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A~stre.ct 

A new inhibitor of pho,.oreactiom in chtoroptasts, 2,3-dimcthyl 5-dyhr0.,q ~ 6-phytol benzo- 
quinone is shown to be an electron transfer inhibitor which blocks both cyclic and non-cyclic 
electron flow. Basal levels of electron transport from reduced dichlorophenol-indophcnol to 
methyl viologen gre not affected by the inhibitor, but uncoupler stimulated electron 
transport in the same system is inhibited. I t  is concluded that reduced dichlorophenol- 
indopheno! can be oxidized by the photosynthetic electron transport c.hain in isolated 
chloroplasts at  two sites: site I proximal to P~0e and site II  distal t.o PToo- Site I h:~(a low 
affiniw for the electron donor. Electron flow from this site to methyl ~qologcn does not 
support ATP formation and it is resistant to inhibition by the qulnone analogue. Electron 
donation at site I I ,  located on the linear portion of the electron transport chain between the 
two photos) stems, has a higher a~nitl," for reduced dichlorophcnob!ndophenol and precedes 
a phosphorylation site. The electron flow from this site is stimulated by uncouplers and 
inhibited by the qulnone analogue.~ 

[~t~Jud~on 

Various treatments or compounds inhibit the photoinduced electron tfamport in the 
vicinity of  system II  causing an inhibition of the Hill reaction and its coupled ATP 
formation. 1"2 Under the same circumstances s~:veral photoreactions mediated by 
photosystem I, including electron flow from DPIPHz,w to a terminal acceptor or cyclic 
phosphorylation, are not affected.' 

Both non-cyclic and cyclic phosphorylation can be inhibited by uncouplers or energy 
transfer inhibitors. Few compounds are known, however, whichinhibit electron trans- 
port between the ~'o photosystems. Salycil aldoxime, which acts at a point on the linear 
electron transport chain, s can be regarded as having such properties and also phenol and 
some phenol derivatives. 4 
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metl~ulfate; DMH PB, 2,~-dimeth~,'! 5-hydrox T 6-phyto! benzoqumone. 



74 c. ~. ,tR.-,'-rz~, j. ~uu~,.'~s ̂ z,m R. ^. D/LLEY 

A'new inhibitor of  photoreactlom in chloroplasts, 2,3-dimethyl 5-hydroxy 6-phytol 
benzoqu|none* (DMHPB) is shown in this communication' to be an electrori transfer 
inhibitor which blocks both cyclic and non-cyclic electron flow. The obvious structural 
simnarlty between this compound and plastoquin0ne, which is thought to function as a 
carrier in the electron transport chain of  chloroplasts, ~ may indieate that the inhibitor 
competes for a site(s} or cofactors(s) which normally interacts with endogenous plasto- 
qulnon e. The results presented in this c6mmunicatlon would therefore confirm previous 
work which suggests that plastoquinone is involved in non-cyclic electron flow s (and 
AT P  formation) as Well as cyclic electron P, ow catalyzed by PMS3 

Studies with this new inhibitor and other characteristic aspects of DPIPHxoxidation 
i c  DCMU treated chloroplasts strongly suggest that DPIPH z can donate electrons at 
two sites on the linear electron tramport chain. 

bfateri~ and 3 [ethods 

Chloroplasts were isolated front lcttuce leaves Lactuca satira var. romaine. Fifty grams 0f  
leaves were homogenlzcd fo~" I0 sec in a Waling Blender in 130 ml grinding media of 
0-4 M sorbltal, 0-1 M triclne (pH 7-8), 0.07 M ascorbate, and bovine serum albumin 
(9 mg/ml final concentration). The  homogenate, was filtered through 4 and then 12 
layers ofcheesecloth and then centrifuged for 7 rain at 1000 • g. The pellet obtained was 
washed in a solutlon of 0.4 M sorbital, 0-02 M tricine (pH 8.0), 0.01 M KCl and was 
eentrlfuged as before. The final chloroplast pellet w ~  resuspended in the washing 
medium with bovine serum albumin added to a final concentration of 5 mg/ml. 

Chlorophyll concentration was measured according to Arnon. 7 ATP formation was 
measured according to Avron.* Phosphorylatlng reaction mLxtures Were illuminated for 
2 mln at room temperature. Oxygen uptake was me/lsured on a Gilson KM-C oxygraph 
wi~ha YSI Clark electrode at 20 ~ Changes in pH were measured with Leeds and North~ 
rup 124138 microclcctrodes. A yellow Coming filter (#3-68) was placed between th e 
light sou. roe and the sample to  eliminate artifactual, responses in both the O2 and pH 
measurements. 

R~.dts and Discussion" 

DPIP in the presence of  ascorbate has been shown tO relieve the CMU inhibition of  
NADP photoreduction3 This systen, is able to support ATP formationJ ~ However, 
since it has been shown that ascorbate + DPIP are able to supportphosphorylation even 
in the absence of  an added electron acceptor, several workers concluded that ATP 
formation mediated by S)~tem I and DPIPH 2 is of a cyclic type even in the presence of 
the electron acceptor system of  ferredo.~n and NADP. t t-t} The st imulato~ effect of 
the addition offerredoxin + N/ff)P upon ATP formation, has been interpreted as causing 
a proper o.~dation-reductio,~ "l~.ise" for DPIP, in the light, which is required to support 
cyclic electron flow."- ~s Direct evidence for cyclic electron flow mediated by system I 
was also presented, t '  $uppo~ers of the notion that ATP formed in the presence of  
DPIPH a is cyclic would maintain that the site of  ATP formation is on the part of the 

�9 The symhcsls of the qulnone and the inhhd ohse~-atlom o n  its biologic= ! activity will be relx~ed separately by 
$. Boles, IC Fo:ker~ and R: D;l~-y. 
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L'yclic pathway which is not shared by the linear pathway of electron transport. 's Our  
studies with the new inhibitor DMHPB are related to this question. 

h i  Fig. I the effects of DMHPB on several photoreactions are shown. Both electron 
flow and the concomitant phosphorylation in a me~yl  viologen Hill reaction + were �9 
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Figure !. The effects of DMHPB on phosphor~-htion and electron transport. Reaction mixtures contained i'm 
Itmolo) : Na-Trlcine (pH 8.0). 25; MgC;i~. 5; ADP, 2 ; and NaPi. 5. The different reaction mlxtur~ Mso contained 
the foll0wii'tg (in pmoles) : PMS phospho~/ation ax~a)~--PMS. 0075;  DCMU, 003 ;  and a.~corbate. 5; H20 to 
~ |eV assayv--.McV 2-5 and NAN/, 2-5; DPIPH2 to McV assa~---DPIP, 0-8 i ; ascorbate, 10; DCML', 0-03; MeV, 
2"$; and NaNz , 2-5. Total reaction volume't ,.vqr 1-5 nd. Chlorophyll concentration* were 30pg'nd. Light intemhies 
for sample illumination were. i x l0 s erg~/cm =.sec for PMS phmphorylation and 6 x l0  t erg~'cm +.see for all other 
ttactionx. (Lower light intensltlr were used for PMS phosphorylation to give actlviti~ which fall within the =ame 
tmng~e ofpho~phor~.-latlon as with the other systenut.) Control rates ore lee. tron transport artd phosphoryhti0n (Vmolc ~= 
O3 consumed ~" umole~, A.TP formed per mg chl per h) ~ r e :  P.XlS, (ATP) 20'2; H~O to McV, (ATP} 410, (,e ~ 
155; DPIPH~ to.Xie%, (ATP) 105, (e-) 436. 

found to be inhibited (the latter appears to be a result of the  former). The inhibition of  
dectron flow was observed at pH 7.5, pH 8-0 and pH 8-25. In addition, PMS catalyzed 
ATP formation, and pbotophosphorylation supported by DPIPH~ in the presence of 
methyl vi01ogen and DCMU were all inhibited to about the same extent. One reaction, 
transfer ofelectro~ from DPIPHz to MeV (measured by O i uptake ), was not affected 
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by DMHPB to any great extent over this entire concentration range. It is interesting to 
note that Jones and Kok ~: observed a very similar pattern ofinhibitio.n of Hill reaction 
activity and DPIPH z supported phosphorylation but imensitivity ofDPIPH z to N.stDP 
electron flow in ultraviolet llght treated chloroplasts. Their suggestion that plastoquinone 
,i~as theslte of UV inhibition would be in agreement with the postulation that DMHPB 
h acting as a qulnone analogue which inhibits the oxidation o r reduction ofthe endogenous 
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F ' ~ t e  2. IAghbinduced pH changes catalyzed by electro~ flow from reduced DPIPIo  MeV in the presence of 
DC~MU. Values for the initial ra~ :  in/,moles H~ chl per h. and the extent- in m/~uoles,'rng chl, are shown on 
hhe figure. Reaction mLxtures contained (in/~mote~) KCI, 50; MeV, 2-5; NAN,, 2-5; DPIP. 0-81 ; DCMU, O03; 
DYE. 2 and ! 14kOg chlorophyll in 3 mL DMHPB was added aa indicated r give a final cmu~entration of 1-5 x 10 -4 
I~L Reactions were carried oat at  pH 8.0 at 16" with a light Laccnsity ot"3 x lOS ergs.~cm=.sec. 

plastoquinone. Bishop** hmprevlously shown that UV irradiation causes p[astoqulnone 
destruction in chloroplasts. However, other effects of UV irradiation have been docu- 
mentedJ 9 

Further evidence that DMHPB acts by blocklng electron flow rather thafi at some 
terminal =tepln phosphorylation is indicated from its effect on light-induced pH changes. 
As shown in Fig. 2, proton uptake by illuminated chloropl~ts was catalyzed by methyl 
viologen reduction using DPIP-dithioerythritol as the electron donor system. The re- 
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quirement for reduced DPIP is e,,qdent from the very. low level ofactl,dty observed when 
dithloerythritol was omitted from the reaction mixture. (Ascorbate was not used as a 
reducing agent since dark oxidation gives rise to p H  changes.) When DMHPB was 
added to the reaction mixture, the initial rate ofprot0n uptake ,nan inhibited by 80% 
and the extent of the pH gradient was reduced by 20%. 

Evidence presented :.n Figs. 1 and 2 has indicated that phosphory.lation and the 
doseIy related proton uptake catalyzed by DPIPH, is blocked by DMHPB while 
electron flow from DPIPH: to methyl s%logen is unaffected. This might b e explained by 
assuming that DPIPHzcatalyzed phosphorylation proceeds via a cyclic e~ectrowpathway 
thatisindependent of the obserx'ed electron flow (O2 uptake). Observations which are 
contradictoryto this line of thought are shown in Fig. 3. 

As ,.-as presqously shown by Izawa et aL, r* the uncoupler NH,CI stimulated the rate 
ofelectron flow from DPIPH 2 to methyl viotogen (Fig. 3). Since this stimnlation is of 
appro.,dmately the same extent over a wide range of DPIP concentrations (Fig. 3A, C, 
E), it L5 unlikely that the i~crease in electron flow is due to a "non-sp,:.cific" increase in 
electron donor permeability caused by NH4CI (also note the effect of other uncouplers 
listed below). Moreover, DMHPB blocked this stimulated flow to about the same extent 
in all cases, causing a return to the basal level ofelectron transfer. On the other hand, the 
inhibitor does not greatly effect the basal electron flow (Fig. 3B, D, and F). However, in 
the presence ofthe inhibitor, NH,CI does not stimulate electron flow (Yig. 3B, D, and F). 
The concentration of D*IHPB used in this experiment was selected to give maximal 
inhibition ofuncoupled electron floss'. This inhibition of the uncoupled electron flow and 
lack of inhibition of basal electron flow could be observed over a ,aide range ofconccn- 
trations ofDMHPB. To exclude the possibility that the inhibition is dr, ere a non-specific 
interaction be,~'een uncoupler and inhibitor, the effect of DMHPB on electron flow 
from HaO to methyl ~,qologen is shown in Fig. 3G and H. In this case, both the basal and 
stimulated rates of electron flow were blocked by the inhibitor. 

To show that DMHPB inhibition was not just a fortuitous result of NH4C.l-inhibitor 
binding or inacti~-atlon, dther uncouplers ofphosphorylation were tested in the presence 
and absenc e ofinhibitor. The results shown in Table I clearly indicate that DMHPB 
does not affect the basal rate ofelectron flow but does block the stimulation by nlgericin, 
m-chlorocyanocarbonyl phenylhydrazone and gramicidin D. 

Inhibition of the methyl viologen Hilt reaction indicates that DMHPB acts at a 
carrier located on the linear electron transpoi't pathway'. Inaddition, since all the 
inhibited photorcactions arc reduced to approximately the same extent over a variety of 
DMHPB concentrations, it would appear that there is probably only onelnhibitory site. 
The electron transport carrier inhibited by DMHPB would be located in a region of the 
linear electron transport chain utilized by elect/on flow from H,O to methyl viologen, 
and would also be involved in electro.n flow supporting PMS or DPIPH z phosphorylation. 
Assuming that DMHPB does inhibit electron flow at a c~irricr localized on ".he linear 
pathway between the two photosystems, .;t is difficult to visualize how such a carrier will 
not partlcqpate in electron transport from DPIPH z to methyl ~iologen twhich is insensi- 
tive to the inhibitor), but will be. involved in electron transport initiated by DPIPH, a n d  
lcadlng to ATP formation (which is sensitive to DMHPB). This inconsistency can be 
resolved by" hypothesizing that DPIPH 2 can donate electrons to the electron transport 
chainat  two sites, as has been previously suggested for several donors. 1"21-z" The first 
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T A B L E  I.  Effece, of D M H P B  on basal and uncoupled electron 
flow from D P I P H ,  to MeV 

9 

p.Moles Oz 
consumed per �9 ~ Of 

Additions mg chl. h Control 

Kxl). I 
A Control  180 100 

+ C C P  (6-7/~M) 327. 183 
+ D M H P B  223 123 

B Con t ro l  195 100 
+ D M H P B  184 94 
+ C C P  (6-7 p M )  2.54 130 

C Control 156 | 00  
: +Oram~cldln D (4 pM)  410 263 

+ D M H P B  230 145 
D Control 223 100 
" + D M H P B  232 104 

.+Gram;cidln D ~4 p M )  265 ! 18 

Exp. 2 
E Control - 78' 100 

+Nigcrlcin (0q 7 p.M) 290 320  
+ D M H P B  " 105 135 

F Control 90 I00 
+ D M H P B  ~ 105 116 
-+Nigericln (0-17pM) 135 150 

The experimental procedure was the same as that shown in Fig. 3, 
except reaction mlxtures coraained 0-016 ~molcs DPIP and 16 pgr 
c.hlorophyll per assay. |~  addition, ni~ericin reactions contalncd 50 
/amoles KCI .  Final cpncentration of DMHPB in all cases was 0-46 mM. 

site (I)rWOUld be at a more positive redox potential (perhaps P,0o) and would not b e  
coupled t o A T P  formation. The  second site (II) would be at a more negative potential 
and would support  electron flow through a phosphorylating site. Since P/e ratios in the 
DPIPH  z to methyl viologen system are very low'-' it can be concluded that  under  normal 
conditions most electrons enter the chain at s i t  I. The  marked stimulation of electron 
flow from D P IPH  z to methyl viologenin the presence of  uncouplers indicates that in the 
absence of  uncouplers DPIPHz oxidation at site I I  is strongly limited by the coupling 

Figure $. The �9 of DMHPB on b a ~  and .%'H4CI ~imuhzed electron 

tracin.~ of oxygraph data showing llght:induced Oz uptake. Hea~ T 
a r r o ~  indicate the onset (upward, arrow) and termination (downward arrow) of 
illuminatlo~l. The numhe~ ~own glve either the initial rate of Oz comumption 
(panoles Ozfmg cld per h) observed in the light or the raze after the addition of 
Ih'~l,C! or DMHPB. ~ t r a t l o n s  of Trio-he, .~leV, and .NaN~ in the reaction 
maxturcs were as in Fig. !. In addition, r of DPIP as indicated in the 
~ ,  2";$ pmoles ascorhate, 0-03 #moles DCMU. and 5 pg chlorophyll were 
im~:luded for DPIPH~ to MeV electron flow. The M�9 I. Hill reaction contained 82 

chlorophylL Light intensities as in Fig. I. Final conctmtratiorL* of NH,CI and 
IHPB -,afro 5-0 reX[ and 0~35 mM r;espectlvely. 
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process. Assuming tl~at DMHPB blocks electron transport a t a point prior to site I, the 
inhibitor would therefore not be expected to effect to a large extent the basal electron 
flow from DpIPH z to methyl ~,qologen. 

To further characterize, the two electron donation sltes.by DPIPHz, electron transport 
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activi~ was measured as a function of' DPIPHz concentration in the presence and 
+absence of  NH4CI. As h shown in Fig. 4, the rate of'Oz uptake was minimal at low DPiP 
concentrations in the absence of'an uncoupler (primarily �9 donation ~ a  site I). 
In the presence of'NH4Ci, however, rapid electron flow was catalyzed even by very low 
levdsofDPIPH, (see inset in Fig. 4). This indicates that site II has a greater affinity for 
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~"~are 5. "l'he effect oFpH on electron transport from DPIPH= to MeV under d;fferent reaction condh~ons. In 
Lhe Wesence oClow DPIP concentrations plus an uncoupler oC pho~horylafion (primarily electron donation at 
ahe #2---~e r~xt~, the pH profile is ~hif~ed from that o "hs~'x.ed with high leveh of DPIP (electron donation mainly 
at site # !). Reaction mLxmr~ contained, MeV, NaNj, DCMU, and ascorhate as in Fig. !, plus 50/~.~1 Trlcineo 
male:ate bafl'er•40/zgr chloroph).ll, and DPIP and 0-036/~.M gramicidln as indicated. Other conditions as in Fig. 1, 

DPIPH 2. However, as discussed above, the rate limiting step of DpIPHz oxidation at 
site II  is the coupling process. 

Since the above data indicate that electron donation from low levels of DPIPHz in 
the presence of NH4CI is p.~marily via site II and donation at high levels of DPIPH2 
with no uncoupler pr~esent is primarily sqa site ],  it is possible to compare the rates of 
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the two reactions over a range of pH. The results o f  such an experiment are given in 
Fig. 5. Again, evidence for two sites ofdonation is supported by the observed shift in the 
pH curve~. Since there is probably some contribution to electron flow from each site at 
all DPIPH~ concentrations, the absolute donation at each site cannot be determined. 
This overlapping pattern ofdonation may account for some of the erratic pattern of the 
pH profile. 

One other experimental difficulty which has limited some further experimentation is 
t h e  fact that DMHPB, being a quinone analogue, can act as an electron donor to the 
electron transport chain by itself. High concentrations of DMHPB, in the presence of 
a reducing agent such as ascorbate, gave measurable rates of O,  uptake with methyl 
viologen as the electron acceptor. This does not alter any of the observations reported 
in this commun;cation however, since low levels of the inhibitor were used and its 
contribution to electron flow in the presence of DPIPH~ is negligible except under 
conditions of very low rates. 

Conclusions 

Several workers have suggested multiple sites for the donation ofel~:ctrons to the photo- 
s/nth~tic electron transport chain by DPIPH, ~':* and by other electron donors, zt-~" 
This postulate is strongly supported by our results obtained with the electron transport 
inhibitor DMHPB which selectively inhibits electron flow from site II of DPIPH: 
electron donation. Since DMHPB also blocks DPIPH 2 supported ATP formation, our 
data indicate that a site ofphosph0~'lation coupled to electron transport from DPIPH z 
to  methyl viologen (in the presence of DCMU) is located on a portion of the linear 
electron transport pathway between the two sites of electron donation by DPIPH:. 
Additional work is in progress to substantlate this idea. 
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