














Figure 3. Number and type of CP12 variants found in each cyanobacterial genome displayed phylogenetically. The tree was
adapted from Shih et al. (2012).
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Figure 4. Maximum likelihood gene tree of all cyanobacterial CP12s. [See online article for color version of this figure.]

Evidence of Differential Interaction of Cyanobacterial
CP12 Variants GAPDH and PRK

Previous analysis has shown that the C-terminal loop
of CP12 is critical for the interaction with GAPDH (Erales
et al., 2011; Matsumura et al., 2011; Fermani et al., 2012).
Glu-69 is thought to be important in interactions with
PRK, GAPDH, and NAD and is particularly well con-
served among cyanobacterial CP12 proteins (Matsumura
et al., 2011). Tyr-73, which also interacts with NAD, is
conserved among cyanobacterial CP12 variants, while
Leu-71 is not (Fig. 5). Asp-75 is conserved in CP12-N/
C, CP12-N, CP12-C(M), and CP12-N/C-CBS (Fig. 5).
The presence of the copper-interacting residue in var-
iants with the C-terminal Cys pairs is consistent with
the proposal that copper binding catalyzes the formation

830

of the disulfide bonds (Delobel et al., 2005; Erales et al.,
2009a). In contrast, the copper-interacting Asp-75 is
replaced by Leu (CP12-N-CBS) or by a Val (CP12-0) in
CP12 types that do not contain the C-terminal Cys pair.
Collectively, our survey of residue conservation (Fig. 2)
and homology modeling (Fig. 5) suggests that cyano-
bacterial CP12-C, CP12-C(M), CP12-N/C, and CP12-N/
C-CBS could likely bind GAPDH. However, it is unlikely
that CP12-0, CP12-N, CP12-N-CBS, and CP12-0-CBS are
able to bind GAPDH, in part because the structure of
each of these may be significantly different from that of
the canonical CP12 due to the lack of the disulfide bond
that orients the helical segment (Figs. 1 and 2).

In contrast to GAPDH, identifying PRK paralogs in
cyanobacterial genomes is difficult. PRK is very similar
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Figure 5. Homology models of representative cyanobacterial CP12
and GAPDH proteins in complexes modeled using PDB 3B1) as template
(Matsumura et al., 2011). NAD is shown in blue sticks, copper as an orange
sphere, the template CP12 is magenta, the modeled CP12 is yellow, the
template GAPDH is cyan, and the modeled GAPDH is red. Residues in the
C-terminal loop are labeled. A, Synechococcus sp. PCC 7002 (identity to
template: CP12-N/C, 48.0%; GAPDH, 74.33%). B, Synechococcus sp. PCC
7942 (identity to template: CP12-N/C, 52.1%; GAPDH, 74.11%). C, Gloeo-
capsa sp. PCC 7428 (identity to template: CP12-C, 47.2%; GAPDH, 74.11%).
D, Prochlorococcus sp. MIT9313 [identity to template: CP12-C(M), 36.0%;
GAPDH, 70.8%]. E, Leptolyngbya sp. PCC 6406 (identity to template: CP12-N,
40.0%; GAPDH, 74.11%). F, Geitlerinema sp. PCC 7407 (identity to template:
CP12-0, 40%; GAPDH, 77.98%). G, Fischerella sp. PCC 9339 (identity to
template: CP12-N/C-CBS, 46.2%; GAPDH, 74.41%). H, Nostoc sp. PCC 7120
(identity to template: CP12-N-CBS, 20.7%; GAPDH, 76.19%).

to another enzyme, uridine kinase, and annotations, COG
(for Cluster of Orthologous Groups), and pfam assign-
ments frequently contradict one another, suggesting that
such computationally based functional assignments for
this gene product are unreliable. However, it is clear that
among the CP12 variants, the N terminus, which has
been shown to interact with PRK (Groben et al., 2010),
is overall less conserved than the GAPDH-interacting C
terminus (Fig. 2A). The CP12-N/C group contains a
conserved N-terminal segment preceding the N-terminal
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Cys pair that is not found in the other cyanobacterial
CP12 types (Fig. 2A). The function of the N terminus is
elusive, and the N-terminal Cys pair is not essential for
PRK binding in S. elongatus (Tamoi et al., 2005).

When CP12 is bound to GAPDH, five acidic residues
face outward, creating a patch of negative charge pro-
posed to interact with positively charged residues in
PRK (Matsumura et al., 2011). Among the CP12 variants
identified here, four of the negatively charged residues
are conserved; the fifth, Asp-54, is frequently replaced
by a Lys in CP12-N/C and in all three CP12-CBS vari-
ants (Fig. 2A). Changing this final position of the helix
from a negatively charged to a positively charged resi-
due will reduce the strength of the negatively charged
patch posited to interact with PRK. The prevalence of
this substitution across the CP12-CBS fusion variants
suggests that these proteins have a role other than the
formation of a CP12-GAPDH-PRK complex.

The Role of the CP12-Associated CBS Domain

An additional layer of complexity in the regulatory
role of CP12 proteins is evident from the widespread
occurrence of the three types of CP12-CBS domain fu-
sions. Each type contains a single CBS domain. CBS
domains are regulatory modules usually in two or four
tandem copies per protein. They are found in func-
tionally diverse proteins across all kingdoms of life,
including channel proteins, kinases, signal transduc-
tion proteins, and membrane proteins (Bateman, 1997).
The cyanobacterial genomes that contain the CP12-
CBS fusions tend to be enriched in CBS domains (Ta-
ble IV). All cyanobacterial genomes sequenced to date
contain between five and 30 CBS domain-containing
proteins; by comparison, Escherichia coli contains only
nine CBS domain-containing proteins. Among CBS
domain sequences available in the National Center for
Biotechnology Information database, the cyanobacte-
rial CP12 CBS domain is most similar to that found in a
signal transduction protein in Thermus sp. CCB_U-
S3_UF1 (BLAST; E-value 3e %, 78% identity).

CBS domain pairs assemble in an antiparallel ar-
rangement to form what is known as a tight Bateman
module (Ignoul and Eggermont, 2005). CBS domain
pair-containing proteins often form homodimers, with
two CBS domain pairs assembling into a CBS module
with a total of four CBS domains (Baykov et al., 2011).
A key question raised by our observations is whether
the CP12 CBS domain facilitates the homodimerization
of two CP12-CBS proteins or whether the CBS domain
in a given CP12 dimerizes with a CBS domain found on
some other protein. The CBS domains found in the three
CP12 variants are present in single copies at the N ter-
minus and share a high degree of similarity, with a
typical pairwise alignment between their CBS domains
being 70% to 75% identical. In order to identify pro-
spective interaction partners (besides via homodimeriza-
tion) for the CP12-associated CBS domains, phylogenetic
profiling was used to search for genes conserved
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Table I. PONDR VL-XT disorder predictions

Percentage disorder predictions are shown for the CP12 domain of selected cyanobacterial CP12 se-

quences.
Type GeneOID Genome Disorder
%

CP12-N/C 2509710708 Pleurocapsa sp. PCC 7319 57.53
CP12-N/C 2509434278 Microcoleus sp. PCC 7113 60.00
CP12-N 2508607866 Leptolyngbya sp. PCC 6406 80.52
CP12-C 2509434317 Microcoleus sp. PCC 7113 58.46
CP12-0 2509434904 Microcoleus sp. PCC 7113 60.24
CP12-N/C-CBS 2503740304 Nostoc sp. PCC 7120 53.49
CP12-N-CBS 637231127 Nostoc sp. PCC 7120 40.51
CP12-N-CBS 2509436117 Microcoleus sp. PCC 7113 61.90
CP12-0-CBS 637231794 Nostoc sp. PCC 7120 34.62
CP12-C(M) 650129895 Synechococcus sp. CB0101 43.06
CP12-C(M) 650131651 Synechococcus sp. CB0101 43.08

specifically among the subset of cyanobacterial ge-
nomes containing a CP12-CBS domain fusion. No
candidate genes could be identified that were re-
stricted to genomes containing CP12-0-CBS, CP12-N-
CBS, CP12-N/C-CBS, or any combination of the three
types. Searching any one genome using the CBS do-
main sequence from a CBS-CP12 fusion encoded in that
genome found the most significant non-CP12 CBS hit to
be a predicted signal transduction protein annotated as
insine-5-monophosphate dehydrogenase related with an
aldolase-type trioephosphateisomerase barrel fold (seen
in Fischerella sp. PCC 9605 [E-value of 4e”%, 26% identity],
Rivularia sp. PCC 7116 [E-value of 2%, 32% identity],
and Nostoc sp. PCC7524 [E-value of 1le”%, 26% identity]).
The relatively low sequence homology between the CP12
CBS domain and any other CBS domain-containing
protein within a given genome suggests that the CP12
CBS domain most likely homodimerizes with a second
copy of a CP12-CBS protein.

CBS domains have been shown to bind Mg, single-
stranded DNA and RNA, and double-stranded DNA

(Kery et al., 1998; McLean et al., 2004; Scott et al., 2004;
Hattori et al., 2007, 2009; Sharpe et al., 2008; Aguado-
Llera et al., 2010; Feng et al., 2010). A potential clue to
the function of the CP12 CBS domain is found in the
primary structure of all three types of CP12-CBS pro-
teins. Most of the CBS domains characterized to date
bind adenine nucleotides as regulatory elements for
sensing cellular energy status, and the result can be
either inhibitory or activating. This may be the role of
the CP12 CBS domains; each contains two copies of the
nucleotide Rib-PO,-binding motif Ghx(T/S)x(T/S)D
(Day et al., 2007; Fig. 2).

A total of 34 single and double CBS domain-containing
proteins are encoded in the genomes of Arabidopsis and
rice (Oryza sativa; Kushwaha et al., 2009), but to date,
there is no evidence for a CP12-CBS fusion among eu-
karyotic CP12 homologs. However, a recent study of
chloroplast CBS proteins in higher plants suggests that
they are involved in the activation of thioredoxins in the
ferredoxin-thioredoxin system and that binding AMP in
the chloroplast increases this activation, thereby enabling

Table Il. CP12 residue interactions

Summary of CP12 residues implicated in the formation of the GAPDH-PRK-CP12 complex and their ascribed roles.

NAD Copper PRK

Amino Acid Residue GAPDH

Asp-54

Asp-59

Glu-63

Asp-66 lon pair with GAPDH Asp-80

Glu-69 H bond GAPDH Thr-37; Van der Waals
GAPDH Ser-38, Asp-39%

Cys-70 H bond GAPDH His-195, Arg-196

Leu-71 H bond GAPDH His-195, Arg-196"

Tyr-73 H bond GAPDH Thr-156, Thr-185,
Asp-187, Arg-200, Thr-213%

Asp-74 H bond GAPDH Thr-156, Thr-185,
Arg-200, Thr-213

Asp-75 H bond GAPDH Thr-156, Thr-185,

Arg-200, Thr-213"

Contacts 2" hydroxyl

Electrostatic attraction
Electrostatic attraction
Electrostatic attraction
Electrostatic attraction
Electrostatic attraction

Interacts with phosphate

and Rib group

Interaction®

“GAPDH binding also seen by Fermani et al. (2012).
interaction seen by Erales et al. (2009a).

PImportance for GAPDH binding also suggesting by Erales et al. (2011).

“Copper
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these molecules to exert a regulatory effect on both the
Calvin cycle and hydrogen peroxide levels (Yoo et al.,
2011). This is interesting because, as in higher plants, the
formation and breakdown of the PRK-GAPDH complex
is mediated by the redox state of CP12, which in turn is
mediated by thioredoxin (Howard et al.,, 2008; Marri
et al., 2009).

Higher plants contain a CP12-GAPDH fusion; the fused
GAPDH subunit is known as GapB. The C-terminal ex-
tension (CTE) of GapB consists of the GAPDH-binding
module of CP12 (approximately 30 residues from the
C-terminal half of CP12), including the C-terminal Cys
pair. All cyanobacteria, algae, and plants contain GAPDH
composed of four GapA subunits, but in higher plants, an
A2B2 heterotetramer, composed of two GapA and two
GapB subunits, is the major chloroplast form of GAPDH
(Petersen et al., 2006; Howard et al., 2011a, 2011b). GapA
and GapB form complexes in response to light, with the
CTE playing the regulatory role of CP12 (Wedel and Soll,
1998; Scheibe et al., 2002; Trost et al., 2006). Outside of the
Streptophyta, GapB has only been found in the green alga
Ostreococcus spp.: the Ostreococcus genome does not encode
any other CP12, suggesting that the CTE function can re-
place CP12 redox-regulated activity (Robbens et al., 2007).

CONCLUSION

This study has revealed an unexpected diversity in
cyanobacterial CP12 proteins: they can be classified into
eight distinct types based on primary structural fea-
tures. The presence of CBS domain fusions as well as
variation in the distribution of key structural features
and in expression patterns among these types suggest a
heretofore unknown layer of regulatory complexity in
CP12 function. The CP12-CBS domain fusions in cya-
nobacteria functionally connect CBS domains and CP12.
This finding raises the question of whether CBS proteins
in plants, together with CP12, play a redox relay-type
role acting as metabolic switches. In cyanobacteria, the
diversity of CP12 proteins and the CBS-CP12 fusions
may have evolved to cope with the need to trigger dif-
ferent metabolic processes in response to rapidly fluc-
tuating environments. Perhaps, as in other intrinsically
disordered proteins (Tompa et al., 2005), some CP12 var-
iants may moonlight, interacting with multiple proteins in
different conformations for multiple functions.

MATERIALS AND METHODS
Bioinformatics

The Function Search tool in IMG ER (http:/ /img.jgi.doe.gov) was used to
survey all available cyanobacterial genomes for the CP12 pfam (pfam02672).
The BLASTP program at the National Center for Biotechnology Information
Web site (Altschul et al., 1990, 1997; http:/ /www .ncbinlm.nih.gov /) was also
used to verify the results, using the Synechococcus sp. PCC 6801 and Syn-
echococcus sp. PCC 7942 CP12 amino acid sequences as queries.

All CP12 amino acid sequences were aligned using the Multiple Sequence
Comparison by Log Expectation (MUSCLE) program (Edgar, 2004). The
multiple sequence editor JalView (Waterhouse et al, 2009) was used to
manually curate the alignment and categorize sequences into types based on
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primary structure features: the presence or absence of an N-terminal Cys pair,
a C-terminal Cys pair, a core AWD_VEEL sequence, and an N-terminal CBS
domain fusion.

Using the MUSCLE alignments, hidden Markov model profiles for each
variant were built using hmmer3.0:HMMBUILD (Eddy, 1998, 2008; http://
mobyle.pasteur.fr) with the Henikoff position-based weighting scheme and no
effective sequence weighting (enone). LogoMat-M (Schuster-Bockler et al.,
2004) was used to visualize hidden Markov model logos for each variant
(http:/ /www .sanger.ac.uk; x axis = contribution, y axis = relative entropy).

The PONDR server (Romero et al., 1997, 2001; Li et al., 1999; www.pondr.
com) was used to predict the degree of disorder in the following CP12 pro-
teins: gene object identifier (geneOID) 2509710708, 2509434278, 2508607866,
2509434317, 2509434904, 2503740304, 637231127, 2509436117, 637231794,
650129895, and 650131651 (Supplemental Table S1).

The CP12 CBS domain consensus sequence was obtained from loading the
MUSCLE alignment of all cyanobacterial CP12 sequences into JalView
(Waterhouse et al., 2009). This consensus sequence was used as a query to
search the Research Collaboratory for Structural Bioinformatics PDB (www.
pdb.org; Berman et al., 2000). The CP12 CBS domain consensus sequence was
entered into the BLASTP program at the National Center for Biotechnology
Information Web site (http://www .ncbi.nlm.nih.gov/), searching the nonre-
dundant protein database excluding cyanobacterial genomes (Altschul et al.,
1990, 1997). The CBS domain from the following genes was used as a query
sequence to search its own genome using the IMG BLAST tool at IMG ER
(http:/ /img jgi.doe.gov): Fischerella sp. PCC 9605, geneOID 2509464408;
Rivularia sp. PCC 7116, geneOID 2510088188; Nostoc sp. PCC 7524, geneOID
2509809301.

Phylogenetic profiles were constructed using the Phylogenetic Profiler:
Single Gene function in IMG ER (http://img.jgi.doe.gov). Searches were
conducted for genes unique to cyanobacterial genomes possessing all three
variants of CP12-CBS fusion proteins, any two variants of CP12-CBS fusion
proteins, or any single variant of CP12-CBS fusion protein.

Cyanobacterial GAPDH and PRK sequences were obtained by using the
Synechococcus sp. PCC 7942 GAPDH and PRK amino acid sequences as queries
in the IMG BLAST tool in IMG ER (http://img.jgi.doe.gov; Supplemental
Table S3). The Function Search tool in IMG ER was also used to search for the
GAPDH COGO0057.

A phylogenetic tree was constructed of all cyanobacterial CP12s by loading
the core CP12 section of the MUSCLE alignment (the final 84 amino acids) into
the “a la carte” analysis at www.phylogeny.fr (Dereeper et al., 2008, 2010). The
alignment was curated to remove positions with gaps, and a maximum like-
lihood tree was constructed by PhyML. The tree generated was visualized
using the Interactive Tree of Life (http://itol.embl.de/; Letunic and Bork,
2007, 2011).

Expression data were obtained in part via CyanoExpress (http://
cyanoexpress.sysbiolab.eu/; Hernandez-Prieto and Futschik, 2012).

Structural Comparisons

ESyPred3D Web Server 1.0 (http:/ /www.fundp.ac.be) was used to create
homology models of the following proteins using PDB 3B1J_C as a template:
geneOID 641611274, 641610209, 637231127, 637231794, 637231269, 637798767,
2509508362, 2508607866, 2504134271, and 637448241 (Lambert et al., 2002;
Supplemental Table S1). PDB 2QH1_A was used as a template to create a
homology model of 2509508362. Homology models were visualized using the
PyMOL Molecular Graphics System, version 1.5.0.4 (DeLano, 2002).

All sequence data analyzed in this article are available at the Integrated
Microbial Genomes Database (http://img.jgi.doe.gov/cgi-bin/w/main.cgi).

Supplemental Data
The following materials are available in the online version of this article.
Supplemental Figure S1. CP12 phylogenetic tree.

Supplemental Figure S2. CP12 phylogenetic tree including eukaryotic
sequences.

Supplemental Figure S3. PONDR diagrams.

Supplemental Table S1. All CP12 genes by variant.
Supplemental Table S2. CP12 expression data.
Supplemental Table S3. GAPDH and PRK query sequences.
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