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ABSTRACT: Overexpression of heterologous proteins from plants, bacteria,
and human as fusion constructs in cyanobacteria has been documented in the
literature. Typically, the heterologous protein “P” of interest is expressed as a
fusion with the abundant CpcB β-subunit of phycocyanin (PC), which was
placed in the leader sequence position. The working hypothesis for such
overexpressions is that CpcB*P fusion proteins somehow accumulate in a
soluble and stable form in the cytosol of the cyanobacteria, retaining the
activity of the trailing heterologous “P” protein of interest. The present work
revealed a substantially different and previously unobvious picture,
comprising the following properties of the above-mentioned CpcB*P fusion
constructs: (i) the CpcB*P proteins assemble as functional (α,β*P)3CpcG
heterohexameric discs, where α is the CpcA α-subunit of PC, β*P is the
CpcB*P fusion protein, the asterisk denotes fusion, and CpcG is the 28.9 kDa PC disc linker polypeptide CpcG1. (ii) The
(α,β*P)3CpcG1 complexes covalently bind one open tetrapyrrole bilin co-factor per α-subunit and two bilins per β-subunit. (iii)
The (α,β*P)3CpcG1 heterohexameric discs are functionally attached to the Synechocystis allophycocyanin (AP) core cylinders and
efficiently transfer excitation energy from the assembled (α,β*P)3CpcG1 heterohexamer to the PSII reaction center, enhancing the
rate of photochemical charge separation and electron transfer activity in this photosystem. (iv) In addition to the human interferon
α-2 and tetanus toxin fragment C tested in this work, we have shown that enzymes such as the plant-origin isoprene synthase, β-
phellandrene synthase, geranyl diphosphate synthase, and geranyl linalool synthase are also overexpressed, while retaining their
catalytic activity in the respective fusion construct configuration. (v) Folding models for the (α,β*P)3CpcG1 heterohexameric discs
showed the recombinant proteins P to be radially oriented with respect to the (α,β)3 compact disc. Elucidation of the fusion
construct configuration and function will pave the way for the rational design of fusion constructs harboring and overexpressing
multiple proteins of scientific and commercial interest.

KEYWORDS: fusion constructs, protein overexpression, recombinant protein, Synechocystis sp. PCC 6803

■ INTRODUCTION

In cyanobacteria, for example, Synechocystis sp. PCC 6803
(Synechocystis), the phycobilisomes (PBSs) comprise the major
light harvesting antenna complex of photosynthesis.1 The PBSs
are composed of different proteins, which are grouped as
allophycocyanin (AP) α and β subunits, phycocyanin (PC) α
and β subunits, and several polypeptides acting as linker
proteins.2−5 These are organized as core AP cylinders and
peripheral PC rods.6 Covalently bound to the AP and PC
proteins are bilins, open tetrapyrrole pigments that function in
sunlight absorption and excitation energy transfer to the
photosystem II (PSII) reaction center.7,8 Sunlight absorbed by
the PBS pigments is unidirectionally channeled from the
peripheral rods, composed of PC subunit discs, to the core
cylinders formed by AP subunits. The latter are found on the
surface of the cyanobacterial thylakoid membranes, in close
association with the membrane-bound photosystem II chlor-
ophyll (Chl)−protein complexes. Peripheral PC rods extend

from the core cylinders into the cytoplasmic soluble phase of the
cyanobacteria.6 Substantial amino acid resources are invested by
the cell to construct the sizable PBSs, comprising by far the most
abundant proteins in the cell. Under nitrogen or sulfur nutrient
deprivation, cyanobacteria undergo “chlorosis”, comprising a
well-regulated developmental program of PBS degradation to
serve as a source of needed nitrogen or sulfur nutrients for
survival.9−11

Synechocystis possesses hemispherical PBSs, whereby PC is the
only biliprotein that makes up the peripheral rods. The α
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(CpcA) and β (CpcB) subunits of PC dimerize into
heterodimers, which then assemble into heterohexameric
(α,β)3 discs that are subsequently stacked to form the peripheral
rod. The PC discs that are proximal to the AP core cylinders
structurally and electronically couple to the core AP through the
colorless CpcG polypeptide linkers.4,12−14 Additional colorless
linker polypeptides, for example, the cpcC1 and cpcC2 gene
products, ensure the structural stability of the middle and distal
disc in the PC rods, respectively.2−4 Since PC is the major
soluble protein in cyanobacteria, the operon where it is encoded
(the cpc operon) has been an important target for protein
expression studies by several investigators.15−19 The cpc operon
includes, in this order, the cpcB, cpcA, cpcC2, cpcC1, and cpcD
genes.6

In synthetic biology, including the generation of bioproducts
in cyanobacteria, yield of the process often depends on the
concentration of the pathway-catalyzing recombinant en-
zymes.20,21 However, heterologous proteins are almost always
unwelcomed by the host cell and either pellet as inclusion bodies
or are degraded by the cell. This has been a barrier to the
meaningful application of plants and microalgae in synthetic
biology as it has resulted in a low steady-state level of
recombinant proteins,22−29 often much less than 0.1% of the
plant tissue or alga protein content.30 This pitfall limits carbon
partitioning toward the target pathway and is negatively
impacting rates and yield of product biosynthesis. Thus, true
overexpression of recombinant proteins functioning in heterol-
ogous biosynthetic pathways has been a barrier and a problem in
the field.
A novel CpcB*P fusion construct between the highly

expressed CpcB protein in cyanobacteria and a variety of
recombinant proteins “P” proved to be a suitable method for the

stable, soluble, and active recombinant enzyme overexpression
in Synechocystis. Up to 20% of the cellular protein content,
irrespective of the plant,31,32 human,33 or bacterial origin of the
heterologous protein, was achieved.16,34−36 This was validated
with individual enzymes, including the isoprene (hemiterpene)
synthase, a number of monoterpene and diterpene synthases
from plants, human interferon α-2, and the bacterial isopentenyl
diphosphate isomerase and tetanus toxin fragment C (TTFC),
all of which were expressed to levels greater than 10% of the total
cell protein.
The present work addressed the supramolecular structure,

multimeric organization, and function of the CpcB*P fusion
construct proteins in Synechocystis that enabled such hitherto
unknown heterologous protein overexpression and function in
these photosynthetic microorganisms.

■ RESULTS

Design of Fusion Constructs. The work is based on
protein-overexpressing strains of the unicellular cyanobacterium
Synechocystis. The focal point is the genetic engineering of the
cpc operon, which, in the wild type (WT), encodes the light-
harvesting CpcB (β-subunit) and CpcA (α-subunit) of PC and
their associated CpcC2, CpcC1, and CpcD linker polypeptides.
The various genetic configurations of the cpc operon with the
heterologous genes employed in this work are shown in Figure 1.
The WT cpc operon in Synechocystis is shown in Figure 1A.
Fusion construct cpcB*6xHis*tev*IFN (abbreviated as
CpcB*IFN) is the transformant whereby the human interferon
α-2 encoding gene is fused to the cpcB gene through the six
histidine and tobacco etch virus tev protease cleavage domain
encoding DNA sequences (Figure 1B). 6xHis was designed to

Figure 1. Schematic overview of DNA maps of the cpc operon in WT and Synechocystis transformants. (A) Native cpc operon, as it occurs in WT
Synechocystis. This DNA operon configuration and sequence are referred to as theWT. (B) Replacement of the cpcB gene, which encodes the β-subunit
of PC, with fusion construct cpcB*6xHis*tev*IFN harboring the interferon α-2 (IFN)-encodingDNA. This cpcB*IFN fusion construct was followed by
the chloramphenicol (cmR) resistance cassette in an operon configuration. (C) Replacement of the cpcB gene with fusion construct
cpcB*6xHis*tev*TTFC harboring the TTFC-encoding DNA. This cpcB*TTFC fusion construct was followed by the spectinomycin (smR) resistance
cassette in an operon configuration. (D) Replacement of the cpcB gene with minimal fusion construct cpcB*6xHis*tev harboring no transgene for a
heterologous protein. Such minimal cpcB* fusion construct was followed by the spectinomycin (smR) resistance cassette in an operon configuration.
This cpcB* fusion was generated upon deletion of the TTFC gene from the cpcB*6xHis*tev*TTFC construct (C). (E) Replacement of the entire cpc
operon native genes (cpcB, cpcA, cpcC2, cpcC1, and cpcD) with the kanamycin resistance cassette (nptI). This construct is referred to as Δcpc.
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enable isolation of the fusion protein through affinity
chromatography, whereas tev would allow cleavage of the IFN
protein from the leader CpcB*6xHis polypeptide.36 The
chloramphenicol (cmR) resistance cassette for transformant
selection was also included in an operon configuration
downstream of the fusion DNA.33

In a similar fashion, cpcB*S7*6xHis*tev*TTFC (abbreviated
as CpcB*TTFC) is the transformant containing the TTFC
encoding gene, followed by a spectinomycin resistance cassette
(Figure 1C).36 S7 encodes a seven amino acid (PMPWRVI)
spacer designed to change the relative orientation of CpcB and

TTFC in the fusion construct so as to enhance expression.32 A
new cpcB*6xHis*tev transformant (referred to as CpcB*, Figure
1D) is a variant of the CpcB*TTFC construct, and it includes
only the fusion of the histidine encoding and tev cleavage
sequences to the cpcB gene, followed by the spectinomycin
resistance cassette. This cpcB*6xHis*tev (CpcB*) transformant
was obtained upon removal, through site directed mutagenesis,
of the coding sequence of the TTFC protein from the construct
detailed in Figure 1C. Primers used for this modification were
Δttfc_fw and Δttfc_rv (Figure 1C and Table S1). Lastly, the
Δcpc transformant is lacking the entire cpc operon as this was

Figure 2. Genomic DNA PCR analysis testing for transgenic DNA copy homoplasmy in Synechocystis transformants. DNA from the WT and
transformants CpcB*, CpcB*IFN, and CpcB*TTFC was amplified using cpcB_fw and cpcA_rv primers (Figure 1). The WT yielded a 298 bp PCR
product, whereas products of 1325, 1488, and 2678 bp were generated from the cpcB*, cpcB*IFN, and cpcB*TTFC strains, respectively. Three
independent cpcB* transformant lines were tested, as this transgenic strain was not analyzed in earlier studies. Transformants cpcB*IFN and
cpcB*TTFC have been tested for homoplasmy in recent studies from this lab.33,36 Absence of 298 bp products in the transformants is evidence of DNA
copy homoplasmy in these strains. Primer sequences are reported in Table S1 of the Supporting Information.

Figure 3. SDS-PAGECoomassie staining and zinc-chromophore fluorescence of total cell extracts. The left panel shows the SDS-PAGE profile of total
protein extracts stained with Coomassie. Marked by the red arrow are the PC subunits CpcA and CpcB and the CpcB*, CpcB*IFN, and CpcB*TTFC
constructs (also marked by an asterisk). The right panel shows the fluorescence of the tetrapyrrole bilin pigments that are covalently bound to the AP,
PC subunits CpcA and CpcB, and the CpcB*, CpcB*IFN, and CpcB*TTFC constructs (marked by red arrows). Note that CpcA Zn-chromophore
fluorescence is present in the 17 kDa position, whereas all CpcB fluorescence is missing from the 19 kDa position in the CpcB*, CpcB*IFN, and
CpcB*TTFC transformants. Instead, the latter showed fluorescing bands at 21, 36, and 73 kDa, respectively. The red asterisks indicate the bands that
match the analysis of the SDS-PAGE Coomassie and Zn-chromophore fluorescence. Black arrows show the electrophoretic position of the core−
cylinder AP proteins vs that of CpcA and CpcB in the gel.
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deleted upon replacement with the kanamycin resistance
cassette (Figure 1E).6

Genomic DNA PCR analysis was employed to test for fusion
construct locus insertion and attainment of homoplasmy in the
above transformant strains. Primers cpcB_fw and cpcA_rv
(Table S1) were used, overlapping the cpcB and cpcA genes,
respectively (Figure 1). Results from this PCR analysis include
the WT amplicon of 298 bp, CpcB* amplicon of 1325 bp,
CpcB*IFN amplicon of 1488 bp, and CpcB*TTFC amplicon of
2678 bp (Figure 2). No PCR products were detected with the
Δcpc transformant DNA (not shown). Absence of WT products
in any of the transformants examined showed complete
segregation of the transformant DNA and attainment of
homoplasmy in the transgenic strains.
Total Cell Protein Analysis. Analysis of total cell protein

extracts from the WT and transformants was undertaken via
sodium dodecyl sulfate−polyacrylamide gel electrophoresis
(SDS-PAGE) Coomassie stain and Zn-staining for chromo-
phore-binding polypeptide visualization.33 The profile of the
SDS-PAGE Coomassie stain (Figure 3, WT, left panel) showed
the presence of abundant CpcB (β-subunits) and CpcA (α-
subunits) of PC, migrating to about 19 and 17 kDa, respectively.
Also dominant is the large subunit of Rubisco (RbcL). The zinc-
induced fluorescence of this SDS-PAGE protein profile,
recorded using a ChemiDoc imaging system (BioRad) with
UV irradiance as the light source, showed two brightly
fluorescing bands at about 19 and 17 kDa (Figure 3, WT,
right panel). These were attributed to the Zn-chromophore
fluorescence of the CpcB and CpcA proteins, respectively.
Three independent transformant lines with the cpcB*6xHis*-

tev (CpcB*) construct were similarly analyzed. These were
devoid of the 19 kDa CpcB protein but contained substantial
amounts of a ∼21 kDa band, reflecting accumulation of the
CpcB* protein (Figure 3, CpcB*, left panel). This assignment
was supported by the results of the Zn-chromophore
fluorescence analysis, showing light emission from this ∼21

kDa band (Figure 3, CpcB*, right panel). The analysis of
proteins from the CpcB*IFN strain showed substantial
accumulation of a 36 kDa protein attributed to CpcB*6xHis*-
tev*IFN, and a corresponding Zn-chromophore fluorescence
band at this electrophoretic mobility position. Similarly, the
analysis of proteins from the CpcB*TTFC strain showed
substantial accumulation of the 73 kDa protein attributed to
CpcB*6xHis*tev*TTFC, and a corresponding Zn-chromo-
phore fluorescence band at this electrophoretic mobility
position. It is of interest that all transformants showed the
presence of CpcA, in amounts comparable to the level of CpcB,
as visualized from the Coomassie stain (Figure 3, left panel) and
Zn-chromophore fluorescence emission in the 17 kDa electro-
phoretic mobility position (Figure 3, right panel). Note that AP
proteins also showed Zn-chromophore fluorescence emissions
in the 15−18 kDa positions. However, these were distinct from
the Zn-chromophore fluorescence emanating from the CpcB
and CpcA proteins. These results showed the presence of some
CpcA in all fusion constructs and suggested the possibility of
CpcA playing a role in the stable accumulation of the CpcB*,
CpcB*IFN, and CpcB*TTFC proteins. This hypothesis was
investigated in greater detail.

Zn-Chromophore Quantification in Total Cell Extracts.
To establish the ratio of CpcB to CpcA proteins in WT and
transformant strains, a quantitative analysis of the Zn-
chromophore fluorescence yield was carried out with different
loadings of cell total protein extracts on multiple biological-
replicate SDS-PAGE experiments, followed by Zn-chromophore
fluorescence intensity analysis (Figure 4). A variable range of
Chl loadings for each strain was defined to ensure an optimal
signal intensity and resolution, while at the same time remaining
in the linear response range for the Zn-chromophore
fluorescence intensity of each band. For the WT, the range of
SDS-PAGE lane loadings varied from 0.025 to 0.1 μg Chl. For
the CpcB*IFN strain, a range from 1.5 to 2.25 μg Chl was
optimal. For the CpcB*TTFC strain, 1.25−2 μg Chl loadings

Figure 4. Zn-chromophore fluorescence profile of total cell extracts. SDS-PAGE loaded with a variable range of Chl amounts of WT (lanes 1−4),
CpcB*IFN (lanes 5−8), and CpcB*TTFC (lanes 9−12). Loadings were as follows:WT (lanes 1−4): 0.025, 0.05, 0.075, and 0.1 μg of Chl. CpcB*IFN
(lanes 5−8): 1.5, 1.75, 2, and 2.25 μg of Chl. CpcB*TTFC (lanes 9−12): 1.25, 1.5, 1.75, and 2 μg of Chl. The horizontal lines indicate the Zn-
chromophore fluorescence bands used for the calculation of the fluorescence intensity signal and, subsequently, the CpcB/CpcA fluorescence yield
ratio determination.

ACS Synthetic Biology pubs.acs.org/synthbio Research Article

https://doi.org/10.1021/acssynbio.1c00449
ACS Synth. Biol. XXXX, XXX, XXX−XXX

D

https://pubs.acs.org/doi/suppl/10.1021/acssynbio.1c00449/suppl_file/sb1c00449_si_001.pdf
https://pubs.acs.org/doi/10.1021/acssynbio.1c00449?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acssynbio.1c00449?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acssynbio.1c00449?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acssynbio.1c00449?fig=fig4&ref=pdf
pubs.acs.org/synthbio?ref=pdf
https://doi.org/10.1021/acssynbio.1c00449?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


were used. The Zn-chromophore fluorescence profile of total
cell extracts from these WT, CpcB*IFN, and the CpcB*TTFC
strains are shown in Figure 4. The CpcB/CpcA Zn-
chromophore fluorescence yield ratio for WT, CpcB*IFN, and
CpcB*TTFC were determined to be 1.51 ± 0.21, 1.41 ± 0.23,
and 1.48 ± 0.31, respectively, that is, they proved to be
statistically the same among the three samples in spite of the
substantially different contents of the CpcB protein among the
WT and transformants. The intensity of the Zn-chromophore
fluorescence emission from the band below and immediately
above CpcA is consistent with an assignment to components of
AP of the core cylinders. Intensity of these bands in the mutants
is substantially greater than that of the WT as the loading is
commensurately greater in the former.
The above results were interpreted to reflect the ratio of the

phycocyanobilin chromophores in the CpcB andCpcA subunits.
In the PC peripheral rods, there are two phycocyanobilin
molecules covalently bound to the CpcB protein and one
phycocyanobilin covalently bound to CpcA.2,3 Accordingly, a
theoretical CpcB/CpcA Zn-chromophore fluorescence yield
ratio of 2.0 was anticipated, at least for the WT. The lower
CpcB/CpcA = 1.51 ± 0.21 Zn-chromophore fluorescence
intensity ratio is probably due to a dissimilar fluorescence yield
from CpcB versus that of the CpcA subunit and should be
considered as such. Extrapolating this to the Zn-chromophore
fluorescence ratio of the CpcB*IFN (=1.41 ± 0.23) and
CpcB*TTFC (=1.48± 0.31) strains leads to the conclusion that
both of these transformant strains must also contain a CpcB/
CpcA phycocyanobilin ratio of 2:1, or equimolar amounts of
CpcB and CpcA proteins, albeit at levels lower than those
occurring in the WT.
Fusion Construct Protein Elution and Analysis. The

apparently constant CpcB/CpcA phycocyanobilin ratio of 2:1 in
all samples examined was investigated further upon cobalt
affinity column chromatography and selective elution of the
fusion proteins. This was implemented upon passing the crude
cellular extracts through a His-select resin (Sigma, St. Louis,

MO, United States). Such His-tag recombinant protein binding
and purification enabled elucidation of the structure and
composition of a fusion construct complex, unencumbered by
other cellular proteins in the SDS-PAGE analysis. A side-by-side
comparison of the total cell extract and affinity chromatography
column-eluted protein profiles is shown in Figure 5. Marked by
the asterisk in Figure 5 (left panel) are the dominant CpcB and
CpcA proteins for the WT, 36 kDa CpcB*IFN, and 73 kDa
CpcB*TTFC proteins in the transformants. In the column
elution experiment (Figure 5, right panel), no select proteins
were eluted from the affinity column of the WT cell extracts,
consistent with the absence of His-tagged recombinant proteins
there. Column-eluted proteins from the CpcB*IFN and
CpcB*TTFC crude extracts showed the anticipated 36 and 73
kDa constructs, respectively. They also showed the distinct
presence of a protein migrating to about 27 kDa and the
anticipated presence of CpcA. The amount of the ∼27 kDa
protein, relative to that of CpcA and CpcB was measured
separately in elution experiments of proteins from the
CpcB*IFN (Figure 6) and CpcB*TTFC (Figure 7) strains.
Different loadings, ranging from 0.1 to 2.0 μL of the eluted
sample, suggested a certain proportionality among these three
eluents and possibly a structural association between the three
proteins. Raw data of the scans from these (Figures 6 and 7) and
similar Coomassie-stained SDS-PAGE analyses (Table S2)
further raised the question of a CpcB*P/27 kDa/CpcA = 3:1:3
association as this could imitate the basic native structure of PC
in the cyanobacterial peripheral rods. However, it is difficult to
draw quantitative conclusions from the Coomassie stain of gels
as, in some experiments, the stain level of the 27 kDa protein was
lower relative to that of the CpcB*P and CpcA shown in Figures
6 and 7 (Table S2). These variations could be attributed to
dissimilar rates of Coomassie staining and distaining between
the CpcB*P, 27 kDa, and CpcA proteins in the various gels
employed at different times during this work. (Please see the
Discussion section for alternative explanations on the lower
relative 27 kDa protein.) Faint protein bands migrating to ∼45

Figure 5. Side-by-side SDS-PAGE Coomassie stain analysis of the protein profile from total Synechocystis cell extracts and those proteins eluted from
the column affinity chromatography. The left side shows the profile of the total protein of theWT, CpcB*IFN, and CpcB*TTFC cell extracts. Marked
with an asterisk are the CpcB and CpcA proteins for the WT, the 36 kDa CpcB*IFN fusion, and the 73 kDa CpcB*TTFC fusion. The right side shows
the eluted fractions from the affinity column purification experiments. No WT proteins were retained/eluted from the column. The CpcB*IFN and
CpcB*TTFC transformants showed the anticipated 36 and 73 kDa bands. Additionally, a∼27 kDa polypeptide and the CpcA protein were selectively
and reproducibly eluted from this column chromatography.
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kDa could be attributed to ferredoxin NADP+ oxidoreductase
(FNR), traces of which are co-isolated with the fusion
constructs. (Note: this FNR corresponds to the large isoform
in cyanobacteria and not to the much shorter, plant-like
isoform.)
The reproducible presence of the CpcB*P, 27 kDa, and CpcA

proteins in column elution fractions in either the CpcB*IFN or
CpcB*TTFC fusion constructs founded the hypothesis of a
structural and possibly functional PC disc formation in the
transformant strains, whichmay be responsible for the successful
accumulation of such heterologous proteins, when fused to the
CpcB protein. This hypothesis was investigated in greater detail.

Comparison of the Fusion Constructs and Presence of
the PBS Structure. The next step comprised identification of
the protein bandmigrating to the apparent∼27 kDa protein that
was systematically eluted along with the CpcB*P fusion and
CpcA proteins from the His-tag affinity column. A gel slice
containing the ∼27 kDa band (Figures 6 and 7) was excised
from the SDS-PAGE lanes and examined using mass
spectrometry (please see the Methods section). Table 1 shows
the four best matching sequencing hits, where the highest
probability with a 60.6% sequence coverage was for the PBS
peripheral rod−core cylinder linker polypeptide CpcG1 with a
calculated molecular mass of 28.9 kDa. This is the linker protein
required for attachment of the peripheral PC rods to the core AP
cylinders in the PBS of cyanobacteria.2−5,13 The second best hit
was the photosystem I-associated linker protein CpcG2/CpcL
with a 30.5% sequence coverage. There is a close relationship
between CpcG1 and CpcG2/CpcL in each of the subgroups
from different cyanobacteria, where these are encountered,5

suggesting that cpcG1 and cpcG2/cpcL genes have the same
origin but have apparently undergone independent divergence
events during evolution, thereby explaining the sequence hit.
The C-PC β-subunit was also identified as a likely hit with 27.9%
sequence coverage (Table 1). The next best was the far-removed
formyltetrahydrofolate deformylase as an unlikely hit with 4.9%
sequence coverage. These results strongly suggest that the
unknown protein migrating to ∼27 kDa, as shown in Figures
5−7, is actually the 28.9 kDa cpcG1 gene product. In addition,
Table 1 reports the normalized spectral abundance factor
(NSAF), which pertains to the amount of the hits measured in
the samples. The NSAF for CpcG1 was greater than that for
CpcG2/CpcL and also greater than those of the C-PC β-subunit
and formyltetrahydrofolate deformylase. Qualitatively similar
results were obtained upon consideration of the exponentially
modified protein abundance index (emPAI) (not shown).
These results also suggest that the unknown proteinmigrating to

Figure 6. Quantification of proteins selectively eluted from the affinity
column purification experiments of the CpcB*IFN strain. SDS-PAGE
lanes were loaded with increasing volumes of the eluted fraction, shown
on the top of the gel for each of the lanes. The protein profile was
visualized upon staining with Coomassie brilliant blue.

Figure 7. Quantification of proteins selectively eluted from the affinity
column purification experiments of the CpcB*TTFC strain. SDS-
PAGE lanes were loaded with increasing volumes of the eluted fraction,
shown on the top of the gel for each of the lanes. The protein profile was
visualized upon staining with Coomassie brilliant blue.

Table 1. Mass Spectrometry Sequencing Hits of the Unknown ∼27 kDa Protein Band Excised from SDS-PAGE Lanesa

sequence count spectrum count sequence coverage (%) length MW, dalton NSAF UniProt accession number

Phycobilisome Peripheral Rod−Core Cylinder Linker Polypeptide CpcG1
31 414 60.6 249 28,902 0.896 P73093

Photosystem I-Associated Linker Protein CpcG2 or CpcL
10 15 30.5 249 28,523 0.032 P74625

C-PC β-Subunit
7 18 27.9 172 18,126 0.056 Q54714

Formyltetrahydrofolate Deformylase
2 8 4.9 284 32,634 0.015 Q55135

aThe PBS peripheral rod−core cylinder linker polypeptide CpcG1 scored the highest probability with a 60.6% sequence coverage. The NSAF,
which pertains to the amount of the hits measured in the samples, also showed the CpcG1 protein to be the most abundant component of the 27
kDa excised protein band.
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∼27 kDa, as shown in Figures 5−7, is actually the 28.9 kDa
cpcG1 gene product.
Zn-Chromophore Quantification in Eluted Fusion

Constructs. In an effort to test for (i.e., eliminate) the
possibility that the heterologous fusion protein is the reason for
the CpcB*P/CpcG1/CpcA = 3:1:3 ratio allude to, the
transformant of Figure 1D was used, in which the 6xHis and
tev DNA sequences remained fused to the cpcB gene but in the
absence of a subsequent heterologous protein. The aim of this
modification was to allow the recovery of the CpcB* protein
through column purification and to find out more about the
corresponding elution fraction after affinity chromatography.
Results from this analysis are shown in Figure 8, where the WT

and CpcB*, CpcB*IFN, and CpcB*TTFC strains were tested.
The SDS-PAGE Coomassie stain (Figure 8, blue panels)
showed that no proteins were selectively eluted from the affinity
chromatography of WT cell extracts. The CpcB* mutant
showed a modified CpcB protein band migrating to about 21
kDa. Proteins selectively eluted from the CpcB*IFN and
CpcB*TTFC samples contained the expected 36 and 73 kDa
protein fusions, respectively. CpcA at 17 kDa was present in all
fusion constructs, as was the CpcG1 protein. In Figure 8, black
background panels show the SDS-PAGE Zn-chromophore
fluorescence intensity profile of the eluted fractions associated
with the above-described proteins. These elution profiles
showed fluorescing bands associated with the CpcB in CpcB*,

Figure 8. (Blue background panels) SDS-PAGE Coomassie stain profile of eluted protein fractions from CpcB* (21 kDa), CpcB*IFN (36 kDa), and
CpcB*TTFC (73 kDa). No proteins were eluted from the affinity column purification of theWT (WT lane). AWT total protein extract (WT total, no
affinity column purification) was also loaded to serve as a control. The Coomassie stains showed the presence of the CpcG1 protein in all eluted
samples, migrating to about 27 kDa. (Black background panels) SDS-PAGE Zn-chromophore fluorescence of the same samples, comprising signals
from the WT (WT total), CpcB* (21 kDa), CpcB*IFN (36 kDa), and CpcB*TTFC (73 kDa) proteins. (See also additional results in Figure S1.) A
densitometric analysis of the Zn-chromophore fluorescence bands was carried out revealing the following intensity ratios: CpcB*/CpcA = 1.21± 0.12,
CpcB*IFN/CpcA = 1.30± 0.04, andCpcB*TTFC/CpcA = 1.40± 0.13. The 27 kDaCpcG1 protein lacked a Zn-chromophore fluorescence emission.

Figure 9.Native PAGE analysis of eluted proteins from theWT and the strains harboring the various CpcB*P fusion constructs. The left panel shows a
Coomassie stain of the respective native PAGE analysis proteins, where a single Coomassie stained band is observed in each lane. The different
electrophoretic mobilities correspond to the calculated (α,β*P)3CpcG1 heterohexamer molecular weights of CpcB* = 140 kDa, CpcB*IFN = 188
kDa, and CpcB*TTFC = 296 kDa. The right panel shows the Zn-chromophore fluorescence profile of eluted fractions. Note that only a single Zn-
chromophore fluorescence band is observed. These results suggested that the eluted fractions comprise a complex of the associated fusion and CpcG1
and CpcA proteins. 10 μL of the elution fraction was used to load each of the PAGE lanes.
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CpcB*IFN, and CpcB*TTFC, as well as CpcA. Additional
analyses of the SDS-PAGE Zn-chromophore fluorescence
intensity profile of the eluted fractions, with samples in triplicate,
are shown in Figure S1. Densitometric analysis was carried out
to measure the CpcB/CpcA fluorescence yield ratio of the
respective bands. These ratios were found to be as follows:
CpcB*/CpcA = 1.21 ± 0.12/1, CpcB*IFN/CpcA = 1.30 ±
0.04/1, and CpcB*TTFC/CpcA = 1.40 ± 0.13/1. The analysis
showed no statistically significant difference between the three
values, consistent with the results in Figure 4, suggesting
equimolar amounts of CpcB and CpcA in the eluted complexes.
It may be concluded that the putative CpcB*P/CpcG1/CpcA =
3:1:3 ratio in the eluted complexes is independent and forms
regardless of the presence of IFN or TTFC in the fusion
constructs.
Mass Spectrometry Analysis of Eluted Proteins.Affinity

chromatography eluted proteins from the transformant
Synechocystis were subjected to mass spectrometric analysis to
identify, using yet another method, protein components in the
purified complexes. As a result of the total peptide sequencing
analysis of these purified fractions, the same 10 proteins were
identified in all eluted samples examined (results not shown).
The top most significant five of these included PC components,
that is, the β-subunit of PC, the α-subunit of PC, and the PBS
peripheral rod−core cylinder linker polypeptide CpcG1. The
other two included the AP α-chain and the ferredoxin−NADP+

reductase (FNR), which appeared as a faint band below the 50
kDa marker (Figures 5−7).
Native PAGE Analysis of Fusion Construct Eluted

Proteins. Selective retention during the affinity chromatog-
raphy, purification, and simultaneous elution of the CpcB*P/
CpcG1/CpcA proteins in a putative 3:1:3 ratio suggested that
they may exist and possibly function as a coherent complex. To
investigate the stoichiometry and structural association of the
CpcB*P/CpcG1/CpcA proteins, a native PAGE analysis of
these elutions was undertaken. Figure 9 (left panel) shows a
Coomassie strain of the respective native PAGE analysis. Figure
9 (right panel) shows the corresponding Zn-chromophore
fluorescence analysis. It is seen that in both analyses, no proteins
were eluted from the WT, as proteins in these extracts lack the
6xHis-tag via which to bind to the affinity column. Results also
showed that the eluted CpcB*P/CpcG1/CpcA proteins from
the fusion constructs migrated as a single band in the native
PAGE Coomassie and Zn-chromophore fluorescence analysis,
suggesting complex formation. Figure 9 also highlights the
difference in the size of the eluted complexes due to the presence
of variable size heterologous fusion additions, for example, IFN
or TTFC. For the CpcB*mutant without a specific recombinant
protein fused (Figure 1D), the protein complex migrated to
about 140 kDa, which is consistent with the calculated 140 kDa
size of an (α,β*)3CpcG1 heterohexamer. For the CpcB*IFN
construct (Figure 1B), the protein complex migrated to the 190
kDa range, which is close to the calculated 188 kDa size of an
(α,β*IFN)3CpcG1 heterohexamer. Lastly, the CpcB*TTFC
(Figure 1C) protein complex in Figure 9 migrated to 296 kDa,
which is the estimated electrophoretic mobility of the
(α,β*TTFC)3CpcG1 heterohexamer. The 296 kDa size
determination of the CpcB*TTFC complex was based on a
calibration curve of the electrophoretic mobility of this complex
in relation to that of the molecular weight markers shown in
Figure 9 (please see the calibration curve in Figure S2). These
and the preceding results show the occurrence of the structural
association in the (α,β*IFN)3CpcG1 and (α,β*TTFC)3CpcG1

heterohexamer complexes that suggested the formation of a
single PC disc, as this naturally occurs in cyanobacteria, with
participation of the proximal to the core cylinder CpcG1 linker
polypeptide. These results are consistent with and directly
support the notion of a CpcB*P/CpcG1/CpcA=3:1:3ratio.

Phycocyanobilin Analysis of Fusion Mutants and WT
Strains. Absorbance spectra of cell suspensions were also
measured to evaluate the pigment profile in the WT, CpcB*,
CpcB*IFN, CpcB*TTFC, and Δcpc strains (Figure 10). The

absorbance spectra were normalized to the Chl max at 678 nm
so that differences of the absorbance at 620 nm, where PC
absorbs, could be seen among the various transformants. WT
cells showed the typical absorbance bands of Chl peaking at 678
nm and PC at 620 nm. The Δcpc strain (Figure 1E) lacked the
entire cpc operon genes and, therefore, lacked the CpcB and
CpcA PC proteins due to the cpc operon deletion.6 The
absorbance spectrum of theΔcpc strain showed a low amplitude
peak at 620 nm, attributed to a Chl secondary absorbance in this
spectral region. The absorbance spectra of the CpcB*,
CpcB*IFN, and CpcB*TTFC cells showed a slightly elevated
absorbance at 620 nm (Figure 10, see also refs 31 and 33),
consistent with the presence of some phycocyanobilin
chromophore in these strains. However, the amplitude of the
absorbance band attributed to PC in the mutants was
considerably lower than that of the WT. The ratio of PC
absorbance in the transformants versus that in the WT varied in
different biological replicates for the same construct and among
different constructs. The average value from six independent
biological replicates was measured as A(620 nm, CpcB*P)/
A(620 nm,WT) = 20± 6.6%, that is 1:5 mutant toWTPC ratio.
However, the real PC ratio is lower and closer to 1:6, as the
measurement of A(620 nm, WT) is attenuated by the
phenomenon of “absorbance f lattening”37 at 620 nm, caused by
the high phycocyanobilin density in the PBSs of the WT, which
is greater than that of the transformants. More specifically, WT
PC rods in Synechocystis contain, in high density, 324
phycocyanobilin molecules, which end-up shading one another,
a situation compounded by the many PBSs within each cell, as
opposed to the fusion construct transformants in which a much

Figure 10.Absorbance spectra of theWT andCpcB*P fusion construct
of intact Synechocystis cell suspensions. Results show the pigment profile
of the WT, CpcB*, CpcB*IFN, CpcB*TTFC, and Δcpc strains. The
absorbance spectra were normalized to the Chl max at 678 nm so that
differences of the absorbance at 620 nm could be more readily seen
among the various transformants.
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lower amount of phycocyanobilin pigment is present. A
differential (WT as compared to transformants) flattening
correction factor of 1.26× was estimated for the WT at 620 nm.
Thus, results in Figure 10 show that the mutants hold, on the
average, about one-sixth the PC found in the WT.
Functional Analysis of the Heterohexameric

(α,β*P)3CpcG1 Complexes. The functional association of
the (α,β*P)3CpcG1 heterohexameric complex as a residual PC
antenna in the transformants was investigated using sensitive
absorbance spectrophotometry, measuring the functional PSII
absorption cross-section to 620 nm light, and from the yieldΦ of
the Chl a fluorescence of intact and 3-(3,4-dichlorophenyl)-1,1-
dimethylurea (DCMU)-inhibited Synechocystis. Cells were
suspended in a 1.5 mm pathlength spectrophotometer cuvette
in the range of 32−42 μg Chl mL−1 (Table 2). Then, weak
actinic excitation at 10 μmol photons m−2 s−1 was provided at
619.5 nm by a narrow bandpass Baird Atomic interference filter
coupled with a 659.6 nm visible bandpass negative cutoff Ealing
filter.
The rate constant kII of PSII photochemistry was measured

from the fluorescence induction kinetics of intact cells
suspended in the presence of either 12 or 24 μM DCMU
(Table 2). Under weak 619.5 nm actinic excitation, rates of PSII
photochemistry are directly proportional to the absorption
cross-section at this wavelength, which depends on the number
of pigment molecules acting as the antennae for this photo-
system. Past studies have shown this to be a direct method for
the measurement of the photosystem effective antenna size.38,39

DCMU concentrations of 12 and 24 μM were used in these
measurements with similar results. kII-1 and kII-2 for samples in
the presence of 24 μM DCMU (Table 2) show the rate
constants (rates of light absorption) obtained upon the first
illumination of dark-adapted cells (kII-1), followed by a 2 min
dark relaxation of the redox state of PSII, and upon the second
illumination and the kinetic registration of the same sample (kII-
2). The repeat measurement was undertaken to test for sample
stability and signal reproducibility in subsequent illuminations in
the presence of DCMU. It is evident that kII-IFN, kII-TTFC, and
kII-CpcB* were greater than kII-Δcpc. Moreover, kII-WT was
substantially greater than kII-Δcpc and also greater than that of
the fusion construct transformants.
A quantitative assessment of these results was provided upon

subtracting the contribution of theΔcpc from the kII value of the
transformants and from that of the WT (Table 2, kII numbers in
parentheses). This analysis showed that PC in the WT transfers

excitation energy to PSII 4.4 times faster than PC in the mutants
(average of 17.40 vs 3.95 s−1, respectively). The immediate
interpretation of these results is that the WT PBS contains 4.4
times more PC than the fusion construct mutants. However, this
underestimates the PBS PC pigment content in theWT by 1.26-
fold because of the greater flattening of the absorbance37 at 620
nm in the latter.
The raw Chl a fluorescence yield data in the microvolt signal

from the apparatus and, in parentheses, the Chl a fluorescence
yield of the various strains normalized to the same [Chl] content
are reported relative to that of the Δcpc (Table 2). It is evident
that all fusion transformants exhibited a greater yield of Chl a
fluorescence. On the average, Φ(transformants) was about
1.75× greater thanΦ(Δcpc). These results suggested that under
these experimental conditions, higher rates of excitation energy
arrived at PSII in the fusion transformants than that in theΔcpc,
presumably because more actinic light was harvested (greater
antenna size) in the latter than that in the Δcpc strain. Φ(WT)
was 3.03× greater thanΦ(Δcpc) and only about 2× greater than
that of the fusion construct mutants (Table 2). However,
extrapolation of these measurements to estimates of PC content
in the mutant and WT strains is more tenuous in this case as the
fluorescence method is indirect and there could be yield
differences among the three types of strains (Δcpc, CpcB*P, and
WT) employed in this work. Thus, qualitative interpretation of
the fluorescence results is fine, and quantitative analysis is
probably not prudent.
Taken together, the above results (Figure 10 and Table 2) are

evidence that (α,β*IFN)3CpcG1, (α,β*TTFC)3CpcG1, and
(α,β*)3CpcG1 heterohexameric complexes exist in a functional
association with the core AP cylinders and that they transfer
excitation energy from the CpcB*P and CpcA chromophores to
the PSII reaction center, thereby contributing to PSII photo-
chemistry. A more expanded analysis is given below.

■ DISCUSSION
Overexpression of heterologous proteins as fusion constructs in
cyanobacteria, with the CpcB β-subunit of PC as the leader
sequence, has included divergent proteins, ranging from the
isoprene synthase from kudzu,32 the β-phellandrene synthase
from a variety of plant sources,40 the geranyl diphosphate
synthase from grand fir,20 the geranyl linalool synthase from
tobacco,41 and the human interferon α-2 protein (IFN),33 to the
bacterial TTFC.36 The working hypothesis for such over-
expressions was based on the assumption that CpcB*P fusion

Table 2. Rate Constants of PSII Light Absorption and Utilization and Chl Fluorescence Yield of Synechocystis Transformants
upon 620 nm Actinic Excitationa

strain
[Chl],
μg mL−1

12 μM DCMU,
kII, s

−1
24 μM DCMU,

kII-1, s
−1

24 μM DCMU,
kII-2 s

−1
fluorescence yield, μV signal, (normalized to Chl

loaded)

Δcpc 34.0 ± 0.0 8.4 ± 0.2 (0) 8.4 ± 0.3 (0) 8.2 ± 0.6 (0) 0.0758 ± 0.002 (1.00)
CpcB*IFN 42.0 ± 4.2 11.9 ± 0.5 (3.5) 12.1 ± 1.6 (3.7) 12.6 ± 0.9 (4.4) 0.1725 ± 0.010 (1.84)
CpcB*TTFC 32.5 ± 3.5 12.2 ± 0.7 (3.8) 11.2 ± 0.4 (2.8) 11.4 ± 0.4 (3.2) 0.1201 ± 0.005 (1.66)
CpcB* 35.5 ± 0.7 13.0 ± 1.7 (4.6) 12.5 ± 1.5 (4.1) 13.7 ± 2.1 (5.5) 0.1375 ± 0.009 (1.74)
WT 32.0 ± 0.0 25.4 ± 0.8 (17.0) 25.8 ± 1.3 (17.4) 26.0 ± 0.8 (17.8) 0.230 ± 0.005 (3.03)

aThe [Chl] column shows the Chl concentration loaded in the 1.5 mm pathlength spectrophotometer cuvette. Rates of light absorption by PSII in
the Δcpc, transformants used in this work, and the WT were measured from the rate constant kII of the fluorescence induction kinetics of intact cells
suspended in the presence of either 12 or 24 μM DCMU. kII-1 and kII-2 for samples in the presence of 24 μM DCMU show the rate constants
obtained upon the first illumination of dark-adapted cells (kII-1), followed by a 2 min dark relaxation of the redox state of PSII and upon the second
illumination and fluorescence kinetic registration of the same sample (kII-2). The repeat measurement was undertaken to test for the sample and/or
signal deterioration in the presence of DCMU. Numbers in parentheses show the contribution of PC to the measured kII. The Chl a fluorescence
yield was measured at 700 nm in microvolts of the photomultiplier signal output. Fluorescence yield measurements were normalized to the same
[Chl] concentration and reported relative to that of the Δcpc (=1.00) sample.
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proteins accumulated as soluble and stable proteins in the
cytosol of the cyanobacteria, retaining the activity of the
heterologous trailing moiety but preventing the assembly of the
full complement of peripheral PC rods.19,32,40,41

The present work shows a substantially different and
previously unobvious picture, comprising the following hitherto
unknown properties of the above-mentioned CpcB*P fusion
constructs in two alternative but not mutually exclusive models:
Model Based on the CpcB/CpcG1/CPcA = 3:1:3 Ratio.

(i) The CpcB*P proteins assemble as functional (α,β*P)3G
heterohexameric discs, where α is the CpcA α-subunit of
PC, β*P is CpcB*P fusion protein, and G is the 28.9 kDa
PC linker CpcG1 polypeptide (please see below). A
schematic of the minimal stable such complex is shown in
Figure 11A, whereby a heterohexameric disc is made of
3CpcA α-subunits and 3CpcB β-subunits of PC. The
recombinant fused proteins, depicted by the IFN and
TTFC in this schematic, emanate outwardly from the
heterohexameric disc, whereas the linker CpcG1 (G)
protein occupies the disc center. This structure is
apparently recognized by the cells as a native feature,
explaining why and how the cell tolerates the presence
and enables its substantial accumulation.

(ii) The CpcA α-subunits and CpcB β-subunits in the
(α,β*P)3G complex covalently bind the physiological
number of open tetrapyrrole bilin chromophores, that is,
one bilin per α-subunit and two bilins per β-subunit.

(iii) The (α,β*P)3G heterohexameric disc is functionally
attached to the Synechocystis AP core cylinders and
efficiently transfers excitation energy from the assembled
(α,β*P)3G heterohexameric PC subunits to the PSII
reaction center for charge separation and photochemical
electron transfer (Figure 11B).

(iv) In addition to the IFN and TTFC tested in this work,
proteins P in the (α,β*P)3G heterohexameric disc have in
the past been enzymes, all of which retained their catalytic
activity in the respective fusion construct configurations.
These observations suggested that the heterologous
fusion protein P is outwardly oriented with respect to
the (α,β)3 compact disc;42 that is, it is exposed to the
aqueous cytosolic medium (Figure 11A) so that it does
not interfere with the anchoring of the (α,β*P)3
heterohexamer onto the Synechocystis AP core cylinders
(Figure 11B). Accordingly, the (α,β*P)3G heterohexa-
meric disc performs a dual function, comprising sunlight
absorption and excitation energy transfer from the α,β PC
to AP and the PSII reaction center, while the fused
heterologous protein P is in a position to perform its
native enzymatic catalysis under in vivo conditions in the
Synechocystis cytosol. By comparison, Figure 11C shows a
schematic of the WT PBS with the native peripheral PC
rods.6 In the WT, each of the proximal (P), middle (M),
and distal (D) PC discs comprise two (α,β)3 hetero-
hexamers stacked on each other.1−5 The dashed line in the
P, M, and D discs in Figure 11C depicts the boundary
between the two (α,β)3 heterohexamers. Results in this
work suggest that this dimeric disc configuration is not
retained in the CpcB*, CpcB*IFN, and CpcB*TTFC
fusion complexes as only one (α,β)3 heterohexamer
appears to be present.

(v) Pigment analysis in the fusion construct mutants showed
variable amounts of PC in the transformants, estimated to

be lower than 20% of that in the WT (Figure 10). This
suggested a limit of one (α,β*P)3G heterohexameric
proximal disc per attachment site in the place of the
peripheral PC rods in the mutants. The variable amount
of PC (Figure 10), Chl fluorescence yield, and rate of
photochemistry kII (Table 2) noted among biologically
replicate measurements suggested some variation in the

Figure 11. (A) Schematic presentation of the minimal stable
(α,β*IFN)3CpcG1 and (α,β*TTFC)3CpcG1 heterohexameric com-
plex configuration proposed in this work. IFN and TTFC are depicted
as the recombinant proteins fused to the CpcB β-subunits. The CpcG1
protein (G) is proposed to occupy the disc center of the (α,β*IFN)3
and (α,β*TTFC)3 complexes. Assembly of the native α,β hetero-
hexameric complex suggests that the corresponding heterologous
fusion proteins localize away from the disc center and are likely placed
at the periphery or emanate radially from the (α,β*IFN)3 and
(α,β*TTFC)3 discs, thus being exposed to the medium. (B) PC
configuration in the modified PBS, which is encountered in strains
harboring the CpcB*P fusion protein complexes. The
(α,β*TTFC)3CpcG1 heterohexameric complexes are structurally and
functionally coupled to the AP core cylinders of the modified PBS so as
to enable excitation energy transfer from PC to AP and then to the PSII
reaction center. TTFC is depicted as the recombinant fused protein to
the CpcB β-subunits in this schematic, although it could be IFN or any
of the other heterologous fusion protein discussed in the literature.
Note that the heterologous fusion protein is exposed to the aqueous
medium in the Synechocystis cytosol. (C) Schematic of the WT PBS
organization adapted from Kirst et al.,6 showing the organization of the
peripheral PC rods. In the WT, the proximal (P), middle (M), and
distal (D) PC discs, each comprising two (α,β)3 heterohexamers, are
stacked on each other. The dashed line in the P, M, and D discs depicts
the separation between the two (α,β)3 heterohexamers. Results in this
work suggest that this dimeric structural configuration of the PC discs is
not retained in the CpcB*IFN and CpcB*TTFC fusion complexes as
only one (α,β*P)3 heterohexamer is present.
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number of heterohexameric complexes occurring in
association with the AP core cylinders. This variation is
likely attributed to differences between cultures and
growth conditions in these biological measurements.

Model Based on the CpcB/CpcG1/CPcA= 6:1:6 Ratio. It
is of interest to contemplate the situation that would arise when
the CpcA/CpcG1/CpcB ratio is >3:1:<3, and perhaps as high as
6:1:6, which would signify presence of two (α,β*P)3 complexes
stabilized by one CpcG1 linker. This would correspond to the in
vivo structure of the full-sized proximal-to-AP PC dimer discs
(Figure 11C). Our model above (Figure 11B) would be
compatible with such a scenario. However, our experimental
results do not seem to support large-scale accumulation of
(α,β*P)3(α,β*P)3G heterohexamer dimers. In the alternative
case, when the CpcG1 protein is totally absent, the (α,β*P)3
heterohexamers would likely not be attached to the AP core
cylinders as the requisite linker is missing. It is unclear if free-
floating (α,β*P)3 heterohexamers in the cytosol can be tolerated
by the cell and permitted to accumulate or if they would be
degraded by the cell’s proteasome.
The conclusion of the functional association of the (α,β*P)3G

complex with the AP core cylinders received support from the
observation that PC discs cannot accumulate in the
cyanobacterial cell unless they are functionally associated with
the AP core cylinders or the thylakoid membrane through the
CpcG1 linkers.13,36,43,44 Accordingly, key to the stability of the
many CpcB*P fusion proteins examined in work from this lab is
the fact that the (α,β*P)3G heterohexameric complexes
comprise a minimal but functional light-harvesting PC discs.
Otherwise, a free-floating CpcB*P fusion protein may not be
stable and would be degraded due to the presence and activity of
Clp proteases in the cell.45

The organization, functionality, and spatial arrangement of
the different elements of the PBS in cyanobacteria is ensured by
linker polypeptides, which provide the necessary structural
support and proximity to enable light capture and efficient
excitation energy transfer to the photochemical reaction
center.4−8,46−48 The proximal PC rod−AP core cylinder linkers
(CpcG1) are important in the context of this work as they are
primarily responsible for the structural and functional
association of the peripheral PC rods, and of the (α,β*P)3G
complex, to the AP core cylinders. In Synechocystis, two
homologues of the cpcG gene exist, that is, cpcG1 and cpcG2,
and have been described in the literature.13,43,44 It is most likely
true that the CpcG protein in this work is the CpcG1 variant.
This notion is supported both by the results in Table 1, where
the “PBS peripheral rod−core cylinder linker polypeptide
CpcG1” was the most abundant and presented the most hits,
and by the fact that abundance and hits associated with the
secondary “photosystem I-associated linker protein” were low
and assigned to CpcG2 or CpcL. This notion is also consistent
with results from the work by Kondo et al.,43 who attributed a
different role, for example, a state transition function to CpcG2.
The consistent presence of the 28.9 kDa cpcG1 gene product in
the transformants examined in this work offers evidence that the
(α,β*P)3G heterohexamer is the PC disc proximal to the AP
core cylinders. Conversely, the absence of the 33 kDa CpcC1
and 30 kDa CpcC2 linkers supports the absence of the middle
and distal PC discs in the CpcB*IFN and CpcB*TTFC fusion
transformants.
The cpcB*S*H*tev (CpcB*) transformant containing only

the 6xHis tag and tev cleavage site encoding DNA (Figure 1D)

failed to assemble more than the proximal (α,β*)3G
heterohexameric disc, in spite of the absence of a sizable
recombinant fusion protein P, suggesting that minor mod-
ifications to the C-terminus of the CpcB subunit could bring
about changes in the spatial arrangement of the PC discs so as to
prevent the full elongation of the PC peripheral rods.
Mass spectrometric analysis of the selective affinity-purified

complexes showed the occasional presence, in trace amounts, of
other cyanobacterial compounds. Among those, FNR was noted
in the eluted fractions. FNR catalyzes the electron transfer
reaction between reduced ferredoxin and NADP+ and is
reportedly localized at the proximal or distal PC disc of the
PBS.48−50 Such FNR adherence to PC may explain its elution
along with the (α,β*P)3G heterohexameric disc from the affinity
chromatography column. Additional PC linker polypeptides in
trace/negligible amounts were occasionally detected in some of
the transformants, for example, CpcC1 and CpcD, but these
were not consistently present in the elution fractions and could
be thought of as random contaminants.
In summary, evidence provided in this work showed that the

CpcB*P fusion proteins, multiple examples of which have been
shown to stably accumulate in cyanobacterial transformants,
comprise an (α,β*P)3CpcG1 heterohexameric fusion protein
complex (Figure 11A), which assembles in a functional
association with the AP core cylinders, absorbing sunlight and
transferring excitation energy from the α,β PC subunits to the
PSII reaction center (Figure 11B). In essence, the work showed
that recombinant protein accumulation in fusion constructs is
attained because of the cellular need to employ the recombinant
constructs as a minimal PC antenna for its own use and benefit.
The outwardly oriented heterologous proteins P in these
(α,β*P)3G heterohexameric complexes are exposed to the
soluble cytosol and evidently retain catalytic activity, when P is
an enzyme rather than a structural protein, offering the
possibility of catalysis for the synthesis of heterologous
products.19,20,31−36,40,41

■ METHODS
Strains, Recombinant Constructs, Culture Conditions,

and Fitness of the Transformants. The unicellular
cyanobacterium Synechocystis sp. PCC 6803 (Synechocystis)
WT strain was used as the reference strain for the experiments
described in this work. Transformants cpcB*6xHis*tev*IFN
(abbreviated as CpcB*IFN), cpcB*6xHis*tev*TTFC
(CpcB*TTFC), andΔcpc have been described in recent studies
from this lab.6,33,36 The generation of transformant
cpcB*6xHis*tev (abbreviated as CpcB*) was achieved by the
deletion of the TTFC sequence gene from the CpcB*TTFC
construct using the Q5 site-directed mutagenesis kit (New
England Biolabs) and by the use of primers Δttfc_fw (5′-
TGAGGAATTAGGAGGTAATATATG-3′) and Δttfc_rv (5′-
GCCTTGTAAATACAAATTATCATG-3′).
Transformation of Synechocystis was performed according to

the protocols earlier described.51−53 All strains were maintained
on BG11 media supplemented with 1% agar, 10 mM
triethylsilane (TES)−NaOH (pH 8.2), 0.3% sodium thiosulfate,
and the corresponding antibiotic (20 mg L−1 chloramphenicol,
15 mg L−1 spectinomycin, or 10 mg L−1 kanamycin). Cell
suspensions in liquid culture were cultivated in 1 L bottles,
buffered with 37.5 mM sodium bicarbonate and 6.25 mM
dipotassium hydrogen phosphate (pH 9), instead of TES buffer,
and incubated in the light with continuous gentle agitation.
Illumination was provided with a balanced combination of a
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white light-emitting diode and incandescent light bulbs to yield a
final photosynthetically active radiation intensity of ∼100 μmol
photons m−2 s−1. Rates of growth of the transformants were
conducted as described35,36 to ensure that cell viability
properties were not affected by the transformations performed
in this work.
Genomic DNA PCR Analysis and Homoplasmy Test-

ing. Synechocystis genomic DNA was extracted and prepared as
described.15 Briefly, 10 μL of cell suspension from a culture in
the intermediate exponential growth phase (OD730 ∼ 1) was
mixed with 10 μL of 100% ethanol and, then, 100 μL of 10% (w/
v) Chelex100 Resin (BioRad, Hercules, CA) was added. This
mix was incubated at 98 °C for 10 min, followed by
centrifugation at 16,000g for 10 min. Two and a half microliters
of the supernatant were used as a template in a 12.5 μL PCR
reaction. Q5 High-Fidelity 2X Master Mix (New England
Biolabs, Ipswich, MA) was used to perform the analysis. The
state of genomic DNA homoplasmy was tested after a few
rounds of selection with the appropriate antibiotic. The primers
used for this test were cpcB_fw (5′-TGACATGGAAAT-
CATCCTCC-3′) and cpcA_rv (5′-GGTGGAAACGGCTT-
CAGTTAAAG-3′). The location of these primers on the DNA
constructs are indicated in Figure 1 with forward and reverse
arrows for the respective DNA constructs.
Protein Extraction, Purification, and Electrophoresis.

Fiftymilliliters of cell suspension in the intermediate exponential
growth phase (OD730 ∼ 1) was pelleted by centrifugation at
4500g for 5 min. The cells were suspended in 2 mL of a solution
buffered with 50 mM Tris-HCl, pH 8.2, supplemented with a
cOmplete mini protease inhibitor cocktail (Roche), and kept on
ice. Then, cells were broken by passing the suspension twice
through a French press cell at 1500 psi. The unbroken cells were
removed by centrifugation at a slow speed of 350g for 3 min. The
supernatant with the crude cell extracts was kept on ice until use
or at −80 °C for long-term storage.
Recombinant protein purification was performed using 400

μL of total crude cellular extracts mixed with 1 M HEPES-
NaOH buffer, pH = 7.5, and Triton X-100 to yield final
concentrations of 20 mM and 0.2%, respectively. This mix was
incubated at room temperature for 20 min with gentle shaking.
After this incubation, samples were centrifugated for 5 min at
16,000g to remove cell debris and insoluble material. The
supernatant was mixed with 100 μL of HIS-Select cobalt affinity
gel (Sigma-Aldrich, St. Louis, MO, United States) for the cobalt
affinity chromatography. Selective elution of the fusion proteins
was performed according to the manufacturer’s recommenda-
tions.
Samples for denatured electrophoretic analysis of proteins

(SDS-PAGE) were solubilized for 30 min at room temperature
in the presence of 1× Laemmli sample buffer (BioRad, Hercules,
CA), supplemented with a final concentration of 1 M urea and
5% β-mercaptoethanol. The samples were briefly vortexed every
10 min to enhance solubilization. Prior to loading onto SDS-
PAGE, samples were centrifuged at 16,000g for 3 min to remove
cell debris and insoluble material. Samples for native PAGE
analysis were just mixed with equal parts of 2× loading buffer
(62.5 mM Tris-HCl, pH 6.8, 40% glycerol, and 0.01%
bromophenol blue) prior to loading the PAGE lanes. The
SDS-PAGE and native PAGEwere performed with a lane load of
20 μL, using the 12-well any kDaMini-PROTEANTGX precast
protein gels. (BioRad, Hercules, CA). Densitometric analysis of
protein bands was performed using BioRad (Hercules, CA)
Image Lab software, measured from the scanning of the

Coomassie-stained gel lanes. Protein band ratios were measured
from the scans of Coomassie-stained SDS-PAGE gels.

Zinc and Coomassie Staining. SDS-PAGE or native
PAGEwas performed in the presence of 5 mM zinc sulfate for 30
min.33,54 To detect covalent chromophore-binding polypep-
tides, zinc-induced fluorescence was measured using the
ChemiDoc imaging system (BioRad), employing UV irradiance
as a light source. After registering the Zn-chromophore
fluorescence, gels were incubated overnight in a solution of
0.1% Coomassie Blue G, 37% methanol, 3% phosphoric acid,
and 17% ammonium sulfate. Finally, gels were washed with 5%
acetic acid to remove excess Coomassie stain. Densitometric
quantification of target proteins was performed using BioRad
(Hercules, CA) Image Lab software.

Protein Analysis Using Mass Spectrometry. Mass
spectrometry was performed at the Vincent J. Coates
Proteomics/Mass Spectrometry Laboratory at UC Berkeley.
Sample preparation was performed according to the internal
protocols of the Vincent J. Coates Lab. In brief, digestion of
proteins in SDS-PAGE slices consisted of washing the gel pieces
for 20 min in 100 mM NH4HCO3. After discarding the first
wash, an incubation at 50 °C with 100 mM NH4HCO3 and 45
mM DTT was performed for 15 min. To the cooled down mix,
100 mM iodoacetamide was added and incubated in the dark for
15 min. Then, the solvent was discarded, and the gel slice was
washed with a 50:50mix of acetonitrile and 100mMNH4HCO3
with shaking for 20 min. The wash was repeated with only
acetonitrile, followed by drying of the gel fragments in a
SpeedVac. The gel pieces were rinsed thoroughly with 25 mM
NH4HCO3 containing Promega-modified trypsin and incubated
for 8 h at 37 °C. The supernatant was removed and placed in
new microcentrifuge tubes. To extract the remaining peptides,
the gel pieces were treated by adding 60% acetonitrile and 0.1%
formic acid for 20 min and then once with acetonitrile. Finally,
the supernatant was subjected to SpeedVac to dryness. Fusion
proteins from the cobalt affinity chromatography and selective
elution were buffer exchanged with 8 M urea and 100 mM Tris-
HCl, pH 8.5, prior to been treated with the reducing, alkylating
agent and the corresponding digestion steps mentioned above.
A nano liquid chromatography column was packed in a 100

μm inner diameter glass capillary with an emitter tip. The
column consisted of 10 cm of Polaris c18 5 μm packing material.
The column was loaded by use of a pressure bomb and washed
extensively with buffer A solution (see below). The column was
then directly coupled to an electrospray ionization source
mounted on a Thermo Fisher LTQ XL linear ion trap mass
spectrometer. An Agilent 1200 high-performance liquid
chromatograph equipped with a split line so as to deliver a
flow rate of 300 nL min−1 was used for chromatography.
Peptides were eluted with a 90-minus gradient to 60% B. Buffer
A contained 5% acetonitrile and 0.02% heptafluorobutyric acid
(HFBA). Buffer B contained 80% acetonitrile and 0.02% HFBA.
Protein identification was performed with Integrated

Proteomics Pipeline (IP2, Integrated Proteomics Applications,
Inc. San Diego, CA) using ProLuCID/Sequest, DTASelect2,
and Census.55,56,58,57 Tandem mass spectra were extracted into
ms1 and ms2 files from raw files using RawExtractor.59 Data
were searched against a database of Synechocystis sp. PCC6803
downloaded from Uniprot in December 2020 and supple-
mented with sequences of possible common contaminants. The
database was concatenated to a decoy database in which the
sequence for each entry in the original database was reversed.60

LTQ data were searched with a 3000.0 milli-amu precursor
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tolerance, and the fragment ions were restricted to a 600.0 ppm
tolerance. All searches were parallelized and searched on the
VJC proteomics cluster. The search space included all fully
tryptic peptide candidates with no missed cleavage restrictions.
Carbamidomethylation (+57.02146) of cysteine was considered
a static modification. We required one peptide per protein and
both tryptic termini for each peptide identification. The
ProLuCID search results were assembled and filtered using
the DTASelect program56,58 with a peptide false discovery rate
(FDR) of 0.001 for single peptide and a peptide FDR of 0.005
for additional peptides of the same protein.
In addition to the sequence coverage, the values of NSAF61

and the emPAI62 were calculated from the mass spectrometry
analysis to help understand the amounts of the hits observed in
the sample; in this context, the values of the NSAF showed that
the abundance of the CpcG1 protein prevailed over the other
hits after being normalized by the effect of the number of spectra
counted. The emPAI indicates that the concentration of CpcG1
is approximately 3 times higher than that of CpcG2 and 25-fold
greater at the last hit.
Photosystem II Absorption Cross-Section Measure-

ments. Absorbance measurements of the WT and fusion
construct mutants were obtained with cell suspensions in the
growth medium. The absorbance spectra were recorded from
550 to 750 nm only to emphasize the relationship between the
Chl and PC content of the cells (Figure 10). The flattening
(attenuation) of the absorbance at 620 nm was estimated from
the absorbance of the intact cells as compared to that of lysed
samples in which the pigments were more uniformly distributed
in the suspension, as earlier described.63

Rates of light absorption and the associated effective light-
harvesting antenna size of photosystem-II in the various
Synechocystis transformants were measured from the Chl
fluorescence induction kinetics of cells suspended in the
presence of 12 or 24 μM DCMU-treated cells, as previously
described.38,39 Weak actinic excitation (10 μmol photons m−2

s−1) was defined at 619.5 nm by a narrow bandpass Baird Atomic
interference filter coupled with a 659.6 nm visible bandpass
negative cutoff Ealing filter. Chl fluorescence emission was
recorded at 700 nm, defined by a 700 nm narrow bandpass Baird
Atomic interference filter coupled with a 695 nm red cutoff
Schott filter. The rate constant of light absorption by PSII was
measured from the slope of the straight line, following a first-
order kinetic analysis of the area accumulation over the variable
fluorescence induction curve. The latter is a direct measure of
the kinetics of QA photoreduction under these experimental
conditions.38,39
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