Arg110 (Nce103 of C. albicans numbering, Fig. 1).
These amino acids are close?? to the zinc-bound water molecule,
which is the fourth Zn(II) ligand in this type of open active site
B-CAs,?> and participate in a network of hydrogen bonds, which
probably assist the water deprotonation and the formation of the
nucleophilic, zinc hydroxide species of the enzyme. The active site
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Figure 1. Proposed schematic interactions between an activator (L-Tyr 9) and the
CgCA active site. The Zn(Il) ion is coordinated by two Cys and one His residue, and
by a water molecule (C. albicans numbering of amino acid residues).* Both the
amino and carboxylate moieties of the activator 9 can participate in hydrogen
bonds with amino acid residues in the neighborhood of the metal ion center and
facilitate the transfer of the proton from the zinc-bound water to the environment
with generation of the zinc hydroxide species of the enzyme. A bridge of one water
molecule between the activator and the Argl110 residue has been hypothesized
here, but the real number of such water molecules is unknown at this time. In hCA Il
- activator crystal structures it has been shown to be between 1 and 3.2

channel of B-CAs (as exemplified by the recently determined X-ray
crystal structure of the C. neoformans enzyme Can2p)?® is a channel
which can accommodate elongated molecules such as the aromatic
amino acids/amines which have been investigated here. Thus, we
hypothesize that the activator (such as L-Tyr 9) may bind closely
to the pocket defined by Asp108/Arg110, establishing supplemen-
tary hydrogen bonds with the polar moieties of these amino acids
or with the zinc-bound water molecule (directly or through a relay
of several other water molecules, as demonstrated for the interac-
tion of o-CAs with this type of activator)!® and thus assist the
water deprotonation and facilitate the catalytic turnover. Indeed,
both the amino or carboxyl moieties of the activators can establish
hydrogen bonds with these structural elements, due to the pres-
ence of many heteroatoms in their molecules. Figure 1 shows sche-
matically a putative binding mode of .-Tyr 9 within the active site
of CgCA. This hypothesis should be confirmed by X-ray crystallog-
raphy, however the structure of CgCA has not yet been resolved.

In conclusion, we report the first activation study of the p-CA
from the fungal pathogen C. glabrata with amines and amino acids.
CgCA was weakly activated by amino acids such as L-/p-His, L-Phe,
1-DOPA, and t-Trp and by histamine or dopamine (Kps of 21.2-
37 uM). It was more effectively activated by p-Phe, b-DOPA, p-Trp
as well as serotonin, pyridyl-alkylamines, and aminoethyl-pipera-
zine/morpholine (Kas of 10.1-16.7 uM). The best activators of
CgCA were 1-and p-Tyr, with activation constant of 7.1-9.5 uM.
This study may bring a better understanding of the catalytic/acti-
vation mechanisms of B-CAs and lead to the designation of modu-
lators for the activity of CAs from pathogenic fungi.
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absorbance maximum of 557 nm, 10-20 mM Hepes (pH 7.5) or Tris (pH 8.3) as
buffers, and 20 mM Na,SO4 or 20 mM NaClO,4 (for maintaining constant the
ionic strength), following the CA-catalyzed CO, hydration reaction for a period
of 10s at 25 °C. The CO, concentrations ranged from 1.7 to 17 mM for the
determination of the kinetic parameters and activation constants. For each
activator 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 activators 1-19 (10 mM) were prepared in distilled-deionized water and
dilutions up to 0.001 pM were done thereafter with distilled-deionized water.
Activator 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-A
complex. The activation constant (Ka), defined similarly with the inhibition
constant K;,2°22 can be obtained by considering the classical Michaelis—
Menten equation (Eq. 1), which has been fitted by non-linear least squeares by
using PRISM 3:

U = Umax/{1 + K /[S] x (1 + [Alt/Kn)} )]
where [A]¢ is the free concentration of activator.

Working at substrate concentrations considerably lower than Ky ([S] < Kwu),
and considering that [A]f can be represented in the form of the total concentra-

tion of the enzyme ([E];) and activator ([A],), the obtained competitive steady-
state equation for determining the activation constant is given by Eq. 2:20-22

v =00 Ka/{Kn+ (], ~ O.5{([A], + [El, + Kn) — (A], + [E] + Kn)? — 4[A],
B @

where 7, represents the initial velocity of the enzyme-catalyzed reaction in the
absence of activator.?°-2?
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