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1 | INTRODUCTION
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Abstract

Cyanophages, widespread in aquatic systems, are a class of viruses that specifically
infect cyanobacteria. Though they play important roles in modulating the homeosta-
sis of cyanobacterial populations, little is known about the freshwater cyanophages,
especially those hypothetical proteins of unknown function. Micl is a freshwater
siphocyanophage isolated from the Lake Chaohu. It encodes three hypothetical pro-
teins Gp65, Gp6é6, and Gp72, which share an identity of 61.6% to 83%. However, we
find these three homologous proteins differ from each other in oligomeric state.
Moreover, we solve the crystal structure of Gp72 at 2.3 A, which represents a novel
fold in the a + B class. Structural analyses combined with redox assays enable us to
propose a model of disulfide bond mediated oligomerization for Gp72. Altogether,
these findings provide structural and biochemical basis for further investigations on

the freshwater cyanophage Mic1.
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the world.® The bloom not only causes the deterioration of water

quality and imbalance of ecosystem, but also threats the health of sur-

Viruses are the most abundant biological entities on the planet, most
of which usually infect bacteria and are known as bacteriophages.® As
a special class, bacteriophages that specifically infect cyanobacteria
are termed cyanophages, which are widespread in aquatic systems.?
Cyanobacteria and cyanophages adapt to and coevolve with each
other during infection and anti-infection processes,® forming a mutu-
alistic symbiosis relationship. In fact, cyanobacteria provide living
place for cyanophages to replicate genomic DNA and release progeny
phages, whereas cyanophages act as genetic information stores and
carriers of cyanobacteria and regulate the abundancy, distribution,
and diversity of cyanobacterial populations.*> As we known, under
the conditions of eutrophication and high temperature, cyanobacteria
could proliferate quickly, resulting in the seasonal outbreak of

cyanobacterial bloom in a wide range of fresh waterbodies all over

rounding humans and animals, thus becomes a serious social and eco-
nomic issue.” Cyanophages play essential roles in modulating the
homeostasis of cyanobacterial populations,® providing a putative
environment-friendly solution for temporarily controlling the
cyanobacterial bloom.? However, systematic investigations are
needed to better understand the freshwater cyanophages.

Studies on cyanophages started from the 1960s.1° Nearly all the
isolated cyanophages contain a dsDNA genome,** and belong to the
order Caudovirales with three families Myoviridae, Podoviridae, and
Siphoviridae according to the morphology.!? Thanks to the develop-
ment of next generation sequencing, genome of about
108 cyanophages have been sequenced (http://www.genome.jp/
virushostdb/view/), including only 14 freshwater cyanophages. The

growing genomic sequence data indicate that the cyanophages

Proteins. 2020;1-7.

wileyonlinelibrary.com/journal/prot

© 2020 Wiley Periodicals, Inc. | 1


https://orcid.org/0000-0002-6881-7151
https://orcid.org/0000-0003-2838-9380
mailto:liqiong@ustc.edu.cn
mailto:zcz@ustc.edu.cn
mailto:zcz@ustc.edu.cn
https://publons.com/publon/10.1002/prot.25896
https://publons.com/publon/10.1002/prot.25896
http://www.genome.jp/virushostdb/view/
http://www.genome.jp/virushostdb/view/
http://wileyonlinelibrary.com/journal/prot
http://crossmark.crossref.org/dialog/?doi=10.1002%2Fprot.25896&domain=pdf&date_stamp=2020-05-15

2 Wl | EY_BROIEINS

WANG ET AL

represent a huge pool of diverse novel genes, as more than half of the
hypothetical open reading frames (ORFs) could not be annotated
based on the previously identified proteins.**>'* These genes occupy a
large number of genome and are thought to provide a selective bene-
fit to phages,*>*¢ thus more functional analyses are necessary.

Micl is a freshwater siphocyanophage isolated from the Lake
Chaohu that specifically infects the bloom-forming cyanobacteria
Microcystis aeruginosa.r” Its 92.6 kb genome harbors 98 putative
ORFs (GenBank: MN013189), including 62 genes encoding hypotheti-
cal proteins of unknown function.3® Notably, gpé5, gpé6, and gp72 are
three duplicated genes, which encode proteins possessing sequence
identities of 61.6% to 83% with each other. We found that the three
homologous proteins Gp65, Gpé6, and Gp72 exist as different oligo-
meric states in solution. However, bioinformatic analyses showed that
neither homologous protein nor similar motif could be found in the
present databases. Therefore, we solved the crystal structure of
Gp72 at 2.3 A resolution, and revealed that it possesses a central bar-
rel and displays in a novel o + f fold. Structural analyses in combina-
tion with redox assays indicated that Cys28 and Cys115 might
regulate the oligomerization of Gp72. These findings provide struc-
tural and biochemical hints for further exploring the function of hypo-

thetical proteins in the freshwater cyanophage Mic1l.

2 | MATERIALS AND METHODS

21 | Oligomeric states analyses

Analytical gel filtration chromatography (AGFC) was used to deter-
mine the molecular weight of Gp72 in solution by a Superdex
200 Increase 10/300 GL column (GE Healthcare). The following stan-
dard molecular markers were used for calibration: ribonuclease A
(13.7 kDa), ovalbumin (43.0 kDa), conalbumin (75.0 kDa), aldolase
(158.0 kDa), ferritin (440.0 kDa), and thyroglobulin (669.0 kDa).

Size exclusion chromatography with multiangle light scattering
(SEC-MALS) was used to determine the molecular weight of Gpé6 in
solution. The assay was performed using a Superdex 200 Increase
10/300 GL column connected to the DAWN HELEOS || light scattering
detector (Wyatt Technology) and the Optilab T-rEx refractive index
detector (Wyatt Technology). The protein sample (100 pL, 1.0 mg/mL)
was injected into and then eluted from the column pre-equilibrated
with the buffer of 40 mM Tris-HCI, pH 7.5, 100 mM NaCl, and 14 mM
B-mercaptoethanol (3-ME). The results were recorded and processed by
ASTRA 7.0.1 software (Wyatt Technology). The final figure was pre-
pared using the OriginPro 2019 software.

2.2 | Cloning, expression, and purification

The coding sequences of Gp65, Gp66, and Gp72 were amplified from
the genomic DNA of Micl, and then cloned into a modified pET29b
vector, respectively, with a C-terminal His-tag. The Escherichia coli BL21

(DE3) stain (Novagen) was used for the overexpression of the

recombinant proteins. The transformed cells were grown in LB culture
medium (10 g of Tryptone, 5 g of yeast extract, and 10 g of NaCl per
liter) containing 30 pg/mL kanamycin at 37°C to an Agoo nm Of 0.8, and
then induced with 0.2 mM isopropyl p-p-1-thiogalactopyranoside at
16°C for 20 hours. The cells were harvested and resuspended in 30 mL
lysis buffer of 40 mM Tris-HCI, pH 7.5, 100 mM NaCl, and 14 mM
B-ME. After sonication and centrifugation, the supernatant was loaded
onto a Ni-NTA column (GE healthcare) equilibrated with the binding
buffer, which is the same as the lysis buffer. The target protein was
eluted with 500 mM imidazole, and further applied to a Superdex
75 column (GE Healthcare) equilibrated with the binding buffer. The
fractions containing the target protein were collected and stored at
4°C. The purity of protein was assessed by gel electrophoresis.

The selenomethionine (SeMet)-substituted Gp72 was over-
expressed in E. coli B834 (DE3) strain. The transformed cells were cul-
tured overnight in LB medium at 37°C, and then washed and
resuspended with the SeMet medium (M9 medium supplied with
60 mg/L SeMet and other essential amino acids).*® The following
steps in protein expression and purification were the same as those
for the native protein.

The version of Gp72 with an N-terminal His-tag, the site-directed
mutagenesis of Gp72 and the truncation of Gpéé were performed
using a standard PCR-based strategy with the plasmid encoding the
wild-type Gp72 and Gpéé as the template, respectively. They were
expressed and purified in the same way as the wild-type protein.

2.3 | Crystallization, data collection, and
processing

The Gp72 protein was concentrated to 13 mg/mL for crystallization.
Crystals were grown at 289 K using the sitting drop vapor diffusion
method, with a drop of 1 pL protein solution mixed with an equal vol-
ume of the reservoir solution. However, after exhaustive optimization,
the crystal diffraction was too low to determine the structure. Micro-
seed matrix screening method was used for further crystal optimiza-
tion.? Initial crystals are systematically transferred to all
crystallographic kit and used as seeds to screen for other conditions
that support ordered growth of crystals. The reservoir solution of
SeMet-substituted Gp72 with good diffraction quality is 13% polyeth-
ylene glycol 6000, 0.1 M ADA pH 7.0, 0.01 M spermine tetra-
hydrochloride, and 0.1 M guanidine hydrochloride. Crystals were flash
cooled with liquid nitrogen after addition of 10% glycerol to the reser-
voir solution as cryoprotectant. The X-ray diffraction data were col-
lected at 100 K in a liquid nitrogen stream on beamline BL19U at the
Shanghai Synchrotron Radiation Facility. The diffraction data were

indexed, integrated, and scaled with the program HKL2000.2°

2.4 | Structure determination and refinement

The crystal structure of Gp72 was determined by the single-
wavelength anomalous dispersion method.?* The AutoSol program in
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PHENIX?2 was used to search the selenium atoms and to calculate the
phase. Automatic model building was carried out by AutoBuild in PHE-
NIX. Then, the initial model was refined by REFMAC5 of CCP4i pro-
gram suite, and rebuilt interactively with the program Coot.?*?* The
final model was evaluated with the web service MolProbity.?> The
crystallographic parameters were listed in Table 1. All structure figures
were prepared with PyMOL (http://www.pymol.org).

2.5 | Redox assays

Gp72 and its mutants were purified using the buffer of 40 mM Tris-
HCI, pH 7.5, 100 mM NaCl, respectively. Then, they were incubated

Resolution range (A)

Unique reflections

TABLE 1  Crystal parameters, data collection, and structure
refinement
SeMet-Gp72
Data collection
Wavelength (A) 0.97918
Space group c2
Unit cell parameters
a,b,c(A) 85.702, 45.534, 67.368
apy (%) 90.00, 94.29, 90.00

50.00-2.30 (2.38-2.30)*
11 607 (1125)

Completeness (%) 98.8 (98.2)
<l/o(1)> 25.23 (4.90)
Rimerge” (%) 8.3(30.1)

Average redundancy 5.9 (5.3)
Structure refinement

Resolution range (A) 42.77-2.29

Reactor/Riree” (%) 20.1/23.8

Number of protein atoms 1,976

Number of water molecules 57

RMSD® bond lengths (A) 0.001

RMSD bond angles (°) 1.239

Mean B factors (A?) 53.24

Ramachandran plot’

Most favored (%) 96.1
Additional allowed (%) 3.9
Protein Data Bank entry 6L2W

Abbreviation: RMSD, root mean square deviation.

3The values in parentheses refer to statistics in the highest bin.

meerge = Ehklzi“i(hkl) - <|(hk|) > VthIZili(hkl)v where |,(hk|) is the inten-
sity of an observation, and <I(hkl)> is the mean value for its unique reflec-
tion. Summations are over all reflections.

“Reactor = Y _nlFo(h) — Fc(h)|/>_nFo(h), where Fo and Fc are the observed
and calculated structure-factor amplitudes, respectively.

9Rfree Was calculated with 5% of the data excluded from the refinement.
°RMSD from ideal values.

fCategories were defined by MolProbity.

with 0.5 mM CuCl, on ice for 30 minutes to introduce disulfide
bonds. Each sample was divided into two parts with or without
100 mM B-ME, and applied to sodium dodecyl sulfate polyacrylamide
gel electrophoresis (SDS-PAGE) or native polyacrylamide gel electro-
phoresis (native PAGE) to detect the formation of disulfide bonds.

3 | RESULTS

3.1 | Homologous protein Gp6é5, Gp66, and Gp72
possess different oligomeric states

The genome of freshwater siphocyanophage Micl harbors three
duplicated genes gp65, gpé6, and gp72, which encode three small pro-
teins of similar molecular weight and primary sequence identity at
61.6% to 83% (Figure 1A). Notably, Gp65, Gp66, and Gp72 have been
all detected in the mass spectrometric analysis, indicating that they
might be structural components of the mature Micl. Though gpé5,
gp66, and gp72 locate closely to genes involved in DNA replication
and nucleotide metabolism in the genome, their function cannot be
annotated based on searching homologous proteins or similar motifs
in the present databases. Interestingly, the recombinant Gp65, Gpé6,
and Gp72 exhibit different elution volumes in the gel filtration column
(Figure 1B). Further analysis with AGFC and SEC-MALS showed that
the apparent molecular weights of Gp72 and Gpé66 are about 25.7
and 63 kDa, whereas the theoretical molecular weights of the mono-
mer are 14.6 and 15.5 kDa, suggesting that Gp72 and Gp66 exist as a
monodispersing dimer and tetramer in solution, respectively
(Figure 1C,D). Moreover, secondary structure prediction combined
with multi-sequence alignment revealed that Gpé6 has a longer helix
a2 compared to that of Gp72 (Figure 1A). Gel filtration assays showed
that deletion of the 4 or 8 C-terminal residues truncations, termed
Gpbb6cas and Gpbbeasg, respectively, could significantly alter the oligo-
meric state (Figure 1E), and deletion the last 12 C-terminal residues
(Gpb6ca10) resulted in the formation of a dimer (Figure 1E). It indi-
cated that the helix a2 is involved in regulating the tetramerization of
Gpé66. These results suggested that Gp72 and Gpé6é might possess

different functions in the assembly or infection of Mic1.

3.2 | Overall structure of Gp72

To explore the functions based on their structures, Gpé5, Gp66, and
Gp72 were purified and applied to crystal screening, but only high-
quality crystals of Gp72 were obtained after exhaustive screening and
optimization. Eventually, we solved the structure of Gp72 at 2.3 A
resolution in the space group C2. The Gp72 structure is refined to
final R and Ry Values of 20.1% and 23.8%, respectively. The crystal-
lographic parameters are listed in Table 1.

In the structure, each asymmetric unit contains two molecules of
Gp72 (Figure 2A), which form a homodimer with a buried interface
area of 1000 A2, as calculated by QTPISA.2® The interface is mainly
stabilized by hydrophobic interactions (Figure 2B), in addition to
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FIGURE 1 Different oligomeric states of Gpé5, Gp66, and Gp72. A, Multiple-sequence alignment of Gp65, Gpé6, and Gp72. The alignment
was performed with the programs Clustal Omega and Espript. The secondary structural elements of Gp72 and Gpé6 are shown above and below
the sequences, respectively. The structure of Gp66 is gained by homology modeling using Robetta®! based on Gp72. Four cysteine residues are
marked with red asterisks. B, Gel filtration profiles of Gp65, Gp6é6, and Gp72. mAU, milliabsorbance units. C, Analysis of analytical gel filtration
chromatography (AGFC) showed that Gp72 exists as a dimer in solution. (D) Analysis of size exclusion chromatography with multiangle light
scattering (SEC-MALS) assays showed that Gpéé exists as a tetramer in solution. The eluted peak is in correspondence with the X axis and the
Rayleigh ratio of the Y axis on the left. The jagged short line represents the molecular weight of the Y axis on the right. E, Gel filtration profiles of
full-length and truncated Gpé6

hydrophilic interactions including hydrogen bonds and salt bridges. the so-called PHCCEx domain of guanine nucleotide-exchange factors
The dimerization of Gp72 in the crystal structure is consistent with Tiam2 from Mus musculus.?® Notably, Gp72 resembles a computation-
the result of AGFC (Figure 1C), proving that Gp72 also exists as a sta- ally designed novel-fold protein termed Top7,2’ with an RMSD of
ble dimer in solution. Further analysis showed that the two subunits 3.5 A over 69 Ca atoms. Moreover, we did not find a protein that har-
of Gp72 pack against each other in a symmetric manner, forming a bors a similar fold with Gp72 in the SCOP database (http://scop.mrc-
central barrel, which is closed at the bottom and open at the top Imb.cam.ac.uk/scop/). Altogether, Gp72 represents a novel fold in the
(Figure 2A). The bottom is blocked by the residues Tyr76, Met80, and a + f class.
His8, whereas the top is surrounded by the residues Asp39 and Arg73
(Figure 2C).

Each subunit consists of two a-helices, two 1-helices and six anti- 3.3 | Cys28 and Cys115 regulate the
parallel p-strands, which are arranged with a topological architecture oligomerization of Gp72
of p1-p2-p3-n1-n2-p4-al-p5-p6é-a2 (Figure 2D). The six B-strands con-
sist of half of the central barrel, whereas the two a-helices pack As shown in Figure 3A, when C-terminal His-tagged Gp72 was

against the barrel on each side (Figure 2A). The two subunits in the applied to SDS-PAGE, we found that it displays as a mix of monomer,

asymmetric unit share an overall structure similar to each other, with dimer and oligomer in the presence of oxidant CuCl,, whereas it
a root mean square deviation (RMSD) of 0.5677 A, except that a loop becomes a homogeneous monomer in the presence of reductant
between strands pland p2 (Phel4-Leulé) of subunit A is missing in B-ME. In contrast, the N-terminal His-tagged Gp72 displays as a much
the electron density map. A homology search against the DALI data- regular ladder of oligomers in the presence of CuCl, (Figure 3A),
base?’ yielded an output of several functionally unrelated proteins suggesting that Gp72 exists as different oligomeric states in solution
with a Z-score of <5. Structural superposition gave an RMSD of 3.4 A upon oxidation. Considering that the hydrophobic dimerized interface

over 82 Ca atoms and a sequence identity of 5% against the top hit, seen in the structure could be destroyed by SDS; thus, it indicated
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Subunit A Subunit B

(©) (D)

His8" Asp39
S

<\/Met80' ]
MetS0 . -ﬂ~ <L Arg73
\ yr76” Arglé)—

His8 =X Asp39’
Bottom view Top view

C \

FIGURE 2 Overall structure of Gp72. A, Cartoon representation of dimeric Gp72 in the side view (left) and top view (right). Two subunits are
colored in green and yellow, respectively. The secondary elements are labeled in subunit A. The disordered regions are shown as dotted lines. The
four cysteine residues at subunit A are shown as sticks and labeled. B, The hydrophobic interface of dimeric Gp72. Subunits A and B are shown as
electrostatic potential and cartoon, respectively. C, The central barrel of Gp72 in the bottom view (left) and top view (right). The involved residues
are labeled and shown as sticks. D, Topology diagram of Gp72, which is drew by Topdraw.3?

(A) (B) ©) C28A&
C-His N-His C-His N-His WT C28A Cl115A Cl115A

+

kDa  + - -+ - 4+ S S S

SDS-PAGE native PAGE SDS-PAGE

FIGURE 3 Cys28 and Cys115 are involved in regulating the oligomerization of Gp72. A, Sodium dodecyl sulfate polyacrylamide gel
electrophoresis (SDS-PAGE) profiles of Gp72 with the C-terminal or N-terminal His-tag. Gp72 in the presence of B-mercaptoethanol and CuCl,
are shown as “+” and “—," respectively. B, Native PAGE profiles of Gp72 with the C-terminal or N-terminal His-tag. C, SDS-PAGE profiles of wild-
type and mutated Gp72

that the oligomerization of Gp72 we observed might be correlated native PAGE (Figure 3B). Notably, though it presents as a dimer in the
with redox, and the C-terminal His-tag could partly disturb the pro- presence of B-ME due to lack of SDS, Gp72 forms oligomers of higher
cess. In addition, the results of SDS-PAGE were further confirmed by molecular weight (tetramer and so on) in the oxidized condition.
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Disulfide bonds
between Cys28

Tetramer

Disulfide bonds
between Cys115

FIGURE 4 A model for the oligomerization of Gp72. A, Two Gp72 dimers form a tetramer via the disulfide bonds between two pairs of
Cys115 residues. A schematic representation is shown in the right. B, Two Gp72 tetramers form an octamer via the disulfide bonds of Cys28
residues. C, Gp72 octamers pack against each other to form super oligomers. The intermolecular disulfide bonds between pairs of Cys115 and

Cys28 residues are shown as gray line and orange line, respectively

Structural analysis showed that two Gp72 homodimers could
pack against each other at the bottom, and form a tetramer by sym-
metry operation (Figure 4A). Gp72 has four cysteine residues
(Figure 1A), which probably form redox-regulated disulfide bonds. As
shown in the crystal structure, Cys55 and Cys58 are buried at the
interface between the helix a1l and the central barrel, whereas
Cys28 at the strand 3 and Cys115 at the helix a2 are exposed to the
solvent (Figure 2A). It indicated that Cys28 and Cys115 are involved
in the formation of disulfide bonds that regulate the oligomerization
of Gp72. Accordingly, we mutated these two cysteine residues to ala-
nine. As shown in Figure 3C, compared with the wild-type N-terminal-
His-tagged Gp72, single mutation of C28A or C115A led to the loss
of oligomerized ladders except for the dimer at the oxidized condition;
and moreover, double mutation of C28A and C115A resulted in
almost complete disappearance of the oxidized dimer. It confirmed
that both Cys28 and Cys115 play an essential role in regulating the

oligomerization of Gp72.

4 | DISCUSSION
Recently, we isolated a siphocyanophage Micl infecting Microcystis
aeruginosa from the Lake Chaohu in China, which suffers from seasonal

algal blooms every year. The capsid structure of Micl has been solved

using cryoelectron microscopy, providing hints for the assembly of
freshwater cyanophages.r” However, although its genome was
sequenced, there are still many unknown aspects about the coding pro-
teins of Mic1, especially the hypothetical proteins of unknown function.

The three duplicated ORFs Gpé5, Gpéé, and Gp72 of Micl
encode homologous proteins of different oligomeric states
(Figure 1B). The duplicated genes not only directly increase gene dos-
age, but also contribute to the adaptation of cyanophage to specific
environmental conditions.%° Further structural investigations together
with biochemical assays enable us to propose a model to elucidate the
oligomerization of Gp72. First, two monomeric Gp72 form a stable
dimer via hydrophobic interactions, as shown in our crystal structure
(Figure 2B). Afterwards, two Gp72 dimers further form a tetramer in a
bottom-to-bottom manner via the disulfide bonds between two pairs
of Cys115 residues (Figure 4A). Moreover, Cys28 of one tetramer
forms a disulfide bond with that of the neighboring tetramer, resulting
in the formation of Gp72 octamer in a lateral manner (Figure 4B).
Eventually, Gp72 octamers could pack against each other to form
super oligomers with the help of these two pairs of disulfide bonds
(Figure 4C). Notably, the tetramerization of Gpé6 might just be con-
tributed by the longer helix a2, but not the cysteines, which are miss-
ing in Gp66 (Figure 1AE).

Although mass spectrometric analysis indicated that Gpé5, Gpé6,
and Gp72 might be structural components of Mic1, nothing is known
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for their molecular functions. Crystal structure of Gp72, in combina-
tion with the various oligomeric states regulated by redox of the
homologs, implied the distinct roles of these three homologs in the
lifecycle of Micl. These findings provide structural and biochemical
hints for further elucidation of hypothetical proteins in the freshwater
cyanophage Mic1.
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