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The gene encoding LR9, a 9 kDa phycocyanin-associated linker polypeptide, was cloned from the cyanobacterium 
Synechococcus sp. PCC 7002 (Agmeneilum quadruplicatum PR-6). This gene, termed cpcD, was located immediately 3' 
to cpcC, a gene which encodes another phycocyanin-associated linker, LR33. Mutation of cpcD by insertion led to the 
loss of LR9 as the only detectable change in phycobilisome composition. Cells and isolated phycobilisomes from the 
cpcD- strain did not detectably differ from the wild-type in absorption or steady-state fluorescence emission. Purified 
phycobilisomes from the wild-type and cpcD- strains were compared by electron microscopy. The number of 
phycocyanin discs in the rod substructures of the mutant was more variable than in the wild-type. Hence, one function 
of LR9 may be to minimize the heterogeneity of rod length, possibly by binding to the core-distal face of 
phycocyanin-LR33 complexes to prevent the tandem joining of such units. A mutant in which cpcD and cpcC-cpcD 
intergenic sequences are deleted shows a partial loss of LR33. Inverted repeats in this intergenic region may be required 
for optimal stability of the cpcC transcript. 

Introduction 

We are analyzing the structure, funct ion  and  regu- 

la t ion of phycobi l isomes by a molecular  genetic ap- 
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proach. The subject organism for much of this work has 
been Synechococcus sp. PCC 7002 (Agmenellum 
quadruplicatum PR-6), a unicel lular  cyanobac te r ium that 

is genetically t ransformable  [1]. Its phycobi l isomes are 
relatively simple and  are comprised of eleven different 

polypeptides [2]. The genes cpcA and  cpcB, encoding 

the ct and  B subuni ts  of phycocyanin  (PC), respectively 
have been cloned [3]. These genes are single-copy and 
l inked in tandem,  with cpcB located 5 '  to cpcA. Subse- 
quently,  a phycobi l isome gene which encodes a 33 kDa  
PC-associated l inker polypeptide,  termed LR33, was 
found immediate ly  3'  to cpcA [4,5]. Muta t ion  of this 
gene, called cpcC, conf i rmed one funct ion of the poly- 
peptide, that of l inking PC hexamers in t andem to form 
rod substructures.  

In  a search for yet other phycobi l isome genes we 
cloned and  sequenced a segment  of the genome located 

3' to cpcC. As a result, three genes related to the 
organizat ion and  synthesis of PC were found. This 
report  concerns the gene immedia te ly  3' to cpcC, called 
cpcD, which is shown to encode another  PC-associated 
l inker polypeptide.  Also described are the consequences  
of muta t ing  cpcD. We have previously out l ined some of 
these results, inc luding  the deduced amino-ac id  se- 
quence of the l inker encoded by cpcD [5]. 
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Materials and Methods 

Cloning and nucleotide sequence of cpcD 
A PstI digest of Synechococcus sp. PCC 7002 total 

D N A  was fractionated by electrophoresis in a 0.5% 
agarose gel. DNA fragments in the range of 4.5 to 6.5 
kb were eluted from the gel and ligated with pUC8 [6] 
that had been digested with PstI and treated with 
alkaline phosphatase. Ligated D N A  was transformed 
into Escherichia coli strain RDP145 [7]. Ampicillin-re- 
sistant colonies were probed for homology to cpcC, by 
using the 0.5 kb XhoI/HpaI fragment of pAQPR1 [3] 
(see Fig. 1) according to the colony hybridization 
method of Hanahan and Meselson [8]. Positive isolates 
all contained plasmid D N A  with inserts having the 
structure shown on the top line of Fig. 1. This plasmid 
was called pAQPR50. The nucleotide sequence of its 
358 bp HindlII fragment was determined by the chain 
termination method [9] using synthetic oligonucleotide 
primers based on sequences flanking the fragment. 

Construction of strains mutated in cpcD 
(A) Strain PR6011. The 3.2 kb XhoI fragment of 

pAQPR50 was subcloned into the SalI site of pUC7 [6], 
generating pAQPR52. This plasmid was digested with 
HindlII and treated with the large fragment of E. coli 
D N A  polymerase I to fill in the ends. Ligated to this 
D N A  was the 1.3 kb HindlII/SmaI fragment of 
pAQE17 [10], which carries the aminoglycoside 3'-phos- 
photransferase II (aph) gene of Tn5. This fragment had 
also been treated to fill in its HindlII end. Ligated 
D N A  was transformed into E. coli under selection for 
resistance to kanamycin. Plasmid pAQPR56 (Fig. 1) 
was found by screening drug-resistant isolates. This 
plasmid was transformed into Synechococcus sp. PCC 
7002 as previously described [7]. Prior to transformation 
the D N A  was rendered linear by digesting with BamHI, 
the purpose of which was to prevent integration of the 
entire plasmid into the cyanobacterial genome. Cyano- 
bacterial isolates resistant to kanamycin at 150 # g / m l  
arose at a frequency of approx. 10 i per colony-for- 
ming unit. One isolate was streak-purified and called 
PR6011. 

(B) Strain PR6014. The coding region of cpcD lacks 
restriction sites suitable for constructing an insertion 
mutation. Instead, we produced a mutation in which 
part  of the coding region was deleted and replaced with 
the kanamycin-resistance gene. First, exonuclease I I I  
and nuclease S1 [11] were used to generate unidirec- 

9nal deletions at either end of the 358 bp HindlII 
fragment. An octanucleotide SmaI linker (New England 
BioLabs) was ligated to the deleted ends. Clones of the 
HindlII fragment deleted of its 3' half were fused with 
clones deleted of its 5'  half. This was accomplished by 
ligation of the clones after digesting with AvaI, which 
cuts only at the SmaI linker attached to the deletion 

endpoints. One particular fusion was sequenced and 
found to contain the 5'  168 bp (nucleotides 119 to 286 
in Fig. 2) of the original fragment joined to the 3' 125 
bp (nucleotides 352 to 476). This clone therefore con- 
tains all of the original HindlII fragment except for 65 
bp in the center of cpcD (Fig. 2). A marker gene, the 
same aph gene fragment as used for the construction of 
cpcD1, was inserted at the SmaI site. A clone which had 
the aph gene oriented in the same transcriptional polar- 
ity as cpcD was isolated. D N A  of this clone failed to 
transform Synechococcus sp. PCC 7002 to kanamycin 
resistance, probably because of insufficient lengths of 
homology, 168 and 125 bp, to the cyanobacterial ge- 
nome. Therefore, the interrupted cpcD gene of this 
clone, as a 1.6 kb HindlII fragment, was cloned into 
pAQPR52 (see above) to replace the 358 bp HindlII 
fragment of the latter. This resulted in plasmid 
pAQPR56-2 (Fig. 1), which was transformed into Syn- 
echococcus sp. PCC 7002 without prior linearization. 
Kanamycin-resistant transformants,  one of which was 
isolated and called PR6014, arose at a frequency of 
about 10 -~ per colony-forming unit. This strain and 
PR6011 were routinely grown in medium containing 
kanamycin at 50 /~g/ml. Antibiotic was omitted when 
the growth rates of these strains were being compared 
to that of the wild-type. 

Phycobilisome isolation 
Synechococcus sp. PCC 7002 was grown in medium A 

[12] containing N a N O  3 at 1 g/1. Cells were kept in 
suspension by mixing with a magnetic stirring bar. The 
medium was maintained at 32 ° C, bubbled continuously 
with 1% CO 2 in air, and illuminated with cool white 
fluorescent lamps at an intensity of 200 / zE /m z per s. 
Phycobilisomes were purified as previously described 
[4]. Absorption spectra were determined on a Cary 14 
double-beam spectrophotometer modified for com- 
puterized data acquisition. Fluorescence emission spec- 
tra were obtained with Perkin Elmer MPF66 or SLM 
Aminco 8000C spectrofluorometers. The excitation and 
emission bandwidths were 4 nm. Fluorescence intensity 
was measured ratiometrically with Rhodamine B as a 
quantum counter. 

Electron microscopy 
The procedure of Yamanaka  et al. [13] was followed 

with minor alterations. Freshly isolated phycobilisomes 
in 0.75 M sucrose/0.75 M K H P O  4 (pH 7 .0) /2  mM 
NazEDTA/2  mM NaN 3 were diluted 20-fold in a drop 
of the same buffer to a phycobiliprotein concentration 
of 50 /xg/ml. A formvar-coated grid was immediately 
placed on the drop for 30 s, whereupon it was removed, 
blotted dry and placed on a drop of the same buffer 
containing 3% (w/v)  glutaraldehyde. After 5 min the 
grid was blotted dry and transferred sequentially to 
drops of the original diluent, 100 mM ammonium 



acetate, 10 mM ammonium acetate, and 1% uranyl 
acetate, blotting the grid carefully between each. Grids 
were held for 60 s on the stain and 30 s on other 
solutions. 

Micrographs were obtained on a Philips EM 300 
electron microscope at a primary magnification of 
40000 x .  Particles which had the characteristic core 
structure, i.e., three triangularly arranged circular ob- 
jects, and at least four rod substructures were scored as 
phycobilisomes. Phycobilisome-like particles with less 
than four rods were very rare. A sample of 108 phyco- 
bilisomes was evaluated from strains PR6000 and 
PR6014 each. For each phycobilisome the number  of 
rods and number  of discs on each rod were recorded. 
From these data we obtained for each strain a distribu- 
tion of the number  of rods per phycobilisome, the 
number  of discs per rod and the number of discs per 
phycobilisome. To compare the strains in terms of these 
parameters we employed the t statistic to test dif- 
ferences between means, the F distribution to test dif- 
ferences in variance, and the chi-square statistic to test 
differences in proportion and goodness-of-fit. A value 
of P (the probabili ty of rejecting a true hypothesis) less 
than or equal to 0.05 was considered significant. 

R e s e t s  

Molecular cloning and nucleotide sequence of cpcD 
In previous work we had cloned a 3.0 kb HindlII 

fragment of the Synechococcus sp. PCC 7002 (Agrnenel- 
lurn quadruplicatum strain PR-6) genome which carries 
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three tandem genes, cpcBAC, encoding flPC, aPC, and 
LR33, respectively [3,4] (Fig. 1). To determine whether 
additional genes related to the phycobilisome were en- 
coded 3' to cpcC, we sought to clone genomic se- 
quences extending beyond this gene. Southern blots of 
genomic D N A  probed with subclones of the 3.0 kb 
HindIII fragment showed that a 6.1 kb PstI fragment 
would contain cpcAC, together with 4.4 kb of 3' se- 
quences. This particular PstI fragment was cloned as 
pAQPR50 (Materials and Methods). Restriction map 
data from pAQPR1 and pAQPR50 are combined in 
Fig. 1 to show the structure of a 7.4 kb segment of the 
genome which includes cpcBA C. 

The nucleotide sequence of the 358 bp HindIII frag- 
ment immediately 3' to cpcC was determined (Materi- 
als and Methods) and is displayed in Fig. 2. The longest 
open reading frame contained in this fragment is also 
shown in Fig. 2, and is translated into an amino-acid 
sequence. The putative product of the open reading 
frame is composed of 80 amino acid residues, is ini- 
tiated at a methionine residue, terminates at a UAA 
codon, and has a putative Shine-Dalgarno sequence 
close to the initiation site (Fig. 2). The predicted molec- 
ular mass of the product is 9055 Da. We had demon- 
strated the presence of a 9 kDa polypeptide, termed 
LR9, associated with PC from purified phycobilisomes 
[4]. Because of this similarity in mass, the proximity of 
this open reading frame to other rod-related genes, and 
partial amino-acid sequence homology between LR33 
and the encoded polypeptide (see Discussion), we hy- 
pothesized that the open reading frame encoded LR9. 
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Fig. 1. Restriction maps  of cloned Synechococcus sp. PCC 7002 genomic DNA fragments containing genes of the phycocyanin-encoding locus 
(pAQPR1 and pAQPR50).  Also delineated are two derivatives of the 3.2 kb Xhol fragment which are totally or partially deleted of cpcD and 

contain a corresponding insertion of the aph (Km r) fragment of Tn5 (pAQPR56 and pAQPR56-2). 
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A S I S P A G Q 

GCCAGTATTTCACCTGCTGGCCAGTAAAGGTTAGAGGTCTCGTTTTCGCGTGATCTCTGAGTTGTTACCGGAGTGGGTAATTGATGAA~TCAGGGACAA I00 

H i n alll 

AATTTGAGAGGGGGTC TAAGCTTCTCGATTTTGTGCCTGGTTTTGGCGAC TTTACCTTAAGCGTTTATTGTACATAAATC TTTTACGGAGTTC CAAGAAA 200 
0 0 ~ cpcOl • g 0 0 a 

M L S Q F A N G T E A A S R V r T Y ~ v Q G e R Q T E E r D N Q 

G A A C C A T G T i G A G T C A A T T T G C G A A T G G A A C G G A A G C G G C  TTC GC G T G T T T T T A C C  TAC GAAGTGCAAGGGCTGCGC C A ~ C A G A A ~ A ~ C A G A C A A T C A  3 0 0  
L--,.cpcO2 

E Y A F R R S G S V F I N V P Y A R M N Q E M Q R I L R L G G K I 

AGAATACGCCTTTCGTCGCAGTGGTAGTGiTTTTATCAAiGTGCCCTATGCTCGGATGAATCAAGAGAT~CAACGGATTiTGCGTCTAGGCGGCAAGATi 400 
cpcD2 

V S I K P Y T G A T A S D E E Hind I I I  

GTTTCGATTAAACCTTATACGGGTGCGACTGCTTCTGACGAGGAATAATTTTGTTGTTTCTTTCTGTCGCTGAATAAGCTT 
cpcOl 

Fig. 2. Nucleotide sequence of the 358 bp HindilI fragment containing cpcD. The fragment extends from nucleotides 118 to 476, as numbered. 
Also shown are 120 bp of contiguous sequence located 5 '  to the HindllI fragment which include the 3'  terminus of cpcC and the intercistronic 
region. A deduced amino-acid sequence for LR9 is shown above the cpcD coding region (nucleotides 207 to 448), and the carboxyl terminal 8 
residues of LR33 are shown above the 3'-terminal coding region of cpcC (nucleotides 1-27). Nucleotides missing in the cpcD1 deletion (113-476) 
and cpcD2 deletion (287-351) are indicated. Also delineated are two inverted repeats located in the intercistronic region. One extends from 
nucleotide 94 to 144, the other from nucleotide 152 to 190. The underlined segments of each could, in a transcript, form the stem of a stem-loop 

structure. Paired nucleotides at the base of the stem are shown as solid dots, while those at the loop end are shown as open circles, 
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Fig. 3. Southern blot analysis of  the cpcD locus in strains PR6000, PR6011 and PR6014. (A) PR6000 and PR6011 D N A  was digested with HinclI 
(He) or PstI (Ps) and probed with the 358 bp HindlII fragment containing cpcD (lanes 1-4)  or a 1.3 kb HindlII/Smal fragment containing the 
aph gene (Km r) of  Tn5 (lanes 5-8). (B). PR6000 and PR6014 D N A  was digested with Hindlll (Hd), Pstl (Ps) or Bglll plus EcoRl (BE) and 

probed with the 358 bp HindllI fragment containing cpcD. Sizes of hybridizing species, in kilobase pairs, are shown. 



Subsequently, the amino-acid sequence of an 8.9 kDa 
rod-associated linker from Fischerella sp. PCC 7603 
was reported [14] which bore considerable homology to 
the product of the open reading frame. These correla- 
tions, combined with the genetic evidence presented 
below, led us to conclude th/~t the open reading frame in 
question is a gene, designated cpcD, which encodes 
LR9. Southern blotting and genetic experiments show 
that cpcD is a single copy gene. 

Mutation of cpcD 
Mutating this gene would test the hypothesis that it 

encoded LR9 and, if the hypothesis was supported, 
might also reveal the function of this polypeptide. We 
employed essentially the same strategy for mutating 
cpcD as for cpcBA and cpcC [4,15], i.e., deletion or 
interruption in vitro of the targeted gene by a selectable 
marker, followed by transformation of the mutated 
clone into the wild-type strain. Selection for the marker 
in transformants leads to co-selection of the mutated 
target gene. 

The first mutation of cpcD constructed was a dele- 
tion of the 358 bp HindlII fragment, removing the 
entire coding region as well as 83 bp on its 5' side and 
28 bp on the 3' side. Replacing the HindlII fragment 
was a 1.3 kb HindlII/SmaI fragment of transposon 
Tn5 which carries the structural gene for aminoglyco- 
side 3'-phosphotransferase II (Materials and Methods). 
The structure of the resulting clone, called pAQPR56, is 
shown in Fig. 1, and the bounds of deleted nucleotide 
sequence are indicated in Fig. 2. Note that the aph 
(Km r) gene is oriented with the same polarity as 
cpcBA C. 

pAQPR56 was transformed into wild type Synecho- 
coccus sp. PCC 7002, which we refer to herein as strain 
PR6000. One purified transformant, designated PR6011, 
was chosen for analysis. Southern blotting proved that 
PR6011 contained a cpcD locus mutated according to 
the structure of pAQPR56. Fig. 3A displays Southern 
blots of genomic DNA from PR6000 and PR6011 di- 
gested with either PstI or HinclI. When probed with 
the cpcD-containing 358 bp HindlII fragment from 
pAQPR50, PR6000 shows homology to a 6.1 kb PstI 
fragment and a 1.7 kb HinclI fragment, as expected 
from the structure of pAQPR50 (Fig. 1). On the other 
hand, PR6011 DNA has no probe-homologous frag- 
ment in either digest. When probed with the aph-encod- 
ing 1.3 kb HindlII/SmaI fragment, PR6000 DNA 
shows no homology, as expected. PR6011 DNA, how- 
ever, has two homologous PstI fragments, 2.3 and 4.8 
kb, and a single homologous HinclI fragment of 2.6 kb. 
The sizes of these restriction fragments are compatible 
with the location and orientation of the aph fragment in 
pAQPR56. Thus cpcD is deleted in PR6011. This par- 
ticular allele is called cpcD1. 

For reasons described below, we generated a second 
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mutation of cpcD which directly affected the coding 
region only, sparing its flanking sequences. To this end, 
the clone pAQPR56-2, shown in Fig. 1, was con- 
structed. This clone has a deletion that is limited to 65 
bp within cpcD, but contains the same marker fragment 
as pAQPR56. In Fig. 2 the bounds of nucleotide se- 
quence deleted in pAQPR56-2 are indicated. This clone 
was transformed into PR6000, generating strain PR6014. 

Southern blots of PR6000 and PR6014 genomic DNA 
were probed with the 358 bp HindlII fragment contain- 
ing cpcD. Blotted DNAs had been digested with either 
HindlII or PstI, or a combination of BgllI plus EcoRI 
(Fig. 3B). Each digest of wild-type DNA has a single 
fragment homologous to the probe: either 0.36 kb 
(HindlII), 6.1 kb (PstI), or 3.5 kb (BgllI + EcoRI). 
DNA from PR6014 has a single probe-homologous 
HindlII fragment (1.6 kb), two homologous PstI frag- 
ments (2.5 and 4.9 kb), and two fragments (1.8 and 3.0 
kb) in the BgllI/EcoRI digest. The sizes of probe-ho- 
mologous fragments in all three digests of PR6014 
DNA match those expected from the structure of 
pAQPR56-2. No restriction fragments characteristic of 
the wild-type cpcD locus were detected in PR6014 
genomic DNA. 

Characterization of PR6011 
Cultures of this strain grew with a doubling time that 

was 1.4-times greater than wild-type under 240 # E / m  2 
per s of photosynthetically active radiation, and 1.7- 
times greater in 110 ~tE/m 2 per s [2]. Absorption spec- 
tra of whole cells showed that in PR6011 the ratio of 
phycobiliproteins to chlorophyll proteins was not 
noticeably different from PR6000 (data not shown). 
Spectra of membrane-free cell extracts were also identi- 
cal for the two strains, demonstrating that the ratio of 
PC to AP did not differ between them (data not shown). 
Fluorescence emission spectra of whole cells were re- 
corded with 550 nm excitation, absorbed primarily by 
phycobiliproteins and less so by chlorophyll proteins 
(Fig. 4A). PR6000 shows maximal emission at 656 nm, 
due to phycobiliproteins, and an inflection at 685 nm 
due to emission by chlorophyll proteins. PR6011 cells 
show a phycobiliprotein emission shifted to shorter 
wavelengths, with a maximum at 649 nm. This is indica- 
tive of increased fluorescence from PC, and not from 
components of the phycobilisome core. 

Phycobilisomes were purified from PR6000 and 
PR6011 cultured simultaneously under identical condi- 
tions of temperature, light intensity, gas exhange and 
culture mixing (Materials and Methods). The soluble 
fraction of cell lysates was centrifuged through a sucrose 
concentration gradient, from which phycobilisomes were 
removed in essentially pure form. In sucrose gradients 
of wild-type cell extracts most of the phycobiliprotein 
sediments as a homogeneous band, with less than 3% 
sedimenting as a slower zone. This slow zone consists of 
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Fig. 4. Uncorrected fluorescence emission of intact cells and purified 
phycobilisomes. Spectra are of samples matched to identical ab- 
sorbance at the excitation wavelength. (A) Cells of PR6000 (solid line) 
and PR6011 (dashed line) excited at 550 nm. (B) Cells of PR6000 
(solid line) and PR6014 (dashed line) excited at 550 nm. (C) Phyco- 
bilisomes of PR6000 (dashed line, Fmu 663 nm) and PR6014 (dotted 

line, Fm~ x 662 nm), excited at 580 nm. 

A P  and  PC in a p p r o x i m a t e l y  equal  p ropor t ion .  Sucrose 
g rad ien t s  of  PR6011 extracts  con ta ined  a much  larger  
f rac t ion  of  phycob i l i p ro t e in  in the slow zone, approx .  
25%. Fur the rmore ,  its phycob i l i some  zone sed imen ted  
no t i ceab ly  s lower than  d id  the wi ld - type  zone. 

In  Fig. 5A is d i sp layed  the abso rp t ion  spec t ra  of  
phycob i l i somes  f rom PR6000,  PR6011 and  PR6009. 
The  la t te r  s train,  which  is m u t a t e d  in cpcC, possesses 
phycob i l i somes  with  half  the wi ld - type  level of  PC [4]. 
The  spec t ra  have been  no rma l i zed  at 660 nm, where  
abso rp t i on  is due a lmos t  exclusively to A P  and  o ther  
c o m p o n e n t s  of  the core  domain .  There fore  the inter-  
med ia t e  ab so rbance  by  PR6011 phycob i l i somes  reflects 
a PC con ten t  approx .  70% tha t  of  PR6000.  The  dif-  

ference spec t rum,  i.e., w i ld - type  minus  PR6011 (Fig.  
5B), is very s imi lar  to that  of  the PC-LR33  complex ,  
with a m a x i m u m  a bso rba nc e  at  629 nm [4]. Hence,  
PR6011 phycob i l i somes  a p p e a r  to lack a f rac t ion of  PC 
which in the wi ld - type  is a t t ached  to the ends  of  rods  by 
LR33.  The  abso rp t ion  spec t rum of  the s lowly sed iment -  
ing phycob i l ip ro t e in  f rac t ion  f rom PR6011 is shown in 
Fig. 5B. It  is shif ted to shor te r  wavelengths  c o m p a r e d  to 
the PC-LR33 complex ,  abso rb ing  max ima l ly  at 625 nm, 
and thus appears  to be  a lmos t  ent i re ly  l inker-free  PC. 
The  sl ightly greater  a b so rba nc e  of  this f rac t ion at wave-  
lengths above  650 nm is due  to c o n t a m i n a t i n g  mem-  
brane  mater ia l .  We  have ca lcu la ted  tha t  approx .  30% of 
total  PC is represen ted  in the s lowly sed iment ing  zone. 
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Fig. 5. Absorption of phycobiliprotein fractions from sucrose gradi- 
ents. (A) Phyeobilisomes of PR60(~ (solid line, Area X 630 nm), PR6011 
(dashed line, Ama x 631 nm) and PR6009 (dotted line, Area X 633 nm). 
(B) Slowly sedimenting fraction of PR6011 (solid line, Area ~ 625 nm), 
difference of PR6000 minus PR6011 (dashed line, Area x 629 nm), and 
difference of PR6000 minus PR6009 (dotted line, Am.x629 rim). (C) 
Phycobilisomes of PR6000 (dashed line, Am. x 630 rim) and PR6014 
(dotted line, Am~ 630 nm). All spectra are normalized at the wave- 

length of maximum absorption. 
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Fig. 6. Gel electrophoresis of phycobiliprotein fractions from sucrose 
gradients. Lane 1, phycobilisomes from PR6011; lane 2, phycobili- 
somes from PR6014; lane 3, phycobilisomes from PR6000; lane 4, 
phycobilisomes from PR6009; lane 5, slowly sedimenting phyco- 
biliprotein fraction from PR6011. The identities of linker polypeptides 
and phycobiliproteins are labeled on the left. Not indicated are the 
fl18 subunit, which co-migrates with aAP, and the ~xAPB subunit, 

which co-migrates with aPC. 

Thus the ratio of total PC to AP is the same in both 
strains, but about 30% of the PC in PR6011 is unat- 
tached to phycobilisomes. Since cells of this strain dis- 
play higher PC fluorescence (Fig. 4A), we believe that 
the unattached fraction found in vitro is also energeti- 
cally uncoupled in vivo. 

Polypeptide components  of phycobiliprotein zones 
from sucrose gradients were fractionated by electro- 
phoresis in polyacrylamide gels (Fig. 6). Purified 
phycobilisomes from the two strains contain the same 
set of polypeptides, except for the absence of detectable 
LR9 in PR6011 (Fig. 6, lanes 1 and 3). For comparison, 
phycobilisomes of the cpcC- mutant,  which has been 
shown to lack LR33 and LR9 [4], are also shown. Thus, 
the single species in PR6011 which has a mobility 
similar to LR9 is the AP-associated linker LC8.5. Hence 
mutation of cpcD is correlated with the loss of LR9. In 
addition to this difference, phycobilisomes of PR6011 
reproducibly contain less LR33 than the wild-type. 
Quantitation of linkers by scanning densitometry of 
stained gels shows that the ratio of LCM94 to LRC29 is 
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identical in both strains, but the ratio of LR33 to 
LRC29 in PR6011 is 35-40% of the wild-type value. 
The staining intensity of PC subunits with respect to AP 
is also noticeably lower in PR6011. In the wild-type, 
approximately half the PC is linked to phycobilisomes 
by LR33. If PR6011 has 35-40% of the wild-type 
amount  of this linker, then its phycobilisomes are ex- 
pected to have about 70% the wild-type level of PC. 
This matches the deficiency calculated from the ab- 
sorbance of PR6011 phycobilisomes. 

Gel electrophoresis of the slowly sedimenting 
phycobiliprotein fraction from PR6011 (Fig. 6, lane 5) 
shows that it is a complex mixture of polypeptides. The 
a and fl subunits of PC are prominent  and AP subunits, 
if present, constitute a minor fraction of phycobi- 
liprotein, perhaps less than 5%. It is also apparent  that 
the PC-associated linker polypeptid.es LR33 and LRC29 
are absent or very minor constituents of this fraction. In 
particular, the 60-65% deficiency of LR33 in PR6011 
phycobilisomes cannot be accounted for if it is bound 
to PC of the slow fraction. 

The foregoing findings lead to two hypotheses. The 
first is that the cpcD1 mutat ion primarily affects only 
LR9, the loss of which causes secondary phenotypes 
such as the reduced level of LR33 and the occurrence of 
uncoupled PC. The second hypothesis is that the cpcD1 
mutation affects the expression of LR9 and LR33 inde- 
pendently. The former linker is lost because its gene is 
deleted; the second is decreased because sequences con- 
trolling its expression are affected (see Discussion). The 
most direct approach to distinguish between these two 
schemes was to construct a mutation of cpcD in which 
only the structural gene was affected, and not flanking 
sequences. For this reason strain PR6014 was produced. 

Characterization of PR6014 
Unlike PR6011, cultures of this strain grew at a rate 

that was not measurably different from the wild-type 
under photosynthetically active radiation of 50 or 200 
/~E/m 2 per s. They also had the same pigment composi- 
tion as wild-type, demonstrated by their identical ab- 
sorption spectra (not shown). Unlike PR6011, strain 
PR6014 did not display enhanced fluorescence of 
phycobiliproteins, with maximal emission at 655 nm 
(Fig. 4B). Also, sucrose gradients of phycobilisome pre- 
parations from strain PR6000 and PR6014 had identical 
distributions of phycobiliprotein. In both cases the 
phycobilisome zones sedimented at the same rate, and 
less than 3% of the phycobiliproteins were in a slowly 
sedimenting band. 

The absorption spectra of PR6014 and PR6000 
phycobilisomes do not detectably differ (Fig. 5C), nor 
do their fluorescence emission spectra (Fig. 4C). Neither 
is there any difference between the two strains in terms 
of the polypeptide composit ion of their phycobilisomes, 
except that LR9 is absent in PR6014 (Fig. 6 lane 2). 
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Like PR6011, this strain contains LC8.5 as the sole 
polypeptide of this mass range. Further evidence that 
the missing polypeptide in PR6014 and PR6011 is not 
LC8.5 stems from the fact that their phycobilisomes do 
not resemble those of a mutant  which lacks only this 
linker [16]. Unlike PR6011, phycobilisomes of PR6014 
do not differ from the wild-type in the ratio of LR33 to 
LRC29. 

In the analysis presented thus far, the sole phenotype 
of the cpcD2 mutat ion is an absence of LR9 in phyco- 
bilisomes. Therefore, the additional characteristics ob- 
served in the cpcD1 mutant,  i.e., decreased LR33 and 
uncoupled PC, are not dependent on mutation of the 
structural gene for LR9. Most likely they arise from 
deletion of intercistronic sequences by the cpcD1 muta- 
tion (Discussion). 

Since the loss of LR9 from phycobilisomes had no 
obvious consequences for function, as determined by 
absorbance and fluorescence, we explored the possibil- 
ity of altered phycobilisome structure. As mentioned 
previously, phycobilisomes from PR6014 sedimented as 
did the wild-type. However, the relevant zone in sucrose 
gradients of the mutant  did appear to be slightly 
broader, suggesting a more heterogeneous population of 
phycobilisomes. To allow a more detailed assessment of 
structure we performed electron microscopy of isolated 
phycobilisomes. 

Electron microscopy 
Phycobilisomes were prepared from cultures of 

PR6000 and PR6014 grown simultaneously under iden- 
tical conditions. Within 1 h of isolation the phycobili- 
somes were mounted and negatively stained for electron 
microscopy. Micrographs of phycobilisomes from both 
strains are shown in Fig. 7A and B. Most particles show 
the structure typical of hemidiscoidal phycobilisomes in 
face view [17]. In each there is a core region surrounded 
by five or six (less commonly four) rods. The latter are 
comprised of from one to five discs, each being a 
complex of one linker molecule and a hexamer of PC 
subunits, (aPCflPC)6. Discs adjacent to the core con- 
tain LRC29 as the only linker [4,13]. It binds the disc, 
and the entire rod, to the core. In vitro assembly experi- 
ments in Synechococcus sp. PCC 6301 suggest that discs 
containing this linker are not found at positions other 
than the core-proximal terminus of rods [19,20]. Hence 
it is believed that all discs adjacent to the core contain 
LRC29; subsequent discs, if present, contain other lin- 
kers [20,21]. In the case of PR6000 these can be LR33 
and LR9, while in PR6014 the only other rod linker is 
LR33. 

Having adopted the foregoing model of phycobili- 
some organization, we analyzed micrographs of PR6000 
and PR6014 phycobilisomes. In terms of overall organi- 
zation and substructure we found no obvious dif- 
ferences in the two strains (Fig. 7A and B). To permit a 

Fig. 7. Electron micrographs of phycobilisomes. (A) From the wild- 
type strain, P R 6 0 ~ .  (B) From the cpcD2 strain PR6014. Both are 

shown at a magnification of 108000 × .  

more detailed comparison we evaluated three parame- 
ters: the number  of rods per phycobilisome, the number 
of discs per rod, and the number  of discs per phycobili- 
some. Values for the first two parameters  are presented 
in Table IA and B. Data  for the third are shown in the 
histogram of Fig. 8A. For each strain the measurements 
were obtained from a sample of 108 phycobilisomes. 

(1) Number of rods per phycobilisome. The mean num- 
ber of rods per phycobilisome was 5.56 for PR6000 and 
5.47 for PR6014. The difference between the two means 
is not significant ( P  > 0.1). The proport ion of phyco- 
bilisomes having four, five or six rods was also tested 
and found not to be significantly different between the 
two strains ( P  > 0.1). Particles which could be con- 

TABLE I 

Parameters of phycobilisome structure in PR6000 and PR6014, evaluated 
by electron microscopy 

(A) Rods per phycobilisome 

Strain Number of PBS a Total Mean 
with n rods PBS rods /PBS 

n = 4  n = 5  n = 6  

PR6000 4 40 64 108 5.56 
PR6014 11 35 62 108 5.47 

(B) Discs per rod 

Strain number of rods with n discs Total Mean 
rods d i scs / rod  

n = l  n = 2  n = 3  n = 4  n = 5  n > 5  

PR6000 52 455 79 10 4 0 600 2.10 
PR6014 128 340 88 21 10 4 b 591 2.08 

a PBS: phycobilisome. 
b 3 rods with 6 discs, 1 rod with 7. 
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Fig. 8. Frequency distributions of the number of discs per phycobili- 
some, determined by electron microscopy. (A) Data from PR6000 
(solid bars) and PR6014 (open bars). (B) Data from PR6000 (solid 
bars) compared to the distribution expected from a model of random 
assortment of rods on phycobilisome cores (hatched bars). (C) Data 
from PR6014 (open bars) compared to the distribution expected from 

the model (hatched bars). 

strued as phycobilisomes with fewer than four rods were 
very rare and excluded from both samples. Finding no 
significant difference between the strains in terms of 
rods per phycobilisome agrees with data from scanning 
densi tometry of gel-resolved phycobil isome poly- 
peptides (see above). In that case we found no dif- 
ference between the strains in their ratio of LRC29 to 
LCM94. Since LRC29 connects a rod to the core any 
change in the number  of rods per phycobilisome ought 
to be accompanied by a similar change in the ratio of 
LRC29 to core components.  

(2) Number of discs per rod. The mean number  of 
discs per rod ( + variance) was 2.10( + 0.34) for wild-type 
and 2.08(+ 0.78) for cpcD2 phycobilisomes. These two 
means do not differ significantly ( P  > 0.1). However, 
the proportions of rods having, 1, 2 . . . .  >~ 5 discs were 
significantly different in the two strains ( P < 0 . 0 1 ) .  
From the data in Table IB it is apparent  that wild-type 
phycobilisomes have a narrower range of rod-lengths 
than the cpcD2 strain. This is reflected in a significantly 
greater variance in the mean number  of d i sc s / rod  for 
the mutant  strain ( P  < 0.01). 

Finding the same mean rod length in the two strains 
is in agreement with data presented above. In the model 
of rod organization outlined previously, LRC29 is placed 
at the core-proximal disc only, with each subsequent 
disc containing one molecule of LR33. Thus, in a popu- 
lation of phycobilisomes the ratio of LR33 to LRC29 is 
directly related to average rod length. The ratio of these 
two tinkers was quantitated by scanning densitometry 
(see above) and found to be the same for PR6000 and 
PR6014, agreeing with the rod length data. 

The results outlined thus far show that in strain 
PR6014, the rod linker polypeptides, LRC29 and LR33, 
are functional and present at wild-type levels in phyco- 
bitisomes. However, there is a greater variability of 
rod-length in this mutant.  In an at tempt  to describe 
factors which might contribute to variation in the num- 
ber of discs per rod we considered the types of inter-disc 
association which occur. 

There are two classes of disc-to-disc connections, one 
between an LRC29-containing disc (denoted an A disc) 
and an LR33-containing disc (denoted as a B disc), and 
one between two LR33-containing discs; i.e., A-B con- 
nections and B-B connections, respectively. The degree 
to which A-B connections are preferred over the B-B 
type will determine uniformity of rod length. For exam- 
ple, supposing the number  of A and B discs to be equal, 
then if A-B connections are highly preferred over the 
B-B type all rods will be uniform, consisting of one A 
disc and a single B disc. If B-B associations are pre- 
ferred then most rods will consist of an A disc only, 
while a few will be extremely long, composed of numer- 
ous tandem B discs attached to a single core-proximal A 
disc. One indication of relative preference is the ratio of 
A-B to B-B connections, A - B / B - B .  To compare  
phycobilisome populations in terms of this ratio it is 
essential that they have the same relative number  of A 
and B discs. This is largely true for those analyzed here, 
where the ratio A / B  is 0.91 for PR6000 and 0.92 for 
PR6014. From the data in Table I for wild-type rods we 
counted 548 A-B and 111 B-B connections, giving an 
A - B / B - B  ratio of 4.94. For cpcD2 the ratio is 2.62 
(A-B/B-B  = 463/178). By this criterion, then, the pref- 
erence of A-B associations is higher in wild-type than 
PR6014 by a factor of 4.94/2.62, or 1.9. Thus, the 
presence of LR9 is correlated with a nearly 2-fold 
increase in the frequency with which A and B discs 
mutually associate. 

(3) Number of discs per phycobilisome. Distributions 
of discs /phycobi l isome in wild-type and cpcD2 strains 
are displayed in Fig. 8A. The mean ( + variance) of discs 
per phycobilisome is 11.66 (+3.38)  for wild-type and 
11.40 (+7.24)  for cpcD2. The means are not signifi- 
cantly different ( P  > 0.1); however, the variance in discs 
per phycobilisome is significantly greater in the cpcD2 
strain ( P  < 0.01). In other words, phycobilisomes from 
PR6014 are more heterogeneous in size. Spectrophoto- 
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MLSQFANGTEAAS .... RVFTYEVQGLRQTEETDNQEYAF 
MFGQTTLGIDSVSSSASRVFRFEVVGMRQNEENDKNKYNI 
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Fig. 9. Amino-acid sequences of linker polypeptides. Sources are as follows. Syn. LR9: Synechococcus sp. PCC 7002, PC-associated linker encoded 
by cpcD (present work). Fis. LR8.9: Fischerella sp. PCC 7603, PEC-associated linker determined by amino-acid sequence analysis [14]. Ana. cpcD: 
Anabaena sp. PCC 7120, open reading frame located 3' to another which may encode LR32 [26]. Cal. cpcD: Calothrix sp. PCC 7601, open reading 
frame (lpcC) located 3' to lpcB, which encodes LR39 [25]. Fis. LC8.9: Fischerella sp. 7603, AP-associated linker, determined by amino-acid 
sequence analysis [23]. Syn. LC8.5: Synechococcus sp. PCC 7002 AP-associated linker encoded by apcC [2]. Syn. LR33: Synechococcus sp. PCC 

metric data presented above demonstrated that the ratio 
of PC to AP was identical in phycobilisomes of the two 
strains, in agreement with finding the same mean num- 
ber of discs per phycobilisome. We believe that the 
slightly broader phycobilisome zone found in sucrose 
gradients of PR6014 is a manifestation of greater varia- 
tion in size. 

Results for this parameter  are reminiscent of the 
d i s c / r o d  parameter  in that no difference was found 
between the means, but the variance was significantly 
higher in cpcD2. We were thus led to consider whether, 
for a given strain, variation in rod length determines 
variation in discs/phycobil isome.  That is, suppose the 
six rods which occur on a phycobilisome have lengths 
which are independent of each other. Then the distribu- 
tion of the total number  of discs per phycobilisome is 
expected to be normal. The mean number  of discs per 
phycobilisome will be 6-times the mean rod length, and 
the variance in discs per phycobilisome will be 6-times 
the variance of rod length [22]. Knowing the mean and 
variance of rod length for the two strains, we applied 
the normal distribution to calculate the expected distri- 
bution of discs/phycobi l isome,  as shown in Fig. 8B and 
C. Note that we have assumed exactly six rods per 
phycobilisome when there are actually about 5.5. This 
inconsistency was overcome by taking the absence of a 
rod to be equivalent to a rod with zero discs. The mean 
and variance of d i sc s / rod  was then recalculated for the 
two samples of phycobilisomes. The values obtained, 
mean (+var iance) ,  were 1.94 (+0.61)  for wild-type 
rods, and 1.90 ( +  1.06) for cpcD2. As before, the mean 
rod lengths do not differ significantly, but the variance 
for cpcD2 rods is significantly greater than for wild-type 
rods. 

For each sample the expected distribution of d iscs /  
phycobilisome was tested for goodness-of-fit to the data 
and found to be acceptable ( P  > 0.3 for PR6000, P > 0.3 
for PR6014). Hence, variation in the number  of discs 
per phycobilisome is consistent with the hypothesis that 
rods occur on phycobilisomes independently of their 
individual lengths. A corollary is that there appears to 
be no mechanism in the assembly of phycobilisomes 
that compensates for the inherent heterogeneity of rod 
lengths in order to generate phycobilisomes having a 

fixed number  of discs. In this sense LR9 indirectly 
limits the range of phycobilisome mass by restricting 
variation in rod length. 

Discussion 

Amino-acid sequence homology among linkers 
All phycobilisomes yet charaterized contain linkers 

of low apparent  mass, about 7 -10  kDa. Amino-acid 
sequences are known for three small linkers which have 
been directly identified. These are LC8.9 and LR8.9 
from Fischerella sp. PCC 7603 [14,23] and LR9 from 
Synechococcus sp. PCC 7002 (present work). Data  from 
the first two linkers were obtained by sequencing the 
isolated polypeptides; a sequence for the third was 
determined by deduction from the nucleotide sequence 
of its gene. Each of these linkers is associated with a 
different class of phycobiliprotein. LC8.9 and LR8.9 
from Fischerella sp. were isolated as complexes with AP 
and phycoerythrocyanin (PEC) respectively. LR9 from 
Synechococcus sp. PCC 7002 is associated with PC (Ref. 
4, present work). A comparison of these sequences is 
shown in Fig. 9. 

The two small rod linkers show more homology to 
each other (55% of residues are conserved) than each 
has with the AP-associated linker (approx. 21%). This is 
correlated with the relationships among their respective 
phycobiliproteins. That  is, PC and PEC share more 
homology (about 65%) than either shares with AP (about 
30%) [24]. Sequence homology among the small linkers 
is largely clustered in two segments of the polypeptides, 
one from residues 18 to 29 (as numbered in Fig. 9), and 
another region from residues 50 to 72. This latter seg- 
ment is in fact homologous to a region near the carbo- 
xyl termini of larger rod linkers which have been di- 
rectly identified; LR33 from Synechococcus sp. PCC 
7002 [4] (shown in Fig. 9), LR34.5PEC from Fischerella 
sp. [14], and LR39 from Calothrix sp. PCC 7601 [25]. 

From Calothrix sp. and Anabaena sp. PCC 7120 
have been cloned genes which probably encode the 
small rod-linkers of these organisms [25,26]. The identi- 
ties of these genes, lpcC (cpcD) from the former species 
and cpcD from the latter, have been inferred from two 
criteria. Firstly, amino-acid sequence homology between 
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7~2, PC-associated linker en~ded by ~cC [4]. Only the carboxyl ter~nal  77 residues of the latter are shown. An underlined residue is found in 
all the small rod-li~ers listed above it. A ~ n o  acid residues are abbre~ated as follows: A, ~ i n e ;  C, cysteine; D, apartic acid; E, ~ u t a ~ c  acid; 
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the putative gene products (Fig. 9) and known small rod 
linkers is high. Secondly, these genes are located 3' to 
the genes for known (Calothrix sp.) or putative 
(Anabaena sp.) large rod-linkers. This is analogous to 
the arrangement in Synechococcus sp. PCC 7002, in 
which the identity of both linker genes is well estab- 
lished (Ref. 2; present work). 

Among the four small rod-linkers illustrated in Fig. 
9, one pair shows considerably more sequence ho- 
mology than the others. LR8.9 from Fischerella sp. and 
the cpcD product of Anabaena sp. have 76% of their 
residues in common, while other pairs share from 46 to 
56% homology. Anabaena sp. PCC 7120, like Fischerella 
sp., contains PEC in its phycobilisomes [27], hence its 
cpcD product may be a PEC-associated linker, as is 
LR8.9 of the latter species. Otherwise, this linker may 
associate with both PC and PEC. 

Location of LR9 
There is substantial evidence that LR9 is associated 

with the terminal PC hexamer of rods. First of all, 
mutation of cpcC leads to loss of both the terminal PC 
hexamer and LR9 from phycobilisomes [4] (Fig. 6, lane 
4). Mutation of cpcC probably does not prevent expres- 
sion of cpcD, since two other genes that are 3' to and 
co-transcribed with cpcD are expressed in the cpcC- 
strain (Zhou, J.H. and Bryant, D.A., unpublished re- 
suits). Since LR9 itself does not function in linking PC 
to form rods, then the absence of LR9 from cpcC- 
phycobilisomes is a consequence, not a cause, of the 
uncoupling of the terminal PC hexamer. This observa- 
tion alone does not rule against the possibility that LR9 
is associated with the core-proximal PC hexamer, and is 
liberated from it when the terminal hexamer is absent. 
However, other evidence suggests this is not the case. 
For example, when phycobilisomes are separated into 
PC and AP fractions by chromatography on hydroxy- 
apatite, three-fourths of the PC co-elutes as a rod com- 
plex with LR33 and LRC29. LR9 is associated with the 
remaining one-fourth of PC [4]. Thus LR9 is not associ- 
ated with the PC-LRC29 complex even though LR33 is 
present. A more likely interpretation of this finding is 
that LR9 is bound to the core-distal trimer of the 
PC-LR33 complex, and that this trimer is released un- 

der the conditions of chromatography. Analogies with 
other organisms also suggest a terminal location for 
LR9. For example, the homologous linker of Fischerella 
sp., LR8.9, is bound to PEC, the rod-terminal phycobi- 
liprotein of this organism [28]. Also, red-light-inducible 
PC in the phycobilisomes of Pseudanabaena sp. PCC 
7409 contains a small rod linker that is lost, along with 
this class of PC, when phycoerythrin is synthesized by 
shifting to green light. However, the core-proximal PC 
of green-light phycobilisomes is still synthesized [29]. 
Thus the small linker is associated with PC that is not 
proximal to the core. 

Less direct evidence for the location of LR9 is de- 
rived from amino-acid sequence homology among lin- 
kers. It is known that approx. 5 kDa at the carboxyl 
terminus of large rod linkers is proteinase-sensitive and 
essential for the coupling of adjacent hexamers of PC 
a n d / o r  PEC [21,30]. This portion of the carboxyl end 
encompasses the region which is most homologous to 
small rod linkers. According to available evidence, the 
proteinase-sensitive segment of large rod linkers pro- 
trudes from the core-distal face of a hexamer-linker 
complex and binds to a complementary site at the 
core-distal face of another such complex, thus joining 
them [21,30]. On the basis of sequence homology be- 
tween large and small linkers, the latter are presumed to 
also have the potential for occupying the site on the 
core-distal faces of phycobiliprotein-linker complexes. 
In particular, the hexamer which resides at the core-dis- 
tal terminus of a rod would have an unoccupied tinker- 
attachment site to which a small linker could bind. In 
summary, the available evidence is most consistent with 
a model in which LR9 is bound to the core-distal end of 
rods. 

Function of LR9 
Results obtained by mutation of cpcD show that 

LR9 is not required for assembly of intact phycobili- 
somes. Spectroscopic data on phycobilisomes did not 
reveal any differences between the mutant and wild-type. 
However, further observations on isolated subcom- 
plexes of mutant phycobilisomes are needed to detect 
possible spectroscopic effects of LR9. The only pheno- 
types attributable to the loss of LR9 are a greater 
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variance in both the mean number  of discs (PC 
hexamer-linker complexes) per rod and number  of discs 
per phycobilisome. We have shown that the latter phe- 
notype is determined by the former. Thus LR9 appears 
to function in minimizing the heterogeneity of rod 
length. From a teleological viewpoint, then, we infer an 
advantage to rods of uniform length, possibly in regard 
to the efficiency of energy transfer. Disc-to-disc transfer 
is the rate-limiting step in the transfer of excitation 
energy from rods to the core [31]. It is expected that the 
probabili ty of energy loss due to fluorescence will be 
higher in a rod composed of several discs than in one 
with fewer discs. Thus, in considering two populations 
of phycobilisomes that differ only in their range of 
rod-lengths, the population with the largest range may 
have a lower efficiency of energy transfer to the core. 

The mechanism by which LR9 minimizes the hetero- 
geneity of rod length is unknown. A simple hypothesis 
can be proposed which is based on the location of LR9 
at a site on the core-distal face of the (aPC,/3PC)6-LR33 
complex. In the absence of LR9 this site is available for 
binding to another such complex, which in turn may 
bind yet another. Thus rods containing three or more 
discs, including the core-proximal PC-LRC29 disc, will 
be common. Given a fixed ratio of PC-LR33 to PC- 
LRC29 discs, the fraction of rods comprised of only the 
latter, i.e., one-disc rods, must also be high. On the 
other hand, occurrence of LR9 at the core-distal face of 
a PC-LR33 disc will preclude the tandem joining of 
such units. As a result, the formation of rods longer or 
shorter than two discs will be minimized. A manifesta- 
tion of this would be an apparent  increase in the 
specificity with which PC-LR33 and PC-LRC29 discs 
associate when LR9 is present. The fact that some rods 
in wild-type phycobilisomes do contain three or more 
discs may reflect a stoichiometric deficiency of LR9 or a 
competit ion between LR33 and LR9 for binding at the 
same attachment site. 

Depletion of LR33 in PR6011 
Finally, we address the observation of a specific 

decrease in LR33 in the cpcD1 mutant.  This mutation 
deletes the structural gene of cpcD as well as flanking 
intercistronic sequences. In particular, two prominent  
inverted repeats between cpcC and cpcD, as indicated 
in Fig. 2, are affected. It has been found that the cpcD 
transcript is part  of a larger one containing cpcBA C as 
well (Gasparich, G. and Bryant, D.A., unpublished re- 
suits). In this transcript, inverted repeats are expected to 
form intrastrand stem-loop structures. The presence of 
inverted repeats coincides with the 3' termini of m R N A  
species in cyanobacteria [32-34]. In E. coli and the 
photosynthetic bacteria it has been demonstrated that 
stem-loops enhance the lifetime of RNA sequences 
located to their 5 '  side [35,36]. This function, if oper- 
ative in cyanobacteria, would account for the decrease 

in LR33 found in strain PR6011. Deletion of inter- 
cistronic stem-loops between cpcC and cpcD is ex- 
pected to lead to a decrease in the lifetime, and hence 
the steady-state level, of cpcC mRNA.  The rate of 
synthesis of LR33 is expected to decrease in proportion 
to the altered level of its mRNA.  Preliminary observa- 
tions show that the level of cpcC m R N A  in PR6011, 
relative to cpcBA RNA, is indeed lower than in the 
wild-type (Zhou, J.H. and Bryant, D.A., unpublished 
results). 
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