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ABSTRACT

Sulfolobus turreted icosahedral virus (STIV), an archaeal virus that infects the hyperthermoacidophile Sulfolobus solfataricus, is
one of the most well-studied viruses of the domain Archaea. STIV shares structural, morphological, and sequence similarities
with viruses from other domains of life, all of which are thought to belong to the same viral lineage. Several of these common
features include a conserved coat protein fold, an internal lipid membrane, and a DNA-packaging ATPase. B204 is the ATPase
encoded by STIV and is thought to drive packaging of viral DNA during the replication process. Here, we report the crystal
structure of B204 along with the biochemical analysis of B204 mutants chosen based on structural information and sequence
conservation patterns observed among members of the same viral lineage and the larger FtsK/HerA superfamily to which B204
belongs. Both in vitro ATPase activity assays and transfection assays with mutant forms of B204 confirmed the essentiality of
conserved and nonconserved positions. We also have identified two distinct particle morphologies during an STIV infection that
differ in the presence or absence of the B204 protein. The biochemical and structural data presented here are not only informa-
tive for the STIV replication process but also can be useful in deciphering DNA-packaging mechanisms for other viruses belong-

ing to this lineage.

IMPORTANCE

STIV is a virus that infects a host from the domain Archaea that replicates in high-temperature, acidic environments. While
STIV has many unique features, there exist several striking similarities between this virus and others that replicate in different
environments and infect a broad range of hosts from Bacteria and Eukarya. Aside from structural features shared by viruses
from this lineage, there exists a significant level of sequence similarity between the ATPase genes carried by these different vi-
ruses; this gene encodes an enzyme thought to provide energy that drives DNA packaging into the virion during infection. The
experiments described here highlight the elements of this enzyme that are essential for proper function and also provide sup-

porting evidence that B204 is present in the mature STIV virion.

n Sulfolobus turreted icosahedral virus (STIV), the open reading

frame B204 (previously described as B164) (1, 2) encodes a pu-
tative ATPase that is predicted to function as the molecular motor
driving viral DNA packaging during infection (3). Interestingly, it
has been demonstrated that viruses harboring ATPases homolo-
gous to B204 share other common features, such as a spherical
morphology, an internal lipid membrane, and a structurally ho-
mologous coat protein fold (termed the double B-barrel or double
jelly roll fold) (4). The structural and functional assessment of
viruses belonging to this putative viral lineage can provide insights
on viral infection strategies across the three domains of life. In the
case of B204, understanding its function has implications for
mechanisms by which an ancient molecular motor may have op-
erated prior to separation of the three domains of life.

Over the past decade, STIV has become one of the most char-
acterized archaeal viruses and is viewed as a model virus for the
domain Archaea. Studies on STIV have revealed the identification
of a novel viral lysis mechanism (5), unusual features of the STIV
virion (6), and a coat protein fold that links STIV to viruses infect-
ing other domains of life (4, 7). Of the predicted 38 open reading
frames encoded by STIV (including the more recently identified
B129 [8]), 11 have been experimentally investigated through ge-
netic knockout experiments (9), biochemical analysis (2, 10, 11),
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or structural characterization (5-7, 12—14). While certain steps of
the STIV infection cycle are under investigation (11, 15), much
remains to be understood, including the processes of viral attach-
ment and viral DNA packaging.

STIV B204 belongs to the FtsK/HerA superfamily (3), whose
members share several conserved amino acid sequence motifs. In
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addition to the conserved Walker A and B motifs which are com-
mon to all P-loop ATPases (16, 17), the superfamily contains a
third conserved motif that includes an arginine finger (which in-
teracts with the neighboring protomer) (18, 19) and a polar resi-
due (usually Gln, which senses the ATP triphosphate moiety [3]).
Within the FtsK/HerA superfamily, B204 belongs to the A32-like
DNA-packaging clade, which includes ATPases belonging to vi-
ruses from all three domains of life (3, 20, 21). To date, few DNA-
packaging ATPases homologous to B204 have been studied in
detail. Several reports suggest that members of this clade package
their double-stranded DNA (dsDNA) genomes after (and not
during) procapsid assembly (22). For example, whole-cell cryoto-
mography of STIV-infected cells suggests that the major capsid
protein and internal membrane assemble into procapsids prior to
the formation of the mature, genome-packaged particles (22). In
bacteriophage PRD1, mutants that lack a functional P9 ATPase
result in the formation of empty procapsids, which can be rescued
by addition of active P9 ATPase and PRD1 genomic DNA in vitro
to yield packaged particles (20). Additional knockout experiments
in PRD1 indicate that this virus packages DNA at a unique vertex
that extends through to the internal lipid membrane and is com-
prised of two membrane proteins (P20 and P22), the coat protein
P6, and the P9 ATPase (23). A similar model has been proposed
recently for STIV2, involving recognition of STIV-DNA with the
protein STIV2 B72, assembly of a unique portal complex (which
includes STIV2 B204), and translocation of DNA through this
complex and subsequently through the lipid membrane (21). Un-
fortunately, the latest mass spectrometric analysis of the mature
STIV2 virion did not show evidence that B204 is present in the
particle (21). Similarly, STIV B204 does not appear to be present
in the high-resolution cryoelectron microscopy reconstruction of
the virion (6). These results do not necessarily correlate with the
proposed model unless the portal complex is somehow disassem-
bled prior to cell lysis.

Upon consideration of sequence conservation patterns within
the family (3) in addition to structural information from both
STIV2 B204 (21) and STIV B204 (current work), we have chosen
aseries of positions to mutate within the STIV B204 gene. We have
biochemically tested these mutants for their ability to (i) hydro-
lyze ATP in an in vitro ATPase assay and (ii) sustain viral infection
in the susceptible host, S. solfataricus P2>. Our results provide new
biochemical insight into the effect of mutation at both conserved
and nonconserved positions within the B204 sequence in the con-
text of the DNA-packaging clade and the larger family. In addi-
tion, we demonstrate that highly purified STIV virions contain
B204, thereby providing support for the proposed DNA packag-
ing model.

MATERIALS AND METHODS

Virus and host strains. An infectious clone of STIV was constructed
through insertion of the STIV genome into a TOPO vector as previously
described (9). The susceptible host Sulfolobus solfataricus 2-2-12 (P2*) was
evolved from S. solfataricus P2 as previously described (2).

Cloning B204 and construction of B204 mutants in pDEST14 and
STIV-TOPO. Wild-type B204 was PCR amplified from the infectious
clone STIV-TOPO (9) and into the Gateway pDEST14 vector (Life Tech-
nologies, La Jolla, CA) using the Gateway cloning strategy (Life Technol-
ogies) with universal primers and gene-specific amplification primers
containing attB sites and a C-terminal 6X histidine tag. A series of site-
directed mutants (both conservative and nonconservative changes) tar-
geting conserved and nonconserved residues within the FtsK/HerA super-
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family of ATPases were generated. Briefly, B204 mutants in pDEST14
were constructed using the QuikChange mutagenesis strategy (Strat-
agene, La Jolla, CA) with Phusion high-fidelity DNA polymerase (New
England BioLabs [NEB], Ipswich, MA) and degenerate primers. B204
mutations in STIV-TOPO first were constructed using QuikChange mu-
tagenesis in a TOPO subclone containing not only the B204 gene but also
flanking regions of the STIV genome whose ends contain the unique re-
striction enzyme sites BspEI and BstZI7I (which are native to the STIV
genome) (9). Once verified by DNA sequencing, these mutant subclones
were amplified with primers containing BspEI and BstZI71 sites, digested
with these restriction enzymes, and ligated back into the BspEI/BstZI71-
digested STIV vector using T4 DNA ligase (NEB).

Protein overexpression and purification. B204 and mutants were
transformed into Rosetta(DE3)pLysS competent cells (EMD Millipore,
Billerica, MA). One colony for each mutant was grown in LB media at
37°C overnight, which was subsequently inoculated into 1 liter of LB
media and induced with 0.5 mM isopropyl-B-p-thiogalactopyranoside
(IPTG) at an optical density at 650 nm (ODg;,) of 1.0. The cells were
grown overnight at 37°C and harvested 18 h postinduction. The cells
subsequently were lysed with buffer A (50 mM HEPES, pH 7.5, 500 mM
NaCl, 5% Tween 20, 20 mM imidazole, 10% glycerol) supplemented with
lysozyme (1 mg/ml), sonicated, and centrifuged at 30,000 X g. The super-
natant was passed through a gravity flow column containing nickel-nitri-
lotriacetic acid (Ni-NTA; Qiagen, Germantown, MD), washed with 20
column volumes of buffer A and 20 column volumes of buffer B (buffer A
without Tween 20), and eluted in buffer C (buffer B supplemented with
250 mM imidazole). The eluate was dialyzed overnight in dialysis buffer
(50 mM HEPES, pH 7.5, 500 mM NaCl), concentrated, and stored at
—80°C for later use. Proteins were greater than 90% pure (data not
shown). Protein that was used for crystallization was further purified ona
HiLoad 16/600 Superdex S200 column (GE Healthcare Biosciences, Pitts-
burgh, PA). The fractions containing the B204 protein were pooled, dia-
lyzed overnight into a buffer containing 10 mM citrate, pH 6.0, 100 mM
NaCl, concentrated to 10 mg/ml, and stored at —80°C for later use.

Protein crystallization. Crystals of B204 were obtained using hang-
ing-drop vapor diffusion with 1 wl of protein and 1 .l of reservoir solu-
tion (24). B204 was crystallized using a screen that covered a broad variety
of conditions, some of which included magnesium and acidic buffers. The
protein crystallized as short rods that were grown for several weeks under
the following reservoir conditions: 1.5 M ammonium phosphate dibasic,
0.1 M Tris, pH 8.5. Crystals were obtained without ligands and in the
presence of 5 mM adenosine 5'-(3,y-imido)triphosphate (AMP-PNP)
and were optimized over a grid of conditions ranging from 1.2 to 1.7 M
ammonium phosphate dibasic in either 0.1 M HEPES buffer (pH 7 or 7.5)
or 0.1 M Tris buffer (pH 8.0 or 8.5). Crystals were transferred into a
reservoir solution containing 20 to 30% polyethylene glycol 400 and
soaked overnight prior to freezing in liquid nitrogen. Diffraction data
were collected remotely through beamlines 12-2 and 14-1 at the Stanford
Synchrotron Radiation Lightsource (SSRL). Data were processed using
XDS (25) and MOSFLM (26) software and scaled using the program Scala
from the CCP4 software package (27). The structures were solved by mo-
lecular replacement using the program phaser-MR as part of the PHENIX
software package (28). A model of STIV B204 was constructed in Swiss-
Model (29, 30) based on the template PDB code 4KFU, the crystal struc-
ture of STIV2 B204 complexed with (3,y-methyleneadenosine 5'-triphos-
phate (AMP-PCP) (21). The structures were built using the program
COOT (31), and refinement cycles were performed using Refmac from
the CCP4 software package (27) and the Phenix refinement software as
part of the Phenix package (28).

ATPase assays. All ATPase assays were performed with the high-
throughput colorimetric ATPase assay kit (Innova Biosciences, Babra-
ham, Cambridge, United Kingdom) that measures the accumulation of
inorganic phosphate as a by-product of ATP hydrolysis. In general, 18 pl
of enzyme mix containing 0.5 mM ATP and 1.3 g B204 was added to 42
pl of preheated (80°C) sample mix containing 140 ng plasmid DNA
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(8,434 bp in length), 2.5 mM MgCl,, 150 mM NaCl, and 10 mM citrate
buffer, pH 4.5. Experiments were incubated at 80°C for 3 min and then
quenched by the addition of an acidic dye solution called pi-color lock
gold (Innova Biosciences). The absorbance values at 650 nm were quan-
tified based on a standard curve constructed from phosphate standard
solutions that were prepared using a method similar to that described
above. In experiments where the concentration of NaCl was varied, the
assays were carried out with NaCl concentrations ranging from 0 to 500
mM. All experiments were performed in triplicate, and each experiment
included controls to measure background ATP hydrolysis. In experiments
performed with purified STIV particles, the assays were carried out
through the substitution of virus (showing quantitative PCR [qPCR] val-
ues of 1 X 10" genomes/ml) in place of the B204 enzyme. All experiments
were performed in duplicate. The controls included uninfected cultures of
S. solfataricus P2 that were purified and treated similarly to the infected
samples (described below).

Transfection of mutated STIV DNA. Mutated STIV DNA was pre-
pared as previously described (9). Briefly, STIV DNA inserted into the
Escherichia coli TOPO plasmid does not replicate in the susceptible host
without prior removal of the TOPO plasmid. Plasmid removal was ac-
complished by digestion with BamHI (which flanks the TOPO sequence)
and religation of the STIV genome by T4 DNA ligase (NEB). Sulfolobus
solfataricus P2° competent cells were prepared as previously described (9).
After transfection, samples were collected every 24 h and STIV replication
was measured by qPCR. Standard qPCR methods were followed using
SsoFast EvaGreen supermixes (Bio-Rad Laboratories, Hercules, CA) with
primers that amplify a 280-bp portion of the major coat protein. B204
mutants were considered successful in transfection experiments if the
qPCR values for amplification of the coat protein were 4 to 5 orders of
magnitude above background levels. In successful transfection experi-
ments, the presence of the B204 mutation within the STIV genome was
confirmed by sequencing of the PCR-amplified B204 gene product using
virus particles from the transfection experiment as the template.

Purification of STIV. STIV was purified as previously described (4).
Briefly, concentrated STIV was added to a solution of 38% (wt/vol) ce-
sium sulfate in 25 mM citrate buffer, pH 3.5, and centrifuged at 247,600 X
g for 20 h. Two blue bands were apparent near the top of the gradient,
termed the upper and lower bands. Each virus band was separately dia-
lyzed into 25 mM citrate buffer, pH 3.5. Uninfected controls containing S.
solfataricus P2 were treated similarly and processed through identical
cesium sulfate gradients; while no bands were visible for this sample,
fractions were collected in the positions of the gradient corresponding to
the upper band observed in the STIV cesium sulfate gradients. The upper
and lower bands were loaded onto an SDS-PAGE gel (data not shown).
Purified virus and control samples were used directly in the ATPase
assays. Western blot analysis was performed on samples from the up-
per and lower bands as well as various concentrations (0.001 to 50 jg)
of E. coli-purified B204, serving as a copy number control. Rabbit poly-
clonal antibodies raised against STIV B204 or A223 proteins were used
as the primary antibody, and the Immun-Blot Opti-4CN assay kit
(Bio-Rad, Hercules, CA) was used for the detection of the horseradish
peroxidase (HRP)-conjugated secondary antibody, goat anti-rabbit
IgG (H+L)-HRP conjugate (Bio-Rad). The cesium gradients were re-
peated multiple times to collect a sufficient quantity of virions for mass
spectrometric analysis. Briefly, mass spectrometry was performed on
STIV samples prepared by in-solution trypsin digestion of the upper
and lower bands. The in-solution digests and peptide matching were
performed as previously described (1). Briefly, the digests were run on
a Biflex IIT matrix-assisted laser desorption ionization—time of flight
(MALDI-TOF) mass spectrophotometer (Bruker Daltonics), and ex-
perimental peptides were matched with predicted peptide sequences
derived from a theoretical trypsin digest of the B204 open reading
frame using the Mascot search engine (Matrix Science, Boston, MA).
Purified STIV particles also were viewed by a transmission electron
microscope (TEM; Leo 912 AB [Zeiss]).
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Comparison of STIV B204 to sequences in the environmental meta-
genome database. The environmental metagenome includes viral and
cellular DNA assembled as contigs from various hot springs within Yel-
lowstone National Park, including Nymph Lake 10 (NL10), Nymph Lake
17 (NL17), Nymph Lake 18 (NL18), and Crater Hills (CH) (32, 33). The
B204 amino acid sequence was queried against the metagenome database
using tblastn to identify contigs that shared 30% or higher identity to
STIV B204. The sequences were aligned using MUSCLE (34).

PDB accession numbers. The PDB accession numbers for the crystal
structures of apo and AMP-PNP-bound STIV B204 are 4R2H and 4R2I,
respectively.

RESULTS

The crystal structure of B204. B204 was crystallized in the pres-
ence and absence of the nonhydrolyzable ATP analog adenosine
5'-(B,y-imido)triphosphate (AMP-PNP), and diffraction data
were collected to a resolution of 2.05 A and 1.96 A, respectively
(Table 1 depicts data collection and refinement statistics). The
structure of STTV B204 is represented by a central nine-stranded
B-sheet decorated with seven a-helices (Fig. 1a). Strand 8 of the
B-sheet, which sits between strands 7 and 9, runs antiparallel to all
other strands. B204 from STIV and STIV2 (21) share a high level
of amino acid sequence identity (90%) and are structurally ho-
mologous; a structural alignment of both enzymes complexed
with nonhydrolyzable ATP analogs (PDB codes 4R2I and 4KFU)
yields a root-mean-square deviation (RMSD) of 1.21 A for super-
position of 200 C-a atoms. A comparison of the active-site resi-
dues between these two complexes reveals that most amino acids
are in similar orientations for both structures; however, the
vy-phosphate group from each ATP analog are in different posi-
tions, causing different amino acid side chains to be in close prox-
imity to this moiety within each structure (Fig. 1b). These differ-
ences in y-phosphate orientation could be attributed to the
utilization of different ATP analogs (AMP-PNP for STIV B204
and AMP-PCP for STIV2 B204) in crystallization experiments (35)
or to the absence of a divalent cation in crystal structures of STIV
B204. Despite the lack of metal ion supplementation in crystallization
experiments, a tetrahedrally coordinated zinc ion was observed in
both apo and AMP-PNP-bound crystal structures in the same loca-
tion as that observed for structures of STIV2 B204 (21).

The structures of apo and AMP-PNP-bound STIV B204 align
with an RMSD of 0.26 A for superposition of 204 C-a atoms.
Three histidine residues from the C-terminal histidine tag can be
seen in the electron density for the AMP-PNP-bound structure,
which are stabilized by several residues belonging to neighboring
B204 monomers, including Lys 93 from one symmetry mate and
Arg 160 and Lys 181 from another. Only one histidine can be seen
in the apo crystal structure, which is similarly stabilized by Lys 93
from a neighboring symmetry mate. These contacts most likely
aid in the packing and overall stabilization of the crystal lattice for
both structures. The crystal structures of B204 contain one mole-
cule per asymmetric unit; these monomers arrange in the crystal
lattice such that they form two chained networks comprised of
weak monomer-monomer interactions (Fig. 2). Given that B204
and other members of the family form oligomeric ring structures
(usually hexamers) (3), the lattice represented here most likely is
an artifact of crystallization and is probably not relevant for its
biological function. For this reason, we are not able to unambig-
uously assign how the Arg finger (Argl27 in B204) from one
monomer interacts with the neighboring protomer in what is pre-
dicted to be the functionally relevant oligomeric complex.
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TABLE 1 Crystallography data collection and refinement statistics

Value(s) for:

Parameter B204 apo B204 AMP-PNP
PDB code 4R2H 4R21
Data collection and processing
Wavelength (A) 1.03317 0.97950
Resolution range (A) 38.65-1.96 44.08-2.05
(2.029-1.959)" (2.123-2.05)
Space group P2,2,2, P2,2,2,
Unit cell dimensions a=>5190b= a=524,b=
(=B =v=90° 58.0,c = 67.4 58.3,¢c=67.3

Total reflections (no.)
Unique reflections (no.)

Multiplicity

Completeness (%)

Mean I/sigma(I)
R b

merge

274,398 (26,967)
15,165 (1,495)
6.3 (6.3)

100.0 (100.00)
7.4 (2.5)

0.061 (0.315)

243,037 (24,879)
13,061 (1,327)
3.4 (3.5)

100.0 (100.0)
8.6 (1.7)

0.073 (0.426)

Refinement statistics

Ryon 0.1806 0.1829

Riot 0.2273 0.2361
RMSD

Bond lengths (&) 0.008 0.017

Bond angle (°) 1.1 1.7

Average B factor (A%)

Protein 33.6 31.1
Ligand No ligand 39.0
Solvent 36.5 32.0

No. of atoms

Protein 1,684 1,722
Ligand 0 32
Solvent 89 59

Ramachandran statistics (%)

Favored regions 97.04 95.1
Allowed regions 2.96 4.9
Outliers 0 0

“ Statistics for the highest-resolution shell are in parentheses.

" Roperge = S Zilli(hK1) — <I(hk1)>|/>;,1 3| I(hkD), where I,(hK) is the observed
intensity and <I(hkl)> is the mean intensity of reflection hkl over all measurements of
I(hkl).

“Ryork = 2| Fobs] = |Featcl|/2|Fops|> where Fop and F, are the observed and calculated
structure factors, respectively.

d R equals R, but is only applied to a test set of reflections (5%) that is not
included in the crystallographic refinement.

A model of the B204 oligomer was constructed as detailed previ-
ously (21) through superposition of B204 monomers onto the hexa-
meric structure of the motor domain of FtsK. The modeled hexamer
highlights the proximity of Argl27 to the ATP binding site of the
neighboring protomer and also depicts several basic amino acids pro-
truding into the central tunnel, including Lys166 and Lys170 (Fig. 3).
It is noteworthy that in this model, the C terminus of each B204
monomer extends along the base of the modeled hexamer with the
6X histidine tag projecting outwards into solvent.

In vitro ATPase assays with B204. Purified B204 protein was
assayed for ATPase activity in vitro using a malachite green assay,
which colorimetrically measures the formation of inorganic phos-
phate over time. Through trial and error, it was found that the
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ATPase activity of the enzyme was DNA dependent; therefore, all
assays were supplemented with plasmid DNA. The ATPase assay
was tested across a pH range of 3 to 6. B204 assays were performed
at a temperature of 80°C and a pH of 4.5, as these conditions were
determined to be optimal for STIV B204 (data not shown) and
STIV2 B204 (21). Additionally, B204 was assayed at a range of
sodium chloride concentrations and found to be most active at
150 mM NaCl (Fig. 4). Notably, lower or higher concentrations of
NaCl caused sharp decreases in ATPase activity.

Based on both structural information reported above and prior
knowledge of enzymes belonging to this superfamily, a total of 20
B204 mutants were constructed; these mutants and their ATPase
activities in the presence of dsDNA are reported in Table 2. Col-
lectively, the activity profiles of these mutants span a broad range;
mutations at Argl4, Lys17, Glu49, Glu104, and Asp152 and the
mutant K13M displayed no detectable ATPase activity, while mu-
tations at Argl27, GIn138, Lys166, and Lys170 and the mutant
K13R displayed measurable ATPase activities (Table 2). In gen-
eral, these results support the essentiality of a number of amino
acid residues within B204, most of which are conserved among
ATPases belonging to the larger FtsK/HerA superfamily.

Transfection of B204 mutant STIV DNA into the host. Based
on the results from the in vitro ATPase assay, several mutants were
tested in STIV transfection experiments (Table 2). Briefly, these
mutants were constructed within an infectious clone of STIV viral
DNA and subsequently transfected into the susceptible host, S.
solfataricus P2°. It was found that mutants displaying no detect-
able ATPase activity in vitro did not lead to virus production (as-
sayed by qPCR and electron microscopic visualization). The mu-
tants Q138N, K166A, and K170A, which displayed approximately
28%, 25%, and over 200% of wild-type activity in the in vitro
assay, respectively, all were viable in the transfection experiments
(Table 2). The mutants K13R and Q138E and the mutations at
Argl127, which displayed activities ranging from 9 to 41% of wild-
type activity in the in vitro assay, were not viable in transfection
experiments (Table 2).

B204 is present in the mature virion. The question of whether
B204 is present in the mature STIV virion remains controversial.
For this reason, STIV particles were extensively purified by ultra-
centrifugation using a cesium sulfate gradient as previously de-
scribed (4). This process generated two blue bands (termed upper
band and lower band) that contained morphologically distinct
virus particles; electron micrographs of negatively stained samples
revealed that the upper band contained particles with clear icosa-
hedral morphology, including sharply defined edges, while the
lower band showed particles with a less clearly defined morphol-
ogy (Fig. 5a). The upper and lower bands were dialyzed into 25
mM citrate buffer, pH 3.5, and separately analyzed in a variety of
experiments, including ATPase assays, Western blot analysis,
qPCR analysis, and mass spectrometry analysis (Fig. 5a to d and
data not shown). Quantification of packaged virus particles by
qPCR (expressed as genomes/milliliter) indicated that only the
upper band contained packaged copies of the STIV genome; the
qPCR signal observed for the lower band was similar to that of
uninfected control reactions (Fig. 5a). In ATPase assays, the upper
band demonstrated significantly higher levels of ATPase activity
than the lower band or uninfected control reactions (Fig. 5d).
Furthermore, in-solution trypsin digestion of the upper and lower
bands followed by mass spectrometry analysis revealed that pep-
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FIG 1 (a) Global structure of STIV B204 shaded in rainbow colors from N terminus (blue) to C terminus (red). (b) Differences in orientation and stabilization
of the y-phosphate of the ATP analog (AMP-PNP or AMP-PCP) within crystal structures of STIV B204 (left; PDB code 4R2I) and STIV2 B204 (right; PDB code
4KFU), respectively. The magnesium ion is represented as a green sphere in STIV2 B204. The -3 strand is represented by a 3-bridge between the main-chain O

atom of Tyr55 and the main-chain amino hydrogen atom of Val70.

tides matching the amino acid sequence of B204 were present only
in the upper band (data not shown).

A Western blot analysis using B204 antibodies with protein-
normalized loading of the upper and lower bands further con-
firmed the presence of B204 in the upper band and its absence
from the lower band (Fig. 5b). To support evidence for the pres-
ence of virus-like particles in both bands, an identical Western
blot analysis was performed with antibodies against A223 (a struc-
tural protein that forms the penton base at each turret vertex in the
STIV particle) and revealed that this protein is present in relatively
equal amounts in the upper and lower bands. A third Western blot
included the upper band alongside a series of E. coli-purified B204
standards loaded in quantities ranging from 0.001 g to 50 pg
(Fig. 5¢). The band intensity of B204 from the upper band falls
between the 0.01-pg and 0.1-wg standards, which correspond to
2,51 X 10" to 2.51 X 10" molecules of B204. By dividing this
range into the number of STIV genomes loaded for the upper
band (Fig. 5a, 10 wl of 4.81 X 10'* genomes/ml or 4.81 X 10'°
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genomes/ml), we estimated that there are around 5 to 52 copies of
B204 per STIV virion.

B204-like sequences present in the metagenome. Sequences
showing 30% identity or higher to the STIV B204 gene were
aligned and compared to identify conservation patterns present
within these closely related proteins (see the supplemental mate-
rial). Seven of the 10 positions mutated in this study were largely
conserved across B204-like sequences, including Lys13, Lys17,
Glu49, Glul04, Argl27, GIn138, and Asp152. One of the tunnel
residues, Lys170, was conserved as a Lys or Arg in the sequence
alignment while the other tunnel position, Lys166, was usually a
charged residue (Lys, Asp, or Glu). The most interesting residue
was Argl4, which was conserved as either an Arg or a Gly among
these aligned sequences.

DISCUSSION

Amino acids serving essential roles in ATP binding and hydro-
lysis. STIV B204 is an ATPase that has been suggested to provide
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chain network 1 chain network 2

FIG 2 Network of chains present in the apo STIV B204 crystal lattice. Chain
network 1 is dominated by interactions generated from the insertion of the 2
helix in a groove in the B-sheet of the neighboring monomer, while chain
network 2 interacts only with Arg14 from the $1-a1 loop of one monomer and
apocket of negatively charged amino acids from another monomer, defined by
the a4-helix, a5-B7 loop, and the B8-B9 loop. These interactions are also
observed for the AMP-PNP-bound structure.

energy via ATP hydrolysis to power the packaging of its viral DNA
into the STIV virion (20, 21). This enzyme belongs to the A32-like
DNA-packaging clade of the larger FtsK/HerA superfamily (3).
The Walker A and B motifs are two conserved motifs that are
present among P-loop NTPases and generally function in ATP
binding and ATP hydrolysis, respectively (17). It was found that
both conservative (K17R) and nonconservative (K17M) muta-
tions at this position (which belongs to the Walker A motif)
yielded no detectable ATPase activity in both the in vitro assay and
transfection experiments, confirming the essentiality of Lys17. Re-
cently, it was proposed that Glu49 in STIV2 B204 (which is only
conserved in some members of the DNA-packaging clade within
the superfamily) assumes the role of Glul04 (Walker B motif),
given that it is in closer proximity to the water nucleophile
thought to be responsible for ATP hydrolysis. Our results indicate
that all conservative and nonconservative substitutions at these
positions (E104Q, E49K, E49L, E49N, and E49Q) are inactive in
both in vitro assays and transfection experiments and demon-
strates that both Glu49 and Glu104 serve essential roles for B204
that cannot, in this case, be articulated from structural informa-
tion alone. Given that all enzymes behaved similarly to the wild
type during purification with comparable yields and protein pu-
rity (data not shown), all enzymes discussed here were not ex-
pected to lack activity due to misfolding or instability.

Two highly conserved positions in members of the FtsK/HerA
superfamily include the arginine finger (Argl127) located after the
a4 helix and a glutamine residue (GIn138) located at the C-termi-
nal end of the 6 strand. In many ATPases, the arginine finger has
been reported to be involved in nucleotide binding and/or hydro-
lysis through interaction with the 3- or y-phosphate of NTP in the
active site of the neighboring protomer (18, 19). Given that B204
crystallizes in a lattice that most likely is not functionally relevant,
itis not surprising that we are unable to observe the active confor-
mation for Argl27 as described above. We chose several amino
acid substitutions to make at this position (R127E, R127K, and
R127M) in an attempt to ascertain whether changes in amino acid
charge, size, or shape at position 127 would affect activity. In B204,
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FIG 3 B204 hexamer model based on the hexameric P. aeruginosa FtsK motor
domain (PDB code 2IUU). (a) A global view of the B204 hexamer. The smallest
internal diameter of the tunnel (the side-chain-to-side-chain distance) mea-
sures approximately 21.5 A. The black boxes around the central ring and be-
tween two protomers of the hexamer are viewed as close-ups in panels b and c,
respectively. (b) Two positively charged tunnel residues that protrude into the
central ring of the hexamer. (c) The crystallographic orientation of B204
Argl27 places it 12 A from the y-phosphate of ATP from the neighboring
protomer in the modeled hexamer; however, rotation of the side chain to a
more extended conformation positions this amino acid even closer (approxi-
mately 6 A) to the y-phosphate group.

all three R127 mutants displayed detectable levels of ATPase ac-
tivity in the in vitro assay; however, these activities were lower than
those of the wild type, and none of the mutants were viable in
transfection experiments. Therefore, it is likely that these mutants
cannot sustain sufficient levels of ATPase activity to function nor-
mally during the STIV infection cycle.

The conserved glutamine residue in B204 (GIn138) is analo-
gous to the triphosphate-sensing residue in other ATPases within
the AAA+ family and among SFI and SFII helicases (36-38). In
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FIG 4 Maximum levels of B204 ATPase activity are apparent for a narrow
NaCl concentration range.

B204, the mutants Q138E and Q138N displayed 14% and 28% of
the wild-type in vitro ATPase activity, respectively. B204 Q138N
was successful in transfection experiments while Q138E was not,
suggesting that although side chain length can vary at this posi-
tion, the amido group is essential for maintaining wild-type levels
of ATPase activity.

Essentiality of amino acids involved with interprotomer as-
sociations. The crystal structure of STIV B204 reveals that Asp152
has the potential to participate in at least two salt bridge interac-
tions at different phases of the ATPase reaction: (i) between
Asp152 and the Arg127 finger (Fig. 6a) and (ii) between Asp152
from one protomer and a rotated conformation of Lys13 from the
neighboring protomer (Fig. 5b) in the context of the modeled
hexamer. Position 152 is somewhat conserved for viral ATPases
belonging to the DNA-packaging clade of the superfamily; how-
ever, larger structural alignments indicate that this conservation

ATPase Activity and Viability of STIV B204 Mutants

does not extrapolate to the entire family (3, 20). Nevertheless, this
position is essential in B204 and probably other members of the
DNA-packaging clade, as both D152A and D152N do not display
activity in either in vitro activity assays or transfection experi-
ments. Based on these results, it appears that Asp152 most likely
serves a critical role in stabilization of residues involved with in-
terprotomer interactions.

Putative roles for pseudoconserved residues within the
Walker A motif. In the crystal structure of B204 complexed with
AMP-PNP, the side chains of Lys13 and Argl4 are not in close
proximity to the nucleotide or any other residues. However, in the
context of the modeled B204 hexamer, the side chains from both
of these residues can be modeled into orientations that allow them
to interact with polar side chains of the neighboring protomer or
the - or y-phosphate of AMP-PNP (Fig. 6b and ¢). Both of these
conformations may be catalytically relevant and most likely are
triggered during different phases of the reaction, serving roles in
interprotomer interactions and/or y-phosphate stabilization dur-
ing ATP hydrolysis. For Lys13, we found that mutation to arginine
but not methionine was sufficient for a detectable level of ATPase
activity within the in vitro assay; however, neither mutant was
viable in transfection experiments. For Argl4, none of the mu-
tants yielded any detectable levels of activity in either the in vitro
assays or transfection experiments. While Lys13 is strictly con-
served within the alignment of B204-like sequences from the meta-
genome, it is not conserved among the larger family and is only
slightly conserved within the DNA-packaging clade. Interestingly,
at position 14, approximately half of the sequences from the meta-
genome alignment contain arginine, while the other half contain
glycine (see Fig. S1 in the supplemental material), and this posi-
tion also is usually a glycine within the larger family (3). Because
Argl4 demonstrates an essential functional role in B204, we hy-
pothesize that another yet-unidentified amino acid is replacing

TABLE 2 B204 mutant activities in ATPase assays and transfection experiments

Mutant Target motif/predicted function In vitro ATPase assay (nmol P;/mg protein/min) Transfection experiment result”
WT 315 * 30 +

K13M Walker A: GRMRSGKS No detectable activity Not tested
KI13R Walker A: GRRRSGKS 128 = 41 -

R14M Walker A: GRKMSGKS No detectable activity Not tested
R14K Walker A: GRKKSGKS No detectable activity Not tested
K17M Walker A: GRKRSGMS No detectable activity -

K17R Walker A: GRKRSGRS No detectable activity -

E49K Putative function in ATP binding/hydrolysis No detectable activity -

E49L No detectable activity -

E49N No detectable activity -

E49Q No detectable activity Not tested
E104Q Walker B: VLIIDQ No detectable activity -

R127E Arginine finger 544 * 3.6 -

R127K 27.8 £3.6 -

R127M 429 124 -

QI38E Triphosphate-sensing residue 445 *95 -

QI38N 88.0 = 17.5 +

D152A Stabilizing residue No detectable activity -

D152N No detectable activity -

K166A Tunnel residue 80.1 £ 8.6 +

K170A Tunnel residue 675 * 62 +

“ A dash indicates that the mutant generated qQPCR values on par with those of uninfected controls, around 1 X 10° genomes/ml. The plus symbol indicates that the mutant
generated qPCR values at levels comparable to that of the wild type, around 1 X 10'? to 1 X 10'® genomes/ml. The mutant particles generated from the first round of infection were

capable of reinfecting the host. The boldface letters indicate the position being mutated in the context of the motif of interest.
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FIG 5 STIV purified via cesium gradient. (a) Depiction of the resulting bands achieved via cesium gradient for an STIV sample, shown as upper and lower blue
bands with accompanying electron micrographs of particles observed for each band. (b) Western blot analysis on protein-normalized samples from the upper
and lower bands using antibodies raised against B204 and A223 proteins. E. coli-purified B204 protein is labeled “control.” Molecular mass standards are shown
in kilodaltons. (c) Western blot analysis of a series of E. coli-purified B204 standards loaded at various concentrations ranging from 0.001 pg to 50 g. The upper
band of the STIV cesium purification is also loaded on this gel. (d) In vitro ATPase activity comparisons between unpurified STIV (prior to Cs,SO, separation),
the upper band, and the lower band of the cesium gradient. The control sample did not contain any particles; details regarding the preparation of the control

sample are described in Materials and Methods.

this role in enzymes that contain a glycine at this position. Curi-
ously, Argl4 corresponds to Lys14 in STIV2 B204; however, our
experiments demonstrate that R14K is inactive in both in vitro
and transfection assays. This result suggests that interactions
between Argl4 and surrounding residues and/or with ATP are
highly precise, and that this amino acid has evolved a uniquely
essential role in B204 and B204-like sequences. In general,
these findings highlight that there exist a larger number of
amino acid positions serving essential roles within these mo-
lecular motors than what would be predicted from the analysis
of conservation patterns.

2736 jviasm.org

Journal of Virology

Putative roles for B204 tunnel residues. The hexameric model
of B204 shows a number of amino acids protruding into the cen-
tral ring, including the long, basic side chains from Lys166 and
Lys170 (Fig. 3). It is possible that positively charged residues such
as these help regulate the translocation of negatively charged DNA
through the central channel and into the virion during the pack-
aging process. The mutants K166A and K170A were active in the
in vitro assay (Table 2) and were viable in transfection experi-
ments. Notably, K170A displayed 2-fold higher activity than the
wild type in the in vitro assay, and perhaps this increase in activity
in the more sensitive ATPase assay occurred at the expense of a
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FIG 6 Experimental and modeled interactions of functional residues in B204.
All images show two monomers (blue and purple) in the context of the mod-
eled hexamer. (a) Experimentally observed electrostatic interactions between
D152 and Argl27 (present in both apo and AMP-PNP-bound crystal struc-
tures of STIV B204). (b) Modeled hydrogen bond and electrostatic interac-
tions between Argl4-Asn194 and Lys13-Aspl52, respectively. (c) Modeled
interactions between the B-phosphate of AMP-PNP and Lys13 or Argl4. Itis
noteworthy that these two amino acids also can be rotated into positions that
would stabilize the y-phosphate of AMP-PNP.

loss in charge within the tunnel, which could affect translocation
regulation in the context of the virion. These results suggest that
tunnel residues are not individually detrimental to the packaging
of DNA; however, cumulative mutations at these positions may
alter charge balance within the tunnel and could challenge effi-
cient DNA packaging. Future experiments will address the addi-
tive effects of tunnel mutations.

The effect of sodium chloride on B204 ATPase activity. It was
determined that the ATPase activity of B204 in the in vitro assays
was significantly affected by the concentration of sodium chloride,
with maximum activity achieved at a concentration of 150 mM
(Fig. 4). There is some precedent for the inhibitory effect of so-
dium chloride on ATPases belonging to this family; for example,
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the ATPase TrwK, which is a homolog of VirB4 (the closest struc-
tural homolog to STIV and STIV2 B204), is inactive in a buffer
containing 200 mM NaCl but also displays minimal activity in
buffers containing very low levels of NaCl (39). Additionally, the
ATPase homolog of VirB4, named TraB, assembles the active hex-
amer only in the absence of sodium chloride (40). Another ho-
molog, PRD1 P9 from the DNA-packaging clade of the superfam-
ily, was reported to experience nearly optimal levels of activity in a
DNA-packaging assay in the absence of sodium chloride or cal-
cium chloride (20). While it does appear that B204 requires a
certain level of sodium chloride to achieve maximum activity,
we did not observe higher-order oligomers in gel filtration ex-
periments conditioned with high or low concentrations of so-
dium chloride (data not shown). These results are consistent
with those for STIV2 B204, which also was observed as a mono-
mer in solution and in a crystal lattice. Future experiments will
explore whether other salts can be substituted for NaCl to
achieve higher levels of ATPase activity and whether these sub-
stitutions generate higher-order oligomers in solution. Subse-
quent crystallization experiments employing conditions that
stimulate higher-order oligomers will shed light on the struc-
tural features important for this oligomerization process and
will build on our current understanding of viral DNA packag-
ing among this family of viruses.

B204 is present within the virion. The experiments discussed
here provide supporting evidence for the existence of an active
B204 ATPase present within the virion. Mass spectrometric anal-
ysis confirms the presence of the B204 protein and ATPase activity
in purified virions (associated with the upper band in the cesium
gradients), whereas virions lacking B204 also lack ATPase activity
(associated with the lower band of the cesium gradient). Electron
micrographs of the upper band clearly depict virus particles with a
sharply defined exterior (Fig. 5b) and contain packaged viral
DNA. The lower band from the same cesium gradient shows
particles with less clearly defined edges and lack packaged
DNA. The particles in the lower band are likely to represent
empty STIV particles at an earlier phase of the infection cycle.
As mentioned previously, structural analysis indicates that
STIV B204 does not appear to be present in the virion (6). We
speculate this is a result of the low copy number of B204 within
the assembled virions and the failure to separate full and empty
capsids prior to structure determination. Future studies will be
focused on single particle reconstruction of both empty and
packaged virus particles.

The current model for STIV DNA packaging proposes that
there exists a motor complex at a unique site on the virion (21).
This motor complex includes the functional B204 ATPase oli-
gomer, thought to exist as a hexameric or dodecameric ring
through which DNA is translocated using energy provided by
NTP hydrolysis. Our results correlate well with this model, given
that the expected number of B204 copies per virion (6 to 12) falls
within the range calculated in our Western blot experiments. The
collection of experiments discussed here affirms the long-debated
question of the presence of B204 in the mature STIV virion. Fu-
ture experiments will begin to address the roles that other STV
proteins play in this DNA-packaging process.
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