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ABSTRACT A-1(L) is a freshwater cyanophage with a contractile tail that specifically
infects Anabaena sp. PCC 7120, one of the model strains for molecular studies of
cyanobacteria. Although isolated for half a century, its structure remains unknown,
which limits our understanding on the interplay between A-1(L) and its host. Here
we report the 3.35 Å cryo-EM structure of A-1(L) capsid, representing the first near-
atomic resolution structure of a phage capsid with a T number of 9. The major cap-
sid gp4 proteins assemble into 91 capsomers, including 80 hexons: 20 at the center
of the facet and 60 at the facet edge, in addition to 11 identical pentons. These cap-
somers further assemble into the icosahedral capsid, via gradually increasing curva-
tures. Different from the previously reported capsids of known-structure, A-1(L)
adopts a noncovalent chainmail structure of capsid stabilized by two kinds of mor-
tise-and-tenon inter-capsomer interactions: a three-layered interface at the pseudo
3-fold axis combined with the complementarity in shape and electrostatic potential
around the 2-fold axis. This unique capsomer construction enables A-1(L) to possess
a rigid capsid, which is solely composed of the major capsid proteins with an HK97
fold.

IMPORTANCE Cyanobacteria are the most abundant photosynthetic bacteria, contrib-
uting significantly to the biomass production, O2 generation, and CO2 consumption
on our planet. Their community structure and homeostasis in natural aquatic ecosys-
tems are largely regulated by the corresponding cyanophages. In this study, we
solved the structure of cyanophage A-1(L) capsid at near-atomic resolution and
revealed a unique capsid construction. This capsid structure provides the molecular
details for better understanding the assembly of A-1(L), and a structural platform for
future investigation and application of A-1(L) in combination with its host Anabaena
sp. PCC 7120. As the first isolated freshwater cyanophage that infects the genetically
tractable model cyanobacterium, A-1(L) should become an ideal template for the
genetic engineering and synthetic biology studies.
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Bacteriophages are widely distributed in natural ecosystems where bacteria inhabit.
With an estimated number of 1031 or more on the planet, phages outnumber bac-

teria by over 10-fold in marine and freshwater environments (1, 2). Phages that infect
cyanobacteria, a large group of photosynthetic oxygenic prokaryotes, are called cyano-
phages (3). It has been shown that cyanophages in aquatic environments, such as
oceans, rivers, and lakes, are involved in regulating the dynamics of cyanobacterial
communities and successions of cyanobacterial populations (4). As autotrophic micro-
organisms, cyanobacteria can sequester CO2 and generate O2 via photosynthesis, thus
playing a key role in producing the primary biomass and providing an O2-rich atmos-
phere (5–7). Hence by lysing cyanobacteria, cyanophages may contribute greatly to
the regulation of atmospheric levels of O2 and CO2, and global recycling of carbon,
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nitrogen as well (8–11). Moreover, they could cause the collapse of cyanobacterial
blooms, thus might be developed into potential biological agents for the control of
seasonal outbreak of cyanobacteria (12, 13). Based on tail morphology, cyanophages
are usually categorized within three families, namely, the Podoviridae (short tail),
Siphoviridae (long noncontractile and flexible tail) and Myoviridae (long contractile tail,
with a central tube surrounded by a contractile sheath), all of which belong to the
Caudovirales—tailed double-stranded DNA (dsDNA) bacteriophages (14). However, the
latest classification of International Committee on Taxonomy of Viruses (ICTV) shows
that some cyanophages infecting Synechococcus and Prochlorococcus belong to the
Autographiviridae family (15). In addition, recent reports also indicated the existence of
tailless cyanophages (16, 17).

Anabaena sp. PCC 7120 (here Anabaena 7120) is a freshwater filamentous nitrogen-
fixing cyanobacterium (18). It has long been utilized as a model organism to study the
genetics and physiology of bacterial cell differentiation and nitrogen fixation (19). In
this strain, highly efficient genetic tools have been developed, including gene transfer
based on conjugation (20) or electroporation (21), selection of homologous recombi-
nants based on sacB (22) or CpfI (23), and transposon mutagenesis (24). Potentially,
Anabaena 7120 may also be developed into a model strain for studies of its interplay
with cyanophages. Anabaena 7120 can be infected and lysed by the cyanophages
Myoviridae A-1(L) and Podoviridae A-4(L), where the letter “L” designates the sample
isolation place—Leningrad (25). Of the two cyanophages, A-1(L) has a icosahedral cap-
sid of 66 6 4 nm in diameter, connected to a contractile tail of 118 6 6 nm in length
(26). Moreover, A-1(L) possesses a 68,304 bp genome with 97 putative open reading
frames, including a DNA polymerase B with high similarity to that encoded by
Anabaena 7120, suggesting a long history of phage-host coevolution (27). The infec-
tion of A-1(L) toward Anabaena 7120 depends on the specific interaction between the
phage tail protein and host lipopolysaccharide (28). Beyond this, we know very little
about how A-1(L) interplays with Anabaena 7120 in the life cycle of virus from infec-
tion, replication, propagation to release.

Like Siphoviridae phages, the capsid, tail, and tail fibers of Myoviridae phages are
assembled independently, and are subsequently joined together to form a mature vi-
rion (29, 30). Most tailed dsDNA phages have an icosahedral capsid, which is usually
composed of a major capsid protein with an HK97 fold (31). Due to the plasticity of the
P-domain, E-loop and A-domain, the major capsid protein subunits are able to be
organized into pentons and hexons with different curvatures. The pentons and/or hex-
ons (capsomers) are further interlocked via diverse interfaces to form the icosahedral
capsid (32). In some cases, extra cement proteins or so-called auxiliary proteins are
recruited at 2-fold or 3-fold axes of the capsid, to further reinforce the capsid stability
(33–36).

To understand how cyanophages interplay with their hosts, it is important to estab-
lish cyanophage-host model systems to perform in-depth molecular studies. A-1(L) and
Anabaena 7120 could be a promising candidate system. To this end, we need to have
the structure information of A-1(L), beyond the present efficient genetic tools estab-
lished in Anabaena 7120. Here we employed the cryogenic electron microscopy (cryo-
EM) method to solve the structure of A-1(L) capsid at near-atomic resolution, and
revealed a unique capsomer construction of the capsid.

RESULTS
Overall structure of A-1(L) capsid. Using CsCl density gradient centrifugation, we

purified the viral particles of A-1(L) and applied the frozen-hydrated samples to cryo-
EM. The recorded cryo-EM images showed that the A-1(L) virion possesses an icosahe-
dral head with a diameter of ;740 Å, and a stretched tail of ;1,200 Å in length (Fig.
1A), which is generally in agreement with the previous measurement by negative-
staining EM (26). The capsid structure of A-1(L) was reconstructed with 32,687 viral par-
ticles from a total of 4,484 frames, and finally determined to an overall resolution of
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3.35 Å. Afterward, the molecular model of the major capsid protein gp4 was built de
novo, in which the side chains of most residues well matched the densities. Notably,
no cement protein could be assigned in the density map, which is consistent with the
genomic analysis (27).

In total, the isometric capsid shell of A-1(L) consists of 535 copies of gp4, forming
80 hexons and 11 pentons (Fig. 1B). According to the shape and localization, 80 hexons
could be further classified into two types: 20 at the center of the facet and 60 at the
facet edge, named F-hexon and E-hexon, respectively. The F-hexon (colored in ma-
genta) is located at the center of each triangular facet surrounding the 3-fold symmetry
axis, whereas two E-hexons (colored in sky blue) and two pentons (colored in yellow)
constitute an edge of the icosahedron (Fig. 1B).

FIG 1 Structure of A-1(L) capsid. (A) A representative cryo-EM image of A-1(L). The scale bar represents 50 nm. (B) Surface presentation of the overall
structure of the A-1(L) capsid. The penton, F-hexon, and E-hexon are colored in yellow, magenta, and sky blue, respectively. The dashed-line triangle
represents a triangular facet of icosahedron, whereas the solid-line triangle shows an asymmetric unit. The small black triangles, long ovals, and pentagons
represent the 3-, 2- and 5-fold axes, respectively. (C) Cartoon presentation of an asymmetric unit of A-1(L) capsid. (D) Overall structure of the major capsid
protein gp4. The four discrete domains are labeled and differentially colored.

Capsid Structure of A-1(L) Journal of Virology

December 2021 Volume 95 Issue 24 e01356-21 jvi.asm.org 3

D
ow

nl
oa

de
d 

fr
om

 h
ttp

s:
//j

ou
rn

al
s.

as
m

.o
rg

/jo
ur

na
l/j

vi
 o

n 
24

 N
ov

em
be

r 
20

21
 b

y 
21

1.
86

.1
57

.5
6.

https://jvi.asm.org


Structural analysis showed that the capsid of A-1(L) exhibits a triangulation number T of
9, corresponding to each icosahedral asymmetric unit composed of nine gp4 subunits:
eight hexameric subunits of two adjacent hexons and one pentameric subunit (Fig. 1C). In
contrast to the relatively popular symmetry mode of T = 7 (34, 37–42), or T = 13 (36, 43,
44), only a few cases of T = 9 have been reported (45–47). However, due to the limited re-
solution, the fine capsid construction with a T number of 9 remains unknown.

The major capsid protein gp4. The atomic model of the major capsid protein gp4
in the hexons was built from the residue Leu3 to Asn365 (out of 365 residues); how-
ever, a segment from the residue Asp312 to Ser321 is missing in the pentons. Each gp4
subunit is composed of four domains: an elongated N-terminal arm (N-arm), an
extended loop (E-loop), a peripheral domain (P-domain), in addition to an axial domain
(A-domain) at the center of each capsomer (Fig. 1D). Although sharing a low primary
sequence identity, the overall structure of gp4 resembles the canonical HK97 fold,
which has been found in the major capsid proteins of tailed dsDNA bacteriophages
and herpesviruses (37, 48, 49). The backbone helix a3, a characteristic feature of the
HK97 fold, is also split into two parts (a39 and a399) by a G-loop that named after its
conserved glycine residues (Fig. 1D).

The major capsid protein gp5 of HK97 (PDB: 1OHG) represents the most classical
and simplest example of the capsid structure in tailed dsDNA phages (37). Structural
comparison of A-1(L) gp4 against HK97 gp5 yielded an overall root-mean-square devia-
tion (RMSD) of 3.12 Å over 229 Ca atoms (Fig. 2A). Two main structural differences
were found: (i) the helix h3 and b-turn-b hairpin (b5-b6) between the P-domain back-
bone helix a3 and A-domain, protruding outward from the surface of capsid; (ii) two
loops located at the inner surface of capsid shell. The two loops—one between b12
and b13 (termed L-loop), the other between b13 and b14 (termed C-loop)—are
formed due to an extra strand b13, which is absent in gp5 of HK97 (Fig. 1D and 2A).
Similarly, an extra b strand also exists in the major capsid protein gp5 of Sf6 (PDB:
5L35) (40), resulting in a similar L-loop, but a much shorter C-loop (Fig. 2B). In addition,
DALI search (50) revealed that gp4 is most similar to the major capsid protein gp40 of
cyanophage Mic1 (PDB: 6J3Q), with an RMSD of 2.4 Å over 313 Ca atoms and a
sequence identity of 20% (36). However, gp40 of Mic1 possesses an additional inser-
tion domain, whereas gp4 of A-1(L) has an extra strand b13 (Fig. 2C). These structural
differences suggest that A-1(L) might adopt a unique capsid construction different
from the previously reported bacteriophages.

In contrast to eight hexameric gp4 subunits of an asymmetric unit that are structur-
ally similar to each other with an RMSD of 0.55;1.16 Å, the pentameric gp4 subunit
differs a lot with those hexameric subunits in structure with an RMSD of 1.44;1.69 Å.
First, the elongated N-arms within the eight hexameric gp4 subunits swing from each
other up to ;9°; and the most distal one further swings ;13° from the hexameric to
pentameric gp4 subunit, resulting in a maximum shift of ;20 Å for the N-terminal resi-
due Leu3 (Fig. 2D). Second, compared to the hexameric gp4 subunits, the distal loops
of A-domain and E-loop of pentameric gp4 undergo a significantly tilt of ;75° and
;20°, thus shift ;26 Å and ;11 Å toward the interior of the capsid shell, respectively
(Fig. 2D). Third, helix a2 of pentameric gp4 P-domain also tilts ;12° with a positional
displacement of ;6.4 Å (Fig. 2D). The C-loop was not defined in the pentameric gp4
subunits due to the poor cryo-EM density, suggesting that this loop is relatively flexi-
ble. Altogether, the variations of these structural elements enable the oligomerization
of gp4 subunits into both pentons and hexons, which further constitute the icosahe-
dral capsid shell.

The penton and two variable hexons. Mainly via the crossed A-domains at the
center and the “head-to-tail” interactions between P-domains and adjacent E-loops at
the periphery, the major capsid proteins assemble into the penton and two variable
hexons: F-hexon and E-hexon. Although F-hexon and E-hexon share an approximately
same diameter of ;152 Å, they possess a rather different thickness of 39 and 42 Å,
respectively (Fig. 3A). Moreover, despite slight structural variations in each subunit of
gp4 hexon (Fig. 2D), the overall structures of F-hexon and E-hexon differ significantly.

Cui et al. Journal of Virology

December 2021 Volume 95 Issue 24 e01356-21 jvi.asm.org 4

D
ow

nl
oa

de
d 

fr
om

 h
ttp

s:
//j

ou
rn

al
s.

as
m

.o
rg

/jo
ur

na
l/j

vi
 o

n 
24

 N
ov

em
be

r 
20

21
 b

y 
21

1.
86

.1
57

.5
6.

https://doi.org/10.2210/pdb1OHG/pdb
https://doi.org/10.2210/pdb5L35/pdb
https://doi.org/10.2210/pdb6J3Q/pdb
https://jvi.asm.org


When the A-domains at the center were aligned, structural superposition revealed the
P-domain at the periphery of one subunit in E-hexon bends ;9.5° compared to that in
F-hexon (Fig. 3B). In consequence, the most distal atom (Ca atom of the residue
Glu333) from the E-hexon center shifts ;12.1 Å inward the capsid (Fig. 3B), resulting in
an increased curvature of E-hexon in comparison to F-hexon.

In contrast to the hexons, pentons possess a much smaller diameter of 128 Å,
accompanied by an increased thickness of 52 Å (Fig. 3A), forming a convex surface
bulging outward on the capsid. The plasticity of individual gp4 subunits in hexon and
penton, including the N-arm, the distal loops of A-domain and E-loop, the helix a2
(Fig. 2D), together contribute to the dramatic changes in curvature of the penton com-
pared to that of E-hexon. Beyond the increase in curvature, the ;75° tilt of the A-do-
main distal loop, induced by the helix-to-loop transition of helix a5, also leads to the
enlargement of the central pore diameter from 6.1 Å in the E-hexon to 8.0 Å in the
penton. Moreover, the increased curvature might also result in higher flexibility of

FIG 2 Conformational flexibilities of the major capsid protein gp4. (A) Structural superposition of the A-1(L) gp4 (magenta) against the HK97 major capsid
protein gp5 (gray, PDB: 1OHG). The secondary structure elements (b13, C-loop, L-loop, h3, b5 and b6) distinct from those of HK97 are labeled. (B)
Structural superposition of the A-1(L) gp4 (magenta) against the Sf6 major capsid protein gp5 (blue, PDB: 5L35). The two loops and related b strands are
labeled. (C) Structural superposition of the A-1(L) gp4 (magenta) against the Mic1 major capsid protein gp40 (wheat, PDB: 6J3Q). The insertion domain (I-
domain) of Mic1 gp40 is labeled. (D) Structural superposition of nine gp4 subunits within an asymmetric unit. The pentameric subunit is colored in yellow,
whereas the hexameric subunits are shown in multiple colors. The significant structural variations are labeled.
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the C-loop, which is missing in the structure of the penton. Thus, we propose that the
F-hexon, E-hexon and penton capsomers employ gradually increasing curvatures to
finely fit the shape of icosahedral capsid, especially at the vertex.

In addition, although the F-hexon, E-hexon and penton all harbor a discrete but
regular distribution of electrostatic potential at the inner surface, the central pores are

FIG 3 Structures of the penton and two types of hexon. (A) Cartoon presentations of the F-hexon (five subunits in magenta and
one subunit in red), the E-hexon (five subunits in sky blue and one subunit in red) and the penton (four subunits in yellow and
one subunit in red) of A-1(L), shown in top and side views, respectively. (B) Superposition of the F-hexon (magenta) against E-
hexon (sky blue), shown in top and side views, respectively. The aligned subunit is shown as magenta and sky blue cartoon,
respectively, whereas the remaining subunits are shown as semitransparent cartoon. The charged residues, shown as sticks,
contribute to the electrostatic potential at the central pores of (C) F-hexon, (D) E-hexon and (E) penton.
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charged differently. In contrast to both F-hexon and E-hexon, which are negatively
charged at the inner central pore (Fig. 3C and D), the penton is positively charged (Fig.
3E). This structural variation in charge is due to the clustering of the basic residues
Arg249 and Lys252 surrounding the central pore, accompanied by the outward shift of
acidic residue Asp246 at the distal loop of A-domain in the penton (Fig. 3E).

Construction of A-1(L) capsid. Despite being solely composed of major capsid pro-
teins gp4 of an HK97 fold, A-1(L) possesses a rather high denaturation temperature
(Tm) at ;79°C (Fig. 4A), comparable to the previously reported cyanophage Mic1 that is
stabilized by cement proteins (36). This rigid capsid of A-1(L) is constituted by inter-
locked capsomers via mutually intervening structural elements of gp4.

Around the 2-fold axis, the E-hexon interacts with the neighboring F-hexon, E-
hexon and penton, forming three interfaces (Fig. 1B and 4B). In detail, the helix a2 and
P-loop at the P-domain of subunit 1 of E-hexon mainly interact with the P-domain (P-
loop, L-loop and four-stranded b-sheet) and N-terminus of E-loop (residue Lys44) of
subunit 19 of F-hexon via seven pairs of inter-capsomer hydrogen bonds (Fig. 4C).
Moreover, residues Thr79, Leu119 and Ala139 at the N-arm of adjacent subunit 29 in F-
hexon form hydrogen bonds with residues Ser100, Lys105 and Thr103 located at helix
a2 and the succeeding loopa2-a3 of the P-domain of subunit 1 of E-hexon (Fig. 4C), to
further stabilize the interface. In addition, this interface also displays complementary
electrostatic interactions: the negatively charged helix a2 and P-loop at the P-domain
of subunit 1 of E-hexon insert into a positively charged groove of F-hexon, which is
formed by the P-domain of subunit 19 and the N-arm of adjacent subunit 29. Notably,
the E-hexon forms an interface with the neighboring E-hexon and the penton, respec-
tively, similar to that between the E-hexon and F-hexon.

At the pseudo 3-fold axis, A-1(L) capsid also adopts a chainmail structure, of which
the so-called metacapsomers are interlocked (Fig. 5A and B). The metacapsomer refers
to metapenton or metahexon, which is composed of a penton and its five surrounding
hexons, or a hexon and its six surrounding hexons (or a hexon and its five surrounding
hexons and one surrounding penton), respectively. The P-domains and E-loops of five
or six gp4 subunits that closely surround the central penton or hexon of the meta-
capsomer, interact with each other in a “head-to-tail” manner to form a 5-fold or 6-fold
symmetric ring (colored the same in Fig. 5A). The neighboring rings cross each other
to form an interlocked chainmail structure.

Different from the covalent bonding in HK97 (37) or strong electrostatic interactions in
BPP-1 (34), the A-1(L) capsid adopts a three-layered interface among metacapsomers via
hydrogen bonds and salt bridges (Fig. 5B and C), adopting a noncovalent chainmail struc-
ture. The three layers at the interface are respectively formed by the L-loops, P-loops and E-
loops from three adjacent hexons, which are stacked against each other around the pseudo
3-fold axis (Fig. 5C and D). The three L-loops from subunits 2, 4 and 6 of three adjacent

FIG 4 The Tm value and structural complementarity between the F-hexon and E-hexon at the 2-fold axis. (A) The Tm curve of A-1(L), calculated by the
thermal shift assay. (B) An exterior view of the interface is shown as cartoon, with (C) a zoom-in view shown as an inset. One subunit of E-hexon (sky blue)
interacts with two subunits of F-hexon (magenta and gray). The residues forming hydrogen bonds and salt bridges are shown as sticks, colored the same
as the cartoon presentation, and labeled.
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hexons constitute the innermost layer of the interface, whereas three P-loops from the cor-
responding three subunits form the middle layer. Although the three L-loops do not inter-
act with each other, each L-loop interacts with the P-loop and its N-terminal b strand of the
same subunit by three pairs of hydrogen bonds (Gln293-Arg326, Lys302-Asp329 and
Thr304-Leu327). Moreover, three P-loops are pairwise connected via salt bridges to further
stabilize the interface. At the outermost layer, three E-loops from subunits 1, 3 and 5 stick
on the middle-layered P-loops of subunits 4, 6 and 2 from the same metacapsomer, respec-
tively (Fig. 5C and D). Residues Gly64 and Arg60 of the E-loop form hydrogen bonds with
residues His334 and Asp336 of the P-loop, in addition to a pair of salt bridge between
Arg60 of the E-loop and Glu341 of the P-loop from the adjacent metacapsomer. Similarly, a
penton and two neighboring hexons also adopt a noncovalent chainmail junction with a
same three-layered interface.

Altogether, these unique three-layered interfaces at the pseudo 3-fold axes of meta-
capsomers, in combination with the complementarity in shape and electrostatic poten-
tial at the interfaces of capsomers around the 2-fold axes, are strongly reminiscent of a
fine mortise-and-tenon construction, which would greatly augment the stability of the
icosahedral A-1(L) capsid.

DISCUSSION

The first high-resolution structure of a bacteriophage capsid was solved at 3.6 Å resolu-
tion using crystallography, namely, the HK97 empty capsid (37). Afterward, thanks to the

FIG 5 The noncovalent chainmail structure of A-1(L) with a three-layered interface. (A) The noncovalent chainmail structure of A-1(L)
capsid. The P-domains and E-loops of gp4 subunits involved in the formation of one metacapsomer are shown in the same color,
whereas other regions are colored in gray. (B) A closeup view of the three-layered interface between three hexons, colored the same as
the overall chainmail structure. Three L-loops and three P-loops of subunits 2, 4 and 6, three E-loops of subunits 1, 3, and 5, constitute
the innermost, middle, and outermost layers, respectively. The interface is shown in (C) top and (D) side views, respectively.
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revolutionary progress of cryo-EM, a series of near-atomic resolution structures of phage
capsids were determined (39, 51, 52). These structures suggested that the canonical HK97
fold appears to be very popular in the capsids of tailed dsDNA phages, even in the lower
domains of the herpesviruses’ major capsid proteins (49). During assembly, major capsid
proteins are programmed by the scaffolding proteins to form multiple copies of capsom-
ers, and the inter- and intra- capsomer interactions that largely contribute to the 3-D
arrangement and stability of capsid (53, 54). Although the HK97 fold is common and con-
served, the construction of capsid varies considerably, mainly due to the insertion domains
in the HK97 fold and/or the additional cement proteins (also termed decoration proteins
or auxiliary proteins) that anchor on the capsid.

Many tailed dsDNA bacteriophages have the major capsid proteins that adopt an
HK97 fold and possess an insertion domain. In the cases such as bacteriophages P22,
T7 and Sf6, the insertion domain of major capsid protein contributes to the stability of
phage capsid via forming noncovalent chainmail structure (40, 55). In this study, we
solved the capsid structure of the freshwater cyanophage A-1(L), revealing an HK97-
fold major capsid protein gp4 without an insertion domain (Fig. 1D). Notably, the
phages that possess the major capsid proteins without an insertion domain, such as T5
and TW1, usually utilize the extra cement proteins to stabilize the capsid (41, 56).
However, the capsid of A-1(L) is solely composed of the major capsid proteins gp4,
without any cement proteins (Fig. 1B). Together, it suggested that A-1(L) might possess
a distinct capsid assembly pattern.

To date, most tailed dsDNA phage capsids that have been studied in detail, have an
icosahedral geometry of T = 7 or 13 (34, 36–44, 53, 57–61), with a few exhibiting larger
capsids with a T number of 16 or more (62–67). The capsid structure of A-1(L) repre-
sents the first structure of phage capsid with a T number of 9 at near-atomic resolution.
In previous reports (36, 39, 42, 44), phage capsids with a T = 7 geometry could only
accommodate one type of penton and one type of hexon, whereas those with a T = 13
usually consist of one type of penton and two types of hexons. For example, in the
case of the Mic1 capsid with a T = 13 geometry, three central hexons are located at
each triangular facet, and two peripentonal hexons are asymmetrically situated at the
edge of icosahedron (36). The A-1(L) capsid with a T = 9 geometry also possesses one
type of penton and two types of hexons; however, the capsomers are assembled in a
different pattern: one F-hexon located at the center of each triangular facet and two E-
hexons symmetrically aligned at the edge of icosahedron (Fig. 1B). Thanks to the grad-
ually increasing curvatures, these capsomers could perfectly assemble into the icosahe-
dral capsid structure of A-1(L).

Icosahedral capsids of tailed bacteriophages need to withstand not only wide ranges of
environmental stresses, but also internal pressures exerted by the encapsulated dsDNA ge-
nome, for survival and propagation (68). Accordingly, they evolved a highly stable protein
chainmail structure, formed by intervened rings with five or six major capsid protein subu-
nits, to maintain the structural integrity and rigidity of capsids (55). The chainmail structure
was first discovered in HK97 (69), and observed afterward in many dsDNA viruses, such as
P22 (70), BPP-1 (34), l (57) and herpesviruses (49, 71). The HK97 capsid mainly utilizes
unique isopeptide bonds to maintain the stability of protein rings at the pseudo 3-fold
axes, representing the only known structure of a covalent-bonded chainmail (37). For P22,
the D-loop of the insertion domain in major capsid protein subunit is used to form a nonco-
valent chainmail structure via polar interactions across 2-fold axes of symmetry (55, 72). The
BPP-1 capsid is stabilized by dimeric cement proteins at the 2-fold interface (34), whereas
the l phage employs a trimeric cement protein to stabilize the capsid at the 3-fold axis
(57). In contrast, A-1(L) adopts a three-layered interface at the pseudo 3-fold axis via hydro-
gen bonds and salt bridges, in combination with the complementarity in shape and electro-
static potential around the 2-fold axis (Fig. 4 and 5), to reinforce the stability of capsid.
Compared to the common double-layered interface (P-loops and E-loops) at the 3-fold axis
(36, 37, 53, 56), A-1(L) employs three additional L-loops from the adjacent capsomers to con-
stitute an extra layer of interface at the innermost. Moreover, A-1(L) shows a relatively high

Capsid Structure of A-1(L) Journal of Virology

December 2021 Volume 95 Issue 24 e01356-21 jvi.asm.org 9

D
ow

nl
oa

de
d 

fr
om

 h
ttp

s:
//j

ou
rn

al
s.

as
m

.o
rg

/jo
ur

na
l/j

vi
 o

n 
24

 N
ov

em
be

r 
20

21
 b

y 
21

1.
86

.1
57

.5
6.

https://jvi.asm.org


Tm up to ;79°C (Fig. 4A), comparable to that of Mic1. Although Mic1 only has a classical
double-layered interface at the 3-fold axis of capsid, it possesses the cement proteins
anchoring on the capsid to stabilize the capsid (36). Based on these analyses, we propose
that A-1(L) capsid utilizes a novel noncovalent chainmail structure with mortise-and-tenon
junctions, distinct from other HK97 type capsids of bacteriophages.

To date, two structures of marine cyanophages P-SSP7 and Syn5, in addition to one
structure of a freshwater cyanophage Mic1, have been reported at 4.6, 4.7, and 3.5 Å resolu-
tion, respectively (36, 59, 60). The present structure of A-1(L) capsid represents the first
structure for a cyanophage that infects a freshwater and genetic tractable model cyanobac-
terium. With this capsid structure, and hopefully the intact viral structure of A-1(L) in the
future, the structure-function relationships and interplays between A-1(L) and its host could
be further investigated in Anabaena 7120 by genetic modifications of both cyanophage
and cyanobacterium.

MATERIALS ANDMETHODS
A-1(L) purification. The Anabaena 7120 cells were grown in BG11 at 30°C under a light intensity of

2,000 lux to an OD730 nm of 0.7. A-1(L) at a multiplicity of infection of ;0.01 was added to the culture.
After infection, cell lysate was centrifuged first to remove the cellular debris, then 1 mg/ml DNase I and
RNase A were added to the supernatant and incubated at 25°C for 2 h. Afterward, A-1(L) virions were col-
lected by centrifuging at 8,000 g for 16 h at 4°C. The pellet containing A-1(L) was resuspended in SM
buffer (50 mM Tris, pH 7.5, 100 mM NaCl, 10 mM MgSO4). The suspension was loaded onto a discrete
CsCl density gradient (1.30, 1.35, 1.40, 1.45, 1.50 g/ml), and further centrifuged at 100,000 g for 4 h at
4°C using SW 40 Ti rotor (Beckman Coulter). After centrifugation, the band corresponding to A-1(L) was
collected and dialyzed against SM buffer at 4°C overnight to remove CsCl.

TABLE 1 Cryo-EM parameters, data collection, refinement statistics

Data collection and processing

A-1(L) Capsid
(PDB 7F38)
(EMD-31431)

Magnification 26,000
Voltage (keV) 300
Electron exposure (e2/Å2) 50
Defocus range (mm) 1.5;2.5
Pixel size (Å) 1.22
Symmetry imposed I3
Initial particle images (no.) 38,857
Final particle images (no.) 32,687
Map resolution (Å) 3.35
FSC threshold 0.143
Map resolution range (Å) 2.44;999

Refinement
Real-space correlation coefficient 0.8189
Initial model used (PDB code) ab-initio
Map sharpening B factor (Å2) -112.347

Model composition
Nonhydrogen atoms 1,488,300
Protein residues 195,420
Waters 0

RMS deviation from ideality
Bond lengths (Å) 0.009
Bond angles (°) 0.861

Validation
MolProbity score 2.57
Clash score 28.06
Poor rotamers (%) 0.04

Ramachandran statistics
Favored regions (%) 86.15
Allowed regions (%) 13.79
Outliers (%) 0.06
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Cryo-EM sample preparation. The purified A-1(L) particles were concentrated using an ultracentrifugal
filter with a 100-kDa cutoff (Amicon; EMD Millipore, Billerica, MA, USA). The negative-staining EM was used to
check the purity and integrity of A-1(L) viral particles. A sample of 3.5 ml of concentrated A-1(L) particles was
loaded onto a R2/1 300-mesh cooper grid (Quantifoil), which has been plasma cleaned for 10 s in a plastic
cleaner. The grid was then blotted with GE filter paper for 3 s in 100% relative humidity with a blot force of
22, plunged into liquid ethane, and transferred into a holder to store the specimen in liquid nitrogen.

Cryo-EM data collection and processing. Cryo-EM movies (40 frames, each 0.15 sec) were recorded
at nominal magnification of 22,600� on a FEI Titan Krios electron microscope operated at 300 kV. The
total accumulated dose is 50 e-/Å2, And the final pixel size is 1.22 Å. The defocus range is 1.5 ;2.5 mm.
Totally, 4,484 micrographs were recorded. The movie frames were motion corrected and dose weighted
using MotionCor2 (73), and the defocus were determined by CtfFind4 (74).

To determine the capsid structure of A-1(L), a total of 38,857 particles were selected and extracted
by RELION3.1 (75). All extracted particles were applied to 2D classification, and then all good subsets
were selected and subjected to 3D reconstructions. After several iterations of 2D and 3D classifications,
32,687 particles were used to do the 3D refinement, yielding a final reconstruction map at 3.35 Å accord-
ing to the Gold standard Fourier shell correlation using the 0.143 threshold.

Model building and refinement. The high quality of cryo-EM map enables us to de novo build the
atomic model of one gp4 subunit with Coot (76). Then the model was iteratively adjusted by several
rounds of automatic refinement in Phenix.real-space refinement (77) and manually refinement in Coot
(76). The final model was evaluated by Molprobity (78).

Afterward, one gp4 subunit was individually fitted into the density of an asymmetric unit comprising
nine gp4 subunits. Then each gp4 subunit in an asymmetric unit, especially for the variable regions (N-
arm, distal loop in A-domain and E-loop) were manually adjusted and refined with Coot (76). Afterward,
the model of an asymmetric unit was applied to the automatic refinement by Phenix.real-space refine-
ment. Then the whole viral capsid was built with the refined asymmetric unit by imposing icosahedral
symmetry I3 using Chimera (79). The cryo-EM parameters, data collection and refinement statistics were
summarized in Table 1. The structure figures were prepared using Chimera (79), ChimeraX (80) and
PyMOL (www.pymol.org). The interactions between the capsomers were analyzed using PDBsum (81)
and PISA server (82) at the European Bioinformatics Institute.

Thermal shift assay. Thermal shift assay measures the fluorescence emission upon binding of a probe
to an exposed hydrophobic region, after heating to denature the protein. It was used to determine the Tm of
A-1(L). Thermal shift assays were performed with purified A-1(L) particles and 5�SYPRO Orange (Sigma) in a
volume of 10 ml. Melting curve was measured with the temperature range from 20°C to 95°C via a real-time
qPCR machine. The Tm value was obtained by fitting the melting curve with a sigmoid equation.

Data availability. The structure of A-1(L) capsid has been deposited in the Protein Data Bank (PDB ID:
7F38). The cryo-EM density map has been deposited in the Electron Microscopy Data Bank (EMD-31431).
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