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Introduction to Mass spectrometry based proteomics
Proteins are molecules essential for life in general and are the facilitators of
all cellular processes. Their composition is based on polymers of amino acids
with specific sequences, as determined by the translation of the mRNA, which
is sequentially determined by gene transcription. Therefore, proteins
represent the final product of our genes, reflecting its abnormalities and
making their study increasingly crucial.
A number of cellular states, both in health and disease, are associated with
specific changes at the protein level. To some extent, the proteins present in
a cell are much more dynamic when compared to the genome and the
transcriptome. This is due to the fact that their expression is dependent on the
needs of the cell and its environment; additionally, their chemical modification
state (post-translational modifications – PTMs) determines interactions with
other molecules in the cell, localization and activation/deactivation of certain
cellular processes, including degradation. The proteome is then defined as
the complete set of proteins expressed by the cell at a certain time and in
certain conditions/states. Consequently, proteomics is the field of science
dedicated to the study of the proteome, through its identification,
characterization and quantification (1, 2); it complements and completes the
information coming from the Genomics and Transcriptomics fields.
In order to study the proteome there are a number of techniques that can be
used. Mass spectrometry, however, is usually the common denominator
among a variety of approaches. In proteomics, there are several aspects of
the experimental design and types of instruments that have to be considered
depending on the question being addressed (3–5). These different aspects
will be addressed further in this introduction.

1. Mass spectrometry based Proteomics
Mass spectrometry (MS), in general, allows the measurement of the analytes
mass, consequently allowing their identification. Recent advances allowed the
MS application to proteomics, due to the possibility of analyzing bigger
molecules, such as peptides or even proteins.
There are different strategies that can be adopted for proteomics studies
associated with mass spectrometric analysis. The analysis of proteins can be
approached at the peptide level, as in bottom-up proteomics (6), or at the
protein level, as in top-down proteomics (7). There is also the middle down
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approach (8), which relies on long sequence peptides. The most common
approach implemented is the bottom-up, since it’s more straightforward.
The bottom-up experiments generally rely on several common steps of
sample preparation prior to the MS analysis itself, which also include
fractionation techniques. The next steps include MS data analysis, for the
protein identification and quantification, through employment of bioinformatics
tools (Figure 1).

1.1. Sample preparation
To identify proteins and study the proteome using mass spectrometry in a
bottom-up approach, there are several sample preparation steps that have to
be followed to obtain the peptides. The first step consists of
extracting/isolating the desired proteins from the sample matrix, which can be
composed of simple synthetic protein mixtures, cultured cells, organelle
extracts, or tissue. In general, it’s necessary to disrupt the cell membrane/wall,
solubilize and isolate the proteins. This can be achieved using the right buffer
conditions and performing sonication, followed by centrifugation. This process
mainly allows recovery of the cytosolic proteins, however to reach proteins
from specific organelles and from the membrane more efficiently, more steps
or other techniques are required. To preserve protein modifications and also
to prevent premature protein degradation by endogenous proteases, certain
enzyme inhibitors are also added to the buffer solution.
Following the protein extraction, a protein digestion has to be performed to
obtain peptides. This is achieved after denaturation, disruption of the protein’s
disulfide bonds and alkylation of the resulting reduced ends, which prevents
re-folding of the proteins.
To allow efficient identification of the peptide sequences, specific proteases
must be chosen. The most commonly used enzyme is trypsin, which cleaves
peptide bonds at the carboxyl side of lysine and arginine amino acids (9). To
increase proteome digestion efficiency, it is common to use a sequential
combination of proteases (10, 11). Lys-C or Lys-N are examples of enzymes
that have been combined with trypsin to complement global proteome
digestion (12, 13).
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Figure 1 – General workflow of bottom-up proteomics experiments. Adopted from Altelaar et
al. (5).

If the peptide mixture is to be analyzed directly by the mass spectrometer, it’s
often necessary to make sure that there are no significant contaminants in the
sample and that it is suitable for MS analysis. For this purpose small scale
chromatographic columns are used, such as reversed phase C18 columns.
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1.2. Fractionation and multidimensionality
In the bottom-up shotgun proteomics strategy several thousands of peptides
are generated through the digestion of the proteins present in whole cell
lysates. This high sample complexity prevents a comprehensive MS analysis,
since the mass spectrometer is limited by a characteristic sequencing speed.
To decrease sample complexity and consequently make these samples more
suitable for MS analysis, it is typical to separate the peptides with different
physicochemical properties or enrich one set of peptides of interest. To
achieve this it is common to employ liquid chromatography (LC). For highly
complex samples, a multidimensional chromatography approach is usually
employed, consisting of a combination of several complementary/orthogonal
chromatographic methods.
One of the most frequent choices for the first fractionation step is strong cation
exchange (SCX). This ion exchange technique uses a negative stationary
phase to capture positive charges of the peptides, thus separating peptides
according to its charge (14–17). The low resolving power of this technique is
then overcome by combining it to reversed phase liquid chromatography (RPLC). The latter is the ideal and most common separation technique used to
be coupled directly to the mass spectrometer. RP-LC uses an apolar
stationary phase to separate the peptides based on their hydrophobicity (18).
It’s highly orthogonal to SCX and it has a greater resolving power (19).
Moreover, the buffers used for this chromatographic separation are
compatible with MS, allowing direct infusion of the sample in the mass
spectrometer, through electrospray ionization (ESI) (20). In the work
described in this thesis a RP-LC was used as an ‘online’ method and the SCX
method was coupled in an ‘offline’ manner. In an offline approach the sample
is first separated by SCX, the fractions are collected and subsequently
injected individually into the RP-LC coupled to the mass spectrometer. This
set-up carries no limitation to the SCX column size and buffers used, allowing
for larger sample amounts to be analyzed and non-MS-compatible SCX
buffers, which can be eliminated prior to MS analysis. Additionally, an online
two-dimensional approach was introduced, a so-called multidimensional
protein identification technology (MudPIT). Here, the SCX and RP columns
are sequentially combined in one silica capillary which is in turn coupled to the
MS in an online manner (21, 22). The online method is advantageous in the
sense that it’s an automated technique and therefore the analysis time is
reduced. However, only a limited amount of sample can be loaded. On the
other hand, since the samples have to be desalted before the analysis, an
12
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RP-SCX-RP column should be used and that carries some drawbacks, such
as the reduced column lifetime and the risk of sample loss due to an error
during this extended analysis. The introduction of an ultrahigh-pressure liquid
chromatography (UHPLC) together with SCX (UHP-MudPIT) approach was
thought to be beneficial in this case and was already tested (23). Contrary to
the frequently used high-pressure liquid chromatography (HPLC), the UHPLC
operates at pressures up to 1300 bar, making the analysis time faster. In
addition, raising the temperature of the column will enable more controlled
and stable operating pressure, leading to even better results (24).
Recently, another combination for multidimensional separation, based on RPRP-LC, emerged with great promise. Although, the same type of separation
is being applied consecutively, the simple change of the mobile phase pH can
impact the orthogonality of this two-dimensional separation strategy. In fact,
changing the mobile phase pH creates more impact than the change of the
stationary phase type (25–28). A greater orthogonality can be achieved when
the pH difference between the two dimensions is increased, i.e., a first
dimension with a pH of 10 and the second with a pH of 2.6 (29); and by using
a concatenation strategy of pooling samples from different parts of the
gradient (30). The high-pH RP-LC used in an offline manner, has been proven
to offer higher resolving power and higher orthogonality with the low-pH RPLC when compared with SCX-RP-LC strategies, increasing the peptide
identifications in the MS analysis as well as decreasing sample
loss/processing (30, 31). On the other hand, this approach has its limitations,
such as the incompatibility of the mobile phases, which make it difficult to
employ it in an online manner; and the damaging effect of the high pH on the
silica-based stationary phases. The second issue can be addressed by using
a more resistant stationary phase (27, 29).
Another successful example of a first dimension to combine with RP-LC is the
hydrophilic interaction liquid chromatography (HILIC), which uses a
sufficiently polar stationary phase and a low aqueous mobile phase (5-20%
water in acetonitrile), creating a water-rich liquid layer around the stationary
phase (32). This technique has shown high orthogonality when combined with
RP-LC (29, 33), since it retains peptides with higher hydrophilicity.
Nevertheless, the elution order in HILIC is not completely opposite to the one
of RP-LC, since it depends on several physicochemical properties. The exact
separation mechanism is still not completely understood, but it was
determined that the peptide elution depends on the type and concentration of
salts and pH, as well as the mobile and stationary phase used (34, 35). The
latter can include underivatized (36, 37) or derivatized silica (neutral (38), ionic
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(32, 39, 40) or zwitterionic (41–43)). Using HILIC as a first dimension instead
of SCX provides higher separation resolution (43). An online set-up of HILICRP is quite difficult, since a high concentration of acetonitrile is employed in
HILIC and this is a strong eluent for RP. To circumvent this problem an ‘in line’
set-up was created (43), which is an offline method with limited sample
handling. Here, the sample eluting from the HILIC column is collected in a well
plate containing an acidified water solvent, which can be injected directly into
a RP-LC-MSMS system.
The separation step can also be performed before digestion, where the
sample is less complex. Different techniques are also available for
separation/fractionation at the protein level. Among the most commonly used
techniques in proteomics are gel based electrophoresis, as well as liquid
chromatography techniques, such as size exclusion. The electrophoresis
technique makes use of the proteins’ amphoteric properties, which allow them
to adopt a global positive or negative charge depending on the sample pH,
making them susceptible to electric fields. They can be separated according
to their molecular weight, using sodium dodecyl sulfate (SDS)-polyacrylamide
gel electrophoresis (PAGE), or according to their isoelectric point (pI), using
isoelectric focusing separation (IEF). SDS-PAGE uses SDS to denature and
even the charge-density ratio of all proteins in the sample; and the
polyacrylamide gel forms a matrix with uniform pore size, allowing the
differential migration and separation of the different proteins, where proteins
with higher molecular weight are increasingly retained compared to low
molecular weight proteins (44, 45). The separated proteins can subsequently
be visualized in the gel through different staining strategies (Coomassie
brilliant blue, or Silver staining). In IEF, charged proteins are loaded on a gel
surface containing a pH gradient, enabled by so-called Immobilines™ buffers.
Through the imposition of an electric field, proteins migrate until they reach
the pH corresponding to their pI, which leads to a halt in migration (46, 47).
These two techniques are also commonly used in combination (twodimensional electrophoresis – 2-DE), where proteins go through IEF first and
then SDS-PAGE, increasing the resolving power of separation (48, 49). Gelbased methods are inexpensive, powerful, simple and easy to use,
nonetheless they have limited resolving power, poor recovery, significant
manual operation, poor reproducibility and limitations in molecular weight and
pI ranges. As an alternative we have many LC techniques such as reversedphase and ion-exchange, already mentioned above, and also size-exclusion
chromatography (SEC). The latter separates proteins according to their
molecular weight, due to a porous stationary phase. Contrary to the SDS14
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PAGE method, proteins with higher molecular weight migrate in between the
stationary phase-beads, eluting before the lower molecular weight proteins,
which in turn pass through the pores of the beads as well as in between them,
delaying their elution. Both chromatographic techniques were recently used
on an innovative way, since they were applied to native proteins as a
fractionation step, facilitating the separation and discrimination of protein
complex interactions (50, 51).

1.3. Enrichment techniques for modified peptides
Despite the existing pre-fractionation options to tackle sample complexity
issues before MS analysis, a dynamic range issue could still be present. An
example of this is associated with the analysis of the low abundant post
translational modified (PTM) proteins. In fact, phosphorylated proteins are a
minority when compared to the unmodified proteins, and this difference is
even more pronounced at the peptide level. In this case an enrichment method
is necessary to eliminate the undesired/unmodified peptides and concentrate
the peptides of interest. Here, chromatography also plays an important role,
however certain immunoprecipitation methods can be applied. These
techniques can be performed before, after or instead of the pre-fractionation
step.
The most popular enrichment strategies used in phosphoproteomics are
based in metal ion affinity chromatography, which essentially comprises a
stationary phase with positive metal ions to capture the negatively charged
tryptic phosphopeptides. The most common approaches are the immobilized
metal ion affinity chromatography (IMAC) and the metal oxide affinity
chromatography (MOAC). In the first, metal ions such Fe3+, Al3+ and Ga3+ are
quelated to the stationary phase (52–54); and in the second, metal oxides
such as TiO2 and ZrO2 are quelated instead (55, 56). The TiO2 technique has
been demonstrated as being more specific than IMAC, since there is a
bidentate type of bond between the beads and the phosphopeptides (57).
Both methods have lower specificity for peptides containing multiple basic
residues and the latter a decrease of retention of peptides with multiple acidic
residues. This can be partly solved by the O-methyl esterification of the
carboxylic groups in acidic peptides prior to the enrichment (58). For highly
complex mixtures it was suggested the use of both techniques, as a so-called
sequential elution from IMAC (SIMAC), since it was demonstrated a certain
complementarity in terms of the types of phosphopeptides identified (59). It
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was recently added to this list another method from a new generation of IMAC
materials, the so-called Ti4+-IMAC, which demonstrates phosphopeptide
affinity similar to the TiO2. This method has shown higher specificity and
reproducibility then the above-mentioned methods, being able to capture the
phosphopeptides with multiple basic residues (60, 61). Despite its popularity,
the aforementioned methods can be irreproducible and time-consuming,
considering that it’s frequently applied after fractionation, employing manual
steps in the protocol and normally self-constructed micro-columns. A recent
alternative method, which revisited the Fe-IMAC method in a HPLC column
set-up, showed promise (62). This method employs a commercially available
column, which can be used for offline phosphopeptide enrichment from
digested lysates, being more selective, comprehensive and reproducible than
the most popular methods.
The pre-fractionation techniques presented in the previous section can also
be employed as an additional step in the PTM enrichment protocol, separating
the modified peptides from the unmodified ones. SCX has been routinely
employed in the enrichment of phosphorylated peptides and it can also be
used for N-terminal acetylated peptides. In the low-pH SCX, only the basic
residues and phosphorylated residues contribute to the net charge of the
tryptic peptides, reducing it in comparison with their unmodified equivalent.
Thus, it’s possible to separate the unmodified from the modified peptides, as
well as the multiply phosphorylated from the singly phosphorylated peptides
(63). However, the singly phosphorylated peptides with more than one basic
residue still co-elute with the unmodified peptides. For the enrichment of these
phosphopeptides, a recent strategy was employed, which combines two
tandem SCX separations, first with a pH of 3 and second with a pH of 1 (64).
The second dimension of this approach is able to separate the now neutral
phosphorylated peptides from the other peptides, which remain the same at
both pH levels. Other ion exchange techniques have also been suggested as
alternatives, such as strong anion exchange (SAX) and weak anion exchange
(WAX), which inversely to SCX contain positively charged stationary phase to
capture negatively charged peptides (65, 66). HILIC appears again as an
alternative method to SCX, for the PTM enrichment of peptides with
glycosylation (33, 67), phosphorylation (68, 69) and N-acetylation (33). For
the phosphopeptide enrichment it was shown that this technique by itself is
not sufficient for a specific enrichment, being favorable the addition of other
enrichment steps based on metal ion affinity, such as IMAC (68). A similar
principle is applicable to the analysis of glycosylated peptides, where other
chromatography approaches are used in combination with HILIC (70).
16
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Zwiterionic stationary phase (ZIC)-HILIC has been proposed as an alternative
separation method for N-acetylated tryptic peptides (33), although it cannot
be used for lysine acetylated peptides, since trypsin cannot cleave acetylated
residues.
A good alternative to the enrichment and separation methods described
above is the immunoaffinity enrichment, which can be used for analysis of
phosphorylated proteins and is also very popular for isolation of acetylated
(71, 72) and methylated proteins (73, 74). In phosphoproteomics, this
technique relies on antibodies against specific phosphorylated amino acid
residues or peptide sequence motifs containing phosphorylated residues such
as serine, threonine and tyrosine (75–79). Unfortunately, for this method
several milligrams of sample material are needed for an efficient enrichment,
contrary to the metal ion chromatography techniques, and an additional
enrichment step is also advisable (80).

1.4. Mass spectrometry instrumentation
Mass spectrometry analysis essentially consists of two steps: the ionization of
the analyte, i.e. the peptide in this case, which is achieved in the ion source;
and the storage and detection of the peptide mass, which is achieved by the
analyzer and detector. In tandem mass spectrometry (MS/MS) there is a
middle step during which the peptide precursor ions are fragmented,
producing the so called daughter ions, which are ultimately detected. The
most common MS instruments and its constituents will be described next, as
well as the fragmentation techniques performed in tandem MS.

1.4.1. Ion source
The ion source, as the name indicates, is responsible for producing and
delivering the ions to the mass analyzer. The peptides need to be ionized and
brought to the gas phase using mainly one of two soft-ionization techniques:
matrix-assisted laser desorption/ionization (MALDI); or electrospray ionization
(ESI).
The ESI technique was used to perform the experiments in this work and
nowadays is the most commonly applied. Here the ions are generated from a
liquid solution. Firstly, a high voltage (1-3kV) is applied between the
conductive capillary tip containing the solution and the entrance of the mass
spectrometer. This creates an electric field, and consequently, charged
droplets at the tip. Secondly, the solvent starts to evaporate, reducing the
17

droplet size until the charge density is too high so that the droplet splits. This
point of fissure, when the Coulombic repulsion is equal to the tension in the
surface of the droplet, is called Rayleigh limit (81) and generates increasingly
smaller charged droplets across several cycles, until the gas phase ions are
formed (Figure 2a). This whole process can also be accelerated by the use of
a heating source and a nebulizer gas. Eventually, multiply charged ions are
generated, depending on the length of the amino acid sequence and also on
the type of amino acids. MALDI was not used in this work, but it can be used

Figure 2 – Soft ionization techniques commonly used for peptide ionization. a) matrix-assisted
laser desorption/ionization (MALDI) uses laser irradiation to generate singly charged peptides
from a solid state solution matrix; b) electrospray ionization (ESI) uses high voltage and
temperature to form increasingly small charged droplets until the gas phase peptide ions are
formed. Adopted from Steen et al. (3).

18

1
as an alternative to ESI, in which singly charged peptides are generated from
a solid state solution, through the irradiation of a laser (82) (Figure 2b). In
addition to being highly compatible with liquid chromatography, ESI also has
the advantage of maximizing the analysis time of the MS when compared with
MALDI, since in the latter the ionization occurs in pulses. In this sense, ESI is
mostly used for high-throughput experiments and MALDI for imaging mass
spectrometry.

1.4.2. Mass analyzers
The mass analyzers are ultimately involved in the measurement of the ions’
masses. In specific terms, they can store, separate and guide the ions
generated in the ion source. Several types of mass analyzers can be found
for this purpose, which operate according to different principles. The mass
analyzers used during the preparation of this work include: quadrupole (Q),
ion trap (IT), time-of-flight (TOF) and the orbitrap. Nowadays, in shot-gun
proteomics experiments it is common to use a combination of several of these
mass analyzers instead of just one at a time, making up so called hybrid
instruments. Below, each mass analyzer and the hybrid MS instruments used
in this work are going to be discussed.

Quadrupole
As the name indicates, the quadrupole is composed of four circular (ideally
hyperbolic) metal rods, which are perfectly aligned in a parallel fashion (83,
84). The application of a combination of direct current (DC) and radio
frequency (RF) voltages to the rods results in a radial motion of the ions across
this tunnel-like structure. These voltages are applied in a dynamic manner,
however, since opposite rods are connected, the same potential is applied to
these, while opposite potentials are applied to adjacent rods instead. The
dynamic nature of the electric field of this analyzer allows the preservation of
specific ions in stable trajectories, while other particles or unwanted ions have
unstable trajectories. The latter are eliminated through ejection into the
vacuum or a collision with the rods, being subsequently discharged and
unable to be transmitted further. This discrimination is dependent on the m/z
in the sense that different combinations of electric fields lead to the
stabilization of the trajectory of ions with certain m/z, which ultimately pass
through the quadrupole in a corkscrew-like movement. Apart from the four rod
arrangement, there are also hexapole (six rods) or octapole (eight rods)
arrangements (Figure 3).
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Figure 3 – Schematic representation of a quadrupole analyzer.

The quadrupole is commonly used as a mass filter. This is achieved through
manipulation of the voltages applied to the rods, stabilizing the trajectory of
ions with a particular m/z value. On the other hand, the filter can also be set
to be wider and scan all m/z values, being used for ion guiding purposes.
Lastly, the quadrupole can also be used as a reaction chamber for peptide
fragmentation purposes, which will be discussed later in this chapter.

Linear Ion trap
The linear ion trap (LIT) or 2D-trap is essentially composed of a quadrupole
with one electrode at each end (85, 86). These two electrodes, which can be
two plates or two small quadrupoles, are kept at a static electric potential. This
allows trapping of the ions in two dimensions, i.e., along an axis. In the LIT,
the ions are not selectively entering the quadrupole, but they are selectively
ejected in a radial or axial manner, according to their m/z (Figure 4).
In this type of analyzers a space-charge effect occurs, meaning that the
charged ions repel each other when confined in a small space, leading to
unstable ion trajectories (87). This effect can be partially corrected with an
inert gas, such as helium, which is used to cool down the ions with an excess
of kinetic energy. In this way, higher storage volumes can be achieved in the
LIT, ultimately leading to an increase in dynamic range and, consequently, an
increase in sensitivity. The use of helium in this analyzer also adds the
possibility of performing peptide fragmentation. On the other hand, the space
charge-effect can also be minimized through the regulation of the ion
population inside this instrument. This can be achieved by monitoring the ion
production with a pre-scan and an automatic adjustment of the ion
20
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accumulation time in the LIT, employing the so-called automatic gain control
(AGC) (88).

Figure 4 – Illustration of a two-dimensional
linear ion trap. Adopted from Schwartz et al.
(89).

Time-of-flight
The time-of-flight (TOF) analyzer is a free drift tube where ions travel without
the application of an electric field (90). Ideally, the packets of ions are initially
static and in the same position, after which they are accelerated by means of
an electric field. The velocity at which the different ions “fly” across the tube is
dependent on the initial potential applied to them and inversely proportional to
their m/z. Consequently, the different ions hit the detector at variable times
due to their different m/z. In order to correct for the possibility of different initial
kinetic energies, a reflectron is commonly used. This is essentially an
electrostatic ion mirror which allows the prolongation of the “flight” time (91).
This mass analyzer is able to achieve high-resolution (>20,000 FMHW) and it
is one of the fastest scanning instruments, producing a full scan in
microseconds.

Orbitrap
The Orbitrap is the most recent mass analyzer to be developed. However, it
rapidly became one of the most popular instruments in the proteomics field.
This instrument is composed of an inner and an outer electrode, respectively
shaped as a spindle and as a barrel (92). The ions are trapped by an
electrostatic field in an orbital motion around the inner electrode, in the same
way as described for the Kingdom trap. This movement also occurs along the
axis of the inner electrode, where the ions oscillate back and forward. The
frequency of these oscillations is inversely proportional to the m/z. Thus, ions
with larger m/z have a lower frequency of oscillation.
The popularity of this instrument is partially related to the achievable highresolution (>100,000 FMHW) and mass accuracy (<2 ppm). A comparable
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resolution and even higher mass accuracy (sub-ppm) can be reproduced by
another instrument, the Fourier transform-ion cyclotron resonance (FT-ICR)
mass analyzer (93). However, its lower scanning speed and a demanding and
costly maintenance adds to a choice towards the Orbitrap.

Hybrid instruments
As mentioned before, the mass analyzers described above are typically
implemented as components of hybrid MS instruments, rather than as
individual instruments. This MS analyzers are indeed complementary and can
lead to higher rates of protein identification. In this work, three types of hybrid
instruments were used: the LTQ-Orbitrap Velos; the Q-Exactive (QqOrbitrap)
and the Triple TOF (QqTOF).
The LTQ-Orbitrap Velos has a combination of multipoles, quadrupoles, linear
ion traps and the orbitrap (94) (Figure 5). The quadrupole and multipoles are
used as ion guides and a collision cell. Two types of detectors are present in
this instrument, one capable of fast scanning and high sensitivity and another
capable of high accuracy. The first type is essentially composed of two ion
traps positioned sequentially, one with higher gas pressure, for capture and
fragmentation of the ions; while another has low gas pressure, which improves
ion scanning. This dual pressure conformation allows for faster detection and
higher sensitivity (95). Another C-shaped trap, the C-trap, is used to capture
the ions and inject them into the second type of detector (Orbitrap), for the
high-resolution ion detection. This hybrid instrument is very versatile allowing
parallel detection of ions with the ion trap and orbitrap. Moreover, this
instrument can perform the so called data-dependent decision tree methods.
This type of method allows the selection of the best fragmentation technique
according to each ion type (96, 97).

Figure 5 – A hybrid orbitrap instrument essentially composed of a linear ion trap and orbitrap
analyzer (LTQ-Orbitrap Velos).
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The Q-Exactive is essentially composed of multipoles, quadrupoles, a C-trap
and the orbitrap (98) (Figure 6). The main difference between this instrument
and the LTQ-Orbitrap Velos, is the fact that the dual ion-trap has been
substituted by a quadrupole, which is used here as a mass filter. This
quadrupole allows even faster ion detection than the previous instrument, with
almost simultaneous ion isolation and fragmentation. Additionally, it can
perform next generation targeted analysis, namely parallel reaction monitoring
(PRM), which will be discussed in the Targeted proteomics section. On the
other hand, this instrument is not as versatile as the LTQ-Orbitrap Velos.

Figure 6 – A hybrid orbitrap instrument essentially composed of a quadrupole and orbitrap
analyzers (Q Exactive). Adopted from Michalski et al. (98).

The TripleTOF is essentially composed of three quadrupoles and a TOF
analyzer (99) (Figure 7). The quadrupoles act as mass filters, being able to
selectively transmit ions to the TOF analyzer. As mentioned before, the TOF
analyzer allows for fast detection and, consequently, this is one of the fastest
scanning instruments available, leading to high protein identification rates.
This instrument can be used for both high-resolution discovery and targeted
proteomics approaches. This is due to the triple quadrupole conformation,
similar to the common QqQ instruments used for targeted experiments. In the
Triple-TOF case, the ions are guided through Q0, followed by selection in Q1
and fragmentation in Q2, which precedes the TOF analyzer, used for the high
23

resolution measurements. Another interesting feature of this instrument is the
ability to perform data independent acquisition (DIA) or sequential windowed
acquisition of all theoretical MS (SWATH™) experiments (100). Theoretically,
in this approach, all ions across the full MS spectrum are selected and
fragmented, which can lead to the identification of every ion detected by the
MS instrument.

Figure 7 – Quadrupole-Time of flight instrument or TripleTOF 5600. a) schematic
representation of the TripleTOF 5600; b) image of the instrument. Adopted from Andrews et al.
(99).

1.4.3. Peptide fragmentation techniques
Peptide fragmentation is performed in tandem MS instruments’ collision cell.
As mentioned before, the measurement of both the precursor and fragment
ions allowed in these instruments is necessary to achieve confident
identification of the peptides and its corresponding proteins. This is due to the
fact that a measurement of the m/z of the peptide is performed, as well as the
determination of its sequence, through the MS/MS or fragmentation spectrum.
There are essentially two types of fragmentation that are frequently used in
MS proteomics approaches: collision-induced dissociation (CID) and electron
transfer dissociation (ETD).
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CID is the most common technique used for peptide ion fragmentation (101).
Here, the protonated peptides are subjected to collisions with neutral gas
molecules, which can be helium, nitrogen or xenon and are present in the
collision cell. These collisions lead to a conversion of the kinetic energy of the
peptide ion into vibrational energy, which ultimately spreads across the
molecule and disrupts the peptide bonds. Usually CID can be performed in an
ion-trap or in a quadrupole-type collision cell (102). The first option is a socalled tandem-in-time type of fragmentation and occurs through slow
activation of the ions, which lead to the collisions and dissociation. This type
of fragmentation requires a few eV of energy and occurs in a millisecond time
scale. In the quadrupole, a tandem-in-space fragmentation occurs. This is a
beam-type fragmentation and the ions are accelerated to the collision cell
filled with the gas molecules where they suffer multiple collisions. The energy
applied in this case is higher and occurs in a faster time-scale. This type of
fragmentation is particularly useful for quantitative techniques that rely on
isobaric tags, which will be discussed in the following section of this chapter.
These two types of fragmentation of the amide bond produce ions with the Ntermini of the peptide (b ions) and with C-termini (y ions) (Figure 8).
Nonetheless, there could be additional fragment ions resulting from these
fragmentations, such as internal fragments, including immonium ions, and/or
neutral losses of ammonia, water or phosphate groups, in the case of
phosphorylated residues.

Figure 8 – Nomenclature for the fragment ions as proposed by Roepstorff and Fohlman. Nterminal fragment ions are named a/b/c and C-terminal fragment ions are named x/y/z,
according to the cleavage site.

ETD is considered to be a complementary technique to CID, since it was
proven to be more suited for fragmentation of multiply charged peptides (>2+)
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(103). It is also very popular for the analysis of modified peptides with
posttranslational modifications (PTMs). Here, a radical anion molecule
transfers its electrons to the protonated peptide, leading to the fragmentation
of the N-Cα bond of the amino acids. This type of fragmentation also produces
ions with N-termini of the peptide (c ions) and C-termini (z ions) (Figure 8).
The suitability of this technique for peptide PTM analysis, relies on the fact
that these modifications remain intact during the fragmentation process,
enabling the determination of the modification position in the sequence.
The peptide sequence information lies in these MS/MS spectra and it is
obtained based on the difference between the fragment ions, which ultimately
points to the unique mass of 19 out of 20 amino acids (excluding leucine and
isoleucine).
As mentioned before, in modern instruments like the LTQ-Orbitrap Velos, one
can use different methods of fragmentation for the analysis of one sample.
For example, one can choose to do CID for 2+ charged ions in the ion trap
and ETD for ions with charge >3+ and with phosphorylated peptides in the ion
trap.

1.5. Data analysis
Peptide identification and subsequent protein identification is frequently
achieved through the use of different algorithms available, such as Mascot
(104), Sequest (105) and Andromeda (integrated in MaxQuant) (106, 107).
These search engines perform a database search of the MS/MS spectra
obtained. The process starts with the generation of a theoretical peptide
database containing their masses, through an in silico digestion of the
proteome specified. This digestion is determined by a specific protease with
a certain cleavage specificity. The precursors acquired are subsequently
matched to the theoretical peptides generated, within a specified mass
tolerance. Next, a list of theoretical MS/MS spectra is generated for each
matched precursor, according to expected known fragmentation rules. The
experimental MS/MS spectra generated is also compared to this new list and
a score is given to each peptide-to-spectrum-match (PSM). The score varies
with the different algorithms, however it depends essentially on the number
and type of fragment ions matched. Unfortunately, when dealing with large
databases, there is a high risk of random and incorrect peptide identification
matches, despite the use of high-resolution instrumentation. Usually, to
account for these false-positives, a supplementary list of spectra containing
reversed, randomized or scrambled sequences is generated from the selected
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database. This so-called decoy database is used for a second search, where
every match to the experimental spectrum is considered a false positive. A
false discovery rate (FDR) can then be calculated by dividing the decoy PSM
by the total PSMs (108). Usually, an FDR of 1% is accepted within the
proteomics community, nevertheless to increase the stringency, additional
thresholds to the peptide score and/or sequence length can be applied.

2. Quantitative proteomics
Nowadays, many of the bottom-up proteomics experiments are also
quantitative. Several questions can be answered through the quantitative
analysis of proteomes in different cell states. However, this type of
experiments can be influenced by several mass spectrometer dependent
factors, such as solubility, or ionizability, which will influence the peptide’s
intensity. Therefore, several methods have been developed to enable a more
accurate MS based quantitation, and these include label-free and label-based
methods. These two generally fall into the relative quantification category. An
absolute quantification approach can be achieved with the use of internal
standards in combination with a targeted method.

Figure 9 – Quantitative mass spectrometry based proteomics different workflows. Different
strategies allow for experimental variation in different stages of the workflow. The colors blue
and orange represent different experimental conditions to be compared. The dashed lines
indicate presence of experimental variability. Adapted from Bantscheff et al. (109).
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2.1. Label-free quantification
Label-free quantification can be seen as the most simple and straightforward
quantification technique, since it’s based on the direct comparison of peptide
intensity measurements between several samples without having to add extra
sample preparation steps (Figure 9). This method suffers in terms of accuracy,
as it’s influenced by the instrument’s capabilities and peptide properties,
making peptide sequencing essentially stochastic. The main approaches to
this method rely on precursor ion intensities (110) or spectral counting of the
peptides measured (111).
The first is based on the calculation of the XICs for each peptide across the
LC-MSMS run. To ensure better precision, this method requires an
alignment/normalization of the chromatographic runs. This can be achieved
through the use of internal standards and specific algorithms/software. On the
other hand, the spectral counting method is based on the assumption that the
number of acquired spectra matching to a peptide correlates to its abundance.

2.2. Labeled quantification
Label based techniques are essentially applied through the incorporation of
stable isotopes into the peptides from different samples. When measuring
these samples by MS, equal peptides from each sample will be
distinguishable through the different masses given by the labels. With this type
of method there are additional steps required; however this also ensures
higher accuracy and precision when compared to the label-free methods. The
introduction of these labels can be done at different experimental stages,
either at the protein level or peptide level.

2.2.1. Metabolic labeling
In metabolic labeling heavy isotopes are introduced in growing cells media,
being consequently incorporated into proteins or peptides (Figure 9). This can
be applied not only to cultured cells but also to complex organisms, such as
plants or animals. The most used isotopes are 15N and 13C.
A very successful example of this technique is the Stable Isotope Labeling by
Amino acids in Cell culture (SILAC) (112). In this case, the amino acids
containing heavy isotopes are added to the media, substituting its natural
counterparts. Then the cells go through its normal growth and division cycles
until approximately 98% of its peptides contain heavy isotopes. It’s important
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to choose well which amino acids to use. Firstly, it’s required that the cells are
auxotrophic for the amino acids chosen. Secondly, it´s necessary to ensure
that all peptides contain the heavy isotope, therefore the heavy amino acids
chosen have to be present in all peptides. This means that, if the protease of
choice is trypsin, the amino acids being incorporated should be the heavy
Lysine and Arginine, for example.
This method is advantageous in the sense that it enables a decrease in
technical variations and an increase in accuracy, since it’s introduced before
other sample preparation steps. On the other hand, it can be quite costly and
is also time consuming. Most importantly, this technique cannot be applied to
every organism or its tissues, or primary cells and it’s limited to the comparison
of 2 to 3 different samples. Recently, a so-called super-SILAC approach was
applied, which enables accurate protein quantification in human tissue,
through the combination of the tissue being studied and several
corresponding SILAC labeled cell lines, which serve as internal standards
(113).

2.2.2. Chemical labeling
Chemical labeling represents a good alternative for metabolic labeling, since
it can be applied to every biological sample containing peptides or proteins
(Figure 9). The labeling occurs through the reaction of favorable peptide or
protein sites with reagents containing isotopes. In this method there can be
used isotopic tags or isobaric tags. The first produces distinguishable peptides
at the MS1 level and in the second the peptides can be distinguished at the
MS2 level.
An efficient isotopic tag technique is the stable isotope dimethyl labeling (114,
115). The labeling occurs in the amino group at the N-terminal of peptides
and, in the case of lysines, at its ε-position as well. This technique makes use
of formaldehyde and cyanoborohydride with different combinations of 13C
isotope and deuterium. The result is a multiplexed experiment of up to 3
samples with a 4 Da difference in their mass spectrum. The most appealing
aspects of this technique reside in the fact that it can be applied to every type
and amount of sample at a low cost. However, the use of deuterated
molecules imposes some disadvantages. The main concern is the retention
time shift when using LC based separation techniques, which leads to less
accurate quantification. Despite the fact that the labels are incorporated at a
later stage in the proteomics workflow, it was concluded in a recent study that
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this doesn’t affect greatly the accuracy of this approach, when carefully
controlled (116).
A very popular alternative to these methods is the use of isobaric tags. The
most known representatives are the isobaric tag for relative and absolute
quantification (iTRAQ) (117) and the tandem mass tags (TMT) (118). The
iTRAQ labels can be used to compare up to 8 different samples (8-plex) and
the TMT labels can be used to compare up to 10 different samples (10-plex).
Each different label incorporated into the peptides has the following common
composition: a reactive group, a reporter and a balancer/normalizer group
(Figure 10). The amine reactive group enables the binding of the label to the
N-termini and lysine side chains. The reporter group has different masses for
each corresponding label, differing 1 Da from each other. This is achieved due
to the different composition of 13C and 15N present in these molecules. The
balancer/normalizer group also contains different masses in the same way as
the reporter group, except for the fact that it´s present to counter-balance the
reporter’s masses and maintain the total mass of the tag equal for all the
different labels. The combination of these different components allows
peptides labeled with these tags to be indistinguishable at the MS1 level,
which doesn’t increase the MS scan complexity. The quantification is normally
enabled after CID fragmentation (quadrupole), when the reporter ion is
released (Figure 10). Thus, the reporter ions are visible at the low mass range
in the MS/MS spectra, with their relative intensities corresponding to the
abundance of the peptides of interest.
Figure 10 – Tandem mass tag representation as
an example for an isobaric label.

The isobaric tags have a noticeable advantage in terms of sample
multiplexing, making it a very appealing technique for high-throughput type
analysis and time-course experiments, such as the one presented in this
thesis. On the other hand, the detection of the low m/z ions cannot be easily
performed in an ion trap, except with the low-throughput pulsed Q collision
induced dissociation (PQD), therefore a more suitable fragmentation
technique has to be applied. A more important issue is the potential existence
of ions with similar masses at the MS1 level, which can be co-isolated for
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fragmentation. This decreases the quantification accuracy, since we have
reporter ion interference from different peptides in the same MS/MS spectrum,
leading to a sum of the intensities from the different peptides present. In this
case, it is beneficiary to add separation steps prior to MS analysis to decrease
the possibility of finding those interfering peptides together. It’s also viable to
apply more restricted isolation windows. Since these only offer partial
solutions, it was suggested a MS3 based methods to overcome this problem
in a more significant way (119). The aim is to decrease the intensity of the
background peptides through double isolation. Here, the peptides can be
fragmented by ion-trap CID, followed by the re-isolation of the top N fragments
for CID fragmentation in the quadrupole to obtain the reporter ions, which are
analyzed in the Orbitrap. In turn, the fragments generated by ion-trap CID are
used for peptide identification. However, this approach leads to decreased
quantification rate, due to slower duty cycle speeds and lower sensitivity.

2.3. Absolute quantification
The determination of the absolute amount of a protein can be approached in
different ways. The most common approach is based on the use reference
peptides containing stable isotopes (internal standards). The labeled internal
standards are analogs of the peptides of interest and have known
concentrations. Once spiked in the sample, the intensity of both the peptide
of interest and the internal standard can be compared, and an estimation of
the true amount of the peptide of interest can be obtained. The standard can
be introduced in the peptide form, just before the LC-MSMS analysis (referred
to as AQUA) (120) or in the form of protein, before sample digestion
(QconCAT – concatenated proteotypic peptides (121); PSAQ – full length
proteins (122)). In general, these methods improve quantification accuracy,
especially for the QconCAT and PSAQ approaches, and eliminate the labeling
step, being very appealing for biomarker related research. However, obtaining
the right standards is time-consuming and expensive. Additionally, this
method has also limited multiplexing.
A faster way of getting an estimate of the absolute protein amount is by
applying a label-free approach, through precursor peak area results. In this
case, it is common to calculate the average of the 3 most intense precursor
ions – the top 3 method (123, 124); or calculate the sum of all precursor ions,
normalized by the number of theoretical peptides – iBAQ (intensity based
absolute quantification) (125).
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2.4. Targeted proteomics
When a few peptides or proteins are considered for quantification experiments
it’s common to apply a more targeted technique, instead of the shot-gun
approaches. A selected reaction monitoring (SRM) approach can be applied
to obtain a relative or absolute amount of the analyte (126). The purpose here
is to reduce the interference of background ions, leading to highly accurate
and reproducible quantification results, even with low abundant proteins. The
triple quadrupoles (QqQ) are the classical instruments of choice, in order to
perform SRM. Here, the intended precursor ions are selected in Q1,
fragmented in Q2 and the fragment ions are further selected and detected in
Q3 (Figure 11).

Figure 11 – Representation of a triple quadrupole. Adopted from Lange et al. (127).

In the targeted SRM method a series of steps are usually taken before
obtaining the final results. First, the proteins and peptides of interest are
chosen, sometimes as consequence of previous shot-gun experiments.
Second, with the application of certain software, such as Skyline (128, 129),
pairs of precursor ion-fragment ion (peptide transition) are determined. A
method is then created with specific parameters (m/z, retention time), for the
selection and measurement of the peptide’s transitions, and it’s tested in the
instrument. Finally, after obtaining the right parameters and the optimal
peptide transitions for the desired proteins, the quantification experiment can
be performed. The AQUA approach can be used in conjunction with this
method, in order to obtain more sensitive and precise results, at the testing
and the final experiment stages.
Nowadays, a new generation of targeted methods can be performed in
quadrupole time-of-flight (QqTOF – TripleTOF™) (Figure 7) and quadrupole
orbitrap (QqOrbi – Q Exactive™) (Figure 6) hybrid instruments, as mentioned
before. The first can perform the high-resolution multiple reaction monitoring
(MRMHR) and MS/MSALL SWATH acquisition (or DIA) (100) and the second
performs the PRM acquisition (130, 131) (similar to MRMHR) and also DIA.
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The PRM and MRM methods rely on the high resolution and mass accuracy
of the correspondent mass detectors, as well as the fast and sensitive MS2
scanning. These methods use orbitrap or TOF MS for the measurement of all
transitions (fragment ions) obtained from Q1 selection and Q2 fragmentation,
contrarily to the classic QqQ. After the acquisition, quantification is performed
on the extracted ion chromatograms (XICs). This has the advantage of a
better confirmation of the peptide of interest, since more transitions are
observed; and a shorter pre-analysis time, since there is no need for prior
knowledge of the transitions. The latter is even better addressed with the use
of DIA methods, making this method a high-throughput target approach with
possible retrospective data analysis. On the other hand, the dynamic range,
accuracy and precision might be limited for targeted analysis of complex
samples, when compared to PRM and MRMHR methods.

3. Proteome-based research
Solely quantifying genes or transcripts does not provide the complete
information about the function of those genes. This can only be observed
through the quantitative analysis of proteins, in relation with their functional
analysis, i.e., analysis of PTMs or cellular localization. A global or large-scale
analysis of the proteome allows the study of multiple cellular processes
simultaneously, as well as possible crosstalk between them. That said,
proteomes can paint a picture of the state and abnormalities in our cells
through a systems biology view at the molecular level. However, proteome
analysis is challenging, since the level of complexity increases from gene to
transcript, and from transcript to the protein level, due to alternative splicing
or (post-) translational regulation. In the case of human proteome analysis we
could be dealing with at least 100 000 protein isoforms, making proteome
studies of higher organisms extremely demanding. An alternative for such
challenging approaches, in this case complex proteome studies, is to
investigate selected molecular mechanisms in simpler organisms from earlier
forms of life, such as bacteria or other unicellular organisms such as
Saccharomyces cerevisiae (Yeast). These model organisms can be very
advantageous for systems biology approaches, since they are easier to
obtain/culture and manipulate while preserving molecular features similar to
ours, giving us clues for more complex organisms. Indeed, microorganisms
such as Escherichia coli (E. coli) and Yeast are frequently used for probing
particular protein families, such as the heat shock proteins (132); for the study
of protein networks and interactions (133, 134), including for the mapping of
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the human interactomes (135) and for the purpose of drug targets discovery
(136); as well as probing post-translational modifications crosstalk (137) and
kinase and phosphatase global interactions (138). A similar approach was
taken for the work described in this thesis, by choosing a cyanobacterial
model.
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Introduction to Cyanobacterial circadian rhythm
1. Circadian rhythm definition
The 24h cyclic Earth rotation imposes cyclic behavior and physiological
changes in most living organisms. Most of the organisms have adjusted their
daily life to this succeeding day and night environmental changes, taking
advantage of these phases. The way they adapted to these changes may
vary, however higher organisms, such as Plants and Animals, and lower
organisms, such as Bacteria and Archaea, have developed a so called
circadian clock, which allows the scheduling of different cellular processes in
different times of the day. This endogenous biological clock is composed of
molecular oscillators which provide a self-sustained mechanism with a ~24h
period. In general, these oscillators comprise positive and negative
components that form feedback loops, which can receive environmental input
in a direct or indirect way, allowing entrainment of the clock with the Earth
light/dark cycles (139, 140). The positive loop components activate the
transcription of so-called ‘clock genes’, which encode negative components,
which are in turn responsible for the inhibition of the positive components.
Consequently, this inhibition will decrease the transcription of the clock genes.
At the same time, a phosphorylation-induced degradation of the clock genes
will lead to the reactivation of the positive components, restarting the cycle
once again. Additionally, certain negative components can also activate the
expression of positive components in order to ensure the stability of the
feedback loop. In this manner they can coordinate rhythmic outputs, which
regulate circadian gene expression and cellular processes (141–143).
Moreover, rhythmic transcription was proven to be essential for oscillator
function in several organisms (144, 145), while in others like cyanobacteria, it
was shown that protein abundances of the clock genes are dispensable (146).
Alternatively, there is a core oscillator, or pacemaker, which operates
independently and is ultimately responsible for the entrainment of the
mechanism, driving the rhythmic output through coordination of other
oscillators or by itself. Ultimately, certain circadian mechanism are quite
conserved despite the fact that in unicellular organisms there is rhythm within
cellular processes and in multicellular organism there is a coordinated
rhythmicity among different cell types/tissues.
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2. S. elongatus circadian clock
The cyanobacterium was one of the first unicellular organisms found to have
a circadian rhythm, contradicting the hypothesis that fast diving and singlecompartmented organisms couldn’t have an endogenous pacemaker (147–
151). Cyanobacteria are among the oldest and most abundant organisms on
Earth, forming a highly diverse group of prokaryotes. They can inhabit
freezing, dry or tropical regions and water, soil or rock surfaces, being also
tolerant to a large range of salt and temperature conditions. Their morphology
is also variable, since they exist as unicellular ovoid or rod shaped organisms,
but also as multicellular filaments comprised of different cell types (152, 153).
Some species of these photosynthetic cyanobacteria have to regulate
incompatible processes, such as photosynthesis and nitrogen fixation (154,
155), which might explain the necessity for such simple organisms to have
evolved towards circadian regulation systems. Among these bacteria the
fresh-water Synechococcus elongatus PCC7942 (S. elongatus) stood out as
a circadian rhythm model for having the right genetic tools available, the full
structure of the core clock proteins and for being the only organism from which
the core clock mechanism can be reproduced in vitro.
As a simple organism, S. elongatus also possesses the simplest core clock
mechanism known to date, comprising a set of three proteins, named KaiA,
KaiB, and KaiC (from the Japanese kaiten for “turning of the heavens”), which
are unique to cyanobacteria species (156, 157). KaiA forms homodimers,
KaiB can exist in a monomeric, homodimeric or a homotetrameric state (158)
and KaiC forms a homohexamer, with a double doughnut shape (159–161).
The mechanism of the core clock depends on the autophosphorylation/dephosphorylation of KaiC, which occurs in a period of
approximately 24h. First, KaiA binds to KaiC and consequently KaiC becomes
sequentially hyperphosphorylated at the T432 and S431. Next, KaiB binds to
KaiA-C, which leads to a conformational change of KaiC, enabling a stable
KaiA-B-C complex and KaiC hypophosphorylation, first of the T432 and then
the S431. Finally, the hypophosphorylated KaiC releases KaiA and KaiB
(Figure 12). The cyclic events of the core oscillator can be stably reproduced
in vitro with the addition of ATP/Mg2+, lasting for at least 10 days without any
further external cues (162).
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Figure 12 – Schematic representation of the molecular mechanisms comprising the
Synechococcus elongatus PCC7942 circadian clock. Adopted from Axmann et al. (163).

The evidence of a posttranslational oscillator (PTO), which was stably
reconstituted in vitro, proved that this is the core mechanism driving the
circadian rhythm in S. elongatus, and contradicted the assumption that all
circadian oscillators are dependent on a transcription/translation feedback
loop (TTFL) (162). Moreover, it was proven that transcription and translation
were also independent of KaiC kinase activity (164), indicating that the TTFL
provides input to the core PTO as well. This tightly intertwined system is
implicated in the regulation of gene expression (165), metabolism (141), and
cell division (151) (Figure 12). However, the exact connection between the
central clock and its outputs is still not clear.
Alternative models were proposed for the regulation of rhythmic gene
expression, which could ultimately work in unison (166). The oscilloid model
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refers to transcription regulation through DNA compaction/decompaction
cycles (167) and supercoiling changes (168). The transcription factor model,
as the name indicates, refers to transcription factor regulation of the gene
expression, including the kaiBC genes. Several output factors were
discovered in this case, such as SasA, RpaA, LabA and CikA. The histidine
kinase SasA (Synechococcus adaptive sensor) was shown to interact with
KaiC and with the putative transcription factor RpaA (regulator of
phycobilisome-associated) (169, 170). SasA autophosphorylates upon
interaction with KaiC and consequently phosphorylates RpaA, which in turn
leads to the activation of the kaiBC gene expression (171). This pathway was
proposed to be active only during the day (172). On the other hand, CikA
(circadian input kinase) is regulated by KaiBC (173) and in a similar way as
LabA (low-amplitude and bright) acts as an RpaA inactivator (174),
consequently repressing kaiBC gene expression.
There are also input pathways which allow entrainment of the central clock to
the environmental time. So far, a mechanism was found which senses redox
state changes, including the histidine kinase CikA (circadian input kinase) and
LdpA (light dependent period); and a mechanism that is regulated through
light changes, which includes Pex (period extender). CikA has a double
function, being involved in the output and input pathways. In the latter, CikA
is destabilized when binding to quinone (175), similarly to what was shown for
KaiA (176). The changes in the quinone pool are directly connected to
photosynthesis and consequently, to light changes. CikA was also shown to
interact with additional factors (NhtA, PrkE, IrcA, CdpA) that might be part of
this input pathway (177). LdpA also senses quinone pool changes in an
indirect way (178). It’s still not known how CikA and LdpA transduce its signals
to the central clock, but it is speculated that could be through interaction with
KaiA. Pex expression is suppressed by light and functions as a KaiA gene
expression repressor during the night (179). Moreover, it was recently shown
that KaiC can sense energy changes through variations of the ATP/ADP ratio
(180). The mechanisms behind both metabolic products mentioned (ATP and
quinone) seem to act together to reset the PTO according to light changes
(181). An elevated ATPase activity of KaiC was suggested to provide a
checkpoint that allows cell division (182), additionally it might implicate the
CikA and CdpA factors (177, 182). This observation was consequence of the
fact that it was shown that the timing of the cell cycle doesn’t perturb the one
of the circadian rhythm, since the clock of a daughter cell is in phase with the
one from the mother cell (150). In addition to the light/dark (LD) entrainment
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there is usually a temperature regulation of the core circadian rhythm. In the
case of S. elongatus only a few in vitro studies demonstrated that the
temperature influenced the rhythm’s phase (183, 184).

3. Cyanobacteria circadian rhythm studies
Cyanobacteria are known to play an important role in the carbon and nitrogen
cycles, and they largely contribute to the biomass production of the Earth,
including the oxygen we breathe. The interest in cyanobacteria has risen
among the scientific community for these and other reasons, including the
potential for industrial applications, such as in bio-fuel production, agriculture,
drug-discovery and biopharmaceutical precursors. In order to understand the
molecular mechanisms of these organisms several postgenomics studies
were performed, including transcriptomics and proteomics studies.
Following the publication of the full sequenced genome of several
cyanobacteria species several transcriptomics studies based in DNA
microarray technology were performed. The different experiments addressed
gene expression changes upon high light intensities; phosphate, nitrogen and
sulphur deprivation; irradiation of UV-B and white light; addition of electron
transport inhibitors (redox response); salt stress; light to dark transition;
carbon sequestering; cold stress; osmotic stress; iron-deficiency versus ironreconstituted cells; adverse environmental conditions (photosynthetic
pathway stress response); magnesium concentration regulation (185). A
number of microarray circadian studies were also performed. Here, the
cyanobacterium is usually grown in constant light (LL) conditions to eliminate
the external influence of light changes. Such studies indicated a circadian
abundance variation of 10% to 80% of the transcripts, on species such as
Synechocystis sp. PCC6803, Crocosphaera watsonii and Prochlorococcus
MED4. For S. elongatus in particular, the microarray analysis demonstrated a
frequency of rhythmic abundant transcripts of 30% to 60% (186, 187). This
result shows a certain discrepancy with a previous bioluminescence study
effectuated using the luciferase protein as a reporter and observing rhythms
in the luminescence from the cells, which revealed that almost all promotors
are regulated in a circadian manner (188). On the other hand, it was also
shown that not all genes with circadian expression regulation are associated
with processes which present circadian rhythm (in LL), but only a daily rhythm
(in LD) (189).
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Studies involving protein level regulation are not as common and are not yet
as comprehensive as transcriptomics studies. Early protein studies in
cyanobacteria focused in the study of specific enzymes and their
corresponding functions, showing only isolated responses. But, a more
systemic view of the cell phenotype is important for understanding cellular
responses. Initial proteomics studies focused mainly on the analysis of the
plasma membrane and thylakoid proteins, regulation of microcystin
production, the effects of UV-B stimulation, sat stress, cell division or
differentiation, light induction and photosynthetic process activity within
several highly active photosynthetic mutants. These studies were only based
on small numbers of proteins, being identified around 105 (190) or 234
proteins (191) at most in Synechocystis sp. PCC 6803, through the use of 2D
PAGE and N-terminal sequencing techniques. Initial high-throughput shotgun proteomics approaches using 2D-LC or 3D-LC (SEC and SCX-RP-LC)
methods and ESI-QqTOF mass spectrometry techniques, took a step forward
enabling the identification of around 1500 proteins in Nostoc punctiforme
ATCC 29133 (192). On the other hand, quantitative studies based on the use
isobaric tags allowed quantification of up to 702 proteins in the same species
(193). Further advances in proteomics techniques led to an increase of
proteome coverage and the attempt to perform a global profiling of
cyanobacterial proteins. Recently, such studies were performed for several
cyanobacteria species, such as Synechocystis (194), Anabaena (195),
Cyanothece (196), and Prochlorococcus (197), the last two being focused on
diurnal rhythms of the proteome. Since transcriptome studies were previously
conducted in many different cyanobacteria species, there was also an interest
to combine those with the new proteome data to infer on transcript versus
protein synthesis regulation. In Cyanothece, LL and light/dark (LD)
experiments were performed, using metabolic labeling (SILAC) (198, 199) or
spectral counts for protein quantification. In the case of the latter, up to 3616
proteins (68.2% of the predicted genome) were quantified across a
combination of several different growth conditions and fractionation methods,
on soluble or membrane cell compartments, revealing that no more than 20%
of those (5% of the predicted genome) possess circadian rhythms in
abundance. Through the conjunction of previously obtained mRNA data, it
was possible to infer that the role of post-translational processes can be quite
significant for the variances in protein abundance. In the Prochlorococcus
work, only LL conditions were tested and a metabolic labeling strategy was
used. Here, only the genes for which both the protein and mRNA showed
circadian rhythm expression were considered, corresponding to 312 genes.
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In this study it was determined that there are differences in amplitude and in
the phase of the abundance profiles between proteins and transcripts.
Similarly to the Cyanothece study, it was also observed a variance in the
timing of protein expression compared to mRNA. Besides the interesting
findings concerning the circadian regulation at the protein and mRNA levels,
these studies also highlight the discrepancy between these two levels of
expression and the fact that one cannot always rely solely on one of them to
make conclusions. A dynamic proteome analysis of S. elongatus was only
recently performed and will be described in Chapter 2.
The studies of the cyanobacterial circadian clock are useful for understanding
these organisms themselves. Nevertheless, they also shed a light into the
origin of circadian rhythms and therefore might teach us something about our
own circadian clocks and the mechanisms involved.

Outline
The work described in the coming chapters comprises the proteome analysis
of the cyanobacteria S. elongatus in light and dark conditions, using a variety
of quantitative proteomics strategies.
In chapter 2, high-resolution MS is combined with the TMT 6-plex labeling
technique to probe cyclic protein abundance variations across 82% of the S.
elongatus proteome. This 48-hour time-series study revealed that, in contrast
to abundant occurrences of cyclic and even circadian rhythms at the transcript
level (30-60%), at the protein level these variations are much less
pronounced, with only 5% of the quantified proteome showing significant
cyclic variations.
In the next chapter, the focus moved towards the analysis of protein
interactions and complexes. A novel approach, combining native size
exclusion chromatography and mass spectrometry, was used to uncover
differences in protein assemblies between light and dark states. Several
proteins involved in higher order complexes, which didn’t show diurnal
adaptation in protein abundance in the previous chapter, were found to have
association dynamics. Some examples are the photosynthetic and ribosomal
proteins, which showed differences in abundances as well as variable
assemblies.
In chapter 4, a first look at the phosphoproteome of S. elongatus is described.
The combination of MS, Ti4+-IMAC phosphopeptide enrichment and TMT 641

plex labeling was explored to uncover clues for regulation of molecular
rhythms by protein phosphorylation. This approach revealed new
phosphorylation sites on proteins associated to diverse molecular pathways.
Finally, an outlook on the use of quantitative mass spectrometric techniques
is given in the fifth chapter. Recent trends and future perspectives on whole
proteome analysis are discussed, with emphasis on its application to the study
of cyanobacteria and circadian research. This outlook describes
improvements in data collection and interpretation, which, in combination with
the study of different levels of gene expression, can stimulate meaningful
investigations in this fascinating research area.
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Summary
Circadian rhythms are self-sustained and adjustable cycles, typically
entrained with light/dark and/or temperature cycles. These rhythms are
present in animals, plants, fungi and several bacteria. The central mechanism
behind these ‘pacemakers’ and the connection to the circadian regulated
pathways are still poorly understood. The circadian rhythm of the
cyanobacterium Synechococcus elongatus PCC 7942 (S. elongatus) is highly
robust and controlled by only three proteins, named KaiA, KaiB and KaiC. This
central clock system has been extensively studied functionally, structurally
and can be reconstituted in vitro. These characteristics together with the
relatively small genome (2.7 Mbp) of S. elongatus, make it an ideal model
system for the study of circadian rhythms.
Different approaches have already been used to reveal the influence of the
central S. elongatus clock on rhythmic gene expression, rhythmic mRNA
abundances, 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 hours under light
and dark cycles (12:12-hours), we used quantitative proteomics, with TMT 6plex isobaric labeling. We queried the S. elongatus proteome at ten different
time points spanning a single 24 hour period, leading to 20 time points over
the full 48 hour period.
Employing multi-dimensional separation and high-resolution mass
spectrometry, we were able to find evidence for a total of 82% of the S.
elongatus proteome. Among the 1537 proteins quantified over the time-course
of the experiment, only 77 of them underwent significant cyclic variations.
Interestingly, our data provides evidence for in- and out-of-phase correlation
between mRNA and protein levels for a set of specific genes and proteins.
Since 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. The data is available via
ProteomeXchange with identifier PXD000510.

Introduction
Circadian clocks or rhythms are widely observed in many species and
throughout the different kingdoms, from plants and animals to fungi and
bacteria. Circadian rhythms are defined as self-sustained and adjustable
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cycles, typically entrained by light/dark and/or temperature cycles, occurring
within 24 hour 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 also in evolutionary
very old systems like cyanobacteria, which possess a very robust circadian
machinery (pacemaker), regulating gene expression, metabolism and even
cell cycle (4, 5).
The cyanobacterium S. elongatus in particular 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 (KaiA, KaiB, 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. Next to 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 can even be reproduced in vitro, only requiring the
three Kai proteins and the addition of ATP/Mg2+ (9).
The connection of the central circadian mechanism (or the core
posttranslational oscillator (PTO)) to its output is less well defined. However,
it has been shown to encompass a transcription/translation feedback loop
(TTFL), where the KaiABC genes and their products participate in positive and
negative autoregulatory feedback loops (10, 11), similarly 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 SasA (synechococcus adaptative sensor A), the putative
transcription factor RpaA (regulator of phycobilisome-associated) (13, 14), the
RpaB regulator (15), LabA (low amplitude and bright A) or the sensor histidine
kinase CikA (circadian input kinase A) (16, 17) and the input factors Pex
(period extender - PadR family transcriptional regulator) and LdpA (lightdependent 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).
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Several bioluminescence studies have indicated a cyclic promoter activity of
100% (20), while microarray studies report a 30-60% rate of cyclic mRNA
abundances in S. elongatus (21, 22). Despite the fact that these experiments
were performed under different conditions and experimental setups, this
discrepancy may be also caused by post-transcriptional regulation, and
therefore protein abundance might likewise differ from observed mRNA
abundance patterns.
Besides extensive analysis 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 during 48 hours, under light and dark cycles
(LD) (12:12-hours), we employed quantitative shot-gun proteomics, using
TMT 6-plex isobaric labeling. These isobaric tags provide a sensitive labeling
method for the analysis of several different experimental conditions (up to 6
at a time). We queried the S. elongatus proteome at ten different time points
spanning a single 24 hours period, resulting in 20 time points over the full 48
hours 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 yields a
significantly lower degree of cyclic expression, pointing to the importance of
post-transcriptional and/or post-translational regulatory mechanisms.
Moreover, our data provides novel insights into the phasing of cyclic protein
abundances relative to corresponding mRNA levels, as we observe that
several protein abundance levels cycle, albeit out-of-phase, with their
corresponding cycling mRNA levels.
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Experimental Procedures
1. Cyanobacteria cell culture
The wild-type strain of Synechococcus elongatus PCC 7942 was routinely
grown photoautotrophically in BG11-medium (29) at 30°C under continuous
illumination with white light of 80 µmol of photons/m2s (Versatile
Environmental Test Chamber, SANYO) and a continuous stream of air. Cell
concentrations were measured by determining 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 volume and transferred to 12:12-hours light/dark cycle (LD) for 3
days. Synchronized culture was finally diluted to an OD750 of approximately
0.4 one day before the sampling started. At certain time points (Fig. 1A), which
varied from one to three hour intervals, 40 ml of the culture was centrifuged at
15,000 x g 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 liquid nitrogen prior to storage at 20°C.

2. Sample preparation
Cyanobacteria pellets from samples of 20 time-points were lysed in 8 M Urea,
50 mM triethyl ammonium bicarbonate (TEAB), containing 1 tablet EDTA-free
protease inhibitor cocktail (Sigma) and 1 tablet PhosSTOP phosphatase
inhibitor cocktail (Roche). After three sonication cycles at 4 ⁰C, total cell
lysates were obtained through centrifugation at 14,000 rpm for 30 min, at 4
⁰C. The supernatant was recovered and protein concentration was
determined with the Bradford method (BioRad). The proteins were subjected
to reduction and alkylation of the cysteine residues, using 200 mM dithiotreitol
(DTT) (Sigma) 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 hours at 37 ⁰C, followed by 4 times dilution
of the samples with 50 mM TEAB and digestion with trypsin (Roche
Diagnostics, Ingelheim, Germany), at an enzyme:protein ratio of 1:100,
overnight at 37 ⁰C. 40 μg from each sample and from a mixture of all samples
were desalted using 1cc Sep Pack C18 columns (Waters) and dried in vacuo.
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3. Peptide labeling
Peptides were labeled with tandem mass tags (TMT) using the TMT 6plex
labeling kit (Pierce). Two separate experiments, each one of them consisting
of two TMT 6plex labeling experiments were performed in total. Each
experiment consisted of the use of 5 tags, one for each time-point, and the 6th
tag for the mixture of all time-points (internal standard). The manufacturer's
protocol was followed, with a few adjustments. After desalting, 40 μg of
peptides per channel were dissolved in 100 μl 200 mM TEAB. The TMT
labeling reagents were dissolved in 40 μL acetonitrile (ACN) (Biosolve) per
vial and added to the samples in two steps, to maximize the labeling efficiency.
First, 10 μl of reagent solution was added to the sample, after 5 min, the other
10 μl were added and the reaction was incubated for 1 hour at room
temperature. In the quenching step, 4 μL of 5% hydroxylamine were added.
After 15 min, the six channels were mixed in a 1:1 ratio and stored at −20 °C.

4. Strong Cation eXchange (SCX) fractionation
Peptides were fractionated using strong-cation exchange (SCX) as described
previously (30). In short, four SCXs were performed using a ZorbaxBioSCXSeries II column (0.8 mm×50 mm, 3.5 μm). Solvent A consisted of 0.05%
formic acid in 20% ACN, while solvent B consisted of 0.05% formic acid, 0.5
M NaCl in 20% ACN. 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 fractions were collected from minute 50 until minute 90.
The resulting 50 fractions were dried in vacuo, resuspended in 10% formic
acid and stored at −20 °C.
For the SWATH (Sequential Windowed Acquisition of all Theoretical spectra)
approach, unlabeled samples from a 24h time-series were pooled together
and fractionated by SCX, to create a spectral library.

5. Liquid Chromatography-tandem Mass Spectrometry (LC-MS/MS)
Peptide fractions were analyzed on an Orbitrap Velos (Thermo Fisher
Scientific, Bremen) that was coupled to an Agilent 1200 HPLC system (Agilent
Technologies, Waldbronn). Both the trap (20 mm×100 μm I.D.) and the
analytical column (35 cm×50 μm I.D.) were packed in-house using Reprosilpur C18 3 μm (Dr. Maisch). Peptides were trapped at 5 μL/min in 100%
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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 180 minutes 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) (o.d. 360 µm; i.d. 20 µm, tip i.d. 10 µm)
biased to 1.7 kV. The mass spectrometer was operated in the data dependent
acquisition mode. A MS2 method was used with a FT survey scan from 350
to 1500 m/z (resolution 30,000; AGC target 5E5). The 10 most intense peaks
were subjected to HCD fragmentation (resolution 7500; AGC target 3E4, NCE
45%, max. injection time 500 ms, dynamic exclusion 60 s). Predictive AGC
was enabled.
For the SWATH approach, samples were analyzed by a TripleTOF 5600 fitted
with a Nanospray III source (AB SCIEX, Concord, ON) coupled to an Agilent
1290 Infinity UHPLC (Ultra-High Pressure Liquid Chromatography) system
(Agilent Technologies, Waldbronn, DE). Briefly, for the spectral library data,
the mass spectrometer was operated in data-dependent (DDA) mode to
obtain MS/MS spectra for the 20 most abundant parent ions following each
survey MS1 scan. Additional data sets were recorded as triplicates in dataindependent mode using SWATH MS2 acquisitions, essentially as described
in Gillet et al. (31). In summary, a window of 26 m/z (containing 1 m/z for the
window overlap) is passed in 32 incremental steps over the full mass range
350–1250 m/z.

6. Database search and validation
Raw data was converted to .mgf file type with Proteome Discoverer (version
1.3, Thermo). Mascot (version 2.3.02, Matrix science) was used to search the
MS/MS data against the S. elongatus PCC 7942 Uniprot database (version 42010) including a list of common contaminants and concatenated with the
reversed versions of all sequences (5,826 sequences). Trypsin was chosen
as
cleavage
specificity
allowing
two
missed
cleavages.
Carbamidomethylation (C) was set as a fixed modification. The variable
modifications used were oxidation (M), TMT6plex (K) and TMT6plex (N-term).
The database searches were performed using a peptide tolerance of 50 ppm
and a fragment mass tolerance of 0.05 Da (HCD). The 50-ppm mass window
was chosen to allow random assignment of false positives that were later
removed by filtering using the instruments actual mass accuracy (10 ppm). A
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.dat file of each of the four experiments was exported from Mascot and filtered
with Rockerbox (32) to an FDR 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 intensities 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 was searched with ProteinPilot™,
using the Paragon™ search engine (version 4.3, AB SCIEX). MS/MS data
was searched against the same S. elongatus PCC 7942 Uniprot database.
Trypsin was chosen as cleavage specificity. For the modifications, Cys
alkylation was set to iodoacetamide and ID focus was set to biological
modifications (i.e. phosphorylations, amidations, semitryptic fragments, etc.),
as special factors, 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 FDR 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 6 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 with total area sums (TAS)
method.

7. Protein copy numbers calculations
The sum of the number of peptide-spectrum matches (PSMs) obtained in all
the experiments was normalized 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.
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8. Significance analysis and clustering
Quantitative data, containing protein intensities from 20 time-points, as
obtained from the experiments described before, was analyzed as follows.
The table containing protein names and respective intensities in all time points
was loaded into [R] (version 3.0.0) (35) as a datamatrix (eset) object.
Subsequently 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) in any of the time-points per protein was allowed.
Proteins containing missing data were removed from the matrix; ii) All data in
the matrix was scaled (Z transformed); iii) All proteins that have an Inter
Quartile Range (IQR) variation less than 1 (e.g. those proteins that show no
real change in any of the time-points) were removed; iv) The data was
exported to a tab-delimited file for subsequent analysis. The filtered protein
data was loaded into the Multi Experiment Viewer software (MeV v. 4.8.1) (36,
37). Based on the figure of merit, a method to determine the optimal number
of k-means clusters, we have chosen to perform k-means clustering with 6
clusters. All clusters with their containing proteins were exported and used for
further analysis.

9. Cyclic profile validation
The proteins considered significant and observed across all different timepoints were subjected to a Pearson correlation analysis between the first 24
hour ratios and second 24 hour ratios. For this purpose the statistical software
IBM® SPSS® Statistics Data Editor was used. For a protein profile to be
considered cyclic, a significant correlation with a p-value<0.05 was required.
Consequently, a heatmap was produced by hierarchical clustering of the
protein abundance profiles, using Pearson correlation and complete linkage.
The data was 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) was extracted from GEO (Gene Expression
Omnibus) with [R] (35) and an average of the two replicates was performed.
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Results
1. Global proteome analysis of the cyanobacterium S. elongatus
Here we present the first in-depth quantitative proteome analysis of the
cyanobacterium S. elongatus, over a 48 hours timespan under light/dark (LD)
conditions. This was accomplished by sampling 20 independent time points
with 1 to 3 hour intervals. The sampling scheme consists of one hour intervals
at the LD and DL transitions, whereas two and three hour intervals cover the
respective day and night phases (Fig. 1A). The resulting 20 samples were
quantified using the isobaric tandem mass tag (TMT) labeling strategy and
four 6-plex quantitation experiments with one pooled sample as internal
control. After cell lysis, protein digestion and TMT labeling, the peptides were
fractionated by strong cation exchange (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
approximately 80 LC-MSMS 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 2,179 proteins were identified,
thus covering 82% of the predicted S. elongatus proteome (2,657 proteins).
Out of the identified proteins, 82% were represented by two or more peptides.
The presented work comprises one of the most complete coverage of a
proteome reported to date. The concentrations of each detected protein were
evaluated using the well-established method based on spectral counts (38–
40), as described in the 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
photosynthesis, a crucial part of the energetic metabolism. However, proteins
involved in this pathway are also spread throughout the whole dynamic range
(Fig. 1B and Suppl. Fig. 1A). Notwithstanding the high proteome coverage we
obtain 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 entire protein abundance range, even in the
top 50 of abundant proteins. These not-annotated proteins might be
implicated in all kind of processes, both in specialized functions as well as
‘housekeeping’ (Suppl. Fig. 1B).
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Figure 1 – High-resolution proteomics analysis of the S. elongatus proteome.
A) S. elongatus cells were synchronized and cultured in light/dark (12:12-hours) conditions.
Samples were collected across a 48-hour period in 20 independent time points with 1 to 3 hour
intervals. Peptides were labeled with TMT 6-plex isobaric tags, were the 6th channel was used
to label a mixture of all the time-points. Before LC-MSMS analysis with an Orbitrap Velos, the
four resulting sample mixtures were fractionated by SCX. B) Logarithmic protein copy numbers
of all the 2,179 proteins identified, as calculated using spectral counts (described in the
Experimental Procedures). Their abundances cover a dynamic range of 5 orders of magnitude.
The most abundant proteins belong to the photosynthetic pathway (highlighted in green) and
some proteins relevant to the circadian rhythm mechanism have medium to high abundances
(central clock mechanism proteins - KaiA, KaiB and KaiC - are highlighted in red and the
transcriptional regulator, PadR family (Pex) is highlighted in purple).
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2. Abundance profiles of the Kai proteins and their putative input
and output channels
We first investigated the abundance profiles of some well-studied proteins in
S. elongatus, and compared these profiles to previous published work (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 do not show obvious cyclic abundances and moreover
seem to show opposite abundance profiles in our data (Fig. 2A). Cyclic
abundances for KaiB and KaiC have been reported under continuous light
conditions (LL) (41) and synchronization in their total cellular abundances.
However, 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, which are linked to the circadian rhythm
regulation or propagation and for which abundance profiles have been
published. Since current studies on cyanobacterial circadian rhythms consider
transcript abundance levels rather than protein abundance, the number of
available datasets is limited. One protein that fulfills these criteria is pex, a
PadR family transcriptional regulator which is essential for circadian rhythm in
S. elongatus. Pex is responsible for the elongation and delay of the circadian
rhythm in S. elongatus by the negative regulation of KaiA expression (42, 43).
Takai et al. (42) demonstrated that the Pex protein exhibits cyclic abundance
in LD conditions with its maximum during the subjective night. This westernblot based analysis agrees with the presented proteomics dataset (Fig. 2B).
Another component of the circadian clock output pathways is the KaiC
expression inhibitor LabA. While LabA was found to exhibit cyclic mRNA
abundance in LL conditions (21), its protein abundance is also found to
oscillate (not shown). However, most of the other reported components (e.g.
RpaA, RpaB, SasA, CikA, LdpA) 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, additionally
an independent SWATH analysis was performed on a small set of selected
proteins, namely 6 cyclic, 3 non-significant and non-cyclic and 3 significant
but not-cyclic proteins (Suppl. Fig. 4), according to our TMT data analysis.
Comparing the protein expression profiles obtained by SWATH with the latter,
we observe a very good agreement.
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Figure 2 – Abundance profiles of key
clock proteins. A) Changes in the
abundance of the central clock mechanism
proteins in light/dark conditions (LD), across 48
hours. The protein expression profiles obtained
here seem to agree with previous published
work (10, 41). KaiA’s profile is represented in
blue, KaiB’s profile is in red and KaiC’s profile
in green. B) Comparison of the abundance
profile of the transcriptional regulator, PadR
family (Pex), obtained in this work by
quantitative LC-MSMS and across 48 hours in
LD (top profile), with the previously published
profile obtained by western-blotting and across
24 hours in LD (bottom profile, adapted from (42)). Both protein abundance profiles show an
increase in abundance during the dark period. Grey areas represent the dark period and the
white areas represent the light period.

3. Significance analysis
Next, we conducted a global analysis of the abundance behavior of all proteins
quantified in our analysis. Through 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 hours
experiment (1,537 proteins). Next we used inter quartile range analysis to find
significant variations in the 48-hour profiles. Ratios were normalized and
70

transformed to a z-score, followed by removal of the proteins with an inter
quartile range (IQR) variation less than 1. From this evaluation we found 544
proteins to be significantly regulated in at least one out of 20 time points.
Included in this set were the known clock pathway proteins KaiB, Pex, CikA,
RpaA and LabA.
In our data analysis, we also observed ratio compression, which can be
associated with the precursor ion interferences inherent to isobaric
quantification. Nevertheless, this underestimation of the fold change is of no
influence on our analysis as here we determine whether the ratio is
significantly different from the background, which is 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 by the use of the MultiExperiment Viewer software
(MeV). The 544 protein abundance profiles were divided into 6 clusters, as
optimized with the figure of merit (FOM) (Fig.3A). Clusters 1 and 2 show anticorrelated profiles and more pronounced differential abundance over time
than the remaining clusters. Clusters 4 and 5 also exhibit anti-correlated cyclic
profiles, but with less pronounced changes in abundance over time. Cluster 3
and 6 show proteins with specific trends, which have a noticeable relative
abundance. However, they do not show cyclic profiles nor show correlation
with the other clusters or with each other.

4. Functional analysis of proteins co-occurring within clusters
To investigate whether any of the clusters was associated 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 revealed no
significant enrichment of specific functions in the clusters, we made some
interesting observations using the Kyoto encyclopedia of genes and genomes
(KEGG) for pathway analysis. For cluster 1 we found 6 proteins to be
associated with the two-component system and penicillin and cephalosporin
biosynthesis, associated with signal transduction and the synthesis of
secondary metabolites, respectively. An interesting example of the first
pathway is the protein RpaA which is known to be a transcription factor
involved in genome wide circadian gene expression and controlled by the
kinase SasA, which in turn is controlled by KaiC, indicating a possible link with
circadian control. Cluster 2 has a lower number of associated proteins but
most of them display a quite prominent cyclic profile. Since no specific
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functional association can be made with cluster 2 one could envision that the
variety of pathways controlled by the circadian clock is reflected by the variety
of proteins present in this cluster. Indeed we find proteins involved in
transcription, biotin metabolism and response to stress. Cluster 3 contains
proteins that are part of the amino acid, carbohydrate and nucleotide
metabolisms, as well as DNA replication and repair and protein export. In
cluster 4 the photosynthetic proteins appear most prominent, in cluster 5
ribosomal proteins and in Cluster 6 proteins that are related to gene
expression and translation are 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.

5. Protein profiles analysis in selected networks
Next, we sought to analyze selected pathways and/or protein complexes in
more detail with the protein profiles [R] package. This package looks for the
significance between similar abundance profiles, independently of their
intensities (46). We started with the photosynthetic pathway and its
complexes, also well characterized in cyanobacteria. Here we could observe
groups of proteins with very similar abundance profiles. One example is the
phycobilisome complex, of which the components capture energy from light
and transfer it to the photosystem II through chlorophyll A. These proteins
have significantly similar profiles (p-value<<0.001) (Fig. 3B and Table 1), up
regulated in the light period, although not completely cyclic. Within this group
of proteins we find an even more pronounced profile, namely the
phycobilisome core-membrane linker polypeptide and the phycobilisome rodcore linker polypeptide showing an increase in abundance during the dark
period (p-value=0.01) (Fig. 3B and Table 1). The two components serve as
stabilizers at the core of the phycobilisome complex in collaboration with other
proteins, therefore they are not directly involved in the light capturing process.
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Figure 3 – Clustering analysis on the significantly changing protein abundance
profiles. A) K-means clustering analysis on the 544 protein abundance profiles found to be
significantly changing across the 48 hour LD experiment, as described in the Experimental
Procedures section. 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
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clustered heatmaps of three sets of proteins from the photosynthetic pathway. Each interest
group of proteins has significantly similar abundance changes (p-value<0.05) across 48 hours,
as determined by the 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 the one mentioned in 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 hours of the profiles with the second 24 hours, as explained
in the Experimental Procedures section. The representation and clustering procedure is as the
one mentioned above. The grey areas represent the dark period. The color scale is shown
below each heatmap.

Another example is the cytochrome complex b6/f, which is responsible for the
transfer of electrons from photosystem II to photosystem I. Although we were
not able to cover all of its components, we could observe very similar protein
abundance profiles, specifically between the apocytochrome f and the
cytochrome b6-f complex subunit 4. These two combined with the cytochrome
b559, which is part of the photosystem II, also show a similar trend (pvalue=0.02) (Fig. 3B and Table 1). All three of them have higher abundance
during the dark period. Another b6/f component, the cytochrome b6, exhibits
a similar behavior despite not having a significantly similar profile to the ones
above (Fig. 3B and Table 1).
Next, we investigated different proteins from the photosystems I and II and
the ATP synthase complex. For the photosystem I we found 4 proteins with
significantly similar profiles (p-value= 0.02). These show an increase of
abundance during the dark period. In photosystem II we found 7 proteins with
a significantly similar nocturnal trend (p-value<<0.001), and 2 proteins with
similarly significant trends, with higher abundance during both the dark and
light phases (p-value=0.004). For the ATP synthase complex, we found that
most of the components we identified have similar profiles (p-value=0.03).
However, during the light period they differ 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=104
) (Fig. 3C). Some components of the two subunits also shared significant
profiles (p-value<<0.001). Altogether, these observations show that many of
the observed protein complexes or particular components of these complexes
share abundance trends hinting at the specific regulation of different subsets
of proteins.
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Table 1 – Similarity in abundance profiles in related proteins. Three sets of
proteins from the photosynthetic pathway, with significantly similar abundance changes (pvalue<0.05) across 48h, as determined by the 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
Q31PE0
Phycobilisome rod linker polypeptide
Q31RG1
Allophycocyanin, beta subunit
Q31RP7
Putative uncharacterized protein
P06539
C-phycocyanin beta chain
P13530
C-phycocyanin alpha chain
Q31RG2
Phycobilisome 7.8 kDa linker polypeptide, allophycocyaninassociated core
P55020
Plastocyanin
Q31PD8
Phycocyanin linker protein 9K
Q31PD9
Phycobilisome rod linker polypeptide
Q44116
Phycobilisome maturation protein
O50209
Allophycocyanin, beta subunit
Q31Q35
Allophycocyanin alpha chain-like
Q44115
Phycocyanobilin lyase subunit alpha
Q31RG0
Allophycocyanin alpha 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 alpha
Q54710
Cytochrome b6-f complex subunit 4
Q31NV8
Apocytochrome f
Q54711
Cytochrome b6

6. Focusing on proteins displaying cyclic abundances
The cluster analysis gave an indication of at least 2 clusters with possible
cyclic trends and potential circadian associated protein abundances (Fig. 3A).
Cluster 2 shows little variability between each trend, while in cluster 1, both
amplitude and variability are 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 lower than 0.05, using the IBM SPSS Statistics software.
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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 several functionally uncharacterized/not well annotated
proteins. To facilitate the visualization of these profiles we created a heatmap
using [R] (Fig. 3D and Table 2). This heatmap reveals 39 proteins featuring
an abundance peak during the night. In contrast, only 29 proteins exhibit a
maximum abundance during the light phase. We also found proteins, which
have certain ambiguities concerning the peak phase as well as the oscillation
period (24 hours or 12 hours). Despite this, we considered those cases to
correspond to cyclic proteins. The group of 29 proteins with higher abundance
during the light period are reported to be involved in a broad variety of
processes including secretion, cell wall/membrane biogenesis, general stress,
transcription, translation, protein turnover and folding, signal transduction,
circadian rhythm, amino acid metabolism, photosynthesis, with a small
predominance of the cell wall/membrane biogenesis. The group of proteins
with their abundance peaking in the dark phase contains a variety of proteins
involved in cell/ wall biogenesis, chaperoning, signal transduction,
transcription, translation, defense mechanisms, DNA repair, different
metabolisms such as coenzyme and vitamin, carbohydrate, amino acid, lipid
and energy production related, including photosynthesis (light capture
related). Notably, the majority of the proteins with higher abundance during
the night are involved in transcription.
From these results one might suppose that the cyanobacterium has increased
metabolism and maintenance during the night cycle as compared to the day.
Also, it is interesting to see that not all photosynthetic proteins show cyclic
profiles in our analysis and those that do, even demonstrate a possible
diminished photosynthetic capacity during the day. The proteins ambiguous
on 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 do not have a sinusoidal
peak shape. In fact, most of the profiles with maxima during the light period
seem to have a more steep increase in abundance followed by a slow
decrease in abundance. Moreover, profiles with maxima during the dark
period display exactly the opposite behavior. Consistently, the DL transition is
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Table 2 – Proteins with cyclic abundance profiles. These proteins profiles were first
analyzed with respect to their significance, with IQR (interquartile range) method and then a
Pearson correlation was performed, comparing the first 24h of the profiles with the second
24 hours.

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 alpha subunit

Q31N29

Group3 RNA polymerase sigma factor SigF

Q31P32

Putative uncharacterized protein

Q31MS9

NAD(P) transhydrogenase subunit beta

Q31RI5

Phospholipase D/Transphosphatidylase

Q31MB4

Phosphate starvation-induced protein

Q31MY3

Putative uncharacterized protein

Q8GJN0

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

77

2

Table 2 – Proteins with cyclic abundance profiles (continuation).
Accession

Protein Name

Q31Q04

Putative uncharacterized protein

Q31QH9

Putative uncharacterized protein

Q31LM4

Putative uncharacterized protein

Q31KV5

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

Q31RE3

Probable peptidase

Q31KS7
Q31PT4

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

Q31QF2

60 kDa chaperonin 1

Q31Q35

Allophycocyanin alpha chain-like

Q31MG6

Carotene isomerase

Q31LB6

Anthranilate phosphoribosyltransferase

Q31NW2

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
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Table 2 – Proteins with cyclic abundance profiles (continuation).
Accession

Protein Name

P30331

Metallothionein

Q31S88,
Q31S89
Q31QW5

Pilin polypeptide PilA-like

Q31NF1

Carbonate dehydratase

Q31MY2

RNA polymerase sigma factor

Q31LV3

Putative uncharacterized protein

Q31QQ2

PDZ/DHR/GLGF

Q31RP4

Possible high light inducible polypeptide HliC

Q31QC5

Q31P82

C-terminal processing peptidase-2. Serine peptidase. MEROPS
family S41A
C-terminal processing peptidase-2. Serine peptidase. MEROPS
family S41A
TPR repeat

Q31P37

Rare lipoprotein A

Q31PR1

Outer envelope membrane protein

Q8GAA4

Putative uncharacterized protein sek0026

Q31LP0

RNA-binding region RNP-1

Q31MS6

Putative uncharacterized protein

Q31KD9

General secretion pathway protein D

Q31QX1

Putative uncharacterized protein

marked by a steeper response than the LD transition, even though sampling
and light/dark transition were kept the same.
Among the proteins with abundance profiles over the complete period, we also
found 4 proteins with abundance cycles shorter than 24 hours. In fact it has
been shown by Westermark and Herzel (47) that components of the circadian
clock can generate 12 hour rhythms in gene expression of animals. They
demonstrated that 12 hour genes have alternating peak heights, which is
consistent with our observation at the protein level of pilin polypeptide PilAlike (signal transduction), carbonate dehydratase (nitrogen metabolism), 2hydroxy-6-oxohepta-24-dienoate hydrolase (no specific function) and a
putative uncharacterized protein. Recent reports describe rhythms shorter
than 24 hours called the ultradian rhythms, which has also been reported to
occur in related cyanobacteria such as Cyanothece (48, 49) and
Prochlorococcus (50).
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From all proteins with significant changing abundances, we classified 14% to
experience cyclic abundances. The percentage of proteins showing cyclic
abundances is low, when compared to data reported on the transcript
abundance. Transcript data for S. elongatus revealed that 30-60% of the
mRNA levels exhibited cyclic profiles (21, 51). These somewhat conflicting
results could indicate the existence of post-transcriptional and/or posttranslational mechanisms regulating the protein abundances, as further
discussed in the following section. However, it must be noted that differences
in experimental conditions as well as the experimental and theoretical
methods can influence the observed mRNA and protein abundances. The
difference in methodology and the stringency of our data analysis might
therefore account for some of the described differences.

7. In- and out-of-phase correlation between mRNA and protein levels
of cyclic genes/proteins
To compare circadian mRNA abundance profiles with the cyclic protein
profiles we used the published results from Ito et al. (21), on the quantitative
profiles of S. elongatus transcripts during 48 hours under continuous light
conditions. We took this dataset from Ito et al. as we observed 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 set-up (Fig 4A). Of the identified transcripts, 800 were reported
to be cyclic. However, when we perform a Pearson correlation analysis on the
reported transcript profiles, we find 1057 transcripts to be cyclic. In a direct
comparison of these cyclic mRNA versus our 77 cyclic protein abundances,
we find an overlap of 37 genes with the reported data by Ito et al. and an
overlap of 46 genes with the data analyzed by Pearson correlation,
uncovering an extra 13 cyclic genes in common with our cyclic proteins (Fig
4B and Suppl. Fig. 2). Moreover, an additional 27 proteins found 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 protein level
and clearly indicate post-transcriptional regulation.
Next, we compared the cyclic protein profiles that overlapped with the cyclic
mRNA data (46 proteins) in more detail. Here, we observed examples of
proteins involved in several biological functions with a small prevalence for
DNA repair, transcription and metabolism related proteins. The 31 cases
where only the protein abundances are cyclic, equally showed diverse protein
functions with a small prevalence for signal transduction, transcription and
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Figure 4 – Comparison of the proteome data with the mRNA data. A) Comparison
of the number of proteins identified in this work, by quantitative LC-MSMS, with the number of
transcripts identified in Ito et al. work (21), by 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 the Experimental Procedures section. C) Examples on the comparison of the abundance
profiles of the proteins (blue lines) and transcripts (black lines) considered cyclic, showing inphase or out-of-phase correlations between protein and transcript data. The dark period is
represented by the grey area.
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folding. Visual analysis of the peak phase of the mRNA profiles showed some
ambiguity, similar to that observed for the cyclic analysis at the protein level.
We observed two transcripts with 12-hour cycles and abundance peaks within
the subjective switch between day and night.
Interestingly, we noticed that the delays of the peak times between mRNA and
proteins sometimes are not the same within the 48 hours. We performed a
comparison of the peak times between our cyclic abundance profiles and the
cyclic transcript profiles from Ito et al., which revealed delays between zero to
22 hours, hinting at in phase and out of phase correlations between these two
levels (Fig 4C and Suppl. Fig. 3). 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, 15 being completely anti-phase. Among
the genes with delays shorter than 12 hours we mainly have proteins
implicated in transcription, DNA repair and metabolism. Genes with a longer
delay are involved in cell wall biogenesis, transcription, general stress
response and coenzyme metabolism. Proteins related to transcription are
observed with differing time delays from the transcript data (e.g. transcription
factor PadR family and RNA polymerase rpoD5 versus RNA polymerase
sigma factors rpoD5/SigC and SigF2), indicating alternative means to post
transcriptional 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 mRNA abundance does not translate into the
same behavior at the protein level. Moreover, for those gene products that do
display cyclic behavior at both mRNA and protein level, a large portion do not
display similar abundance profiles but instead show different levels of delay.
These different delay times of actual translation of the mRNA into protein
might be attributed to the necessity of 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
mammalian systems, this percentage is still impressive, also when compared
to the 60-70% reported for other smaller genomes such as yeast (52).
We monitored the relative protein abundance of hundreds of proteins over two
light/dark (LD) cycles with a total of 20 samples. We focused our analysis on
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the proteins showing a cycling abundance profile. 77 proteins were found to
exhibit cycling abundance with a 24-hour period and quite distinct behavior.
Firstly, the majority of cycling proteins were more abundant in the night, which
is unexpected for photosynthetic bacteria. We also observed many proteins
within a single protein complex or pathway revealing similar abundance
profiles, albeit not always cycling. Interestingly, a range of proteins was found
to exhibit 12-hour oscillations in abundance (e.g. Carbonate dehydratase,
Pilin polypeptide PilA-like, 2-hydroxy-6-oxohepta-24-dienoate hydrolase).
Most remarkable was the observation of several cycling proteins, whose cycle
was clearly out of phase with the cycling behavior observed for the
corresponding transcript. This data represents some of the clearest evidence
for post-transcriptional regulation of many of the processes involved in the
circadian rhythm and the clear need to analyze these processes at the protein
level.
Although a few of the proteins we observe 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
investigation of proteins and pathways involved or regulated by the circadian
rhythm in cyanobacteria.

Supporting information
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Abstract
Diurnal rhythms are recurring 24h patterns such as light/dark cycles that affect
many 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, which has been extensively
studied functionally and structurally and can be reconstituted in vitro. These
characteristics together with the relatively small genome (2.7 Mbp) of S.
elongatus, make it an ideal model system for the study of diurnal and circadian
rhythms. Although it has been shown that the expression of many gene
transcripts fluctuates in phase with the circadian rhythm, this was less
pronounced at the protein level. With so little fluctuations in protein
abundances we hypothesized that the diurnal adaptation may occur at the
level of higher organization of protein complexes. Therefore, we probed the
abundance and constituency of protein complexes present in cyanobacteria
at two extreme time points, i.e. at the height of the day, and the depth of the
night. Following several well-known complexes such as the RNA polymerase,
the ribosome and complexes involved in photosynthesis, we observe for the
first time that these complexes change not only in abundance but also in
constituency, with associated proteins being either present or absent at these
two different time-points. Therefore, we conclude that the dynamic assembly
of protein complexes is indeed also a key-player in the processes governing
the diurnal rhythm.

Introduction
The succession of day and night periods imposes drastic changes in all living
organisms, during which also different molecular processes 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 variations. On the other hand, circadian rhythms are
adjustable to those cues, but they are also self-sustained biological cycles of
24 hours. Both types of rhythms are widely present in all kingdoms of life,
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including in lower complexity organisms such as cyanobacteria1. 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, the mechanism involves 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 output 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 rhythm5,8, our recent global proteomics investigation revealed that
the diurnal fluctuations seemed to be less pronounced at the protein level4. It
has been established that the central clock regulates gene expression through
several effectors, such as the histidine kinase SasA (Synechococcus adaptive
sensor A), the master regulator RpaA (regulator of phycobilisome-associated
A/two component transcriptional regulator)9–11, the RpaB regulator12,LabA
(low amplitude and bright A) or 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 earlier4, 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 screens16 or affinity purification
coupled to mass-spectrometry (AP-MS) 17,18. In the latter, 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 allows the comparison of
different complexes at the same time19,20, with increasingly high92

throughput21,22. It has been applied for instance to map full interactomes, also
in the bacteria E. coli23. As a minor drawback of the approach, it has been
shown that this technique, by using N- or C-terminal tags, can affect protein
interactions and functions24,25, 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 samples26, as
well as human cell lysates27,28.
To our knowledge, a global analysis of the PPIs of S. elongatus has not yet
been performed, and there is even more limited information on how such
complexes would adapt to day (light) and night (dark) conditions. A priori it
may be hypothesized that biological processes such as photosynthesis, which
is regulated by large proteins assemblies, 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
comparable differences. To study adaptation of the S. elongatus PPIs to light
and dark conditions, 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 (12:12h) and collected samples from two opposite time-points
separated by 12 hours: one from the light phase and one from the dark phase.
The protein complexes obtained were separated according to their size by
SEC, and identified and quantified through a high-resolution liquid
chromatography (LC)-MS/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, and analyze differences
in their composure under light and dark conditions. Our data on several
different protein assemblies include confirmations of previous observations,
but also provides evidence for the putative role of new protein constituents in
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playing specific roles at either the night or day phase of the cyanobacteria
daily cycle.

Methods
1. Cyanobacteria cell culture
The wild-type strain of Synechococcus elongatus PCC 7942 was grown as
previously described29 photoautotrophically in BG11-medium at 30°C under
continuous illumination with white light of 80 µmol of photons/m2s (Versatile
Environmental Test Chamber, SANYO) and a continuous stream of air. Cell
concentrations were measured by determining 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 volume and transferred to 12:12-hours light/dark cycle (LD) for 3
days. Synchronized culture was finally diluted to an OD750 of approximately
0.4 one day before the sampling started. Two time points with 12 hours
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 liquid nitrogen prior to
storage at -20°C.

2. Cell lysis
Cyanobacteria pellets were lysed in 50 mM KCl and 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 ºC, total cell lysates were obtained through centrifugation at 14,000
rpm for 20 min, at 4 ºC. 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
centrifugation at 15000 RCF at 4 ºC.
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3. SEC (Size-Exclusion Chromatography)
The filtered cyanobacterial cell lysates were mixed with a mixture of protein
and protein complex standards (Sigma-Alderich, St Louis, US), containing:
thyroglobulin (3.3 M, 669 kDa, complex), apoferritin (3.1 M, 443 kDa,
complex), beta-amylase (5.5 M, 200 kDa, complex), alcohol dehydrogenase
(9.1 M, 150 kDa, complex) and carbonic anhydrase (28 M, 29 kDa). For
SEC the samples were injected (100 µl) onto a BioSep SEC S4000 column
(Phenomenex) with a fractionation range of 15-1500kDa, supported by an
Akta Basic HPLC system (GE Healthcare). Equilibration and elution were
performed with 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.

4. In solution digestion
The protein complexes collected in the SEC fractions were denatured using
Rapigest (Waters) surfactant and subjected to 99 ºC 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 hours at 37 ºC,
followed by digestion with trypsin (Roche Diagnostics, Ingelheim, Germany),
at an enzyme:protein ratio of 1:100, overnight at 37 ºC. Samples were
desalted using an Oasis µElution plate (Waters) and dried in vacuo. The
bovine serum albumin (Sigma) spiked-in later and used for normalization 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.

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 (UltraHigh 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 C18 2.7 μm(Agilent
Technologies, Waldbronn, DE). Peptides were trapped at 5μL/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 60 minutes gradient
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used was as follows: 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, 0100% 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 operated 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 10 most intense peaks
were subjected to HCD fragmentation (resolution 17500; AGC target 5E4,
NCE 25%, max. injection time 120 ms, dynamic exclusion 10 s). Predictive
AGC was enabled.

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 science). MS/MS data
was searched against the S. elongatus PCC 7942 Uniprot database (version
4-2010) including a list of common contaminants and concatenated with the
reversed versions of all sequences (5,826 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
specificity
allowing
two
missed
cleavages.
Carbamidomethylation (C) was set as a fixed modification. The variable
modification used was methionine oxidation. The database searches were
performed using a peptide tolerance of 50 ppm and a fragment mass tolerance
of 0.05 Da (HCD). The 50-ppm mass window was chosen to allow random
assignment of false positives that were later removed by filtering using the
instruments actual mass accuracy (10 ppm). The identifications thresholds
were set as 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. The
peak area of each protein was exported from Proteome discoverer for further
processing.

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
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area of BSA, calculated across all fractions. This was followed by a similar
normalization per experiment. The peak areas from the two biological
replicate experiments were averaged and proteins identified with less than
two peptides 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 between 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, simultaneously, this allows better correlation of protein profiles,
although one can only compare abundances between light and dark
conditions. Secondly, we performed an imputation of the missing values by
substituting 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 approximate molecular weight corresponding to each
fraction was calculated considering the theoretical molecular weight of the
SEC standard proteins and protein complexes and their elution profiles. A
logarithmic function was fitted to this distribution to extrapolate the molecular
weight across all fractions.

Results and Discussion
In many organisms, biological processes such as transcription, translation 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 analysis 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-resolution mass spectrometry (Fig. 1A). To
evaluate LD variations in protein complexes, we selected two “extreme” timepoints separated by 12 hours across a 24-h LD cycle, specifically one in the
middle of the light phase and one in the middle of the dark phase. By using
mild cell lysis conditions, we were able to preserve protein complexes in their
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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 complexes (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 analysis (Fig. 1A).

Figure 1 – Native size exclusion chromatography of S. elongatus protein
complexes. A) S. elongatus cells were synchronized and cultured in LD (12:12h) conditions.
Samples were collected from two time-points separated by 12 hours across a 24-h LD cycle.
Mild cell lysis conditions enabled native protein complex preservation, followed by separation
according to their complex/protein size using SEC. B) SEC chromatogram reproducibility
across light and dark samples and corresponding replicates. C) Overlap of protein
identifications between light and dark conditions. D) SEC standards elution profiles for light and
dark conditions, after replicate normalization and averaging.
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Each SEC chromatogram was fractionated in 54 fractions that were
individually analyzed by high-resolution nanoLC-MS/MS following the spikein of the tryptic BSA. In total, 2x54 fractions for the light condition and 2x54
fractions for the dark condition were analyzed, leading to 216 nanoLC-MS/MS
experiments performed. In the data analysis, only proteins identified with two
or more peptides were considered, resulting in confident identification of 1061
proteins across the light and dark phases, with an overlap of ~84% (Fig. 1C).
To measure the reproducibility, a Pearson correlation was 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 clustering analysis taking
both LD profiles in parallel (Fig. 2), using Perseus software
(http://www.perseus-framework.org/). Generally similar elution profiles
between the light and dark cycle were obtained, albeit that several distinct
differences between the two conditions were observed. The main differences
are relative abundance variation and to a lesser extent 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 range, as shown in Figure 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-Da (MDa) range. Also the RNA polymerase complex could be observed
quite distinctively, appearing isolated in one relatively narrow SEC cluster.
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 quaternary structure and/or
contribution/association into larger protein complexes. Illustratively, ~30% of
all proteins identified in our analysis are annotated as functionally
uncharacterized.
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Figure 2 – Hierarchical clustering of all identified proteins. Depicted heat map of
unsupervised hierarchical clustering taking the standardized (Z-score) LD profiles in parallel,
using Perseus software, as described in the methods section. Red corresponds to higher
protein abundance and blue to lower abundance. Cluster enrichment in the MDa range: a) RNA
polymerase; b) 50S ribosomal proteins; c) photosynthetic proteins; d) 30S ribosomal proteins;
light-blue arrow (zoom-in below): LD dynamic cluster.
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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 did choose to focus on the better annotated
protein assemblies. To minimize elution biases, we performed separate
cluster analysis for these MDa complexes, containing the complex
constituents and known or highly probable interactors (based on common
biological processes).

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), 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 RNAP has also a
gamma subunit which originates from the beta’ subunit of E. coli30. This
cyanobacterial core-complex should have a theoretical Mw of ~415 kDa. For
transcription, this core RNA polymerase enzyme complex recruits a variety of
sigma factors enabling transcription 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
transcript 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 abundances4. Moreover, here the
components of this core-complex are observed in several distinct fractions,
also depending on the light or dark conditions. This likely indicates that other
accessory proteins co-assemble to this complex depending 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). The targeted clustering
analysis, reveals that the RNAP core complex elutes together with one of the
expected sigma factors SigA1 (light and dark) and the diguanylate
cyclase/phosphodiesterase with 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 region within the promoter - for
transcription initiation31. 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
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domains are associated with monitoring of light changes32. Therefore, this
potential co-assembly might be related to differential gene expression 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
factors9 and sensor proteins33,34 have been suggested, our data make it
plausible that KaiC interacts 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.

Figure 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 GAF sensors (DGC/PDE). A different intensity scale is represented on the right
y-axis of the plots, for amplification of the SigA1 and DGC/PDE profiles. B) Simplistic
representation of both complexes.

In summary, considering the predicted Mw and the co-elution patterns, 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). During
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the dark phase the RNAP core-complex can be seen alone, interacting with
SigA1 (Fig. 3A-B) and with KaiC (Suppl. Fig. 1). Our data clearly highlight the
cyclic behavior of these assemblies.

3. Ribosomal complex
The bacterial ribosome (70S) is composed of two subunits, the small (30S)
and the large (50S). In this study, we were able to identify all proteins 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 identified with 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
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 analysis26. 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 subunit at a higher abundance
during the dark phase and in similar abundance with 50S during the light
phase, which is in agreement with the translation initiation complex being
initially constituted of the 30S subunit and IF-335. 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).
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Figure 4 – Dynamic association of ribosomal and translation related proteins.
Detailed heatmap of the unsupervised hierarchical clustering, 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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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
particle26.
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 factor 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; and
BIF-1, as an initiation factor, is primarily associated to the small subunit35. Also
eluting with the ribosome, we observe the ribosome maturation factor RimP,
involved in rRNA processing (Suppl. Fig. 2).
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 factor EF-G, EF-Ts and
the sigma54 modulation protein/SSU ribosomal proteinS30P (SSU S30P)
(Suppl. Fig. 2).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 translational factors36. Despite the fact that in E.
coli this was stated to be unlikely37, our results suggest such behavior in
cyanobacteria.
Comparing the light and dark conditions, we see very similar trends (Fig. 4
and Suppl. Fig. 2). 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 interchanges between its different
states. In our previous global proteomics study the ribosomal proteins showed
cyclic 48h profiles at the transcript level (re-analyzed data from Ito et al.5) and
cyclic differences between light and dark at the proteome level4. 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.
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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 composed of six major complexes:
phycobilisome, photosystem I (PSI) and II (PSII), cytochrome b6f, NAD(P)Hquinone oxireductase complex (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 (Supp. Fig. 3). Below, we will
mainly discuss the phycobilisome, the PSI and PSII complexes.
The photosynthetic pathway is essentially composed of six major complexes:
phycobilisome, photosystem I (PSI) and II (PSII), cytochrome b6f, NAD(P)Hquinone oxireductase complex (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 (Supp. Fig. 3). Below, we will
mainly discuss the phycobilisome, the PSI and PSII complexes.
Looking at the photosystems separately, we see that the corresponding core
of each complex clusters together (Fig. 5). In the case of photosystem I (Fig.
5A), the proteins eluting at high mass include the P700 chlorophyll a apoprotein A1 (PsaA) and A2 (PsaB) (core complex of PSI monomer), the
reaction center subunits III (PsaF) and XI (PsaL) (at the interface between PSI
monomers) and the iron-sulfur center protein (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 photosynthesis38. For the photosystem II (Fig. 5B (I)), among
the proteins eluting at higher mass, we observe the CP47 chlorophyll apoprotein (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). Additionally, the
cytochrome b6-f complex iron-sulfur subunit (Cyt b6-f) was found to co-elute
at high Mw (Suppl. Fig. 3A). This complex is responsible for electron transfer
between the PSI and PSII and the cyclic electron transfer39. 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
report40, 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.
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Figure 5 – Dynamics of the proteins from the photosynthetic pathway. Detailed
heatmap of the unsupervised hierarchical clustering, performed with the standardized (Z-score)
LD profiles of the photosynthetic proteins in parallel, as described in the methods section. Red
corresponds to higher protein abundance and blue to lower abundance. Grey and blue areas
emphasize co-elution in the profiles. A) Cluster of the proteins from the photosystem I (PSI)
and NAD(P)H-quinone oxireductase complexes (NDH-1); highlighted SEC LD profiles: I)
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Photosystem I interfaces and II) Photosystem I core (psaB and psaA). PsaE and PsaC profiles
shown below demonstrate their elution at the MDa range. Dashed line indicates a break in the
scale. B) Heatmap of proteins from the photosystem II (PSII) and phycobilisome complexes;
highlighted SEC LD profiles: I) Photosystem II core proteins, II) Phycobilisome rod proteins, III)
Phycobilisome core proteins. Profiles below demonstrate the co-elution of LCM, LRC, AP alpha
and beta at the MDa range (zoomed in); and the co-elution of FNR (right axis) with the core
proteins (AP).

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 observations 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 study4, 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.
The main 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 before41,42.
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 complex with allophycocyanins (AP) and its linkers; and
several rod complexes with 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 heatmap in Figure 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
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interaction of FNR with the phycobilisome complex and PSI, and the
interaction of the phycobilisome with PSII. Additionally, we see the coremembrane linker (LCM) eluting in the 4MDa range (Fig. 5B, zoom in),
demonstrating the interaction of phycobilisome and PSI further. 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 PSI43. The
LCM itself is more prominent in light conditions and mostly at high mass, coeluting 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 antenna 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 changes41.

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 carboxyl transferase subunit
alpha/biotin carboxylase (AccC), biotin carboxyl carrier protein (AccB) and
glyceraldehyde-3-phosphate dehydrogenase (GAPDH). An immediate
connection between these proteins is not easily made, since in the search tool
for the retrieval of interacting genes/proteins (STRING)44, the only known
interaction with medium confidence is the one between AccB and AccC.
These two proteins are part of the acetyl-CoA carboxylase 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).
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Figure 6 – Cluster with LD dynamics. A) SEC LD profiles of proteins co-eluting at 1MDa,
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 1MDa range is shown for clarity. B) SEC LD profiles of
the acetyl-CoA carboxylase complex proteins identified (AccB, AccC, AccD). C) SEC LD
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profiles of the carbon fixation complex GAPDH, Prk and CP12. A zoom in of the 1MDa range
is shown for clarity. D) SEC LD profiles of the pyruvate dehydrogenase complex proteins (E1α,
E1β, E2, and E3). E) Interaction network of the proteins co-eluting at the 1MDa range.
Interactions based on gene neighborhood, co-occurrence, co-expression, experimental
evidence of interaction, pathway interaction and text mining, retrieved from STRING 44 and
analyzed with Cytoscape50

If we look at other proteins in this cluster we can make similar .observations.
For the GAPDH, we could identify known interactors in our dataset: the
phosphoribulokinase (Prk) and the linker CP1245–47. Prk and GAPDH are keys
enzymes in carbon fixation, through the Calvin cycle, which occurs with light.
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 multienzyme α-keto acid dehydrogenases, we were also able to find known
interactors, which make up the pyruvate dehydrogenase (PDC): the pyruvate
dehydrogenase E1 component subunit alpha (E1α), the pyruvate/2oxoglutarate dehydrogenase complex dehydrogenase (E1β) component (beta
subunit) and the pyruvate dehydrogenase dihydrolipoamide acetyltransferase
component (E2)48,49. These proteins form a complex of ~4MDa, 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, aligning with the rest of the cluster in figure 6A.
By extending the STRING network to all these different components observed
eluting at 1MDa, 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 culminate in an effective interaction
related to their regulation.

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 complexes. This approach, which was
implemented with higher separation resolution than the previous study in
chloroplasts26, allowed us the use of hierarchical clustering of the SEC protein
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elution profiles to better infer particular PPIs. This methodology allowed us to
infer dynamic interactions 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
photosynthesis, we observe an intensity decrease during the dark period,
which is expected especially for the photosynthetic pathway. These
complexes also seem to have more assembly variety during the light phase.
We also observe an unexpected association of (members of) complexes that
are involved 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 regulation before51–53. In
conclusion, our work demonstrates the advantages of using SEC coupled to
high resolution LC-MS based proteomics in the study of PPI dynamics and
provides novel insights in PPIs, opening opportunities to new investigations at
a more targeted level.

Supplementary information
Supplementary Figures can be found in Chapter 7.
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Abstract
Protein post-translational modifications (PTMs) are essential for signal
transduction and ultimately for cellular function. Phosphorylation in particular
is a very specific and common signaling PTM, known to promote enzyme
activation or deactivation and even conformational changes in the protein.
Signaling mechanisms involving Serine/Threonine/Tyrosine phosphorylation
were until recently only associated to eukaryotes, and no phosphorylation or
only Histidine phosphorylation was associated to prokaryotes. Nowadays, due
to advances in mass spectrometry based proteomics technologies, there are
several studies showing Ser/Thr/Tyr phosphorylation in bacteria. In the
particular group of cyanobacteria, where a phosphorylation-based clock
mechanism subsists, this takes particular importance. Several regulatory
connections were already made to the central mechanism, through
transcription factor associations. However, considering the cyclic regulation of
protein abundances observed previously, which connect the clock to
numerous metabolic processes, it is likely that phosphorylation signaling plays
part in the regulation process as well. Here we describe a first step towards
the global analysis of protein phosphorylation dynamics, to uncover
cyclic/circadian variations. Despite our method not being the most suitable,
we were able to identify known phosphoproteins and infer on possible
phosphorylation dependent regulation in new proteins.

4

Introduction
Protein post-translational modifications are essential for signal transduction
and ultimately for cellular function. They are responsible for the molecular
response upon sensing internal and external signals via transfer of information
down signaling cascades. Phosphorylation in particular is a very specific and
common signaling post-translational modification (PTM), which occurs on
serine (Ser), threonine (Thr) and tyrosine (Tyr) amino acid residues (1), and
less frequently on histidine (His), arginine (Arg) and lysine (Lys) residues (2).
This reaction is known to promote enzyme activation or deactivation and even
conformational changes in the protein, which can mediate activity regulation
or protein-protein interactions (3).
Signaling mechanisms involving Ser/Thr/Tyr phosphorylation were thought to
only occur in highly complex organisms such as eukaryotes, until 1979 when
Garnak and Reeves (4) identified the first phosphoprotein in prokaryotes.
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Additionally, histidine phosphorylation has been primarily associated with
bacterial signal transduction, being involved in two-component sensory
pathways. Nowadays, due to advances in mass spectrometry based
proteomics technologies, Ser/Thr/Tyr phosphorylation was shown to occur in
prokaryotes (5–8). In cyanobacteria, a large group of photoautotrophic
prokaryotes, phosphorylation is particularly important, since it is also part of
the central clock mechanism regulating circadian rhythms in cellular function.
The S. elongatus’ clock mechanism in particular is based on the near-24h
phosphorylation
oscillation
cycle
of
the
protein
KaiC.
This
phosphorylation/dephosphorylation is regulated by the consecutive
association/dissociation of proteins KaiA and KaiB. This mechanism can be
reproduced in vitro with the three clock protein and ATP/Mg 2+, due the autophosphorylation capability of KaiC. The processes downstream and upstream
to the clock are not fully characterized, however several protein effectors and
input factors were already connected to it. Among them are the histidine
kinase SasA (Synechococcus adaptive sensor), the master regulator RpaA
(regulator of phycobilisome-associated A/two component transcriptional
regulator) (9–11), the RpaB regulator (12), LabA (low amplitude and bright A)
or the sensor histidine kinase CikA (circadian input kinase A) (13, 14); and the
input factors Pex (PadR family transcriptional regulator) and LdpA (lightdependent period A). Our previous observations relate cyclic protein
abundance oscillations (15) and protein assembly LD variations (Chapter 3)
with different cellular processes, such as transcription, carbohydrate
metabolism and photosynthesis. Therefore, we argued that additional
downstream and upstream pathways might be connected to the clock through
phosphorylation signaling and established a proteomics approach to
investigate this.
Initial studies in cyanobacterial protein phosphorylation have demonstrated its
function in sensing illumination changes and nutrient supply. These studies
employed a more targeted approach focusing on the signal transduction
protein P-II, involved in the nitrogen signaling pathway (16), on
phycobiliproteins and phycobilisome linker proteins (17, 18), or on the
circadian clock protein KaiC (19). Recently, global phosphoproteomics studies
were performed in species such as Synechococcus sp PCC7002 (20) and
Synechocystis (21, 22), including qualitative or quantitative approaches. In the
first, 245 phosphoproteins were identified using a gel-free qualitative
approach with TiO2 phosphopeptide enrichment; while in the second, a
dimethyl labeling quantitative approach was used together with the TiO2,
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enabling the differential quantification of 148 phosphorylation events in
response to nitrogen starvation.
A phosphoproteomics study of this dimension has not yet been performed for
the cyanobacteria S. elongatus, as well as a global study of the cyclic changes
in protein phosphorylation as consequence of circadian regulation. This could
contribute to the investigation of a possible connection of the central clock,
which is governed by cyclic phosphorylation of KaiC, to different regulatory
pathways. Here, we took the first step towards the study of protein
phosphorylation dynamics in light/dark (LD) conditions, to ultimately uncover
potential cyclic/circadian variations, using Synechococcus elongatus PCC
7942 as a cyanobacterial model. We implemented a mass spectrometry
based approach and tested the combination of known quantitative,
fractionation and enrichment proteomics strategies, namely 6-plex tandem
mass tags (TMT), strong cation exchange (SCX) and Ti4+-IMAC, respectively.
We were able to identify known and new phosphorylated proteins and sites of
several abundant proteins. However, the combination of these proteomics
approaches proved to be less promising to convey the phosphorylation
dynamics of this organism.

Results and Discussion
This report comprises a preliminary assessment for the study of the
cyclic/circadian dynamics of protein phosphorylation in cyanobacteria. The
combination of strong cation exchange (SCX) with Ti4+-IMAC were the
methods of choice for phosphopeptide fractionation and enrichment,
constituting a known successful association (23). TMT 6-plex was chosen as
a quantitative method due to its multichannel advantage (Figure 1a). The SCX
approach enabled the separation of the peptides with different charges, where
singly charged and neutral peptides, corresponding to singly or doubly
phosphorylated peptides, respectively, elute in the beginning of the
chromatogram (Figure 1b).
In order to reduce subsequent sample handling and increase reproducibility,
the SCX fractions with lower chromatographic intensity, and therefore with
lower peptide abundance, were combined upon peptide desalting. The
amount of Ti4+-IMAC material used in the enrichment step was also
determined by the estimated amount of peptides in the corresponding
fractions.

121

4

Figure 1 - Experimental workflow and SCX chromatogram. a) Samples were collected
from S. elongatus cultures synchronized to LD cycles in five time-points. Following
the protein isolation and digestion, the different samples were labeled with TMT 6plex and mixed prior to SCX fractionation. Some of the fractions collected were pooled
and subjected to Ti4+-IMAC enrichment of phosphopeptides. Samples were analyzed
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in a LTQ-Orbitrap Velos, with HCD activation. b) Peptide elution profile concerning
the SCX separation, with the representation of each charge elution area and the
pooling scheme of the fractions. Gray area represents the void.

With this approach we were able to identify 10 phosphoproteins and 15
phosphopeptides with high confidence, which include some of the most
abundant cyanobacteria proteins and previous identified phosphoproteins
(Table 1). We also identified 10 other phosphoproteins, including putative and
uncharacterized proteins, which contained either only one peptide-tospectrum match (PSM) per phosphopeptide or uncertain phosphosite
assignments, making the identifications less reliable. These results represent
lower identifications than expected, nonetheless we investigated the
phosphorylation events identified, which we describe bellow. Still, to assess
possible reasons to justify the low number of identifications, we performed a
survey of the kinases presently characterized in S. elongatus, within the
Uniprot database, to estimate on protein phosphorylation. The survey
indicated the presence of 28 protein kinases, including histidine, serine,
threonine and tyrosine (STY) kinases. Considering this, it can be assumed
that the TMT labeling and Ti4+-IMAC enrichment are not compatible for the
study of phosphopeptide dynamics, or there were excessive steps employed
in this enrichment protocol, leading to sample loss. In fact, recent studies
combined these two techniques but in a reversed order, where labeling was
performed after the enrichment, which appeared to be successful (24). Adding
to this, we obtained similar or slightly better results in a preliminary
measurement with no quantitative information, before the enrichment step.
Since this test was performed on a different instrument, it cannot be used as
a final proof of the previous assumption. Nevertheless, in this analysis we
obtained a different set of phosphorylated proteins and peptides, which in its
majority were represented by only one PSM. These proteins are involved in
amino acid, pyruvate, peptidoglycan, porphyrin and chlorophyll metabolism,
photosynthesis and homologous recombination. Only three peptides and their
corresponding uncharacterized proteins were identified with more than two
PSMs, namely BioY protein, ABC-transporter membrane fusion protein and a
putative protein.
Among the known phosphoproteins, we identified and quantified the
intensively studied nitrogen regulatory protein P-II (Figure 3). This signal
transduction protein was shown to be involved in the cellular response to
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nitrogen supply, where P-II is phosphorylated at Ser49 upon nitrogen
starvation (16). Here, we see a differential phosphorylation on Ser49,
identified and quantified on three independent phosphopeptides, which shows
dependence on illumination. In the dark there is a slow decrease in protein
phosphorylation, as perceived by the reduction of the phosphopeptides
abundances; the phosphorylation increases again in the light phase. The
protein abundance was determined from the same analysis as given by the
quantitative software (Proteome discoverer), having a similar trend to the
abundance determined in the global proteomics study described in chapter 2
(15). We observe that the protein level decreases less and its increase, which
starts still in the dark phase, does not correlate initially with the
phosphopeptides abundance. This light dependent change in phosphorylation
was already suggested, although it was considered to be an indirect response,
since it would most probably be due to residual nitrogen assimilation and the
arrest of CO2 fixation in darkness (16).

Figure 3 – Nitrogen regulatory protein P-II abundance and phosphorylation profile.
Abundance of the protein without phosphorylation is represented in blue and the
remaining colors correspond to the three phosphorylated peptides identified. Serine
residue in lower case represents the phosphorylation site Ser49.

In addition, we identified phosphorylated proteins involved in photosynthesis
(antenna and photosystem I), carbohydrate metabolism and pentose
phosphate pathway (6-phosphogluconolactonase), purine and pyrimidine
metabolism (nucleoside diphosphate kinase), which in some cases have been
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identified as phosphoproteins before (Table 1). These proteins didn’t show
dynamic phosphorylation in our study, thus they seem to be independent of
environmental light related changes. Phosphorylation of the photosynthetic
proteins was previously observed, first in plants (25, 26) and recently in
cyanobacteria (20). Here, we observed phosphorylation of Ser and Thr
residues in antenna proteins (phycobilisomes), which are responsible for
photo-energy absorption; and in the photosystem I, which performs the final
stage of photosynthesis. The phosphorylation of phycobilisome proteins was
considered to play a role in the regulation of energy distribution between the
two photosystems in plants, through conformational changes of the antenna
proteins and their binding to the different photosystems (27, 28). The
phosphorylation of the phycobilisome linker in particular is related to the
regulation of phycobilisome assembly/disassembly and remodeling/turnover
in cyanobacteria (18, 29). These proteins were also identified in our previous
global proteomics studies. In our quantitative daily rhythm work (described in
chapter 2) these proteins were not found to have a significant abundance in
the 48h time-course experiment, nonetheless we observed a change in
abundance between light and dark conditions. This was also reflected in the
abundance variations of protein assemblies in the work described in chapter
3, which might connect abundance and complex formation regulation to
phosphorylation signaling.
Enzymes from other metabolic pathways were also found phosphorylated,
namely 6-phosphogluconolactonase (Lactonase), from the pentose
phosphate pathway, and Thioredoxin-1, which is involved in the regulation of
redox homeostasis. The first was phosphorylated at Thr45 which was not
observed before. However, this protein is acetylated in E. coli (30) and another
enzyme from the pentose phosphate pathway (6-phosphogluconate
dehydrogenase) is phosphorylated in the Synechocystis sp. PCC 6803 (21),
which can imply a possible activity regulation associated to this modification.
The thioredoxin is associated to oxidative stress response and is also
responsible for the activation of several Calvin cycle enzymes (31). In the
latter, thioredoxin is usually activated through its reduction, which is mediated
by ferredoxin, with no phosphorylation involved. Consequently, its
phosphorylation at Ser2 may play a part in other type of reaction or pathway.
In Yeast, one of the thioredoxins isoforms was also found to be
phosphorylated, however so far no function was attributed (32).
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Table 1 – Identified phosphoproteins and corresponding phosphopeptides. * Found
in cyanobacteria.
Site Probability
Accessions
Protein name
Phosphosite
PSMs
(%)
S21
100
4
Q31RG1
Allophycocyanin, beta subunit*
S139
100
1

Q31RG0

Allophycocyanin alpha chain*

S46*

100

1

S46*

100

1

S18

100

1

Y78/80

50/50

1

T45

100

11

Q31QV8

6-phosphogluconolactonase*

Q31QV2

Photosystem I iron-sulfur center

T74

99.1

5

Q31QF8

RNA-binding region RNP-1

S88

100

1

Q31PZ5

Putative uncharacterized protein

-

20

5

Q31PS2

S5/T7

50

3

S114

100

1

S283

98.9

3

Q31PD8

Putative uncharacterized protein
Photosystem I reaction center
subunit II*
Phycobilisome rod linker
polypeptide*
Phycocyanin linker protein 9K

S5

100

1

Q31NL5

DEAD/DEAH box helicase-like

S306

100

2

Q31NA5

Putative uncharacterized protein

S68

99.3

1

Q31M25

Putative uncharacterized protein

-

33.3

4

Q31LS0

Transcriptional regulator AbrB

S25

100

1

P50590

Nucleoside diphosphate kinase*

Y49*

100

3

T91

100

1

P33171

Elongation factor Tu

Q31PI7
Q31PD9

P13530
P12243

P0A3F4

P06539

C-phycocyanin alpha chain*

Thioredoxin-1*
Nitrogen regulatory protein P-II*

C-phycocyanin beta chain*
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T252

100

1

S147

100

2

S37

100

2

S15

100

1

S2

100

3

S49*

100

1

S49*

100

1

S49*

100

1

S49*

99.5

4

S144

100.0

1

S50/51

50.0

2

The nucleoside diphosphate kinase was also phosphorylated in our data. This
protein is a major component in the synthesis of nucleoside triphosphates,
other than ATP, and it auto-phosphorylates during an intermediate step. In E.
coli this transient phosphorylation occurs at a histidine residue, however here
the phosphorylated residue was at Tyr49, which is in agreement with a recent
study in Synechocyctis sp. PCC 6803 (21). This phosphosite could also be
associated with an intermediary state or with a regulation of this protein’s
activity. The proteins mentioned above didn’t show significant protein
abundance oscillations in our global quantitative proteomics study (described
in chapter 2) (15). Nevertheless, their phosphorylation might instead be
related to their direct function and not to abundance regulation.
We didn’t observe histidine phosphorylation, which should be quite abundant
in bacteria. This type of protein phosphorylation is particularly related to twocomponent signaling pathways, whose constituent proteins we also weren’t
able to identify. However, it was shown that histidine phosphorylation
identification is not compatible with standard proteomics workflow conditions,
since this type of modification is very labile in acidic conditions (33).
The clock protein KaiC was also not present in our phosphoprotein
identification list. This is due to the fact that the peptide containing the
supposed phosphorylated residues assumes a very long stretch when using
trypsin for the digestion protocol. An alternative would be the use of another
enzyme, such as AspN, which cleaves at the N-terminal side of aspartic and
cysteic acid residues, enabling the size reduction of the phosphorylated
peptide.
This preliminary study used well known proteomics techniques to uncover the
phosphoprotein dynamics in S. elongatus, in different illumination conditions.
However, the current combination Ti4+-IMAC enrichment after TMT 6-plex
labeling turned out to be not compatible. Nevertheless, the results showed
some promise, since we were able to identify, among the most abundant
proteins, known phosphoproteins and infer on possible phosphorylation
dependent regulation in new proteins. This is an encouragement for the
continuation of phosphoproteomics studies in S. elongatus, to uncover daily
or circadian rhythms.
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Methods
1. Cyanobacteria cell culture
The wild-type strain of Synechococcus elongatus PCC 7942 was routinely
grown photoautotrophically in BG11-medium (34) at 30°C under continuous
illumination with white light of 80 µmol of photons/m2s (Versatile
Environmental Test Chamber, SANYO) and a continuous stream of air. Cell
concentrations were measured by determining 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 volume and transferred to 12:12-hours light/dark cycle (LD) for 3
days. Synchronized culture was finally diluted to an OD750 of approximately
0.4 one day before the sampling started. At certain time points (Figure 1a),
which varied from one to three hour intervals, 40 ml of the culture was
centrifuged at 15,000 x g 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 liquid nitrogen prior to
storage at -20°C.

2. Sample preparation
Cyanobacteria pellets from samples of 5 time-points were lysed in 8 M Urea,
50 mM triethyl ammonium bicarbonate (TEAB), containing 1 tablet EDTA-free
protease inhibitor cocktail (Sigma) and 1 tablet PhosSTOP phosphatase
inhibitor cocktail (Roche). After three sonication cycles at 4 ⁰C, total cell
lysates were obtained through centrifugation at 14,000 rpm for 30 min, at 4
⁰C. The supernatant was recovered and protein concentration was
determined with the Bradford method (BioRad). The proteins were subjected
to reduction and alkylation of the cysteine residues, using 200 mM dithiotreitol
(DTT) (Sigma) 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 hours at 37 ⁰C, followed by 4 times dilution
of the samples with 50 mM TEAB and digestion with trypsin (Roche
Diagnostics, Ingelheim, Germany), at an enzyme:protein ratio of 1:100,
overnight at 37 ⁰C. 100 μg from each sample and from a mixture of all samples
were desalted using 1cc Sep Pack C18 columns (Waters) and dried in vacuo.
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3. Peptide labeling
Peptides were labeled with tandem mass tags (TMT) using the TMT 6plex
labeling kit (Pierce). The labeling consisted of the use of 5 tags, one for each
time-point, and the 6th tag for the mixture of all time-points (internal standard).
The manufacturer's protocol was followed, with a few adjustments. After
desalting, 100 μg of peptides per channel were dissolved in 100 μl 200 mM
TEAB. The TMT labeling reagents were dissolved in 40 μL acetonitrile (ACN)
(Biosolve) per vial and added to the samples in two steps, to maximize the
labeling efficiency. First, 20 μl of reagent solution was added to the sample,
after 5 min, the other 20 μl were added and the reaction was incubated for 1
hour at room temperature. In the quenching step, 4 μL of 5% hydroxylamine
were added. After 15 min, the six channels were mixed in a 1:1 ratio and
stored at −20 °C.

4. Strong Cation eXchange (SCX) fractionation
Peptides were fractionated using strong-cation exchange (SCX) as described
previously (23). In short, four SCXs were performed using a Polysulfoethyl A
column (200 x 2.1mm) (PolyLC). Solvent A consisted of 5 mM KH2PO4, 0.05%
formic acid and 30% acetonitrile (pH 2.7), while solvent B consisted of 5 mM
KH2PO4, 0.05% formic acid, 30% acetonitrile and 350 mM KCl (pH 2.7). The
following gradient was used: 0–10 min (100% A); 10–15 min (0–26% B); 15–
40 min (26-35% B); 40–45 min (35–60% B); 45–49 min (60–100% B); 49–57
min (100%B); 57–65 min (100% A). The fractions were collected every minute
for 40 minutes. The resulting 40 fractions were dried in vacuo, resuspended
in 10% formic acid and stored at −20 °C.

5. Phosphopeptide enrichment
Prior to enrichment, the fractions obtained from SCX fractionation were
desalted and pooled together to obtain 18 samples with similar amount of
peptides. Ti4+-IMAC material was prepared and used as previously described
previously (35). Briefly, the Ti4+-IMAC beads (400 or 500 μg of beads/200 μl
pipette tip) were loaded onto GELoader tips (Eppendorf, Hamburg, Germany)
using a C8 plug. To reduce variations during the enrichment process, the spin
tip enrichment was performed in-parallel. The Ti4+-IMAC columns were
conditioned using 30 μl of loading buffer consisting of 80% acetonitrile
(ACN)/6% trifluoroacetic acid (TFA) and centrifugation at 600-1500 rpm for 2129
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4 min. The samples were dissolved in 80% ACN/6% TFA, transferred to the
spin tips in two-steps and centrifuged at 600-800 rpm for a total of 40 min.
Then, the columns were sequentially washed with 30 μl of washing buffer 1
(50% ACN, 0.5% TFA containing 200 mm NaCl) and 30 μl of washing buffer
2 (50% ACN/0.1% TFA), being centrifuged at 800-1500 rpm for 1-3 min. The
bound peptides were eluted into a new tube (already containing 35 μl of 10%
formic acid) with 20 μl of 10% ammonia by centrifugation at 1000 rpm for 20
min. A final elution was performed with 2 μl of 80% ACN/2% formic acid for
10 min. The collected eluate was further acidified by the addition of 3 μl of
100% formic acid and stored at -20°C prior to nano-LC-MS/MS analysis.

6. Liquid Chromatography-tandem Mass Spectrometry (LC-MS/MS)
Peptide fractions were analyzed on an Orbitrap Velos (Thermo Fisher
Scientific, Bremen) that was coupled to an Agilent 1200 HPLC system (Agilent
Technologies, Waldbronn). Both the trap (20 mm×100 μm I.D.) and the
analytical column (35 cm×50 μm I.D.) were packed in-house using Reprosilpur C18 3 μm (Dr. Maisch). Peptides 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 180 minutes 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) (o.d. 360 µm; i.d. 20 µm, tip i.d. 10 µm)
biased to 1.7 kV. The mass spectrometer was operated in the data dependent
acquisition mode. A MS2 method was used with a FT survey scan from 350
to 1500 m/z (resolution 30,000; AGC target 5E5). The 10 most intense peaks
were subjected to HCD fragmentation (resolution 7500; AGC target 3E4, NCE
45%, max. injection time 500 ms, dynamic exclusion 60 s). Predictive AGC
was enabled.

7. Database search and validation
Raw data was converted to .mgf file type with Proteome Discoverer (version
1.3, Thermo). Mascot (version 2.3.02, Matrix science) was used to search the
MS/MS data against the S. elongatus PCC 7942 Uniprot database (version 42010) including a list of common contaminants and concatenated with the
reversed versions of all sequences (5,826 sequences). Trypsin was chosen
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as
cleavage
specificity
allowing
two
missed
cleavages.
Carbamidomethylation (C), TMT6plex (K) and TMT6plex (N-term) were set as
fixed modifications. The variable modifications used were oxidation (M),
phosphorylation (STY and H). The database searches were performed using
a peptide tolerance of 50 ppm and a fragment mass tolerance of 0.05 Da
(HCD). The 50-ppm mass window was chosen to allow random assignment
of false positives that were later removed by filtering using the instruments
actual mass accuracy (10 ppm). Quantification was performed using centroid
peak intensity with the ‘reporter ions quantifier’ node. For all experiments only
unique peptides were considered for protein quantification. To achieve a false
discovery rate < 1% the following filters were applied: high confidence; peptide
length 6–35; peptide score > 20; maximum search engine rank 1; and peptide
mass deviation 10 ppm.
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In a postgenomic era, proteomics now appears as an established and reliable
field for the analysis of proteins in biological systems, constituting an important
step to functionally understand and integrate biological processes. In this
thesis I describe a series of global mass spectrometry (MS)-based
quantitative proteomics studies, demonstrating some of its applications.
These include, global inquiry of proteins or protein complexes simultaneously,
as well as their post-translational modifications (PTMs), in this case in
cyanobacterium. The continuity of quantitative MS-based techniques depends
on its evolution and development. Thus, I will now discuss the present and
future trends in this field, which I believe will continue to add biological
information in many fields of study, including the biological processes involved
in cyanobacteria.
In MS-based quantitative proteomics, there is not one ideal workflow, so in
order to choose the right techniques for each step, one has to consider
different aspects: the complexity and dynamic range of the organism; the type
of experiment (is it a global and/or time-series) and adequate data analysis.
The complexity and dynamic range of the organism’s proteome will influence
its coverage. The steps preceding and including MS analysis will influence
this aspect. Cyanobacteria, as prokaryotes, are among the organisms with the
smallest genome; nevertheless pre-fractionation techniques are necessary to
facilitate better proteome coverage. Nowadays, it is common practice to use
two-dimensional liquid chromatography (LC) techniques for pre-fractionation.
These can include different combinations, as mentioned in the first chapter of
this thesis. In this work and many others, offline set-up of strong cation
exchange (SCX) was chosen as a first dimension prior to reversed phase
(RP)-LC. The use of ultra-high pressure (UHP) LC-based separation will
additionally contribute to an increased sensitivity and accuracy, through the
increase of separation power (1–3). A potentially interesting option would be
the use of a chip-based LC separation set-up (4–6). This is an emerging
technique which can be suitable for non-expert users because of its
practicality. However, it still needs much improvement, in terms of costefficiency and MS-compatibility. The type of MS instrumentation should also
be chosen accordingly. For a global proteome study of the sort presented
here, a high-resolution and high accuracy instrument should be used, and
high sensitivity and speed should be the goal. Instruments such as the
Orbitrap and Q-TOF can nowadays characterize around 5,000-10,000
proteins, in human cells (7, 8). A direct extrapolation of these numbers for
bacteria, would translate into 100% proteome coverage, if it wasn’t for the
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dynamic range issue. The recently introduced Orbitrap Fusion™ Tribrid™ (9),
with quadrupole, linear ion trap and orbitrap analyzers, results in increased
proteome identifications and coverage. Its increased acquisition rate enabled
the identification of nearly all proteins in Yeast. This could be extrapolated to
cyanobacteria and constitute an potential increase in proteome coverage, but
in this particular case one has to consider also the highly abundant
photosynthesis-associated proteins, which can still conceal the low abundant
proteins (10, 11). Sample or cellular fractionation strategies, or even depletion
approaches, might still be necessary to implement in this situation. Despite
the instrumental advances, a data-dependent type of acquisition (DDA) will
always be limited by the random selection of the most abundant peptide-ions
for sequencing. An alternative is a data-independent acquisition (DIA) mode,
which allows for the sequencing of theoretically all ions in a parallel fashion,
potentially leading to full coverage (12, 13). The challenge here is the
specificity and quantification accuracy, since it depends on the perfect
alignment between the peptide and fragment elution peaks, which is still
problematic for low abundant peptides in complex biological backgrounds.
To choose the right quantification technique, the goal has to be defined.
Besides considering basic aspects like accuracy and selectivity, one should
also think of the multiplexing aspect. For instance, in the case described in
the second chapter of this thesis there was a time-series of 20 points. In this
case tandem mass tags (TMT) were used, which allowed multiplexing of 6
samples. These isobaric tag methods, such as iTRAQ, have been usually and
successfully applied to investigate proteome responses to different conditions
simultaneously. At the time of our experiments we had to perform 4
experiments to cover the total of 20 time-points. Nowadays, the different labeltags can go up to 8-plex (iTRAQ) and 10-plex (TMT) (14), which reduces the
manual labor. The downside of this technique is the inconvenience of the
interference issue, responsible for a decrease in the quantification accuracy,
due to the co-isolation of unwanted peptide ions for fragmentation and
consequently quantification. Another issue to consider is the size of the label,
which can influence a proper peptide ion fragmentation. An alternative to this
could be the metabolic labeling, which ensures better coverage, but only for
triplex experiments (15). On the other hand, cyanobacteria in particular
present an additional difficulty, since several species obtain the N and C
through fixing pathways. This means that one would have to control the gas
and liquid fluxes in the cultures, becoming an expensive experiment. Luckily,
some species do not perform N2 fixing, making the approach more simple. For
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the other species, obtaining a full coverage of the proteome dynamics might
mean taking a label-free approach. This technique might be generally
considered as less accurate, but has seen many developments lately and
introduces many advantages for multiplexed and global proteomics
experiments. Here, in theory, all that is confidently identified can be quantified,
provided that you optimize the analysis conditions. Additionally, if we consider
the use of DIA type of set-up mentioned above, a faster analysis time than
DDA can be obtained, with a reproducibility and accuracy that has the
potential to be similar to selected reaction monitoring (SRM) type of analysis
(highly sensitive MS targeted approach discussed in Chapter 1) (16). An
intensity based approach (centered on peptide ion intensities as measured by
MS) can deliver better overall performance than spectral count (based on the
number of peptide ions observed for each protein) (17, 18); provided that you
have a high resolution and accuracy instrument, a robust LC set-up with stable
elution and the right software, with peak alignment incorporated (to match the
eluting peptides from different experiments). It’s also important to find the right
balance between accurate quantification, and better protein coverage. The
first relies on MS (peptide ion) scan number and the second on MS/MS
(fragment ion) scan number, and increasing one sacrifices the other. A so
called accurate mass and retention time tag approach can be applied (19, 20),
with a set of two experiments, one with focus on obtaining better identification
and another on better quantification. Nowadays, there are already several
commercially available, as well as free-licensed, software packages able to
automatically deal with this type of data, namely MaxQuant (21), Progenesis
and Mascot distiller.
After an enormous amount of data generated, an adequate data analysis
software should be considered. The experimental design should also fit from
the beginning to the right statistical analysis of significance, for instance the
amount of replicates is crucial especially for label-free approaches. For
circadian studies in particular, besides analyzing significant changes in
abundance one has to analyze significant cyclic abundances, to identify true
circadian oscillations. In transcriptomics this area is quite developed and is
supported by numerous strategies. Common examples are the COSOPT (22)
and Fisher’s G-test (23) algorithms, which match the abundance profiles with
variable cosine curves or search for periodicity, respectively. For protein
analysis the available strategies are scarcer, depending on individual
development and preferences. Only recently, Perseus software (from
MaxQuant package), has integrated a circadian analyzer. This is based also
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on cosine curve matching and includes FDR calculation, which is a good start
and an incentive for circadian proteomics studies.
Another important aspect of data analysis is the proper extraction of biological
significance. This is partly determined by the ease of data analysis, but also
the ease of complementary data accessibility, with both fields in need of
improvements. In particular for cyanobacteria, there is lack of information
concerning protein PTM and functional characterization, and interaction.
Many advances have already been made for analyzing the data generated in
a fairly automated fashion, through software like Perseus and tools and
databases such as Cytoscape (24), String (25), David (26) and Uniprot
(http://www.uniprot.org). On the other hand, appropriate data dissemination is
also important, since it will contribute for proper function assignment of
uncharacterized proteins, for example. Certain initiatives have moved forward
in order to storage data in different formats, such as PRIDE (27) and
ProteomeXchange (http://www.proteomexchange.org). All of these databases
at different ends of data-flow have made and are still making continuous
efforts to improve data accessibility.
Ultimately, to properly understand cellular regulation as a whole, it being
circadian responses or other processes, one has to combine different levels
of information. The integration of data from the different “omics” fields is
increasing and new fields such as Proteogenomics have been created to
focus on the complementarity of information between those. Proteogenomics
in particular has been used to improve the annotation of the genome, since
protein evidence makes the ultimate proof of new splicing variants and new
protein-coding genes (28). Now that we can cover a substantial part of the
proteome, development is still needed to improve the bioinformatics tools,
which will facilitate this systems-biology view. Initiatives, such as Circadiomics
(29), which groups metabolomics and transcriptomics data for the human cell,
could also be adopted for the cyanobacteria field.
In summary, the continuous improvements in mass spectrometry basedproteomics will keep adding to the cyanobacterial biological knowledge in the
future. Considering this, it’s important to adopt a specific workflow to each
type of study. For example, a label-free experiment is very useful for the
comparison of many different conditions or in time-series experiments; a DIA
type of set-up can be applied to a discovery study, but also to a validation
study. Indeed, due to the many methods and workflows available, MS-based
proteomics can be very versatile and be applied to different types of
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experiments. A particular example, related to the work developed in this
thesis, would be to use targeted type of experiments, such as SRM or DIA, to
follow-up on observed cyclic protein abundances. In conjunction with
immunoprecipitation strategies, it could be used to validate the newly
presented protein-protein interactions, as well as link interesting cyclic
proteins to their regulators. Moreover, it can be a useful addition to functional
studies for the investigation of the uncharacterized proteins found in the global
studies. It can also be applied in the investigation of the mechanisms behind
post-transcriptional, translational and post-translational regulation, through
the comparison of transcript abundance, newly synthetized and global protein
abundances. MS could also be used to investigate PTM cross-talk and
explore what other PTMs might be involved in circadian regulation, using for
example different phosphorylation, acetylation, or methylation enrichment
strategies. MS could contribute as well to the validation of such observations
and likewise to results obtained by complementary technologies such as
genomics or transcriptomics. The application of one or more MS
improvements across the experimental workflow together with the established
and new bioinformatic tools, which can extract and integrate several degrees
of data, will significant aid cyanobacterial studies, being quantitative or
qualitative studies.
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Summary
The major aim of the work presented in this thesis was to provide new insights
for the molecular mechanisms of the S. elongatus circadian clock in particular,
using quantitative proteomics and phosphoproteomics.
The first chapter is composed of two parts, which introduce the technical and
biological aspects of this thesis. The first part addresses mass spectrometry
and quantitative proteomics techniques, including the ones used in the course
of this thesis. The second part describes what is known so far about
cyanobacterial circadian rhythm, focusing on different targeted and global
investigations.
The second chapter describes the large-scale analysis of S. elongatus
proteome dynamics, which constitutes one of the most complete proteome
analysis to date. The relative protein abundance of hundreds of proteins was
monitored over 48 h under light and dark cycles (12:12 h), through the analysis
of 20 samples. Multidimensional separation, TMT 6-plex isobaric labeling and
high-resolution mass spectrometry approaches enabled this investigation.
The analysis of the proteins showing a cyclic abundance profile revealed 77
proteins with 24-h period and an even smaller group with 12-h oscillations in
abundance. This work also represents some of the clearest evidence for posttranscriptional regulation of many of the processes involved in the circadian
rhythm and the clear need to analyze these processes at the protein level.
The third chapter describes the global analysis of macromolecular
assemblies’ dynamics. For this purpose, a label-free MS centered approach
was conjugated with the pre-fractionation of protein assemblies by Size
Exclusion Chromatography (SEC). To unveil S. elongatus adaptation between
light and dark conditions, the samples were collected at the height of the day,
and the depth of the night. Following several well-known complexes such as
the RNA polymerase, the ribosome and complexes involved in
photosynthesis, we observe for the first time that these complexes change not
only in abundance, but also in constituency upon illumination variations. This
work shows that the diurnal adaptation can occur at the level of higher
organization of protein complexes, and partially explains why this ‘lightdependent’ bacterium shows less rhythmic oscillations at the protein level.
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The forth chapter represents a first step towards the ultimate investigation of
cyclic/circadian variations in phosphoproteins abundances. To study protein
phosphorylation dynamics in light/dark (LD) conditions, S. elongatus cultures
were grown in 24-h LD cycles, similarly to the experiments described in the
second chapter. A mass spectrometry based approach was implemented, the
6-plex tandem mass tags (TMT) method was chosen for quantitation and Ti4+IMAC was chosen for phosphopeptide enrichment. This study showed that
the chosen combination of quantitative proteomics and phosphopeptide
enrichment was less suited to reveal the global phosphorylation dynamics of
this organism. Still several known and novel phosphorylated proteins and sites
were identified and their possible meaning is discussed.
The fifth chapter comprises an outlook addressing the applicability of
quantitative mass spectrometry for the study of the cyanobacterial proteome.
New trends and advances in mass spectrometry (MS) instrumentation, as well
as in pre-MS methods and post-MS analysis are presented and discussed.
Applications of these methods in the context of cyanobacterial studies are
suggested, demonstrating that MS-based approaches can positively
contribute for the advancement of biological knowledge in this species.
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Samenvatting
Het werk in dit proefschrift beschrijft uitgebreide kwantitatieve proteomics en
fosfoproteomics studies met als doel het verkrijgen van nieuwe inzichten in de
moleculaire mechanismen achter het circadiaanse ritme van S. elongatus.
Het eerste hoofdstuk is samengesteld uit twee delen, waarin de technische
en biologische aspecten van dit proefschrift worden geïntroduceerd. Het
eerste deel beschrijft massa spectrometrie (MS) en kwantitatieve proteomics
technieken in het algemeen, alsmede de specifieke technieken gebruikt in dit
proefschrift. Het tweede deel verdiept zich in de bestaande kennis van het
circadiaanse ritme van cyanobacterium met een focus op specifieke en
globale studies die hiervoor zijn uitgevoerd.
In het tweede hoofdstuk wordt de analyse van de dynamica van het S.
elongatus proteoom bescheven onder invloed van licht en donker. Deze
studie vormt op dit moment de meest complete proteoom analyse van S.
elongatus, waarbij de relatieve abundantie van honderden eiwitten is gevolgd
over 48 uur onder licht en donker cycli (12:12 uur). Met een combinatie van
multidimensionale scheiding, TMT 6-plex isobaric labeling en hoge resolutie
MS, zijn 20 verschillende tijdspunten gemeten. Analyse van eiwitten met een
cyclisch expressie profiel, leidde tot de vondst van 77 eiwitten met 24-uurs
oscillaties en een kleinere groep met oscillaties van 12 uur. Verder laat deze
studie een duidelijk post-transcriptionele regulatie zien van de verschillende
ritmische processen en dus de noodzaak dit soort studies op het eiwit niveau
uit te voeren.
Het derde hoofdstuk beschrijft de studie naar de dynamiek in eiwit complexen
vorming onder licht en donker condities. Om te bestuderen hoe S. elongatus
zich aan lichte en donkere condities aanpast werden er op het midden van de
dag en midden in de nacht samples genomen. Deze samples zijn onder milde
condities geprepareerd en vervolgens geanalyseerd met een combinatie van
pre-fractionering van de eiwitcomplexen d.m.v. Size Exclusion
Chromatography (SEC) en kwantitatieve massa spectrometrie. Van een
aantal bekende complexen als RNA polymerase, het ribosoom en
verschillende complexen met een functie in fotosynthese, zien we dat deze
complexen niet alleen veranderen in expressie, maar ook in samenstelling. In
dit werk hebben we laten zien dat de proteoom veranderingen van S.
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elongatus gedurende de verschillende fasen van de dag vooral gereguleerd
worden op het niveau van eiwit complexen en in mindere mate op eiwit
expressie niveau.
Het vierde hoofdstuk gaat in op de regulatie van ritmische moleculaire
processen door fosforylering van eiwitten. Hiervoor hebben we S. elongatus
gegroeid in 24 cycli van dag en nacht condities. zoals beschreven in hoofdstuk
twee. Vervolgens hebben we de samples met 6-plex tandem mass tags (TMT)
gelabeld voor kwantificatie en de fosfopeptiden verrijkt met behulp van Ti4+IMAC. Deze studie toonde aan dat deze combinatie van kwantitatieve
proteomics en de verrijking van fosfopeptiden minder geschikt was om de
globale dynamica van fosforylering te bestuderen.
Desalniettemin hebben we in deze studie verschillende gefosforyleerde
eiwitten kunnen identificeren, waarvan een aantal niet eerder zijn
gerapporteerd. In dit hoofdstuk worden de mogelijke functies van deze
fosforyleringen beschreven.
Het vijfde hoofdstuk geeft een vooruitzicht van de mogelijke toepassingen
van kwantitatieve MS voor de studie van dynamische processen in het
proteoom, met de nadruk op het cyanobacteria proteoom. Nieuwe methoden,
voor zowel massa spectrometrie als voorbewerkingsmethoden en data
analyse worden bediscussieerd in dit hoofdstuk.
Mogelijke toepassingen van deze behandelde technieken voor studies naar
verschillende facetten van cyanobacteria worden gesuggereerd, waarbij
duidelijk wordt dat massa spectrometrie nog veel kan bij dragen aan de
biologische kennis over dit organisme.
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Supplementary figures to Chapter 3

Supplementary figure 1 - Hierarchical clustering of proteins involved in
transcription. Heatmap depicting unsupervised hierarchical clustering taking the
standardized (Z-score) LD profiles in parallel, using Perseus software, as described in the
methods section. Red corresponds to higher protein abundance and blue to lower abundance.
The RNA polymerase enriched cluster is highlighted with a light-blue box.
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Supplementary figure 2 – Hierarchical clustering of ribosomal and translation
related proteins. Heatmap depicting unsupervised hierarchical clustering taking the
standardized (Z-score) LD profiles in parallel, using Perseus software, as described in the
methods section. Red corresponds to higher protein abundance and blue to lower abundance.
The 50S and 30S enriched clusters are highlighted with a light-blue or brown box, respectively.
Interesting protein elution profiles are highlighted as well.
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Supplementary figure 3 - Hierarchical clustering of proteins from the
photosystem and
phycobilisome complexes.
Heatmaps depicting

unsupervised hierarchical clustering taking the standardized (Z-score) LD
profiles in parallel, using Perseus software, as described in the methods
section. Red corresponds to higher protein abundance, blue to lower
abundance and white to zero. A) All photosynthesis related proteins. B)
Proteins from the photosystem I (PSI) and NAD(P)H-quinoneoxireductase
complexes (NDH-1); highlighted SEC LD profiles: I) PSI interface and II) PSI
core. C) Proteins from the photosystem II (PSII) and phycobilisome
complexes; highlighted SEC LD profiles: I) PSII core proteins, II)
Phycobilisome rod proteins (PC), III) Phycobilisome core proteins (AP) and
IV) Chromophorylation related proteins.

161

