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CO2  + H2O  HCO3
- + H+

hCA IX: k
cat

/K
M

= 1.5 x 108 M-1 x s-1

(Hilvo, De Simone et al., JBC 2008, 283, 27799)

SazCA:  k
cat

/K
M

= 3.5 x 108 M-1 x s-1

(extremophilic bacterium Sulfurihydrogenibium azorense

Vullo et al., BMC 2013, 21, 4521)

hSOD:  k
cat

/K
M

= 7.0 x 109 M-1 x s-1

CAs are highly effective catalysts:



7 Carbonic anhydrase (CA) gene families

-CAs (Bacteria, algae, cytoplasm of green plants, protosoa 

(e.g. Plasmodium), animals – including vertebrates)

-CAs (Bacteria, algae, chloroplasts of mon-/dicotyledons)

-CAs (Archaea, Bacteria)

- CAs  – marine diatoms and algae (e.g., Thalassiosira 

weissflogii TWCA1 and related organisms)

- CAs  –Cd or Zn enzymes from marine diatoms 

η-CAs – in Plasmodium spp.

Θ-CAs – thylakoid of diatoms (PNAS 2016, 113,9828-33)



hCA II active site, with the Zn(II) ion (pink sphere), its three histidine ligands 

(His 94, His 96 and His 119, in green), the proton shuttle residue His 64 as well 

as the histidine cluster extending from the rim of the active site to the surface 

of the protein, comprising residue 3, 4, 10, 15 and 17, in orange)

Supuran, CT. Nature Rev Drug Discov 2008, 7, 168-181

.
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Catalytic mechanism of -CAs 



O=C=O+ H2O  HCO3
- + H+ (1)

O=C=S + H2O   H2S+ CO2

S=C=S + 2H2O 2 H2S + CO2

(2)

(3)

HN=C=NH + H2O  H2NCONH2 (4)

RCHO + H2O RCH(OH)2 (5)

RCOOAr + H2O RCOOH + ArOH (6)

RSO3Ar + H2O RSO3H + ArOH (7)

ArOPO3H2+ H2O ArOH + H3PO4 (8)

R2NCSSR'  +  H2O R2NH+ R'SH + COS (9)

PhCH2OCOCl + H2O PhCH2OH + CO2 + HCl (10)

RSO2Cl + H2O RSO3H + HCl (11)

Reactions catalyzed by the CAs (Supuran CT, Biochem J. 2016,  473,2023-32)





-CA

(hCA II)

-CA

(Can2)

-CA

(Cam)

-CA

(R3-CdCA)

Blue= Hydrophobic

Red = Hydrophilic

Yellow = metal



___________________________________________________________________________

Isozyme Catalytic activity Affinity  Sub-cellular localization

(CO2 hydration) for sulfonamides

__________________________________________________________________

CA I medium medium cytosol

CA II high very high cytosol

CA III very low very low cytosol

CA IV high high plasma membrane

CA VA moderate high mitochondria

CA VB high high mitochondria

CA VI medium high secreted (saliva/milk)

CA VII high very high cytosol

CA VIII acatalytic - cytosol

CA IX high high transmembrane

CA X acatalytic - cytosol

CA XI acatalytic - cytosol

CA XII medium very high transmembrane

CA XIII    medium high cytosol

CA XIV low high transmembrane

mCA XV    high high plasma membrane
________________________________________________________________________________________

m = mouse isoform; all other are human CAs

-CAs in higher vertebrates including Homo sapiens



Alterio et al.

Chem. Rev. 2012, 112,

4421-4468.



E-Zn2+-OH2 + I  E-Zn2+-I + H2O (substitution)

Tetrahedral adduct

E-Zn2+-OH2 + I  E-Zn2+-OH2(I) (addition)

Trigonal-bipyramidal adduct
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CA inhibition mechanism by sulfonamide and anionic 

inhibitors
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D’Ambrosio, Carradori, et al., Chem Commun 2015, 51, 302-305

New CA inhibition mechanism

OUT OF THE ACTIVE SITE BINDING



O OO

OH

O OO

OH

O

O

O

OH

Zn

O

H H
Zn

OH
2

OH

O

O

OH O

+ -

1 1a

CA

+-

hydrolysis

2+
H2O

2+

A
B

CA inhibition mechanism by Coumarins (Maresca et al, JACS 2009)

(Inhibition Mechanism no. 3: occlusion of active site entrance)



Binding of the CIS-2-hydroxy-cinnamic 

acid (in gold) hydrolysis product of the 

coumarin NP within hCA II active site

O OO

OH

OHO

OH

COOH

HO -

Maresca et al, JACS 2009



Superposition of hCA II – 5 (coumarin hydrolysis product) – gold – with hCA II –

phenol adduct (sky) and hCA II – sulfonamide adduct (possessing a TEMPO tail)

(magenta).





These coumarins/thiocoumarins

were effective CA IX/XII inhib.

No inhibition of CA I and II



Fo-Fc omit map of 6-hydroxyl-2-thioxocoumarin 8a and 

water molecules within the hCA II active site in the hCA II –

8a adduct; B: Tilted view of the electron density of 8a and 

water molecules within the hCA II active site. Ferraroni et al. 

J Med Chem 2016, 59, 462-73.



Superposition of the hCA II - 8a adduct (sky blue, 

4WL4) with the hCA II - hydrolyzed coumarin adduct 

(5BNL) (silver). The zinc ion, its three His ligands 

and amino acid residues involved in the binding of 

inhibitors are shown. Ferraroni et al.   J Med Chem

2016, 59, 462-73.



The COUMARINS and their derivatives
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Chemical diversity  generated using coumarins as lead ( PRODRUG CAIs)

10

different

new classes of CAIs





Sulfocoumarins as CAIs (J Med Chem 2013)

6-substituted sulfocoumarins are CA IX/XII – selective inhibitors 

Anchoring to

the zinc-coord

water





Primary sulfonamide CAIs in clinical use since 1954:

Classical use:

1. Diuretics

2. Antiglaucoma systemic drugs

“Modern” use/applications:

1. Topical antiglaucoma drugs

2. Anticonvulsants/antiepileptics

3. Antiobesity agents

4. Antitumor therapies/diagnostic tools

5. Agents for the treatment of neuropathic pain

Different isozymes are targeted by such drugs



Inhibitors design – novel classes of CAIs

Hystoric overview  on CAI drug discovery

1940 1954

Sulfonamides discovered
as CAIs

Acetazolamide
starts to be used
clinically

1987

Sulfamates
topiramate
reported not to
be CAI

1992

Sulfamates

2002

Sulfamides

2008-9

COUMARINS

2010

POLYAMINES

2011

DITHIO-
CARBAMATES

2013

XANTHATES
MONO-
THIOCARBA-
MATES

1982

Phenol

2015

OUT of the ACTIVE SITE
INHIBITION MECHANISM



Sulfonamides/sulfamates

used clinically (more than 

30 compounds)

Supuran, CT. Nature Rev 

Drug Discov 2008, 7, 168-181









The X-Ray structure of  hCA IX reported by our

hCA IX-acetazolamide

adduct

hCA IX dimer





Specific Inhibition of CAIX-positive 4T1 Tumor growth by a CAIX 

small molecule Inhibitor (Lou et al, Cancer Res. 2011, 71, 3364-76 )
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MST-119 inhibits the formation of metastases by 4T1 

mammary tumor cells
Day 7 post injection of tumor cells (5x105 cells/animal)
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Pacchiano et al., J. Med. Chem. 2011, 54, 

1896-902. 
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A Phase I, multi-center, open-label study to 
investigate the safety, tolerability and 
pharmacokinetics of SLC-0111 in subjects with 
advanced solid tumours was successfully 
completed (2016)

Sponsor: Wellichem Corporation, Vancouver, 

Canada

ClinicalTrials.gov Identifier: 

NCT02215850

Sponsor Protocol No. SLC0111-14-C01

Ozmosis Study No. OZM-055

SLC-0111 is presently in Phase Ib clinical trials
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R

1: R = 4-F-C6H4 (SLC-0111); Ki = 960 nM

2: R = C6F5; Ki = 50 nM

3: R= 2(i-Pr-)-C6H4; Ki = 3.3nM

4: R = 3-O2N-C6H4 (U-119); Ki = 15 nM

5: R = cyclopentyl; Ki = 226 nM

Pacchiano et al., Chem. Commun. 2010



















The sulfonamide – DM1 conjugate 





Poly(amidoamine) Dendrimers with CAI

Activity and Antiglaucoma Action

Carta, Osman, AlOthman, et al. J. Med. Chem, 2015, 58, 4039-45.







Carta et al. J. Med. Chem, 2015, 



Carta et al. J. Med. Chem, 2015,.

Carta et al. J. Med. Chem,

2015,.



Dendrimers incorporating benzenesulfonamide moieties strongly inhibit 

carbonic anhydrase isoforms I-XIV.

Carta F, Osman SM, Vullo D, AlOthman Z, Supuran CT. Org Biomol Chem. 

2015 Jun 21;13(23):6453-7.  

Poly(amidoamine) dendrimers show carbonic anhydrase inhibitory activity 

against α-, β-, γ- and η-class enzymes.

Carta F, Osman SM, Vullo D, AlOthman Z, Del Prete S, Capasso C, 

Supuran CT. Bioorg Med Chem. 2015 Nov 1;23(21):6794-8.



Novel Chemotypes: Dithiocarbamates/XANTHATES, new classes of CAIs

Trithiocarbonate (CS3)
2- was

shown recently to be a CAI

(Innocenti et al. BMCL19 (2009) 

1855-1857

TTC is thus a NEW ZBG

(zinc-binding group)

TTC is however a weak or very weak CAI, Ki-s in the micro-millimolar range

(depending on the isoform)

CAN we design more effective CAIs considering TTC as lead ? YES

RNH2 + CS2 = DTCs

ROH + CS2 = XANTHATES



Superposition of the three hCA II – DTCs (7-9) X-ray structures showing a very

variable orientation/conformation of the bound inhibitors within the active site

RNH2 + CS2 = DTCs

ROH + CS2 = XANTHATES



CONCLUSIONS

CA IX is a validated antitumor/antimetastatic 

target

Sulfonamide, sulfamate, sulfamide and coumarins

actings as CA IX inhibitors show significant

effects in vitro and in vivo (primary

tumors/metastases)

Treatment with CA IX inhibitors reduces the

number of cancer stem cells

A sulfonamide CA IX inhibitor entered Phase I

clinical trials in 2014

Imaging of CA IX-positive tumors feasible




