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The effect of two water-soluble sulfonamides: aromatic 4-aminobenzenesulfonamide (SA) and ali-
phatic trifluoromethylsulfonamide (TFMSA) on the latent and stimulated ATPase activity of the catalytic part
of the thylakoid ATP synthase isolated from spinach (Spinacia oleracea L.) chloroplasts was studied. Three
methods of ATPase activity stimulation were applied in the work: brief heating of the enzyme at 62 °C; incu-
bation with 20% methanol; 25 mM sodium sulfite adding to the reaction medium. TFMSA effectively inhibited
the ATPase activity of the enzyme at all types of activation. I, (TFMSA) value for was found to be about 5 uM
in the case of enzyme heat treatment and 1 uM in the case of enzyme activation with sulfite or methanol. SA
did not affect ATPase activity at stimulation with sulfite and inhibited with I, about 50 uM at stimulation by
heating or methanol. No effect of SA on latent enzyme activity was observed, while TFMSA was shown to ac-
tivate latent ATPase by about 6 times. The data obtained showed that both sulfonamide compounds, known as
carbonic anhydrase inhibitors, are able to modify the activity of chloroplast ATPase.
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class of compounds that became the first an-

tibacterial agents for systemic use, starting
the antibiotic revolution in medicine [1]. Due to
their low cost, low toxicity, and excellent activity
against bacterial diseases, they are still widely used
as antimicrobial agets [1-3]. The mechanism of the
bactericide action of sulfonamides is based on the
similarity of their structure with p-aminobenzoic
acid (PABA), competing with which they inhibit
the synthesis of tetrahydrofolate acid, necessary
for the synthesis of pyrimidine bases of DNA and
RNA. Among the 15,000 sulfanilic acid derivatives
synthesized to date, there are compounds with anti-
cancer, antimalarial, antiviral, anticonvulsant effects
[4], the chemotherapeutic effect of which is associa-
ted with their ability to inhibit carbonic anhydrase,
the multiple forms of which are present in various
tissues and organs of animals and humans [5]. So,
popular sulfonamide diuretics (diacarb, furosemide,

S ulfonamide preparations are an important

indapamide), ophthalmic drugs (brinzolamide, dor-
zolamide), some anticancer agents are inhibitors
of carbonic anhydrases [4]. Carbonic anhydrase in
multiple forms is also present in the cells of higher
plants. Their role and localization have not yet been
fully elucidated [6].

When studying the pH-dependent activation of
an isolated Mg?*-ATPase of chloroplasts, we found
that sulfonamide carbonic anhydrase inhibitors, ace-
tazolamide and ethoxysolamide, almost completely
suppress the activity of this enzyme [7, 8]. This un-
expected fact may confirm the earlier hypothesis
about the functional relationship of ATP synthase
of chloroplasts with an unknown form of carbonic
anhydrase [7, 9]. Given the high degree of structural
similarity between chloroplast, bacterial, and animal
mitochondrial ATPases [10], a deeper study of this
effect may be important in establishing the mecha-
nisms of action of sulfonamide drugs on living or-
ganisms. In this work, we tested 2 water-soluble
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preparations - aromatic 4-aminobenzenesulfonamide
(SA) and aliphatic trifluoromethanesulfonamide
(TFMSA). SA, known as streptocide was one of the
first compounds of this class, which was used in the
treatment of bacterial diseases. TFMSA is a power-
ful inhibitor of human carbonic anhydrase, which is
not used in therapeutic practice due to its high toxi-
city [5]. Based on the discovery of the high game-
tocidal activity of TFMSA in relation to the male
gametophyte of corn and sorghum [11, 12] without
negative effects for the plant as a whole, its use in
breeding is considered promising.

The aim of this work was to study the effect of
4-aminobenzenesulfonylamide and trifluorometh-
anesulfonamide on the latent and stimulated ATPase
activity of the catalytic part of the thylakoid ATP
synthase isolated from spinach chloroplasts.

Materials and Methods

Chloroplasts were isolated from fresh spinach
leaves (Spinacia oleracea L.) mainly as described
previously [13]. After removing fragments of cell
walls and large aggregates, chloroplasts were
subjected to osmotic shocking at 4 °C for 10 min
in a hypotonic medium containing 10 mM Tris-HCI
(pH 7.2) and 10 mM NaCl. Thylakoid membranes
were washed three times from RBP-carboxylase,
which is the main soluble chloroplast protein. For
this, the membranes were resuspended in a solu-
tion of 10 mM NacCl, 10 mM Tris-HCI (pH 7.2) and
2 mM MgCI,, each time precipitating the mem-
branes at 7000 g for 10 min. After the last washing,
the precipitate was suspended at room temperature
in 250 mM sorbitol, 10 mM Tris-HCI (pH 7.2), 1 mM
EDTA, 2 mM ATP at a chlorophyll concentration
of 2.5 mg™-ml*. ATPase (factor CF) was isolated as
previously described by the method of Zakharov et
al. [14] by treating the membranes with chloroform
at a 1: 2 ratio of chloroform to thylakoid suspension.
The suspension and chloroform were transferred to a
separatory funnel and shaken vigorously for 30 sec.
To completely separate the phases, the emulsion was
centrifuged for 5 min at 1000 g. The upper phase
was taken using a siphon and centrifuged for 30 min
at 15,000 g. The yellowish supernatant containing
the isolated ATPase of thylakoids was concentrated
by precipitation with ammonium sulfate and stored
at4°Cin2 M (NH,),SO,. The CF -ATPase was pu-
rified according to [15]. For this, the protein precipi-
tate in ammonium sulfate was shaken, transferred
to a centrifuge tube and precipitated at 5000 g for

10 min. The precipitate was dissolved in a mini-
mal amount of a buffer solution containing 2 mM
EDTA, 1 mM ATP, and 20 mM tricine-NaOH (pH
8.0) and applied to a column (1.5x80 cm) with Se-
phadex G-200, which was equilibrated with the same
buffer. The fractions containing ATPase were com-
bined and concentrated by adding dry ammonium
sulfate to a concentration of 2 M. The preparation
was stored in a refrigerator at 4 °C about for three
months without loss of activity. The purity of the en-
zyme was evaluated using electrophoretic analysis
according to the published protocol [16]. The protein
concentration in preparations of isolated ATPase
was determined according to the Lowry method
[17]. Before the experiments, the obtained CF, prep-
aration was desalted sequentially on two centrifuge
columns with Sephadex G-50, which was balanced
with 50 mM Tris-HCI (pH 7.8), 50 mM NaCl and
2 mM EDTA [18]. The ATPase activity was deter-
mined in the reaction solution containing 1 mM ATP,
50 mM Tris-HCI (pH 7.8), 10 mM MgCl, at 37 °C
and expressed as umol P, (mg protein) - 1 min™. The
amount of P in the sample was determined by the
Lowry and Lopez method in the Skulachev's modi-
fication as in previous publications [7, §].

The activation of Mg-dependent ATPase
activity was carried out 1) by brief heating (4 min)
at 62 °C according to [19]; 2) by the treatment with
20% methanol as in [20]; 3) by adding 25 mM so-
dium sulfite, as described previously [7]. Salts and
trichloroacetic acids of laboratory grade qualifica-
tion, ATP (adenosine triphosphoric acid (disodium
salt), sulfonamide (SA) and trifluoromethanesulfona-
mide (TFMSA) purchased from Sigma (USA) were
used.

The studies were carried out in 3-4 single rep-
lications. The mean values and their standard devia-
tions were determined. When comparing the sam-
ples, Student ¢-test was used, the differences were
considered significant at P < 0.05.

Results and Discussion

The catalytic part of the ATP synthase complex
of chloroplasts (CF,, coupling factor) after separation
from thylakoid membranes loses the ability to syn-
thesize ATP, but retains hydrolytic activity. Regula-
tion of ATPase activity is complex and is controlled
by several mechanisms. The most conservative is
the non-competitive inhibition by the MgADP com-
plex (ADP inhibition). When ADP binds to a cata-
lytic site without phosphate, the enzyme can un-
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dergo conformational changes that block ADP in
the bound state, which leads to inactivation of the
enzyme. Oxyanions (for example, bicarbonate or
sulfite) can displace bound ADP, in result of which
the ATPase activity of the enzyme increases. The
most effective activator of ATPase is sodium sulfite
[21]. Previously, we found that after enzyme activa-
tion in the presence of stimulating concentrations
of Na,SO,, the rate of ATP hydrolysis sharply de-
creased with the addition of sulfonamide inhibitors
of ethoxyzolamide, or acetazolamide with an I, of
about 1 uM [7]. Fig. 1 shows the effect of increasing
concentrations of sulfonamides, which were studied
in this work - SA and TFMSA on the rate of Mg®*-
dependent ATP hydrolysis after activation of CF -
ATPase by sodium sulfite.

It can be seen that in the presence of SA, the
rate of ATP hydrolysis remained consistently high,
whereas with the addition of TFMSA, the hydrolytic
activity decreased sharply and reached the level of
the latent enzyme at a concentration of TFMSA of
50-200 pM. The concentration of the inhibitor, when
added, the activity of the enzyme was halved (I,
was about 1 pM. Thus, the dependence of the rate
of ATP hydrolysis on the concentration of TFMSA
was very similar to the dependence of this reaction
on the concentration of ethoxyzolamide or acetazola-
mide under conditions of activation of CF -ATPase
by sodium sulfite [7]. The data of Fig. 1 show that
another sulfonamide - SA did not affect the hydro-
lytic activity of thylakoid ATPase activated by so-
dium sulphate.

The sulfonamides studied in this work affected
the ATPase activity of CF, after its activation by
brief heating at 62 °C somewhat differently than
in the case of sulfite-activated ATPase [19]. The
mechanism of heat activation of CF-ATPase is cor-
related with a change in the conformational state or
position of the e-subunit, the smallest subunit of the
catalytic part of the ATP synthase of chloroplasts,
which performs regulatory functions. In particular,
it is capable of selectively inhibiting ATP hydrolysis.
Several experimental studies show that this regula-
tion is achieved due to large conformational changes
in the a-helical C-terminal domain of the e-subunit
[22]. The effect of SA and TMFSA on the activity of
heat-activated CF -ATPase is shown in Fig. 2.

TFMSA was found to be a more effective
inhibitor of ATPase, in the presence of which its ac-
tivity of the heat-activated enzyme decreased to the
level of the latent one at a concentration of 50 uM,
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Fig.1. The effect of sulfonamides on the rate of Mg**-
dependent ATP hydrolysis under sodium sulfite ac-
tivation of CF-ATPase. Composition of the reac-
tion mixture: 1 mM ATP, 50 mM Tris-HCI (pH 7.8),
10 mM MgCl,, 25 mM Na,SO, and 10 ug of isolated
CF -ATPase. The mixture was incubated for 30 min
at 37 °C

and I, (TFMSA) was about 5 uM. SA inhibited the
ATP-ase reaction much weaker: I, (SA) was 50 uM.
But, it should be noted that, unlike the enzyme acti-
vated by sodium sulfite, CF -ATPase became sensi-
tive to SA inhibition after the heat activation.

Activation of the chloroplast ATPase is also
observed when treated with methanol, ethanol, and
other short-chain alcohols [20]. Both soluble and
thylakoid-bound [20] CF, exhibits high rates of ATP
hydrolysis if 20-35% methanol is added to the reac-
tion medium. The main effect of methanol in the ac-
tivation of ATPase is to suppress the e-subunit or at
least to lose its ability to inhibit ATPase. Prolonged
exposure to alcohols can lead to other irreversible
changes, even loss of the e-subunit and fixation of
ATPase in activated form. The displacement of the
e-subunit from CF -ATPase by the action of alco-
hols was shown in [23]. The effect of sulfonamide
SA and TMPSA inhibitors on the rate of ATP hy-
drolysis in the presence of CF -ATPase activated by
20% methanol is shown in Fig. 3. It can be seen that,
compared to the heat-activated enzyme, the CF, hy-
drolase activity increases twice after the addition of
methanol (Fig. 2).
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Fig. 2. Influence of sulfonamide inhibitors on the
rate of Mg**-dependent ATP hydrolysis by heat-acti-
vated isolated spinach chloroplast CF -ATPase. The
enzyme activation was performed at 62 °C for 4 min

As in the case of heat activation, both inhibi-
tors suppress the ATPase reaction to different de-
grees. TFMSA inhibits the rate of ATP hydrolysis
to the level of latent enzyme at concentrations of
100-150 uM, and I, (TFMSA) is about 1.5 uM. The
inhibitory effect of SA is significantly weaker than
TFMSA. 50% inhibition of ATP hydrolysis was ob-
served with the addition of approximately 100 pM
of SA. Thus, for all types of activation studied, the
hydrolytic activity of CF -ATPase is effectively sup-
pressed by TFMSA, while SA affects ATPase only
after treatments that modify the state of the inhibi-
tory e-subunit.
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Fig. 3. The effect of carbonic anhydrase inhibitors
on the Mg**-ATPase activity of isolated CF, under
conditions of activation with 20% methanol

It is known that some organic solvents and non-
ionic detergents such as, for example, octyl gluco-
side are capable, like alcohols, of activating latent
ATPase [10]. To test the effect of sulfonamides SA
and TFMSA on the level of enzymatic activity of
latent CF, we determined the dependence of the rate
of the ATPase reaction on the concentration of these
drugs. The data presented in Fig. 4 show that the
low rate of hydrolytic reaction did not change with
the addition of SA at a concentration of 1 to 300 uM.
The dependence of the rate of ATP hydrolysis on the
concentration of TFMSA was nonmonotonic, but
in general, starting from a concentration of 1 pM,
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Fig. 4. The effect of water soluble sulfonamide inhibitors on Mg?*-ATPase activity of isolated latent CF,. The
latent enzyme activity ranged from 0.8 to 1.1 umol P, (mg protein)”"-min”. Its average value is taken on the
graph as 1, and the value of enzymatic activity is provided in arbitrary units with respect to the averaged

activity of the latent enzyme
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Fig. 5. Structural formulas of sulfonamide inhibitors
studied in this work

this sulfonamide stimulated ATPase activity: in the
presence of 50-300 uM of TFMSA, it exceeded the
activity level of the latent enzyme by about 6 times.
Thus, the results show that that water-soluble sulfon-
amides are capable of both stimulating and inhibi-
ting the ATPase activity of isolated CF, depending
on the reaction conditions.

TFMSA is known as one of the most potent
inhibitor of several human a-carbonic anhydrases
[5] and, according to the results obtained, it effec-
tively suppresses the rate of ATP hydrolysis in the
presence of isolated CF, activated by heat, metha-
nol, or sodium sulfite (Fig. 2-4). The mechanisms
that ensure the activation of latent ATPase during
these treatments are not the same, but it is obvious
that as a result of molecular rearrangements of the
enzyme under the influence of these treatments,
some functionally important parts of the molecule
become accessible for interaction with TFMSA. No-
tably, when TFMSA is added to the latent enzyme,
the hydrolytic reaction is noticeably stimulatei and
reaches a 6-fold acceleration at drug concentrations
of 50-300 uM. SA, in contrast to TFMSA (Fig. 5),
either did not affect at all, or influenced the activity
of the isolated chloroplast ATPase much weaker and
only under the conditions of the modified state of the
g-subunit.

The inhibitory effect of sulfonamides on the ac-
tivity of carbonic anhydrase depends on their solu-
bility in water, pKa, and pH of the medium, since
these inhibitors are active only in ionized form [24].

100

Therefore, the proportion of ionized molecular forms
with pKa < 6.0 at physiological pH values signifi-
cantly exceeds the relative amount of ionized inhibi-
tors with pKa > 8. In contrast to SA (pKa = 10.43,
pKb = 11.63) [25], TFMSA has the lowest pKa ~ 5.8
among sulfonamides and it dissolves in water
(> 500 mM) better than SA [26]. The acidity of the
sulfonamide group, which is very high for com-
pounds of this class, is associated with the negative
induction effect of the CF,-group and its proximi-
ty to the sulfonamide residue. Structural analysis
showed that the method of binding this inhibitor to
the active site of carbonic anhydrase is significantly
different from that for classical aromatic / heterocy-
clic sulfonamides [5].

Inhibitory analysis is an important approach
to studying the functioning of enzymes, the use of
which allows obtaining information about the struc-
ture of both active and allosteric centers of enzymes.
Upon binding of the effectors to the allosteric center,
the tertiary and often also quaternary structure of the
molecule and, accordingly, the configuration of the
active center can change, which causes a decrease
or increase in enzymatic activity. According to the
results of this and previous works [7, 8], we can state
that sulfonamide compounds, known as carbonic
anhydrase inhibitors, are able to modify the activity
of the chloroplast ATPase, a multisubunits enzyme,
which has several active and regulatory centers [10],
and can be a useful tool when studying the features
of the catalytic process in membrane ATP synthas-
es of various origins. The data of this and previous
works [7, 8] show for the first time that some com-
pounds of the sulfonamide class are agents aimed at
ATP synthase, which cause growing interest during
the development of new methods of treating human
and animal diseases and agricultural applications
[27, 28].
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BIIJIUB CYJb®AHIJIAMIJAIB HA
AKTHBHICTb THJIAKOITHOI
ATPa3u, I30JJbOBAHOI I3
XJIOPOIIJIACTIB IIITAHATY

O. K. 3onomapwosa, A. I1. Xomouxin,
O. b. Onoiixo

IncruryT 6oraniku iM. M. I. XonogHoro
HAH VYkpainu, Kuis;
e-mail: membrana@ukr.net

BuBuanacst nis JBOX BOAOPO3UYMHHHUX CYJIb-
(hanimaminiB apoMaTHYHOrO 4-aMiHOOEH30JICYIIh-
tdonimaminy (CA) i amidarnunoro TtpudTopme-
tuncynshorinaminy (TOMCA) nHa nareHTHY i
ctuMynboBaHy ATPa3Hy akTHBHICTh KaTaJIiTHIHOL
yacTuHU THiakoigHoi ATP-cuHTasu, 130160BaHOl 3
XJIOPOIJIACTIB MIMUHATY. Y POOOTi 3aCTOCOBYBaIH
Tpu Metoau ctumydsnii ATPa3Hoi akTHBHOCTI: He-
TpUBAIU MporpiB eHsumy npu 62 °C; iHkyOaris 3
20%-1M METaHOJIOM; JOaBaHHSAM JIO PEaKIiiHOTO
cepemoBuma 25 MM cynbdity Hatpito. TOMCA
epextnBHO mnpurHivyBaB ATPa3Hy akTHBHICTH
€H3WMY 3a BCiX THITIB aKTHBAIlii. Y pa3i TermioBoi
00po0ku I, (TOMCA) cranosuna ~ 5 MxkM, a 3a
akTuBaIii cyiabdpiToM abo MeraHomoMm ~ 1 MKM.
CA 3oBcim He BrutmBaB Ha ATPa3Hy akTHBHICTH
3a HasBHOCTI y cepefoBUIi Cynb(diTy, a y BUMIAI-
Ky aKTHBaIlii €H3UMY HarpiBaHHSIM a00 METaHOJIOM
iHTi0YBaB i1 3Ha4HO cnade, Hixk TOMCA: Bennuu-
Ha l (CA) ~ 50 MxM. JlomaBaHHS TOCIII)KYBaHUX
IHTIOITOPIB 10 PEaKIiIfHOTO CEPEIOBHIIA 3 JIATESHT-
HUM €H3MMOM HE CHPHUYHUHSAJIO HISIKOTO €(eKTy B
pasi 3actocyBanHs CA 1 MPU3BOIMIIO 10 aKTHBAILii
ATPaznoi peakiii mpubim3HO y 6 pa3iB 3a J0/1aBaH-
Hst TOMCA. OnepxaHi pe3ybpTaTH MOKa3yTh, IO
oOuBa cynb(aHizamian, BioMi sk iHT10ITOpH Kap-
OoaHrinpas, 3maTHi Takok monudixyBatu ATPa3zy
XJIOPOILIACTIB.

Knio4goBi cmoBa: XJIOpOIIACTH INMHUHA-
Ty, CF-ATPa3za, rigponiz ATP, cynbdaninaminm,
TpudTOopMeTaHCYIbhOoHaAMIT, 4-aMiHOOEH30JICYITb-
(dhonimamiz.

References

1. Mhemeed AH. A Review on Sulpha Drugs (One
of The First Microbial Inhibitors). Inter J Res
Pharm Sci. 2018; 10(1): 241-244.

2.Shah SSA, Rivera G, Ashfaq M. Recent advances
in  medicinal chemistry of sulfonamides.
Rational design as anti-tumoral, anti-bacterial
and anti-inflammatory agents. Mini Rev Med
Chem. 2013; 13(1): 70-86.

3. Drug Design of Zinc-Enzyme Inhibitors:
Functional, Structural, and Disease Applications.
Eds. Supuran CT, Winum JY. John Wiley &
Sons 2009. 1056 p.

4. Supuran CT. Carbonic anhydrases: novel
therapeutic applications for inhibitors and
activators. Nature Rev Drug Discov. 2008; 7(2):
168-181.

5. Supuran CT. Applications of carbonic anhydrases
inhibitors in renal and central nervous system
diseases. Expert Opin Ther Ppat. 2018; 28(10):
713-721.

6. DiMario RJ, Machingura MC, Waldrop GL,
Moroney JV. The many types of carbonic
anhydrases in photosynthetic organisms. Plant
Sci. 2018; 268: 11-17.

7. Onoiko OB, Khomochkin AP, Zolotareva OK.
Influence of sulfite on ATPase activity of
coupling factor CF, isolated from spinach
chloroplasts. Ukr Biochem J. 2019; 91(1): 47-52.

8. Khomochkin AP, Onoiko OB, Semenikhin AV,
Zolotareva OK. Reversible pH-dependent
activation/inactivation of CF(1)-ATPase of
spinach chloroplasts. Ukr Biochem J. 2017,
89(4):43-48.

9. Semenihin AV, Zolotareva OK. Carbonic
anhydrase activity of integral-functional
complexes of thylakoid membranes of spinach
chloroplasts. Ukr Biochem J. 2015; 87(3): 47-56.

10. Hahn A, Vonck J, Mills DJ, Meier T,
Kihlbrandt W. Structure, mechanism, and
regulation of the chloroplast ATP synthase.
Science. 2018; 360(6389): eaat4318.

101



ISSN 2409-4943. Ukr. Biochem. J., 2020, Vol. 92, N 4

11. Hodnett GL, Rooney WL. Male sterility induction

of sorghum using chemical hybridizing agent
TFMSA, trifluoromethanesulfonamide. Can J
Plant Sci. 2018; 98(5): 1102-1108.

12. Loussaert D. Trihalogenated methylsulfonamides

13.

14.

as specific male gametocides. Sex Plant Reprod.
2004; 16(6): 299-307.

Zolotareva EK, Tereshchenko AF, Dovbysh EF,
Onoiko EB. The effect of alcohols on inhibition
of photophosphorylation and electron transport
by N,N'’-dicyclohexylcarbodiimide in pea
chloroplasts. Biochemistry (Mosc). 1997; 62(6):
738-743.

Zakharov SD, Sytnik SK, Malian AN,
Makarov AD. lIsolation and properties of CF,
ATPase chloroplasts with changed submolecular
structure. Biokhimiia. 1978; 43(5): 887-891. (In
Russian).

15. Younis HM, Winget GD, Racker E. Requirement

16.

of the delta subunit of chloroplast coupling factor
1 for photophosphorylation. J Biol Chem. 1977,
252(5): 1814-1818.

Semenihin AV, Zolotareva EK. Identification
of carbonic anhydrase activity associated with
protein complexes of photosynthetic membranes
of spinach chloroplasts. Dopov Nac Akad Nauk
Ukr. 2014;(6): 151-155. (In Ukrainian).

17. Lowry OH, Rosebrough NJ, Farr AL, Randall RJ.

18.

19.

102

Protein measurement with the Folin phenol
reagent. J Biol Chem. 1951; 193(1): 265-275.
Zolotareva EK, Gasparyan ME, Yaguzhin-
sky LS. Transfer of tightly—bound tritium from
the chloroplast membranes to CF1 is activated
by the photophosphorylation process. FEBS
Lett. 1990; 272: 184-186.

Farron F, Racker E. Studies on the Mechanism
of the Conversion of Coupling Factor 1
From Chloroplasts to an Active Adenosine

20.

Triphosphatas. Biochemistry. 1970; 9(19): 3829-
3836.

Anthon GE, Jagendorf A. Evidence for multiple
effects in the methanol activation of chloroplast
coupling factor 1. Biochim Biophys Acta. 1986;
848(1): 92-98.

21. Malyan AN. Noncatalytic nucleotide bindingssites:

22.

23.

24,

25.

26.

217.

28.

Properties and mechanism of involvement in
ATP synthase activity regulation. Biochemistry
(Mosc). 2013; 78(13): 1512-1523.

Lapashina AS, Feniouk BA. ADP-Inhibition of
H*-F_F-ATP Synthase. Biochemistry (Mosc).
2018; 83(10): 1141-1160.

Richter ML, Patrie WJ, McCarty RE.
Preparation of the epsilon subunit and epsilon
subunit-deficient chloroplast coupling factor 1 in
reconstitutively active forms. J Biol Chem. 1984;
259(12): 7371-7373.

Shitov AV, Terentyev VYV, Zharmukhamedov
SK, Rodionova MV, Karacan M, Karacan N,
Klimov VYV, Allakhverdiev SI. Is carbonic
anhydrase activity of photosystem Il required
for its maximum electron transport rate. Biochim
Biophys Acta Bioenerg. 2018; 1859(4): 292-299.
Budavari S. The Merck index : an encyclopedia
of chemicals, drugs, and biologicals. Rahway,
NJ: Merck and Co., Inc., 1989;1400.

Maren TH, Conroy CW. A new class of carbonic
anhydrase inhibitor. J Biol Chem. 1993; 268(5):
26233-26239.

Hong S, Pedersen PL. ATP synthase and the
actions of inhibitors utilized to study its roles in
human health, disease, and other scientific areas.
Microbiol Mol Biol Rev. 2008; 72(4): 590-641.
Ahmad Z, Hassan SS, Azim S. A therapeutic
connection between dietary phytochemicals and
ATP synthase. Curr Med Chem. 2017; 24(35):
3894-3906.



