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Diurnal rhythms are recurring 24 h patterns such as light/dark cycles that affectmany natural environmental and
biological processes. The cyanobacterium Synechococcus elongatus PCC 7942 (S. elongatus) produces its energy
through photosynthesis and therefore its internal molecular machinery is strongly influenced by these diurnal
rhythms. Moreover, it has one of the simplest, self-sustained, circadian rhythms, extensively studied functionally
and structurally. These characteristics together with the relatively small genome of S. elongatus, make it an ideal
model system for the study of diurnal and circadian rhythms. Although expression of many gene transcripts has
been shown to fluctuate in phase with the circadian rhythm, fluctuations at the protein level were less pro-
nounced. This led us to hypothesize that the diurnal adaptation occurs at the level of higher organization of pro-
tein complexes. Therefore, we probed the abundance and constituency of S. elongatus protein complexes during
the day and night. Following several well-known complexes such as the RNA polymerase, the ribosome and pho-
tosynthetic protein complexes, we observe for the first time that these complexes change not only in abundance
but also in constituency. Therefore, we conclude that the dynamic assembly of protein complexes is indeed also a
key-player in the processes governing the diurnal rhythm.
Significance: The succession of day and night periods imposes drastic changes in all living organisms.
Cyanobacteria produce their energy through photosynthesis and are therefore strongly influenced by diurnal
rhythms. The cyanobacteria, Synechococcus elongatus PCC 7942 (S. elongatus), also exhibit a self-sustained biolog-
ical clock. The connection between the central circadian oscillator and its output to the rest of the cell is not
completely known. It has been shown that the expression of many gene transcripts heavily fluctuates in phase
with the circadian rhythm; however, our recent global proteomics investigation revealed that the diurnal fluctu-
ations seemed to be less pronounced at the protein level. As many known regulatory functions depend on
protein-protein interactions (PPIs) and/or protein assemblies and the fact that so few fluctuations in protein
abundances were observed earlier, here we investigated the diurnal adaptation at the level of dynamic changes
in protein assembly.
The paper demonstrates that the combination of native protein complex fractionation and high-resolution
proteomics provides insight in the regulation of megadalton protein assemblies in cyanobacteria, including the
ribosomal and photosynthetic complexes. The differences observed between the light and dark conditions in
these complexes indicate a cyclic regulation of essential cellular processes.

© 2016 Elsevier B.V. All rights reserved.
1. Introduction

The succession of day and night periods imposes drastic changes in
all living organisms, during which also different molecular processes
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adapt. These may include different regulatory mechanisms and cellular
pathways, such as the photosynthetic pathway, which occurs primarily
during the day when sunlight is available. These different processes are
usually entrained with the day and night cycles either through diurnal
rhythms or through so-called circadian rhythms. Diurnal rhythms are
biological cycles dependent on external cues, such as light and dark var-
iations. On the other hand, circadian rhythms are adjustable to those
cues, but they are also self-sustained biological cycles of 24 h. Both
types of rhythms are widely present in all kingdoms of life, including
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in lower complexity organisms such as cyanobacteria [1]. The circadian
rhythms in particular, have non-universal molecular mechanisms
governing them, differing from species to species, and they are known
to be rather complex, involving many genes in higher eukaryotic
systems. Cyanobacteria, such as the Synechococcus elongatus PCC 7942
(S. elongatus), also exhibit a self-sustained biological clock, which is
from a molecular perspective much more simple. Therefore, the
cyanobacterial model, with its rather small genome (2.7 Mbp) [2,3],
has been widely adopted to investigate circadian regulation [2,4–6].
The central core of this very robust pacemaker is composed of only
three proteins, namely KaiA, KaiB and KaiC. In short, themechanism in-
volves the cyclic phosphorylation/dephosphorylation of KaiC, by KaiA or
KaiB, respectively, which also dynamically regulates the assembly of
these three proteins into larger protein complexes [6,7].

The connection between the central circadian oscillator and its out-
put to the rest of the cell is not completely known. Although it has been
shown that the expression of many gene transcripts heavily fluctuates
in phase with the circadian rhythm [5,8], our recent global proteomics
investigation revealed that the diurnal fluctuations seemed to be less
pronounced at the protein level [4]. It has been established that the cen-
tral clock regulates gene expression through several effectors, such as
the histidine kinase SasA (Synechococcus adaptive sensor), the master
regulator RpaA (regulator of phycobilisome-associated A/two compo-
nent transcriptional regulator) [9–11], the RpaB regulator [12], LabA
(low amplitude and bright A) and the sensor histidine kinase CikA
(circadian input kinase A) [13,14]. The central clock is in turn entrained
by the input factors Pex (PadR family transcriptional regulator) and
LdpA (light-dependent period A). The regulatory functions mentioned
above, and many others, depend on protein-protein interactions
(PPIs) [15] and/or protein assemblies. Taking this into account and the
fact that so few fluctuations in protein abundances were observed ear-
lier [4], we argued that the diurnal adaptation might occur at the level
of dynamic changes in protein assembly. Therefore, here we set out to
analyze the relative abundance and constituencies of protein assemblies
in cyanobacteria at the maximum of the light and dark phases.

The most common approaches for the study of protein interactions
and assemblies consist of either yeast two-hybrid screens [16] or affinity
purification coupled to mass-spectrometry (AP-MS) [17,18]. In the lat-
ter, the protein of interest is used as a “bait” to isolate and “pull down”
its interacting proteins. AP-MS has been widely used and nowadays al-
lows the comparison of different complexes at the same time [19,20],
with increasingly high-throughput [21,22]. It has been applied for in-
stance to map full interactomes, also in the bacteria Escherichia coli
[23]. As a minor drawback of the approach, it has been shown that
this technique, by usingN- or C-terminal tags, can affect protein interac-
tions and functions [24,25], besides being limited by the availability of
tagged-constructs or antibodies, restraining the study of the dynamic
PPIs across many conditions. Ultimately, as a targeted approach, AP-
MS can only identify complexes of baits chosen a priori, disregarding
the dynamics of unexpected PPIs. Recently, an alternative method was
introduced coupling size exclusion chromatography (SEC) and high-
resolution MS, which tackles some of the disadvantages of AP-MS. SEC
is a widely used classical biochemistry technique in which proteins in
solution are separated according to their shape/size. Under native
conditions, this technique can be used to separate protein oligomers
and or complexes based on their size and can be used as a pre-
fractionation step prior to mass spectrometry based proteomics
analysis. This strategy has already been applied to chloroplast samples
[26], as well as human cell lysates [27,28].

To our knowledge, a global analysis of the PPIs of Synechococcus
elongatushas not yet been performed, and there is evenmore limited in-
formation on how such complexes would adapt to day (light) and night
(dark) conditions. A priori it may be hypothesized that biological pro-
cesses such as photosynthesis, which is regulated by large protein as-
semblies, display night and day differences, possibly reflected by the
recruitment or disassembly of different accessory proteins. Similarly,
essential cellular processes, such as transcription and protein synthesis,
previously associated with circadian regulation, may display differ-
ences. To study adaptation of the S. elongatus PPIs' to light and dark con-
ditions, we used an MS centered approach conjugated with the pre-
fractionation of protein assemblies by SEC. To compare the light and
dark (LD) variations in protein complexes, we used S. elongatus cultures
grown in LD cycles (12:12 h) and collected samples from two opposite
time-points separated by 12 h: one from the light phase and one from
thedark phase. The protein complexes obtainedwere separated accord-
ing to their size by SEC, and identified and quantified through a high-
resolution MS data was obtained using/MS approach, using standard
protein complexes as internal standards. Using biological duplicates
we were able to identify protein complexes from 100 kDa up to several
megadalton (MDa), and analyze differences in their composure under
light and dark conditions. Our data on several different protein assem-
blies include confirmations of previous observations, but also provides
evidence for the putative role of new protein constituents in playing
specific roles at either the night or day phase of the cyanobacteria.

2. Methods

2.1. Cyanobacteria cell culture

Thewild-type strain of Synechococcus elongatus PCC 7942was grown
as previously described [29] photoautotrophically in BG11-medium at
30 °C under continuous illumination with white light of 80 μmol of
photons/m2 s (Versatile Environmental Test Chamber, SANYO) and a
continuous stream of air. Cell concentrations were measured by deter-
mining the optical densities of the culture at 750 nm (OD750)
(SPECORD®200 PLUS, Analytik Jena). The culture was kept in log
growth phase (up to an OD750 of 1.0) by dilution up to a specific vol-
ume and transferred to 12:12-hour light/dark cycle (LD) for 3 days. Syn-
chronized culture was finally diluted to an OD750 of approximately 0.4
1 day before the sampling started. Two time points with 12 h intervals
were sampled, for each of the two replicates. 40 ml of the culture was
centrifuged at 15,000g for 10 min and the supernatant was removed.
Cell pellet was resuspended in 1 ml BG11-medium, centrifuged again
for 5 min. Supernatant was removed and pellet washed with 1 ml PBS
buffer before last round of centrifugation. Cell pellets were frozen in liq-
uid nitrogen prior to storage at−20 °C.

2.2. Cell lysis

Cyanobacteria pellets were lysed in 50 mM KCl, 50 mM NaCOO
(pH = 7.2), containing 1 tablet EDTA-free protease inhibitor cocktail
(Sigma) and 1 tablet PhosSTOP phosphatase inhibitor cocktail
(Roche). After three mild sonication cycles at 4 °C, total cell lysates
were obtained through centrifugation at 14,000 rpm for 20 min, at
4 °C. The supernatant was recovered and protein concentrations were
determined with the Bradford method (BioRad). A Vivaspin500
100kMWCO filter (Sartorius Stedim Biotech GmbH, Goettingen, DE)
was used to pre-select protein complexes larger than 100 kDa, by cen-
trifugation at 15,000 RCF at 4 °C.

2.3. SEC (size-exclusion chromatography)

The filtered cyanobacterial cell lysates weremixedwith amixture of
protein and protein complex standards (Sigma-Alderich, St Louis, US),
containing: thyroglobulin (3.3 μM, 669 kDa, complex), apoferritin
(3.1 μM, 443 kDa, complex), beta-amylase (5.5 μM, 200 kDa, complex),
alcohol dehydrogenase (9.1 μM, 150 kDa, complex) and carbonic
anhydrase (28 μM, 29 kDa). For SEC the samples were injected
(100 μl) onto a BioSep SEC S4000 column (Phenomenex) with a frac-
tionation range of 15–1500 kDa, supported by an Akta Basic HPLC sys-
tem (GE Healthcare). Equilibration and elution were performed with
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50 mM KCl, 50 mM NaCOO (pH = 7.2). The flow rate was 450 μl/min
and 54 fractions were collected at 260 μl/min, into Eppendorf tubes.

2.4. In solution digestion

The protein complexes collected in the SEC fractionswere denatured
using Rapigest (Waters) surfactant and subjected to 99 °C incubation for
5 min. Next, reduction and alkylation of the cysteine residues was
performed using 200 mM dithiotreitol (DTT) (Sigma) and 200 mM
iodoacetamide (Sigma), respectively. 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, followed by diges-
tion with trypsin (Roche Diagnostics, Ingelheim, Germany), at an
enzyme:protein ratio of 1:100, overnight at 37 °C. Samples were
desalted using an Oasis μElution plate (Waters) and dried in vacuo.
The bovine serumalbumin (Sigma) spiked-in later and used for normal-
ization was digested separately, under similar conditions, with the
exception of the surfactant being substituted by a solution of 8 M urea
and 50 mM ammonium bicarbonate.

2.5. Liquid chromatography-tandem mass spectrometry (LC-MS/MS)

LC-MS/MS data was obtained using a Q Exactive Orbitrap (Thermo
Fisher Scientific, Bremen) that was coupled to an Agilent 1290 Infinity
UHPLC (Ultra-High Pressure Liquid Chromatography) system (Agilent
Technologies, Waldbronn, DE). Both the trap (20 mm × 100 μm i.d.)
and the analytical column (35 cm × 50 μm i.d.) were packed in-house
using Poroshell C182.7 μm(Agilent Technologies,Waldbronn, DE). Pep-
tides were trapped at 5 μl/min in 100% solvent A (0.1 M acetic acid
(Merck)). Elution was achieved with the solvent B (0.1 M acetic acid
in 80% acetonitrile) at 100 nl/min. The 60min gradient used was as fol-
lows: 0–10 min, 100% solvent A; 10.1–45 min, 13–41% solvent B; 45–
48 min, 41–100% solvent B; 48–49 min, 100% solvent B; 49–50 min,
0–100% solvent A; 50–60 min, 100% solvent A. The autosampler was
programed to inject 2 fmol of tryptic digest of bovine serum albumin
prior to sample injection. Nanospray was achieved using a coated
fused silica emitter (New Objective, Cambridge, MA) (o.d. 360 μm; i.d.
20 μm, tip i.d. 10 μm) biased to 1.7 kV. The mass spectrometer was op-
erated in the data dependent acquisition mode. A MS2 method was
used with a FT survey scan from 350 to 1500 m/z (resolution 35,000;
AGC target 3E6). The 10most intense peakswere subjected toHCD frag-
mentation (resolution 17,500; AGC target 5E4, NCE 25%, max. injection
time 120 ms, dynamic exclusion 10 s). Predictive AGC was enabled.

2.6. Database search and validation

Raw data was analyzed by using Proteome Discoverer (version 1.3,
Thermo), with the Mascot search engine (version 2.3.02, Matrix sci-
ence). MS/MS data was searched against the S. elongatus PCC 7942
Uniprot database (version 4-2010) including a list of common contam-
inants and concatenated with the reversed versions of all sequences
(5826 sequences). The sequences from the SEC standard proteins and
protein complexes (alcohol dehydrogenase, beta-amylase, apo-ferritin,
carbonic anhydrase and thyroglobulin) and the bovine serum albumin
were also added to this database. Trypsin was chosen as cleavage spec-
ificity allowing two missed cleavages. Carbamidomethylation (C) was
set as a fixed modification. The variable modification used was methio-
nine oxidation. The database searches were performed considering all
charge states, using a peptide tolerance of 50 ppm and a fragment
mass tolerance of 0.05Da (HCD). The50-ppmmasswindowwas chosen
to allow random assignment of false positives that were later removed
by filtering using the instruments actual mass accuracy (10 ppm). The
peak area of each protein was obtained using the Precursor ion area de-
tector node in Proteomediscoverer. Here, the protein peak area is calcu-
lated by an average of the 3 most intense distinct peptides, i. e. with
distinct sequences [30]. After performing the independent searches of
all SEC fractions, these results were combined for visualization, using
identifications thresholds of a minimum peptide score of 20, a peptide
rank of 1, a peptide length between 6 and 23 amino acids and a high
peptide confidence. Finally, the peak area data was exported from
Proteome discoverer for further processing.

2.7. Data processing and analysis

The peak area of the spiked-in BSA internal standard was used for
normalization. Each fraction was normalized according to the average
peak area of BSA, calculated across all fractions. This was followed by a
similar normalization per experiment. The peak areas from the two bi-
ological replicate experiments were averaged. The proteins identified
with less than two peptides, consequently with lower confidence,
were excluded. Finally, since the SEC standard proteins were added
with the same quantity to each replicate, we also normalized the peak
areas to give a standard constant peak area ratio of 1 for the protein
standards between light and dark.

To identify protein complexes that display regulated features be-
tween the night and day phase, we compared the averaged profiles of
light and dark using an in-house developed analysis and visualization
tool. Perseus software (http://www.perseus-framework.org/) was
used for the clustering analysis and replicate correlation calculations.
For all the hierarchical clustering analysis made, we first performed a
Z-score normalization on the peak areas from light and dark, simulta-
neously, this allows better correlation of protein profiles, although one
can only compare abundances between light and dark conditions. Sec-
ondly, we performed an imputation of the missing values by substitut-
ing them with zero; finally, we performed the unsupervised clustering
of the rows using Pearson correlation, with k-means pre-processing
and a complete linkage. The approximatemolecularweight correspond-
ing to each fraction was calculated considering the theoretical molecu-
lar weight of the SEC standard proteins and protein complexes and
their elution profiles. A logarithmic function was fitted to this distribu-
tion to extrapolate the molecular weight across all fractions.

3. Results and discussion

In many organisms, biological processes such as transcription, trans-
lation and photosynthesis follow circadian patterns and are regulated
by large proteins assemblies. Cyanobacteria represent some of the
oldest organisms that exhibit a very simple but effective circadian
rhythm.Here,we set out to provide a global quantitative label-free anal-
ysis of native protein complexes originating from the cyanobacteria
Synechococcus elongatus PCC7942, under light and dark (LD) conditions,
using a combination of size exclusion chromatography (SEC) and high-
resolutionmass spectrometry (LC-MS/MS) (Fig. 1A). To evaluate LDvar-
iations in protein complexes, we selected two “extreme” time-points
separated by 12 h across a 24-h LD cycle, specifically one in the middle
of the light phase and one in themiddle of the dark phase. By usingmild
cell lysis conditions, we were able to preserve protein complexes in
their native state and subsequently separate them according to their
complex/protein size, using SEC. The SEC chromatograms obtained
were reproducible between light and dark samples and corresponding
biological replicates, as shown by their overlap (Fig. 1B). To normalize
the proteins' peak areas, a SEC standard composed of five protein com-
plexes (alcohol dehydrogenase, beta-amylase, apo-ferritin, carbonic
anhydrase and thyroglobulin) was spiked into the samples before SEC
and a bovine serum albumin (BSA) digest standard before LC-MS/MS
analysis (Fig. 1A). Each SEC chromatogram was fractionated in 54 frac-
tions that were individually analyzed by high-resolution nanoLC-MS/
MS following the spike-in of the tryptic BSA. In total, 2 × 54 fractions
for the light condition and 2 × 54 fractions for the dark condition
were analyzed, leading to 216 high-resolution nanoLC-MS/MS experi-
ments performed.

http://www.perseus-framework.org
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In the data analysis, only proteins identified with two or more pep-
tides were considered, resulting in confident identification of 1061 pro-
teins across the light and dark phases, with an overlap of ~84% (Fig. 1C).
Tomeasure the reproducibility, a Pearson correlationwas calculated for
each fraction comparing the light and dark replicates, which showed
high correlation with an average of 0.8. Next, the normalized peak
areas were averaged between the two replicates of each experiment,
to allow quantitative comparisons, resulting in very similar peak areas
of the spiked-in five SEC internal protein complex standards for the
light and dark experiments (Fig. 1D), indicating correct normalization.

3.1. Global clustering analysis

To compare the SEC elution profiles of each protein in the light and
in the dark phase, we performed an unsupervised hierarchical cluster-
ing analysis taking both LD profiles in parallel (Fig. 2), using Perseus
software (http://www.perseus-framework.org/). Generally, similar elu-
tion profiles between the light and dark cycle were obtained, albeit that
several distinct differences between the two conditions were observed.
Themain differences are relative abundance variation and to a lesser ex-
tent spread of the corresponding elution peaks. In some specific cases
proteins were found eluting in certain SEC fractions only in either the
light or dark phase, as discussed further below. Here we will focus on
proteins identified eluting in the high molecular weight (Mw) range,
as shown in Fig. 2, which was particularly enriched for 70S ribosome
and many proteins involved in photosynthesis. This is as expected
since the native molecular weight of these complexes is in the mega-
(M)Da range. Also the RNA polymerase complex could be observed
quite distinctively, appearing isolated in one relatively narrow SEC clus-
ter. These complexes will be examined and described in more detail in
the next sections. Of note, many other proteins were observed to elute
at high Mw ranges. However, many proteins in cyanobacteria are only
weakly functionally annotated and even less is known about their qua-
ternary structure and/or contribution/association into larger protein
complexes. Illustratively, ~30% of all proteins identified in our analysis
are annotated as functionally uncharacterized. Our experiments may
be the first evidence of their presences and/or association within larger
assemblies in cyanobacteria. However, as little is known about these
proteins we chose to focus on the better-annotated protein assemblies.
The clusters containing the main MDa protein assemblies contained,
apart from several uncharacterized proteins, also some proteins with
no known interaction or related biological function. These proteins orig-
inate fromupstreamor downstream cellular processes in some cases, or
from the same cellular localization (e.g. non-photosynthetic membrane
proteins). We also found proteins from unrelated metabolic pathways,
in some cases interactingwith each other (according to the String data-
base). Although such proteins are potential novel interactors we cannot
validate this and therefore, to minimize elution biases, we performed
separate cluster analysis for theMDa complexes containing the complex
constituents and known or highly probable interactors (based on com-
mon biological processes).

3.2. RNA polymerase

In the global clustering analysis we observed a clear cluster enriched
for the RNA polymerase (RNAP) complex (Fig. 2(a) and Suppl. Fig. 1 in
the online version at http://dx.doi.org/10.1016/j.jprot.2016.04.030.),
eluting around ~500 kDa. Like in E. coli, in cyanobacteria this complex
is typically constituted of two alpha subunits, a beta and a beta′ subunit
and an omega subunit, all identified in our analysis. The cyanobacterial

http://www.perseus-framework.org
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RNAP has also a gamma subunit which originates from the beta′ subunit
of E. coli [31]. This cyanobacterial core-complex should have a theoreti-
cal Mw of ~415 kDa. For transcription, this core RNA polymerase
enzyme complex recruits a variety of sigma factors enabling transcrip-
tion of specific DNA template strands. If we zoom into the RNAP protein
core complex profiles, we first see a substantial higher abundance of all
core-components during the light phase (Fig. 3A). In our earlier
cyanobacterial circadian proteome study, where we reanalyzed tran-
script data from Ito et al. [5], we did observe that certain components
of the RNAP (alpha, beta′ and SigA1) indeed exhibit circadian rhythms
in their transcripts, but not in their protein abundances [4]. Moreover,
here the components of this core-complex are observed in several dis-
tinct fractions, also depending on the light or dark conditions. This likely
indicates that other accessory proteins co-assemble to this complex de-
pending on the LD phases. To investigate the nature of these possible
interactors of the RNAP, a hierarchical clustering was performed only
for the RNA polymerase and transcriptional related proteins (Suppl.
Fig. 1 in the online version at http://dx.doi.org/10.1016/j.jprot.2016.04.
030.). The targeted clustering analysis, reveals that the RNAP core com-
plex elutes together with one of the expected sigma factors SigA1 (light
and dark) and the diguanylate cyclase/phosphodiesterasewith PAS/PAC
and GAF sensor(S) (DGC/PDE) (only light). As described above, the
sigma factor assists RNAP in binding to the correct location on the
DNA – the−10 regionwithin the promoter – for transcription initiation
[32]. The phosphodiesterase is related to transcription regulation, albeit
primarily through its phosphorelay sensor kinase activity. This protein
was only detected in the light phase and it is known that the PAS do-
mains are associated with monitoring of light changes [33]. Therefore,
this potential co-assembly might be related to differential gene expres-
sion control.

In the targeted clustering analysis we also detected the circadian
clock protein kinase KaiC (light and dark), as a transcriptional regulator.
KaiC elutes across different fractions, including together with the RNAP
complex, SigA1 and DGC/PDE. Since interactions between the central
clock proteins, transcription factors [9] and sensor proteins [34,35]
have been suggested, our data make it plausible that KaiC interacts

http://dx.doi.org/10.1016/j.jprot.2016.04.030
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Fig. 3. RNA polymerase complex dynamics. A) SEC protein LD profiles of RNA polymerase subunits and co-eluting proteins. Essentially two types of interactions were detected; RNA
polymerase with and without its sigma factor (SigA1). In the light phase RNA polymerase additionally co-elutes with the Diguanylate cyclase/Phosphodiesterase with PAS/PAC and
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both complexes.
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with SigA1 and DGC/PDE. Notably, in our analysis KaiC also co-elutes at
much higher Mw (~4 MDa) with several DNA binding proteins, related
to DNA replication and repair.

In summary, considering the predicted Mw and the co-elution pat-
terns, we observe the interaction of the RNAP core-complex with
SigA1 and the DGC/PDE dimer, during the light phase (Fig. 3A). There
is also an interaction of the RNAP complex and SigA1 with the KaiC
hexamer (Suppl. Fig. 1 in the online version at http://dx.doi.org/10.
1016/j.jprot.2016.04.030.). During the dark phase the RNAP core-
complex can be seen alone, interacting with SigA1 (Fig. 3A–B) and
with KaiC (Suppl. Fig. 1 in the online version at http://dx.doi.org/10.
1016/j.jprot.2016.04.030.). Our data clearly highlight the cyclic behavior
of these assemblies.

3.3. Ribosomal complex

The bacterial ribosome (70S) is composed of two subunits, the small
(30S) and the large (50S). In this study, wewere able to identify all pro-
teins of the ribosomal complex, where 20 proteins from the 30S subunit
and 27 from the 50S subunit passed our stringent filtering criteria. The
S20 protein, from the 30S subunit, and 4 proteins from the 50S subunit
(L16, L32, L34 and L36)were identifiedwith only one unique peptide. In
the global clustering analysis, most of the ribosomal proteins co-eluted,
being enriched in two different clusters (Fig. 2(b) and (d)). To have a
closer look at the ribosome and its potential interactors, we performed
a clustering analysis on the small and large ribosomal subunits and
proteins that are known to bind to the ribosome, such as those involved
in the regulatory steps of translation, co-translational modifications and
ribosome biogenesis (Fig. 4 and Suppl. Fig. 2 in the online version
at http://dx.doi.org/10.1016/j.jprot.2016.04.030.). In the resulting
heatmap, we can clearly see a separation of the small 30S subunit and
the large 50S subunit. The small subunit eluted at ~1.5–2 MDa and the
large subunit at ~3.5 MDa. The total molecular weight for the ribosome
is 2.5 MDa, meaning that in our SEC analysis they have an apparent
higher Mw. This has been observed before, where it was found that
the rRNAs belonging to these subunits were not detached in the course
of the analysis [26]. Potentially we capture these ribosomal complexes
in different stages of maturation or even as polysomes.
Looking closer into the 50S cluster, we observe the co-elution of two
initiation factors (IF-2 and IF-3) (blue arrows Fig. 4A), where IF2 is most
abundant when co-eluting with the 50S subunit and IF3 with the 30S
subunit. It is noticeable that IF-3 co-elutes with the peak of the 30S sub-
unit at a higher abundance during the dark phase and in similar abun-
dance with 50S during the light phase, which is in agreement with the
translation initiation complex being initially constituted of the 30S sub-
unit and IF-3 [36]. On the other hand, this can also indicate a dynamic
relation between the initiation complex formation and the ribosome
formation, the latter being more frequent during the day. If we look at
the 30S cluster, we find also the RNA methyltransferase TrmH (brown
arrow Fig. 4A and B, Suppl. Fig. 2 in the online version at http://dx.doi.
org/10.1016/j.jprot.2016.04.030.). This methyltransferase is involved
in the biogenesis of the ribosome, more specifically in the modification
and maturation of the rRNA. This important factor was previously
observed to have a possible interaction with the 30S particle [26].

There are other proteins co-eluting with the two main subunits, yet
are not included in the same cluster due to small profile differences.
These co-eluting proteins include the bacterial translation initiation fac-
tor 1 (BIF-1) and the rRNA small subunit methyltransferase A (30S
Mtase A) (Fig. 4B, bottom graph). The fact that they mainly co-elute
with the 30S subunit in the dark phase is causing the difference in the
profiles. For now there is no obvious explanation for this observation,
however it is known that the methyltransferase exerts its function in
the biogenesis of the 30S particle. BIF-1, as an initiation factor, is primar-
ily associated to the small subunit [36]. Also eluting with the ribosome,
we observe the ribosomematuration factor RimP, involved in rRNApro-
cessing (Suppl. Fig. 2 in the online version at http://dx.doi.org/10.1016/j.
jprot.2016.04.030.).

The DnaK/Hsp70 and GrpE (chaperone and co-chaperone) do co-
elute with several ribosomal proteins, namely in the L10-L7/L12 stalk,
at a lower mass (Fig. 4C and D). The same occurs for the elongation fac-
tor EF-G, EF-Ts and the sigma54modulation protein/SSU ribosomal pro-
tein S30P (SSU S30P) (Suppl. Fig. 2 in the online version at http://dx.doi.
org/10.1016/j.jprot.2016.04.030.).This is expected, as these proteins are
supposed to bind to that specific ribosomal region. Moreover, it was
suggested that in Eukaryotic cells L12 orthologs exist in an unbound
state and L12 is part of a regulatory recruitment mechanism of
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Fig. 4. Dynamic association of ribosomal and translation related proteins. Detailed heatmap of the unsupervised hierarchical clustering, performed with the standardized (Z-score) LD
profiles of the ribosomal and translation related proteins in parallel, as described in the methods section. Red corresponds to higher protein abundance and blue to lower abundance.
Grey areas emphasize co-elution in the profiles. A) 50S and 30S enriched clusters and protein elution profiles of co-eluting translation factors. B) L7/12 stalk cluster and co-eluting
translation factors and chaperones, with individual elution profiles below for clarification purposes.
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translational factors [37]. Despite the fact that in E. coli thiswas stated to
be unlikely [38], our results suggest such behavior in cyanobacteria.

Comparing the light and dark conditions, we see very similar trends
(Fig. 4 and Suppl. Fig. 2 in the online version at http://dx.doi.org/10.
1016/j.jprot.2016.04.030.). However, in the light phase, the peak areas
of the ribosomal subunits are more intense. These observations seem
to show that the effective and functional ribosome or ribosomes are
more prominent during the light phase, showing more dynamic inter-
changes between its different states. In our previous global proteomics
study the ribosomal proteins showed cyclic 48 h profiles at the tran-
script level (re-analyzed data from Ito et al. [5]) and cyclic differences
between light and dark at the proteome level [4]. The now observed
pattern occurs in an opposite manner than the one obtained by global
proteomics, which might be attributed to the fact that during the dark
phase the majority of the proteins are in a free form and during the
light phase most of the proteins form larger assemblies.

3.4. Complexes involved in photosynthesis

Another prominent set of two clusters in the global cluster analysis is
enriched for the photosynthetic and thylakoid membrane-associated
proteins (Fig. 2(c)). The photosynthetic pathway is essentially com-
posed of six major complexes: phycobilisome, photosystem I (PSI) and
II (PSII), cytochrome b6f, NAD(P)H-quinone oxireductase complex
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(NDH-1) and ATP synthase. In the clustering analysis, we included the
52 proteins that we were able to identify, out of the 91 proteins that
make up these complexes (Suppl. Fig. 3 in the online version at http://
dx.doi.org/10.1016/j.jprot.2016.04.030.). Below, we will mainly discuss
the phycobilisome, the PSI and PSII complexes.

Looking at the photosystems separately, we see that the correspond-
ing core of each complex clusters together (Fig. 5). In the case of photo-
system I (Fig. 5A), the proteins eluting at high mass include the P700
chlorophyll a apo-protein A1 (PsaA) and A2 (PsaB) (core complex of
PSI monomer), the reaction center subunits III (PsaF) and XI (PsaL) (at
the interface between PSImonomers) and the iron-sulfur center protein
Fig. 5.Dynamics of the proteins from the photosynthetic pathway. Detailed heatmap of the uns
thephotosynthetic proteins in parallel, as described in themethods section. Red corresponds to
elution in the profiles. A) Cluster of the proteins from the photosystem I (PSI) and NAD(P)H-
interfaces and II) Photosystem I core (psaB and psaA). PsaE and PsaC profiles shown below
B) Heatmap of proteins from the photosystem II (PSII) and phycobilisome complexes; highlig
Phycobilisome core proteins. Profiles below demonstrate the co-elution of LCM, LRC, AP alpha
core proteins (AP).
(PsaC) and the reaction center subunit IV (PsaE) (cytoplasm side). The
NDH-1 complex co-elutes with PSI at high Mw, which agrees with
their involvement in the cyclic electron flow process during photosyn-
thesis [39]. For the photosystem II (Fig. 5B (I)), among the proteins elut-
ing at higher mass, we observe the CP47 chlorophyll apo-protein
(CP47), the 44 kDa reaction center protein (CP43) and the D2 protein
(D2) (core complex of PSII monomer), the manganese-stabilizing
polypeptide (PsbO) and lipoprotein Psb27 (Psb27) (luminal side). Addi-
tionally, the cytochrome b6-f complex iron-sulfur subunit (Cyt b6-f)
was found to co-elute at high Mw (Suppl. Fig. 3A in the online version
at http://dx.doi.org/10.1016/j.jprot.2016.04.030.). This complex is
upervised hierarchical clustering, performedwith the standardized (Z-score) LD profiles of
higher protein abundance and blue to lower abundance. Grey and blue areas emphasize co-
quinoneoxireductase complexes (NDH-1); highlighted SEC LD profiles: I) Photosystem I
demonstrate their elution at the MDa range. Dashed line indicates a break in the scale.
hted SEC LD profiles: I) Photosystem II core proteins, II) Phycobilisome rod proteins, III)
and beta at the MDa range (zoomed in); and the co-elution of FNR (right axis) with the
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responsible for electron transfer between the PSI and PSII and the cyclic
electron transfer [40]. In this range, the PSII subunits elute in different
fractions leading to the possibility of different states of the photosystem.
It is interesting to see that, in those different states, Psb27 and PsbO do
not always co-elute. This is in line with a previous report [41], which
shows that these two proteins bind in the same place. During the PSII
de novo assembly, Psb27 binds at an earlier stage than PsbO.

When comparing the light and dark conditions, the complexes show
more dynamic interactions and higher intensity during the light phase.
This observation can be easily explained by the photosynthetic function
of these complexes during the light phase, while they are apparently
actively down regulated during the dark phase. Similar to the observa-
tions made for the ribosome data, most proteins belonging to the
phycobilisome system displayed a cyclic pattern between light and
dark in our previous global proteomics study [4], but in an opposite
manner, being higher during the night phase. An explanation similar
to the ribosomal complex can be applied, in which protein complexes
are disassembled during the night and proteins are more abundantly
present as single entities.

Themain proteins of both PSI and PSII, namely the core proteins, the
luminal side from PSI and the interfaces from PSI, co-eluted in the high
mass range. They do not interact physically, but they are usually found
in close proximity, in order to ensure the electron flow. The fact that
they elute together at such high Mw (4 MDa) could be explained by
an indirect interaction between the PSI and PSII, through the
ferredoxin-NADP+ oxidoreductase (FNR) and the phycobilisome
(discussed below), which was suggested before [42,43].

Next, we looked more specifically at the phycobilisome complex
(Fig. 5B). The phycobilisome acts as an antenna, harvesting the
photon-energy. It is composed of a core complexwith allophycocyanins
(AP) and its linkers; and several rod complexeswith phycocyanins (PC)
and its linkers. We were able to identify all of its components as well as
their assembly factors (Suppl. Fig. 3 in the online version at http://dx.
doi.org/10.1016/j.jprot.2016.04.030.). In the heatmap in Fig. 5B, we
can see a clear differentiation between these sub-complexes, namely
the rod (II) and core (III) proteins. We also noticed specific interactions
within these sub-complexes. In the rod complex, we see a clear co-
elution with FNR which is associated with PSI (Fig. 5B, light blue area).
FNR is in turn also eluting at high Mw with a lower abundance. This
coincides with our previous observation for an interaction of PSI with
PSII, which could have a very transient nature and is mediated by the
interaction of FNR with the phycobilisome complex and PSI, and the
interaction of the phycobilisome with PSII. Additionally, we see the
core-membrane linker (LCM) eluting in the 4 MDa range (Fig. 5B,
zoom in), demonstrating the interaction of phycobilisome and PSI fur-
ther. This is in line with the recent identification of a megacomplex
(MCL), consisting of phycobilisome-PSII-PSI, with LCM as the central
binding place for PSI [44]. The LCM itself is more prominent in light con-
ditions and mostly at high mass, co-eluting with the AP alpha, AP beta
and the rod-core linker (LRC), which stabilizes the connection between
the rods and the core, facilitating energy transfer (Fig. 5B, grey and
blue areas); but also with PSII proteins, which are the ultimate energy
receivers (Fig. 5B, heatmap). These interactions indicate an active an-
tenna complex (phycobilisome-PSII-PSI) during the light phase. The
rest of the linkers located in the rod and core structures, have a more
variable distribution across the fractions. Since we also observe greater
variability of Mw within the rod proteins, we can speculate that these
are related to the dynamic characteristics of the rods, which have
been shown to vary in number of single units according to the light
changes [42].

3.5. Light versus dark dynamics

Our global clustering analysis revealed several dynamic protein
complex elution profiles. One case of extreme difference between the
light and dark phase concerns a group of proteins that do not co-elute
during the light phase, but during the dark phase align around one
MDa (Fig. 2 blue arrow and Fig. 6A). In this cluster, we find 3-
hydroxyacid dehydrogenase (3HADH), dihydroplipoyl dehydrogenase
(E3), thiamine-phosphate synthase (TPS), acetyl-coenzyme A (acetyl-
CoA) carboxylase carboxyltransferase subunit alpha/biotin carboxylase
(AccC), biotin carboxyl carrier protein (AccB) and glyceraldehyde-3-
phosphate dehydrogenase (GAPDH). An immediate connection be-
tween these proteins is not easily made, since in the search tool com-
monly used for the retrieval of interacting genes/proteins (STRING)
[45], the only known interactionwithmedium confidence is the one be-
tweenAccB and AccC. These two proteins are part of the acetyl-CoA car-
boxylase complex hexamer (ACC), from which we also were able to
identify the subunit AccD. If we look closer into these proteins' profiles
(Fig. 6B), we see that the AccB elutes alone in the light phase, but it
elutes together with AccC in the dark phase. However, the interaction
between these two does not make up for the total mass corresponding
to the fraction where they elute, unless they oligomerize (~1 MDa). If
we look at other proteins in this cluster we can make similar observa-
tions. For the GAPDH, we could identify known interactors in our
dataset: the phosphoribulokinase (Prk) and the linker CP12 [46–48].
Prk and GAPDH are key enzymes in carbon fixation, through the Calvin
cycle, which occurs within the light phase. As expected, the GAPDH-
CP12-Prk complex co-elutes more prominently in the dark phase,
since their association at night corresponds to their inactive state
(Fig. 6C). In the case of the E3 protein, which is part of different multi-
enzyme α-keto acid dehydrogenases, we were also able to find known
interactors, whichmake up the pyruvate dehydrogenase (PDC): the py-
ruvate dehydrogenase E1 component subunit alpha (E1α), the
pyruvate/2-oxoglutarate dehydrogenase complex dehydrogenase
(E1β) component (beta subunit) and the pyruvate dehydrogenase
dihydrolipoamide acetyltransferase component (E2) [49,50]. These pro-
teins form a complex of ~4 MDa, which is visible in the SEC profile
(Fig. 6D). This megadalton PDC appears to exist mainly during the
light phase. However, during the dark phase, only the E3 component
elutes at 1MDa, aligningwith the rest of the cluster infig. 6A. By extend-
ing the STRING network to all these different components observed
eluting at 1 MDa, we now find a possible interaction between the PDC
and the ACC (Fig. 6E). The PDC is involved in the formation of Acetyl-
CoA from pyruvate, which leads to synthesis of citric acid, in the citric
acid cycle. ACC on the other hand is activated by citric acid and uses
acetyl-CoA in fatty acid metabolism. These common aspects can culmi-
nate in an effective interaction related to their regulation.

4. Conclusion

In summary, we report the first global analysis of macromolecular
assemblies in the cyanobacterium S. elongatus across day (light) and
night (dark) conditions. Our SEC and MS based proteomics approach
enabled the identification of megadalton protein assemblies in
cyanobacteria, including the ribosomal and the photosynthetic com-
plexes. This approach, which was implemented with higher separation
resolution than the previous study in chloroplasts [26], allowed us the
use of hierarchical clustering of the SEC protein elution profiles to better
infer particular PPIs. Thismethodology allowedus to infer dynamic inter-
actions for several protein complexes such as for the sigma factor SigA1
and the phosphodiesterase sensor in the RNA polymerase complex. For
the megadalton complexes, involved in transcription and photosynthe-
sis, we observe an intensity decrease during the dark period, which is ex-
pected especially for the photosynthetic pathway. These complexes also
seem to have more assembly variety during the light phase. We also ob-
serve an unexpected association of (members of) complexes that are in-
volved in glycolysis, pyruvate metabolism and carbon fixation, which
specifically cluster together in the dark phase, hinting at a common
role or regulation. The differences observed between the light and dark
conditions in these complexes indicate a cyclic regulation of essential
cellular processes, which have been connected to circadian rhythm
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Fig. 6. Cluster with LD dynamics. A) SEC LD profiles of proteins co-eluting at 1 MDa, in dark conditions, namely 3-hidroxyacid dehydrogenase (3HADH), dihydroplipoyl dehydrogenase
(E3), thiamine-phosphate synthase (TPS), acetyl-coenzyme A carboxylase carboxyl transferase subunit alpha/biotin carboxylase (AccC), biotin carboxyl carrier protein (AccB),
glyceraldehyde-3-phosphate dehydrogenase (GAPDH), phosphoribulokinase (Prk) and the linker CP12. A zoom in of the 1 MDa range is shown for clarity. B) SEC LD profiles of the
acetyl-CoA carboxylase complex proteins identified (AccB, AccC, AccD). C) SEC LD profiles of the carbon fixation complex GAPDH, Prk and CP12. A zoom in of the 1 MDa range is
shown for clarity. D) SEC LD profiles of the pyruvate dehydrogenase complex proteins (E1α, E1β, E2, E3). E) Interaction network of the proteins co-eluting at the 1 MDa range.
Interactions based on gene neighborhood, co-occurrence, co-expression, experimental evidence of interaction, pathway interaction and text mining, retrieved from STRING [45] and
analyzed with Cytoscape [54].
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regulation before [51–53]. In conclusion, our work demonstrates the ad-
vantages of using SEC coupled to high resolution LC-MS/MS based prote-
omics in the study of PPI dynamics and provides novel insights in PPIs,
opening opportunities to new investigations at a more targeted level.

Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.jprot.2016.04.030.
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