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Abstract

Protein–protein interactions (PPIs) play crucial roles in protein function for a variety of biological processes. Data
from large-scale PPI screening has contributed to understanding the function of a large number of predicted genes from
fully sequenced genomes. Here, we report the systematic identification of protein interactions for the unicellular cya-
nobacterium Synechocystis sp. strain PCC6803. Using a modified high-throughput yeast two-hybrid assay, we screened
1825 genes selected primarily from (i) genes of two-component signal transducers of Synechocystis, (ii) Synechocystis
genes whose homologues are conserved in the genome of Arabidopsis thaliana, and (iii) genes of unknown function on
the Synechocystis chromosome. A total of 3236 independent two-hybrid interactions involving 1920 proteins (52% of
the total protein coding genes) were identified and each interaction was evaluated using an interaction generality (IG)
measure, as well as the general features of interacting partners. The interaction data obtained in this study should
provide new insights and novel strategies for functional analyses of genes in Synechocystis, and, additionally, genes
in other cyanobacteria and plant genes of cyanobacterial origin.
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1. Introduction

The unicellular cyanobacterium Synechocystis sp.
strain PCC6803 was the first phototrophic organism to
be fully sequenced.1 The availability of the complete
genome sequence of Synechocystis has drastically
changed the strategy for studying genetic systems in
cyanobacteria.2 Gene identification and functional assign-
ment have been accelerated utilizing the genome
sequence. The genome sequence has also allowed systema-
tic analyses of gene regulation and function on the
genomic level. Microarray and proteome analyses have
made it possible to monitor the expression of a substantial
proportion of genes at both transcriptional and transla-
tional levels.3,4 Genetic analyses, such as targeted

disruption or random tagging analysis, have suggested
many functional links between gene products.2 Two
genome databases, CyanoBase and CyanoMutants, have
been established and act as centralized information
resources.5,6 Based on these material and information
resources, Synechocystis provides an ideal model system
for genetic studies of photosynthetic organisms.

Although a large quantity of data has been accumulated
through functional analyses of the genome, many of these
analyses were driven by the predicted functions of the anno-
tated genes. Therefore, a limited amount of information is
available for unannotated genes. One of the effective
approaches to obtain information regarding the function of
these uncharacterized proteins is an analysis of protein–
protein interactions (PPIs). Since nearly half of the pre-
dicted gene products of Synechocystis remain unannotated,
a systematic approach for analysis of PPIs is needed.

We conducted a large-scale analysis of Synechocystis
PPIs using a yeast two-hybrid (YTH) system. YTH
analysis is one of the well-established methods to detect
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binary protein interactions and is feasible for large-scale
analysis. Large-scale YTH screens have been conducted
in a wide range of organisms and have provided several
important biological and bioinformatics platforms for
the study of protein networks in different organisms.7–13

These analyses have also successfully placed functionally
uncharacterized proteins in their biological context.

In this study, we applied the YTH approach to three
major target gene groups. For the initial screening, we
selected genes of two-component signal transducers in
order to evaluate our YTH screening system, as well as
to elucidate the two-component signal transduction path-
ways in Synechocystis. The two-component signal trans-
duction system generally consists of a histidine kinase
(Hik) and a response regulator (Rre), and signal transduc-
tion is achieved by phosphorylation as a result of the
interaction between cognate pairs of Hiks and Rres.
Since the interactions of Hiks and Rres are binary, these
two-component signal transducers are suitable targets
for evaluation using the YTH screening system. On the
Synechocystis chromosome, 44 putative genes for Hiks
and 42 genes for Rres are predicted.1,14,15 In contrast to
the Escherichia coli and Bacillus subtilis genomes, in
which most of the genes for cognate pairs of Hiks and
Rres are located close to each other, many of the genes
for Hiks and Rres in Synechocystis are distributed ran-
domly in the chromosome. Among 44 genes for Hiks on
the Synechocystis chromosome, 14 are located in the
vicinity of genes for potential cognate Rres, whereas
other 30 are not located near any genes for Rres.15

Therefore, identification of PPIs between two-component
signal transducers will provide valuable information to
elucidate the cognate pairs of Hiks and Rres and signal
transduction pathways in Synechocystis.

For the second screening group, we selected
Synechocystis genes whose homologues are conserved in
the A. thaliana genome with the aim to obtain interaction
information that is applicable to plant genes of cyano-
bacterial origin as well as Synechocystis genes.
Chloroplasts are descendants of free-living cyanobacteria
that became endsymbionts. In the course of the evolution-
ary processes that transformed the cyanobacterial sym-
biont into an organelle, chloroplasts have donated many
genes to nuclear chromosomes.16 Martin et al.17 reported
that approximately 1700 of 9369 A. thaliana genes that
were investigated are of cyanobacterial origin and these
encompass all functional categories. PPI information on
Synechocystis genes conserved in plants would provide
useful insights for functional analysis of plant genes of
cyanobacterial origin, since Synechocystis has been used
as a model for analysis of these plant genes.

For the third screening group, we selected genes of
unknown function in order to obtain interaction data
that could be used to predict function. Since approxi-
mately 60% of the Synechocystis genes of unknown func-
tion have putative orthologues in at least one of the

cyanobacteria whose genome sequence is available, the
data obtained from a screen of Synechocystis genes will
be applicable to other cyanobacteria.

2. Materials and methods

2.1. Construction of bait clones
The yeast genetic techniques and media used in this

study have been described in previous reports.8,18

For the GAL4 DNA-binding domain-fusion (bait)
vector, we constructed pAS2-1-Asc I by inserting an
Asc I site between the Nco I and Eco RI sites of pAS2-1
(Clontech, Mountain View, CA, USA). Specific primer
sets were designed for the target region of each
Synechocystis gene, and an Asc I site was added to the
50 end of each gene-specific forward primer. Target gene
fragments were obtained by PCR amplification from
cosmid clones or genomic DNA using the gene specific
primer sets. To minimize potential misincorporation
during PCR, the high-fidelity pfu DNA polymerase
(Stratagene, La Jolla, CA, USA) was used. The resulting
fragments were subjected to Asc I digestion and ligated
into pAS2-1-Asc I predigested with Asc I and
Sma I. The target genes cloned into pAS2-1-AscI (bait
clone) were transformed into the yeast strains CG1945
(MATa, ura3-52, his3-200, ade2-101, lys2-801, trp1-
901, leu2-3, 112, gal4-542, gal80-538, cyhr2,
LYS2::GAL1UAS-GAL1TATA-HIS3, URA3::GAL417-

mers(x3)-CYC1TATA-lacZ) or AH109 (MATa, trp1-901,
leu2-3, 112, ura3-52, his3-200, gal4D, gal80D,
LYS2::GAL1UAS-GAL1TATA-HIS3, MEL1, GAL2UAS-
GAL2TATA-ADE2, URA3::MEL1UAS-MEL1TATA-lacZ)
(Clontech, Mountain View, CA, USA).

2.2. Library construction
The genomic DNA of Synechocystis sp. strain PCC6803

was subjected to sonication followed by size-fractionation
by agarose gel electrophoresis. The 0.522.0 kb fraction
was cloned into the Sma I digested activation domain-
fusion (prey) vector, pACT2 (Clontech, Mountain View,
CA, USA), and transformed into E. coli (XLI-Blue;
Stratagene, La Jolla, CA, USA). The library DNA iso-
lated from 106 independent clones was then introduced
into the yeast strain Y187 (MATa, ura3-52, his3-200,
ade2-101, trp1-901, leu2-3, 112, gal4D, met2, gal80D,
URA3::GAL1UAS-GAL1TATA-lacZ, MEL1) using stan-
dard lithium acetate-mediated procedures.19 Three
million independent yeast colonies were collected,
pooled, and stored at 2808C.

2.3. Two-hybrid screening procedure
Prior to screening, the self-activity of each bait clone

was tested by mating with the Y187 strain harboring an
empty pACT2 vector and then plating on SD/-His/-
Leu/-Trp/ medium supplemented with 2.5, 5, or 10 mM
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3-amino 1,2,4-triazole (3-AT). Each bait clone was then
mated with the prey library containing approximately
1.6 � 107 clones and plated on SD/-His/-Leu/-Trp/
agar medium supplemented with the optimal concen-
tration of 3-AT based on the results of the self-activity
test. After 7 days of growth at 308C, independent positive
colonies were collected in 96-well plates and cultured for
an additional 3 days at 308C. Aliquots of cultured positive
clones were used for b-galactosidase assays and DNA
sequencing of the prey inserts, and the cultures were
stored at 2808C. The collected positive clones were
treated with a zymolyase solution [2.5 mg/mL
Zymolyase-100T (Seikagaku America Inc., East
Falmouth, MA, USA), 1.2 M sorbitol, 0.1 M Na phos-
phate, pH 7.4] for 30 min at 308C, and then used as tem-
plates for direct amplification of the prey clone inserts
using the following primers: T0017 (50-
TACCACTACAATGGATGATG-30) and T0018 (50-
GGGGTTTTTCAGTATCTACG-30). Amplified inserts
were directly sequenced using T0017 (50) and T0018 (30)
to obtain sequence tags. The sequence tags were sub-
sequently subjected to a BLAST search against the
sequence database in CyanoBase (http://www.kazusa.
or.jp/cyanobase/) using a semi-automated data proces-
sing system. A web-based interface was created to
display the search results and to support the submission
of interaction data into a interaction database. Sequence
tags corresponding to antisense or intergenic regions
were discarded. Sequence tags corresponding to the
sense strand of an ORF were selected as PPI candidates.
The PPI candidates were selected not only from in-frame
prey clones (phase 2 position) but also out-of-frame
fusion positions for the following reasons. PPIs supported
by both in-frame and out-of-frame fusion prey clones have
occasionally been found, and translational frameshifting
has been reported and biochemically confirmed in pre-
vious YTH analyses.18,20 Similarly, the prey sequence
tags corresponding to the up-stream region of a gene
(within 200 nucleotides) were selected as PPI candidates
that may be translated from an upstream start site.

2.4. Paralogue search and calculation of IG
Information on genes paralogous to Synechocystis genes

was obtained from the CYORF database [http://cyano.
genome.ad.jp/]. The lower threshold of acceptability
was set at a Smith–Waterman score of 200.

Calculation of IG values for each interaction was con-
ducted using the methods described in the previous report.21

3. Results and discussion

3.1. Construction of a high throughput YTH
system and selection of Synechocystis
genes for screening

One of the labor intensive steps of YTH analysis is
designing the bait clone construction to establish

directional and in-frame cloning. To overcome this
point, we introduced an Asc I site into the multiple
cloning site of a bait vector and used a simplified pro-
cedure for bait clone construction, as described in the
Materials and Methods. This procedure can be applied
to almost all genes in the Synechocystis genome, since
there are only five Asc I sites in coding regions.1

To increase the efficiency of screening, we used a yeast
mating-based screen, as described in the Material and
Methods, and used a GAL4 activation domain fusion
library of random genomic fragments of Synechocystis
sp strain PCC6803. By using the random genomic frag-
ment library as prey clones, information on PPI pairs
and interacting domains of the prey proteins can be
obtained simultaneously. The selected positive clones
were analyzed using a 96-well plate format to increase
throughput. For data processing of the large number of
sequence tags from positive clones, we developed a semi-
automatic system of two programs for vector sequence
trimming and blast search against the Synechocystis
sequence database. We also created an interface to
display the search results and to support submission of
interaction data to an interaction database.

Using this high-throughput YTH system, we explored
large-scale PPI analysis in the photoautotorophic cyano-
bacterium Synechocystis sp. PCC6803. For bait clones
of YTH screening, we selected the following groups of
Synechocystis genes: (i) genes of putative two-component
signal transducers, (ii) genes whose homologues are con-
served in the A. thaliana genome, and (iii) genes of
unknown function.

For two-component signal transducers, 44 predicted
genes for Hiks and 42 predicted genes for Rres were
selected.14,15 Selection of Synechocystis genes with hom-
ologues in the A. thaliana genome was conducted as
follows. First, all A. thaliana genes were compared with
those of Synechocystis, E. coli, yeast, and
Caenorhabditis elegans, and the A. thaliana genes with
highest degree of sequence similarity to those of
Synechocystis were identified. Then by assigning
Synechocystis genes corresponding to the identified
A. thaliana genes, a total of 657 genes were selected as
candidate Synechocystis genes conserved in the A. thali-
ana genome. The selected genes accounted for 10–50%
of each functional category in Synechocystis. In the
Synechocystis chromosome, 1641 genes (49%) are still
categorized as hypothetical or of unknown function.
Among the genes of unknown function, 190 candidate
genes were selected because homologues were present
in the A. thaliana genome. In addition, 413 genes encod-
ing proteins with multiple transmembrane domains were
excluded, because of the difficulty in detecting PPI of
transmembrane proteins using the YTH system. Thus,
a total of 1038 genes of unknown function were selected
as the third screening group. For approximately 70% of
these selected function unknown genes, putative
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orthologues are present in at least one of the completely
sequenced cyanobacteria. Altogether a total of 1825
genes, including 44 genes selected for other purposes,
were selected as target genes in this study (Fig. 1,
Table 1, Supplementary Table 1).

3.2. Classification and assessment of the protein
interaction data

Of the 1825 target genes, bait clones were successfully
constructed for 1814 (Fig. 1, Table 1, Supplementary
Table 1). The YTH screen detected 3236 independent
PPIs from 57% (1037) of the tested bait clones. The
PPI network that was obtained contains 1920
Synechocystis proteins (Fig. 1, Supplementary Table 2).

One of the major concerns of large-scale interaction
analysis is its reliability. Generally, PPI data sets
obtained from YTH analysis, as well as other

comprehensive analyses, contain many false positives.
Therefore, the detected interactions need to be evaluated.
In the case of YTH analysis, promiscuous interaction and
self-activation by bait clones are two of the major causes
of false positives.20–23 In a large-scale YTH analysis in
yeast, Ito et al.8 classified the reliability of the PPI data
by the number of interaction sequence tags (ISTs), the
pair of tagged sequences, obtained from positive clones.
They designated PPI data with more than three IST
hits as the core data, and used this data set for construc-
tion of an interaction map and data comparison.8 Similar
to this method, we classified all detected interactions into
four categories (Category A–D), as an indicator of data
reliability, based on how many positive prey clones sup-
ported the interaction. Category A and Category B com-
prised interactions supported by multiple positive prey
clones with different (A) or identical (B) inserts.

Figure 1. Flow chart of the sequential steps used for identification of PPIs of Synechocystis. The details are given in the Materials and Methods. BD,
GAL4 DNA-binding domain; AD, GAL4 activation domain.
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Category C comprised interactions supported by a single
positive clone. PPI data supported by prey clones which
were identified to have interactions with more than 18
different bait clones, i.e. 1% of tested bait clones, were
considered to be promiscuous interactions and grouped
in Category D. Most of the PPIs classified in Category
D are likely to be false positives. Although there was no
clear common feature among the 15 proteins classified
as promiscuous prey, four of them had multiple trans-
membrane domains and two contained a protein domain
previously shown to interact promiscuously
(Supplementary Table 3).24,25 The proportion of genes
in each category is shown in Table 2.

To assess the validity of our categorizations, we evalu-
ated all the detected interactions using an IG measure, a
method for computationally assessing the reliability of
PPI.21 Interactions with lower IG values are more likely
to be reliable than interactions with higher IG values.
The IG values for all detected interactions ranged from
1 to 17 and the average IG value was 2.4. When we
extracted interactions having an IG value ,3, approxi-
mately 90% of interactions from Categories A, B, and C
were included, whereas only 44% of of interactions from
Category D were included (Supplementary Fig. 1).
The average IG values of Categories A (2.00+ 0.16),
B (1.87+ 0.08), and C (2.01+ 0.33) were significantly

lower (P , 0.01) than that of Category D (5.42+ 0.08)
when fifty independent interactions were selected ran-
domly from each category and compared. This result
suggests that the interaction Categories A–D appropri-
ately indicate the reliability of the PPI data.

To minimize false positives caused by self-activation,
we used multiple reporter genes driven by different
GAL4-responsive promoters and carefully determined
the level of self-activation of each bait clone (see
Materials and Methods). As shown in Supplementary
Table 4, a total of 363 bait clones displayed strong self-acti-
vation as they could not be suppressed by leaky HIS3
reporter gene expression even in the presence of 10 mM
3-AT and these clones were eliminated from the screen.
To examine the protein domains responsible for self-acti-
vation, we examined the protein domains of the genes
that showed self-activation. Bacterial regulatory protein
domains, such as the response regulator receiver
(IPR001789) and TPR-1 (IPR001440), were frequently
identified among the annotated proteins (Supplementary
Table 4). In addition, several domains of unknown func-
tion, such as DUF29 (IPR002636) and UPF0150
(IPR005357), were occasionally observed among the pro-
teins of unknown function that showed self-activation.

Another feature of large-scale YTH analyses is the high
frequency of false negatives or missed interactions. The
precise proportion of false-negative interactions can be
assessed by comparison with published data. However,
this approach is difficult to apply to Synechocystis PPI
analysis because of the limited data available regarding
protein interactions in Synechocystis. As an alternative,
we estimated the proportion of false-negatives based on
the interactions of two-component signal transducers
whose interaction can be expected by the location of the
corresponding genes in the genome. Among 14 Hiks
located in the vicinity of genes for potentially cognate
Rres in the Synechocystis genome, seven pairs were
detected in our screening, indicating that about 50% of
the interactions may not have been detected in our analy-
sis. Considering that the two-component signal transdu-
cers were extensively analyzed during this study, the
false-negative rate among other bait clones could be
higher.

Table 1. Synechocystis genes used for YTH analysis as baits

Description Number Screened Positive No
positive

Self-
active

Genes of two
component signal
transducer

86 86 53 20 13

Genes conserved
in the A. thaliana
genome

657 655 380 177 98

Genes of unknown
function

1038 1029 571 207 251

Others 44 44 33 8 3

Total 1825 1814 1037 412 365

Table 2. Classification of interaction category

Description Total
interactions

Proportion
(%)

Category A (supported by multiple
positive clones with different inserts )

795 25

Category B (supported by multiple
positive clones with same inserts)

269 8

Category C (supported by a single
positive clone)

1768 55

Category D (interaction of putative
promiscuous prey clones)

404 12

Table 3. Summary of interaction with protein of unknown function

Description

Number of assessed baits of function unknown protein 1228

Number of baits of function unknown protein exhibiting
interaction

682

Number of function unknown protein in whole network 1022

Number of function unknown protein interact with annotated
gene

727

Number of function unknown protein interact with two or more
annotated genes of same function category

104
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3.3. General features of protein interactions
A global view of the protein interaction network is illus-

trated in Fig. 2A using Cytoscape 2.2 (http://www.cytos-
cape.org/).26 In Fig. 2A, protein disks and interaction
lines are color-coded according to functional categories
and interaction categories, respectively. The 1920 proteins
involved in this interaction network includes proteins
from all functional categories in Synechocystis (Fig. 2B).

Prokaryotic genes are generally organized into operons
in which a gene cluster is transcribed as a polycistronic
mRNA. Several previous works have demonstrated that
genes encoded in the same operon are likely to have
related functions.27,28 In the PPI data obtained here, we
found 44 interacting protein pairs that are encoded by
genes mapped to adjacent loci in the Synechocystis
genome (Supplementary Table 5). It is noteworthy that
31 of these 44 PPIs were classified in Category A and
the frequency of Category A PPIs occurring between

proteins encoded by adjacent genes is significantly
higher than that of the entire network (Table 2). This
result supports the validity of our evaluation of the
protein interaction data by interaction category. These
interactions contained six interacting pairs between anno-
tated proteins and proteins of unknown function mapping
to adjacent loci. Two of these interactions were between
extracytoplasmic function (ECF) sigma factors and
their immediate downstream gene products, SigI
(Sll0687)–Sll0688 and SigG (Slr1545)–Slr1546. ECF
sigma factor is usually transcribed by one or more nega-
tive regulators (anti-sigma factors) which bind and
inhibit the cognate sigma factor.29 Therefore, these PPI
data suggest that the hypothetical proteins Sll0688 and
Slr1546 may function as anti-sigma factors.

Wedetected 110 self-interactingproteins (Supplementary
Table 6). Of these, 34 were proteins with functional anno-
tations, and some are known to execute their function as

Figure 2. Global view of the PPIs of Synechocystis. (A) All detected PPIs. Proteins (circles) are color-coded according to their functional category,
as assigned in Kaneko et al.1 Interactions (lines) are color-coded by interaction category (A–D), which is based on the frequency of detection of
identical pairs, as described in the text. (B) Number of identified interactions in each function category. The white bar indicates the total number
of genes from each functional category assigned in the Synechocystis genome and the black bar indicates number of genes shown to have
interactions. The red bar indicates the number of genes used as bait in the screen. The percentages represent the proportion of interacting
genes in each function category.
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homo-multimers or multi-protein complexes containing
homo-dimers, such as the 10 kD chaperonin (Slr2075)
and nitrogen regulatory protein P-II (Ssl0707). However,
more than half of the self-interacting proteins detected
in this screen were categorized as hypothetical or
unknown. This information on the self-interaction of
uncharacterized proteins will further our understanding
of the function of these proteins. Domain level analysis
of the uncharacterized self-interacting proteins revealed
that five of the proteins have domains that are known
to be involved in PPIs, such as ribbon–helix–helix
(IPR10985) and the HxlR type helix–turn–helix,
(IPR002577). Furthermore, a protein domain of
unknown function, DUF820 (IPR008538), was found in
nine of the self-interacting proteins and, thus, we hypoth-
esize that this domain is involved in PPIs.

We also identified 15 hetero-dimeric interactions that
occurred between two paralogous proteins (Smith–
Waterman score .200). Among these interactions, seven

were between proteins of unknown function, and these
proteins also tended to be self-interacting. For instance,
Slr1152, which showed self-interaction, interacted with a
paralogous protein Sll1446. Also among the proteins con-
taining the DUF820 domain (IPR008538) described
above, the paralogous interactions Sll1250–Sll0296 and
Sll1250–Sll1355 were detected in addition to the self-
interactions of Sll0296 and Sll1355. These results suggest
that a duplication of self-interacting proteins can generate
a pair of paralogous proteins that interact with each other.
Similar tendencies have been identified in PPI networks of
yeast and other eukaryotes.30

3.4. Interactions of two-component signal transducers
A total of 105 bait clones corresponding to 86 genes of

two-component signal transducers were constructed, since
genes longer than 2.5 kb were divided into two or more
constructs. After removal of 23 self-active bait clones, 82
bait clones were used for screening. A total of 195 PPIs

Figure 3. Interaction pairs of two-component signal transducers. Sensory histidine kinases, hybrid sensory kinases, and response regulators are
shown by blue, purple, and orange boxes, respectively. Boxes marked with a red line indicate the interaction between Hik and Rre encoded
by putative cognate pairs. The arrow in each interaction indicates the direction of bait protein to prey protein and the reliability of each
interaction.
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were obtained from 54 bait clones. Among these PPI data,
44 interactions were between two component signal trans-
ducers, including seven pairs of bidirectional interactions
and six self-interactions (Fig. 3). Of these, we successfully
identified seven putative cognate pairs of Hiks and Rres
predicted by genome location. Among the 10 PPIs
detected between these cognate pairs, six were classified
in Category A, and three putative cognate pairs were sup-
ported by bidirectional PPIs (Fig. 3). Detection of puta-
tive cognate pairs of Hiks and Rres as relatively reliable
interactions indicates the validity of this screening
approach and the specificity of our YTH analysis.
Moreover, 21 of the identified PPIs between Hiks and
Rres corresponded to 19 Hik and Rre pairs that were loca-
lized to different regions of the Synechocystis genome
(Fig. 3). Since it is difficult to know the specific functional
Hik and Rre partners from their sequence, the interaction
pairs obtained by this study provide evidence to reinforce
the functional relationships of the putative cognate pairs
of Hiks and Rres and enabled us to identify the functional
partners of Hiks and Rres that were localized to different
regions of the Synechocystis genome.

In addition to the 31 interactions between Hiks and
Rres, nine interactions within Hiks were detected.
Among the interactions within Hiks, five PPIs were
obtained between a sensor kinase and hybrid sensory
kinases, which contain both transmitter and receiver
domains and are involved in multistep phospho-
relays.14,31 As a result, candidates for a putative multistep
phospho-relay were identified as Hik15 (Sll1353)–Hik19
(Sll1905)–Rre41 (Slr1305).

Interactions between two-component transducers were
detected not only as simple one-to-one interactions
between Hiks and Rres, but also as interactions between
multiple Hiks and a single Rre, and vice versa. These
interactions could reflect cross-regulation occurring
between multiple two-component signal transducers.
The possibility of cross-regulation in two-component
signal transduction systems has been proposed pre-
viously.32,33 In Synechocystis, the presence of cross-
regulation has been demonstrated experimentally.
Detailed analysis of Hiks using a series of gene-knockout
libraries revealed that Hik33 (Sll0698) regulates several
different sets of genes by interacting with deferent Rres
in response to low-temperature stress, hyperosmotic
stress, and salt stress signals.15,34–36 Although we failed
to identify interactions between Hik33 (Sll0698) and
Rres, the PPI data obtained for multiple Hiks and Rres
will help to elucidate novel cross-regulation in two-com-
ponent systems in Synechocystis.

3.5. Interactions of proteins encoded by genes
conserved in the plant genome

Among 657 genes selected as candidates that are con-
served in the A. thaliana genome, a total of 557 bait

clones were used for screening (98 self-active clones and
two failed constructs were removed). A total of 1281
PPIs were obtained from 380 bait clones. Among these
interactions, 30% (389) were PPIs between the products
of the selected 657 genes (Supplementary Fig. 2). These
PPI data between the products of candidate genes con-
served in the A. thaliana genome will be useful in func-
tional analysis of plant genes of endosymbiont
cyanobacterial origin. An example of the applicable PPI
information is the acetyl-CoA carboxylase (ACCase)
complex. ACCase is essential for fatty acid synthesis in
both Synechocystis and plants. Many plants have two
types of ACCases in two subcellular locations, a eukary-
otic homomeric form in the cytoplasm and a prokaryotic
heteromeric form in the chloroplast.37 The plant hetero-
meric form of ACCase is considered to be of cyanobacter-
ial origin, and is composed of four subunits, a biotin
carboxyl carrier protein (BCCP), biotin carboxylase
(BC), and the a and b subunits of carboxyltransferase
(CT). The plant heteromeric form of ACCase easily dis-
sociates into two components, the a and b subunits of
CT and a BC–BCCP complex.37 Consistent with the
physiological properties of the plant heteromeric
ACCase, the PPIs in Synechocystis were found between
AccB (Slr0435: encoding BCCP) and AccC (Sll0053:
encoding BC), and between AccA (Sll0728: encoding
the CT a subunit) and AccD (Sll0336: encoding the CT
b subunit). These results demonstrate the applicability
of the PPI data to the study of plant genes of cyanobac-
terial origin. Additionally, the results also indicate the
advantage of YTH analysis in detecting basal binary
interactions among multi-subunit complex components
as well as the limitations in detecting secondary inter-
actions in the multi-subunit complex.

An example of applicable PPI information was also
obtained from that of conserved hypothetical proteins.
A bidirectional interaction was detected between the
hypothetical YCF65 protein (Slr0923) and the 30S ribo-
somal protein S1 (Slr1356). The A. thaliana protein
PSRP-3 encoded by a homologue of the ycf65 gene on
the nuclear genome has previously been identified as a
component of the 30S subunit of the chloroplast ribosome
by comprehensive proteome analysis of the chloroplast
ribosome.38 Therefore, the PPI obtained between
YCF65 (Slr0923) and the 30S ribosomal protein S1
(Slr1356) provides important experimental evidence
revealing the functional conservation between cyanobac-
teria and plants, and also supports the hypothesis that
Psrp-3/ycf65 may be a gene transferred from the orga-
nelle genome to the nuclear genome during chloroplast
evolution.38

3.6. Interactions of proteins of unknown function
When 1228 genes of unknown function were screened

(including 190 genes screened as conserved genes), 2029
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PPIs were obtained from 682 bait clones (54%). Among
these interactions, 1104 PPIs from 525 bait clones inter-
acted with proteins of known function. PPI data on pro-
teins of known function were also obtained as prey
clones during the course of screening. In the entire PPI
network obtained in this study, 1022 proteins of
unknown function were included (Table 3). Of these,
727 have at least one partner of known function and 104
showed interactions with two or more known proteins of
the same functional category (Table 3). For example,
Slr0978 interacts with four distinct hybrid type Hiks
(Hik22, Hik24, Hik38, and Hik40), which are paralogues
with common domains, suggesting that Slr0978 may be
involved in multiple two component signal transduction
pathways. Sll0269 and Slr1636 interacted with two
methyl-accepting chemotaxis proteins, Sll0041 and
Slr1044, and Sll0041 and Sll1294, respectively. Thus
Sll0269 and/or Slr1636 may play roles in the chemotaxis
signaling pathway.

The obtained PPI information regarding genes of
unknown function expands our knowledge of known path-
ways by identifying novel interacting components of the
pathways. For instance, interaction between the nitrogen
regulatory protein PII (GlnB; Ssl0707) and a function
unknown protein (Sll0985, now designated PamA) indi-
cates the need for further analysis of Sll0985 in the PII sig-
naling pathway. A detailed analysis using a pamA
deletion mutant revealed that PamA plays a role in the
control of transcript abundance of nitrogen-related and
sugar catabolic genes.39 Thus, the PPI information
obtained in this study will provide useful starting points
for further detailed functional analyses to expand the
knowledge of known pathways and to place functionally
uncharacterized proteins in their biological context.

We have established a YTH screening system feasible
for large-scale analysis of Synechocystis sp. strain
PCC6803, and have identified 3236 interactions invol-
ving 1920 proteins using 1825 selected genes as bait in
this screen. The obtained interaction network contains
numbers of proteins encoded by genes conserved in
plant genomes, as wells as many genes of unknown func-
tion. Thus, these data should provide new insights and
novel strategies for functional analysis of genes in
Synechocystis, and, additionally, genes in other cyano-
bacteria and plant genes of cyanobacterial origin. To
make the interaction data publicly available, the
obtained PPI data have been integrated into the
cyanobacterial genome database, CyanoBase (http://
www.kazusa.or.jp/cyanobase/). We have provided all
the PPI data, as well as the interaction categories so
that the user can select a data set based on particular
analysis needs.

Although it will be essential to confirm and extend our
findings by independent tests, we believe that the
obtained PPI data should provide a useful starting
point for studying the functions of uncharacterized

proteins and for predicting functional pathways in
Synechocystis, other cyanobacteria, and plant.
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