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Abstract—Hli proteins of the multicellular cyanobacterium Arthrospira platensis have been studied in this
work. According to the NCBI database, three Hli genes found in the A. platensis genome encode proteins 47,
64, and 69 amino acid (aa). A. platensis cells were incubated under light stress (500 μmol photons/m2 s, 1 h).
The association of Hli proteins with pigment–protein complexes of thylakoid membranes was then studied
by two-dimensional electrophoresis and subsequent mass spectrometry. Only Hli 47 aa was detected in the
composition of pigment–protein complexes by matrix-assisted laser desorption/ionization–time-of-flight
(MALDI-TOF) mass spectrometry. The identified Hli47 protein was shown to be associated with photosys-
tem II and a homolog of the HliC protein of Synechocystis sp. Bioinformatic analysis has shown that the
amino acid sequence of the identified protein shows a higher homology with proteins of multicellular cyano-
bacteria and a lower of homology with the amino acid sequence of Hli proteins of unicellular cyanobacteria.
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INTRODUCTION

Much attention has recently been paid to cyano-
bacteria due to the possibility of their widespread use
in biofuel production and bioremediation [1]. They
adapt well to a variety of conditions, including extreme
ones; they synthesize poorly studied stress proteins
and secondary metabolites [2]. The identification and
characterization of such proteins is necessary both to
study the adaptation of cells to stress and to increase
their resistance to stress in the practical application of
cyanobacteria. Light-stress proteins are of particular
interest, since excess light is one of the main stress
effects on the cell. Light is necessary for photosynthe-
sis, but an excess of light energy can disrupt the func-
tioning of the photosynthetic apparatus as a result of
photoinhibition and photodestruction [3]. When the
absorbed energy cannot be fully utilized, an increase in
the formation of singlet oxygen and other ROS occurs
in electron transport reactions. Various protective
mechanisms have formed to dissipate excessive
absorbed energy in photosynthetic organisms [4].
Among the protective mechanisms of photosynthesis,
stress proteins induced by intense light deserve sepa-
rate consideration. These include the stress proteins
Hlips (high light inducible proteins) of cyanobacteria
with one transmembrane helix. Four Hli proteins
(HliA, HliB, HliC, and HliD) found in the model
cyanobacterium Synechocystis. Hlips proteins are

essential for the maintenance of normal cell activity. It
is assumed that Hli proteins are involved in such
important processes as the regulation of chlorophyll
biosynthesis; the transport and binding of chlorophyll
molecules; singlet oxygen quenching; the assembly
and repair of photosystem 2; and the non-photochem-
ical dissipation of absorbed light energy [5]. Hli pro-
teins are associated with photosystem II and, appar-
ently, with photosystem I [6, 7]. However, the main
function of these proteins is not yet clear, and there are
practically no data in the literature on the Hli proteins
of other cyanobacterial species.

Cyanobacteria with long-wavelength forms of chlo-
rophyll are of great interest. This is due to the assump-
tion of their participation in the protection of the pho-
tosynthetic apparatus from photodestruction [8]. We
used a filamentous, multicellular, extremophilic cya-
nobacterium, Arthrospira platensis, that contains these
forms of chlorophyll [8]. Long-wavelength chloro-
phyll with a f luorescence band at 760 nm was also
found in other filamentous cyanobacteria, e.g., Pseu-
doanabaena sp., Phormidium uncinatum, and Nostoc
muscorum, but not in the unicellular cyanobacteria
Synechocystis sp. and Synechococcus elongatus, which
are often used for research on the physiology and bio-
chemistry of photosynthesis [8]. In this regard, we
hypothesized that the difference in the photoprotec-
tion of the photosynthetic apparatus of unicellular and
multicellular cyanobacteria, which differ in the pres-
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ence of long-wavelength chlorophylls, was also reflected
in the composition of Hli stress proteins.

The goal of this work is to identify and study the
localization of Hli proteins in the pigment–protein
complexes of thylakoids of the multicellular, extremo-
philic cyanobacteria A. platensis and to determine
their structural and functional features with bioinfor-
matics programs.

EXPERIMENTAL

Object of study. The multicellular cyanobacterium
Arthrospira platensis (Nordst.) Geitl. IPPAS B-256 and
unicellular cyanobacteria Synechocystis sp. PCC 6803
(hereinafter referred to as Synechocystis) served as the
study objects. Cyanobacterial cells were grown at an
illumination intensity of 50 μmol photons/m2 s, a
temperature of 30°С, and aeration with air until the
middle of the logarithmic growth phase [6, 7]. Some of
the cells were exposed to light stress (500 μmol pho-
tons/m2 s, for 1 h).

Isolation of thylakoid membranes and the fraction-
ation of chlorophyll-protein complexes. Thylakoid
membranes were isolated from cyanobacterial cells
with a method described earlier [6, 7]. A mild, non-
ionic detergent, n-dodecyl-β-D-maltoside (β-DM),
was used to extract native photosystem complexes
from thylakoid membranes. The detergent was added
to thylakoid membranes in a detergent–chlorophyll
ratio of 15 : 1 and incubated at 4°C for 30 min. The
membrane lysate was centrifuged at 18000 g for 10 min.
The thylakoid membrane precipitate was used for fur-
ther analysis.

The content of chlorophyll a in the samples was
determined in an ethanol extract with the formula
[Chla] (mg/mL) = 1.21A664 – 0.17 × A625 [9], where
A664 is the absorption at a wavelength of 664 nm and
A625 is the absorption at a wavelength of 625 nm.

Fractionation of pigment–protein and protein com-
plexes of thylakoid membranes. Fractionation was per-
formed via electrophoresis in native, unstained, poly-
acrylamide gel (PAAG) [10]. A tenfold buffer
(200 mM BisTris pH 7.0; 75% sucrose, 1.0 M 6-ami-
nocaproic acid) was added to the lysate of A. platensis
thylakoid membrane in a ratio of 10 : 1. Gradient
PAAG (4–12%) was used for electrophoresis in the
first direction, which was performed on a Hoefer
device (United States) at a voltage of 100 V for 2.5 h.
After electrophoresis, the gel plate was photographed,
and one band was then used for electrophoresis in the
second direction under denaturing conditions in the
presence of Na dodecyl sulfate (SDS-Na). Protein
electrophoresis was carried out in Tris-glycine buffer
(25 mM Tris, 250 mM glycine, 0.1% SDS-Na, pH 7.5)
at a constant current of 120 mA for 2 h in 12.5% PAAG.
The gel was then stained with Coomassie R-250 over-
night.
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Protein identification via MALDI-TOF mass spec-
trometry. Hydrolysis of tryptic protein in polyacryl-
amide gel stained with Coomassie Brilliant Blue was
carried out as follows. A piece of gel 3–4 mm3 in size
was washed twice to remove the dye in 100 μL of a 40%
acetonitrile solution in 0.1 M NH4HCO3 for 20 min at
37°C. After the removal of the gel-dehydration solution,
100 μL of acetonitrile was added. The acetonitrile was
then removed, a piece of the gel was dried, and 3.5 μL
of a solution of modified trypsin (Promega, United
States) in 0.05 M NH4HCO3 was added to it at a con-
centration of 15 μg/mL. The hydrolysis was carried out
for 3 h at 37°C; then, 5.25 μL of 0.5% trifluoroacetic
acid (TFA) in a 50% solution of aqueous acetonitrile
was added, and the solution was thoroughly mixed. The
hydrolysate was used to obtain MALDI mass spectra.
The samples were prepared for mass spectrometry as
follows: 1.5 μL of a sample solution and 0.5 μL of a solu-
tion of 2,5-dioxybenzoic acid (Aldrich, United States,
10 mg/mL in 20% aqueous acetonitrile, 0.5% TFA)
were mixed on the target, and the resulting mixture was
dried in air. The proteins were identified with the Mas-
cot software (www.matrixscience.com). The mass spec-
tra were processed with the FlexAnalysis 3.3 software
package (Bruker Daltonics, Germany). The equipment
and software for mass spectrometry at the Industrial
Biotechnologies Center for Collective Use of the Fed-
eral Research Center of Biotechnology of the Russian
Academy of Sciences were used.

RESULTS AND DISCUSSION

Fractionation of chlorophyll–protein complexes of
cyanobacterial thylakoid membranes. Chlorophyll–
protein complexes of the cyanobacteria Synechocystis
and A. platensis were fractionated via native electro-
phoresis in PAAG (Fig. 1). Fractionation of pigment–
protein complexes in native gel revealed the following
components of thylakoid membranes: trimers and
monomers of photosystem I, dimers and monomers of
the photosystem II complex, NADP-oxidoreductase,
the cytochrome complex b6-f, and proteins not
included in the complexes (free protein zone). It was
shown that the compositions of the pigment–protein
complexes of the unicellular cyanobacteria Synecho-
cystis and the multicellular A. platensis are similar.

Localization of Hli proteins in chlorophyll–protein
complexes of A. platensis thylakoid membranes. Gels
with fractionated complexes were subjected to electro-
phoresis in the second direction under denaturing
conditions. Figure 2 shows the fractionation of pro-
teins of A. platensis chlorophyll–protein complexes
under denaturing conditions. To determine the local-
ization of proteins in chlorophyll–protein complexes of
the second-direction gel, Coomassie-stained regions of
the gel with detected Hli proteins were selected. The
staining of Coomassie proteins, the molecular weight
of the Hli protein, and its most likely localization in
l. 57  No. 6  2021
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Fig. 1. Electrophoregram of pigment–protein complexes
of thylakoid membranes of Synechocystis (but) and A. plat-
ensis (b) in PAAG in native conditions: 1, PSI trimers;
2, PSI monomers; 3, PSII dimers; 4, PSII monomers;
5, NAD (P) H-oxidoreductase; 6, cytochrome b6/f;
7, zone of free proteins.
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Fig. 2. Electrophoregram of A. platensis thylakoid mem-
brane proteins in PAAG with Na-SDS (1–5, serial numbers
of proteins identified by mass spectrometry): 1–3, protein
Hli47; 4, protein Psb27 of photosystem II; 5, α subunit of
phycocyanin.
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the chlorophyll–protein complexes of cyanobacteria
were taken into account in the selection. The selected
gel samples were analyzed via MALDI-TOF mass-
spectrometric analysis. In samples 1, 2, and 3, the Hli
protein was identified with a length of 47 by. In these
samples, in addition to the Hli47 protein, photosys-
tem-II proteins were found. It follows from the
obtained data that the identified protein Hli47 A. plat-
ensis is associated with photosystem II.

The A. platensis protein Hli, which was identified
via mass spectrometry, was found in the NCBI data-
base (https://www.ncbi.nlm.nih.gov/protein/WP_
00661948923.02.19, accessed on February 23, 2019)
[11]. Bioinformatic analysis was used to describe some
of the structural and functional features of the identi-
fied Hli47 protein.
APPLIED BIOCHEMI
The degree of phylogenetic relationship of the
identified protein with Hli proteins of other organ-
isms was assessed with the Smart Blast program
[https://blast.ncbi.nlm.nih.gov/blast/smartblast/]. It
was shown that the amino acid sequence of the identi-
fied A. platensis protein Hli has a high degree of iden-
tity with Hli proteins of other multicellular cyanobac-
teria (Hlip 47 aar, Leptolyngbya sp., 89%; Hlip 47 aa,
Geitlerinema sp., 87%). At the same time, the identi-
fied protein has much less similarity, only 55%, with
the amino acid sequence of the Hli protein of the uni-
cellular Synechocystis sp. (shown below in Fig. 4).

The closest phylogenetic relations to Hlip 47 aa
A. platensis are the Hli proteins of other multicellular
(filamentous) cyanobacteria. The nearest neighbors,
Limnospira indica and Planktothrix agardhii, contain
Hli proteins with an amino acid sequence that is
almost similar to Hlip 47 aar A. platensis. The result is
consistent with both the data obtained with the Smart
Blast program and the literature data [12]. The genus
Limnospira was recently placed into a separate group
from the genus Arthrospira, but Planktothrix is closely
related to Arthrospira [12]. The Hli proteins of the uni-
cellular cyanobacteria Synechocystis are phylogeneti-
cally less similar to Hli 47 aar A. platensis. When search-
ing for amino acid sequences identical to Hlip 47 aa
A. platensis, the Smart Blast program finds almost
none in unicellular cyanobacteria.

To determine the similarity of Hli proteins of Syn-
echocystis sp. and A. platensis with the UniProt pro-
STRY AND MICROBIOLOGY  Vol. 57  No. 6  2021
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Fig. 3. Alignment of amino acid sequences of Hli proteins of Synechocystis and A. platensis with the UniProt program. Dark gray
(*) shows a complete match of aa; gray (:) indicates close aar properties; light gray (.) denotes similar aa properties.
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Fig. 4. Alignment of amino acid sequences of Synechocystis. and A. platensis proteins: (a) Synechocystis HliC and the identified pro-
tein A. platensis Hli 47 aa; (b) Synechocystis HliD and A. platensis Hli 64 aa; (c) Synechocystis HliA and A. platensis Hli 69 aa. Dark
gray (*) shows a complete aar match; gray (:) indicates close aar properties; and light gray (.) denotes similar aar properties.
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gram (https://www.uniprot.org/), their amino acid
sequences were aligned. It is shown that their common
identity is only 15.5% (Fig. 3). Pairwise comparison of
each of the Hli protein sequences of Synechocystis sp.
with the sequence of the identified protein Hli 47 aa
A. platensis showed that the amino acid sequence of
the Synechocystis sp. HliC protein is most homologous
to the sequence of the identified A. platensis 47 aa Hli
protein. Their common identity is 55% (Fig. 4a).

The HliC protein was previously isolated from the
cyanobacteria Synechocystis sp., and some of its struc-
tural and physicochemical properties have been char-
acterized [13]. The obtained structural data suggested
that at least four chlorophyll molecules and two β-car-
otene molecules bind to the HliC protein. This indi-
cated the participation of these proteins in photopro-
tection and their ability to bind harmful, free chloro-
phyll molecules, which cause photodegradation.

To gain a better understanding of the degree of
homology of the primary structure of Synechocystis sp.
and A. platensis Hli proteins, a pairwise comparison of
each of the Synechocystis sp. Hli with sequences of
A. platensis Hli proteins 64 and 69 aa. This compari-
son showed that A. platensis Hli 64 aa had the highest
percentage of similarity to the HliD protein sequence
of Synechocystis sp. (55%, Fig. 4b). The amino acid
sequence of A. platensis Hlip 69 aar had the greatest
similarity to HliA Synechocystis sp. (56%, Fig. 4c).
The homology between the presented protein pairs
directly depends on the length of their amino acid
sequence. It should also be noted that even the largest
APPLIED BIOCHEMISTRY AND MICROBIOLOGY  Vo
percentage of amino acid sequence similarity between
Synechocystis sp. and A. platensis Hli did not exceed
56%. Thus, the Hli proteins of A. platensis contain
homologs of the previously characterized Synechocys-
tis proteins: Hli64 is a homolog of HliD; Hli69 is a
homolog of HliA, and Hli47 is a homolog of HliC.
There was no HliB homolog in the A. platensis genome.

A graph of the hydrophobicity of the A. platensis
Hli 47 aa protein was plotted with the EMBOSS Pep-
window program (https://www.ebi.ac.uk/Tools/
seqstats/emboss_pepwindow/, accessed on Novem-
ber 28, 2019) (Fig. 5). It follows from the obtained
graph that the identified protein Hli 47 aa contained a
rather extended hydrophobic region that is character-
istic of transmembrane domains and was a membrane
protein.

To clarify the functions of the identified A. platensis
protein Hli 47 aa and to understand the spatial
arrangement of the molecule and its localization in the
cell, a three-dimensional model of the protein was
built with the I-TASSER (http://zhanglab.ccmb.med.
umich.edu/I-TASSER, accessed on October 29, 2019)
(Fig. 6). I-TASSER modeling [14–16] begins with a
search for structure templates in the Protein Data
Bank (PDB) library. As the most successful template for
the construction of a model of A. platensis Hli 47 aa, the
program selected a model of the crystal structure of
the photoprotective protein PsbS of spinach (Spinacia
oleracea). It is a chloroplast membrane protein local-
ized in photosystem II of spinach with a molecular
weight of 22 kDa and contains four transmembrane
l. 57  No. 6  2021
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Fig. 5. Hydrophobicity plot of A. platensis Hli 47 aa. The
x axis shows the numbers of amino acid residues (aar), and
the y axis gives the hydrophobicity of the amino acids that
make up the protein sequence.
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Fig. 6. Structural model of the low molecular weight,
light-induced A. platensis protein Hli 47 aa. The model was
calculated based on the crystal structure of the photopro-
tective protein PsbS of spinach (Spinacia oleracea,
http://www.rcsb.org/). The spatial arrangement of the
protein molecule in the thylakoid membrane is shown rel-
ative to the cell stroma and thylakoid lumen.
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helices. This PsbS protein of photosystem II plays an
important role in non-photochemical quenching [17],
which protects plants from photodamage under con-
ditions of excessive illumination [18].

Thus, the data obtained with bioinformatics
methods indicate that A. platensis Hlip 47 aa is a
transmembrane, single-stranded protein and a com-
ponent of the cyanobacterial cell membrane. Analy-
sis of the protein structure confirmed the presence of
ligand binding sites, of which chlorophyll a is the
most significant. It is possible that the protein is
involved in the non-photochemical quenching of
excessively absorbed light energy.

The biological processes involving the identified
protein supposedly include the metabolism of nitrog-
APPLIED BIOCHEMI
enous compounds. In studies conducted earlier on
Synechocystis, it was found that the content of the
HliC protein in the cell increases significantly upon a
nitrogen deficiency. At the same time, the content of
other Hli proteins remains at a low level [19]. The pri-
mary HliC structure has been noted to have significant
similarities to A. platensis Hli 47 aa.

Based on the similarity of the amino acid sequences
of A. platensis Hli 47 aa and Synechocystis sp. HliC, it
can be assumed that they perform a similar photopro-
tective function, the binding of phototoxic free chloro-
phyll molecules, in cyanobacterial cells. By binding
free chlorophyll, Hli proteins prevent the formation of
reactive oxygen species [20].

The family of light-induced Hli stress proteins of
cyanobacteria is considered to be an evolutionary pre-
cursor of chlorophyll a/b binding proteins of the light
harvesting complex (LHC) of plants and algae [4].
Most of the research on these important proteins has
been done on Synechocystis cyanobacterial cells. The
A. platensis Hli proteins of multicellular cyanobacteria
were studied for the first time in this work. According
to the NCBI database three Hli genes that encode pro-
teins of 47, 64 and 69 aa were found in the A. platensis
genome. Four genes encoding Hli proteins have been
identified in the fully sequenced Synechocystis cyano-
bacterial genome: HliB, HliC, and HliD. In addition,
the Hli domain was found at the C terminus of the fer-
rochelatase enzyme [21, 22]. The A. platensis genome
does not contain a gene for a protein homologous to
the Synechocystis sp. HliB protein.

A homolog of the HliC protein is involved in the
association with the pigment–protein complexes in
A. platensis Hli47. Evidence of the binding of other
A. platensis Hli proteins with PSI and PSII pigment–
protein complexes requires further research. Bioin-
formatic analysis showed that the amino acid
sequence of the Hli47 protein exhibits a higher degree
of homology with the proteins of multicellular cya-
nobacteria and a lower degree of homology with the
amino acid sequence of the Hli proteins of unicellu-
lar cyanobacteria.

Comparison of the composition of Hli proteins in
the unicellular cyanobacteria Synechocystis and the
multicellular extremophilic cyanobacteria A. platen-
sis, which contain long-wavelength forms of chloro-
phyll [8], showed differences in the content of Hli
proteins in the composition of pigment–protein
complexes of the photosystems. It is possible that the
differences in the composition of Hli proteins in uni-
cellular and multicellular cyanobacteria ref lect char-
acteristics of the photoprotection mechanism of
these cyanobacteria.

CONCLUSIONS

The study of the mechanisms of photoprotection in
different types of cyanobacteria makes it possible to
STRY AND MICROBIOLOGY  Vol. 57  No. 6  2021
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expand our knowledge of the photoprotective functions
of single-stranded, light-induced Hli proteins. These
studies open up new possibilities for the selection of
varieties and hybrids that are resistant to excessive light
and high-yielding varieties and hybrids, the photosyn-
thetic apparatus of which will make it possible to use
absorbed light energy more efficiently. The mechanism
of the functioning of stress proteins can also be used to
create systems for artificial photosynthesis.
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