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SUMMARY

Many large viruses, including tailed dsDNA bacteriophages and herpesviruses, assemble their
capsids via formation of precursors, called procapsids or proheads. The prohead has an internal
core, made of scaffolding proteins, and an outer shell, formed by the major capsid protein. The
prohead usually contains a protease which is activated during capsid maturation to destroy the
inner core and liberate space for the genome. Here we report a 2.0 A-resolution structure of the
pentameric procapsid protease of bacteriophage T4, gene product (gp)21. The structure
corresponds to the enzyme’s pre-active state in which its N-terminal region blocks the catalytic
center, demonstrating that the activation mechanism involves self-cleavage of nine N-terminal
residues. We describe similarities and differences between T4 gp21 and related herpesvirus
proteases. We found that gp21 and the herpesvirus proteases have similarity with proteins forming
the tubes of phage tails and bacterial type VI secretion systems, suggesting their common
evolutionary origin.

eTOC Paragraph

Fokine and Rossmann present the structure of the bacteriophage T4 capsid assembly protease,
revealing that phage and herpesvirus proteases have similar folds but different activation
mechanisms. The structure suggests that these proteases share common evolutionary origin with
proteins forming the tubes of phage tails and bacterial type VI secretion systems.
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INTRODUCTION

Bacterial viruses (bacteriophages or phages) are probably the most abundant biological
entities on Earth with ~1031 virions in the biosphere (Hatfull and Hendrix, 2011; Hendrix,
2003). Most phages (96%) visualized by electron microscopy (Ackermann, 2007) have a tail
and are classified into the Caudovirales order. Based on tail morphology the Caudovirales
phages are divided into three families: Myovirigae, characterized by contractile tails;
Siphoviridae, possessing long, non-contractile tails; and Podoviridae, characterized by short
tails. Bacteriophage T4, a member of the Myoviridae family, has been used for many years
as a model system to study virus assembly (Black and Rao, 2012; Leiman et al., 2010). The
T4 virion consists of a 1200 A-long and 860 A-wide prolate head (Fokine et al., 2004)
encapsidating a 172-kbp double-stranded DNA molecule, and a 1000 A-long tail
(Kostyuchenko et al., 2005; Leiman et al., 2004) containing a rigid inner tube surrounded by
a contractile sheath. The tail terminates in a baseplate (Kostyuchenko et al., 2003; Taylor et
al., 2016; Yap et al., 2016) to which are attached six long tail fibers. When the phage
baseplate attaches to an £. coli cell the tail sheath contracts and drives the tail tube across the
cell’s periplasmic space. The phage DNA genome then passes from the capsid into the cell
through the tail tube.

The mature T4 capsid is a prolate icosahedron with icosahedral ends and an elongated
midsection. The outer shell of the T4 head is formed by 930 copies of the major capsid
protein, gene product 23 (gp23), which is organized into a hexagonal lattice characterized by
the triangulation numbers Teng = 13 /aevo for the icosahedral ends and T g = 20 for the
midsection (Fokine et al., 2004). Eleven capsid vertices are occupied by pentamers of the
special vertex protein, gp24 (Fokine et al., 2005), whereas the twelfth vertex is occupied by
the dodecameric protein, gp20 (Sun et al., 2015), which is a portal for DNA packaging
during the capsid assembly and exit during infection.

The T4 head and tail assemble via independent pathways and join together to form the
mature virion. The head assembles via formation of a DNA-free precursor called a prohead
or procapsid (Black et al., 1994). Prohead formation is initiated by the portal protein, gp20
(61 kDa), which nucleates the assembly of a scaffolding core. The main component of the
core is the scaffolding protein, gp22 (30 kDa, with ~580 copy number). The other proteins
constituting the core are gp67 (9 kDa, ~340 copies), gp68 (17 kDa, ~240 copies), gpalt (77
kDa, ~40 copies), IPI (10 kDa, ~360 copies), IPIl (11 kDa, ~360 copies), and IPIlI (22 kDa,
~370 copies) (Black et al., 1994; Leiman et al., 2003). In addition, the inner core contains
the prohead maturation protease, gp21 (23 kDa, ~72 copies) which is initially inactive
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(Showe et al., 19764, b). The major capsid protein, gp23 (56 kDa), forms an outer shell
around the scaffolding core whereas the special vertex protein, gp24 (48 kDa), attaches to
the prohead vertices (Fokine et al., 2006; Fokine et al., 2005). After completion of prohead
assembly, the gp21 protease is converted to an active enzyme which cleaves most of the
molecules of the core proteins gp22, gp67, and gp68 into small peptides. These peptides
escape from the capsid, probably through holes in the major capsid protein capsomers, thus
liberating space for the phage DNA genome. The protease also cuts off small N-terminal
pieces (0.9 — 1.5 kDa) from IPI, IPII, IPIII, and gpa/t (Black et al., 1994). In addition gp21
removes the 65-residue N-terminal region from gp23 and 10 N-terminal residues from gp24.
The gp21 protease cleaves polypeptide chains after Leu/lle-X-Glu motifs, where X can be
any residue (Black et al., 1994). Although the protease was tentatively localized in the center
of the scaffolding core (van Driel et al., 1980), studies of the T4 head-gene mutants
suggested that activation of the protease is triggered by attachment of the gp24 vertex
protein to the procapsid assembly (McNicol et al., 1977). In particular, a T4 mutant lacking
gp24 produces proheads containing uncleaved core proteins (McNicol et al., 1977; Onorato
et al., 1978). Addition of the gp24 protein to these proheads initiates cleavage of the core. As
the isolated active gp21 enzyme was found to have a molecular weight of ~18.5 kDa, which
is smaller than the weight of the full-length protein (23 kDa), it was suggested that the
protease activates itself by self-cleavage (Keller and Bickle, 1986; Showe et al., 1976a).

After digestion of the core proteins, the gp21 protease finally cuts itself into small fragments
which then leave the capsid. After destruction of the inner core, phage DNA is packaged into
the head through the portal by the ATP-driven packaging motor, composed of gp17 (Sun et
al., 2008). During DNA packaging the outer gp23/gp24 shell of the capsid expands, which
results in an ~50% increase in capsid volume (Black et al., 1994; Leiman et al., 2003). The
outer surface of the expanded capsid is then decorated by Hoc and Soc proteins (Fokine et
al., 2011; Qin et al., 2010). After DNA packaging is complete the portal is sealed by gp13
and gp14 proteins which create the attachment site for an independently assembled phage
tail (Akhter et al., 2007; Fokine et al., 2013).

In bacteriophage genomes, genes coding for the capsid assembly protease are usually
located within the head morphogenesis modules. In these modules the protease gene (Cheng
et al., 2004) is usually followed by the scaffolding protein gene which is, in turn, followed
by the major capsid protein gene (e.g., genes 21, 22, and 23 of T4). In some phages, like A
and Mu, the protease and the scaffolding protein are coded by the same gene. The full-length
product of this gene encodes a fusion protein consisting of the N-terminal protease domain
and the C-terminal scaffolding region. The alternative predominant product of this gene,
resulting from the use of an alternative start codon, is the scaffolding protein alone. Some
phages, such as HK97 (Hendrix and Johnson, 2012; \Veesler et al., 2014), do not have a
separate scaffolding protein. In these cases the N-terminal part of the major capsid protein
functions as the scaffold. Phage Gifsy-2 has an unusually large tripartite gene which encodes
the protease at the 5” end, the scaffolding protein in the middle, and the major capsid protein
at the 3" end (Effantin et al., 2010). Some phages, like ¢29 and P22, do not encode a
protease. Such phages have relatively small scaffolds which can dissociate without
proteolytic cleavage and their scaffolding proteins can escape from the procapsid
unprocessed during the genome packaging (Anderson and Reilly, 1993; Casjens and King,

Structure. Author manuscript; available in PMC 2017 November 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Fokine and Rossmann

Page 4

1974; Morais et al., 2003). However, viruses with large capsids (like T4 and herpesviruses)
usually need a protease to destroy the scaffolding core.

An unusual feature of the T4 gene 21 is the presence of a strong ribosome binding site which
initiates translation of an alternative shorter version of the protein starting at Met*°. Both the
full-length gp21 and the short version were suggested to be important for phage
development (Hintermann and Kuhn, 1992) although only the full-length gp21 is likely
incorporated into the prohead.

Bioinformatic analysis of the phage protease sequences (Cheng et al., 2004; Liu and
Mushegian, 2004) showed that the capsid assembly proteases of many tailed phages,
including T4 and HK97, are related to the capsid assembly proteases (“assemblins™) of
herpesviruses. Furthermore, most of the known prohead proteases from tailed dSDNA
phages belong to one of two independent clans of serine proteases: herpesvirus assemblin-
like or ClpP-like (Liu and Mushegian, 2004). Phylogenetic analysis of dSDNA
bacteriophages suggested that the primordial common ancestor of the present-day phages
might possess a herpesvirus assemblin-like protease and that, in some phages, this type of
protease might be replaced by a ClpP-like protease during evolution (Liu and Mushegian,
2004).

Herpesviruses and tailed dsDNA phages have similar capsid assembly pathways and the
major capsid proteins of these viruses have structural similarity (Baker et al., 2005; Brown
and Newcomb, 2011; Cardone et al., 2012). As is the case for phages A and Mu, the
herpesvirus protease and the prohead scaffolding protein share one gene (Liu and Roizman,
1991; Zuhlsdorf et al., 2015). The full-length product of this herpesvirus gene is a fusion
protein, UL26, which consists of the N-terminal protease domain and the C-terminal
scaffolding domain. The alternative predominant product of the gene (produced from an
alternative RNA transcript) is the scaffolding protein, UL26.5. In the procapsid the C-
terminal part of the scaffolding protein interacts with the major capsid protein. During
capsid maturation, the protease cleaves both the scaffolding protein and itself at the
maturation (M) site located near the C-terminus. As a result, the scaffolding protein
dissociates from the major capsid protein shell and later escapes from the procapsid during
DNA packaging. In addition, the protease cleaves itself at the release (R) site resulting in
release of the N-terminal protease domain from the C-terminal part containing the
scaffolding protein.

Sequence alignment of the T4 gp21 protease with proteases of other tailed phages and
herpesviruses (Liu and Mushegian, 2004; Thomas and Black, 2013) predicted Serl40 and
His®5 to be the gp21 residues involved in catalysis. To avoid possible self-cleavage, we
produced a gp21 mutant which had alanines in positions 140 and 85. Here we present the
structure of the mutant gp21 protein and describe the protease activation mechanism. The
structure also explains the enzyme’s cleavage specificity. We describe similarities and
differences between the T4 protease and the related herpesvirus proteases. We show that
these proteases share a fold similarity with proteins forming the tubes of tailed phages and
bacterial type VI secretion systems, suggesting a common evolutionary origin of all these
proteins.
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RESULTS AND DISCUSSION

The structure of the bacteriophage T4 head maturation protease, gp21, has been determined
using X-ray crystallography to 2.0 A resolution. The crystals contained one pentamer of
gp21 in the asymmetric unit. The gp21 pentamer has the shape of a starfish (Figure 1) with a
diameter of ~95 A and a height of ~50 A. The core of each gp21 monomer consists of an
orthogonal B-sandwich flanked by two a-helices.

Each gp21 monomer interacts with two other monomers within the pentamer. The surface
area buried for each gp21 monomer on formation of a pentamer is 1700 A2, This large
interface area shows (Janin, 1997; Janin and Rodier, 1995) that the monomers are bound
tightly to their neighbors and, hence, that the pentamer is a stable entity. Most of the residues
forming the interchain interfaces belong to the region 117-136 (Figure 2), which contains a-
helix 2 (residues 123-133), and to the loop region 76-99, connecting a—helix 1 to B-strand
4. Helix 2 is inserted into a groove formed by an adjacent monomer and bound via
electrostatic and hydrophobic interactions.

Catalytic Center of gp21 and the Structural Basis of the Protease Cleavage Specificity

The five catalytic centers of the gp21 pentamer are located in the arms of the starfish (Figure
1). The catalytic triad of T4 gp21 is formed by Serl49, His85 and Asp88, consistent with
earlier sequence analyses (Liu and Mushegian, 2004; Thomas and Black, 2013). Residues
140 and 85, which had been mutated to alanines (Figure 2), are located in p—strand 6, and in
the loop connecting a-helix 1 to p-strand 4, respectively, whereas Aspl8 is situated in p—
strand 8. The loop region, containing His8® of the catalytic triad, is involved in interactions
with other monomers within the gp21 pentamer. The pentameric interactions stabilize the
conformation of this flexible region, suggesting that gp21 pentamerization is important for
catalysis.

The T4 head maturation protease cleaves polypeptide chains after the specific motifs lle/
Leu-X-Glu, where X can be any residue (Black et al., 1994). In the gp21 crystal structure,
the N-terminal region of gp21 containing the cleavage motif Leu’-11e8-Glu® is located in the
active center and represents a substrate bound to the protease (Figure 3). This N-terminal
region is a part of p-strand 1 and is involved in anti-parallel B-sheet interaction with the
neighboring B-strand 6 (Figures 2 and 3). The side chain of Leu is located in the
hydrophobic pocket (made by residues, Val®7, Phel61 Tyr57 Gly145 and Leul47) explaining
the requirement of Leu or Ile in this position of the cleavage motif. The side chain of 1le8 is
exposed to the bulk solvent, explaining the absence of any specific side chain requirement
for this position of the substrate. The side chain of Glu? is located in the pocket created by
residues Arg®>, Asn®L, and Tyr®7, and make a salt bridge with Arg®5, thus clarifying the
requirement for the glutamate residue in this position of the cleavage motif.

Activation of the Capsid Maturation Protease

The gp21 protease is initially produced in the host cell as an inactive enzyme, which is later
activated in the assembled phage proheads. Our structure shows that the N-terminal region
of gp21 blocks the catalytic center preventing binding of other substrates. Therefore, the N-
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terminal region of the protein should be cleaved off (after Glu®) and released from the active
center during the enzyme’s activation process. In the gp21 crystal structure, which
represents the protease in the pre-active state, the carbonyl carbon of Glu? is located in
proximity to the side chain of residue 140 which is the catalytic serine in native gp21.
However, the orientation of the Glu® carbonyl plane in the pre-active state is not favorable
for catalysis. Thus interactions within the prohead, causing the protease activation, force the
N-terminal region of gp21 to adopt a conformation favorable for the cleavage reaction.

Earlier biochemical studies of T4 mutants (McNicol et al., 1977) suggested that the gp21
protease is activated by attachment of the pentameric vertex protein, gp24, to the prohead
assembly. These data, together with the pentameric nature of gp21, suggest that, in the inner
core of the prohead, the gp21 pentamers are likely to be located near pentameric vertices.
The number of gp21 monomers per T4 capsid is estimated from the SDS gel analysis (Black
et al., 1994; Onorato et al., 1978) to be ~72, which is within a reasonable agreement with the
assumption of there being one gp21 pentamer at each pentameric prohead vertex.

In the prohead the axes of the gp21 and gp24 pentamers are likely to be collinear, with gp21
being closer to the prohead center. Taking into account the curvature of the gp23/gp24 outer
capsid shell, the convex top surface of the gp21 starfish pentamer (Figure 1B) is likely
oriented towards the gp24 pentameric vertex, whereas the concave bottom surface of the
gp21 starfish likely interacts with the inner core proteins. The gp21 structure contains a long
extended region 2-27, which extends from top to bottom of the pentamer and includes the
cleavable nine N-terminal residues of the protein (Figures 1B and 2). A part of this extended
region (residues 18-24) protrudes from the top of the pentamer surface. Thus, this region
probably serves as a sensor for gp24 attachment to the prohead. The attachment of gp24 may
result in “squeezing” of this gp21 region, initiating the cleavage of the peptide bond between
Glu® and Thrl0 of gp21 and the release of the cleaved N-terminal peptide.

Protease Release and Self-Degradation

After the cleaved N-terminal region is released, the active site becomes accessible for other
cleavage substrates. The X-ray map does not show any interpretable density for the C-
terminal part of gp21 after residue 172, suggesting that this region may be flexible. The
flexibility of this region is consistent with the secondary structure prediction (using PsiPred,
(Buchan et al., 2013)), which predicted a 25 residue-long coil region 173-197 followed by
an a-helical region 198-212. In the T4 21amH29 mutant the gp21 protein lacks a small (> 4
kDa) C-terminal region and does not associate with the proheads (Onorato et al., 1978;
Showe et al., 1976b). This observation, together with the fact that some phages and
herpesviruses have scaffolding proteins fused to the C-terminus of the protease, suggests that
the flexible C-terminal part of gp21 attaches to the scaffolding protein, gp22, of the
assembling prohead core. In the fully assembled prohead the protease pentamers probably
acquire fixed positions surrounded by other molecules.

The protease has two additional potential self-cleavage sites near its C-terminus: le185-
Thrl86.Glul87 and Leu?04-Ala205-Glu206, Self-cleavage at these sites is probably necessary
to detach the protease from the gp22 scaffold and to allow it to diffuse within the prohead
and to cleave the prohead proteins. The last ordered residue in the gp21 model (172) is only
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~10 A apart from the catalytic center of the same gp21 monomer (Figure 2) and ~20 A from
the active site belonging to an adjacent gp21 chain within the pentamer. Thus, residues 185—
187 and 204-206 belonging to the potential C-terminal cleavage sites can reach the active
centers, assuming that the C-terminal part of gp21 is flexible and that the N-terminal regions
1-9 of gp21 have been cleaved off and released from the active centers. Study of the T4
gp24~ mutant (Onorato et al., 1978; Showe et al., 1976b) suggested that the protease can
slowly activate itself by self-cleavage within the proheads even in the absence of gp24 but
cannot digest other prohead proteins. This observation suggests that self-cleavage is
necessary, but not sufficient, to allow protease diffusion within the prohead. So, the binding
of gp24 to the prohead not only initiates the protease self-cleavage, but also probably pushes
the gp21 pentamer out from its fixed position. Thus the attachment of gp24 and self-
cleavage at the C-terminal sites releases the protease pentamers and allows them to move
freely and digest the core proteins. After cleavage of the inner core of the prohead, the gp21
protease also destroys itself into small cleavage products. The escape of all the degradation
products from the prohead, probably through holes in immature gp23 capsomers, liberates
space for genomic DNA entry.

In addition to the two potential cleavage motifs in the C-terminal region and the N-terminal
cleavage site, the protease contains four potential lle/Leu-X-Glu self-cleavage sites (1151
Leu®2-GluB3; 11e79-Asn’1-Glu’2; Leu®0-Gly81-Glu82; 11e99-11100-G|u10L), |ocated in the
region between a-helix 1 and p-strand 4. As these cleavage sites are located in the ordered
part of the structure and far from the active center of the enzyme, they should be available
only to other gp21 pentamers. In this case at least one gp21 molecule/pentamer should
remain in the capsid after maturation. The number of protease molecules in the mature head
was estimated from analysis of SDS gels to be about four (Showe et al., 1976b). This is in
reasonable agreement with one intact pentamer left per mature capsid.

of T4 gp21 to the Herpesvirus Proteases

The structure of gp21 was found to be similar to herpesvirus proteases, consistent with
earlier predictions based on sequence analyses (Cheng et al., 2004; Liu and Mushegian,
2004). Comparison of the gp21 structure with other known structures using the Dali
algorithm (Holm et al., 2008) indicated that the closest structural relative was the capsid
assembly protease from the pseudorabies virus ((Zuhlsdorf et al., 2015); PDB ID: 4v08), a
member of the a-Herpesviridae subfamily. These two structures can be superimposed with
RMSD of 2.2 A using 91 equivalenced Ca atoms (Figures 4, 5), although the sequence
identity between the equivalenced residues is only 7%. Most of the superimposable gp21
components are in the p-sandwich and helix 1. However, the B-strand 1 of gp21, which
includes the cleavable N-terminal peptide, is not present in the herpesvirus proteases.

Helix 2 is important for pentamerization of gp21. The corresponding region in the
herpesvirus proteases is longer and contains two or three helices (Figure 4). This region of
herpesvirus proteases is involved in protein dimerization (together with one of the C-
terminal helices absent in the gp21 fold). Thus, this part of the structure is important for
formation of protease oligomers in both virus families.
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Unlike gp21, which has the classical catalytic triad Ser49/His8%/Aps168, the herpesvirus
proteases have unusual triads formed by a serine and two histidines, such as Serl99/
His#3/His128 of the pseudorabies virus protease. The superposition of the gp21 structure with
the structure of pseudorabies virus protease (Figure 4) shows that the catalytic serines, as
well as the histidines, acting as the second members of the triads, have similar positions in
these proteins. However, the third members of the catalytic triads (Asp68 in gp21 and
His128 in the pseudorabies virus protease) have different positions in these structures.

The capsid assembly proteases should be activated only in the assembled procapsids. The T4
gp21 protease is kept inactive by the N-terminal region, which blocks the active center. The
herpesvirus proteases, lacking such an N-terminal region, use a different activation
mechanism which presumably depends on the protein dimerization (Darke et al., 1996;
Schmidt and Darke, 1997; Zuhlsdorf et al., 2015). Active dimers of herpesvirus proteases are
presumably formed only in assembled procapsids.

Although the T4 gp21 and herpesvirus proteases have different amino acid sequences,
oligomeric states, and activation mechanisms, these proteins have very similar folds
suggesting their common evolutionary origin.

Common Evolutionary Origin of the T4 Procapsid Protease and the Tube Proteins of
Phages and Bacterial Type VI Secretion Systems

The T4 head assembly protease, gp21, has structural similarity with proteins forming tubes
in the long-tailed Siphoviridae and Myoviridae phages. Bacteriophage T4 tail tube protein
gpl9 (PDB ID: 5iv5 (Taylor et al., 2016)) can be superimposed onto the gp21 monomer with
RMSD of 3.3 A for 71 equivalenced Ca atoms (Figure 6), although the sequence identity
between the structurally aligned residues is only 4%. This superposition places helix 1 of
gp21 together with the p-sheet formed by strands 2, 3, 4, and 5, onto similar structural
elements of gp19. In T4 virions the corresponding B-strands of gp19 form the inner surface
of the tail tube.

The tail tube-like fold common to gp19 and gp21 has also been recognized in other
bacteriophage proteins, including those located in the central part of phage baseplates and at
the interface between capsids and tails (Cardarelli et al., 2010; Veesler and Cambillau,
2011). All these proteins assemble into rings associated with the tail tube. Together with the
tail tube they form a continuous conduit for DNA ejection. These structural similarities,
combined with similar functions, suggest that the tail tube-like proteins are likely to have
originated from a common ancestor (Cardarelli et al., 2010; Veesler and Cambillau, 2011).

The phage tail tube-like fold has also been found in the tubes of the bacterial type VI
secretion systems which shares structural similarity with the contractile tails of Myoviridae
phages (Leiman et al., 2009; Mougous et al., 2006; Pell et al., 2009). The gp21 monomer
can be superimposed on the tube protein Hcpl from the type VI secretion system (PDB ID:
1y12) with RMSD of 4 A between 74 equivalenced Ca atoms (Figure S1).

The structural data mentioned above show that the occurrence of the tail tube-like fold is
widely dispersed. Thus, considering the enormous number of phages in the biosphere, it
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probably represents one of the most abundant protein folds on Earth. The structure of T4
gp21 shows that this fold is present not only in tubular structures but also in the proteins
involved in the capsid assembly of phages and related herpesviruses. Therefore, this fold
might originate in the procapsid or in the tail of a primordial virus.

EXPERIMENTAL PROCEDURES

Protein Production

The gene coding for the T4 gp21 mutant protein was chemically synthesized (GenScript,
Inc., Piscataway, NJ), and cloned into the pET-28a(+) vector using the Ndel and Xhol
restriction sites. In the mutant gene the codons of the catalytic Ser}40 and His® residues,
were substituted by the Ala codons, CTG. To avoid the alternative translation start at Met*®
(Hintermann and Kuhn, 1992), the alternative start codon was converted to the Leu codon,
CTG, and the preceding Shine-Dalgarno sequence, GAAGGA, was altered by the silent base
substitutions to GAGGGC. The vector was transformed into £. co/i BL21(DE3) (Novagen)
cells. The cells were grown to ODggg = 0.6 in 2YT media supplemented with kanamycin (50
ug/ml). The protein expression was induced with 1 mM IPTG for 4 hours at 37 °C. The cells
were harvested by centrifugation and resuspended in buffer containing 20 mM Tris-HCI pH
8.0, 150 mM NacCl, and Pierce EDTA-free protease inhibitors. The cells were disrupted by
sonication, and the insoluble cell debris was removed by centrifugation. The supernatant was
applied to a HisTrap HP column (GE Healthcare). The protein was eluted from the column
by 20 mM Tris-HCI, pH 8.0, 150 mM NaCl, and 250 mM imidazole.

Crystallization and X-ray Data Collection

Crystals of gp21 were obtained by the hanging-drop vapor diffusion method at 20 °C using
the crystallization reservoir solution containing 1.3 M ammonium sulfate, 0.1 M Hepes pH
7.5, and 0.1 M NaCl. Hanging drops, prepared by mixing 2 pl of the purified protein
solution (15 mg/ml) and 2 pl of the reservoir solution, were equilibrated against 1 ml of the
reservoir solution. Platinum derivatives were obtained by soaking crystals for 24 hours in the
crystallization reservoir solution containing 1 mM KyPtCl,. Crystals were briefly dipped
into the cryoprotectant solution containing 20 % glycerol, 1 M ammonium sulfate, 80 mM
Hepes pH 7.5, 80 mM NaCl and flash-frozen in liquid nitrogen.

X-ray diffraction datasets were collected at GM/CA-CAT beamlines 23 ID-D and ID-B of
the Advanced Photon Source (APS), Argonne National Laboratory. The resolution of the
best native dataset was 1.94 A, whereas the best platinum derivative crystal diffracted to 2.8
A (Table 1).

Structure Determination, Model Building, and Refinement

The X-ray datasets were processed using HKL2000 (Otwinowski and Minor, 1997). The
gp21 crystals belonged to the space group P2, with five molecules in the asymmetric unit.
Determination of the heavy atom positions and phasing were performed using Phenix
Autosol (Terwilliger et al., 2009). Five platinum sites were found in the asymmetric unit,
which were related by a five-fold axis collinear with the crystallographic a axis. Phases were
initially determined to 3.8 A resolution by the single-wavelength anomalous diffraction
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(SAD) method and improved by density modification using non-crystallographic symmetry.
The Resolve (Terwilliger, 2000) iterative phase extension procedure, employing NCS
averaging, was used to determine the phases of the higher-resolution reflections. The atomic
model was built using Phenix Autobuild (Terwilliger et al., 2008) and Coot (Emsley et al.,
2010). The structure was refined using phenix.refine (Afonine et al., 2012). Final refinement
statistics are summarized in Table 1. Structure superpositions were performed using Coot
(Emsley et al., 2010; Krissinel and Henrick, 2004). Interface surface areas were calculated
using PISA (Krissinel and Henrick, 2007). Figures were prepared using Chimera (Pettersen
et al., 2004).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

Phage T4 prohead protease, gp21, is activated by self-cleavage of its N-
terminal part

Gp21 and herpesvirus proteases have similar folds but different activation
mechanisms

Phage and herpesvirus proteases have a fold similarity to phage tail tube
proteins
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Figure 1. Crystal structure of the T4 prohead protease pentamer
The polypeptide chains, shown as ribbons, are rainbow-colored from blue at the N-terminus

to red at the C-terminus. Positions of the catalytic centers are shown by semitransparent
spheres.

(A) View along the five-fold axis of the pentamer.

(B) View perpendicular to the five-fold axis.
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helix 2

Figure 2. Ribbon diagram of the gp21 monomer rainbow-colored from blue at the N-terminus to
red at the C-terminus

Side chains of the residues 140 (Ser of the catalytic triad mutated to Ala), 85 (His of the
triad mutated to Ala), and 168 (Asp of the catalytic triad) are shown in black.

Structure. Author manuscript; available in PMC 2017 November 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Fokine and Rossmann

Figure 3. Stereo view of the gp21 substrate binding site blocked by the N-terminal region of the
polypeptide chain
The peptide bond between Glu® and Thrl0 is located near the side chain of residue 140,

which is the catalytic Ser mutated to Ala.
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Figure 4. Stereo view of superposition of T4 gp21 with the pseudorabies virus protease
The polypeptide chain of gp21 is rainbow-colored from blue at the N-terminus to red at the

C- terminus. The polypeptide chain of the pseudorabies virus protease is shown in black.
The C- terminal helical region of the pseudorabies virus protease, absent in gp21, is
semitransparent. Residue numbers for the gp21 protein are shown in magenta.
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T4 gp2l1 pseudorabies virus protease

helix 2 H

N

N

Figure 5. Schematic diagrams showing topology of T4 gp21 (left) and the pseudorabies
herpesvirus protease (right)

B-strands are represented by arrows, and a-helices are represented by cylinders. The C-
terminal helical region of the pseudorabies virus protease, absent in gp21, is outlined by a
grey rectangle.

Structure. Author manuscript; available in PMC 2017 November 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Fokine and Rossmann

Page 20

Figure 6. Comparison of the T4 capsid assembly protease, gp21, with the T4 tail tube protein
gpl9
(A) Stereo view of the superposition of gp21 with gp19 (PDB ID: 5iv5). Region 10 - 116 of

gp21 is rainbow—colored from blue at the N-terminus to yellow-green at the C- terminus.
Region 36 — 160 of gp19 is shown in black. Residue numbers for the gp21 chain are shown
in magenta. (B) Schematic diagram showing topology of the conserved structural motif. See
also Figure S1
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Table 1
Data collection and refinement statistics.
X-ray dataset Native Pt derivative
Wavelength (A) 1.033 1.072 (peak)
Resolution range (A) 1.94 (1.98 - 1.94) 2.8(2.85-2.8)
Space group P2,
Unit cell parameters a=41.75 A, b=124.04 A, c=88.96 A, p=89.96° | a=41.72 A, b=123.58 A, c=88.75 A, p=90.21°
Completeness (%) 93 (76) 99.7 (99.7)
Readundancy 3.6 (3.6) 7.0(7.1)
Mean I/sigma(l) 11.9 (2.0) 19.6 (5.0)
R-merge 0.097 (0.54) 0.096 (0.43)
Refinement using the native dataset
Number of reflections 61875
Number of reflections used for R-free 2355
Number of non-hydrogen atoms 7033
Number of water molecules 620
R-work 0.172
R-free 0.205
RMS bonds (4) 0.007
RMS angles (°) 0.85
Ramachandran favored (%) 98.8
Ramachandran outliers 0
Rotamer outliers (%) 0.15
Average B-factor (42) 314

*
Statistics for the highest-resolution shell are shown in parentheses.
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