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To optimize the utilization of photosynthate and avoid damage that can result from the absorption of excess
excitation energy, photosynthetic organisms must rapidly modify the synthesis and activities of components of
the photosynthetic apparatus in response to environmental cues. During nutrient-limited growth, cyanobac-
teria degrade their light-harvesting complex, the phycobilisome, and dramatically reduce the rate of photo-
synthetic electron transport. In this report, we describe the isolation and characterization of a cyanobacterial
mutant that does not degrade its phycobilisomes during either sulfur or nitrogen limitation and exhibits an
increased ratio of phycocyanin to chlorophyll during nutrient-replete growth. The mutant phenotype was com-
plemented by a gene encoding a polypeptide with similarities to polypeptides that catalyze covalent bond for-
mation between linear tetrapyrrole chromophores and subunits of apophycobiliproteins. The complementing
gene, designated nblB, is expressed at approximately the same level in cells grown in nutrient-replete medium
and medium devoid of either sulfur or nitrogen. These results suggest that the NblB polypeptide may be a
constitutive part of the machinery that coordinates phycobilisome degradation with environmental conditions.

Microorganisms exhibit numerous mechanisms for sensing
and responding to changes in their environment. During nu-
trient-limited growth, many microbes exhibit responses that
are specific to the nutrient which is limiting (23, 25, 26, 29, 34,
35, 38, 44, 47, 49, 54, 56). Other responses are general and
occur during any of a number of different nutrient limitation
conditions (9, 12-14, 45). Specific nutrient limitation responses
involve changes in the metabolism of the cell that facilitate the
uptake and assimilation of the limiting nutrient. These changes
may include increased synthesis of high-affinity transport sys-
tems (25, 26, 36, 38) and the production of hydrolytic enzymes
(17, 40, 41) that enable organisms to assimilate alternate forms
of the limiting nutrient. For example, extracellular phospha-
tases and sulfatases that catalyze the release of inorganic phos-
phate and sulfate from organic esters in the environment may
be synthesized in response to phosphorus and sulfur depriva-
tion, respectively (17, 40, 41). The general responses observed
during starvation include the cessation of cell division and
alterations in both the structure and metabolism of the cell (12,
14, 16, 46, 59). One of the general responses to nutrient limi-
tation that is specific for photosynthetic organisms involves
modifications of the photosynthetic apparatus (10, 11, 28, 30,
51, 53). For example, in cyanobacteria both the level and com-
position of the major light-harvesting complex, designated phy-
cobilisomes (PBS), are controlled by changes in the light con-
ditions (11, 28, 51, 53) and nutrient availability (1, 12, 60).

We have been analyzing the ways in which the cyanobacte-
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rium Synechococcus sp. strain PCC 7942 modulates PBS levels
during nutrient limitation. Starvation for sulfur or nitrogen
triggers the rapid and complete degradation of the PBS (1, 12,
13, 27, 60). This process occurs in an ordered fashion in which
phycocyanin (PC) hexamers distal in the PBS rods are de-
graded, followed by the loss of whole rods and then the com-
plete degradation of the light-harvesting complex. Proteolysis
of the PBS provides the cells with some of the limiting nutrient
(e.g., amino acids containing nitrogen and sulfur) but also
helps minimize the absorption of excess excitation energy,
which can lead to the production of reactive, harmful oxygen
species (6) and overreduction of the photosynthetic electron
transport chain.

The PBS gives cyanobacterial cells their typical blue-green
color. Starvation for either nitrogen or sulfur triggers rapid
PBS degradation in Synechococcus sp. strain PCC 7942, and
the cells become a chlorotic yellow-green (1, 12, 13, 60). The
loss of PBS during nutrient limitation provides a visual screen
for isolating mutants that are aberrant for acclimation pro-
cesses; this visual screen has led to the identification of factors
that are directly involved in PBS degradation or that control
the general acclimation responses (13, 45). Some of the mu-
tants of Synechococcus sp. strain PCC 7942 that were unable to
degrade their PBS during sulfur- or nitrogen-limited growth
were complemented by the nbl4 (nonbleaching) gene, which
encodes a polypeptide of 59 amino acids. Sequences similar to
nblA are present on the genome of the cyanobacterium Syn-
echocystis sp. strain PCC 6803 (CyanoBase) and on the plastid
genomes of red algae (2, 42, 55). The nblA transcript accumu-
lates to high levels during sulfur and nitrogen starvation of
Synechococcus sp. strain PCC 7942 and, to a lesser extent,
during phosphorus starvation (13). The transcript is barely de-
tectable during nutrient-replete growth. Furthermore, a strain
induced for high level expression of nbl4 from the alkaline
phosphatase promoter during phosphorus limitation becomes
chlorotic as a result of the rapid and complete loss of the PBS,
while a strain in which the nbl4 gene was inactivated exhibits a
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strong nonbleaching phenotype (13). We still do not know the
mechanism by which NblA triggers PBS degradation and are
only just beginning to learn about the ways in which the nbl4
gene is controlled (45).

Recently, we have focused on the control of the general
nutrient stress responses in cyanobacteria, the role that these
responses play in allowing survival during nutrient deprivation,
and the ways in which multiple environmental signals affect
these responses. We have isolated additional nonbleaching mu-
tants of Synechococcus sp. strain PCC 7942 and identified a gene,
designated nbIR, encoding a transcriptional regulator that ap-
pears to control the activity of the nbl4 promoter. In addition
to governing accumulation of the nblA4 transcript, NbIR inte-
grates the responses of cells to a number of different environ-
mental cues, including high light intensity, and is absolutely
essential for extended cell survival during stress conditions
(45). In this report, we describe the isolation and characteriza-
tion of another nonbleaching mutant that is complemented by
a gene designated nblB. The role of this gene in PBS degra-
dation is discussed.

MATERIALS AND METHODS

Strains, culture conditions and pigment analysis. Synechococcus sp. strain
PCC 7942 was grown in BG-11 medium in low light (LL) (50 wmol of photons
m~2 s~ 1) or high light (HL) (500 wmol of photons m~2 s~ !). For HL treatment,
cultures were diluted to 5 X 107 cells per ml. When appropriate, the cells were
starved for sulfur or nitrogen as described previously (12). For low-sulfur, solid
medium, we used BG-11 medium containing 0.7% agarose (American Biorganics
Inc., Niagara Falls, N.Y.) and lacking sulfur. When appropriate, antibiotics were
included in the solid medium at final concentrations of 2 (ampicillin), 25 (spec-
tinomycin), and 25 kanamycin (ug/ml). For experiments in which B-glucuroni-
dase (GUS) activity was measured, cultures were preincubated for 18 h at a
fluence of 10 pmol of photons m~2 s~! before transfer to HL. The level of
chlorophyll and PC were quantified by spectrophotometry as previously de-
scribed (12).

Construction of the parental strain hliNG. The chimeric gene hli4-GUS, in
which the Ali4 promoter (a promoter regulated by high light intensity [see
Results]) was fused to a promoterless uidA gene (which encodes GUS), was
inserted into the genome of wild-type Synechococcus sp. strain PCC 7942 at a
neutral site. The neutral site vector (pUC19 derivative) contained a 2.3-kbp
HindIIl/Sall fragment from wild-type genomic DNA with unique Hpal and Ncol
sites located about 100 bp apart and 700 bp from the HindIII site in the
polylinker. The spectinomycin resistance ({)) cassette (carrying the 2.0-kbp aadA
gene) (39) was inserted into the Hpal site, while a 2.9-kbp Sall/Xbal fragment
containing the translational 4li4-GUS fusion (18) was inserted into the Ncol site.
The resulting plasmid, pND85, was used for transformation of the wild-type cells.
As a result of a double homologous recombination, the 4li4-GUS fusion and ()
cassette were integrated into the neutral site on the cyanobacterial genome to
give strain hliGUS. The hliA promoter was also fused to the nblA coding region.
This chimeric gene contained 494 bp upstream of the AUG initiator codon of
hliA fused in frame at the AUG start codon of nblA. The translational fusion of
hliA-nblA was cloned as a 680-bp Sall/Sacl fragment into the autonomously
replicating vector pCB4’(kan), which was derived from pCB4’ (24) by excising
the ampicillin resistance gene from the vector with Dral and replacing it with
a kanamycin resistance cassette by blunt-end ligation. The resulting shuttle
vector, pND89, was transformed into hliGUS to create the parental strain
hliNG.

Mutagenesis and screening. Strain hliNG was mutagenized by N-methyl-N'-
nitrosoguanidine (NTG) as described earlier (13), with some modifications. A
50-ml culture of mid-logarithmic-phase cells was pelleted by centrifugation
(5,000 X g, 5 min), resuspended in 1 ml of BG-11 medium, and adjusted to an
NTG concentration of 0.37 pg/ml (by addition of 80 wl of a 5-mg/ml solution).
Following a 30-min incubation, the cells were washed three times with BG-11,
resuspended in 50 ml of BG-11, and allowed to recover overnight under LL
conditions. The cells were then concentrated by centrifugation and resuspended
in 1 ml of BG-11. Aliquots of 20 w1 (10* to 10* CFU) were spread onto BG-11
solid medium containing spectinomycin (25 wg/ml) and kanamycin (25 pg/ml)
and incubated at 20 wmol of photons m~2s~! for 10 to 14 days. The plates,
containing the mutagenized colonies, were exposed to 500 pmol of photons
m~2s~! for 12 h, and bleaching was visually monitored. Colonies that remained
green were selected and restreaked to single colonies on BG-11 solid medium
containing antibiotics. HL treatment and restreaking of the cells were repeated
until single-cell-derived colonies that were homogeneous for the nonbleaching
phenotype were isolated. All mutants were also tested for bleaching on low-
sulfur, BG-11 solid medium.
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Complementation of cyanobacterial mutant and sequence analysis. Standard
molecular techniques were performed as described by Sambrook et al. (43). One
of the mutants that exhibited a nonbleaching phenotype both in HL and during
sulfur deprivation was complemented by transformation with a genomic library.
The library, in the vector pUC118, was constructed from Synechococcus sp. strain
PCC 7942 genomic DNA that was partially digested with Sau3AlI. The library
contains inserts with an average size of 7 kbp (45). This plasmid library cannot
replicate autonomously in, but can confer ampicillin resistance to, Synechococcus
upon integration into the genome by a single homologous recombination event.
Transformants were screened in HL for the bleaching phenotype characteristic
of the original parental strain (hliNG). Colonies selected for bleaching during
HL exposure were also tested for bleaching on solid, low-sulfur BG-11 medium.
After several rounds of rescreening to ensure genetic homogeneity, the genomic
DNA was isolated from the complemented strain (52). pUC118 with the Syn-
echococcus sp. strain PCC 7942 flanking DNA was recovered by digesting puri-
fied genomic DNA with BarmHI (which does not cut within the plasmid), diluting
and ligating the BamHI fragments, and then transforming the ligated material
into Escherichia coli DH5a. The rescued plasmid contained a 9.7-kbp insert of
Synechococcus sp. strain PCC 7942 genomic DNA. This plasmid, as well as
subclones of the 9.7-kbp insert, were tested for the ability to complement the
original nonbleaching mutant. A 2.7-kbp ClaI-SacIl fragment that was able to
complement the nonbleaching phenotype was sequenced by using the ABI
PRISM system (Perkin-Elmer Corporation, Foster City, Calif.).

Interposon inactivation. Four open reading frames (ORFs) identified by se-
quence analysis of the 2.7-kbp Clal-SacIl fragment (see Fig. 4) were each inter-
rupted with the Q cassette (34, 39). This cassette was inserted into the BsrGI,
Bglll, and Nhel sites of ORF1, ORF2, and ORF3, respectively. ORF4 (also
designated nblB) was interrupted by replacing a 400-bp Xhol fragment with the
Q cassette (see Fig. 4B). Spectinomycin-resistant transformants were screened
for ampicillin sensitivity to ensure the occurrence of a double homologous
recombination event (replacement of wild-type ORFs with sequences inter-
rupted by the ) cassette).

Quantitation of GUS activity. GUS activity was measured by the protocol of
Wilson et al. (58), and the protein concentrations of cell lysates were determined
by using a Micro BCA (bicinchoninic acid) protein assay kit (Pierce, Rockford,
1IL).

RNA isolation and Northern analysis. RNA was isolated as described previ-
ously (13). A DNA fragment extending from 119 bp upstream of the AUG start
codon of the AliA4 gene to 97 bp downstream of the translation termination codon
(18) and an nblA antisense transcript synthesized from Kpnl-digested plasmid
pJC40 (13) by using T7 RNA polymerase (Stratagene, La Jolla, Calif.) were used
as gene-specific probes. An 800-bp SacIl/PstI fragment containing the nb/B gene
was cloned into pBluescript SK+ to create pND20. Labeled antisense transcript
from Sacll-digested pND20 was synthesized with T7 RNA polymerase and used
as a nbIB gene-specific probe.

Nucleotide sequence accession number. The sequence of the nbIB gene has
been deposited in the GenBank database and assigned accession no. AF079532.

RESULTS

Rationale of mutant screen and possible phenotypes. We
developed a procedure for screening for mutants in two dis-
tinct regulatory pathways, one involving the induction of genes
by blue UV-A light and the other involving the degradation of
the PBS during nutrient-limited growth. Elements of the mu-
tant screen are shown in Fig. 1. Synechococcus strain hliNG
(Fig. 1A), which harbors two chimeric genes, was used as the
parental strain for mutagenesis. Both of the chimeric genes
have the promoter for Ali4, but in one case it is fused to nblA
(placed in a plasmid that replicates in both E. coli and Syn-
echococcus sp. strain PCC 7942), and in the other it is fused to
the uidA or GUS-encoding gene (integrated into the cyanobac-
terial genome). It should also be noted that strain hliNG has
endogenous genomic copies of both /liA and nblA.

The hliA gene encodes a polypeptide that resembles the Lhc
polypeptides of vascular plants but appears to be part of a
carotenoid-chlorophyll complex that increases when the cya-
nobacterium is exposed to HL (18). The hliA promoter is
activated by HL, by blue /UV-A light, and to some extent by
nutrient limitation. The nbl4 gene encodes a protein that is
involved in the degradation of the light-harvesting PBS in
Synechococcus sp. strain PCC 7942 (13). As shown in Fig.
1B, wild-type cells grown in liquid medium appear blue-green
when exposed to either HL or LL. In contrast, when cultures of
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FIG. 1. (A) Genetic background of the parental strain hliNG. This strain
contains the native hliA and nblA genes, an autonomously replicating plasmid
derived from pC4B (39) that confers kanamycin (kan) resistance to the cyano-
bacterium, the nbl4 gene fused to the hli4 promoter and 5’ untranslated region
at the initiator AUG codon (on the plasmid), and an AliA-GUS chimeric gene
(see Materials and Methods), contiguous to the gene for spectinomycin (spec)
and integrated into the cyanobacterial genome. (B) Pigmentation of wild-type
(WT) cells and the hliNG strain in liquid medium in LL and HL.

hliNG are exposed to HL, the PBS are degraded and the cells
appear bleached. The bleaching is a consequence of elevated
NDbIA levels reflecting light-activated transcription from the
hliA-nblA reporter gene on the shuttle vector. Furthermore,
GUS activity in this strain also increases in response to HL
exposure (Fig. 2B).

Following treatment of the hliNG strain with NTG, we
screened for cells that could not degrade their PBS and re-
mained blue-green during exposure to HL. Such mutants could
have a lesion in the introduced hli4-nblA fusion gene, in the
pathway that leads to the degradation of the PBS, or in the
activation of the AliA promoter. These three different possibil-
ities could be distinguished based on evaluation of the bleach-
ing phenotype and measurement of GUS activity upon ex-
posure of the potential mutants to HL, LL, and nutrient
limitation. If the lesion was in the hlid-nblA reporter gene
construct (Table 1, class 1), the mutant would not bleach but
would show elevated GUS activity upon exposure to HL and
would bleach normally during nutrient-limited (e.g., sulfur-
deficient) growth. If the mutant was defective in expression
from the hliA promoter (Table I, class 2), it would exhibit
reduced bleaching and reduced GUS activity in HL but normal
degradation of the PBS during nutrient deprivation. Finally, if
the mutant was abnormal for the bleaching process (Table I,
class 3), it would exhibit reduced bleaching upon exposure to
HL or nutrient deprivation conditions and elevated GUS ac-
tivity in HL.

Phenotype of the nblB-1 strain. One of the strains obtained
from the screen exhibited a phenotype expected of the class 3
mutants. This strain, with a mutation designated nblB-1 (non-
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bleaching mutant B, allele 1), does not degrade its PBS when
exposed to either HL or sulfur deprivation (Fig. 2A). The
pigmentation (both chlorophyll and phycobiliproteins) in the
mutant does decline to some extent during sulfur starvation
because the cells undergo a number of cell divisions and do not
synthesize new PBS during growth. Furthermore, the GUS ac-
tivity in nblB-1 is increased to a similar extent as in the parental
strain hliNG upon exposure to HL (Fig. 2B). Finally, the en-
dogenous /liA and nblA transcripts accumulate to normal lev-
els when the mutant is exposed to HL (Fig. 2C) or to sulfur and
nitrogen limitation (data not shown). These data suggest that
nblB-1 can sense both HL and nutrient limitation and that it

hliNG

nblB-1

B .
= B hliNG
=
8
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jon]
]
o
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=
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FIG. 2. Characteristics of the nb/B mutant. (A) Pigmentation phenotype of
hliNG and the nb/B mutant in LL, in HL, and during sulfur starvation (—S). Each
grouping has four colonies derived from four individual cell aliquots. (B) GUS
activity in strain hliNG and the nbIB-1 mutant following exposure to HL. (C)
Hybridization of labeled probes specific for 4li4 and nblA to RNA isolated from
strain hliNG (lanes 1 to 5) or the nblB-1 strain (lanes 6 to 10) after growth at 10
wmol of photons m~2 s~ ! (lane 1 and 6) or following exposure to HL for 30 min
(lanes 2 and 7), 1 h (lanes 3 and 8), 2 h (lanes 4 and 9), and 4 h (lanes 5 and 10).
rRNA was used as a loading control.
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FIG. 3. Complementation of the nblB-I mutant phenotype. Absorbance spectra from 300 to 800 nm of strain hliNG and the nbl/B-I mutant, and nb/B-1C
complemented strain grown in nutrient-replete medium (A) or exposed to either sulfur (B) or nitrogen (C) limitation for 48 h are shown. Peaks for phycocyanin (PC)
and chlorophyll (Chl) absorbance are indicated with arrows. The curves were offset from each other to make it easier to identify the absorbance differences.

responds by synthesizing normal levels of the transcripts for
hliA and nblA. However, despite the accumulation of the nbl4
transcript (and probably the NbIA protein) under both HL and
nutrient limitation conditions, the mutant is unable to degrade
its PBS. Therefore, this mutant is likely to be defective in a
process critical to the degradation of the PBS.

Complementation of the nb/BI mutant. To identify the gene
altered in the nbIB-1 mutant strain we complemented the mu-
tant with a wild-type recombinant DNA library in the vector
pUC118 (45). As shown in the spectra in Fig. 3A, strain hliNG,
the nbIB-1 mutant, and the nb/B-1C complemented strain all
have high PC absorbance (peak at 620 nm) during nutrient-
replete growth. The nb/B-1 mutant consistently has higher lev-
els of PC relative to chlorophyll than strain hliNG or the
complemented strain. There is essentially no loss of PC when
the nblB-1 mutant is starved for 24 h for either sulfur or
nitrogen, while strain hliNG exhibits a dramatic reduction in
PC (Fig. 3B and C). The nbIB-1C strain is nearly indistinguish-
able from the parental strain hliNG, and its PBS is rapidly
degraded during either sulfur or nitrogen limitation. Gener-
ally, the degradation of the PBS in the nb/B-1C strain is slightly
less complete than observed for hliNG. This could be a con-
sequence of having both a mutant and a wild-type copy of the
nblB gene present in a single cell.

Identification of the complementing gene. The plasmid res-
cued from genomic DNA of nblB-1C digested with BamHI is
shown in Fig. 4A. The smallest subclone from the rescued
plasmid that was able to complement the mutant phenotype
contained a 2.7-kbp Clal-Sacll fragment which in Fig. 4A is to

TABLE 1. Possible mutant phenotypes

Phenotype”
Phycobilisome
Phenotype level GUS activity

B — in HL
LL HL -Sf

Parental strain hliNG + - - +

Class 1 (defect in hliA-nblA) + + - +

Class 2 (defect in expression from + + - -

hliA promoter)
Class 3 (defect in PBS degradation) + + + +

¢ Visually monitored phenotype: +, high PBS or GUS level; —, low PBS or
GUS level.
 For —S conditions, the cells were exposed to sulfur starvation for 48 h.

the left of the plasmid sequence and expanded. This DNA
fragment contains an ORF that is truncated at its 5’ end
(ORF1) and three other complete ORFs (ORF2, ORF3, and
ORF4). Inactivation of ORF1, ORF2, and ORF3 in wild-type
cells had no effect on bleaching during sulfur deprivation. In
contrast, inactivation of ORF4 resulted in a strain that did not
bleach during sulfur or nitrogen deprivation (Fig. 4B) and
contained an increased ratio of PC to chlorophyll in nutrient-
replete cells (data not shown); this phenotype is similar to
that of the original nb/B-1 mutant. Hence, the gene containing
ORF4 was named nblB. Sequence analyses of nblB in nblB-1,
and of a second class 3 mutant (nblB-2) that was comple-

A 1kbp
B § ¢ § PUC B § B
Q Q Q Q
Bs Bg N X N
4 ORFI ORF2 ORF3 . _ ORF4
D " nbiB
B PBS level

LL -S -N

ORF1 - Q + - -
ORF2- Q + - -
ORF3 - Q + - -
ORF4 - Q + + +

FIG. 4. The region of cyanobacterial DNA that complements the nb/B mu-
tant phenotype. (A) The complementing plasmid linearized with BamHI (B).
The plasmid contains a 9.7-kbp insert of which a 2.7-kbp Clal (C)/Sacll (S)
fragment, enlarged and to the left of the vector sequence, is capable of comple-
menting the mutant phenotype. The positions of ORF1, ORF2, ORF3, and
ORF4 (or nblB) on the fragment are indicated. ORF1 is truncated at the 5’ end,
while the remaining ORFs are complete. A restriction site for EcoRI (E) is also
shown. The ORFs were individually inactivated by insertion of the () cassette at
the BsrGI site (Bs) of ORF1, the Bg/I site (Bg) of ORF2, and the Nhel site (N)
of ORF3. ORF4 or nblB was interrupted by deletion of an Xholl fragment
followed by insertion of the () cassette. (B) Effect of inactivation of each of the
four ORFs on bleaching during sulfur (—S) and nitrogen (—N) limitation.
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FIG. 5. (A) Amino acid sequence comparisons of NbIB with two hypothetical proteins of Synechocystis sp. strain PCC 6803 (sl11663 and slr1687) (33), CpcE from
S. elongatus (Se CpcE) (accession no. p50037), CpcE from Pseudanabaena (Pa CpcE) (20), CpcE from Synechocystis sp. strain 6803 (Sy CpcE) (slr1878) (33), and two
hypothetical proteins from the methanobacteria (Mth 1 and Mth 2) (48). Amino acids identical between the NbIB sequence and 30% or more of the other sequences
presented are in a black background, while conserved amino acids are in a gray background. (B) Homology among the E-Z motif and the three repeat units, designated
boxes 1, 2, and 3, of NbIB. Identical residues are in a black background, while conserved residues are in a gray background. The position of the first amino acid of each

repeat sequence is indicated. Alignments

were performed with the Genetics Computer Group (Madison, Wis.) sequence analysis package.

mented by the 2.7-kbp Clal-Sacll fragment, localized a point quence is similar to sequences of two hypothetical proteins
mutation (see below) in the nblB genes of both strains. encoded on the genome of Synechocystis sp. strain PCC 6803
Sequence of NbIB. The deduced NbIB protein (Fig. 5A) (sl11663 and slr1687) and the CpcE polypeptides from a num-

contains 219 amino acids, has a

molecular mass of 24.3 kDa, ber of cyanobacteria; the latter polypeptides are subunits of

and has an isoelectric point of 4.43. The deduced protein se- lyases (the other subunit is CpcF) that ligate linear tetrapyrrole
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FIG. 6. Northern blot analysis of nblB expression. RNA was isolated from
both the wild type (lanes 1 to 3) and the nb/BQ) mutant (lanes 4 to 6) after
nutrient-replete growth (lanes 1 and 4) or growth under sulfur-deficient (lanes 2
and 5) and nitrogen-deficient (lanes 3 and 6) conditions. The RNA was hybrid-
ized to a nbIB gene-specific probe described in Materials and Methods. The
rRNA loading controls are shown at the bottom.

chromophores to apophycocyanin « subunits (21, 22, 31, 32, 50,
61). Considerable blocks of similarity are present, especially
within the second half of the NbIB protein. There are two
regions in NblB, amino acids 116 to 137 (box 2) and 147 to 168
(box 3), that have a high degree of similarity to sequences
of the CpcE polypeptides. Interestingly, as shown in Fig. 5B,
these two regions are similar to each other and to a less con-
served region of the NbIB protein from amino acids 84 to 105
(box 1). These repeat motifs are also present in the CpeZ
polypeptides of Fremyella diplosiphon (32) and Pseudanabaena
sp. strain PCC 7409 (19) and the PecE polypeptide of Anabae-
na sp. PCC 7120 (31); these polypeptides appear to be involved
in chromophore attachment to phycoerythrin and phycoeryth-
rocyanin subunits. In CpcE, the first of the three repeat motifs
contains a sequence, designated the E-Z sequence (Fig. 5B),
that is a signature for bilin lyase subunits (32, 61). The repeat
sequences in NbIB are similar but not identical to the E-Z
sequence (both of the positions for positively charged amino
acids in the E-Z motif are not present in the repeats of
NbIB).

Sequence analysis of the mutant strains demonstrated that
the lesions in nblB-1 and nblB-2 would result in changes in
amino acids at the borders of the repeat motif of box 2; a se-
rine-to-asparagine change and an alanine-to-threonine change
would occur at positions 118 and 138, respectively. These al-
terations in the mutant strains are shown above the NbIB
amino acid sequence presented in Fig. SA.

During sulfur and nitrogen limitation, the transcription of
nblA dramatically increases; this increase is controlled by
the nbIR response regulator (45). To determine if the level of
the nbIB transcript is also regulated by the nutrient status of
the environment, we isolated RNA from wild-type cells and the
nbIB() mutant, grown under nutrient-replete conditions or ex-
posed to nitrogen or sulfur starvation for 4 h, and hybridized
the RNA to a gene-specific nblB probe. As shown in Fig.
6, two hybridization signals were observed (e.g., lane 1). The
upper band corresponds to the 16S rRNA and appears to
represent nonspecific hybridization, an inference supported by
the finding that this signal is still present in the nb/B() strain
(compare lanes 1 and 4). In contrast, the lower hybridization
signal, approximately 700 nucleotides in wild-type cells (lanes 1
to 3), is truncated to 350 nucleotides in the nbIB() strain (lanes
4 to 6); the smaller transcript in nb/B() is of the size that would
be predicted from the position at which the drug resistance
cassette was inserted into the nbl/B gene. Furthermore, the
nblB transcript is present at approximately the same level in
cells grown in complete medium and cells starved for sulfur or
nitrogen (compare lane 1 with lanes 2 and 3). Finally, the nbIR
mutant has normal levels of the nbIB transcript under both
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nutrient-replete and starvation conditions (unpublished data).
Hence, nblB is constitutively expressed and not under the con-
trol of NbIR.

DISCUSSION

The light-harvesting PBS of cyanobacteria can comprise
30% of the total protein in the cyanobacterial cell. When cya-
nobacteria are starved for either nitrogen or sulfur, they de-
grade the PBS in an ordered fashion. We have isolated a gene,
nblB, encoding a polypeptide that appears to be required for
the degradation of the PBS during nutrient deprivation. The
ratios of the different phycobiliprotein subunits in the nblB
mutant remain the same in starved and unstarved cells (un-
published data), although the absolute level of PBS per cell
declines in starved cells because the cells can undergo a few
rounds of cell division without synthesizing additional PBS.
Furthermore, nbIB appears to be important for maintaining
the ratio of PBS to chlorophyll during nutrient-replete growth.
These results suggest that NbIB is part of a pathway that
coordinates PBS levels with ambient environmental condi-
tions. In addition to NbIB, the NblA polypeptide, which com-
prise only 59 amino acids, is also absolutely essential for the
degradation of PBS during nutrient limitation (13).

Interestingly, the NbIB polypeptide has similarity to the
CpcE subunit of the PC a-subunit phycyanobilin lyases, for
which genes have been characterized from a number of organ-
isms (8, 21, 22, 32, 50, 61). These lyases are composed of two
subunits, CpcE and CpcF. Mutants of the marine cyanobacte-
rium Synechococcus sp. strain PCC 7002 that were mutated in
either ¢pcE or cpcF accumulated very low levels of PC. Fur-
thermore, while the 8 subunit of PC in these strains appeared
to be normal, approximately 80% of the a subunits that were
present were not associated with a chromophore (61). Instead,
they were associated with a mixture of different bilin adducts
(50); one of the major adducts was mesobiliverdin, which can
be attached to apophycocyanin subunits in a nonenzymatic in
vitro reaction (3-5). Inactivation of cpcE or cpcF in Synecho-
coccus sp. strain PCC 6301 also resulted in reduced accumu-
lation of PC (8). Furthermore, in vitro experiments using the
CpcE and CpcF polypeptides overexpressed in E. coli demon-
strated that these polypeptides formed heterodimers that were
capable of catalyzing the addition of phycocyanobilin to the
cysteine (Cys-84) of the chromophore binding site of the «
subunits of PC (21, 22). Together, these results strongly sug-
gest that both CpcE and CpcF are required for the attachment
of the phycocyanobilin chromophore to the a subunits of PC.

Since the initial discovery of the PC a-subunit phycocyano-
bilin lyase, some of the genes encoding analogous lyases
thought to play a role in attachment of bilin tetrapyrroles to
phycoerythrin (32, 57) and phycoerythrocyanin (31) subunits
have been identified. In all cases, the lyase genes are part of
operons encoding phycobiliproteins. In Synechococcus sp.
strain PCC 6301, cpcE and cpcF are located downstream of
the cpcB2A2 gene cluster. The cpcE and cpcF genes are also
located downstream of the cpcBA genes in Pseudanabaena
(20), Anabaena sp. strain PCC 7120 (7), F. diplosiphon (15),
and Calothrix sp. strain PCC 7601 (37).

While there is substantial similarity between NbIB and CpcE,
the latter polypeptides of Synechococcus elongatus (accession
no. P50037), Pseudanabaena (20), and Synechocystis sp. strain
PCC 6803 (slr1878) are longer at the C terminus by approxi-
mately 55 amino acids. There are two hypothetical proteins in
Synechocystis sp. strain PCC 6803 (sl11663 and slr1687) that
also show considerable similarity to NbIB but are the same size,
suggesting that they are functional analogues. Furthermore, there
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are two ORFs in the methanobacteria with considerable sim-
ilarity to both NbIB and CpcE (48). The methanobacterial
OREFs, the phycobiliprotein lyases, and the putative NbIB an-
alogues in Synechocystis sp. strain PCC 6803 all have the re-
peated motif presented in Fig. 5B; these repeats may serve
equivalent functions among all of these polypeptides.

The phenotype of the strain in which nb/B is inactivated is
dramatically different from that of a strain in which the cpcE
gene is disrupted. Mutants of cpcE are not able to efficiently
attach a chromophore to cysteine 84 of the a subunit of PC and
appear chlorotic since most the PC that is synthesized cannot
achieve stable assembly into PBS (and the a subunit of PC that
is present is missing the chromophore or exhibits attachment
of an atypical chromophore). In contrast, mutants of nb/B are
unable to degrade their PBS under conditions that normally
favor PBS degradation, such as sulfur or nitrogen deprivation.
Furthermore, the nb/B mutants exhibit higher PC levels than
wild-type cells grown in nutrient-replete conditions. Hence, it
is likely that NblB is part of the machinery that coordinates the
degradation of the PBS with changes in ambient environmen-
tal conditions. The similarity between NbIB and CpcE (and
CpeZ and PecE) may reflect the ability of both polypeptides to
bind tetrapyrrole chromophores of phycobiliprotein subunits
via the common repeated motif. However, the former may also
facilitate cleavage of the tetrapyrrole from PBS subunits. A
similar motif in the hypothetical methanobacterial polypep-
tides suggests that they also may function via an association
with linear tetrapyrroles.

While NbIB and NbIA are both necessary to elicit PBS
degradation during nutrient limitation, the nbIB transcript, un-
like the nblA transcript, does not accumulate during nutrient
limitation. Instead, the nbIB gene is constitutively expressed.
This is consistent with the finding that engineered expression
of nblA, under conditions that normally do not result in the loss
of PBS, elicits the degradation of PBS. Hence, to initiate
bleaching during nutrient limitation the only gene that has to
be activated is nblA.
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