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CO, +H,0 <> HCO, +H*

CAs are highly effective catalysts:

hCAIX: k_/K,, =1.5x10° M x s

(Hilvo, De Simone et al., JBC 2008, 283, 27799)
SazCA: k_/K,,=3.5x10° Mt x s

(extremophilic bacterium Sulfurihydrogenibium azorense
Vullo et al., BMC 2013, 21, 4521)

hSOD: k_/K,,=7.0x10°M* x s



[/ Carbonic anhydrase (CA) gene families

ao-CAs (Bacteria, algae, cytoplasm of green plants, protosoa
(e.g. Plasmodium), animals — including vertebrates)

B-CAs (Bacteria, algae, chloroplasts of mon-/dicotyledons)
v-CAs (Archaea, Bacteria)

o0- CAs — marine diatoms and algae (e.g., Thalassiosira
weissflogii TWCAL and related organisms)

C- CAs —Cd or Zn enzymes from marine diatoms
n-CAs — in Plasmodium spp.

®-CAs — thylakoid of diatoms (PNAS 2016, 113,9828-33)



HIS119

L ] S

hCA 11 active site, with the Zn(Il) 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



Catalytic mechanism of a-CAs

Hydrophobic pocket

Val 121
Val 143
Leu 198

"OH :
, + CO, OH
Zn — N
/\™ His 119 Zn
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“BH' || B
OH, o
7n H,O ™o /g
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0=C=0+ H20 « HCOs + H* (1)

0=C=S + H,0 « HS+ CO, 2)
S=C=S + 2H,0 © 2 H2S + CO; (3)
HN=C=NH + H,0 <> H,NCONH: (4)
RCHO + H,0 <> RCH(OH), (5)
RCOOAr + H,O <> RCOOH + ArOH (6)
RSOsAr + H,O <> RSOszH + ArOH 7)
ArOPOsH,+ Hy0 <> ArOH + H3PO, (8)
R:NCSSR' + H,0 <> R;NH+ R'SH + COS (9)
PhCH,OCOCI + H,0 > PhCH;OH + CO; + HCl (10)
RSO,Cl + H,O <> RSOsH + HCI (11)

Reactions catalyzed by the CAs (Supuran CT, Biochem J. 2016, 473,2023-32)
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a-Carbonic Anhydrases Possess Thioesterase Activity
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ABSTRACT: The a-carbonic anhydrases (CAs, EC 4.2.1.1)

show catalytic versatility acting as esterases with carboxylic, ,9 [jk DIL‘W
sulfonic, and phosphate esters. Here we prove by kinetic, ’f ﬁ N - CH-SH @7%_1\{1}#]1
spectroscopic, and MS studies that they also possess e ? ©
thioesterase activity with a dithiocarbamate ester as a substrate ! =

(PhSO,NHCSSMe). Its CA-mediated hydrolysis leads to i J
benzenesulfonamide, methyl mercaptan, and COS. The CA

thioesterase activity may be useful for designing prodrug 0

enzyme inhibitors, whereas some CA isoforms may use this QS—Nﬁz + 0=C=8
activity for modulating physiologic/pathologic processes, which [;‘ )

are possibly amenable to drug discovery of agents with multiple
mechanisms of action.

KEYWORDS: Carbonic anhydrase, thioesterase, inhibitors, prodrugs




a-CA  B-CA
(hCAIl) (Can2)

Blue= Hydrophobic
Red = Hydrophilic
Yellow = metal

y-CA C-CA
(Cam) (R3-CdCA)




a-CAs In higher vertebrates including Homo sapiens

Isozyme Catalytic activity

(CO, hydration)

Affinity
for sulfonamides

Sub-cellular localization

CAI medium
CAIlI high

CA Il very low
CA IV high
CAVA moderate
CAVB high
CAVI medium
CAVII high
CAVIIlI  acatalytic
CAIX high
CAX acatalytic
CAXI acatalytic
CAXII medium
CAXIIlI medium
CAXIV low

MCA XV high

medium
very high
very low
high

high

high

high
very high

high

very high
high
high
high

cytosol

cytosol

cytosol

plasma membrane
mitochondria
mitochondria
secreted (saliva/milk)
cytosol

cytosol
transmembrane
cytosol

cytosol
transmembrane
cytosol
transmembrane
plasma membrane

m = mouse isoform:; all other are human CAs
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to Design Specific Drugs Targeting 15 Different |soforms?
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CA inhibition mechanism by sulfonamide and anionic
Inhibitors

E-Zn**-OH, + | & E-Zn?*-1 + H,0O (substitution)
Tetrahedral adduct

E-Zn?*-OH, + | < E-Zn?*-OH(1) (addition)
Trigonal-bipyramidal adduct

Hydrophilic
part of active site
Glu 106 9 Hydrophobic part
of active site
A\
X |—| / C
O — \. OH,
O i N /
I HN \ 2+
H - Zn
N \ ” <\ His 119
Thr199 | Zn HIS 94 s 06
7\ \Hls 119
His 94
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How many carbonic anhydrase inhibition mechanisms exist?
Claudiu T. Supuran

Neurofarba Department, Laboratorio Di Chimica Bicinorganica, Sezione Di Chimica Farmaceutica E Nutraceutica, Universita Degli Studi Di Firenze,
Florence, Italy

Abstract Keywords

Six genetic families of the enzyme carbonic anhydrase (CA, EC 4.2.1.1) were described to date.  Anchoring to zinc-coordinated water,
Inhibition of CAs has pharmacologic applications in the field of antiglaucoma, anticonvulsant, carbonic anhydrase, inhibition mechanism,
anticancer, and anti-infective agents. New classes of CA inhibitors (CAls) were described in the inhibitors, occlusion of the active site

last decade with enzyme inhibition mechanisms differing considerably from the classical entrance, out of the active site binding,
inhibitors of the sulfonamide or anion type. Five different CA inhibition mechanisms are known: zinc binder

(i) the zinc binders coordinate to the catalytically crucial Zn(ll) ion from the enzyme active site,
with the metal in tetrahedral or trigonal bipyramidal geometries. Sulfonamides and their
isosters, most anions, dithiocarbamates and their isosters, carboxylates, and hydroxamates bind
in this way; (ii) inhibitors that anchor to the zinc-coordinated water molecule/hydroxide ion
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New CA inhibition mechanism

0 H,0, 33% 0

acetic acid
OH rt OH
_ >
S/\© 2 h, 88% yield S/\©
(0]

OUT OF THE ACTIVE SITE BINDING

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



CA inhibition mechanism by Coumarins (Maresca et al, JACS 2009)
(Inhibition Mechanism no. 3: occlusion of active site entrance)

OH
)\/I;Ei
o 0" o

|

hydrolysis
| 2+ - H Ay /H

/Tn\ H,O ?2+



Binding of the CIS-2-hydroxy-cinnamic
acid (in gold) hydrolysis product of the
coumarin NP within hCA |1 active site

Maresca et al, JACS 2009 ls i

sym




A .‘
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Superposition of hCA 1l — 5 (coumarin hydrolysis product) — gold — with hCA 11 —
phenol adduct (sky) and hCA Il — sulfonamide adduct (possessing a TEMPO tail)
(magenta).



A 0 ; 0 SN
ﬂ P J\\ + )]\ —— L E/ /LH hCA I, I, IX and XII inhibition data with coumarins 5-23 and A-C (as standard
HO™ ™~ "0" "0 R OH R” 07~ 070 inhibitors), by a stopped-flow, CO; hydration assay method (6 h incubation time
Umbelliferone 1:R'=Me 3:R'=Me between enzyme and coumarin )"’
2:R"=Et 4: R" = Et
. Compound K’
0 Fries rearrangement - - - -
; R'Jﬁ%’k JA‘*‘-‘“’% hCA P (uM)  hCA TP (uM)  hCA X" (nM])  hCA XII* (nM)
—_— +
o Foto | wepete ot g T
0%~ R C 584 =100 482 754
5 R = Me 7R = Me 5 =100 =100 8030 >100,000
6 R" = Et 8 R" = Et 6 >100 >100 8015 >100,000
7 =100 =100 73.0 61.9
iii iii 8 =100 =100 58.2 61.7
9 =100 =100 7800 6540
o 10 =100 =100 7400 =100,000
Jl\ P PN 11 =100 =100 7580 >100,000
R'” L\L = | =T 12 =100 =100 =100,000 >100,000
R"O Z g0 R'O” N N0 0 13 =100 =100 =100,000 >100,000
14 =100 =100 >100,000 77,700
0~ 'R 15 >100 >100 78.3 609
R=Me 9:R"=Me R=Me 15 R"=Me 16 >100 >100 70.8 1.0
N RCE SRR 17 >100 >100 56.7 0.98
12: R" = n-Bu 18: R" = n-Bu 18 =100 =100 61.2 8.8
jli Ef Bn — ;g E f‘?" .y 19 =100 =100 72.3 224
TR Y T ‘—‘:1 20 =100 =100 63.9 315
R' = Et 21: R" = Me 21 =100 =100 37.8 263
22:R"=Et 22 =100 =100 46.7 332
23:R"=n-Pr 23 >100 >100 50.2 384

i: dry DMF, DMAP, DCC, r.t, 16h; ii: AICly, 180°; iii: dry THF, PPhsy, DIAD, r.t, 16h

7,8-Disubstituted- but not 6,7-disubstituted coumarins selectively inhibit the
transmembrane, tumor-associated carbonic anhydrase isoforms IX and XII
over the cytosolic ones I and II in the low nanomolar/subnanomolar range

Alfonso Maresca, Andrea Scozzafava, Claudiu T. Supuran *

Bioorganic & Medicinal Chemistry Letters 20 (2010) 7255-7258
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IS 7 BuMeSiCl, Et,N
HO i
L“x’;'f’f T

0 0 THEF, r.L.

| S
Si- Dr:/\
RN
0”0

1a: 6-0H
1bh: 7-OH
r"““wf’ = 10M TBAF in THF
HO - -
kﬁ’ﬁﬂf@cq THF,r.t.

4a: 6-0H; 96% yield
4b: FOH; 55% yield

Novel coumarins and 2-thioxo-coumarins as inhibitors
of the tumor-associated carbonic anhydrases IX and XII

2a: 6-OH; 64% yield Fabrizio Carta, Alfonso Maresca, Andrea Scozzafava, Claudiu T. Supuran™®
2b: 7-OH; 58% yield
Bioorganic & Medicinal Chemistry 20 (2012) 2266-2273

| Lawesson's reagent

Tol., reth Contents lists available at SciVerse ScienceDirect

|

Si-01-
L\\‘” 0 S
3a: 6-0H; 6P yield
3k 7-0H; 61% yield

Bioorganic & Medicinal Chemistry

Scheme 1. Preparation of silylated coumarins/2-thioxo-coumarins incorporating 6-

and 7-hydroxy moieties.

These coumarins/thiocoumarins
were effective CA IX/XII inhib.
No inhibition of CAl and Il

,[Air}l o /‘I/\/Q ] OM TBAF in THF S S
Pyr., r.t..
HO L J TsO THFE. rt. F =

7:72 % yield 8: 35 % yield 9: 40 % yield
I ﬂ/ﬁil
A ~
AcCl, EtyN N o 0
DCM, reflux, 7Th 10: 73 % yield
R 0 %/l}*
|R P j\ AINCO, Et,N L u 1
= e’ " - - P - o~
HN o 0 Acetone, reflux, 24 h g H o O
E
11: 23 %yield

(Boc),0, EisN
THF, reflux

L OO
\’ioiﬁ" ~F 07 0

12; 28 % yield



'

Thioxocoumarins Show an Alternative Carbonic Anhydrase
Inhibition Mechanism Compared to Coumarins

Marta Ferraroni, Fabrizio Carta,” Andrea Scozzatava,” and Claudiu T. Supuran™® "~

v /\ e 0
Q K \0 ¢ ® o0

Fo-Fc omit map of 6-hydroxyl-2-thioxocoumarin 8a and
water molecules within the hCA 11 active site in the hCA Il —
8a adduct; B: Tilted view of the electron density of 8a and
water molecules within the hCA 11 active site. Ferraroni et al.
J Med Chem 2016, 59, 462-73.



Pro202
Phe131

Voot gy

GIn92 ‘e

Superposition of the hCA |1 - 8a adduct (sky blue,
AWL4) with the hCA Il - 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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different
new classes of CAIs

"Sulfocoumarin”

Chemical diversity generated using coumarins as lead ( PRODRUG CAlSs)
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Medicinal
Chemistry R

Sulfocoumarins (1,2-Benzoxathiine-2,2-dioxides): A Class of Potent
and Isoform-Selective Inhibitors of Tumor-Associated Carbonic
Anhydrases

Kaspars Tars,” Daniela Vullo,” Andris Kazaks," Janis Leitans,” Alons Lcnd:-;,§ Aiga Grandane,
:krir"

§

Raivis Zalubuvskjs,*’§ Andrea Scozzafava,” and Claudiu T. Supuran

. NaNO, R—=
2 S NaNg/H,0 M3 ™ DIPEA, Cul R
D.a-' o TFA D.-'%' THF
O  0°C 1h 0 rt, 20 h

ABSTRACT: Coumarins were recently shown to constitute a novel class of mechanism-
based carbonic anhydrase (CA, EC 4.2.1.1) inhibitors. We demonstrate that
sulfocoumarins (1,2-benzoxathiine 2,2-dioxides) possess a similar mechanism of action,
acting as effective CA inhibitors. The sulfocoumarins were hydrolyzed by the esterase CA
activity to 2-hydroxyphenyl-vinylsulfonic acids, which thereafter bind to the enzyme in a
region rarely occupied by other classes of inhibitors. The X-ray structure of one of these
compounds in adduct with a modified CA Il enzyme possessing two amino acid residues
from the CA IX active site, allowed us to decipher the inhibition mechanism. The sulfonic
acid was observed anchored to the zinc-coordinated water molecule, making favorable
interactions with Thr200 and Pro20l. Some other sulfocoumarins incorporating
substituted-1,2,3-triazole moieties were prepared by using click chemistry and showed
low nanomolar inhibitory action against the tumor-associated isoforms CA IX and XII,
being less effective against the cytosolic CA I and IL




Sulfocoumarins as CAls (J Med Chem 2013)

Anchoring to
the zinc-coord
water

Pro 201

6-substituted sulfocoumarins are CA I X/XII — selective inhibitors



D pamr, MasCr o KN MsO 0 . . . i i
m R, _— 7-Substituted-sulfocoumarins are isoform-selective, potent carbonic
HI) ¥H ACH; quant. Rt CIH M, quanl B

o,  anhydrase Il inhibitors
1 2 Muhammet Tanc ", Fabrizio Carta®, Murat Bozdag ”, Andrea Scozzafava®, Claudiu T. Supuran +5*
s
(|
6E S Yield
,@i\l L I0% PICH, m _ETNMsO
o o EIAG BT Tiekd Do u
(s - —— 7% Yield |
f
F1a8 , BasC] 10 % PdiCHa 1'_:'* L By
THE, £ EL0AC; quant LML fEnL Table 1
B Vet 20 Pl L b o psLon hCA I, I, VA, IX and XII inhibition data with sulfocoumarins and their derivatives of
] types 3-19 synthesized in this work, by a stopped-flow 00, hydrase assay.'® The
" I m sulfonamide inhibitor acetazolamide (AAZ, S-acetamido-1.3 4-thiadiazole-2-sulfon-
[T &
:i."h‘ o :-,:.'-nl::l ot n__._‘_é—jn nr:“ amide) was used as standard
i o Compound K (nM)
MACL, BT hCAl hCA Tl hCA VA hCAIX hCA XII
THE: guant 3 >10000 23 591 >10000  >10000
4 =10000 25 835 =10000 =10000
5 =10000 20 2150 =10000 >10000
m_ ELNOH S ﬂ,@jﬁm 6 >10000 76 327 >10000  >10000
HO cr":'-.'(-_:'n 1,4 Do 35% Yiekd d:-'“ o % Ga =10000 18 517 =10000 =10000
7 =10000 16 5100 =10000 =10000
’ 8 8 >10000 2.1 5000 >10000 =10000
9 =10000 84 788 =10000 =10000
Schemel. Synthesiz of zul facoumarir: 3-8 12 >10000 15 9960 >10000  >10000
13 >10000 24 o1 >10000 =10000
14 >10000 15 1675 >10000 =10000
oH 15 =10000 232 206 =10000 =10000
N 16 >10000 34 141 >10000 =10000
Bl , el m [ai00] | . 17 =10000 22 716 =10000 =10000
DCM, L, o DO 36-% Yield y r"‘%] 18 >10000 26 3910 =10000 =10000
DL a6 % yici U=r=n 19 =10000 19 7060 =10000 =10000
w | 1 AAZ 250 12 B4 25 5.7
PO
Pyr, 30 % yiedd

L, =01
" :r’hﬂ IO 93 5% Yield gy LAY

13 12

Scheme 2 Synthesis of sulfocoumarins 12 and 13



Primary sulfonamide CAls 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 CAls

Hystoric overview on CAl drug discovery

OUT of the ACTIVE SITE
INHIBITION MECHANISM

N

1940 1954 1982 1987 1992 2002 2008-9 2010 2011 2013 2015
/ o
V4 A -
} A A
A 1 Phenol T
Sulfamates
Sulfamates DITHIO-
. topiramate COUMARINS | - ARBAMATES
Acetazolamide reported not to
starts to be used bepC Al
clinically POLYAMINES
. _ Sulfamides XANTHATES
Sulfonamides discovered MONO-
as CAls THIOCARBA-

MATES
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a R?=R3=H, R = Cl, Hydrochlorothiazide

b R?=R3=H, R&=CF, , Hydroflumethiazide

¢ R=H, R*= PhCH,, R® = CF,, Bendroflumethiazide
d R2=H, R* = CHCl,, R® = Cl, Trichloromethiazide
e R!=Me, R*= CH,SCH,CF,, R® = Cl, Polythiazide
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Table 1 | Inhibition data with selected sulphonamides/sulphamates/sulphamides 1-25 against isozymes [-XIV*

IIcl
{nm}

1

& W B

e

10
11
1z
13
14
15
16
17
15
19a
20
11
11
3
14
25

Isozyme (h = human, m = mouse)

hCA I+
250
50

15
374
1,200
50,000
45,000
31

250
56
12,000
3,450
37
50,000
54,000
18,540
1,300
4,000
318
35,000
54,000
348
51,900
61
4,930

hCA TP
12

14

15
10
35
a0
21
10
21

43
5,850
45

21
2590
1,260
2000
134
2520
65
6,980

hCA Il
22 1P
7108
12 10°
.3 = 10°
.8 = 10°
7T =108
11> 10%
10,400
7B 10%
22x10°
10,&00
70= 10
6.5 10°
7410
T8 108
1.0 10
1.3 = 10°
3.1=10°
79=10%
MT

B.1:x 10°
1.1= 10
23w 10°
3.2 108
3.4 = 107

hCA Iv*
74
200
93

95
15.000
8,500
3,950
a5
4,900
8,590
B.5 = 100
24

MNT
B8O
1,340
7920
B50
&0

427
NT
216
196
213
564
303

hCA VA®
63

65

15

51
B30
42
50
749
63
20
174
165
NT
794
912
10,060
134
88
4,225
NT
750
317
U0
499
700

hCA VB*

54
62

19
91
n
33

30

23
30
6,033
18
720
NT
3

B8
210
T

70
Ik
NT
312
g
274
Yo
T

hCA VI

11
10
43
134
79
10
0.9
47
45
80
0.8
653

G4
512
035
145
65
3,655
NT
1,714
1,347
1,606
k45
WT

hCA VI

25
2.1
0.8

f

26
3.5
2.8
122
0.9
117
3.630
23
NT
£170
3.900
10

18

15
5010
NT
21
ta
0.3
513
NT

hCA IX?

25
27
i4
43
S0
32
ar
24
58l
51
6
34
1l
16
)
103
14
14
367
NT
320
23
36
410
25.8

hCA XII®

5T
ia
¥
50
50
3.5
30
34
3.8
11,000
39
12
T3
14
13
633

355
NT
5.4
45
10
261
21.2

mCA XIII

17

19
50
1,450
23

18

10

11
47
430
295
1,050
NT
98
415
12,100
i

21
1,685
NT
15

15

13
550
2,570

hCA XIV*
41
43
15
1,540
345
7

4
104
1,460
5,250
110
755
NT
BHY
107
173
i3

13
4,105
NT
5,434
4,130
4,950
52
250

*The isoforms CA VIIL X and X1 are devoid of catalytic activity and probably do not bind sulphonamides as they do nat contain Zn?* ions, *Full-length enzyme,

HCatalytic domain, The data against the full-length enzyme 15 of 1,590 nM, MT, nat rested, data not available,

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



Ner1, Supuran
Nature Rey. Drug

Discov, 2011, 10, 767

rH, =6.5-20

H.
Mal

1CO, +H == H,0+CO, -
[ — e \
H e ~._ pH=12-14

MCT4

Lactate

METs _actate

T W e W
N-IE1 ~—
\ {"Iwnlﬁm an "'.mRN.rﬁ.

P30
Jﬂ R
LUT1 Target
gaﬁa

‘h‘-“'w-._‘hh'"""\-._

El=lel=l=l=l=]=(=]=]=

G|LICDSE _ Endothelium pl =74

Figure 1 | Proteins invelved in pH requlation within a tumour cell. The figure
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ronocarboxylate transporters (ML 1s), which sransport lactic acid and other
manocarbogylatas formed by the glycolytic degradation of glucose; Na'H* exchancers
(MHEs) the plasma membrane prozon pumg vacuolar ATPase (V-ATPasel; anion
exchangers (AEs); Na* HOC - co-Ltranspunlers (NBCs), and carbonic anbyurases
(CAZ, CAD anc/or CA12). The glucose transparter GLU T iwhich is upregulated in most
tumours) trensports glucose into tumour cells. The intracellular tumour pH{pH | is slightly
.;:Ik.:ljn-;n[pH 72140, wheraas the extracellular le:pH s 5quht|v acidic(pH 4.5-7.0].

BT HCO, transporter; CBF, cyclic AMP-responsive element-binding {CRES) proteing
HIFL, hy mna inducible transcription facter 1; p300, histonz ccetyltransferase p300.
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rlnterfering with pH

regulation in

tumours as a therapeutic strategy

Daric Neri* and Claudiu T. Supuran®

'Ibcgwnh of salld tumours 1s characterized no- oxly
by theuranntrolled pediferation of cancer cdls bataso by
changes in the tumotr ervironmext that suppect the
growth of the necplastic mass and the metastatic syread
of cancer calls to distant sites®. The formation o new
blood vessels from pre-existing ooes (angogeaesls)
peovides cxygen and outrients © thetumouz whyh are
essenthalfor umour gowth®. A comolex dynamix tobar-
play ex'els between ths cxpanding reoplastic mas and
the tumeur evircamsnt, which ¥s adected by the nata-
babe requirements of anc er cdls and by their peodocts,
such as wcreted pro2ins (for exanple, extracdular
metrix cmponents ard proteases) ind metabolits.
Upesgulated gloccse metabolysm 1s a hallmerk of
ovashe cancers”. In cormal cdls guoose Is convertad
to ghicoi 4-phosphae and subsequently to pyruvate,
which Is then cxidized in the mitechondra to carbon
dloxie ind water: this rdeases 38 mdes of ATP pimae
of gucos’. Bowever, idequate axypen ddhery fosome
reglors of turmours leads to hypoxia which restrics ood.-
dative rylathn. As a coniequ oodc
S e
that the pyruvate geneated In the frt step ofthe pocsss
s reduced to lactake, only 2moles of ATP par
moole of ghucose. This ks aless energy- eflceat process but ¥
does not depend ca cxypgen. Furthermors, ghyoolyss oken
pamm even Mmy&nmhmm&nohlm
1s, lactz e and pyruvats) can
hmduthhuyubﬂxdmmm
and! thus a sdective to
ool A s b ot
ofhigh gucos e consunptica and high lactate pro duction
n tumocr tissoes™* (rown as the Webay @),

Abstract | The high metabol rate of tunours ofter leads to acidosiz and hypoixia in poorly
perfuied regiona Tumour cdls have thus evolved the ability tofunction ina more ecidic
environment thay normal celis. Key pH regulators in tumour cells include: izoforms 2,9 end
12 of carbonic erhydrase, izeformsz of esion exchargers, Ne"/HCO ” co-trenzporters,Ne*/H"
exchengers, morocerboxylete tranzporters and the vacuolar ATPaze. Both zmell molecules
and avtibodies tergeting theze pH reguiators are currently at various stages of olinicel
develbpment. Thaze entitumour mechanizsms ere not exploited by the claziicel cancer druga
and therefore reprezent a new enticancer drug discovery strategy.

Oocogenlc metabollsm also ates an zxcess of
pmmnﬂaboxﬂmdgwhﬂhptucqnﬂb
rtumwith cacbonk acd by the mzyme carboalc ankry-
dras™'. Thus, Incrased glooos emetabolism b tumour
calls cads to echasced acidificaton of the ext-acellular
mi¥u, which Is fequently acoompanied by varkas
levds of hypooda. This phenctype coafees a sthstantial
Darvinian growth sdvantage to tumour cdls one nocmal
calls, which underp apoptoss 1 response tc such an
acl: extracdiula environment'.

Tuncur cells have evelved various mechanisms
to cope with the a:Mic and hypoxic stress mentcaed
above. They dimiate acMy: catabolkas by len trans-
portirs and pump: to presecve aslightly alkalne lotra-
cdluar pH (pH), xhich Is optial foc cell peolferatioa
and umour survival-*. Add espoct keads toa reduc-
tioa n the extracelular pH (pH | to waluas as bw as 6.0
(the wual pH, In tumours s 1o the range of &5-7 .0/,
whicy is a saliart fature of tha mour micreenviron-
menf-*. As well a5 riggering the everaxpression of many
pmunsnvdndhgnau — axchas the
glocose transporte GLUTI lako known as SLC2A 1)
and pH- ragulating >eotetns such & carboak: anvpdrase 9
(CAN* _ hypexia also comstitutes a detrimental
featwe for apy, as acygenls neaded to cddize the
radition- Induced DNA free radicals that subsequently
lead o tumour call daath’.

pH homeostass In any cell type ¥ a conplicated
proces that tovohvis many prokens and buffer systems®.
Intuncar cdls, these processes are even more complex
owing to the interral compartment belng d'gily more
alkalne fpH 7 4 or moes) and the external conpartment
belng meez addicthan In normal cels™*. A mnation
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The X-Ray structure of hCA IX reported by our

Crystal structure of the catalytic domain of the
tumor-associated human carbonic anhydrase IX

Vincenzo Alterio™', Mika Hilvob=', Anna DI Flore®, Claudiu T. Supuran®, Pehwen Pan®, Seppo Parikilab,
Andrea Scalonl=, Jaromir Pastorekd, Sikia Pastorekovaf, Carlo Pedones, Andrea Scozzafavad, Simona Marla Monti=3,

and Gluseppina De SImone™*

hCA IX dimer

hCA I X-acetazolamide
adduct
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Therapeutics, Targets, and Chemical Biology

Targeting Tumor Hypoxia: Suppression of Breast Tumor
Growth and Metastasis by Novel Carbonic Anhydrase IX
Inhibitors

Yuanmei Lou', Paul C. McDonald', Arusha Oloumi', Stephen Chia®, Christina Ostlund’, Ardalan Ahmadi’,
Alastair Kyle', Ulrich auf dem Keller®, Samuel Leung’, David Huntsman®’, Blaise Clarke”*, Brent W. Sutherland®,
Dawn Waterhouse®, Marcel Bally*, Calvin Roskelley®, Christopher M. Overall®, Andrew Minchinton’,

Fabio Pacchianc®, Fabrizio Carta®, Andrea Scozzafava®, Nadia Touisni'®, Jean-Yves Winum'®,

Claudiu T. Supuran®, and Shoukat Dedhar'~

Abstract

Carbonic anhydrase X (CAIX) is a hypoxia and HIF-1-inducible protein that regulates intra- and extracellular
pH under hypoxic conditions and promotes tumor cell survival and invasion in hypoxic microenvironments,
Interrogation of 3,630 human breast cancers provided definitive evidence of CAIX as an independent poor
prognostic biomarker for distant metastases and survival. shENA-mediated depletion of CAIX expression in 411
mouse metastatic breast cancer cells capable of inducing CAIX in hypoxia resulted in regression of orthotopic
mammary tumors and inhibition of spontaneous lung metastasis formation. Stable depletion of CAIX in MDA-
MB-231 human breast cancer xenografts also resulted in attenuation of primary tumor growth. CAIX depletion
in the 471 cells led to caspase-independent cell death and reversal of extracellular acidosis under hypoxic
conditions in vitro. Treatment of mice harboring CAIX-positive 4T1 mammary tumors with novel CAIX-specific
small molecule inhibitors that mimicked the effects of CAIX depletion in vitro resulted in significant inhibition of
tumor growth and metastasis formation in both spontaneous and experimental models of metastasis, without
inhibitory effects on CAIX-negative tumors, Similar inhibitory effects on primary tumor growth were observed in
mice harboring orthotopic tumors comprised of lung metatstatic MDA-MB-231 LM2-4"*“" cells. Our findings
show that CAIX is vital for growth and metastasis of hypoxic breast tumors and is a specific, targetable
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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 (5x10° cells/animal)

7( Q Pacchiano et al., J. Med. Chem. 2011, 54,
MST-119 SO,NH,

1896-902.

MST-119
4.5
n=4 per group
5 B *P<0.05
g % 3.5 +
= c 3 -
E X
[0 X 2.5 -
L3 %‘ [T L
S o
s O ) 2 _
. § =1
L4 % g'_ 1.5 -
L3 E a 1 -
ey *
8 ® 05 -
= m -
45 mg/kg
10" vehicle 15mg/kg 45mg/kg

3 doses (eod x3| p.)



A Phase |, 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)

ClinicalTrials.gov Identifier: @ BC Cancer Agency
NCT02215850 CARE + RESEARCH

SpOnSOr PfOtOCOl NO. SLC0111'14'C01 An agency of the Provincial Health Serv
Ozmosis Study No. OZM-055

e § ﬁ!ﬁs'é'é‘kﬁ HEM

fces Authority

SLC-0111 CO '
Sponsor: Wellichem Corporation, Vancouver,
Canada [ 02M0SIS RESEARCH INC |

SLC-0111 is presently in Phase Ib clinical trials
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1: R = 4-F-C{H, (SLC-0111); Ki = 960 nM
2: R = C4Fs; Ki=50nM

3: R= 2(i-Pr-)-C4H,; Ki =3.3nM

4: R = 3-O,N-C¢H, (U-119); Ki = 15 nM
5: R = cyclopentyl; Ki = 226 nM
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Scheme 1 Synthesis of 1-N-substituted 6-sulfamoylsaccharins 2 and

their hydrolysis products 3 and 4.

Fig. 2 Comparison of binding modes of compounds 2i, 2e and 2d within the
hCA 1l active site. Compound 2i/3i is shown in panel A, 2e/3e is shown in panel
B and 2d/3d is shown in panel C. The zinc ion is the gray sphere and its
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Carbonic Anhydrase Inhibitors: Inhibition of Isozymes I, II, and IX with Triazole-Linked
O-Glycosides of Benzene Sulfonamides

Brendan L. Wi]kinsqn.T Laurent F. Bornaghi,” Todd A. Houston.! Alessio Innocenti.¥ Daniela Vullo.§ Claudiu T. Supuran.*§ and
Sally-Ann Poulsen®-"

Scheme 1°
SO,NH, SO;NH; S0,NH;
(i) (i)
Na 2 {Ro}nw‘:’\,ﬂ; N (HOJ ™y 3O\ N
1 7411 12-16
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S0uNH, S0,MH;
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10R=Bz,15R=H 11R=Ac 16 R=H

? Reagents and conditions: (1) azide 1 (0.2—0.5 M), O-propyuyl glycoside 2—6 (1 equiv), CuS04-5Hy0 (0.1-0.2 equiv), sodinm ascorbate (0.2—-04
equiv), 1:1 +-BuOH/H:0, 40 °C, 30 min to 1 b, 77-92%; (. = Ac, Bz) (i) NaOCH;, CH;0H, reom temperature, 135 min to 2 h, quantitative.
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Design and synthesis of thiourea compounds that inhibit transmembrane
anchored carbonic anhydrases

Janina Moeker®, Kanae Teruya®, Sabine Rossit “, Brendan L. Wilkinson®, Marie Lopez?,
Laurent F. Bornaghi?, Alessio Innocenti®, Claudiu T. Supuran ®*, Sally-Ann Poulsen®*

I Moeker et al.fBioorg Med. Chem. 20 (2012) 23522404
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Chart 1. Amino (1-4) and isothiccyanate (5-8) building blocks used for the synthesis of target thiourea-bridged glycoconjugate CA inhibitors.
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Carbonic Anhydrase Inhibitors with Dual-Tail Moieties To Match the
Hydrophobic and Hydrophilic Halves of the Carbonic Anhydrase
Active Site

Rajendra P. ”l"anpurfc,+ Bin ch,i Thomas S. Pe:it,i Laurent F. B-:Jrrmgl"li,+ Daniela Vullo,§
Claudiu T. SupLIran,*’§ and Sally-Ann Poulsen™"’

A. Dual tail inhibitors

Scheme 1. Synthetic Route for the Synthesis of Target CA Inhibitors 1—-3 with Dual-Tail Moieties™
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Figure 1. (A) Target CA inhibitors with dual-tail moieties derived
from acetazolamide (AZA). The tail combinations include (i) two
hydrophobic moieties (blue) 1, (i) two hydrophilic moieties (red) 2,
and (iii) one hydrophobic (blue) and one hydrophilic (red) moiety 3.
(B) Cormresponding single-tail CA inhibitors 8 and 9.
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Figure 3. Surface representation of hCA II with the binding of the
heterogeneous dual-tailed compound 3. Hydrophobic half red;
hydrophilic half, blue. The picture was prepared with PyMOL.*
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Figure 2. Interactions and environment at the binding site in the
structure of hCA 11/3 complex Hydrogen bonds are shown as broken
lines, and the Zinc ion, as a sphere. The picture was produced with

PyMOL.*
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An Unusual Natural Product Primary Sulfonamide: Synthesis,
Carbonic Anhydrase Inhibition, and Protein X-ray Structures of

Psammaplin C

Prashant Mulumdar, Kanae Tu‘uya, Kathr}n F. TonlssLn, Daniela Vull-:J,i Claudiu T. Supuran,i
Thomas S. Peat,” and Sally-Ann Poulsen™

OH
Br

O 0. .0

N

N
HO

Figure 1. Psammaplin C, an unusual natural product comprising a
primary sulfonamide group.
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Scheme 1. Synthesis of NP 6

OH OH
OH Br Br
Br (1) (i11)
T
CHO OH - oH
OH THeo™ N
1 2 3 4
OH OH
) Br Br
(iv) (v)
_— o) - 0
N~ SONH; N~ SONH;
- H Il H
THPO” HO"
5 6

“Reagents and conditions: (i) N-acetyl-glycine, NaOAc, Ac,0, 120 °C, 3 h, 85%; (ii) aq HC1 (10%), reflux, 15 h, 65%; (iii) H,;NOTHP, dry pyridine,
rt, 15 h, 54%; (iv) (a) EDC-HCI, HOSu, dry 1,4-dioxane, 2—3 h, 1t; (b) f~aminoethanesulfonamide hydrochloride 11, dry NEt;, dry MeOH, rt, 12 h,
46% (over 2 steps); (v) 4.0 M HCl in 1,4-dioxane, 0 °C, 6—8 h, 80%.



Table 1. Human CA Inhibition Profile for NP 6 and the
Reference CA Inhibitor AZA

K (nM)*

entry hCA isoform 6 A7A
1 hCA1 48.1 250
2 hCA TI 88.0 12
3 hCA IV 753 74.2
4 hCA VA 154 63.1
5 hCA VI Q680 11.0
3] hCA VII 1.7 2.5
7 hCA IX 12.3 25.0
3 hCA XTI 0.79 57
9 hCA XIIT 10630 16.4
10 hCA X1V 379 41.3

“Errors +10% of the reported values (from three separate assays).
OH

O o, 0
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A Small-Molecule Drug Conjugate for the Treatment of Carbonic
Anhydrase IX Expressing Tumors**

Nikolaus Krall, Francesca Pretto, Willy Decurtins, Gongalo J. L. Bernardes, Claudiu T. Supuran,
and Dario Neri*
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Scheme 3 Structure, synthesis, and stability of drug conjugates. a) A Cu-catalyzed azide-alkyns
eypcloaddiion was used to couple the targeting ligand 10 to the charged linker, which was
prepared by flusrenylmethaogpcarbanyl (Froc) solid-phase peptide sythesis (SPPS). Therapeu-
tic payloads were installed by disulfide exchangs. b Hydroltic stability of drug conjugaies in
PES pH 7.4 at 37°C as determined by mass s pectrometry (72 and 8a) and high- pedormance
liquid chromatography (9a). The carbarate dervative of duscarmycin conjugate Ba (o> 24 h)
was found to be more stable than the carbonate (hz=15 hl. OM1 conjugate 9a was found to
be hydrohtically stable. TETA = tris | benzyliriazoly lmethyljamine, TFA = trifluoroacstic acid,

TIE = triisopropylsilane.
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Poly(amidoamine) Dendrimers with Carbonic Anhydrase Inhibitory
Activity and Antiglaucoma Action

Fabrizio Carta,T _Samch M. ()sman,; Daniela Vullu,T Antonella ‘(_%l.l]lo:}tt-us).T Jean-Yves ‘w’\?inl.lm,§
Zeid AlOthman,”™ Emanuela Mah'ini," and Claudiu T. Supu1"&1’1**’L

S0aMH,

ABSTRACT: Four generations of poly(amidoamine)
(PAMAM) dendrimers decorated with benzenesulfonamide
moieties were prepared by derivatizing the amino groups of
the dendrimer with 4-carboxy-benzenesulfonamide function-
alities. Compounds incorporating 4, 8, 16, and 32 sulfonamide
moieties were thus obtained, which showed an increasing
carbonic anhydrase (CA, EC 4.2.1.1) inhibitory action with the
increase of the number of sulfamoyl groups in the dendrimer.
Best inhibitory activity (in the low nanomolar—subnanomolar
range) was observed for isoforms CA II and XII, involved
among others in glaucoma. In an animal model of this disease, the chronic administration of such dendrimers for § days led to a
much more efficient drop of intraocular pressure compared to the standard drug dorzolamide.
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compd

1
G0

rp

rp/n
G1

p

rp/n
G2

rp

rp/n
G3

rp

rp/n
AAYL
DRYZ

K; (nM)*

hCA I

7800
24.1
323
80.9
12.0
650
81.2
10.8
722
45.13
10.5
742
23.21
250
50000

hCA II hCA IX
640 475
10.4 34.7
61 13
15.3 3.4
3.1 20.5
206 23
25.8 2.8
0.93 8.6
688 55
43 3.45
0.07 5.1
9142 93
285.7 2.9
12 25
9 52

10.2
1.1

345
43.1
0.94

25; 26
0.06
6333
197.9
5.7
3.5
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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 a-, B-, y- and n-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 CAls
y Trithiocarbonate (CS;)? was
e zz s shown recently to be a CAl
SPRP. Ab (Innocenti et al. BMCL19 (2009)
1855-1857
TTC is thusa NEW ZBG
(zinc-binding group)

2 RNH, + CS, = DTCs

ROH + CS, = XANTHATES

TTC is however a weak or very weak CAl, Ki-s in the micro-millimolar range
(depending on the isoform)

CAN we design more effective CAls considering TTC as lead ? YES
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Dithiocarbamates: a new class of carbonic anhydrase inhibitors.
Crystallographic and Kinetic investigations+

Fabrizio Carta,” Mayank Aggarwal,” Alfonso Maresca,” Andrea Scozzafava,”
Robert McKenna*? and Claudiu T. Supuran®?

Table 1 CA inhibition data with DTCs 1-9 (R1R2NCS, Na ") and
acetazolamide 10 (as standard inhibitor) against the cytosolic isoforms
hCA T and II and transmembrane, tumor-associated one hCA IX

Ki(hCA D) K (hCAID)/ K;(hCA IX)/

DTC, (R'.R* groups) nM nM nM
I (Me, Me) 699 6910 714
2 (Et, Ext) 790 3100 1413
3 (nPr, nPr) 1838 55.5 538
4 (nBu, nBu) 431 50.9 50.3
5 (1Bu, 1Bu) 0.97 0.95 4.5
6 (Et, nBu) 157 27.8 259
7 (Me, Ph) 39.6 21.5 28.2
8 (Me, PhCH,) 69.9 254 53.0
9 (NC(Ph)C(CH,CH,), 484 40.8 757
10 (acetazolamide) 250 12 25

Superposition of the three hCA Il — DTCs (7-9) X-ray structures showing a very
variable orientation/conformation of the bound inhibitors within the active site



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 11X iInhibitors reduces the
number of cancer stem cells

A sulfonamide CA IX inhibitor entered Phase |
clinical trials in 2014

Imaging of CA I X-positive tumors feasible






