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Background: Vaccinia protein H5 is a multifunctional protein involved in several aspects of viral replication.
Results:H5 is a nucleic-acid binding, elongated rod-like tetramer with an instrinsically disordered N terminus and an �-helical
C terminus.
Conclusion: H5 functions as a hub protein in vaccinia virus replication linking otherwise unique viral processes.
Significance:Understanding themechanism ofH5 function in vaccinia virus replication is crucial for studying vaccinia biology.

H5 is a constitutively expressed, phosphorylated vaccinia
virus protein that has been implicated in viral DNA replication,
post-replicative gene expression, and virus assembly. For the
purpose of understanding the role of H5 in vaccinia biology, we
have characterized its biochemical and biophysical properties.
Previously, we have demonstrated that H5 is associated with an
endoribonucleolytic activity. In this study, we have shown that
this cleavage results in a 3�-OH end suitable for polyadenylation
of the nascent transcript, corroborating a role for H5 in vaccinia
transcription termination. Furthermore,wehave shown thatH5
is intrinsically disordered, with an elongated rod-shaped struc-
ture that preferentially binds double-stranded nucleic acids in a
sequence nonspecific manner. The dynamic phosphorylation
status of H5 influences this structure and has implications for
the role of H5 in multiple processes during virus replication.

Vaccinia virus is the prototypical and best studiedmember of
the poxvirus family.Members of this family are large (�200 kb)
double-stranded DNA viruses that replicate exclusively in the
host cell cytoplasm and therefore encode all the enzymes and
factors required for DNA and RNAmetabolism (1). Viral tran-
scription is regulated as a temporal cascade with three different
classes of transcripts (early, intermediate, and late) (1, 2). Tran-
scription requires a multi-subunit RNA polymerase, several
stage-specific transcription factors, andmulti-subunit enzymes
for cap formation and polyadenylation. Early transcription
occurs before viral DNA replication and early gene products
serve as factors for viral DNA replication and intermediate
transcription. Intermediate and late transcription (collectively
termed post-replicative) are coupled to viral DNA replication.
Each stage of transcription employs different mechanisms of
transcription termination. Early transcription termination

requires a cis-acting sequence and several trans-acting factors
yielding 5� and 3� co-terminal transcripts (3–9). Post-replica-
tive transcription termination results in heterogenous length
transcripts, 1–4-kb-long, that are 5� co-terminal (10).
Although several factors have been shown to modulate post-
replicative transcription termination, no cis-acting sequence
similar to early transcription termination has been identified
(11–13). However, a pyrimidine-rich sequence in the coding
strand has been identified immediately preceding the 3� ends of
these post-replicative transcripts (14). Viral DNA replication
requires a viral DNA polymerase (E9), a heterodimeric proces-
sivity factor (A20 and D4), and several other accessory proteins
(I3, D5, H5, B1, J2, F4/I4, G5, A22, A50, I6, and A32) that
support viral DNA replication either directly or indirectly (1).
Viral DNA replication, postreplicative transcription, and virion
assembly take place in discrete cytoplasmic sites termed virus
factories. Virion assembly andmorphogenesis involves the for-
mation of crescent shaped viral membrane structures within
factories, followed by packaging of condensed viroplasm and
DNA within the viral membranes to form spherical immature
virions and immature virions with nucleoids. Proteolysis of
major virion structural proteins and metamorphosis of the
immature virionswith nucleoids intomature virions is required
before transport of themature virions out of the factory. Several
viral proteins are required for all of these events (15).
Ongoing investigations of poxvirus RNA metabolism, DNA

replication, and virion morphogenesis have consistently high-
lighted a role for the vaccinaH5protein in all of these processes.
H5 is absent from the entomopoxviruses but present in all chor-
dopoxviruses. H5 is a constitutively expressed, 22.3-kDa phos-
phoprotein that is localized in viral factories and packaged into
virions (16–21). H5 is phosphorylated by both viral kinases
(F10 and B1) and by cellular kinases; the pattern of its phos-
phorylation appears to be dynamic and temporally regulated
(15, 18). Although the native molecular mass of the H5 poly-
peptide based on its amino acid sequence is only 22 kDa, this
protein behaves aberrantly in several biochemical estimations
of molecular weight, suggesting that it may exhibit transient
polymorphic structures. H5 fractionates on SDS-PAGE at 35
kDa; this anomaly has been attributed to a rigid amphipathic
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helix located in the C terminus of the protein and/or to a proline-
rich domain in the N terminus capable of producing kinks in the
protein structure (18, 19). Another unusual characteristic of the
purified protein is that it elutes fromgel filtration columnswith an
extremely largeapparentmolecularmass (�400kDa) regardlessof
the source of purified protein (vaccinia-expressed or Escherichia
coli-expressed), suggesting multimerization of the protein and
possibly an unusual shape/structure (22).
There is substantial evidence to suggest thatH5 is involved in

viral DNA replication. H5 interacts with viral DNA replication
enzymesA20, the viralDNApolymerase processivity factor and
B1, the viral protein kinase that inhibits the host antiviral pro-
tein, BAF, during viral DNA replication (23, 24). A tempera-
ture-sensitive mutant (Dts57) that maps to the H5 gene has
been characterized to have a block in viral DNA replication
(DNA-negative) confirming a direct role for H5 in viral DNA
replication (25).
In addition to playing a role in DNA replication, H5 has been

shown to function in all aspects of post-replicative transcrip-
tion: initiation, elongation, and termination. Kovacs and co-
workers (20) have shown that H5 possesses a post-replicative
stimulatory activity in vitro. In addition, several studies (23, 26,
27) have shown that this protein interacts with viral late tran-
scription initiation (A2 and G8), elongation (G2), and termina-
tion (A18) factors. Importantly, anH5mutant has been isolated
that is resistant to isatin �-thiosemicarbazone, an antipoxvirus
drug known to affect vaccinia postreplicative gene elongation,
further cementing a role for H5 in postreplicative gene tran-
scription (28). Asmentioned earlier, post-replicative transcrip-
tion termination results in 3� heterogenous length transcripts.
However, at least four late genes have been identified to yield
transcripts that have homogenous 3� ends (29–33). For two of
these exceptions (ATI and F17R), the uniform 3� ends are gen-
erated by post-transcriptional site-specific endoribonucleolytic
cleavage. We have characterized the vaccinia H5 protein as
being associated with this activity, suggesting a role for H5 in
late transcription termination (22). This cleavage was charac-
terized to be possibly RNA sequence or structure specific, and
phosphorylation was determined to be essential for cleavage
activity.
Consistent with an apparent role for H5 in viral DNA repli-

cation and post-replicative transcrition, published data sug-
gest that H5 is a nucleic acid binding protein with affinity for
both DNA and RNA (18, 20, 34, 35). Vaccinia-expressed H5
was purified using either single-stranded or double-stranded
DNA cellulose columns in these studies (18, 20, 34). However,
an extensive study characterizing this binding has not been
performed.
Finally, a role for H5 in virion morphogenesis is evident by

phenotypic analysis of two temperature-sensitive mutants,
tsH5–4 and Dts57 (25, 36). Data from these studies indicate
that H5 is involved in multiple steps of viral morphogenesis,
including membrane biogenesis, encapsidation of viroplasm to
form immature virions, and maturation of immature virions
into mature virions.
In the current study, we have characterized the biochemical

and biophysical properties ofH5 and propose thatH5 functions
as a hub/scaffold protein that links otherwise discrete vaccinia

virus processes. To understand the role of H5 in post-replica-
tive transcription termination, we have determined the nature
of 3� ends during the endoribonucleolytic cleavage reaction and
determined that H5-associated cleavage results in a 3�-OH end.
We have further defined the nucleic acid binding properties of
the H5 protein and shown that this protein can bind nucleic
acids with high affinity in a sequence nonspecific manner
requiring a minimum of 40 nt. Using structure modeling, cir-
cular dichroism, sedimentation equilibrium, and small-angle
x-ray scattering (SAXS),2 we have demonstrated that the basic
structure of unphosphorylated H5 protein is an elongated rod-
like tetramer with the intrinsically disordered N terminus of
each subunit contributing to its rod-like structure. Phosphory-
lation of the protein likely causes aggregation of H5 tetramers
to form higher order complexes.

EXPERIMENTAL PROCEDURES

Eukaryotic Cells, Viruses, and Bacterial Hosts—BSC40 cells,
wild type vaccinia strainWestern reserve (WR), and the condi-
tions for their growth and infection have been described previ-
ously (37–41). HeLa S3 cells were grown in suspension culture
in Eagle’s minimal essential medium (Joklik’s modification)
containing 5% calf serum and 2% fetal calf serum. E. coli
BL21(DE3) harboring the plasmid pET14b and containing the
H5 ORF was a gift from Dr. Paula Traktman.
EhisH5 is a recombinant vaccinia virus that contains the 10x

His and factor Xa sequences (MGHHHHHHHHHHSS-
GHIEGRH) from plasmid pET16b at the N terminus of the
endogenous H5R. For the construction of ehisH5, BSC40 cells
were infected with Dts57-WR virus (Dts57-WR is a recon-
structed temperature-sensitive virus in the WR background
that contains the Dts57 lesion, G189R in the C terminus of the
WR-H5 protein) and transfected with a PCR product that con-
tained the H4R-H5R region of vaccinia WR with the pET16b
polyhistidine and factorXa sequence inserted at theN terminus
of H5R. Infection transfection was carried out at 37 °C to select
for recombinant WT virus. The harvested lysates were then
plaque assayed. Several plaques were picked and analyzed by
Western blotting using an anti-His monclonal antibody (Nova-
gen). Plaque lysates that tested positive by Western blotting
were then propagated in cell culture and the sequence of His-
tagged H5 was confirmed by Sanger sequencing.
Purification of His-H5 Protein—The purification schemes for

vaccinia-expressed and E. coli-expressed His-tagged H5 pro-
teins were as described previously (22). For further purification
by gel filtration, the H5 protein eluted from the nickel affinity
column (His-Trap, GE Healthcare) was pooled, concentrated
using an Amicon concentrator (Ultra cel 5K; Millipore) to
�500 �l and applied to a Superdex 200 gel filtration column
(GEHealthcare) equilibrated in 25mMTris-HCl, pH7, contain-
ing 1 M NaCl and protease inhibitor mixture (1:100, Sigma).
(This buffer also contained 5% glycerol and/or 2 mM DTT in
situations where these reagents did not affect downstream
events.) Molecular weight standards (high and low molecular

2 The abbreviations used are: SAXS, small-angle x-ray scattering; TAP, tobacco
acid pyrophosphatase; nt, nucleotide; ts, temperature-sensitive; pCp,
cytidine-3�,5�-bis-phosphate.

Biochemical and Biophysical Properties of Vaccinia H5

APRIL 19, 2013 • VOLUME 288 • NUMBER 16 JOURNAL OF BIOLOGICAL CHEMISTRY 11471



weight standards; Amersham Biosciences) were used to cali-
brate the gel filtration column.
Determining the Nature of 3� Ends of H5 Cleaved RNA—The

cleavage substrate (430-nt ssRNA) was prepared by in vitro
transcription and uniformly labeled with 32P �-CTP as
described previously (33). The 430-nt RNA substrate was either
directly used in the cleavage assay or 30 pmol of RNA were
incubated at 30 °C for 10 min with 30 units of tobacco acid
pyrophosphatase (TAP; Epicenter, 10 units/�l) in a total vol-
umeof 6.6�l. Cleavagewas carried out under standard cleavage
conditions as described previously by incubating 10 fmol of
RNA substrate with vaccinia-expressed nickel affinity-purified
H5 protein in a reaction containing 25 mM Tris-HCl, pH 8, 7.5
mM MgCl2, and 300 mM NaCl for 1 h at 30 °C (33). The reac-
tions were then treated with either 1 unit of Terminator exonu-
clease (Epicenter) or buffer (as control) for 2 h at 37 °C. Follow-
ing Terminator exonuclease treatment, 30 �l of formamide-
loading buffer was added, and the samples were denatured at
90–95 °C for 5 min, flash cooled, centrifuged, and loaded on a
6% polyacrylamide gel containing 8 M urea (Sequagel, National
Diagnostics). The gels were then fixed, dried, and analyzed
using the STORM PhosphorImager and ImageQuant software
(GE Healthcare). For [5�-32P]pCp labeling, the cleavage sub-
strate was prepared using the RNAmegascript kit (Ambion) to
yield large quantities of “cold” substrate. The substratewas then
cleaved with vaccinia-expressed nickel affinity-purified H5
protein under the conditions mentioned above. The residual
substrate and the cleaved products were then purified using
phenol-chloroform extraction and ethanol purification and
resuspended in nuclease-free water. This RNA (and RNA not
subjected to the cleavage reaction) was then labeled in a reac-
tion containing 150 �Ci of [5�-32P]pCp (3000 Ci/mmol;
PerkinElmer Life Sciences) and 10 units of RNA ligase (New
England Biolabs) at 4 °C overnight. The labeled RNA was then
purified using phenol-chloroform extraction and ethanol puri-
fication. The pellets were resuspended in 10 �l of formamide-
loading dye and denatured at 90–95 °C for 5 min, flash cooled,
centrifuged, and loaded on a 6% polyacrylamide gel containing
8 M urea (Sequagel, National Diagnostics). The gels were then
processed as described above.
Filter Binding Assays—Double sandwich filter binding assays

were carried out following instructions of Lohman and Wong
(42) with some modifications. One hundred microliter reac-
tions were prepared in duplicate by equilibrating various con-
centrations of E. coli-expressed H5 (or vaccinia-expressed H5)
with 10–100 pM nucleic acid (1 �l/reaction containing 1–10
fmol nucleic acid of different lengths and sequence as described
under “Results”) on ice in rinse buffer (25mMHEPES, pH7.5, 50
mM NaCl, 1 mM EDTA, 5 mM DTT) containing 10 �g of BSA.
After 30min, 90 �l of the reactionmixture was vacuum filtered
through a nitrocellulose (Bio-Rad) and nylon membrane
(Hybond N�, GE Healthcare) sandwiched within a Schleicher
and Schuell minifold. An equal volume of rinse buffer was then
filtered through to rinse out the wells. The membranes were
then separated, dried, and analyzed using a STORM Phospho-
rImager and ImageQuant software (GE Healthcare). The per-
centage of nucleic acid binding to the nitrocellulose membrane
was computed from these results and plotted against increasing

concentrations of H5 protein using GraphPad Prism software
to estimate a dissociation constant (KD) for each binding reac-
tion. The KD for each experiment was determined using tech-
nical duplicates and the results shown are from at least two
different experiments. All of the optimization data shown in
Fig. 2 were obtained using 100 pM 32P-labeled ssRNA (430 nt;
uniformly labeled) and vaccinia-expressed H5 protein
(ehisH5). Experiments at pH 6 were done in MES buffer, those
at pH 7–8 were done in HEPES, and those at pH 10 were done
in 3-(cyclohexylamino)propanesulfonic acid buffer. The pH of
all buffers was adjusted either with HCl or NaOH. 5�-Cy5-
tagged nucleic acids (Sigma Genosys) of varying lengths were
used in the binding experiments that determined length
dependence of H5 binding. All 32P-labeled substrates were gel-
purified; 5�-Cy5-tagged substrates were obtained PAGE-puri-
fied from the manufacturer. For the preparation of double-
stranded 5�-Cy5-tagged nucleic acids, complementary
sequences of equal lengths and concentration were mixed in
1� TE buffer containing 50 mM NaCl and annealed by heating
to 100 °C for 10 min in a Thermocycler. The temperature was
then decreased to 4 °C gradually using a gradient of 1 °C/min.
The hybrids were then analyzed on non-denaturing polyacryl-
amide gels. Greater than 95% of the annealed oligonucleotides
were observed as double-stranded molecules and, therefore,
these hybrids were not gel-purified.
Intrinsic Disorder Prediction and Homology Modeling—The

PONDR-Fit algorithmwas used to calculate the intrinsic disor-
der disposition in vaccinia H5 protein (43). The PONDR-Fit
intrinsic disorder disposition versus residue number plot was
scaled by sequence alignment to the published sequence of H5
(vaccinia WR) to better compare the different regions on the
H5 monomer. Homology models of H5 were also made based
on the published H5 sequence (WR) using the ROBETTA
server (44). These were combined and a composite H5 model
made, H5model.
CD—The CD data were collected on an Aviv 414 CD spec-

trometer. The data were collected between 200 and 260 nm at
25 °C. Three hundred and fifty microliters of sample were used
at 0.4 mg/ml of H5. The data, collected in triplicate, were aver-
aged across the 50 scans and the triplicate experiments to
improve the signal to noise ratio. The averaged data were then
scaled to molar ellipticity values to account for concentration
differences and to compare with other CD spectra. The col-
lected data were processed using in-house algorithms to deter-
mine the secondary structural propensity of H5 (45).
SAXS—The SAXS data were collected at the Cornell High

Energy Synchrotron SourceMacCHESSG1 beamline. The data
were collected at a wavelength of 1.444 Å (8.58 keV). Twenty-
five second exposures were used at a detector distance of 800
mm to collect data between q values of 0.008 and 0.3 nm�1.
Twomilligrams per milliliter sample concentrations were used
with 30 �l of sample volume in plastic cuvettes. 10� and 20�
attenuation levels were used to achieve optimum signal to noise
ratio while at the same time having minimal radiation damage
to the sample. The images were processed for intensity and q
values using the DATASQUEEZE (University of Pennsylvania)
and BioXTAS RAW programs (46).
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The ATSAS suite of programs was used to further process
the data after raw image processing (47). GNUPLOT was used
for data plotting and radius of gyration (Rg) calculations. Pair-
wise distribution functions and radius of gyration values were
calculated using the GNOM program from the ATSAS suite.
DAMMINwas used to generate the three-dimensional ab initio
model. Ten DAMMIN simulations were averaged using the
DAMAVER program to generate a final density profile. This
was converted to a SITUS volume map for docking purposes
and the H5model was docked manually into the map using the
CHIMERA program (48). Theoretical SAXS curves from the
H5model structure of themonomer andpossiblemultimerswere
computed using the CRYSOL. GNOM, DAMMIN,
DAMAVER, and CRYSOL are all located within the ATSAS
suite. All visualizations were made using University of Califor-
nia, San Francisco Chimera.
Sedimentation Equilibrium Ultracentrifugation—Sedimen-

tation equilibriumwere performed using absorption optics in a
Beckman XLA analytical ultracentrifuge at 4 °C in 25 mM Tris,
1 M NaCl, and 2 mM DTT, pH 7, and analyzed as described
previously (49, 50). Absorption was measured at 280 nm as a
function of radius for samples of 100 and 150 �l. The gradient
was invariant for 24 h after equilibrium was achieved at 6,200
rpm, and then additional equilibrium data were obtained at
13,200. Samples were examined after the run by SDS-PAGE
and showed no evidence of degradation. The subunit partial
specific volume was estimated from the amino acid content.
The four sets of data (two samples of different volumes, each at
two different angular velocities) were fit simultaneously with
fitting parameters of c, the concentration at the base of the
centrifuge cell for each data set, and M, the mass. The Mar-
quard-Levenberg method was employed for nonlinear, least-
squares curve fitting.

RESULTS

The Nature of 3� Ends Generated by H5 Cleavage of RNA

We have shown that vaccinia virus protein, H5 is associated
with endo-ribonucleolytic cleavage of at least two homogenous
late transcripts (ATI and F17) in vitro (22). Furthermore,
because H5-associated cleavage activity is postulated to func-
tion at the level of vaccinia post-replicative termination (22), we
hypothesize that cleavagewould result in a free 3�-hydroxyl end
unlike most RNases, including RNase A and T1, which cleave
RNA to yield a 3� phosphate. The substrate for H5-associated
cleavage is a 430-nt uniformly labeled, in vitro-synthesized
ssRNAwith a 5�-triphosphate. Cleavage of this RNA yields two
products: the upstream product is 190 nt in length, and the
downstream product is 240 nt in length (Fig. 1A). The cleaved
products and the residual substrate are routinely fractionated
on a polyacrylamide gel, and the results are analyzed by phos-
phorimaging analyses as shown in Fig. 1B. To determine the
nature of the 3� ends during the H5-associated cleavage reac-
tion, we treated theH5 cleavage productswithTerminator exo-
nuclease, an RNase that degrades 5�-monophosphate RNA in a
5�3 3� orientation (Fig. 1B). Additionally, as a control for Ter-
minator exonuclease activity, we treated the 430-nt ssRNA sub-
strate with tobacco acid pyrophosphatase (�TAP) to yield a

5�-monophosphate 430-nt ssRNA. If H5-associated cleavage of
the 430-nt ssRNA substrate results in a 5�-PO4 (scenario I) on
the downstream cleavage product, treatment with Terminator
exonuclease (�TAP) will cause degradation of the 240-nt
downstream product of H5 cleavage but not of the 430-nt sub-
strate and the 190-nt upstreamproduct (outcome I). This result
was observed in lane 1 (Fig. 1B), indicating that H5-associated
cleavage results in a 5�-PO4. However, if the 430-nt ssRNA sub-
strate is first treated with tobacco acid pyrophosphatase
(�TAP) prior to the H5-associated cleavage, the 430-nt ssRNA
substrate will also have a 5�-monophosphate. Under these con-
ditions, if H5-associated cleavage of the 430-nt ssRNA sub-
strate results in 5�-PO4 (scenario I), treatment with Terminator
exonuclease will degrade both the substrate and the two cleav-
age products (outcome I). This result was observed in lane 4
(Fig. 1B), confirming that H5-associated cleavage of the ssRNA
substrate results in a 5�-PO4. To confirm these data, we also

FIGURE 1. Endoribonucleolytic cleavage with purified H5 protein results
in a 3�-OH. A, schematic of potential cleavage products for the TAP-treated
(�TAP) or untreated (�TAP) 430-nt ssRNA substrate. I and II, possible scenar-
ios depending on the nature of 3� ends after cleavage. Ends denoted in bold-
face type indicate possible results of cleavage. B, schematic of the potential
and actual products after treatment of the cleavage reaction with Terminator
exonuclease (Term). I and II, possible outcomes depending on the nature of 3�
ends after cleavage. Gray line, RNA degraded by Terminator; black line, RNA
not degraded by Terminator. C, schematic of the potential and actual prod-
ucts after [5�-32P]pCp treatment of unlabeled, purified RNA substrate and
products from a cleavage reaction. Black line, RNA labeled with [5�-32P]pCp;
gray line, RNA not labeled with [5�-32P]pCp. Lane 1, RNA substrate treated with
H5 in cleavage assay, purified, and labeled with [5�-32P]pCp; lane 2, RNA
substrate treated with buffer in cleavage assay, purified, and labeled with
[5�-32P]pCp; lane 3, RNA substrate labeled with [5�-32P]pCp.
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analyzed the H5-cleaved products for the presence of a 3�-OH
on the upstream H5 cleavage product (190 nt). To do so, we
prepared unlabeled (cold) 430-nt ssRNA substrate in vitro and
treated it with cleavage-competent H5 or enzyme dilution
buffer under the normal conditions for H5-associated cleavage
as mentioned previously. The residual substrate and the two
cleaved products from H5 or control reactions were then puri-
fied and labeled with [5�-32P]pCp using RNA ligase (Fig. 1C,
lanes 1 and 2). Cleavage substrate not subjected to the cleavage
reaction was also labeled as described above (Fig. 1C, lane 3).
Because H5-associated cleavage results in a 3�-OH as deter-
mined in Fig. 1B, we observed 32P-labeling of residual substrate
and both cleaved products as shown in Fig. 1C, lane 1, confirm-
ing that H5-associated cleavage of the ssRNA substrate results
in a 3�-OH.

Protein-Nucleic Acid Interaction

There is some evidence that H5 is a nucleic acid binding
protein (18, 20, 34). Given the role of H5 in bothDNA and RNA
metabolism, wewere interested to determine the parameters of
H5-nucleic acid interaction. In addition, to better understand
the function of its nucleic acid binding characteristics, we
determinedwhetherH5 has a preference for one type of nucleic
acid over another. To determine the binding affinity of H5 for
each nucleic acid, we employed the double-sandwich filter
binding assay based on the method of Wong and Lohman (42)
and as described under “Experimental Procedures.” Given that
vaccinia-expressed H5 (but not E. coli-expressed H5) is associ-
ated with endoribonucleolytic cleavage, we first analyzed the
binding of vaccinia-expressed H5 to the in vitro-generated
430-nt ssRNA cleavage substrate and to its reverse comple-
ment, which is not a substrate for cleavage (33). Both substrates
bound vaccinia-expressed (cleavage competent) affinity-puri-
fied H5 protein comparably and with high affinity (KD, 4–45
nM), suggesting that binding ofH5 to nucleic acid is nucleic acid
sequence-independent (data not shown). Additionally, we
showed that both vaccinia-expressed (cleavage competent) and
E. coli-expressed (cleavage incompetent) affinity-purified H5
bound the 430-nt ssRNA cleavage substrate with comparable
affinities (KD, 10–50 nM), suggesting that nucleic acid binding
and cleavage activity are discrete events (data not shown).

Interaction Parameters

Effect of Temperature on Binding—To determine the optimal
temperature for studying the nucleic acid binding properties of
H5, we analyzed the binding of affinity-purified, vaccinia-ex-
pressed H5 to the 430-nt ssRNA cleavage substrate at three
different temperatures (Fig. 2A). TheKD of binding at the three
temperatures were as follows: 20.5 � 6.0 nM (ice); 45.5 � 11.1
nM (room temperature); and 50.0 � 27.2 nM (30 °C). A plot of
these dissociation constants as a function of temperature (Fig.
2B) suggests that temperature did not drastically affect the
affinity of H5 for this RNA. Because the KD of the reaction was
lowest when the binding reactionwas incubated on ice, we have
used this temperature for the remainder of the filter binding
assays
Effect of Salt on Binding—Given that binding of H5 to the

cleavage substrate was sequence-independent; we examined

the role of electrostatic interactions in the binding of H5 to the
430-nt ssRNA substrate as a function of ionic strength using
50–500 mM NaCl. No binding was observed in 500 mM salt at
the concentrations of H5 tested (data not shown). The binding
of H5 to the RNA substrate at salt concentrations between
50–300 mM is shown in Fig. 2C. A plot of these dissociation
constants (Fig. 2D) as a function of salt concentration shows
that at salt concentrations over 200 mM, the KD increases sig-
nificantly, suggesting that electrostatic forces play an important
role in stabilizing the binding of H5 to the RNA substrate. We
have used 50 mM NaCl in characterizing the remainder of the
binding conditions.
Effect of pH on Binding—To determine the role of titratable

groups in the interaction of H5with ssRNA, we determined the
KD for this interaction at pHvalues ranging from6–10 (Fig. 2E).
The difference in KD at these pH values were not significant
(Fig. 2F), indicating that the groups titratable in this pH range
do not play a role in stabilizing the interaction of H5 with

FIGURE 2. Optimization of the conditions of nucleic acid binding. A and B,
effect of temperature on nucleic acid binding. A, equilibrium binding curve
for H5 binding to 430nt ssRNA at 4 °C (ice), 21 °C (room temperature), and
30 °C. The data plotted are from four replicates, and the mean and S.E. are
plotted. B, temperature dependence of KD. Dissociation constants for H5
binding were plotted as a function of the temperatures tested in the assay. C
and D, effect of salt on nucleic acid binding. C, equilibrium binding curves for
H5 binding to 430-nt ssRNA between 50 –300 mM NaCl. The data plotted are
from four replicates, and the mean and S.E. are plotted. D, salt dependence of
KD. Dissociation constants for H5 binding were plotted as a function of the salt
concentration tested in the assay. E and F, effect of pH on nucleic acid binding.
E, equilibrium binding curves for H5 binding to 430-nt ssRNA between pH
6 –10. The data plotted are from four replicates, and the mean and S.E. for
each point are plotted. F, pH dependence of KD. Dissociation constants for H5
binding were plotted as a function of the pH tested in the assay.
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nucleic acid. HEPES buffer, pH 7.5, was chosen as the buffer for
characterizing the rest of the binding conditions.
Substrate Specificity—Next, we compared the affinity of H5

for single-stranded and double-stranded DNA and RNA. Fig. 3
shows the saturation curves of H5 binding to 20-, 40-, 68-, and
91-nt length oligomers of ssDNA, ssRNA, dsDNA, dsRNA, and
DNA:RNA hybrids. Because the binding of cleavage competent
vaccinia-expressed H5 and cleavage incompetent E. coli-ex-
pressed H5 to nucleic acid was comparable, we used E. coli
expressed H5 for the remainder of the binding experiments.
Additionally, the nucleic acid substrates for this set of experi-
ments were synthesized with a Cy5 label on the 5� end of the
nucleic acid oligomer. For all of the nucleic acids tested, H5was
unable to bind with high affinity to any of the 20-nt nucleic acid
oligomers. Additionally, the binding of H5 to the 20-mer of
every set of nucleic acid oligomers tested was significantly dif-
ferent from the binding to the 40–91-mers within the same set
(p � 0.0001). The average dissociation constants (between 6
and 18 replicates were averaged for each data set) for H5 bind-
ing to each oligomer in all five sets of nucleic acids are shown in
Table 1. Using the unpaired Student’s t test, we determined that
with the exception of ssRNA,within a given set, the dissociation
constants for H5 binding to lengths of 40–91-nt oligomers
were not significantly different from each other based on 95%
confidence (p � 0.16). For ssRNA, there appeared to be a sig-

nificant difference in dissociation constants (p� 0.01) between
H5 binding 40-nt ssRNA versus 91-nt ssRNA only. Therefore,
excluding the data obtained for the 20-mers, we calculated a
meanKD for H5 binding to each of the nucleic acid polymers as
shown in Table 1 and in supplemental Fig. 1 using row mean
statistics. The binding affinity of H5 to the five different sets of
nucleic acid polymers sorted themselves into three categories.
The KD was the lowest for binding of H5 to dsDNA (13.9 � 1.6
nM) and dsRNA (11.7 � 2.1 nM), intermediate for DNA:RNA
hybrids (21.4 � 3.9 nM) and the highest for H5 binding to
ssDNA (62.9 � 8.8 nM) and ssRNA (44.2 � 10.4 nM). The bind-
ing ofH5 to double-strandednucleic acids (DNAandRNA)was
significantly different from binding to single-stranded nucleic
acids and both these categories were significantly different
from binding to DNA:RNA hybrids (supplemental Fig. 1). The
data indicate that H5 preferentially binds homoduplexed
nucleic acids best, followed by heteroduplexed nucleic acid.
The binding to single-stranded nucleic acids in comparisonwas
weakest.

Biophysical Properties of H5

Structure and Modeling—H5 is phosphorylated and consists
of 203 amino acids. Potential sites of phosphorylation include
18 serines, 19 threonines, and 1 tyrosine interspersed through
the length of the protein. A single cysteine is present at the C
terminus of H5 (Fig. 4A). Within the poxvirus family, H5 is
present in the chordopoxviruses but absent from the ento-
mopoxviruses. Among the chordopoxviruses, different H5
orthologs within the orthopoxvirus genera show strong conser-
vation (data not shown). However, only a modest conservation
is observed for the H5 orthologs within different genera of the
chordopoxviruses. The H5 polypeptide sequence for represen-
tatives fromeach chordopoxvirus generawere alignedusing the
multiple sequence alignment software, MUSCLE at the Euro-
pean Bioinformatics Institute website (supplemental Fig. 2).
Significant conservation was observed in the most N-terminal
region and in the C terminus of the protein, whereas themiddle
region of H5 (between residues 50–120) appeared non-con-
served but high in charged residues. A tertiary structure of H5
was generated using the homology modeling program
ROBETTA (Fig. 4, B–G). Five models were generated based on
the sequence (Fig. 4, B–F). The models all showed an �-helical
propensity at the C terminus and a mixed/helix motif loop
through the remainder of the structure. Fig. 4G shows a struc-
tural superimposition of three best fit models (models depicted
in Fig. 4,B–D) and highlights the conserved�-helices predicted

FIGURE 3. Equilibrium curves for H5 binding to different lengths of
nucleic acid oligomers. The KD for each curve is computed with data
obtained from at least three individual experiments with each experiment
done in duplicate, and the mean and the S.E. for each data point is plotted. A,
ssRNA; B, ssDNA; C, dsRNA; D, dsDNA; E, DNA:RNA hybrids.

TABLE 1
Dissociation constants for H5 binding to different lengths of nucleic
acid
The 20-nt curves did not reach saturation at the concentrations of H5 tested (ND,
not determined).

KD (nM)
20
nt 40 nt 68 nt 91 nt

Mean KD
(40–91 nt)

ssRNA ND 94.8 � 16.2 39.2 � 5.8 18.0 � 3.7 44.2 � 10.4
ssDNA ND 69.5 � 10.8 75.3 � 15.8 51.8 � 10.0 62.9 � 8.8
dsRNA ND 16.4 � 1.5 6.6 � 0.3 5.3 � 0.8 11.7 � 2.1
dsDNA ND 13.7 � 1.0 8.8 � 0.8 9.8 � 1.7 13.9 � 1.6
DNA:RNA ND 35.5 � 6.7 9.2 � 1.3 21.8 � 4.4 21.4 � 3.9
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in the C terminus of H5 and � 50% of the N terminus as
unstructured or disordered. Previously, we observed that puri-
fied H5 (both cleavage-competent and -incompetent) eluted
from a gel filtration column with a significantly large apparent
molecular mass (�460 kDa), suggesting either complex forma-
tion or a non-globular structure (22). To further analyze these
findings, the protein sequence of H5 was examined using the
PONDR-Fit algorithm that predicts the degree of disorder in
the secondary structure of a protein (Fig. 4H). The PONDR-fit
algorithm predicted a high intrinsic disorder disposition in the
N-terminal region of the H5 protein, shown as loops in the
homologymodel (Fig. 4I). Experimentally, these data were con-
firmed using circular dichroism (Fig. 5). Secondary structural
propensity as determined by theCDdata processing indicated a
50% �-helix and a 50% random coil propensity, which are in
agreement with the homology models. Interestingly, the CD
data also showed a profile consistent with an intrinsically dis-
ordered or unstructured protein.

H5 Has an Unusual Structure—We chromatographed vac-
cinia-expressed, affinity-purified H5 over Superdex 200, a gel
filtration resin that separates globular proteins between 3 and
650 kDa. Two distinct peaks, one in the void volume and the
other at �460 kDa, were reproducibly observed. Interestingly
however, affinity-purified, E. coli-expressed H5 elutes repro-
ducibly with a single peak at �460 kDa when applied to the
same gel filtration column. Representative chromatograms and
Coomassie-stained fractions from these columns are shown in
Fig. 6, A and B, respectively. It is noteworthy that vaccinia-
expressed H5 has a complex pattern of phosphorylation as
compared with E. coli-expressed H5, which is most likely
unphosphorylated. Therefore, we hypothesize that although
both the vaccinia-expressed and E. coli-expressed H5 have the
propensity to form higher order structures, vaccinia-expressed
H5 must have a different molecular structure than E. coli-ex-
pressed H5 and forms even larger structures than E. coli-ex-
pressed H5. To test this hypothesis, we used an independent
biophysical measurement of mass, sedimentation equilibrium
ultracentrifugation. Gel filtration-purified H5 fractions that
eluted with a molecular mass of 460 kDa were pooled, concen-
trated, and analyzed at two different concentrations and two
different g forces. The absorbance of the protein at different
radii in the centrifuge cell was measured, and the data were
plotted as a function of the distance from the top of centrifuge
cell (Fig. 6C). The behavior of the 460-kDa fractions of E. coli-
expressed H5 in the centrifuge was ideal: soluble, homogenous,
and stable. Globally fitting the data from two samples of differ-
ent concentrations at two different g forces and forcing M �
22,300 � 4 (molecular mass of H5 is 22,300 Da) gives residuals
that show nomeasurable systematic error. Alternatively, fitting
toM for all samples simultaneously givesM � 91 � 2 kDa (Fig.
6C; partial specific volume, 0.721; and density �20, 1.0053).
These data suggest that E. coli-expressed H5 exists as a homog-
enous tetramer. The 460-kDa gel filtration fractions of vaccin-
ia-expressed H5 and the peak of H5 protein in the void volume
were also similarly analyzed (data not shown). The H5 in the
void peak appeared to be completely aggregated and sedi-
mented at the bottom of the centrifuge cell even at the lowest g
force applied. The behavior of the 460-kDa gel filtration frac-
tions of vaccinia-expressed H5 was also not ideal; it appeared
heterogeneous with the tetrameric form being the primary
structure. However, higher order structures, including octam-
ers, were also identified in this preparation. These data suggest
that the basic structure of the H5 protein is tetrameric with a

FIGURE 4. Structural modeling of H5. A, sequence of the WR strain of H5.
Nineteen serines and 20 threonines are interspersed throughout the
sequence. The single cysteine residue in the C terminus is underlined. An
alignment of the H5 polypeptide sequence from representative H5 orthologs
within the chordopoxvirus (supplemental Fig. 2) indicates that the residues in
green are identical, residues in cyan are highly conserved, and residues col-
ored magenta are weakly conserved. The mutations in tsH5– 4 (EEE to AAA)
and Dts57 (G187A) are highlighted. B–F, homology models of H5. Five inde-
pendent tertiary structures for the H5 protein were modeled by analyzing the
H5 protein sequence using the ROBETTA server. G, consensus H5 model,
H5model (based on models B–D obtained by least squares structure superpos-
ing using the program COOT). H, intrinsic disorder in H5 determined using the
PONDR-Fit algorithm and scaled to align to the H5 sequence. The degree of
disorder disposition is plotted as a function of the amino acid residue from
the N to C terminus of the protein. A threshold of 0.5 is used to indicate a high
level of disorder. I, homology model of H5 in B depicted with the degree of
disorder in the structure. The position of the Dts57 mutation is indicated in
pink, and the tsH5– 4 mutations are indicated in cyan.

FIGURE 5. Circular dichroism spectra of H5. The molar ellipticity values of H5
are plotted as a function of the wavelength between 200 –260 nm and com-
pared with the spectra for �-helix and coil structures.
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tendency to form higher order complexes as a result of
phosphorylation.
Given the discrepancy between the apparentmolecular mass

of H5 on a gel filtration column and by sedimentation equilib-
rium ultracentrifugation, we were interested in analyzing the
structure of H5 by yet another independent biophysical meas-
urement, SAXS (Fig. 7). The SAXS data indicated that the pro-
tein showed a tendency to aggregate. The apparent intrinsic
disorder of the protein might have a role in the aggregation
process. A low resolution three-dimensional reconstruction
based on SAXS data showed an elongated rod-like structure
that fitted four of the homology model monomers. Consistent
with the sedimentation equilibrium data, the SAXS data sug-

gests that H5 exists as a tetramer in solution. The radius of
gyration determined from the data is also in agreementwith the
dimensions of a tetramer.

DISCUSSION

In this study, we have characterized the biochemical and bio-
physical properties of the multi-functional vaccinia protein,
H5. We have shown that H5 endoribonucleolytically cleaves
the ssRNA cleavage substrate in vitro to yield a 3�-OH end. H5
binds both single-stranded and double-stranded nucleic acids,
requiring at least 40 nt for efficient binding but prefers double-
stranded nucleic acids over single-stranded as follows: dsDNA/
dsRNA � DNA:RNA � ssDNA/ssRNA. The interaction of H5

FIGURE 6. H5 transient polymorphic structures. A, gel filtration profile for vaccinia-expressed, affinity-purified H5 protein. Left, chromatogram showing the
two peaks of H5 protein, one in the void and one at 460 kDa. Fraction numbers are indicated on the top of the chromatogram. Right, Coomassie-stained gel of
fractions. H5 is indicated with an arrow. A molecular mass ladder in kDa is shown at the left of gel. B, gel filtration profile for E. coli-expressed purified H5 protein.
Left, chromatogram with a single peak of H5 protein at 460 kDa. Fraction numbers are indicated on the top of the chromatogram. Right, Coomassie-stained gel
of fractions. H5 is indicated with an arrow. Molecular mass markers in kDa are shown on the left of the gel. C, sedimentation equilibrium ultracentrifugation of
gel filtration purified E. coli-expressed H5 protein (fraction 11 from plate B). Two different concentrations of H5 protein were each centrifuged at two different
g forces. The A280 values of the protein at the different radii in the centrifuge cell are plotted as a function of the distance from the top of the cell. Left, 6200 rpm;
Right, 13,200 rpm. The residuals from fitting all of the data simultaneously to M � 91,000 are plotted on the top for each gradient.
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with nucleic acid is sequence nonspecific and electrostatic: salt
affects binding and pH has no effect on binding, suggesting
binding to the phosphodiester backbone. TheN terminus ofH5
is intrinsically disordered but the C terminus has an �-helical
structure. The purified E. coli-expressed H5 protein is a stable
and homogenous tetramer (90 kDa) with an elongated rod-like
structure. We suggest that the unusual rod-like shape of the
tetrameric protein in conjunction with the intrinsic disorder of
theN terminus of eachmonomer contributes to its large appar-
ent molecular mass upon gel filtration. Gel filtration data con-
sistent with apparent mass greater than actual mass are
expected for intrinsically disordered proteins because of
increased hydrodynamic volume relative to that of ordered pro-
teins of the same mass (51). However, the molecular mass of
purified vaccinia-expressed H5 appears to be more complex
with a heterogenous mix of protein structures ranging from
tetramers to octamers and even higher order structures. We
predict that the dynamic phosphorylation pattern of vaccinia-
expressed H5 plays a key role in this difference.
Viral proteins, in general, are very abundant in intrinsically

disordered regions (52–55). Intrinsically disordered proteins
have been identified in bothDNAandRNAviruseswith a larger
number present in RNA viruses (52–55). However, unlike the
intrinsically disordered proteins found in eukaryotes, viral
intrinsically disordered proteins are characterized to have
short, disordered segments. Because viral genomes are unusu-
ally compact with overlapping reading frames, a single muta-
tion can affect more than one protein. Additionally, the viral
lifestyle requires multiple interactions with proteins, mem-
branes, DNA, and RNA of the host in conjunction with the
ability to adapt to new/alternative hosts. Thus, the ability to
interact with different andmultiple partners accompaniedwith

the high rate of evolution can be linked to disorder and confor-
mational flexibility.
The cleavage of ssRNA by H5 to yield a 3�-OH is consistent

with its role in post-replicative transcription termination.
Although most RNases such as RNase A and RNase T1 cleave
RNA to form a 3�-PO4, other specialized RNases, including
�-lactamases (e.g.CPSF73, the cleavage factor of the eucaryotic
cleavage and polyadenylation complex, and RNase Z, the tRNA
maturation nuclease), RNase III (Dicer), and RNase H (cleaves
DNA:RNA hybrids) produce a 3�-OH during cleavage (56–59).
A 3�-OH in the cleavage reaction suggests that the nascent
transcript can be a substrate for vaccinia poly(A) polymerase
during vaccinia post-replicative transcription. Alternatively,
the endoribonucleolytic function of H5may be involved in viral
DNA replication. H5 interacts with a vaccinia protein of
unknown function, A49 (23). Blast analysis of the A49 protein
sequence against the non-redundant database indicates the
presence of a DnaI conserved motif in the C terminus of the
protein. DnaI proteins are components of the Bacillus subtilis
replication restart primosome (60). Another vaccinia protein
required for viral DNA replication, D5, has been characterized
as a primase, suggesting the formation ofOkazaki fragments on
the lagging strand during viral replication (61). Given the role of
H5 as a viral endoribonuclease and the fact that H5 binds DNA:
RNA hybrids with high affinity, it is possible that H5 has RNase
H-like activity and cleaves the RNAprimer in the lagging strand
during DNA replication. However, preliminary experiments to
characterize RNase H activity in H5 were negative (data not
shown). Additionally, other nucleases such as the FEN-1-like
endonuclease (vaccinia protein G5), the nicking and joining
enzyme (K2), and the holiday junction resolvase (A22) are pres-

FIGURE 7. Small-angle x-ray scattering analyses of H5. A, one-dimensional scattering data. B, pairwise distribution function. C, low resolution three-
dimensional reconstruction of the model shows an elongated rod-like structure that can fit four translated and staggered H5model monomers.
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ent in vaccinia and may be involved in this role for vaccinia
DNA replication (62–64).
Independent evidence suggests that H5 exists as a multim-

eric protein. Wright et al. (27) observed self-interaction of H5
both by yeast two-hybrid analyses and by in vitro pulldown
assays. DeMasi et al. (36) have shown that a temperature-sen-
sitive mutant of H5 (tsH5–4) has a dominant negative pheno-
type: when both aWT andmutant copy of H5 are expressed on
the same viral genome, the function of H5 in morphogenesis is
affected, suggesting that WT and mutant H5 protein interact
with each other affecting function. Additionally, Boyle and
Traktman3 have shown that unfractionated extracts from
another temperature-sensitivemutant ofH5 (Dts57, affected in
DNA replication) elutes with a smaller apparent molecular
mass from gel filtration (150 versus 460 kDa for WT protein),
suggesting the mutant protein has an altered ability to form
multimers. Unlike tsH5–4, the phenotype for Dts57 is not
dominant negative (the phenotype of this mutant was rescued
using wild type H5). Themutation in tsH5–4 is in the N-termi-
nal region of the protein (EEE to AAA at amino acid positions
73–75), and in Dts57, the C-terminal region of the protein is
altered (G189R). Taken together, these observations suggest
that the higher order structure of H5 is key to its function both
in morphogenesis and DNA replication, and we suggest that
this multimerization of H5 is possibly via its C-terminal
domain.
Extrapolating from data in this study and previous studies, it

is clear that H5 functions as a hub protein in vaccinia virus
replication. Hub proteins are highly connected nodes that are
capable of binding several partners and linking several inde-
pendent biological functions (65). These partners can be both
nucleic acid and protein. Several hub proteins, including the
family of high mobility group proteins (HMGA), have been
shown to bind bent or folded DNA in a sequence-nonspecific
manner via the minor groove. Most hub proteins are known to
have at least some degree of intrinsic disorder in their structure
to achieve flexibility while interacting with several binding
partners. Finally, post-translational modifications such as
phosphorylation, acetylation, and methylation have been
shown to add to this flexibility. H5 fits the criteria for all of the
above characteristics of hub proteins: it is dynamically phos-
phorylated, has a highly disorderedN-terminal region, can self-
interact, and also bind several viral proteins (A20, B1, A2, G2,
G8, A18, and A49) and nucleic acids (23, 26, 27, 66).
A recent literature search revealed another protein with sur-

prisingly similar characteristics - coilin (67). Coilin is an intrin-
sically disordered, 576-amino acid, constitutively expressed
protein that is a marker for Cajal bodies but is also present in
high abundance in the nucleoplasm. Cajal bodies are sub-nu-
clear sites of RNA-related metabolic processes, including small
nuclear ribonucleic protein biogenesis andmaturation, histone
mRNA processing, and telomere maintenance (68). Cajal bod-
ies are assembled during interphase and disassembled during
mitosis. Coilin is thought to function as a scaffold to seed Cajal
body formation. This protein interacts with itself and with

other proteins important for small nuclear ribonucleic protein
biogenenesis. Coilin is dynamically phosphorylated: it is hyper-
phosphorylated during mitosis causing a decrease in self-inter-
action and association with its binding partners. This hyper-
phosphorylation is thought to cause disassembly of the Cajal
bodies. Broome et al. (67) showed that purified coilin binds
non-specifically to dsDNA and cleaves U2 pre-snRNA at a CU-
rich site in vitro. Furthermore, depletion of coilinmRNA in vivo
caused an increase in both U1 and U2 pre-snRNA, suggesting
that coilin binds non-specifically to chromatin and is required
for the maturation of U1 and U2 pre-snRNA in Cajal bodies.
Similar to H5, coilin does not bear resemblance to any known
ribonucleases. The disordered N terminus of coilin was found
to be required for its nuclease activity. Superposing of the
H5model with a coilinmodel did not reveal any common struc-
tural features.
We have constructed a model that posits H5 as a hub via

which several viral functions can be linked (Fig. 8). This model
makes several predictions. 1) The minimal structure of H5 is
tetrameric and shaped like an elongated rod. 2) The intrinsi-
cally disordered N terminus is free and interacts with several
protein partners, including A20, B1, G2, and A18 causing an
induced-fit conformation change. 3) The �-helical C-terminal
domain of eachmonomer is required for interaction of the pro-
tein with itself and for interaction with the sugar-phosphate
backbone of nucleic acid. 4) The dynamic phosphorylation sta-
tus of H5 changes the structure of H5 from tetrameric to higher
order structures and also determines the affinity of H5 to its
binding partners.
With these predictions in place, we propose that the tetra-

meric form of the protein requires at least 40 nt of nucleic acid
to bind with high affinity. We also propose that H5 binds and
coats double-stranded nucleic acids and recruits several viral
replication partners, transcription factors, and viral proteins
effecting morphogenesis, depending on its phosphorylation
status. We propose that membrane formation and early stages
of virion assembly, including crescent formation and virosome
encapsidation, is facilitated by or occurs on an H5 matrix. The
phosphorylation of H5 by F10 may play a critical role in this
process. Finally, we believe the role of H5 in cleavage may be
unusual. We propose that H5 recognizes structure rather than
sequence of the late mRNA around the cleavage site and binds
to the double-stranded region to cause cleavage mechanically
by kinking the RNA or enzymatically via endoribonucleolytic
cleavage. This would cause destabilization of the transcrip-
tion ternary complex and allow for termination catalyzed by3 K. Boyle and P. Traktman, personal communication.

FIGURE 8. Model of H5 function in vaccinia virus replication. C termini of
tetrameric H5 (blue coils) bind and coat dsDNA (black double lines with tran-
scription bubble) or dsRNA (gray stem-loop nascent mRNA) or DNA:RNA
hybrid. Disordered N termini of tetrameric H5 (red loops) recruit H5 binding
partners to the site of DNA replication and transcription. Blue oval, RNA
polymerase.
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A18, the vaccinia termination factor. This hypothesis is
predicated on the torpedo model of transcription termina-
tion in eukaryotes (69).
In conclusion, H5 is an intrinsically disordered, sequence-

nonspecific double-stranded DNA (or RNA) binding, dynami-
cally phosphorylated protein that has endoribonucleolytic
activity in vitro and is capable of self-interaction as well as tran-
sient interaction with several other vaccinia viral proteins.
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