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Abstract: Phycobilisomes (PBSs) are large (3–5 megadalton) pigment-protein complexes in
cyanobacteria that associate with thylakoid membranes and harvest light primarily for photosystem II.
PBSs consist of highly ordered assemblies of pigmented phycobiliproteins (PBPs) and linker proteins
that can account for up to half of the soluble protein in cells. Cyanobacteria adjust to changing
environmental conditions by modulating PBS size and number. In response to nutrient depletion
such as nitrogen (N) deprivation, PBSs are degraded in an extensive, tightly controlled, and reversible
process. In Synechococcus elongatus UTEX 2973, a fast-growing cyanobacterium with a doubling time
of two hours, the process of PBS degradation is very rapid, with 80% of PBSs per cell degraded
in six hours under optimal light and CO2 conditions. Proteomic analysis during PBS degradation
and re-synthesis revealed multiple proteoforms of PBPs with partially degraded phycocyanobilin
(PCB) pigments. NblA, a small proteolysis adaptor essential for PBS degradation, was characterized
and validated with targeted mass spectrometry. NblA levels rose from essentially 0 to 25,000 copies
per cell within 30 min of N depletion, and correlated with the rate of decrease in phycocyanin (PC).
Implications of this correlation on the overall mechanism of PBS degradation during N deprivation
are discussed.

Keywords: cyanobacteria; phycobilisomes; light harvesting complexes; protein degradation; nitrogen
starvation; proteomics; photosynthesis

1. Introduction

Cyanobacteria are photosynthetic microbes that can convert sunlight into chemical energy using
CO2 as a carbon source. In cyanobacteria, the protein complexes of the photosynthetic electron
transport chain are located in the internal thylakoid membrane system. Large extrinsic phycobilisome
(PBS) antenna complexes associate with the cytoplasmic side of the thylakoid membranes and harvest
light energy for the photosynthetic apparatus [1,2]. Considerable attention has been placed on
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cyanobacteria based on their potential to produce biofuels and biochemicals in a carbon-neutral
manner. Unfortunately, most cyanobacteria to date have shown slow rates of growth and biomass
accumulation compared to heterotrophic organisms such as yeast, precluding their use in industrial
settings. However, recent work with the cyanobacterium Synechococcus elongatus UTEX 2973 (hereafter
referred to as UTEX 2973) has demonstrated that this strain possesses a robust growth phenotype with
a doubling time of 1.5 h and greater biomass accumulation in comparison to other more commonly
used model cyanobacteria [3]. Interestingly, the faster growth rate in UTEX 2973 is attributed to
adjustments in the photosystem and light harvesting components [4]. Given that many details of PBS
modulation and regulation are not well-characterized in cyanobacteria, it is important to understand
how cyanobacteria respond to changing environmental conditions in order to optimize the use of these
organisms as bioproduction platforms.

PBS are large membrane extrinsic antenna systems that are composed of different pigment-proteins
called phycobiliproteins (PBPs) and non-pigmented linker proteins, all serving as building blocks
that assemble to form massive complexes [5]. The three major types of cyanobacterial PBPs are
phycocyanin (PC), allophycocyanin (APC), and phycoerythrin (PE) [6]. These PBPs are assembled into
the hemidiscoidal or hemielliptical structure of the PBS, with APC forming the core, and PC and PE
(if present) forming rods that radiate from the core. The composition and organization of PBS vary
between different cyanobacteria. PBSs in UTEX 2973 are likely similar to the closely related model
strain Synechococcus elongatus PCC 7942, having a dicylindrical core and a set of six cylindrical rods that
radiate from the core [7]. PBS content in cyanobacteria can be estimated based on the spectroscopic
determination of PC since these PBPs dominate PBS complexes [8,9]. Other types of cyanobacterial
PBSs are well characterized, including the tricylindrical core of the PBSs in Synechocystis sp. PCC
6803 [10] and the pentacylindrical core and eight peripheral rods of the PBSs in Anabaena sp. PCC
7120 [11]. PBSs can account for a significant percentage of the soluble proteins in cyanobacteria
(i.e., up to 50%) [7], thus serving as a large potential nutrient source in cyanobacterial cells.

The ordered assembly of PBS typically begins with the nucleation of the pigmented α-phycocyanin
(CpcA) and β-phycocyanin (CpcB) subunits to form a PC monomer that serves as the building block
for the PBS complex [5]. Six PC monomers form a PC hexamer, and usually three PC hexamers are
linked together with the help of colorless linker proteins such as CpcD, the most distal linker protein,
to form a PC rod [7]. Generally, six peripheral PC rods radiate from the allophycocyanin (APC)
core, which is made up of α-APC (ApcA) and β-APC (ApcB) subunits. ApcD and ApcF are α- and
β-APC like proteins, respectively, that make up one of the core trimers and are involved in energy
transfer to the photosystems along with ApcE [12]. More than a hundred monomers of α- and β-PC
covalently associate with a total of more than three hundred phycocyanobilins (PCB) to make up one
PBS complex, highlighting the enormous amount of PBPs that must come together to make these
massive complexes [6].

Regulation of light harvesting in cyanobacteria is critical for cell survival during changing
environmental conditions. PBSs play an integral role in protecting cyanobacteria from environmental
stresses by serving as large nutrient reserves due to the massive number of PBPs required to create them.
The dynamic remodeling of PBSs provides a mechanism for cyanobacteria to fine-tune their responses
to fluctuating nutrient and light availability [7,13]. Low-level photosynthesis and loss of pigments are
crucial for cell survival during nitrogen, sulfur, or phosphorous depletion [14]. The degradation of
PBSs provides amino acids that are essential for the maintenance of central metabolic activities and as
a form of photoprotection [5,6]. As cellular metabolism slows during nutrient depletion, the amount of
light energy harvested needs to decrease to prevent reactive oxygen species (ROS) from being created.
Consequently, PBS degradation plays an important function in photoprotection, cell maintenance,
growth, and development [15].

The phenomenon of PBS degradation was observed more than four decades ago, and is a process in
which cyanobacteria undergo bleaching due to PBS degradation during nitrogen, sulfur, or phosphorus
deprivation [16–18]. Previous studies of PBS degradation have been in model organisms where this
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process occurs over a period of 24–48 h during nutrient deprivation [19,20]. PBS degradation is a
reversible process and PBSs are resynthesized immediately upon exogenous addition of nutrients. PBS
degradation is a rapid, specific, and extensive process given the large amount of protein complexes
involved in the process. Proteins involved in PBS degradation include, but are not limited to, NblA,
NblR, NblS, NblB, RpaB, and NtcA [15,21–24]. One of the central proteins is NblA, named because of
the nonbleaching phenotype in mutant strains lacking Non-bleaching A (NblA) [25]. NblA is a small
7 kilodalton (KDa) adaptor protein that facilitates the interaction of a Clp protease with PBPs, which
triggers PBS degradation [26]. However, despite the large scale of this degradation event, to date the
stoichiometric relationship of the NblA protein to PBS remains unknown. In order to understand the
mechanism of PBS degradation, it is useful to know the number of NblA proteins present in cells
during nitrogen starvation and how NblA responds to nitrogen re-addition.

Mass spectrometry (MS) based proteomics has been widely applied to identify and quantify large
numbers of proteins in complex biological samples [27–29]. By comparing the molecular features
between samples at different states, proteins that are changing significantly can be readily identified,
offering enormous insights into the underlying mechanism of biological pathways. Typically, proteins
extracted from biological samples are first digested with specific proteases such as trypsin to generate
predictable peptides of a few KDa in mass that are then identified using liquid chromatography (LC)
coupled to MS. The resulting peptides can be used as proxy to infer the presence or amount of proteins
in the sample. This “bottom-up” proteomics approach is very sensitive and powerful, and widely
applied for proteomics studies.

Recently, advanced MS technology has increasingly allowed for bypassing the proteolysis
step to enable “top-down” proteomics analysis of intact proteins [30,31], and even noncovalent
native protein complexes up to megadalton (MDa) mass range (i.e., native MS or nondenaturing
MS) [32]. These new approaches provide opportunities to characterize not only the presence of
proteins but also their coexisting variations or modifications (i.e., proteoforms), including binding
partners. Although technical challenges still exist, top-down proteomics provides tremendous
benefits, for example, by revealing the endogenous proteoforms bearing multiple modifications or
truncations simultaneously [33]. Label-free top-down quantitation has been shown to effectively
capture changes of intact proteoforms that are more tightly related to phenotypes than peptides
in bottom up quantitation [34,35]. Light harvesting pigments are known to covalently bind PBPs
through the sulfur ester on cysteines [5]. Characterization of these covalent interactions specifically
under nutrient starvation will provide additional information towards their possible mechanism of
degradation. Currently, little detail is known at the protein level about PBS degradation, including
the mechanism and process of degradation of the individual PBS protein components. Given their
small size, the PBS proteins are ideal candidates for analysis using a top-down proteomics approach.
In this study, we further characterized the UTEX 2973 nitrogen starvation-based PBS degradation
and re-synthesis response, which included performing a top-down proteomics analysis to detect the
proteoforms of ApcA, ApcB, CpcA, CpcB, and CpcD for partial degradation on the protein backbone,
or on the PCB pigment molecules. Quantitative changes of NblA were also captured by top-down
proteomics and further validated and characterized.

2. Materials and Methods

2.1. Bacterial Strain and Growth Conditions

Synechococcus elongatus UTEX 2973 cultures were grown photoautotrophically in a multicultivator
photobioreactor (Photon Systems Instuments, Czech Republic) at 37 ◦C with 500 µmol photons m−2 s−1

of light and 5% CO2 in BG11 growth medium [36] containing 1.76 M NaNO3 (BG11+N).
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2.2. Nitrogen Starvation Conditions

To initiate nitrogen starvation in UTEX 2973, exponential cultures (OD730 nm = 0.9) grown in
multicultivators were harvested, washed twice, and resuspended with BG-110 media (NaNO3 was
replaced with equimolar amount of NaCl) [16]. The final OD730 nm was adjusted to 0.2 at the onset
of the experiment and cultures were placed back in the multicultivators at 37 ◦C with 500 µmol
photons m−2 s−1 of light and 5% CO2. PBS degradation was monitored as a function of time during
nitrogen starvation and samples were collected at times 0 h, 0.5 h, 1.5 h, 2 h and 4 h for physiology
experiments as well as proteomics. Re-synthesis of PBSs was initiated by the addition of 10 mM
NaNO3 at the end of 4 h nitrogen starvation. Samples for re-synthesis were collected at the following
time points: 0.5 h, 1.5 h, 2 h and 4 h. Cell numbers were calculated by counting for each time point
using a Cellometer Auto M10 cell counter (Nexcellom Bioscience, Lawrence, MA, USA). Samples were
collected for each time point during PBS degradation and resynthesis from three biological replicates.
For nitrogen starvation experiments with Synechocystis sp. PCC 6803, cells were grown at 30 ◦C with a
light intensity of 100 µmol photons m−2 s−1. The sampling period of nitrogen starvation was extended
for Synechocystis sp. PCC 6803 to capture the process of PBS degradation.

2.3. Spectrophotometric Analysis

Absorption spectra (400–750 nm) of whole cells were collected using an Olis DW2000
spectrophotometer (On-Line Instrument Systems, Bogart, GA). The concentrations of phycobilin
and chlorophyll a (Chl a) pigments were calculated using the following equations: 0.139(A620 − A730) −
0.0355(A678 − A730) = mg/mL and 14.96(A678 − A730) − 0.616(A625 − A730) = µg/mL, respectively [8,16].
Values were normalized to 1.00 at the start of the experiment to visualize PBS degradation as percent
decrease in PC.

2.4. Low Temperature (77K) Fluorescence Spectroscopy

Fluorescence emission spectra of whole cells were determined on a Fluoromax-2 fluorometer
(Jobin Yvon, Longjumeau, France). Cells were adjusted to 5 µg/mL Chl a for all measurements. Chl a
was excited at 435 nm and phycobilins were excited at 600 nm. Fluorescence emission spectra were
normalized by F/F750. Three independent biological replicates (n = 3) were measured for both PBS
degradation and re-synthesis experiments.

2.5. Preparation of PCB Proteins for Mass Spectrometry

Samples were collected at each time point during PBS degradation and re-synthesis from three
biological replicates. Cultured cells were frozen until analysis (108–109 cells per sample). After thawing,
cells were pelleted at 4500× g for 5 min, and then mixed with 900 µL homogenization solution (8 M
urea and 1 mM phenylmethylsulfonyl fluoride). Cells were lysed via beating with zirconia beads for
3 min at 4 ◦C in 2 mL snap cap tubes. A hole was made in the 2 mL tube and the tube was placed
in 15 mL tube for spinning at 2500 rpm for 10 min. Beads were allowed to settle after being pipetted
up and down. About half of the sample was taken for tryptic digestion for bottom up experiments.
Briefly, the sample was first incubated with 10 mM dithiothreitol at 60 ◦C for 30 min, diluted 10 times
with 100 mM ammonium bicarbonate and 1 mM CaCl2, then mixed with trypsin at 37 ◦C for 3 h at 1:50
enzyme:protein ratio. Digested peptides were desalted with C18 solid phase extraction kit (Gilson,
Inc., Middleton, WI, USA) and snap frozen until use.

The other half of the sample right after bead beating was further processed for top-down
experiments. After incubation at 37 ◦C for 1 h, the tubes were centrifuged at 100k rpm for 10 min at 4 ◦C.
The supernatant was filtered through 100 k Amicon molecular weight cut-off spin filters (pre-washed
with homogenization solution) at 14,000× g. The flow-through was then centrifuged with 10 k Amicon
spin filters at 14,000× g. The retentate was washed with 25 mM ammoinium bicarbonante 3 times and
saved for analysis. Protein concentrations were measured by the bicinchoninic acid assay.
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2.6. Top-Down Mass Spectrometry of PCB Proteins

Extracted proteins (~2.5 µg) were directly loaded onto a Waters NanoAcquity LC equipped with
a C2 precolumn and a C2 analytical column (70 cm, inner diameter 100 µm, and column packing
with Jupiter 3 µm C2 particles). The LC was connected online to a Thermo LUMOS Orbitrap mass
spectrometer. The LC mobile phase was a mixture of water and acetonitrile plus 0.1% formic acid.
The gradient was from 10% to 50% acetonitrile over 3h. The electrospray voltage was at 2.4 kV, with
source ion transfer tube at 275 ◦C and S-lens RF level at 60. Precursor MS1 spectra were collected at
240k resolution with AGC target of 1E6 and 3 microscans. The ions with charge states higher than
+4 and between m/z of 700–1200 were selected for fragmentation. Dynamic exclusion was enabled
for the same precursors within 40 s. Different charge states of the same precursor were also excluded.
Precursors with highest charge states and highest intensities were given priority by the instrument
control software. MS2 fragmentation spectra were collected at 120k resolution with AGC target 1E6
and 1 microscans. Both electron transfer dissociation (ETD, reaction time 20 ms) and higher-energy
collisional dissociation (HCD, collision energy 25%) were acquired with 2 Da isolation windows.
As many MS2 spectra as could fit within a cycle time of 20 s were collected between two MS1 precursor
spectra. All samples were randomized in order in the sequence for analysis.

PCB proteoforms were identified by MSAlign, an open modification tool for top-down
proteomics [37,38], from the resulting LC-MS/MS data. Fragments were matched to the protein
database with all Synechococcus proteins with 15 ppm tolerance for mass error. Identifications were
filtered with an E-value threshold of 1E-10. The abundances of all species detected in MS data were first
obtained with ProMex [39]. Custom perl and R scripts were then used to attach abundances from ProMex
to the identified target proteoforms from MSAlign. The features were matched based on the criteria of
± 3 Da in mass and similar retention times. The raw abundances from ProMex were normalized so
that all runs have the same median abundance values. The reported abundances were further divided
by the total cell count for each sample. The average normalized abundance of 3 biological replicates
are reported. The mass spectrometry proteomics data have been deposited to the ProteomeXchange
Consortium via the PRIDE [40] partner repository with the dataset identifier PXD014590.

2.7. Selected Reaction Monitoring (SRM) Experimental Design and Analysis

Peptide Selection and Optimization. Tryptic peptides of NblA were identified with the global
bottom-up LC-MS/MS analyses of UTEX 2973 [3]. The suitability of these peptides for SRM analysis
was evaluated by the number of observations, ESP predictor [41] and CONSeQuence software [42].
All peptides were further blasted for their uniqueness to the target protein with the final selection
of six surrogate peptides (i.e., MLPPLPDFSLSVEQQFDLQK, MAHENIFK, PDFSLSVEQQFDLQK,
PPLPDFSLSVEQQFDLQK, LPPLPDFSLSVEQQFDLQK, and EDLEDLFIEVVR). Crude heavy peptides
labeled with 13C/15N on C-terminal lysine and arginine were purchased from New England peptides
(Gardner, MA), and they were mixed together to generate a stock solution with each heavy peptide at
a nominal concentration of 1 µM (i.e., 1000 fmol/µL). To evaluate the peptide quality and select the
best responsive transitions for each peptide, 500 fmol/µL of heavy peptide mixtures were subjected
to a TSQ Vantage triple quadrupole mass spectrometer (Thermo Scientific, San Jose, CA, USA) for
transition and collision energy optimization by direct infusion at an infusion rate of 500 nL/min.
The five best transitions for each target peptide were selected for further analysis and the three
most intense transitions were used for target protein quantification [43,44]. Next we employed
LC-SRM to further evaluate the six surrogate peptides for LC performance (e.g., the stability of
peptide retention time, transition interferences, and endogenous peptide detectability by spiking the
heavy internal standards into one test sample. In the end, three surrogate peptides with endogenous
detectability (MLPPLPDFSLSVEQQFDLQK, MAHENIFK, and EDLEDLFIEVVR) were selected for
configuration of the final panel of assays for reproducible targeted quantification across different
conditions. Supplemental Table S1 lists the final panel of SRM assays including peptide transitions
and their collision energies.
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SRM Instrumental Analysis. Trypsin digested samples that had been stored at −80◦C until use
were processed as previously described [43,44]. For each sample the digested peptides were diluted
to 0.5 µg/µL with 0.1% formic acid (FA) in water containing standards at a nominal concentration of
100 fmol/µL for MAHENIFK and EDLEDLFIEVVR, and 200 fmol/µL for MLPPLPDFSLSVEQQFDLQK.
All the samples were analyzed with a nanoACQUITY UPLC® system (Waters Cooperation, Milford,
MA) coupled online to a TSQ Vantage triple quadrupole mass spectrometer (Thermo Scientific, San
Jose, CA). The LC separation was performed with a reversed-phase capillary column (ACQUITY
UPLC BEH 1.7 µm C18 100 µm × 100 mm), which was connected to a chemically-etched 20 µm i.d.
fused-silica emitter tip via a Valco stainless steel union. The mobile phase B used was 0.1% FA in 90%
acetonitrile (ACN)/10% H2O (v/v), while the mobile phase A was 0.1% FA in H2O. Before running
the samples, we optimized the on-column mass loading to maintain high LC reproducibility and
endogenous detectability without interferences. A total of 1 µg of peptide mixture was determined to
be the optimal loading for achieving higher run-to-run LC reproducibility and maximal sensitivity
for detection of endogenous peptides. A total of 2 µL of sample (~1 µg) was injected for LC-SRM
analysis with a LC binary gradient: 0.5–10% B for 0.5 min, 10–15% B for 3.5 min, 15–25% B for 21 min,
25–38.5% B for 11 min, 38.5–95% B for 1 min, and then 95% B for 8 min. Typically, the TSQ Vantage
mass spectrometer was operated with an ion spray voltage of 2400 ± 100 V, a capillary offset voltage
of 35 V, a skimmer offset voltage of –5 V, and a capillary inlet temperature of 220 ◦C. The tube lens
voltages were obtained from automatic tuning and calibration without further optimization. A single
scan event was used to monitor all SRM transitions using the following parameters: Q1 and Q3 unit
resolution of 0.7 FWHM, Q2 gas pressure of 1.5 mTorr, and scan width of 0.002 m/z.

SRM Data Analysis. SRM data acquired on the TSQ Vantage were analyzed using Skyline
software [45]. Peak detection and integration were determined based on two criteria: (1) the same
retention time, and (2) approximately the same relative SRM peak intensity ratios across multiple
transitions between light peptides and heavy peptide standards [44]. All the data were manually
inspected to ensure correct peak assignment and peak boundaries. The peak area ratios of endogenous
light peptides and their heavy isotope-labeled internal standards (i.e., L/H peak area ratios) were
then automatically calculated by Skyline, and the average peak area ratios from all the transitions of
3 biological replicates were used for quantitative analysis of the samples.

3. Results

3.1. Rapid PBS Degradation and Re-Synthesis in UTEX 2973 during N Starvation

UTEX 2973 has been established as one of the more robust cyanobacterial strains with a fast
doubling time and increased tolerance to higher light intensities and photodamage. To further evaluate
the response of UTEX 2973 to nutrient stress, we subjected exponential cultures of wild type (WT)
UTEX 2973 to nitrogen (N) starvation and monitored changes in PC levels by recording the absorption
spectra at various time points (Figure 1a). UTEX 2973 was observed to undergo a fast rate of PBS
degradation with an approximately 70% decrease in PC per cell within 4 h of N starvation (Figure 1a).
Re-addition of N to the cultures resulted in a gradual increase in PC content in the cells as reflected by
the absorption spectra indicative of re-synthesis of PBS (Figure 1b). Approximately 60% of PBSs are
resynthesized within 4 h of N re-addition.

A comparison of PBS degradation in UTEX 2973 and Synechocystis sp. PCC 6803 is shown in
Figure 1c to illustrate that the rapid rate of PBS degradation in UTEX 2973 appears to follow first
order exponential decay kinetics. Furthermore, the time taken for PBS degradation was much faster
than in the previously studied model cyanobacterium Synechocystis sp. PCC 6803 with 80% of PBS
degraded in 6 h (Figure 1c). In UTEX 2973, the entire process of PBS degradation and re-synthesis can
be monitored in 10 h, a process that would typically take more than 5 days in other slower growing
cyanobacteria such as Synechococcus sp. PCC 7942 and Synechocystis sp. PCC 6803 [16,26]. The process
of PBS degradation and re-synthesis in UTEX 2973 is dynamic, fast and repeatable, thus enabling the
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exploration of the immediate consequences of this process in the physiology of the cyanobacterium
and the changes that take place on a proteomic level.
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Figure 1. Degradation (a) and re-synthesis (b) of phycobilisomes (PBSs) in wild type UTEX 2973
during nitrogen depletion and repletion, respectively. Degradation and re-synthesis are calculated by
the changes in relative phycocyanin (PC) content per OD730 over time. The traces are an average of
three independent biological replicates with standard deviation represented as error bars. The error is
minor (±0.02) at some time points and therefore not visible in the graphical representation. The raw
absorbance values (400–750 nm) were recorded for each of three biological replicates at each time point,
and PC concentration was calculated according to [8]. The values at time T0 were normalized to 1.00
to establish the start of the degradation experiment and values for all time points are relative to T0.
(c) Comparison of PBS degradation in UTEX 2973 and Synechocystis sp. PCC 6803. Representative
data are shown from a total of three biological replicates in UTEX 2973 and two biological replicates in
Synechocystis PCC 6803.

3.2. Photosystem Levels are Modulated as A Consequence of N Starvation and Re-Addition

Low temperature fluorescence measurements were taken at various time points during N starvation
and re-addition to monitor changes in the photosystems and the energy transfer between PBS and
photosystems. Excitation of Chl a at 435 nm during PBS degradation showed a gradual decrease in both
photosystems I and II (PSI and PSII). PSII showed a more drastic decrease within 1 h of N-starvation
compared to PSI as observed by the decrease in 685 nm and 695 nm peaks corresponding to PSII
(Figure 2a) [46]. PSI levels measured at 715 nm started decreasing towards the 3 h time point. During
re-addition of N, PSI recovered more quickly and was able to return to original levels within 0.5 h,
whereas PSII levels gradually increased over 4 h to return to the initial fluorescence peak intensities
(Figure 2b). Changes in photosystem levels have been reported previously to occur within 24–48 h
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of N-starvation and re-addition [19,47]. In UTEX 2973, the changes to photosystems are immediate,
occurring within an hour of N starvation.
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Figure 2. Low temperature (77 K) fluorescence emission spectra of UTEX 2973 with excitation at 435 nm
for Chl (a,b) and at 600 nm for phycobilins (c,d) taken at different time points during N depletion and
repletion. Fluorescence intensities are normalized at 750 nm to highlight differences in the intensities at
PSI, PSII, and PC peaks. Peaks are labeled corresponding to the description in the text. Spectra shown
are representative data from three independent biological replicates (n = 3).

The effect of N starvation on the photosynthetic electron transport chain was studied by monitoring
the P700+ re-reduction kinetics in the presence of DCMU and DBMIB. There was an increased
contribution of the cyclic electron flow during N starvation with 25% of total electron flow contributed
by the cyclic electron flow, while control (+N) cells maintained a constant 5% cyclic electron flow
(Supplementary Figure S1). Therefore, during PBS degradation there is a decrease in PSII to PSI
stoichiometry alongside an increase in cyclic electron flow to compensate for the inactive PSII
reaction centers.

Excitation of PBS at 600 nm showed that by 3 h after N starvation there is a shift in the PC
emission at ~650 nm, indicative of inefficient energy transfer to APC (Figure 2c). This corresponds
with a decrease in the fluorescence intensities from the terminal emitter at 686 nm [48]. Addition of
N reversed the trends of decreasing fluorescence intensities and rapidly restored the energy transfer
between PBS and photosystems (Figure 2d).

3.3. Top-Down Proteomics of PBP Proteoforms Linked to PCBs

In parallel with physiological measurements, samples were collected during nitrogen deprivation
and re-addition for proteomics analyses. Multiple PBPs were identified through global LC-MS/MS
top-down proteomic analysis, which focuses on direct identification of intact proteins without tryptic
digestion. Such data also provides protein modification-based covalent linkage information, in this case
to PCBs, which resulted in a range of mass shifts from the unmodified protein sequence predicted from
the genome. A core mass shift of ~585 Da was commonly seen for many proteoforms of ApcA, ApcD,
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and CpcA, which matched to the known mass of PCB [49]. However, we also observed different masses
that did not match directly to a single known PCB. In order to identify the unknown modifications,
we examined the histogram of the mass shifts (attributed to post-translational modifications (PTMs)
but not due to terminal truncation) on the identified MS/MS spectra for the expected members of PBS.
ApcA showed a very high variety of PTMs, some of which are shared by other PBPs. However, the
masses of the PTMs on ApcA were not randomly distributed and were concentrated at a few specific
values around 138, 316, 478, and 617 Da, as shown in Figure 3a. These correlated well with a series of
fragments of PCB (Figure 3a inset), mostly with extra modifications of ~16 Da (+15.99 Da for oxidation),
via breakage between individual pyrrole rings past the double bonds.
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Figure 3. Histogram of detected modifications on full-length (a) ApcA, (b) ApcB, (c) CpcA, and (d)
CpcB as revealed by top-down proteomics. Spectral counts were calculated based on data from all
samples. The modification masses detected on the intact ApcA protein shows clusters of species that
can be explained by cleavages between the α, β, γ, δ pyrrole rings in the PCB structure (Figure 4a
insert), plus combinations of methylation (me), oxidation (O), and glutathionylation (GSH). Similar but
generally fewer types of modifications were observed for ApcB, CpcA with one chromophore each,
and CpcB with two chromophores.

Several other PBPs, including ApcB, ApcD, ApcF, CpcA, and CpcB, were also detected with
PCBs attached (Table S2, and representative annotated spectra in Figures S2–S13). Among those,
ApcB, CpcA, and CpcB showed a variety of different masses for PTMs, including masses that can
be matched to intact PCBs and partially degraded PCBs (Figure 3b–d). Given that numerous PBPs
have redox-active protein thiols that are primarily involved in PCB attachment, these PTMs suggest
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chromophore degradation products that have not been captured in earlier studies. For CpcB, two Cys
are known to both be sites for PCB attachment, and therefore the mass of two PCBs were detected
on the protein. The beta subunit of PC in Synechococcus PCC 6301 (and several other cyanobacterial
species) was reported to be specifically methylated on the conserved Asn71 near the Cys with the
pigment [49,50], which is believed to be involved in energy transfer [51]. Thus, the different masses of
PTMs on ApcB (152, 493, 599 Da) from the rest of the PBPs can be explained by the methylation on
the Asn71 (+14.01 Da), which were further supported by the sequence of ions in the data (Figures S5
and S9). For CpcB, Cys83 and Cys154 are modified with PCBs, and Cys110 is likely linked with GSH
(glutathione) (Table S2, Figures S11 and S12). ApcA and ApcB each only have only one Cys in their
sequences, which means that there is only one thiol site for potential PCB or GSH attachment. Yet
the species identified with modification mass of 769, 890, 923 for ApcA, and 936 for ApcB (Figure 3)
may be assigned to PCBs plus GSH. Due to incomplete sequence coverage near the Cys in the MS/MS
spectra, the GSH might have been linked to residues other than Cys but close to the Cys81. It is also
possible that GSH and PCB could be simultaneously linked the Cys81 via unknown chemistry.

A summary of all major proteoforms of PBPs identified is shown in Figure 4. While most PBPs in
the list showed primarily full-length proteins, CpcA and CpcB showed some truncated forms with
high spectral counts. CpcA had a specific truncation site at residue 29, while CpcB appeared to have a
C-terminally truncated proteoform (after residue 120) with one fewer Cys that is linked to PCB. We also
detected fragments of CpcD across different regions of the protein with length around 40–60 residues
(not shown in Figure 4, listed in Table S2), although their origin is unclear. Because not all detected
PBPs were truncated in the same manner or to the same extent, we expect at least part of the truncated
forms were generated in vivo, or were biologically related (e.g., regulated degradation under nitrogen
starvation). CpcD is annotated as the capping linker protein located on the distal most part of PBS and
it is predicted to be degraded first during PBS degradation [52].Biomolecules 2019, 9, x 11 of 20 
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Figure 4. Summary of identified proteoforms of PBS proteins with top-down proteomics, including
putatively assigned modifications based on mass shift detected in experimental data in this study
and the information in UniProt (PCB—phycocyanobilin (red line), GSH—glutathione (brown line),
me—methylation (green line). The blue bars represent the regions of the proteins detected experimentally,
the gray bars are the regions that were truncated. PCB is detected at many different masses as discussed
in Figure 3. A detailed list of proteoforms is included in Table S2.
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3.4. Quantitative Changes of Proteins during PBS Degradation and Re-Synthesis

We looked specifically at abundance changes across the PBS protein components previously
identified within the top-down proteomic data. Overall, Figure 5 shows a universal decrease
in abundance across all detected PBS protein components, and most modified forms, within the
degradation phase. Interestingly, recovery of PBS protein abundances within the re-synthesis phase
was more muted and mixed across components (all 3 replicates showed similar trend, Figure S14).Biomolecules 2019, 9, x 12 of 20 
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Figure 5. Heatmap showing the relative changes of proteoform abundances of the major
phycobiliproteins (PBPs) shown in Figures 3 and 4. Each row represents a proteoform as annotated
by the green text, which are grouped by protein. The black text to the right shows the protein name
and starting–ending residue numbers. Each column represents the averaged relative abundance of
3 biological replicates at each time point. The color key to the Z score in the heatmap is shown at the
lower right bottom.
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We additionally examined the change of proteoform abundances of all other proteins detected
in the experiment. A number of proteins showed responses that correlated to nitrogen starvation.
For example, the acetylated form of chemotaxis protein CheY (M744_01170), which is the known active
form involved in transmission of sensory signal from chemoreceptors to flagella motors [53], showed
significantly higher signal under nitrogen starvation (Figure S15). Two high light inducible proteins
(Figure S16) also showed increased abundance at the late stage of nitrogen starvation, followed by
decreasing abundance in the re-synthesis stage. These correlated with the changes we observed via
Chl a fluorescence in the photosystems as a consequence of PBS degradation (Figure 2a). The high
light inducible proteins were previously reported to be able to bind and quench chlorophyll and
beta-carotene [54]. Most interestingly, however, was the protein NblA (last two rows in Figure 5), which
correlated closely with PBS degradation. NblA was upregulated specifically during the degradation
time points and its abundance decreased during the re-synthesis phase. NblA is a proteolysis adaptor
that triggers PBS degradation, and NblA transcripts have been shown previously to be induced during
N starvation [55]. These data highlight an induction at the translational level as well.

3.5. The NblA Protein Undergoes >50-Fold Induction under N Starvation

NblA is a small 7 KDa protein that has been previously recognized as the proteolysis adaptor for
PBS degradation [26,56]. Despite the important role of NblA in PBS degradation, NblA levels have not
been quantified during the degradation process. We looked specifically within the proteomics data for
NblA identifications and observed the full length NblA (1–59) along with another proteoform of NblA
missing the first two amino acids (3–59). No PTMs were detected on NblA (other than limited Met
oxidation). Plotting the normalized protein abundance across the degradation and re-synthesis time
points (Figure 6a) resulted in a clear quantitative spike and stabilization peak prior to re-addition of N
and the return to undetectable levels.

These results were verified quantitatively with a well-established targeted bottom-up selective
reaction monitoring (SRM) proteomics workflow to quantify the change in NblA concentration based
on the abundance of selected NblA peptides relative to spiked peptide standards with heavy isotope
label (see Figure 6b, details in Materials and Methods). We obtained the near exact pattern of abundance
changes for NblA across the time course with >50-fold increase in NblA within 0.5 h of N depletion.
The agreement in the quantitation results between the two methods adds validity to using label-free
top-down proteomics to probe relatively large changes in protein concentration at the intact proteoform
level. The rapid increase of NblA at 0.5 h is most likely a direct response of the cells sensing a lack
of nutrients. Interestingly, the NblA concentration dropped at 1.5 h, recovered slightly at 2 h, and
plateaued at similar levels to 4 h before decreasing to undetectable background levels when the nitrogen
was replenished. Although it is possible that the limited time points collected did not capture the
full profile of the NblA response, the “bimodal” curve suggests an underlying regulatory mechanism
enabling the expression of NblA to repress PBS formation until sufficient resources, i.e., nitrogen, are
available to signal re-synthesis of PBS. For example, the unmodified form of an unknown protein
(M744_12535), which blasted to nitrogen starvation response protein, was not detected at significant
abundance in the first hour but rapidly started increasing at 2 h (Figure S17). Because the timing
matched to the small rebound of NblA at 2 h, we suspect it may be linked to some signaling pathways
of PBS degradation. Several other proteoforms of this protein (Figure S17, with annotated spectra in
Figures S18–S21) were also detected, yet they show different patterns, suggesting the modifications
could affect the biological activity.

We compared PC and NblA concentrations in cells and observed that the quantitative expression
profile of NblA correlated well with the PBS degradation rate. Cells maintained approximately
10,000 copies NblA during N starvation. The initial spike in NblA to 25,000 copies at 0.5 h was probably
the initial trigger for PBS degradation to compensate for increased number PBS complexes. Based on
these calculations we have estimated between 75–220 PC molecules to be associated with one NblA on
average during the degradation process (Figure 6c).
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Figure 6. Change in NblA concentration over time as measured by (a) top-down proteomics and
(b) selected reaction monitoring (SRM) bottom-up proteomics. Standard deviations of the measurements
on 3 biological replicates are shown as error bars for the sample (red curve with filled circles).
In bottom-up proteomics, the copy number of a NblA peptide MAHENIFK was calculated based on
the mass spectrometry signal relative to an isotope labeled peptide as internal standard. In top-down
proteomics, the mass spectrometry signal from intact NblA protein was directly used for label-free
quantitation. Both methods showed a consistent result of spiking NblA concentration at the beginning
of the degradation process (white background), and decreased concentration in the re-synthesis phase
(green background). (c) Ratio of PC and NblA copy numbers during PBS degradation and re-synthesis.
Number of NblA molecules was quantified by bottom up proteomics as in (b). PC abundance was
calculated from absorbance values collected in Figure 1a,b. NblA and PC per cell were calculated by
normalizing the abundance to cell number obtained by cell counting for each of the three biological
replicates at every time point. Moles of PC were calculated using the formula provided in [9].

4. Discussion

In cyanobacteria, light harvesting is accomplished by the membrane-extrinsic PBS antenna
complexes. The large size of PBSs, accounting for at least 50% of total soluble protein, make them ideal
substrate reserves for cells under challenging environmental conditions, potentially providing amino
acids for other cellular processes. When starved for macronutrients such as nitrogen, the degradation
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of PBS results in a bleaching phenotype (chlorosis), in which the cells lose PC content and become
yellow. Upon the re-addition of nitrogen, the cells recover and regain their blue-green color. This
phenomenon has been extensively studied in certain cyanobacterial strains including Synechococcus sp.
PCC 7942 and Synechocystis sp. PCC 6803. However, PBS degradation is a lengthy process in these
strains, extending over a period of days. We have found that in the fast-growing cyanobacterium
UTEX 2973, the process of PBS degradation and re-synthesis can be monitored over a time frame of
hours (Figure 1). This compressed time line allows for the study of PBS degradation and re-synthesis
as a rapid and synchronized process. The rate of PBS degradation follows an exponential decay and its
relevance is evident in the correlation between the NblA copies and PC numbers in the cell, wherein
the rate is dependent on the amount of PC present in the cell during N starvation (Figure 6c). A drop
in the NblA levels at 1.5 h suggests NblA proteins are also degraded during PBS degradation. As the
PBS concentration is decreases over time, lower levels of NblA are maintained within the cell, as seen
by the plateau in NblA concentration observed 2 h into N depletion (Figure 6).

Changes to photosystems have been reported previously in prolonged nutrient limitation
experiments but our results indicate that PSII also undergoes immediate changes within 1h of
the initiation of N starvation, possibly to prevent photodamage. There is a decrease in PSII to PSI
stoichiometry, and consequently the contribution of cyclic electron flow (via PSI) increases from 5% to
25% (Figure S1). These downstream changes to photosystems are consistent with previous studies;
however, they occur on a much faster timescale in UTEX 2973 [25,47].

Despite decades of research, many details on the molecular mechanism of PBS degradation and
re-synthesis remain elusive. The popular model of degradation describes a process in which the PBS
rods are degraded starting at the distal ends and continuing until both the rods and core are truncated.
However, the exact mechanism behind this model of PBP degradation is unknown. In the current
work, we used top-down proteomics and detected a number of modifications and proteoforms of the
PBPs throughout the time course that may play a role in the degradation process (Figures 3 and 4).

While many different proteoforms were detected, it is unclear how the “fragments” were generated.
Because the major PBPs were not uniformly degraded in the same manner, we suspect, at least partially,
that they may have been produced through specific biological reactions and/or photochemistry in vivo.
Truncated forms of CpcA and CpcB identified using the top-down approach correlated with regions of
the proteins that have been shown to bind NblA [56,57]. The presence of glutathione and the large
number of oxidized forms, in particular for ApcA, implies oxidative damage on the PCBs.

The putative assignments of modifications on the PBP proteoforms are solely based on mass from
MS data, and it is possible that there were combinations of other PTMs, or even PCBs other than PC,
with similar masses. Despite the high resolution of the MS, the large number of isotope peaks (mostly
from natural 13C1) of intact proteins makes it challenging to precisely define the monoisotopic mass [30],
sometimes leading to mass error at intervals of 1 Da. In addition, potential combinations of other PTMs
such as deamidation (+0.98 Da) or disulfide bonds (+2.02 Da) can further complicate assignments.
Our global bottom-up analysis (data not shown) did reveal several types of modifications, mostly
oxidation and a few cases of methylation for the PBPs of interest. However, due to the use of a standard
bottom-up workflow that reduced and alkylated the thiol groups, few PCB modifications expected on
Cys residues were preserved and confidently identified. A previous quantitative bottom-up proteomics
study showed that the changes of PBP concentrations under 24 h N depletion in Synechocystis sp.
PCC 6803 were different for each subunit [58]. There were minimal changes for ApcA, ApcB, ApcC,
ApcD, and ApcF; ~10% decrease of CpcD; ~50–70% decrease for CpcA and CpcB. A more recent study
also examined the re-synthesis phase [47] and the resuscitation of the PBPs only became noticeable
after 8 h at the 24 h sampling point. It is possible that the fold change of these potential degradation
intermediates in UTEX 2973 were too small to be captured with the label-free top-down proteomics
method. Several other PBPs (ApcE, CpcC, CpcG) were not detected likely due to their association
with the membrane or due to their larger molecular weight, thereby not meeting the cut off for top
down proteomics.



Biomolecules 2019, 9, 374 15 of 19

Additional bottom-up experiments targeting the PTMs on Cys may better capture the exact
modification sites, and the information can then be integrated to improve the interpretation of
top-down data [59]. Nonetheless, the top-down data offered insights into potential degradation
intermediates of protein-linked PCBs that can be further characterized in a targeted manner. This is
the first study to have detected these PCB linked protein modifications that could be attributed to the
immediate spectroscopic changes we see during N starvation.

Future top-down studies using newly developed MS-compatible detergent [60] may improve the
detection and coverage of the complete family of PBPs, particularly those that are associated with the
membrane such as ApcE and other larger proteins that are difficult to solubilize. These undetected
proteins also contribute to the change of PBS structure and subsequent decrease of light absorption.
Alternatively, there could be other pathways that are able to rapidly control the absorption of PBS
in UTEX 2973 without the need of covalently degrading the PCBs or PBPs. The mechanism of PBS
degradation likely involves many other components that remain to be discovered. The top-down
data provided valuable qualitative insights on some of the potential intermediates of the degraded
proteoforms, which could serve as new targets for future studies. Quantitative analysis of protein
abundances revealed interesting changes to NblA, along with a few other proteins that may be directly
linked to the regulation of PBS degradation. With the advancing top-down proteomics technology, we
hope to obtain deeper coverage of the changes to the truncated and partially degraded PBPs, including
the membrane associated proteins, to complete our understanding of this process.

NblA is a small 7 kDa protein that has been described as a proteolysis adapter that binds to
PBS and targets them to Clp proteasome system. In vitro and mutational studies have identified
binding locations for NblA and PC subunits. However, the mechanism of how a small 7kDa protein
triggers the degradation of <7MDa protein complex is unclear. It is speculated to be co-degraded
with PBS in a ubiquitin-like manner. Another popular hypothesis is that it results in the disassembly
of PBS. One of the outstanding questions that can help increase our understanding of this tightly
regulated phenomenon is the number of copies of the NblA protein during N starvation. Both from
top-down as well as bottom-up data we showed a >50-fold increase in the expression levels of NblA.
Absolute quantitation of NblA using heavy isotope labeled peptide standards showed a maximum
of ~25,000 copies of NblA per cell (Figure 6a,b). The tight regulation of NblA is evident from the
immediate repression in NblA levels within 0.5 h of addition of N. Even though the number of time
points are limited to see the full trend, it appears that cells seem to maintain NblA at approximately
10,000 copies after the initial spike at 0.5 h post N starvation. The drop in NblA levels at the 1.5 h
time point suggests that NblA proteins are co-degraded during PBS degradation similar to ubiquitin
(Figure 6).

The expression levels of NblA correlated well with decreasing PC concentration during N
starvation. From the spectroscopic determination of PC molecules and comparison to the NblA copy
number, we have estimated an association of 75–220 PCs per NblA protein (Figure 6c). It has been
reported that UTEX 2973 has lower PC content than its closest relative Synechococcus sp. PCC 7942 [61].
Given that there are more than 100 PCs in a bicylindrical PBS complex, we expect this number to
be lower than 100 in UTEX 2973. Therefore, during PBS degradation one NblA has the potential to
associate with 1–2 PBS complexes. Based on these results it can be hypothesized that NblA associates
with PBSs to destabilize PBS complexes before becoming degraded by a Clp protease. NblA proteins
potentially undergo degradation as well to maintain lower levels of NblA as the PBS concentration
decreases during the time course. This can be observed by the plateau in NblA copies observed from
2 h into N starvation. Future in vivo studies to track the fate of NblA will provide more insights into
how NblA triggers degradation of PBS complexes and the role of Clp proteasome in this process.

5. Conclusions

In cyanobacteria, the PBS light harvesting antenna complex can account for 50% or more of
soluble cellular protein. Given their large size, these pigment-protein complexes are surprisingly
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adaptable and responsive to changes in environmental conditions. Cyanobacteria are found in a
variety of challenging habitats, and the ability to degrade PBS complexes in response to macronutrient
depletion aids in cell survival by providing an amino acid reservoir. The regulation and mechanism
of PBS degradation in the fast-growing cyanobacterium Synechococcus UTEX 2973 was explored by a
combination of physiological and proteomic analyses. Our results showed that PBS degradation is very
rapid in this strain compared to other model cyanobacteria, with 80% of PBSs per cell degraded within
six hours under optimal conditions. Together, degradation and re-synthesis can be monitored over a
period of 10 h. Proteomic analysis during a time course of PBS degradation and re-synthesis revealed
multiple previously unidentified proteoforms of the PBPs with partially degraded phycocyanobilin
(PCB) pigments. Additionally, NblA, a small proteolysis adaptor that is essential in PBS degradation,
was characterized and validated with targeted mass spectrometry. For the first time, NblA levels
were quantified during PBS degradation and re-synthesis, and results showed that levels rose from
~0 to 25,000 copies per cell within 30 min of nitrogen depletion. These data suggest a model in which
approximately one NblA molecule associates with and aids in the degradation of each PBS during the
degradation process.

Supplementary Materials: The following are available online at http://www.mdpi.com/2218-273X/9/8/374/s1,
Figures S1–S21; Table S1: Transitions used for targeted SRM quantitation of NblA, Table S2: Identified proteoforms
of PBS proteins with top-down proteomics workflow.
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