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Human carbonic anhydrase (CA, EC 4.2.1.1) VII is a cytosolic enzyme with high carbon dioxide hydration
activity. Here we report an unexpected S-glutathionylation of hCA VII which has also been observed ear-
lier in vivo for hCA III, another cytosolic isoform. Cys183 and Cys217 were found to be the residues
involved in reaction with glutathione for hCA VII. The two reactive cysteines were then mutated and
the corresponding variant (C183S/C217S) expressed. The native enzyme, the variant and the S-glutath-
ionylated adduct (sgCA VII) as well as hCA III were fully characterized for their CO, hydration, ester-
ase/phosphatase activities, and inhibition with sulfonamides. Our findings suggest that hCA VII could
use the in vivo S-glutathionylation to function as an oxygen radical scavenger for protecting cells from
oxidative damage, as the activity and affinity for inhibitors of the modified enzyme are similar to those

© 2012 Elsevier Ltd. All rights reserved.

Carbonic anhydrases (CAs) are ubiquitous metallo-enzymes
that catalyze the reversible hydration of carbon dioxide to
bicarbonate and protons.’> In mammals, 16 isozymes have been
described with different catalytic activity, subcellular localization
and tissue distribution. Among these CA I-III, VII, and CA XIII are
cytosolic, CA IV, IX, XII, XIV, and CA XV are membrane-bound, CA
VA and CA VB are mitochondrials, and finally CAVI is a secreted
isozyme.! These enzymes play a crucial physiological role in
processes such as acid-base homeostasis, electrolyte secretion,
ion transport, biosynthetic reactions, bone resorption and tumori-
genity.' 3

A very intriguing feature of this highly investigated enzyme
family concerns the rather high number of isozymes in mam-
mals,'~3 their very different catalytic activities for the physiologic
reaction (Fig. 1), and the question of whether some of them might
possess other functions apart from their role in the physiological
reaction of carbon dioxide hydration. In this context, several stud-
ies have demonstrated that some CAs are involved in other hydro-
lytic processes which presumably involve non-physiological
substrates, such as hydration of cyanate to carbamic acid, cyana-
mide to urea, aldehyde hydration to gem-diols, and some carbox-
ylic, or sulfonic acid esters.*'> Recently, also esterase,
phosphatase and sulfatase activities have been investigated for
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some cytosolic isozymes, namely hCA I, hCA II, mCA XIII (h = hu-
man, m = murine), demonstrating that all these isoforms have
esterase and phosphatase activity with mCA XIII resulting the most
active.!> Moreover, the observation that these activities were
inhibited by sulfonamide inhibitors proved that the zinc hydroxide
mechanism responsible for the CO, hydration activities of these
enzymes was also responsible for their esterase/phosphatase activ-
ity. On the contrary, none of the three investigated isozymes
showed sulfatase activity with 4-nitrophenyl sulfate as substrate.!3

In this Letter, we focused our study on cytosolic hCA VII, one of
the least investigated and understood cytosolic isoforms. Similar to
hCA 11, hCA VII shows very high efficiency as catalyst for hydration
of carbon dioxide (Table 1), being 10-50 times more active com-
pared to hCA I and hCA XIIL.''4* However, in contrast to hCA II
which is widely spread in human tissues, CA VII has a more limited
distribution, being localized mainly in some brain tissues of hu-
mans and rats,'**> and in stomach, duodenum, colon, liver and
skeletal muscle of mice.'® The enzyme was also recently character-
ized by X-ray crystallography showing that as observed for other
a-CAs, its structure consists of a central 10-stranded B-sheet sur-
rounded by several helices and additional p-strands. The active site
is located in a conical cavity, with the catalytic zinc ion at the
bottom.!”

CA VII has been pointed out for its contribution to generate neu-
ronal excitation,'® establishing a GABAergic transmission function-
ally excitatory by providing bicarbonate anion, which can mediate
current through channels coupled to GABA, receptors.!® This activ-
ity is suppressed when treated with membrane-permeating drugs,


http://dx.doi.org/10.1016/j.bmcl.2011.12.134
mailto:claudiu.supuran@unifi.it
mailto:marmonti@unina.it
http://dx.doi.org/10.1016/j.bmcl.2011.12.134
http://www.sciencedirect.com/science/journal/0960894X
http://www.elsevier.com/locate/bmcl

E. Truppo et al./Bioorg. Med. Chem. Lett. 22 (2012) 1560-1564 1561

+ CcAvI

CAIV

CAIX
++

++ CAXI

CAXIV

UL ELEL

@ CAID Erythrocytes, gastrointestinal tract, eye
@CAIID Erythrocytes, eye, gastrointestinal tract,
bone osteoclasts, kidney, lung, testis,
brain
@CAIlI» Skeletal muscle, adipocytes, liver
CAIV » Kidney, lung, pancreas, brain capillaries,
colon, heart muscle, eye
Liver
@B Heart and skeletal muscle, pancreas,
kidney, spinal cord, gastrointestinal tract
CAVI ~ Salivary and mammary glands
Q:A\(D Central nervous system, duodenum,

stomach, colon, liver, skeletal muscle
@CAVIIP Central nervous system

CAIX » Tumours, gastrointestinal mucosa
@CAXD Central nervous system

@AX) Central nervous system

CAXIl » Renal, intestinal, reproductive epithelia,
eye, tumours
QAXI) Kidney, brain, reproductive tract,
lung, gut
CAXIV» Kidney, brain, liver,eye

Figure 1. Schematic illustration of domain composition, subcellular localization, tissue distribution and enzyme activities (no (—), low (—+), medium (+), high (++) activity) of
human o-CAs. The cytosolic CAs and the mitochondrial CA VA and VB consist only of the CA domain; the membrane-associated CA 1V, IX, XII and XIV have a transmembrane
anchor and, except for CA 1V, also a cytoplasmic tail, while CA IX is the only isozyme with a N-terminal proteoglycan-like domain; CA VI is secreted and contains a short C-

terminal extension.

Table 1

Kinetic parameters for the CO, hydration reaction catalysed by the human cytosolic isozymes hCA I, II, IIl and VII at 20 °C and pH 7.5 in 10 mM HEPES buffer and 20 mM Na,SO,4
Isozyme Activity level keat (s71) keat/Kny (M~'s71) Ky (mM) K; (AZA) (nM) Ref.
hCA 1 Moderate 2.0 x 10° 5.0 x 107 4.0 250 13
hCA 1l Very high 1.4 x 10° 1.5 x 108 9.3 12 13
hCA 111 Very low 1.4 x 10* 2.5 x 10° 52 240,000 14c
mCA VII? High 94 x 10° 7.6 x 107 123 16 40
hCA VII - (7.9+0.1) x 10° (7.2 £0.1) x 107 11.0£0.3 2.8+0.1 a
C183S/C217S - (7.0£0.2) x 10° (6.5+0.1) x 107 10.8+0.5 30203 a
sgCA VII - (8.0+0.2) x 10° (8.0+£0.2) x 107 10.0+0.4 27+03 a

Inhibition data with the clinically used sulfonamide acetazolamide AZA (5-acetamido-1,3,4-thiadiazole-2-sulfonamide) are also provided.

* h = human, m = murine isoform.
2 This work.

supporting the implication of hCA VII in neuronal excitation and
seizures.’> More recently a role of this enzyme in the control of
neuropathic pain has also been proposed, suggesting that its inhi-
bition may constitute a new pharmacologic mechanism in design-
ing pain killers useful for neuropathic pain.'®

As part of a general research project based on the structure
based drug design of isoform-selective CA inhibitors (CAls), we
have undertaken a complete biochemical and catalytic character-
ization of hCA VII The full-length hCA VII was cloned into the
pGex-4T-3 vector and the protein was expressed and affinity-puri-
fied on GSTrap resin as previously described.!” After pAMBS affin-
ity chromatography,?° the final step of purification was performed
on a Superdex 75 leading to a unique peak corresponding to a
monomer. hCA VII purity and molecular weight were further char-
acterized by electrospray ionization mass spectrometry.?! An ESI
LC MS spectrum of purified hCA VII is shown in Figure 2A. Two ma-
jor peaks were detected, none of them corresponding to the ex-
pected one. Surprisingly, these two peaks showed an
incremented molecular weight of 305 Da and 610 Da compared
to the theoretical one which disappeared when the sample was
treated with DTT. In this case only one peak occurred with an
experimental mass identical to the expected one (hCA VII theoret-
ical molecular weight 30100.8 Da) (Fig. 2B). The observed mass
increment of 305 Da and 305 x 2 Da was thus ascribed to glutath-
ionylation of two cysteine residues occurred during elution from
the glutathione-Sepharose column with a buffer containing

10 mM GSH. hCA VII contains four cysteine residues in its sequence
at positions 54, 178, 183, and 217 (numbering refers to the CA Il
sequence). In order to identify which of the four cysteines were in-
volved in the formation of the covalent adduct with GSH, wt GSH
eluted protein was digested with trypsin®* and the peptide mixture
directly analyzed by LC-ESI-MS/MS, with sufficient accuracy to en-
able unambiguous identification of the tryptic peptides.?2242°
Fragments Cys183-Arg189 and Glu214-Arg221, containing
Cys183 and Cys217, respectively, eluted only as adducts with
GSH, showing that both cysteines were completely modified. On
the contrary, fragments GIn28-Arg76 and Ala174-Lys182, contain-
ing Cys54 and Cys178 respectively, were not identified by molecu-
lar mass and MS/MS sequencing, but were revealed only after DTT
incubation. In this case two more species were generated with MH*
signals at 1041.5 and 5369.5, which were assigned to the reduced
peptides Ala174-Lys182 and GIn28-Arg76, respectively. Altogether
these data clearly suggest that among the four cysteines present in
the amino acid sequence, Cys183 and Cys217 were those involved
in S-glutathionylation, whereas Cys54 and Cys178 were involved
in the formation of an intramolecular disulfide bridge.?'® The disul-
fide bond was evidenced also by X-ray structural analysis of this
enzyme,!” and subsequently reported by Bootorabi and co-work-
ers.'® However, the observation that disulfide bonds are extremely
rare in cytosolic proteins?® and that Cys54 and Cys178 are not con-
served within the human cytosolic CA family, suggests that this
disulfide bond could be an artifact generated by the oxidizing
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Figure 2. LC-ESI-MS of purified hCA VII. (A) Deconvoluted mass spectrum of
purified hCAVII showed the presence of two distinct peaks with a greater mass of
305 and 305 * 2 compared to the expected one (theoretical mw 30100.8 Da). (B)
After treatment with reducing agent DTT the two peaks disappeared leading to a
unique peak of 30100.0 Da.

conditions that arise during protein handling and is not present in
hCA VII under physiological conditions. Further studies are needed
to clarify this point. On the contrary, interesting considerations can
be done on the observed in vitro S-glutathionylation of Cys183 and
Cys217 in hCA VII. This covalent modification can be ascribed to a
partial oxidation of cysteines to sulfenic acids or thiol radicals fol-
lowed by reaction with GSH,?” used for eluting the protein from
GSTrap. Therefore, both the high reactivity of Cys183 and Cys217
and the high GSH concentration in the experimental conditions
can be the origin of such phenomena. However, it is worth noting
that this in vitro spontaneous reaction mimics S-glutathionylation
observed in vivo for another CA isozyme, namely CA III, which
however possesses a very low CO, hydrase activity (Table 1).1:14
In particular, rat liver CA IIl has been shown to be S-glutathionylat-
ed in vivo?®~3° at two cysteine residues in position 183 and 188.3!
Moreover, microarray analysis of skeletal muscle of wild type and
CA IlI-deficient knockout mice suggested that CA I, undergoing ra-
pid reversible S-glutathionylation or irreversible oxidation in
mildly and exhaustively stressed muscle, has a possible role in
the glutathione-mediated antioxidative system.>? These data were
also in agreement with the proposal of Raisanen and co-workers>3
that CA III functions as an oxygen radical scavenger to protect cells
from oxidative damage and could explain the increased sensitivity
to H,0, of CA III knockdown Rat1 or Evil-expressing Rat1 cells.>*

Indeed, hCA VII and hCA Il presents several analogies: in partic-
ular, both enzymes are cytosolic and are localized in tissues that
have a high oxygen consumption rate, such as skeletal muscle, liver
and brain (see Fig. 1). Furthermore, compared to the other cytosolic
CA isoforms both enzymes incorporate a high number of cysteines
in their sequence (Fig. 3): hCA III has five cysteines, hCA VII four,
whereas the others only have one (hCA [, hCA II, and hCA XIII). It
is also worth noting that one of the cysteines which has been re-
ported to be glutathionylated for hCA III, namely Cys 183, is con-
served also in hCA VII (Fig. 3). All these considerations strongly
indicate that the S-glutathionylation observed in vitro for hCA VII
could be present also in vivo, as in the case observed for the related
isoform hCA III. Thus, to get more insights into the role of the cova-
lent modification of the enzyme, we measured kinetic parameters
for the canonical (CO, hydration activity)>*®> and non-canonical
(esterase, phosphatase and sulfatase activities)*”*® hydrolytic
reactions for the wild type enzyme purified in absence of GSH
(thus lacking the covalent modification), the glutathionylated en-
zyme, and a variant form of the protein in which both reactive cys-
teines were mutated in serines (C183S/C2175).4° hCA I, prepared
as described earlier,'“¢ was also included in such experiments as its
esterase and phosphatase activities have not yet been reported as
far as we know.

Data of Table 1 show that the mutation of the two Cys residues
to Ser or their S-glutathionylation does not affect significantly the
CO, hydrase activity and affinity for acetazolamide, a sulfonamide
inhibitor of CA enzymes. Indeed, the kinetic parameters of the
three enzymes are almost identical (within the limits of the exper-
imental errors) as are their inhibition constants for the inhibitor.
This is not so surprising, considering the fact that the modified
Cys residues are not within the enzyme active site. It should be also
noted from the data of Table 1 that hCA III has very low catalytic
activity as CO, hydrase in contrast to all other isoforms/mutants
investigated here.

Unexpectedly, we observed that the wild type enzyme, its
C183S/C217S variant, and the S-glutathionylated enzyme are
excellent esterases with 4-nitrophenyl acetate as substrate (Ta-
ble 2). Indeed, compared to other cytosolic CAs, such as CA I, II
and XIII, the hCA VII variants investigated here were around 3 or-
ders of magnitude better esterases. As far as we know, this is the
highest esterase activity reported so far for any CA isoform. This
extremely high esterase activity prompts us to speculate that
hCA VII may have an additional catalytic activity in vivo, in addi-
tion to the CO, hydrase, but this warrants further studies for deter-
mining which other esters may act as substrates for this enzyme. It
is interesting to note that unlike the CO, hydrase activity, for the
esterase activity described in Table 2, the wild type enzyme,
C183S/C217S variant and sgCA VII have slightly different k., and
Ky values, which is rather difficult to explain. However, as we
stressed above, all these three different enzymes are highly effec-
tive esterases, and their activity is inhibited by the sulfonamide
inhibitor acetazolamide, with ICsy values in the range of 170-
357 nM (Table 2). It should be also noted that among all cytosolic
isoforms hCA III is also the least effective esterase with 4-nitro-
phenyl acetate as substrate and is also the least inhibited by the
sulfonamide inhibitor acetazolamide (ICsq of 7.84 uM, Table 2).

The phosphatase activity of hCA VII and of its variants investi-
gated here were also quite interesting (Table 3). The wt enzyme
and its glutathionylated/mutant forms were at least one order of
magnitude better phosphatases compared to CA I, II, IIl and XIII
investigated earlier. Again the difference of activity between the
three variants of hCA VII investigated here was rather small, but
this activity was inhibited by acetazolamide proving that it is
due to the zinc hydroxide species from the enzyme active site.
Unexpectedly, hCA IIl was a more effective phosphatase with 4-
nitrophenyl phosphate compared to hCA II, one of the best
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hCA VII 1 GHHGWGYGQDDGPSHWHKLY PTAQGDRQSP INT IS SQAVYS PSLOPLE LSY EAGMS LSI TNNGH SVQVD END SDDRTVVTGGPLE GPY
hCA I 1 ASPDWGYDDKNGPEQWSKLY PIANGNNQSPVDIKT SETKHD TS LKP ISVSY NPATAKEL INVGH SFHVNFEDNDNRS VLKGGPFSDS Y
hCA II 2 -SHHWGY GKHNGPEHWHKDF PI AKGERQ SPVDIDTHTAKYD PS LKP LS VSYDQA TS LRI LNNGHAFNVE FDD SQDKAVLKGGPLD GT ¥
hCca III 2 -AKEWGYASHNGPDHWHELF PNAKGENQ SPVELHTKDI RHD PS LOPWS VSY DGG SAKTI LNNGK TERVV FDD TY DRSMLRGGPLPGPY
hCA XIII 1 SRLSWGYREHNGPIHWKEFFPIADGDQQSPIEIKTKEVKYD SSLRPLS IKYDPS SAKII SNSGHSFNVDEDD TENKSVLRGGPLTGS ¥
hCA VII 89 RLKQFHFHWGKKHDVGSEHTVDGKSFPSELHLVHWNAKKYS TFGEAASAPD GLAVVGVE LE TGD EH PSMNRL TDALYMVRFKGTKAQF
hCa I 89 RLFQFHFHWGSTNEHGSEHTVD GVKYSAELHVAHWNSAKYS SLAEAAS KAD GLAVI GVLMKVGE AN PKLQKV LDALOAT KTKGKRAPF
hCA II 89 RLIQFHFHWGSLDGQGSEHTVDKKK YAAELHLV HWN-TKYGDF GKAVQQPD GLAVL GIF LKVGS AK PGLOKVVD VLD STKTKGKS AD F

hCA III 89 RLRQFHLHWGSSDDHGSEHTVDGVKYAAELHLVHWN-PKYNTFKEALKQRD GIAVIGIFLK IGHENGEFQIF LDALDKIKTKGKE APF

hCA XIII 89 RLRQVHLHWGSADDHGSEHIVDGVSYAAELHVVHWNSDKYPSFVEAAHEPDGIAVLGVFLQIGEPNSQLQKITDTLDSIKEKGKQTRF

* %

hCA VII 177 SCENPKCLLPASRHYWTYPGSLTTPPLSESVTWIVLRE PICISERQMGKFRSLLFTSEDDERIHMVNNFRPPQP LKGRVVKASFRA

hCA I 177 TNE'DPSTLLPSSLDFWTYPGSLTHPPLYESVTWIICIESISVSSEQLAQFRSI.LSNVEGDNAVP!QHNNRPTQPH{GRTVRASF——
hCA II 177 TNFDPRGILPESIDYWTYPGSLTI‘PPLLECVTWIVLI’EPISVSSEQVLKFRKLNFNGEGEPEELMVDNWRPAQPHWRQIKASFK—

hCA III 177 TKEDPSCLFPACRDYWTYQGSETTPPCEECIVWLLLKE PMTVS SDQMAKLR SLL SSAENEP PVP LV SNWRPP QP INNRVVRA SEK —
hCA XIII 177 TNEDLLSLLPPSWDYWIYPGSLTVEPLLESVTWIVLKQPINISSQQIAKFRSLLETAEGEAAAF LY SNHRPPQPLKGRKVRASFH -
*

Figure 3. Sequence alignment of catalytically active human cytosolic a-CAs. Conserved residues are underlined, catalytic histidines and the two residues involved in the
orientation of the substrate, Thr199 and Glu106,'~* are indicated with asterisks, whereas the cysteine residues are highlighted in yellow.

Table 2

Kinetic parameters for the hydrolysis of 4-nitrophenyl acetate in the presence of
cytosolic CA isoforms I, II, VII and XIII, at pH 7.4 and 25 °C, and inhibition data with
acetazolamide (5-acetamido-1,3,4-thiadiazole-2-sulfonamide)

Isozyme” keat/Kny (M~1s71) Ky (mM) ICso (AZA) (nM)  Ref.
hCA | 753 31 3.025+0.014 1210+76 13
hCA 11 2607 £ 85 30.53 £2.10 28+1.1 13
hCA Il 139+12 1.234+0.013 7840 +230 a
mCA XIII 7706 + 324 1.132£0.015 49033 113
hCA VIl (32740.12) x 106 0.75 +0.04 357 £12 a
C183S/C217S  (4.20£0.18) x 10°  1.06 £ 0.08 170+ 14 a
sgCA VII (2.39+0.10) x 10°  0.50 £0.05 265+9 a

The data are provided as the mean * standard deviation (from at least three dif-
ferent assays).
" h =human, m = murine isoform.

2 This work.

Table 3

Kinetic parameters for the hydrolysis of 4-nitrophenyl phosphate in the presence of
cytosolic CA isoforms I, I and XIII, at pH 7.4 and 25 °C, and inhibition data with
acetazolamide (5-acetamido-1,3,4-thiadiazole-2-sulfonamide)

Isozyme” Keae/Kny (M~1s71) Ky (mM) ICso (AZA) (nM)  Ref.
hCA 1 65.55+5.2 0.935+0.10 33014 13
hCA 1l 14.89 +0.54 2.195+0.20 63+5 13
hCA 1II 4532 +£3.76 1.345+0.16 6500+ 124 a
mCA XIII 137462 0.232 £0.02 1050 £ 76 13
hCA VIl (2.89 +0.09) x 10*  1.43+0.09 3440 + 39 a
C1835/C217S  (3.03+0.11) x 10*  2.21+0.13 2910 £45 a
sgCA VII (3.04+0.11) x 10* 0974005 2520 +49 a

The data are provided as the mean * standard deviation (from at least three dif-
ferent assays).
" h=human, m = murine isoform.

2 This work.

catalysts for the CO, hydration reaction. Thus, there is not a clear-
cut parallelism between the catalytic activities of these isoforms
for the various reactions that they catalyze.

The detailed kinetic studies on hCA VII and its mutated/glutat-
ionylated forms reported here indicate that the modification of
Cys183 and/or Cys217 by glutathione does not have a relevant im-
pact on the active site of the enzyme, causing rather small differ-
ences in the specific activity of these enzymes for CO, hydration,
as well as esterase and phosphatase activities. However, an impor-
tant observation is that hCA VII and its variants are highly effective
as esterases/phosphatases, compared to other cytosolic CA iso-
forms, such as CA I, II, Il and XIII. These findings seem to indicated
that the observed S-glutathionylated, if present in vivo, is not in-
volved in the regulation of the enzyme’s catalytic activity but

rather, as already observed for hCA III, can help hCA VII to function
as an oxygen radical scavenger to protect cells from oxidative dam-
age. Indeed, it is worth noting that in vivo glutathione concentra-
tion is abundant, reaching millimolar concentration in most cell
types, especially in liver,2”#1? and could probably trigger the glu-
tathionylation of CA VII.?” We also speculate that CA VII may act as
an esterase/phosphatase in vivo, but this hypothesis should be ver-
ified and the eventual alternative substrates of this enzyme
determined.
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An SX.18MV-R Applied Photophysics (Oxford, UK) stopped-flow instrument
has been used to assay the catalytic/inhibition of various CA isozymes
according to Khalifa’s method.*® Phenol Red (at a concentration of 0.2 mM)
has been used as indicator, working at the absorbance maximum of 557 nm,
with 10 mM Hepes (pH 7.5) as buffer, 0.1 M Na,SO, (for maintaining constant
the ionic strength; these anions are not inhibitory in the used concentration),
following the initial rates of the CA-catalyzed CO, hydration reaction for a
period of 10-100 s. The CO, concentrations ranged from 1.7 to 17 mM for the
determination of the kinetic parameters and inhibition constants. For each
inhibitor at least six traces of the initial 5-10% of the reaction have been used
for determining the initial velocity. Stock solutions of inhibitors were prepared
at a concentration of 10 mM (in DMSO-water 1:1, v/v) and dilutions up to
1 nM done with the assay buffer mentioned above. At least 7 different inhibitor
concentrations have been used for measuring the inhibition constant. Inhibitor
and enzyme solutions were preincubated together for 10 min at room
temperature prior to assay, in order to allow for the formation of the E-I
complex. Triplicate experiments were done for each inhibitor concentration,
and the values reported throughout the paper are the mean of such results. The
inhibition constants were obtained by non-linear least-squares methods using
PRISM 3 and represent the mean from at least three different determinations.
Khalifah, R. G. J. Biol. Chem. 1971, 246, 2561.

4-Nitrophenyl acetate hydrolysis was monitored by measuring the absorbance
at 405 nm of the chromogenic group 4-nitrophenol which is released by the
hydrolytic process (extinction coefficient of 10,510 M~!). Reactions were
performed at 25 °C in a quartz cuvette with 1 cm lightpath, using a Perkin
Elmer Lambda Bio20 UV-VIS spectrometer. Enzyme concentrations were
between 0.10-5.0 uM and substrate concentration between 0.08-0.37 mM.
The substrate was dissolved in freshly distilled acetonitrile and diluted with
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buffer (10 mM HEPES and 10 mM TRIS, pH 7.4, maintaining the ionic strength
constant by addition of 0.1 M sodium sulfate, in such a way that the final
concentration of MeCN was of 5%). Kinetic parameters were determined (in
cases in which the substrate solubility allowed this, i.e., concentrations of
substrate ester of 0.3-5.0 mM) by fitting the data to the Michaelis-Menten
model (Eq. 1):

Vo = (keat[Elo[Slo)/([Slo + Km) (1)
Otherwise, kcat/Knv values were derived from a linear fit (Eq. 2) by using PRISM:
Vo = [Elp[Slo (keat /Km) 2)

At least three independently repeated measurements have been done for each
enzyme, at five different substrate concentrations, of 0.3, 0.9, 1.7, 2.6 and
4.5 mM.

The rates of spontaneous hydrolysis (without enzyme) were subtracted from the
enzymatic rates. Inhibition with acetazolamide has been used as a control, being
performed as described above, by titration of the enzymes with acetazolamide
solutions in concentration ranges between 10 nM and 100 pM. ICso represents
the molarity of inhibitor producing a 50% decrease of the enzyme activity and
were determined from semilogarithmic plots of enzyme activity vs. molarity
of inhibitor.” At least 6 different inhibitor concentrations have been used, rang-
ing from 10 uM, 1 uM, 0.1 uM; 0.01 uM; 50 nM to 10 nM. Protein concentrations
were determined according to the Bradford method (Bradford, M. Anal. Biochem.
1976, 72, 248-254) and the molecular weight of the proteins was determined by
high resolution MS.

The phosphatase activity with 4-nitrophenyl phosphate as substrate has been
assayed by a variant of the method used by Pullan and Noltmann, measuring
the absorbance at 405 nm of the chromogenic group 4-nitrophenol which is re-
leased according to the hydrolytic process. The assay has been performed at
25 °C (not at 30 °C) in the same buffer used for the esterase activity measure-
ments described above, working at substrate concentrations of 0.08-5 mM. Ki-
netic parameters were determined as described above, and the rates of
spontaneous hydrolysis (without enzyme) were subtracted from the measured
enzymatic rates. Inhibition with acetazolamide has again been used as a control,
being performed as described above, by titration of the enzymes with acetazol-
amide solutions in the concentration range between 10nM to 100 pM. ICso
values were calculated as described above. The sulfatase activity with 4-nitro-
phenyl sulphate as substrate, has also been investigated in an analogous manner,
and working at various pH values (in the range of 5.4-8.5, data not shown) but
was totally absent with all investigated enzymes, in all experimental conditions
employed.>® At least three independently repeated measurements have been
done for each enzyme, at five different substrate concentrations, of 0.3, 0.9,
1.7, 2.6 and 4.5 mM. At least 6 different inhibitor concentrations have been used,
ranging from 10 uM, 1 uM, 0.1 uM; 0.01 pM; 50 nM to 10 nM.

Pullan, L. M.; Noltmann, E. A. Biochemistry 1985, 24, 635.

C183S/C217S mutant was cloned and expressed similarly to wild type enzyme.
Protein purification was carried out on a GSTrap and digestion with thrombin
occurred after its elution from GSTrap. The presence of the mutations was
confirmed both by sequencing the clones and by mass spectrometry of the
purified protein; the latter confirmed that no mass increment occurred on the
sample. As attended the observed mw of 30068.23 + 0.5 Da was in agreement
with the theoretical value of 30068.72 Da. The absence of the reactive cysteines
was further confirmed by 4-VP alkylation experiments. In fact, denatured and
alkylated C183S/C217S mutant showed attended mw of 30068.23+0.5 Da. On
the contrary denatured, reduced and alkylated double mutant, showed an
increase of 210 Da, corresponding to the incorporation of two 4-VP moieties
thus confirming the occurrence of a disulfide bond also on this variant species.
CA 11l and the other isoforms were recombinant proteins obtained as described
earlier.'314
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