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Deeply Branching cg-like Cytochromes of Cyanobacteria’
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ABSTRACT: The cyanobacterium Synechococcus sp. PCC 7002 carries two genes, petJI and petJ2, for proteins
related to soluble, cytochrome ¢ electron transfer proteins. PetJ1 was purified from the cyanobacterium, and
both cytochromes were expressed with heme incorporation in Escherichia coli. The expressed PetJ1 displayed
spectral and biochemical properties virtually identical to those of PetJ1 from Synechococcus. PetJ1 is a typical
cytochrome ¢ but contains an unusual KDGSKSL insertion. Pet]2 isolated from E. coli exhibited absorbance
spectra characteristic of cytochromes, although the a, /5, and ¥ bands were red-shifted relative to those of
PetJ1. Moreover, the surface electrostatic properties and redox midpoint potential of PetJ2 (pl 9.7; E, 7 = 148
4 1.7 mV) differed substantially from those of PetJ1 (pl 3.8; En7 = 319 £ 1.6 mV). These data indicate that
the Pet]2 cytochrome could not effectively replace PetJ1 as an electron acceptor for the cytochrome bf complex
in photosynthesis. Phylogenetic comparisons against plant, algal, bacterial, and cyanobacterial genomes revealed
two novel and widely distributed clusters of previously uncharacterized, cyanobacterial cs-like cytochromes.
PetJ2 belongs to a group that is distinct from both ¢ cytochromes and the enigmatic chloroplast cea cytochromes.
We tentatively designate the Pet]2 group as cec cytochromes and the other new group as ceg cytochromes.

Possible functions of these cytochromes are discussed.

In oxygenic photosynthesis, sunlight catalyzes electron
flow from water through membrane-bound protein com-
plexes. Mobile carriers transfer electrons between these
complexes. One of these mobile carriers is cytochrome (Cyt)"
c6, a ubiquitous thylakoid lumen protein of cyanobacteria
and some algal chloroplasts, which transfers electron from
the cytochrome bf complex to the photosystem I (PS 1)
reaction center and, in cyanobacteria, also to a respiratory
cytochrome oxidase (/, 2). Crystal structures of Cyt cg
proteins are available from several sources (3-6), and many
additional sequences have been deposited in databases. These
proteins are characterized by their low molecular masses
(~80-90 amino acids in the mature protein), covalently
bound heme, and high midpoint potentials of approximately
310—390 mV. Cyt ¢s was thought to be absent from plants,
having been replaced in plant and some algal electron transfer
chains by the blue-copper, plastocyanin protein. More
recently, a cytochrome cg-like protein, now designated Cyt
Ccea, has also been discovered in plants (7, 8) and the green
alga Chlamydomonas reinhardtii (9). However, it remains
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controversial whether this novel cytochrome could function
as an electron carrier between the Cyt bf complex and PS
I(8 10-12).

All known cyanobacteria encode a Cyt ¢4 protein, although
in some strains this can be replaced by plastocyanin under
copper replete conditions (/, /3). In the cyanobacterium
Synechococcus sp. PCC 7002, the petJ gene encodes Cyt
ce, which is essential for electron transfer and growth. A
second gene for a putative Cyt ¢ protein, designated petJ2,
was discovered by Nomura and Bryant and its sequence
deposited in the UniProt database (/4) as accession number
030881. Accordingly, the original petJ gene was renamed
petJ1. These authors were unable to detect the putative Pet]2
cytochrome cg at either the protein or mRNA level in cells
cultured under standard conditions. Consequently, the func-
tion of PetJ2, and indeed whether it could be expressed as a
cytochome protein, has remained obscure.

As revealed by Nomura and Bryant (/5), PetJ1 of
Synechococcus PCC 7002 is thus far unique among ce
cytochomes, because of an amino acid insertion in the mature
protein (Figure 1. This insertion differs from the plant and
algal Cyt cea insertion (7, 9). Moreover, and in contrast to
Synechocystis PCC 6803 (16), the petJI gene of Synecho-
coccus 7002 could not be inactivated, nor could it be replaced
with petJ (Cyt ce), petE (plastocyanin), or cytM (Cyt cv) of
Synechocystis (15). Consequently, it appears that only the
native Pet]J1 cytochrome of Synechococcus can function
properly in electron transfer and ensure cell viability.

We report here the characterization of the PetJ1 and Pet]2
cytochromes of Synechcococcus PCC 7002. Because the
Pet]2 protein has not yet been detected in Synechococcus,
and to produce ample protein for in vitro studies, we
heterologously expressed the PetJ1 and Pet]2 cytochromes
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in Escherichia coli. Both cytochromes were successfully
produced with heme incorporation and exhibited spectral
features typical of cytochromes, indicating that the petJ2 gene
indeed encodes a cytochrome protein. We found, however,
that the electrostatic and redox properties of the PetJ1 and
Pet]2 cytochromes differ radically, making it unlikely that
PetJ2 could function as an electron acceptor for the Cyt bf
complex in cyanobacterial photosynthesis. Phylogenetic
analyses revealed that Pet]2 belongs to a novel and widely
distributed cluster of cyanobacterial c-type cytochromes
whose function is not yet known.

EXPERIMENTAL PROCEDURES

Plasmid Construction, Protein Expression, and Purifica-
tion. The petJ1 gene was amplified from Synechococcus PCC
7002 DNA with primers AGCTAGCCGGCGATGGCCGCT-
GATGCTGCTGCTGGTG, which introduced an NgoMIV
site and the last three amino acids, Ala, Met, and Ala
(underlined), of the PelB transit peptide, and CTGAAT-
TCGGATCCTTACCATTTGTTGTTTTCTGC, which intro-
duced a BamHI site. PCR products were digested with
NgoMIV and BamHI and inserted into plasmid pUCPF2 (77)
digested with the same enzymes. The petJ2 gene was
amplified with primers GGCGATGGCCGCTGATCTC-
GACCAGGGAG, encoding the Ala, Met, and Ala amino
acids of the PelB transit peptide, and CTGAATTCGGATC-
CTTAAGATTTCCAGTCGGTTTGG and inserted into
pUCPE2 digested with Nael and BamHI. The resulting
plasmids, pUCpet]J1 and pUCpet]2, for Pet]1 and Pet]2,
respectively, were confirmed by sequencing.

The pet genes from these plasmids were coexpressed in
E. coli strain DH5a with plasmid pEC86 (18), which carries
genes for c-type cytochrome maturation. Fresh cotransfor-
mants were used to inoculate overnight cultures and then
flasks filled to 80% capacity with LB medium. Cells were
incubated at 37 °C and 220 rpm to an OD75q of 0.7-1.0; the
temperature was lowered to 28 °C and rpm to 80, and gene
expression was induced by addition of 0.1 mM IPTG. FeSO4
and d-aminolevulinic acid were added to concentrations of
100 and 17 mg/L, respectively. After overnight incubation,
cells were harvested by centrifugation at 6000g for 10 min
at 4 °C. The red cell pellets were washed in 5 mM Tris-HCl
and 1 mM EDTA (pH 7.5), centrifuged, and suspended in
the same buffer. Lysozyme was added to a concentration of
1 mg/mL and the suspension incubated at 37 °C for 1 h with
shaking and then centrifuged at 25000g for 15 min at 4 °C.
The resulting, soluble, periplasmic protein fraction was
incubated with ammonium sulfate (45% saturation, 30 min,
4 °C) and centrifuged at 20000g for 20 min at 4 °C, and the
pellet was discarded. Ammonium sulfate was added to the
supernatant to 95% saturation and treated as described above.
Supernatants containing PetJ1 or Pet]2 were dialyzed against
either 20 mM Tris-HCI (pH 8) or 20 mM bis-Tris-HCI1 (pH
6.5) and applied to a HiTrap DEAE FF or HiTrap SP FF
column (GE Healthcare), respectively. Proteins were eluted
with linear 0 to 500 mM NaCl gradients. Concentrated
protein fractions were further purified by size exclusion
chromatography on a Superdex75 HR10/30 column. Purified
proteins were characterized by SDS—PAGE and heme-
staining as described in ref /9.

PetJ1 was purified from Synechococcus sp. PCC 7002 cells
grown as described in ref 20. Cells were harvested at midlog
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phase and broken by French press treatment (3 x 20000 psi).
Pet]1 from Synechococcus was purified as described above
except that ammonium sulfate was added to a concentration
of 70% and Q-Sepharose was used instead of DEAE FF.

Sequence Alignments, Structure Modeling, and Phyloge-
netic Trees. Sequences were aligned using ClustalX version
1.83.1: matrix BLOSUMG62, gap penalty 10. Predicted
structural models of the Pet]J1 and Pet]2 proteins were
constructed with Gromos 87 force field software (21).
Parameters were as follows: SPC216 bath, 298.15 K,
restrained backbone position, and 300 ps molecular dynamics
runs. After 45 ps, equilibration data were collected at 10 ps
steps and then averaged. Both models were deposited in the
Protein Data Bank as entries 1T58 and 1T59 for PetJ1 and
Pet]2, respectively. Surface electrostatic potentials were
calculated with MOLMOL (22) and the Nichols and Honig
algorithm (23) with parameters set to an ionic strength of
40 mM and solvent and protein dielectric constants of 80
and 4, respectively. Phylogenetic trees and bootstrap values
were calculated using Neighbor Joining in PHYLIP (24).

Circular Dichroism. CD spectra in the ultraviolet region
(UV CD) were recorded on a Jasco J-715 spectropolarimeter
at 25 °C, with a 1 mm path length cell, with samples in 10
mM phosphate buffer (pH 7.0). Data points were collected
every 1 nm, with six scans averaged per sample. Secondary
structures were calculated from three different methods of
CD spectral analysis as described previously (25).

Mass Spectrometry and Isoelectric Focusing. Typical
parameters for electrospray ionization (ESI), ion trap mass
spectrometry (Bruker Esquire 3000 Plus) were as follows:
capillary voltage of 4500 V, temperature of 320 °C, drying
gas at a rate of 7 L/min, and nebulizer gas pressure of 12
psi. Purified proteins were desalted on C, spin columns (Nest
Group). The eluate in 50% methanol and 0.1% formic acid
was injected into the mass spectrometer at a flow rate of
60-90 uL/h. Data were analyzed with Bruker DataAnalysis.
Protein isoelectric points (pl) were estimated by native
isoelectric focusing (IEF) on pH 3-10 immobilized pH-
gradient (IPG) strips in a Bio-Rad Protean IEF apparatus.
Proteins (1 ug) in 50 mM MOPS buffer were focused
typically for 12000 Vh. pl values were calculated with
QuantityOne (Bio-Rad) against Bio-Rad pI markers.

Redox Titrations. Redox titrations were performed as
described by Dutton (26). Titrations were performed three
times in both directions in a custom anaerobic cuvette, under
an Ar flow, containing a platinum electrode and an Ag/AgCl,
reference electrode (model MF-2052 RE-5B, Bioanalytical
Systems) in 50 mM MOPS and 50 mM KCI (pH 7.0) in the
presence of redox mediators: potassium ferricyanide (Ey,7
= 430 mV), I,l’-dimethylferrocene (En; = 333 mV),
p-benzoquinone (Ey,7; = 280 mV), 1,2-naphthoquinone-4-
sulfonate (E,,7 = 210 mV), 1,2-naphthoquinone (E,,; = 145
mV), and phenazine methyl sulfate (E,; = 80 mV).
Menadione (0 mV) was included for PetJ?2 titrations. Potas-
sium ferricyanide and sodium dithionite were used as the
oxidant and reductant, respectively. Spectra were recorded
at intervals of ~20 mV on an Agilent 8453 UV-visible
spectrophotometer at two different mediator concentrations
(20 and 50 uM) and 1 uM protein. Midpoint potentials were
determined from the cytochrome a band absorbances plotted
as a function of voltage and fitted to a one-component Nernst
equation with the aid of Kaleidagraph.
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FIGURE 1: Sequence alignments of representative cyanobacterial and algal ¢ cytochromes, cyanobacterial c¢-like cytochromes, and eukaryotic
cea cytochromes. Members of the two groups of ce-like cytochromes are listed as cgp or cec. Residues are numbered according to the
N-termini of the mature Synechococcus PCC 7002 PetJ1 (cs) and Pet]2 (cqc) proteins. White letters highlighted in black represent totally
conserved residues, whereas similar residues are shown as black letters in boxes. The diamond () at position 50 indicates a residue (Q vs
I, L, or V) that may be important in determining redox properties as discussed in the text. The triangle (A) at position 61 marks a conserved
tyrosine in the ce-like cytochromes relative to phenylalanine or tryptophan in cytochromes cga and ce. Sources of sequences are provided

in Figure S1 of the Supporting Information.

RESULTS

Synechococcus PetJ1 and PetJ2 Proteins and Other c-Type
Cytochromes. Figure 1 displays an alignment of the Synecho-
coccus sp. PCC 7002 PetJ1 and PetJ2 proteins with cyanobac-
terial and algal Cyt ¢ and plant and algal Cyt cga. Overall, the
sequences of PetJ1 and Pet]2 are 40% identical and 55% similar,
on the basis of conservative amino acid substitutions. The
CXXCH motif for covalent, c-type heme attachment is located
between residues 14 and 17 of the mature PetJ1 and Pet]2
proteins. Sequence comparisons and modeling predicted that
the heme axial ligands are the conserved His18 and Met65 in
PetJ1 and His18 and Met58 in PetJ2. Putative signal peptides
were assessed with SignalP (27), which indicated strong
structural similarity in the PetJ1 and PetJ2 presequences. These
consist of 117 and 115 amino acids in PetJ1 and Pet]2,
respectively, including predicted 24-residue (MKKLLAIALTV-
LATVFAFGTPAFA) and 28-residue (MNKRLVQVIVFVMIV-
LLLVPLLATPAFG) signal peptides. This analysis suggests that
the PetJ2 protein could be translocated into the thylakoid lumen,
like PetJ1, or possibly the periplasmic space, which is related

in the sense of being a compartment on the “p” (positive) side
of the membrane.

A striking feature of PetJ1 from Synechococcus sp. PCC 7002
is the KDGSKSL insertion found, thus far, exclusively in this
Cyt ¢ protein. This insertion is clearly different from the 12-
residue insertion found in chloroplast Cyt csa proteins (Figure
1).

To better elucidate the relationship of the putative PetJ2
cytochrome to PetJ1 and other cytochromes, we performed
sequence comparisons and constructed phylogenetic trees as
in Figure 2. This analysis revealed discrete clusters corre-
sponding to the expected, previously characterized c-type
cytochromes, including csso associated with PS II, ¢sss of
Chlorobium, cs cytochromes, the chloroplast ces cytochromes
of unknown function, and the cryptic cyanobacterial cy
cytochromes of unknown function (27—29) . In addition, and
interestingly, two new clusters appeared that branch deeply
within this tree. These “cq-like” clusters, tentatively desig-
nated as cep and cec, consist entirely of previously unstudied,
cyanobacterial cytochromes known only from their predicted
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FIGURE 2:
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Unrooted tree of c-type cytochrome proteins from cyanobacteria, algae, and plants calculated using Neighbor Joining in PHYLIP

(24). Bootstrap probability values of =50 are shown for branch points. The bar represents the approximate evolutionary distance in substitutions
per residue. Sequences are from JGI and NCBI and, for Synechococcus sp. PCC 7002, courtesy of D. Bryant. The novel c¢-like cytochromes
are encircled with a dotted line. Two clusters, labeled c¢s and cec, occurred consistently within this group. A comprehensive alignment and
complete sequence source information are included in Figure S1 of the Supporting Information.

amino acid sequences. The cryptic Synechococcus PCC 7002
PetJ2 cytochrome falls within the cec group. This cluster is
most closely related to the Cyt ¢¢ group but clearly distinct
from it (note the high bootstrap value of 96 at this node).
The c¢p cytochrome cluster is more closely related to the
chloroplast cga group and separated from it by a more modest
bootstrap score of 58. The cep and cec clusters appear to be
distinct from each other. Multiple-sequence alignment of cg-
like sequences provided further evidence that the ce¢g and
cec cytochromes comprise coherent groups (Figure 1 and
Figure S1 of the Supporting Information). BLAST searches
of the predicted, mature Pet]2 sequence against the cec, Cop,
cea, and cg groups gave average amino acid sequence
identities and similarities of 57.5 and 76.5%, 44.6 and 64.4%,
32.4 and 51.8%, and 43.5 and 60.1%, respectively. From
these analyses, we can also conclude that the PetJ2 cyto-
chrome is not a variant of Cyt ¢y or csso but rather a member
of a unique, cec group of ce-like cytochromes.

Expression and Purification of the PetJl and PetJ2
Cytochromes. To further characterize these proteins, expression
plasmids were constructed and used in E. coli, together with
plasmid pEC86 for c-type heme assembly (/8), to overproduce
the cyanobacterial cytochromes. Both Pet]J1 and Pet]2 were

expressed with heme incorporation, correctly processed, and
purified to homogeneity from the E. coli periplasm as judged
by the appearance of single bands of ~9 kDa on Coomassie-
stained and TMBZ (heme)-stained SDS—PAGE gels (Figure
3A,B). These data provided the first evidence for expression
of the Synechococcus PCC 7002 petJ2 gene as a bona fide
c-type cytochrome. Absorption spectra showing Assi3/As74 or
Asss/Aaza ratios of 0.9 for PetJ1 and Pet]2, respectively, provided
further evidence for protein purity and efficient heme incorpora-
tion (Figure 3C,D). The spectrum of PetJ1 was similar to spectra
of ¢ cytochromes from other species with characteristic a
(maximum at 553.1 nm), § (522.3 nm), and v, or Soret (416.1
nm), bands. These data correspond well to the absorbance
maxima reported by Baymann et al. (20) for the Synechococcus
Cyt ¢ in vivo. In contrast, the absorbance maxima of the Pet]2,
ce-like cytochrome were different with red-shifted o, S, and
Soret bands in the reduced protein at 554.3, 523.2, and 417.1
nm, respectively (Figure 3C,D). The spectral features of PetJ1
expressed in E. coli were virtually identical to those of PetJ1
purified from Synechococcus (data not shown).

Mass Spectrometry. Correct expression and processing in
E. coli of the PetJ1 and PetJ2 cytochromes was further verified
by N-terminal sequencing of each protein (data not shown) and
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FIGURE 3: Analysis of expressed Pet]1 and Pet]2 proteins. (A)
SDS—PAGE and (B) heme staining of PetJ1 (lanes 1-4) and PetJ2
(lanes 5-7) in cell lysates (lanes 1 and 5), after DEAE or Mono-Q
chromatography (lanes 2 and 3), after gel filtration (lanes 4 and 7),
and after SP chromatography (lane 6). (C) Normalized absorption
spectra of both cytochromes: PetJ1 reduced (solid black line) and
oxidized (black dashed line) and PetJ2 reduced (gray dotted line)
and oxidized (gray dashed line). Cytochromes were reduced and
oxidized with sodium dithionate and potassium ferricyanide,
respectively. (D) Inset: o and 3 peaks of PetJ1 and PetJ2.

by electrospray ionization (ESI) mass spectrometry. Figure 4
shows mass spectra of PetJ1 purified from Synechococcus and
Pet]2 purified from E. coli. Electrospray ionization results in
multiply charged species and therefore multiple spectral peaks
that represent different charge states of the same molecule.
Deconvolution of the major peaks gave a calculated average
mass of 10055.2 Da for the +1 charged, intact Pet]J1 protein
(Figure 4B). Subtraction of the heme mass (616.48 Da) gave
9437.7 Da as the mass of the uncharged, Pet]J1 apoprotein,
which is within 1 Da of the mass of 9438.47 Da predicted from
the sequence. Similar analyses gave the apoprotein masses of
PetJ1 (not shown) and PetJ2 (Figure 4C,D) purified from E.
coli as 9436.8 and 9400.5 Da, respectively. These values are
within experimental error of the predicted masses of 9438.47
and 9400.52 Da, respectively.

Structure Modeling and Circular Dichroism. To gain
further insight into structural features of the PetJ1 and Pet]2
cytochromes, modeling and CD analyses were performed.
Modeling based on known Cyt cs structures generated
similar, predicted three-dimensional (3D) structures for both
proteins (Figure 5, top row). This overall fold is typical of
Cyt ¢ proteins [e.g., the Monoraphidium braunii structure
(Figure 5)], including Cyt cea. CD spectroscopy in the
ultraviolet wavelength region (UV CD) was used to gain
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FIGURE 4: ESI mass spectra of the intact PetJ1 protein from
Synechococcus (A) and Pet]2 protein purified from E. coli (C).
Spectra show multiple charge states as described in the text. The
insets show deconvolutions representing the predicted mass spectra
and average masses of the +1 charged PetJ1 (B) and Pet]2 (D)
holoproteins.

information about protein secondary structure content (28).
Consistent with the overall similarity of their predicted 3D
structures, the secondary structures of the PetJ1 and Pet]2
cytochromes calculated from their CD spectra were also very
similar (Table 1). In contrast, the calculated surface elec-
trostatic potential distributions of the PetJ1 and Pet]2
cytochromes differed substantially (Figure 5, bottom row).

Isoelectric Points and Redox Midpoint Potentials. In
cyanobacteria, the electron donors to PS I may be acidic, neutral,
orbasic, in contrast to the acidic carriers found in eukaryotes (1, 29).
In species that express both Cyt ¢s and plastocyanin, these
proteins have similar physicochemical properties. Isoelectric
focusing of the Synechococcus PCC 7002 PetJ1 and Pet]2
cytochromes under native conditions resulted in single, reddish
bands focusing at opposite ends of the pH gradient (data not
shown). The pI values determined from this analysis were 3.8
and 9.7 for the PetJ1 and PetJ2 cytochromes, respectively. These
data are consistent with the very different, predominantly acidic
and basic, predicted surface electrostatic potentials of these
proteins (Figure 5).

Equilibrium redox titrations of the Synechococcus PetlJ1
and PetJ2 cytochromes revealed a further, striking difference
(Figure 6). Experimental data fitted to one-component Nernst
equations yielded midpoint potentials (En7) of 319 £+ 1.6
mV for PetJ1 and 148 + 1.7 mV for Pet]J2. The midpoint
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Table 1: Secondary Structure Parameters of PetJ1 and Pet]2 Calculated
from UV CD Measurements”

PetJ1 Pet]2
helix 55.10 £ 6.80 51.75 £3.50
strand 8.80 £ 2.54 8.50 +3.48
turn 13.50 £ 4.00 15.83 £1.29
unordered 22.70 £ 5.00 26.82 £ 2.59

“The values represent the averages of means, with the standard error
of the mean (SEM), of three methods of secondary structure estimation
as described in Experimental Procedures.
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FIGURE 6: Potentiometric redox titrations of the PetJ1 (@ and <)
and PetJ2 (O and @) proteins purified from E. coli. Titrations are
shown in the oxidative (¢ and 4) and reductive (@ and O)
directions. The curves represent fits to one-electron Nernst equations
which gave calculated midpoint potentials (Ey,7) of 319 £ 1.6 mV
for PetJ1 and 148 £ 1.7 mV for PetJ2.

potential of PetJ1 falls within the range of high E,, values
characteristic of cyanobacterial cytochromes cg, for example,
from Arthrospira maxima (314 mV) or Synechocystis sp.
PCC 6803 (320 mV) (30). In contrast, the much lower E,
of the Pet]J2 protein would make this ce-like cytochrome a
very poor electron acceptor for the Cyt bf complex. The pl
and redox midpoint potential of the PeJ1 Cyt c¢ expressed
in E. coli were essentially identical to those of PetJ1 isolated
from Synechococcus sp. PCC 7002.

DISCUSSION

The PetJ1 Cytochrome cs of Synechococcus PCC 7002.
The Synechococcus Pet]1 Cyt ¢ contains a unique insertion
loop with a possible phosphorylation motif for a CK2-type
serine kinase. However, there are currently no data to
demonstrate phosphorylation, and the role of this loop
remains unknown. As mentioned, the enigmatic Cyt cea
proteins of plant and algal chloroplasts have a highly
conserved 12-residue insertion (7, 8), which is very different
from the PetJ1 insertion (Figure 1). The Cyt ces insertions
contain two invariant cysteines that have been postulated to
serve in thiol-mediated oxidation—reduction reactions either
in redox sensing (/2) or in formation of disulfide bridges in
thylakoid lumen proteins with concomitant electron transfer
to plastocyanin (37). However, removal of the insertion loop
from the Arabidopsis cea cytochrome altered neither its redox
properties nor interaction with PS I in vitro (32). Thus, the
role of the Cyt cga insertion, as well, remains unknown.

Properties of the PetJ2 ce-like Cytochrome. Expression of
the PetJ2 protein with heme incorporation in E. coli confirmed
that the Synechococcus 7002 petJ2 gene is indeed capable of
encoding a functional cytochrome. Although the overall fold
of the Pet]2, ce-like cytochrome is very similar to those of
typical cytochrome c¢ proteins (Figure 5) and Cyt cea (10), the
physicochemical properties of the Pet]2 cytochrome differ
significantly from those of the others. These properties would
make the Pet]2 cytochrome a very poor electron acceptor for
the Cyt bf complex [En7(Cyt f) ~ 270 mV] (20) and are
consistent with the failure to inactivate PetJ1 in Synechococcus
7002 (15). Importantly, all c¢-like cytochromes differ from the
¢ cytochromes at position 50 relative to PetJ2 (marked with a
diamond in Figure 1). The ce-like cytochromes, as well as coa
cytochromes, have a small amino acid (Leu, Ile, or Val) at this
position, whereas Gln occupies this site in ¢s cytochromes.
Interestingly, the substitution of Val for Gln (V > Q) in Cyt
cea from A. thaliana increased the midpoint potential by
approximately 100 mV and caused a 2 nm blue shift of the a
band absorbance (33).

Analysis of the predicted mature amino acid sequences of
representative cg-like cytochromes revealed that most of these
have basic pl values. Predicted pl values of the cg-like
cytochromes ranged from 8.05 to 9.75 for the csc group and
from 4.7 to 9.0 for the c¢p cluster. The predicted (8.86) and
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measured (9.7) pI values of Pet]2 of Synechococcus 7002 fall
within this range. Although the midpoint potential has thus far
only been determined for Pet]2 of the ce group, these
observations suggest that the properties of this group of ce-like
cytochromes have been more highly conserved than those of
the c¢¢ cytochromes, where pl and surface charge can be either
acidic, as in PetJ1, or basic, as in the Anabaena/Nostoc strains.
The more distantly related Procholorococcus-Synechococcus,
cep cluster of ce-like cytochromes has predicted pl values of
4.7-9.0, suggesting that these proteins may function in a
different environment or serve different roles.

Phylogeny of PetJ2 and Cyanobacterial ce-like Cyto-
chromes. Data presented here reveal that the Synechococcus
7002 Pet]2 cytochrome belongs to a unique, previously
uncharacterized, deeply branching group of cytochromes that
are widely distributed throughout much of the cyanobacterial
lineage. These newly discovered ce-like cytochromes are
clearly distinct from the c¢ cytochromes. The csg cyanobac-
terial cluster is arguably not well distinguished from the
chloroplast cgs cytochromes on the basis of the rather low
bootstrap value of 58 at the junction of these branches.
However, both the c¢g and cec, ce-like cytochromes lack the
12-residue insertion that characterizes the cea proteins (Figure
1). Note also position 61 (marked by a triangle), which is
occupied by a conserved tyrosine in the ce-like sequences
in contrast to phenylalanine or tryptophan in ce¢a and ce
cytochromes. The cec cluster is comprised largely of
sequences from heterocyst-forming or unicellular nitrogen-
fixing cyanobacteria. PetJ2 of the unicellular cyanobacterium
Synechococcus 7002, which does not carry nif genes, is an
interesting exception. Recent microarray analyses provide
the first evidence of transcriptional expression of members
of the c¢c cytochrome group. The Nostoc punctiformae
NpF1886 gene for a c¢-like cytochrome is expressed at low
but significant levels in ammonia-grown and nitrogen-starved
cells and in hormogonia and akinetes (J. Meeks, University
of California, Davis, CA, personal communication). The
corresponding Synechococcus PCC 7942 _2542 gene is
expressed again at low levels in control, nitrogen-starved,
and sulfur-starved cells, and at a level ~2-fold lower after
prolonged nitrogen depletion (R. Schwarz, Bar-Ilan Univer-
sity, Ramat Gan, Israel, personal communication). The ce¢p
cytochrome cluster is comprised largely of the non-nitrogen-
fixing, marine Procholorococcus-Synechococcus group, mem-
bers of which show greater than 95% identity of 16S rRNA
sequences but consist of many physiologically and geneti-
cally diverse ecotypes (34-37). In Synechococcus 7002, the
Pet]2, ce-like cytochrome has not yet been detected under
typical laboratory culture conditions at either the mRNA or
protein level. However, the widespread occurrence of ce-
like sequences among cyanobacterial lineages, and evidence
of the transcription of some, suggest that these proteins are
functionally expressed and confer selective advantages. Their
distribution among diverse unicellular, filamentous, and
nitrogen-fixing lineages suggests that they arose early in
cyanobacterial evolution. Notably, however, not all cyano-
bacteria possess a cs-like cytochrome. Interesting exceptions
include the widely studied Synechocystis PCC 6803, Gloeo-
bacter violaceous PCC 7421 (which lacks internal mem-
branes), two thermophilic Synechococcus strains, and several
strains of Prochlorococcus marinus (Table S1 of the Sup-
porting Information).
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Possible Functions of PetJ2 and Cyanobacterial cs-like
Cytochromes. Although unlikely to accept electrons from the
bf complex, the Pet]2, cs-like cytochrome could, at least on
thermodynamic grounds, donate electrons to PS I or one of
the terminal oxidases of Synechococcus. Some donor—PS 1
reactions depend on collisional interactions and can even
accommodate repulsive electrostatic forces (29). Thus,
electron transfer from the Pet]2 c¢-like cytochrome to PS 1
or cytochrome oxidase cannot be ruled out a priori despite
the seemingly unfavorable, basic surface charge of Pet]2.
On the basis of its putative signal sequence, the Synechoc-
occus Pet]2 could be located in the lumen, the periplasm, or
both. The Pet]2 cytochrome, with a midpoint potential of
~150 mV, would be well poised to respond either to the
redox potential of the quinone pool or to the environment.
Pet]2 might thus interact with the Ctall heme-copper,
terminal oxidase of Synechococcus via electron transfer and/
or binding and conformation change to elicit Ctall-mediated
regulation of stress responses such as those reported by
Nomura and Bryant (38). Several other c-type cytochromes
have known or postulated regulatory roles. Cyt csq; of
Bacillus subtilis has a midpoint potential of ~190 mV (39)
and a role in initiation of sporulation (40). Involvement of
ce-like cytochromes in redox or oxygen sensing related to
heterocyst differentiation may be an intriguing possibility.
Oxygen binding to the heme of the FixL sensor kinase
modulates nitrogen fixation gene expression (47). Other
bacterial Cyt sensors include the Clostridium botulinum
b-heme SONO (42) and the Rhodobacter capsulatus (43)
and Alcaligenes xylosoxidans (44) periplasmic, pentacoor-
dinate ¢’ cytochromes for sensing and/or reductive detoxi-
fication of nitric oxide (NO). Some cyanobacteria possess
quinol-nitric oxide reductases as one line of defense (45).

In summary, Synechococcus sp. PCC 7002 Pet]2 belongs
to a novel group of cs-like cytochromes that are widely
distributed among cyanobacteria and found to be transcrip-
tionally expressed in a few strains thus far. Our analysis
reveals two groups of cs-like cytochromes that appear to have
properties distinct from those of all known soluble cyto-
chromes. We suggest that these be designated cytochromes
ces and cec. These proteins may function in specific environ-
ments or serve yet-to-be-defined regulatory roles.
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