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The fluorescence yield of I)actcriochlorophyll ( B ( ' h l )  b in ntcnd'Jrancs of Rh,d~tpwud,numu~ i irtdt~ wa', ntcasurcd mtmcdiatcly 
and at a variable lime-interval after at saluraling laser fll, sh Io bring about cllal'gc ~,eparatiolt. At 4 K a tlccrca~,c of the yield by 
28% was observed immediately after the flash This yield recovered mtm~-cxponcnlially with a time constant of 6.3 ± 11.4 nts tt) 
approximately the original level. The sam, time constant was observed for Ihc re-reduction of Ihc primary electron dt~nor. 
indicating that ,.he fluorescence quenching can be ascribed to the oxidation of the primary donor. The extent of quenching 
decreased with increasing temperature and reversed to a fluorescence increase at temperatures above 50 K. These results may bc 
explained by the presence of long-wavelength absorbing BChls b in the antenmt which at low temperature transfer their 
excitation energy more efficiently to thc oxidized than to the reduced primary donor, in support of a similar hypothesis used tt~ 
explain the quenching of fluorcsccncc by "oxidizcd' rcaction ccntcrs in Heliohacterittnl dtlorunt (Dcinunt. G.. Kramcr, tl.. 
Aartsma, T.J. Kleinherenbrink, F.A.M. and Amcsz, J. (t991) Biochim. Biophys. Acta 1115/I. 339-344) 

Introduction 

Energy t ransfer  from thc an tenna  bactcri,~chloro- 
phytls (BChls)  to the p r i m a l ,  e lec t ron donor  in the 
reactio-.  ,_enter presumably  takes  place by means  of  the 
Fors te r  mechanism [1]. Since the absorpt ion  o, ~ the 
oxidized pr imary donor  is genera l ly  less than that  of  
the reduced  donor ,  the F6rs te r  over lap  integral  will 
decrease  upon charge separa t ion  and,  because excita- 
t ions can now no longer  be t ransfer red  efficiently to 
the react ion center ,  the f luorescence of  BChl will in- 
creasc [2]. 

Recently,  however,  wc found that in Heliobacterium 
chlor,~m the f luorescence decreases  af ter  charge sepa-  
rat ion [3]. If cme assumes that  the F6rs ter  mechanism 
appl ies  for transft:r to both the reduced and the oxi- 
dized pr imary donor ,  one has to conclude that in this 
case the Ft i rs ter  over lap  increases.  We suggested that 
this may bc duc to the pre, ,cnce of an tenna  BChls with 

Abbreviations: BChl, bacteriochlorophyll; P-985. primaD, electron 
donor. 

Correspondence: J. Amesz. Department of Biophysics. [hl3,gcm, [_ab- 
oratory. Umversity o f  Leiden, P.O.Box 9504, 23(}0 RA Leiden, Tht: 
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excited state energy levels lower than that ~)f the re- 
duced pcimary donor .  These BChls thcn would have a 
relatively small F6rstcr  overlap with the donor,  which 
over lap  might well increase upon oxidation.  

This paper  deals  with exper iments  with the BChl-b- 
con t a in ing  pu rp l e  bac ' :cr ium R h o d o p s e u d o m o n a s  

riridis. The pr imary e lect ron donor,  P-985, shows an 
:tbsorption maximum at 985 nm [4], while thai ~1 the 
antenna  i.~ observed at 11115 11t11. It will he shown that.  
as in !t. chh)non ,  the l]uoresce,lCe ~icld dee lcases  ;.It 
low t empera tu re  upon photo-oxidat ion of the pr imary 
e lect ron donor .  This supports  the hypoti~csis that the 
f luorescence quenching ohservcd up(m oxidation of the 
react ion centers  rnay be caused by an ehhanccd  F6rs tcr  
overlap.  

Malerials and Methods 

le/zodopsettdomonas ciridis was grown as dc:~cribcd 
in Ref. 5. Membrane  fragments  were p repared  by 10 
rain sonicat ion and centr ifugat ion according to Ref. 6. 
q'he membranes  were suspended  in a buffer  containing 
21', mM Tris (pH 8.(t) und mixed with 5(F;/ glycerol 
(v ,v )  to prevent  freezing when storcd at - 2 W C .  

The apparatu~ u~cd for th,: f lv~reseence measure-  
meats  was dcsc l ibcd  e l sc~here  [7]. The ~vavclcn$th of  
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the exci t ing la~,cr pulse  ~a ' ,  532 nln ~ i lh  ~ pul,,c Ic~l!,,lh 

nlOllihllcd hy n I C i l ~ l l l i l l g  lilt" ;llll(~,lllll  I11 Ihl~llrt.:nCL'llCC 

i l ldtl t 'cd by il v, cak Itl ~u,, ,iCll~n~ t'l.v,h, given at ,i 
Villlilhlc lit 'lily IIlllC ~lllt*l ihc  i l a ' h  I'ht' l ighl t~l Ihc 
~Clll~ll llil',h ~,~..,l'~ t i l t c l cd  b~ tlIcitll", I)1 ;I C ~)llbll|;llion ~1 
l i l tc rs  It) il ..Ill l l ln  ~,~,itl,.' b a n d  c t : l i i c r c t l  ill 5 1 5  tllll .  A 

he l ium flow crvo~.t~.t¢ wa:-, u.,,cd t , , i  Ihc CXpCrilllClll~,, ill 

low I c m p c r a t u r c .  1 'he ab ' , o rbance  of  the , iamples  at 532 
nm w~,s kept low ( <: ILII3) in order to :~chicvc a homo- 
gcncous light distribution within lht sample. The fluo- 
rescence passed a monochromak)r :el i~ll il b a n d w i d t h  
o l 3  nm illltl 9,'a`, n ] c a s u r c t l  ~,~illl iUl il Icgri i t i l lg ph(m)di-  
otlc (I&('A.,~I),~II)). Ahs~Hh~ulc~. d l [ c r c n c c  IllCil",LIl-f- 
IllCllt", V~ClC Ilcl loMnt:d ;tn d c w I I b c t l  '~y Smit  cl ill, I~1 

l, l t .sults  

A 'ql ` , l ,u i l , i~HI I~1 Incn l t3 f ; l l lC" ,  O[ i,~p~ I l l JdP,  V~';l~, 

c~olcd  I~ 4 K ,~IItl exc i ted  by u ~t~ong. , a t u r a t i n g ,  25 p,, 
lil~iCl' lli.l~,h ~.~ brin}2 ;.lboLiI cha rge  SCl-ulr;HiOll. At. ;I 
v a r i a n t  dcht,, u l tc r  the ',it~cr l lard~ ;: '+,'~ ilk xenon fla.,d| 
with u.,,cd to moni to l  the flut~rc.,.ccncc I'~g. 1 ~,hov,,s the 
rcl;di'~u l l l Iorc` ,CCl lCC dLIc  t o  | h u  XCll()ll I[' l i s t |  a s  }.1 [unc- 
li~m ~1 the tlcl;~y be twe e n  the two f lashc . ,  The  f luores-  
ccltcc ~,',a`, norm:tli , tctl  to the l luo rcsccn~e  in tens i ty  in 
the absence  o l  a p r e c e d i n g  la,,cr f lash.  The  resul t s  
show thal .  i m m c d i a l c l y  ; , l tcl  the salurat in, , ,  l aser  flash. 
Ihc tlt~(~rc,,ccncc tlccrcil. ' ,cd Io 72~  ~1 its o, iginal  level. 
Wilh  increas ing  dchly l ime thc f luorc, ,ccnc~ inc|c;l`,ctl  
again  and rc;~chcd a l ) Im,x imatc ly  it,, ~)rigin tl level. A 
na(mo-cxponcnt i , i I  dcc:.t~ t ime ol  t').3 ~ 0 . 4  n,s wa,, tic- 
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L / " ' ,  

t 04() I {]60 1080 1 I 0 0  
Wovelenqth (r~n~) 

I ~ y  2 I 'hl~lL'~ccncc t`lnl~l~ul ~pct'll;L al ol K nlt`,lSlltCd tlirt, L'lly a l le r  
lilt-' I;i,.t'l lla~,h (IH,znglc',,) ;ind v,ilh~ul IH't't'ctling la~cl f lash (r.quilre~i). 
I hc  ¢t1¢1gy tlcn~.ily t~l Ihc la~cr Ila,.h w;as abou t  3 m J / c m : .  T h e  

t h l l t r t n c ¢  b,,:l'~,~,t`cn lht` two :.,p¢clia i~, givt~rl by the  b roken  line. 

h:rntined for this rccovcr~. Measurements on the sam~ 
`,ample of the rate of  re-reduction of  P-985 ' by means 
of absnrption diflercncc measurements,  as shown in 
Fig. I tinsct), ga~c similar kinetics (6.0 + 0.5 ms), indi- 
cating that the quenching of  fluorescence induced by 
the lascr flash can bc ascribed to the formation of 
I)_t~X5 ". 

Fig. 2 sho~vs the t]uorcsccncc spectra measured at 4 
K, with or withou! preceding laser flash. Apart from 
differences in intensity, the shapes of  the two spectra 
,ire w' ry  s imilar ,  t l o w c v c r ,  inspcclion of  the d i f f e r ence  
yr)CCllUnl reveals  smal l  dev i a t i ons  at the  blue side of 
the  band ,  indicatin,g tha t  the fluorescence spectrum 
cont,,ins a minor ,  shor t  wavelength component  which is 
ilOt t l l lCllchcd. ~)r only  t o  a I t , s e t  ex ten t ,  by P-985 + 
The  same effect  was ~bsc rvcd  in tl. chlonmt, where  it 
wan more  p r o m i n e n t  [3]. 
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l ' ly .  3, Ierlipur;Wtlrt` dcpendcllCC ol the I luorc~c~nce wi th P-985 
*~xkih't`d ( I )  d iv ided h b Ihc l lu~Hc~cencc ~ i th  P gX5 reduced (F ,O 
]'he fluorc,~t_¢n¢c wa~. mca,,ufcd at I~ti~l) nm. except al 31HI K (i045 

nm): ~dhcr c.,mdititm', a,, for Fig. 2. 
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Fig. 4. ' l '¢mper;Hurc dependence  el Ih¢ rcialtVC Iluorc,,ccncc ~,ieltl. 

illleg.raled over the crnis,,io,] [~illld. I:.xcilalitm I)y 'a,¢ak t'ollllllllOtV., 
i l luminil l ion al hll5 IIill ( I)al ld~it | th  15 i l l i l ) T h e  nulnbc! td ,|h,,.~th,.,d 

phOh|ll',, '~ilS c~,111,~lillll ~ l l [ l i l l  l ip ~ lr...'l~c¢ll ,~ ~III ~¢ ll(l K 

At room temperature the fluorescence yield of Rp,~. 
t'iridi,~ membranes has been reported to incn.ase upon 
photo-oxidation [9] as in other species of purple bacte- 
ria [2]. We therefore studied the temperature depen- 
dence of  the light-induced quenching. The results arc 
shown in Fig, 3, As can be seen, the relative fluores- 
cence yicld. F/P~. mcasarcd after the laser flash in- 
creases rapidly with temperature, F/l')~ became larger 
than I above 5t1 K and rcaci~ed a constant value of 1.4 
above 200 K, in agreement wilh earlier measurements 
at room tcmpcratt.rc [t~]. Tht. integrated yield of Iluo- 
rescence obutincd by we~tk continuous illumination 
showed a roughly complemen'ary tccml~craturc depen- 
dence (Fig. 4) with an initial decrease folJt~wcd by ~ 
plateau at higher temperatures, 

Discussion 

The quenching properties of reaction e('nters in 
leps. t'tridis membranes rcscml:[c lhosc of !t. chh,t~m, 
earlier reported [3]. In both organisms the fluorescence 
at low temperature is quc:nchcd more strongly hy the 
oxidized than by the reduced primary electron donor. 
and in both organisms the relative quenching by the 
oxidized donor dccrcascs with incrcasing tempcraturc. 
in Rps. t'iridis the quenching reverses al-,.wc about 511 
d,, in contrast to tt. chhm~m, where it can bc observed 
even at room temperature. It should be notc:d that in 
the BChl a containing bacteria Rhodo,sl~irilhun rtlbrunt 
and Rhodobacter .whaeroides the yield of antenna f lue  
rescencc increases upon phot,, ~xidation of the pri- 
mary electron donor even at liquid hclium tcmpcraturc 
[10]. 

As mentioned already, w'c chose l,~ps, t'iridis as the 
object of our present study, because in ihis species, us 
in hcliobactcria, a considcrablc amount of antenna 

i l l) ',,olplloll tlCCln'.,, i l l  [11.1,}2t.'l ~,,,;,~uIc~ivlh,, lhill| thal t~i 
I',~: (,),-biHld l l l i l X i n lU l l l  l , I  lilt.' l 'Hi l l l i l l~,  t.'[t't.'ll'L~II d~ , l l t : l .  

In  l l l t ' l n b l i l l l c  [ l i l g l n t . ' l i t s  e l  I{p.~, IiHdi,~ the abstHplitH1 
difl~k'rL'l let. ' s p c c t r u l l l  e l  PJ, JX.~ l'dlOtO-c, xid~ltion sllov~s ;.l 

mirdmnln at ~,~5 nm [41 ~,l I ~ m  tcnlpcraturc.  ',~, hi l t  lhc 
~nltenlht l:l( 'hl b absorption has it maxmmn] at l(lI5 
nm: at l iquid hcl iunl lenlpcraturcs tilt.: latter maximt, m 
shil ls to 1040 nm, wherca.,, the tr iplet minus ,,,inglcl 
spectrum of P-q85 shows a negative band near 1005 nm 
[ l  lJ. This lllearls that tl1¢tc is it gap t)l' ilhOtlt 3(](l eln i 
between the ¢llt21'gy l,:v¢ln of lilt ' illItCl111;l 'dlltl lhc 
l~rinlilry cle~.'llOn dollOr ilt room t¢1111,~erillUrC its v¢cl! ;is 
ill low Icn lpela lure.  As nolcd ;dready hy lhd t  and 
( 'h lyton [4]. lhis r-rises Sell"it qucnlions ¢onccrnil l t ,  lh,, 
,,,;~,,.H,~,H:',t i l l l ( i  CI[ICIClIC~' e l  energy Iri lnsh.'r Io lhc 
rcactiqm ccnlcr,  cspceii.l ly ill lOW l¢inpcr; l lurc,  v~lltcrc 
lh~.' l:i:~rslcr ovcIliH~ bclo, CCll dl11~.'11111i lhtorcsccncc ;i~'id 
l'-tJi~5 ,bntupthm is ~cry small [ I II. 

It thus appears that the results el+rained with RP.s. 
+'iridLs support the hyp.Hhcsis [3] thal the Ich, tivcly 
strong quenching by the "oxidized' reaction ct:nlers 
may he explained hy a better overlap with the absorp- 
tion band of the oxidized than of the reduced prinmry 
electron donor. Thin does not. however, automatically 
lead to the conclusion that the: translcr t)t cnclgy to 
P-gNs. takes phtc¢ from tile Silllle energy level a.,, that to 
P-985 ' It hils bccn suggested [ 1 I I that energy transfer 
to P-085 occurs i'ronl ~.i vibronieally excited Sl-state of 
P,('hl h. Allernativc:ly. il mighl occur fr~m~ , B( 'h l  h 
species absorbing ~,t somew hat shorter wa'~elcnglh than 
the pignlcnls responsible for Ihc bulk o1 the fluorc:s- 
celICc emission at low tempcrature. It .should bc noted. 
however, that recent 111casutrcnlents (~l" the action spec- 
trum of charge separation at lo~ tcmpccraturcs do not 
appear lO stipport this h~pothcsis [12]. The l~'nlpt.H- 
lure dcpcndcncc e l  the l]uort:,,ccncc ~ichl {I i!., 41 m,L~ 
he Cxl~hdncd by ,n  incrcasil]V ~ c t l , t p  l~clwcct! I:I( i i I, 
f luorescence and 1)-9S5 ah,,,)rpti(m with tcnH~cralur~.'. 
caused by a hro[~dcvdng of the corrc:~,po:;ding I'IuoTC',- 
¢cncc iilld absorption bands. Wc h~tvc II() di/cct inlof 
Fn~.llion (111 the ex l~ .n t  o f  OVCll ; . ip ~ , i l h  the ;H~solption 
hand el P-9~¢5 ' hut ctnnpari.,,on of Figs. 3 and 4 ,,ho~v,, 
that the lILlorc~;ct_'ncc yield i~, :,pprt~xim',ttcl) indcpt.'n- 
denl of  lilt: tcmperi t lure.  This su,ggests that thcre is 
only litt le change of  the l.'6rstcr o~e~lap, a~, is not 
unexpected, since the al~.sorption ()I P-u~5' ha', been 
rcpor lcd ~o extend well into the infnt-rcd [4]. 
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