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Several cyanobacteria adjust both the phycobiliprotein and linker protein composition of the phycobilisome,
a light-harvesting complex in cyanobacteria and some eucaryotic algae, to maximize absorption of prevalent
wavelengths of light. This process is called complementary chromatic adaptation. We sequenced the amino
terminus of a linker polypeptide which is associated with phycocyanin and accumulates to high levels during
growth of the cyanobacterium Fremyella diplosiphon in red light. A mixed oligonucleotide encoding a region of
this amino terminus was synthesized and used to identify a fragment of F. diplosiphon genomic DNA encoding
the linker polypeptide. This linker gene was located between two other linker genes and contiguous to the
red-light-induced phycocyanin gene set. Sequences of all three linker genes are presented. These genes were
transcribed together onto a large polycistronic nRNA which also encoded the red-light-induced phycocyanin
subunits. The relationship of this transcript to the biogenesis of the phycobilisome when F. diplosiphon is grown
under different conditions of illumination is discussed.

PBSs are the major light-harvesting system of cyanobac-
teria (blue-green algae; procaryotes) and red algae (eucary-
otes) (18-22, 49). They are water-soluble complexes at-
tached to the outer surface of the photosynthetic membranes
and may contain as many as 20 distinct polypeptides (18, 39).
The PBS may provide 30 to 50% of the total light-harvesting
capacity of the cells, absorbing light energy in the region of
the visible spectrum where chlorophyll absorption is low and
funneling this energy into the photosynthetic reaction cen-
ters (primarily photosystem II).

In the hemidiscoidal PBSs of cyanobacteria, there are two
domains: the rods, which are constructed from hexameric
stacks of the pigmented proteins (phycobiliproteins) PC and
PE, and the core, which is composed of trimeric arrays of
the phycobiliprotein AP. Each phycobiliprotein is composed
of two related subunits, o and 8, to which one or more
tetrapyrrole chromophores are covalently attached via
thioether linkages to cysteinyl residues. Together, the
phycobiliproteins may account for 50% of the total soluble
cell protein (4) and 85% of the mass of the PBS (45). The
balance of the PBS (15%) is composed of linker polypep-
tides, which are essential for promoting assembly and main-
taining the structure of the complex (20, 21, 32). In addition,
linker polypeptides ensure efficient, unidirectional energy
transfer from the peripheral pigments to the core and from
the core to the chlorophyll of the reaction centers (23, 49).
The linkers are basic proteins which associate tightly with
the acidic biliproteins and range in molecular mass from 8 to
95 kDa. While most of the linker proteins are nonpigmented,
some, such as the anchor protein (molecular weight between
75,000 and 95,000, depending on the organism), which is
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involved in the association of the PBS with the thylakoid
membranes and energy transfer from the PBS to the reaction
center of photosystem II (19, 32), contain a bilin chromo-
phore.

There is only limited information about the amino acid
composition and sequence of linker proteins and the genes
encoding these proteins. Recently, either complete or partial
sequences for linker polypeptides thought to be associated
with the core and rod substructures of the PBS have been
reported (16, 17). Figlistaller et al. (17) have shown that
these linker polypeptides show homology to each other and
also contain sequences homologous to the phycobiliproteins,
suggesting that all of the genes encoding PBS components
evolved from a single ancestral gene. The ancestral gene
product appears to have some similarities with globin (41).
Genes encoding the linker proteins have also recently been
identified. The core linker gene is immediately downstream
from the AP gene set in both Anacystis nidulans (27) and
Fremyella diplosiphon (P. G. Lemaux and A. R. Grossman,
manuscript in preparation) and is cotranscribed with the AP
genes in the latter species (and probably in the former).
Recently, linker genes have also been located downstream
from the PC gene sets in Synechococcus sp. strain 7002 (7;
D. A. Bryant, in T. Platt, ed., Physiological Ecology of
Picoplankton, in press) and Anabaena sp. strain 7120 (2a).

In many cyanobacteria expression of both the linker
proteins and the biliproteins is regulated by the wavelengths
of light to which the algae are exposed. This ability to
maximize absorption of prevalent wavelengths of light by
changing the pigment composition of the PBS is called
complementary chromatic adaptation. Growth in green light
causes F. diplosiphon to synthesize high levels of PE while
maintaining low levels of PC. In red light almost no PE is
synthesized, while PC accumulates. Changes in the expres-
sion of PBS components during complementary chromatic
adaptation appear to be mostly the result of differential
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transcription from phycobiliprotein genes (9, 35; A. Gross-
man, S. Robbins, P. Lemaux, and P. Conley, unpublished).
In F. diplosiphon only a single PE gene set has been found
(35; Grossman et al., unpublished data). Essentially no
transcript encoding PE is detected in cells grown in red light,
while an abundant transcript is present in cells grown in
green light (35; Grossman et al., unpublished). In contrast,
light-regulated PC synthesis involves differential expression
from more than one gene set. In F. diplosiphon there are at
least two gene sets encoding PC subunits (9, 10). One of
these gene sets is constitutively expressed (transcripts from
this gene set can be detected in both red and green light),
while the other is only expressed in red light. Linker proteins
also differentially accumulate during complementary chro-
matic adaptation (5), and it is important to determine how
their levels are regulated relative to the phycobiliproteins
with which they associate. In F. diplosiphon a minimum of
five linker polypeptides have been associated with the rod
substructure of the PBS (5). Two of these linkers accumulate
coordinately with the red-light-induced PC subunits, two
accumulate coordinately with the PE subunits, and one is
constitutively expressed. In this manuscript we describe the
isolation and characterization of the linker protein genes
which are associated with the red-light-induced PC subunits
and discuss the possible mechanisms involved in their regu-
lated synthesis.

MATERIALS AND METHODS

Abbreviations. Abbreviations used in this paper include:
kb, kilobase pair; AP, allophycocyanin; PC, phycocyanin;
PE, phycoerythrin; PBS, phycobilisome; kDa, kilodalton;
SDS, sodium dodecyl sulfate; bp, base pair; PAGE, poly-
acrylamide gel electrophoresis. Phycobiliprotein subunits
and linker polypeptides of PBSs are abbreviated by the
system of Glazer (19). The a and B subunits of a particular
biliprotein, such as PC, are denoted PC* and PCP. Linker
polypeptides are denoted L, and R, C, and M as subscripts
to L indicate that the linker polypeptide is located in the rod,
core, and membrane, respectively. Numerical superscripts
to L give the apparent molecular masses (in kDa) of the
linker polypeptides (as determined on SDS-polyacrylamide
gels).

Materials. All chemicals were of reagent grade. Restric-
tion enzymes were from Bethesda Research Laboratories
and Boehringer Mannheim; calf intestine alkaline phospha-
tase, DNA polymerase I, and the Klenow fragment of DNA
polymerase I were from Boehringer Mannheim; T4 DNA
igase was from Bethesda Research Laboratories; thio-[a-
3S]dATP (650 Ci/mmol; 1 Ci = 37 GBq), [y-*?P}JdATP (3,000
Ci/mmol), and [a-32P]dCTP were from Amersham.

PBS isolation, protein electrophoresis, and purification. F.
diplosiphon, a subculture of strain UTEX 481, was grown in
Gorham medium (28) at 31°C in 5% CO0,-95% air and
illuminated at 40 pEm~2 s~ (1 E = 1 mol of photons) with
either red (Westinghouse F20T12/R) or green (Westinghouse
F15T8/G) fluorescent lights. Intact PBSs were isolated from
algal cells broken in a French pressure cell at 6,000 1b/in? and
purified on sucrose step gradients (47). Electrophoretic
separation of the polypeptides of isolated PBSs was done at
a constant current of 10 mA on a 7.5 to 15% polyacrylamide
gradient gel as described previously (13).

- N-terminal uencing and synthesis of oligonucleo-
tide probes. The linker polypeptide L¥ was isolated by
electroelution from polyacrylamide gels (31) and
microsequenced with an Applied Biosystems 470A gas phase
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microsequencer (29, 37). The mixed oligonucleotide of 14
residues, encoding a portion of the amino-terminal sequence
of L, was synthesized with the Applied Biosystems 388
oligonucleotide synthesizer by a modification of the standard
phosphotriester method (43) and purified by PAGE (48).

Identification of linker genes on clones encoding phycobili-
proteins. The mixed oligonucleotide probe was used to
screen plaques of A EMBL3 (15) previously demonstrated to
encode biliprotein subunits (10). The oligonucleotide probe
was radiolabeled (34) with [y-**P]JdATP and T4 polynucleo-
tide kinase. Plaque hybridizations (3) were performed at
37°C for 12 to 18 h in 0.5 M NaCl-0.1 M NaH,PO,0.1 M
Tris base-0.002 M EDTA-0.1% SDS (without prehybridiza-
tion). Following hybridization, the nitrocellulose filters were
washed four times (10 min each) at room temperature in 0.05
M PO, buffer, pH 7.0-0.002 M EDTA-0.1% SDS and
exposed to Kodak XAR-S film for 6 to 36 h at —80°C.

Restriction mapping of cloned sequences. Phage DNA from
A EMBL3 clone 37 (10) which hybridized to the oligonucle-
otide mixture was purified by the method of Maniatis et al.
(34) and digested with the restriction enzymes PstI, HindIII,
and EcoRI as specified by the manufacturer. Fragments
were resolved by electrophoresis in a 1.0% agarose gel in
TBE buffer (0.05 M Tris, 0.05 M boric acid, 0.0025 M
disodium EDTA) and transferred to nitrocellulose (34).
Labeled oligonucleotide was hybridized to restriction frag-
ments of clone 37 as described above for hybridization to
plaque DNA.

DNA sequencing. DNA from clone 37 was digested with
HindIII. A 1.8-kb fragment which hybridized to the oligonu-
cleotide probe was purified from agarose gels by the method
of Maniatis et al. (34) and either ligated directly into mp18
digested with HindIII or digested with PstI and ligated into
mpl8 and mpl9 digested with PstI and PstI-HindIIl.
SaulllA fragments of the isolated 1.8-kb fragment were also
ligated into mp19 cut with BamHI. Ligated DNA was used to
transform Escherichia coli IM101 (36). Single-stranded DNA
from plaques was isolated, and template was prepared and
sequenced by the dideoxy chain termination method (36).
Sequencing was also performed with oligonucleotide primers
synthesized on the Biosearch 8600 oligonucleotide synthe-
sizer. Primers were made to sequences approximately 200
nucleotides apart and used for dideoxy sequencing of the
single-stranded template, containing the entire 1.8-kb
HindIII insert.

A 3.8-kb HindIlI fragment in plasmid pFD126 (9) adjacent
(on the F. diplosiphon genome) to the 1.8-kb HindIII se-
quence encoding L was partially sequenced. pFD126 was
digested with Ddel and electrophoresed on a 5% polyacryl-
amide gel in TBE buffer, and a 0.8-kb Ddel fragment was
electroeluted from the gel in 0.2x TBE buffer (34). After the
Ddel end was filled in with the Klenow fragment of DNA
polymerase I, the 0.8-kb piece was digested with HindIII,
yielding a 500-bp sequence contiguous with the 1.8-kb
HindlIlI fragment. This piece was ligated into both mp18 and
mp19 (digested with HindIII and Hincll), and the recombi-
nant molecules were used to transform JM101. The single-
stranded template, in both orientations, was sequenced as
described above. This fragment was also sequenced after the
generation of progressive deletions with exonuclease III (25).

Comparison of linker amino acid sequences. Homologies
among the linker polypeptides were examined with the
protein sequence analysis program from Protein Identifica-
tion Resources, Biomedical Research Foundation, George-
town University Medical Center, Washington, D.C.

Hybridization of linker gene sequences to RNA. RNA
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FIG. 1. SDS-PAGE of F. diplosiphon PBSs isolated from cells
grown in red (R) or green (G) light. The name of each linker
polypeptide, using the terminology of Glazer (17) (see Materials and
Methods), is indicated on the left.

isolated from F. diplosiphon grown in both red and green
light (9) was resolved by electrophoresis on a 1.5% agarose
gel under denaturing conditions and transferred directly to
nitrocellulose paper (46). Mixed oligonucleotide hexamers
(Pharmacia) were used as primers to synthesize radiolabeled
probes (14) from either single-stranded M13 templates or
heat-denatured, double-stranded DNA fragments. Hybrid-
ization of the radiolabeled DNA to the RNA and conditions
for washing the nitrocellulose filters following hybridization
have been described (9).

S1 nuclease mapping. The 3’ end of the large (3,800-base)
transcript encoding both the red-light-induced PC subunits
and linker polypeptides was determined by S1 nuclease
protection (8). A 291-bp HindIII-PstI fragment encoding the
3’ end of Lg’ (plus additional downstream sequences) was
cloned into mpl9, radiolabeled by complementary second-
strand synthesis with 1 pg of template, 1.5 U of the Klenow
fragment of DNA polymerase I, and the 17-base M13 se-
quencing primer (Pharmacia, no. 27-1534-01). Unincorpor-
ated nucleotides were separated from the labeled comple-
mentary strand by column chromatography on a Sephadex
G-50 column. The reaction product was cleaved with PstI for
1 h at 37°C (generating a labeled 301-base fragment), and
one-fifth of the labeled DNA was precipitated together with
26.5 ng of RNA from red- or green-light-grown cultures.
RNA-DNA hybridization (39°C) and S1 digestions were
performed as described previously (30). Following digestion,
the nucleic acid was prepared as for sequencing and loaded
on a 6% sequencing gel. The size of the protected fragment
was determined by comparison with a sequencing ladder
generated for mpl8 from the 17-base sequencing primer.
Exposure to Kodak XAR-5 film was done for 24 h at —80°C
with an intensifying screen.
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RESULTS

PBSs can be readily isolated as intact light-harvesting
complexes (18). This allowed us to compare the polypeptide
composition of PBSs from F. diplosiphon grown under
various conditions of illumination. PBSs from F. diplosiphon
contain phycobiliprotein subunits (PC*#, AP*#, and PE*F)
and linker polypeptides (L¥c, L¥, L¥S, L¥S, and LY)
which exhibit differential accumulation during growth in red
and green light (Fig. 1) (4-6). The sizes of the linker proteins
(39.0, 37.5, 35.5, 35.0, and 31.0 kDa) were estimated from
migration on denaturing polyacrylamide gels. Linker L¥c
was present during growth of F. diplosiphon in both red and
green illumination (its level did not appear to change signif-
icantly with different light qualities) and was therefore likely
to be involved in the association of the core of the PBS with
the first PC hexamer of the rod substructure. The linker
polypeptides L and L¥-> were present in PBSs of cells
grown in red light and either absent or nearly absent in cells
grown in green light, suggesting that these linkers associate
with the PC subunits synthesized during growth of F.
diplosiphon in red light. Some low-molecular-weight
polypeptides were also present in PBSs from cells cultured
in red light but not from green-light-grown cells (below the
phycobiliprotein subunits in Fig. 1). The proteins L¥-> and
L2, often represented by a doublet on polyacrylamide gels,
were present only in PBSs from green-light-grown F.
diplosiphon, as were the PE subunits (Fig. 1), suggesting that
these linkers are associated with the red-pigmented PE
hexamers (involved in interactions of PE-PC and PE-PE
hexamers).

To demonstrate the presence of the gene encoding the
linker polypeptide L on the clones containing fragments of
F. diplosiphon genomic DNA, we constructed a 14-base
mixed oligonucleotide encoding a region of the amino termi-
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FIG. 2. Location of the gene encoding L¥ by oligonucleotide
hybridization to restriction fragments of A clone 37 DNA. (A)
Hybridization of oligonucleotide to clone 37 DNA digested with
Pstl, HindIll, HindIII-EcoRI, and EcoRI. The sizes of each hybrid-
izing species were; Pstl, 2.4 kb; HindIll, 1.8 kb; HindIII-EcoRI, 1.8
kb; and EcoRlI, 6.0 kb. Markers used to estimate the sizes of the
hybridizing fragments were generated by digestion of A DNA with
Sall, HindIIl, or EcoRI. (B) Map of the region of the F. diplosiphon
genome which hybridized with the oligonucleotide (marked linkers)
and contained the inducible PC gene set. H, P, E, C, A, and D,
Restriction enzyme sites for HindIll, Pst1, EcoRl, Clal, Ahalll, and
Ddel, respectively. The wavy arrows indicate transcripts generated
from this region of the genome.
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AGC TAG GGTTTCCTTTCGCCCAGAACAACTAAAGGCTGTGGATGCTAATTTCTAGCATGEGCAGTTTTATGGGGTTCTGGGCATGTTTTTTCT

S
100

AT& ACT AGT TCC iCA GCG GCC
M T S S T A A
200

GATTGAAATTCAGGAGATTCAGTC

ACA GCT ccc ACR GAA TTG AGA éCT AGT AGT GRC GTA ATT CA*
T A P T E L R A S S D v P A
250

GGC AAT GAC éAC GTG ATG CAA AGC GAA CG; CTC ACC AGT éCA
G N D H v M Q S E R L T S A
350

GTC AGA GAT TTT GTG CGG TTA TTA GCA CAA TCT GAA CTA TAT
V R b F V R L L A @ S E L Y
400

TAC AAG CAT TTG CTT GGT CGT
Y K H L L G R

GTC CGC TTC ATC GAA CTG

AAC
v R F I E L N

CAC éTC AAC CTT TRT AAA GGA

G

ACA GAG TAC GAG éCA GAA ATC
Y A

K

550

GAA AGC TTT GGC GAA CGA ATT GTA CCT CAT TAT CGG GGA TTT
E s F 6 E R I V P H Y R G F

150

CéA CAG CTA GGR TTT GAA CCG TTT GCT AGC
R Q L G F E P F A S

GCT GCT TAT éGT CAA GTG T;T CAA GTG TTT
v I H A A Y R Q v F
300

GAA TCG C%A TTG CAA CA& GGT AAC ATT AGC
E S L L Q Q G N 1 S

CGC CAA AAG TTC TTT TAC TCT ACA CCT CAA
R @ K F F Y s 1T P Q
450

GCG éCC TAC GAT GiA TCA GAG AT% TCT TAC
A P Y D E S E 1 S Y
500

RAT TCA TAT AT; GAT TCA GCC GAA TAT CAA
N S Y 1 D S A E Y Q

600

GAA ACT CAA ECG GGA AAG GGC

E T Q P G

650

CAA ACA GTA
Q

GAT CGC
D R

CAG ACT
Q T

TCC CAA
S Q

CCT AAC
P N

GGT

AAA

G K

TTT GGC
F G

AAC

AAG

AAG

GGA
G

TCT

CT6

GCT

ACT

TTC AAC CGG ATG TTT CAG ATT TAT CGG GGA TAT GCT AAC AGC
F N R M F @ I Y R 6 Y A N s
700
TGG TTA ACC CAA GAT CTA GCA CTG AAT TTG GCT AGC AAC ATT
W L T @ Db L A L N L A $ N 1
750
GGT GTA GTC GCA GGC GAT CGC GGA CAG CTT TAC CGA GTA CGA
G V V A 6 D R G @ L Y R V R
850
CAA ATC AGA CGT AGT ATT CAA GAG TAT TTG GTC AGT TAC GAC
@ I R R s I @ E Y L V s Y b»
900
CAG CGA GGT AGT CGC GTA GTT AAT ATT TCT CCT GCC TAA
@ R 6 S R V V N 1 S P AEN
1000
ATTCGTG CCA ATT ACA TCC GCA GCA TCT CGT TTG GGA ACT
P 1 T s A A S R L G T
1050
CGT CCA AAC TGG ACA GCA GAA GAT GCC AAG ATT GTT ATC CAG
R P N W T A E D A K I V 1 a
1150
TAC TTG ATG CAG TCA GAA CGT CTC ACC AGC TTA GAG TCG TTG
Y L M @ s E R L T s L E s
1200
TTT GTC CGC GCA GTA GCT AAA TCA GAA TTA TAC AAA ACA AAG
F vV R A V A K S E L Y K T «x
ATT GAA TTG AAC TTT AAG CAT TTG TTA GGA AGA GCT CCT TAC
1 E L N F K H L L 6 R A P ¥
1350
CGC GAC CAA AAT CAA GGG TTC GAC GCA GAC ATC GAT TCC TAT
R Y @ N @ 6 F D A D I D S Y
1400
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800

GTC ATC CAA GCA GAT AGA GGG CGT ACT ACT
vV 1 @ A D R G R T T

CAA CTT TCA CCA ACT CTG CAA AGA CTG AAT
@ L S P T L @ R L N
950

ACTGAATCAAATTTGCCACATCAAAAAGTCTACAAGGAGAGCT

ACA GCT TAC éAA ACA AAT CET ATT GAA CT&
T A Y Q T N P 1 E L
1100

GCA GTC TRT CGT CAG GTR TTA GGC AAT GAC
A v Y R Q v L G N D

7716 ACé AAT GGT AAA ETG AGC GTC AGA GAT
L T N G K L S v R D
1250

TTT CTT TAC CCA CAT TTT CAA ACT CGG GTA
F L Y P H F @ T R V
1300

GAT GAA TCG GAA GTG ATT GAG CAT CTC GAT
> E s E V I E H L D

ATA GAT TCT éCT GAA TAT GRT ACC TAT TTT
1 D S A E Y D T Y F
1450
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GGA GAT TCG ATA GTT CCC TAC TAT CGG GAC TTA GTA ACC ACA GGT GTT GGT CAA AGA ACA GTT GGT TTT ACT
G D S 1 v P Y Y R D L v T T G v G Q R T v G F T
1500
CGC AGT TTC CGC CTT TAC CGT GGT TAT GCG AAT AGC GAT CGC TCT CAG CTA GCA GGT AGC AGT TCT CGT CTT
R M F R L Y R G Y A N S D R S Q L A G S S S R L
1550 1600
GCA TCT GAC TTA GCT ACA AAT AGC GéA ACT GCG AT; ATC GCA CCT }CT GGT GGT AET CAA GGT TGG TCT TAC
A S D L A T N S A T A 1 1 A P S G G T Q G W S Y
1650
CTA CCT TCC AAA CAA GGA ACT GCA CCC AGC CGT ACC TTT GGT AGA TCC TCT CAA GGT TCT ACC CCA CGC CTT
L P S K Q G T A P S R T F G R S S Q G S T P R L
1700 1750
TAC AGA ATC GAA GTT ACA GGT ATC AGT CTG CCA AGA TAT CCA AAA GTT CGT CGT AGC AAC AAA GAG TTC ATT
Y R I E v T G 1 S L P R Y P K v R R S N K E F 1
1800
GTC CCC TAC GAA CAG CTA TCT AGT ACC CTG CAG CAA ATC AAT AAG CTG GGT GGT AAG GTC GCT AGC ATT ACT
v P Y E Q L S S T L Q Q 1 N K L G G K v A S 1 T
1850 1900
TTT GCA CAA TAG_GAGA TAG AAC TAT AT ATG TTA GGT TCT GTA TTG ACC AGA AGA TCT RGT TCC GGT TEA GAC
F A Q END M L G S v L T R R S S S G S D
1950
AAT CGC GTC TTT GTT TAC GAA GTA G;A GGA TTG CG& CAG AAC GAG éAA ACT GAT ARC AAT CGT TA; CAG ATT
N R v F v Y E v E G L R Q N E Q T D N N R Y Q 1
2000

CGC AAT AGC AGC ACG ATT GAG AT; CAA GTC CCT TAC AGC CGG A;G AAT GAA GAA GAT CGT CGC ATC ACC CGC
R N S S T 1 E 1 Q v P Y S R M N E E D R R 1 T R
2050 2100

TTA GGC GGC AGA ATT GTT AAC ATC CGT CCT GéA GGT GAA AA* CCA ACT GAA éAT GCA TCA GAA AAC TGA AAA
L G G R 1 v N 1 R P A G E N P T E D A S E N END

2150 2200

TGCATCGGAAAGTTAACAGCAATCATcAA*GATATCTGC&GGCGTGGAA;ATATTAATT%CCCACGCCC&TTTATTGAT&TTGGCATAG;GACTA

2250

2300

AAAGCGCAATACTTGTCGGTTATGGGGAAAAGGT TAAGGGGAAAGGGGTAAGAAAAGACCTTTAACCTTTACCCTTTCACCTTATTCCCCAAACT

2350

AAATTCCCATAAATTGCACCTACATCTTG;TTGGGTCGT;AAGAGTCAA&GATAAGCTT

FIG. 3. Nucleotide sequence encoding linker polypeptides. A DNA sequence of 2,369 nucleotides encoding the final amino acid of PC*
(serine) and three proteins, L¥-5, L¥, and L¥’, is presented. Ribosome-binding sites preceding each of the coding regions are underlined. The
initiator codon for L¥ (positions 975 to 977) is also underlined. The sequence is numbered at 50-nucleotide intervals, with dots above every

10th nucleotide.

nus of LY. The first 20 amino acids of L¥, obtained by
microsequencing the isolated polypeptide, were PITSA
ASRLGTTAYQTNPIE. An oligonucleotide, TA(C/T)CA
(G/A)AC(G/A/CIT)AA(C/T)CC, which encodes amino acids
14 to 18 (excluding the last base of the proline codon), was
synthesized. Since many genes encoding PBS components
appear to be clustered on cyanobacterial genomes (reviewed
in reference 24), labeled oligonucleotide was used to screen
A EMBL3 clones encoding phycobiliprotein subunits. Clone
37, a previously characterized clone (10) containing genes
for two sets of PC and one set of AP subunits, hybridized to
this oligonucleotide. The oligonucleotide hybridized to a
1.8-kb HindIII fragment, a 2.4-kb PstI fragment, and a
6.0-kb EcoRI fragment from clone 37. EcoRI did not cut the
1.8-kb HindIII fragment (as shown in the HindIII-EcoRI
digest in Fig. 2). With a previously developed restriction
map (10), the region of the clone homologous to the oligo-
nucleotide sequence was located just downstream from the

red-light-induced PC subunit genes, a region designated
“linkers’’ in Fig. 2.

Sequence analyses of the 1.8-kb HindIII fragment plus a
portion of the preceding Hindlll fragment which encodes
PC* and PCP (Fig. 2, bottom) revealed three open reading
frames contiguous to the PC gene set, which were designated
IpcA, IpcB, and IpcC. In Fig. 3 the complete nucleotide
sequence from the last amino acid (serine) encoded by the
PC* gene to the 3’ end of the 1.8-kb HindIII fragment is
presented, with the deduced amino acid sequences of the
open reading frames shown directly below the nucleotide
sequence. The amino-terminal amino acid sequence encoded
by the second open reading frame (lpcB, nucleotides 978 to
1841, Fig. 3) exactly matched the sequence derived by
microsequencing the amino terminus of LY. The first open
reading frame ([pcA), which was separated from the PC*
gene by 114 nucleotides and from IpcB by 53 nucleotides,
encoded a protein highly homologous to L (Fig. 4A) and
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FIG. 4. (A) Comparison of amino acid sequence, as deduced from nucleotide sequence, of the first open reading frame (nucleotides 118
to 924, polypeptide designated L¥-%) following the red-light-induced PC gene set with L¥ (encoded by nucleotides 978 to 1841). (B)
Comparison of amino acid sequence, as deduced from the nucleotide sequence, of the last open reading frame (nucleotides 1860 to 2114,
polypeptide designated L}7) with L2 of M. laminosus (17). Identical amino acids are indicated by two stars, and conserved amino acid

changes by a single star (1).

was designated LY. It is very likely that the protein
encoded by IpcA is the linker protein LY’-* shown in Fig. 1,
because it was highly homologous to but slightly smaller
than L (269 versus 288 amino acids) and the transcript from
the gene was only present in F. diplosiphon grown in red
light (see below), as was LY.

Overall homology of LY~ and L¥ (Fig. 4A) was 53%, and
specific regions of the two proteins were identical or nearly
identical. For example, amino acids 28 to 71 of L¥-® were
70% homologous to amino acids 29 to 72 of L¥, and amino
acids 91 to 110 of L¥-> were 90% homologous to amino acids
92 to 111 of L. Furthermore, many positions had conserved
amino acid substitutions. Both L¥ > and L had pls of 10.55.
The carboxyl ends of the proteins were especially basic, with
a pl of 12.32 for amino acids 166 to 269 of LY and 12.44 for
amino acids 168 to 288 of L. Clustering of positively
charged amino acids was even more apparent from position
220 to the end of each protein. This basic region of each

protein may be important in interacting with the acidic
groups that are exposed in the hexameric arrays of the
phycobiliproteins (49). As deduced from Fig. 4A, the differ-
ence in size between LY and L could be mostly ac-
counted for by a small insertion preceding the region of the
gene encoding amino acid 206 of L¥* (homology between
the two proteins broke down after amino acid 207 of L’ and
was reestablished at amino acid 224), which suggests that the
genes encoding these proteins diverged from each other via
a small DNA insertion of deletion.

A third open reading frame ([pcC) of 85 amino acids,
which began 18 nucleotides downstream from the end of
IpcB (Fig. 3), encoded a polypeptide which was highly
homologous (47% overall) to a polypeptide, L2 (Fig. 4B),
sequenced by Fiiglistaller et al. (17) and thought to be
associated with PC of the rods of the PBS, and to a 9-kDa
rod linker from Synechococcus sp. strain 7002 (7; D. Bryant,
personal communication). It was also homologous to the
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TABLE 1. Codon usage for F. diplosiphon linker genes

No. of No. of
Amino occurrences Amino occurrences
Codon . Cod |
o T I W Tl T W

UUU F 9 8 1 UCU N S 10 2
uucC F 3 3 0 UCC S 2 4 1
UUA L 3 6 2 UCA S 4 2 2
UUG L 5 6 2 UCG S 1 3 0
CuuU L 4 4 0 CCu P 4 4 2
CuUC L 1 2 0 CCC P 2 3 0
CUA L 4 3 0 CCA P 2 6 1
CUG L 5 5 0 CCG P 2 0 0
AUU I 9 8 4 ACU U 7 7 2
AUC 1 4 6 2 ACC U 2 7 2
AUA I 0 2 0 ACA U 6 9 0
AUG M 3 2 2 ACG U 0 0 1
GUU V 1 6 2 GCU A 8 6 0
GUC v 6 5 2 GCC A 3 1 0
GUA V 7 4 2 GCA A 7 12 2
GUG \" 3 1 0 GCG A 2 2 0
UAU Y 9 7 1 UGU C 0 0 0
UAC Y 7 1 2 UGC C 0 0 0
UAA — 0 0 0 UGA — 0 0 0
UAG — 0 0 0 UGG W 1 2 0
CAU H 3 3 0 CGU R 5 9 3
CAC H 2 0 0 CGC R S 6 5
CAA Q 16 10 2 CGA R 5 0 0
CAG Q 6 6 2 CGG R 4 2 1
AAU N 5 7 S AGU S 7 3 1
AAC N 8 3 4 AGC S 6 8 3
AAA K 2 6 0 AGA R S 6 3
AAG K 5 5 0 AGG R 0 0 0
GAU D 7 9 3 GGU G 5 14 3
GAC D 3 h] 1 GGC G 5 1 2
GAA E 12 10 7 GGA G 7 4 1
GAG E 4 3 2 GGG G 1 1 0

small linker found in the core of the PBS (27). Therefore, it
is likely that this open reading frame encodes a linker
polypeptide. The molecular size of this protein was 9.7 kDa,
as deduced from the sequence of the open reading frame,
and it was designated Lg’. Since this small PBS component
was translated from a red-light-induced RNA (see below), it
may be associated with the red-light-induced PC hexamers
of the rods.

All three of the open reading frames presented in Fig. 3
were preceded by a ribosome-binding site (AGGAGA) iden-
tical to the ribosome-binding sites preceding the initiator
codons on the transcripts for PE* and PEP (Grossman et al.,
unpublished) and similar or identical to ribosome-binding
sites on the constitutive PC (10; Conley and Grossman,
unpublished data) and AP (Lemaux and Grossman, unpub-
lished data) mRNAs. While translation of L¥- and L§? RNA
was initiated with a methionine codon, no such codon was
present at the beginning of the coding region for L, and the
mature polypeptide began with a proline. Therefore, trans-
lation initiation may begin at GTG at position 975 (Fig. 3).

Table 1 shows codon usage for the linker genes. Compar-
ison of codon usage in the linker genes and biliprotein genes
(AP, PE, and PC) of F. diplosiphon (35; Lemaux and
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Grossman, manuscript in preparation; Conley and Gross-
man, manuscript in preparation) revealed some differences.
In general there was less codon bias in the sequences of the

linker genes. The codon AGG (arginine) was not found in
any of the biliprotein genes sequenced in F. diplosiphon and

was not present in the three linker genes. However, the
codons GUG (Valine), CCG (proline) and UCG (serine),
which were not present in PC (Conley and Grossman,
manuscript in preparation), AP (Lemaux and Grossman,
manuscript in preparation), or PE (36, Grossman et al,,
unpublished) subunit genes, were used to a limited extent in
IpcA and IpcB (not in IpcC).

The cluster of linker genes hybridized to a red-light-
induced transcript of approximately 3,800 bases (Fig. 5).
This transcript, along with a more prominent 1,600-base
red-light-induced trapscript, hybridized with a DNA frag-
ment encoding a specific PC gene set (9) (Fig. 5, lanes 1 and
2). The 1.8-kb HindIII fragment containing the 3’ end of [pcA
and the entire IpcB and IpcC genes hybridized only to the
red-light-induced 3,800-base transcript (Fig. 5, lanes 3 and
4). A Pstl fragment containing the end of /lpcB and most of
the IpcC coding region and a PsrI-HindIII fragment contain-
ing the end of IpcC (see the legend to Fig. S for details) also
hybridized to the 3,800-base transcript (Fig. 5, lanes 5 to 8).
Structural analyses of the region of the transcript which lies
between the sequences encoding PC* and L¥- (lpcA)
(Conley and Grossman, manuscript in preparation) and the

12 34 5878

FIG. 5. Hybridization of DNA fragments encoding PC and linker
proteins to RNA from F. diplosiphon. Lanes 1 and 2, Hybridization
of a 900-bp Ddel fragment from pFD126 (9) encoding the red-light-
induced PC* and PCP to RNA from cells grown in red (R) or green
(G) light. Lanes 3 and 4, Hybridization of the 1.8-kb HindIII
fragment containing the last 393 nucleotides of /pcA and the com-
plete sequences for [pcB and IpcC (nucleotides 531 to 2369 of Fig. 3)
to RNA from red- and green-light-grown cells. Lanes 5 and 6,
Hybridization of a PstI fragment containing the last 49 nucleotides
of IpcB and the first 222 nucleotides of /pcC (nucleotides 1794 to
2081 of Fig. 3) to RNA from red- and green-light-grown cells. Lanes
7 and 8, Hybridization of the HindIII-Pst] fragment containing the
last 33 nucleotides of /pcC (nucleotides 2082 to 2369 of Fig. 3) to
RNA from red- and green-light-grown cells. Arrows indicate the
positions of the 3,800- and 1,600-base transcripts (upper and lower
arrows, respectively).
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FIG. 6. S1 protection analysis to determine the 3’ end of the
3,800-base red-light-induced transcript. The gel shows a 3?P-labeled
DNA fragment that was untreated (lane 1) or treated with S1
nuclease following hybridization with tRNA (lane 2), and total RNA
from F. diplosiphon grown in green (lane 3) and red (lane 4) light.
Sequencing ladders of mp18, used to size the protected fragment,
are presented ih lanes G, A, C, and T. Potentially stable hairpins at
the 3’ end of the 3,800-base transcript are shown to the left of and
below the gel. The small arrows indicate the end of the transcript, as
determined from the S1 protection experiments. The termination
codon (UGA) of IpcC is boxed. The numbers at the beginning and
end of the sequence refer to the number of the nucleotide as
presented in Fig. 3.

sequence immediately following the region encoding L¢
(IpcC) (Fig. 6) showed a strong potential for secondary
structure. S1 mapping of the 3’ end of the 3,800-base
transcript is presented in Fig. 6. No protection of the DNA
fragment (lane 1) from S1 nuclease was observed after it was
incubated with either tRNA (lane 2) or total RNA from
green-light-grown F. diplosiphon (lane 3). RNA from red-
light-grown F. diplosiphon protected a 232- to 233-base DNA
fragment (the size was determined by comparison with
sequence ladders of mpl8, lanes G, A, C, T), locating the 3’
end of the large red-light-induced transcript at nucleotides
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2309 to 2310 (Fig. 3). The last nucleotide of the transcript
was adjacent to a potential hairpin structure (AG = —93 kcal
for the entire secondary structure shown in Fig. 6), which
may serve in transcription termination.

DISCUSSION

In this manuscript we report the complete sequence of
three genes, designated IpcA, IpcB, and IpcC, which encode
linker polypeptides and establish that these genes are tran-
scribed into a 3,800-base red-light-induced mRNA which
also encodes PC subunits. Identification of the gene for the
highest-molecular-weight linker was established because the
amino-terminal sequence of L¥ and the sequence encoded
by the 5’ end of [pcB were identical. The open reading frame
immediately upstream (gene designation IpcA) from L and
downstream from the PC* gene also encoded a linker, based
on its considerable homology with L¥. Since this open
reading frame contained information for a protein slightly
smaller than LY (269 versus 288 amino acids) and was
induced in red light, it most likely encodes the red-light-
induced linker designated L in the gel presented in Fig. 1.
The molecular sizes determined for L¥ and LY from the
sequences of [pcA and I[pcB were smaller (32.5 versus 39 kDa
for L¥ and 30.5 versus 37.5 kDa for LY -) than the apparent
sizes determined by gel electrophoresis. Molecular weights
predicted from migration on denaturing polyacrylamide gels
are frequently unreliable (11, 26, 40), and it is possible that
the anomolous migration of these polypeptides is the result
of their extremely basic isoelectric points. Finally, the last
open reading frame was identified as a PBS component by its
strong homology to L2 of Mastigocladus laminosus, which
was sequenced at the protein level by Figlistaller et al. (17),
and to a 9-kDa polypeptide (capping linker) involved in the
association of the terminal PC trimer with the rod substruc-
ture (7, Bryant, personal communication). Because it is
present on the red-light-induced transcript, it is probably
associated with the distal, red-light-induced PC hexamers
and may represent the capping linker of the F. diplosiphon
PBS.

Changes in PBS components during adaptation to different
wavelengths of illumination appear to be controlled, to a
good extent, at the level of transcription. The levels of the
two transcripts (1,600 and 3,800 bases) which encode the
peripheral rod components present in red-light-grown cells
may reflect the ratios between phycobiliprotein subunits and
the linker polypeptides. However, we have determined, by
densitometer tracings of Northern blots (data not shown),
that there is a six- to sevenfold difference in the levels of the
1,600- and 3,800-base transcripts. This would mean that
there are between seven and eight sets of sequences encod-
ing the PC subunits for every two sequences encoding a
linker polypeptide. Since approximately six sets of PC
subunits should be present for each of the two linkers (e.g.,
one might expect 10 to 12 copies of the 1,600-base transcript
for each 3,800-base transcript if the level of control were
solely transcriptional), the relative abundance of the two
different-sized transcripts may not be the only factor gov-
erning the final levels of the protein product. Codon usage
among the different genes may be another factor which
results in differential accumulation of PBS polypeptides.
Some codons used in the translation of linker RNA se-
quences are difféerent from those used in the PC (Conley and
Grossman, manuscript in preparation), AP (Lemaux and
Grossman, manuscript in preparation), and PE transcripts
(35; Grossman et al., unpublished). If thése codons are not
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matched by prevalent tRNA species, it is possible that
translational efficiency also plays a role in maintaining the
different stoichiometries of the PBS components. In E. coli
the use of rare codons can cause decreased translation of
mRNAs and has been associated with less abundantly ex-
pressed proteins (12). Furthermore, the RNA encoding L
does not start with the initiator codon AUG, but may start
with GUG (indicated as GTG in the DNA sequence pre-
sented). While GUG and UUG can be used as an initiator
codon in E. coli a small percentage of the time (44) (approx-
imately 8% for GUG and 1% for UUG), generally these
codons are less efficient in allowing translation initjation than
AUG (42, 44). Since the L polypeptide begins with a
proline, as determined by the amino-terminal sequence, the
initiator methionine must be removed either prior to or
during formation of the PBS.

It is still uncertain what factors govern the ratio of the
1,600- and 3,800-base transcripts. The smaller transcript may
be the consequence of termination of transcription or may
result from processing of the large transcript and degradation
of the segment encoding the linkers to yield the more stable
1,600-base transcript. A strong potential for secondary struc-
ture was observed at the end of the large transcript (Fig. 6)
and also between the regions of the transcript encoding PC*
and L¥"® (not shown), but it is still uncertain whether these
structures play a role in transcription termination or are sites
for RNA processing. Segmental stability of RNA transcripts
has been invoked as the cause of differences in the abun-
dance of a large 2.7-kilobase and small 0.59- and 0.49-
kilobase transcripts from Rhodobacter capsulatus (2). In this
case the small transcript encoding the light-harvesting
polypeptides is generated via degradation of the region of the
large transcript encoding the reaction center polypeptides,
and the different levels of specific RNA species may com-
pletely account for the different levels of the light-harvesting
and reaction center polypeptides. Examination of the rela-
tionship between the large and small PC-encoding tran-
scripts may enable us to learn about factors which contribute
to transcription termination, RNA stability and processing,
and the regulated accumulation of the different PBS
polypeptides in cyanobacteria.
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