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ABSTRACT: Carbonic anhydrases (CAs) are enzymes whose endogenous reaction is the reversible hydration of CO2 to give 
HCO3

- and a proton. CA are also known to exhibit weak and promiscuous esterase activity towards activated esters. Here we report 
a series of findings obtained with a set of carbonic anhydrase inhibitors that showed quite unexpectedly that the compounds were 
both inhibitors of CO2 hydration and substrates for the esterase activity of CA. The compounds comprised a monosaccharide core 
with the C-6 primary hydroxyl group derivatized as a sulfamate (for CA recognition). The remaining four sugar hydroxyl groups 
were acylated. Using protein X-ray crystallography the crystal structures of human CA II in complex with four of the sulfamate 
inhibitors were obtained. As expected the four structures displayed the canonical CA protein-sulfamate interactions. Unexpectedly a 
free hydroxyl group was observed at the anomeric centre (C-1) rather than the parent C-1 acyl group. In addition, this hydroxyl 
group is observed axial to the carbohydrate ring while in the parent structure it is equatorial. A mechanism is proposed that ac-
counts for this inversion of stereochemistry. For three of the inhibitors the acyl group at C-2 or at C-2 and C-3 were also absent 
with hydroxyl groups observed in their place and retention of stereochemistry. Using electrospray ionization Fourier transform ion 
cyclotron resonance mass spectrometry (ESI-FTICR-MS) we observed directly the sequential loss of all four acyl groups from one 
of the carbohydrate-based sulfamates. For this compound the inhibitor and substrate binding mode were further analyzed using free 
energy calculations. These calculations suggested that the parent compound binds almost exclusively as a substrate. To conclude, 
we have demonstrated that acylated carbohydrate-based sulfamates are simultaneously inhibitor and substrate of human CA II. Our 
results suggest that initially the substrate binding mode dominates, but following hydrolysis the ligand can also bind as a pure in-
hibitor thereby competing with the substrate binding mode. 

Introduction. Carbonic anhydrases (CAs, EC 4.2.1.1) are 
zinc metalloenzymes that catalyze the reversible hydration of 
carbon dioxide (CO2) to generate bicarbonate anion (HCO3

-) 

and a proton (H+).1 This equilibrium contributes to a range of 
physiological functions that involve the production, transport 
and consumption of CO2, H+ and HCO3

-.1a The catalytic do-
main of CAs comprises a tetrahedral Zn2+ cation coordinated 
to the sidechain imidazole of three histidine residues. The 
fourth Zn2+ ligand is the substrate H2O molecule. Coordination 
to Zn2+ lowers the pKa of the substrate H2O molecule to ~6.8 
(the pKa of bulk water is ~14) and this facilitates formation of 
zinc bound hydroxide at physiological pH.1b Hydroxide is the 
nucleophile that reacts with CO2, the net effect of CA activity 
is hydration of CO2, Scheme 1a.1b 

There are growing numbers of promiscuous activities re-
ported for enzymes, with both substrate promiscuity (catalysis 
of the same chemical reaction for a range of different sub-
strates) and catalytic promiscuity (catalysis of chemically dis-
tinct reactions, involving different transition states) reported.2 
hCA II (h = human) exhibits weak and promiscuous esterase 
activity towards activated esters such as p-nitrophenyl acetate 
(kcat/KM ~ 103 M-1s-1 versus ~ 108 M-1s-1 for CO2 hydration).3 
The physiological relevance of CAs catalytic esterase activity 
is unknown, it is however halted in the presence of CA inhibi-
tors, indicating that the zinc-hydroxide mechanism responsible 
for the CO2 hydration activity by CAs is also responsible for 
the esterase activity, Scheme 1b.4 CAs have also been reported 

to catalyze a number of other hydration reactions, again for 
which the physiological relevance is unknown.5 The hydration 
substrates are typically simple in structure and reactions in-
clude (i) the hydration of cyanate to carbamic acid (Scheme 
2a); (ii) the hydration of cyanamide to urea (Scheme 2b); and 
(iii) the hydration of aldehydes to gem-diols (Scheme 2c).6 

The implied target for CA inhibitors is the active site Zn2+ 
cation and zinc binding groups (ZBGs), especially sulfona-
mides and sulfamates, feature prominently in small molecule 
drug design against CAs.1a The anion form of these ZBGs, R-
SO2NH- and R-OSO2NH- respectively, where R is typically an 
aromatic moiety, anchors them to the active site Zn2+, in place 
of endogenous water/hydroxide. For R-SO2NH-, the sulfona-
mide NH forms a hydrogen bond with the sidechain oxygen of 
Thr198, while one oxygen atom accepts a hydrogen bond from 
the backbone NH of Thr198, Figure 1b.1b These canonical inter-
actions are shared by sulfamates, and together these inhibitor-
CA II interactions are evidenced in approximately 120 X-ray 
structures of ligands in complex with hCA II in the Protein 
Data Bank. Binding of R-SO2NH- and R-OSO2NH- mimics the 
transition state structure of CA bound to bicarbonate, where 
the bicarbonate OH oxygen atom coordinates to the active site 
Zn2+, the bicarbonate OH group also donates a hydrogen bond 
to the sidechain oxygen of Thr198, while the carbonyl oxygen 
of bicarbonate accepts a hydrogen bond from the backbone 
NH of Thr198, Figure 1a.1b Small molecule CA inhibitors that 
do not interact with the zinc ion have  



 

Scheme 1. Representation of the catalytic cycle for human CA II catalyzed a) hydration of CO2 to HCO3
- and H+; and b) 

ester hydrolysis to carboxylic acid and alkoxide. The zinc bound hydroxide is the active form of the enzyme. 

 
Scheme 2. Other CA catalyzed hydration reactions. 

            (a) O=C=NH + H2O  H2NCOOH  

            (b) NH=C=NH + H2O  H2NCONH2 

            (c) RCHO + H2O  RCH(OH)2 

been identified only recently, for example compounds com-
prising a coumarin scaffold.7 

In the current study we present a series of structural obser-
vations that were obtained following the analysis of several 
CA inhibitors in the presence of hCA II using protein X-ray 
crystallography and bioaffinity mass spectrometry. These 
CA inhibitors belonged to a novel compound class of carbo-
hydrate-based sulfamates, the carbohydrate hydroxyl groups 
were either free (-OH) or acylated (-OAcyl). Both biophysi-
cal methods provided data that indicated that the sulfamate 
compounds, in addition to being CA inhibitors were also 
substrates for the esterase activity of CA, with the ester 
groups of the sugar hydrolyzed by CA II. For one of these 
compounds, both the inhibitor and substrate binding mode 
were further analyzed using free energy calculations. These 
calculations suggest that the parent compound binds almost 
exclusively as a substrate. The various hydrolysis products 
can also bind as a pure inhibitor, competing with the sub-
strate binding mode. 

a)                                                 b) 

                  

Figure 1. Schematic of the CA active site of catalytically active hCA 
isozymes showing: a) the transition state with the active site Zn2+ bound 

to HCO3
-; and b) a primary sulfonamide CA inhibitor bound to the active 

site Zn2+. 

Results and Discussion. The esterase activity reported for 
hCA II with phenyl acetates shows that activity is sensitive 
to the chemical nature of both the acyl and the phenolic 
fragments that comprise the ester substrate.6b Tawfik demon-
strated a linear relationship between the pKa of the phenolic 
leaving group and hCA II esterase substrate reactivity with a 
series of substituted phenyl acetates,8 Table 1. Their study 
showed the ester substrate reactivity falls as the pKa of the 
alcohol leaving group increases, thus activated esters where-
in the pKa of the product alcohol is low, are the best sub-
strates for the esterase activity of hCA II. 4-Nitrophenyl ace-
tate (pKa of 4-nitrophenol = 7.14) is the most active known 
hCA II substrate for ester hydrolysis, while 4-
methoxyphenyl acetate (pKa of 4-methoxyphenol = 10.29) is 
~ 400-fold less active, Table 1. 

The compounds in this study are sulfamates derived from 
the monosaccharides D-glucose (1a-d), D-galactose (2a-b) 
and D-mannose (3a-b), Chart 1. The sulfamate moiety is on 
the C-6 primary hydroxyl group of the monosaccharide, with 
the remaining four hydroxyl groups either unmodified (1a-
3a) or acylated as acetyl (1b-3b), propionyl (1c) or butryl 
(1d) ester protecting groups. In a recent contribution we pre-
sented the design, synthesis and CA inhibition profile of 
these compounds.9  The hCA II inhibition constants (Kis) 
ranged from 11-307 nM as determined using a stopped flow 
assay that monitors the production of H+ from the CA cata-
lyzed hydration of CO2, Table 2.9-10 

Our primary motivation in studying CA inhibitors is ther-
apeutic drug discovery. Given the variable hCA II inhibition 
profile across this small group of monosaccharide deriva-
tives, differing only by the hydroxyl group acylation profile 
and the axial/equatorial stereochemistry, we hoped to discern 
the interactions of these compounds with active site residues 
of hCA II so as to identify the structural features of these 
ligands that may be important to directing future medicinal 
chemistry campaigns against this enzyme class. Protein X-
ray structures of native CA with inhibitors can  



 

Chart 1.  Carbonic anhydrase inhibitors - sulfamates derived from monosaccharides 

 
 

Table 1. Relationship of CA II catalyzed ester hydrolysis 
of phenyl acetates with leaving groups of varying pKa 
values.8 

substrate pKa 
kcat/KM ~103 M-1s-

1 
4-nitrophenyl acetate 7.14 2050 ± 162 

2,3-difluorphenyl acetate 7.81 1140 ± 62 
2,4-difluorphenyl acetate 8.43 133 ± 8 
4-chlorophenyl acetate 9.38 53 ± 3 

phenyl acetate 10 40 ± 4 
4-methoxyphenyl acetate 10.29 5.3 ± 1 

 
Table 2. Enzyme inhibition data of hCA II with carbohy-
drate-based sulfamates 1a-d, 2a-b, 3a-b. (h = human). 

Compound Ki (nM)a 

1a 82 
2a 93 
3a 104 
1b 307 
2b 106 
3b 11.3 
1c 105 
1d 114 

aErrors in the range of ± 5% of the reported value, from three 
determinations. 

demonstrate with intricate detail how novel small molecule 
enzyme inhibitors bind in the active site. This structure rich 
information informs interpretation of structure-activity rela-
tionships (SAR) for drug discovery research campaigns. 

To obtain these insights we thus applied protein X-ray 
crystallography. Using co-crystallization crystal structures of 
hCA II in complex with four of the eight sulfamate inhibitors 
were obtained, these were the acylated compounds 1b, 2b, 
3b and 1c at a resolution of 2.0, 1.8, 2.0 and 2.4 Å, respec-
tively. As expected the four enzyme bound structures dis-
played the canonical CA protein-sulfamate interactions (sim-
ilar to Figure 1b). Unexpectedly a free hydroxyl group was 
observed in the crystal structure at the anomeric centre (C-1) 
rather than the expected acyl group of the sulfamate inhibi-
tors. For inhibitor 1c the propionyl groups at C-2, C-3 and C-
4 were present, while for inhibitors 1b and 3b a hydroxyl 
group was observed also at C-2 in place of the expected ace-
tyl group, and for inhibitor 2b three of the four acetyl groups 
were absent with hydroxyl groups observed at C-1, C-2 and 
C-3 in the crystal structure. The C-1 acyl group of the parent 
structure is equatorial, however the C-1 hydroxyl group was 
observed axial to the carbohydrate ring for 1b, 2b and 3b 
while for the propionyl derivative 1c it was observed 95% 
axial and 5% equatorial. To investigate the chemical stability 
of 1b, 2b, 3b and 1c in the buffer conditions used for cocrys-
tallization a solution of each acylated sulfamate compound 
was prepared in the cocrystallization buffer. No ester hydrol-
ysis was observed for up to one month of exposure to buffer 
and the parent structures remained invariant. These results 
confirmed the chemical stability of the sugar sulfamates to 
the buffer conditions used for cocrystallization, showing that 
no spontaneous hydrolysis of 1b, 2b, 3b and 1c in buffer 
occurs. These results are consistent with the premise that the 
CA enzyme mediates ester hydrolysis of these inhibitor 
compounds. 

 



 

 

Figure 2. Schematic view of observed ligand interactions from inhibitor-bound hCA II: sulfamate 1b (compound 4), 1c (compound 5), 2b (compound 6) 
and 3b (compound 7) protein crystal structures. The canonical sulfamate interactions (Figure 1b) are not shown for the purpose of clarity. Hydrogen bond 
interactions are shown as dotted lines, van der Waals interactions as dashed lines. For compound 1c, the C-1 hydroxyl is observed 95% axial (shown) and 
5% equatorial, the water H-bond is conserved in both anomers. 

Table 3. Summary of ligand interactions with protein residues in hCA II:ligand complex crystal structuresa 

Ligand 4 5 6 7 
Direct hydrogen bondsb 
H2O hydrogen bondsb 
vdW interactionsc 

5 
1 
4 

4 
1 
6 

6 
1 
4 

5 
1 
3 

aThe canonical sulfonamide and sulfamate interactions are not included. bOnly bond distances below 3.5 Å were considered. cOnly bond 
distances below 4.5 Å were considered. 

   
             CA II:1b_4                                    CA II:1c_5                                  CA II:2b_6                                CA II:3b_7 

Figure 3. Crystal structures of human CA II in complex with sulfamates 1b (compound 4), 1c (compound 5), 2b (compound 6) and 3b (compound 7). 
Shown are the ligand conformations in the active site. The protein is not shown for clarity. The catalytic zinc ion is colored magenta. The final 2Fo – Fc 
density is contoured in blue at 1σ. The figure was prepared with PyMol.11 



 

In addition to the canonical sulfamate interactions, the 
crystal structures of the four sulfamate ligands reveal that 
there are several additional interactions between the bound 
ligands and amino acid residues of hCA II, some of which 
are highly conserved and involve residues that are involved 
in zinc binding (His94) or proton transfer (His64). The ob-
served hydrolyzed ligands of 1b, 1c, 2b and 3b are denoted 
as compounds 4, 5, 6 and 7, respectively. For each ligand, 
the anomeric hydroxyl group interacts indirectly with the 
sidechain hydroxyl of Tyr7 and the backbone carbonyl of 
His64 through formation of a strong hydrogen bond with an 
ordered water molecule (i.e. bond distance between 2.47 and 
2.65 Å), while the sugar ring oxygen of 4-7 interacts with 
His94 through a direct but weaker hydrogen bond (i.e. bond 
distance between 3.07 to 3.57 Å), Figure 2. There is conser-
vation of a hydrophobic interaction of the methylene group 
with the Thr199 and Leu197 (absent only in compound 6). The 
C-2 hydroxyl group of 4, 6 and 7 form hydrogen bonds with 
Asn67 and Asn62, while the sidechain of Leu60 provides hy-
drophobic contacts with the aliphatic group of the C-2 propi-
onyl substituent of 5. The C-3 hydroxyl group of 6 forms a 
hydrogen bond with Asn62 and Gln92, while the C-3 alkyl 
group oxygen of 4, 5 and 7 forms a H-bond with either Gln92 
(compounds 4 and 5) or Asn62 (compound 6), and the acyl 
oxygen of 5 and 7 form a hydrogen bond with Asn62 and 
Gln92, respectively. The C-4 acyl groups form a network of 
hydrophobic interactions with Phe130, Leu197, Val121 and/or 
Pro201 and a hydrogen bond with Gln92 (except compound 7). 
For compound 7, the distance from the sidechain of Phe130 to 
the C-4 acyl group CH3 is 2.89 Å, which is considerably 
smaller in value relative to the other compounds where the 
respective atoms are separated by at least 3.79 Å. The initial 
difference density clearly showed the position of the Zn2+ 
ion, surrounding water molecules, and each atom of the 
bound ligand. Based on the difference density, we were able 
to confidently identify the composition of the bound ligand 
and model its conformation in the active site of hCA II. Fig-
ure 3 shows the final 2Fo – Fc density for the bound ligand 
and Zn2+ ion. A summary of ligand interactions with hCA II 
is presented in Table 3. For the data sets reported here, there 
was no ambiguity as to the presence of hydrolyzed ligands in 
the active site cleft. The data collection and refinement sta-
tistics of inhibitor-bound hCA II crystal structures are pro-
vided in Supporting Information. The majority of publica-
tions that describe structures of hCA II annotate residue 
numbers that are offset by one relative to the amino acid 
sequence of hCA II. This may be a consequence of the num-
bering scheme used in the early hCA II crystal structures 
(PDB accession codes 1CA2, 2CBB) that skip residue num-
ber 126. In this study, we have applied a residue numbering 
scheme that is in accordance with the amino acid sequence 
of hCA II. 

hCA II is a well studied model enzyme and many assays 
for measuring enzymatic activity, thermodynamic parame-
ters or kinetic parameters for binding of inhibitors or sub-
strates to CA are reported.1b Assays are typically based on 
indirect reporters, for example the emission of light (e.g. 
fluorescence) or heat change (e.g. ITC). There are no assays 
designed to discern if a compound is both an inhibitor and a 
substrate of CA. An assay that allows us to directly observe 
structural features of CA-inhibitor binding interactions is 
needed to further assess our crystallography-based findings. 
Electrospray ionization mass spectrometry (ESI-MS) has 

been used to study proteins and complexes of proteins with 
naturally occurring substrates, inhibitors, and drugs.12 It is 
generally straightforward to adjust the parameters of the ESI-
MS measurement so that the signals observed in the mass 
spectrometer for a protein and the noncovalent complexes 
thereof reflect these species in solution.12 Thus if an inhibitor 
is combined with its target enzyme under native state condi-
tions then the noncovalent complex of [enzyme + inhibitor] 
may be observed in the ESI mass spectrum.  The mass dif-
ference (∆m/z) between the peaks for the unbound [enzyme] 
and the noncovalent complex [enzyme + inhibitor] can be 
multiplied by the charge state to give directly the molecular 
weight of the binding ligand i.e. MWligand = ∆m/z × z to pro-
vide confirmation of the identity of the bound inhibitor. 

We and others have previously demonstrated that elec-
trospray ionization Fourier transform ion cyclotron reso-
nance mass spectrometry (ESI-FTICR-MS) allows the direct 
observation of CA in complex with CA inhibitors, and have 
developed this bioaffinity mass spectrometry methodology 
(BAMS) to screen for novel CA inhibitors.13 The FTICR 
technique allows highly accurate mass measurements. This 
feature is of great benefit in determining the identity of the 
unknown binding species in noncovalent protein-ligand 
complexes.12 We recently identified a novel class of CA in-
hibitors belonging to the coumarin chemotype using 
BAMS.7a In that study a natural product coumarin, 6-(1S-
hydroxy-3-methylbutyl)-7-methoxy-2H-chromen-2-one (8), 
displayed significant CA inhibition. Using protein X-ray 
crystallography the lactone of 8 was not observed and in-
stead its hydrolysis product, the cis-2-hydroxy-4-(1S-3-
methylbutyl)-3-methoxy-cinnamic acid 9 fitted the electron 
density, Scheme 3. Using BAMS it was confirmed that the 
CA bound ligand had an increased molecular weight of 18 
Da compared to 8, consistent with the mass of the hydro-
lyzed coumarin 9. A number of follow up studies confirmed 
that the zinc bound hydroxide anion of the CA enzyme was 
responsible for the hydrolysis of the lactone ring of 8.7a 

Scheme 3. The lactone of the coumarin natural product 
CA inhibitor is hydrolyzed by hCA II. 

 
The BAMS method has proven a valuable biophysical 

screening method as it allows the direct observation of the 
inhibitor with the protein and appears ideal to further assess 
the unexpected crystallographic observations of the sulfa-
mates. We acquired the positive ion mass spectrum of a solu-
tion of hCA II (3.4 µM) in 10 mM NH4OAc, pH 7.2 using 
ESI-FTICR-MS, Figure 4. Peaks corresponding to the 12+ to 
10+ charge states of hCA II were observed, this narrow m/z 
distribution is indicative of fully folded (native state) hCA II 
protein.13d 

 



 

Figure 4. ESI mass spectra of hCA II obtained under native-state condi-
tions. Peaks corresponding to the 12+ to 10+ charge states of hCA II are 
observed. 

Next we studied a solution of hCA II in the presence of 
sulfamate inhibitor 1b. Mass spectra were acquired with this 
sample following incubation at 16 °C (the same temperature 
as used for protein cocrystallization) for 15 min, 1 day, 3 
days, 18 days and 21 days. This analysis yielded the series of 
mass spectra shown in Figure 5b. These spectra show that 
with increasing incubation time the sequential loss of 42 Da 
from the hCA II:ligand noncovalent complex is observed. 
This mass loss is consistent with the sequential loss of acetyl 
groups from 1b to give hydrolyzed ligands 10, 4, 12 and 1a, 
Figure 5a. The 15 min incubation yielded the ESI positive 
ion mass spectrum of Figure 5b, purple trace (only the 11+ 
charge state is shown for clarity). In this spectrum peaks 
corresponding to unbound hCA II and hCA II-1b complex 
are observed. The ESI positive ion mass spectrum of Figure 
5b, red trace was obtained following a one day incubation 
time. In this spectrum peaks corresponding to unbound hCA 
II and three different noncovalent complexes of hCA II are 
observed: the latter correspond to [hCA II + 1b] as well as 
the loss of one acetate group [hCA II + 10] and loss of two 
acetate groups [hCA II + 4]. Similarly the ESI mass spectra 
were acquired after three days (Figure 5b, blue trace), 18 
days (Figure 5b, green trace) and 21 days (Figure 5b, orange 
trace). After three days the [hCA II + 4] complex predomi-
nated, with much less of [hCA II + 1b] and [hCA II + 10] 
compared to day 1. The [hCA II + 4] corresponds to the 
complex observed by protein X-ray crystallography (above; 
dataset hCA II:1b_4). After 18 days the [hCA II + 12] com-
plex predominated, this corresponds to hydrolysis of three 
actetate groups from the parent sulfamate 1b. After 21 days 
the [hCA II + 12] complex continued to predominate – but 
also evident was the presence of a complex that corresponds 
to the hydrolysis product of removal of all four acetates of 
the ligand 1b, (i.e. compound 1a) to give the complex [hCA 
II + 1a]. The mass values of the peaks observed and calcula-
tion of the mass of the hCA II bound ligands are provided in 
the Supplementary Data. 

We then synthesized compound 10, the derivative of 1b 
where the C-1 anomeric hydroxyl group is deacetylated to 
give an alcohol as an anomeric α/β mixture in a ratio α:β of 
6:4. The BAMS studies demonstrate that compound 1b is not 
hydrolyzed following 15 mins of incubation, however after 
one day both 1b and hydrolysis products 10 and 4 are bound 
to hCA II, while the fully deprotected α anomer of 1a ap-
pears after 21 days. Our CA enzyme inhibition assay in-
cludes a pre-incubation period of 15 mins of CA with test 
inhibitor as this is sufficient time to allow formation of a 
standard CA-inhibitor complex to allow the inhibition con-
stant (Ki) to be determined. The BAMS studies demonstrate 
that the hCA II assay result for 1b (Ki = 307 nM) determined 
after 15 min pre-incubation is indeed due to inhibition by the 

1b parent structure. To afford further insight into the crystal-
lography and BAMS observations we have elaborated on the 
enzyme assays of 1b as well as the deacetylated derivative of 
1b, newly synthesized compound 10. Assays were performed 
in which hCA II was pre-incubated with 1b or 10 for 15 min, 
24 h or 72 h at either 4 °C or 25 °C prior to performing the 
enzyme inhibition assay, results are given in Table 4. Com-
paring Table 5, entry 1 with entries 2-4, shows that the inhi-
bition constant for 1b decreases with time from Ki = 307 nM 
(15 min pre-incubation) to Ki ~ 100 nM (24 h+ pre-
incubation at either 4 °C or 25 °C). These results suggest that 
the hydrolysis products of 1b are better inhibitors of hCA II 
than the parent 1b structure. Compound 10 (Ki = 50 nM, 
Table 4, entry 5) and compound 1a (Ki = 82 nM, Table 4, 
entry 6) are 6-fold and is 3.7-fold more potent than 1b, re-
spectively when a 15 min pre-incubation period is applied. 
These measured Ki values are consistent with the CA-
mediated hydrolysis of 1b leading to higher potency hCA II 
inhibitors. 

 
Table 4. Time dependent inhibition Ki data of hCA II 
with carbohydrate-based sulfamate 1b, and its deacety-
lated analogues 10 and 1a. 

Entry Compound Pre-incubation time 
& temperature Ki (nM)a,b 

1 1b 15 min, 25 °C 307 
2 1b 24 h, 4 °C 113 
3 1b 72 h, 4 °C 110 
4 1b 72 h, 25 °C 101 
5 10 15 min, 25 °C 50 
6 1a 15 min, 25 °C 82 

aErrors in the range of ± 5% of the reported value, from three 
determinations. bHuman (cloned) isozymes. 

 
The stopped-flow together with the BAMS measurements 

demonstrated that the carbohydrate-based sulfamates are 
both substrate and inhibitor for hCA II. The crystallography 
data reveal the binding mode for inhibition of several hydro-
lyzed compounds, but do not show in what conformation the 
substrate needs to bind to undergo the hydrolysis reaction. 
To investigate substrate binding in atomic detail, we per-
formed molecular dynamics (MD) simulations of structural 
models of the substrate 1b in complex with hCA II, generat-
ed with docking tools.14 Of all docked conformations, only 
those in which the hydroxide oxygen and a carbonyl carbon 
of 1b were in close contact were selected, Figure 6. During 
the MD simulations, the complexes were stable, with the 
zinc-bound hydroxide in close proximity to one or more car-
bonyl carbons of the ester groups. 

 
 
 

 
 
 
 



 

 
a) 

 
b) 

 

Figure 5. Sequential hydrolysis of acetyl groups from compound 1b in the presence of hCA II. a) Possible hydrolysis reaction sequence; b) ESI mass spec-
tra of hCA II (black trace) and hCA II incubated with 1b (coloured traces) obtained under native-state conditions following incubation for 15 min to 21 
days. (Only the 11+ charge state is shown for clarity). 

We further assessed the stability of the modeled substrate-
enzyme complex by calculating the non-covalent binding 
affinity, Table 5. Under the assumption that the docked com-
plexes are representative of reactive conformations, there is a 
weak tendency for the parent compound 1b to bind as a sub-
strate for hydrolysis, with a binding constant of 1.34 mM. 
Note, that for a full analysis of the binding affinity the cova-
lent interaction, the second step in the reaction mechanism, 
should also be accounted for. This step is characterized by 
the nucleophilic attack of the hydroxide on the carbonyl car-
bon, but is currently computationally inaccessible. To put the 
calculated dissociation constant into perspective, we repeated 
the docking and free energy calculation with an activated and 
a non-activated ester, p-nitrophenyl acetate and phenyl ace-
tate respectively, for which the esterase activity of hCA II 
has been measured.3b We find that the noncovalent dissocia-
tion constant for the hCA II-1b complex is orders of magni-
tude lower than for hCA II in complex with the known sub-
strates. This strongly suggests that also 1b can be hydrolyzed 
by hCA II, even when the catalytic rate for 1b turns out to be 
lower than in the case of the known substrates. 

To estimate the effect of the hydrolysis on the binding as 
the inhibitor, we computed the difference in binding free 
energy (∆∆G) of the inhibitor before (compound 1b) and 
after two hydrolysis steps (compound 4). In these simula-
tions, 1b was assumed to bind in the same conformation as 
observed in the X-ray structure of the hCA II-compound 4 
complex described above (PDB accession code 3T82). Note, 
that due to the covalent bond between the zinc and the sul-
famate we cannot calculate the absolute binding free energy 
for the inhibitor binding mode and therefore focussed on the 
∆∆G. The results of these calculations show that 4 binds 
much stronger than 1b (∆∆G = 39 kJ mol-1). This large dif-
ference in binding affinity between 1b and 4 does not ac-
count for the small differences in the measured inhibition 
constants in Table 5. Therefore, we can speculate that spe-
cies 1b does not bind as an inhibitor, but rather as a sub-
strate. This is also supported by the favourable calculated 
substrate binding affinity and may explain why no X-ray 
structures were found for the CAII-1b complex. 



 

Table 5. Binding free energies and dissociation constants 
for ligands in a pure inhibitor binding mode and sub-
strate binding mode. 

Substrate binding 
mode 

∆Gbind
0 

(kJ mol-1) 
kd 

neutral 1b -16.5 ± 0.62 1.34×10-3±0.13×10-3 

phenyl acetate 10.29 ± 0.23 62.9±3.5 
p-nitrophenyl ace-

tate 
10.86 ± 0.86 78±15 

Inhibitor binding 
mode 

∆∆Gbind 
(kJ mol-1) 

kd
4/kd

1b 

1b->4 -39.25 ± 3.08 6.58×106 

 
Whitesides recently reviewed the kinetics of association 

and dissociation of CA inhibitors with a sulfonamide ZBG to 
hCA II.1b This analysis showed that ArSO2NH2 compounds 
fit both a two-state or a three-state model (Scheme 4). In the 
two-state model, the ArSO2NH2 associates with hCA II and 
coordinates to the active site Zn2+ in one step, while in the 
three-state model, the ArSO2NH2 first associates with the 
hCA II to form a non-coordinated complex; that in a second 
step coordinates to the Zn2+. A number of experimental re-
sults were described that supported the three-state model. 
Our findings with the carbohydrate-based sulfamates are also 
consistent with the three-state model as these compounds 
necessarily bind to the CA active site as either a substrate 
(sulfamate not coordinated to Zn2+) or as an inhibitor (sulfa-
mate is coordinated to Zn2+). 
Scheme 4. Two-state (A) and three-state (B) models for 
the association of arylsulfonamides with CA.a  

 

aReprinted with permission from Krishnamurthy, V. M.; 
Kaufman, G. K.; Urbach, A. R.; Gitlin, I.; Gudiksen, K. L.; 
Weibel, D. B.; Whitesides, G. M., Carbonic Anhydrase as a 
Model for Biophysical and Physical-Organic Studies of Pro-
teins and Protein-Ligand Binding. Chem. Rev. 2008, 108, 
946-1051. Copyright 2008 American Chemical Society. 

The C-1 acyl group of the four parent sugar sulfamates is 
equatorial, while the C-1 hydroxyl group was observed axial 
to the carbohydrate ring for 1b, 2b and 3b and was observed 
95% axial and 5% equatorial for 1c. Hydrolysis of the sugar 
acyl groups can occur via acyl-oxygen cleavage as in 
Scheme 1, however this does not account for the inversion of 
configuration observed at C-1 in the X-ray crystal structures. 
A mechanism that is consistent with the almost exclusive 
formation of the axial hydroxyl from the anomeric acyl 
group is suggested in Scheme 5 (showing inhibitor/substrate 
1b as an example). Here hydrolysis occurs via alkyl-oxygen 
cleavage with formation of the oxocarbenium resonance 
stabilised cation and departure of the zinc coordinated acyl 
group. The zinc bound hydroxyl then reacts with the oxo-
carbenium cation leading to the axial anomer 4 and zinc 
bound acetate. The acetate is displaced by water and the ac-
tive CA with zinc bound hydroxyl is regenerated. The for-
mation of a small amount of the equatorial anomer in the 
case of 1c could be due to competitive hydrolysis via the two 
mechanisms (Schemes 1 and 5) or anomerization following 
alkyl-oxygen cleavage (Scheme 5). The sequential hydroly-
sis of acyl groups around the ring may be due to a proximity 
effect – after hydrolysis of the most labile acyl group at C-1, 
the Zn centre is “ready” to bind to the next nearest carbonyl 
group. 

 In conclusion, we have demonstrated that per-O-acylated 
sugar-based sulfamates are both substrate and inhibitor for 
hCA II. This research grew from the initial observations with 
protein:ligand structures obtained by X-ray crystallography 
that unexpectedly revealed the hydrolyzed ligands (com-
pounds 4, 5, 6 and 7) in place of the expected parent ligands 
1b, 1c, 2b and 3b, respectively. The stopped-flow together 
with the BAMS measurements then demonstrated that the 
carbohydrate-based sulfamates are both substrate and inhibi-
tor for hCA II. To investigate what conformation the sub-
strate needs to bind hCA II to undergo the hydrolysis reac-
tion, we next performed MD simulations of structural models 
of the substrate 1b in complex with hCA II. Mechanistically 
the ester hydrolysis is mediated by the zinc-bound hydroxyl 
and we can speculate that the fully acylated sugar-based sul-
famates do not bind as an inhibitor, but rather as a substrate. 



 

 

Figure 6. Active site structure of hCA II with the ligand inside the pocket. a) Pure inhibitor conformation of compound 4 (X-ray structure CA II:1b_4) and 
b) Substrate conformation of the parent sulfamate 1b (docking structure). Highlighted are the zinc (grey sphere), hydroxide (red-white spheres), ligand (lico-
rice) and histidine residues (licorice in the background). 

 

Scheme 5. Proposed mechanism for the anomeric acyl group hydrolysis of 1b, 2b, 3b and 1c by alkyl oxygen cleavage (show-
ing inhibitor/substrate 1b as an example). 

 

 
Experimental Section 
Protein crystallography. Human recombinant carbonic 

anhydrase II (CA II) was expressed in bacteria and crystal-
lized as described previously.15 Ligand-bound crystals were 
obtained by co-crystallization with 10 mM ligand (added 
from a 60 mM stock solution in MeOH). Crystals were im-
mersed in cryoprotectant (25% glycerol in mother liquor 

with 10 mM ligand). X-ray diffraction results of ligand-
bound CA II were obtained at the Australian Synchrotron 
beamline MX1 (equipped with a Quantum ADSC CCD de-
tector). Datasets were indexed with XDS16 or Mosflm17, and 
scaling, truncation and analysis was performed with pro-
grams from the CCP4 suite18. The structures were deter-
mined using difference Fourier techniques and refined with 
Phenix.19 Ligand topology was generated with PRODRG20, 
and manual model building and visual inspection was per-
formed with O21 and Coot22. Coordinates and structure fac-



 

tors have been deposited with the PDB (accession codes 
3T82, 3T83, 3T84, and 3T85).  

Mass Spectrometry. Mass spectrometry was performed 
on an APEX III 4.7 Tesla FTICR mass spectrometer 
(Bruker Daltonics, Billerica, MA, USA) fitted with an Apol-
lo electrospray ionisation (ESI) source operated in positive 
ion mode. XMASS NT V6.1.2 mass spectrometry software 
on a PC platform was used for data acquisition. Broadband 
excitation was used to analyze a mass range from m/z 50 – 
6000 and each spectrum was an average of 64 transients 
(scans) with 512 K data points acquired in low resolution 
mode, with an acquisition time of approximately 4 
min/sample. Samples were infused into the ESI source at 2 
µL/min. Nitrogen was used as both the drying gas (125 ºC) 
and nebulizing gas. Relevant parameters include a 104-fold 
pressure reduction between source and analyzer regions with 
an ESI source pressure (10-6 mbar) and high vacuum analyz-
er region pressure (6x10-10 mbar). Agilent ESI tuning mix 
(Santa Clara, California, USA) was used for an external 
three-point calibration. The hexapole ion accumulation time 
was 3 s. Samples for MS analysis were prepared as follows: 
3.23 µM hCA II and 11.69 µM (3.6 equiv.) ligand 1b in a 
total volume of 500 µL. Samples were incubated at 16 °C for 
15 min, 1 day, 3 days, 18 days and 21 days prior to MS anal-
ysis. 

Chemical Synthesis, general. All starting reagents were 
purchased from commercial suppliers. Reactions were moni-
tored by TLC. TLC plates were visualized with UV light 
and/or orcinol stain (1 g of orcinol monohydrate in a mixture 
of EtOH:H2O:H2SO4 72.5:22.5:5 mL). Silica gel flash chro-
matography was performed using silica gel 60 Å (230-400 
mesh) from Davisil. 1H NMR were recorded on a Varian 
Unity 500 MHz spectrometer at 30 °C. Chemical shifts for 
1H and 13C NMR run in DMSO-d6 are reported in ppm rela-
tive to residual solvent proton (δ = 2.50 ppm) and carbon 
(δ = 39.5 ppm) signals, respectively. Multiplicity is indicated 
as follows: s (singlet); d (doublet); t (triplet); m (multiplet); 
dd (doublet of doublet); ddd (doublet of doublet of doublet); 
br (broad). Coupling constants are reported in Hertz (Hz). 
Melting points measured on a Cole Parmer instrument are 
uncorrected. High-resolution electrospray ionization mass 
spectra were performed on an Apex III Bruker Daltonics 
4.7T Fourier transform mass spectrometer (FTMS) fitted 
with an Apollo ESI source. Low resolution mass spectra 
were acquired on an Applied Biosystems Pty Ltd Mariner 
ESI-TOF mass spectrometer using electrospray as the ioniza-
tion technique in positive ion and/or negative ion modes as 
stated. All MS analysis samples were prepared as solutions 
in methanol. Compounds 1a-3a, 1b-3b, 1c and 1d were syn-
thesized as reported previously by our group.9 

Synthesis of 2,3,4-tri-O-acetyl-6-sulfamoyl-α,β-D-
glucopyranose (10)23 Hydrazine acetate (24 mg, 0.27 mmol, 
1.3 equiv.) was added to a solution of compound 1b (91 mg, 
0.21 mmol, 1.0 equiv.) in DMF (1 mL) at 75 °C. The reac-
tion stirred for 20 min at 75 °C the diluted in EtOAc (20 
mL), washed with brine (× 2) and the aqueous fractions back 
extracted with EtOAc (× 2). The organic fractions were then 
combined, dried over MgSO4, filtrated and the solvent evap-
orated leaving a crude residue that was purified by flash 
chromatogaphy (1:1 EtOAc/hexane) to afford the title com-
pound 10 (66 mg, 0.17 mmol, 81% yield, α/β 6/4) as a white 
solid. m.p. = 147 °C.  Rf = 0.28 (3:2 EtOAc//hexane). 1H 

NMR (500 MHz, DMSO-d6): δ = 7.53 (br s, 2H, NH2); 7.36 
(d, J = 6.0 Hz, 0.4H, OH-1β); 7.33 (d, J = 4.5 Hz, 0.6H, OH-
1α); 5.36 (t, J = 10.0 Hz, 0.6H, H-3α); 5.25 (t, J = 10.0 Hz, 
0.4H, H-3β); 5.25 (t, J = 4.0 Hz, 0.6H, H-1α); 4.90 (t, J = 10.0 
Hz, 0.6H, H-4α); 4.89 (t, J = 7.0 Hz, 0.4H, H-1β); 4.83 (t, J = 
9.5 Hz, 0.4H, H-4β); 4.73 (dd, J = 10.0, 3.5 Hz, 0.6H, H-2α); 
4.71 (dd, J = 10.0, 8.0 Hz, 0.4H, H-2β); 4.19 (m, 0.6H, H-5α); 
4.05-4.01 (m, 2.4H, H-5β, H-6a, H-6b); 2.02, 2.01, 1.99, 
1.97, 1.94 (5 × s, 9H, OCOCH3), assignments were con-
firmed by 1H-1H gCOSY. 13C NMR (125 MHz, DMSO-d6): 
δ = 170.2, 170.1, 169.7 (OCOCH3); 94.1 (C-1β); 89.3 (C-1α); 
72.7 (C-2β); 72.6 (C-3β); 71.0 (C-2α); 70.6 (C-5β); 69.7, 69.7 
(C-3α, C-4α); 68.8 (C-4β); 68.7 (C-5α); 67.5 (C-6β); 66.6 (C-
6α); 20.7, 20.6, 20.5 (OCOCH3), assignments were con-
firmed by 1H-13C HSQC. LRMS (ESI+): m/z = 408 [M + 
Na]+. HRMS: Calculated for C12H19NO11SNa 408.0571, 
Found 408.0577. 

Carbonic anhydrase catalytic inhibition assays. An 
SX.18MV-R Applied Photophysics stopped-flow instrument 
has been used for assaying the CA II CO2 hydration activity. 
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 NaClO4 (for 
maintaining constant the ionic strength, this anion is not in-
hibitory), following the CA-catalyzed CO2 hydration reac-
tion for a period of 10 – 100 s. Saturated CO2 solutions in 
water at 20 ºC were used as substrate. Stock solutions of 
inhibitors were prepared at a concentration of 10 – 50 mM 
(in the assay buffer) and dilutions up to 1 nM done with the 
assay buffer mentioned above. Inhibitor and enzyme solu-
tions were preincubated together for the required time at 
room temperature prior to assay, in order to allow for the 
formation of the E-I complex and time for the acyl group 
hydrolysis. The inhibition constants were obtained by non-
linear least-squares methods using PRISM 3. The curve-
fitting algorithm allowed us to obtain the IC50 values, work-
ing at the lowest concentration of substrate of 1.7 mM), from 
which Ki values were calculated by using the Cheng-Prusoff 
equation. The catalytic activity (in the absence of inhibitors) 
of these enzymes was calculated from Lineweaver-Burk 
plots and represent the mean from at least three different 
determinations. The hCA II enzyme concentration was 10.3 
nM.  

Free-energy calculations 
Simulation setup. All simulations were performed using 

the Gromacs software package.24 The md integrator was 
used. All bonds were constrained using the LINCS algo-
rithm,25 allowing a time step of 2 fs. The temperature was 
connected to a heat bath of 300 K via the v-rescale thermo-
stat.26 The pressure was maintained constant at 1 atm using 
the Parrinello-Rahman barostat with τp set to 1.0 and the 
compressibility to 4.5×10-5.27 Van der Waals interactions 
were switched off between 0.8 and 0.9 and a dispersion cor-
rection term was included. The electrostatic interactions 
were treated using PME28 with a real space cut-off of 1.0 nm. 
The simulation box was generated by creating a dodecahe-
dron box around the protein and/or ligand, with a minimum 
distance of 1.0 nm between the box and the solute. The rest 
of the box was filled with TIP3P29 water molecules and Na+  
and Cl-  atoms were added to obtain a neutral box of approx-
imately 0.1 M. The resulting system was energy minimized 



 

by steepest descent and simulated for 1 ns with position re-
straints on the protein and/or ligand. 

We have used the Amber force fields for our simulations, 
with the Amber99sb parameter set for the protein. The pa-
rameters for the active site were taken from Suárez et al.30 To 
describe the carbohydrate ligands we used the carbohydrate 
optimized Glycam06 parameter set.30 The missing parame-
ters for the sulfamate were taken from the Gaff parameter 
set.31 To describe the phenyl acetate, p-nitrophenyl acetate 
we used the Gaff parameter set. For all ligands, the deriva-
tion of the charge set was done following the Glycam06 pro-
cedure. Glycam06 was preferred over Gaff, because all atom 
charge fitting leads to overfitting of the electrostatic poten-
tial.32 Removing the aliphatic hydrogens from the fit will 
reduce the chance of overfitting without large effects for the 
charge distribution of the molecule.30 The charges we used 
for the ligands and the active site are provided as supporting 
information. 

Inhibitor binding free energy difference. The binding free 
energy of the ligand in the inhibitor binding mode cannot be 
calculated directly, because the sulfamate nitrogen is chemi-
cally bonded to the zinc of the hCA II active site. The energy 
of a chemical bond cannot be assessed in a classical MD 
simulation and consequently the associated binding free en-
ergy cannot be calculated. Therefore we calculated the free 
energy difference between ligand 1b and compound 4 in 
water and in the protein. These are related to the binding free 
energies through the thermodynamic cycle displayed in Fig-
ure 7. 

 

Figure 7. Free energy cycle used  to calculate the difference in binding 

free energy between compound 4 and 1b (∆∆Gbind  = ∆G 4
bind  –  

∆G

 

bind
1b  = ∆Ghyd.prot  –  ∆Ghyd.wat). 

Then ∆∆Gbind  = ∆G 4
bind  –  ∆G

 

bind
1b  = ∆Ghyd.prot  –  ∆Ghyd.wat. 

The difference in binding free energy ∆∆Gbind is then related 
to the ratio of the dissociation constants through  

 

kd
4

kd
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=  e

 

−∆∆Gbind
RT . The free-energy differences ∆Ghyd.prot  and 

∆Ghyd.wat  were computed using the Crooks gaussian intersec-
tion method (CGI)33 and the error is estimated as described.33 
For the short simulations to calculate the work to change 1b 
into 4 and vice versa the van der Waals switching parameters 
were changed to 1.0 and 1.1 nm and the PME real space cut-
off to 1.2 nm. For ∆Ghyd.wat  morphing one state into the other 
was done within 50 ps. This was repeated 100 times with 
different starting conformations obtained from at least 10 ns 

equilibrium trajectory. For  ∆Ghyd.prot the same procedure was 
followed with morphing times increased to 1 ns to obtain 
reasonable accuracy. 

Ester hydrolysis by hCA II. We used Flexx14 to dock neu-
tral 1b, phenyl acetate and p-nitrophenyl acetate into the 
active site of hCA II. The initial protein structure for the 
docking was the X-ray structure PDB ID 3T82 (CA 
II:1b_4). After adding hydrogens to this structure we substi-
tuted the ligand N-H (ligated to Zn2+) with O-H and removed 
all other atoms of the ligand. We defined the binding site as a 
sphere with a radius of 8 Å around the oxygen of the hydrox-
ide ion. For every ligand we created the maximum number of 
docking poses (2000). From the created database of docking 
poses we visually inspected the structures. The four highest 
ranked structures with a unique close contact interaction 
between the hydroxide ion and the carbonyl carbon of the 
ester were selected for further investigation. Then, we equil-
ibrated these complexes for 2 ns including position restraints 
on the ligand Zn2+, OH- and the three histidine residues coor-
dinated to the Zn2+ to allow for side chain equilibration. Fi-
nally, a short production run was done without position re-
straints for 10 ns. 

When the ligand is considered as a substrate for ester hy-
drolysis there are no bonded interactions between the ligand 
and the active site. Consequently, we can calculate the bind-
ing free energy directly. Therefore we use discrete thermo-
dynamic integration (DTI) and Bennet Acceptance Ration 
(BAR)34 to extract the ligand binding free energy. First, the 
ligands coulomb interactions are removed in five steps λ = 
{0;0.25;0.5;0.75;1}. Then, the van der Waals interactions 
between the ligand and protein/solvent are removed in 16 
steps with λ = {0;0.05;0.1;0.2;0.3;0.4;0.5;0.6;0.65;0.7;0.75; 
0.8;0.85;0.9;0.95;1}. The spacing between the λ-points is 
chosen to have sufficient overlap between two neighbouring 
points. This procedure was performed for the ligand in water 
and in the protein to obtain the binding free energy. In order 
to maintain the average bonded conformation of the ligand in 
the protein we introduced position and orientation restraints 
acting on the ligand with respect to the protein.35 These re-
straints were introduced in three steps λ={0;0.5;1}. Further-
more, a standard state correction was applied.35 For these 
simulations the md integrator was replaced by the sd integra-
tor36 with the reference temperature set to 300 K. This en-
sured appropriate sampling of the decoupled state. The van 
der Waals switching parameters were changed to 1.0 and 1.1 
nm and the PME real space cut-off to 1.2 nm. 
Supporting Information. Data collection and refinement statis-
tics of inhibitor-bound hCA II crystal structures; ESI-FTICR-
MS calculated mass values of the peaks observed in the mass 
spectra; and the charges used for the ligands and the active site 
in MD. This material is available free of charge via the Internet 
at http://pubs.acs.org.  
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ESI-FTICR-MS, electrospray ionization Fourier transform ion 
cyclotron resonance mass spectrometry; CA, carbonic anhy-
drase; ZBG, zinc binding group; PDB, Protein Data Bank; SAR, 
structure-activity relationships; BAMS, bioaffinity mass spec-
trometry; MD, molecular dynamics 
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