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Abstract-The effects of flavone and seven flavonols on the hght-mduced electron transport and phosphorylation of 
isolated spinach (Sptnacu~ oleracea L) chloroplasts were investigated With the exception of flavonol (3-hydrox- 
yflavone), all of the compounds Interacted with components of both the ATP-generating and electron transport 
pathways. Flavonol only interacted with the phosphorylatlon pathway. Interference with the phosphorylation 
pathway was evidenced by the greater sensltivlty of the phosphorylatlon reaction than coupled whole-cham electron 
transport, inhibition of cychc phosphorylatlon, inhlbltlon of the light-activated Mg ‘+-ATPase, and mhibltlon of the 
heat-activated Ca2+-ATPase associated with CF, The overall decreasing order of effectiveness for mhlbltlon of cychc 
phosphorylation was galangm > quercetm = kaempferol= myricetm = flavonol > fisetm > flavone > morm. On the 
electron transport pathway, all of the compounds, except flavonol, mteracted with the Q,-protein complex as 
evidenced by mhlbltlon of uncoupled electron transport, alteratlon of chlorophyll fluorescence transients, and 
competitive displacement of previously bound radiolabeled atrazme [2-chloro-4-(ethylamino)-6-(lsopropylamino)-s- 
triazine]. The decreasing order of effectiveness for mhlbition of uncoupled electron transport was: fisetm > quercetir 
= galangin > kaempferol > flavone r morm. 

INTRODUCTION 

Flavonoids are commonly found in, and widely dlstnbu- 
ted among, families of higher plants The physlologlcal 
and biological activity of flavonoids and their synthetic 
analogues in general, and of quercetm m particular, have 
been studied both extensively and mtenslvely m mammal- 
ian systems. The wide variety of responses elicited either 
directly or mdlrectly include: mhlbltion of tumour growth 
and carcmogenesls; anti-inflammatory and antl-aller- 
gemc activity, induction of mutagenicity; induction of 
cytochrome P-450 monooxygenases, mhibltlon of specific 
cytochrome P-450 isozymes; activity as an antioxidant, 
chelator, and free-radical scavenger; mhlbltion of gly- 
colyas, inhibition of fatty acid mobilization and meta- 
bolism; mhibltlon of membrane transport systems mclud- 
mg Ca2+/Mg 2+-ATPase and Na+/K+-ATPase; mhibl- 
tlon of histamine release; mhlbitlon of protein kinases and 
aldose reductase; and mhlbltlon of mltochondrial elec- 
tron transport and ATP generation [l, 21 

The action of flavonolds on plant metabolism has not 
been studied as extensively as on animal metabohsm 
[3]. However, the compounds do constitute an important 
class of allelopathic agents. Inhibition of photosynthesis 
by flavonoids in intact plants and microorgamsms has 
been observed as well as inhibition of CO,-dependent 
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oxygen evolution and photophosphorylation of intact 
isolated chloroplasts by kaempferol and fisetin [S]. There 
IS, however, limited mformatlon at the molecular level 
relative to the mechamsm(s) through which flavonolds 
interfere with photosynthesis Quercetin and kaempferol 
have been shown to mhlbit coupled electron transport 
and phosphorylatlon of isolated thylakolds, but to have 
only a marginal effect on uncoupled or basal electron flow 
[S, 61. Consequently, the compounds were postulated to 
act as energy transfer mhlbitors, but the action was 
considered to be different from that of reference standards 
[S, 61. Luteolm (a flavone), quercetm (a flavonol), and 
taxifolin (a flavanonol) acted as energy transfer inhibitors 
against isolated thylakolds at sub-molar concentrations. 
At higher concentrations, luteohn and quercetin, but not 
taxlfohn, also interfered with the electron transport cham 
at or near the Q,-protein complex (the secondary qum- 
one electron acceptor of photosystem II) [7]. 

The objectives of the study reported herem were to: (i) 
compare the effects of flavone and a series of flavonols on 
photomduced electron transport and phosphorylatlon in 
isolated thylakolds and (u) identify sites of action of the 
compounds The chemistry and general structure of the 
flavonolds examined are presented in Table 1. The com- 
pounds are characterized by havmg two aromatic rmgs 
(A and B) linked by a pyrone rmg Flavone and the 
flavonols are considered to assume a planar conform- 
ation because of the double bond between C-2 and C-3 
[S] The flavonols, in contrast to flavones, are hydroxy- 
lated at the C-3 posltlon. The effects of quercetm on 
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Table I Structure of llavonolds studted 

General form&i 

0 
___-- 

Hydroxylatmn at rmg po?ltton(s) 
___.._ 

Compound 3 5 7 2 3’ 3’ 5’ 

Flavone 

Flavonol 
FlWlZI 

Galangm 
Kaempferol 

M0ruI 
Quercettn 
Myncetm 

some of the reacttons exammed in the present study were 
reported prevtously [7], but they were re-evaluated here 
for comparattve purposes 

RESULTS 

Whole chum electron transport and phosphorylutwn 

As shown by the dose-response curves (Fig l), flavone 
mhtbtted non-cychc coupled electron transport and 
photophosphorylatton, cychc photophosphorylatton, 
and uncoupled electron transport mediated by spinach 
thylakotds. I,, values obtained from dose-response cur- 
ves for flavone and all of the flavonotds are presented m 
Table 2 In general, non-cychc coupled phosphorylatton 
was the most sensmve reactton, 1.e had the lowest I,, 
value, whereas uncoupled electron transport was the least 
sensitive, 1 e had the highest I,, value lnhtbmon of 
coupled electron transport can result from an effect on the 
phosphorylatton pathway (energy transfer mhtbitton), 
which acts to impede electron flow, or can be a dnect 
result of an actton on a component of the electron 
transport cham (electron transport mhtbrtton) 

The two effects can be differentiated by the addttton of 
an uncoupler of phosphorylatton to dtsstpate the ener- 
gized state of the membrane [9] If the mhrbttton of 
electron transport coupled to ATP synthesis IS caused by 
Interference wtth a component of the energy transfer 
pathway, the mhtbttron will be relieved by the addttton of 
an uncoupler However, tfelectron transport mhtbrtton IS 
the cause, the presence of an uncoupler ~111 not relieve the 
mhrbmon. As shown m Ftg 1, uncoupled electron trans- 
port 1s mhrbrted, but the reaction 1s somewhat less 
sensitive than the coupled reaction. Effects imposed on an 
uncoupled system provide a direct measure of mter- 
ference wtth electron transport that IS free from mter- 
actions wrth the energy transport system Stmrlarly, 
effects imposed on cychc photophosphorylatton provtde 
a direct measure of interference with the energy transfer 
pathway free from mteractlons Imposed on at least the PS 
(photosystem) II segment of the electron transport path- 

way, tf the compounds do not affect electron transport 
associated wtth PS I Flavone mhtbtted cychc phosphor- 
ylatton at a slightly higher I,, concentratron than was 
obtained for whole chain phoaphorylatton (Fig I and 
Table 2) Hence. flavone had two effects (I) the stronger 
effect mvolved an mteractton with a component of the 
ATP synthesrzmg system (energy transfer mhtbmon) and 
(u) the weaker effect was expressed on the electron 
transport cham associated with PS 11 (electron transport 
rnhrbmon) 

Flavonol whrch IS formed by the addition on the 
flavone nucleus of a hydroxyl group at C-3, mhtbtted only 
the phosphorylatton reactions and did not mhtbtt elec- 
tron transport (Table 2) Only flavonol affected electron 
transport associated with PS I as measured by the 
reduced DPIP (2,6-dtchlorophenolmdophenol)/MV 
(methyl vtologen) assay (data not shown) Fiavonol 
sttmutated the basal rate of electron transport by this 
system The rate was doubled at 115 HIM, whtch confir- 
med Its uncouplmg action Hydroxylatton of the A and B 
rrngs restored mhrbmon of electron transport and de- 
creased or ehmmated uncouphng acttvny (Table 2) 
Effects of myrtcetm on electron transport could not be 
measured because of a chemical mteractton with con- 
stituents m the reaction mtxture that caused rapid con- 
sumptton of oxygen m the absence of thylakotds (possrbly 
spontaneous oxrdatton) 

Interference with eileryy trcms#kr 

Because the flavonotds did not mhrbtt electron trans- 
port m the PS I regton, mhtbttton of cychc phosphoryl- 
atton reflects their interaction with the ATP synthestzing 
machinery All of the test compounds mhtbtted cychc 
phosphorylatton at molar concentrattons equal to, or 
slightly higher than, those that caused mhtbttlon of non- 
cychc phosphorylatton (Table 2. cf Columns 4 and 2) 
Consequently. effects on reacttons directly associated 
with the couphng factor (CF, CF,) complex were ex- 
pressed The thylakord coupling factor IS a latent ATPase 
ATP hydrolyses can be mduced by light-actrvatton m the 
presence of sulphydryl reagents such as DTT (dtthtothret- 
tol) [lo] The light-activated Mg” -ATPase 1s dependent 
on an intact CF,+F, complex Consequently, rt IS 
inhibited by both CF, and CF, mhtbttors [7] All of the 
flavonotds mhtbtted the light-activated Mg2+-ATPase of 
spinach thylakotds (Table 3) 

CF, mhtbrtors interact with the hydrophobtc part of 
the complex and block the proton channel through the 
membrane, and include DCCD (dicyclohexylcarbodum- 
tde) and chlorotrtorganotms. CF, mhtbttors are constder- 
ed to interact directly wtth the catalytic, hydrophthc 
segment of the complex and include Nbf-Cl (4-chloro-7- 
mtrobenzofuran) and phlortzm 

The ffavonotds mhtbtted the acttvtty of the rsolated 
CF,, measured as Ca 2 ‘-ATPase. although flavonol was 
only slightly mhrbttory (Table 3) The Ca2’-ATPase was 
affected by CF,. but not by CF, mhtbttors [7] Hence, the 
flavonotds interact with and mhtbtt the actrvny of the 
CF, portion of the couplmg factor complex of thylakotd 
membranes much like Nbf-Cl and phlortzm as was shown 
previously for luteolm and tawtfolm [7] 

The flavonotds differed somewhdt m then relative 
order of mhtbttory effectiveness m the three assays with 
intact CF,-CF, complexes that provtded a measure of 
their acttvny agamst photophosphorylatton. I e coupled 
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Fig 1. Dose-response curves plotted semdogarlthmically obtamed with flavone for mlubltion of photoinduced 
electron transport and phosphorylatlon in isolated spinach thylakolds U-0, coupled phosphorylation and 
O-O, electron transport, v---v’, cychc phosphorylatlon; and b---b, uncoupled electron transport. Data are 
presented as means & s.d. (shown by error bars) for three lsolatrons of thylakolds. Averaged specdic activities of the 

control reactIons are listed m Table 2 Assay conditions are detaded m the ExperImental sectlon 

Table 2 InhibitIon by flavone and flavonols of non-cyclic coupled electron transport and 
phosphorylatlon, cychc phosphorylation, and uncoupled electron transport mediated by 

spmach thylakolds 

Assay* 

Non-cyclic coupled 

Compound Phosphorylation 
Oxygen Cyclic Uncoupled 
uptake phosphorylatlon oxygen uptake 

Flavone 
Flavonol 
Flsetm 
Galangm 
Kaempferol 
Morm 
Quercetm 
Myrlcetm 

99&28 122+12 118+8 220 + 20 
27+2 NE 64*5 NE 
79f8 86klO 92+14 70+11 

7*2 11*3 14+1 123& 12 
34*10 58k12 57+6 203k15 

178+34 242k 18 227&21 613k81 
63+3 79*4 62k12 121 k29 
81+ 19 NDt 67+6 NDt 

* H,O served as the electron donor and MV as the electron acceptor. 0, consumption was 
measured polarographlcally and phosphorylatlon was measured potentiometncally Data are 
presented as I,, values Ifrs.d. obtained with three lsolatlons of thylakolds. Average specdic 
activltles of the controls were: 136 + 9 pmol 0, consumed and 389 f 22 pmol Pi esterified/mg 
Chl/hr for the coupled reactions, 522 + 3 pmol PI estenfied/mg Chl/hr for cychc phosphoryl- 
ation, and 173 + 19 pmol O2 consumed/mg Chl/hr for the uncoupled reaction Assay 
conditions are detaded m the Expenmental section. 

NE = no effect. ND = not determined. 
tMyrlcetm reacted chemically with constituents of the reaction medium. 
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Table 3 Etrects of flavone and Ravonols on ATPdse dctlvltles 

associated with spmach thylakolds 

Assay* 

Flavonotd 

Light-Induced 

Mg2+- ATPdse Ca2 + -ATPase 

Flavone 
Flavonol 

Flsetm 

Galangm 

Kaempferol 
Morm 

Quercetm 

Myrrcetm 

I,” (,tM) 

17328 450 * 30 
35+4 > 1000 

120+33 5x+2 

105 I 144* 14 
g3+14 65+5 

605 i 60 323+71 

18&l 35i? 

38&4 30*2 
~~__ 

*Phosphate hberated by the hydrolyses of ATP wab measured 
colortmetrrcally Data are presented as averaged I,, values ir 5 d 
obtamed from three rephcatlons The average specific actlvltlcc 

were 38 + 8 pmol PI hberated,‘mg Chl;‘hr and 369 & 19 pmol PI 

hberatedimg protem,‘hr for the Mg” - and Cd” -ATPase. re- 
spectrvely 

non-cyclic phosphorylatton, cychc phosphorylatton, and 
the light-induced ATPase (Tables 2 and 3) In all three 
assays, galangm was most active and morm was least 
active, with flavone being the second least active com- 
pound. The order of mhibttory effectiveness for the 
remainder of the flavonoids varied among the three 
assays between the two extremes The order also differed 
for activity against tsolated CF, as reflected by mhtbttton 
of the Ca2+-ATPase (Table 3) Myrtcetm was the most 
active compound followed by quercetm Morm and 
flavone were the least active of the mhrbitory compounds 
and flavonol was essentially inactive 

Electron-trunsport Interference 

When the Influence of the ATP-generating pathway 
was removed by an uncoupler, all the flavonoids, except 
for flavonol, which had no effect, and myrtcetm, which 
interfered with the assay, mhtbited electron transport 
from water to MV (Table 2, last column) The I,, 
concentrations for the mhlbttion of uncoupled electron 
transport were two to three times greater than for the 
coupled assay, except for fisetm 

As stated prevtously, the flavonotds, with the exception 
of flavonol, had no measureable effect on electron flow 
mediated by reduced DPIP and MV (data not shown) 
Hence, the flavonotds that were tested apparently do not 
mhibtt electron transport beyond the site of PQ (plasto- 
qumone) oxtdation and cytochrome f 

Chlorophyll jluorescence 

A small percentage of the excttatron energy absorbed 
by the chlorophylls associated with PS II 1s emitted as 
fluorescence which has charactertsttc transients [ 1 l] 
Alterations mduced m the transients have been used to 
characterize effects Imposed by various treatments on PS 
II-associated reactions. A typical chlorophyll fluore- 
scence mductton transient for isolated spinach chloro- 
plasts is shown in Ftg 2 (control curve) Dark-adapted 

chloroplasts possess a very low level of fluorescence which 
was set as 0 on the ordinate. Upon illummation, there is 
an Immediate increase to a low mlttal level of fluorescence 
yield (F,) that IS followed by a rapid mcrease to an 
mtermedtate level (F,) The fluorescence then increases 
curvrlmearly over a short interval (3 5 set) wtth the 
achievement of maximum fluorescence intensity (FM) The 
(F, to F, rise IS constdered to be caused by the rapid 
reductmn of some of the prrmary electron acceptors (QA) 
assoctated with the PS II reaction centres, whereas the 
slower F, to F, rise corresponds to the reductton of 
secondary PS II electron acceptors by the secondary 
electron acceptors (QJ 

Inhtbrtors of PS II, such as atrazme [2-chloro-4- 
(ethylammo)-6-(tsopropylammo)-s-trtazme] (Fig 2, top 
curve), block the reduction of QD by QA which results m 
an increase m the intensity of F, Complete inhibition of 
electron flow through Qr, results m F, being equal to F,. 
As shown, hsetm caused the level of F, to increase m a 
concentration-dependent manner, much like atrazine 
The curves presented m Fig 2 have been normalized with 
respect to F,, to correct for fluorescence quenching 
caused by fisetm Absorbance of the excttation light by 
lisetm not only decreased the fluorescence intensity, but 
also slowed the rise time to F, by reducing the photon 
flux available for photochemrstry A representative dose- 
response curve for mhtbitton of fluorescence by fisetm IS 
shown in the inset of Fig 2 (I,, = 76 PM). All of the 
flavonotds except flavonol altered the chlorophyll fluore- 
scence transients much like fisetm. However, some of the 
compounds caused drastic quenching of fluorescence 
Correcting for drastic quenching did not always provide 
meanmgful numbers Consequently, no attempt was 
made to determine I,, values for all of the flavonoids. The 
results suggest that except for flavonol, the compounds 
Inhibit electron transport by Interfering with the function 
of the QB complex. 

Competltwe hrndrny 

Bmdmg studies have been used to characterize mter- 
actions of mhibitors with the PS II complex [12-151 
Atrazine, and many other herbicides, have been shown to 
reverstbly bmd, with high affinity, to the QB binding sate 
associated with the PS II reaction centre complex. Bind- 
mg of atrazme to the site results m mhibttton of electron 
transport by preventmg the reduction of PQ. If the 
flavonotds mhtbtt at the QB site of PS II, then they should 
competitively displace a radtolabelled herbicide such as 
[r4C]-atrazme from the thylakord membrane In this 
study, atrazme was added at a concentratton of 0 1 NM 
and the chlorophyll concentratton was mcreased 2.5 
times above that used m the electron transport assay, m 
order to obtain reasonably high levels of radiolabelhng 
Under these condtttons, 0 1 FM atrazme mhrbtted the 
reaction by ca 45% All of the flavonotds, wtth the 
exception of flavonol, displaced radtolabelled atrazme 
from the thylakotd membrances m a concentration- 
dependent manner (Fig 3) The relative order of effective- 
ness was galangm > quercetm > fisetm = kaempferol 
= morm = flavone > myricetin, with only margmal dis- 
placement by flavonol 

The order of dtsplacement effectiveness was somewhat 
different from the order reflected m inhibition of un- 
coupled oxygen uptake (Table 2, last column). In the 
latter assay, galangm was the most mhibrtory compound, 
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Time (set) 

fg 2. Effects of fisetm on the chlorophyll fluorescence mductlon transients of Isolated spinach thylakmds. The 
representative traces depict the concentration-dependent alterations Induced by fisetm (FB.) compared to the 
photosystem If mhibitor atrazme (20 PMj F,, F,, and F,,=mltiaf, mtermechate, and maxImum fevefs of 
fluorescence mtenslty, respectively Conditions under which the experiments were conducted are detaled in the 
ExperImental sectIon. Inset. Dose-response curve plotted senufogar~thumcafly for mhlbitlon of the variable 
fluorescence component (FM-F,) by fisetm. Data are presented as means&s d (shown by error bars) for three 

isolations of thylakmds 

whereas fisetin was most effective in the displacement 
study. Quercetin was the second most active compound 
in both studies. The reasons for the differential responses 
are not obvious at this time. 

Considerable differences in order of effectiveness am- 
ong the flavonoids was evident in the three assays that 
reflect interference with electron transport, i.e. coupled 
whole chain electron transport, uncoupled electron trans- 
port, and the displacement of atrazine (Table 2, Fig. 3). 
Similarly to inhibition of CF,-CF, dependent phosphor- 
ylatlon, galangin was the most inhibitory compound of 
non-cyclic electron transport and m displacing bound 
atrazine. Galangin together with quercetin followed fise- 
tin m order of inhibitory activity against uncoupled 
electron transport (Table 2, last column). Morin, again 
showed a low order of inhibitory effectiveness. Flavonol 
essentially had no effect. The reasons for the differential 
responses remain to be Identified. 

DISCUSSION 

The data obtained m this study suggest that with the 
exception of flavonol(3-hydroxyflavone), flavone and the 
flavonols interfered with light-induced reactions of isola- 
ted spinach thylakold membranes on both the phosphor- 
ylation and the electron transport pathways. Flavonol, 

however, primarily acted on the phosphorylation path- 
way and was the only compound that acted as an 
uncoupler. Interference with the phosphorylation path- 
way by the flavonolds was evidenced by the greater 
sensitivity of the phosphorylation reaction than the cou- 
pled electron transport reaction m studies that involved 
whole-chain electron transport (Fig 1, Table 2); inhlbi- 
tlon of cychc phosphorylatlon (Table 2); inhibition of the 
light-activated Mg * +-ATPase (Table 3); and inhibition of 
the heat-activated Ca”-ATPase (Table 3). 

Interference with a component of the electron trans- 
port system of thylakolds, with the exception of flavonol 
and possibly myrlcetm, was imtially measured as mhibi- 
tlon of ammonium chloride-uncoupled electron transport 
(Fig. 1, Table 2). No suggestion for an interaction of the 
flavonolds with the PS I portion of the electron transport 
chain was found. The displacement of [14C]-atrazme 
from the Q,-bmding site of PS II by all of the flavonoids 
except tlavonol mdlcated that one possible site of mhibl- 
tlon on the electron transport chain involved the 
Q,-complex (Fig 3). However, the somewhat different 
I,, values for displacement of radlolabelled atrazme and 
uncoupled electron transport may be a reflection of non- 
specific effects that resulted from partitioning of the 
flavonoid molecules mto the hpid bilayer of the thylakoid 
membranes. Interference with electron transport occur- 
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Fig 3. Dose-response curves plotted semdogar~thmlcally that show displacement of prewously apphed [“Cl- 

atrazme by flavoncuds from Isolated spmach thylakolds o---o, galangm, o-----~-o, quercetm, o----e, 

overlappmg data pomts for flavone, morm, fisetm, and kaempferol, A---A, myncetm, and v ~~~~ v, flavonol 

red at higher flavonotd concentrations than did the effects sites associated with the subunits [ 181. The binding sites 
on phosphorylatton and, thus, may be viewed as a of quercetm were considered to be distinct from the ‘tight’ 
secondary effect. nucleotide-binding sites or the Nbf-Cl bmdmg site 

The pattern of hydroxylatlon of the compounds affec- 
ted the way the flavonolds interacted with the thylakolds 
The non-hydroxylated parent compound, flavone, was 
moderately active m all of the assays. Hydroxylation at 
C-3 (flavonol) caused loss of electron transport mhibltlon 
and the appearance of uncoupling activity. Trlhydroxyl- 
ation at the 3,5,7 positlons (galangin) restored electron 
transport Inhibition, maximized mhlbltlon of photophos- 
phorylatlon and electron transport, and elimmated un- 
coupling activity. The further hydroxylation of the B-rmg 
tended to reduce mhlbttory effectiveness with respect to 
effects on phosphorylation. Kaempferol, with a 4’-OH 
was less mhlbltory than galangm, quercetm (3’,4’) even 
less, and myrlcltm (3’,4’,5’) even less so. Hydroxylation in 
the 2’ position (morm) caused a large decrease m m- 
hibltory effectiveness as shown by the marked difference 
between morin and quercetin m all of the assays Flsetm, 
which is 5_dehydroxyquercetm, was less active agamst 
phosphorylatlon, but was more active agamst electron 
transport, than was quercetin 

X-ray diffractlon studies of crystalhzed flavonolds mdl- 
cate that the compounds form both mtramolecular and 
extramolecular hydrogen bonds Extramolecular hy- 
drogen bondmg can result in the formatlon of cyclic 
dlmers, at least for flavonol [ 191 and quercetm [Z] as well 
as polymeric chams Specifically, mtramolecular bonds 
are formed between the hydroxyl groups on C-3 or C-5 
and the neighbourmg exocychc carbonyl (C-4) oxygen 
The result IS a shortening of the C-4, 10 bond with a 
strengthenmg of the double bond character as the C- 
O bond 1s lengthened [2]. Intermolecular hydrogen 
bonds can be formed with water or other acceptors by the 
hydroxyl group on C-7 and adJacent hydroxyls at C-3’ 
and C-4’. Quercetm exists m a planar conformation with 
the exocychc phenyl rmg (ring B) and the hydroxyl groups 
all lying within the molecular plane [2, 19,201. Assump- 
tion of a planar conformatlon has been correlated with 
the ability of flavonoids to penetrate rapldly mto the 
hydrophobic interior of umlamellar vesicles [21]. 

Of the flavonolds Included in this study, only the action 
of quercetin on ATP synthesis m chloroplasts and mlto- 
chondria has been investigated m detad [ 161. Quercetm 
has been shown to mhiblt different types of ATPases [ 163. 
In studies with highly purified and trypsin-treated CF,, 
quercetm was reported to mhlblt the actlvlty of Ca’+- 
ATPase [17] In subsequent studies, the Ca*+-ATPase 
activity was shown to be associated with the CI- and jL& 
subunits of CF,, and quercetm was found to bmd to two 

Many Investigators have compared the actlon of quer- 
cetm and several of the flavonotds studled herein m 
various reactlons Included are the extensive structure/ 
activity studies with bloflavonolds as mhlbltors of gly- 
colys~s that were conducted by Racker [22]. Racker 
concluded that tetra- and penta-hydroxyflavones with 
hydroxyl groups at 7, 3’, 4’ and at either 3 or 5, or both, 
were most effective inhibitors, whereas a hydroxyl at 5’ 
(myricetm) resulted m weakened actlvlty Tnhydroxy 
compounds were poor mhlbltors and dihydroxy or 
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monohydroxy compounds were essentially inactive. The 
double bond at C-2,3 was essential for mhlbltory acthty, 
as was the free hydroxyl on C-3 [22] 

Other than the observations of Racker, It 1s difficult to 
develop general structure/actlvlty correlations from the 
wide range of responses ehclted by the flavonols In some 
assays, for example mhlbltion of benzo[cc]pyrene 
hydroxylase actlvlty [23] and mhibltlon of A’2-lipoxyg- 
enase activity [24], quercetin was the most active and 
morm was the least active of the flavonols tested. How- 
ever, m other responses, such as mhlbltlon of delodmase 
actlvlty [25] and as antioxidants [26], morin was most 
active and quercetm was least active 

If hydrogen bond formation 1s important m the ex- 
pression of mhlbltlon, all of the flavonoids studied herein 
except flavone could form mtramolecular hydrogen 
bonds through either the C-3 or C-5 hydroxyls, or both. 
All of the compounds except flavone and flavonol could 
also form mtermolecular hydrogen bonds through the C- 
7 hydroxyl and the B-rmg hydroxyls. Galangm can only 
form mtermolecular hydrogen bonds through the C-7 
hydroxyl. For both mhlbltlon of photophosphorylatlon 
and electron transport, galangm ranked either first or 
second as bemg the most active compound tested The 
only exception was for mhlbltlon of Ca2+-ATPase where 
it ranked fifth Apparently, mtermolecular bonding that 
mvolves both rings was not a reqmrement for mhlbltion 
m the studies reported herem. 

Quercetm with the potential to form hydrogen bonds 
through the hydroxyls at C-3’ and C-4’ was the second or 
third most active compound m all assays except mhlbi- 
tion of non-cyclic phosphorylation where It ranked 
fourth. Myncetm, the most highly hydroxylated flavonol, 
had a relatively low order of activity m some of the assays 
except for mhlbltlon of Ca *+-ATPase, where it was the 
most inhibitory compound. However, it was as active as 
quercetm m mhlbltmg cychc phosphorylatlon and the 
light-induced ATPase Morm with a C-2’-hydroxyl group 
was the least active of the flavonolds except for displace- 
ment of atrazme Flavone which lacks hydroxyl substltu- 
ents had a relatively low order of actlvlty m most assays, 
but was, m general, more inhlbltory than morin The 
responses suggest that the capacity for both mtra- and 
mtermolecular hydrogen bonding is not an absolute 
requirement for mhlbltlon of either photophosphoryl- 
ation or electron transport 

Flavonol only interfered with photophosphorylatlon 
and ranked second or third m order of actlvlty against the 
phosphorylatlon reactions except for inhlbltlon of the 
Ca’+-ATPase where it was essentially Inactive. The high 
activity against the light-induced ATPase, which requires 
an intact coupling factor complex (CF,-CF,), and hmlted 
activity against isolated CF, (Cazf-ATPase) suggests 
that flavonol could be a CF, mhlbltor. 

The flavonolds examined m this study, with the poss- 
ible exception of flavonol, have been isolated from natu- 
ral sources as aglycones as well as in conjugated forms 
[27]. Quercetin, kaempferol, and myricetin are widely 
distributed in higher plants Examples of genera m which 

the other flavonolds occur include: Alpmm, Pmus and 
Populus, for galangm; ACXCUI, Rhus and Robzma, for 
fisetin; Morus, Artocarpus and Toxylon, for morm, and 
Przmulus and Dlonysm, for flavone [27] 

The flavonoids can be expected to interfere with photo- 
synthesis of intact plants and mlcroorgamsms if they 
should partition into chloroplasts in the unconjugated 

form and achieve concentrations that approach 100 PM. 
Flavonoids have been reported to be present in leaf 
epldermal cells and pea plumules at concentrations of 3 to 
10 mM [28, 291 Localized concentrations wlthm cells 
and organelles could, conceivably, be much higher. Flav- 
onolds, mcludmg glycosides of quercetin, have been 
isolated from chloroplast preparations of plants at con- 
centrations considerably higher than the whole leaf extra- 
cts [30]. Evidence also has been provided that quercetin 
as well as its glycosldes (quercetm and rutm) can move 
across the chloroplast envelope and into the stroma [31]. 

Flavonolds can scavenge superoxide radicals and hy- 
drogen peroxide, and m doing so, protect carotenolds 
from photooxidation [31, 321 Thus, under conditions 
where concentrations of ADP and NADP might hmtt the 
rate of electron transport, flavonolds could reduce the 
rates of ATP hydrolysis and electron transport. The 
flavonoids could also mmlmlze the deletenous effects of 
photooxidations caused by the reduced state of the 
thylakold membrane when electron transport IS hmiting 

The interactions of flavonoids with chloroplasts could, 
conceivably, result in two different phenomena. As allelo- 
chemicals, flavonolds that are released into the envlron- 
ment may mhlblt photosynthesis m target organisms. 
Additionally, via homeostatlc control mechanisms, they 
may be involved in the regulation of energy metabohsm 
within the plant, where they are synthesized, by modula- 
tmg photosynthetic electron transport and phosphoryl- 
ation. 

EXPERIMENTAL 

Thylakolds were Isolated from freshly harvested, growth 
chamber-grown spinach (Spmacra oleracea L.) by the method of 

Armond et ol [33] Chlorophyll (Chl) concns were estimated 

accordmg to Arnon [34] PhotochemIcal reactIons were conduc- 

ted at 25” at a photon fluence rate of 750 pmol/m2/sec (PAR). 

Effects on whole cham electron transport and phosphorylatlon 

were measured m a me&urn (2 0 ml vol.) that contamed 0.1 M 

sorbltol, 10 mM Na-PI buffer (pH 8.0), 5 mM MgCI,, 

10 mM NaCI, 0.05 mM MV, 0 15 mM ADP, and thylakoids 

(40pgChl) Electron flow was monitored with a Clark-type 

platmum electrode as 0, consumed during the autooxIdatIon of 
reduced MV Estenficatlon of ADP was momtored with a pH 

electrode 1351 Uncoupled electron flow was measured m the 

above mechum with 5 mM NH,CI added and ADP omrtted. 

Electron transport associated with PS I was measured m the 

basic me&urn with 5pM 3-(3,4-chchlorophenyl)-l,l- 

dlmethylurea (DCMU, churon) to block PS II and reduced 

DPIP (50 PM DPIP + 5 mM Na-ascorbate) as electron donor 

added, and ADP omitted. Cyclic phosphorylation was measured 

m a me&urn that consisted of 20 mM KC], 1OmM K-Pi buffer 
(pH 7 8), 5 mM MgCI,, 0 05 mM phenazme methosulfate (PMS), 

0 67 mM DTT, 1 mM ADP, and thylakmds (40 pg Chl) m a 

2.0 ml vol 

Effects on the Mg ‘+-ATPase associated with thylakolds was 

assayed m a me&urn that contamed 50 mM tnane-NaOH 

(PH 8 O), 10 mM NaCl, 5 mM MgCI,, 6 mM DTT, 

0 02 mM PM.9 and 20 pg Chl m a 10 ml vol. The ATPase was 

activated by dlurmnation of the thylakoid suspensions with 

Intense white light for 5 mm Activity was Initiated by the 

ad&on of 5 mM ATP and was allowed to proceed m the dark 

for I5 zmn at 25”. The reaction was termmated by theaddltlon of 

1 ml of 10% (w/v) trlchloroacetlc acid. The Pi liberated was 
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measured colortmetrtcally [36] after centrtfugation to remove 

pptd protem. CF, was isolated by CHCI, extractton m the 
presence of EDTA 1373 The latent ATPase was heat activated 

(60” for 4 mm) and assayed for Ca’+-ATPase acttvtty [38] 

Chlorophyll fluorescence mductton transients were measured 
as descrtbed previously [39] The fluorescence curves were 

corrected for quenching caused by absorptton of the blue 

excitation beam by the flavonoids Effect of the flavonotds on 

fluorescence was quanttfied as mhtbitton of the variable compo- 

nent of the treatments (FH-Fi)irrnment relative to the variable 
component of controls (fM--F,)cOn,rOt 

Compettttve bmdmg studies wtth [i4CJ-atrazme were per- 
formed as descrtbed prevtously 1397 The Chl concentration m 

the assay was Increased to 50 @g/ml m order to obtam reason- 

ably high radiolabel levels for scmttllatton countmg 

Flavonol, fisetm, galangm, and morm were obtained from 

Aldrich The remammg compounds were supphed by Stgma 

Stock solutions of the destred concentrations of the flavonotds 

were prepared m DMSO The final concn of solvent was held 

constant at 1% (v/v) m all assays mcludmg the controls The data 

presented for the several studies were averaged from determt- 
nattons made with a mmimum of three separate replications and 

isolations 
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