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Daily Rhythms in the Cyanobacterium
Synechococcus elongatus Probed by
High-resolution Mass Spectrometry-based
Proteomics Reveals a Small Defined Set of

Cyclic Proteins*s

Ana C. L. Guerreirot§, Marco Beneventot§, Robert Lehmann{], Bas van Breukelent§,
Harm Postt§, Piero Giansanti}§, A. F. Maarten Altelaart§], llka M. Axmann1|**,

and Albert J. R. Heckt§||

Circadian rhythms are self-sustained and adjustable cy-
cles, typically entrained with light/dark and/or tempera-
ture cycles. These rhythms are present in animals, plants,
fungi, and several bacteria. The central mechanism be-
hind these “pacemakers” and the connection to the cir-
cadian regulated pathways are still poorly understood.
The circadian rhythm of the cyanobacterium Synechoc-
occus elongatus PCC 7942 (S. elongatus) is highly robust
and controlled by only three proteins, KaiA, KaiB, and
KaiC. This central clock system has been extensively
studied functionally and structurally and can be reconsti-
tuted in vitro. These characteristics, together with a rela-
tively small genome (2.7 Mbp), make S. elongatus an ideal
model system for the study of circadian rhythms.

Different approaches have been used to reveal the in-
fluence of the central S. elongatus clock on rhythmic gene
expression, rhythmic mRNA abundance, rhythmic DNA
topology changes, and cell division. However, a global
analysis of its proteome dynamics has not been reported
yet.

To uncover the variation in protein abundances during
48 h under light and dark cycles (12:12 h), we used quan-
titative proteomics, with TMT 6-plex isobaric labeling. We
queried the S. elongatus proteome at 10 different time
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points spanning a single 24-h period, leading to 20 time
points over the full 48-h period.

Employing multidimensional separation and high-reso-
lution mass spectrometry, we were able to find evidence
for a total of 82% of the S. elongatus proteome. Of the
1537 proteins quantified over the time course of the ex-
periment, only 77 underwent significant cyclic variations.
Interestingly, our data provide evidence for in- and out-
of-phase correlation between mRNA and protein levels for
a set of specific genes and proteins. As a range of cyclic
proteins are functionally not well annotated, this work
provides a resource for further studies to explore the role
of these proteins in the cyanobacterial circadian
rhythm. Molecular & Cellular Proteomics 13: 10.1074/
mcp.M113.035840, 2042-2055, 2014.

Circadian clocks or rhythms are widely observed in many
species and throughout different kingdoms, from plants and
animals to fungi and bacteria. Circadian rhythms are defined
as self-sustained and adjustable cycles, typically entrained by
light/dark and/or temperature cycles, occurring within 24-h
periods (1).

Circadian rhythms were originally associated with more
complex organisms, based on the notion that simple and
fast-dividing organisms, such as bacteria, would not need a
robust cyclic mechanism governing cellular processes (2, 3).
More recently, cyclic rhythms have been shown to exist in
evolutionarily very old systems such as cyanobacteria, which
possess very robust circadian machinery (pacemaker) regu-
lating gene expression, metabolism, and even the cell cycle
4, 5).

The cyanobacterium Synechococcus elongatus in particu-
lar has become a very useful model for studying circadian
rhythms. Besides having a small genome (2.7 Mbp) (6, 7), this
cyanobacterium also features a very simple and extremely
robust core clock mechanism controlling its circadian rhythm.
The core circadian system consists of just three proteins,
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KaiA, KaiB, and KaiC. KaiC undergoes a phosphorylation/
dephosphorylation cycle, where KaiA is the promoter of its
hyperphosphorylated state and KaiB opposes KaiA’s action,
promoting KaiC’s hypophosphorylated state. Alongside this
phosphorylation, the dynamic co-assembly of larger KaiABC
complexes plays a controlling role in this circadian system (8).
This relatively simple circadian pacemaker provides such a
robust system that it can even be reproduced in vitro, requir-
ing only the three Kai proteins and the addition of ATP/Mg>"
9).

The connection of the central circadian mechanism (or the
core post-translational oscillator) to its output is less well
defined. However, it has been shown to encompass a tran-
scription/translation feedback loop in which the KaiABC
genes and their products participate in positive and negative
autoregulatory feedback loops (10, 11), similar to what is
observed in higher organisms (12). Different studies connect
the KaiABC central clock with control over transcriptional
activity through different effectors such as the histidine kinase
Synechococcus adaptative sensor A, the putative transcrip-
tion factor regulator of phycobilisome-associated A (13, 14),
the regulator of phycobilisome-associated B regulator (15),
low amplitude and bright A, the sensor histidine kinase circa-
dian input kinase A (16, 17), and the input factors Pex and
light-dependent period A. Others have proposed an oscilloid
model in which gene expression is influenced by control over
DNA topology (18, 19). These observations link the central
clock to the global gene expression, including the expression
of the kaiABC genes themselves (10).

Several bioluminescence studies have indicated a cyclic
promoter activity of 100% (20), and microarray studies report
a30% to 60% rate of cyclic mRNA abundance in S. elongatus
(21, 22). Despite the fact that these experiments were per-
formed under different conditions and experimental setups,
this discrepancy also might be caused by post-transcriptional
regulation, and therefore protein abundance might likewise
differ from observed mRNA abundance patterns.

In addition to extensive analyses of gene expression and
mRNA levels in cyanobacteria, a limited number of proteome
analyses have been performed. To our knowledge, a global
proteome analysis of S. elongatus has not been published so
far, although proteome analyses have been reported for some
related species such as Synechocystis (23), Cyanothece (24—
26), Prochlorococcus (27), and Anabaena (28).

To enable the global analysis of the S. elongatus proteome
dynamics, we used high-resolution quantitative MS-based
proteomics. To uncover the variation in protein abundances
over 48 h under light/dark (LD)" cycles (12:12 h), we employed
quantitative shotgun proteomics using tandem mass tag

" The abbreviations used are: LD, light/dark; TMT, tandem mass
tags; SCX, strong cation exchange; MS/MS, tandem mass spectrom-
etry; SWATH, Sequential Windowed Acquisition of All Theoretical
Spectra; Pex, period-extender (PadR family transcriptional regulator).

(TMT) 6-plex isobaric labeling. These isobaric tags provide a
sensitive labeling method for the analysis of several different
experimental conditions (up to six at a time). We queried the
S. elongatus proteome at 10 different time points spanning a
single 24-h period, resulting in 20 time points over the full 48-h
period.

With this approach we were able to detect the abundances
of proteins covering 82% of the S. elongatus genome, within
which we observed significant abundance changes of 544
proteins. Among these proteins, 77 proteins showed well-
defined cyclic abundance profiles. The comparison of our
results to previously published mRNA abundance profiles
yielded a significantly lower degree of cyclic expression,
pointing to the importance of post-transcriptional and/or
post-translational regulatory mechanisms. Moreover, our data
provide novel insights into the phasing of cyclic protein abun-
dances relative to corresponding mRNA levels, as we ob-
served that several protein abundance levels cycled, albeit
out of phase, with their corresponding cycling mRNA levels.

EXPERIMENTAL PROCEDURES

Cyanobacteria Cell Culture—The wild-type strain of S. elongatus
PCC 7942 was routinely grown photoautotrophically in BG11 medium
(29) at 30 °C under continuous illumination with white light at 80 um
photons/m?s (Versatile Environmental Test Chamber, SANYO,
Bensenville, IL) and a continuous stream of air. Cell concentrations
were measured by determining the optical densities of the culture at
750 nm (OD;5,) (SPECORD®200 PLUS, Analytik Jena, Germany). The
culture was kept in log growth phase (up to an OD,5, of 1.0) by
dilution up to a specific volume and subjected to a 12:12-h LD cycle
for three days. Synchronized culture was finally diluted to an OD-5, of
~0.4 one day before the sampling started. At certain time points (Fig.
1A), which varied from 1-h to 3-h intervals, 40 ml of the culture was
centrifuged at 15,000 X g for 10 min and the supernatant was
removed. The cell pellet was resuspended in 1 ml of BG11 medium
and centrifuged again for 5 min. The supernatant was removed and
the pellet was washed with 1 ml of PBS buffer before the last round
of centrifugation. Cell pellets were frozen in liquid nitrogen prior to
storage at —20 °C.

Sample Preparation—Cyanobacteria pellets from samples of 20
time points were lysed in 8 M urea, 50 mm triethyl ammonium bicar-
bonate containing one tablet of EDTA-free protease inhibitor mixture
(Sigma) and one tablet of PhosSTOP phosphatase inhibitor mixture
(Roche). After three sonication cycles at 4 °C, total cell lysates
were obtained through centrifugation at 14,000 rpm for 30 min at
4 °C. The supernatant was recovered and the protein concentration
was determined via the Bradford method (Bio-Rad). The proteins
were subjected to reduction and alkylation of the cysteine residues
using 200 mm dithiotreitol (Sigma, Manchester, UK) and 200 mm
iodoacetamide (Sigma). The proteins were first digested with Lys-C
(Roche Diagnostics, Ingelheim, Germany) at an enzyme:protein ratio
of 1:75 for 4 h at 37 °C, and this was followed by 4X dilution of the
samples with 50 mm triethyl ammonium bicarbonate and digestion
with trypsin (Roche Diagnostics), at an enzyme:protein ratio of 1:100,
overnight at 37 °C. 40 u.g from each sample and from a mixture of all
samples were desalted using a 1-cc Sep Pack C18 columns (Waters,
Etten-Leur, The Netherlands) and dried in vacuo.

Peptide Labeling— Peptides were labeled with TMTs using the TMT
6-plex labeling kit (Pierce). Two separate experiments, each consist-
ing of two TMT 6-plex labeling experiments, were performed in total.
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Each experiment consisted of the use of five tags, one for each time
point and the sixth for the mixture of all time points (internal standard).
The manufacturer’s protocol was followed, with a few adjustments.
After desalting, 40 ng of peptides per channel were dissolved in 100
ul of 200 mm triethyl ammonium bicarbonate. The TMT labeling
reagents were dissolved in 40 pl of acetonitrile (Biosolve, Valken-
swaard, Netherlands) per vial and added to the samples in two steps
to maximize the labeling efficiency. First, 10 ul of reagent solution
were added to the sample; after 5 min, the other 10 ul were added
and the reaction was incubated for 1 h at room temperature. In the
quenching step, 4 ul of 5% hydroxylamine were added. After 15 min,
the six channels were mixed in a 1:1 ratio and stored at —20 °C.

Strong Cation Exchange Fractionation—Peptides were fraction-
ated using strong cation exchange (SCX) as described previously (30).
In short, four SCXs were performed using a ZorbaxBioSCX-Series I
column (0.8 mm X 50 mm, 3.5 um). Solvent A consisted of 0.05%
formic acid in 20% acetonitrile, and solvent B consisted of 0.05%
formic acid and 0.5 m NaCl in 20% acetonitrile. The following gradient
was used: 0—-0.01 min (0%-2% B); 0.01-8.01 min (2%-3% B); 8.01—
14.01 min (3%-8% B); 14.01-28 min (8%—-20% B); 28-38 min (20%-
40% B); 38-48 min (40%-90%B); 48-54 min (90% B); 54-60 min
(0% B). The resulting 50 fractions were dried in vacuo, resuspended
in 10% formic acid, and stored at —20 °C.

For the Sequential Windowed Acquisition of All Theoretical Spectra
(SWATH, Ammerbuch-Entringen, Germany) approach, unlabeled
samples from a 24-h time-series were pooled together and fraction-
ated via SCX to create a spectral library.

Liquid Chromatography—-Tandem Mass Spectrometry—Peptide
fractions were analyzed on an Orbitrap Velos (Thermo Fisher Scien-
tific, Bremen, Germany) that was coupled to an Agilent 1200 HPLC
system (Agilent Technologies, Waldbronn, Germany). Both the trap
(20 mm X 100 um inner diameter) and the analytical column (35 cm X
50 wm inner diameter) were packed in-house using Reprosil-pur C18
3 um (Dr. Maisch). Peptides were trapped at 5 ul/min in 100% solvent
A (0.1 m acetic acid (Merck)). Elution was achieved with solvent B (0.1
M acetic acid in 80% acetonitrile) at 100 nl/min. The 180-min gradient
used was as follows: 0-10 min, 100% solvent A; 10.1-115 min,
10%-24% solvent B; 115-160 min, 24%-50% solvent B; 160-163
min, 50%-100% solvent B; 163-164 min, 100% solvent B; 164-165
min, 0%-100% solvent A; 165-180 min, 100% solvent A. Nanospray
was achieved using a coated fused silica emitter (New Objective,
Cambridge, MA) (outer diamter, 360 um; inner diameter, 20 um; tip
inner diameter, 10 um) biased to 1.7 kV. The mass spectrometer was
operated in the data-dependent acquisition mode. An MS2 method
was used with a Fourier transform survey scan from 350 to 1500 m/z
(resolution, 30,000; automatic gain control target, 5E5). The 10 most
intense peaks were subjected to high-energy C-trap dissociation
fragmentation (resolution, 7500; automatic gain control target, 3E4;
normalized collision energy, 45%; maximum injection time, 500 ms;
dynamic exclusion, 60 s). Predictive automatic gain control was
enabled.

For the SWATH approach, samples were analyzed by a TripleTOF
5600 fitted with a Nanospray Ill source (AB SCIEX, Concord, Ontario,
Canada) coupled to an Agilent 1290 Infinity ultra-high-pressure liquid
chromatography system (Agilent Technologies). Briefly, for the spec-
tral library data, the mass spectrometer was operated in data-de-
pendent acquisition mode to obtain MS/MS spectra for the 20 most
abundant parent ions following each survey MS1 scan. Additional
datasets were recorded as triplicates in data-independent mode us-
ing SWATH MS2 acquisitions, essentially as described by Gillet et al.
(81). In summary, a window of 26 m/z (containing 1 m/z for the window
overlap) was passed in 32 incremental steps over the full mass range
of 350-1250 m/z.

Database Search and Validation—Raw data were converted to .mgf
files with Proteome Discoverer (version 1.3, Thermo, Boston, MA).
Mascot (version 2.3.02, Matrix Science) was used to search the
MS/MS data against the S. elongatus PCC 7942 UniProt database
(version 4-2010) including a list of common contaminants and con-
catenated with the reversed versions of all sequences (5826 se-
quences). Trypsin was chosen as the cleavage specificity, with two
missed cleavages allowed. Carbamidomethylation (C) was set as a
fixed modification. The variable modifications used were oxidation
(M), TMT 6-plex (K), and TMT 6-plex (N-term). The database searches
were performed using a peptide tolerance of 50 ppm and a fragment
mass tolerance of 0.05 Da (high-energy C-trap dissociation). The
50-ppm mass window was chosen to allow random assignment of
false positives that were later removed by filtering using the instru-
ment’s actual mass accuracy (10 ppm). A .dat file of each of the four
experiments was exported from Mascot and filtered with Rockerbox
(82) to a false discovery rate of 1% using the concatenated database
decoy method. Quantification was performed with the R package
Isobar (33). A minimum peptide score of 20 and a minimum protein
score of 40 were used as identifications thresholds. The peak inten-
sities obtained were corrected for isotope impurity of the TMT labels
and normalized with the median peak intensity. For all experiments, a
minimum of one unique peptide was considered for protein
quantification.

Raw data obtained with the TripleTOF 5600 were searched with
ProteinPilot™, using the Paragon™ search engine (version 4.3, AB
SCIEX). MS/MS data were searched against the same S. elongatus
PCC 7942 UniProt database. Trypsin was chosen as the cleavage
specificity. For the modifications, Cys alkylation was set to iodoacet-
amide and |.D. focus was set to biological modifications (i.e. phos-
phorylations, amidations, semitryptic fragments, etc.); as a special
factor, urea denaturation was selected. The database search was
performed with a thorough effort, with a detected protein threshold
(unused protscore (confidence)) set to achieve 99% confidence. The
false discovery rate analysis option was selected.

Datasets from SWATH MS2 acquisitions were processed using the
full-scan MS/MS filtering module for data-independent acquisition
within Skyline 1.3 (34). The .group file obtained from ProteinPilot was
converted to .xml using the group2xml.exe script (version 4.3.0.1456,
AB SCIEX), to create the spectral library (.blib). The top six peptides
and fragment ions were extracted from SWATH MS2 acquisitions
within Skyline using a fragment ion resolution setting of 15,000. Peak
areas were normalized using the total area sums method.

Protein Copy Number Calculations—The sum of the number of
peptide-spectrum matches obtained in all the experiments was nor-
malized by the molecular weight of each corresponding protein and
then divided by the total abundance factor calculated for all the
identified proteins. This relative abundance factor was multiplied by
the total amount of protein material used in all the experiments and
divided by the protein molecular weights, leading to the protein copy
number values. To determine the copy numbers of each protein in
each cyanobacterium cell, we then divided this value by the number
of cells used in the experiment.

Significance Analysis and Clustering— Quantitative data containing
protein intensities from 20 time points, as obtained from the experi-
ments described above, was analyzed as follows. The table contain-
ing protein names and respective intensities at all time points was
loaded into R (version 3.0.0) (35) as a datamatrix (eset) object. Sub-
sequently all rows containing proteins with their intensities over the 20
time points were filtered and processed in R using the following
criteria: (i) No missing data (intensities) at any of the time points per
protein were allowed. Proteins with missing data were removed from
the matrix. (i) All data in the matrix were scaled (Z transformed). (iii) All
proteins that had an interquartile range variation less than 1 (e.g.
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those proteins that showed no real change at any of the time points)
were removed. (iv) The data were exported to a tab-delimited file for
subsequent analysis. The filtered protein data were loaded into the
Multi Experiment Viewer software program (MeV v. 4.8.1) (36, 37).
Based on the figure of merit, a method of determining the optimal
number of k-means clusters, we chose to perform k-means clustering
with six clusters. All clusters with their containing proteins were
exported and used for further analysis.

Cyclic Profile Validation—The proteins considered significant and
observed across all different time points were subjected to Pearson
correlation analysis between the first 24-h ratios and the second 24-h
ratios. For this purpose the statistical software IBM® SPSS® Statistics
Data Editor was used. In order for a protein profile to be considered
cyclic, a significant correlation with a p value less than 0.05 was
required. Consequently, a heatmap was produced by hierarchical
clustering of the protein abundance profiles, using Pearson correla-
tion and complete linkage. The data were Z-score transformed for
better visualization. A visual inspection of the profiles was performed
to confirm their cyclic nature. The same procedure was applied for the
analysis of the mRNA profiles from Ito et al. (21). The “raw” data
(GSE14225) were extracted from GEO (Gene Expression Omnibus)
with R (35), and an average of the two replicates was performed.

RESULTS

Global Proteome Analysis of the Cyanobacterium S. elon-
gatus—Here we present the first in-depth quantitative pro-
teome analysis of the cyanobacterium S. elongatus, con-
ducted over a 48-h time span under LD conditions. This was
accomplished by sampling 20 independent time points at 1-h
to 3-h intervals. The sampling scheme consisted of 1-h inter-
vals at the LD and dark-to-light transitions, whereas 2-h and
3-h intervals covered the respective day and night phases
(Fig. 1A). The resulting 20 samples were quantified using the
isobaric TMT labeling strategy and four 6-plex quantitation
experiments with one pooled sample as an internal control.
After cell lysis, protein digestion, and TMT labeling, the pep-
tides were fractionated by means of SCX; this was done in
order to decrease the complexity of the proteome and, at the
same time, reduce precursor ion interference upon MS/MS
analysis, which is inherent to isobaric quantification. This
yielded an average of 20 fractions per experiment and ~80
LC-MS/MS runs (Fig. 1A). The subsequent search analysis
was performed using Mascot in combination with Isobar (33).
Over 45,092 unique peptides (used for quantitation) and 2179
proteins were identified, covering 82% of the predicted S.
elongatus proteome (2657 proteins). Of the identified proteins,
82% were represented by two or more peptides. The pre-
sented work constitutes one of the most complete coverages
of a proteome reported to date.

The concentrations of each detected protein were evalu-
ated using a well-established method based on spectral
counts (38-40), as described in “Experimental Procedures.”
In this experiment, we covered a dynamic range in protein
abundance of over 5 orders of magnitude (Fig. 1B). The most
abundant proteins found are mainly involved in photosynthe-
sis, a crucial part of the energetic metabolism. However,

proteins involved in this pathway are also spread throughout
the whole dynamic range (Fig. 1B and supplemental Fig. S1A).

In spite of the high proteome coverage we obtained for S.
elongatus, we observed that 768 (~35%!) of the identified
proteins are still annotated in the database as functionally
uncharacterized. These proteins are distributed over the en-
tire protein abundance range, even in the top 50 abundant
proteins. These non-annotated proteins might be implicated
in all kinds of processes, including specialized functions as
well as “housekeeping” (supplemental Fig. S1B).

Abundance Profiles of the Kai Proteins and Their Putative
Input and Output Channels—We first investigated the abun-
dance profiles of some well-studied proteins in S. elongatus
and compared these profiles to previously published data
(Fig. 2). The main engine driving the circadian clock in S.
elongatus is composed of the three proteins KaiA, KaiB, and
KaiC. In accordance with a previous study (41), KaiA did not
display a cyclic abundance profile (Fig. 2A). The profiles of
KaiB and KaiC also did not show obvious cyclic abundances
and, moreover, seemed to show opposite abundance profiles
in our data (Fig. 2A). Cyclic abundances for KaiB and KaiC
have been reported under continuous-light conditions (41)
and synchronization in their total cellular abundances. How-
ever, in contrast, Qin et al. (10) reported that KaiC is not cyclic
under LD conditions, which is in close agreement with our
results.

Next we assessed proteins linked to circadian rhythm reg-
ulation or propagation for which abundance profiles had been
published. Because current studies on cyanobacterial circa-
dian rhythms consider transcript abundance levels rather than
protein abundance, the number of available datasets is lim-
ited. One protein that fulfills these criteria is pex, a PadR
family transcriptional regulator that is essential for circadian
rhythm in S. elongatus. Pex is responsible for elongation and
delay of the circadian rhythm in S. elongatus via the negative
regulation of KaiA expression (42, 43). Takai et al. (42) dem-
onstrated that the Pex protein exhibits cyclic abundance in LD
conditions, with its maximum during the subjective night. This
Western blot-based analysis agrees with the presented pro-
teomics dataset (Fig. 2B). Another component of the circadian
clock output pathways is the KaiC expression inhibitor low
amplitude and bright A. Although low amplitude and bright A
was found to exhibit cyclic mRNA abundance in continuous-
light conditions (21), its protein abundance is also found to
oscillate (not shown). However, most of the other reported
components (e.g. regulator of phycobilisome-associated A,
regulator of phycobilisome-associated B, Synechococcus
adaptive sensor A, circadian input kinase A, light-dependent
period A) were not found to have cyclic abundances at the
protein level as revealed by our analysis.

In order to provide further confidence in the quantitative
TMT data, an independent SWATH analysis was performed
on a small set of selected proteins, namely, six cyclic, three
non-significant and non-cyclic, and three significant but non-
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cyclic proteins (supplemental Fig. S4), according to our TMT
data analysis. When we compared the protein expression
profiles obtained via SWATH to the other data, we observed
very good agreement.

Significance Analysis—Next, we conducted a global analy-
sis of the abundance behavior of all proteins quantified in our
analysis. With this approach we sought to find profiles that
could be linked to circadian rhythm. We filtered our dataset,
taking first only proteins that had quantitative information
throughout the whole 48-h experiment (1537 proteins). Next
we used interquartile range analysis to find significant varia-

500

1000
Protein number

1500 2000

tions in the 48-h profiles. Ratios were normalized and trans-
formed to a z-score, and this was followed by removal of the
proteins with an interquartile range variation of less than 1.
From this evaluation we found 544 proteins that were signif-
icantly regulated at at least 1 out of 20 time points. Included
in this set were the known clock pathway proteins KaiB, Pex,
circadian input kinase A, regulator of phycobilisome-associ-
ated A, and low amplitude and bright A.

In our data analysis, we also observed ratio compression,
which can be associated with the precursor ion interferences
inherent to isobaric quantification. Nevertheless, this under-
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profile obtained via Western blotting and across 24 h in LD (bottom profile adapted from Ref. 42). Both protein abundance profiles show an
increase in abundance during the dark period. Gray areas represent the dark period, and white areas represent the light period.

estimation of the fold change had no influence on our anal-
ysis, as here we determined whether the ratio was signifi-
cantly different from the background, which was similarly
compressed.

The resulting significant protein abundance profiles were
clustered with K-means to facilitate the global analysis and
the search for novel cyclic abundance profiles. This was done
using MultiExperiment Viewer software. The 544 protein
abundance profiles were divided into six clusters, as opti-
mized with the figure of merit (Fig. 3A). Clusters 1 and 2
showed anti-correlated profiles and more pronounced differ-
ential abundance over time than the remaining clusters. Clus-
ters 4 and 5 also exhibited anti-correlated cyclic profiles, but
with less pronounced changes in abundance over time. Clusters
3 and 6 showed proteins with specific trends that had a notice-
able relative abundance. However, they did not show cyclic
profiles or correlation with the other clusters or with each other.

Functional Analysis of Proteins Co-occurring within Clus-
ters—To investigate whether any of the clusters were associ-

ated with a specific pathway, protein interaction network,
localization, or function, we used the Database for Annotation,
Visualization, and Integrated Discovery (DAVID) to look for
functional enrichments (44, 45). Although this analysis re-
vealed no significant enrichment of specific functions in the
clusters, we made some interesting observations using the
Kyoto Encyclopedia of Genes and Genomes (KEGG,) for path-
way analysis. For cluster 1 we found six proteins to be asso-
ciated with the two-component system and penicillin and
cephalosporin biosynthesis, associated with signal transduc-
tion and the synthesis of secondary metabolites, respectively.
An interesting example of the first pathway is the protein
regulator of phycobilisome-associated A, which is known to
be a transcription factor involved in genome-wide circadian
gene expression and controlled by the kinase Synechococcus
adaptive sensor A, which in turn is controlled by KaiC, indi-
cating a possible link with circadian control. Cluster 2 had a
lower number of associated proteins, but most of them dis-
played a quite prominent cyclic profile. As no specific func-
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tional association could be made with cluster 2, one could
envision that the variety of pathways controlled by the circa-
dian clock is reflected by the variety of proteins present in this
cluster. Indeed, we found proteins involved in transcription,
biotin metabolism, and response to stress. Cluster 3 con-
tained proteins involved in amino acid, carbohydrate, and
nucleotide metabolism, as well as DNA replication and repair
and protein export. In cluster 4 the photosynthetic proteins
were most prominent. Cluster 5 contained ribosomal proteins,
and in cluster 6 proteins related to gene expression and
translation were present. These results show that functionally
related proteins do not necessarily associate with specific
trends of protein abundance; however, some trends may be
associated with pathway components or protein complexes.
Protein Profile Analysis in Selected Networks—Next, we
sought to analyze selected pathways and/or protein com-
plexes in more detail with the protein profile R package. This
package looks for the significance between similar abun-
dance profiles, independent of their intensities (46). We
started with the photosynthetic pathway and its complexes,
also well characterized in cyanobacteria. Here we could ob-
serve groups of proteins with very similar abundance profiles.
One example is the phycobilisome complex, the components
of which capture energy from light and transfer it to photo-
system Il through chlorophyll A. These proteins have signifi-
cantly similar profiles (p value << 0.001) (Fig. 3B and Table I),
up-regulated in the light period, although not completely cy-
clic. Within this group of proteins we found an even more
pronounced profile, namely, the phycobilisome core-mem-
brane linker polypeptide and the phycobilisome rod-core
linker polypeptide showing an increase in abundance during
the dark period (p value = 0.01) (Fig. 3B and Table ). The two
components serve as stabilizers at the core of the phycobili-
some complex in collaboration with other proteins; therefore
they are not directly involved in the light-capturing process.
Another example is the cytochrome complex b6/f, which is
responsible for the transfer of electrons from photosystem Il
to photosystem I. Although we were not able to cover all of its
components, we observed very similar protein abundance
profiles, specifically between apocytochrome f and cyto-
chrome b6-f complex subunit 4. These two combined with the
cytochrome b559, which is part of photosystem I, also show
a similar trend (p value = 0.02) (Fig. 3B and Table I). All three
of them were more abundant during the dark period. Another
b6/f component, cytochrome b6, exhibited similar behavior
despite the fact that its profile was not significantly similar to
the ones mentioned above (Fig. 3B and Table I). This relation-
ship was previously described for the cyanobacterium Cyanoth-
ece ATCC 51142 (26). Other cytochromes that are part of pho-
tosystem Il, such as cytochrome 550, and part of the electron
transport chain, such as cytochrome c6, have similar abun-
dance profiles (p value = 0.02) but are more dynamic, as they
have a maximum during the dark and during the light period.

TABLE |
Similarity of abundance profiles in related proteins. Three sets of
proteins from the photosynthetic pathway with significantly similar
abundance changes (p value < 0.05) across 48 h, as determined via
Protein Profiles R package analysis.

Accession Protein name
Phycobilisome complex (p value << 0.001)

Q31RF9 Phycobilisome core-membrane
linker polypeptide

Q31LK9 Phycobilisome rod-core linker
polypeptide

Q31PEO Phycobilisome rod linker
polypeptide

Q31RG1 Allophycocyanin, B subunit

Q31RP7 Putative uncharacterized protein

P06539 C-phycocyanin g chain

P13530 C-phycocyanin « chain

Q31RG2 Phycobilisome 7.8-kDa linker
polypeptide, allophycocyanin-
associated core

P55020 Plastocyanin

Q31PD8 Phycocyanin linker protein 9K

Q31PD9 Phycobilisome rod linker
polypeptide

Q44116 Phycobilisome maturation
protein

050209 Allophycocyanin, 3 subunit

Q31Q35 Allophycocyanin « chain-like

Q44115 Phycocyanobilin lyase subunit «

Q31RGO Allophycocyanin « chain

Phycobilisome complex subgroup (p value = 0.01)

Q31LK9 Phycobilisome rod-core linker
polypeptide
Q31RF9 Phycobilisome core-membrane

linker polypeptide
Cytochromes (p value = 0.02)

Q8KPP3 Cytochrome b559 subunit «

Q54710 Cytochrome b6-f complex
subunit 4

Q31NV8 Apocytochrome f

Q54711 Cytochrome b6

Next, we investigated different proteins from photosystems
I and Il and the ATP synthase complex. For photosystem | we
found four proteins with significantly similar profiles (p value =
0.02). These showed increased abundance during the dark
period. In photosystem Il we found seven proteins with a
significantly similar nocturnal trend (p value << 0.001) and two
proteins with similarly significant trends, with greater abun-
dance during both dark and light phases (p value = 0.004).
For the ATP synthase complex, we found that most of the
components we identified had similar profiles (o value = 0.03).
However, during the light period they differed slightly. Finally,
for the ribosomal proteins, all the proteins from the small
subunit showed significantly similar profiles (p value = 0.01),
as did all proteins from the large subunit (p value = 10~4) (Fig.
3C). Some components of the two subunits also shared signif-
icant profiles (p value << 0.001). Together, these observations
show that many of the observed protein complexes or particular
components of these complexes share abundance trends, hint-
ing at the specific regulation of different subsets of proteins.

Focusing on Proteins Displaying Cyclic Abundances—The
cluster analysis gave an indication of at least two clusters with
possible cyclic trends and potential circadian-associated pro-
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tein abundances (Fig. 3A). Cluster 2 showed little variability
between each trend, whereas in cluster 1 both amplitude and
variability were higher. To make a more precise assessment of
the cyclic proteins, we performed a Pearson correlation and
decided on the cyclic properties of the profiles based on the
significant linear correlation between the data points from the
first day and the second, corresponding to a p value less than
0.05, using IBM SPSS Statistics software.

The Pearson correlation analysis and a visual confirmation
of the profiles resulted in the stringent definition of 77 well-
defined cyclic abundance profiles. This group included sev-
eral functionally uncharacterized or poorly annotated proteins.
To facilitate the visualization of these profiles, we created a
heatmap using R (Fig. 3D and Table Il). This heatmap revealed
39 proteins featuring an abundance peak during the dark
phase. In contrast, only 29 proteins exhibited a maximum
abundance during the light phase. We also found proteins
with certain ambiguities concerning the peak phase and the
oscillation period (24 h or 12 h). Despite this, we considered
those cases to correspond to cyclic proteins.

The group of 29 proteins with greater abundance during the
light period is reported to be involved in a broad variety of
processes, including secretion, cell wall/membrane biogene-
sis, general stress, transcription, translation, protein turnover
and folding, signal transduction, circadian rhythm, amino acid
metabolism, and photosynthesis, with a small predominance
of cell wall/membrane biogenesis. The group of proteins with
their abundance peaking in the dark phase contained a variety
of proteins involved in cell/wall biogenesis; chaperoning;
signal transduction; transcription; translation; defense mech-
anisms; DNA repair; and different metabolisms such as co-
enzyme, vitamin, carbohydrate, amino acid, lipid, and energy-
production related, including photosynthesis (light-capture
related). Notably, the majority of the proteins that demon-
strated greater abundance during the dark phase are involved
in transcription. From these results one might suppose that
the cyanobacterium has increased metabolism and mainte-
nance during the night cycle relative to the day. Also, it is
interesting that not all photosynthetic proteins showed cyclic
profiles in our analysis, and those that did demonstrated a
possibly diminished photosynthetic capacity during the day.
The proteins ambiguous in their phase are part of secondary

metabolite biosynthesis, transport and catabolism, inorganic
ion transport, signal transduction, and transcription.

Interestingly, most of the protein abundance profiles did not
have a sinusoidal peak shape. In fact, most of the profiles with
maxima during the light period seemed to have a steeper
increase in abundance followed by a slow decrease in abun-
dance. Moreover, profiles with maxima during the dark period
displayed exactly the opposite behavior. Consistently, the
dark-to-light transition was marked by a steeper response
than the LD transition, even though the sampling and LD
transition were kept the same.

Among the proteins with abundance profiles over the com-
plete period, we also found four proteins with abundance
cycles shorter than 24 h. In fact, it has been shown by Wester-
mark and Herzel (47) that components of the circadian clock
can generate 12-h rhythms in the gene expression of animals.
They demonstrated that 12-h genes have alternating peak
heights, which is consistent with our observation at the pro-
tein level of pilin polypeptide PilA-like (signal transduction),
carbonate dehydratase (nitrogen metabolism), 2-hydroxy-6-
oxohepta-24-dienoate hydrolase (no specific function), and a
putative uncharacterized protein. Recent reports describe
rhythms shorter than 24 h, called ultradian rhythms, which
have also been reported to occur in related cyanobacteria
such as Cyanothece (48, 49) and Prochlorococcus (50).

Among all proteins with significantly changing abundances,
we classified 14% as experiencing cyclic abundance. The
percentage of proteins showing cyclic abundance was low
relative to data reported on the transcript abundance. Tran-
script data for S. elongatus revealed that 30% to 60% of the
mRNA levels exhibited cyclic profiles (21, 51). These some-
what conflicting results could indicate the existence of post-
transcriptional and/or post-translational mechanisms regulat-
ing protein abundance, as discussed in the following section.
However, it must be noted that differences in experimental
conditions and in experimental and theoretical methods can
influence the observed mRNA and protein abundance. The
difference in methodology and the stringency of our data
analysis might therefore account for some of the described
differences.

In- and Out-of-phase Correlation between mRNA and Pro-
tein Levels of Cyclic Genes/Proteins—To compare circadian

Fic. 3. Clustering analysis on the significantly changing protein abundance profiles. A, K-means clustering analysis on the 544 protein
abundance profiles found to change significantly across the 48-h LD experiment, as described in “Experimental Procedures.” At the top all the
different protein profiles are visible in each corresponding cluster (the pink line represents the average profile of each cluster); at the bottom,
only the averaged abundance profiles and their variance bars are visible for each cluster. B, hierarchical clustered heatmaps of three sets of
proteins from the photosynthetic pathway. Each interest group of proteins demonstrated significantly similar abundance changes (p value <
0.05) across 48 h, as determined via Protein Profiles R package analysis. Red represents high abundance and blue low abundance of the
proteins. All proteins are represented by their corresponding UniProt accession number. C, hierarchical clustered heatmap of ribosomal
proteins. The type of analysis and representation is the same as that mentioned for B. D, hierarchical clustered heatmap of proteins with cyclic
abundance profiles. These protein profiles were first analyzed with respect to their significance, as mentioned above, and then a Pearson
correlation was performed, comparing the first 24 h of the profiles with the second 24 h, as explained in “Experimental Procedures.” The
representation and clustering procedure was as mentioned above. The gray areas represent the dark period. The color scale is shown below
each heatmap.
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TasLE Il
Proteins with cyclic abundance profiles. These protein profiles were
first analyzed with respect to their significance using the interquartile
range method, and then a Pearson correlation was performed com-

TABLE ll—continued

Accession

Protein name

Q31LB6

Anthranilate phosphoribosyltransferase

paring the first 24 h of the profiles with the second 24 h.

Accession Protein name

Q31LD0  ATPase

Q8GAA6  Queuine tRNA-ribosyltransferase

Q31P93 Phosphomethylpyrimidine synthase

Q31NG2  Metal dependent phosphohydrolase

Q31KC4  Putative uncharacterized protein

Q31SA6  Aminotransferase

Q31PT9 Putative uncharacterized protein

Q31N33  Putative uncharacterized protein

Q31QG0  Transcriptional regulator, PadR family

Q31ME3  RNA polymerase sigma factor rpoD2

Q31KI8 Heat shock protein Hsp20

Q31RN5  Putative uncharacterized protein

Q31KQ3  Putative uncharacterized protein

Q31R35  Putative uncharacterized protein

Q31LF7  Elongation factor EF-G

Q31RH5  UPF0102 protein Synpcc7942 0312

Q31LE3 Diguanylate cyclase with GAF sensor

Q31NA9  Putative uncharacterized protein

Q31Q56  Phosphoenolpyruvate synthase

Q31MS7  Pyridine nucleotide transhydrogenase « subunit

Q31N29  Group3 RNA polymerase sigma factor SigF

Q31P32 Putative uncharacterized protein

Q31MS9  NAD(P) transhydrogenase subunit 8

Q31RI5 Phospholipase D/transphosphatidylase

Q31MB4  Phosphate starvation-induced protein

Q31MY3  Putative uncharacterized protein

Q8GJNO  Light-independent protochlorophyllide reductase
subunit B

Q31P39  Putative uncharacterized protein

Q31MA5  Group3 RNA polymerase sigma factor SigF

Q31M40  RNA polymerase sigma factor

Q55107 Bicarbonate transport ATP-binding protein
CmpC

Q31Q04  Putative uncharacterized protein

Q31QH9  Putative uncharacterized protein

Q31LM4  Putative uncharacterized protein

Q31KV5  2-hydroxy-6-oxohepta-24-dienoate hydrolase

Q31RE3  Probable peptidase

Q31KS7  UDP-N-acetylglucosamine-N-acetylmuramyl-
(pentapeptide) pyrophosphoryl-undecaprenol
N-acetylglucosamine transferase

Q31PT4 Putative uncharacterized protein

Q31M89  Putative uncharacterized protein

Q31SC6  Putative uncharacterized protein

Q31PY8  Putative uncharacterized protein

Q31PY3 Response regulator receiver domain protein

Q31SC4  Putative uncharacterized protein

Q31LP3 Putative uncharacterized protein

Q31KP2 Putative uncharacterized protein

Q31KE3  Methionine aminopeptidase

Q31N58  Imidazole glycerol phosphate synthase subunit
HisH

P22879 60 kDa chaperonin

Q31LZ8 LabA

Q381QF2 60 kDa chaperonin 1

Q31Q35  Allophycocyanin a chain-like

Q31MG6 Carotene isomerase

QB31NW2  DNA repair protein RadC

Q31R64  Putative uncharacterized protein

Q31PC6  Putative uncharacterized protein

Q31Q30  Putative uncharacterized protein

Q31N79  Putative uncharacterized protein

Q31K82 Putative uncharacterized protein

Q31Pz4 Phosphoesterase PHP-like

Q31NF7  Diguanylate cyclase/phosphodiesterase

Q31KC3  Two-component transcriptional regulator, winged
helix family

P30331 Metallothionein

Q31S88,  Pilin polypeptide PilA-like

Q31889

Q31QWS5  Putative uncharacterized protein

Q31NF1 Carbonate dehydratase

Q31MY2  RNA polymerase sigma factor

Q31LV3 Putative uncharacterized protein

Q31QQ2 PDZ/DHR/GLGF

Q31RP4  Possible high light inducible polypeptide HIiC

Q31QC5 C-terminal processing peptidase-2. Serine
peptidase. MEROPS family S41A

Q31QX1  C-terminal processing peptidase-2. Serine
peptidase. MEROPS family S41A

Q31P82  TPR repeat

QB31P37  Rare lipoprotein A

Q31PR1  Outer envelope membrane protein

Q8GAA4  Putative uncharacterized protein sek0026

Q31LPO RNA-binding region RNP-1

Q31MS6  Putative uncharacterized protein

Q31KD9  General secretion pathway protein D

mRNA abundance profiles with the cyclic protein profiles, we
used the published results from Ito et al. (21) on the quanti-
tative profiles of S. elongatus transcripts during 48 h under
continuous-light conditions. We took this dataset from Ito et
al. because we noted that the majority of mRNA transcripts
measured by them could also be quantified in our study at the
protein level, and the taken time points matched best with our
experimental setup (Fig. 4A). Of the identified transcripts, 800
were reported to be cyclic. However, when we performed a
Pearson correlation analysis on the reported transcript pro-
files, we found that 1057 transcripts were cyclic. In a direct
comparison of these cyclic mRNA to our 77 cyclic protein
abundances, we found an overlap of 37 genes with the data
reported by Ito et al. and an overlap of 46 genes with the data
analyzed via Pearson correlation, uncovering an additional 13
cyclic genes in common with our cyclic proteins (Fig. 4B and
supplemental Fig. S2). Moreover, an additional 27 proteins
found to be cyclic in our study did not show cyclic behavior at
the mRNA level. These results indicate a large discrepancy
between the abundance at the transcript and at the protein
level and clearly indicate post-transcriptional regulation.
Next, we compared the cyclic protein profiles that over-
lapped with the cyclic mRNA data (46 proteins) in more detail.
Here, we observed examples of proteins involved in several
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Fic. 4. Comparison of the proteome data with the mRNA data. A, comparison of the number of proteins identified in this work via
quantitative LC-MS/MS with the number of transcripts identified by Ito et al. (21) via microarray. B, comparison of the number of proteins with
cyclic abundance profiles with the number of transcripts with cyclic abundance profiles identified by Ito et al., but reanalyzed using Pearson
correlation analysis, as described in “Experimental Procedures.” C, examples of the comparison of the abundance profiles of the proteins (blue
lines) and transcripts (black lines) considered cyclic, showing in-phase or out-of-phase correlations between protein and transcript data. The
dark period is represented by the gray area.
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biological functions with a small prevalence for proteins re-
lated to DNA repair, transcription, and metabolism. The 31
cases in which only the protein abundances were cyclic
showed equally diverse protein functions, with a small prev-
alence for signal transduction, transcription, and folding. Vis-
ual analysis of the peak phase of the mRNA profiles showed
some ambiguity, similar to that observed for the cyclic anal-
ysis at the protein level. We observed two transcripts with
12-h cycles and abundance peaks within the subjective
switch between day and night.

Interestingly, we noticed that the delays in the peak times
between mRNA and proteins sometimes were not the same
within a 48-h period. We performed a comparison of the peak
times between our cyclic abundance profiles and the cyclic
transcript profiles reported by Ito et al., which revealed delays
between 0 and 22 h, hinting at in-phase and out-of-phase
correlations between these two levels (Fig. 4C and supple-
mental Fig. S3). For 8 genes out of 46, there was a clear
in-phase correlation between protein and mRNA profiles, and
for 33 genes there was a clear out-of-phase correlation, with
15 being completely anti-phase.

Among the genes with delays shorter than 12 h, we mainly
found proteins implicated in transcription, DNA repair, and
metabolism. Genes with a longer delay were involved in cell
wall biogenesis, transcription, general stress response, and
coenzyme metabolism. Proteins related to transcription were
observed to have time delays that differed from the transcript
data (e.g. transcription factor PadR family and RNA polymer-
ase sigma factor D5 versus RNA polymerase sigma factor
D5/RNA polymerase sigma subunit C and RNA polymerase
sigma factor F), indicating alternative means of post-tran-
scriptional control of protein expression.

Our observations show a complex regulation of protein
expression, which for several proteins occurs at the post-
transcriptional level. For many proteins the observed cyclic
behavior of mMRNA abundance did not translate into the same
behavior at the protein level. Moreover, among those gene
products that did display cyclic behavior at both mRNA and
protein levels, a large portion did not display similar abun-
dance profiles and instead showed different levels of delay.
These different delay times of actual translation of the mRNA
into protein might be attributed to the necessity that the
bacteria be able to quickly express certain proteins upon
external signals.

DISCUSSION

Here we report one of the most complete proteomes to
date, identifying evidence for 82% of the predicted genes at
the protein level. Although the genome of the cyanobacterium
S. elongatus is not as extensive as that in mammalian sys-
tems, this percentage is still impressive, especially when com-
pared with the 60% to 70% reported for other, smaller ge-
nomes such as yeast (52).

We monitored the relative protein abundance of hundreds
of proteins over two LD cycles with a total of 20 samples. We
focused our analysis on the proteins showing a cycling abun-
dance profile. 77 proteins were found to exhibit cycling abun-
dance with a 24-h period, and these had quite distinct behav-
ior. Firstly, the majority of cycling proteins were more
abundant in the dark phase, which is unexpected for photo-
synthetic bacteria. We also observed many proteins within a
single protein complex or pathway revealing similar abun-
dance profiles, albeit not always cycling. Interestingly, a range
of proteins was found to exhibit 12-h oscillations in abun-
dance (e.g. carbonate dehydratase, Pilin polypeptide PilA-
like, 2-hydroxy-6-oxohepta-24-dienoate hydrolase). Most re-
markable was the observation of several cycling proteins
whose cycle was clearly out of phase with the cycling behav-
ior observed for the corresponding transcript. These data
represent some of the clearest evidence for post-transcrip-
tional regulation of many of the processes involved in the
circadian rhythm and the clear need to analyze these pro-
cesses at the protein level.

Although a few of the proteins we observed to be cyclic
have been linked to the circadian rhythm in S. elongatus, most
of these proteins have not yet been linked and originate from
a variety of biological processes. Therefore, we believe our
dataset provides several new starting points for further inves-
tigation of proteins and pathways involved in or regulated by
circadian rhythms in cyanobacteria.
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