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SANTRUMPOS

BMR Branduoliy magnetinis rezonansas

CA Karboanhidrazé

CARP I karboanhidraze panaSus baltymas (CA related protein)
DFT Tankio funkcionalo teorija (density functional theory)
DMF Dimetilformamidas

DMSO Dimetilsulfoksidas

HPLC Didelio efektyvumo skysciy chromatografija

MeOH Metanolis

NaOAc Natrio acetatas

TEA Trietilaminas

THF Tetrahidrofuranas

ZBG Su cinko jonu besijungianti grupé (angl. zinc binding group)



IVADAS

Mazamolekuliniy cheminiy vaisty kiirimas yra ilgas ir brangus procesas,
kuris pastaraisiais deSimtmeciais tampa vis sudétingesnis dél padidéjusiy
reikalavimy veiksmingumui ir saugumui. Pirmasis etapas Siame procese yra
potencialaus, galinio biiti naudingu gydant konkrecig ligg ar bukle, kandidato
1 vaistus nustatymas, organing sintezé ir optimizavimas. Norint tai sékmingai
atlikti reikia suprasti kokiais budais vaistai sgveikauja su biologiniy sistemy
tikslinémis strukttiromis (receptoriais, fermentais, medziagy transporteriais ir
pan.) ir kaip keiciant strukttira pasiekti norimas vaisty savybes.

Siekiant suprasti bendrus vaisty kiirimo principus vieni i$ patraukliausiy
tiriamyjy taikiniy yra fermentai. Jie dazniausiai pasizymi selektyviu veikimu,
t.y. dideliu specifiskumu substratams, todél galima tikétis sukurti tik konkrety
procesg veikiancius vaistus. Be to, yra Zinoma daug ligy, kurios siejamos su
fermenty ekspresijos, ir tuo paciu jy atliekamy funkcijy, poky¢iais. Taip pat,
didelis fermenty katalizinis aktyvumas leidzia tikétis, kad net nedidelis
slopiklio kiekis stipriai paveiks aktyvuma ir sukels didelj terapinj efekta. Ir be
viso to, tokie ryskis aktyvumo pokyciai dazniausiai palengvina laboratorinius
tyrimus ir pagreitina patj tyrimy procesg. Todél Sioje disertacijoje pasirinkta
viena tokiy tiriamyjy taikiniy Seima — karboanhidrazés.

Karboanhidrazés yra fermentai randami visuose gyvuose organizmuose,
nuo bakterijy iki Zinduoliy, katalizuojantys placiai sutinkamg anglies dioksido
hidratacijos reakcija:

CO,+H,0 == H'+HCO;"

Kodél gi tos karboanhidrazés tokios svarbios? Zidrint j gazuotame
gérime kylancius burbuliukus sunku jsivaizduoti kam tos CA aplamai
reikalingos. Pasirodo anglies dioksido hidratacijos reakcija yra ganétinai léta!
1

(k-0,039 s), o karboanhidrazés pagreitina jg iki ~10° s”! ir tokiu budu gali
zymiai jtakoti jvairiausius organizme vykstanc¢ius procesus.

Vien zmogaus organizme aptinkama 12 katalitiSkai aktyviy alfa Seimos
karboanhidraziy, kurios pasizymi dideliu struktiiriniu panasumu, bet skiriasi
savo lokalizacija Igsteléje ir organuose, funkcija ir kataliziniu aktyvumu.

Karboanhidrazés zmogaus organizme atlieka skirtingas fiziologines
funkcijas dalyvaudamos tokiuose procesuose kaip CO. pernasa, pH
reguliacija, elektrolity apykaita, kauly rezobcija, véziniy naviky susidarymas
ir t.t. Tam tikry karboanhidraziy veiklos pokyc€iai (padidéjes aktyvumas,
ekspresija) yra siejami su jvairiomis ligomis, kurios gydomos CA slopikliais
(glaukoma, epilepsija, idiopatin¢ intrakranijiné hipertenzija, aukStumos liga,
migrena ir pan). Daugumos medicinoje naudojamy CA slopikliy trikumas yra



Salutiniai poveikiai, kurie pirmiausia siejami su mazu atrankumu tikslinéms
karboanhidrazéms. Todél CA izofermentams atrankiy slopikliy sukiirimas
visg laikg iSlieka aktualia uzduotimi.

Ne maziau svarbus kiti CA slopikliy panaudojimo biidai, kai foto-,
radioaktyviomis ir pan. grupémis modifikuotas slopiklis atlieka vaizdinimo
arba citotoksing funkcija. Sios taikymo sritys tapo ypa¢ aktualios pastaraisiais
desimtmeciais ir siejamos pagrinde su CA IX padidéjusia ekspresija
véziniuose navikuose. Tokiu atveju CA aktyvumo pakeitimas nebiina
svarbiausia uzduotis, taciau atrankus jungimasis prie tiksliniy CA izofermenty
yra dar svarbesnis.

Siame darbe iSkeltas tikslas sukurti ir susintetinti selektyvius CA
izofermentams slopiklius, atskleisti selektyvumg nulemiancius faktorius ir
panaudoti juos naujy junginiy kiirimui.

Tikslui pasiekti iskelti Sie uzdaviniai:

e Susintetinti 3,4-dipakeistus-2-halobenzensulfonamidus ir atskleisti
pakaity jtaka slopikliy afiniSkumui ir selektyvumui.

e Sickiant jvertinti kuo ariau CA kofaktoriaus esanciy inhibitoriy
pakaity jtakg susintetinti 2-pakeistus-benzensulfonamidus.

e Nustatyti ir jvertinti pakaity padéties, dydzio ir lankstumo jtaka CA
slopikliy afiniSkumui ir selektyvumui.

e Sukurti naujus su véziniais susirgimais siejamos CA IX didelio
afiniSkumo bei selektyvumo inhibitorius.



MOKSLINIS NAUJUMAS

Disertacijoje susintetintos ir palygintos dvi grupés benzensulfonamidiniy
slopikliy turin¢iy masyvius pakaitus 4,5- ir 2,5- padétyse. Abiejose grupése
surasta slopikliy pasizyminciy iSskirtinai geru sub-nanomoliniu afiniSkumu
atskiriems CA izofermentams.

Susintetinti junginiai jgalino nustatyti slopiklio-CA kompleksy
kristalines struktiiras. Tai padéjo suprasti slopikliy strukttiros—biologinio
aktyvumo sarySius ir davé bendrg teigiamg tyrimy poslinkj, ypac su véziniais
susirgimais siejamo karboanhidrazés IX izofermento slopikliy paieskoje.

IStirtas  2,4-dihalo-5-sulfamoilbenzoaty turiniy identiSkus halogenus
nukleofilinio pakeitimo reakcijy regioelektyvumas ir surastas naujas budas
2,5-dipakeisty-4-halo-benzensulfonamidy sintezei.

Nustatyta, kad 2,5-dipakeisty benzensulfonamidiniy slopikliy grupéje
ypac didele jtaka slopiklio savybéms turi 2-padétyje esantys pakaitai. 2- amino
ir 2-sulfanilpakaitai pasizymi dideliu afiniSkumu ir selektyvumu CA IX
izofermentui. Tuo tarpu 2-sulfonilpakaitai saglygoja labai didelj afiniSkumo
sumazgjima visiems CA izofermentams. Taip pat parodyta, kad 2-pakeisti
benzensulfonamidai gali biiti perspektyviis ir geresni CA IX slopikliai nei
ligSioliniai panaSios strukttiros vaistai, tokie kaip bumetanidas ir piretanidas.



GINAMIEJI TEIGINIAI

Benzensulfonamidiniy CA slopikliy pakaity esanciy para-padétyje
lankstumas  jtakoja  slopikliy  selektyvumag atskiriems CA
izofermentams.

Benzensulfonamidy para- sulfanil- ir sulfonilgrupés salygoja
skirtingas pakaity pozicijas CA aktyviajame centre, bei jtakoja didesnj
slopiklio afiniskumg nei amino pakaitai.

Slopikliai sukurti i 5-[2-(benzimidazol-1-il)acetil]-2-chlor-
benzensulfonamida jvedant papildomus pakaitus, pasizymi didesniu
afiniSkumu visoms karboanhidrazéms, bet stipriai sumazina
selektyvuma tikslinei CA VA.

Sulfonamidiniy slopikliy orfo-padétyje esantys sulfanil- ir
sulfonilpakaitai stipriai jtakoja afiniSkuma ir selektyvuma tikslinei CA
IX (sulfanil — didina, sulfonil — mazina).
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1. LITERATUROS APZVALGA
1.1 CA paplitimas ir strukttra, konservatyvus centras

Karboanhidrazés (EC 4.2.1.1), tai metalo fermentai katalizuojantys viena
1§ paprasciausiy reakcijy:

labai greita _
C02+H20 = H2CO3 _— H+ + HCO3 (1)
COz+ Hzo = H'+ HCOg_ (2)
CO,+OH == HCO;~ 3)

Karboanhidrazés $ig ganétinai létg reakcijg gali pagreitinti nuo 0,039 s°!
iki ~10°s! ir tokiu budu Zymiai jtakoti jvairiausius organizme vykstan¢ius
procesus'~.

Dar neseniai buvo zinomos penkios CA Seimos: alfa, beta, gama, delta,
zeta>*. Siuo metu jau Zinomos septynios CA Seimos (prisidéjo eta ir theta>®)
Dauguma $iy metalo fermenty aktyviajame centre turi Zn** jong, taciau yra
sutinkamos ir CA su Cd*', Fe**, Co*" jonais™ . I§ visy Seimy reikia iSskirti
gyviinuose sutinkamg alfa-CA Seimg. Tuo paciu tai vienintelé zmogaus
organizme sutinkama CA Seima. Pastaraja Seimg sudaro 15 karboanhidraziy
(1 lentele), i$ kuriy 12 pasizymi kataliziniu aktyvumu, o 3 yra katalizinio
aktyvumo neturintys j karboanhidrazes panasiis baltymai (angl. carbonic
anhydrase related protein, CARP).

1 lentelé. Zmogaus CA izofermenty katalitinis aktyvumas, lokalizacija ir

siejamumas su ligomis’.

Izofermentas CO; hidratacijos Lokalizacija Sasajos
aktyvumas
CAl Mazas Citozolyje Hemoliziné anemija
CAIl Didelis Citozolyje Glaukoma, edema, aukstikalniy liga
CAIII Labai mazas Citozolyje -
CAlV Didelis Membraninis- Glaukoma
neaisk.
CA VA Vidutinis-didelis Mitochondrijose Nutukimas
CA VB Vidutinis Mitochondrijose -
CA VI Vidutinis Sekrecijoje Kariesas
CAVII Didelis Citozolyje Epilepsija, neuropatinis skausmas
CARP VIII Neaktyvus Citozolyje -
CAIX Didelis Transmembraninis Vézys
CARP X Neaktyvus Citozolyje -
CARP XI Neaktyvus Citozolyje -
CAXII Vidutinis-mazas Transmembraninis Glaukoma, vézys
CA XIII Mazas Citozolyje Nevaisingumas
CAXIV Vidutinis Transmembraninis -

11



Visi 13 aktyviy a-CA izofermenty skiriasi savo lokalizacija lasteléje ir
organuose, katalitiniy domeny skai¢iumi (CAVI, CA IX ir CA XII turi 2
domenus), funkcija ir kataliziniu aktyvumu (1 pav.)”!!.

A C ‘ E G
1-260 1-76 101-373  376-398 399-422 1269 270-296 297-325 16-290 291-311 312-331

D PG (8] ™ CT D ™ CT (8] ™ CT

s
[ 4 .
L RN
L) M
Y A
e
(‘l"_-- | 4

VAN

1 pav. CA izofermenty schemos ir struktiiros. VirSutiné panelé, domeny
schema: (A) CA II: katalitinis domenas (CD, pilka); (C) CA IX:
proteoglikaninis domenas (PG, violeting), katalitinis domenas (cianas),
transmembraninis domenas (TM, geltona) ir C-galinis domenas (CT, mélyna);
(E) CA XII: Kkatalitinis domenas (rusva), transmembraninis domenas
(oranzingé) ir C-galinis domenas (juoda); (G) CA XIV: katalitinis domenas
(varing), transmembraninis domenas (zalia) ir C-galinis domenas (mélyna).
Apatiné panelé: (B) CA 11, (D) CA IX, (F) CA XII ir (H) CA XIV piesinys'.

Taciau nepaisant skirtumy CA pasizymi tuo, kad jy katalitiniai domenai
yra labai panaSiis (konservatyviis), ypac¢ aktyvaus centro srityje. Visuose
domenuose aktyvaus centro gilumoje yra cinko atomas koordinuotas tarp trijy
histidino fragmenty (2 pav., His 19, 94, ir 96). Sonuose yra hidrofobiniy
fragmenty sritis, kuri palengvina substrato (CO.) prisijungima, ir hidrofiliné
sritis, kuri dalyvaujant protony Saudyklei His64 palaiko protony perdavima

per tvarkingg vandens molekuliy tinklg'*',

12



Entrance ./
conduit ¢

- | Thr200—Thr199

e _—

. we]
Hydrophobic
residues ./

. L
1 .Hydrophilig
(residues,

2 pav. Bendra katalitinio domeno forma (CAII). Hidrofobiné sritis (oranziné),
palengvinanti substrato (CO.) prisijungima, ir hidrofiliné sritis (violeting),
kurioje palaikomas protony perdavimas per tvarkingg vandens molekuliy
tinklg'?.

Literatiiroje i$skiriamos 1-3 sritys (kiSenés) esancios prie Zn-jono kuriy
aminortig8¢iy skirtumai yra svarbiis (3 pav., 2 lentelé)'>.

Zone 111
Zone 11

Zone |

Selective

3 pav. CA Il pavirSiaus atvaizdavimas zonomis ir kiSenémis. Aktyviosios
srities cinkas pavaizduotas raudona sfera. [vairios zonos aktyviojoje srityje
(atstumas nuo cinko): I zona (5-10 A) — geltona, II zona (10-15 A) — Zydra, o
Il zona (1520 A) — roziné. Trys kiSenés aktyviojoje srityje ir aplink ja,
apibréztos raudonais briik§neliais!2.
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2 lentelé. CA izofermenty skirtumai(CA II numeracija)'.

Eil. Nr *  Atstumas iki cinko CA CAlIl CAIX CA XII
A)
5-10 A
62 9.1 Val Asn Asn Asn
65 6.9 Ser Ala Ser Ser
67 73 His Asn Gln Lys
10-15 A
60 13.7 Ile Leu Arg Thr
69 13.8 Asn Glu Thr Asn
91 11.1 Phe Ile Leu Thr
131 10.4 Leu Phe Val Ala
135 12.2 Ala Val Leu Ser
204 13.7 Tyr Leu Ala Asn
15-20 A
19 19.1 Leu Asp Val Lys
20 15.2 Tyr Phe Ser Tyr
57 19.6 Lys Leu Leu Phe
58 16.3 Glu Arg Arg Leu
71 21.1 Glu Asp Pro Pro
72 15.9 Asp Asp Pro Ser
123 15.4 Trp Trp Leu Tyr
130 19.1 Ser Asp Arg Asp
132 17.3 Ala Gly Asp Ser
136 17.6 Ser Gln Gly Asn
170 18.9 Lys Lys Ser Lys
173 19.6 Arg Ser Glu Glu

*CA 1l numeracija
1.2 Klasikiniai CA slopikliai.

CA slopikliai pagal veikimo mechanizmg gali biti skirstomi j dvi grupes:
a) su metalo jonu kompleksa sudarantys junginiai; b) nesudarantys tiesioginio
rySio su metalo jonu junginiai’. Pirmai grupei priklauso klasikiniai slopikliai
— sulfonamidai ir jy dariniai (sulfamatai, sulfamidai ir pan.) (1 schema), bei
kiti su metalais kompleksuojantys anijonai. Kitai grupei priklausantys
slopikliai jvairiais buidais'® jungiasi prie cinko jono koordinuotos vandens
molekulés vandeniliniais rySiais (fenoliai, poliaminai ir kt.) arba kity CA
aktyvaus centro viety uzkim§dami prié¢jima prie aktyvaus centro.

14



A i Thrigo 8 i Thrtgg [

N N
M Ny
H3C H3C
0 0
o.. W, O.... \
H—C~H_  C H—" "H S
\O"' %O \N/ \O
cutos 9 %n Gluos 9 %n
SN S~
\/< His%/\ His119 X/< His%/\ His119
@) His94 O His94

1 schema. Pirmos grupés CA inhibitoriy veikimo mechanizmas. CA aktyvaus
centro schemos: (A) CO, hidratacijos/dehidratacijos reakcijos pereinamoji
biisena; (B) arilsulfonamido prisijungimas (Pagal'”)

Pirmi slopikliai buvo surasti netrukus po karboanhidraziy atradimo —
buvo nustatyta, kad pirminiai benzensulfonamidai (sulfanilamidas ir kt.)
inhibuoja CA aktyvumg, tuo tarpu antriniai benzensulfonamidai ir
benzensulfonriigitys ,,netrukdo* CA veiklai '8. Kiek véliau buvo surasti CA
slopikliai heterocikliniai sulfonamidai, tokie kaip acetozolamidas .

H,N /2 NN o
A\,
T, A2
S H S T NH,
N
o// NH, 0]

sulfanilamidas acetozolamidas

Véliau buvo surasta dar ne viena nauja CA slopinanciy junginiy klasé?®~
24 bet sulfonamidai taip ir liko pla¢iausiai naudojamais tiek tyrimuose, tiek
farmacijoje. Vaistiniai sulfonamidiniai preparatai (4 ir 5 pav.) netgi
priskiriami CA slopikliy klasei, nepriklausomai nuo to kokioms ligoms
skiriami gydyti (https://go.drugbank.com/categories/DBCAT000727).
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HsC, 0
/[Z NN HsC—\ /QN N
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(0] O \ //O Y
HaC NJ\S»\%Z s)\%\NH2 0
0
o

NH, P,
ToNH:
Methazolamide Ethoxzolamide Zonisamide e}
EHs zHg,
NH NH
HaC—O
Nl N P he AN
Z\ S \LNH2 7 S WNH2
7Y o Y, 5 Hac” CHy
Brinzolamide Dorzolamide Topiramate
F3C
H
\'I\‘ O ‘/N cl
\_N I o
N HN\S S//
7N\ AN VY
/O o 0 3/9 [OXe) O/ NH;
2
S 7/ NH
o// \NHZ © ’ -
H3C Celecoxib Sultiame Hydrochlorothiazide

4 pav. Vaisty pasizymin¢iy CA slopinimu pavyzdziai.

Taipogi reikia iSskirti vieng grupg vaistiniy junginiy, pasizymin¢iy CA
slopinimu, tai orfo-pakeisti benzensulfonamidai (5 pav.). Sie junginiai orto-
padétyje dazniausiai turi nedidelius chloro- ar trifluorometilpakaitus, arba
didesnius fenoksipakaitus bumetanido ir piretanido atveju. Jie buvo
sugrupuoti ir aprasyti dar 2008 metais, bet autoriai, panasu nesuprato arba
nejvertino pakaito svarbos®. Netgi ir 2025 metais paraSytoje apZzvalgoje prie
pat sulfonamido esan¢ioms grupéms neskirta démesio®.
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NH; P
O, OH O\\lgo HQO N
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Ko @Y o
& NR: & oM #Po
Furosemide Dichlorphenamide NH2  Chiorthalidone
(0] (0] H O
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Cyclothiazide 0 NH, Benzthiazide 2
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] i \/\
N, HN N
F OH OH
HN\S S//o o
PO L, O
o 10
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endroflumethiazide Bumetanide Piretanide

5 pav. Orto-pakeisty benzensulfonamidy pavyzdziai.

Bendra selektyviy slopikliy kiirimo strategija pavaizduota 2 schemoje. Ji
yra pagrijsta slopiklio jungimusi prie CA centre esancio metalo jono, bei prie
griauCiy (dazniausiai tai aromatinés ar heteroaromatinés sistemos) prijungty
jvairiy grupiy saveikomis su CA aktyvaus centro pavirSiuje esanciais
aminoriigs¢iy fragmentais. Schemoje pavaizduoti du pakaitai, kurie deka
individualiy savybiy gali saveikauti su jvairiu atstumu esanciais hidrofobiniais
arba hidrofiliniais pavir$iy fragmentais. Atskirai iSskirtas pakaitas R, kuris yra
arCiau aktyvaus centro nei kiti pakaitai ir daZniausiai jvardijamas kaip
sgveikaujantis su konkreciai hidrofobinéje dalyje esancia kisene. Pakaitas R
gali biiti riboto dydZzio, dazniausia tai chloro atomas, nors yra iSim¢iy (CF3 ir
fenoksigrupés 5 paveiksle ir kitur?"?%).
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Pakaitas 1

His 64

hidrofiliné aktyvaus
centro dalis

Glu106

0]
O,
“H

hidrofobiné aktyvaus
centro dalis

H3C

Zn
\\His119

His96 His94

v
-

b
i

Thr199 R=H, Hal arba kita

2 schema. Schema apibiidinanti bendrg CA slopikliy kiirybos strategija. ZBG
(zinc binding group) — su cinko jonu besijungianti grupé, R — prie ZBG esanti
grupé, dazniausiai chloro atomas.
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2. MEDZIAGOS IR METODAI

Tyrimuose naudotos pradinés medziagos ir reagentai jsigyti i§
specializuoty tiekéjy ir naudoti be papildomo gryninimo. Lydymosi
temperatiiros nustatytos atviruose kapiliaruose 1A9100 (Electrothermal)
prietaisu. Reakcijy eiga sekta plonasluoksnés chromatografijos metodu
naudojant TLC Silica gel 60 Fass (Merck) ploksteles, detektuojant 254/365 nm
UV spindulivote UV-6 S/L (Herolab) prietaisu. Chromatografiniam
gryninimui naudotas Silica gel 60 (0,040-0,063 mm, Merck). Junginiy 'H, *C-
BMR spektrai uzrasyti spektrometru Ascend 400 (Brucker) (400 MHz ir 100
MHz), vidiniu standartu naudojant likutinius tirpikliy signalus. AukStos
skiriamosios gebos masiy spektrai uzraSyti Agilent TOF 6230 (Agilent
Technologies) spektrometru ir Agilent Infinity 1260 HPLC sistema (Agilent
Technologies).
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3. REZULTATAI

Siame darbe susintetinta eilé¢ benzensulfonamidiniy CA slopikliy turinéiy
Ivairius pakaitus 2-, 4- ir 5-padétyse. Rezultatai pateikti 5 straipsniuose (I-V).
Pirmi trys straipsniai skirti 2-halo-4,5-dipakeistiems benzensulfonamidiniams
slopikliams. Ketvirtas straipsnis skirtas 2-halo-4-pakeisty ir 4-halo-2-pakeisty
sulfamoilbenzoaty saveiky su karboanhidrazémis palyginimui. Penktame
straipsnyje iStirta prie sulfonamido grupés orto-padétyje esanciy pakaity jtaka
CA slopinimui.

Tyrimai pradéti nuo 4-aminopakeisty benzensulfonamidy 5-oje padétyje
turin¢iy karbonilamino grupes (I str.). Slopikliy sintezés pradétos nuo 2,4-
dichlor- ir 2,4-dibrom-5-sulfamoilbenzoiniy ragsciy (1, 2).

¢ o Br O
|
OH OH
ci
O\\S Br o
07 “NH, 07" NH,
1 2

I$ siy dviejy benzoiniy riigsciy per tarpinius chloranhidridus susintetinta
eilé 2,4-dihalobenzamidy (3-15) su jvairaus ilgio amidopakaitais (3 schema).
Gryninant 3-hidroksipropilbenzamida 5 buvo pastebétas paSalinio junginio
susidarymas — etilacetatate vyko peresterifikavimo reakcija. Identifikuotas
O-acetil benzamidas 14, kuris véliau resintetintas su 78 proc. iSeiga, virinant
etilacetate esant sieros ruigsties. Tuo tarpu su 2-hidroksietilbenzamidu 4 tokia
reakcija nestebima.

Antras pakaitas jvestas pakeifiant halogeng jvairiais aminais. Reakcijos
atliktos kaitinant 2,4-dichlorbenzamidus 3-7, 11, 15 alifatiniy aminy
pertekliuje  110-130 °C temperatiiroje, be metaly Kkatalizés .
Dibrombenzamido 13 reakcijos su aminais atliktos virinant dioksane ilgesnj
laika, taip iSvengiant paSaliniy produkty susidarymo (4 schema). Dalis
junginiy susintetinti hidrolizuojant (1¢, 15) arba modifikuojant amidus (8a)*.
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/@/u\ Nl /@/\J\N/\/\OH /<j/U\N/\/\CH3
O\ 0\

0/ \NH 4,12 o \NH

0% \NH 6,1
I Q cl o
NH, \ ] / ”/\/O\cm
Cl O\\S X o Cl A
OFTNH, T OH OPNWH, 7
cl i — X o o
H/\/\O CH, o® “~NH, \ N o

H/\/f
1,2
Cl !
ON / Cl o HsC™
07O NH >
2 44 O0“"™NH, g

I 0 /O cl o o]
N
” O H/\kfo
cl Cl
o\ 0\\ 0.

0/ “NH, o~ \NH 07 ">NH, 07" NH;
10 9 15

X: Cl (1, 3-11, 14-15), Br (2, 1213 )

R: NH, (3) NH(CH,),OH (4,12), NH(CH,);0H (5), NH(CH,);CHj (6,13),
NH(CH,),OCHs (7), NH(CH,)sCO,CHs (8), N-morfolinil- (9), NH-cikloheksil-(10),
NH-benzil- (11), NH(CH,);0Ac (14), NH(CH,);CO,H (15).

3 schema. 2,4-dihalobenzamidy 3-15 sintezé.

R R
i i arba ii
Cl X (0]
o Ss
> 07" >NH,

o// “NH,

3¢, 6¢ 3-7,11,13,15 4a, 5a, 6a, 7a, 13a, 15a

X X o SCH;j
ZN 07 >“NH N
(0] NH o> “NH,
1c 4b, 5b, 6b, 7b, 11b, 13b 8a

X: CI (3-8, 11, 15), Br (13)
R: NHy(3) NH(CH,),OH (4), NH(CH,);0H (5), NH(CH,)sCHs (6, 13), NH(CH,),OCHs (7),
NH(CH,),CO,CH, (8), NH-benzil- (11), NH(CH,),CO,H (15),

4 schema. 4-aminopakeisty benzensulfonamidy sintezé.
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Sekanti junginiy serija (II, IV str.) turi per sieros atomg prijungtus
jvairaus ilgio pakaitus. 2,4-Dihalosulfamoilbenzoiniy rtgsciy dariniy
reakcijos su tioliais literatiroje praktiSkai neapraSytos, todél tikétasi, kad
reakcijos vyks pana$iai kaip su aminais, pakeiciant tolimesnj nuo sulfonamido
halogeno atoma. Tokiu biidu i$ atitinkamy benzamidy (3-14) susintetinta eilé
junginiy su jvairiais sulfanilpakaitais (5 schema).

©\ (16-27)a
16 s 0 (16-21)b,
O\ (23-26)b
R
® 0
S

Q

Y

' /

P4

I
‘o) o)
T

x

\//oz%
P3|

R 07 ™NH,
(16-17)c, 19c,
21c, 23c, (25-26)c
/

07" NH, 0/ “NH,
16d, 19d, (25-26)d 23e, 26e

X: Cl (3-11, 14-24, 27-28), Br (12-13, 25-26)
R: NH, (3, 16), NH(CH,),0H (4, 12, 17, 25), NH(CH,);OH (5, 18), NH(CH,)sCH; (6, 13, 19, 26),
NH(CH,),OCHs (7, 20), NH(CH,);CO,CHj (8, 21), N-morfolinil- (9, 22), NH-cikloheksil- (10, 23),
NH-benzil- (11, 24), NH(CH,),0Ac (14, 27), NH(CH,);CO,H (15, 28).

5 schema. 2-sulfanilbenzamidy sintezé.

Reakcijy salygy pasirinkima jtakojo nukleofilo pobudis. Junginiy 3-8,
10-14 reakcijos su tiofenoliu arba 1-tionaftoliu vyko lengviausiai, virinant
MeOH esant trietilamino. Su cikloheksantioliu Siomis reakcijos salygomis
reakcijos vyko labai létai, todél polinis protoninis tirpiklis buvo pakeistas |
polinj aprotoninj DMSO, o trietilaminas — j bevandenj K»CO3. Tai leido atlikti
junginiy 3-8, 10-13 reakcijas per 2-6 valandas vietoje dieny ar savaiciy, esant
tai paciai temperaturai.

Naudojant  kitus, vidutinio reaktingumo nukleofilus (pirminius
alkiltiolius ir pan.) reakcijos atliktos poliniame aprotoniniame tirpiklyje
(DMSO) esant TEA.
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Vienintelé iSimtis buvo morfolinildarinio 9 reakcija su tioliais, kai net su
tiofenoliu reikéjo reakcijg atlikti 120 °C temperatiroje, poliniame
aprotoniniame tirpiklyje (DMSO) su Cs>CO:s.

Susintetinti sulfanildariniai buvo toliau oksiduoti iki sulfonildariniy.
Oksidacijos reakcijos atliktos geromis iSeigomis (69-92 %), acto riigStyje su
vandenilio peroksidu in situ generuojant peracto rigSti (6 schema).
Oksiduojant hidroksilo grupe turinius amidus buvo stebimas O-acetaty
susidarymas ir siekiant to iSvengti reakcijos produkty miSinys buvo
papildomai veikiamas praskiesta druskos riig§timi.

R’ O R' R' o)

) S0 >s77 0

O/
R R R
X o X o X A

Ss. >N >N

07 “NH, 07 "“NH, 07 “NH,
16d, 17a-c, 18a-b, 19a-b, 30d, 31a-c, 32a-b, 33a-b,
40a,.c 20a-b, 21b-c, 23a-c,e, 34a-b, 35b-c, 36a-c,e,
24a-b, 25a-c, 26a-b 37a-b, 38b-c, 39a-b.

X: Cl (16-24, 30-37, 40c), Br (25-26, 38-39, 40a)

R: NH, (16, 30), NH(CH,),OH (17, 25, 31, 38, 40a), NH(CH,);OH (18, 32),
NH(CH,);CH; (19, 26, 33, 39), NH(CH,),0CHj; (20, 34), NH(CH,);CO,CH, (21, 35),
NH-cikloheksil- (23, 36, 40c), NH-benzil- (24, 37)

R'": a) fenil-, b) cikloheksil-, c) benzil-, d) 2-feniletil-, ) 2-hidroksietil-

6 schema. 4-sulfonil- ir 4-sulfinilbenzensulfonamidy sintezé.

Benzoinés rugstys 29b, d susintetintos i§ atitinkamy benzamidy 16b, d
rugstinés hidrolizés salygomis. Taciau panaSiai atlikus esteriy 21b, 35¢
hidrolize (7 schema) buvo stebimas dviejy produkty susidarymas. Todél
tolimesné esteriy 21a-c hidrolizé atlikta Sarminéje terpéje, kambario
temperatiroje, susidarant tik tiksliniams produktams.

R o) R (0]
(0]
N /\/\fo H/\/\f
-
H
cl “CHs c
N Os
0% “NH, 07" >NH,
21a-c, 35¢ 28a-c, 41c

R §—s—© (21a, 28a), i—S—O (21b, 28b),
i_s/_Q (21c, 28c), i_//s/_Q (35¢, 41c).
(o}

N\
‘o

7 schema. 4-aminobutaniniy rigs$¢iy dariniy sintezé
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Sekanti junginiy serija (III str.) buvo sukurta remiantis Ziniomis®' apie
CA VA izofermentui selektyvius slopiklius. Susintetinti junginiai 2-chlor- ir
2,4-dichlorbenzensulfonamidy pagrindu, 5-oje padétyje turintys jvairius
heterociklus.

Junginiai 42a-h ir 43a-c susintetinti tikslinius heterociklus alkilinant
(bromoacetil)-2-chlorobenzenesulfonamidu 42 arba 5-(bromoacetil)-2,4-
dichlorobenzenesulfonamidu 43. N-alkilinimai atlikti THF esant NaOAc
kambario temperatiiroje. Siekiant iSvengti benzimidazoly dialkilinimo
naudotas nedidelis heterociklo perteklius. Junginiai 42g ir 42h susintetinti
naudojant 1,2,3,4-tetrahidrochinolino ir indolino pertekliy, be bazés (8

schema).
R 0O R 0O
Br R"
Cl cl
N N

0% >NH, 0% "™NH,
42,43 42(a-h), 43(a-c)

R": H (42), CI (43)
R": N N CH3 N H3C N.
0O (]
N N CH, N N
L AL L L,
a

b [+
M
o= s 0 (IO
N N O A 2
WL' e f MA\‘ 9 h
8 schema. Junginiy 42a-h and 43a-c sintezé.

Junginio 46 nepavyko susintetinti tiesiogiai  acilinant 1-
aminobenzimidazolg  2,4-dichlor-5-sulfamoilbenzoilchloridu  jvairiomis
salygomis. Bet apsaugojus sulfonamido grupe N,N’-dimetilaminometiliden-
grupe (9 schema, junginys 44) pavyko iSvengti pasaliniy produkty susidarymo
ir acilinimo reakcijos metu susintetintas junginys 45, kurj deblokavus gautas
tikslinis benzensulfonamidas 46.
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e cl 0O

OH
. e
1 Cl e
) O,
O>: \NAN/C Hs SS. ~ CHj O\

0% \N/\N/
0% \NH
Hj Hj;
44 45 46

9 schema. Junginio 46 sintezg.

Dalis 2,4-dichlorjunginiy (43a,b, 46) modifikuoti jvedant sieros tiltelj
turin¢ius fragmentus pagal aprasytas (II str.) metodikas (10 schema). Taip
susintetinti junginiai 47-50.

cl 0 FN NS0 _
N/ N,//
X X~
R — . R
cl cl
S R 38 R
0% NH, 077 NH,
43a: X=CH,, R'=H 47: X=CH,, R'=H, R"=2-feniletil-
43b: X=CH,, R'=CH, 48: X=CH,, R'=CH,, R"=fenil-
46: X=NH, R'=H 49: X=NH, R'=H, R"=fenil-

50: X=NH, R'=H, R"=cikloheksil-
10 schema. 2-chlor-4,5-dipakeisty benzensulfonamidy 47-50 sintezé.

Straipsnyje IV aprasyta sekanti pakeisty halogeninty benzensulfonamidy
grupé. I§ pradiniy metil 2,4-dihalo-5-sulfamoilbenzoaty 51, 52 susintetinti
metil 2-halo-4-pakeisti ir 4-halo-2-pakeisti-5-sulfamoilbenzoatai (11
schema). Reakcijos salygos buvo parinktos remiantis ankstesniais darbais (I1
str.) kuriuose aprasytos 2,4-dihalo-5-sulfamoilbenzamidy reakcijos su siera
turinciais nukleofilais. Atliekant reakcijas metanolyje aromatiniai tioliai
(tiofenolis ir 1-tionaftolis) lengvai keité halogeno atomg sudarydami para-
pakeistus benzensulfonamidus 55a.f ir 56a. Tuo tarpu reakcijos su tioliais
turin¢iais CH, ar CH grupe tokiomis saglygomis vyksta labai létai ar visai
nevyksta. Siekiant paspartinti reakcijas polinis protoninis tirpiklis pakeistas j
polinj aprotoninj DMSO ir susintetinti orto-pakeisti benzensulfonamidai 53b-
e, 54b (11 schema). Reakcijose taip pat stebétas para- ir dipakeisty
benzensulfonamidy susidarymas.

25



/
X
Osd
/

0PN H,
55a,f, 56a

SN

N

S
07" ™NH,
59a,f, 60a

Alk =

O/C Hj

(6]
51, 52

CH3

AIkSH

X= ClI (51, 53, 55, 57, 59)
Br (52, 54, 56, 58, 60)

HO O
O3
. O O

11 schema. Metil halo-2- ir 4-pakeisty-5-sulfamoilbenzoaty sintezé.

SN

~N

Alk”

0% >NH,
53b-e, 54b

Q
_S
Alk (\)\ (ON

07 ™NH,

57b-d, 58b

Buvo istirtas 2,4-dihalo-5-sulfamoil-benzoaty 51, 52 nukleofilinio
aromatinio pakeitimo reakcijy regioselektyvumas (3 lentelé). Visos reakcijos
atliktos DMSO su tioliu ir trietilaminu, 60 °C temperatiroje 72h. Reakcijos
konversija, produkty santykis ir struktiiry identifikavimas atliktas BMR ir

HPLC/UV/MS pagalba.

2 lentelé. 2,4-dihalo-5-sulfamoilbenzoaty 51, 52 reakcijos su tioliais iSeigos ir
produkty santykiais nustatyti pagal '"H-BMR spektroskopijos ir HPLC/UV/MS
tyrimy duomenis (italic). * 2- ir 4-pakeisty izomery susidariusiy junginiy 51 ir 52
reakcijose su tiofenoliu atskirti HPLC btidu nepavyko.

.. B 2- 4- 2.4-
Pradinis - Konversija . . . -
neinvs Tiolis %) pakeistas pakeistas dipakeisti
Junemny ’ (%) (%) (%)

30.07 18.70 81.30

S QSH 28.77 17.38 82.62 )
15.71 9.09 90.91

52 O\SH 13.92 14.11 85.89 -
89.47 58.82 35.29 5.88

3 CLSH 96.67 88.78% 11.22
95.07 51.81 40.42 7.77

2

S QSH 96.92 85.55% 14.45
72.73 23.53 73.53 2.94

S QVS“ 71.55 22.91 72.79 4.30
72.15 12.28 87.72

1 -

S ©\»SH 73.60 12.05 87.95
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- . 2- 4- 2,4-
Pradinis . Konversija . . . i
. Tiolis 0 pakeistas pakeistas dipakeisti
Junginys oo (%) (%) (%)

¢ 90.97 76.34 19.08 4.58
51 O
SH 95.25 78.84 15.72 5.44
51 13.70 i 100.00 i
SH 18.19 100.00

Tioliy reaktingumo mazéjimo seka yra tokia: fenil->naftil->benzil->2-
etilfenil->cikloheksil->ciklododecil-. Dipakeisty produkty susidarymas stebimas
reakcijose su fenil-, naftil- ir benziltioliais. 2-pakeisty produkty daugiau susidaro
reakcijose su aromatiniais tioliais, kitais atvejais dominuoja 4-pakeisti produktai.
Ciklododeciltiolio atveju stebimas tik vieno 2-pakeisto izomero susidarymas.

Trikstami 2-pakeisti metilo esteriai 55a-d, f susintetinti i§ jau aprasyty
2-pakeisty benzamidy 16a-d, f (12 schema). Amido grupé pakeista j esterio
grupe vienos stadijos reakcijoje kaitinant metanolyje su tionilo chloridu.

Sulfanildariniy 53(b-d), 54b, 55(a-d, f), 56a oksidacija iki sulfonil
dariniy 57(b-d), 58b, 59(a-d,f), 60a atlikta in situ generuojant peracto rugsti
(11 ir 12 schemos).

R
cl 0 >0 Rs o ~s7° o
Oé
cl c cl of
o Oss Os. Os,
07" NH, 07 >NH, 07 NH N
3 16a-d,f 55a-d, f 59b-d
= FO FO OO
a b c d f

12 schema. Metil 4-chlor-2-pakeisty-5-sulfamoilbenzoaty sintezé.

Straipsnyje V siekiama istirti arti sulfonamido grupés esanciy pakaity
jtakg jungimuisi su karboanhidrazémis. Tam susintetinti orfo-pakeisti
benzensulfonamidai su amino-, sulfanil-, sulfinil- ir sulfonilpakaitais.

Kadangi 2,4-dihalodariniy reakcijose susidaro jvairiis produktai, buvo
pasirinktas pradinis junginys su labiau nuspéjama elgsena — 4-chlor-3-
sulfamoilbenzoing rugstis (62). IS jos remiantis jau iSbandytomis metodikomis
susintetinti pradiniai junginiai — metilo esteris (63) ir eilé amidy (64-66) (13
schema).
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IS 4-chlor-3-sulfamoilbenzoinés ragsties esterio 63 nukleofilinio
aromatinio pakeitimo reakcijose susintetinti 4-sulfanilpakeisti junginiai 67a-
d,f-m (13 schema). Reakcijos atliktos Sildant su jvairiais tioliais
dimetilformamide, esant K,COs. Tomis paciomis reakcijos salygomis
susintetinti 4-sulfanilpakeisti sulfamoilbenzamidai 68a-d, f, g, j-m.

4-amino-pakeisti junginiai 69b, ¢ sintetinti benzamida 64 kaitinant
atitinkamo amino pertekliuje 130 °C. Junginys 69e susintetintas virinant
tolueno ir ciklooktilamino miSinyje.

@*@*@*@*@*

0% “NH, 07 “NH, 0% “NH, 07 NH, 07 “NH,
67 a-d, f-m 64-66 68 a-d, f, g, j-m
o// “NHy
69b,c,e
@ ‘2:/\:\/:| ‘_@ Foks CH3
i
R' = n-butil- (64),

CHy CHy O 2-hidroksietil- (65),
Hch, §_/_< i—o 3-hidroksipropil- (66).
o O

13 schema. Metil 4-sulfanil-pakeisty-3-sulfamoil-benzoaty 67a-d, f-m, 4-
sulfanilpakeisty-3-sulfamoilbenzamidy 68 a-d, f, g, j-m ir 4-amino-pakeisty-

i k | m

3-sulfamoilbenzamidy 69 b, c, e sintezé.
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o 0
R o R
Oxs o=}
R/ °>\ R O

Osx

07 ™NH, 07" ™NH, 07 >NH,
70 a, b, h, i, k-m, 67 a-d, h, i, k-m, 72 a-d, h, i, |, m,
71 a, b, k-m 68 a, b, k-m 73 b, k-m

@ @ ~(_© MQ
Fcng i_rc”Sl_/—< = ’_'

h

R': OMe (67, 70, 72); NH-nBu (68, 71, 73)

14 schema. Metil 4-sulfinilpakeisty-3-sulfamoilbenzoaty 70a, b, h, i, k-m, N-
butil-4- sulfinilpakeisty-3-sulfamoilbenzamidy 71a, b, k-m, metil 4-
sulfonilpakeisty-3-sulfamoilbenzoaty 72a-d, h, i, I, m ir N-butil-4-
sulfonilpakeisty-3-sulfamoilbenzamidy 73b, k-m sintezé.

Esteriy 67a-d, h, i, k-m ir benzamidy 68a, b, k-m oksidacijos iki sulfinil-
ir sulfonil- junginiy atliktos naudojant in situ generuota peracto rugstj (14
schema). Atliekant reakcija kambario temperatiiroje susintetinti sulfinil-
junginiai 70a, b, h, i, k-m, 71a, b, k-m, o kaitinant reakcijos misinj 70 °C
temperattroje susintetinti sulfonil- junginiai 72a-d, h, i, 1, m, 73b, k-m
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4. REZULTATU APTARIMAS

Pirmame straipsnyje atlikta susintetinty junginiy jungimosi su 12 a-CA
izofermenty duomeny analizé. Pirma atlikus vieng pakaita turin€iy junginiy
(N-pakeisty  2,4-dihalo-5-sulfamoilbenzamidy  3-15)  afiniskumo ir
selektyvumo analiz¢ nustatyta, kad jie stipriausiai jungiasi su CA VII. [vedus
antrg pakaitg (2-aminopakeisti-4-halo-5-sulfamoilbenzamidai, 4 schema)
daugumoje atvejy stebimas padidéjes afiniSkumas ir selektyvumas CA IX ir
CA XIV izofermentams. Selektyvumas Sioms CA priklauso nuo antrojo
pakaito dydzio. Benzilamino grupé dél savo lankstumo lengviau saveikauja su
visy izofermenty aktyvaus centro fragmentais ir taip padidina afiniSkuma,
taCiau sumazina selektyvumg lyginant su maziau lankscia cikloheksilamino
grupe. Kelios junginiy ir karboanhidraziy kompleksy kristalografinés
strukttiros parodé kontaktus tarp slopiklio pakaity ir baltymo aminorigsciy ir
padidino supratimg apie tiriamy sistemy strukttiros-aktyvumo sarysius.

Antrame straipsnyje apraSyti susintetinti CA slopikliai turintys du
pakaitus, vienas i§ kuriy prijungtas per sieros atoma turintj jungtuka (2-
sulfanil- arba 2-sulfonilpakeisti-4-halo-5-sulfamoilbenzamidai). Siy junginiy
cheminiy struktiiry ir jungimosi parametry analizé parodé dviejy pakaity
svarbg ir jtaka afiniSkumui bei selektyvumui konkretiems CA izofermentams.
Kristalinés baltymo-slopiklio kompleksy struktiros (6 pav.) parodé
strukttriSkai panaSiy slopiklio pakaity iSsidéstymo karboanhidrazés
izofermenty aktyviuosiuose centruose skirtumus bei galimas pakaity ir
aktyviy centry sgveikos vietas.
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CAXI-17b 3la
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6 pav. Junginiy 17b ir 31a kristalografinés struktiros CA II ir CA XII
aktyviuosiuose centruose. A ir B paveiksluose lyginamas dviejy panasSios
cheminés struktiiros junginiy (17b (zalia) ir 31a(Zydra)) prisijungimas prie
CA 1I (A; junginys 17b (PDB ID: 6R6F) ir 31a (PDB ID: 6R6J)) ir CA XII
(B; junginys 17b (PDB ID: 6R6Y) ir 31a (PDB ID: 6R71)). CA aktyviyjy
centry hidrofobiniy aminortigs¢iy Soninés grandinés yra oranzinés,
hidrofiliniy — mélynos spalvos. Cinko jonas pavaizduotas kaip violetiné sfera.
C ir D paveiksléliuose lyginamas junginiy 17b ir 31a prisijungimas prie CA
IT (zalia) ir CA XII (zydra). PanaSios CA II ir CA XII aktyviyjy centry
aminoriig§¢iy Soninés grandinés pavaizduotos kaip pavirsiai.

Taip pat reikia pazymeéti, kad lyginant su pirmame straipsnyje aprasytais
aminopakeistais junginiais pastarosios serijos junginiai pasizymi didesniu
afiniSkumu, o jungimosi su CA VII, CA IX, CA XII arba CA XIV atvejais
stebimos subnanomolinés verteés.

TreCiame straipsnyje susintetinta selektyviy CA VA inhibitoriy serija,
pagrista anksciau aprasytu junginiu 5-[2-(benzimidazol-1-il)acetil]-2-chlor-
benzensulfonamidu (42a). Pirma iStirti 2-halo- ir 2,4-
dihalobenzensulfonamidai su pakaitais 5-oje padétyje ir jy afiniSkumo
priklausomybé nuo pakaite esanciy heterocikly prigimties ir dydzio (7 pav.).
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7 pav. Jungimosi su CA VA izofermentu stebimyjy disociacijos konstanty
palyginimas. Junginiai iSdéstyti mazéjancio afiniSkumo tvarka.

Nustatyta, kad benzimidazolo ziedas yra palankesnis nei imidazolo dél
aromatinés-aromatinés saveikos su CA VA Tyr64. Benzimidazolo/imidazolo
ziedo antras azoto atomas taip pat yra svarbus ir sudaro vandenilinius ry$ius
tarp azoto atomo ir Thr62 hidroksilo CA VA. Kai antro azoto atomo néra,
pavyzdziui, indolino arba 3,4-dihidro-2H-chinolino pakaity atveju (junginiai
42g, 42h), selektyvumas CA VA atzvilgiu iSnyksta. Gi antro pakaito jvedimas
1 benzensulfonamido para-padét] padidina junginiy afiniSkumg visiems CA
izofermentams ir stipriai sumazina selektyvumga tiksliniam CA VA (8 pav.).
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8 pav. Junginiy 42a, 43a ir 47-50 saveikos su 12 CA izofermenty Ky vertés
selektyvumo CA VA izofermentui palyginimui.

Ketvirtame straipsnyje sukurtos kelios junginiy serijos ir istirta pakaity
bei jy padéciy poveikis metil- 2- arba 4-pakeisty-5-sulfamoilbenzoaty
jungimuisi prie Zmogaus CA izofermenty. ISsamiai iSnagrinéti skirtingo
dydzio sulfanilo (-S-) ir sulfonilo (-SO»-) pakaitai, pateiktos Siy dviejy
junginiy grupiy prisijungusiy prie CA aktyviyjy centry kristalinés struktiiros
(9 pav.). Para-pakeisti 2-halobenzensulfonamidai, tiek sulfanil- (55-56
grupés), tiek sulfonil- pakeisti (59-60 grupés), jungési panasiai su jvairiomis
CA izofermenty grupémis ir nedemonstravo selektyvumo. Tuo tarpu orfo-
sulfanilpakeisti 4-halobenzensulfonamidai pasizyméjo itin geru afiniSkumu ir
selektyvumu su véziu siejamam CA IX izofermentui (junginiy 53b, e ir 54b
Kq artejo prie 0,1 nM). Gi analogiSki orfo-sulfonilpakeisti 4-
halobenzensulfonamidai (57 ir 58 grupés) su visais CA izofermentais jungési
silpnai (10 pav.).

Toks netikétai didelis afiniSkumo kritimas buvo priimtas kaip pozymis,
kad pasiekta ta riba, kuomet atlikus nedidelius pakitimus benzensulfonamido
struktiiroje orto-padétyje, galima tikétis esminiy pokyciy slopiklio-baltymo
saveikoje. Kas ir buvo atlikta sekan¢iame darbe.
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9 pav. Junginiy cheminiy strukttry koreliacija ir CA izofermenty kristaliniy
struktiiry palyginimas. (A) Perkloti kristaliniy struktiiry ligandai: para-
pakeisti ligandai yra rausvos spalvos (PDB ID: 7PP9, 7PUW, 7POM, 7Q0C),
orto-pakeisti ligandai yra zalios spalvos (PDB ID: 6R6F, 6R71, 7PUU, 7PUV,
7QO0E). (B) Palyginimui parodytos auksc¢iau paminétos perklotos struktiiros.
(C) Schema, vaizduojanti B paneléje parodyty junginiy padétis, oranziné linija
zymi hidrofobiskesne aktyviosios vietos puse.
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10 pav. (A) Keturiy junginiy grupiy — metil halo- 2- arba 4-pakeisty 5-
sulfamoilbenzoaty cheminés struktiiros. (B) Vidutinis stebimos standartinés
Gibso energijos pokytis junginiams, priklausantiems vienai i§ keturiy grupiy.
Stulpeliai rodo skirtuma tarp stipriausio ir silpniausio tos grupés junginiy
afiniSkumo nurodytam CA izofermentui. Pirmos grupés (mélyni rombai)
junginiai pasizymi didziausiu afiniSkumu ir selektyvumu CA IX izofermentui.

Penktame straipsnyje tyrimams pasirinkta iSsamiai iSnagrinéti orto-
padétyje esanCiy benzensulfonamido pakaity jtaka. Pasirinkti junginiai
panasis | geriausius ankstesnio straipsnio junginius, tik sgmoningai praleisti
halogeno atomai, kad biity lengviau susintetinti daugiau ir jvairesniy orto-
pakeisty junginiy. Buvo susintetintos serijos benzensulfonamidy su linijiniais
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ir cikliniais pakaitais nuo metil- iki adamantanil-, prijungtais per sulfanil-
(-S-), sulfinil- (-SO-) ir sulfonil-jungtukus (-SO;-). Keiciant jungtuko
oksidacijos laipsnj siekta del elektrony akceptoriniy savybiy sumazinti
slopikliy sulfonamido grupés pK, ir sustiprinti jungimgsi su CA. Deja,
junginiai su -SO- arba -SO»- jungtuku nepaisant sumazgjusio vienetu pK, daug
silpniau jungési su visomis CA nei junginiai su -S- jungtimi (11 pav.). Pakaity
mazinimo strategija nedavé norimy rezultaty — nors ir sulfinil- bei sulfonil-
pakeisty slopikliy afiniSkumas padidéjo, bet net junginiai su maziausiu metilo
pakaitu (70h, 72h ) nepasieké sulfanilo junginio 67h afiniSkumo. Pagrindiné
to priezastis buvo leistinos junginiy konformacijos, kurios buvo apskaiciuotos
naudojant kvantinio tankio funkcionalo teorija (DFT, atliko V. Kairys).
Deguonies atomai junginiuose su —SO- ir —SO»- riboja molekulés lankstumag
randant optimalia padét] aktyviajame baltymo centre ir veikia kaip sterinis
trukdis.

H
10b 9b 7b 5b

Kd inl(nM)
CAIl: > 880 > 1100 > 1100 120 14 0.49
CAIX > 560 320 28 0.20 0.19 0.0010

Affinity for CAIX

11 pav. Junginiai iSdéstyti did¢jancio afiniSkumo CA IX tvarka (V straipsnio
numeracija).

Didziausig afiniskumg CA IX Siame tyrime parodé metil 4-sulfanil-
pakeisti-3-sulfamoilbenzoatai, ypa¢ 67b. Tuo tarpu N-butil-4-sulfanil-
pakeisti-3-sulfamoilbenzamidai (68-69 serijos) su visomis karboanhidrazémis
jungési silpniau, bet i$laikydami panasy selektyvumg CA IX. Bet didziausiu
afiniSkumu CAIX pasiZzymejo anksciau (IV str.) sukurti panasiis junginiai,
turintys 2-chlor- arba 2-brompakaitus (53b, e ir 54b).
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ISVADOS

2-halo-benzensulfonamidy 4- ir 5- padéties pakaitai, dél jvairioms
sgveikoms palankios didelés aktyvaus centro erdvés, teigiamai jtakoja
slopikliy afiniSkuma daugumai CA-izofermenty. Kombinuotas pakaity
lankstumo sumazinimas sukeliant sterinius trukdzius jgalina pagerinti
selektyvumg atskiriems izofermentams.

Norint pasiekti didziausig slopiklio afiniSkuma ir selektyvuma CA VA ir
CA VII, uzenka vieno masyvaus pakaito 5-oje
2,4- dihalobenzensulfonamido padétyje.

Metil  2,4-dihalo-5-sulfamoil-benzoaty reakcijose su ariltioliais
dominuoja 2-padéties halogeno atomo pakeitimas, o reakcijose su
alkiltioliais — 4-os padéties halogeno atomo pakeitimas.

2,5-dipakeisti benzensulfonamidai déka masyviy 2-os padéties amino ir
sulfanilpakaity pasizymi dideliu afiniskumu ir selektyvumu CA IX
izofermentui. Halogeno atomo jvedimas j 4-3 padétj padidina afiniSkuma
CA IX nejtakodamas selektyvumo.

Sulfinil- ir ypa¢ sulfonilpakaitams 2-oje padétyje saveikaujant su gretima
sulfonamido grupe sudaromi steriniai trukdziai stipriai sumazina slopikliy
afinikumga visiems CA izofermentams. Siems junginiams 2-os padéties
pakaito dydzio ir lankstumo jtaka CA izofermenty slopinimui yra
nereikSminga.
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SUMMARY

INTRODUCTION

The development of small-molecule chemical drugs is a long and costly
process that has become increasingly complex in recent decades due to higher
requirements for efficacy and safety. The first stage of this process involves
the identification, organic synthesis, and optimization of a potential drug
candidate capable of being useful in the treatment of a specific disease or
condition. Achievement of this stage requires an understanding of how drugs
interact with target structures of biological systems (receptors, enzymes,
transporters, etc.) and how desired drug properties can be obtained through
structural modification.

In order to understand general principles of drug development, enzymes
are among the most attractive research targets. They usually exhibit selective
activity, i.e., high substrate specificity, which makes it possible to develop
drugs that affect only a specific biological process. In addition, many diseases
are known to be associated with changes in enzyme expression and,
consequently, in the functions they perform. Furthermore, the high catalytic
activity of enzymes allows even small amounts of an inhibitor to significantly
affect enzyme activity and produce a strong therapeutic effect. Moreover, such
pronounced changes in activity often facilitate laboratory studies and
accelerate the research process itself. Therefore, in this dissertation, one such
family of research targets—carbonic anhydrases—was selected.

Carbonic anhydrases are enzymes found in all living organisms, from
bacteria to mammals, that catalyze the widely occurring carbon dioxide
hydration reaction:

CO,+H,0 == H'+HCO;"

Why are carbonic anhydrases so important? When observing bubbles
rising in a carbonated beverage, it is difficult to imagine why CAs are needed
at all. However, the carbon dioxide hydration reaction is relatively slow (k =
0.039 s (Khalifah, 1971)), and carbonic anhydrases accelerate it to
approximately 10° s™', thereby significantly influencing a wide range of
physiological processes.

In the human body alone, 12 catalytically active alpha-family carbonic
anhydrases have been identified. These enzymes exhibit high structural
similarity but differ in their cellular and organ localization, physiological
function, and catalytic activity.

Carbonic anhydrases perform diverse physiological functions in the
human body, participating in processes such as CO: transport, pH regulation,
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electrolyte balance, bone resorption, and tumor development, among others.
Changes in the activity of certain carbonic anhydrases (increased activity or
expression) are associated with various diseases that are treated using CA
inhibitors, including glaucoma, epilepsy, idiopathic intracranial hypertension,
high-altitude sickness, migraine, and others. A major problem of most CA
inhibitors used in medicine is their side effects, which are primarily associated
with poor selectivity toward the target carbonic anhydrase isozymes.
Therefore, the development of isozyme-selective CA inhibitors remains a
continuously relevant challenge.

Equally important are other applications of CA inhibitors, in which
inhibitors modified with photo-, radioactive, or similar groups are used for
imaging or cytotoxic purposes. These applications have become particularly
relevant in recent decades and are mainly associated with the overexpression
of CA IX in cancerous tumors. In such cases, inhibition of CA activity itself
is not the primary objective; however, selective binding to the target CA
isozymes becomes even more critical.

The aim of this work was to design and synthesize selective inhibitors
of CA isozymes, to identify the factors determining selectivity, and to apply
this knowledge to the development of new compounds.

To achieve this aim, the following objectives were set:

*  To synthesize 3,4-disubstituted-2-halobenzenesulfonamides and elucidate
the influence of substituents on inhibitor affinity and selectivity.

* To synthesize 2-substituted benzenesulfonamides to evaluate the
influence of inhibitor substituents located close to the CA cofactor.

* To determine and evaluate the influence of substituent position, size, and
flexibility on the affinity and selectivity of CA inhibitors.

* To develop new high-affinity and selective inhibitors of the cancer-
associated CA IX isozyme.

SCIENTIFIC NOVELTY

In this dissertation, two groups of benzenesulfonamide inhibitors bearing
bulky substituents at the 4,5- and 2,5-positions were synthesized and
compared. In both groups, inhibitors exhibiting exceptionally high
subnanomolar affinity toward individual CA isozymes were identified.

The synthesized compounds enabled the determination of crystal
structures of inhibitor—CA complexes. This facilitated understanding of
structure—biological activity relationships and provided an overall positive
advance in the research, particularly in the search for inhibitors of the cancer-
associated carbonic anhydrase IX isozyme.
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The regioselectivity of nucleophilic substitution reactions of 2,4-dihalo-
S-sulfamoylbenzoates bearing identical halogens was investigated, and a new
synthetic approach for 2,5-disubstituted-4-halobenzenesulfonamides was
developed.

It was determined that, within the group of 2,5-disubstituted
benzenesulfonamide inhibitors, substituents at the 2-position have a
particularly strong influence on inhibitor properties. 2-Amino and 2-sulfanyl
substituents exhibited high affinity and selectivity toward the CA IX isozyme.
In contrast, 2-sulfonyl substituents resulted in a pronounced decrease in
affinity toward all CA isozymes. It was also demonstrated that 2-substituted
benzenesulfonamides may represent promising and superior CA IX inhibitors
compared to previously used drugs of similar structure, such as bumetanide
and piretanide.

DEFENDING STATEMENTS

1. The flexibility of para-position substituents in benzenesulfonamide CA
inhibitors influences their selectivity toward individual CA isozymes.

2. Para-sulfanyl and sulfonyl groups in benzenesulfonamides lead to
different substituent orientations in the CA active site and result in higher
inhibitor affinity than amino substituents.

3. Inhibitors developed by introducing additional substituents into 5-[2-
(benzimidazol-1-yl)acetyl]-2-chlorobenzenesulfonamide exhibit higher
affinity for all carbonic anhydrases, but significantly reduce selectivity
toward the target CA VA.

4. Sulfanyl and sulfonyl substituents at the ortho position of sulfonamide
inhibitors strongly influence affinity and selectivity toward the target CA
IX (sulfanyl positively, sulfonyl negatively).

SUMMARY OF RESULTS

In this work, a series of benzenesulfonamide carbonic anhydrase (CA)
inhibitors bearing various substituents at the 2-, 4-, and 5-positions were
synthesized. The results are presented in five publications (I-V). The first
three papers focus on 2-halo-4,5-disubstituted benzenesulfonamide inhibitors.
The fourth paper compares the interactions of 2-halo-4-substituted and 4-halo-
2-substituted sulfamoyl benzoates with carbonic anhydrases. The fifth paper
investigates the influence of ortho-substituents on the sulfonamide group on
CA inhibition.
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The studies were initiated with 4-amino-substituted
benzenesulfonamides bearing carbonylamino groups at the 5-position (I). The
synthesis of inhibitors was started from 2,4-dichloro- and 2,4-dibromo-5-
sulfamoylbenzoic acids (1, 2).

From these two benzoic acids, a series of 2,4-dihalobenzamides (3—15)
with amide substituents of various lengths was synthesized via intermediate
acid chlorides (Scheme 3). During the purification of 3-
hydroxypropylbenzamide 5, the formation of a side product was observed -
transesterification occurred in ethyl acetate. O-acetyl benzamide 14 was
identified and later resynthesized with a 78% yield by refluxing in ethyl
acetate in the presence of acid. In contrast, such a reaction was not observed
with 2-hydroxyethylbenzamide 4.

The second substituent was introduced by replacing the halogen with
various amines. Reactions were carried out by heating 2,4-
dichlorobenzamides 3-7, 11, and 15 in excess aliphatic amines at 110—130 °C
without metal catalysis *°. Reactions of dibromobenzamide 13 with amines
were performed by prolonged reflux in dioxane, thereby avoiding the
formation of side products (Scheme 4).

The next series of compounds (II, IV) contains substituents of various
lengths attached via a sulfur atom. Reactions of 2,4-dihalosulfamoylbenzoic
acid derivatives with thiols are practically not described in the literature;
therefore, it was expected that these reactions would proceed similarly to those
with amines, substituting the halogen atom farther from the sulfonamide
group. In this way, a series of compounds with various thioaryl substituents
was synthesized from the corresponding benzamides (3—14) (Scheme 5).

Reaction conditions varied depending on the nucleophile. Reactions of
compounds 3-8 and 10-14 with thiophenol or 1-thionaphthol proceeded most
easily by refluxing in methanol in the presence of triethylamine. With
cyclohexanethiol, reactions under these conditions were very slow; therefore,
the polar protic solvent was replaced with polar aprotic DMSO, and
triethylamine was replaced with anhydrous K,COs. This allowed reactions of
compounds 3-8 and 10-13 to be completed within 2—6 hours instead of days
or weeks at the same temperature.

When other moderately reactive nucleophiles (primary alkyl thiols, etc.)
were used, reactions were carried out in polar aprotic solvent (DMSO) in the
presence of triethylamine.

The only exception was the morpholine derivative 9, whose reactions
with thiols required heating to 120 °C in DMSO with Cs,COs, even with
thiophenol.
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The synthesized thioaryl derivatives were further oxidized to sulfonyl
derivatives. Oxidation reactions were carried out with good yields (69-92%)
in acetic acid using hydrogen peroxide, generating peracetic acid in situ
(Scheme 6). During the oxidation of amides containing hydroxyl groups, the
formation of O-acetates was observed; to avoid this, the reaction product
mixture was additionally treated with dilute hydrochloric acid.

Benzoic acids 29b, d were synthesized from the corresponding
benzamides 16b, d under acidic hydrolysis conditions. However, when ester
hydrolysis of 21b and 35¢ was carried out under similar conditions (Scheme
7), the formation of two products was observed. Therefore, further hydrolysis
of esters 21a—c¢ was performed under basic conditions at room temperature,
yielding only the desired products.

The next series of compounds (III) was designed based on previous
knowledge 3! about inhibitors selective for the CA VA isozyme. Compounds
were synthesized based on 2-chloro- and 2,4-dichlorobenzenesulfonamides
bearing various heterocycles at the 5-position.

In Scheme 8, compounds 42a-h and 43a-c¢ were synthesized by
alkylation of target heterocycles with (bromoacetyl)-2-
chlorobenzenesulfonamide 42 or 5-(bromoacetyl)-2,4-
dichlorobenzenesulfonamide 43. N-alkylations were performed in THF with
NaOAc at room temperature. Compounds 42g and 42h were synthesized using
an excess of 1,2,3,4-tetrahydroquinoline and indoline without base.

Compound 46 could not be synthesized directly by acylation of 1-
aminobenzimidazole with 2,4-dichloro-5-sulfamoylbenzoyl chloride under
various conditions. However, protection of the sulfonamide group with an
N,N'-dimethylaminomethylidene group (Scheme 9, compound 45) prevented
side reactions, allowing synthesis of compound 45 via acylation; deprotection
yielded the target benzenesulfonamide 46.

Some 2,4-dichloro compounds (43a, b, 46) were modified by introducing
sulfur-bridged fragments according to methods described in paper II (Scheme
10), yielding compounds 47-50.

Paper IV describes the next group of substituted halogenated
benzenesulfonamides. From initial methyl 2,4-dihalo-5-sulfamoylbenzoates
51 and 52, methyl 2-halo-4-substituted and 4-halo-2-substituted-5-
sulfamoylbenzoates were synthesized (Scheme 11). Reaction conditions were
selected based on previous work (paper II) describing reactions of 2,4-dihalo-
5-sulfamoylbenzamides with sulfur-containing nucleophiles.

When reactions were carried out in methanol, aromatic thiols (thiophenol
and 1-thionaphthol) readily substituted the halogen atom, forming para-
substituted benzenesulfonamides 55a, f, and 56a. In contrast, reactions with
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thiols containing CH» or CH groups proceeded very slowly or did not occur at
all under these conditions. To accelerate reactions, the polar protic solvent was
replaced with polar aprotic DMSO, vyielding ortho-substituted
benzenesulfonamides 53b—e and 54b (Scheme 11). Para- and disubstituted
benzenesulfonamides were also observed.

The regioselectivity of nucleophilic aromatic substitution reactions of
2,4-dihalo-5-sulfamoylbenzoates 51 and 52 was investigated (Table 3). All
reactions were performed in DMSO with thiol and triethylamine at 60 °C for
72 h. Reaction conversion, product ratios, and structure identification were
determined by NMR and HPLC/UV/MS.

Table 3. Yields and product ratios of reactions of 2,4-dihalo-5-
sulfamoylbenzoates 51 and 52 with thiols determined by 'H NMR
spectroscopy and HPLC/UV/MS data (italic). *The 2- and 4-substituted
isomers formed in reactions of compounds 51 and 52 with thiophenol could

not be separated by HPLC.
Starting Thiol Conversion y g g_ w B E g ~ b & .% N
compound (%) P& g ' r & g % g_ +

51 O\ 30.07 18.70 81.30

SH 28.77 17.38 82.62

5 Q 15.71 9.09 90.91

SH 13.92 14.11 85.89
51 ©\ 89.47 58.82 35.29 5.88
SH 96.67 11.22

88.78*
5 ©\ 95.07 51.81 40.42 7.77
SH 96.92 14.45
85.55%

51 ©\/ 72.73 23.53 73.53 2.94
SH 71.55 22.91 72.79 4.30

72.15 12.28 87.72

1 -

> ©\/\SH 73.60 12.05 87.95
51 ¢ 90.97 76.34 19.08 4.58
O SH 95.25 78.84 15.72 5.44

51 & 13.70 100.00

SH 18.19 100.00

The reactivity of thiols decreases in the following order: phenyl >
naphthyl > benzyl > 2-ethylphenyl > cyclohexyl > cyclododecyl. Formation
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of disubstituted products was observed in reactions with phenyl-, naphthyl-,
and benzyl thiols. A higher proportion of 2-substituted products was obtained
with aromatic thiols, whereas in other cases 4-substituted products
predominated. In the case of cyclododecyl thiol, only one 2-substituted isomer
was observed.

Missing 2-substituted methyl esters 55a—d, f were synthesized from
previously described 2-substituted benzamides 16a—d, f (Scheme 12). The
amide group was converted into an ester in a one-step reaction by heating in
methanol with thionyl chloride.

Oxidation of sulfanyl derivatives 53(b—d), 54b, 55(a—d, f), and 56a to
sulfonyl derivatives 57(b—d), 58b, 59(a—d, f), and 60a was performed by in
situ generation of peracetic acid (Schemes 11 and 12).

Paper V aimed to investigate the influence of substituents located near
the sulfonamide group on binding to carbonic anhydrases. For this purpose,
ortho-substituted benzenesulfonamides with amino-, sulfanyl-, sulfinyl-, and
sulfonyl substituents were synthesized.

Since reactions of 2,4-dihalo derivatives yield various products, a starting
compound with more predictable behavior — 4-chloro-3-sulfamoylbenzoic
acid (62) — was selected. Using previously established methods, initial
compounds were synthesized from it: the methyl ester (63) and a series of
amides (64-66) (Scheme 13).

From ester 63 of 4-chloro-3-sulfamoylbenzoic acid, nucleophilic
aromatic substitution reactions yielded 4-sulfanyl-substituted compounds
67a—d, f—m (Scheme 13). Reactions were performed by heating with various
thiols in dimethylformamide in the presence of K,COs. Under the same
conditions, 4-sulfanyl-substituted sulfamoylbenzamides 68a—d, f, g, j—m were
synthesized.

4-Amino-substituted compounds 69b, ¢ were synthesized by heating
benzamide 64 in an excess of the corresponding amine at 130 °C. Compound
69e was synthesized by refluxing in a mixture of toluene and cyclooctylamine.

Oxidation of esters 67a—d, h, i, k-m and benzamides 68a, b, k-m to
sulfinyl and sulfonyl compounds was performed using in sifu generated
peracetic acid (Scheme 14). Reactions at room temperature yielded sulfinyl
compounds 70a, b, h, i, k-m and 71a, b, k—-m, whereas heating the reaction
mixture to 70 °C yielded sulfonyl compounds 72a—d, h, i, I, m and 73b, k—m.
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DISCUSSION

In the first article, an analysis of binding data of synthesized compounds
with 12 o-carbonic anhydrase (0-CA) isozymes was performed. Initially,
affinity and selectivity studies of monosubstituted compounds (N-substituted
2,4-dihalo-5-sulfamoylbenzamides 3-15) revealed that they bind most
strongly to CA VII. Upon introduction of a second substituent (2-amino-
substituted-4-halo-5-sulfamoylbenzamides, Scheme 4), increased affinity and
selectivity toward CA IX and CA XIV isozymes were observed in most cases.
Selectivity toward these CA isozymes depended on the size of the second
substituent. Due to its flexibility, the benzylamino group interacts more
readily with active-site fragments across all isozymes, thereby increasing
affinity but reducing selectivity compared to the less flexible cyclohexylamino
group. Several crystallographic structures of compound—carbonic anhydrase
complexes revealed contacts between inhibitor substituents and protein amino
acids, providing deeper insight into the structure—activity relationships of the
studied systems.

In the second article, CA inhibitors bearing two substituents were
synthesized, one of which was attached via a sulfur-containing linker (2-
sulfanyl- or 2-sulfonyl-substituted-4-halo-5-sulfamoylbenzamides). Analysis
of the chemical structures and binding parameters of these compounds
demonstrated the importance and influence of both substituents on affinity and
selectivity toward specific CA isozymes. Crystal structures of protein—
inhibitor complexes revealed possible interaction sites between substituents
and the active site, as well as pronounced differences in the positioning of
sulfanyl and sulfonyl substituents within the CA active site (Figure 6).

It should also be noted that, compared to the amino-substituted
compounds described in the first article, compounds from the latter series
exhibited higher affinity, with subnanomolar binding values observed for CA
VII, CA IX, CA XII, or CA XIV.

In the third article, a series of selective CA VA inhibitors was synthesized
based on the previously described compound 5-[2-(benzimidazol-1-
yl)acetyl]-2-chlorobenzenesulfonamide (42a). Initially, 2-halo- and 2,4-
dihalobenzenesulfonamides bearing substituents at the 5-position were
investigated, and the dependence of affinity on the nature and size of
heterocycles present in the substituent was evaluated (Figure 7). It was
determined that the benzimidazole ring is more favorable than imidazole due
to aromatic—aromatic interactions with CA VA Tyr64. The nitrogen atom of
the benzimidazole/imidazole ring was also shown to be important, forming
hydrogen bonds with the Thr62 hydroxyl group of CA VA. In the absence of
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this nitrogen atom, as in the case of indoline or 3,4-dihydro-2H-quinoline
substituents (compounds 42g and 42h), selectivity toward CA VA was lost.
Introduction of a second substituent into the para position of the
benzenesulfonamide increased affinity toward all CA isozymes but markedly
reduced selectivity for the target CA VA (Figure 8).

In the fourth article, several compound series were developed and the
effects of substituents and their positions on the binding of methyl-2- or 4-
substituted-5-sulfamoylbenzoates to human CA isozymes were investigated.
Sulfanyl (-S-) and sulfonyl (-SO»-) substituents of varying size were studied
in detail, and crystal structures of these two compound classes bound to CA
active sites were determined (Figure 9). Para-substituted 2-
halobenzenesulfonamides, both sulfanyl-substituted (groups 55-56) and
sulfonyl-substituted (groups 59—60), bound similarly to various CA isozymes
and did not demonstrate selectivity. In contrast, ortho-sulfanyl-substituted 4-
halobenzenesulfonamides exhibited exceptionally high affinity and selectivity
toward the cancer-associated CA IX isozyme (K4 values of compounds 53b,
e, and 54b approached 0.1 nM). Conversely, the analogous ortho-sulfonyl-
substituted 4-halobenzenesulfonamides (groups 57 and 58) bound weakly to
all CA isozymes (Figure 10). This unexpectedly large decrease in affinity was
interpreted as evidence that a threshold had been reached where small
structural modifications at the ortho position of benzenesulfonamides can
induce major changes in inhibitor—protein interactions. This hypothesis was
further explored in subsequent work.

In the fifth article, the influence of ortho-substituents on
benzenesulfonamides was investigated in greater detail. Compounds similar
to the most potent inhibitors from article IV were selected, but halogen atoms
were deliberately omitted to facilitate the synthesis of a larger and more
diverse set of ortho-substituted compounds. A series of benzenesulfonamides
bearing linear and cyclic substituents ranging from methyl to adamantyl,
attached via sulfanyl (-S-), sulfinyl (-SO-), and sulfonyl (-SO,-) linkers, were
synthesized. By varying the oxidation state of the linker, the aim was to reduce
the pK, of the sulfonamide group through increased electron-accepting
properties and thereby enhance CA binding. Unfortunately, despite a one-unit
decrease in pKa,, compounds with -SO- or —SO,- linkers bound much more
weakly to all CA isozymes than those containing an -S- linker (Figure 11).
The strategy of reducing substituent size did not yield the desired outcome:
although affinity increased for sulfinyl- and sulfonyl-substituted inhibitors,
even compounds with the smallest methyl substituent (70h and 72h) did not
reach the affinity of the corresponding sulfanyl compound 67h. The primary
reason for this was attributed to the accessible conformations of the

49



compounds, which were calculated using density functional theory (DFT;
performed by V. Kairys). Oxygen atoms in compounds with -SO- and —SO,-
linkers restrict molecular flexibility in achieving an optimal orientation within
the protein active site and act as a steric hindrance.

CONCLUSIONS

1. Substituents at the 4- and 5-positions of 2-halo-benzenesulfonamides
positively influence inhibitor affinity toward most CA isozymes due to the
large active-site space that is favorable for various interactions. Combined
reduction of substituent flexibility by introducing steric hindrance enables
improved selectivity toward individual isozymes.

2. For binding to CA VA and CA VII, a single bulky substituent at the
S5-position of 2,4-dihalobenzenesulfonamides is sufficient to achieve the
highest affinity and selectivity.

3. In reactions of methyl 2,4-dihalo-5-sulfamoylbenzoates with aryl
thiols, substitution of the halogen atom at the 2-position predominates,
whereas in reactions with alkyl thiols, substitution of the halogen atom at the
4-position predominates.

4. 2,5-Disubstituted benzenesulfonamides exhibit high affinity and
selectivity toward the CA IX isozyme due to bulky amino and sulfanyl
substituents at the 2-position. Introduction of a halogen atom at the 4-position
increases affinity toward CA IX without affecting selectivity.

5. Steric hindrance formed by interactions between sulfinyl and
especially sulfonyl substituents at the 2-position and the adjacent sulfonamide
group strongly reduces inhibitor affinity toward all CA isozymes. For these
compounds, the influence of the size and flexibility of the 2-position
substituent on CA isozyme inhibition is negligible.
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Abstract: Among the twelve catalytically active carbonic anhydrase isozymes present in the human
body, the CAIX is highly overexpressed in various solid tumors. The enzyme acidifies the tumor
microenvironment enabling invasion and metastatic processes. Therefore, many attempts have
been made to design chemical compounds that would exhibit high affinity and selective binding to
CAIX over the remaining eleven catalytically active CA isozymes to limit undesired side effects. It
has been postulated that such drugs may have anticancer properties and could be used in tumor
treatment. Here we have designed a series of compounds, methyl 5-sulfamoyl-benzoates, which
bear a primary sulfonamide group, a well-known marker of CA inhibitors, and determined their
affinities for all twelve CA isozymes. Variations of substituents on the benzenesulfonamide ring
led to compound 4b, which exhibited an extremely high observed binding affinity to CAIX; the K,
was 0.12 nM. The intrinsic dissociation constant, where the binding-linked protonation reactions
have been subtracted, reached 0.08 pM. The compound also exhibited more than 100-fold selectivity
over the remaining CA isozymes. The X-ray crystallographic structure of compound 3b bound
to CAIX showed the structural position, while several structures of compounds bound to other
CA isozymes showed structural reasons for compound selectivity towards CAIX. Since this series
of compounds possess physicochemical properties suitable for drugs, they may be developed for
anticancer therapeutic purposes.

Keywords: methyl 5-sulfamoyl-benzoate; human carbonic anhydrase; intrinsic binding thermody-
namics; enzyme inhibitor; X-ray crystallography; fluorescent thermal shift assay

1. Introduction

Low-molecular-weight compounds that strongly interact and inhibit the disease target
enzymes may be developed as therapeutic drugs. The carbonic anhydrase (CA) family (CA,
EC 4.2.1.1), consisting of twelve catalytically active human isozymes, performs the catalysis
of reversible hydration of CO, into bicarbonate and acid protons. These enzymes participate
in numerous physiological processes such as pH regulation and carbon metabolism and are
also related to various diseases and conditions such as glaucoma, epilepsy, cancer, edema,
osteoporosis, and obesity [1,2]. Since it has been observed that CAIX isozyme is highly
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overexpressed in numerous cancers, it has been postulated that compounds inhibiting
CAIX may possess the anticancer activity and may be used in tumor treatment [3-5].

Many CA inhibitors have been synthesized bearing flexible tails capable of finding
an energetically favorable position in several CA isozymes, thus losing selectivity [6,7].
We have attempted to design inhibitors with a restrained position of the ring and two
functional groups attached to the benzenesulfonamide [8-10]. This approach helped design
inhibitors selective for CAVII, CAIX, CAXII, and CAXIV.

The introduction of a halogen in the ortho- position relative to sulfonamide constrained
the benzenesulfonamide ring in a stable position in the CA active site. Additional sub-
stituents in the meta- and para-positions provided additional leverage for increased affinity
and selectivity [11-13]. However, these compounds did not fully exploit differences in the
CA active site and did not reach sufficient selectivity.

The isozymes CAIX and CAXII exhibit slightly more opened active site entrance
than CAI and CAII because, at the entrance of the binding pocket, CAIX has Val131, and
CAXII has Ala131, while CAI and CAII have bulky Tyr204 and Phel31 at isostructural
positions [14]. Substituents in the ortho-position would be expected to interact with the
narrower entrance to the active site closer to the Zn(Il) and, therefore, would result in
greater selectivity for CAIX and CAXIL. We attempted to exploit these differences by
designing inhibitors selective for CAIX and CAXII—ortho-substituted benzenesulfonamides.
Two such compounds were designed to bear bulky groups in ortho- or para-positions
to study the effect of substituent’s position, size, and flexibility. The compounds were
synthesized, and binding affinities and selectivities were determined for the entire set of
12 recombinant human CA isozymes. Key compounds were crystallized with several CA
isozymes demonstrating their exact structural positions when bound to CAIX and other
isozymes that lead to significant changes in affinity and selectivity for a particular isozyme.
Several inhibitors possessed subnanomolar affinities for CAIX and greater than 100-fold
selectivities over the remaining human CA isozymes. Thus, such compounds could be
further developed for therapeutic purposes.

2. Results and Discussion
2.1. Organic Synthesis of Designed Compounds

Based on substituted halogenated benzenesulfonamide, a series of compounds were
designed as potentially high-affinity and selective inhibitors of particular CA isozymes.
Starting from methyl 2,4-dichloro-5-sulfamoyl-benzoate 1 and methyl 2,4-dibromo-5-sulfamoyl-
benzoate 2, the designed methyl halo 2- and 4-substituted-5-sulfamoyl-benzoates were
synthesized (Scheme 1). Reaction conditions were first chosen according to our previous
series where sulfur-containing nucleophiles reacted with dihalosulfamoylbenzamides [9].
The reactions of 2,4-dihalo-5-sulfamoyl-benzoates 1, 2 with thiols were performed in boiling
methanol with triethylamine. However, the reaction was successful only with aromatic
thiols (benzenethiol and naphthalene-1-thiol), yielding the para-substituted benzenesulfon-
amides 5(a,f) and 6a. The reaction was very slow or absent, with thiols bearing aliphatic
CHj; or CH group next to the sulfur atom.

To improve the synthesis and based on the reaction of dihalobenzamide with cyclohex-
anethiol [9], the polar protic solvent MeOH was replaced with a polar aprotic solvent DMSO.
This replacement enabled the synthesis of ortho-substituted benzenesulfonamides (3b-e),
4b as the main product. However, by-products also formed, including para-substituted or
even-disubstituted benzenesulfonamides.

The regioselectivity of the nucleophilic aromatic substitution of a halogen in methyl
2,4-dihalo-5-sulfamoyl-benzoates 1, 2 was investigated. All reactions were repeatedly
performed in DMSO with triethylamine at 60 °C temperature for 72 h. Determination of
conversion yield, product ratio, and structure identification has been performed by NMR
and HPLC/UV/MS (Table 1, and Supplementary material).
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Scheme 1. The synthesis of methyl halo 2- and 4-substituted-5-sulfamoyl-benzoates: (i) TEA, DMSO,
60 °C; (ii) K,CO3, DMSO, 60 °C; (iii) TEA, MeOH, A; (iv) HyO,, AcOH, 75 °C. The legend in the
middle explains the structures of alkyl (Ak; b, ¢, d, e) and aromatic (Ar; a, f) substituents and halogen
atoms (Cl—compounds 1, 3, 5, 7, 9 or Br—2, 4, 6, 8, 10).

Table 1. The reaction of 2,4-dihalo-5-sulfamoyl-benzoates 1, 2 with thiols and the ratios of the products
as determined by NMR spectroscopy and HPLC/UV/MS system data (italic). * The separation of the
2- and 4-substituted isomers formed in the reaction of compounds 1 and 2 with phenylthiol using

HPLC was unsuccessful.

Starting Thiol Conversion (%)  2-Substituted (%)  4-Substituted (%) > Disubstituted
Compound (%)
1 Q 30.07 18.70 81.30 i
SH 28.77 17.38 82.62
) Q 15.71 9.09 90.91 i
SH 13.92 14.11 85.89
1 ©\ 89.47 58.82 35.29 588
SH 96.67 88.78 % 11.22
2 ©\ 95.07 51.81 40.42 777
SH 96.92 85.55 * 14.45
1 EjV 72.73 2353 73.53 294
SH 71.55 22,91 72.79 4.30
1 ©\/\ 7215 12.28 87.72 i
SH 73.60 12.05 87.95
SH
1 90.97 76.34 19.08 4.58
OO 95.25 78.84 15.72 5.44
; & 13.70 i 100.00 R
S 18.19 100.00
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Thiols could be arranged in descending order by their reactivity: phenyl > naphthyl
> benzyl > ethylphenyl > cyclohexyl > cyclododecyl. The formation of a disubstituted
product was observed in the reaction with phenyl-, naphthyl-, and benzyl- thiols. The
2-substituted product was mainly formed in the reactions with aromatic thiols (naphthyl-
and phenylthiol), while in the remaining cases, the formation of the 4-substituted product
was dominant. In the case of bulky dodecylthiol, only the formation of the 4-substituted
isomer was observed.

A group of 2-substituted methyl benzoates 5(a-d,f) was synthesized via 2,4-dichloro-
5-sulfamoyl-benzamide (11) (Scheme 2) [9]. The nucleophilic substitution of chlorine
occurred only in the para- position relative to the sulfonamide group. The amide group of
the substituted products 12(a-d,f) was converted to the ester group using thionyl chloride
and MeOH to yield the 2-substituted benzenesulfonamide methyl esters 5(a-d,f). Oxidation
of sulfanyl derivatives 3(b-d), 4b, 5(a—d,f), 6a to sulfonyl derivatives 7(b-d), 8b, 9(a-d,f),
10a (Schemes 1 and 2) was carried out using in situ generated peracetic acid.

o} 'S o 0=§*" 0
Q/\LNH2 i NH, i O,CH3 i o,CH3
—_— E—
cf I cl ci cl
0%1%0 253 293 295
NH, % o0 S
11 12a-d,f 5a-d, f 9b-d
“ D KO O O
a b c d f

Scheme 2. Synthesis of 2-halo-4,5-disubstitutedbenzenesulfonamides: (i) TEA, DMSO, 60 °C;
(i) SOCL,, MeOH, A; (iii) HyO,, AcOH, 75 °C.

2.2. Thermodynamics of Compound Binding to CA Isozymes

The chemical structures of 21 compounds used in this study are summarized in
Figure 1A. The main goal was to determine the influence of the type and position of the
sulfanyl or sulfonyl substituent on the affinity for human CA isozymes. The compounds
were divided into four groups with different sulfanyl (-5-) or sulfonyl (-SO,-) substituents
in para- or ortho-positions with respect to the sulfonamide group. All compounds had the
same ester group in the meta-position. The influence of the diversity of the mefa group
on the binding affinity to CAs has been investigated and described in greater detail in a
previous publication [9]. We found no significant difference in binding for compounds with
chlorine or bromine atoms in that study. Therefore, there is only one analogous brominated
compound for comparison (4b, 6a, 8b, 10a) in each of the four groups.

Dissociation constants (Table 2) of every compound for each of the 12 catalytically
active human CA isozymes were measured using the fluorescent thermal shift assay (FTSA).
Some experimental data of selected compounds are provided in Figures S1 and S2 in the
Supplementary material. The observed constants (K; ,,s) were converted to the observed
standard change in the Gibbs energy of binding (AG,,s = RTIn K; o4, where R is the
universal ideal gas constant and T is the temperature), shown in Figure 1B, upper panel,
and Table S1. For visual simplicity, the affinity is averaged for all compounds belonging to
one of the four groups and shown in the Figure by coloring the groups: 3(b—e), 4b are blue
rhombs, 5(a—d,f), 6a are orange squares, 7(b—d), 8b are cyan triangles, and 9(a—d,f), 10a
are yellow circles (Figure 1B). The bars show the range from the strongest to the weakest
affinity for each CA isozyme in that group of compounds (not the error bars).
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Figure 1. (A) Chemical structures of the four groups of compounds—methyl halo 2- or 4-substituted-
5-sulfamoyl-benzoates containing chlorine or bromine and substituents listed at the bottom of the
panel. (B) Averaged change in the standard observed (upper panel) or intrinsic (lower panel) Gibbs
energy for compounds belonging to one of the four groups: 3(b—e), 4b—blue rhombs, 5(a—d,f), 6a—
orange squares, 7(b-d), 8b—cyan triangles, and 9(a-d,f), 10a—yellow circles. The bars show the
margin between the strongest and weakest affinity of compounds in that group for the indicated
CA isozyme. The intrinsic binding affinity of compounds 3(b-e), 4b to CAIX is highlighted: the blue
rhombus is the average of all five interactions, the bar above shows the weakest CAIX interaction
with 3e, and below is the strongest with 4b. Compounds in this group have the highest selectivity
and affinity for CAIX.

Interaction of CA with any primary sulfonamide is pH-dependent in identical shape.
The affinity is greatest in the near-neutral range and decreases by exactly 10-fold with every
pH unit in the acidic and alkaline pH regions. This is explained by the binding mechanism
where the deprotonated sulfonamide compound replaces a water molecule (but not a
hydroxide ion) coordinated by the Zn(II) in the active site of CA. The deprotonated state of
the sulfonamide amino group bound to CA is directly observed by the neutron diffraction
structures [15]. However, the sulfonamide state in the solution is predominantly in the
protonated form because sulfonamide pK, is usually in the region of 9-10. Both the
compound and the protein have to undergo protonation-deprotonation reactions to be
able to bind. These binding-linked reactions significantly reduce the affinity. Interaction
energies of the binding-able states of the protein and ligand are termed intrinsic. However,
since the protonation reactions occur indistinguishably from protein-ligand binding, we
experimentally observe diminished energies, termed observed.
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The intrinsic dissociation constants were calculated according to the model described
in the Methods section and Supplementary material using measured pK, values of the
sulfonamide group of the compounds (Table 2). It is more appropriate to use the intrinsic
parameters in interpreting the interactions, as they help separate the linked protonation
reactions that can lead to erroneous conclusions [16]. The intrinsic standard change in the
Gibbs energy of binding is shown in Figure 1B, lower panel, and Table S2. These parameters
were also used in the analysis of crystal structures.

2.3. X-ray Crystal Structures and Correlations with Compound Binding Thermodynamics to
CA Isozymes

Eight crystal structures of CA complexes with compounds are presented in this study:
9a bound to CAI and CAII, 3b, 3d, 5b, and 9a bound to CAXII, 3b bound to CAIX and
mimic-CAIX (mutant of CAII containing amino acids in the active site as in CAIX: A65S,
N67Q, I91L, F130V, V134L, and L203A). The electron density maps of the ligands bound
in the active site of CA are shown in Figure S3. The data collection and refinement
statistics are presented in Table S3. The crystal structures of CAI, CAII (and mimic-CAIX),
CAIX, and CAXII complexes in the asymmetric unit contained 2, 1, 4, and 4 protein
subunits, respectively.

The structure-thermodynamics correlations that determine the recognition between
the CA active site and the ligand will be analyzed in three sections:

(i)  methyl 2-halo-4-substituted-5-sulfamoyl-benzoates, abbreviated ortho- by substituent
at the ortho- position relative to sulfonamide group;

(i) methyl 4-halo-2-substituted-5-sulfamoyl-benzoates, abbreviated as para-,

(iif) the position of the substituent in benzenesulfonamide is compared in these two groups
of compounds.

2.3.1. Methyl 2-Halo-4-Substituted-5-Sulfamoyl-Benzoates Binding to CA Isozymes

In the group of ortho- sulfanyl- 3(b—e), 4b, and sulfonyl- 7(b—d), 8b substituted ben-
zenesulfonamides, the chlorinated 3b, and brominated 4b bound similarly. Their K; differed
by less than 3-fold; not a significant difference within the error limits (Table 2). Compounds
7 bound most isozymes with barely detectable affinity, except CAIX, where chlorinated and
brominated bound similarly (K; o5 (7b) = 9200 nM and K 55 (8b) = 6700 nM). Sulfonyl
(-SO;-, 7(b-d), 8b) compounds bound CA significantly weaker than the parent compound
1 or analogous sulfanyl compounds 3b—e. The strongest interaction with CAIX was likely
due to its wider active site than in other CAs [10]. The sulfonyl compounds likely were
in an unfavorable conformation for binding and prevented an optimal formation of the
sulfonamide group-nitrogen and protein-Zn(II) coordination bond due to steric hindrance.

The pK, values of the sulfonamide amino group of a series of these compounds were
determined. Although the compounds showed limited solubility, the absorption spectra of
7b and 8b at different pH were used to determine their pK, values, 9.8 and 9.9, respectively
(Supplementary material, Figure S5). The same, 9.8, value was assigned to other compounds
(7c and 7d) in the same group. Para-substituted sulfonyl (-50,-) compounds 9(a—d,f), and
10a (pK,; = 8.2-8.4) had lower pK; values than sulfanyl (-S-) compounds 5(a-d,f), and 6a
(pK, = 9.3-9.4), while ortho-substituted compounds showed the opposite (Figure 1B, upper
panel and Table 2). The pK, values were 9.9 for sulfonyl (-50,-) compounds 7(b—d,f), 8b,
and 9.5-9.6 for sulfanyl (-S-) compounds 3(b—e), 4b. Therefore, oxidation did not reduce
the pK, of the sulfonamide group in all cases. The pK; values were well correlated with
chemical shifts determined by NMR (Supplementary material, Figure 56). Chemical shifts
show the same trend: values of ortho-sulfonyl compounds were lower than sulfanyl, and,
in contrast, para-sulfonyl compounds had higher values than sulfanyl.

Sulfanyl- compounds 3b—e and 4b bound weakly to CAI, CAIII (narrow entrance to the
active site due to Phe198), CAVA, and CAVB. However, compounds had uM affinity to CAII,
CALV, CAVI, CAVII and even approximately 10-fold stronger (K; ,ps is 13-53 uM) to CAXII,
CAXIII, and CAXIV (the measured affinity to CAIXis up to 0.12 uM (Table 2 and Figure 1B).

116



Int. J. Mol. Sci. 2022, 23, 130

9o0f24

Comparison between parent compound 1 and the ortho-substituted sulfanyl compounds
showed that the hydrophobic substituent had a significant effect (Figure 2). The intrinsic
affinity for CAXII (-11.4 kJ/mol), CAXIII (=5.4 k] /mol), CAXIV (8.6 k]/mol), and
especially for CAIX (—17.5 k] /mol or about 1000-fold) significantly increased, and CAVA
(2.9 kJ/mol) and CAVB (5.1 k]/mol) decreased (1—3b). The affinity strongly depended
on the flexibility of the substituent and shorter substituents in compounds 3b and 3e had
higher affinity to CAIX than longer and more flexible substituents in compounds 3¢ and
3d: the difference was at least about 6 k] /mol or about 10-fold (AG;,, (3b) = —75.0 k] /mol,
AGjy, (3¢) = —68.8 k] /mol, AG;y, (3d) = —65.6 k]/mol, AG;y, (3e) = —74.2 k] /mol). The
affinity for CAVII decreased significantly (9.0 k]/mol) from compound 3d to compound 3e,
possibly due to the size of the substituent. In other cases, the differences were within the
erTor margin.

We compared the crystal structures of several compounds in two different CA isozymes
(Figure 2B-D). Figure 2B shows the binding mode of 3b and 3d in the active site of CAXIL
These compounds are structurally similar and differ only in the size of large hydrophobic
ortho substituents; compound 3b has the octyl, while 3d has the 2-phenylethyl moiety. The
binding modes of both ligands in the active site of CAXII were the same: ortho groups were
directed to the hydrophobic part of the active site, while meta substituents were orientated
to the hydrophilic part. The binding affinities and enthalpy changes to CAXII were almost
identical (AG;, = —62.3 kJ/mol, AH;,;, = —48.0 kJ/mol (3b) vs. AG;y, = —61.1 k] /mol,
AHjy, = =50.1 kJ/mol (3d), Figure 2B). Experimental data of the AH,, are shown in the
Supplementary material in Figure S8.

Figure 2C shows the superposition of 3b in the active sites of CAIX and CAXIL
The positions of the compounds were similar. However, the binding affinities of 3b to
CAIX and CAXII differed significantly and were 150 times stronger to CAIX than CAXII
(Kg_intr = 0.030 nM or AG;p = —62.3 kJ/mol to CAXII and K i 0.20 pM or AGpy =
—75.0kJ/mol to CAIX, Table 2 and Table S2). Again, the side chains interacting with 3b
in CAIX and CAXII were different. They were more hydrophobic in CAIX (A203, L135,
V131, L91, and Q67) and more hydrophilic in CAXII (N204, S135, V131, T91, and K68).
Thus, these differences could be related to the solvation entropy because binding to CAIX
was much more entropy-driven than to CAXII (AH;, = —29.9 k] /mol, =TAS;,;, = —45.1
kJ/mol to CAIX and AH;;, = —48.0 k] /mol, —TAS;,;, = —14.3 k] /mol to CAXII).

The binding of 3b to CAIX and mimic-CAIX is compared in Figure 2D. Mimic-CAIX is
CAII with multiple point mutations that replace the side chains of the active site of CAII
with the corresponding residues of CAIX. It has been shown that six-point mutations (A65S,
N67Q, I91L, F130V, V134L, and L203A) are sufficient to switch the binding mode of the
selective ligand [17-19] (mutations slightly different A65S, N67Q, E69T, I91L, F131V, K170E,
and L204A). The ligand positions were similar except for the shift of the ortho cyclooctyl
group. Nevertheless, the native CAIX bound 3b 10-fold more strongly than the mimic-
CAIX (Supplementary material Figure S1). The crystal structure could not answer this
question with certainty, but the differences in binding affinities between CAIX and CAII
were even greater: AG;y;, = —56.7 k] /mol to CAIL, AG;y, = —67.4 k] /mol to mimic-CAIX
and AG;,, = —75.0 kJ/mol to CAIX. The mutations introduced in CAIl mimicked the active
site of CAIX. The binding affinities were more similar to CAIX than CAII, and very similar
enthalpy changes between CAIX and mimic-CAIX were observed: AHj,;, = —29.9 k] /mol
to CAIX and AH;,;, = —31.2 k] /mol to mimic-CAIX).
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Figure 2. Correlation of compound chemical structures with the changes in standard intrinsic
Gibbs energy upon binding and the comparison of the crystal structures between CA isozymes.
(A) Differences of AGj,, between neighboring compounds are listed on the connecting arrows. All
values have units of kJ/mol. Colors represent CA isozymes. (B) Compounds 3b (magenta, PDB ID:
7PP9) and 3d (green, PDB ID: 7PUW) bound to CAXIL (C) Compound 3b bound to CAXII (green,
PDB ID: 7PP9) and CAIX (magenta, PDB ID: 7POM). (D) Compound 3b bound to CAIX (magenta,
PDB ID: 7POM) and mimic-CAIX (green, PDB ID: 7Q0C). Zinc ion is shown as a pink sphere. The
notable nonconservative residues between active sites are shown in the “stick” mode. The protein
surface of the CA active site is colored orange for hydrophobic residues (V, I, L, F, M, A, G, and P)
and gray for the residues with charged and polar side chains (R, D, N, E, Q, H, K, S, T, Y, W, and C).

2.3.2. Methyl 4-Halo-2-Substituted-5-Sulfamoyl-Benzoates Binding CA Isozymes

The compounds that contain para- and ortho- substituents are similar in the weak
binding affinity to CAI, CAIII, and CAVA. The binding of ortho 3b—f, 4b, and para 5a—f, 6a,
9a—f, and 10a was similar to CAII, CAVI, and CAXIIL The affinity of 5a—f (para-sulfanyl) to
CAVB was even 10-fold higher than of ortho-substituted 3b—e, but no significant differences
between para-substituted sulfanyl (-S-), 5a—f, 6a, and sulfonyl (-SO,-), 9a—f, 10a, compounds
was observed while comparing the intrinsic constants. Thus, only in some cases the
oxidation of the sulfanyl group in the para- position had an effect on the affinity for several
isozymes, namely, CAVII, CAIX, CAXII, and CAXIV (Figure 1B, lower graph). The binding
affinity was quite similar for CAII, CAXII, and other isozymes, containing similar amino
acids in the active site.

Comparing the influence of chlorine and bromine, the binding affinities to all CA
isozymes were practically identical between compounds 5a and 6a, 9a and 10a (Table 2).
The influence of the R substituent could not be clearly compared, but compounds with
more hydrophobic substituents were weaker binders, e.g., 5d and 5f. This was possibly due
to solubility issues that were visually apparent at the highest concentrations used in the
experiment. There was a slight trend that the compounds bearing less flexible substituents,
5a and 5b or 9a and 9b, often had higher affinity than 5¢, 5d, 5f, and 9c, 9d, 9f. The greater
effect was seen for CAVB going from phenyl to cyclohexyl (5a — 5b —9.7 k] /mol and 9a
—9b —7.4 k] /mol) in Figure 3A. The affinity similarly decreased in vertical transition for
CAIV (5a — 9a 8.4 kJ/mol, 5b — 9b 9.8 k]/mol, 5¢ — 9c 6.5 kJ/mol), CAIX (5b — 9b
1.8 kJ/mol, 5¢ — 9¢ 2.5 k] /mol, 5d — 9d 1.2 k] /mol).
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Figure 3. Correlations of compound chemical structures with the changes in the standard intrinsic
Gibbs energies of binding and the crystal structures of CAIl and CAXII isozymes. (A) Differences
of AGjy (kJ/mol) between neighboring compounds are listed on the connecting arrows. Colors
represent CA isozymes. (B) Compound 9a bound to CAII (PDB ID: 7QO0E) and CAXII (PDB ID:
7PUV). Protein side chains and ligands bound to CAII are colored magenta, CAXII green. The notable
nonconservative residues between active sites are shown in the “stick” mode. (C) Compounds 5b
(magenta, PDB ID: 7PUU) and EA3-3 (green, previously studied, PDB ID: 6R6Y) in the active site of
CAXII. (D) Compounds 9a (green, PDB ID: 7PUV) and EA3-20 (magenta, previously described, PDB
ID: 6R71) in the active site of CAXII. Zinc ion is shown as a pink sphere. The protein surface of the
CA active site is colored orange for hydrophobic residues (V, I, L, F M, A, G, and P) and gray for the
residues with charged and polar side chains (R, D, N, E, Q, H, K, S, T, Y, W, and C).

The X-ray crystal structures showed the energetically best pose of the compound when
bound to a CA isozyme. Compound 9a was found at an identical position in the active sites
of CAIl and CAXII (Figure 3B). On the other hand, the binding affinity for CAXII differed
from CAII by a factor of 26 (K; i, = 0.020 nM or AG;y,, = —63.1 k] /mol for CAIl vs. Ky iy
=0.51 nM or AGj,;, = —55.2 k] /mol for CAXII, Table 2 and Figure 3B). The same binding
mode of 9a in CAIl and CAXII could be explained by the same interactions between the
compound and conservative residues of these active sites. The active site of CAII is more
hydrophobic than CAXII (see residues in “stick” mode shown in Figure 3B). For this reason,
the binding of this compound to CAII was 26-fold stronger than for CAXIL The interaction
of the phenyl group with the hydrophobic side chains was more favorable. The solvation
of the ligand during the dissociation process in the presence of a more hydrophobic
environment is more difficult. In this case, the stronger interaction was characterized by
a lower enthalpy contribution (AH;,;, = —23.3 k] /mol to CAIl, AH;,;;, = —38.0 k] /mol to
CAXIL, Figure 3B). The structure of 9a was also determined in the active site of CAI and
compared with the positions determined in CAII and CAXII (Figure S4). In this case, the
results were somewhat inconclusive because two alternative positions of the compound
were found in CAI One position is partially similar to the positions determined in CAII
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and CAXII, and the alternative is rotated (Figure S4). The 9a is unlikely to occupy a well-
defined position and had a weak binding to CAI (AG;,;, = —48.1 k] /mol). Still, it showed a
significant change in the enthalpy of binding (AH;,;, = —39.7 k] /mol).

We divided the compounds bound to CAXII into pairs according to their similar
binding affinity (Figure 3C,D). Compounds 5b and EA3-3 in the active site of CAXII
were compared in Figure 3C. Compound EA3-3 was described in our previous study [9]
and was named “4b”. The 5b is well defined in the crystal structure (Figure S3D). The
binding affinities of the two compounds for CAXII differed by a factor of 2.5, which
is insignificant: Ky j, = 0.020 nM, AGjp,, = —63.5 kJ/mol (5b) and K 1, = 0.0080 nM,
AGjyt = —66.0 k] /mol (EA3-3). These compounds differ structurally by meta-substituents;
EA3-3 has a longer and more flexible substituent (-NH(CH,),OH), but both meta- groups
were mostly exposed to the solvent, so they did not contribute much to the positioning in
the active site. Both compounds are chlorinated at the ortho- position of the benzenesulfon-
amide, and chlorine is known to restrict the position of the ligand in the active site [11,20].
In addition, the para-cyclooctyl groups of both compounds occupied the same position.
Since the chlorinated compounds had less freedom in the active site, the differences in
entropy and enthalpy of the slightly different binding of the meta- groups compensated
each other: AH;,; = —43.6 KJ/mol, -TAS;,;, = —19.9 k] /mol (5b) AH;,,, = —39.5 k] /mol,
-TASjy = —26.5 k] /mol (EA3-3).

The comparison of 9a and EA3-20 bound to CAXII (described in [9] and named
“16a”) is shown in Figure 3D. Like the previous pair, these compounds differ only by their
meta- groups: compound EA3-20 contains -NH(CHj),OH, while 9a contains -OCH3. The
positions of both compounds were not similar in CAXII; the para-benzene rings had slightly
different orientations, and they were directed into the center of the active site cavity. Their
orientation was defined by the bulky SO, group of the linker, which was in contact with
the protein surface. The EA3-20 bound to CAXII with 3.4-fold greater affinity than 9a
(K4 _intr = 0.12nM, AGijyyyr = —59.0 kK] /mol vs. Ky jpsr = 0.51 nM AG;pyy = —55.2 k] /mol). The
differences of binding modes between compounds were found in the position of both meta-
and para- groups, but the different terms of the binding reaction mutually compensated
each other: AH;,;, = —38.0 kJ/mol, -TAS;,;, = —17.2 kJ/mol (9a) AH;,, = —21.9 kJ /mol,
-TAS;y = —37.1 k] /mol (EA3-20).

The pairs of compounds bound to the same CA isozyme analyzed in Figures 2D and
3C,D had the following common features: the positions and the binding affinities of the
compounds in the pairs were the same or similar. Analogous observations were made
previously [21], and such pairs were called “similar” binders. In pairs of “similar” binders,
the additional hydrophobic surface did not produce additional interactions with the active
site of CA. The possible origin of the entropy—enthalpy compensation was the changes in
the solvation—-desolvation processes of ligands and the active sites.

Comparison of compound binding to different isozymes when the differences of
binding affinities were experimentally significant (Figure 2C,D and Figure 3A) showed
some similarities. The compound occupied a similar position in the active site of different
isozymes, and the binding of the ligand to a more hydrophobic site was stronger.

2.3.3. Comparison of Methyl Halo 2- and 4-Substituted-5-Sulfamoyl-Benzoates Binding to
CA Isozymes

The crystal structures discussed below suggested that the binding interactions between
ortho- and para-sulfanyl/sulfonyl compounds with several CA were quite different. Various
ortho- and para-substituted compounds had different affinities for CA isozymes. Figure 4A
compares the affinity of analogous sulfanyl compounds for CA isozymes, and panels B and
C compare the positions of these compounds in different crystal structures. The transition
from 1 to 3b and 5b shows different changes in affinity and selectivity; compound 3b
bound distinctly more strongly to CAIX (—17.5 k] /muol), CAXII (-11.4 k] /mol), whereas
compound 5b bound more strongly to CAI (—12.6 k]J/mol), CAVB (—13.3 kJ/mol) and
CAXII (—12.6 k] /mol). The influence of the hydrophobic R substituent in the same group
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(transition from left to right (—) has already been discussed above, but in some cases,
the transition from para- to ortho-positions (1) showed similar trends and was in all cases
favorable only for binding to CAIX. However, a change in the position of more flexible
substituents (5¢—3c: 2.6 k] /mol and 5d—3d: 1.6 k] /mol) had a lower negative effect on
the binding affinity to CAI than a rigid cyclohexyl (5b—3b: 8.9 k] /mol).

Figure 4B upper part shows 5 superimposed structures: CAXII—EA3-3 (PDB ID:
6R6Y), CAXII—EA3-20 (PDB ID: 6R71), CAXII—5b (PDB ID: 7PUU), CAXII—9a (PDB ID:
7PUV), CAII—9a (PDB ID: 7QOE); and 4 structures in the lower part: CAXII—3b (PDB
ID: 7PP9), CAXII—3d (PDB ID: 7PUW), CAIX—3b (PDB ID: 7POM), mimic CAIX—3b
(PDB ID: 7Q0C). Therefore, regardless of the compound, all ortho-compounds occupied a
similar position in CAIX and CAXII, and para- occupied another but similar position to
each other in CAII and CAXII (Figure 4C,D, respectively). Despite all the differences in the
substituents and amino acids in the active sites, the main frame of the compound depicted
in the scheme in Figure 4D maintained a similar position. The position of hydrophobic
substituents varied, but in the optimal conformation, it was close to the hydrophobic part
of the active site. The meta substituents were not analyzed in this study, but a comparison
with previously published compounds shows that the hydrophilic substituents in these
cases did not result in a different binding mode and were flexible. Thus, the hydrophobic
effect plays a key role in enabling the compounds to be in the optimal position.
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Figure 4. Correlation of compound chemical structures with the changes in standard intrinsic Gibbs
energy upon binding and comparison of the crystal structures between CA isozymes. (A) Differences
of AG;y4, (kJ/mol) between neighboring compounds are listed on the connecting arrows. Colors
represent CA isozymes. (B) Superimposed ligands of these crystal structures: (upper panel) para-
substituted ligands are colored magenta: CAXII—3b (PDB ID: 7PP9), CAXII—3d (PDB ID: 7PUW),
CAIX—3b (PDB ID: 7POM), mimic-CAIX—3b (PDB ID: 7Q0C), (lower panel) ortho-substituted
ligands are colored green: CAXII—EA3-3 (PDB ID: 6R6F), CAXII—EA3-20 (PDB ID: 6R71), CAXII—
5b (PDB ID: 7PUU), CAXII—9a (PDB ID: 7PUV), CAIl—9a (PDB ID: 7QOE). (C) The abovementioned
superimposed structures are shown for comparison. (D) Scheme representing compound position
shown in panel C. Orange line represents more hydrophobic side of the active site. Zinc ion is shown
as a pink sphere.

3. Conclusions

We have designed a series of compounds and investigated the effect of substituents
and their positions in methyl halo 2- and 4-substituted-5-sulfamoyl-benzoate binding to
human CA isozymes. The sulfanyl (-S) and sulfonyl (-SO,-) substituents of different sizes
and hydrophobicity were examined in greater detail. We provided a crystallographic
position of these two groups of compounds bound in the active sites of CA. Although there
were differences in the orientation of the substituents and the thermodynamic parameters,
the positions in the same group of compounds remained similar among CA isozymes.

The strongest binding ortho-sulfanyl-substituted benzenesulfonamides, especially
compounds 3b and 4b, showed extremely high femtomolar intrinsic affinity (80 fM, cor-
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responding to very high, 120 pM observed affinity) and selectivity for tumor-associated
CAIX. Meanwhile, analogous sulfonyl compounds bound weakly. Other para-substituted
compounds had completely different binding profiles and bound similarly to several CA
isozymes not demonstrating such selectivity.

The crystal structures of the complexes containing compounds bound to CAI, CAII,
mimic-CAIX (mutant of CATIA655 N67Q DIL, FI30V, VI34L, L203A) /CATX, and CAXII provided a
broader understanding of the differences and similarities in the thermodynamic parameters
of binding. We observed a tendency that interaction, where there was a higher contribution
of the hydrophobic effect and higher entropy contribution, usually also had a higher
affinity. This may be explained by the fact that (i) the hydrophobic side chains and bulky
hydrophobic substituents of the ligand prevented water molecules from entering the cavity,
leading to stronger interaction, and (ii) the water molecules could penetrate between the
ligand and the active site cavity through the hydrophilic surface part of the active site.
Water molecules in the deeper part of the active site could compete with the compound
and cause weaker interaction than in the first case.

4. Materials and Methods
4.1. Organic Synthesis

All starting materials and reagents were commercial products and were used without
further purification. Melting points of the compounds were determined in open capillaries
on a Thermo Scientific 9100 Series and are uncorrected. 'H and *C NMR spectra were
recorded on a (400 and 100 MHz, respectively) spectrometer in DMSO-dg using residual
DMSO signals (2.52 ppm and 40.21 ppm for 'H and '3C NMR spectra, respectively) as the
internal standard. TLC was performed with silica gel 60 F254 aluminum plates (Merck)
and visualized with UV light. Column chromatography was performed using silica gel
60 (0.040-0.063 mm, Merck). High-resolution mass spectra (HRMS) were recorded on
a Dual-ESI Q-TOF 6520 mass spectrometer (Agilent Technologies). The purity of final
compounds was verified by HPLC to be >95% using the Agilent 1290 Infinity instrument
with a Poroshell 120 SB-C18 (2.1 mm x 100 mm, 2.7 um) reversed-phase column. Analytes
were eluted using a linear gradient of water/methanol (20 mM ammonium formate in both
phases) from 60:40 to 30:70 over 12 min, then from 30:70 to 20:80 over 1 min, and then 20:80
over 5 min at a flow rate of 0.2 mL/min. UV detection was at 254 nm.

4.2. General Procedure for the Syntheses of 1, 2

The appropriate 2,4-dichloro-5-sulfamoylbenzoic acid or 2,4-dibromo-5-sulfamoylbenzoic
acid [8] (10.0 mmol) was refluxed in MeOH (100 mL) with concentrated H,SO; (1 mL) for
20 h. The reaction mixture was concentrated under reduced pressure.

Methyl 2,4-dichloro-5-sulfamoyl-benzoate (1, EA2-1). Recrystallization was accomplished
from MeOH. Yield: 2.70 g, 95%, mp 202 °C. THNMR 6§ ppm: 3.91 (3H, s, CH3), 7.87 (2H,
s, SO,NH,), 8.04 (1H, s, C3-H), 8.40 (1H, s, C4-H). 3C NMR § ppm: 53.5, 128.8, 131.7,
134.0, 135.0, 136.8, 140.5, 164.1. HRMS calculated for CsH;Cl,NO4S [(M+H)*]: 283.9546,
found: 283.9546.

Methyl 2,4-dibromo-5-sulfamoyl-benzoate (2, LJ14-4). Recrystallization was accomplished
from MeOH. Yield: 2.35 g, 63%, mp 201-203 °C. 'HNMR & ppm: 3.90 (3H, s, CH3), 7.84
(2H, s, SO,NH,), 8.33 (1H, s, C¢-H), 8.35 (1H, s, C3-H). 3C NMR & ppm: 53.6, 123.6, 125.2,
131.3, 131.6, 140.2, 142.8, 164.9. HRMS calculated for CgH;Br,NO,4S[(M+H)*]: 373.8515
(100%), found: 373.8514 (100%).

4.3. General Procedure for the Syntheses of 3b, 3e, and 4b

The mixture of appropriate methyl 2,4-dihalogeno-5-sulfamoylbenzoate (compounds
1,2) (1.00 mmol), DMSO (2 mL), appropriate cyclohexanethiol or cyclododecanethiol
(1.10 mmol), and K,CO3 (553 mg, 4.00 mmol) was heated at 60 °C temperature for 4-6 h.
The mixture was cooled to room temperature, and brine was added. The product was

123



Int. J. Mol. Sci. 2022, 23, 130

16 of 24

extracted with EtOAc (3 x 7 mL). The organic layer was washed with H,O, dried over
anhydrous MgSQOy, filtered, and concentrated.

Methyl 2-chloro-4-(cyclohexylsulfanyl)-5-sulfamoylbenzoate (3b, EA2-3). The product was
purified by chromatography on a column of silica gel with CHCl3:EtOAc (10:1), R¢ = 0.40.
Yield: 131 mg, 36%, mp 112-114 °C. THNMR & ppm: 1.21-1.31 (1H, m, Cy-H), 1.38-1.50
(4H, m, Cy-H), 1.60-1.63 (1H, m, Cy-H), 1.70-1.77 (2H, m, Cy-H), 1.93-2.01 (2H, m, Cy-H),
3.71-3.77 (1H, m, Cy-H), 3.88 (3H, s, CH3), 7.56 (2H, s, SO,NH,), 7,71 (1H, s, C3-H), 8.33
(1H, s, Ce-H).13C NMR 8 ppm: 25.6, 25.7, 32.4, 44.3, 53.2, 125.1, 130.3, 131.5, 136.4, 140.2,
142.9, 164.4. HRMS calculated. for C14HigCINO,S,[(M+H)*]: 364.0439, found: 364.0440.

Methyl 2-chloro-4-(cyclododecylsulfanyl)-5-sulfamoylbenzoate (3e, EA2-12). The product
was purified by chromatography on a column of silica gel with CHCl3:EtOAc (5:1), R¢ = 0.65,
then recrystallization was accomplished from toluene:EtOAc (8:1). Yield: 210 mg, 47%,
mp 185-187 °C. TH NMR & ppm: 1.25-1.64 (20H, m, cyclododecyl-H), 1.71-1.83 (2H,
m, cyclododecyl-H), 3.71-3.79 (1H, m, cyclododecyl-H), 3.88 (3H, s, CH3), 7.56 (2H, s,
SO,;NH,), 7.67 (1H, s, C3-H), 8.33 (1H, s, C¢-H). 13C NMR 5 ppm: 22.1, 23.3, 234, 23.8,
24.1,29.2, 432, 53.2,124.9, 130.3, 131.4, 136.3, 140.3, 143.5, 164.4. HRMS calculated for
Ca0H30CINO S, [(M+H)*]: 448.1378, found: 448.1370.

Methyl 2-bromo-4-(cyclohexylsulfanyl)-5-sulfamoylbenzoate (4b, LJ15-12). The product was
purified by chromatography on a column of silica gel with CHCl3:EtOAc (15:1), R¢ = 0.29.
Yield: 180 mg, 44%, mp123-125 °C. 'H NMR § ppm: 1.24-1.31 (1H, m, Cy-H), 1.38-1.50
(4H, m, Cy-H), 1.60-1.63 (1H, m, Cy-H), 1.70-1.75 (2H, m, Cy-H), 1.95-1.97 (2H, m, Cy-H),
3.72-3.77 (1H, m, Cy-H), 3.88 (3H, s, CH3), 7.54 (2H, s, SO,NH,), 7.85 (1H, s, C¢-H), 8.27 (1H,
s, C3-H). 3C NMR & ppm: 25.6, 25.7, 32.4, 44.5, 53.2, 125.1,127.5, 131.0, 133.6, 140.1, 142.5,
165.0. HRMS calculated for C14H1gBrINO,S,[(M+H)*]: 409.9913 (100%), found: 409.9915
(100%).

4.4. General Procedure for the Syntheses of 3¢ and 3d

The mixture of methyl 2,4-dichloro-5-sulfamoylbenzoate (1) (284 mg, 1.00 mmol),
DMSO (2 mL), appropriate phenylmethanethiol or 2-phenylethanethiol (1.10 mmol), and
TEA (121 mg, 1.20 mmol) was heated at 50 °C temperature for 6-12 h. The progress of
the reaction was monitored by TLC. The mixture was cooled to room temperature, and
brine was added. The product was extracted with EtOAc (3 x 7 mL). The organic layer
was washed with H,O, dried over anhydrous MgSOy, filtered, and concentrated.

Methyl 4-(benzylsulfanyl)-2-chloro-5-sulfamoylbenzoate (3c, EA2-4). The product was
purified by chromatography on a column of silica gel with CHCl3:EtOAc (4:1), R¢ = 0.48.
Yield: 119 mg, 32%, mp 125-126 °C. 'H NMR 5 ppm: 3.87 (3H, s, CH3), 4.50 (2H, s, CHy),
7.29 (1H, t, ] = 7.2 Hz, Ph-H), 7.36 (2H, t, ] = 7.2 Hz, Ph-H), 7.51 (2H, d, ] = 7.2 Hz, Ph-H),
7.64 (2H, s, SO,NHy), 7.69 (1H, s, C3-H), 8.31 (1H, s, C¢-H). 3C NMR § ppm: 36.3, 53.2,
124.9,128.0,129.1,129.2, 129.8, 131.3, 135.8, 136.4, 139.1, 143.7, 164.3. HRMS calculated for
C15H14CINO,S, [(M+H)*]: 372.0126, found: 372.0125.

Methyl 2-chloro-4-[(2-phenylethyl)sulfanyl]-5-sulfamoylbenzoate (3d, EA2-5). The product
was purified by chromatography on a column of silica gel with CHCl3:EtOAc (5:1), R¢ =
0.67. Yield: 97 mg, 25%, mp 111-112 °C. 'TH NMR 8 ppm: 2.97 (2H, t, ] = 7.6 Hz, CH,Ph),
346 (2H, t, ] = 7.6 Hz, CH,S), 3.88 (3H, s, CHz), 7.23 (1H, m, Ph-H), 7.29-7.33 (4H, m, Ph-H),
7.59 (2H, s, SO,NH,), 7.65 (1H, s, C3-H), 8.31 (1H, s, C¢-H). °C NMR & ppm: 33.3, 34.1,
53.2,124.8,126.9,128.9,129.1,129.2,131.2, 136.5, 139.4, 140.0, 143.9, 164.4. HRMS calculated
for C16H16CINO4S, [(M+H)*]: 386.0282, found: 386.0282.

4.5. General Procedure for the Syntheses of 5a, 5f, and 6a

The mixture of appropriate 2,4-dihalogeno-5-sulfamoylbenzoate (compounds 1,2)
(1.00 mmol), MeOH (5 mL), thiophenol or 1-thionaphthol (1.10 mmol,) and TEA (121 mg,
1.20 mmol) was refluxed for 2-6 h. MeOH was evaporated under reduced pressure, and
the resultant precipitate was washed with H,O.
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Methyl 4-chloro-2-(phenylsulfanyl)-5-sulfamoylbenzoate (5a, EA2-2). The product was
purified by chromatography on a column of silica gel with CHCl3:EtOAc (10:1), R¢ = 0.32.
Yield: 161 mg, 45%, mp 223-226 °C. 'H NMR 5 ppm: 3.94 (3H, s, CH3), 6.68 (1H, s, C3-H),
7.62-7.67 (5H, m, Ph-H), 7.74 (2H, s, SO,NH}), 8.50 (1H, s, C¢-H). 13C NMR § ppm: 53.3,
124.3,128.7,130.1, 131.2 (2C), 131.8, 135.2, 136.2, 137.5, 149.6, 164.8. HRMS calculated for
C14H12CINO4S; [(M+H)*]: 357.9969, found: 357.9970.

Methyl 4-chloro-2-(1-naphthylsulfanyl)-5-sulfamoyl-benzoate (5f, EA2-NF). The product
was purified by chromatography on a column of silica gel with CHCl3:EtOAc (5:1), R¢ = 0.77.
Yield: 265 mg, 65%, mp 235-237 °C. 'H NMR § ppm: 3.9 (3H, s, CH3), 6.34 (1H, s, C3-H),
7.61-7.68 (2H, m, Naph-H), 7.70 (2H, s, SO,NH,), 7.71-7.74 (1H, m, Naph-H), 8.04 (1H,
dd, ] =7.2 Hz, ] =1.2 Hz, Naph-H), 8.08-8.15 (2H, m, Naph-H), 8.26 (1H, d, ] = 8.4 Hz,
Naph-H), 8.54 (1H, s, Cs-H). '3C NMR & ppm: 53.4, 124.3, 125.0, 126.7, 127.2, 127.6, 128.5,
128.8,129.8, 132.0, 132.6, 133.8, 134.6, 135.1, 136.9, 137.5, 148.9, 164.9. HRMS calculated for
C]8H14C1NO4SZ [(M+H)+] 408.0126, found: 408.0131.

Methyl 4-bromo-2-(phenylsulfanyl)-5-sulfamoylbenzoate (6a, LJ15-11). The product was
purified by chromatography on a column of silica gel with CHCl3:EtOAc (15:1), R¢ = 0.20,
then recrystallization was accomplished from toluene. Yield: 145 mg, 36%, mp 202-204 °C.
TH NMR & ppm: 3.93 (3H, s, CH), 6.89 (1H, s, C3-H), 7.58-7,63 (5H, m, Ph-H), 7.71 (2H,
s, S0,NH,), 8.52 (1H, s, Cg-H). 3C NMR & ppm: 53.3, 124.3, 124.8, 130.2, 131.1(2C), 131.7,
132.3,136.1, 139.3, 149.2, 165.0. HRMS calculated for C14H1pBrNO4S, [(M+H)*]: 403.9443
(100%), found: 403.9437 (100%).

4.6. General Procedure for the Syntheses of 7b—d, 8b, 9a—d, 9f, 10a

The 30% H,O5(aq) (1.50 mmol, 0.148 mL) was added to a solution of appropriate
benzenesulfonamide (compounds 3b-d,4b,5a-d,f,6a) (0.500 mmol) in AcOH (1.7 mL) at
70 °C and allowed stirring for 2-3h. The solvent was removed under reduced pressure,
and the resultant precipitate was washed with H,O.

Methyl 2-chloro-4-cyclohexylsulfonyl-5-sulfamoylbenzoate (7b, EA2-30). Yield: 164 mg,
83%, mp 184-187 °C. 'H NMR & ppm: 1.14-1.21 (3H, m, Cy-H), 1.42-1.50 (2H, m, Cy-H),
1.63 (1H, br s, Cy-H), 1.81-1.87 (4H, m, Cy-H), 3.89-3.92 (1H, m, Cy-H), 3.96 (3H, s, CH3),
7.48 (2H, s, SO,NH}), 8.11 (1H, s, C3-H), 8.57 (1H, s, C¢-H). 13C NMR & ppm: 24.9 (2C), 25.1,
53.9,62.2,133.3,135.1, 135.5, 136.7, 138.6, 142.1, 163.9. HRMS calculated for C14H;3CINOgS,
[(M+H)*]: 396.0337, found: 396.0336.

Methyl 4-benzylsulfonyl-2-chloro-5-sulfamoylbenzoate (7c, EA2-40). Recrystallization was
accomplished from MeOH. Yield: 123 mg, 61%, mp 154-156 °C. 'H NMR § ppm: 3.95
(3H, s, CH3), 5.04 (2H, s, CH,), 7.24-7.26 (2H, m, Ph-H), 7.33-7.40 (3H, m, Ph-H), 7.58
(2H, s, SO,NHy), 7.77 (1H, s, C3-H), 8.57 (1H, s, C¢-H).1*C NMR 5 ppm: 53.9, 60.9, 127.5,
129.1, 129.5, 131.7, 132.9, 135.0, 135.4, 136.3, 139.2, 142.0, 163.8. HRMS calculated for
Ci5H14CINOgS, [(M+H)*]: 404.0024, found: 404.0023.

Methyl 2-chloro-4-(2-phenylethylsulfonyl)-5-sulfamoylbenzoate (7d, EA2-50). Recrystalliza-
tion was accomplished from MeOH. Yield: 161 mg, 77%, mp 132-134 °C. '"H NMR § ppm:
3.03 (2H, t, ] = 7.8 Hz, CHy), 3.95 (3H, s, CH3), 4.08 (2H, t, ] = 7.8 Hz, CH»), 7.13-7.27 (5H,
m, Ph-H), 7.50 (2H, s, SO,NH,), 8.07 (1H, s, C3-H), 8.49 (1H, s, Cs-H). 1*C NMR § ppm:
28.0,53.9,55.8,127.1, 128.9(2C), 132.8, 135.0, 135.3, 136.7, 137.7, 140.0, 141.6, 163.9. HRMS
calculated for C14Hy5CINOgS, [(M+H)*]: 418.0180, found: 418.0175.

Methyl 2-bromo-4-cyclohexylsulfonyl-5-sulfamoylbenzoate (8b, LJ15-120). Yield: 172 mg,
78%, mp 217-219 °C. 'TH NMR & ppm: 1.16-1.24 (3H, m, Cy-H), 1.42-1.50 (2H, m, Cy-
H), 1.57-1.63 (1H, m, Cy-H), 1.79-1.86 (4H, m, Cy-H), 3.89-3.92 (1H, m, Cy-H), 3.95 (3H,
s, CHy), 7.47 (2H, s, SO,NH,), 8.25 (1H, s, C3-H), 8.50 (1H, s, C4-H). 13C NMR § ppm:
24.9(2C), 25.1,53.9, 62.2,125.3,132.8, 137.7, 138.1, 138.4, 142.6, 164.6. HRMS calculated for
C14H1gBrNOgS,[(M+H)*]: 441.9811 (100%), found: 441.9806 (100%).

Methyl 2-(benzenesulfonyl)-4-chloro-5-sulfamoylbenzoate (9a, EA2-2No). The product was
purified by chromatography on a column of silica gel with CHCl3:EtOAc (4:1), R¢ = 0.33.
Yield: 158 mg, 81%, mp 166-168 °C. "THNMR § ppm: 3.86 (3H, s, CHz), 7.68 (2H, t, ] = 7.6 Hz,
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Ph-H), 7.78 (1H, t, ] = 7.6 Hz, Ph-H), 8.03 (2H, s, SO,NHy), 8.07 (2H, d, ] = 7.6 Hz, Ph-H),
8.23 (1H, s, C3-H), 8.51 (1H, s, Cs-H). *C NMR & ppm: 53.8, 128.5, 130.1, 130.3, 131.7, 133.5,
134.2, 134.9, 140.0, 142.3, 146.0, 165.7. HRMS calculated for C14H;,CINO4S, [(M+H)*]:
389.9867, found: 389.9869.

Methyl 4-chloro-2-cyclohexylsulfonyl-5-sulfamoyl-benzoate (9b, EA1-3No). Yield: 150 mg,
76%, mp 181-183 °C. 'TH NMR & ppm: 1.18-1.30 (3H, m, Cy-H), 1.41-1.50 (2H, m, Cy-H),
1.62-1.66 (1H, m, Cy-H), 1.80-1.91 (4H, m, Cy-H), 3.64-3.70 (1H, m, Cy-H), 3.90 (3H, s,
CHj3), 8.06 (2H, s, SO,NH,), 8.12 (1H, s, C3-H), 8.30 (1H, s, Cs-H). 13C NMR 5 ppm: 24.8,
25.0, 25.1, 54.0, 62.9, 130.5, 132.6, 133.8, 134.1, 140.1, 145.9, 165.9. HRMS calculated for
C14H13CINOS; [(M+H)*]: 396.0337, found: 396.0341.

Methyl 2-benzylsulfonyl-4-chloro-5-sulfamoylbenzoate (9¢, EA1-4No). Yield: 162 mg, 80%,
mp 224-225 °C. 'H NMR & ppm: 3.97 (3H, s, CH3), 4.97 (2H, s, CHy), 7.27-7.30 (2H, m,
Ph-H), 7.37-7.42 (3H, m, Ph-H), 7.79 (1H, s, C3-H), 8.07 (2H, s, SO,NH,), 8.31 (1H, s, Cs-H).
13C NMR & ppm: 54.2, 61.7, 127.7,129.1, 129.4, 1304, 131.7,132.1, 133.6, 133.9, 140.9, 145.9,
166.0. HRMS calculated for C15H14CINOgS, [(M+H)*]: 404.0024, found: 404.0018.

Methyl 4-chloro-2-(2-phenylethylsulfonyl)-5-sulfamoylbenzoate (9d, EA1-50). Recrystalliza-
tion was accomplished from MeOH. Yield: 142 mg, 68%, mp 156-158 °C. 'TH NMR § ppm:
3.06 (2H, t, ] =7.6 Hz, CH,), 3.91 (3H, s, CH3), 4.00 (2H, t, ] = 8.0 Hz, CH,), 7.16-7.20 (1H, m,
Ph-H) 7.21-7.27 (4H, m, Ph-H), 8.03 (1H, s, C3-H), 8.04 (2H, s, SO,NH}), 8.26 (1H, s, C¢-H).
13C NMR 6 ppm: 28.2,54.1, 56.5,127.2, 128.89, 128.92, 130.3, 131.8, 133.8, 133.9, 137.8, 141.5,
145.8, 165.9. HRMS calculated for C14H14CINOgS, [(M+H)*]: 418.0180, found: 418.0178.

Methyl 4-chloro-2-(1-naphthylsulfonyl)-5-sulfamoylbenzoate (9f, EA2-NFo). Yield: 180 mg,
82%, mp 244-245 °C. 'TH NMR § ppm: 3.72 (3H, s, CH3), 7.66-7.75 (2H, m, Naph-H), 7.81
(1H, t, ] = 7.6 Hz, Naph-H), 8.00 (2H, s, SO,NH)), 8.17 (1H, d, | = 8.0 Hz, Naph-H), 8.23
(1H, s, C3-H), 8.35 (1H, s, C¢-H), 8.36 (2H, t, ] = 8.0 Hz, Naph-H), 8.41 (1H, d, ] = 8.4 Hz,
Naph-H).*C NMR & ppm: 53.8, 123.5, 125.2, 127.7, 127.8, 129.5, 130.1, 130.6, 131.5, 131.6,
132.4,133.9,134.0, 134.2, 136.4, 142.4, 145.8, 165.4. HRMS calculated for C1gH4CINOgS,
[(M+H)*]: 440.0024,found: 440.0020.

Methyl 2-(benzenesulfonyl)-4-bromo-5-sulfamoylbenzoate (10a, L]15-110). Yield: 189 mg,
87%, mp 191-193 °C. "H NMR 6§ ppm: 3.86 (3H, s, CH), 7.67-7.79 (3H, m, Ph-H), 7.98 (2H,
s, SO,NH,), 8.04-8.07 (2H, m, Ph-H), 8.22 (1H, s, C4-H), 8.62 (1H, s, C3-H). 13C NMR 5
ppm: 53.8,122.7, 128.5, 130.1, 130.2, 132.2, 134.9, 136.7, 140.0, 141.9, 147.8, 165.8. HRMS
calculated for C14Hy,BrNOgS,[(M+H)*]: 435.9342 (100%), found: 435.9345 (100%).

4.7. General Procedure for the Syntheses of 12a-d £

The mixture of methyl 2,4-dichloro-5-sulfamoylbenzamide (11) [8] (269 mg, 1.00 mmol),
DMSO (1.5 mL), appropriate thiol(1.10 mmol), and TEA (121 mg, 1.20 mmol) was heated
at 60 °C temperature for 12 h. The mixture was cooled to room temperature, and brine
(15 mL) was added. The product was extracted with EtOAc (3 x 15 mL). The organic layer
was washed with H,O, dried over anhydrous MgSOy, filtered, and concentrated.

4-chloro-2-(1-naphthylsulfanyl)-5-sulfamoylbenzamide (12f, EA1A-NF). The product was
crystallized from toluene:MeOH (7:1).Yield: 277 mg, 70%, mp 277-280 °C.'H NMR § ppm:
6.38 (1H, s, C3-H), 7.59 (2H, s, SO,NH)), 7.61-7.66 (2H, m, Naph-H), 7.67-7.71(1H, m,
Naph-H), 7.85 (1H, s, CONH,), 8.00 (1H, dd, ] = 7.2 Hz, | =1.2 Hz, Naph-H), 8.10 (1H, s,
Cs-H), 8.10-8.14 (2H, m, Naph-H), 8.21 (1H, d, ] = 8.4 Hz, Naph-H), 8.34 (1H, s, CONH,).
13C NMR 6 ppm: 1252, 127.0, 127.5, 127.7,128.5 128.6, 128.9,129.7, 131.1, 132.1, 132.3, 1337,
134.6, 135.0, 136.6, 137.5, 168.0. HRMS calculated for C17H;3CIN, O3S, [(M+H)*]: 393.0129,
found: 393.0133.

4-chloro-2-phenylsulfanyl-5-sulfamoylbenzamide (12a, EA1A-2) [9].

4-chloro-2-cyclohexylsulfanyl-5-sulfamoylbenzamide (12b, EA1A-3) [9].

2-benzylsulfanyl-4-chloro-5-sulfamoylbenzamide (12c, EA1A-4) [9].

4-chloro-2-(2-phenylethylsulfanyl)-5-sulfamoylbenzamide (12d, EA1A-5) [9].
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4.8. General Procedure for the Syntheses of 5a-d,f

The mixture of appropriate 2-substituted 4-chloro-5-sulfamoylbenzamide (compounds
12a—d,f) (0.500 mmol), methanol (5 mL), and thionyl chloride (0.200 mL, 2.76 mmol) was
heated at 50 °C temperature for 48-96 h. The progress of the reaction was monitored by
TLC. The mixture was concentrated under reduced pressure.

Methyl 4-chloro-2-phenylsulfanyl-5-sulfamoylbenzoate (5a, EA2-2). The product was re-
crystallized from H,O. Yield: 122 mg, 68%, mp 223-226 °C.

Methyl 4-chloro-2-cyclohexylsulfanyl-5-sulfamoylbenzoate (5b, EA1-3N). The product was
recrystallized from H,O. Yield: 120 mg, 66%, mp 150-151 °C. "TH NMR § ppm: 1.20-1.51
(5H, m, Cy-H), 1.58-1.66 (1H, m, Cy-H), 1.69-1.77 (2H, m, Cy-H), 1.93-2.02 (2H, m, Cy-H),
3.60-3.69 (1H, m, Cy-H), 3.86 (3H, s, CH3), 7,65 (1H, s, C3-H), 7.71 (2H, s, SO,NH}), 8.39
(1H, s, C¢-H). ®*C NMR § ppm: 25.6, 25.7, 32.5, 42.9, 53.1, 126.3, 129.0, 131.6, 135.0, 136.9,
146.9, 165.0. HRMS calculated for C14H1gCINO4S,[(M+H)*]: 364.0439, found: 364.0444.

Methyl 2-benzylsulfanyl-4-chloro-5-sulfamoylbenzoate (5¢, EA1-4N). The product was
recrystallized from H,O. Yield: 145 mg, 78%, mp 211-212 °C. TH NMR & ppm: 3.86 (3H, s,
CH3), 442 (2H, s, CHp), 7.30 (1H, t, ] = 7.2 Hz, Ph-H), 7.37 (2H, t, ] = 7.2 Hz, Ph-H), 7.47
(2H, d, ] = 6.8 Hz, Ph-H) 7.70 (1H, s, C5-H), 7.73 (2H, s, SO,NH,), 8.44 (1H, s, C¢-H). 13C
NMR & ppm: 36.0,53.1,124.7, 128.0, 128.5, 129.1, 129.7, 131.6, 135.2, 136.0, 136.8, 148.4, 164.9.
HRMS calculated for C15H14CINO,4S,; [(M+H)*]: 372.0126, found: 372.0129.

Methyl 4-chloro-2-(2-phenylethylsulfanyl)-5-sulfamoylbenzoate (5d, EA1-5N). The product
was recrystallized from HyO:acetone (3:1). Yield: 166 mg, 85%, mp 135-137 °C. 'H NMR
5 ppm: 2.96 (2H, t, | = 7.6 Hz, CH,Ph), 3.39 (2H, t, ] = 7.6 Hz, CH,S), 3.87 (3H, s, CH3),
7.24 (1H, m, Ph-H), 7.29-7.33 (4H, m, Ph-H), 7.63 (1H, s, C3-H), 7.73 (2H, s, SO,NH,), 8.44
(1H, s, C¢-H). 13C NMR & ppm: 33.7, 33.8, 53.1, 125.1, 126.9, 128.3, 128.9, 129.0, 131.6, 135.3,
136.7,140.1, 148.5, 164.9. HRMS calculated for C14H14CINO4S, [(M+H)*]: 386.0282, found:
386.0286.

Methyl 4-chloro-2-(1-naphthylsulfanyl)-5-sulfamoylbenzoate (5f, EA2-NF). The product
was recrystallized from H,O:MeOH (4:1). Yield: 143 mg, 70%, mp 235-237 °C.

4.9. Protein Preparation

Recombinant human carbonic anhydrases (CAs) were expressed in E. coli (CAI, CAII,
mutant CATIA®SS, N67Q I91L, F130V, VISL, L203A | CATIT, CAIV, CAVA, CAVB, CAVII, CAXII,
CAXIII, CAXIV), yeast (CAIX used to obtain only PDB ID: 7POM crystal structure) or mam-
malian cells (CAVI and CAIX used for all remaining experiments). Proteins were chromato-
graphically purified following published protocols:  CAI [22], CAIl [23],
CAITASS, N67Q, 911, F130V, VI34L, L203A (mimic-CAIX), CATII, CAIV, CAVA, CAVB, CAVI, CAIX
(except CAIX (PDB ID: 7POM) crystal was obtained using yeast-expressed protein [24],
and [17], CAVII, CAXIII- [25], CAXII [26]. The protein stock solutions were stored at
—80 °C. The protein concentration was determined by UV absorption at 280 nm using Beer-
Lambert law and extinction coefficient determined by amino acid analysis. Proteins used
for crystallization were additionally purified by affinity chromatography and concentrated.

4.10. Determination of Binding Parameters
4.10.1. Fluorescent Thermal Shift Assay (FTSA)

Observed affinities (dissociation constant, K o5, proportional to the change in stan-
dard Gibbs energy upon binding, AG = RTInK;) of the compounds binding to CAs were
determined by the fluorescent thermal shift assay [27,28], using a QTAGEN’s real-time PCR
cycler the “Rotor-Gene Q” and Rotor-Gene® Style 4-strip tubes from STARLAB. Ligands
were dissolved in DMSO stock solutions to concentrations of 10 mM or 20 mM and used
for the serial dilution in DMSO of the dilution factor 2. These samples were diluted with
buffer solution and mixed with a prepared protein solution, consisting of protein stock,
buffer solution, and 8-anilino-1-naphthalene sulfonate (ANS; solvatochromic dye). All
final samples typically contained up to 10 uM CA, compound solutions of serial dilution
from 0 uM to 200 uM at 8 different concentrations differing by two times, 50 uM ANS,
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50 mM sodium phosphate buffer at pH 7.0, 100 mM sodium chloride, and 2.0% (v/v) DMSO.
Samples preparation is explained in detail in [28]. Protein denaturation was monitored by
determining the fluorescence of ANS as a function of temperature[29]. The excitation and
emission wavelengths of ANS are 365 + 20 and 460 & 15 nm. Samples were heated from
25 °C to 99 °C at the rate of 1 °C/min. The curve-fitting procedure has been explained
previously [30] and was performed at 37 °C.

The dissociation constants of each compound with all 12 catalytically active human
CA:s are listed in Table 2, and some experimental data are provided in Supplementary
material in Figures S1 and S2.

4.10.2. Isothermal Titration Calorimetry (ITC)

Additionally, a selected set of compounds binding to CAs were tested by ITC [31,32]
to determine changes in binding enthalpies. ITC experiments were carried out using a
MicroCal PEAQ-ITC calorimeter (Northampton, MA, USA). The protein solution in the cell
contained a constant concentration of CA (10-20 uM), while the concentration of compound
loaded in the ITC syringe was ten times higher than the protein concentration (100-200 uM).
Both cell and syringe solutions were diluted in the buffer: 50 mM sodium phosphate at
pH 7.0 and containing 100 mM sodium chloride and 2.0 % (v/v) of DMSO. Samples were
centrifuged prior to the experiment to improve quality. A typical experiment consisted
of 19 injections with 150 s spacing between injections; the volume of the first injection
was 0.4 pL (duration 0.8s) and 2.0 pL (duration 4.0 s) for the remaining injections. All
experiments were performed at 37 °C with reference power 4.0 pcal/s.

The enthalpy changes of binding are listed in Table S8, and experimental data are
provided in Supplementary material in Figure S6. A comparison of the affinity determined
by FTSA and ITC is shown in Supplementary material in Figure S9. ITC shows weaker
affinity than FTSA for strong interactions. Thus, the affinity determined by the FTSA was
used due to the ITC detection limit as the more reliable.

4.10.3. Calculation of Intrinsic Binding Parameters

All experiments allow the determination of the observed binding parameters of the
sulfonamide binding to CA. However, the change in standard Gibbs energy (or dissociation
constant), enthalpy, and entropy upon binding depend on buffer and pH because sulfon-
amide binding to CAs is linked to several reactions: (i) Zn?*-bound hydroxide ion protonate
into water molecule in the active site of CA; (ii) Sulfonamide amino group (R-SO,NH,)
deprotonate (R-SO,NH"); (iii) Buffer molecule protonate or deprotonate depending on the
protons’ balance; (iv) After these reactions, the negatively charged sulfonamide (R-SO,NH")
replaces the Zn?*-bound water molecule in the active site of CA and binds to the protein
in its position [15]. The sum of these reactions is the observed binding. However, only the
fourth reaction represents the actual binding reaction, called intrinsic [16]. Observed bind-
ing parameters are important to obtain the compound'’s affinity under certain conditions,
for example, in the human body. Nevertheless, these parameters are less important in the
drug design to estimate the energy for the binding affinity of each substituent. However, the
contribution of protonation reactions can be subtracted. Equations of intrinsic dissociation
constant (K; j,) or standard Gibbs energy (AG;,,) and enthalpy change (AH;,,) are listed
in Table 2 and Table S7 in Supplementary materials.

4.11. Determination of Protonation Parameters
4.11.1. Determination of pK; Values

The pK, values of water molecules bound to Zn%* in the active site of CAs, PKa_caznanmz0,
were taken from [33] and of compounds, pK, rsoznm2, Were determined as described
in [34]. Figure 2D shows the intrinsic parameters of the binding of mimic-CAIX (mutant
CAIJA5S, N67Q, I91L, FI30V, VI34L, 1203A) and compound 3b, which were calculated using the

pKa_caznapmzo of CAIL
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We used a constant concentration of sulfonamide (25-400 uM) and 2.0% (v/v) of DMSO
in universal buffer (50 mM sodium acetate, 25 mM sodium borate, and 50 mM sodium
phosphate) at different pH values (in the range from pH 6 to 12 at every half pH unit).
UV-VIS spectra of compound solution were recorded at 37 °C using the spectrophotometer
“Agilent 89090A”. To determine pK, rsoanm2, @ plot of the normalized ratio of two ab-
sorbancies (approximately 10 nm above and 10 nm below the isosbestic point) vs. buffer pH
and fitted Henderson-Hasselbach curve using the least-square method. The midpoint of
this fitted curve is equal to pK, rsosnm2. Experimental data are provided in Supplementary
material in Figure S5 and Table 2.

4.11.2. Determination of Protonation Enthalpy

The enthalpy changes of sulfonamide amino group (RSO;NH,) protonation, A, rsoanH2H,
were determined by titration of 0.25 mM sulfonamide and 0.375 mM sodium hydroxide
with 2.75 mM nitric acid using a MicroCal PEAQ-ITC calorimeter (Northampton, MA,
USA). DMSO concentrations in the syringe and the sample cell were 2% (v/v). Experimental
parameters: total number of injections was 40, the volume of each injection was 0.9 uL,
spacing between injections was 120 s, the temperature was 37 °C. A, caznam2oH values
of the water molecule in the active site CAs were taken from [33]. Figure 2D shows the
change in binding enthalpy of mimic-CAIX (mutant CAITA655 N67Q, 1911, F130, V1341, 12034
and compound 3b, which was calculated using the A, cazunapr20H of CAIL Experimental
data are provided in Supplementary material in Figure S7 and Table S5.

4.12. X-ray Crystallography: Crystallization, Data Collection, and Structure Determination

The proteins were ultrafiltered to the indicated concentration in Table S4. The same
table lists the crystallization conditions and solutions. Crystals of CAIX (PDB ID: 7POM)
and CAXII (PDB ID: 7PP9) were achieved by co-crystallization and others by soaking. The
crystal soaking ligand solutions were produced by combining 50 uL of matching reservoir
solution with 1 uL of 50 mM ligand solution in DMSO. The data were processed and scaled
using XDS [35], MOSFLM [36], and SCALA [37]. Except CAXII dataset was processed
and scaled using SAINT [38] and SADABS [39]. MOLREP [40] was used for molecular
replacement with an initial model of 1CAB for CAI, 4HTO for CAII, 3HL] for mimic-CAIX,
6FE2 for CAIX, and 6QNL for CAXIL. The model was refined with REFMAC [41] and
fitted in the electron density map using COOT [42]. The 3D models of compounds were
constructed by AVOGADRO [43] program, and ligand parameter files were created using
LIBCHECK [44,45]. Coordinates and structure factors have been deposited to PDB. The
PDB IDs, data collection, and refinement statistics are shown in Supplementary material in
Table S3. The PyMOL program was used to create graphics.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/ijms23010130/s1.
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Abbreviations

CA carbonic anhydrase

FTSA fluorescent thermal shift assay (or differential scanning fluorimetry, DSF)

intr intrinsic

ITC isothermal titration calorimetry

obs observed

VARIABLES

AGiyy change of the intrinsic standard Gibbs energy upon binding

AG,ps change of the observed standard Gibbs energy upon binding

AHjyy change of the intrinsic standard enthalpy upon binding

AH s change of the observed standard enthalpy upon binding

Ki intr the intrinsic equilibrium dissociation constant

K obs the observed equilibrium dissociation constant

T melting temperature (midpoint of the unfolding transition)

TAS;ty change of the intrinsic standard entropy upon binding multiplied by absolute
temperature

References

10.

11.

12.

13.

14.

Dodgson, S.J.; Tashian, R.E.; Gros, G.; Carter, N.D. (Eds.) The Carbonic Anhydrases; Springer: Boston, MA, USA, 1991.
Chegwidden, WR.; Carter, N.D.; Edwards, Y.H. (Eds.) The Carbonic Anhydrases; Birkhduser: Basel, Switzerland, 2000.
Oosterwijk, E.; Ruiter, D.J.; Hoedemaeker, PJ.; Pauwels, E.K.; Jonas, U.; Zwartendijk, J.; Warnaar, S.0. Monoclonal antibody G
250 recognizes a determinant present in renal-cell carcinoma and absent from normal kidney. Int. ]. Cancer 1986, 38, 489-494.
[CrossRef] [PubMed]

Pastorek, J.; Pastorekovd, S.; Callebaut, I.; Mornon, J.P.; Zelnik, V.; Opavsky, R.; Zat'ovicovd, M.; Liao, S.; Portetelle, D.; Stanbridge,
E.J. Cloning and characterization of MN, a human tumor-associated protein with a domain homologous to carbonic anhydrase
and a putative helix-loop-helix DNA binding segment. Oncogene 1994, 9, 2877-2888.

Saarnio, J.; Parkkila, S.; Parkkila, A.-K.; Haukipuro, K.; Pastorekova, S.; Pastorek, J.; Kairaluoma, M.I; Karttunen, T.J. Immuno-
histochemical Study of Colorectal Tumors for Expression of a Novel Transmembrane Carbonic Anhydrase, MN/CA IX, with
Potential Value as a Marker of Cell Proliferation. Am. J. Pathol. 1998, 153, 279-285. [CrossRef]

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 Proteins and Protein—Ligand Binding. Chem. Rev. 2008, 108, 946-1051.
[CrossRef]

Lomelino, C.L.; Andring, ].T.; McKenna, R. Crystallography and Its Impact on Carbonic Anhydrase Research. Int. J. Med. Chem.
2018, 2018, 9419521. [CrossRef] [PubMed]

Zaksauskas, A.; Capkauskaité, E.; Jezeptikas, L.; Linkuvieng, V.; Kigonaité, M.; Smirnov, A.; Manakova, E.; Grazulis, S.; Matulis,
D. Design of two-tail compounds with rotationally fixed benzenesulfonamide ring as inhibitors of carbonic anhydrases. Eur. ].
Med. Chem. 2018, 156, 61-78. [CrossRef]

Zaksauskas, A.; Capkauskaité, E.; Jezeptikas, L.; Linkuviené, V.; Paketuryté, V.; Smirnov, A.; Leitans, J.; Kazaks, A.; Dvinskis, E.;
Manakova, E.; et al. Halogenated and di-substituted benzenesulfonamides as selective inhibitors of carbonic anhydrase isoforms.
Eur. ]. Med. Chem. 2020, 185, 111825. [CrossRef]

Dudutiené, V.; Zubriené, A.; Kairys, V.; Smirnov, A.; Smirnovieng, J.; Leitans, J.; Kazaks, A.; Tars, K.; Manakova, L.;
Grazulis, S.; et al. Isoform-Selective Enzyme Inhibitors by Exploring Pocket Size According to the Lock-and-Key Principle.
Biophys. J. 2020, 119, 1513-1524. [CrossRef]

Scott, A.D.; Phillips, C.; Alex, A.; Flocco, M.; Bent, A.; Randall, A.; O’'Brien, R.; Damian, L.; Jones, L.H. Thermodynamic
Optimisation in Drug Discovery: A Case Study using Carbonic Anhydrase Inhibitors. ChemMedChem 2009, 4, 1985-1989.
[CrossRef]

Capkauskaité, E.; Zubrien¢, A.; Baranauskiene, L.; Tamulaitiené, G.; Manakova, E.; Kairys, V.; Grazulis, S.; Tumkevitius, S.;
Matulis, D. Design of [(2-pyrimidinylthio)acetyl]benzenesulfonamides as inhibitors of human carbonic anhydrases. Eur. J. Med.
Chem. 2012, 51, 259-270. [CrossRef] [PubMed]

Capkauskaité, E.; Zubriene, A.; Smirnov, A.; Torresan, J.; KiSonaité, M.; Kazokaité, J.; Gylyte, J.; Michailoviené, V.; Jogaite, V.;
Manakova, E.; et al. Benzenesulfonamides with pyrimidine moiety as inhibitors of human carbonic anhydrases I, II, VI, VII, XII,
and XIII. Bioorg. Med. Chem. 2013, 21, 6937-6947. [CrossRef]

Singh, S.; Lomelino, C.; Mboge, M.; Frost, S.; McKenna, R. Cancer Drug Development of Carbonic Anhydrase Inhibitors beyond
the Active Site. Molecules 2018, 23, 1045. [CrossRef] [PubMed]

130



Int. J. Mol. Sci. 2022, 23, 130 23 of 24

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.
36.

37.
38.
39.
40.

Fisher, S.Z.; Aggarwal, M.; Kovalevsky, A.Y.; Silverman, D.N.; McKenna, R. Neutron Diffraction of Acetazolamide-Bound Human
Carbonic Anhydrase II Reveals Atomic Details of Drug Binding. J. Am. Chem. Soc. 2012, 134, 14726-14729. [CrossRef] [PubMed]
Zubriené, A.; Matulis, D. Observed Versus Intrinsic Thermodynamics of Inhibitor Binding to Carbonic Anhydrases. In Carbonic
Anhydrase as Drug Target: Thermodynamics and Structure of Inhibitor Binding; Matulis, D., Ed.; Springer International Publishing:
Cham, Switzerland, 2019; pp. 107-123.

Dudutiené, V.; Matulieng, J.; Smirnov, A.; Timm, D.D.; Zubriené, A.; Baranauskiené, L.; Morkanaite, V.; Smirnoviene, J.;
Michailovieng, V.; Juozapaitiené, V.; et al. Discovery and characterization of novel selective inhibitors of carbonic anhydrase IX.
J. Med. Chem. 2014, 57, 9435-9446. [CrossRef] [PubMed]

Genis, C.; Sippel, KH.; Case, N.; Wengang Cao Avvaru, B.S.; Tartaglia, L.J.; Lakshmanan Govindasamy Tu, C.; Agbandje-
McKenna, M; Silverman, D.N.; Rosser, C.J.; McKenna, R. Design of a carbonic anhydrase IX active-site mimic to screen inhibitors
for possible anticancer properties. Biochemistry 2009, 48, 1322-1331. [CrossRef]

Pinard, M.A.; Boone, C.D.; Rife, B.D.; Supuran, C.T.; McKenna, R. Structural study of interaction between brinzolamide and
dorzolamide inhibition of human carbonic anhydrases. Bioorg. Med. Chem. 2013, 21, 7210-7215. [CrossRef]

Capkauskaité, E.; Linkuviené, V.; Smirnov, A.; Milinavi¢iate, G.; Timm, D.D.; Kasiliauskaite, A.; Manakova, E.; Grazulis, S.;
Matulis, D. Combinatorial Design of Isoform-Selective N-Alkylated Benzimidazole-Based Inhibitors of Carbonic Anhydrases.
ChemistrySelect 2017, 2, 5360-5371. [CrossRef]

Smirnov, A.; Zubriené, A.; Manakova, E.; Grazulis, S.; Matulis, D. Crystal structure correlations with the intrinsic thermodynamics
of human carbonic anhydrase inhibitor binding. Peer] 2018, 6, e4412. [CrossRef]

Matulis, D. Thermodynamics of the hydrophobic effect. III. Condensation and aggregation of alkanes, alcohols, and alkylamines.
Biophys. Chem. 2001, 93, 67-82. [CrossRef]

Cimmperman, P.; Baranauskiene, L.; Jachimoviciaté, S.; Jachno, J.; Torresan, J.; Michailoviené, V.; Matuliené, J.; Sereikaitg, J.;
Bumelis, V.; Matulis, D. A Quantitative Model of Thermal Stabilization and Destabilization of Proteins by Ligands. Biophys. J.
2008, 95, 3222-3231. [CrossRef]

Leitans, J.; Kazaks, A.; Balode, A.; Ivanova, J.; Zalubovskis, R.; Supuran, C.T,; Tars, K. Efficient Expression and Crystallization
System of Cancer-Associated Carbonic Anhydrase Isoform IX. J. Med. Chem. 2015, 58, 9004-9009. [CrossRef] [PubMed]
SudZius, J.; Baranauskiené, L.; Golovenko, D.; Matulieng, J.; Michailovieng, V.; Torresan, J.; Jachno, J.; Sukackaité, R.; Manakova,
E.; Grazulis, S.; et al. 4-[N-(Substituted 4-pyrimidinyl)amino]benzenesulfonamides as inhibitors of carbonic anhydrase isozymes
I, I, VII, and XIIL. Bioorg. Med. Chem. 2010, 18, 7413-7421. [CrossRef]

Jogaité, V.; Zubriené, A.; Michailoviené, V.; Gylyté, J.; Morkiinaité, V.; Matulis, D. Characterization of human carbonic anhydrase
XII stability and inhibitor binding. Bioorg. Med. Chem. 2013, 21, 1431-1436. [CrossRef]

Pantoliano, M.W.; Petrella, E.C.; Kwasnoski, ].D.; Lobanov, V.S.; Myslik, J.; Graf, E.; Carver, T,; Asel, E.; Springer, B.A.;
Lane, P,; et al. High-density miniaturized thermal shift assays as a general strategy for drug discovery. J. Biomol. Screen 2001, 6,
429-440. [CrossRef]

Kazlauskas, E.; Petrauskas, V.; Paketuryté, V.; Matulis, D. Standard operating procedure for fluorescent thermal shift assay (FTSA)
for determination of protein-ligand binding and protein stability. Eur. Biophys. ]. 2021, 50, 373-379. [CrossRef] [PubMed]
Matulis, D.; Baumann, C.G.; Bloomfield, V.A.; Lovrien, R.E. 1-Anilino-8-naphthalene sulfonate as a protein conformational
tightening agent. Biopolymers 1999, 49, 451-458. [CrossRef]

Baranauskien¢, L.; Hilvo, M.; Matulieng, J.; Golovenko, D.; Manakova, E.; Dudutiené, V.; Michailoviené, V.; Torresan, J.;
Jachno, J.; Parkkila, S.; et al. Inhibition and binding studies of carbonic anhydrase isozymes I, Il and IX with benzimidazo[1,2-
c][1,2,3]thiadiazole-7-sulphonamides. J. Enzyme Inhib. Med. Chem. 2010, 25, 863-870. [CrossRef]

Falconer, R.J. Applications of isothermal titration calorimetry—The research and technical developments from 2011 to 2015:
Review of Isothermal Titration Calorimetry from 2011 to 2015. J. Mol. Recognit. 2016, 29, 504-515. [CrossRef]

Callies, O.; Daranas, A.H. Application of isothermal titration calorimetry as a tool to study natural product interactions. Nat.
Prod. Rep. 2016, 33, 881-904. [CrossRef]

Linkuviené, V.; Zubriené, A.; Manakova, E.; Petrauskas, V.; Baranauskiené, L.; ZakSauskas, A.; Smirnov, A.; Grazulis, S.; Ladbury,
J.E.; Matulis, D. Thermodynamic, kinetic, and structural parameterization of human carbonic anhydrase interactions toward
enhanced inhibitor design. Q. Rev. Biophys. 2018, 51, 1-48. [CrossRef] [PubMed]

Snyder, PW.; Mecinovi¢, J.; Moustakas, D.T.; Thomas, S.W.; Harder, M.; Mack, E.T.; Lockett, M.R.; Héroux, A.; Sherman,
W.; Whitesides, G.M. Mechanism of the hydrophobic effect in the biomolecular recognition of arylsulfonamides by carbonic
anhydrase. Proc. Natl. Acad. Sci. USA 2011, 108, 17889-17894. [CrossRef]

Kabsch, W. XDS. Acta Crystallogr. Sect. D 2010, 66, 125-132. [CrossRef]

Battye, T.G.G.; Kontogiannis, L.; Johnson, O.; Powell, H.R.; Leslie, A.G.W. iMOSFLM: A new graphical interface for diffraction-
image processing with MOSFLM. Acta Crystallogr. D Biol. Crystallogr. 2011, 67, 271-281. [CrossRef]

Evans, P. Scaling and assta quality. Acta Crystallogr. D Biol. Crystallogr. 2006, 62, 72-82. [CrossRef] [PubMed]

Bruker. SAINT (Version 8.18c). In Bruker Advanced X-ray Solutions; Bruker AXS: Madison, WI, USA, 2012.

Bruker. SADABS (Version 2.11). In Bruker Advanced X-ray Solutions; Bruker AXS: Madison, WI, USA, 2012.

Vagin, A.; Teplyakov, A. Molecular replacement with MOLREP. Acta Crystallogr. D Biol. Crystallogr. 2010, 66, 22-25. [CrossRef]

131



Int. J. Mol. Sci. 2022, 23, 130 24 of 24

41.

42.

43.

44.

45.

Murshudov, G.N.; Skubdk, P.; Lebedev, A.A.; Pannu, N.S.; Steiner, R.A.; Nicholls, R.A.; Winn, M.D.; Long, F; Vagin, A.A.
REFMACS for the refinement of macromolecular crystal structures. Acta Crystallogr. D Biol. Crystallogr. 2011, 67, 355-367.
[CrossRef] [PubMed]

Emsley, P,; Lohkamp, B.; Scott, W.G.; Cowtan, K. Features and development of 1t Coot. Acta Crystallogr. Sect. D 2010, 66, 486-501.
[CrossRef] [PubMed]

Hanwell, M.D.; Curtis, D.E.; Lonie, D.C.; Vandermeersch, T.; Zurek, E.; Hutchison, G.R. Avogadro: An advanced semantic
chemical editor, visualization, and analysis platform. J. Cheminform. 2012, 4, 17. [CrossRef] [PubMed]

Lebedev, A.A.; Young, P.; Isupov, M.N.; Moroz, O.V,; Vagin, A.A.; Murshudov, G.N. JLigand: A graphical tool for the CCP4
template-restraint library. Acta Crystallogr. D Biol. Crystallogr. 2012, 68, 431-440. [CrossRef] [PubMed]

Vagin, A.A.; Steiner, R.A.; Lebedev, A.A_; Potterton, L.; McNicholas, S.; Long, F.; Murshudov, G.N. REFMACS5 dictionary:
Organization of prior chemical knowledge and guidelines for its use. Acta Crystallogr. D Biol. Crystallogr. 2004, 60, 2184-2195.
[CrossRef]

132



Downloaded via VILNIUS UNIV on August 26, 2025 at 11:03:05 (UTC).
See https://pubs.acs.org/sharingguidelines for options on how to legitimately share published articles.

Journal of

Medicinal
Chemistry

pubs.acs.org/jmc

This article is licensed under CC-BY 40 € (®

Affinity and Selectivity of Protein—Ligand Recognition: A Minor
Chemical Modification Changes Carbonic Anhydrase Binding Profile

Audrius Zaksauskas, Vaida Paketuryte-Latve, Alberta Jankunaite, Edita éapkauskaité, Yann Becart,
Alexey Smirnov, Kléra PospiSilovd, Janis Leitans, Jiti Brynda, Andris Kazaks, Lina Baranauskiene,
Elena Manakova, Saulius Grazulis, Visvaldas Kairys, Kaspars Tars, Pavlina Rezdcové,

and Daumantas Matulis*
I: I Read Online

Article Recommendations |

Cite This: https://doi.org/10.1021/acs jmedchem.5c01421

ACCESS|

ABSTRACT: Discovery of small-molecule drugs relies on their
strong binding affinity compared to nontarget proteins, thus
possessing selectivity. Minor chemical structure changes usually
exhibit little change in the compound efficacy, with rare exceptions.
We developed a series of nearly S0 ortho-substituted benzene-
sulfonamides and experimentally measured their interactions with
the 12 catalytically active human carbonic anhydrase (CA)
isozymes. Inhibitors were designed using seven different
substituent groups, including 4-sulfanyl-substituted 3-sulfamoyl
benzoates and benzamides, 4-sulfinyl-substituted 3-sulfamoyl
benzoates and benzamides, 4-sulfonyl-substituted 3-sulfamoyl
benzoates and benzamides, and 4-amino-substituted benzamides.
The oxidation state of sulfur at the ortho position significantly influenced the compound’s affinity for CAIX| a target for anticancer
drugs, demonstrating affinities hundreds of thousands of times stronger than related compounds. Coupled with X-ray crystal
structures and molecular docking, the relationship between structure and thermodynamics offers insights into how small changes in

[l Metrics & More ‘ Q Supporting Information

CAII CAIX

CAII CAIX

Binding Affinity (pPKy;,) X-ray crystallography

the structure lead to significant changes in affinity for drug design.

B INTRODUCTION

A detailed understanding of protein—ligand recognition is an
essential goal in small-molecule drug discovery.' Any drug-like
chemical compound should bind the disease-related target
protein with sufficiently high affinity. Furthermore, the
compound must bind with high selectivity and thus not interact
strongly with other nontarget proteins whose inhibition or
binding could cause undesired side effects.” Rational design of
such compounds is complex because of the limited under-
standing of the underlying energies of binding and how a
compound recognizes and binds to the target protein.

As a model system, we study sulfonamide compound bindin,
to human carbonic anhydrases (CA), zinc-containing enzymes.”
Humans have 12 catalytically active CA isozymes (EC
4.2.1.1).° The enzyme catalyzes the reversible hydration of
carbon dioxide and has many essential physiological functions.
Since these enzymes function in pH and electrolyte homeostasis
and regulation, many drugs target CA isozymes to treat diseases
like glaucoma, edema, obesity, epilepsy, infertility, and
cancer.” ™ Primary sulfonamides are the most investigated CA
inhibitors.'"™"? Their amino group binds directly to the catalytic
zinc in the active site by forming a coordination bond and
inhibits the activity of all CA isozymes. However, the binding
affinity may be low or high and depends on small details of each
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compound arrangement on the protein surface, possible steric
hindrances, or attraction due to hydrogen bonds or hydrophobic
interactions."

The 12 catalytically active human CA isozymes have nearly
identical beta-sheet folds. Their active sites are highly similar in
shape, but several amino acids in the active site vary among the
isozymes. "' Because the differences in the active site amino
acid composition are small, it is difficult to design compounds
that would bind one isozyme with high affinity while all other
isozymes with low affinity, thus leading toward high selectivity
for only one isozyme. The active site of CAs is funnel-shaped and
has hydrophobic and hydrophilic sides for some isozymes.
Differences in a few amino acids determine the selectivity of
inhibitors for particular isozymes. Introducing various scaffolds
on the aromatic sulfonamide ring targets unique residues in the
active site."” In most studies, the tails are relatively distant from
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Scheme 1. Synthesis of Methyl 4-Substituted-3-Sulfamoylbenzoates 4a—d, f—m, 4-Substituted 3-Sulfamoylbenzamides Sa—d, f, g,

j—m, and 4-Amino-Substituted Benzamides 6b, c, e
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“Reagents and conditions: (i) RSH, K,COs, DMF, 80 °C; (ii) H,SO,, MeOH, A; (iii) (a) SOCL, toluene, A, (b) RNH,, THF, 0 °C; (iv) RNH,,

130 °C; (v) RNH,, TEA, toluene, A

the sulfonamide group, resulting in weak interactions with
peripheral amino acids. The affinity profile depended mostly on
the substituents located close to the sulfonamide head-
group.'®™*" This is also dependent on the flexibility of the
substituents, which help adjust to the protein shape.

Depending on the variation of the substituents while
investigating doubly substituted compounds,>*”>* several
high-affinity compounds exhibiting picomolar Ky were obtained
for CAVII, CAIX, CAXII, and CAXIV. A significant achieve-
ment was a LJ15-12 compound that exhibited 0.08 pM intrinsic
K for CAIX.” In this study, we investigate the functional groups
in the ortho position by varying 13 substituents from small
methyl to bulky adamantyl. Sulfinyl and amino substituents were
also synthesized to examine the influence of the linking atoms.
Interestingly, the substitution of only one atom, an addition of
an oxygen atom in the ortho position, decreased compound
affinity for nontarget isozymes by a million-fold, significantly
improving the selectivity, which is one of the main goals in small-
molecule drug discovery.

B RESULTS

Organic Synthesis of Designed Compounds. The
synthesis of 2,5-disubstituted benzenesulfonamides was per-
formed starting from 4-chloro-3-sulfamoylbenzoic acid 1
(Scheme 1). Methyl ester 2 was obtained from 4-chloro-3-
sulfamoylbenzoic acid 1 by reflux in methanol in the presence of
a catalytic amount of sulfuric acid. Amide 3 was synthesized by
refluxing acid 1 with thionyl chloride in toluene and subsequent
treatment, the resulting anhydride with an appropriate amine,
using as the base excess of amine according to the procedure
reported in ref 21.

The synthesis of 4-substituted sulfamoylbenzoic acid
derivatives 4a—d, f—m was achieved by aromatic nucleophilic
substitution of the chlorine substituent with various thiols under
an inert atmosphere in dimethylformamide using potassium
carbonate as the base (Scheme 1). All thiols were commercially

available except cyclododecylthiol, which was synthesized by
subjecting cyclododecanone to reaction with 1,2-ethanedithiol
and subsequent reduction of intermediate dithiolane with n-
butyllithium.>

The 4-substituted 3-sulfamoylbenzamides Sa—d, f, g, j—m
were synthesized using the same reaction conditions as 4-
sulfanyl-substituted esters 4a—d, f—m. Substitution of the
chlorine group with amines required harsher reaction conditions
than thiols. Therefore, 4-amino-substituted benzamides 6b and
¢ were synthesized by heating amide 3 over the appropriate
amine at 130 °C. Compound 6e was synthesized by boiling
amide 3 in toluene with 2 equiv of cyclooctylamine and 2 equiv
of triethylamine.

The oxidation of esters 4a—d, h, i, k—m and benzamides Sa, b,
k—m to the sulfinyl and sulfonyl compounds was performed
using in situ generated peracetic acid (Scheme 2). The reaction
was carried out at room temperature and produced 4-sulfinyl
compounds 7a, b, h, i, k—m, 8a, b, k—m, and heating the
reaction mixture at 70 °C yielded the corresponding 4-sulfonyl
compounds 9a—d, h, i, I, m, 10b, and k—m.

Compound Binding to CA Isozymes. All synthesized
compounds were divided into 7 groups: 4(a—d, f-m), S(a—d, f,
2 j_m); 6(b; < e); 7(3; b, h, i, k_m); 8(3; k_m)l 9(a_d) h,i, 1
m), and 10(b, k—m) (Figure 1). Compounds that started with
numbers 4, 7, and 9 were 4-sulfanyl-, 4-sulfinyl, and 4-sulfonyl-
substituted esters, respectively. Compounds starting with the
numbers $, 8, and 10 were 4-sulfanyl-, 4-sulfinyl, and 4-sulfonyl-
substituted benzamides analogous to the previous series.
Compounds starting with the number 6 were 4-amino-
substituted benzamides. Various linear, branched, and cyclic
aliphatic and aromatic substituents at the ortho position were
tested to assess whether size, flexibility, and hydrophobicity
affect affinity. Compound affinities for the 12 catalytically active
human CA isozymes are listed in Table 1.

As one of the important findings in this manuscript, Figure 2
arranges the compounds in the order of their affinity for CAIX
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Scheme 2. Synthesis of Methyl 4-Sulfinyl-Substituted-3-
Sulfamoyl Benzoates 7a, b, h, i, k—m, N-Butyl-4-sulfinyl-
Substituted-3-Sulfamoylbenzamides 8a, b, k—m, Methyl 4-
Sulfonyl-Substituted-3-Sulfamoylbenzoates 9a-d, h, i, I, m,
and N-Butyl-4-sulfonyl-Substituted-3-Sulfamoylbenzamides
10b, k—m*“

0 0 0
. R R4 .9 R
'S s 'S

R O:$:0 R O:$:0 R O:§:0
NH; NH, NH;
7a, b, h, i, k-m, 4a-d, h, i, k-m, 9a-d, h, i, I, m,
8a, b, k-m 5a, b, k-m 10b, k-m
R O O O O
b c d
h i k I m

R': OMe (4, 7, 9); NH-nBu (5, 8, 10)

“Reagents and conditions: (i) 30% H,0,, AcOH, r. t.; (ii) 30% H,0,,
AcOH, 70 °C.

and compared to undesired target CAIL A high affinity for CAIX
is desired, because CAIX is implicated in various types of
cancer.”* However, CAII is abundant in erythrocytes, thus an
off-target for anticancer inhibitors.

Compound affinities for human CA isozymes were analyzed
using fluorescence-based thermal shift assay (FTSA) and the
enzymatic activity stopped-flow-based inhibition assay (SFA)
(Figure 3). The FTSA determined the observed dissociation
constants for all compounds with all 12 CA isozymes (Table 1
and Supplementary Figure S1). From these experimentally
determined K, the intrinsic dissociation constants Ky, were
calculated, and the results are primarily focused on them. Figure
3B,C shows two compounds with strong and weak affinity for
CAIl and CAIX by FTSA. A single oxygen atom strongly
diminished affinity for both isozymes. The stopped-flow assay of
CO, hydration enzymatic activity inhibition confirmed that the
compounds inhibited CAIX and CAII (Figure 3D,E). Inhibition
K; values are presented in Table 2 and Figure S2. The FTSA is a

convenient technique covering a significantly wider Ky range
than the SFA.*®

The experimental conditions slightly differed between FTSA
and SFA, and it is therefore not appropriate to directly compare
the Ky, and K;. However, the measured affinities were similar
in both techniques. Further analysis is based on FTSA data due
to its wider limits in identifying strong binders. Note that the
enzyme concentration limits the SFA’s ability to determine high-
affinity binders. For example, if we use a 10 nM concentration of
a CA isozyme, the lowest ICs, is S nM, half of the protein
concentration. Any compound with an ICy, stronger than S nM
would exhibit a dosing curve that appears as an ICsy of S nM.
Thus, compounds that possess single-digit nM or picomolar K,
cannot be distinguished by SFA.

Sulfonamide binding of CA is a pH-dependent reaction.
The water molecule bound to the CA zinc ion is replaced by the
deprotonated form of sulfonamide upon binding.”*** The
protonation forms required for the interaction exist at different
pHs: the CA-Zn(II)-H,O has the largest fraction at acidic pH
and the deprotonated sulfonamide has the largest fraction at
alkaline pH. Therefore, the measured affinity is always lower
than the intrinsic affinity. The intrinsic parameters are calculated
(see equations in the Experimental section) by knowing the pK,
of the CA zinc-bound water and the pK, of the sulfonamide
group (Table 1 and Figure S3). Experimental data of the
sulfonamide group pK, determination for compound 4b are
shown in Figure 4. Figure S3 shows the graphs of pK,
determination for the remaining compounds.

Intrinsic affinities are especially important in rational drug
design. It is not rare when a stronger affinity is observed not
because of the formed bonds but because of the substitutions
that lower the pK, of the sulfonamide group and thus increase
the fraction of the ready-to-bind form.?” Intrinsic parameters are
used to avoid misleading conclusions when comparing the
affinity of compounds for CAs.

Esters vs Benzamides. 4-sulfanyl-substituted esters 4a—d, f—
m were the largest (12 compounds) studied group of
compounds with the same framework. Compounds of this
group, even almost independently of the substituent, interacted
strongly and selectively with several CAs. Ky;,, of 4b for CAIX
was 0.0010 nM and it was the strongest interaction measured in
this study, CAXIII—0.090 nM and CAXIV—0.020 nM, with
others interacting much weaker. The size of the substituent was
critical in this interaction. CAIX has a larger active site than the
rest of the CAs.>' It was interesting that compound 4g
(adamantyl), which has a similar affinity for CAIX (Kg, =

626,27

Q* Q*“M Q*NM Q*
OSO OSO OSO D 0=

4a-d,f-m 5a-d,f,g,j-m 6b,c,e

7a,b,h,i,k-m

..@* ““m.Q* O.Q*
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8a,b,k-m 9a-d,h,i,l,m 10b,k-m
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Figure 1. Chemical structures of the compounds synthesized and investigated in this study. Compounds 1, 2, and 3 are the starting compounds of the

synthesis shown in Scheme 1.
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Table 1. Observed and Intrinsic (Kyp, and Ky ;,,) Dissociation Constants (in nM Units) of Investigated Compounds to All
Catalytically Active Human CAs at 37 °C Obtained by Fluorescent Thermal Shift Assay (FTSA)“
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Table 1. continued

| ow | ow | caw | cwa | cwe | o | cwn | cax | own | cwn | oww
o | 81 | 6o | s | e | 73 | 70 | 60 | e | e | s | so [ es
Compound e
abname | Aframeworkofthe srucure | posn 70 soon | aamw | 2aox | 2wk | eeex | soow | saw | e | oesw | seow | sosx | sanx
s Ko | s200000 | 1700 | 2200000 | 6200 | 2200000 | soo | 1500 | 200000 | soo | iseoo | as0 | ;0
iz
89 | 120% | ke | a0 ) 2| e so | ar | we | 32 | as|
a Ko | 2200000 | 71000 | 2200000 | 150000 | 2200000 | 2200000 | 2200000 | 2200000 | 100 | s2c0000 | 22000 | 20000
cisa
50 | oo | kew | uiso | 30| aaso | seo | w00 | e | e | 7m0 w| | w 7
- Ko | 2200000 | 5300 | 2200000 | 3200000 | 3200000 | 3200000 | 35000 | ss00 | ao00 | saoo00 | e | ew0
fss
50 | oo | Ko | ais0 2 | a0 | a0 | a0 | w0 = % P Y 2
100 Ko | 2200000 | 2200000 | 3200000 | 3200000 | 3200000 | 3200000 | 3200000 | 3200000 | 3200000 | 3200000 | s200000 | 2200000
e
e 9.0 0.99% | Kamr 21800 2880 2480 2560 21300 2990 2180 2770 2560 2770 21800 2770
¥819-8 $=
NH, 90 0.99% | Kawr 21800 2880 2480 2560 21300 2990 2180 2770 2560 2770 21800 620
o Kene | 2200000 | 2200000 | 2200000 | 2200000 | 220000 | 150000 | 2200000 | 2200000 | 2200000 | 2200000 | 2200000 | 2200000
Vo199
01 |07 | kew | uis0 | wm0 | w0 | aeso| w0 | e | a0 | e | wso | sew0 | suc0 [ s
1om Ko | 2200000 | 2200000 | 2200000 | 3200000 | 200000 | 3200000 | 3200000 | 3200000 | 3200000 | 3200000 | 3200000 | 2200000
vorss
85 | 120% | kew | w30 | a0 | a0 | a0 | o | oo | w0 | seo | a7 | ase | a0 | ase0
. K | 200 o | o000 | so| | 5 Al wm 7 -
NeZ N
| o Il e 70
5 S//
a
o6 | kew | o0 | e8| a0 ol s | ea|  aa| 2 2 s »

“Observed values were determined using SO mM sodium phosphate buffer at pH 7.0 containing 100 mM sodium chloride, 50 uM ANS dye, and
2% (v/v) DMSO. Kyj,s were calculated according to eq 1 (see the Experimental Section). Values with a “>” sign show that they are at the
detection limit of >200 000 nM of Kj ., according to the highest used ligand concentration. The intrinsic value limits vary for different CAs and
compounds due to differences in pK,. pK, sy — pK, of the sulfonamide group; pK, 4 — pK, value of water molecule bound to Zn(II) in the active
site of CA; AZM, acetazolamide (a standard inhibitor). "Not determined due to solubility issues or low intensity of the spectrum curves. The pK, sy

value was assigned based on similarities in chemical structure.

0=8=0
NH,
10b
Kgint (M)
CAll: > 880
CAIX >560
-

o 5= 0=5=0
NH, N, A,
5b 6b ab

120 14 0.49

0.20 0.19 0.0010
Affinity for CAIX

Figure 2. Compounds are arranged in the order of increasing affinity for CAIX. Compound 4b had the highest affinity and selectivity for CAIX. The
intrinsic dissociation constants (in nM units) are compared for CAIl and CAIX, while values for the remaining CAs are listed in Table 1.

0.0030 nM) to most of the compounds in this group, is a few
hundred times more selective for CAIX, whereas, for example,
4b (cyclohexyl) is only a few tens of times more selective for
CAIX and can be considered a strong binder to several undesired
CAs. On the other hand, the 4-methylsulfanyl- substituted
compound 4h is no longer selective. Thus, the hydrophobic
interaction made a significant contribution to affinity for CAIX,
and selectivity was mainly obtained by the size of the substituent
when the binding to CAIX was optimal and binding to other
CAs was limited by steric interference. Analogous benzamides
were much weaker binders of CAs. Most benzamides exhibited
no interaction with CAs. Nevertheless, all compounds in this
series bound to CAIX and were, in most cases, at least several
dozen times more selective for it than for other CAs.

Sulfanyl vs Sulfinyl vs Sulfonyl Compounds. Different forms
of sulfur oxidation led to drastically different affinities for CAs. A
higher degree of oxidation in these compounds weakened the

affinity. However, in our opinion, it was not the oxidation itself
that had the main influence, but rather the conformation of the
compound. The affinity of all sulfinyl- compounds with all CAs
was significantly weaker than analogous sulfanyl- compounds.
The decrease in affinity varied depending on the CA isozyme
and the substituents. Therefore, no generalized observations
could be made. For example, compound 7a did not bind to CAI
and CAVA, but the weak affinity was determined for CAIII, with
all other CAs the interactions were similar and did not exceed
more than 10-fold in most cases and there was no selectivity for
CAIX. Compounds 7b, 7h, and 7i did not bind or bind weakly
and nonselectively to all CAs. Except for 7b, it is bound only to
CAIX with 28 nM. The Ky, of compounds 7k, 71, and 7m were
0.63, 0.72, and 0.24 nM, respectively. Also, there was a similar
affinity for CAXIII and CAXIV and weaker for the other CAs.
From compounds 5(a—d, f, g, j—m) to 8(a, k—m) decreased
affinity for all CAs.

https://doi.org/10.1021/acs.jmedchem.5c01421
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Figure 3. Compound affinity was determined by two assays in this
study. (A) Chemical structures of two compounds whose binding data
are shown below. (B) and (C) Fluorescent thermal shift assay data
(FTSA) of compounds 4b (closed squares) and 7b (open circles)
binding to CAII and CAIX, respectively. (D) and (E) Stopped-flow
carbon dioxide hydration assay (SFA) data of compounds 4b (closed
squares) and 7b (open circles) inhibition of CAIl and CAIX,
respectively. The dissociation constants (K;) or inhibition constants
(K;) are given next to the corresponding curves. It is important to note
that the experimental conditions of the methods were slightly different:
FTSA, pH 7.0, 37 °C, while for SFA, pH 7.5, 25 °C.

Switching to sulfonyl compounds reduced the affinity and
abolished the selectivity for CAIX. 9b only bound to CAVIJ,
CAIX, CAXIIL, and CAXIV with Ky, 130, 320, 1100, and 680
nM, respectively. The most strongly interacting compound in
this series was 9i, e.g., Ky;,. of CAVI—1.7 nM, CAIX—3.2 nM
but also bound to other CAs quite similarly. Meanwhile,
compounds 10(b, k—m) did not bind to any isozymes, only a
couple of measurements showed a weak interaction.

4-Sulfanyl- vs 4-Amino-Substituted. Comparing Sb vs. 6b
and Sc vs. 6¢, in most cases, the dissociation constants differed

12, A §1 0 B
& RSO,NH, = RSO,NH"
1.0 :
g Zos
£08 g
8 Sos6
S06 s [80% .
2 2
04
o4 s
8
02 502
E
0 |5 o
250 300 350 400 7 8 9 10 1 12

Wavelength (nm)

Figure 4. Spectrophotometric determination of the sulfonamide group
deprotonation pK, for compound 4b. (A) Absorption spectra of
compound 4b in solutions at various pH at intervals of 0.5 pH units at
37 °C. (B) Normalized absorbance at 260 nm was plotted as a function
of pH, and the pK, value was determined as a midpoint of the curve.
The data points are the mean points of two repeats ((A) shows one
repeat for simplicity), with standard deviations. The pK, value of
compound 4b was 9.74 & 0.13 (+1.3%) with a confidence interval
[9.62—9.87] of 95%.

only a few times, and the constants for CAIX did not exceed the
margin of error. The S or N atom in the same position of the
compound almost did not change the affinity for all isozymes.
Compound 6e (cyclooctyl-substituted) selectively interacted
with CAIX, Ky, of CAIX—0.53 nM, CAXII—39 nM, and
CAXIV—12 nM. It did not bind to other CAs. Most likely the
selectivity was due to the size of the active site pocket.

X-ray Crystal Structures of Compound Binding to CAIll
and CAXIIL. Nine crystal structures were determined by X-ray
crystallography, the complexes of CAII with compounds 2, 3, 4¢,
4d, 4h, CAIX with 4d and Sb, and CAXIII with 4¢ and 4d. Table
3 lists the data collection and refinement statistics. Figure 5
shows the electron density maps of these compounds in the
active site of CAs. Two molecules of compound 4h were
identified in the active site of CAIL, one conventionally formed a
coordination bond between the sulfonamide group and zinc, and
the other was independently located near the periphery of the
active site. The localization of both separated molecules relative
to the same zinc is shown in Figure SE,F. The main highlights of
the identified protein—ligand interactions are described below
and illustrated in Figure 6.

Structures of 2 vs 3 Bound to CAll. Starting compounds 2
and 3 used in the synthesis differed by one substitution at the
meta position relative to the sulfonamide group, ester vs. amide.
Figure 6A,B shows the position of these compounds in the active
site of CAIL Both compounds retained the same position of the
sulfonamide group and the chlorine atom in the active site of

Table 2. Inhibition Constants and IC;, (in nM Units) of CAII and CAIX with Compounds Obtained by Stopped-Flow Carbon

Dioxide Hydration Assay (SFA) at 25 °C“

K, (nM)
compound CAIl CAIX
4a 25+ 13 54+0.5
4b 270 + 20 7.6 £ 0.5
4c 210 + 30 37 £35S
4d 120 + 10 S1+6
4h 9200 + S00 1300 + 200
7a 63+6 360 + 30
7b 64,000 + 7500 86,000 + 16,000
7h 3400 + 200 7600 + 700
9a 34,000 + 4000 3700 + 600

ICs, (nM)
CAIl CAIX
47 £2.6 12£0.5
530 + 40 16 £13
400 + 50 79+7
230 +20 110 + 12
18,000 + 1000 2700 =+ 400
120 + 12 760 + 60
100,000 + 10,000 200,000 + 30,000
6500 + 300 16,000 + 1600

65,000 + 7000 7800 + 1300

“Experiments were performed using 20 mM HEPES Na at pH 7.5, 20 mM Na,SO,, and 0.2 mM Phenol Red.

G
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PDB ID: 9FPT PDB ID: 9FPU PDB ID: 9FPQ PDB ID: 9FPR
i) CAIl - 4h ;
E @) C F ° (ii) CAIl - 4h G CAIX - 5b H CAIX - 4d

PDB ID: 9FPS PDB ID: 9FPS

PDB ID: 9R8Y
J K

CAXIll - 4c

PDB ID: 9R8X

CAXIll - 4d

PDB ID: 9FPV. PDB ID: 9FPW

Figure S. [F(0) — F(c)l omit maps at 30 in green for the investigated ligands in the active site of CAs. (A) CAII—2 (PDB ID: 9FPT), (B) CAII—3
(PDB ID: 9FPU), (C) CAIl—4c (PDB ID: 9FPQ), (D) CAIl—4d (PDB ID: 9FPR), (E) and (F) CAIl—4h (PDB ID: 9EPS; two ligand molecules
were identified, one bound directly to Zn in a conventional position, while the second was seen located nearby toward the edge of the active site), (G)
CAIX—5b (PDB ID: 9R8Y), (H) CAIX—4d (PDB ID: 9R8X), (J) CAXIII—4c (PDB ID: 9FPV), (K) CAXIII—4d (PDB ID: 9FPW). Omit maps
were taken from a refinement run of the final model without the ligand. Zinc is shown in blue.

Figure 6. X-ray crystal structures of (A) CAII—2 (PDB ID: 9FPT), (B) CAII—3 (PDB ID: 9FPU), (C) CAIl—4c (PDB ID: 9FPQ), (D) CAII—4d
(PDB ID: 9FPR), (E) and (F) CAIl—4h (PDB ID: 9FPS; two ligand molecules were identified, one bound directly (E) to Zn in a conventional
position, while the second is seen located nearby toward the edge (F) of the active site), (G) CAIX—5b (PDB ID: 9R8Y), (H) CAIX—4d (PDB ID:
9R8X), (J) CAXIII—4c (PDB ID: 9FPV), (K) CAXIII—4d (PDB ID: 9FPW). The yellow dashed line represents the hydrogen bond; the distances
are given in angstroms. The amino acids directly involved in hydrogen bond formation are labeled. Amino acids are colored according to
hydrophobicity:* the most intense red color represents the most hydrophobic amino acids.

CAIL The amide substituent formed multiple hydrogen bonds
with the amino acid side groups, while the ester was stabilized by
a network of hydrogen bonds through water molecules.
Presumably, a different network of hydrogen bonds pulled the

entire molecule slightly, so a partially rotated benzene ring was
observed in the crystal structure. No significant conformational
changes were observed in the amino acid chains of the active site
of CAIL However, the amide substituent of the compound was

I https://doi.org/10.1021/acs.jmedchem.5c01421
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PDB ID: 9FPS

© PDBID; 6QUT «

Figure 7. Unusual ligand positions in crystal structures of CAII (PDB ID: 9FPS) and CAIX (PDB ID: 6QUT, published previously”). The chemical
structures of the ligands are shown above the crystal structures. The crystal structures represent a view of the monomers and a zoomed-in view of the
active site. Zn(II) is shown as a pink sphere. Bound to Zn(II) inhibitor molecules are green and others are blue. (A) Monomer of CAII is shown in
surface mode and colored salmon. The symmetric chain is colored white. (B) In the case of CAIX, only the asymmetric unit is represented. Six inhibitor
molecules are bound to 4 CA IX chains. Chain C (orange) and chain D (salmon) have two inhibitor molecules, and chains A and B (beige) have one
molecule. In this case, the interaction of ligands between separate chains is visible.

not in one fixed position. Instead, 3 alternative conformations of
the substituent were identified in the structure. However, it
should be noted that this substituent has a poor electron density,
likely due to its high flexibility. Consequently, its exact
arrangement cannot be determined.

Structures of CAIll with Chlorine-Substituted (2, 3) vs
Sulfanyl-Substituted (4c, 4d, and 4h). The position of ortho-
sulfanyl and chlorine-substituted compounds in the CAII active
site differed significantly. The entire sulfanyl-substituted
molecule was shifted to avoid steric interference but maintained
a similar distance between the sulfonamide group’s nitrogen and
the enzyme’s zinc compared to the chlorine-substituted
compound. Meanwhile, the studied ortho-substituted com-
pounds occupied similar positions, and the ester groups of all
three compounds formed a hydrogen bond with Asn62.
Notably, the electron density of all inhibitor molecules is well-
defined.

Structures of CAll vs CAIX and CAXIIl with Bound Sulfanyl-
Substituted (4c and 4d or 5b). Figure 6 shows the interactions
between CAII with compounds 4c and 4d (Figure 6C,D), CAIX
with 4d (Figure 6H), and CAXIII with compounds 4c and 4d
(Figure 6],K). One of the main differences was in the formed
hydrogen bonds. The oxygen of the ester group of the
compound formed a direct hydrogen bond with Asn62 in the
active site of CAIL. Meanwhile, a hydrogen bond is formed in the
active site of CAIX and CAXIII through a water molecule with
GIn70 and Asn6S or Ser64 and Asn69, respectively. Asn62 in
CAII, Asn6S in CAIX, and Asn69 in CAXIII differ only by the
numbering but correspond to the same position.

Incidentally, compound Sb CAIX also forms the same
hydrogen bond through a water molecule, and the entire
molecule adopts a similar conformation. Notably, the electron
density of the 17 amino acids at the N-terminus of both X-ray
crystal structures of CAIX is not defined as expected. These
amino acids fold in their 3D structure to form the active site of
the protein. This side of the active site is called the hydrophilic
part. This suggests that the bound ligand pushes these amino
acids to fit fully into the active site. When comparing these
structures (PDB ID: 9R8X and 9R8Y) with those existing in the

PDB (e.g, PDB ID: 3iai), the clash between ligand and Tyr7 is
seen without changing their arrangement.

It is important to emphasize that both 4c and 4d have very
poor electron density in the CAXIII active center, so the
arrangement of the compound should be evaluated more
cautiously. On the other hand, a comparison of the structures
shows that compound 4d is more similarly located in the active
sites of CAII and CAXIIL, while in CAIX, it is shifted toward the
hydrophilic side, which, as mentioned, is not fully visible in the
X-ray structure.

Atypical Binding Position. The structure 9FPS was unique
because two ligand molecules were identified as bound in the
active site. One molecule was bound classically and formed a
coordination bond with the zinc ion. The second formed a
hydrophobic interaction with the first molecule, and hydrogen
bonds with water molecules located toward the edge of the
active site. This could be a crystallo&raphic artifact or a
secondary interaction with the protein.’> A previous publica-
tion” identified a similar case with CAIX (PDB ID: 6QUT)
(Figure 7). In that case, the molecules interacted in the active
site and among themselves between the chains in an asymmetric
unit. This case with CAII was different because the two chains
had no interaction between ligand molecules. The active sites of
symmetric chains were not oriented face-to-face. The atoms of
the second nonclassical ligand were further than SA from the
amino acids of the symmetric chain.

Molecular Docking. To understand the differences in the
binding affinities of series 4, 7, and 9 ligands, they were docked
into CAII, except for 4e and 4f, containing large, flexible rings
that are challenging to dock. Series 4 ligands were also docked
into CAIX and CAXIII, to compare with crystal structures and
thus assess the docking accuracy. To reduce bias, different
receptors (PDB IDs — CAIIL: 3HS4; CAIX: 6G9U, chain A;
CAXIII: 4KNN, chain A) were chosen instead of the new X-ray
structures presented in this paper.

To mimic the donor—acceptor bond between the zinc ion and
the sulfonamide nitrogen of the ligand, we employed con-
strained docking using the Smina program.” The constraint
forced the sulfonamide nitrogen to maintain its original position
in the X-ray structure. The generated poses were afterward

https://doi.org/10.1021/acs.jmedchem.5c01421
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rescored using the Vinardo scoring function.®® Vina®® and
GNINA®’ Machine-learning-based scoring functions were
found to be inferior to Vinardo for this system, and therefore
only the latter was employed for further analysis. The pose with
the best rescored affinity that matched the X-ray conformation
of the benzenesulfonamide moiety was then chosen as the
representative best docked structure (in all cases, for ligand 4
series, it was ranked 1 by Vinardo, except for 4j, where the
correct benzenesulfonamide conformation was ranked 3). The
best docked poses for CAII are shown in Figure 8A. The Pearson

B 157
Té -20 7 CAIX - series 4
S ] (<]
2 257 b
3 ]
= 1 L
5 30 g
o 3
8 -3 B CAIL- series 4

-40 1
J¥ CAll-series 4 70 -65 -60 -55 -50 -45

Experimental, kJ/mol

Figure 8. (A) Docked series 4 ligands (see main text for details)
superposed onto the X-ray structure of 4c (PDB ID: 9FPQ; rendered
using ball-and-stick representation) in a complex with CAIL Note that
hydrophobic substituents stack against the Phel31 side chain. (B)
Computed ligand binding affinities to CAII (circles) and CAIX
(squares) using Vinardo scoring function plotted against the
experimental binding affinities—intrinsic Gibbs energy changes. The
Pearson correlations R of the plotted points are 0.87 for CAII and 0.66
for CAIX. The large difference between the computed and experimental
binding affinities is because the Vinardo scoring function does not take
into account the interaction with zinc. However, it can be assumed to be
approximately equal for all ligands.

correlation coefficient R with the experimental intrinsic binding
affinities to CAII for the best docked poses was 0.87. Figure 8B
plots the corresponding computed and experimental binding
affinities for CAII and CAIX (values listed in Table SI in the
Supporting Information). Notably, for CAII, the scoring
function correctly predicts the best binder, 4m, and the four
worst binders (4g—j). The panel also shows the correspondence
between the experimental and predicted binding affinities for
CAIX, with R = 0.66.

Validation of the Docking Protocol via Comparison with
the X-ray Structures. The proposed docking and scoring
protocol was further validated by comparing the predicted
docked poses of some of the ligands with their conformations in
the newly reported X-ray structures. Figure S4A—C shows the
ranked poses of ligands 4c, 4d, and 4h compared against their X-
ray conformations in the complex with CAIL The heavy atom
Root Mean Square Deviation (RMSD) between the docked and
X-ray conformation is 2.03, 3.13, and 0.46 A, respectively. For
the first two ligands, however, the rank 2 conformations are close
to the X-ray conformation (4c: 0.61 A; 4d: 0.67 A, see Figure
S4A,B).

To further validate the chosen docking protocol, 4d and Sb
were docked into CAIX (PDB ID: 6G9U, chain A). The best-
scored poses after reranking using Vinardo are shown in Figure
SS. The corresponding heavy atom RMSDs for 4d and $b are
2.18 and 0.92 A, respectively, and despite the RMSD for 4d
being above 2 A, the binding mode is captured by the docking
reasonably well, especially since the receptor used for docking
was originally bound to a ligand from a chemically different
series.

Compounds 4¢ and 4d were also docked into the CAXIII
receptor (PDB ID: 4KNN, chain A). Similarly to CAIX, the
docking protocol picked the docked pose with the approx-
imately correct binding mode (with RMSDs equal to 1.90 and
0.95 A, respectively) (Figure S6).

Docking of Series 7 and 9 Compounds. Since series 4
compounds using the docking protocol described above can
reproduce the scaffold rather well and generally seem to stack
the hydrophobic substituents reasonably, we applied a similar
procedure by docking series 9 ligands into CAII as a model
protein, in hopes that it will help to explain a difference between
the binding affinities of series 4 and 9. Docking using the same
protocol led to comparable binding affinities between the two
series (not shown). However, experiments indicate that 9 binds
worse by several orders of magnitude, and rescored constrained
pose affinities for this series exhibit practically no correlation
with the experiment (R = 0.12). A careful examination of the
docking results for series 9 revealed the source of the poor
binding affinities and the poor performance of the docking score.
Figure 9A displays the best ranking pose of 9a. While the phenyl
substituent of 9a stacks well with Phel31 side chain, the two
sulfonyl moieties exhibit an apparent clash against each other.

To further explore this clash, we ran simulations of a simple
compound 2-(methylsulfonyl)benzenesulfonamide containing
sulfonamide and methylsulfonyl groups at the ortho-positions on
abenzene ring. The lowest energy conformer for this compound
was generated using CREST software®® using semiempirical
GFN2-xTB wave function,” and afterward reoptimized in the
implicit solvent using the Density Functional Theory (DFT)
approach with the GAMESS-US program.** In the lowest
energy conformer, sulfonamide nitrogen forms a hydrogen bond
with the sulfonyl oxygen at the ortho position (Figure 9B,
bottom). The approximate conformational energy of the docked
conformation was also computed using DFT, keeping frozen the
sulfonamide S—N and methylsulfonyl S—C bond torsional
angles for the benzene ring, and optimizing the rest of the 2-
methylsulfonylbenzenesulfonamide molecule (Figure 9B, top).
The freezing of the select torsions was necessary because the
DFT calculation lacks the protein environment that keeps them
at certain values seen in docking. The energy difference between
the lowest energy and the docked conformers in Figure 9B was
53.8 kJ/mol. It became clear that the used scoring function did
not report a correct binding energy of the conformation in
Figure 9A because the Vinardo scoring function neither takes
into account the change of the ligand conformation when going
from the solution into the receptor, nor the ligand intra-
molecular energy (in fact, none of the several built-in scoring
functions in Smina do). This means that in the conformation
shown in Figure 9A the 2-methylsulfonyl group must rotate to
avoid the rather severe clash with the sulfonamide oxygens
(Figure 9B, top), and by doing so the hydrophobic substituent
rotates away from Phel3l, potentially yielding other clashes
with the protein and leading to the poor binding energies.

Series 7 compounds are more complex to investigate because
two enantiomers of the S atom of sulfinyl exist (Figure 9C,D).
‘We will explore the behavior of sulfinyl-containing series 7 using
compound 7a as an example. One of its docked enantiomers,
(S)-7a forms sulfonyl-sulfinyl clash (Figure 9C and the top left
part of Figure 9D) similar to what we found for 9a. The docked
(R)-7a enantiomer is about 1.7 times more stable compared to
the (S)- enantiomer because of the lack of the clash (Figure
9D,F). Calculations also show that in the absence of the protein,
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Figure 9. Best ranking docked pose of 9a, (S)-7a, (R)-7a, and 4a in the
active site of CAII as a model protein. (A) Best-ranking docked pose of
9a. While the phenyl substituent stacks well with the Phe131 side chain,
the two SO, moieties presumably clash. (B) Two conformations of 2-
(methylsulfonyl)benzenesulfonamide: Top: conformation with two
benzene-to-S bond dihedrals constrained so that it is similar to the
docked conformation in (A); bottom: lowest energy conformation with
an intramolecular H-bond that is likely to be found in solution. The
energy difference between the two rotamers computed using density
functional theory is 53.8 kJ/mol. The fact that the used scoring function
does not take into account this difference explains why the calculated
affinities (not shown) do not match the experimental values. (C), (E)
Best-ranked docked conformations of (S)- and (R)-7a, correspond-
ingly. (D), (F) Top: the conformations 2-(methylsulfinyl)-
benzenesulfonamide, matching the docked geometries in (C) and
(E). Bottom: The lowest energy conformer with an intramolecular H-
bond, presumably existing in solution. The docked (R)- enantiomer is
much more stable due to the lack of clashes present in the docked (S)-
enantiomer. (G) Best-ranking docked pose of 4a. (H) Two
conformations of 2-methylsulfanylbenzenesulfonamide: Top: the
optimized with constraints conformation matching the docked
conformation; bottom: The lowest energy conformer. Compared
with the sulfinyl- and sulfonyl-forms, the docked conformation for the
sulfanyl analog is the most stable, which is also reflected in the binding
affinities.

the preferred conformation 7a (of either chirality) has an
intramolecular H-bond (Figure 9D,F, bottom).

For comparison, we also used DFT calculations of the 2-
methylsulfanylbenzenesulfonamide molecule to estimate the
stability of the docked 4a (Figure 9G), which does not seem to
exhibit clashes. Comparison of Figure 9B,D,F,H shows that the
docked conformer 4a is ~1.5 times more stable than the most
stable docked conformer of 7a and nearly 3 times more stable
than docked 9a, corresponding to the experimentally
determined binding affinities that are best in series 4, followed
by 7 and 9. Interestingly, calculations suggest that one reason for
the relative stability of docked 4 is the lack of the intramolecular
hydrogen bond in solution (Figure 9H, bottom), and this
observation could be potentially used in designing better binders
for carbonic anhydrases, or even other receptors.

H DISCUSSION

Recognition of the pockets on the protein surface by small-
molecule ligands is still rather poorly understood, and it is not
possible to accurately calculate the thermodynamic binding
parameters.*’ Primary sulfonamide compounds are known to
inhibit CA isozymes by binding to the catalytic Zn(II). Chemical
variation of the remaining molecule often has a limited influence
on binding affinity and selectivity. However, some chemical
changes made near the sulfonamide group have a significant
impact and may change the behavior from strong binder to
completely undetectable binding. To investigate this phenom-
enon, we synthesized ortho-substituted benzenesulfonamides,
determined their binding affinity to all catalytically active
isoforms of human carbonic anhydrases, obtained crystal
structures with CAII, CAIX, and CAXIII, and performed
molecular docking. Different oxidation forms of the linker at the
ortho position were used: —S—, —SO—, and —SO,—.
Compounds with —=SO— or —SO,— linker were much weaker
binders to any CA isozyme than compounds with the —S—
linker. Several reasons could cause this. First, a substituent with a
higher oxidation state exhibits a stronger electron-withdrawing
effect, thus lowering the pK, of the amine of the sulfonamide
group and causing stronger binding. Second, the linker oxygen
atoms may prevent the easier rotation of the ligand molecule
bonds and prevent conformational changes needed for the
ligand to adapt to the protein surface. Third, the oxygen atoms
take additional space, and the steric hindrance could be an
essential factor in diminishing the binding affinity.

To test the electron-withdrawing effect, the pK, values of
compounds were determined experimentally. The pK, of
compounds containing —S— linker was almost an entire pH
unit higher than compounds with linkers —SO— or —SO,—.
Sulfonamides bind to CA in their negatively charged
deprotonated form.** Therefore, the lowering of sulfonamide
pK, increases the fraction of the binding-ready deprotonated
sulfonamide and thus increases the observed affinity. This effect
is simply the effect of compound availability in the proper form.
To eliminate this misleading increase in affinity, we subtract the
fraction effects and calculate the intrinsic affinity. The intrinsic
dissociation constants of all compounds are provided next to the
observed values in the table. In all cases, the intrinsic affinities are
higher than the observed ones. The intrinsic values show the
‘real’ affinities between the binding components in the binding-
ready protonation state. These values should be used in drug
design to explain the structure—function relationship of the
compound effects and not the experimentally observed ones.
However, the experimentally observed affinity values show the
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affinities observed by any experimental technique, and the values
are biologically relevant. They should be used to calculate the
bound fractions and drug effect at particular conditions.

Furthermore, the compounds with a higher oxidation state
(7a, b, h, i, k—m and 9a—d, h, i, , m) did not bind or bind with
lower affinity than compounds 4a—d, f—m. Even the
compounds 7h and 9h with the smallest methyl substituent
did not match the sulfanyl compound 4h in affinity. The main
reason for this was the allowed conformations of the
compounds, which were calculated using quantum Density
Functional Theory (DFT). The oxygen atoms limited both the
flexibility of the molecule in finding the optimal position and
acted as a steric hindrance. The present study shows that the
ortho modifications had a more significant effect than the para
variations.”'

The highest affinity for CAIX in this study was exhibited by
compound 4b (methyl 4-cyclohexylsulfanyl-3-sulfamoylben-
zoate). Previously we have designed similar compounds bearing
2-chloro or 2-bromo substituents that exhibited slightly higher
affinity for CAIX.>® Here, we have intentionally omitted the
halogen atoms to synthesize the ortho-substituted compounds
more easily and explore the binding without halogens. It was also
easier to synthesize compounds with an amide substituent in the
meta position. The length of these amide-substituted com-
pounds was of limited importance in the previous study but had
a significant influence on this study, likely due to reasons of steric
hindrance.

Sulfonamide compounds usually bind to CA isozymes by
forming a coordination bond between the Zn(II) and
sulfonamide amino groups. This bond significantly increases
the affinity, but is not necessary for binding to occur.** Removal
of the metal or change of the metal with another demonstrated
that the coordination bond contribution is additive and metal-
dependent. Strongly binding compounds like brinzolamide to
CAII also bind to the Zn-free apoCAIL The energy contribution
of the coordination bond could be determined by using a metal-
exchange approach.

In the crystal structure of compound 4h bound to CAII, two
well-resolved compound molecules were bound in the active
site. The first was bound in a conventional way forming a
coordination bond with the Zn(II), but the second was bound to
the protein residues without forming a coordination bond with
the Zn(II). This second compound molecule did not bind solely
due to crystal-forming effects because it did not bind to the
second protein molecule. Therefore, the binding of the second
molecule is likely not an artifact. However, the presence of the
second molecule in the crystal structure does not mean that it is
bound as strongly, nor that we can measure its binding affinity
experimentally. Binding assays showed that the stoichiometry
here was 1:1, and the affinity of the second molecule was likely
weak compared to the first one. Compound concentration in the
crystallization experiments was relatively high, millimolar, thus
the second molecule could be seen in the crystal structure even if
the K, was in the millimolar range and therefore not interfering
in any binding assays. This also means that the second molecule
is biologically irrelevant and would not play an essential role in
drug design.

B CONCLUSIONS

The strategy to acidify the pK, of ortho sulfanyl-substituted
benzenesulfonamides by oxidation, with the goal of increased
affinity to CA, yielded an unexpected drop of affinity in the order
of hundreds of thousands of times. Small changes in chemical

structures influenced the flexibility of the molecule’s sub-
stituents and steric restrictions on interactions with proteins.
Furthermore, some minor changes led to the discovery of novel
CAIX inhibitors with high affinity and selectivity.

B EXPERIMENTAL SECTION

Organic Synthesis. All starting materials and reagents were
commercial products used without further purification. Melting points
of the compounds were determined in open capillaries on a Thermo
Scientific 9100 Series and are uncorrected. 'H and *C NMR spectra
(Figure S7) were recorded on a (400 and 100 MHz, respectively)
spectrometer in DMSO-dg using residual DMSO signals (2.52 and
40.21 ppm for 'H and '3C NMR spectra, respectively) as the internal
standard. TLC was performed with silica gel 60 F254 aluminum plates
(Merck) and visualized with UV light. Column chromatography used
silica gel 60 (0.040—0.063 mm, Merck). High-resolution mass spectra
(HRMS) were recorded by an Agilent TOF 6230 equipped with an
Agilent Infinity 1260 HPLC system (Agilent Technologies). HPLC
verified the purity of final compounds to be >95% (Figure S8) using the
Agilent Infinity 1260 instrument with a ZORBAX Eclipse Plus C18
Rapid Resolution 4.6 X 100 mm 3.5 um column, ZORBAX Eclipse
Plus-C18 4.6 X 12.5 mm 5.0 ym analytical guard column, eluents A —
20 mM ammonium acetate (pH = 6.9 of unadjusted solution) and B —
100% MeOH was used. HPLC gradient elution with a flow rate of 0.80
mL/min was used, B gradient: 0—10 min 55—95%, 10—14 min 95%.
UV detection was recorded at 254 nm. Figure S9 contains ESI-MS
spectra of representative compounds.

Methyl 4-Chloro-3-sulfamoyl-benzoate (2). 4-chloro-3-sulfamoyl-
benzoic acid 1 (1.78 g, 7.55 mmol, Sigma-Aldrich) was refluxed in
MeOH (30 mL) with concentrated H,SO, (0.3 mL) for 8 h. The
reaction mixture was concentrated under reduced pressure. Residue
was filtered, washed with H,O and crystallized from H,0:MeOH(4:1).
Yield: 1.70 g, 91%, mp 129—130 °C (Literature** mp 124—125 °C).

'H NMR (400 MHz, DMSO-d) & ppm: 3.91 (s, 3H, CH,0), 7.80
(d,] = 8.4 Hz, 1H, ArH), 7.84 (s, 2H, SO,NH,), 8.14 (dd, ] = 8.4 Hz, ] =
2.1 Hz, 1H, ArH), 8.52 (d, ] = 2.1 Hz, 1H, ArH).

N-Butyl-4-chloro-3-sulfamoyl-benzamide (3). The mixture of 4-
chloro-3-sulfamoylbenzoic acid 1 (500 mg, 2.12 mmol), SOCL, (0.616
mL, 8.48 mmol), and one drop DMF in toluene (6.0 mL) was refluxed
for four h. Excess SOCI, and toluene were removed by distillation under
reduced pressure. The crude acid chloride was dissolved in THF (20
mL) and added dropwise to a solution of N-butylamine (0.591 mL, 6.0
mmol) in THF (20 mL) at 0 °C and allowed stirring for one h. The
mixture was warmed to room temperature and stirred for another 4 h.
THF was removed under reduced pressure. The crude product was
crystallized from H,0. Yield: 492 mg, 80%, mp 172—173 °C (lit.** mp
171-172 °C).

'H NMR (400 MHz, DMSO-dg) & ppm: 092 (t, ] = 7.3 Hz, 3H,
CH,CH,), 1.37 (sextet, ] = 7.3 Hz, 2H, CH,CHj,), 1.54 (quint, ] = 7.3
Hz, 2H, CH,CH,CH,), 329 (q, ] = 6.8 Hz, 2H, CH,NH), 7.72 (s, 2H,
SO,NH,), 7.77 (d, ] = 8.2 Hz, 1H, ArH), 8.04 (dd, ] = 8.2 Hz, ] = 2.0
Hz, 1H, ArH), 8.45 (d, ] = 2.0 Hz, 1H, ArH), 8.77 (t, ] = 5.5 Hz, 1H,
NH).

General Procedure for the syntheses of 4a—d, f, g, i—m. The
mixture of methyl 4-chloro-3-sulfamoylbenzoate 2 (285 mg, 1,14
mmol), DMF (4.0 mL), appropriate thiol (1.25 mmol), and K,CO;
(630 mg, 4,56 mmol) was heated at 80 °C for 4—6 h in an inert
atmosphere (argon). The mixture was cooled to room temperature, and
10 mL of H,O was added. The product was extracted with EtOAc (3 X
8 mL). The organic layer was washed with H,O, dried over anhydrous
MgSO,, filtered, and concentrated under reduced pressure.

Methyl 4-Phenylsulfanyl-3-sulfamoyl-benzoate (4a). The product
was purified by flash chromatography on silica gel (CHCl;:EtOAc, 6:1).
Yield: 303 mg, 82%, mp 155156 °C. (lit.** mp 154—157).

'H NMR (400 MHz, DMSO-dg) 8 ppm: 3.86 (s, 3H, CH,0), 7.00
(d, J = 84 Hz, 1H, ArH), 7.55-7.62 (m, SH, ArH), 7.74 (s, 2H,
SO,NH,),7.93 (dd, J = 8.4 Hz, ] = 1.9 Hz, 1H, ArH), 8.46 (t, ] = 1.9 Hz,
1H, ArH).
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3C NMR (100 MHz, DMSO-dg) 6 ppm: 52.9, 126.8, 129.0, 129.2,
130.5, 130.8, 131.0, 132.6, 135.5, 140.8, 144.2, 165.4.

HRMS caled for C,H;3NO,S, [(M+H)*]: 324.0359, found:
324.0354.

Methyl 4-Cyclohexylsulfanyl-3-sulfamoyl-benzoate (4b). The
product was purified by flash chromatography on silica gel
(CHCL:EtOAc, 7:1). Yield: 315 mg, 84%, mp 119—120 °C.

'H NMR (400 MHz, DMSO-d;) & ppm: 1.26—1.99 (m, 10H, CH
cyclohexyl), 3.61 (m, 1H, CHS), 3.88 (s, 3H, CH;0), 7.47 (s, 2H,
SO,NH,), 7.74 (d, ] = 8.4 Hz, 1H, ArH), 8.04 (dd, ] = 8.3 Hz, J = 1.9
Hz, 1H, ArH), 8.43 (d, ] = 1.9 Hz, 1H, ArH).

13C NMR (100 MHz, DMSO-dy) 8 ppm: 25.7, 25.8, 32.5, 44.4, 52.9,
100.0, 125.9, 129.1, 132.3, 141.7, 142.8, 165.6.

HRMS caled for Cy,H;oNO,S, [(M+H)*]: 330.0828, found:
330.0833.

Methyl 4-Benzylsulfanyl-3-sulfamoyl-benzoate (4c). The product
was purified by flash chromatography on silica gel (CHCL,:EtOAc, 6:1).
Yield: 211 mg, 55%, mp 135—136 °C.

'H NMR (400 MHz, DMSO-dy) & ppm: 3.88 (s, 3H, CH;0), 4.43
(s, 2H, CH,S), 7.29—7.37 (m, 3H, ArH), 7.51—7.53 (m, 2H, ArH),
7.58 (s, 2H, SO,NH,), 7.74 (d, ] = 8.3 Hz, 1H, ArH), 8.02 (dt, ] = 8.3
Hz, ] = 1.7 Hz, 1H, ArH), 8.42 (t, ] = 2.2 Hz, 1H, ArH).

13C NMR (100 MHz, DMSO-dy) 8 ppm: 36.4, 52.9, 125.9, 127.7,
128.0, 128.9, 129.0, 129.8, 132.2, 136.0, 140.7, 143.7, 165.6.

HRMS caled for C;sH;sNO,S, [(M+H)"]: 338.0515, found:
338.0517.

Methyl 4-(2-Phenylethylsulfanyl)-3-sulfamoyl-benzoate (4d).
The product was purified by flash chromatography on silica gel
(CHCI3:EtOAG, S:1). Yield: 332 mg, 83%, mp 146—147 °C.

'H NMR (400 MHz, DMSO-dq) & ppm: 2.99 (t, ] = 7.5 Hz, 2H,
CHL,Ph), 3.41 (t, ] = 7.5 Hz, 2H, CH,S), 3.88 (s, 3H, CH,0), 7.23—
7.34 (m, SH, ArH), 7.51 (s, 2H, SO,NH,), 7.73 (d, J = 8.4 Hz, 1H,
ArH), 8.05 (dd, J = 8.4 Hz, ] = 1.8 Hz, 1H, ArH), 8.43 (d, ] = 1.8 Hz, 1H,
ArH

3C NMR (100 MHz, DMSO-d,) & ppm: 33.4, 34.3, 52.9, 125.8,
1269, 127.8, 128.8, 128.9, 129.1, 132.4, 140.2, 141.,0, 143.6, 165.6.

HRMS caled for C;H,,NO,S, [(M+H)*]: 352.0672, found:
352.0675.

Methyl 4-Cyclododecylsulfanyl-3-sulfamoyl-benzoate (4f). The
product was purified by flash chromatography on silica gel
(CHCI;:EtOAG, 10:1). Yield: 203 mg, 43%, mp 167—168 °C.

'H NMR (400 MHz, DMSO-d;) & ppm: 1.32—1.59 (m, 20H, CH
cyclododecyl), 1.76 (m, 2H, CH cyclododecyl), 3.66 (m, 1H, CHS),
3.88 (s, 3H, CH;0), 7.47 (s, 2H, SO,NH,), 7.70 (d, J = 8.4 Hz, 1H,
ArH), 8.07 (dd, = 8.4 Hz, ] = 2.0 Hz, 1H, ArH), 8.44 (d, ] = 2.0 Hz, 1H,
ArH).

13C NMR (100 MHz, DMSO-d) § ppm: 22.0, 23.2, 23.3, 24.0, 24.2,
29.2,43.5, 52.9, 125.9, 129.0, 129.2, 132.3, 142.0, 143.2, 165.6.

HRMS caled for CyH;NO,S, [(M+H)"]: 414.1767, found:
414.1773.

Methyl 4-(1-Adamantylsulfanyl)-3-sulfamoyl-benzoate (4g). The
product was purified by flash chromatography on silica gel
(CHCI5:EtOAG, 10:1). Yield: 173 mg, 40%, mp 189—190 °C.

'H NMR (400 MHz, DMSO-ds) & ppm: 1.63 (br s, 6H, CH
adamantanyl), 1.98 (br s, 6H, CH adamantanyl), 2.00 (br s, 3H, CH
adamantanyl), 3.90 (s, 3H, OCH3), 7.40 (s, 2H, SO,NH,), 7.87 (d,] =
8.0 Hz, 1H, ArH), 8.08 (dd, ] = 8.0 Hz, ] = 2.0 Hz, 1H, ArH), 8.53 (d, ] =
2.0 Hz, 1H, ArH).

3C NMR (100 MHz, DMSO-dy) 5 ppm: 30.1, 35.9, 43.8, 52.2, 53.0,
128.8, 128.9, 131.8, 137.7, 137.9, 147.0, 165.5.

HRMS caled for CgH,NO,S, [(M+H)*]: 382.1141, found:
382.1144.

Methyl 4-Propylsulfanyl-3-sulfamoyl-benzoate (4i). The product
was purified by flash chromatography on silica gel (CHCI;:EtOAg, S:1).
Yield: 202 mg, 61%, mp 111-112 °C.

'H NMR (400 MHz, DMSO-d) § ppm: 1.05 (t, J = 7.3 Hz, 3H,
CH,CH,), 1.71 (quint, J = 7.3 Hz, 2H, CH;CH,), 3.11 (t, ] = 7.3 H,
2H, CH,S), 3.88 (s, 3H, CH,0), 7.54 (s, 2H, SO,NH,), 7.65 (d,] = 8.3
Hz, 1H, ArH), 8.04 (dd, ] = 8.3 Hz, ] = 1.9 Hz, 1H, ArH),8.43 (d,] = 1.9
Hz, 1H, ArH).

3C NMR (100 MHz, DMSO-d¢) & ppm: 13.8, 21.7, 33.9, 52.8,
125.6, 127.5, 128.9, 132.3, 140.9, 144.1, 165.6.

HRMS caled for C;;H;sNO,S, [(M+H)*]: 290.0515, found:
290.0519.

Methyl 4-tert-Butylsulfanyl-3-sulfamoyl-benzoate (4j). The prod-
uct was purified by flash chromatography on silica gel (CHCI;:EtOAc,
5:1). Yield: 214 mg, 62%, mp 124—125 °C.

"H NMR (400 MHz, DMSO-d;) & ppm: 1.43 (s, 9H, CH3), 3.90 (s,
3H, CH;0), 7.43 (s, 2H, SO,NH,), 7.91 (d, ] = 8.2 Hz, 1H, ArH), 8.11
(dd, J = 82 Hz, ] = 2.0 Hz, 1H, ArH), 8.52 (d, J = 2.0 Hz, 1H, ArH).

3C NMR (100 MHz, DMSO-d,) & ppm: 31.6, 49.6, 53.0, 128.4,
128.9, 132.0, 1362, 140.0, 146.1, 165.5.

HRMS caled for C,H;NO,S, [(M+H)*]: 304.0672, found:
304.0671.

Methyl 4-Isopentylsulfanyl-3-sulfamoyl-benzoate (4k). The prod-
uct was purified by flash chromatography on silica gel (CHCI;:EtOAc,
S:1). Yield: 265 mg, 74%, mp 92—93 °C.

"H NMR (400 MHz, DMSO-d,) 5 ppm: 0.94 (d, ] = 6.6 Hz, 6H,
CH,), 1.57 (td, ] = 7.8 Hz, ] = 6.8 Hz, 2H, CH,CH), 1.76 (m, 1H, CH),
3.11 (t, J = 7.8 Hz, 2H, CH,S), 3.88 (s, 3H, CH,0), 7.52 (s, 2H,
SO,NH,), 7.67 (d, ] = 8.4 Hz, ArH), 8.05 (dd, ] = 8.4 Hz, ] = 2.0 Hz,
1H, ArH), 8.42 (d, ] = 2.0 Hz, 1H, ArH).

13C NMR (100 MHz, DMSO-dg) 8 ppm: 22.6, 27.5, 30.2, 36.9, 52.8,
125.6, 127.5, 128.9, 132.3, 140.9, 144.1, 165.6.

HRMS caled for C3H;oNO,S, [(M+H)"]: 318.0828, found:
318.0833.

Methyl 4-Cyclopentylsulfanyl-3-sulfamoyl-benzoate (4l). The
product was purified by flash chromatography on silica gel
(CHClI5:EtOAg, 8:1). Yield: 259 mg, 72%, mp 106—107 °C.

'H NMR (400 MHz, DMSO-dg) & ppm: 1.55—1.65 (m, 4H, CH
cyclopentyl), 1.73—1.78 (m, 2H, CH cyclopentyl), 2.18—2.23 (m, 2H,
CH cyclopentyl), 3.84—3.92 (m, 4H, CH;0 and CHS), 7.50 (s, 2H,
SO,NH,), 7.72 (d, ] = 8.4 Hz, 1H, ArH), 8,04 (dd, J = 8.4 Hz, ] = 2.0
Hz, 1H, ArH), 8.42 (d, ] = 2.0 Hz, 1H, ArH).

3C NMR (100 MHz, DMSO-d¢) § ppm: 25.1, 33.3, 43.9, 52.8,
125.5, 128.4, 128.9, 132.3, 140.8, 144.7, 165.6.

HRMS caled for C;3H,NO,S, [(M+H)']: 316.0672, found:
316.0677.

Methyl 4-(1-Naphthylsulfanyl)-3-sulfamoyl-benzoate (4m). The
product was purified by flash chromatography on silica gel
(CHCI:EtOAc, 8:1). Yield: 281 mg, 66%, mp 187—188 °C.

'H NMR (400 MHz, DMSO-dg) & ppm: 3.83 (s, 3H, CH,0), 6.64
(d, ] = 8.4 Hz, 1H, ArH), 7.54—7.64 (m, 2H, ArH), 7.69 (m, 1H, ArH),
7.74 (dd, J = 8.4 Hz, ] = 2.0 Hz, 1H, ArH), 7.93 (s, 2H, SO,NH,), 8.04—
8.15 (m, 3H, ArH), 8.22 (d, ] = 8.3 Hz, 1H, ArH), 8.49 (d, J = 2,0 Hz,
1H, ArH).

13C NMR (100 MHz, DMSO-dg) 6 ppm: 52.9, 125.6, 126.7, 126.9,
127.3, 127.5, 128.4, 128.5, 129.1, 129.6, 132.2, 132.5, 133.8, 134.8,
136.8, 140.4, 143.9, 165.4.

HRMS caled for CgH;sNO,S, [(M+H)"]: 374.051S, found:
374.0511.

Methyl 4-Methylsulfanyl-3-sulfamoyl-benzoate (4h). The mixture
of methyl 4-chloro-3-sulfimoylbenzoate 2 (308 mg, 1,23 mmol),
DMSO (4.0 mL), sodium methanethiolate (259 mg, 3.69 mmol), and
K,CO; (509 mg, 3.69 mmol) was heated at 80 °C temperature for 12 h
in inert atmosphere(argon). The mixture was cooled to room
temperature and 20 mL brine was added. The product was extracted
with EtOAc (3 X 10 mL). The organic layer was washed with H,O,
dried over anhydrous MgSO,, filtered, and concentrated under reduced
pressure. The product was crystallized from H,0:MeOH(4:1). Yield:
203 mg, 64%, mp 157—158 °C.

"H NMR (400 MHz, DMSO-d;) 6 ppm: 2.59 (s, 3H, CH;S), 3.89 (s,
3H, CH,0),7.54 (s, 2H, SO,NH,), 7.61 (d, ] = 8.3 Hz, 1H, ArH), 8.07
(dd, J = 8.3 Hz, ] = 1.4 Hz, 1H, ArH), 8.42 (d, J = 1.4 Hz, 1H, ArH).

13C NMR (100 MHz, DMSO-dy) 6 ppm: 15.5, 52.9, 125.4, 126.6,
128.8, 132.4, 140.4, 145.1, 165.7.

HRMS caled for CoH;NO,S, [(M+H)']: 262.0202, found:
262.0199.

General Procedure for the Syntheses of 5a—d, f—g, j—m. The
mixture of N-butyl-4-chloro-3-sulfamoyl-benzamide 3 (111 mg, 0.381
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mmol), DMF (4.0 mL), appropriate thiol (0.572 mmol), and K,CO;
(210 mg, 1.52 mmol) was heated at 80 °C temperature for 12 h in an
inert atmosphere(argon). The mixture was cooled to room temperature
and 20 mL H,O was added. The product was extracted with EtOAc (3
X 8 mL). The organic layer was washed with H,O, dried over
anhydrous MgSO,, filtered, and concentrated under reduced pressure.

N-Butyl-4-phenylsulfanyl-3-sulfamoyl-benzamide (5a). The
product was purified by flash chromatography on silica gel
(CHCI;:EtOAg, 1:1). Yield: 71 mg, $1%, mp 109—110 °C.

'H NMR (400 MHz, DMSO-dg) & ppm: 0.90 (t, J = 7.3 Hz, 3H,
CHS,), 1.33 (sext, ] = 7.3 Hz, 2H, CH,CH,CH,), 1.52 (quint, = 7.3 Hz,
2H, CH,CH,CH,), 3.27 (dt, ] = 6.9 Hz, ] = 5.7 Hz, 2H, CH,NH), 6.99
(d, J = 83 Hz, 1H, ArH), 7.51=7.58 (m, SH, ArH), 7.60 (s, 2H,
SO,NH,), 7.82 (dd, ] = 8.3 Hz, ] = 2.0 Hz, 1H, ArH), 8.38 (d, ] = 2.0
Hz, 1H, ArH), 8.59 (t, ] = 5.7 Hz, 1H, NH).

3C NMR (100 MHz, DMSO-dg) & ppm: 14.2, 20.1, 31.6, 39.4,
127.5, 129.6, 129.9, 130.5, 130.6, 132.3, 132.4, 134.9, 140.7, 141.2,
164.9.

HRMS caled for Ci,H,oN,0,S, [(M+H)']:
365.0985.

N-Butyl-4-cyclohexylsulfanyl-3-sulfamoyl-benzamide (5b). The
product was purified by flash chromatography on silica gel
(CHCI;:EtOAg, 1:1). Yield: 70 mg, 50%, mp 114—115 °C.

'H NMR (400 MHz, DMSO-dg) & ppm: 0.92 (t, J = 7.3 Hz, 3H,
CHj;), 1.23—1.63 (m, 10H, CH cyclohexyl and butyl), 1.72 (m, 2H, CH
cyclohexyl), 1.90—1.96 (m, 2H, CH cyclohexyl), 3.29 (q, ] = 6.6 Hz,
2H, CH,NH), 3.55—3.60 (m, 1H, CHS), 7.34 (s, 2H, SO,NH,), 7.70
(d,J =82 Hz, 1H, ArH), 7.96 (dd, ] = 8.2 Hz, ] = 1.2 Hz, 1H, ArH), 8.36
(d, ] = 1.2 Hz, 1H, ArH), 8.64 (t, ] = 5.3 Hz, 1H, NH).

3C NMR (100 MHz, DMSO-dg) § ppm: 14.2,20.1, 25.7, 25.8, 31.6,
32.5, 39.4, 44.8, 127.6, 129.7, 130.3, 131.6, 139.0, 142.1, 165.1

HRMS caled for C;;HyN,05S, [(M+H)']: 371.1458, found:
371.1463.

4-Benzylsulfanyl-N-butyl-3-sulfamoyl-benzamide (5c). The prod-
uct was purified by flash chromatography on silica gel (CHCl;:EtOAc,
1:1). Yield: 65 mg, 45%, mp 185—186 °C.

"H NMR (400 MHz, DMSO-dg) 6 ppm: 091 (t, J = 7.2 Hz, 3H,
CHS,), 1.36 (sext, ] = 7.2 Hz, 2H, CH,CH,), 1.53 (quint, ] = 7.2 Hz, 2H,
CH,CH,CH,), 3.28 (q, ] = 6.9 Hz, 2H, CH,NH), 4.40 (s, 2H, CH,S),
7.29 (t,] = 7.1 Hz, 1H, ArH), 7.36 (t, ] = 7.1 Hz, 2H, ArH), 7.4 (s, 2H,
SO,NH,),7.52 (d, ] = 7.1 Hz, 2H, ArH), 7.66 (d, ] = 8.3 Hz, 1H, ArH),
7.94 (dd, ] = 8.3 Hz, ] = 1.9 Hz, 1H, ArH), 8.36 (d, ] = 1.9 Hz, 1H, ArH),
8.62 (t, ] = 5.6 Hz, 1H, NH).

3C NMR (100 MHz, DMSO-dg) 6 ppm: 14.2,20.1, 31.6, 36.5, 39.4,
127.6, 127.7, 127.8, 128.9, 129.7, 130.2, 1312, 136.5, 140.2, 140.7,
165.0.

HRMS caled for Cy3H,,N,0,S, [(M+H)']:
379.1140.

N-Butyl-4-(2-phenylethylsulfanyl)-3-sulfamoyl-benzamide (5d).
The product was purified by flash chromatography on silica gel
(CHCI3:EtOAg, 1:1). Yield: 95 mg, 63%, mp 116—117 °C.

'H NMR (400 MHz, DMSO-dg) 6 ppm: 0.92 (t, J = 7.3 Hz, 3H,
CH3), 1.37 (sext, ] = 7.3 Hz, 2H, CH,CHj), 1.55 (quint, J = 7.3 Hz, 2H,
CH,CH,CH,), 2.98 (t,] = 7.3 Hz, 2H, CH,Ar), 3.28 (q, ] = 6.6 Hz, 2H,
CH,NH), 3.34—3.38 (m, 2H, CH,S), 7.25—7.27 (m, 1H, ArH), 7.31—
7.33 (m, 4H, ArH), 7.35 (s, 2H, SO,NH,), 7.69 (d, ] = 8.3 Hz, 1H,
ArH), 7.99 (d, ] = 8.3 Hz, 1H, ArH), 8.38 (s, 1H, ArH), 8.65 (t, ] = 5.4
Hz, 1H, NH).

3C NMR (100 MHz, DMSO-dg) 6 ppm: 14.2,20.1, 31.6, 33.7, 34.4,
39.4,126.9,127.5,127.9,128.9,129.0, 130.4, 131.3, 140.1, 140.3, 141.2,
165.1.

HRMS caled for CyoH,,N,0,S, [(M+H)']:
393.1297.

N-Butyl-4-cyclododecylsulfanyl-3-sulfamoyl-benzamide (5f).
The product was purified by flash chromatography on silica gel
(CHCIL;:EtOAcg, 3:1). Yield: 76 mg, 44%, mp 166—168 °C.

'H NMR (400 MHz, DMSO-dg) & ppm: 0.93 (t, ] = 7.3 Hz, 3H,
CH;), 1.24-1.59 (m, 24H, CH,CH,CH; and CH cyclododecyl),
1.72—1.75 (m, 2H, CH cyclododecyl), 3.29 (dt, J = 6.8 Hz, ] = 5.6 Hz,
2H, CH,NH), 3.68 (s, 1H, CHS), 7.33 (s, 2H, SO,NH,), 7.66 (d, ] =

365.0988, found:

379.1145, found:

393.1301, found:
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8.3 Hz, 1H, ArH),7.99 (dd, ] = 8.3 Hz, ] = 2.0 Hz, 1H, ArH), 8.37 (d, ] =
2.0 Hz, 1H, ArH), 8.64 (t, ] = 5.6 Hz, 1H, NH).

13C NMR (100 MHz, DMSO-dg) & ppm: 14.2,20.1,22.1,23.4, 23.8,
23.9, 24.2, 29.4, 31.6, 39.4, 43.7, 127.6, 129.5, 130.3, 131.6, 139.7,
142.3, 165.1.

HRMS caled for C,3HyN,0,S, [(M+H)']: 455.2397, found:
455.2399.

4-(1-Adamantylsulfanyl)-N-butyl-3-sulfamoyl-benzamide (5g).
The product was purified by flash chromatography on silica gel
(CHCL,:EtOAg, 1:1). Yield: 64 mg, 40%, mp 187—189 °C.

'H NMR (400 MHz, DMSO-d,) 6 ppm: 091 (t, ] = 6.8 Hz, 3H,
CHL,), 1.34 (sext, ] = 7.2 Hz, 2H, CH,CH,), 1.52 (quint, ] = 7.2 Hz, 2H,
NHCH,CH,), 1.63 (br s, 6H, CH adamantanyl), 1.95 (br s, 6H, CH
adamantanyl), 2.01 (br s, 3H, CH adamantanyl), 3.28 (q, ] = 6.8 Hz,
2H, NHCH,), 7.28 (s, 2H, SO,NH,), 7.78 (d, ] = 8.0 Hz, 1H, ArH),
7.98 (dd, ] = 8.0 Hz, ] = 2.0 Hz, 1H, ArH), 8.44 (d, ] = 2.0 Hz, 1H, ArH),
8.71 (t, ] = 5.6 Hz, 1H, NH).

3C NMR (100 MHz, DMSO-dg) § ppm: 14.2,20.1, 30.1, 31.6, 36.0,
39.5,43.9, 51.8, 127.4, 129.8, 134.0, 134.5, 138.2, 147.3, 165.2.

HRMS caled for C, HyN,0,S, [(M+H)"]: 423.1771, found:
423.1777.

N-Butyl-4-tert-butylsulfanyl-3-sulfamoyl-benzamide (5j). The
product was purified by flash chromatography on silica gel
(CHCL,:EtOAg, 1:1). Yield: 55 mg, 42%, mp 150—152 °C.

'H NMR (400 MHz, DMSO-d,) 5 ppm: 091 (t, ] = 7.6 Hz, 3H,
CHj;), 1.30—1.37 (m, 2H, CH,CH,CH,), 1.41 (s, 9H, C(CHj;);), 1.52
(quint, J = 7.2 Hz, 2H, NHCH,CH,), 328 (q, J = 6.0 Hz, 2H,
NHCH,), 7.31 (s, 2H, SO,NH,), 7.82 (d, ] = 7.6 Hz, 1H, ArH), 7.99
(dd,J=8.0Hz, ] = 1.6 Hz, 1H, ArH), 8.44 (d, ] = 2.0 Hz, 1H, ArH), 8.71
(t,J = 5.8 Hz, 1H, NH).

3C NMR (100 MHz, DMSO-dg) 6 ppm: 14.2,20.1, 31.6, 31.7, 39.5,
49.4,127.5,130.1, 134.3, 1362, 137.0, 146.7, 165.2.

HRMS caled for C;sH,,N,0;S, [(M+H)']: 345.1301, found:
345.1295.

N-Butyl-4-isopentylsulfanyl-3-sulfamoyl-benzamide (5k). The
product was purified by flash chromatography on silica gel
(CHCI;:EtOAg, 1:1). Yield: 98 mg, 72%, mp 130—132 °C.

'H NMR (400 MHz, DMSO-dy) & ppm: 0.89—0.94 (m, 9H, CH,),
1.33 (sext, ] = 7.2 Hz, 2H, CH,CH,CH,), 1.48—157 (m, 4H,
NHCH,CH, and SCH,CH,), 1.75 (hept, ] = 7.6 Hz, 1H, CH(CH,),),
3.09 (t, J = 7.8 Hz, 2H, SCH,), 3.30 (q, ] = 6.4 Hz, 2H, NHCH,), 7.38
(s,2H, SO,NH,), 7.61 (d,] = 8.4 Hz, 1H, ArH), 7.97 (dd, J=8.3 Hz, ] =
1.6 Hz, 1H, ArH), 8.36 (d, ] = 1.7 Hz, 1H, ArH), 8.62 (t, ] = 5.3 Hz, 1H,
NH).

3C NMR (100 MHz, DMSO-dg) 6 ppm: 14.2, 20.1, 22.6, 27.5, 30.4,
31.7, 372, 39.4, 127.6(2C), 130.4, 131.1, 140.6, 141.0, 165.1.

HRMS caled for Ci¢HyN,0,S, [(M+H)']: 359.1458, found:
359.1464.

N-Butyl-4-cyclopentylsulfanyl-3-sulfamoyl-benzamide (5). The
product was purified by flash chromatography on silica gel
(CHCI,:EtOAG, 1:1). Yield: 84 mg, 62%, mp 122—124 °C.

'H NMR (400 MHz, DMSO-d) & ppm: 0.91 (t, ] = 7.2 Hz, 3H,
CH,), 133 (sext, J = 7.2 Hz, 2H, CH,CH,CH,), 1.48—1.67 (m, 6H,
NHCH,CH, and CH cyclopentyl), 1.71-1.81 (m, 2H, CH cyclo-
pentyl), 2.12—2.21 (m, 2H, CH cyclopentyl), 3.28 (q, ] = 6.4 Hz, 2H,
NHCH,), 3.92 (quint, J = 6.0 Hz, 1H, SCH), 7.36 (s, 2H, SO,NH,),
7.66 (d, ] = 8.4 Hz, 1H, ArH), 7.96 (d, ] = 7.6 Hz, 1H, ArH), 8.36 (s, 1H,
ArH), 8.61 (t, ] = 5.2 Hz, 1H, NH).

3C NMR (100 MHz, DMSO-dg) 6 ppm: 14.2,20.1, 25.1, 31.7,33.3,
39.4, 442, 127.6, 128.5, 130.3, 131.0, 141.0, 141.2, 165.1.

HRMS caled for CH,,N,0,;S, [(M+H)']: 357.1301, found:
357.1307.

N-Butyl-4-(1-naphthylsulfanyl)-3-sulfamoyl-benzamide (5m).
The product was purified by flash chromatography on silica gel
(CHCIy:EtOAg, 1:1). Yield: 96 mg, 61%, mp 216—218 °C.

'H NMR (400 MHz, DMSO-d;) § ppm: (DMSO—Dy): 0.86 (t, ] =
7.6 Hz, 3H, CH,), 1.28 (sext, ] = 7.6 Hz, 2H, CH,CH,CH,), 1.45
(quint, J = 7.2 Hz, 2H, NHCH,CH,), 321 (q, ] = 6.8 Hz, 2H,
NHCH,), 6.57 (d, ] = 8.4 Hz, 1H, ArH), 7.53—7.63 (m, 3H, ArH and,
naphthyl-H), 7.68 (t, ] = 8.0 Hz, 1H, naphthyl-H), 7.83 (s, 2H,
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SO,NH,), 8.03 (d, ] = 6.8 Hz, 1H, naphthyl-H), 8.08 (d, J = 8.0 Hz, 1H,
naphthyl-H), 8.15 (d, ] = 8.4 Hz, 1H, naphthyl-H), 8.19 (d, ] = 8.4 Hz,
1H, naphthyl-H), 8.41 (d, ] = 2.0 Hz, 1H, ArH), 8.50 (t, ] = 5.6 Hz, 1H,
NH).

13C NMR (100 MHz, DMSO-d¢) § ppm: 14.1, 20.0, 31.6, 39.4,
125.8,126.9, 127.4,127.7,128.1,128.2(2C), 129.5, 130.4, 131.8, 132.1,
133.7, 134.8, 136.5, 140.4, 140.7, 165.1.

HRMS caled for CypHp,N,0,S, [(M+H)']: 415.114S, found:
415.1151.

General Procedure for the Syntheses of 6b, ¢, e. The mixture of N-
butyl-4-chloro-3-sulfamoyl-benzamide 3 (100 mg, 0.344 mmol) and
appropriate amine (2.0 mL) was heated at 130 °C for 24 h in an inert
atmosphere. The mixture was cooled to room temperature and 2 N
HCl(aq) (5 mL) was added. The product was extracted with EtOAc (3
X S mL). The organic layer was washed with H,O, dried over
anhydrous MgSO,, filtered, and concentrated under reduced pressure.

N-Butyl-4-(cyclohexylamino)-3-sulfamoyl-benzamide (6b). The
product was purified by flash chromatography on silica gel
(CHCI;:EtOAG, 1:1). Yield: 64 mg, 53%, mp 89—91 °C.

'H NMR (400 MHz, DMSO-d;) & ppm: 0.91 (t, J = 7.3 Hz, 3H,
CHj,), 1.23—1.60 (m, 10H, CH,CH,CH; and CH cyclohexyl), 1.66—
1.69 (m, 2H, CH cyclohexyl), 1.90—1.93 (m, 2H, CH cyclohexyl), 3.25
(dt, ] = 6.8 Hz, ] = 5.7 Hz, 2H, CH,NH), 3.49-3.52 (m, 1H, CHNH),
6,17 (d,] = 7.6 Hz, 1H, NH-cyclohexyl), 6.84 (d, ] = 8.8 Hz, 1H, ArH),
7.43 (s, 2H, SO,NH,), 7.85 (dd, ] = 8.8 Hz, ] = 2.1 Hz, 1H, ArH), 8.21
(d,J = 2.1 Hz, 1H, ArH), 825 (t, ] = 5.7 Hz, 1H, NH).

13C NMR (100 MHz, DMSO-dy) 6 ppm: 14.2,20.1, 24.4,25.8, 31.9,
32.3,39.2,50.5, 111.8, 120.9, 124.5, 129.2, 132.3, 146.3, 165.4.

HRMS caled for C;;H,,N;0,S [(M+H)*]: 354.1846, found:
354.1840.

4-(Benzylamino)-N-butyl-3-sulfamoyl-benzamide (6c). The prod-
uct was purified by flash chromatography on silica gel (CHCL,:EtOAc,
1:1). Yield: 40 mg, 32%, mp 132—133 °C.

"H NMR (400 MHz, DMSO-d;) 5 ppm: 0.88 (t, J = 7.2 Hz, 3H,
CHj,), 1.35 (sext, ] = 7.2 Hz, 2H, CH,CHj,), 1.49 (quint, ] = 7.2 Hz, 2H,
CH,CH,CH,), 3.23 (dt, ] = 6.8 Hz, ] = 5.9 Hz, 2H, CH,NH), 4.55 (d,]
=5.8 Hz,2H, PhCH,NH), 6.69 (d, ] = 8.8 Hz, 1H, ArH), 6.82 (t, ] = 5.8
Hz, 1H, NH-benzyl), 7.23-7.39 (m, SH, ArH), 7.49 (s, 2H, SO,NH,),
7.77 (dd, J = 8.8 Hz, ] = 2.0 Hz, 1H, ArH), 8.23 (m, 2H, ArH and NH).

3C NMR (100 MHz, DMSO-dy) 5 ppm: 14.2,20.1, 31.8, 39.2, 46.5,
111.9, 121.5, 125.1, 127.4, 1289, 128.9, 132.1, 139.2, 146.8, 165.4.

HRMS caled for CgH,3N;0,S [(M+H)*]: 362.1533, found:
362.1539.

N-Butyl-4-(cyclooctylamino)-3-sulfamoyl-benzamide (6e). The
product was purified by flash chromatography on silica gel
(CHCL;:EtOAg, 1:1). Yield: S mg, 42%, brownish oily residue.

'H NMR (400 MHz, DMSO-d;) & ppm: 0.91 (t, J = 7.3 Hz, 3H,
CH,), 1.35 (sext, ] = 7.3 Hz, 2H, CH,CH,), 1.44—1.73 (m, 14H, CH
cyclooctyl and CH,CH,CH,), 1.81—1.86 (m, 2H, CH cyclooctyl), 3.25
(dt, ] = 6.9 Hz, J = 5.9 Hz, 2H, CH,NH), 3.70-3.73 (m, 1H, CHNH
cyclooctyl), 6.19 (d, ] = 7.6 Hz, 1H, NH-cyclooctyl), 6.75 (d, ] = 8.8 Hz,
1H, ArH), 7.43 (s, 2H, SO,NH,), 7,86 (dd, ] = 8.8 Hz, ] = 2.1 Hz, 1H,
ArH), 8.19 (d, J = 2.1 Hz, 1H, ArH), 824 (t, ] = 5.9 Hz, 1H, NH).

13C NMR (100 MHz, DMSO-dg) & ppm: 14.2,20.1, 23.6,25.5,27.2,
31.7,31.9, 39.2, 51.9, 111.9, 120.8, 124.6, 129.3, 132.4, 146.1, 165.5.

HRMS caled for CoHyN;05S [(M+H)']: 382.2159, found:
382.218S.

General Procedure for the Syntheses of 7(a, b, h, i, k—m), 8(a, b,
k—m). The mixture of appropriate methyl 4-sulfanilsubstituted-3-
sulfamoyl-benzoate (4a, b, h, i, k—m) or appropriate N-butyl-4-
sulfanilsubstituted-3-sulfamoyl-benzamide (8a, b, k—m) (0.200
mmol), acetic acid (2.0 mL) and 30% H,0, (0.090 mL, 1.15 mmol)
was stirred for 12 h. Then 1% Na,SO;(aq) (6.0 mL) was added to the
mixture and the product was extracted with EtOAc (3 X S mL). The
organic layer was washed with H,O, dried over anhydrous MgSO,,
filtered, and concentrated under reduced pressure.

Methyl 4-(Benzenesulfinyl)-3-sulfamoyl-benzoate (7a). The prod-
uct was purified by flash chromatography on silica gel (CHCl;:EtOAc,
3:1). Yield: 56 mg, 82%, mp 107—108 °C.

'H NMR (400 MHz, DMSO-dg) 8 ppm: 3,91 (s, 3H, CH;0), 7.48—
7.53 (m, 3H, ArH), 7.75—7.78 (m, 2H, ArH), 8.09 (s, 2H, SO,NH,),
8.32(d,J=8.2 Hz, 1H, ArH), 8.37 (dd, ] = 8.2 Hz, ] = 1.7 Hz, 1H, ArH),
8.47 (d,] = 1.7 Hz, 1H, ArH).

13C NMR (100 MHz, DMSO-d,) & ppm: 53.3, 125.6, 1269, 128.5,
1299, 131.6, 132.8, 133.9, 142.3, 145.9, 149.7, 164.9.

HRMS caled for C;,H;3NOGS, [(M+H)']: 340.0308, found:
340.0311.

Methyl 4-Cyclohexylsulfinyl-3-sulfamoyl-benzoate (7b). The
product was purified by flash chromatography on silica gel
(CHCI;:EtOAg, 3:1). Yield: 52 mg, 75%, mp 188—189 °C.

'H NMR (400 MHz, DMSO-dy) & ppm: 1.14—2.07 (m, 10H, CH,
cyclohexyl), 2.96—3.04 (m, 1H, CHSO), 3.94 (s, 3H, CH;0), 7.97 (s,
2H, SO,NH,), 8.11 (d, ] = 8.2 Hz, 1H, ArH), 8.38 (dd, J = 8.2 Hz, ] =
1.7 Hz, 1H, ArH), 8.51 (d, ] = 1.7 Hz, 1H, ArH).

3C NMR (100 MHz, DMSO-dy) 8 ppm: 20.9, 25.1,25.4, 26.1, 28.6,
§3.3,60.9, 127.3, 129.1, 132.5, 132.6, 142.1, 146.5, 165.1.

HRMS caled for C,HgNOS, [(M+H)']: 346.0777, found:
346.0783.

Methyl 4-Methylsulfinyl-3-sulfamoyl-benzoate (7h). The product
was purified by flash chromatography onssilica gel (CHCI,:EtOAc, S:1).
Yield: 50 mg, 90%, mp 258—259 °C.

'H NMR (400 MHz, DMSO-d,) & ppm: 2.81 (s, 3H, CH,S0), 3.95
(s, 3H, CH;0), 7.97 (s, 2H, SO,NH,), 8.34 (d, ] = 8.2 Hz, 1H, ArH),
8.43 (dd,] = 8.2 Hz, ] = 1.6 Hz, 1H, ArH), 8.47 (d, ] = 1.6 Hz, 1H, ArH).

13C NMR (100 MHz, DMSO-dg) § ppm: 44.6, 53.3, 125.7, 128.5,
132.6, 133.8, 141.5, 151.2, 165.1.

HRMS caled for CoH;;NOS, [(M+H)*]: 278.0151, found:
278.01SS.

Methyl 4-Propylsulfinyl-3-sulfamoyl-benzoate (7i). The product
was purified by flash chromatography on silica gel (CHCI,:EtOAc, 3:1).
Yield: 40 mg, 66%, mp 144—145 °C.

'H NMR (400 MHz, DMSO-d) & ppm: 0.99 (t, ] = 7.4 Hz, 3H,
CH,CH,), 1.59-1.62 (m, 1H, CH,HyCH,); 1,77-1.81 (m, 1H,
CH,HCH,), 2.66-2.69 (m, 1H, CH,HSO), 3.10-3.13 (m, 1H,
CH,H;S0), 3.93 (s, 3H, CH;0), 7.97 (s, 2H, SO,NH,), 8.26 (d, ] =
8.2 Hz, 1H, ArH), 8.41 (dd, J = 8.2 Hz, ] = 1.7 Hz, 1H, ArH), 8.48 (d, ] =
1.7 Hz, 1H ArH).

3C NMR (100 MHz, DMSO-dg) 6 ppm: 13.2, 16.5, 53.3, 8.9,
126.3, 128.7, 132.5, 133.4, 141.7, 149.2, 165.1.

HRMS caled for C;HsNOsS, [(M+H)']: 306.0464, found:
306.0470.

Methyl 4-Isopentylsulfinyl-3-sulfamoyl-benzoate (7k). The prod-
uct was purified by flash chromatography on silica gel (CHCI;:EtOAc,
5:1). Yield: 37 mg, $5%, mp 98—99 °C.

TH NMR (400 MHz, DMSO-dy) 5 ppm: 0.86 (d, J = 6.5 Hz, 3H,
CH,), 0.89 (d, ] = 6.5 Hz, 3H, CH,), 1.40—1.45 (m, 1H, CH,H,CH),
1.63—1.68 (m, 2H, CHCH, and CH,H;CH), 2.66—2.69 (m, 1H,
CH,H;S0), 3.15-3.19 (m, 1H, CH,HSO), 3.94 (s, 3H, CH;0), 7.97
(s,2H, SO,NH,), 8.26 (d, ] = 8.2 Hz, 1H, ArH), 8.41 (dd, ] =8.2 Hz, ] =
1.7 Hz, 1H, ArH), 849 (d, ] = 1.7 Hz, 1H, ArH).

3C NMR (100 MHz, DMSO-dy) 5 ppm: 22.4,22.8,27.2, 31.4, 53.3,
55.1, 126.4, 128.7, 132.5, 133.4, 141.7, 149.1, 165.1.

HRMS caled for C3HgNOS, [(M+H)']: 334.0777, found:
334.0771.

Methyl 4-Cyclopentylsulfinyl-3-sulfamoyl-benzoate (7I). The
product was purified by flash chromatography on silica gel
(CHCI;:EtOAG, 4:1). Yield: 51 mg, 77%, mp 109—111 °C.

'H NMR (400 MHz, DMSO-d;) 6 ppm: 1.08—1.18 (m, 1H, CH
cyclopentyl), 1.43—1.53 (m, 1H, CH cyclopentyl), 1.54—1.66 (m, 3H,
CH cyclopentyl), 1.80—1.94 (m, 2H, CH cyclopentyl), 2.00—2.11 (m,
1H, CH cyclopentyl), 3.53 (quint, ] = 7.6 Hz, 1H, CH cyclopentyl),
3.94 (s, 3H, OCHj,), 7.97 (s, 2H, SO,NH,), 8.16 (d, ] = 8.4 Hz, 1H,
ArH),8.36 (dd, ] = 8.0 Hz, ] = 1.6 Hz, 1H, ArH), 8.49 (d, = 1.3 Hz, 1H,
ArH).

13C NMR (100 MHz, DMSO-dy) 6 ppm: 21.3,25.7, 26.3,29.6, 53.3,
61.7,126.6, 128.9, 132.4, 132.9, 141.7, 148.0, 165.1.

HRMS caled for C;3H;NOS, [(M+H)']: 332.0621, found:
332.061S.
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Methyl 4-(1-Naphthylsulfinyl)-3-sulfamoyl-benzoate (7m). The
product was purified by flash chromatography on silica gel
(CHCL;:EtOA, 1:1). Yield: 47 mg, 60%, mp 125—127 °C.

'H NMR (400 MHz, DMSO-d,) 6 ppm: 3.93 (s, 3H, CH;), 7.61—
7.68 (m, 4H, naphthyl-H), 8.04—8.08 (m, 1H, naphthyl-H), 8.11 (s,
2H, SO,NH,), 8.14 (d, ] = 7.6 Hz, 1H, naphthyl-H), 8.22 (d, ] = 8.0 Hz,
1H, ArH), 8.39 (dd, ] = 1.6 Hz, ] = 8.0 Hz, 1H, ArH), 8.49—8.52 (m,
1H, naphthyl-H), 8.54 (d, 1H, J = 1.6 Hz, ArH).

3C NMR (100 MHz, DMSO-dg) 6 ppm: 53.4, 123.5, 125.5, 126.3,
127.5, 128.0, 128.7, 128.8, 129.2, 129.8, 132.5, 133.2, 133.8 (2C),
141.9, 143.1, 146.7, 165.0.

HRMS caled for CysH;sNOS, [(M+H)']: 390.0464, found:
390.0460.

4-(Benzenesulfinyl)-N-butyl-3-sulfamoyl-benzamide (8a). The
product was purified by flash chromatography on silica gel
(CHCI4:EtOAG, 1:1). Yield: 61 mg, 80%, mp 168—171 °C.

'H NMR (400 MHz, DMSO-d;) & ppm: 0.89 (t, J = 7.4 Hz, 3H,
CHy,),), 1.32 (sext, ] = 7.8 Hz, 2H, NH(CH,),CH,CH,), 1.50 (quint, J
=7.2 Hz, 2H, NHCH,CH,), 3.27 (q, ] = 7.2 Hz, 2H, NHCH,), 7.47—
7.53 (m, 3H, ArH), 7.75 (d, ] = 6.4 Hz, 2H, ArH), 7.97 (s, 2H,
SO,NH,), 8.20 (s, 2H, ArH), 8.35 (s, 1H, ArH), 8.77 (t, ] = 5.4 Hz, 1H,
NH).

3C NMR (100 MHz, DMSO-d¢) & ppm: 14.1, 20.1, 31.5, 39.6,
125.5, 126.4, 127.2, 129.8, 131.5, 131.7, 138.0, 142.0, 146.3, 147.3,
164.8.

HRMS caled for C;;H,(N,0,S, [(M+H)*]: 381.0937, found:
381.0933.

N-Butyl-4-cyclohexylsulfinyl-3-sulfamoyl-benzamide (8b). The
product was purified by flash chromatography on silica gel
(CHCI5:EtOAg, 1:1). Yield: 63 mg, 82%, mp 195—196 °C.

'H NMR (400 MHz, DMSO-dg) & ppm: 0.93 (t, J = 7.3 Hz, 3H,
CH;), 1.07—1.18 (m, 3H, CH cyclohexyl), 1.29—-1.43 (m, 4H, CH
cyclohexyl and CH,CHj;), 1.49—-1.60 (m, 4H, CH cyclohexyl and
CH,CH,CH,), 1.71—1.74 (m, 1H, CH cyclohexyl), 1.81—1.87 (m, 1H,
CH cyclohexyl), 2.01—2.05 (m, 1H, CH cyclohexyl), 3.01 (tt, J = 12.3
Hz, ] = 3.6 Hz, 1H, CHSO), 3.24—3.29 (m, 2H, CH,NH), 7.84 (s, 2H,
SO,NH,), 8.02 (d, ] = 8.2 Hz, 1H, ArH), 8.24 (dd, J = 82 Hz, J = 1.7
Hz, 1H, ArH), 8.41 (d, ] = 1.7 Hz, 1H, ArH), 8.82 (t, ] = 5.7 Hz, 1H,
NH).

3C NMR (100 MHz, DMSO-d) 8 ppm: 14.2,20.1,21.0, 25.1,25.4,
26.1, 28.5, 31.6, 39.5, 60.9, 126.6, 127.9, 130.3, 137.7, 141.7, 143.8,
164.9.

HRMS caled for C,;H,N,0,S, [(M+H)']: 387.1407, found:
387.1401.

N-Butyl-4-isopentylsulfinyl-3-sulfamoyl-benzamide (8k). The
product was purified by flash chromatography on silica gel
(CHCI;:EtOA, 1:1). Yield: 55 mg, 74%, mp 121—124 °C.

'H NMR (400 MHz, DMSO-dy) 6 ppm: 0.83 (d, J = 6.4 Hz, 6H,
S(CH,),CH(CHj;),), 0.92 (t, ] = 7.2 Hz, 3H, NH(CH,),CHj,), 1.35
(sext, J = 7.2 Hz, 2H, NHCH,CH,CH,), 1.45-1.66 (m, SH,
NHCH,CH,, SCH,CH,CH), 331 (q, J = 6.8 Hz, 2H, NHCH,),
3.66—3.70 (m, 2H, SCH,), 7.33 (s, 2H, SO,NH,), 8.25 (d, J = 8.0 Hz,
1H, ArH), 8.30 (dd, J = 8.0 Hz, ] = 1.6 Hz, 1H, ArH), 8.60 (d, J = 1.6 Hz,
1H, ArH), 8.96 (t, ] = 5.6 Hz, 1H, NH).

13C NMR (100 MHz, DMSO-dg) & ppm: 14.2, 20.1, 22.3, 27.0, 30.7,
31.5, 39.6, 53.4, 129.6, 131.5, 133.8, 138.1, 140.4, 143.1, 164.2.

HRMS caled for C;sH,eN,0,S, [(M+H)*]: 375.1407, found:
375.1411.

N-Butyl-4-cyclopentylsulfinyl-3-sulfamoyl-benzamide (8l). The
product was purified by flash chromatography on silica gel
(CHCI4:EtOAg, 1:1). Yield: 47 mg, 63%, mp 103—107 °C.

'H NMR (400 MHz, DMSO-d) § ppm: 0.92 (t, J = 7.2 Hz, 3H,
CH;), 1.09—1.17 (m, 1H, CH cyclopentyl), 1.35 (sext, ] = 7.2 Hz, 2H,
NH(CH,),CH,CH,), 1.45-1.63 (m, 6H, NHCH,CH,, CH cyclo-
pentyl), 1.82—1.94 (m, 2H, CH cyclopentyl), 2.01-2.10 (m, 1H, CH
cyclopentyl), 3.26—3.33 (m, 2H, NHCH,), 3.52 (quint, ] = 7.6 Hz, 1H,
CH cyclopentyl), 7.85 (s, 2H, SO,NH, ), 8.07 (d, ] = 8.4 Hz, 1H, ArH),
8.23 (dd, ] =8.0 Hz,J = 1.6 Hz, 1H, ArH), 8.39 (d, ] = 1.6 Hz, 1H, ArH),
8.80 (t, ] = 5.6 Hz, 1H, NH).

13C NMR (100 MHz, DMSO-d) & ppm: 14.2,20.1,21.4,25.8,26.3,
29.6, 31.5, 39.6, 61.7, 125.9, 127.7, 130.6, 137.7, 141.3, 145.4, 164.9.

HRMS caled for C;H,,N,0,S, [(M+H)']: 373.1250, found:
373.1255.

N-Butyl-4-(1-naphthylsulfinyl)-3-sulfamoyl-benzamide (8m).
The product was purified by flash chromatography on silica gel
(CHCI;:BtOAc, 1:1). Yield: 28 mg, 33%, mp 232—235 °C.

'H NMR (400 MHz, DMSO-d;) & ppm: 0.95 (t, J = 7.2 Hz, 3H,
CH3;), 1.38 (sext, ] = 7.2 Hz, 2H, NH(CH,),CH,CHj;), 1.56 (quint, ] =
7.2 Hz, 2H, NHCH,CH,), 3.28—3.37 (m, 2H, NHCH,), 7.63—7.73
(m, 4H, naphthyl-H), 8.08 (s, 2H, SO,NH,), 8.11—8.13 (m, 2H,
naphthyl-H, ArH), 8.18—8.22 (m, 1H, naphthyl-H), 8.26 (dd, ] = 1.6
Hz, ] = 8.0 Hz, 1H, ArH), 8.47 (d, 1H, ] = 1.6 Hz, ArH), 8.52—8.54 (m,
1H, naphthyl-H), 8.86 (t, ] = 5.6 Hz, 1H, NH).

13C NMR (100 MHz, DMSO-d¢) & ppm: 14.2, 20.1, 31.5, 39.6,
123.5, 125.3, 126.2, 127.4, 127.5, 128.0, 128.3, 129.2, 129.7, 131.5,
132.3, 133.8, 138.4, 142.0, 142.8, 144.3, 164.8.

HRMS caled for CyH,,N,0,S, [(M+H)']: 431.1094, found:
431.1088.

General Procedure for the Syntheses of 9(a—d, h, i, I, m) and
10(b, k—m). The 30% H,0,(aq) (1.08 mmol, 0.110 mL) was added in
small portions over 3 h to a solution of appropriate methyl 4-
sulfanilsubstituted-3-sulfamoyl-benzoate (4a—d, h, i, 1, m) or
appropriate N-butyl-4-sulfanilsubstituted-3-sulfamoyl-benzamide
(10b, k—m) (0.200 mmol) and acetic acid (2.0 mL) at 70 °C and
allowed stirring for 6—8h. The solvent was removed under reduced
pressure and the resultant precipitate was filtered, and washed with
H,0.

Methyl 4-(Benzenesulfonyl)-3-sulfamoyl-benzoate (9a). The
product was purified by flash chromatography on silica gel
(CHClI3:EtOAg, S:1). Yield: 57 mg, 80%, mp 212—213 °C.

'H NMR (400 MHz, DMSO-dy) & ppm: 3.94 (s, 3H, CH;0), 7.55
(s, 2H, SO,NH,), 7.61 (t, ] = 7.4 Hz, 2H, ArH), 7.70 (t, ] = 7.4 Hz, 1H,
ArH),7.95 (d,] = 7.4 Hz, 2H, ArH), 8.43 (dd, ] = 8.2 Hz, ] = 1.7 Hz, 1H,
ArH), 8.61 (d, ] = 8.2 Hz, 1H, ArH), 8,64 (d, ] = 1.7 Hz, 1H, ArH).

13C NMR (100 MHz, DMSO-dg) 6 ppm: 53.6, 128.4, 129.6, 130.7,
133.9, 134.3, 134.4, 135.1, 140.6, 141.6, 143.4, 164.5.

HRMS caled for C,H;3;NOgS, [(M+H)"]: 356.0257, found:
356.0266.

Methyl 4-Cyclohexylsulfonyl-3-sulfamoyl-benzoate (9b). The
product was purified by flash chromatography on silica gel
(CHCI5:EtOAg, S:1). Yield: 61 mg, 85%, mp 155—156 °C.

'H NMR (400 MHz, DMSO-dy) § ppm: 1.17—1.81 (m, 10H, CH,
cyclohexyl), 3.86—3.91 (m, 1H, CHSO,), 3.95 (s, 3H, CH;0), 7.42 (s,
2H, SO,NH,), 8.25 (d, ] = 8.1 Hz, 1H, ArH), 8.42 (dd, J= 8.1 Hz, ] =
1.7 Hz, 1H, ArH), 8.70 (d, ] = 1.7 Hz, 1H, ArH).

13C NMR (100 MHz, DMSO-dg) § ppm: 24.8, 24.9, 25.1, 53.6, 61.8,
130.9, 133.6, 134.9, 135.2, 138.6, 143.8, 164.6.

HRMS caled for CyH;oNOS, [(M+H)*]: 362.0727, found:
362.0721.

Methyl 4-Benzylsulfonyl-3-sulfamoyl-benzoate (9c). The product
was purified by flash chromatography on silica gel (CHCl;:EtOAc, S:1).
Yield: 66 mg, 89%, mp 189—190 °C.

'H NMR (400 MHz, DMSO-dy) & ppm: 3.94 (s, 3H, CH,0), 5.03
(s, 2H, CH,S0,), 7.19—7.21 (m, 2H, ArH), 7.30—7.34 (m, 3H, ArH),
7.53 (s, 2H, SO,NH,), 7.88 (d, ] = 8.0 Hz, 1H, ArH), 8.25 (dd, ] = 8.0
Hz, ] = 1.8 Hz, 1H, ArH), 8.70 (d, ] = 1.8 Hz, ArH).

3C NMR (100 MHz, DMSO-d,) 5 ppm: 53.6, 60.9, 127.9, 129.0,
129.3, 130.6, 1312, 133.4, 134.5, 135.1, 139.4, 143.7, 164.5.

HRMS caled for C;H;sNOS, [(M+H)']: 370.0414, found:
370.0419.

Methyl 4-(2-Phenylethylsulfonyl)-3-sulfamoyl-benzoate (9d).
The product was purified by flash chromatography on silica gel
(CHCI;:EtOAc, 5:1). Yield: 64 mg, 83%, mp 186—187 °C.

'H NMR (400 MHz, DMSO-d;) & ppm: 2.98 (t, J = 8.0 Hz, 2H,
CH,Ph), 3.94 (s, 3H, CH;0), 4.02 (t, ] = 8.0 Hz, 2H,CH,SO0,), 7.18—
7.27 (m, SH, ArH), 7.44 (s, 2H, SO,NH,), 8.30 (d, J = 8.0 Hz, 1H,
ArH), 8.40 (d, ] = 8.0 Hz, 1H, ArH), 8.67 (s, 1H, ArH).

3C NMR (100 MHz, DMSO-ds) & ppm: 28.1, 53.6, 55.9, 127.1,
128.9, 129.0, 130.7, 133.9, 134.3, 135.1, 137.9, 140.0, 143.5, 164.5.
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HRMS caled for C,¢H;NO4S, [(M+H)"]: 384.0570, found:
384.0578.

Methyl 4-Methylsulfonyl-3-sulfamoyl-benzoate (9h). The product
was purified by flash chromatography on silica gel (CHCl,:EtOAg, S:1).
Yield: 55 mg, 95%, mp 187—188 °C.

'H NMR (400 MHz, DMSO-d,) & ppm: 3.51 (s, 3H, CH;S0,), 3.96
(s, 3H, CH,0), 7.42 (s, 2H, SO,NH,), 8.36 (d, ] = 8.2 Hz, 1H, ArH),
8.45 (dd,J = 8.2 Hz, ] = 1.6 Hz, 1H, ArH), 8.67 (d, ] = 1.6 Hz, 1H, ArH).

3C NMR (100 MHz, DMSO-dy) 5 ppm: 44.1, 53.6, 130.5, 133.4,
134.1, 135.1, 141.6, 143.2, 164.6.

HRMS caled for CoH;;NOS, [(M+H)*]: 294.0101, found:
294.0106.

Methyl 4-Propylsulfonyl-3-sulfamoyl-benzoate (9i). The product
was purified by flash chromatography on silica gel (CHCl;:EtOAg, S:1).
Yield: 57 mg, 88%, mp 169—170 °C.

'H NMR (400 MHz, DMSO-d) & ppm: 0.94 (t, ] = 7.4 Hz, 3H,
CH,CH,), 1.63—1.66 (m, 2H, CH,CHS,), 3.66 (t, ] = 7.7 Hz, 2H,
CH,S0,), 3.96 (s, 3H, CH;0), 7.43 (s, 2H, SO,NH,), 8.33 (d, ] = 8.1
Hz, 1H, ArH), 8.44 (dd, = 8.1 Hz, ] = 1.6 Hz, 1H, ArH), 8.69 (d, ] = 1.6
Hz, 1H, ArH).

3C NMR (100 MHz, DMSO-d¢) & ppm: 13.1, 16.2, 53.6, 56.7,
130.7, 133.9, 134.2, 135.2, 140.2, 143.5, 164.6.

HRMS caled for C;;H;sNOS, [(M+H)*]: 322.0414, found:
322.0422.

Methyl 4-Cyclopentylsulfonyl-3-sulfamoyl-benzoate (9l). The
product was purified by flash chromatography on silica gel
(CHCI5:EtOAg, S:1). Yield: 63 mg, 90%, mp 199—200 °C.

'H NMR (400 MHz, DMSO-d;) & ppm: 1.55—1.65 (m, 2H, CH
cyclopentyl), 1.68—1.76 (m, 2H, CH cyclopentyl), 1.77—1.86 (m, 2H,
CH cyclopentyl), 1.88—1.96 (m, 2H, CH cyclopentyl), 3.96 (s, 3H,
OCH,), 4.44 (quint, ] = 7.2 Hz, 1H, CH cyclopentyl), 7.41 (s, 2H,
SO,NH,), 8.34 (d, ] = 8.0 Hz, 1H, ArH), 8.42 (dd, J = 8.0 Hz, ] = 1.6
Hz, 1H, ArH), 8.70 (d, ] = 1.6 Hz, 1H, ArH).

3C NMR (100 MHz, DMSO-d¢) § ppm: 26.0, 27.0, 53.6, 62.7,
130.9, 133.8, 134.6, 135.1, 139.7, 143.6, 164.6.

HRMS caled for C;3H,NOS, [(M+H)*]: 348.0570, found:
348.0560.

Methyl 4-(1-Naphthylsulfonyl)-3-sulfamoyl-benzoate (9m). The
product was purified by flash chromatography on silica gel
(CHCI,:EtOAG, 8:1). Yield: 63 mg, 78%, mp 223—224 °C.

'H NMR (400 MHz, DMSO-dy) & ppm: 3.92 (s, 3H, OCH,), 7.63—
7.67 (m, 4H, naphthylH and SO,NH,), 7.74 (t, ] = 8.0 Hz, 1H, ArH),
8.12—8.14 (m, 1H, naphthylH), 8.25 (d, ] = 8.0 Hz, 1H, ArH), 8.31—
8.37 (m, 4H, naphthylH), 8.70 (s, 1H, ArH).

13C NMR (100 MHz, DMSO-dg) & ppm: 53.6, 123.9, 125.0, 127.5,
127.8, 129.1, 129.9, 130.8, 131.0, 133.0, 133.8, 134.2, 134.9, 1352,
135.9, 141.8, 143.5, 164.5.

HRMS caled for CysH;sNOS, [(M+H)*]: 406.0414, found:
406.0423.

N-Butyl-4-cyclohexylsulfonyl-3-sulfamoyl-benzamide (10b). The
product was purified by flash chromatography on silica gel
(CHCI4:EtOAc, 3:1). Yield: 68 mg, 84%, mp 155—156 °C.

'H NMR (400 MHz, DMSO-d;) & ppm: 0.93 (t, J = 7.3 Hz, 3H,
CH,), 1.17-1.81 (m, 14H, CH,CH,CH, and CH cyclohexyl), 3.30—
3.32 (m, 2H, CH,NH), 3.90-3.93 (m, 1H, CHSO,), 7.33 (s, 2H,
SO,NH,), 8.19 (d, ] = 8.1 Hz, 1H, ArH), 8.29 (d, ] = 8.1 Hz, 1H, ArH),
8.61 (s, LH, ArH), 8.96 (t, ] = 5.3 Hz, 1H, NH).

3C NMR (100 MHz, DMSO-d) 5 ppm: 14.1,20.1, 24.9, 24.9, 25.1,
31.5, 39.6, 61.8, 129.8, 1312, 134.4, 136.5, 140.4, 1434, 164.2.

HRMS caled for C;;H,eN,05S, [(M+H)*]: 403.1356, found:
403.1351.

N-Butyl-4-isopentylsulfonyl-3-sulfamoyl-benzamide (10k). The
product was purified by flash chromatography on silica gel
(CHCI5:EtOAg, 1:1). Yield: 53 mg, 68%, mp 160—162 °C.

'H NMR (400 MHz, DMSO-d,) 6 ppm: 0.83 (d, J = 6.4 Hz, 6H,
S(CH,),CH(CH,),), 0.92 (t, ] = 7.6 Hz, 3H, NH(CH,),CH,), 1.35
(sext, ] = 7.2 Hz, 2H, NHCH,CH,CH,), 1.46—1.66 (m, SH,
NHCH,CH,, SCH,CH,CH), 331 (q, J = 6.8 Hz, 2H, NHCH,),
3.66—3.70 (m, 2H, SCH,), 7.33 (s, 2H, SO,NH,), 8.25 (d, ] = 8.0 Hz,

1H, ArH), 8.30 (dd, J = 8.0 Hz, ] = 1.6 Hz, 1H, ArH), 8.60 (s, 1H, ArH),
897 (t, ] = 5.2 Hz, 1H, NH).

13C NMR (100 MHz, DMSO-d) & ppm: 14.2,20.1,22.3, 27.0, 30.7,
31.5,39.7, 53.4, 129.6, 131.5, 133.8, 138.1, 140.4, 143.1, 164.2.

HRMS caled for CsH,eN,05S, [(M+H)']: 391.1356, found:
391.1359.

N-Butyl-4-cyclopentylsulfonyl-3-sulfamoyl-benzamide (10l). The
product was purified by flash chromatography on silica gel
(CHCI3:EtOAg, 1:1). Yield: 57 mg, 73%, mp 143—14S °C.

'H NMR (400 MHz, DMSO-d;) 6 ppm: 0.92 (t, ] = 7.6 Hz, 3H,
CH,CHS,), 1.35 (sext, ] = 7.6 Hz, 2H, CH,CH,CH,), 1.54 (quint, ] =
7.2 Hz, 2H, NHCH,CH,), 1.57—1.65 (m, 2H, CH cyclopentyl), 1.68—
1.85 (m, 4H, CH cyclopentyl), 1.88—1.96 (m, 2H, CH cyclopentyl),
3.31 (q, ] = 6.8 Hz, 2H, NHCH,), 4.44 (quint, ] = 7.2 Hz, 1H, SO,CH
cyclopentyl), 7.32 (br. s, 2H, SO,NH,), 8.26—8.31 (m, 2H, ArH), 8.62
(s, 1H, ArH), 8.96 (t, ] = 5.6 Hz, 1H, NH).

13C NMR (100 MHz, DMSO-dg) 6 ppm: 14.2,20.1, 26.0, 27.0, 31.5,
39.6, 62.6, 129.7, 131.4, 134.1, 137.7, 140.3, 143.2, 164.2.

HRMS caled for C;H,,N,05S, [(M+H)*]: 389.1199, found:
389.120S.

N-Butyl-4-(1-naphthylsulfonyl)-3-sulfamoyl-benzamide (10m).
The product was purified by flash chromatography on silica gel
(CHCI;:EtOAcg, 1:1). Yield: 22 mg, 24%, mp 266—268 °C.

"H NMR (400 MHz, DMSO-dg) & ppm: 0.89 (t, ] = 7.6 Hz, 3H,
CH,CHj;), 1.32 (sext, ] = 7.2 Hz, 2H, CH,CH,CHj,), 1.51 (quint, ] =
7.2 Hz, 2H, NHCH,CH,), 3.29 (q, ] = 6.4 Hz, 2H, NHCH,), 7.52 (s,
2H, SO,NH,), 7.62—7.68 (m, 2H, naphthylH), 7.74 (t, ] = 8.0 Hz, 1H,
naphthylH), 8.13—8.15 (m, 1H, naphthylH), 8.19—8.23 (m, 2H, ArH),
8.30 (d, ] = 8.4 Hz, 1H, naphthylH), 8.34—8.39 (m, 2H, naphthylH),
8.60 (d, ] = 1.6 Hz, 1H, ArH), 8.92 (t, ] = 5.2 Hz, 1H, NH).

3C NMR (100 MHz, DMSO-d¢) & ppm: 14.1, 20.1, 31.4, 39.6,
124.0, 125.0, 127.5, 127.8, 129.0, 129.8, 129.9, 130.7, 131.4, 132.7,
1342, 135.5, 135.8, 139.8, 140.2, 143.1, 164.3.

HRMS caled for C,H,,N,0S, [(M+H)"]: 447.1043, found:
447.1048.

Protein Preparation. Recombinant human carbonic anhydrases
(CAI, CALI, CAIIL, CAIV, CAVA, CAVB, CAVI, CAVII, CAIX, CAXII,
CAXIII, CAXIV) were expressed and chromatographically purified
according to previously published protocols*” and were used for FTSA
experiments. Proteins (CAII and CAXIII) used for crystallization were
additionally purified by affinity chromatography and concentrated.
CAIX used for crystallization were expressed and purified according to
this protocol."® Production of recombinant CAII and the extracellular
part of CAIX comprising PG and CA domains (residues 38—391) used
in SFA experiments is described in ref 49.

Determination of Observed Binding Parameters. Fluorescent
Thermal Shift Assay (FTSA). Dissociation constants, K, (listed in
Table 1) of the compounds binding to CAs were determined by the
fluorescent thermal shift assay using a QTAGEN's real-time PCR cycler
the “Rotor-Gene Q” and Rotor-Gene Style 4-strip tubes from
STARLAB. Ligands were dissolved in DMSO stock solutions to
concentrations of 10 mM or 20 mM and used for the serial dilution of
the dilution factor 2 in DMSO. These samples were diluted with buffer
solution and mixed with a prepared protein solution, consisting of
protein stock, buffer solution, and solvatochromic dye 8-anilino-1-
naphthalenesulfonate (ANS). All final samples typically contained up to
10 M CA, compound solutions of serial dilution from 0 #M to 200 uM
at 8 different concentrations differing by 2 times, SO uM ANS, 50 mM
sodium phosphate buffer at pH 7.0, 100 mM sodium chloride, and 2.0%
(v/v) DMSO. Samples preparation is explained in detail in.>" The
excitation and emission wavelengths of ANS were 365 + 20 and 460 +
15 nm. Samples were heated from 25 to 99 °C at the rate of 1 °C/min.
The curve-fitting procedure was performed by Thermott®' at 37 °C.
Data are deposited in the public database: Protein—Ligand Binding
Database®” (Database URL: https://plbd.org/).

Stopped-Flow Carbon Dioxide Hydration Assay. Recombinant
CAII and the extracellular part of CAIX comprising PG and CA
domains (residues 38—391) were used in inhibition assays. A stopped-
flow instrument (BioLogic) was used for measurin§ the CA-catalyzed
CO, hydration activity in the presence of inhibitors.” The assay buffer
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Table 4. Crystallization Conditions Used to Grow Protein Crystals in This Study

PDB isozyme—
D compound cystallization buffer
9FPT CAIl—2

9FPU CAII—3
9FPQ  CAll—4c
malonate (pH 7.0)

9FPR CAIl—4d
malonate (pH 7.0

9FPS CAIl—4h 0.1 M sodium bicine (pH 9.0) and 2 M sodium malonate (pH 7.0)

IR8X CAIX—4d 1.0 M diammonium hydrogen phosphate and 0.1 M sodium acetate (pH 4.5)

IR8Y CAIX—S5b 1.0 M diammonium hydrogen phosphate and 0.1 M sodium acetate (pH 4.5)

9FPV CAXIII—4c 0.1 M sodium citrate (pH 5.5), 0.1 M sodium acetate (pH 4.5), and 26% of
PEG4000

9FPW CAXIII—4d 0.1 M sodium citrate (pH $.5), 0.1 M sodium acetate (pH 4.5), and 26% of

PEG4000

0.1 M sodium bicine (pH 9.0) and 2 M sodium malonate (pH 7.0)
0.1 M sodium bicine (pH 9.0) and 2 M sodium malonate (pH 7.0)
0.1 M sodium bicine (pH 9.0), 0.2 M ammonium sulfate, and 2 M sodium

0.1 M sodium bicine (pH 9.0), 0.2 M ammonium sulfate, and 2 M sodium

sitting drop

2 uL of 41 mg/mL CAII solution and 2 uL of
crystallization buffer

2 puL of 41 mg/mL CAII solution and 2 uL of
crystallization buffer

2 uL of 41 mg/mL CAII solution and 2.5 uL of
crystallization buffer

3 uL of 12 mg/mL CAII solution and 3 uL of
crystallization buffer

3 uL of 12 mg/mL CAII solution and 3 uL of
crystallization buffer

10 mg/mL CAIX solution

10 mg/mL CAIX solution

1 uL of 23 mg/mL CAXIII solution and 0.4 uL of
crystallization buffer

1 puL of 23 mg/mL CAXIII solution and 0.4 uL of
crystallization buffer

consisted of 0.2 mM Phenol Red (pH indicator used in absorbance
maximum of 557 nm), 20 mM HEPES Na (pH 7.5), and 20 mM
Na,SO,. The concentration of CAIl and CAIX in the enzyme assay was
4 nM and 1 nM, respectively. To stabilize CAIX during the
measurements, 0.0025% dodecyl-f-D-maltopyranoside (DDM, Ana-
trace, and Anagrade purity) was included in the reaction mixture.

The substrate (CO,) concentration in the reaction was 8.5 mM.
Rates of the CA-catalyzed CO, hydration reaction were followed for 30
s at 25 °C. Four traces of substrate conversion in the reaction were fitted
by the exponential function to determine the rate for each inhibitor
concentration. The uncatalyzed rates were determined in the same
manner and subtracted from the total observed rates. Stock solutions of
inhibitors (100 mM) were prepared in dimethyl sulfoxide, and dilutions
of up to 100 nM were made thereafter in DMSO. Apparent K;’ values
were obtained from dose—response curves recorded for at least six
different concentrations of the test compound by the nonlinear least-
squares method using an Excel spreadsheet fitting the Williams-
Morrison equation.”* K; values were then derived using the Cheng-
Prusoff equation.>® The K,, values used in the Cheng—Prusoff equation
were 9.3 mM for CAIIl and 7.5 mM for CAIX. Inhibition data are
provided in Figure S2.

Calculation of the Intrinsic Binding Parameters. The detailed
description of the importance and calculation of the intrinsic values
have been previously described.”” For the calculation of the intrinsic
dissociation constants, the experimentally measured observed dissoci-
ation constants determined by the FTSA, the pK, of the sulfonamide
group of the compound, and the pK, of the water molecule bound to the
zinc cation by the CA were used.

The intrinsic dissociation constant, Ky, is equal to

Kyine = Kaobs X foso,n X Seazaro (1)
The fraction of deprotonated sulfonamide:

10PHPKaysa
Jesopnn- = 1 + 10P7 PKosa 2)
The fraction of Zn(II)-bound water form of CA:

10PKaca—pH
fCAZnHzO =1 T 10PKecaPH 3)
® Ko — observed dissociation constant;

Jrso,nm- 304 foazy o — fractions of deprotonated sulfonamide
2 3

and Zn(II)-bound water molecule;
o pK, sy — pK, of the sulfonamide group;
e pK,ca — pK, value of water molecule bound to Zn(II) in the
active site of CA.

In this study, the pH value was equal to 7.0.

Determination of pK, Values of the Compound Sulfonamide
Group. The pK, values of the water molecule bound to Zn** in the
active site of CAs, pK, 4, were taken from ref 42 and of compounds,
pK, s (Figure S3) were experimentally determined as described in ref
S6.

We used a constant concentration of sulfonamide (25—400 M) and
2.0% (v/v) or 20% (v/v; but only for very poorly soluble ones) of
DMSO in universal buffer (50 mM sodium acetate, 25 mM sodium
borate, and 50 mM sodium phosphate) at different pH values (in the
range from pH 6.0 to 12.0 with 0.5 pH increment). UV/vis spectra of
the compound solution were recorded at 37 °C using BMG Labtech
CLARIOstarPlus plate reading spectrophotometer. The pK, values
were calculated by normalizing the absorbance and plotting it as a
function of pH, then fitting it to the Henderson—Hasselbalch equation
using the least-square method. The midpoint of this fitted curve is equal
to the sulfonamide group pK, sx.

X-ray Crystallography. Crystallization. Crystals of CAll, CAIX,
and CAXIII were obtained using the sitting-drop vapor diffusion
method at room temperature. Table 4 lists the concentrations of
proteins and buffers used for crystallization.

Ligand Soaking. The crystal structures of CAII and CAXIII with
ligands were obtained by soaking. A 50 mM solution of each ligand was
prepared in dimethyl sulfoxide. One uL of this solution was then diluted
using 50 uL of matching reservoir solution corresponding to the
conditions under which the crystal was formed. Crystals were incubated
for up to 1 week in the soaking solution.

Cocrystallization. The crystal structures of CAIX with ligands were
obtained by cocrystallization. Table 4 lists crystallization conditions.
The ligand used for cocrystallization was in 5—10 mM concentration,
while the stock solution contained 100 mM ligand dissolved in dimethyl
sulfoxide.

Data Collection and Structure Determination. Data for CAII and
CAXII were collected at PETRA III BEAMLINE P13 (MX1) and for
CAIX at BESSY II beamline 14.1.

The data were processed and scaled using XDS,*® MOSFLM,***°
and SCALA.®" The crystal structures were solved by molecular
replacement using MOLREP.”> The initial model for molecular
replacement—CAIL: 3HLJ; CAIX: 8Ql8,%° CAXIIl: 2NNO. The
structure was refined by REFMAC®* and remodeled using COOT.*’
The 3D models of compounds were constructed by the AVOGA-
DRO®® program and ligand parameter files were created using
LIBCHECK.***’

The data diffraction and final model refinement statistics and PDB
IDs are summarized in Table 3. All graphics were created using PyMOL
Molecular Graphics System. Authors will release the atomic
coordinates upon article publication.

Molecular Docking. The following receptors PDB IDs were
chosen for docking: CAIL: 3HS4; CAIX: 6G9U, chain A; CAXIII:
4KNN, chain A. The receptors selected from the Protein Data Bank

https://doi.org/10.1021/acs.jmedchem.5c01421
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differed from the new X-ray structures presented in this Paper to
decrease bias. The proteins were prepared for docking using ChimeraX
(version 1.9).°77% The ligands were optimized using the MMFF94s
force field”'~7® within Avogadro molecular viewer (version 1.2.0).%
For series 7 ligands, two enantiomers of the chiral sulfur were created
and docked separately. The format conversions were performed using
Operll}abel (The Open Babel Package, version 3.1.1, http://openbabel.
org).”” The dockin$ was performed using the Smina program (version
master:dc3dfab+).** Smina is based on Autodock Vina.** The
constrained optimization was done using Smina, using a custom
scoring function with a quadratic bias function with weight w=—10
added to the default Vina scoring function.’® The quadratic constraint
forced sulfonamide nitrogen to adhere to its position in the X-ray
structure. A cubic docking box of size (24 A),” exhaustiveness 100, and
energy range 10 kcal/mol was set as docking parameters. The resulting
poses were rescored with Smina using the Vinardo scoring function™
without the constraint. Only one of the symmetry equivalent poses
(e.g,, phenyl ring flip) was included when evaluating pose ranking after
docking. Heavy atom Root Mean Square Deviations (RMSD) were
calculated using DockRMSD software (version 1.1).”°

The quantum Density Functional Theory (DFT) optimizations were
performed using GAMESS-US (version 2019.R2)*’ using DFT
functional @B97X-D” with the cc-pVDZ basis set"”*" and the C-
PCM implicit solvation model for water.*” The conformational search
was performed using CREST software (version 3.0.2)*° using xTB
(version 6.7.1)* computational en§ine, employing the GFN2-xTB
semiempirical tight binding method®” and the ALPB implicit solvation
model for water.”*
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B ABBREVIATIONS

CA, human carbonic anhydrase; FTSA, fluorescent thermal shift
assay (or differential scanning fluorimetry DSF); int, intrinsic;
Kyiny intrinsic equilibrium dissociation constant; Ky o
observed equilibrium dissociation constant; obs, observed;
PK, ca K, value of water molecule bound to Zn(II) in the active
site of CA; pK, sa, pK, of the sulfonamide group; SEA, stopped-
flow carbon dioxide hydration assay

B REFERENCES

(1) Whitesides, G. M.; Krishnamurthy, V. M. Designing ligands to
bind proteins. Q. Rev. Biophys. 2005, 38, 385—395.

(2) Maren, T. H. Use of inhibitors in physiological studies of carbonic
anhydrase. Am. J. Physiol.-Ren. Physiol. 1977, 232, F291—F297.

(3) Meldrum, N. U,; Roughton, F. J. Some properties of carbonic
anhydrase, the CO2 enzyme present in blood. J. Physiol 1932, 75, 15P—
16P.

(4) The Carbonic Anhydrases; Springer US: Boston, MA, 1991.

(5) The Carbonic Anhydrases; Birkhauser Basel: Basel, 2000.

(6) Krishnamurthy, V. M.; et al. Carbonic Anhydrase as a Model for
Biophysical and Physical-Organic Studies of Proteins and Protein—
Ligand Binding. Chem. Rev. 2008, 108, 946—1051.

(7) The Carbonic Anhydrases: Current and Emerging Therapeutic
Targets; Springer International Publishing: Cham, 2021; Vol. 75.

(8) Zamanova, S.; Shabana, A. M.; Mondal, U. K,; Ilies, M. A.
Carbonic anhydrases as disease markers. Expert Opin. Ther. Pat. 2019,
29, 509—-533.

(9) Carbonic Anhydrase: Mechanism, Regulation, Links to Disease, and
Industrial Applications; Springer: Netherlands, Dordrecht, 2014; Vol.
7S.

(10) Abbate, F.; et al. Nonaromatic sulfonamide group as an ideal
anchor for potent human carbonic anhydrase inhibitors: role of
hydrogen-bonding networks in ligand binding and drug design. J. Med.
Chem. 2002, 45, 3583—3587.

(11) Martin, D. P.; Hann, Z. S; Cohen, S. M. Metalloprotein—
Inhibitor Binding: Human Carbonic Anhydrase II as a Model for
Probing Metal—Ligand Interactions in a Metalloprotein Active Site.
Inorg. Chem. 2013, 52, 12207—1221S.

(12) Carta, F.; Supuran, C. T.; Scozzafava, A. Sulfonamides and their
isosters as carbonic anhydrase inhibitors. Future Med. Chem. 2014, 6,
1149-1165.

(13) Fox, J. M.; Zhao, M.; Fink, M. J.; Kang, K.; Whitesides, G. M. The
Molecular Origin of Enthalpy/Entropy Compensation in Biomolecular
Recognition. Annu. Rev. Biophys. 2018, 47, 223—250.

(14) Aggarwal, M.; Boone, C. D.; Kondeti, B.; McKenna, R. Structural
annotation of human carbonic anhydrases. J. Enzyme Inhib Med. Chem.
2013, 28, 267-277.

(15) Supuran, C. T. Structure and function of carbonic anhydrases.
Biochem. J. 2016, 473, 2023—2032.

(16) Lomelino, C. L.; Andring, J. T.; McKenna, R. Crystallography
and Its Impact on Carbonic Anhydrase Research. Int. J. Med. Chem.
2018, 2018, No. 9419521.

(17) Smirnoviené, J.; et al. Switching the Inhibitor-Enzyme
Recognition Profile via Chimeric Carbonic Anhydrase XII. Chemis-
tryOpen 2021, 10, 567—580.

(18) Scott, A. D.; et al. Thermodynamic Optimisation in Drug
Discovery: A Case Study using Carbonic Anhydrase Inhibitors.
ChemMedChem. 2009, 4, 1985—1989.

(19) Gléckner, S.; Ngo, K; Wagner, B.; Heine, A,; Klebe, G. The
Influence of Varying Fluorination Patterns on the Thermodynamics
and Kinetics of Benzenesulfonamide Binding to Human Carbonic
Anhydrase I1. Biomolecules 2020, 10, S09.

(20) Zaksauskas, A.; et al. Methyl 2-Halo-4-Substituted-S-Sulfamoyl-
Benzoates as High Affinity and Selective Inhibitors of Carbonic
Anhydrase IX. Int. J. Mol. Sci. 2021, 23, 130.

(21) ZakSauskas, A.; et al. Design of two-tail compounds with
rotationally fixed benzenesulfonamide ring as inhibitors of carbonic
anhydrases. Eur. J. Med. Chem. 2018, 156, 61—78.

153

(22) Zaksauskas, A.; et al. Halogenated and di-substituted
benzenesulfonamides as selective inhibitors of carbonic anhydrase
isoforms. Eur. J. Med. Chem. 2020, 185, No. 111825.

(23) MERCAPTANS FROM THIOKETALS: CYCLODODECYL
MERCAPTAN. Org. Synth. 61, 74 (1983).

(24) Mahalingam, S. M.; Chu, H,; Liu, X.; Leamon, C. P.; Low, P. S.
Carbonic Anhydrase IX-Targeted Near-Infrared Dye for Fluorescence
Imaging of Hypoxic Tumors. Bioconjugate Chem. 2018, 29, 3320—3331.

(25) Smirnoviené, J.; Smirnovas, V.; Matulis, D. Picomolar inhibitors
of carbonic anhydrase: Importance of inhibition and binding assays.
Anal. Biochem. 2017, 522, 61-72.

(26) Taylor, P. W.; King, R. W.; Burgen, A. S. V. Influence of pH on
the kinetics of complex formation between aromatic sulfonamides and
human carbonic anhydrase. Biochemistry 1970, 9, 3894—3902.

(27) Zubriené, A.; Matulis, D. Observed Versus Intrinsic Thermody-
namics of Inhibitor Binding to Carbonic Anhydrases. In Carbonic
Anhydrase as Drug Target: Thermodynamics and Structure of Inhibitor
Binding; Matulis, D., Ed.; Springer International Publishing: Cham,
2019; pp 107—123.

(28) Fisher, S. Z.; Aggarwal, M.; Kovalevsky, A. Y.; Silverman, D. N;
McKenna, R. Neutron Diffraction of Acetazolamide-Bound Human
Carbonic Anhydrase II Reveals Atomic Details of Drug Binding. J. Am.
Chem. Soc. 2012, 134, 14726—14729.

(29) Aggarwal, M,; et al. Neutron structure of human carbonic
anhydrase I in complex with methazolamide: mapping the solvent and
hydrogen-bonding patterns of an effective clinical drug. IUCrJ. 2016, 3,
319-325.

(30) Zubrieng, A.; et al. Intrinsic thermodynamics of 4-substituted-
2,3,5,6-tetrafluorobenzenesulfonamide binding to carbonic anhydrases
by isothermal titration calorimetry. Biophys Chem. 2018, 205, S1—65.

(31) Dudutiené, V.; et al. Isoform-Selective Enzyme Inhibitors by
Exploring Pocket Size According to the Lock-and-Key Principle.
Biophys. ]. 2020, 119, 1513—1524.

(32) Eisenberg, D.; Schwarz, E.; Komaromy, M.; Wall, R. Analysis of
membrane and surface protein sequences with the hydrophobic
moment plot. J. Mol. Biol. 1984, 179, 125—142.

(33) Supuran, C. T. How many carbonic anhydrase inhibition
mechanisms exist? . Enzyme Inhib. Med. Chem. 2016, 31, 345—360.

(34) Koes, D. R; Baumgartner, M. P.,; Camacho, C. J. Lessons
Learned in Empirical Scoring with smina from the CSAR 2011
Benchmarking Exercise. J. Chem. Inf. Model. 2013, 53, 1893—1904.

(35) Quiroga, R.; Villarreal, M. A. Vinardo: A Scoring Function Based
on Autodock Vina Improves Scoring, Docking, and Virtual Screening.
PLoS One 2016, 11, No. e0155183.

(36) Trott, O.; Olson, A. J. AutoDock Vina: Improving the speed and
accuracy of docking with a new scoring function, efficient optimization,
and multithreading. J. Comput. Chem. 2010, 31, 455—461.

(37) McNutt, A. T; et al. GNINA 1.0: molecular docking with deep
learning. J. Cheminf. 2021, 13, 43.

(38) Pracht, P.; et al. CREST-A program for the exploration of low-
energy molecular chemical space. J. Chem. Phys. 2024, 160, 114110.

(39) Bannwarth, C.; Ehlert, S.; Grimme, S. GFN2-xTB—An Accurate
and Broadly Parametrized Self-Consistent Tight-Binding Quantum
Chemical Method with Multipole Electrostatics and Density-Depend-
ent Dispersion Contributions. J. Chem. Theory Comput. 2019, 1S,
1652—1671.

(40) Schmidt, M. W.; et al. General atomic and molecular electronic
structure system. J. Comput. Chem. 1993, 14, 1347—1363.

(41) Summa, C. M,; Langford, D. P.; Dinshaw, S. H.; Webb, J.; Rick, S.
W. Calculations of Absolute Free Energies, Enthalpies, and Entropies
for Drug Binding. J. Chem. Theory Comput. 2024, 20, 2812—2819.

(42) Linkuviené, V.; et al. Thermodynamic, kinetic, and structural
parameterization of human carbonic anhydrase interactions toward
enhanced inhibitor design. Q. Rev. Biophys. 2018, 51, No. el0.

(43) Baronas, D.; et al. Inhibitor binding to metal-substituted
metalloenzyme: Sulfonamide affinity for carbonic anhydrase IX. J.
Inorg. Biochem. 2024, 256, No. 112547.

https://doi.org/10.1021/acs.jmedchem.5c01421
J. Med. Chem. XXXX, XXX, XXX=XXX



Journal of Medicinal Chemistry

pubs.acs.org/jmc

(44) Jackman, G. B.; Petrow, V.; Stephenson, O.; Wild, A. M. Studies
in the Field of Diuretic Agents. Part VI Some Sulphamoylbenzoic Acids.
J. Pharm. Pharmacol. 1962, 14, 679—686.

(45) Jackman, G. B;; Petrow, V.; Stephenson, O.; Wild, A. M. Studies
in the Field of Diuretic Agents. J. Pharm. Pharmacol. 1963, 15, 202—
211.

(46) Englert, H. C; Lang, H.-J; Linz, W.; Schoelkens, B.; Scholz, W.
Benzoylguanidines, a Process for Their Preparation, Their Use as
Medicaments and Medicaments Containing Them; 1992.

(47) Mickeviciute, A.et al. Recombinant Production of 12 Catalytically
Active Human CA Isoforms. In Carbonic Anhydrase as Drug Target:
Thermodynamics and Structure of Inhibitor Binding; Matulis, D., Ed.;
Springer International Publishing: Cham, 2019; pp 15—-37.

(48) Leitans, J.; et al. Efficient Expression and Crystallization System
of Cancer-Associated Carbonic Anhydrase Isoform IX. J. Med. Chem.
2015, 58, 9004—9009.

(49) Griiner, B.; et al. Metallacarborane Sulfamides: Unconventional,
Specific, and Highly Selective Inhibitors of Carbonic Anhydrase IX. J.
Med. Chem. 2019, 62, 9560—9575.

(50) Kazlauskas, E.; Petrauskas, V.; Paketuryté, V.; Matulis, D.
Standard operating procedure for fluorescent thermal shift assay
(FTSA) for determination of protein—ligand binding and protein
stability. Eur. Biophys. J. 2021, 50, 373—379.

(51) Gedgaudas, M.; Baronas, D.; Kazlauskas, E.; Petrauskas, V.;
Matulis, D. Thermott: A comprehensive online tool for protein—ligand
binding constant determination. Drug Discovery Today 2022, 27,2076—
2079.

(52) Lingé, D.; et al. PLBD: protein—ligand binding database of
thermodynamic and kinetic intrinsic parameters. Database 2023, 2023,
baad040.

(53) Khalifah, R. G. The carbon dioxide hydration activity of carbonic
anhydrase. I. Stop-flow kinetic studies on the native human isoenzymes
B and C. J. Biol. Chem. 1971, 246, 2561—2573.

(54) Williams, J. W.; Morrison, J. F. The kinetics of reversible tight-
binding inhibition. In Methods in Enzymology; Academic Press: 1979;
Vol. 63, pp 437—467.

(55) Cheng, Y.-C.; Prusoff, W. H. Relationship between the inhibition
constant (Ki) and the concentration of inhibitor which causes 50%
inhibition (IS0) of an enzymatic reaction. Biochem. Pharmacol. 1973,
22,3099-3108.

(56) Snyder, P. W.; et al. Mechanism of the hydrophobic effect in the
biomolecular recognition of arylsulfonamides by carbonic anhydrase.
Proc. Natl. Acad. Sci. U. S. A. 2011, 108, 17889—17894.

(57) Emsley, P.; Cowtan, K. Coot: model-building tools for molecular
graphics. Acta Crystallogr. Biol. Crystallogr. 2004, 60, 2126—2132.

(58) Kabsch, W. XDS. Acta Crystallogr. Sect. D 2010, D66, 125—132.

(59) Battye, T. G. G.; Kontogiannis, L.; Johnson, O.; Powell, H. R;
Leslie, A. G. W. iIMOSFLM: a new graphical interface for diffraction-
image processing with MOSFLM. Acta Crystallogr. D Biol. Crystall
2011, 67, 271-281.

(60) Leslie, A. G. W. The integration of macromolecular diffraction
data. Acta Crystallogr. Biol. Crystallogr. 2006, 62, 48—57.

(61) Evans, P. Scaling and assessment of data quality. Acta Crystallogr.
D Biol. Crystallogr. 2006, 62, 72—82.

(62) Vagin, A.; Teplyakov, A. MOLREP: an Automated Program for
Molecular Replacement. J. Appl. Crystallogr. 1997, 30, 1022—1025.

(63) Leitans, J.; et al. Structural Basis of Saccharin Derivative
Inhibition of Carbonic Anhydrase IX. ChemMedChem 2023, 18,
No. €202300454.

(64) Murshudov, G. N.; Vagin, A. A;; Dodson, E. J. Refinement of
macromolecular structures by the maximum-likelihood method. Acta
Crystallogr. Biol. Crystallogr. 1997, 53, 240—255.

(65) Hanwell, M. D.; et al. Avogadro: An advanced semantic chemical
editor, visualization, and analysis platform. J. Cheminf. 2012, 4, 17.

(66) Vagin, A. A.; et al. REFMACS dictionary: organization of prior
chemical knowledge and guidelines for its use. Acta Crystallogr. Biol.
Crystallogr. 2004, 60, 2184—2195.

(67) Lebedev, A. A; et al. JLigand: a graphical tool for the CCP4
template-restraint library. Acta Crystallogr. D Biol. Crystallogr. 2012, 68,
431—440.

(68) Meng, E. C.; et al. UCSF CriMEraX: Tools for structure building
and analysis. Protein Sci. 2023, 32, No. e4792.

(69) Pettersen, E. F; et al. UCSF ChimeraX: Structure visualization
for researchers, educators, and developers. Protein Sci. Publ. Protein Soc.
2021, 30, 70—82.

(70) Goddard, T. D.; et al. UCSF ChimeraX: Meeting modern
challenges in visualization and analysis. Protein Sci. Publ. Protein Soc.
2018, 27, 14-25.

(71) Halgren, T. A. Merck molecular force field. I. Basis, form, scope,
parameterization, and performance of MMFF94. J. Comput. Chem.
1996, 17, 490—519.

(72) Halgren, T. A. Merck molecular force field. II. MMFF94 van der
Waals and electrostatic parameters for intermolecular interactions. J.
Comput. Chem. 1996, 17, 520—552.

(73) Halgren, T. A. Merck molecular force field. III. Molecular
geometries and vibrational frequencies for MMFF94. J. Comput. Chem.
1996, 17, 553—586.

(74) Halgren, T. A,; Nachbar, R. B. Merck molecular force field. IV.
conformational energies and geometries for MMFF94. J. Comput.
Chem. 1996, 17, 587—615.

(75) Halgren, T. A. Merck molecular force field. V. Extension of
MMFF94 using experimental data, additional computational data, and
empirical rules. J. Comput. Chem. 1996, 17, 616—641.

(76) Halgren, T. A. MMFF VI. MMFF94s option for energy
minimization studies. J. Comput. Chem. 1999, 20, 720—729.

(77) O’Boyle, N. M,; et al. Open Babel: An open chemical toolbox. J.
Cheminf. 2011, 3, 33.

(78) Bell, E. W.; Zhang, Y. DockRMSD: an open-source tool for atom
mapping and RMSD calculation of symmetric molecules through graph
isomorphism. J. Cheminf. 2019, 11, 40.

(79) Chai, J.-D.; Head-Gordon, M. Long-range corrected hybrid
density functionals with damped atom—atom dispersion corrections.
Phys. Chem. Chem. Phys. 2008, 10, 6615—6620.

(80) Dunning, T. H. Gaussian basis sets for use in correlated
molecular calculations. I. The atoms boron through neon and
hydrogen. J. Chem. Phys. 1989, 90, 1007—1023.

(81) Woon, D. E,; Dunning, T. H,, Jr. Gaussian basis sets for use in
correlated molecular calculations. III. The atoms aluminum through
argon. J. Chem. Phys. 1993, 98, 1358—1371.

(82) Barone, V.; Cossi, M. Quantum Calculation of Molecular
Energies and Energy Gradients in Solution by a Conductor Solvent
Model. J. Phys. Chem. A 1998, 102, 1995—2001.

(83) Bannwarth, C.; et al. Extended tight-binding quantum chemistry
methods. Wiley Interdiscip. Rev.: Comput. Mol. Sci. 2021, 11, No. e1493.

(84) Ehlert, S.; Stahn, M.; Spicher, S.; Grimme, S. Robust and Efficient
Implicit Solvation Model for Fast Semiempirical Methods. J. Chem.
Theory Comput. 2021, 17, 4250—4261.

https://doi.org/10.1021/acs.jmedchem.5c01421
J. Med. Chem. XXXX, XXX, XXX—XXX

154



GYVENIMO APRASYMAS

Vardas Pavardé Audrius ZakSauskas

ISsilavinimas

1995-1997 Vilniaus Universitetas, Chemijos fakultetas, magistro
studijos. Suteiktas chemijos magistro kvalifikacinis laipsnis. Magistro darbo
tema: ,,Pakeisty titanilo ftalocianiny sintezé*

1991-1995 Vilniaus Universitetas, Chemijos fakultetas, bakalauro
studijos. Suteiktas chemijos bakalauro kvalifikacinis laipsnis. Bakalauro
baigiamojo darbo tema: “Biciklo[3.3.1]nonan-2,6-diono oksidacija talio(III)
druskomis

Pagrindinés mokslinés veiklos kryptys

2013-iki dabar Vilniaus universitetas, Biotechnologijos Institutas,
Biotermodinamikos ir vaisty tyrimo skyrius. Fermenty slopikliy sintezg.

2002-2013 Vilniaus universitetas, Taikomyjy moksly institutas, Skystyjy
kristaly laboratorija. Organiniy junginiy sintezé.

1994-2001 Vilniaus universitetas, Chemijos fakultetas, Organinés
chemijos katedra. Organiniy junginiy sintezé. Darbo vadovai doc.
P.Kadziauskas, prof. A.Undzénas.

Mokymo patirtis

1997-1999 Vilniaus universitetas, Chemijos fakultetas, Organinés
chemijos katedra. Magistro baigiamojo darbo vadovas

2015-2016 Vilniaus universitetas, Biotechnologijos Institutas,
Biotermodinamikos ir vaisty tyrimo skyrius. Bakalauro baigiamojo darbo vadovas

Darbo patirtis

2013- iki dabar ~ Vilniaus universitetas, Biotechnologijos Institutas,
Biotermodinamikos ir vaisty tyrimo skyrius, j.m. darbuotojas

2007-2013 UAB ,,Tikslioji sintezé*, chemikas.

2002-2013 Vilniaus universitetas, Taikomyjy moksly institutas, Skystyjy
kristaly laboratorija, vyresnysis inzinierius

1994-1998 Vilniaus universitetas, Chemijos fakultetas, Organinés

chemijos katedra, laborantas

Dalyvavimas projektuose

1. Junginiy efektyvumo slopinant SARS CoV-2 rekombinantinius virusinius
fermentus jvertinimo technologijos prototipo sukiirimas (296 127 Eur.,

155



2021-2023, 3.1.1-LMT-K-718-05-0001. Vadovas J. Matulieng,
Vykdytojas VU).
Véziniy augliy iSplitimo diagnostikos ir metastaziy vaizdinimo operacijos
metu sistemy vystymas naudojant CA IX biozymenj.(140 000 Eur., 2020-
2021. Sveikas sen¢jimas Nr. S-SEN-20-10. Vadovas J. Matuliené.
Vykdytojas VU)
Karboanhidraziy-slopikliy atpazinimo mechanizmas — prie§vézinés
terapijos link.(100 000 Eur., 2017-2020. MIP-17-87. Vadovas D. Matulis.
Vykdytojas VU)

. Zmogaus karboanhidrazés IX, kaip véziniy lasteliy Zymens, taikymo

onkologiniy ligy diagnostikai, vaizdinimui bei prognozei, tyrimas.( Eur.,
2015-2017. Sveikas sen¢jimas Nr. SEN-04/2015. Vadovas J. Matuliené.
Vykdytojas VU)

. Nuo 2014-04 iki 2014-12-31. Karboanhidrazés hCA XII, kaip véziniy

lasteliy zymens, diagnostinio potencialo jvertinimas. (590 500 Lt, 2012 05
02 - 2014 12 31, ES struktiiriniy fondy 1éSos, Létinés neinfekcinés ligos
LIG-09/2012 , vadovas D. Matulis. Vykdytojas VU)

Nuo 2013-05-24 iki 2013-10-09. Nauji lankscios struktiiros bifluoreno
junginiai optoelektronikos pramonei (BiFluorenas). (1 460 000 Lt, 2013-
2015, VP1-3.1-SMM-10-V-02-023/LSS-23000-933, vykdytojas VU)

. Inovatyviis tiofeno junginiai OLED technologijai bei fotovoltainei

konversijai (saulés baterijoms). (706 090 Lt, 2009-2012, ,,Intelektas LT*
VP2-1.3-UM-02-K-01-011, vykdytojas UAB “Tikslioji sintez&*).

. Organinés elektronikos medziagos ir prietaisai energija taupancioms

technologijoms. (2007-2009, VMSF remiamas Aukstyjy technologijy
plétros programos projektas, vykdytojas VU).

Mokslinés publikacijos

1.

ZakS$auskas, A., Paketuryte-Latvé, V., Janktinaite, A., Capkauskaité, etal.
Affinity and Selectivity of Protein—Ligand Recognition: A Minor
Chemical Modification Changes Carbonic Anhydrase Binding Profile.
Journal of Medicinal Chemistry. 2025, 68(16), 17752-17773. doi:
10.1021/acs.jmedchem.5¢01421

. Bagdonas, M., Stancaitis, L., Urniezius, E., ZakSauskas, A., Mickeviciiite,

v —

target-specific covalent inhibitors of SARS-CoV-2 papain-like protease.
European Journal of Medicinal Chemistry Reports. 2025, 15, 100306.
doi.org/10.1016/j.ejmcr.2025.100306

. Petrosiute, A., ZaksSauskas, A., Lucitnaité, A., Petrauskas, V.,

Baranauskiené, L., Kvietkauskaité, A., et al. Carbonic anhydrase IX

156



inhibition as a path to treat neuroblastoma. British Journal of
Pharmacology, 2025, 182(7), 1610-1629. doi.org/10.1111/bph.17429

4. Paketuryté-Latvé, V., Smirnov, A., Manakova,E., Baranauskiene, L.,
Petrauskas, V., Zubriené, A., Matuliené, J., Dudutien¢, V., Capkauskaite,
E., Zaksauskas, A., et al. From X-ray crystallographic structure to
intrinsic thermodynamics of protein—ligand binding using carbonic
anhydrase isozymes as a model system. [UCrJ, 2024, 11|, 4, 556-569.
doi.org/10.1107/S2052252524004627

5. Zvinys, G., Petrosiute, A., ZakSauskas, A., Zubriené, A., et al. High-
Affinity NIR-Fluorescent Inhibitors for Tumor Imaging via Carbonic
Anhydrase IX. Bioconjugate Chem, 2024, 35, 6, 790-803.
doi.org/10.1021/acs.bioconjchem.4c00144

6. Lingé, D., Gedgaudas, M., Merkys, A., Petrauskas, V., Vaitkus, A.,
Grybauskas, A., Paketuryté, V., Zubriené, A., ZakSauskas, A., et al.
PLBD: protein—ligand binding database of thermodynamic and kinetic
intrinsic parameters, Database, Volume 2023, 2023,
baad040.doi.org/10.1093/database/baad040

7. Matuliené, J., Zvinys, G., Petrauskas, V., Kvietkauskaité, A., ZakSauskas,
A., et al. Picomolar fluorescent probes for compound affinity determination
to carbonic anhydrase IX expressed in live cancer cells. Scientific Reports,
2022, 12, 17644. doi.org/10.1038/s41598-022-22436-1

8. Zak3auskas, A., Capkauskaité, E., Paketuryté-Latve, V., Smirnov, A.,
Leitans, J., Kazaks, A., Dvinskis, E., Stancaitis, L., Mickeviciiité, A.,
Jachno, J., Jezepcikas, L., Linkuviené, V., Sakalauskas, A., Manakova, E.,
Grazulis, S., Matuliené, J., Tars, K., Matulis, D. Methyl 2-Halo-4-
Substituted-5-Sulfamoyl-Benzoates as High Affinity and Selective
Inhibitors of Carbonic Anhydrase IX. Int. J. Mol. Sci. 2022, 23, 130.
doi.org/10.3390/ijms23010130

9. Smirnoviené, J., Smirnov, A., ZakSauskas, A., Zubriené, A., Petrauskas,
V., Mickeviéiaté, A., Michailovien¢, V., Capkauskaité, E., Manakova, E.,
Grazulis, S., Baranauskiené, L., Wen-Yih Chen, Ladbury, J.E., Matulis, D.
Switching the Inhibitor-Enzyme Recognition Profile via Chimeric
Carbonic Anhydrase XII. ChemistryOpen, 2021, 10(5), 567-580.
doi:10.1002/0pen.202100042

10.Zaksauskas, A., Capkauskaite, E., Jezep¢ikas, L., Linkuviene, V.,
Paketuryté, V., Smirnov, A., Leitans, J., Kazaks, A., Dvinskis, E.,
Manakova, E., Grazulis, S., Tars, K., Matulis, D. Halogenated and Di-
Substituted Benzenesulfonamides as Selective Inhibitors of Carbonic
Anhydrase Isoforms. European Journal of Medicinal Chemistry, 2020,
185, 111825. Doi:org/10.1016/j.ejmech.2019.111825.

157



11.Linkuviené, V., Zubriené, A., Manakova, E., Petrauskas, V.,
Baranauskiené, L., ZakSauskas, A., Smirnov, A., Grazulis, S., Ladbury,
J.E., Matulis, D. Thermodynamic, kinetic, and structural parameterization
of human carbonic anhydrase interactions toward enhanced inhibitor
design. QO Rev Biophys., Published online: 26 November 2018, e10. doi:
10.1017/S0033583518000082

12.Zaks$auskas, A., Capkauskaité, E., Jezepéikas, L., Linkuviené, V.,
KiSonaité, M., Smirnov, A., Manakova, E., Grazulis, S., Matulis, D.
Design of two-tail compounds with rotationally fixed benzenesulfonamide
ring as inhibitors of carbonic anhydrases. European Journal of Medicinal
Chemistry, 2018, 156, 61-78. doi: 10.1016/j.ejmech.2018.06.059

13.Capkauskaité, E., Zaksauskas, A., Ruibys, V., Linkuviené, V., Paketuryté,
V., Gedgaudas, M., Kairys, V., Matulis. D. Benzimidazole design,
synthesis, and docking to build selective carbonic anhydrase VA
inhibitors. Bioorganic & Medicinal Chemistry. 2018, 26(3), 675-687. DOI:
10.1016/j.bmc.2017.12.035.

14.Zubriené, A., Smirnov, A., Dudutiené, V., Timm, D. D., Matuliené, J.,
Michailoviené, V., ZakSauskas, A., Manakova, E., Grazulis, S., Matulis,
D. Intrinsic Thermodynamics and Structures of 2,4- and 3,4-Substituted
Fluorinated Benzenesulfonamides Binding to Carbonic Anhydrases.
ChemMedChem, 2017, 12 (2), 161-176. DOI: 10.1002/cmdc.201600509.

15.Juozapaitiené, V., Bartkuté, B., Michailoviené, V., Zaksauskas, A.,
Baranauskieng, L., Satk@ing, S., Matulis, D. 2016. Purification, enzymatic
activity and inhibitor discovery for recombinant human carbonic
anhydrase XIV. Journal of Biotechnology. 2016, 240, 31-42. DOI:
10.1016/j.jbiotec.2016.10.018

16.V. Dudutiené, A. Zubriené, A. Smirnov, D. D. Timm, J. Smirnovieng, J.
Kazokaité, V. Michailoviené, A. Zak§auskas, E. Manakova, S. Grazulis
and D. Matulis. Functionalization of Fluorinated Benzenesulfonamides
and Their Inhibitory Properties toward Carbonic Anhydrases.
ChemMedChem, 2015, 10 (4), 662—687. DOI: 10.1002/cmdc.201402490

17.Dudutiené, V., Matuliené, J.,, Smirnov, A., Timm, D., Zubriené, A.,
Baranauskiené, L., Morkinaité, V., Smirnoviené, J., Michailoviené, V.,
Juozapaitiené, V., Mickeviciite, A., Kazokaité, J., Baksyté, S.,
Kasiliauskaité, A., Jachno, J., Revuckiené, J., KiSonaité, M., Pilipuityté,
Kairys, V., Petrauskas, V., NorvaiSas, P., Lingé, D., Gibieza, P.,
Capkauskaité, E., ZakSauskas, A., Kazlauskas, E., Manakova, E.,
Grazulis, S., Ladbury, J., Matulis, D. Discovery and characterization of

158


http://onlinelibrary.wiley.com/doi/10.1002/cmdc.201402490/abstract
http://onlinelibrary.wiley.com/doi/10.1002/cmdc.201402490/abstract
http://onlinelibrary.wiley.com/doi/10.1002/cmdc.201402490/abstract

novel selective inhibitors of carbonic anhydrase IX. Journal of Medicinal
Chemistry, 2014, 57 (22), 9435-9446. DOI: 10.1021/jm501003k

18.Gaidelis, V.; Jankauskas, V.; Kadziauskas, P.; Montrimas, E.; Undzénas,

A.; Zaksauskas, A. Asymmetric dioxothiapyranes as electron transporting
materials. Environmental and chemical physics. 2001, Vol. 23, no
2. ISSN 1392-740X p. 64-70

19.Zaksauskas, A.;_ Kadziauskas, P.; Undzénas, A. Hydroxygallium

phthalocyanine and its forms. Environmental and chemical physics., 2000,
Vol. 22, no 3-4. ISSN 1392-740X p. 145-150

Patentinés paraiSkos

1.

EP4255886(A1) D. Matulis, A. ZakSauskas, A. Zubriené, L.
Baranauskiené, J. Matuliené, V. Dudutiené, E. Capkauskaité, V.
Paketuryté, J. Smirnoviené. Carbonic anhydrase inhibitors synthesized on
interconnecting linker chains

. US11312682 (B2) E. Capkauskaité, A. Zaksauskas, V. Morkinaité, D.

Matulis. Selective inhibitors of carbonic anhydrase.

Lietuvos patentas Nr. 5510B Ona Adoméniené, Povilas Adoménas,
Audrius ZakS$auskas, Virginija Zvinyté. 2-(4'-fenilbenzoil)benzoinés
rugsSties gamybos buidas. Paraiskos numeris 2006 084. Patento paskelbimo
data 2008-07-25 Process for preparing of 2-(4’-phenylbenzoyl)benzoic
acid.

159



Vilniaus universiteto leidykla
Saulétekio al. 9, III ramai, LT-10222 Vilnius
El p. info@leidykla.vu.lt, www.leidykla.vu.lt

bookshop.vu.lt, journals.vu.lt

Tirazas 15 egz.


http://www.leidykla.vu.lt/
https://bookshop.vu.lt/
https://journals.vu.lt/

