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Time-resolved fluorescence spectroscopy of lilt nmrinc cyanobacterium Svn,'cho~,,cu~ sp WII7XlI3, sh~wed Ihat a ,,ignilicanl 
fraction of the biliprolcin phyeocrylhrin did not tran.,,fcr its excitation t'l|t.rgy to the pllolt~synthclic reactiou ccnlrcs when the 
organism had bccn cultttrcd in non-limiting light conditions and with excess nitrogen supplied as nitrate. Wc c~m~,idcr thal this 
partial dccoupling of energy transfer '~hows the capacity that this organism has to use ;t portion N the phycocrythrin as a nitrogen 
reserve, withou! the corresponding photo-oxidative damage that could ~ccur from having a larger functional :tntclln,3 Ihan is 
required by photosynthesis. 

Introduction 

Picoplanktonic cyanobacteria of less than 2.t) /~m 
diameter, such as Synechococcus sp., make a substan- 
tial contribution to primary productivity throughout the 
world's oceans [1-3]. Most obligatory marine isolates 
of these small autotrophs synthesize the biliprotc~n 
phycoerythrin (PE) as a major component of their 
light-harvesting apparatus [4]. It has been suggested 
that in the oceanic isolate Synechococcus sp. WH7803, 
PE not only is a light-harvesting pigment but also a 
functionally distinct nitrogen store [5]. Evidence sup- 
porting this was obtaincd from the comparison of 
Synechococcus cells grown in continuous culture under 
either nitrogen-sufficient or nitrogen-limited condi- 
tions, Thc mobilisation of PE accumulated by 
nitrogen-replete cells was sufficient to maintain the 
growth rate during short-term periods of nitrogen star- 
vation; however, interruption of the supply to 
nitrogen-limited cells resulted in an immediate declinc 
in growth mate, resulting in a signifi~,antly lower biomass 
at stationary phasc [5]. The nitrogen-replete cells had a 
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higher PE content than nitrogcn-limitcd cells (213~ 
tsg/unit  of biomass against 16.3 p.g/tmit) and the 
higher PE : PC ratio of 21.6 to 12.5. Two conlplcmcn- 
tary observations suggest thai although the nitrogen- 
sufficient cclls had this higher PE content, a fraction of 
the light ab,~orbcd by PE was not transferred to the 
reaction ccntrcs. Firstly, preferential excitation of PIE 
with a series of 54t) nm flashcs resulted in the tt, rnovcr 
of a simit,r number of PS I1 reaction centrcs in both 
high- and low-nitrogen grown cells, although the PE 
cell concentration was about 4tt(',~ Ilighcr in the nitro- 
gen-replete cells. Sectmdly. tnml mcasttrcmcIHs m,t 
only of tt~c relative slcady-slalc llm~rcsccncc of P]( in 
cells treated with 51V;~- glycerol, which uHc~uplcs en- 
ergy transfer from PE to chlorophyll and hence the 
reaction centre [5], but also of untreated cells, a sub- 
.,,tantial but unquantificd, fraction of the excitation wits 
lost as fluorescence [5]. 

This conclusion was questioned by Yeh ct at. [6], 
who measured PE fluorescence decays in intact cells 
and a freshwater isolate as a control, in , ~v l t echococcus  

sp. WH7803 Yeh ct al. [6] found that the proportion of 
PE not coupled to the reaction centrcs did not exceed 
2%. They estimated that the results of Wyman ct al. [5] 
could bc the result of small, about 3%, changes in the 
cell content of PE uncoupled from energy transfer, 
although it has been pointed out that they produced 
their cxpcl imcntal material under different grox~d~ 
conditions [7]. 

This paper reports picosecond time-resolved mea- 
surements of PE fluorescence in intact 3)nechococ~its 
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( )l,~tllll.'dll 
S.vm'cho(occus sp. W117803, Iormcrly knt~wlrl its D('2. 

was obtained from l)r. J. Waterbury, Woods Hole 
()ccanographic lnstilulion, LJSA. and was grown in an 
artificial sea water medium as previously described [5]. 
|.:.xpcrimcntal material was grown in ctmlinuous culture 
al ;Ill incidctU I~llt~l~tl flttx tlcm, ily (irratlialWC)~t 120 
t,I Ill ' ~, I ,~lKIItlln llillillC l-cxcrvl~il cllnct'illl,lllOllS 

w crc 751~ and 19.5 mg lilrc ~ ]or nilr~gcn-rcplelc and 

i]iln~gen.limitcd culltirc,+, rcspccliwly. At slcatly qat++', 
spcci[i¢ growth rate,, +,~clc IL1t52 h ~ hu' each lIcltt- 
merit. l'lw ~q~timum phantom ]ILIX tlcnsilS hff g~wlh v~as 
aI',ouI _'-. ,uI" m ,, '. but culture,, wcrc routir]clv. 

gro,,~,n in cxcc:,.n ~,I ]hi,, bcc',~usc it was crilical for the 

dclcclicm ~I unCOUlflctl I'I thai tile otgatHsrn was no! 

light-limited during gn~,xlh. 

l ~ l l l l (  J rc,~oh'ed /htorcs~'em'c 
I.lu~ucsccncc duca}s wcrc measured both by a 

streak-can]era artd by single photon counting. In the 
streak-camera experiments, an anlplificd laser pulse of 
I p,, duration was used to gcncralc a eonlinuum in a 
w;itel./tlct~lcritlll] ~xitlc nlixlurc [~j. Sanlplc~ were ex- 
cited al 54,",; nm wilt] l ps pul,,es by isolating a portiere 
()1 the ¢ontinutm] wil l ]  an interference filter o! ~ nm 

I~;tntlpans at 51Fi I ra l lsnl iss ion.  F luorescence was de- 
IctIt'tl. ;it r ight angles to exc i ta t ion th rough  a s imi lar  

t~llcr, I ransmi t l i ng  at 578 nm I'or I>ti emission. An 
I rllilCl)ll 51111 streak-camera ( t ladlands)  was used which 
was c~mplcd to an oplical multi-channel analyse~ 

iIhincel~u] Applied Research ( )MA 1254/1216)by two 
f 1.2 lenses and data were read from the ( )MA by a 
microcon]puter, The .,,lit width-limited i ns t rument  re- 

sponse func t ion  was i() ps fwhm. 

A cavity-dumped dye laser operating at 54t) nm was 
used for the single photon counting experiments [9]. 
An XP 2(O)O photomultiplier detected the fluores- 
cence, ihe instrument response function was 3611 ps 
lwllna. ' l 'he t'lut~rcscencc decays were analysed using 
the Ctlualit~n: 

I11) . l  f CXp( t " r l ) ~ ( I  / )e~p l  / / r . r ) )  ( I )  

~tIl t l  ;.t non-linear Icastisquarcs method was used to 
cstimdtc the parameters  [9]. Conwflution with the in- 
strument [unction was necessary only Ior the photon- 
counting experiments because of their poorer time 
resolution compared to the streak-camera. Conse- 
quently, the r ,  decay times in Table ! are shorter from 
streak-camera than photon-counting measurements.  
The greater signal-to-noise ratio of photon counting, 
however, enables more accurate determination of the 
fraction of any long-lived component. 

Results and Discussion 

'l'hc cx¢itatiun (548 n m ) a n d  emission (578 0,m) 
wavelengths tisctl were clo'~c to the in vivo maxima for 
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Fig, I. 'ltmc-lcm~lvcd phycucrythrit~ emi,,,d,n lmrn wlmlc cells ~1 
5),m'<'iu~c+n'cu.~ ,,,p. W] [TNIL I)ala were c~fllcctcd on suspen,,,ion.s t)f 
I(~ t~ cells tim ~ i+i gmwll~ media at 293 K and circtdalcd through a 5 
mm palh-lcngih fl+~w cell t',~ing a peristaltic pump, Io awfid ovcrcxci° 
lalion (ff the sample, Frace (a), lixcitali~m laser profile; trace (bk 
nitn)gen-limilcd cell', (cutlul'c I1; Irate (c}, nitmgcn~,,tfflicicnl cells 
(cullure 2); Irate (dk culhllt' 2 in 5IF'; gfyccml. Pammclcrs from Ihc 

analysis of these decays arc shown in Ihc lablc. 

PE absorption (542 nm) and fluorescence (565 nm). 
The fluorescence decay results are shown in Table !. in 
each sample there are fast and slow decaying compo- 
nents of about 100 ps and about 1300 ps, respectively. 
When 50% glycerol is added to intact cells all PE 
emission has a single lifetime of 1200 ps (Table lk thus, 
we attribute the hmg decay ('r~) to energetically uncou- 
pled PE and the other lifetime to coupled PE which is 
active in photosynthesis. The shorter lifetime is in good 
agreement with those determined previously for PE in 
intact cells of Synechococcus WH7803 [6]. The longer 
lifetime is shorter than that observed by Yeh et al. [6], 
who reported a lifetime for uncoupled PE that corre- 
sponded with the lifetime for free PE conlplcxcs [111]. 
However, recent studies of a cyanobacterial PS II dele- 
tion mutant [i 1] have shown that the lifetime of phyco- 
bilisomes lacking energy transfer to PS I1 is shorter 
than that observed in isolated phycobilisomcs, although 
the fluorescence quenching mechanism is unknown. 

We observed sequential energy transfer by addition- 
ally measuring the emission from PC at 645 nm and 
also emission above 670 nm. At 645 nm the PC rise-time 
( I / e )  was 38 ps in both nitrogen-sufficient and nitro- 
gen-limited cultures. The PC decayed with a 1[10 ps 
lifetime. The faster rise-time for PC than PE decay is 
observed in other phycobilisomes [12] and is duc to the 
spatial distribution of pigments and the long range of 
the energy-transfer process. A rise-time for emission 
detected above 670 nm of 50 ps and decay time of 18(1 
ps was also observed. Because of overlapping emissions 
both ailo-phycocyanin and chlorophyll fluorescence 
could be being observed at these wavelengths. 

A direct measure of the the yield of coupled PE 

c~rtll~lcxcs is given by 

d, r.,tl l ) / ( r , + l  I I+  rll) 

and shown in Table I. l'he ratio ~t collplcd Io ullo)u- 
pIed Pt! can also bc estimated and can bc based cithef 
Cm lifetimes or yields, +l'0e ratio obtained using life- 
times is (i .... f ) / f ,  but that from yields is ( r2 / r l ) ( l  - 
,l')/f, which is less than the corresponding data based 
on lifetimes (Table !) because of the ratio r:/r~. Both 
these ratios and 6 arc smaller in the nilmgen+suffi, 
cient cultures than in the nitrogen-linlil,,d ones. In the 
nitrogen-limited cultures the fraction o1' uncoupled I'E, 
1', was always below 4¢~,; in tile nitrogen-sufficient 
cultures this fraction has an average of 11.7c,;, 

In samples taken from continuous culltires incu- 
bated tlllder non-limiting pllott)n flux densities, Wyman 
et al. 15] measured a decrease in the relative light- 
harvesting or 'coupling efficiency' ol t'15, from abuut Ill 
in nitrogen-limited cells it) belweu.n 5.(~ and 6 in nitro- 
gen-replete cells, i.e., a decrease of between 1.7- and 
1.8 times. The corresponding decrease reported here 
from the ratio of 6 values is 1.5- to 2+times. The 
results in Table ! clearly show that there is a 3- to 
5-fold increase in the amount of uncoupled PE in 
nitrogen-sufficient cells to a wdue ~f ~tbout 12',;. This 
is consistent with the interpretation that F'i'~ is accumu- 
lated for functions other than light-harvesting when 
external combined nitrogen is readily available and 
light is nun-limiting. Since the difference in PE content 
of nitrogen-replete and nitrogen-limited cells is consid- 
erable, both coupled and uncoupled PE musl bc nlu- 
bilised during prolonged nitrogen starvation to supply 
sufficient nitrogen for sustained growth [5]. 

Many photosynthetic organisms, including cyanobac- 
teria, possess mechanisms which rapidly alter the dis- 
tribution of excitation energy between l~holosyslcms 1 
and II in response tu changes in il luminatitm condi- 
lions. Although these state transitions affect t]uorcs- 
cence from the phycobilisomes and chlorophyll, they 
have been recently reported [t3] to affect the apparent 
emission amplitude from the terminal emitter of the 
phycobilisome (680-685 nm) and tile fluorescence fronl 
Photosystem 1I, also at 6811 nm. The experiments re- 
ported here preferentially excite PE and measure close 
to PE peak emission. Thus, we do n~t believe that our 
results can be explained icy an alteratitm in the distri- 
bution of excitation energy between the reaction ccn- 
tres. Additionally. neither the rise-times or decay-times 
of emission from other pigments than PE were altered 
by culture conditions, suggesting that the nitrogen 
availability has no effect on energy transfer from cou- 
Ned PE. 

The ratio of in vivo PI: steady-state emission inten- 
sity, l, in the presence to that in the absence of 
glycerol, which completely uncoupled the energy trans- 
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lcr  bctwccrl PI' ,lHd the tcacfi~ln Oolitic, has bcclt 

t'allt:d lhc "cl~uptii~l~ t, tlicicnc,, lsl ,ilid i~ tlcllt lc'd :i~ 

I..~,(r,kt c,,d I 
l...In,+ ~'l~ci,,l) 

Jilt" t'I+ilpIlli+~: c+illt'iCllC x, C,III .li~,l~ I~t. t'\l~It",,~,c'd at,, 

( l.,r,, + { I .+. ) r  I 

where r~ and % arc the lifetime.,, coup led  and  tin¢otl- 
pied. respcct ivcly,  and  f,, i~ it c f ract ion i~f P'I~ ,lnc'oti- 
pie(l; 1"/ can  lake ~alucs bct~ct. ' l l  I and r , , / r ,  l M n g  0 
~iiiluc', lttHtl , , Icad,- , , lalc t.'%pCliillCi11% 5.5 lt~ h ill nitro- 
gCll-rcplctc ccll,, I~ aplmV~. 1tl in l t i l t~gCil- l i lni lcd t'clt,,. 

lid !11¢ lit t ' i tnlcs,  r u 13iilt p',, r Illli ps ( l ' ab l c  I), 
the lr:lt 'titm uncotq'~lctl, t,,. i'~ 2.5~i in l l i lr t~gcn-linll lcd 
cell,, aml tJ.7~; ill nilrt~gcH~rcl'~lclc cell,,. l h c , , c  value' ,  
are C~HlSi,,lenl ~ i t h  1, the ir;tcli~m uncoup led ,  t'aca- 
4urctt d i rect ly  lr~ml tlut~rcsccncc dccap, ,  l a b l c  l, anti  
,a ith the resul ts  ~1 Yeh ct al. [hi, ~tlt~ rep~r tc t t  that  2 ' i  
of P]{ was i lnctmplctt .  l h c  hw~cst vaht¢ ol II whlt.'h v,¢ 
hay(: ~ff~.,,crxcd fronl g ro~i l lg  ctllltltCs of .~')'tl~'cho¢occlt.s 
is ,4. which co r r e sponds  Io Ig.7"i  u n c o u p l e d  Pt!.  

( 'yam~baclcria arc titlitltiC amt)ng in ie roorg :misms  in 
thai  tJlc.Y IlliLy hHv¢ Iwo macromol.cuhtr reserves of 
ni t rogen:  the phycobi l i sontcs  and  lhc s to rage  po lymer  
cyattt~phycin [14,15]. Rcccnt ly ,  it has I~ccn shown that  
tilt: cy.,ltlt)phycii1 was ;lbSt:llI frt~lll ,~vm,('tuwocctts, ;i 
T't:lalt:d .sitall( W l l g i l l g  and ,,cvcral u the r  m e m b e r s  of 
tile gclltts Svm'cltoco,'ctt~ [16]. Thus, phycobilipr~ltcins 
arc the truly rccogni.,,cd rnacrc, mo lccu la r  rcsclWt:.,, of 
n i t rogen in lhcsc  tugani,,uns and they can ;.iccotllll for ;.i 
cons i t lc rablc  l'~rt~p~,li{m ol  cell p ro te in ,  [ rcqucn l ly  211 

I 'hc  da la  pivcll here sjltl~',' c lear ly that( the re  is a 3- t~ 
5dt~hl i t lcrcasc Ill the alnt lunl  ~I ur lcoupicd  PI:I in 
n i lmgcn- r t :p l c t c  cells of  Svtwc/toco{'ctts sp. WH78(13 to 
a level of about 12~,#. l'his f inding  is cons i s tcn t  with 
our  original  i n t c r p r c t a l h m  (5] that  PF. is a c c u m u l a t e d  
by Synechococctl,~ for a functioii  o l h c r  than  that  of 
l igh t -harves t ing  when  an app rop r i a t e  supply of nitro- 
gcn is icatli lv av;tilal'flt: and light is nu~,-linliling. We 

.',uggc.,,t that  Ih¢ accumula t ion  of  energe t i ca l ly  uncou-  
pled PL in Svncchococcus sp. WH78t}3 cclIs ref lects  an 
e n h a n c e d  capaci ty  of  this  o rgan i sm to store n i t rogen  in 
ihis It~rm. The  uncoup l ing  ~I P(" as a rcsuIi of photo-  
b lcach inb  tit Anahacna t'aritthili~ 1171 is qtnilc dis l inct  
lr~ml lt'lC part ial  unc tmpl ing  ~1 PI- dcscribt :d here;  
cult tires ol ,'~'rm'cttococct+,~ W I+17803 v,c~ ~. analy,,,cd aftcr  
exponent ia l  growth at pho ton  flux dens i t ies  that  did 
nol cause photo-inhibi t i~,n or phoa~-bleaching.  

M a r l n t  .S~n,,ch,coc~,~ <,p. arc the d o m i n a n t  pr imaly  

pi~l lucc[ ' ,  in Iht' ui~pcr ia,ct:r~ of tile oligolmphk ocean  
],ll, ~vhc,c tk-, n i t r~gcn  aiVail;thi,ily is o f t en  cons i t lc rcd  

Ill Ii111il g rowth  il81, l 'hcrc  is c lear ly  't to , , . , idcrable  
c~m~pclilivc at lvarl tag¢ in having the ability to xlorc the 
nutr i t :nl  whi~ h i,, in sl'u~rtcsl supply,  pa r l i eu la r ly  if Ihis 
,,upl~ly i,, cpist , t t ic I It~l..~incc there  is it f ini lc  a m o u n t  of  
ene rgy  which  can bc dc l ivcrcd  to an indiv idual  photo- 
synthetic reac t ion  cen t r e  wi thou t  pho to -ox ida t ive  dam- 
age, wc ctm.~idcr that lhc capacity to store nitrogen in 
lhc torm of PE is enhanced by rcgulalion of the degree 
of energetic uncoupling of that pigment from the reac- 
tion CCTIIrCs. 
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