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ABSTRACT

Inhibition of Escherichia colATP Synthase by Polyphenols and Their Derivatives
by

Prasanna Keerthi Dadi

We have studied the inhibitory effect of naturadl atructurally modified polyphenols d&scherichia

coli ATP synthase to test (I) if the beneficial dieteffects of polyphenols are related to their inlaibyjt
actions on ATP synthase, (ll) if inhibitory effectspolyphenolic compound could be augmented thnoug
structural modifications, and (lll) if they can ast antimicrobial agent through their actions ofPAT
synthesis. X-ray crystal structures of polyphdrintling sites suggested that polyphenols bind at a
distinct polyphenol binding pocket, at the intedaif a,3,y-subunits. We found that both natural and
modified polyphenols inhibiE. coli ATP synthase to varying degrees and structuralifinations

resulted in augmented inhibition. Inhibition waseesible in all cases. Both natural and modulated
compounds inhibite&. coli cell growth to varying degrees. We conclude theitady benefits of

polyphenols may be in part due to the inhibitiolAdP synthase.
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CHAPTER 1

INTRODUCTION

ATP synthase is the fundamental means of cellulargy production in animals, plants,
and almost all microorganisms by oxidative or phatosphorylation. The energy from ATP is
used for various biochemical reactions like tramspbnutrients, muscle contraction, nucleic
acid synthesis, protein synthesis, active trangptect ATP synthase is a membrane bound
enzyme that is found in the inner mitochondrial rhegme and in the thylakoid membrane of
chloroplasts of eukaryotic cells. In bacteria ifdand embedded in the plasma membrane. ATP
synthase has homology in amino acid sequence and&ptionally conserved throughout
evolution resulting in similar mechanism in ATP #ysis and hydrolysis in most of the
organisms. The simplest of all is thattafcoli with 8 subunits in 2 main portions. A membrane
embedded fand a catalytic £F; consists ohislyde subunits and fhas akcipas shown in Fig.
1. ATP hydrolysis and synthesis occur on threelytatssites in the Fsector, while proton

transport occurs through the membrane embedgétl B.

They subunit is part of the “rotor” which is composddy €, and a ring of ¢ subunits.
The “stator” composed di,d, prevents co-rotation of catalytic sites anddrseibunit with the
rotor (3,4). Proton gradient-driven clockwise ragatofy (as viewed from the membrane) leads

to ATP synthesis while anticlockwise rotationyakesults from ATP hydrolysis. The mechanism



is essentially a rotary motor that is in fact thealest known biological nanomotor. Detailed

review of ATP synthase structure and function reenlreviewed (5-11).

rotor slalk

Figure 1. The ATP Synthase Bf coli (Reproduced from (9) with permission; copyright
Elsevier). The enzyme consists of two sectors yatdF ; and membrane bound,FF; consists
of az B3y 0 € and k consists of afz;o. In mitochondria and chloroplasts additional sutsuare
present. The rotor stalk indicates the helicdlechcoil extension of the subunit into the
central cavity of thesps hexagon. The rotor is composedy@f, and a ring of ¢ subunits. The
“stator” is composed df,d. The proton pathway lies between a and ¢ subunits.

10



ATP Synthase and its Role in Disease Conditions

ATP synthase malfunctioning has been documentadbasis for many human diseases
such as, cancer, heart disease, mitochondrialsiseanmune deficiency, cystic fibrosis,
diabetes, ulcers, and tuberculosis (5,12). Alteratif ATP synthase biogenesis may cause 2
types of defects: qualitative, when the enzymériscturally altered and does not function
properly, and quantitative, when it is presennisuifficient or adequate amounts (13). Most of
these alterations are due to variation in the ithssis of the enzyme that can be due to
mutations in subunit genes or in ancillary proteiasential for the enzyme assembly or in the

areas responsible for gene regulation.

Mutation in subunit a of ATP synthase causes sewgpairment of ATP synthesis
resulting in a neurodegenerative disease knowreaglsyndrome (14). A mutation in the same
subunit causes a dysfunction of ATP synthase cgub&neuropathy, ataxia, retinitis
pigmentosa syndrome, and the familial bilateraatdl necrosis (15,16). In Alzheimer’s disease
a deficiency of ATP synthagesubunit and the cytosolic accumulation of éh&ubunit has been
observed (17,18). The intraneuronal cytosolic bupdf theo subunit is suspected to be
involved in the neurodegenerative process (16 B&}en’s disease belonging to a group of
disorders called neuronal ceroid lipofuscinosisagsed by buildup of lipofuscins in the body's
tissues and suburgtof ATP synthase has been found as a predominamatggt@rotein (15,16).

Circulation of the ATP synthase F6 subunit in theod has been identified to be involved in the
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increase of blood pressure (19,20). It is alsomegahat the ATP synthase on the cell surface of
endothelial cells are associated with the angiogjen@ocess required for tumor growth (21-23).
As ATP synthase is implicated in many diseaseastlieen suggested and demonstrated
as a good molecular target for drugs in the treatrakvarious diseases and the regulation of
energy metabolism (24-28). One of the drugs deesldpr the treatment of tuberculosis, was
shown to be active against a number of drug-retistaains oMycobacterium tuberculosis
Interestingly, it was found that 2 mutations in thgcobacterium ATP synthasg $ector C-
subunit, namely D32A and A63P, are responsibléHerbacterial resistance to diarylquinoline
drugs and the new drug R207910, has been repartdddk the synthesis of ATP by targeting
subunitc of ATP synthase and thus treating the disease 42302 Another drug, Bz-423, which
was developed to treat the autoimmune disordeesystlupus erythematosus, kills pathogenic
lymphocytes selectively by inducing apoptosis imbhoid cells (31). It was found that the
apoptosis of lymphoid cells is due to the inhibitiof the mitochondrial ATP synthase by Bz-423

through binding to the subunit known as oligomys@msitivity-conferring protein (OSCP) (26).

For a long time, it was believed that ATP synthasas found only in mitochondria and
chloroplasts of eukaryotes where most cellular AyRthesis takes place. However, recent
studies indicate that ATP synthase is even expdessehe extracellular surface of several
animal cell types such as endothelial cells of eatissues, making it an ideal recognition
molecule on cancer cells and could possibly bestaththerapeutically in the treatment of such
diseases by inhibiting the enzyme. Thus, identificaof potent ATP synthase inhibitors may

allow the development of lead drugs for therapewéatments.

12



Inhibition of ATP Synthase

Wide ranges of natural and synthetic compoundshamidcules are known to bind and
inhibit ATP synthase. The inhibitors can be charazed into different groups based on the type
of bond formed with the enzyme, inhibitors can bauged into either covalent or noncovalent
inhibitors (32). Covalent inhibitors include NBD-(l-chloro-7-nitrobenzofurazan), DCCD
(dicyclohexylcarbodi-imide), and several reactiegidatives of ATP and ADP (33). The
noncovalent inhibitors include non-hydrolysable Stdte analogues, azide, the natural inhibitor
protein IF1, the efrapeptins, the aurovertins,atiephyto-polyphenols, nonpeptidyl lipophilic

cations, and amphiphilic peptides (34).

Another classification is based on the physical @memical characteristics of the inhibitors

(2,35-40).

1) Peptide inhibitors: several types of peptide intoits have be identified and can be subdivided
into Helical Basic Peptide Inhibitors, Angiostatinterostatin, Leucinostatins, Efrapeptins,

Tentoxin and its Derivatives.

2) Phytochemicals: are naturally occurring plant deixes. They are known to posses
chemotherapeutic properties and are known to lmmdultiple molecular targets in the body.
Phytochemicals are categorized into various groapd,among these are the polyphenols,
steroids such as estradiols, estrogen and its wlétsh

3) Polyketide inhibitors: are the polymers of 2bmar ketide units synthesized

by the enzyme polyketide synthases. eg. Macroliggsptolidin, cytovaricin, oligomycin,

13



ossamycin, and venturicidin.

4) Organotin compounds and structural relatives:Tan containing organic compounds. They
are classified into R4Sn, R3SnX, R2SnX2, and RSnX3.

5) Polyenica-pyrone derivativesi-Pyrone (or 2-pyrone) is a 6 membered cyclic unsiéd

Ester and its derivatives are known to inhibit Aythase. Eg. aurovertin, citreoviridin,
asteltoxin.

Other inhibitors can be grouped into cationic intoits, substrates and substrate analogs, amino

acid modifiers, and miscellaneous inhibitors (36).

Polyphenols

Polyphenolic compounds are a distant group of alijuoccurring compounds
containing multiple phenolic functionalities. Thesempounds are primarily synthesized by
plants as secondary metabolites and are foundundamce in fruits and vegetables. Notable
sources of polyphenols can be found in berrieqegatea, citrus fruits, cocoa, nuts, and fresh
vegetables. Their dietary importance has beendin@eheir role as anti oxidants. They interact
with metal ions such as Feand prevent free radical formation in biologicgstems that are

responsible for the DNA damage (41).

Polyphenols are the subject of interest to mamgrgisits for their medicinal, synthetic,
and industrial value. Plant derived polyphenolskar@vn to have numerous biological activities.
They are found to be potential candidates for gsdrags and for the treatment of many diseases
like cancer, heart ailments, ulcer formation, baatenfections, mutagenesis, neural disorders,

etc. They also block the action of enzymes andrathlestances that promote the growth of
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cancer cells (42-45). Polyphenols are also knowmate antimicrobial activityStreptococcus
mutansis one of the examples where antimicrobial actias been demonstratesl mutanss a
primary microbial agent in the pathogenesis of deetdries. It was shown that polyphenols can
inhibit biofilm formation and acid production I8, mutansOne of the pathways through which
polyphenols are active agair&tmutanss by the inhibition of proton-translocating-ATPase

activity (46,47).

One important aspect of polyphenols is their abtlit selective and unselective binding
with biologically important molecules such as phese This is made possible by the presence of

multiple polar functional groups that interact witfoteins strongly and inhibit them (41,48).

Earlier, polyphenols resveratrol, piceatannol, gadrcetin were shown to prevent
synthetic and hydrolytic activities of bovine mikmndrial ATP synthase by blocking clockwise
or anti-clockwise rotation of thesubunit. Fig. 2 shows the recently solveeréseveratrol, £
piceatannol, and;Fquercetin complex structures from bovine ATP sgsthby molecular
replacement using data to 2.3, 2.4, and 2.7 Aeasly. The distinct binding pocket for
resveratrol, piceatannol, and quercetin lies betvikeprp-subunit and the C-terminal region of
y-subunit (49). Polyphenols resveratrol, piceatanaod quercetin were also shown to bind in a
slightly distorted planar conformation through Habls and hydrophobic interactions. The
hydrophobic interactions occur between the inhisiendyLys-260,ylle-263, frpVal-279, and
BrpAla-278. Polyphenol inhibited mitochondrial ATP slyase E. coliresidue numbers used
throughout). X-ray structures also show that ressghla-256,yThr-259,yGlu-264,arpGlu-

292, 07pGly-290, anduppGlu-292 are within 4A of the bound compounds thies/jaling

additional non-polar interaction (49).

15
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Figure 2. X-ray Structures of Mitochondrial ATP 3yase Showing Resveratrol, Piceatannol, or
Quercetin. Rasmol software was used to generase figures. PDB files used were 2jj1, 2jj2,
and 2jjZ (50). (A) Reacted resveratrol in contaghw-, -, andy-subunits. (B) Reacted
piceatannol in contact wittr, -, andy-subunits. (C) Reacted quercetin in contact wi/f-,
andy-subunits. Green color represeatsubunit, cyan color is fgi-subunit and blue color is for
y-subunits Residues involved in the interaction with compaiack identifiedyQ274K,yT277I

in red is showing the difference between bovine Bncbli ATP synthase. In place of Q and T
bovine has K and | residuds. coli residue numbering is shown. At the bottBocoliand
bovinea-, B-, andy-subunit binding pocket residue are aligned.
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We studied the inhibitory effects of natural polgplols resveratrol, piceatannol,
guercetin, quercetrin, or querceti3d glucoside (see Fig. 3), and their derivativegonoli
ATP synthase. Resveratrol is an antimicrobial sarist naturally produced by plants when they
are under attack by pathogens. Piceatannol is aboke of resveratrol. Quercetin is a plant
derived flavonoid known to shown anti-inflamatorydaantioxidant properties. Quercitrin and
guercetin-38-D glucoside are both derivatives of quercetin (Ealele 1). In the present study
our goal was to test (i) if polyphenols resveratpateatannol, quercetin, quercetrin, or
guercetin-38-D glucoside inhibiE.coli ATP synthase similar to bovine ATP synthase {iihe
beneficial dietary effects of polyphenols are rditio their inhibitory actions on ATP synthase,
(iii) if inhibitory effects of polyphenolic compouwhcould be augmented through structural
modifications, and (iv) if they can act as antirolmial agent through their actions on ATP

synthesis

Hypothesis

We hypothesized th&. coli ATP synthase may follow the inhibitory pathwaybofvine

ATP synthase as the basic structure of both arsahmee.

17
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Figure 3. Structures of Polyphenol Resveratrole&iannol, Quercetin, Quercitrin, and
Quercetin-38-D Glucoside. These structures were drawn usingrC8ketch free version.
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Table 1. Polyphenols Their Molecular Formulas agpdd®yms

Name Molecular Synonyms
formula

Resveratrol @H1.03 3,4,5-Trihydroxy-trans-stilbene, 5-[(1E)-2-(4-
Hydroxyphenyl)ethenyl]-1,3-benzenediol

Piceatannol @H120,4 (E)-4-[2-(3,5Dihydroxyphenyl)ethenyl]1,2-
benzenediol, 3/31,5-tetrahydroxy-trans-stilbene, 3
hydroxyresveratol

Quercetin GsH1007 - 2H0O | 3,3,4',5,7-Pentahydroxyflavone dihydrate, 2-(3,4-
Dihydroxyphenyl)-3,5,7-trihnydroxy-4H-1-
benzopyran-4-one dihydrate

Quercetrin C21H20011 - XHO | 3,3',4',5,7-Pentahydroxyflavone-, 3-(6-deoxy-D-

hydrate mannopyranoside)

Quercetin-38-D

glucoside

C21H20012

3,3,4',5,7-Pentahydroxyflavone [3-glucoside,

Isoquercitrin

19



CHAPTER 2

MATERIALS AND METHODS

Source of Polyphenols

Resveratrol (R5100-50MG), piceatannol (P0453-25Mfagrcetin dihydrate (Q0125-
100G), quercetrin hydrate (Q3001-50MG), and quere®$-D glucoside (17793) were
purchased from Sigma Chemical Company. Polyphemeis suspended in DMSO to obtain the

desired concentrations.

Chemicals

Adenosine &riphosphate disodium salt, ampicillin, glucose;@nic acid, uracil, TES,
TRIZMA (Tris[Hydroxyethyl]aino ethane), 4-aminobexmidine dihydrchloride (PAB), and

SDS (Sodium dodecyl sulfate) were purchased fragm&i-Aldrich Chemical Company.

Buffers and Reagents

50 mM Tris-HSOy(pH 8), ATPase assay buffer, T&S reagent (TuskelySimorr
reagent), 10%SDS, TE(trace elements), 1M MgSO4, MEdenine Ent Thiamine), ILV

(isoleucin-valine) STEM, TES 50, and TES5 +PAB werepared as described in Appendix B.

20



Culture Media

LB Medium (Luria-Bertani Medium), Minimal media, tiiting glucose, Succinate

media. Preparation of culture media (liquid andgdgis as described in Appendix D.

All other standard chemicals used in this studyewétra pure analytical grade purchased either

from Sigma—Aldrich Chemical Company or Fisher StfenCompany.

Equipment

Stasar Il Colorimeter (Gilford, Oberlin, OH) Ewion-300 UV-Visible
Spectrophotometer (Thermo Scientific, Pittsford,)Nfrench press, cell disrupter (Thermo
Scientific, Asheville, NC), C76 Water Bath shakide{v Brunswick Scientific Co. inc, Edison,
NJ ). Sorvall WX ultra-80, Ultra Centrifuge (TherrBaientific, Asheville, NC), Sorvall RC-5B-
super speed Centrifuge (Thermo Scientific, AsheyNC), Series 25, incubator shaker (New

Brunswick Scientific Co. inc, Edison, NJ ).
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Experimental Methods

Schematic Representation of Preparatiok.afoli Membrane Bound ATP Synthase

E. coli (pBWU 13.4/DK8)culture in MM (37C, 250 rpm)
g

Pellet at 9500 rpm x 15 min
J

Resuspend pellet in STEM
Spin at 9500 rpm x 25 min

g

Resuspend pellet in 2 ml Stem/g wet cells
Add DNAse
French press 2 K psi

g

Spin
22 K rpm x 20 min

g

Spin supernatant
60 K rpm x 2 hrs atZ

g

Resuspend pellet in TES 50
Spin at 60K rpm x 2hrs af@

g

Resuspend pellet in TES 5 + PBA
Spin at 60K rpm x 2hrs af@
Repeat this step / store at °C0
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Membrane bound ATP synthase were purified fiencoli strain pPBWU 13.4/DK8 (51,52)

Starter Culture

50 ml of Minimal Media was inoculated with a loagifof E. colipBWU 13.4/DK8

bacteria and is grown over night at 37°C, 250 rpwud|utions per minute).

Bacterial Growth

50 ml of overnight starter cultures is inoculatedd 1 It minimal media and grown at
37°C, 250 rpm. Growth yield was measured atsg@very hour till late log phase is obtained.
Once the required growth is obtained we procedddmext step i.e. harvesting cells. For all

subsequent steps the cells are maintained astol@@ as possible.

Harvesting Cells

The cells are harvested by spinning the cultu##@tin a Sorvall RC-5B refrigerated
super speed centrifuge (Fisher Scientific) at 9500 for 15 min. The harvested sample is
resuspended in STEM and centrifuged at 9500 rpr@3anin. The supernatant is discarded and

the pellet is resuspended in 2 ml STEM/g wet aatid is stored at -8C overnight.

Cell Fractionation and Membrane Bound ATP Synthasktion

Cells from overnight are thawed and mixed with DMAG digest nucleic acids. The cells
are then disrupted by 2 passages through chilleddrrpress cell fractionator at 2000 psi. Cell
debris was pelleted by centrifugation at 18K rpmZ0 min using Sorvall WX ultra-80, Ultra

Centrifuge. Subsequently, the membranes were pédll®t spinning the supernatent at 60K rpm
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for 120 min. The membrane is then resuspended $ S@Eand centrifuged at 60K rpm for 120
min. The pellet is then washed with TES 5 + PABspinning twice at 60K rpm for 90 min.

Finally the purified membrane is resuspended inM0fis Sulfate (pH 8) and stored at °80

Membrane Bound ATP Synthase Concentration and A Rasay

Membrane concentrations were found by plottingaihgorbance at 595 nm using
Bradford reagent against standard BSA curve. AgRasivity was measured by adding 1 ml
assay buffer containing 10 mM NaATP, 4 mM Mg@0 mM TrisSQ (pH 8) to the purified F
or membranes at 37°C and stopped by addition of 8[3S3% final concentration. Pi released
was assayed by adding 1 ml of T&S reagent contgihthmM (NH,)sM070,4: 4H,0 , 250 mM
Fe(NHy)2(SOy),- 6HO and 1.176 N k50O, (53). The color thus developed was measured using
Stasar Ill Colorimeter at 700 nm. A graph is pldttsing Sigma plot software with activity on
X-axis and OBy, on Y-axis. There is a straight line relationshgtvizeen the calorimetric
reading and the concentration of phosphorus. Taetion is as follows
ATP + ATP synthase= ADP + Pi

Pi+ T & S— blue color measured at Qfg

ATP synthase activity was calculated using the fdam

(Average Sample OD - Average Blank ODB) pmol/min/g protein
Amount of protein (mg) x Time (min)

24



Inhibition of ATPase Activity by Resveratrol, Piceanol, Quercetin, Quercetrin, or Quercetin-

3-B-D Glucoside

Membranes or purified;Fat a concentration of 0.2—1.0 mg/ml were preintedbavith
varied concentrations of resveratrol, piceatanqaércetin, quercetrin, or quercetin3dd
glucoside for 60 min at room temperature, in 50 Mi4SQ, pH 8.0. Then 1 ml ATPase assay
buffer was added to measure the activity. The i@ac$ stopped by addition of SDS to 3.3%
final concentration. Pi released was assayed bygddml of T&S reagent containing 10 mM
(NH4)sM070,4- 4H,0, 250 mM Fe(NH)2(SOy),- 6H,0, and 1.176 N k8O,. The color thus
developed was measured using Stasar Il Colorinat®D;oo nm. A graph is plotted using
Sigma plot software with compound concentratiorXeaxis and relative ATPase % specific
activity on Y-axis. This gives the enzyme actiwtith different concentrations of the compound
in a linear decay fashion. It should be noted finatr to the experiments,;Bamples (10Ql)
were passed twice through 1 ml centrifuge columitis 8ephadex G-50 beads equilibrated in

50 mM TrisSQ pH 8.0, to remove catalytic site bound-nucleotide.

% Specific activity was calculated using the foranul

100 = UM
Specific activity of the blank X Specific activiof the test (min)
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Confirmation of Extent of Inhibition by Extra Pul&xperiment

To check if the inhibition is complete and ther@dsdegradation of the compound and
extra pulse experiment was performed. Membrangsidiied R at a concentration of 0.2—
1.0 mg/ml were preincubated with inhibitory coneatibn of the compound for 60 min at room
temperature, in 50 mM TrisS@H 8.0. Then another pulse of the compound witlibitory
concentration was added to the tube and incubate®Df more min at room temperature. 1 ml
ATPase assay buffer was added to measure thetyclitie reaction is stopped by addition of
SDS to 3.3% final concentration. Pi released waaye] by adding 1 ml of T&S reagent. The
color thus developed was measured atdém. Control tubes with single dose of compound
incubated for 120 min were also performed. A gragblotted using Sigma plot software with

compound concentration on X-axis and relative %ei$ijgeactivity on Y-axis.

Reversal of Purified for Membrane Bound Enzyme ATPase Activity from Regatrol,

Piceatannol, Quercetin, Quercetrin, or QuercetfrE3-Glucoside Inhibition

To check if the inhibition of ATPase activity isvexsible or not, reversibility
experiments were performed. Reversibility of intidn was performed on both membrane
bound enzyme and on purified protein. It is assayed by dilution of the membrangyme and
by passing the inhibited purified Ehrough centrifuge columns. Membranes were featted
with the highest inhibitory concentrations for Atroom temperature. These concentrations
were used based on the maximal inhibition of th&AYynthase. Then 50 mM TrissAH 8.0
buffer was added to decrease the concentratioasrtimimal noninhibitory concentrations, and
incubation continued for 1 additional hour at rotmmperature before ATPase assay.

Reversibility was also tested by passing the pawohinhibited purified Fenzyme twice

26



through 1 ml centrifuge columns before measurimgAfPase activity. Control samples without
the compounds were also incubated for the samep@rieds as the samples as 2 consecutive
passages through centrifuge columns were previdashd to decrease the concentration of
small molecules bound to ATP synthase and othdéei®to non-detectable levels. Thus, after
passage through centrifuge columns, reactivatidikady a first-order kinetic process that is a
function of release of bound inhibitor. After tireubation time regular ATPase assay was

performed to check the membrane activity.

Effects of Polyphenols oB. coli Growth

Inhibitory effects of polyphenols da.coli cell growth were studied by growing tke
coli strain pPBWU13.4 on succinate plates, limiting gise, or LB media in presence of
polyphenols. Growth in the liquid media was perfediby inoculating LB or limiting glucose in
a 16 well culture plate with ATP synthase inhibjtaponcentrations of polyphenols. The cultures
were grown overnight at 8Z at 250 rpm. Growths were measured at&bBm and are
compared with the control cultures without any bitars. Plates were prepared by mixing the
inhibitory concentrations of polyphenols in the dnate agar and plated into petri dishes.
Bacterial cultures are then streaked and inculett8@®C and the growth was recorded by
visually inspection of the number of colonies aim ®f colonies for 3 days along with the

control.
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CHAPTER 3

RESULTS

Inhibitory Effect of Resveratrol, Piceatannol, anépcetin on the Purified;for Membrane

BoundE. coli ATP Synthase Enzyme

We studied the inhibitory effect of resveratroigatannol, quercetin, quercetrin, or
guercetin-38-D glucoside (Fig. 3) on the purified Bnd membrane bound ATP synthas& of
coli. Figure 4shows the inhibition of ATPase activity of purifi€gdor membrane bound enzyme
in presence of varied concentrations of resvergbioeatannol, or quercetin. Complete, potent
inhibition (~100% inhibited; IC50 ~14 uM) occurspresence of piceatannol without any
residual activity, the maximum amount of inhibitimnpresence of quercetin was slightly less
(~80%; IC50 ~33 uM) with 20 % residual activity daresveratrol appear to be the least potent
inhibitor (~40% inhibited; IC50 ~94 uM) with 60%sidual activity. We consistently found that
the R data and the membrane data were the same foritttesiors. Earlier studies established
that inhibition of ATPase activity can be assaysihg either membrane preparations or purified

F1 with same results (54,55).

28



__ 1o} { __ 100f N
* ® ®
> > >
g sof £ 8o} £
2 g 2
2 60l 3 60 @
© © (1]
[ o o
< < <
o 40f o 40f o
= 2 =
5 k] B
& 20} & 20f &
0 o ofF . of
0 100 200 300 400 500 600 700 0 25 50 75 100 125 150 175 0 50 100 150 200 250 300
[Resveratrol] (uM) [Piceatannol] (uM) [Quercetin] (uM)

100 |

80

60

a0

40|

20 201

Relative ATPase Activity (%)
Relative ATPase Activity (%)
Relative ATPase Activity (%)

0 100 200 300 400 500 600 700 0 25 50 75 100 125 150 175 0 50 100 150 200 250 300
[Resveratrol] (uM) [Piceatannol] (uM) [Quercetin] (uM)

Figure 4. Inhibition of ATPase Activity in Purifilei or Membrane Bound ATP Synthase by
Resveratrol, Piceatannol, or Quercetin. Membrangsinfied F, were preincubated for 60 min
at 23 °C with varied concentration of resveratpateatannol, or quercetin, and then aliquots
added to 1 ml of assay buffer and ATPase acti\atganined. Details are given in Section 2.
Symbols used are: circles &ndo), resveratrol; squarea @ndo), piceatannol; triangles& and
A), quercetin. Filled symbols are for membranes evbpen are for purified;FEach data point
represents average of at least 4 experiments dahgplicate tubes, using 2 independent
membrane or fFpreparations. Results agreed within £10%vv
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Inhibitory Effect of Quercetrin or Quercetin8D Glucoside on the Purified, I6r Membrane

Bound Enzyme

Figure 5 shows the inhibitory effect of quercetsimquercetin-3-D glucoside.
Quercetrin shows 40% inhibition with 60% residuetivaty (IC50 ~120 uM) and quercetin{-
D-glucoside till 50% with 50% residual activity (0 ~71 pM). Again the /data and the

membrane data were alike for both the inhibitors.
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Figure 5. Inhibition of ATPase Activity in Purifiei or Membrane Bound ATP Synthase by
Quercitrin or Quercetin-B-D Glucoside. Purified For membranes were preincubated for
60 min at 23 °C with varied concentration of quétoeor quercetin-33-D glucoside and then
aliquots added to 1 ml of assay buffer and ATPasegity determined. Symbols used ar®: (
and<>), quercitrin; @ andz), quercetin-33-D glucoside. Filled symbols represent membrane
data while open symbols represent data for purfiedEach data point represents average of at

least 4 experiments done in duplicate tubes, uimglependent membrane qrgfeparations.
Results agreed within £10%.
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Confirmation of Extent of Inhibition by Extra Pul&xperiment

In previous studies (54-60), it has been notecweral instances where ATP synthase
was incompletely inhibited by potent inhibitorsdiRuoroaluminate, fluoroscandium, sodium
azide, or NBD-CI. In recent studies also it wasidthatE. coli ATP synthase is partially
inhibited by several polyphenols like hesperidimysin, kaempferol, diosmin, apigenin,
genistein, or rutin in the range of 40—-60% (61)egeveral peptides like aurein, carein,
magainin, or magainin ll-amide inhibit&d coli ATP synthase partially (62). Our polyphenols
also showed some residual activities so to betbatethe maximal inhibition with resveratrol,
piceatannol, quercetin, quercetrin, or quercetji3-glucoside had been reached we performed
extra pulse experiment where we incubated each maralpreparation or purified Rith the
inhibitory concentrations of the compounds i.e. & resveratrol, 50 uM piceatannol, 100 uM
guercetin, 400 uM quercetrin, or 376 uM quercetfpH3 glucoside for 1 h as in Figs. 4 and 5
followed by an extra pulses of the compounds dogliine concentrations of the polyphenols in
the reaction mixture and continued the incubatamrah additional hour and assayed ATPase
activity. As shown in Fig. 6A and B very little ap additional inhibition occurred consistent
with Figs. 4 and 5 data. This shows that the irtioibiby resveratrol, quercetin, quercetrin, or
guercetin-38-D glucoside was maximal and fully inhibited & membranes retained residual
activity and the inhibition achieved is maximalt#dugh we used 1 h incubation time, it was
observed that the maximal inhibition of purifieddf membrane bound enzyme was achieved

within 15 min.
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Figure 6. Results of Extra Pulse of Resveratrae&annol, Quercetin, Quercitrin, or Quercetin-
3-B-D Glucoside on Purified,For Membrane Bound ATP Synthase. (A and B) Membtamend
ATP synthase (Mbr, gray background) or purifigd R, white background) was inhibited with
376 uM resveratrol, 5QuM piceatannol, or 10Q4M quercetin, 40QuM quercetrin, or 37GM
guercetin-38-D glucoside for 60 min under conditions as desatiim Fig. 4 and Fig. 5. Then a
further pulse of 376, 50, 100, 400, and R&for resveratrol, piceatannol, quercetin, quernetr
or quercetin-3B-D glucoside, respectively, was added and incubatantinued for 1 h before
assay.

Reversal of ATPase Activity of Purified Br Membrane Enzyme from the Resveratrol,

Piceatannol, Quercetin, Quercetrin, or QuercetfrE3-Glucoside Inhibition

Here we examined whether the inhibition of ATP bwase by the polyphenols is
reversible or not. This experiment was carriedio@& ways (i) the purified For membrane
bound enzyme was inhibited with the higher con@gian of resveratrol, piceatannol, quercetin,
guercetrin, or quercetin8-D glucoside. Then the samples were diluted toranobitory
concentration. It was found that the inhibition weatglly reversible (Fig. 7A and B). (ii) 20 pg
purified i samples were inhibited with 470 puM resveratrolyB0 piceatannol, 94 uM
guercetin, 400 uM quercetrin, or 400 uM quercetH3 glucoside for 1 h. Again these
inhibitory concentrations were determined basedata from Fig. 4 and 5. Then they were

passed twice through 1ml centrifuge columns and&sERactivity was measured. It was found
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that in all cases activity was restored back tonte@ normal level as seen in Fig. 6C and D as in
absence of the compounds similar to Fig.7A andH&s€ data indicate that the observed
inhibition is not the result of protein denaturatiand that the enzyme retains the ability to

reactivate upon release of the compound afteridiut
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Figure 7. Reversibility of Inhibition. (A and B) Relts of reversibility through dilution of
membrane bound ATP synthase (Mbr, gray backgroangyrified k (F;, white background).
Membrane/lrwas incubated with 470 uM resveratrol, 50 uM piaeaol, 94 UM quercetin, 400
MM quercetrin, or 400 uM querceting3D glucoside for 60 min under conditions as desttilm
Figs. 2 and 3. Concentrations were lowered to 14y adding TrisSO4 buffer and incubation
continued for 1 h before assay. The first bargardied F, or membrane enzyme with no
compound (EFMbr), followed by resveratrol (RT), piceatannoA)P quercetin (QD), quercitrin
(QH), or quercetin-$-D glucoside (Q3G) from left to right. The last Wisyrepresent the
compound concentrations. (C and D) Reversibilitptigh centrifuge columns. 20 pug purified F
samples were inhibited with 470 uM resveratrol g0 piceatannol, 94 pM quercetin, 400 uM
guercetrin, or 400 uM quercetin8b glucoside for 1 h and were passed twice thrdlmgh
centrifuge columns and ATPase activity was measureehs found that in all cases activity was
restored back to the near normal level as in alesehthe compounds similar to Fig.7A and B.
The first bars are purified; vith no compound (#Mbr), followed by resveratrol (RT),
piceatannol (PA), quercetin (QD), quercitrin (QH),quercetin-33-D glucoside (Q3G) from left
to right. The last digits represent the compountteatrations and CC represents the reaction
which is passed through the centrifuge column.
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Growth Assays: Inhibition of Growth on LB, Limitin@lucose, and Succinate Medium in

Presence of Resveratrol, Piceatannol, Quercetiarditin, or Quercetin-$-D Glucoside

Inhibitory effects on ATP synthesis were studiedgbywing thekE. coli strain
pBWU13.4 on succinate plates, limiting glucosel.Brmedia in presence or absence of
resveratrol, piceatannol, quercetin, quercitrinqoercetin-338-D glucoside. We found that
pBWU13.4 growth was inhibited in presence of reatret or piceatannol but was not affected in
presence of quercetin, quercitrin, or quercetifi-I3-glucoside. Loss of growth on succinate

plates and limiting glucose suggests the loss wfative phosphorylation (see Table 2).
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Table 2. Effects of Polyphenols on tecoli Cell Growth.

Growth on succinate Growth yield in Growth on LB media
Polyphenols
plateg limiting glucosé& (%) (%)

Controf ++++ 100 100
Null® - 43 45
Resveratrol - 42 43
Piceatannol - 43 44
Quercetin ++++ 96 98
Quercitrin ++++ 96 97
Quercetin-38-D

++++ 97 98

glucoside

@ Growth on succinate plates after 3 days was datechby visual inspection.
(++++) High growth; (=) no growth.
P Growth yield on limiting glucose and LB was mea&slas Olgys after ~20 h growth at 37 °C.
¢ Control, pBWU13.4/DK8; null, pUC118/DK8. Growth pbsitive and negative controls in

absence of polyphenol compounds. Data are meahsodd experiments each at 37 °C. Each
individual experimental point is itself the meandaiplicate assays.
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CHAPTER 4

DISCUSSION

A variety of inhibitors are known to bind and inhiBTP synthase enzyme. Recent
finding showed that polyphenols: resveratrol, piaeaol, and quercetin inhibit bovine heart
mitochondrial ATP synthase by blocking both clockgvand anti- clockwise rotation of the
subunit. X-ray crystallography at 2.3, 2.4, and-R.iesolution showed that these polyphenol
compounds bind between the C-terminal tip ofytseibunit and th@rp subunit through
hydrophobic interactions and H-bonds. The hydrophistteraction between the inhibitor
compounds and mitochondrial enzyme was shown twivewK260, yI263, BrpV279, and
BrpA278. Other residues, which are within 4 A of tloeibd compounds and contribute to non-
polar interactions, argAla-256,yThr-259,yGlu-264,arpGlu-292,01pGly-290, anduppGlu-292.
Two H-bonds are also formed betwdiaaV279 andorpGlu-292 and the bound polyphenol
compounds Figure. 2. (49). The equivalent residuése E. colienzyme argQ274 ¢K260),
yT277 (1263), BrpV265 BrpV279), andBrp264 BrpA278) (63). Parentheses show the bovine
numbers. The focus of our study is to examine théitory role of polyphenols resveratrol,
piceatannol, quercetin along with quercitrin, anerngetin-3p-D glucoside on th&. coli ATP
synthase. The aim of our study is to test (i) & beneficial effects of polyphenols are related to
their inhibitory actions on ATP synthase, (ii)rhibitory effects of polyphenolic compound
could be augmented through structural modificatiamsl (iii) if they can act as antimicrobial

agent through their actions on ATP synthesis.

By usingE. colimembrane preparations, we have tested polyphessisratrol,

piceatannol, quercetin, quercitrin, or quercetif-B-glucoside on the activity ofgF;-
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ATPase/ATP synthase. We also screened the efféesé polyphenols on purified protein
that is similar to that of the membranes. We foaatthat polyphenols resveratrol, piceatannol,
guercetin, quercetrin, or quercetin3d glucoside inhibitedE. coli ATP synthase to varying
degrees ( Fig. 4 and 5). Piceatannol causes maxitmaition with 0% residual activity with
ICso values of ~14uM. Other inhibitors, resveratrol has a residuaivagt of 25% with 1Gso
values of ~94.M, quercetin has a residual activity of 25% withd€alues of ~33uM,
guercetrin has a residual activity of 40% withd@alues of ~2QM, and quercetin-$-D
glucoside has a residual activity of 50% witlyd@alues of ~71uM. These results are not
consistent with earlier findings of bovine ATP dyaise whose inhibitory concentrations for
resveratrol, piceatannol, and quercetin wer@aM98 uM, and 65uM, respectively (49). The
reason for this might be due to the differencah@amino acids at the binding sites of

polyphenols in bovine anf. coli ATP synthase.

Though resveratrol and quercetin like piceatanmdlcamposed of 2 phenolic rings did
not significantly inhibit the ATP synthase everhagher concentrations. The reason for this
might be because of differential numbering / positig of OH groups on the phenol rings. Like
guercetin its derivatives quercetrin and quercstfib glucoside did not inhibit the enzyme to
the extent as quercetin did. It may be due to thegnce of the third phenol ring that might have
caused steric hindrance resulting in low inhibitrates. The difference in the rate of inhibition
clearly indicates the importance of hydroxyl groupgarticular positions and the number of

phenolic rings.

Additional dose of compounds to the previously loiteid purified ir or membranes did

not change the degree of inhibition significanB(and B). This suggests that the inhibition of
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purified i or membrane by the phenolic compounds was theattdenaximum achievable. The
process of inhibition was also found to be compyateversible. A completely inhibited, F
regained its activity when it was passed throughcentrifuge columns that resulted in removal
of the bound compound with the enzyme. Similarlyiif,ed F, or membrane regained complete
activity once it was brought back to lower concatins of compound after exposing it to
higher concentrations by dilution with buffer angdgassing it through centrifuge columns (Fig.

7A,B,C and D) This shows that the compound ancetteyme share a non-covalent interaction.

Another important aspect observed is the bactgr@ith patterns in presence of the
phenolic compounds. Resveratrol and piceatanntiigtes] the growth oE. coli suggesting that
both ATP hydrolysis and ATP synthesis are inhihifBudis finding is consistent with the effect
of resveratrol and quercetin observed on bovine AyiRhase (49). Quercetin, quercetrin, or
guercetin-38-D glucoside prevents only ATP hydrolysis and met ATP synthesis suggested by
the growth of the bacteria in the presence of tmrepound. The reason for this performance is
unknown but can be speculated by the followingaraga) as observed the inhibition of the
enzyme by these compounds is not complete becwgaah the bacterial are able to survive
(b) the inhibitors could not pass the cell waltéact with the membrane (c) inhibitors got
pumped out by an export pump, (d) the inhibitorsenaetabolized by the bacterial cells. More
inhibitory studies by new functionally modified gphenol compounds should help in

understanding this difference.

Our studies show that the inhibition of ATP synthasuld be a potential mechanism
contributing to the many effects of dietary polypbks. Mitochondrial dysfunction is the cause

of a number of degenerative diseases such as careceological disorders, and cardiovascular
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disease (64,65). Therefore, it is acceptable teitrthibition of the ATP synthase by piceatannol
and other related compounds might play a significale in the pathophysiology of such
conditions (49). For example, inhibition of mitactdrial RF,-ATPase by dietary polyphenols
might be beneficial is by induction of apoptosikstvely in tumor cells. Resveratrol is known
to induces cell death in tumor cells via pathwdng tlepend on mitochondria (44,66), and
another inhibitor, oligomycin, has similar effead® mitochondrial f=-ATPase (49), possibly
by specifically marking tumor cells for cell dedtr CD14, while assuring differentiation to
occur in the surviving population (49). Alteratiohcellular bioenergetics is another vital way of
triggering the cell death. The benzodiazepine B2-#hibits the mitochondrial;F,-ATPase by
binding to the oligomycin sensitivity-conferral pem, a component of the peripheral stalk
resulting in apoptosis. Nontumor cells are notettd by the drug, but the autoimmune
lymphocytes with altered mitochondrial bioenergetare sensitized to Bz-423-mediated

inhibition of ATP synthase (49).

The resistance of mycobacterium against the abg+tiulosis drug diarylquinoline is due
to two C-subunit mutations D32V and A63P. This canis a need for more potent natural or
synthetic inhibitors that can specifically targatterial ATP synthase enzymes (24). The
inhibition of biofilm formation and acid productidsy S. mutanshrough the inhibition of
proton-translocatingFATPase activity in presence of a variety of polgpabls (46,47) along
with the knowledge of inhibitory effects of polyptas onE. coli ATP synthase could provide
starting point to develop inhibitors against baelgrathogens such &sycobacterium

tuberculosisandS. mutans
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Thus, by identifying and modeling potent polyphembiibitors that can selectively
induce apoptosis through inhibition of thg=F-ATPase, we can treat diseases caused by

mitochondrial dysfunction and can even design mntrobial drugs.
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APPENDICES

APPENDIX A: Abbreviations

ATP - Adenosine triphosphate
ADP- Adenosine diphosphate
Fi1- F1 protein

GIn — Glutamine

ICs0- half maximal inhibitory concentration
lle — Isoleucine

Lys - Lysine

Mbr- Membrane

PA - Piceatannol

Pi- Inorganic phosphate

Q3G - Quercetin-$-D glucoside
QH - Quercetrin hydrate

QD - Quercetin dihydrate

RT - Resveratrol

Thr - Threonine

46



APPENDIX B: Buffers and Reagents

50 mM Tris-SQ buffer

To 90 ml HO add

0.61 g Tris

Adjust pH to 8.0 with SO,

Bring to a final volume of 100 ml with 4@

ATPase cocktail

In 150 ml HO add

10 ml 1 M Tris

0.8 ml 1M MgC}

5 ml 0.4 Na ATP (Adenosinetsiphosphate disodium salt)

Adjust pH to 8.5 with HSO,

Bring to a final volume of 200 ml with 4@

Freeze in plastic bottles at 2D

10 % SDS

100 gm Sodium dodecyl sulfate

Bring to a final volume of 1000 ml with @
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T & S reagent / Tuskey and Short reagent

Sol A: 1.2 g Ammonium molybdate ((N}FM07024-4H,0 in 9.8 ml 12 N HSOyy
Sol B: 10 g Ferrous ammonium sulfate (Fe¢NEEOy),- 6H,0 in 70 ml HO)
Add sol A to sol B while stirring

Bring to a final volume of 100 ml with 4@

Store at 4C

STEM

To 700 ml HO add

100 ml 1 M TES

4.29 g Mg(CHCO,),- 4H,0

85.5 g sucrose

0.0951 g EGTA (Ethylene glycol-bis(2-aminoethyle)kd,N,N,N-tetraacetic acid)
5 g EACA (6-Ainocaproic acid6-Ainocaproic acid)

Adjust pH to 6.5 with NaOH

Bring to a final volume of 1000 ml with @

Freeze in plastic bottles at 2D
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TES 50

To 700 ml HO add

50ml1 M TES

150 ml glycerol

5 g EACA (6-Ainocaproic acid6-Ainocaproic acid)

1 g PAB (4-Aminobenzamidine dihydrochloride)

Adjust pH to6.5 with NaOH

Bring to a final volume of 1000 ml with J@

Freeze in plastic bottles at 2D

TES 5 + PAB

To 700 ml HO add

5ml1MTES

150 ml glycerol

1 ml 0.5 M DTT (Dithiothreitol)

5 g EACA (6-Ainocaproic acid6-Ainocaproic acid)

1 g PAB (4-Aminobenzamidine dihydrochloride)

2.5ml 0.2 M EDTA (Ethylenediaminetetraacetic agisbdium salt dihydrate)
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Adjust pH to 6.5 with NaOH

Freeze in plastic bottles at 2D

AET (Argenine Ent Thimine)

To 60 ml HO add

0.617 g 2,3 Dihydroxy Benzoic acid

16.86 g L-Arginine HcL

1 ml 20 mM Thiamine

Add just enough amount of NaOH to dissolve evenghi

Make final volume to 100 ml with D

Filter sterile

TE (Trace Elements)

To 80 ml HO

0.251 g Zinc Sulfate (ZnSYH,0)

0.017 g Manganese Sulfate (MnS@,0)

0.029 g Boric acid (kBOs)

0.012 g Calcium Sulfate (Ca%@H,0)

0.037 g Calcium Chloride (Cag22H,0)
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0.049 g Ferric Chloride (Fe€£6H,0)

Make final volume to 100 ml with 4.

Filter sterile

ILV (Isoleucin-Valine)

To 95 ml HO add

0.394 g Isoleucine

0.352 g Valine

Make final volume to 100 ml with 4D

Filter sterile
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APPENDIX C: Culture Media and Plates

LB liquid medium

12.5 g of LB broth powder

Add H,O to bring to 500 ml

Autoclave for 30 minutes

Cool the media to ~5C

Add 500 pl of 200 mg/ml Ampicillin

Minimal Glucose

To 400 ml HO add

5.225 g Potassium Phosphate Dibasic TrihydratelBQy)

2.40 g Sodium Phosphate Monobasic (ha6k)

0.99 g Ammonium Sulfate (NHLSOy)

Autoclave for 30 min, cool it and add the followiadditions

10 ml Uracil

10 ml 27 % Glucose

5 ml ILV (isoleucin-valine)

0.5 ml TE (trace elements)
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0.5 ml 1 M Magnesium Sulfate (Mg

0.5 ml AET (Argenine Ent Thimine)

0.5 ml 100 mg/ml Ampicillin

0.312 ml 4X LB

LB-Agar plate with Ampicillin

12.5¢g of LB broth powder

7.59g of agar

Bring to a final volume of 500 mL

Autoclave for 30 minutes

Cool the media to ~5C

Add 500 pl of 200 mg/ml Ampicillin

Pour into sterile plates
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