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Synechococcus sp. PCC 7002 (Agmenellum quadruplicatum PRO genes encoding two highly conserved pbycobilisome 
core polypeptides, a small linker polypeptide (LSc,apcC) and the allophycocyanin-B a-subunit (ct AcE, apcD), respec- 
tively, were interrupted by insertion of restriction fragments carrying the neomycin pbospbotransferase gene of TnS. 
The interrupted genes were used to transform Synechococcus sp. PCC 7002 to kanamycin resistance. The a p c C -  
mutant assembled phycobilisomes lacking the L s polypeptide and the a p e D -  mutant assembled phycobilisomes lacking 
et APB. No other differences between the compositions of the mutant and wild-type pbycobilisomes were detected. The 
apcC - strain grew about 25% more slowly than the wild-type, and its phycobilisomes dissociated more rapidly in 0.33 M 
Na /K-PO 4 (pH 8.0) or in 0.75 M N a / K - P O  4 at pH 8.0, at 40~ than did those of the wild-type. The phycobilisomes 
of this mutant were indistinguishable from those of the wild-type'with respect to absorption and circular dichroism 
spectra, as well as time-resolved fluorescence emission. Steady-state emission spectra indicate a small decrease in long 
wavelength (680 nm) emission from the a p c C -  phycobilisomes and a complementary increase in shorter wavelength 
(665 nm) emission, relative to wild-type phycobilisomes. Strain "hpcD- phycobilisomes appear to be functionally 
indistinguishable from those of the wild-type, in spite of the absence of the two a APE subunits which bear terminal 
acceptor bilins. The only spectroscopic difference was seen in the steady-state fluorescence emission, for which the 
emission of the mutant was about 15% higher than that of the wild-type and was slightly blue-shifted. A phenotype has 
yet to be found for the apcD-  mutation. 

Introduction 

The phycobiliproteins are a family of light-harvesting 
chromoproteins in the photosynthetic apparatus of 
cyanobacteria and red algae. The covalently attached 
prosthetic groups on these proteins are open-chain te- 
trapyrroles Coffins) [1]. These proteins are organized into 
macromolecular complexes, phycobilisomes, which form 
regular arrays on the cytoplasmic face of the thylakoid 
membranes [2]. The phycobilisome contains both 
phycobiliproteins and a set of linker polypeptides which 
determine the aggregation state and position of the 

Abbreviations: PVDF, poiyvinylidene difluodde; SDS, sodium dode- 
cyl sulfate. 

Correspondence: A.N. Glazer, Department of Microbiology and Im- 
munology, University of California, Berkeley, CA 94720 (U.S.A.) 

various phycobiliproteins. Certain of the linker poly- 
peptides influence the energy transfer within the 
phycobilisome through modulation of the spectroscopic 
properties of the phycobiliproteins or through the pres- 
ence of bilin chromophores on the linker polypeptides 
themselves [3]. The spectroscopic properties of the 
phycobiliprotein subassemblies within the phycobili- 
some and their relative arrangement favor directional 
excitation energy transfer toward four terminal acceptor 
bilins [1]. 

The location of the various components of the 
phycobilisome has been determined in some detail for 
the phycobilisomes of Synechococcus sp. PCC 6301 
[4-8], and Synechocystis sp. PCC 6701 [9,10]. The 
phycobilisomes of Synechococcus sp. PCC 7002 
(Agmenellum quadruplicatum PR-6), the subject of this 
study, are morphologically similar to those of Synecho- 
cystis sp. PCC 6701. The polypeptide composition of 
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these phycob i l i somes  is given in  T a b l e  I [11]. T h e  genes 
encoding  several  of  the c o m p o n e n t s  of  the Synechococ- 
cus sp. P C C  7002 phycob i l i some  have  been  m u t a g e n i z e d  
by car t r idge  mutagenes i s  and  the p h e n o t y p e s  of  the  
result ing m u t a n t s  ana lyzed  [11]. The  d i a g r a m  (see Fig .  
1) showing the loca t ions  of  the  var ious  p o l y p e p t i d e s  
within these phycob i l i somes  is based  on  these  s tudies  
and on the a s sumed  ana logy  to the s t ruc ture  of  Syn- 
echocystis sp. P C C  6701 phycob i l i somes .  

Phycocyanob i l i n  is the  only  b i l in  p resen t  in  the Syn- 
echococcus sp. PCC 7002 phycob i l i somes .  The  d i s t inc-  
tive spec t roscopic  p rope r t i e s  of  the  var ious  complexes  
within the p h y c o b i l i s o m e  arise as a consequence  of  the  
various p ro te in -b i l in  and  b i l in -b i l in  in te rac t ions .  In  the  
energy t ransfer  p a t h  in  Synechococcus sp. P C C  7002 
phycobi l i somes ,  exc i ta t ion  energy migra tes  f rom the 
phycocyan in  hexamers  ( X ~  625 -630  nm)  of  the rods  

T A B L E  I 

Estimated composition of the phycobilisomes of Synechococcus sp. PCC 
7002 

From Ref. 11. The molecular mass of the 99 kDa core polypeptide 
was calculated from the DNA sequence of the gene that encodes this 
component. The numbers in this table represent composite data 
accumulated from spectroscopic measurements, densitometric scans 
of stained polyacrylamide gels (both one- and two-dimensional) and 
unstained isoelectric focussing gels, and direct counts of the number 
of phycocyanin hexamers per peripheral rod by electron microscopy 
(Bryant, D.A., unpublished data). The ratio of phycocyanin to al- 
lophycocyanin determined by these methods for the wild-type was 
1.96: 1. Densitometric scans of SDS-polyacrylamide gels gave an 
approximate ratio of the 8, 8.5, 33, 29 and 99 kDa linker polypeptides 
of 1 : 1 : 1 : 1 : 0.32. The amounts of a APB and fl~s polypeptides were 
equal as determined from the densitometry of unstained and stained 
isoelectric focussing gels; the measured ratio of these subunits to the 
a or/3 subunit of allophycocyanin was 1 : 10-12. The close correspon- 
dence of these values to those more carefully determined for the 
phycobilisomes of Synechocystis sp. PCC6701 [9,10], which also have 
tricylindrical cores, indicates that the core compositions of these two 
species of phycobilisomes are similar if not identical. Consequently, 
the integral values in this table are based on the measured ratios, the 
assumption that each rod is composed of exactly two phycocyanin 
hexamers, and the proposed composition for tricylindrical phycobili- 
some cores as established in Refs. 4-10. For definition of abbrevia- 
tions, see legend to Fig. 1. 
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Fig. 1. Schematic representation of the phycobilisome of Synechococ- 
cus sp. PCC 7002. A rod is made up of two hexameric biliprotein 
complexes, each of which is attached through its specific linker 
polypeptide to the component adjacent to it in the phycobilisome. The 
manner in which the core cylinders are held together is not known. 
The abbreviations AP, APB, and PC are used for the biliproteins 
allophycocyanin, allophycocyanin B, and phycocyanin, and a AP, flAP, 
etc., for the a and fl subunits of these proteins. Linker polypeptides 
are abbreviated L, with the superscript denoting the size in kDa, and 
a subscript that specifies the location of the polypeptide: R, rod 
substructure; RC, rod-core junction; C, core; CM, core-membrane 
junction. For other details, see Refs. 3 and 11. The arrangement 
shown for the core complexes is one of those suggested by Anderson 

and Eiserling [81. 

(Fig.  1) to the  a l l o p h y c o c y a n i n  complexes  ( h ~  x 650 
rim) of  the  core,  and  thence to two types  of  t e rmina l  
a c c e p t o r s ,  a APB (~kambL 670 rim) and  L~M ( X ~ x  670 nm),  

in the  core. As  migh t  be  an t i c ipa ted ,  Synechococcus sp. 
P C C  7002 m u t a n t s  in  which  the a AP and  flAP genes 

have  been  i n t e r r u p t e d  no  longer  fo rm phycob i l i somes  
[11]. Surpr is ingly ,  m u t a n t s  in which  the L~  o r  a APB 

genes have  been  i n t e r r u p t e d  grow p h o t o s y n t h e t i c a l l y  at  
ra tes  s imi la r  to or  s l ight ly  r educed  f rom tha t  of  the  
wi ld- type ,  a n d  stil l  a s semble  phycob i l i somes  which  ap-  
pea r  of  n o r m a l  size and  p o l y p e p t i d e  compos i t i on ,  lack-  
ing on ly  the p r o d u c t  of  the  i n t e r r u p t e d  gene. The  com-  
pa r i son  p r e sen t ed  here  of  the  p rope r t i e s  of  such ' i n c o m -  
p le te '  p h y c o b i l i s o m e s  with  those  of  the  w i ld - type  per -  
mats some  conc lus ions  to be  r eached  conce rn ing  the 
func t ions  of  Lac and  a APB. 
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Materials and Methods 

Strains. Synechococcus sp. PCC 7002 (formerly 
Agmenellum quadrupficatum strain PR-6). was grown at 
39 ~ under cool-white fluorescent illumination (about 
250/~E m -2. s -a) in medium A containing 1 mg- ml -~ 
NaNO 3 [12]. Carbon dioxide was supplied by bubbling 
the culture continuously with 1% CO2/99% air. Mutant 
strains encoding the neomycin phosphotransferase of 
Tn5 were selected and maintained on media supple- 
mented with 200 /~g.ml - t  kanamycin. Solid media 
were prepared by solidifying the appropriate medium 
with 1.5% agar. DNA manipulations in Escherichia coli 
were performed in strain DH5ct (F-q~80 dlacZ AM15 
A(lacZYA-argF) U169 recA1 endA1"hsdR17 (rkm~) 
supE44 h-thi-1 gyrA relA1). 

Large scale cultures for phycobilisome isolation were 
grown in medium A + [13] under 3% CO2/97% N 2 and 
200 /xE m -2. s -~ with constant stirring at 37~ The 
apcC- and apcD- mutants were grown under similar 
conditions, except that NH4C1 was substituted for 
NaNO 3 and 80/~g- ml - t  kanamycin was added to the 
growth medium to prevent reversion to the wild-type. 
Wild-type cells were always grown concurrently with 
the mutants. The apcD- mutant grew at the same rate 
as the wild-type, Whereas the apcC- mutant grew at a 
rate about 25% slower. At 37~ under 1% CO 2 in air, 
at 240/~E m -2- s -t ,  the wild-type grew at 4.25 h/gen- 
eration, and at 110/~E m -2. s -~ at 7.75 h/generation, 
while under the corresponding conditions, the apcC- 
strain grew at 5.75 and 10.3 h/generation, respectively. 

DNA isolation, partial library constructions, and other 
DNA manipulations. Total genomic DNA from Syn- 

echococcus sp. PCC 7002 was prepared as previously 
described [14]. Partial libraries of restriction fragments 
were constructed by ligating purified, size-fractionated 
restriction fragments (separated by preparative agarose 
gel electrophoresis) into appropriately digested plasmid 
vectors pMK3 [15], or pUC9 [16]. Libraries were 
screened by hybridization with the high-density colony 
filter method [17] or with re-gridded colonies replicated 
onto nitrocellulose filters. DNA fragments used as hy- 
bridization probes were prepared by preparative restric- 
tion endonuclease digestion and fractionated by agarose 
gel electrophoresis. The desired DNA fragments were 
excised from the gel, electroeluted into hydroxyapatite, 
eluted with 2.0 M potassium phosphate buffer (pH 7.0), 
containing 1.0 mM EDTA, desalted, and lyophilized 
[18]. Labelling of DNA fragments with a[32p]dATP was 
performed by nick-translation [19] or by the random 
hexanucleotide-primers method [20]. Other DNA 
manipulations were carried out by routine methods 
[19,21,22]. 

Transformation of Synechococcus sp. PCC 7002 was 
performed as described [12]. Purified linear DNAs were 
used in all transformations at a concentration of ap- 
prox. 1 /zg.m1-1. Transformants were selected on 
medium A including 1 mg- m1-1 NaNO 3 and 200/~g. 
ml- 1 kanamycin. 

Construction of an apcC mutant of Synechococcus sp. 
PCC 7002. Clones encoding the apcABC locus of Syn- 
echococcus sp. PCC 7002 were identified by low-strin- 
gency, heterologous hybridization (see Refs. 18 and 23). 
The hybridization probe employed was a 1.3 kbp 
BamHI-Bgl II DNA fragment which encodes the apcAB 
locus of the cyanelle genome of Cyanophora paradoxa 

, 1 0 0 0 . ,  i 
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Fig. 2. Restriction map of the chromosomal apcABC locus of Synechococcus sp. PCC 7002 and of the cloned fragments employed in the 
construction of an epcC interruption mutant. The Sau3AI fragment encoding most of the apcA, apcB, and apcC genes was isolated from a library 
constructed in plasmJd vector pMK3. The Pst! fragment encoding a portion of apcB and epcC was recloned in pUC9. A fragment encoding the 
neomycin phosphotransferase (neo) of Tn5 was then cloned into the EcoR1 site situated at codons 15-17 of the apcC gene as shown. The Pst! 
fragment carrying the interrupted epcC gene was isolated and used to transform Synechococcus sp. PCC 7002 to kanamycin resistance. Restriction 

enzyme symbols: E., EcoRI; H, HindIII; S, Sau3AI; P, PstI; G, BglII; B, BGmHI. 
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Fig. 3. Restriction maps of the chromosomal apcD locus of Synechococcus sp. PCC 7002 and the DNA construction employed in the creation of an 
apcD interruption mutant. The apcD coding region was cloned as two overlapping DNA fragments. The first clone contained the BamHI-EcoRl 
fragment inserted in the same sites in plasmid pUC9. Sequence analysis revealed that the BamHl site occurred in the apcD coding sequence, and 
the overlapping Hindlll-BgllI fragment was cloned into the HindlIl and BamHI sites of plasmid pUC9. The apcD gene was interrupted by 
cloning a KpnI fragment encoding the neomycin phosphotransferase (neo) of Tn5 into the unique Kpnl site at codons 87-89 of the apcD gene as 
shown. The BamHI-EcoRl fragment carrying the insertion was used to transform Synechococcus sp. PCC 7002 to kanamycin resistance. For 
additional details, see text. Restriction enzyme symbols: H, Hindl l l ;  E, EcoRl; G, BgllI; B, BamHI; K, KpnI; X, Xbal; V, Pvull; Hp, Hpal; P, 

Pstl. 

[23]. Two clones were isolated: the first was a 2.5 kbp 
EcoRI fragment which was shown by nucleotide se- 
quencing to encode all of apcAB as well as the 5' 
portion of apcC (see Fig. 2); the second clone contained 
a 1.75 kbp Sau3AI fragment which encoded a portion 
of apcA and all of apcB and apcC (see Fig. 2). The 
complete nucleotide sequence of the apcABC coding 
region, as well as flanking sequences (1.992 kbp in total) 
has been determined. A complete description of the 
nucleotide sequences, transcriptional analyses, and the 
construction of an apcAB deletion mutant will be pub- 
lished elsewhere (Stirewalt and Bryant, unpublished 
data). 

A portion of the apcABC locus was re-cloned as a 
PstI fragment in plasmid pUC9 as shown in Fig. 2. The 
resultant plasmid was partially digested with EcoRI 
and a 1.3 kbp EcoRI fragment, derived from plasmid 
pRL170 (C.P. Wolk and J. Elhai, personal communica- 
tion), encoding the neomycin phosphotransferase of Tn5 
was ligated into the plasmid as shown in Fig. 2. The 
PstI fragment carrying the interrupted apcC gene was 
isolated and used to transform Synechococcus sp. PCC 
7002 to kanamycin resistance. The resultant transfor- 
mants were subjected to several rounds of purification 
by streaking on selective medium, and individual col- 
onies were tested for the configuration of their DNAs at 
the apcC locus by Southern blot hybridization. 

Construction of an apcD mutant of Synechococcus sp. 
PCC 7002. The apcD gene of Synechococcus sp. PCC 
7002 was cloned by low stringency hybridization [18] by 
using the 1.060 kbp HindlII fragment encoding most of 
the apcAB genes of Synechococcus sp. PCC 7002 as 
probe (see Fig. 2). A 1.6 kbp EcoRI-BamHI fragment 
was found to hybridize weakly to this probe on genomic 

Southern blots, and this fragment was cloned from a 
size-fractionated partial library constructed in plasmid 
pUC9. Nucleotide sequence analysis of a portion of this 
clone revealed that the BamHI site occurred within the 
coding sequence of the apcD gene near the 3' terminus 
of the gene (see Fig. 3). An overlapping HindlII-BgllI 
restriction fragment of 2.4 kbp was cloned from a 
partial pUC9 library to provide the remaining apcD 
gene sequences. The apcD gene was inactivated by 
insertion of a 1.3 kbp KpnI fragment, derived from 
plasmid pRL171 (C.P. Wolk and J. Elhai, personal 
communication) and encoding the neomycin phos- 
photransferase gene of Tn5, into the unique KpnI site 
occurring at codons 87-89 of the apcD gene as shown 
in Fig. 3. The interrupted apcD gene was isolated as a 
HindlII fragment and used to transform Synechococcus 
sp. PCC 7002 to kanamycin resistance. Resultant 
transformants were selected and purified by repeated 
streaking on selective medium to allow segregation to 
occur. Selected colonies were tested for the configura- 
tion of their DNAs at the apcD locus by Southern blot 
hybridization. A more complete description of the 
molecular cloning, nucleotide sequence analysis, trans- 
criptional analysis, and mutant construction, confirma- 
tion, and characterization will be presented elsewhere 
(Zhou, J., Stirewalt, V.L. and Bryant, D.A., unpublished 
data). 

Phycobilisome preparation. Phycobilisomes were pre- 
pared by a procedure similar to that described by 
Yamanaka et al. [24]. All buffers contained 1 mM NaN 3 
and 20 /~M phenylmethanesulfonyl fluoride. All pre- 
parative procedures were carried out at room tempera- 
ture. Phycobilisomes of the mutants and wild-type were 
always prepared at the same time. Cells were harvested 
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when the cell density was approx. 1.5-2.0 g/1 and 
resuspended to 0.12 g.m1-1 in 0.65 M NaH2PO4/ 
K2HPO 4 (Na/K-PO4) buffer (pH 8.0). In this buffer, 
the cells were homogenized and brokeri by four pas- 
sages through a French pressure cell at 124 MPa. The 
broken ceils were incubated in 1.2% Triton X-100 for 30 
rain and then centrifuged at 16000 rpm in a Sorvall 
SS-34 rotor for 30 min. The supernatant from this spin 
was drawn off and loaded onto sucrose step gradients 
consisting of equal volumes of 0.2, 0.4, 0.6, 0.8 and 1.0 
M sucrose in 0.75 M Na/K-PO 4 buffer (pH 8.0) for a 
total volume of 38 ml. The gradients were centrifuged in 
a Beckman SW-27 rotor at 21000 rpm for 16 h at 18~ 
Most spectroscopic measurements were made within 10 
h of recovery of the phycobilisomes from the gradients. 

Polyacrylamide gel electrophoresis. Gel electrophoresis 
was performed on 0.75 mm thick slab gels by the 
method of Laemmli [25] with equipment from Hoeffer 
Scientific (San Francisco, CA). The running gels were 
15% and the stacking gels 6% acrylamide. To detect the 
L~ polypeptide, 45 gg of total protein was loaded onto 
each lane. Because of the high salt concentration of the 
buffers, the proteins were precipitated in 10% trichloro- 
acetic acid for a minimum of 1 h at 4~  before ad- 
dition of the gel solubilization mixture. The gels were 
run at 30 rnA constant current until the tracking dye in 
the solubilization mixture just ran off the gel. The gels 
were treated with either Coomassie brilliant blue or a 
silver-stain preparation. 

Two-dimensional gel electrophoresis procedure was 
that of O'Farrell [26]. The first dimension isoelectric 
focusing gels were cast in 3 mm (inner diameter) tubes 
and were run with a 4 : 1 combination of pH 4 - 6 / p H  
3-10 ampholyte. Gels were focussed for 12 h at 400 V. 
The second dimension was performed on a slab gel as 
described above. In this case the tube gel was laid 
across the top of the slab and sealed in place with hot 
agarose solution. 

Amino acid sequence determination. The sequences of 
the low molecular mass polypeptides (approximately 8 
kDa) from the phycobilisomes of the apcC- mutant 
and the wild-type were determined from electroblotted 
films of polyvinylidene difluoride (PVDF) according to 
the method of Matsudaira [27]. The quantity of wild-type 
phycobilisomes containing 250 picomoles of L~ was 
calculated based on the assumption that there are two 
copies of phycocyanin hexamer per L~ and that e 600 

nm = 6.7 ml. rag-1, cm-1 for phycobilisomes [28]. Using 
a molecular mass of 250 kDa for the phycocyanin 
hexamer plus linker, this corresponded to 120 gg of 
protein. The same amount of material from apcC- 
phycobilisomes was used as from those of the wild-type. 
Electrophoresis was performed as described above. After 
electrophoresis, the gel was soaked in transfer buffer (10 
mM 3-(cyclohexylamino)-l-propanesulfonic acid, 10% 
methanol (pH 11)) for 5 rain. The gel was then sand- 

wiched between a film of PVDF, which had been rinsed 
with 100% methanol, and several sheets of blotting 
paper. The assembly was placed in a blotting apparatus 
and electroeluted for 30 rain at 0.5 A in transfer buffer. 
Afterwards, the PVDF film was washed in deionized 
H20 for 5 min, stained with 0.1% Coomassie brilliant 
blue in 50% methanol for 5 min, destained in 50% 
methanol, 10% acetic acid for 5-10 min, then finally 
rinsed in deionized H20 for 5-10 min and allowed to 
air dry. The desired bands were cut out of the PVDF 
film for sequence analysis. Peptides from the film were 
sequenced in an automated gas-liquid solid-phase 
sequenator (Model 477A, Applied Biosystems, Foster 
City, CA) [29]. 

Spectroscopic measurements. Absorption measure- 
ments were made with a Varian 2300 UV-Visible Spec- 
trophotometer (Varian, Houston, TX). Circular dichro- 
ism measurements were made with a Jasco J-500 Spec- 
tro-polarimeter on samples with a known absorbance 
between 1.0 and 1.3 cm -1 at Xm, ~- 

Steady-state fluorescence emission spectra were taken 
with a SPEX Fluorolog 2 model 212 spectrofluorimeter 
(SPEX Industries, Metuchen, N J) interfaced with an 
Epson Equity I computer through a Fluorometer Con- 
trol System (Brown's Software, Penllyn, PA). The detec- 
tor used was a cooled RCA 31034A photomultiplier 
tube. The dark noise from the photomultiplier tube was 
subtracted from all measurements. Monochromator slits 
were adjusted such that the intensity of emitted light 
fell into a range favorable for photon counting 
(100000-300000 cps) which led to a bandwidth range 
of 1-2 nm. The wavelength dependence of the fluorime- 
ter was corrected by calibration with a standard lamp 
(Optronics Laboratories 245C). All measurements were 
made with detection at 90 ~ to excitation. The maxi- 
mum absorption of the samples was 0.2 cm -1 for all 
steady-state emission experiments. Polarization mea- 
surements were made with Glan Thompson polarizers. 
For emission polarization, the samples were excited at 
590 nm; for excitation polarization, the emission was 
monitored at 720 nm. For the ionic strength and tem- 
perature studies~ samples were diluted by direct in- 
troduction of the material into the cuvette used for 
measurement followed by rapid mixing by hand. During 
the temperature studies the cuvette containing the di- 
luting buffer was allowed to equilibrate at the tempera- 
ture of interest before introduction of the room temper- 
ature sample. The dilution of the sample was always by 
at least a factor of forty, ensuring that the final temper- 
ature was close to that of the diluting buffer. The 
temperature of the sample was controlled with a tem- 
perature regulating recirculating bath (Neslab RTE-5B). 

Picosecond pulses for the time resolved measure- 
ments were provided by a tunable, cavity-dumped dye 
laser using rhodamine 6 G as the lasing dye (Spectra 
Physics model 375, Mountain View, CA) synchronously 



pumped by an argon ion laser (Spectra Physics, model 
171). The excitation beam was vertically polarized and 
the fluorescence emission from the samples was moni- 
tored at the magic angle to eliminate anisotropic artifacts 
in the decay components. The emission wavelength was 
selected by a double monochromator  (Instruments SA, 
Metuchen, N J) with a 4 nm bandwidth. Data  were 
collected from an ITT microchannel plate detector 
(model F4129) using the single-photon timing technique 
and were analyzed as sums of exponential decays using 
an iterative deconvolution program. The time resolution 
of the instrument, limited by the response of the detec- 
tor, was around 20 ps. Measurements were taken with a 
2 • 3 mm cuvette with samples that had an effective 
maximum absorbance of 0.27. 

Results 

Characterization of the transformants 
Transformation of Synechococcus sp. PCC 7002 with 

the apcC gene interrupted by a DNA fragment encod- 
ing the neomycin phosphotransferase of Tn5 (see Fig. 2) 
resulted in kanamycin-resistant, apcC- colonies after 
segregation. Southern blot hybridization analyses of 
selected transformants revealed that the apcC locus was 
interrupted in all cases and that the mutants were 
homozygous (Fig. 4). When the DNAs of transformants 
were digested with HindlII and probed with the 0.933 
kbp PstI-BglII fragment encoding a portion of apcB 
and apcC, two fragments of 1.060 kbp and 5.5 kbp 
hybridized as predicted, while fragments of 4.2 kbp and 
1.060 kbp were observed for the wild-type (Panel A, 
Fig. 4). A single fragment of 1.6 kbp is observed when 
the wild-type DNA is digested with PstI and probed 
with the same D N A  fragment (Panel B, Fig. 4). Two 
fragments of 1.9 and 1.0 kbp are observed when the 
DNAs of the transformants are digested with PstI, 
since the inserted DNA carries a single PstI site (see 
Fig. 2). These results confirm that the apcC gene is 
interrupted in the transformants. Similar Southern blot 
hybridization experiments were performed to confirm 
that the apcD gene was interrupted in the apcD- 
mutants (results not shown). The expected restriction 
fragments, differing in all cases from those of the wild- 
type, confirmed that homozygous apcD- mutants were 
obtained as expected. 

Comparison of apcC- mutant and wild-type phycobili- 
somes 

A diagrammatic representation of the sucrose density 
gradient step in the phycobilisome purification (see 
Materials and Methods) is shown in Fig. 5A. The 
phycobilisomes appear as dark blue bands in the 0.6 M 
sucrose region with the same sedimentation rate for 
both mutant and wild-type. In the 0.2 M sucrose region, 
both samples show a blue band varying in intensity 
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Fig. 4. Fluorogram of Southern plot hybridization experiment to 
confirm the interruption of the Synechococcus sp. PCC 7002 apcC 
gene. Total DNAs (chromosomal and plasmid DNAs) of the wild-type 
(Lane 4) and of three independent kanamycin-resistant mutant trans- 
formants (Lanes 1, 2 and 3) were digested with either HindlII (A) or 
PstI (B) and eleetrophoresed on a 0.75% agarose gel. DNA fragments 
were transferred to a nitrocellulose filter by capillary action. The 
resultant filter was probed by hybridization with the 0.933 kbp 
PstI-BglII fragment, encoding the 3' portion of the apcB as well as 
the apcC gene (see Fig. 1), which had been labeled with 32p by 
nick-translation. The numbered arrows indicate the positions of size 
markers, which were the HindlII fragments of bacteriophage lambda 

DNA, in kbp. For additional details, see text. 

from preparation to preparation which consists of disso- 
ciated phycobilisomes. A middle blue band was always 
prominent  in the apcC- phycobilisome gradients and 
virtually absent from wild-type gradients, and was shown 
by gel electrophoresis and spectroscopic measurements 
to be enriched in allophycocyanin relative to intact 
phycobilisomes (data not shown), indicating that it con- 
sisted predominantly of dissociated core components. 

The phycobilisomes from the apcC- mutant  were 
characterized in various ways to ensure that there was 
no change in polypeptide composition to compensate 
for the loss of the L~ polypeptide and to prove that this 
polypeptide was in fact missing from the mutant  struc- 
tures. There are two small polypeptides of similar 
molecular mass in Synechococcus sp. PCC 7002 phyco- 
bilisomes, L~ and L~ 5 [11]. The latter polypeptide, a 
rod 'capping' polypeptide, is located at the distal ends 
of the phycobilisome rods (see Fig. 1) and appears ~0 
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Fig. 5. Profiles of phycobilisome purification by sucrose density centrifugation from Synechococcus sp. PCC 7002 wild-type and the apcC- mutant. 
The lines indicate the boundaries of the sucrose layers before centrifugation. (B) Silver-stained SDS-polyacrylamide gel of wild-type and apcC- 
phycobilisome components. Lanes identified a, b and c correspond to the bottom, middle, and top bands indicated on the diagrams of the gradients 

in (A). WT, wild-type; PBS, phycobilisomes. 

play a role in the stable attachment of the terminal 
phycocyanin trimer disc to the rods [11,30]. The L~ and 
L~ s polypeptides comigrate on SDS-polyacrylamide 

gels. Polyacrylamide gels of wild-type and mutant 
phycobilisomes, stained with Coomassie brilliant blue, 
both show a band in the region of 8 kDa, although the 
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Fig. 6. Absorption (A) and circular dichroism (B) spectra of wild-type and apcC- phycobilisomes. Wild-type phycobilisome spectra are represented 
by dotted lines and those of the apcC- mutant by solid lines. For the CD spectra, samples were taken directly from the sucrose gradients and had 
absorbances between 10 and 12 cm -1 at the maximum (635 nm). Measurements were taken on undiluted samples in cells with a pathlength of 0.1 

cm to give an effective absorbance between 1.0 and 1.2. 



band in the mutant phycobilisome lane is much fainter 
than that in wild-type lane. The more sensitive silver 
stain procedure (Fig. 5B) shows clearly that poly- 
peptides of about 8 kDa are present in both the mutant 
and wild-type structures. The bands in the 8 kDa region 
were electroblotted onto PVDF membranes and sub- 
jected to twelve rounds of sequential Edman degrada- 
tion [31]. The amino acids released at each step were 
compared to those predicted by the DNA sequences of 
the apcC (encoding L~) and cpcD (encoding L]~ 5) genes 
[30]. The sequence results showed that only the LsR 5 
polypeptide was present in the mutant phycobilisomes, 
whereas residues from both the L~ and L~ 5 poly- 
peptides were recovered from the wild-type phycobili- 
somes. 

Two-dimensional gels were run with isoelectric 
focussing from pH 3 to 10 in the first dimension, to 
check for the presence of the other core polypeptides in 
the mutant and wild-type phycobilisomes, particularly 
the et AP~ subunit [10,32]. The two-dimensional pattern 
of phycobiliprotein polypeptides was the same for 
wild-type and strain apcC-. 

Fig. 6A shows the absorption spectra of the mutant 
and the wild-type phycobilisomes. The greatest dif- 
ference, about 57o of the total absorption, occurs at 658 
nm. The CD spectra of the two complexes (Fig. 6B) are 
similar; there is a single positive feature with a maxi- 
mum at 635 nm. The intensity at the maximum of the 
band is the same for wild-type and mutant; the only 
significant difference occurs between 650 and 670 nm, 
as in the absorption spectra. In that region, the CD 
spectrum of the apcC- phycobilisome is less positive 
than that of the wild-type. 

The steady state fluorescence emission spectra are 
shown in Fig. 7. Emission spectra were independent of 
excitation wavelength between 580 and 640 nm for both 
types of phycobilisomes. The difference between the 
phycobilisomes is more pronounced in the fluorescence 
emission spectra than in the absorption or CD spectra. 
The wild-type has a maximum fluorescence at 680 nm 
whereas the mutant phycobilisome fluorescence is maxi- 
mal at 665 nm. Fig. 7 provides a direct comparison of 
the quantum yields of fluorescence of the mutant versus 
the wild-type, because the absorptions of the two sam- 
pies were matched at the excitation wavelength. As can 
be seen, there is very little difference in the fluorescence 
intensity at the maxima. 

Both the excitation and emission polarization spectra 
yielded a polarization of 0.0 +__ 0.1 across the range of 
wavelengths examined (for details, see Ref. 31). For 
excitation polarization, emission was monitored at 720 
nm and the excitation monochromator scanned from 
500 to 670 rim. For emission polarization, the samples 
were excited at 590 nm and the emission monochro- 
mator scanned between 600 and 750 nm. This depolari- 
zation is interpreted as arising from the large number of 
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Fig. 7. Fluorescence emission spectra of wild-type and apcC- 
phycobilisomes. Samples in 0.6 M sucrose solution (from the gradi- 
ents) were diluted into 0.75 M Na/K-PO4 (pH 8.0) to give an 
absorbance of less than 0.2 cm - I  at ~m~x. To allow direct comparison 
of fluorescence quantum yields, the two samples were matched to 

equal absorbance at the excitation wavelength (590 nm). 

chromophores involved in the phycobilisome energy 
transfer and prevents detection of any differences in the 
core chromophore orientation of the mutant compared 
with the wild-type. 

Phycobilisomes dissociate under conditions of low 
ionic strength or elevated temperature. The fluorescence 
of the wild-type phycobilisomes before and after dilu- 
tion into 50 mM Na/K-PO4 (pH 8), shows a shift in the 
maximum from 680 to 650 nm signalling a much greater 
contribution to the fluorescence from phycocyanin 
which is no longer connected to the core. The same 
effect can be produced by raising the temperature. 

The dissociation of the phycobilisomes at lower ionic 
strength was examined by rapid dilution of the phyco- 
bilisome solutions (0.8 M sucrose, 0.75 M Na/K-PO4) 
into phosphate buffers varying in concentration. The 
resulting dissociation was followed by sampling the 
fluorescence at 680 nm at 1 s intervals while exciting 
with 590 nm light. Kinetic traces of fluorescence from 
the wild-type and mutant phycobilisomes at 680 nm, 
after dilution into 0.65, 0.33 or 0.05 M Na/K-PO4, are 
shown in Fig. 8A. Dilution into 0.65 M Na/K-PO4 
causes little decrease in fluorescence at 680 nm over 10 
rnin in either complex, whereas dilution into 0.05 M 
Na/K-PO 4 causes a rapid decrease in fluorescence which 
is essentially complete after 2 min, aga in  for both 
complexes. Differences between the wild-type and the 
mutant become apparent at 0.33 M Na/K-PO4; in this 
buffer the wild-type phycobilisome 680 nm fluorescence 
decreases much more slowly than does that of the 
mutant phycobilisomes. The rate of decrease of the 
apcC- phycobilisome 680 nm fluorescence on dilution 
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Fig. 8. Kinetics of fluorescence decay at 680 nm of Synechococcus sp. PCC 7002 wild-type and apcC- phycobilisomes after dilution into buffers of 
different concentrations or into the same buffer at different temperatures. Stock phycobilisome solutions, in 0.8 M sucrose, 0.75 M Na/K-PO4 (pH 
8.0), were diluted approximately 40-fold at time zero into the buffers indicated below. Precise dilutions were chosen to give closely matching sample 
absorptions at 590 nm after dilution. (A) Dilution into 0.65, 0.33, and 0.05 M Na/K-PO4 (pH 8.0) at 20 ~ C. The lower decay curve (dotted line) of 
each pair is that of the mutant phycobilisome fluorescence. (B) Dilution of wild-type phycobilisomes into 0.65 M Na/K-PO 4 (pH 8.0) at 20, 30, 40 

or 50 o C. (C) Dilution of apcC- phycobilisomes under conditions corresponding to those in (B). Excitation was at 590 nm for all measurements. 

with 0.33 M N a / K - P O 4  is similar  to that  resul t ing f rom 

di lu t ion  in to  0.05 M N a / K - P O 4  (Fig. 8A). 
Figures 8B and  8C show the kinetics of dissociat ion 

of the phycobi l isomes at 20, 30, 40, and  50 ~ C. The  
wild-type shows tittle evidence of dissociat ion unt i l  the 

tempera ture  is raised above 40 ~ C; the m u t a n t  begins to 

dissociate at 40 ~  and  shows more  rapid  dissociat ion 
at 50 ~  than  the wild-type. After  10 re.in at 50 ~  the 
m u t a n t  and  wild-type exhibit  the same f luorescence 

spectrum, with a m a x i m u m  at 655 nm.  W h e n  the tem- 

perature  is lowered to 20 ~ C after measu remen t  at 40 ~ C, 
the wild-type fluorescence spect rum is recovered a lmost  

completely.  After  the wild-type phycobi l i some has been  

exposed to 50 ~ C, a small  por t ion  of the 680 n m  peak is 

recbvered when  the t empera ture  of the sample  is lowered 

to 20 ~ C. The  recovery of the m u t a n t  phycobi l i some 

f luorescence is no t  so great. After  t rea tment  at 40 o C, 

the f luorescence m a x i m u m  when measured  at 20 ~  is 
still at 655 nm,  and  the shoulder  at 680 n m  increases by 

only  10-15%. There  is no  recovery of the f luorescence 
spec t rum of the m u t a n t  at 20 ~  after hea t ing  to 50 ~ C. 

Comparison of  a p e D -  mutant and wild-type phycobili- 
somes 

The apeD-  m u t a n t  phycobi l i somes have the same 
sed imenta t ion  behavior  on  sucrose densi ty  gradients  as 
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Fig. 9. Absorption (A) and circular dichroism (B) spectra of wild-type and mutant apeD- phycobilisomes. All conditions were as described in the 
legend to Fig. 6. 



do the wild-type particles. The absorption spectra of 
both types of phycobilisomes are almost identical (Fig. 
9A). The et APB polypeptide can be readily resolved from 
the other components of the phycobilisome core by 
two-dimensional gel separation with isoelectric focusing 
in the first dimension and electrophoresis in the pres- 
ence of SDS in the second dimension [4,10]. It was 
confirmed that by this criterion the apcD- mutant 
phycobilisomes were lacking in the ot APB polypeptide 
(data not shown). Between 655 and 685 nm the ab- 
sorbance of the mutant phycobilisomes is slightly lower 
than that of the wild-type. The greatest difference be- 
tween the two occurs at 670 nm and is approx. 2% of 
the maximum absorbance (at 632 nm). The CD spectra 
of both complexes (Fig. 9B) are very similar, displaying 
a positive feature with a maximum at 635 nm. These 
observations show that the deletion of the two Ot APB 

polypeptides from the phycobilisome core has not al- 
tered the size of the structure or the conformation of the 
other components. 

Fig. 10 shows the fluorescence emission of the mutant 
and wild-type phycobilisomes for samples which have 
equal absorbance at the excitation wavelength (590 nm). 
The maximum fluorescence emission for the mutant 
phycobilisomes occurs between 665 and 668 nm; the 
maximum emission of the wild-type occurs at 680 nm. 
The quantum yields of the two complexes were com- 
pared for a number of different samples; the fluores- 
cence of the mutant phycobilisomes was 15 _+ 20% higher 
than that of the wild-type particles. 

No difference between mutant and wild-type phyco- 
bilisomes was seen in fluorescence decay measurements. 
Table II provides a summary of results for 625, 650 and 
670 nm excitation of the mutant phycobilisomes. De- 
convolution of wild-type phycobilisome fluorescence 
decay measurements yielded the same values. Time-re- 
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TABLE II 

Time-resoloed emission data for apcD - phycobilisomes 
Exponential  decay components  of fluorescence emission at wave- 

length h em are characterized by an amplitude, a, and a decay time, ~'. 

A negative value of the ampli tude refers to an induction or rise 

component  

625 nm excitation 
e m  r  

h 6 6 0  n m  h 6 9 0  tam 

r (ns) a r (ns) 

0.41 1.7 1.5 1.7 

0.09 0.26 0.26 0.50 

0.50 0.03 - 0.78 0.10 

'rmean = 1.6 ns a "rmean = 1.7 ns 

650 nm excitation 

c m  e m  ~660 n m  ~ 6 9 0  n m  

a T (ns) a ~" (ns) 

0.32 1.7 1.26 1.7 

0.09 0.26 0.28 0.30 

0.59 0.02 - 0.54 0.08 

rm~ ~ = 1.6 ns ~m~, = 1.7 ns 

670 nm excitation 

X~%,m 
a r (ns) 

0.24 1.7 

0.08 0.40 

0.68 0.02 

~mean = 1.6 ns 

a Tmea  n z ~ i r  

solved emission measurements performed on whole cells 
likewise revealed no significant differences between the 
wild-type and mutant for excitation at 625 and 670 rim, 
and emission monitored between 675 and 720 nm. 

Discussion 

Earlier studies of allophycocyanin complexes con- 
taining the Lac and/or  the O/APB polypeptides were 
suggestive of specific roles for these core components 
(for a review, see Ref. 3). As shown in Fig. 1, the top 
cylinder of the core consists of four trimeric allophyco- 
cyanin complexes, two of which contain the small core 
polypeptide L~. Two additional such complexes are 
present in each of the two basal cylinders for a total of 
six Lac-Containing complexes (Table I). Earlier compari- 
son of the properties of i so l a t ed  (s and 
(otAPflAP)3 complexes showed that their spectroscopic 
properties were similar [6], but that the (~tAPflAP)aL8 c 
complex was stable even at extreme dilution where the 
(aAPflAP)3 complex dissociated to aAP/3 AP monomers 
[6,33]. The " APB AP~APxT8 ta] a2 P3 )~'C complex is likewise re- 
sistant to dissociation [6]. On the basis of these observa- 
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tions, it was proposed that LSc stabilizes allophy- 
cocyanin-containing trimers and prevents subunit ex- 
change between the aAaB-containing complexes and 
those lacking this polypeptide [6]. 

Cells of the apcC- mutant assemble phycobilisomes 
of the same size and composition as those of the wild- 
type, except for the absence of L~. The polypeptide 
pattern of the mutant phycobilisomes revealed by 
SDS-polyacrylamide gel electrophoresis (Fig. 5, and of 
gels stained with Coomassie brilliant blue [31]) indicates 
that the missing L~ is not replaced by some other 
polypeptide (e.g., additional L~5). The 'incomplete' 
apcC- phycobilisomes are functionally indistinguish- 
able from those of the wild-type. This is an unexpected 
finding. It was anticipated that the removal of six LSc 
polypeptides from the phycobilisome core would have 
pronounced structural consequences. However, the in- 
complete phycobilisomes are less stable as indicated by 
more rapid dissociation at lower phosphate concentra- 
tion or at elevated temperature (Fig. 8A-C). The apcC- 
mutant grows about 25% more slowly than the wild-type, 
both at low and high light intensity, suggesting that 
phycobilisomes may assemble less efficiently in this 
mutant and/or  may be less stable. Support for the 
latter possibility is found in the presence of larger 
amounts of dissociated phycobilisome components in 
preparations of mutant as compared to wild-type 
phycobilisomes (Fig. 5). In sum, the results support the 
conclusion that L~ contributes to phycobilisome stabil- 
ity in vivo and in vitro, but that it is not required for the 
correct assembly of the phycobilisome core. 

Studies on separated phycobilisome components have 
established that the phycocyanobilins on the a Apn and 
L~M polypeptides have the longest wavelength absorp- 
tion maxima (670 nm) and fluorescence emission max- 
ima (680 nm) of all of the bilins in the phycobilisome 
[33-37]. Consistent with these observations, studies of 
isolated Synechococcus sp. PCC 6301 ~a l r  APBot 2APr~APxT/J3 )Lc8 
and - APt~ APril 8.5 "r 75 r P2 P "CM complexes showed that a APn and 
LT~M serve as terminal energy acceptors within these 
complexes [5,6,38,39]. From examination of the absorp- 
tion and steady state fluorescence emission properties 
of Nostoc sp. phycobilisomes, Zilinskas et al. [40] and 
Mimuro et al. [41] concluded that energy transfer from 
allophycocyanin to a APB o r  to L~M (corresponding to 
LgcgM in Synechococcus sp. PCC 7002) occurs indepen- 
dently. A similar conclusion was reached by Gillbro et 
al. [42] from time-resolved studies of fluorescence decay 
at 680 nm in Synechococcus sp. PCC 6301 strain A N l l 2  
phycobilisomes. 

Deletion of the a ApB polypeptide does not affect 
phycobilisome assembly or the growth rate of Synecho- 
coccus sp. PCC 7002. It can be inferred that the bilins 
on the two L~M polypeptides are sufficient for the 
mediation of energy transfer between the phycobilisome 
and the chlorophyll a-containing complexes of the 

thylakoid membrane with scarcely altered overall ef- 
ficiency. In other words, the orientations and distances 
between the 24 phycocyanobilins within each of the two 
basal cylinders of the phycobilisome core are such that 
efficient transfer to the remaining single acceptor bilin 
can take place. 

The amino acid sequences of aAPB and of a Ap from 
diverse cyanobacteria are 52-55% identical [11,43,44]. 
In vitro, when t h e  ( t x A P f A P ) 3  a n d  (aAPBfAP)3 com- 
plexes are mixed, rapid subunit exchange leads to the 
formation of a mixture of the four possible complexes 
in near-statistical proportions [33]. This observation in- 
dicates that the contacts between a AP and flAP subunits 
are similar to those between a APB and flAP subunits. A 
plausible suggestion is that the a APB polypeptides in the 
core of the apcD- mutant phycobilisomes are replaced 
by a AP polypeptides. 

The only significant difference in the spectroscopic 
properties of the wild-type and the strain apcD- 
phycobilisomes is in the steady-state fluorescence emis- 
sion where the contribution of allophycocyanin at 660 
nm is seen to be somewhat higher. The core in the 
mutant phycobilisomes contains only two terminal 

~-acceptor bilins, those on the two L~M polypeptides, 
whereas the wild-type core contains four (two a APB 
bilins and two L~M bilins). The increase in 660 nm 
emission may be simply a consequence of the additional 
transfer steps between bilins on allophycocyanin sub- 
units required for the excitation energy from any of the 
allophycocyanin subunits in the mutant core to reach 
the remaining two terminal acceptor bilins. Since the 
energy loss due to allophycocyanin fluorescen.ce in the 
wild-type phycobilisomes is 1-2% (see Table II), the 
observed increase in such fluorescence in the mutant 
phycobilisomes represents a very small additional en- 
ergy loss. The fluorescence increase represents roughly a 
doubling of the allophycocyanin emission, which would 
be consistent with the loss of half of the four approxi- 
mately equivalent terminal acceptors. This interpreta- 
tion is consistent with the near-identity of fluorescence 
decay kinetics between apcD- mutant and the wild-type 
phycobilisomes. 

The LSc and a Apn polypeptides are highly conserved 
in a wide variety of cyanobacterial phycobilisomes. The 
mutant lacking L~ is at a clear disadvantage relative to 
the wild-type, as evidenced by the slower growth rate 
and decreased phycobilisome stability. This does not 
appear to be the case for the mutant lacking ot APB. The 
inescapable conclusion is that the conditions under 
which the function of a APB is important have yet to be 
defined. 
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