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Cyanobacteria produce phycobilisomes, which are macromolecular light-harvesting complexes mostly as-
sembled from phycobiliproteins. Phycobiliprotein beta subunits contain a highly conserved �-N-methylaspar-
agine residue, which results from the posttranslational modification of Asn71/72. Through comparative
genomic analyses, we identified a gene, denoted cpcM, that (i) encodes a protein with sequence similarity to
other S-adenosylmethionine-dependent methyltransferases, (ii) is found in all sequenced cyanobacterial ge-
nomes, and (iii) often occurs near genes encoding phycobiliproteins in cyanobacterial genomes. The cpcM genes
of Synechococcus sp. strain PCC 7002 and Synechocystis sp. strain PCC 6803 were insertionally inactivated.
Mass spectrometric analyses of phycobiliproteins isolated from the mutants confirmed that the CpcB, ApcB,
and ApcF were 14 Da lighter than their wild-type counterparts. Trypsin digestion and mass analyses of
phycobiliproteins isolated from the mutants showed that tryptic peptides from phycocyanin that included
Asn72 were also 14 Da lighter than the equivalent peptides from wild-type strains. Thus, CpcM is the
methyltransferase that modifies the amide nitrogen of Asn71/72 of CpcB, ApcB, and ApcF. When cells were
grown at low light intensity, the cpcM mutants were phenotypically similar to the wild-type strains. However,
the mutants were sensitive to high-light stress, and the cpcM mutant of Synechocystis sp. strain PCC 6803 was
unable to grow at moderately high light intensities. Fluorescence emission measurements showed that the
ability to perform state transitions was impaired in the cpcM mutants and suggested that energy transfer from
phycobiliproteins to the photosystems was also less efficient. The possible functions of asparagine N methyl-
ation of phycobiliproteins are discussed.

In order to power the electron transfer reactions of photo-
systems (PS) I and II, cyanobacteria and red algae use pig-
ment-protein supercomplexes, called phycobilisomes (PBS), to
harvest light energy efficiently (5, 7, 20, 22, 55). In many cya-
nobacteria, including Synechococcus sp. strain PCC 7002 and
Synechocystis sp. strain PCC 6803, the orange- and red-light-
absorbing proteins, phycocyanin (PC) and allophycocyanin
(AP), respectively, are the major phycobiliproteins (PBP). All
PBP are assembled as heterodimeric protomers (��) that can
further assemble into toroid-shaped trimers [(��)3] and/or
hexamers [(��)6] (5, 55). PBP subunits carry at least one and
up to three linear tetrapyrrole chromophores, called phycobi-
lins, which are covalently attached through cysteinyl thioether
linkages to the polypeptides (20, 55). The most common PBS
structures in cyanobacteria are hemidiscoidal PBS, which have
a core assembled from AP cylinders. Six peripheral rods com-
posed of PC hexamers typically radiate from two sides of the
core substructure (5, 7, 20, 55). In some species or under
specific growth conditions, additional hexamers of phyco-
erythrin (PE) or phycoerythrocyanin (PEC) may be attached at
distal ends of the peripheral rods to enhance light absorption

at between 500 and 600 nm (20, 55). The positions of the
various PBP within the PBS are determined by protein-protein
interactions between the various PBP as well as by so-called
linker proteins, which provide the scaffolding information nec-
essary to direct the correct assembly of PBS (5, 20, 55).

We have characterized the assembly of PBS of the unicellu-
lar marine cyanobacterium Synechococcus sp. strain PCC 7002
in considerable detail (5, 6, 11, 12, 18, 19, 23, 38, 48). More
recently, we have been studying the posttranslational processes
that lead to maturation of holo-PBP in this cyanobacterium. A
heterodimeric CpcE-CpcF lyase attaches a phycocyanobilin
(PCB) chromophore to Cys84 of apo-CpcA (�-PC) (14, 15, 59,
68). The CpcT lyase ligates the PCB chromophore to Cys153 of
�-PC (53), and a heterodimeric CpcS-I-CpcU lyase attaches
PCB to Cys82 of �-PC (CpcB), to Cys81 of �-AP (ApcA), and
to �-AP (ApcB) (46, 54). In some other cyanobacteria, a lyase
comprised of a single polypeptide related to CpcS-I is respon-
sible for PCB attachment at Cys81/82 of all PBP subunits
except CpcA and possibly ApcE (47, 66, 67). Not only does
PCB attachment to apo-PBP confer their ability to act as light-
harvesting proteins, but these posttranslational modifications
stabilize PBP, allowing PBS to assemble (46, 53, 54).

Posttranslational modification is an important mechanism to
modulate the structural and functional properties of proteins.
In PBP biogenesis, a second type of posttranslational modifi-
cation distinct from PCB attachment is known to play a role.
Minami et al. (39) reported that ApcB of Anabaena cylindrica
contained a modified aspartate residue at position 71, and
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shortly thereafter, Klotz et al. (31) showed that this modified
amino acid residue was �-N-methylasparagine (�-N-methyl-
Asn). Klotz and Glazer subsequently showed that this modifi-
cation is almost universally present in the � subunits of PBP
(30). X-ray crystallography has confirmed that Asn methyl-
ation occurs in �-PC (56) and �-AP (4), and the structure of a
PC variant that lacks this methylation has also been deter-
mined (1). Swanson and Glazer demonstrated that methylation
of this Asn residue was catalyzed by a specific methyltrans-
ferase, which they partially purified; they also characterized
two mutant strains lacking this methyltransferase (58). Al-
though these authors did not identify the gene encoding this
enzyme, they concluded that N methylation of Asn72 is impor-
tant for efficient energy transfer in PBS.

The goal of this study was to identify the gene that encodes the
cyanobacterial PBP Asn-methyltransferase and to study the
role(s) of PBP methylation in PBS assembly and energy transfer.
Since the studies of Swanson and Glazer (58), many cyanobac-
terial genomes have been sequenced, including those of Syn-
echocystis sp. strain PCC 6803 (29), Nostoc sp. strain PCC 7120
(28), and Synechococcus sp. strain PCC 7002 (GenBank acces-
sion no. NC_010475 to NC_010480). By using a comparative
bioinformatics approach and gene neighborhood analysis, we
identified highly conserved open reading frames, sll0487 in
Synechocystis sp. strain PCC 6803 and SYNPCC7002_A2010 in
Synechococcus sp. strain PCC 7002, which encode a previously
uncharacterized methyltransferase family that occurs only in
the genomes of organisms that synthesize PBP. Using a reverse
genetics approach, we show that this gene, which we have
named cpcM, encodes the enzyme that methylates the amide
nitrogen of Asn71/72 in CpcB, ApcB, and ApcF. The cpcM
mutants are much more sensitive to high light intensities than
the corresponding wild-type strains.

MATERIALS AND METHODS

Strains of cyanobacteria and culture conditions. Synechocystis sp. strain PCC
6803 was grown in B-HEPES medium at 30°C at a light intensity of 100 �mol
photons m�2 s�1 and was bubbled with 1% (vol/vol) CO2 in air (standard
conditions) as previously described (51). For the cpcM mutant, 50 �g kanamycin
ml�1 was added to the solid or liquid growth medium. The wild-type and mutant
strains of Synechococcus sp. strain PCC 7002 were grown in medium A supple-
mented with 1 mg NaNO3 ml�1 (medium A�) at 38°C at a light intensity of 250
�mol photons m�2 s�1 and were bubbled with 1% (vol/vol) CO2 in air (standard
conditions) (57). For the cpcM mutant strain, 50 �g gentamicin ml�1 was added
to medium A�. The photoautotrophic growth rates of wild-type and mutant
strains were measured by monitoring the optical density at 730 nm (OD730) using
a Genesys 10 spectrophotometer (ThermoSpectronic, Rochester, NY). Chromo-
somal DNA was isolated from wild-type and mutant cells of Synechococcus sp.
strain PCC 7002 and Synechocystis sp. strain PCC 6803 as described previously
(52). Routine DNA manipulations were performed in Escherichia coli strain
DH5� using standard laboratory procedures.

Construction of the cpcM mutants. To generate a Synechococcus sp. strain
PCC 7002 cpcM mutant, a 2,080-bp DNA fragment containing the �1,200-bp
cpcM gene and flanking sequences including the 5� end sequence of apcE gene
were amplified by PCR using DNA of wild-type Synechococcus sp. strain PCC
7002 as the template and primers 17002MF (5� CGAGGTAAGCAAGGGGG
GATCCACCAC 3�) and 27002MR (5� TAGGTGTCAGCATAATCAATTGT
CTGG 3�). The resulting amplicon was cloned into pUC19 and sequenced. For
insertional inactivation of the cpcM gene, a 1-kb DNA fragment, which encodes
the aacCI gene and confers resistance to gentamicin, was inserted into the
unique BglII site within the cpcM coding sequence (Fig. 1A). This cpcM::aacCI
inactivation construct was linearized and used to transform cells of Synechococ-
cus sp. strain PCC 7002 as described previously (16). Transformants were se-
lected on medium A� plates containing 50 �g gentamicin ml�1 and were
streaked several times on selective medium.

For mutagenesis of the cpcM gene in Synechocystis sp. strain PCC 6803, a
1.3-kb DNA fragment carrying the open reading frame sll0487 was amplified by
PCR using primers sll04875.2 (5� TTCGGATCCATGTTGTCCAACTCCGAC
3�) and sll0487.3.2 (5� AATTCCCGGGCATCGAGAAGTCG 3�). A 1.3-kb
DNA fragment carrying the aphII gene and conferring resistance to kanamycin
was inserted at the unique EcoRI site in the cpcM gene to produce an inactiva-
tion construct, cpcM::aphII (Fig. 1B). This construct was linearized and used to
transform cells of Synechocystis sp. strain PCC 6803 (16, 51). Transformants were
screened on B-HEPES plates supplemented with 50 �g kanamycin ml�1.

Isolation of PBS. PBS were isolated from wild-type and mutant cells of Syn-
echococcus sp. strain PCC 7002 and Synechocystis sp. strain PCC 6803 as de-
scribed previously (7, 53). Liquid cultures were grown to late exponential growth
phase (OD730 of 1.5 to 2.0 for Synechocystis sp. strain PCC 6803 and 3.0 to 3.5 for
Synechococcus sp. strain PCC 7002). Cells were harvested by centrifugation and
lysed by two passages through a chilled French pressure cell at 138 MPa. PBS
were isolated on discontinuous sucrose gradients by ultracentrifugation (53).

Protein assays, electrophoresis, and pigment analyses. Protein concentrations
were determined using a protein assay kit (Pierce Biotechnology, Rockford, IL).
The polypeptide compositions of isolated PBS were resolved by polyacrylamide
gel electrophoresis in the presence of sodium dodecyl sulfate, and polypeptides
were visualized by staining with Coomassie blue as described previously (53, 54).
PCB-linked proteins were visualized by UV-induced fluorescence after soaking
gels in 100 mM ZnSO4 for 2 min (42, 53). Chlorophyll (Chl) a concentrations
were determined for cells grown to late exponential growth phase (OD730 of 0.8
to 1.2) as described previously (34, 35). The relative PBP contents of cells were
estimated by heat-induced bleaching at 65°C for 5 min as described previously
(44, 64). The absorption difference was measured at 635 nm for Synechococcus
sp. strain PCC 7002 cells and at 630 nm for Synechocystis sp. strain PCC 6803
cells.

Absorption and fluorescence spectroscopy. Absorption spectra of whole cells,
purified PBS, and PBP were recorded with a Genesys 10 spectrophotometer
(ThermoSpectronic, Rochester, NY). Data were analyzed using the Igor-Pro
(Wavemetrics, Inc., Lake Oswego, OR). Fluorescence excitation and emission
spectra were recorded by using an SLM 8000C spectrofluorometer (52). For state

FIG. 1. Cloning and mutagenesis of the cpcM genes of Synechococ-
cus sp. strain PCC 7002 and Synechocystis sp. strain PCC 6803. (A and
B) The physical maps show the DNA fragments containing the cpcM
gene from wild-type and cpcM mutants of Synechococcus sp. strain
PCC 7002 (A) and Synechocystis sp. strain PCC 6803 (B). The arrows
in the boxes indicate the direction of transcription of each gene. Small
arrows outside the boxes show the approximate positions of primers
used for PCR amplification. (C and D) PCR analysis was used to verify
segregation of wild-type and mutant alleles of the cpcM loci in Syn-
echococcus sp. strain PCC 7002 (C) and Synechocystis sp. strain PCC
6803 (D). For lanes 1, the DNA template was prepared from wild-type
cells; for lanes 2, the DNA template was prepared from a representa-
tive cpcM mutant.
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transition measurements, cells (1.0 OD730 unit per ml) were resuspended in
liquid A� medium for Synechococcus sp. strain PCC 7002 cells and in B-HEPES
medium for Synechocystis strain 6803 cells. Cells were illuminated for 2 min with
blue light provided by a 460-nm short-pass filter (Corion, Holliston, MA) to
produce state 1. Cells were incubated in the dark for at least 5 min to produce
state 2 (65).

HPLC-MS and trypsin digestion. The Proteomics and Mass Spectrometry
Core Facility (Pennsylvania State University) performed high-pressure liquid
chromatography-mass spectrometry (HPLC-MS) analyses of PBS and tryptic
digests of PBP. For identification of methylated peptides, total proteins from the
PBS were digested with trypsin. The PBS proteins (�150 to 200 �g) were
resolved by HPLC, and fractions were collected and dried by evaporation under
reduced pressure. The resulting protein pellets were dissolved in 200 �l of 100
mM ammonium bicarbonate, reduced with tributylphosphine (5 �l), and incu-
bated for 30 min. Proteins were alkylated with iodoacetamide (6 �l), and after a
60-min incubation, the reaction was quenched with tributylphosphine (5 �l).
Samples were then digested with trypsin at a ratio of 1:50 (wt/wt) for 18 h at 37°C.

Sequence analysis and bioinformatics. DNA and protein sequence analyses
were performed with MacVector software (MacVector, Inc., Cary, NC). Ho-
molog sequences were retrieved from the JGI database (http://img.jgi.doe.gov
/cgi-bin/pub/main.cgi) by using the CpcM sequences of Synechococcus sp. strain
PCC 7002 (SYNPCC7002_A2010) and Synechocystis sp. strain PCC 6803
(sll0487) as query sequences. Sequence alignments were generated using the
ClustalW module in MacVector version 9.5.2. Neighbor-joining phylogenetic
trees were produced from the ClustalW alignment using the PAUP Phylogenetic
Analysis program (Sinauer Associates, Sunderland, MA).

RESULTS

Identification of cpcM genes in cyanobacteria. Three criteria
were applied in our primary screening for candidate genes that
could encode the Asn72 methyltransferase for PBP � subunits.
First, the gene product should display sequence similarity to
the methyltransferase protein superfamily (33, 36). Second,
orthologs of this gene should occur only in chlorophototrophs
that synthesize PBP. Third, we further screened all candidate
genes encoding methyltransferases for those that occur in the
vicinity of genes encoding other PBP- or PBS-related proteins.
A gene matching all of these criteria had first attracted our
attention several years ago, when a DNA fragment carrying the
apcE gene of Synechococcus sp. strain PCC 7002 was cloned
and sequenced (GenBank accession no. AF059340.1). A puta-
tive methyltransferase gene was observed upstream from and
divergently transcribed from apcE, which encodes the largest
linker polypeptide of PBS in Synechococcus sp. strain PCC
7002. ApcE organizes the AP of the core and attaches the PBS
to the thylakoid membrane (2, 3, 5, 8, 9, 19). Many cyanobac-
terial genomes have subsequently been sequenced, and this
same gene organization is found in at least 17 cyanobacterial
genomes, including, among others, those of Synechococcus sp.
strains WH8102, PCC 7942, and PCC 6301; Lyngbya sp. strain
PCC 8106; and Anabaena variabilis strain ATCC 29413. In
many of these organisms, apcE is found upstream from, and is
probably cotranscribed with, the apcABC operon, which en-
codes the AP alpha and beta subunits as well as the 8-kDa LC

core linker protein of PBS core subassemblies. The putative
methyltransferase gene, designated open reading frame SYNP
CC7002_A2010 in Synechococcus sp. strain PCC 7002 and
open reading frame sll0487 in Synechocystis sp. strain PCC
6803, occurs as a single-copy gene in all sequenced cyanobac-
terial genomes. Based upon its distribution, the linkage
information, and the results obtained from the character-
ization of null mutants of two different cyanobacterial

strains (see below), we suggest that genes orthologous to
SYNPCC7002_A2010 and sll0487 be renamed cpcM.

Cyanobacterial CpcM proteins form two distinctive clades
(Fig. 2). Clade 1, including the CpcM proteins of Synechococ-
cus sp. strain PCC 7002 and Synechocystis sp. strain PCC 6803,
contains CpcM proteins of strains that assemble PBS contain-
ing AP, PC, and sometimes PE or PEC. However, clade 2
mostly contains the CpcM proteins of marine Synechococcus
sp. strains, which can assemble PBS, and PE-containing Pro-
chlorococcus sp. strains, which do not produce PBS but syn-
thesize PBP. Interestingly and as noted above, the cpcM gene
is found upstream from the apcEABC gene cluster in most
marine Synechococcus spp. As illustrated by the relatively short

FIG. 2. Phylogenetic analysis of CpcM proteins from cyanobac-
teria. Amino acid sequences of CpcM proteins from Synechococcus
sp. strain PCC 7002 (7002), Synechocystis sp. strain PCC 6803
(6803), Nostoc sp. strain PCC 7120 (7120), Nostoc punctiforme
strain PCC 73102 (73102), Anabaena variabilis strain ATCC 29413
(29413), Thermosynechococcus elongatus strain BP-1 (BP 1), Cyan-
othece sp. strain CCY 0110 (0110), Crocosphaera watsonii strain
WH8501 (8501), Trichodesmium erthraeum strain IMS101
(IMS101), Gloeobacter violaceus strain PCC 7421 (7421), Synecho-
coccus elongatus strain PCC 7942 (7942), Synechococcus sp. strain
PCC 6301 (6301), Nodularia spumigena strain CCY9414 (9414),
Lyngbya sp. strain PCC 8106 (8106), Synechococcus sp. strain JA-
3-3Ab (JA33Ab), Synechococcus sp. strain JA-2-3Ba (JA23Ba), Syn-
echococcus sp. strain RCC307 (RCC307), Synechococcus sp. strain
WH5701 (5701), Synechococcus sp. strain CC9902 (9902), Synecho-
coccus sp. strain BL107 (BL107), Synechococcus sp. strain WH8102
(8102), Synechococcus sp. strain CC9605 (9605), Synechococcus sp.
strain CC9311 (9311), Synechococcus sp. strain RS9916 (9916), Syn-
echococcus sp. strain RS9917 (9917), Synechococcus sp. strain
WH7803 (7803), Synechococcus sp. strain WH7805 (7805), Prochlo-
rococcus marinus strain MIT9303 (9303), Prochlorococcus marinus
strain MIT9313 (9313), Prochlorococcus sp. strain CC9605 (9605),
and Prochlorococcus sp. strain CC9902 (CC9902) were compared.
The sequence alignment was generated using the ClustalW module
within the MacVector program, version 9.5 (MacVector, Inc., Cary,
NC). The phylogenetic tree was generated using the phylogenetic
analysis program PAUP (Sinauer Associates, Sunderland, MA).
The MenG methyltransferases, which perform the last step in phyl-
loquinone synthesis, from Synechocystis sp. strain PCC 6803 and
Synechococcus sp. strain PCC 7002 and HemK/PrmC and PrmB
from E. coli were chosen as outgroup members for this analysis.
Bootstrap values are based upon 1,000 replicates and are indicated
for most branches.
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branch lengths within these two clades, cyanobacterial CpcM
proteins share significant amino acid sequence similarity,
which suggests that these proteins are structurally and func-
tionally related. For comparison, two much more distantly
related MenG methyltransferases from the phylloquinone bio-
synthetic pathway in cyanobacteria (45) were included as out-
group sequences in the phylogenetic analysis. The E. coli pro-
teins HemK/PrmC and PrmB, both of which methylate
glutamine residues in proteins (see Discussion), were also in-
cluded as outgroup sequences. Although exhibiting some dis-
tant similarity to CpcM, especially in the N-terminal methyl-
transferase domain (amino acids 39 to 262 of Synechococcus
sp. strain PCC 7002 CpcM), the MenG, HemK/PrmC, and
PrmB proteins are highly divergent from all CpcM proteins
(Fig. 2).

Verification of the cpcM mutants. As illustrated in Fig. 1A,
the cpcM gene of Synechococcus sp. strain PCC 7002 was
inactivated by inserting the aacC1 gene into the coding se-
quence of the gene at a unique BglII site. As shown in Fig. 1C,
PCR amplification of the cpcM locus in wild-type cells pro-
duced a 1.2-kb amplicon, while PCR amplification of the cpcM
locus in a Gmr transformant produced a 2.3-kb amplicon.
These results showed that the cpcM locus was insertionally
inactivated and that the cpcM and cpcM::aacC1 alleles had
fully segregated. The cpcM gene of Synechocystis sp. strain
PCC 6803 was similarly inactivated by inserting the aphII gene
into the coding sequence of the gene at a unique EcoRI site
(Fig. 1B). PCR amplification of the cpcM locus in wild-type
cells produced a 1.3-kb amplicon, while PCR amplification of
the cpcM locus in a Kmr transformant produced a 2.5-kb am-
plicon (Fig. 1D). These results showed that the cpcM locus had
been inactivated and that the cpcM and cpcM::aphII alleles had
fully segregated.

HPLC-MS of the isolated PBS. To determine whether the
loss of CpcM had any effect on the posttranslational modifi-
cation of PBP, PBS were isolated from wild-type and mutant
cells of Synechococcus sp. strain PCC 7002 and Synechocystis
sp. strain PCC 6803, which had been grown under standard
growth conditions. The sucrose gradients employed for the
PBS isolation from wild-type and cpcM mutant cells of both
cyanobacterial strains were similar in appearance, and the ma-
jority of the PBP were recovered from the PBS fraction in the
1.0 M sucrose zone (data not shown). The polypeptide com-
position of the PBS was analyzed by sodium dodecyl sulfate-
polyacrylamide gel electrophoresis, and the composition and
the relative amounts of the polypeptide components of the
PBS of the cpcM mutant strains were similar to those of the
respective wild-type strains (data not shown). These results
indicated that the loss of CpcM had no major effect on the
assembly of PBP and PBS complexes in either strain under
standard growth conditions.

For further analyses of the PBP, PBS samples isolated from
the wild-type and cpcM mutant strains were analyzed by
HPLC-MS. The AP and PC subunits could be observed among
polypeptides derived from PBS isolated from wild-type Syn-
echococcus sp. strain PCC 7002 cells (Table 1; see Fig. S1 in the
supplemental material). The methylated �-AP (ApcB), �-PC
(CpcB), and �18 (ApcF) polypeptides were identified by their
observed masses of 17,823 Da, 19,525 Da, and 19,326 Da,
respectively (Table 1). However, polypeptides with these

masses were not observed in the PBS isolated from the cpcM
mutant of Synechococcus sp. strain PCC 7002. Instead,
polypeptides with molecular masses of 17,809 Da and 19,511
Da were observed for �-AP (ApcB) and �-PC (CpcB), respec-
tively (Table 1) (the �18 subunit [ApcF] was not detected).
These masses, which are 14 Da lower than those of the respec-
tive polypeptides from the wild-type strain, correspond to the
calculated masses of unmethylated ApcB (17,810 Da) and
CpcB (19,512 Da), which carry one and two PCB chro-
mophores (mass, 588.3 Da), respectively (Table 1).

The results of HPLC-MS analyses of PBS isolated from
wild-type Synechocystis sp. strain PCC 6803 and the cpcM mu-
tant of this strain are shown in Fig. 3. For the PBS isolated
from the wild type (Fig. 3A and Table 1), polypeptides with
masses of 17,817 Da, 19,315 Da, and 19,356 Da were observed,
which correspond closely to the calculated masses expected for
the methylated ApcB, CpcB, and ApcF polypeptides, respec-
tively. For PBS isolated from the cpcM mutant of Synechocystis
sp. strain PCC 6803, polypeptides with masses of 17,803,
19,301, and 19,342 Da were observed, which correspond closely
to the predicted masses of unmethylated ApcB (17,803 Da),
CpcB (19,302 Da), and ApcF (19,348 Da) carrying one (ApcB
and ApcF) or two (CpcB) PCB chromophores (Fig. 3B and
Table 1). It should be noted that inactivation of the cpcM gene
had no effect on the observed masses of the � subunits (ApcA
and CpcA) of AP and PC in either strain (Table 1). These
results suggested that CpcM is uniquely responsible for post-
translational methylation of three PBP � subunits: ApcB,
ApcF, and CpcB.

Trypsin digestion and HPLC-MS analyses. Based on amino
acid sequencing (30, 31, 39, 43) and the X-ray structures of
methylated and unmethylated PC (1, 56), the amide nitrogen
of Asn72 is the methylation site for �-PC. To verify further that
CpcM is the Asn72 methyltransferase, the PBP derived from
PBS of the two wild-type and two cpcM mutant strains were

TABLE 1. Observed and predicted masses for PBP from wild-type
and cpcM mutants of Synechococcus sp. strain PCC 7002 and

Synechocystis sp. strain PCC 6803

Strain and PBP

Mass (Da)a

WT CpcM�

Observed Calculated Observed Calculated

PCC 7002
ApcA 17,742 17,742 17,742 17,742
ApcB 17,823 17,824 17,809 17,810
CpcA 18,210 18,210 18,209 18,210
CpcB 19,525 19,526 19,511 19,512
ApcF 19,326 19,325 NDb 19,311

PCC 6803
ApcA 17,868 17,868 17,867 17,868
ApcB 17,817 17,817 17,803 17,803
CpcA 18,174 18,174 18,173 18,174
CpcB 19,315 19,316 19,301 19,302
ApcF 19,356 19,362 19,342 19,348

a Observed and calculated masses for proteins from wild-type (WT) and
CpcM-less (CpcM�) strains. ApcA, ApcB, CpcA, and ApcF each carry one PCB
chromophore (588.3 Da), while CpcB carries two PCB chromophores (1,176.6
Da). ApcB, Cpc,B, and ApcF additionally are assumed to carry one methyl
group.

b ND, not detected.

VOL. 190, 2008 CpcM METHYLATES PHYCOBILIPROTEIN BETA SUBUNITS 4811



digested with trypsin. A comparison of the tryptic peptides of
PBP from the wild-type and the corresponding cpcM mutant
strains provided additional information about the site at which
methylation occurs in each strain. Figure 4 shows the results of
HPLC-MS analyses of tryptic peptides derived from PBS. As
shown in Fig. 4A, a doubly protonated peptide with a mass of
2,190 Da (m/z 	 1,095) was observed by HPLC-MS analysis of
a tryptic digest of PBP isolated from wild-type Synechococcus
sp. strain PCC 7002; however, the same tryptic peptide from
PBS purified from the cpcM mutant had a mass 14 Da lighter,

i.e., 2,176 Da (Fig. 4B) (m/z 	 1,088 Da). The mass of this
peptide corresponds exactly to the calculated mass of the same
tryptic peptide, which includes Asn72 but which lacked a
methyl group. Similarly, a doubly protonated 2,176-Da peptide
(Fig. 4C) (m/z 	 1,088 Da) containing Asn72 was observed by
HPLC-MS analysis of the tryptic digest of PBP from wild-type
Synechocystis strain 6803. No peptide with this mass was ob-
served in the tryptic digest of PBP of the Synechocystis strain
6803 cpcM mutant; instead, the corresponding peptide had a
mass that was 14 Da lighter (Fig. 4D) (m/z 	 1,081 Da). These
results confirmed that CpcM is responsible for methylation of
Asn72 of �-PC. As indicated by a sequence comparison of the
CpcB, ApcB, and ApcF proteins from Synechococcus sp. strain
PCC 7002 and Synechocystis sp. strain PCC 6803 (see Fig. S2 in
the supplemental material), the Asn72 residue occurs 10 resi-
dues N-terminal to the absolutely conserved Cys82/81 residue
to which PCB is ligated in all three PBP � subunits.

Light sensitivity of the cpcM mutants. The cpcM mutants of
both Synechococcus sp. strain PCC 7002 and Synechocystis sp.
strain PCC 6803 could grow photoautotrophically. As shown in
Table 2, when cells were grown at a low light intensity (50 �mol
photons m�2 s�1), no significant difference could be seen be-
tween the doubling times of the wild type (8.5 h) and the cpcM
mutant (8.7 h) of Synechococcus sp. strain PCC 7002. Likewise,
the doubling times of wild-type (12.3 h) and the cpcM mutant
of (12.8 h) Synechocystis sp. strain PCC 6803 were similar. The
growth rates of these four strains were also measured at light
intensities of up to 390 �mol photons m�2 s�1. For Synecho-
coccus sp. strain PCC 7002, wild-type cells grew faster as the
light intensity increased, and the fastest doubling time was
observed at the highest light intensity. Although the cpcM
mutant also grew faster as the light intensity increased, the
mutant consistently grew more slowly than the wild-type strain.
These results suggested that the cpcM mutant is more sensitive
to photoinhibition than the wild type.

Synechocystis sp. strain PCC 6803 characteristically grows
more slowly and is more sensitive to high light than Synecho-
coccus sp. strain PCC 7002 (Table 2). The growth rate of the
wild type increased with increasing light intensity up to �260
�mol photons m�2 s�1, but a further increase in light intensity
caused photoinhibition and a decreased growth rate for Syn-
echocystis sp. strain PCC 6803 (Table 2). This photoinhibitory
effect was much more dramatic in the case of the cpcM mutant
of Synechocystis sp. strain PCC 6803. Although the cpcM mu-
tant grew at approximately the same rate as the wild type at the
lowest light intensity tested (50 �mol photons m�2 s�1), the
doubling time for the cpcM mutant was nearly sevenfold higher
than that for the wild type at 260 �mol photons m�2 s�1, and
the cpcM mutant did not grow at 390 �mol photons m�2 s�1

(Table 2). Thus, PBP methylation is clearly not essential for
PBS assembly or for efficient light harvesting at low light in-
tensities. However, the mutant strains with unmethylated PBP
were much more sensitive to photoinhibition than the corre-
sponding wild-type strains, and this effect was most pro-
nounced for Synechocystis sp. strain PCC 6803.

The light sensitivity of the cpcM mutant strains was easily
observed from the color of the liquid cultures grown at increas-
ing light intensities (see Fig. S3 in the supplemental material).
The Chl and PBP contents were determined for cells grown
under different light conditions (Table 3). In general, for the

FIG. 3. HPLC-MS analysis of the PBP from isolated PBS of wild-
type Synechocystis sp. strain PCC 6803 (A) and its cpcM mutant (B).
The masses of some PBP are indicated in Da (Table 1).
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wild-type Synechococcus sp. strain PCC 7002 and Synechocystis
sp. strain PCC 6803, an increase in the growth light intensity
led to a reduction in the Chl and PBP contents of the cells, and
the reduction was much greater for the PBP than for Chl. For
Synechococcus sp. strain PCC 7002, a very high light intensity
(1,200 �mol photons m�2 s�1) was required to produce a
dramatic change in the pigmentation (Table 3; see Fig. S3 in

the supplemental material) Compared to the respective wild-
type strains, however, the cpcM mutants of Synechococcus sp.
strain PCC 7002 and Synechocystis sp. strain PCC 6803 exhib-
ited obvious differences in pigmentation when cells were grown
at high light intensities. This was most evident for the cpcM
mutant of Synechocystis sp. strain PCC 6803. Compared to
wild-type cells grown at 260 �mol photons m�2 s�1, cells of the
cpcM mutant exhibited a 33% reduction in Chl content and a
50% reduction in PBP content.

Energy transfer and state transitions. The absolute conser-
vation of Asn methylation of PBP � subunits implies that this
posttranslational modification must play an important func-
tional role(s). When cyanobacterial cells are incubated in blue
light or darkness, the cells exhibit characteristic changes in the
transfer of absorbed light energy from PBS to PS I and PS II,
a change known as the state transition (17, 65). In dark-
adapted cells (state 2), more light energy is transferred from
PBS to PS I; however, when cells are preilluminated with blue
light, light absorbed by PBS is preferentially transferred to PS
II (state 1). This pattern is clearly observed for the wild-type
Synechococcus sp. strain PCC 7002 (see Fig. S4A in the sup-

TABLE 2. Doubling times of wild-type and cpcM mutants of
Synechococcus sp. strain PCC 7002 and of Synechocystis sp.

strain PCC 6803 under different light conditions

Light intensity
(�mol

photons
m�2 s�1)

Mean doubling time (h) 
 SD for strain:

7002 6803

Wild type cpcM
mutant Wild type cpcM

mutant

50 8.5 
 0.3 8.7 
 0.4 12.3 
 0.3 12.8 
 0.4
140 5.8 
 0.2 6.1 
 0.3 8.2 
 0.3 11.4 
 0.3
260 4.3 
 0.2 4.8 
 0.3 6.7 
 0.3 48.4 
 2.2
390 3.6 
 0.1 4.4 
 0.3 7.4 
 0.3 NMa

a NM, not measurable. Cells did not grow under this condition.

FIG. 4. HPLC-MS analysis of peptides from PBP digested with trypsin. PBP, which had been isolated from the wild-type (A and C) and cpcM
mutants of (B and D) Synechococcus sp. strain PCC 7002 (A and B) and Synechocystis strain 6803 (C and D), were recovered from PBS, digested
with trypsin, and subjected to HPLC-MS analysis. The calculated masses of the doubly protonated CpcB peptides from the wild-type and the cpcM
mutant of Synechococcus sp. strain PCC 7002 are 2,190 Da and 2,176 Da, respectively. The calculated masses of the doubly protonated CpcB
peptides from the wild-type and the cpcM mutant of Synechocystis sp. strain PCC 6803 are 2,176 Da and 2,162 Da, respectively. Since the peptides
shown are doubly protonated, the masses are obtained by multiplying the m/z values by two. Note that a very small amount of the unmethylated
form of the CpcB tryptic peptide (2,160 Da) is observed in wild-type Synechocystis sp. strain PCC 6803.
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plemental material) and Synechocystis sp. strain PCC 6803 (see
Fig. S4C in the supplemental material). At 77 K, fluorescence
emission from PC, AP, and the terminal emitters of the PBS
occurs at about 650 nm, 660 nm, and 685 nm, respectively.
Fluorescence emission from the Chls of PS II is observed at
685 nm and 695 nm and that from PS I at �717 nm for
Synechococcus strain 7002 and �725 nm for Synechocystis sp.
strain PCC 6803 (65). For both wild-type strains, increased
fluorescence from PS II is observed after cells are pretreated
with blue light, as expected. The cpcM mutants are still able to
redirect light energy between PS I and PS II by the state
transition mechanism (see Fig. S4B and S4C in the supplemen-
tal material). However, the fluorescence emission from PBP
was significantly higher for both mutant strains, and this was
especially true for Synechocystis sp. strain PCC 6803 cells in
state 1 (see Fig. S4D in the supplemental material). For the
cpcM mutant of Synechococcus sp. strain PCC 7002, energy
transfer to PS II, as reflected by relatively low fluorescence
emission at 695 nm, was impaired in both states 1 and 2. Since
the PBP contents of the cells are lower in the cpcM mutants
(Table 3), the fluorescence emission spectra indicated that the
cpcM mutants have a much lower efficiency of light energy trans-
fer from PBS to both PS I and PS II.

DISCUSSION

Distribution of CpcM and its relationship to other methyl-
transferases. Although �-N-methylasparagine was recently
found in polytheonamides A and B, which are cytotoxic linear
peptides from a marine sponge (24), to our knowledge the only
proteins that have been shown to contain �-methylasparagine
are the � subunits of PBP. Archaeal proteins (13) and com-
ponents of the transcription and translation apparatus in eu-
karyotes (41) do not appear to have this posttranslational mod-
ification. However, several proteins, including protein L3 of
ribosomes and release factors (RF) 1 and 2 of E. coli contain
�-N-methylglutamine (10, 27, 32, 40, 50). PrmB methylates
ribosomal protein L3 on a Gln residue within the sequence
GSIGQNQTPGKVF (10, 27), and this sequence has no simi-
larity to the sequence methylated by CpcM (LIAPGGNAY
TNRR in CpcB of Synechococcus sp. strain PCC 7002; see Fig.
S2 in the supplemental material). Interestingly, HemK (also
known as PrmC) methylates the Gln residue in the sequence
SGAGGQHVN, which occurs in both RF1 and RF2 and is

similar to the motif surrounding Asn71/72 of PBP � subunits
(27, 40, 50).

Cyanobacterial CpcM methyltransferases, which methylate
the amide nitrogen of Asn71/72 of PBP beta subunits, contain
a typical methyltransferase domain of the Rossman fold type
(33, 37). Similar structurally conserved domains occur in many
other S-adenosylmethionine-dependent methyltransferases,
including those of the UbiE/COQ5/MenG, SmtA, and HemK/
PrmC families (33, 36, 45, 49, 50). Sequence conservation sug-
gests that CpcM probably shares mechanistic similarities with
these other methyltransferases. However, when cyanobacterial
CpcM proteins are compared with MenG and PrmC/HemK,
only a very low level of sequence similarity is found for these
three methyltransferases (Fig. 2). Although residues 32 to 350
of Synechococcus sp. strain PCC 7002 CpcM can be aligned
with PrmC/HemK, these two proteins are only �14% identical
and �27% similar in the region in which their amino acid
sequences overlap. Compared to PrmC/HemK, CpcM has N-
terminal and C-terminal extensions of 31 and 49 residues,
respectively. The precise roles of these extensions are un-
known, but the X-ray structure of PrmC/HemK shows that the
N and C termini extend away from the protein core (50). Thus,
it is likely that the CpcM and PrmC/HemK core structures are
similar, and these enzymes may have similar catalytic mecha-
nisms. Interestingly, when Asn72 of CpcB was replaced by Gln
in Synechococcus sp. strain PCC 7002, some methylation of the
Gln72 residue occurred (62). This observation suggests that
CpcM is specific for the residue at position 72 but that its active
site can accommodate the larger Gln side chain.

Sequenced cyanobacterial genomes carried only single cop-
ies of cpcM-like genes. Based upon the characterization of
cpcM mutants from two unicellular cyanobacterial strains, Syn-
echococcus sp. strain PCC 7002 (marine) and Synechocystis sp.
strain PCC 6803 (freshwater), CpcM is the only enzyme that
posttranslationally methylates Asn71/72 residues of CpcB,
ApcB, and ApcF. Previous studies have shown that Asn72 is
also methylated in the � subunits of PE and PEC (30). Since
several of the organisms included in phylogenetic analyses
shown in Fig. 2 synthesize PE or PEC but have only a single
CpcM-type methyltransferase, it can be surmised that CpcM
methylates Asn72 in the � subunits of PE (CpeB) and PEC
(PecB) in those organisms. Thus, we conclude that CpcM can

TABLE 3. Pigment contents of cells from liquid cultures of wild-type and cpcM mutants of Synechococcus sp. strain PCC 7002 and
Synechocystis sp. strain PCC 6803 grown at different light intensities

Strain

Mean Chl a content (�g Chl OD unit�1 ml�1) 
 SD at the following
light intensity (�mol photons m�2 s�1):

Relative PBP content (%)a at the following light
intensity (�mol photons m�2 s�1):

50 140 260 390 50 140 260 390

PCC 7002
Wild type 5.5 
 0.3 5.2 
 0.2 4.8 
 0.1 4.7 
 0.2 100 95 92 86
cpcM mutant 5.4 
 0.2 5.3 
 0.3 4.6 
 0.2 4.3 
 0.2 97 89 84 76

PCC 6803
Wild type 6.1 
 0.3 5.7 
 0.3 5.4 
 0.1 5.1 
 0.2 100 97 92 74
cpcM mutant 5.6 
 0.3 4.8 
 0.2 3.6 
 0.3 NMb 92 76 50 NM

a PBP content is reported as the percentage relative to the content of the respective wild-type cells grown at 50 �mol m�2 s�1. Standard errors were about

3 to 5%.

b NM, not measurable. Cells did not grow under this condition.
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recognize and methylate the amide nitrogen of Asn71/72 in all
PBP �-type subunits in any given cyanobacterium.

Functional role of Asn methylation of PBP. Swanson and
Glazer (58) previously characterized two nitrosoguanidine-in-
duced mutants of Synechococcus sp. strain PCC 7942 that
lacked detectable Asn methylation of PBP. They showed that
unmethylated PBP had absorption spectra that were similar to
those of the methylated proteins, were no more sensitive to
thermal denaturation than methylated PBP, and, as observed
here, were able to assemble PBS normally. However, similar to
the results for whole cells of the cpcM null mutants described
here (see Fig. S4 in the supplemental material), isolated PBS
exhibited increased fluorescence emission from AP and PC. A
decrease in the quantum yield of fluorescence emission in the
methylation-defective mutant strains indicated that excitation
energy losses were occurring through decay pathways without
fluorescence emission in the mutants lacking methyltransferase
activity. Swanson and Glazer (58) concluded that Asn methyl-
ation of PBP contributes significantly to the overall efficiency
of directional energy transfer from PBS to PS I and PS II. It
should be noted that those authors did not measure the growth
rates of their mutants; moreover, those authors did not specify
the light intensity under which their cells were grown. Thomas
et al. (61) subsequently used these same mutants to demon-
strate lower rates of electron transfer through PS II in vivo.
Thomas et al. (62) later studied two site-specific PC mutants
with Asp or Gln in place of the Asn located at �-72 in the
cyanobacterium Synechococcus sp. strain PCC 7002. Spectro-
scopic measurements demonstrated that these substitutions
affected both the ground-to-excited-state transition and the
excited-state characteristics of the �-84 chromophore, and they
concluded that �-N-methylasparagine plays an important role
in establishing an environment that minimizes nonradiative
energy loss from the PCB chromophore bound at �-Cys84
(62).

In the cpcM null mutant strains described here, only a very
slight increase in the doubling time was observed at low light
intensity for Synechococcus sp. strain PCC 7002 and Synecho-
cystis sp. strain PCC 6803. This result, together with the ob-
servation that most of the PBP in the mutant strains were
assembled into PBS, indicates that Asn71/72 methylation of
PBP � subunits is not essential for PBS assembly in the two
cyanobacteria studied here and that energy transfer losses,
while measurable, did not impair growth at low light intensity.
The results obtained for the two cpcM mutants differed some-
what at higher light intensities (Table 2). For Synechococcus
sp. strain PCC 7002, the growth rate of the cpcM mutant was
only slightly lower than that of the wild type as the light inten-
sity increased. Although the Chl contents of the wild type and
cpcM mutant were similar at different light intensities, the PBP
content of the cpcM mutant was consistently 5 to 10% lower
than that of the wild type. The lower PBP content in the
mutant cells suggests that the absence of Asn72 methylation of
PBP beta subunits decreases the stability of the PBP and leads
to lower PBP levels in cells. However, the PBP contents of cells
clearly decreased as the growth light intensity increased. This is
obvious when one compares the cpcM mutant and wild-type
cells after growth at very high light intensity (1,200 �mol pho-
tons m�2 s�1) (see Fig. S3A and S3B in the supplemental
material).

The situation for Synechocystis sp. strain PCC 6803 was
somewhat different. At low light intensities, the doubling time
of the cpcM mutant was already longer than that of the wild
type, and at higher light intensities, the cpcM mutant grew very
slowly or did not grow at all (Table 2; see Fig. S3C and S3D in
the supplemental material). The PBP content of the cpcM
mutant was significantly lower than that of wild-type cells at all
light intensities (Table 3). Thus, it appears that the lack of Asn
methylation had a much greater effect on PBP levels in Syn-
echocystis sp. strain PCC 6803, but again the degree of PBP
destabilization increased dramatically as the light intensity in-
creased. The molecular mechanism by which light might de-
stabilize unmethylated PC or AP is not known at this time, but
the effect presumably arises from structural changes that occur
in the vicinity of the chromophores bound at Cys81 of ApcB
and at Cys82 of CpcB. As shown in the X-ray structures of PBP
(4, 56) (see Fig. S5 in the supplemental material), the �-N-
methyl-Asn72 residue lies immediately adjacent to the PCB
chromophore that is attached at Cys82 of CpcB and Cys81 of
ApcB. The �-81/82 PCB chromophores are more exposed in
PC and AP of the cpcM mutant strains because of the absence
of the �-N-methyl group on Asn72 (1). It has been reported
that PBP can sensitize the formation of reactive oxygen species
(25, 26, 63) and that PBP are sensitive to bleaching by reactive
oxygen species (21, 60, 63). In future studies we will determine
whether PBP lacking methylation at Asn71/72 produce more
reactive oxygen species, whether the PBP themselves are more
sensitive to reactive oxygen species, or both. Because low
growth light intensities were probably employed in previous
studies, it should be noted that the photoinhibition and lower
PBP contents of cpcM mutants were not previously reported.
These effects are distinct from the inefficient energy transfer
properties that were previously reported (58, 61, 62) and con-
firmed here.

In summary, using bioinformatics and reverse genetics ap-
proaches, we have identified the cpcM gene, encoding the
methyltransferase that posttranslationally methylates Asn71/72
in CpcB (�-PC), ApcB (�-AP), and ApcF (�18) in two cya-
nobacteria. As demonstrated through biochemical character-
ization of cpcM mutants here and in vitro biochemical studies
to be reported elsewhere (38a), CpcM methylates all apo-PBP
� subunits. Characterization of cpcM mutants of Synechococ-
cus sp. strain PCC 7002 and Synechocystis sp. strain PCC 6803
revealed that the inability to methylate Asn71/72 of PBP causes
reduced energy transfer from PBS to PS I and PS II as well as
sensitivity to high light intensity. Surprisingly, the methylation
of Asn71/72 in PBP � subunits is a life-or-death issue for
Synechocystis sp. strain PCC 6803 cells growing at even mod-
erately high light intensity. The severe photoinhibition ob-
served for cpcM mutants may explain why this posttranslational
modification occurs almost universally in PBP � subunits.
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