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ABSTRACT

The more than 200 closely spaced annotated open reading frames, extensive transcriptional read-through, and numerous unpre-
dicted RNA start sites have made the analysis of vaccinia virus gene expression challenging. Genome-wide ribosome profiling
provided an unprecedented assessment of poxvirus gene expression. By 4 h after infection, approximately 80% of the ribosome-
associated mRNA was viral. Ribosome-associated mRNAs were detected for most annotated early genes at 2 h and for most inter-
mediate and late genes at 4 and 8 h. Cluster analysis identified a subset of early mRNAs that continued to be translated at the
later times. At 2 h, there was excellent correlation between the abundance of individual mRNAs and the numbers of associated
ribosomes, indicating that expression was primarily transcriptionally regulated. However, extensive transcriptional read-
through invalidated similar correlations at later times. The mRNAs with the highest density of ribosomes had host response,
DNA replication, and transcription roles at early times and were virion components at late times. Translation inhibitors were
used to map initiation sites at single-nucleotide resolution at the start of most annotated open reading frames although in some
cases a downstream methionine was used instead. Additional putative translational initiation sites with AUG or alternative
codons occurred mostly within open reading frames, and fewer occurred in untranslated leader sequences, antisense strands,
and intergenic regions. However, most open reading frames associated with these additional translation initiation sites were
short, raising questions regarding their biological roles. The data were used to construct a high-resolution genome-wide map of
the vaccinia virus translatome.

IMPORTANCE

This report contains the first genome-wide, high-resolution analysis of poxvirus gene expression at both transcriptional and
translational levels. The study was made possible by recent methodological advances allowing examination of the translated re-
gions of mRNAs including start sites at single-nucleotide resolution. Vaccinia virus ribosome-associated mRNA sequences were
detected for most annotated early genes at 2 h and for most intermediate and late genes at 4 and 8 h after infection. The ribosome

profiling approach was particularly valuable for poxviruses because of the close spacing of approximately 200 open reading
frames and extensive transcriptional read-through resulting in overlapping mRNAs. The expression of intermediate and late
genes, in particular, was visualized with unprecedented clarity and quantitation. We also identified novel putative translation
initiation sites that were mostly associated with short protein coding sequences. The results provide a framework for further

studies of poxvirus gene expression.

Poxviruses comprise a large family that infect vertebrates and
invertebrates, including species that are highly pathogenic for
humans as well as for wild and domesticated animals (1, 2). Nev-
ertheless, attenuated poxviruses are being employed as recombi-
nant vectors for vaccines and potential cancer therapeutics. The
cytoplasmic site of replication, the large linear double-stranded
DNA genome with covalently closed ends, and the encoding of
most, if not all, proteins required for DNA and RNA synthesis are
distinguishing features of poxviruses. Studies with poxviruses
have led to fundamental and far-reaching discoveries, such as the
structure and biosynthesis of the 5" cap (3, 4) and the 3’ poly(A)
sequence (5, 6) on mRNA and numerous proteins that counteract
host defenses (7, 8). Vaccinia virus (VACV), the prototype poxvi-
rus that was used as the vaccine to eradicate smallpox, has a 200-
kbp genome with more than 200 annotated open reading frames
(ORFs) that are selectively expressed at early, intermediate, or late
times of infection due to stage-specific viral promoters and tran-
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scription factors that work in concert with the multisubunit viral
DNA-dependent RNA polymerase. Recent genome-wide tran-
scription analyses (high-throughput sequencing of RNA tran-
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FIG 1 Schematic diagram of the experimental approach. HeLa cells were infected with VACV WR at a multiplicity of 20 PFU/cell. Cycloheximide, harringtonine,
or lactimidomycin was added at 2, 4, and 8 h postinfection, and mRNAs protected by ribosomes from digestion with RNase I were isolated and deep sequenced
(ribosome profiling). Total mRNA in the presence of cycloheximide was simultaneously isolated, fragmented by digestion with RNase III, and deep sequenced

(mRNA profiling).

scripts, or RNA-Seq) revealed extraordinary complexity, with nu-
merous unpredicted RNA start sites (9, 10) that parallel similar
findings with other viruses and eukaryotic cells (11-14). More-
over, extensive transcriptional read-through leading to overlap-
ping and complementary RNAs has contributed to difficulties in
understanding VACV gene expression.

Recent advances in genome-wide ribosome profiling have pro-
vided a powerful new technique to quantify active protein trans-
lation with sensitivity and resolution comparable to those of
RNA-Seq (12, 15, 16). In ribosome profiling, only the mRNA frag-
ments protected by ribosomes are isolated and analyzed by next-
generation sequencing. We have adapted genome-wide ribosome
profiling to further investigate VACV gene expression. The precise
identification of ribosome occupancy allowed us to map and
quantify the translated region of overlapping mRNAs and identify
additional putative translation initiation sites, some of which have
alternative start codons.

MATERIALS AND METHODS

Cell culture and virus infection. HeLa S3 cells were cultured in minimum
essential medium with the spinner modification (Quality Biological) and
supplemented with 5% equine serum (HyClone) at 37°C in a 5% CO,
atmosphere. The preparation, purification, and titration of the VACV
Western Reserve (WR) strain (American Type Culture Collection
[ATCC] VR-1354) were carried out as described previously (17). HeLa
cells were infected with 20 PFU per cell at 1 X 107 cells/ml for 30 min and
then diluted 100-fold. At desired time points, an aliquot of cells was pre-
treated with 2 pg/ml of harringtonine, 100 pg/ml of cycloheximide, or 50
M lactimidomycin and harvested for subsequent mRNA or ribosome
profiling. Lactimidomycin was isolated from Streptomyces amphibiospo-
rus (18).
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Ribosome profiling and mRNA sequencing. Ribosome footprinting
was carried out as described elsewhere with minor modifications (16).
Briefly, HeLa cells pretreated with translational inhibitors were lysed and
treated with DNase (Ambion), and the lysate was clarified. A portion of
the lysate was removed for mRNA isolation and subsequent mRNA se-
quencing (mRNA-Seq) analysis. For mRNA-Seq, the isolated mRNA was
fragmented by digestion with RNase IIT (New England Biolabs). The frag-
mented RNAs were resolved by denaturing polyacrylamide gel electro-
phoresis in a 15% gel with urea, and fragments between 50 and 80 nucle-
otides (nt) were extracted. The remainder of the lysate was digested with
RNase I (Ambion), after which the ribosomes were pelleted by ultracen-
trifugation. The ribosome-protected RNA fragments were isolated and
separated by electrophoresis as described above except that fragments
between 28 and 34 nt were extracted. The purified RNA fragments were
then subjected to a series of enzyme treatments and molecular manipula-
tions as described previously (16) to generate libraries for deep sequenc-
ing. The final libraries were purified from primers and unligated adaptors
by electrophoresis and size selection of 150- to 200-bp fragments in a 4%
agarose gel. These purified libraries were run on a single-read flow cell to
generate 95-nt reads on a HiSeq 2000 system.

Computational analysis. Sequencing reads were trimmed to remove
adaptors and aligned to the VACV genome using Tophat2 (19) using
default settings except that two alignments for a single sequence in the
inverted terminal repeat region were allowed. The numbers of reads
mapped to annotated ORFs were counted. Reads between 28 and 34 nt in
length were used for further analysis. VACV reads covering each base and
VACV genome annotation were visualized with MochiView (20).

Identification of putative translation initiation sites. The number
andlocation of 5’ ends of ribosome-protected (Ribo)-harringtonine reads
were used to identify peaks. The following rules were used to define a
translation initiation site from the Ribo-harringtonine peak: (i) the region
must have mRNA, Ribo-cycloheximide, and Ribo-harringtonine reads;
(ii) the position must have at least 1,000 normalized reads from the har-

jviasm.org 6875

AlIsIaniun uas-1e A uns Aq £T0zZ ‘g Arenuer uo /610 wise’IAl//:dny wody papeojumoq


http://jvi.asm.org
http://jvi.asm.org/

Yang et al.

40,000

B e T T o

B DL I I ) B a e B eI i PR B )1

D i TR LS ] LY oD il muetl 0 st st T IS D (O O et I D ) O ittt St S S 18

k“

‘I

e

r

” |HM { ‘ HI”I‘!MPMIW'MHMIM

B e Sy 8 e " 2t P — O T

Ribo-4h

Read counts

‘fw

-16,000}- =5 .

-,

e S S SO i o o S, S, St e B S L) S, St b e o S S e 1 S, SR Sl W G A

mRNA-8h |

i BT

P PP P S b b P e " et P IR . PR ) B d b B bR e b b e

- .

L PI S P — |y pr iy P y S ks oly S T

LI
L J

I - I

D A B 194711(bp)

VACV genome

FIG 2 Comparison of VACV genome-wide transcriptome and ribosome footprint maps at 2, 4, and 8 h of infection. The number of read counts per nucleotide
is displayed over the genome-wide map of VACV ORFs. The reads above the line map to the upper DNA strand, and reads below the line map to the lower DNA
strand. High read counts are off scale for display purpose. The VACV HindIII restriction endonuclease map is shown at the bottom. Abbreviations: mRNA,
mRNA profiling; Ribo, ribosome profiling. The hours after infection are indicated.

ringtonine data; (iii) if the position was located within an annotated ORF,
a peak must have read numbers at least 25% of the highest peak within
that ORF; and (iv) the site must be a local maximum within 7 surrounding
nucleotides. For a peak preceded by AAA, the first AUG within the fol-
lowing 9 nt (including the last A of the AAA) was designated a translation
initiation site. If no AUG was found within the following 9 nt, the first
near-cognate start codon (CUG, UUG, GUG, ACG, AGG, AAG, AUC,
AUU, or AUA) was designated a putative initiation site. For a peak not
preceded by AAA, an AUG located 12 nt downstream of the peak was
designated an initiation site; an AUG following or prior to the 12-nt codon
within 3 nt was designated an initiation site if the AUG was not found
exactly 12 nt downstream. If no AUG was found in this region, a near-
cognate start codon was designated a putative initiation site using the
same procedure as for AUG.

Identification of ORFs associated with translation initiation sites.
The ORFs were defined, without encoding-length restriction, based on
the presence of an AUG or near-cognate codon at the start and UAA,
UAG, or UGA as a stop codon and on a ribosome footprint covering the
entire potential encoding regions of the ORFs.

Normalization of VACV reads. The raw sequence data for VACV
ORFs were normalized using ORF length and total reads of each sample.
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Accession number. The sequencing data were deposited at the Na-
tional Center for Biotechnology Information Sequence Read Archive un-
der accession number SRP056975.

RESULTS

Experimental approach. RNA sequences protected by ribo-
somes from RNase I digestion (ribosome footprint profiles)
represent a snapshot of transcripts being actively translated,
and the numbers of such reads provide an estimate of the den-
sity of ribosomes on a particular mRNA at a given time (21).
HeLa cell suspension cultures were infected at a high multiplic-
ity of purified VACV in order to synchronize gene expression.
Previous RNA-Seq studies had shown that early mRNAs are
present at 2 h after VACV infection, whereas predominantly
intermediate and late mRNAs are present at 4 h and later times
(22). Fragments of 50 to 80 nt generated by RNase III digestion
of total polyadenylated mRNA and 28- to 34-nt RNA segments
protected by ribosomes from RNase I digestion were prepared
from VACV-infected cells at prereplicative (2 h) and postrep-
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FIG 3 Reproducibility and cluster analysis. (A) Ribosome profiling with cycloheximide (Ribo-CHX). Read counts were mapped to the annotated ORFs of VACV
from two independent experiments at 2, 4, and 8 h postinfection. Each dot represents the read count for an individual mRNA. The correlation coefficients (r) are
noted on each plot. (B) Cluster analysis of early gene expression. Cluster analysis was performed on the normalized read counts of ribosome footprints for each
early gene at 2, 4, and 8 h after infection. Line plots of the read counts corresponding to three clusters are shown.

licative (4 and 8 h) times for deep sequencing (Fig. 1). Cyclo-
heximide was added prior to mRNA or ribosome isolation in
order to inhibit peptide synthesis and freeze ribosomes (23).
Harringtonine and lactimidomycin, which bind to assembled
80S ribosome and free 60S ribosomes, respectively, were added
to stall ribosomes at translation initiation sites (24, 25).

Ribosome profiling resolved mRNA segments undergoing
translation despite extensive transcriptional read-through. Us-
ing RNA-Seq, we recently reported that the percentage of viral
mRNA increased to 55% of the total infected cell mRNA by 4 h
after infection (22), which was consistent with earlier nucleic acid
hybridization studies (26). In the present experiments, the per-
centage of viral mRNA was greater than 30% at 2 h and 70 to 75%
at 4 and 8 h. The ribosome-associated viral RNA reads accounted
for more than 40% of the total at 2 h and 70 to 80% of the total at
4 and 8 h. Using 100,000 normalized reads as an arbitrary lower
cutoff, 104 of 118 previously annotated early gene sequences were
detected in ribosome-associated mRNAs at 2 h, and 90 of the 93
annotated intermediate and late gene sequences were detected at 4
and 8 h. These data indicated that VACV usurpation of cellular
protein synthesis was largely mediated at the mRNA level al-
though some translational enhancement was possible.

Viral genome-wide mRNA and ribosome footprint profiles
were compared, as shown in Fig. 2. Read counts were aligned
along the VACV genome at single-nucleotide resolution, with
those above and below the horizontal line corresponding to tran-
scription from opposite strands in the rightwards and leftwards
directions, respectively. As previously shown (22), mRNA reads
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were located mostly on opposite strands near the two ends of the
VACV genome at the early stage (2 h) but covered the genome
more broadly at later stages (4 and 8 h). At 2 h, the ribosome
footprints were similar to but sharper than the mRNA patterns
(Fig. 2). At 4 h, the footprint pattern was much more discrete than
the mRNA patterns and mostly corresponded to the boundaries of
annotated ORFs on both DNA strands (Fig. 2). The 8-h footprint
pattern appeared relatively unchanged from the preceding time
(Fig. 2). The reproducibility of ribosome profiling in two com-
pletely independent experiments was demonstrated by dot blot
comparisons of the number of reads that were mapped to the
previously individually annotated ORFs (Fig. 3A). The r values of
0.95, 0.99, and 0.83 were calculated for the 2-, 4-, and 8-h times,
respectively.

The correspondence of ribosome footprints to ORFs was better
appreciated by zooming in on the genome-wide map. An expan-
sion of the region corresponding to the HindIII D fragment of the
VACV genome, which contains 13 previously annotated ORFs of
which 7 are expressed early (27, 28), is shown in Fig. 4A. The
VACV OREFs are identified by the common nomenclature in
which a letter represents the HindIII restriction fragment and is
followed by the gene number in that fragment; L or R may be
added to indicate leftwards or rightwards transcription. In the
tables shown later, ORFs were also identified by the ORF numbers
in the complete genome sequence of the WR strain of VACV.
Inspection of the mRNA profiles at 2 h demonstrated a general
correspondence of reads to early-stage ORFs. However, the over-
lap with downstream ORFs previously led to some uncertainty
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FIG 4 Comparison of mRNA and ribosome footprint reads in expanded regions of the VACV genome. (A) Transcription and ribosome footprint maps of the
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regarding early and late gene expression in several places within
the genome (22, 29). In comparison, the ribosome footprints
stopped abruptly at the ends of the ORFs (Fig. 4A), clearly distin-
guishing between expressed ORFs and read-through transcrip-
tion. A further expansion of the region of D9 to D10 shows the
difference between the mRNA and ribosome footprint profiles
more precisely (Fig. 4C). Similar examples were found through-
out the genome, as illustrated by comparison of the mRNA and
footprint profiles of the early I3 mRNA (Fig. 4B).

In striking contrast to the 2-h time point, the total mRNA reads
covered the entire DNA segment at 4 and 8 h, making it difficult to
see correlations with annotated ORFs and impossible to distin-
guish early and late gene expression (Fig. 4A). Nevertheless, the
ribosome footprints corresponded closely to the start and end
positions of annotated late ORFs and revealed large differences in
their expression levels. Thus, many more ribosomal reads were
mapped to D13 and D8 than to D2, D3, D6, D10, and D11. Few
reads were still associated with the early ORFs in the HindIII D
genome fragment at 4 and 8 h, indicating tight regulation. An
exception was the early D7 ORF in which there was still a consid-
erable number of ribosome-associated reads at 4 h although ex-
pression was mostly gone at 8 h. The presence of D7 mRNA at4 h
after infection had previously been shown by Northern blotting
(30). The D7 ORF encodes a subunit of the RNA polymerase that
is packaged in virus particles (31). An unusual feature of the early
D7 mRNA, which may be related to its continued translation at 4
h, is the presence of a 5’ poly(A) leader made by the VACV RNA
polymerase reiteratively copying a TTT sequence in the promoter,
which is more typical of RNAs made at intermediate and late times
(31). Surprisingly, at 4 and 8 h some ribosome-protected reads
were aligned with a segment of DNA containing two previously
unannotated short ORFs that are antisense to the early D9 ORF
(Fig. 4A).

Abundance and translational efficiencies of mRNAs. The
ability to resolve the ribosome footprints of even closely spaced
ORFs with overlapping transcripts allowed us to analyze and
quantify the synthesis of viral mRNA and proteins corresponding
to all annotated ORFs over time (see Table S1 in the supplemental
material). Although a few examples of proteins that are expressed
throughout infection due to tandem early and postreplicative pro-
moters were previously found (32, 33), there have been no system-
atic studies. We carried out cluster analysis using the ribosome-
protected reads for the set of early proteins to discern expression
patterns. The proteins in cluster 1 continued to increase, and those
in cluster 2 remained steady from 2 to 8 h, whereas those in cluster
3 declined (Fig. 3B). Thus, the genes of cluster 3 are likely to have
stringent early promoters, whereas some of those in clusters 1 and
2 could have dual early/intermediate or early/late promoters
though other factors such as mRNA stability may be involved.
Table S1 in the supplemental material includes the cluster desig-
nations of the early ORFs.

The 10 most highly translated ORFs at 2, 4, and 8 h are shown
in rank order in Table 1. At 2 h, the majority of highly translated
mRNAs encoded proteins involved in host interactions, DNA rep-
lication, and transcription. The most highly expressed protein was
the secreted epidermal growth factor (C11) for which there are
two identical copies of the ORF, one at each end of the genome.
Interestingly, the role of the third most highly translated protein is
unknown though it is conserved in most orthopoxviruses. In fact,
no role has yet been established for 11 of the 50 mRNAs most
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TABLE 1 Highly translated viral mRNAs and their encoded protein
function categories at 2, 4, and 8 h post-VACYV infection

Time of

expression

and VACV

VACV Copenhagen Temporal  Functional

WR ORF*  ORF expression”  category No. of reads*

2h
009/210 C11IR E Host interaction 21,247,140
103 H5R E/L¢ Transcription 19,521,388
18 E Unknown 18,505,965
59 E3L E Host interaction 16,992,412
72 I3L E DNA replication 12,105,947
89 L2R E Virion association 8,753,364
29 N2L E Host interaction 6,987,681
200 B19R E Host interaction 6,446,599
172 A46R E Host interaction 5,931,269
41 F2L E DNA replication 5,731,347

4h
70 11L 1 Virion association 31,221,695
133 Al4L L Virion association 27,674,145
56 F17R L Virion association 18,595,167
131 Al2L 1 Virion association 17,138,138
103 H5R E/L Transcription 15,370,215
132 Al3L L Virion association 12,605,197
139 AI9L 1 Virion association 11,987,935
137 Al17L L Virion association 11,388,463
28 NIL E/L? Host interaction 11,342,780
157 A34R 1 Virion association 9,677,241

8h
133 Al4L L Virion association 32,690,917
70 11L I Virion association 24,134,410
167 A42R 1 Virion association 18,693,389
56 F17R L Virion association 17,013,444
131 Al2L 1 Virion association 16,613,835
28 NIL E/L Host interaction 14,260,755
103 H5R E/L Transcription 13,848,524
132 Al3L L Virion association 12,915,930
139 Al9L 1 Virion association 12,450,056
137 Al17L L Virion association 10,427,057

“ For each time period post-VACV infection, the top 10 most highly translated mRNAs
are listed.

b The classification is according to Yang et al. (22, 48). E, early; I, intermediate; L, late.
¢ The mRNAs are listed in rank order in terms of the normalized number of reads
mapped to the ORF.

@ The L-stage promoter was not distinguished from the intermediate one.

highly translated at 2 h (data not shown). Of the most highly
translated mRNAs at 4 h, most are classified as virion-associated,
with intermediate or late promoters (Table 1). Both the H5R and
N1L genes, which have transcriptional and host interaction func-
tions, have early and late promoters (although at that time inter-
mediate and late were not distinguishable) (34, 35). There were
only minor changes in the rankings between 4 and 8 h (Table 1).
The H5R gene was the only one ranked among the top 10 at each
of the three time points.

As a measure of relative translational efficiency, we compared
the ratio of mRNA reads to ribosome-protected reads that were
mapped to each annotated ORF. At 2 h after infection, there was a
good correlation (r = 0.92), indicating that synthesis of early pro-
teins is regulated largely by mRNA abundance. Interestingly, half
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FIG 5 Identification of VACV translation initiation sites. (A) Ribosome footprints corresponding to A31R mRNA after treatment with cycloheximide,
harringtonine, or lactimidomycin at 2 h of infection. The Ribo-harringtonine 5" end shows only the first nucleotide of the ribosome footprint with the translation
initiation site labeled by an asterisk. (B) Distance from the 5" end of the ribosome footprint to the start codon for early L2ZR mRNA and late DI0R mRNA. Multiple
A residues were manually added to the sequence upstream of the DI0R ORF to mimic the nontemplated A residues formed by RNA polymerase slippage. The
ATG start codons are underlined. (C) Correlation between the number of reads associated with the translation initiation (TI) peak and the ribosome footprint
(Ribo) for each individual mRNA indicated by a dot at 2, 4, and 8 h postinfection. (D) Logos of translation initiation sites and their surrounding nucleotides of
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the 20 early genes with the highest and the 20 early genes with the lowest relative translation efficiencies (RTE).
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FIG 6 Representative novel translation units. Panels show mRNA reads and ribosome (Ribo)-protected reads aligned along portions of the VACV genome
represented as filled arrows. Asterisks indicate the 5’ ends of the harringtonine peaks preceding the translation initiation sites. (A) RNA was obtained after adding
cycloheximide or harringtonine at 2 h after infection, and the ribosome-protected reads were mapped along the C23L (VACWRO001) ORF. The long filled arrow
designated C23L is the annotated ORF. The short filled arrow designated cC23L represents the corrected ORF following the translation initiation site determined
in this study (VACWRO01). (B) Identification of translation initiation sites for two uORFs (uG2.1R and uG2.2R) upstream of the G2R (VACWRO080) ORF. The
sequences of the short ORFs are shown. (C) Identification of a translation initiation site for a downstream frameshifting ORF (dORF) in D4R (VACWR109). (D)
Identification of translation initiation site for multiple truncated ORFs (tORFs) in E7R (VACWRO062). (E) Identification of a translation initiation site for a novel
ORF antisense to ASR (VACWRI124). (F) Identification of a translation initiation site for an unannotated ORF between C19L (VACWRO008) and C11R

(VACWRO009). The nucleotide sequence of the ORF is shown.

of the ORFs among the 15 with the highest relative translational
efficiencies have unknown functions. The 15 ORFs with the lowest
relative translational efficiencies were pseudogenes. At 4 and 8 h,
calculations of relative translational efficiency were not meaning-
ful because of extensive transcriptional read-through.
Translation initiation sites of annotated ORFs. Ribosome
profiling, while providing significant new information regarding
the translation of viral mRNAs, left important questions that
could only be answered by accurate determination of translational
initiation sites, which were experimentally identified as the AUG
or cognate sequence close to the 5" peaks of harringtonine or lac-
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timidomycin reads, as detailed in Materials and Methods. As
noted earlier, treatments with these translational inhibitors can
result in the accumulation of ribosomes at or near the translation
initiation sites. For early mRNAs at 2 h, we observed accumulation
of ribosome-protected reads near the start of most annotated
VACYV early ORFs, which is illustrated by the A31R ORF (Fig. 5A).
Although there was a greater number of ribosome-protected reads
near the start of the mRNA with all three drugs, lactimidomycin
treatment led to the greatest concentration of reads near the ini-
tiation sites, as previously reported with other systems (36, 37).
Table S2 in the supplemental material lists the translation initia-
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identified putative translation initiation sites.

tion sites determined for the annotated ORFs. The same initiation
sites were identified with both inhibitors for nearly every early
mRNA. The distance from the 5’ nucleotide of the first protected
fragment to the start codon was usually 12 to 13 nt with harringto-
nine but frequently shorter with lactimidomycin (see Table S2).
For postreplicative intermediate or late mRNAs analyzed with
harringtonine, the 5 nucleotide of the first protected fragment
was most often close to or even within the first AUG codon (Fig.
5B; see also Table S2). However, postreplicative mRNA fragments
containing the translation initiation site could not be identified
with lactimidomycin. The short size of the fragment isolated with
harringtonine and the inability to isolate the translation initiation
fragment with lactimidomycin are likely related to the 5" poly(A)
leader that is formed by reiterative copying of a TTT sequence,
which is part of the promoter and overlaps the start codon of the
OREF of intermediate and late genes (10, 38—42). We suspect that,
after lactimidomycin treatment, the 5" poly(A) leader was not
sufficiently protected from RNase I digestion by the ribosome and
that the resulting translation initiation fragment was smaller than
28 nt and therefore was not recovered during the gel purification
step.

There was a high correlation of the translation initiation site
reads and ribosome footprint reads of individual annotated
VACV OREFs at 2, 4, and 8 h postinfection (Fig. 5C), suggesting
that translation initiation is the major regulatory step for VACV
protein synthesis at both early and postreplicative stages. Analysis
of the translation initiation sites and their surrounding nucleo-
tides for 20 early genes with highest and lowest relative translation
efficiencies indicates that those with the highest efficiencies adhere
more closely to the Kozak sequence, i.e., A/G at —3 and G/A at +4
(Fig. 5D) (43). A similar analysis for intermediate and late genes
was not performed because most of the mRNAs have a 5’ poly(A)
sequence immediately preceding the start codon.

Although most translation initiation sites were mapped at the
predicted initiating methionine, we found some that were at a
downstream methionine, thereby shortening the previously pre-
dicted protein size by 4 to 38 amino acids (see Table S2 in the
supplemental material). The thymidylate kinase (VACWR174;
A48R) would be 23 amino acids shorter, consistent with the start
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of the homologous region of other poxvirus thymidylate kinases.
The VACWRO001 ORF (C23L) was annotated to encode a 244-
amino-acid protein homologous to a chemokine binding protein
of other orthopoxviruses. However, ribosome profiling indicated
that only a portion of the ORF was translated and that the trans-
lation initiation site was 23 nt upstream of the annotated ORF
start codon (Fig. 6A; see also Table S2). The ORF from the start
codon determined here is predicted to encode a 57-amino-acid
peptide, which is supported by experimental observations that the
protein is approximately 7.5 kDa (44, 45). Furthermore, the up-
stream AUG corresponds to the annotated translation initiation
sites of most other orthopoxviruses, indicating that VACV WR as
well as some other strains of VACV suffered a frameshift mutation
preventing expression of the full-length protein. Additional mis-
annotated ORFs are shown in Table S2 in the supplemental ma-
terial.

Characterization of nonannotated putative translation initi-
ation sites. Using the same criteria that allowed us to identify the
translation initiation sites of the 162 previously annotated ORFs,
we detected an additional 596 initiation sites at AUG or near-
cognate start codons (AUU, AUC, AUA, ACG, AGG, AAG, CUG,
GUG, or UUG) (see Table S3 in the supplemental material). New
translation initiation sites were more frequent at 4 and 8 h than at
2 h (Fig. 7A) and generally were associated with short ORFs (Fig.
7B). However, because the criteria for defining a translation initi-
ation site are somewhat arbitrary and depend on the use of trans-
lation inhibitors, we consider these initiation sites as putative until
confirmed by other means. In Table 2, we listed a subset of the
ORFs that start with AUG and potentially encode proteins of at
least 25 amino acids. Those associated with smaller ORFs and
cognate start codons might have regulatory roles. The putative
translation initiation sites fell into groups associated with the fol-
lowing: (i) upstream ORFs (uORFs) located in the 5" untranslated
region of mRNA (n = 24), (ii) truncated non-frameshifting ORFs
(tORFs) (n = 134, including 9 with non-frameshifting upstream
translation initiation sites), (iii) downstream frameshifting ORFs
(dORFs) (n = 316), and (iv) noncoding-region ORFs (nORFs)
(n = 115). Because of the short 5" untranslated regions of early
mRNAs and the presence of the 5" poly(A) sequence of interme-
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TABLE 2 ORFs associated with newly identified translation initiation

sites

ORF
TIS Read length  ORF Associated Expression
(nt)* Strand  count (aa)® type® ORF¢ timingd
4398 - 11,854 57 cORF 001 (C23L) E
10518 - 2,264 75 tORF 13 PR
17588 - 2,794 201 tORF 23 (C5L) PR
19282 - 8,367 201 tORF 25 (C3L) PR
22821 - 1,550 170 tORF 29 (N2L) PR
24221 - 1,260 447 tORF 30 (MIL) PR
27685 - 22,052 26 dORF 35 (K4L) PR
33845 - 1,503 295 tORF 43 (F4L) PR
34242 - 6,881 97 tORF 44 (F5L) PR
35417 - 6,975 76 cORF 46 (F7L) E
35663 + 1,003 33 nORF PR
38817 - 3,507 338 tORF 50 (F11L) PR
42113 - 4,315 48 tORF 53 (F14L) PR
42315 - 2,737 25 tORF  53.5(F14.5) PR
43072 - 2,734 42 tORF 55 (F16L) PR
48073 - 5,450 97 tORF 59 (E3L) E
49329 + 2,985 310 cORF 61 (E5R) E
49398 + 3,430 287 tORF 61 (E5R) E
52222 + 8,181 153 tORF 63 (E7R) PR
52243 + 3,244 146 tORF 63 (E7R) PR
52276 + 8,194 135 tORF 63 (E7R) PR
59240 - 2,578 29 dORF 68 (OIL) E
59340 - 1,380 664 tORF 68 (O1L) PR
64458 - 1,503 63 tORF 74 (I5L) PR
79355 + 1,070 179 tORF 91 (L4R) PR
81353 + 2,204 323 tORF 95 (J3R) PR
83399  + 2,686 29 dORF 98 (J6R) PR
88545 - 3,524 73 tORF 101 (H3L) E
91919 + 23,869 187 tORF 103 (H5R) PR
104029 + 2,614 209 tORF 114 (D9R) E
110994 — 4,437 31 dORF 120 (A2L) PR
115895 — 1,043 32 tORF 126 (A7L) PR
117574  — 2,267 30 dORF 126 (A7L) PR
118061  + 1,894 262 tORF 127 (A8R) E
123568 — 6,787 49 tORF 132 (A13L) PR
126224 + 5,584 488 tORF 138 (A18R) PR
127877  — 25,602 68 tORF 139 (A19L) PR
131219 + 5,414 1156 cORF 144 (A24R) PR
131876  — 1,293 29 nORF PR
137695  — 2,130 47 dORF 148 (A25L) PR
142279  + 1,115 51 tORF 154 (A31R) E
143165 — 1,120 254 tORF 155 (A32L) PR
147704 + 1,833 257 cORF 163 (A39R) PR
151371  + 2,340 74 tORF 169 PR
154612 — 1,368 231 tORF 173 (A47L) E
154775 + 1,124 204 cORF 174 (A48R) E
158807 + 1,410 29 dORF 178 (A52R) E
163219 + 8,677 37 dORF  181.5 PR
175192+ 1,723 33 dORF 197 (B15R) PR
179114 + 4,622 347 tORF 200 (B19R) PR
190314 + 12,001 57 cORF  (C23L) E

@ TIS, translation initiation site; position of start codon.

b cORF, correction of annotated ORF; dORF, downstream frameshifting ORF; nORF,
previous unannotated noncoding region ORF; tORF, downstream truncated ORF or

upstream nonframeshifting ORF.

¢ WR strain ORF numbers are given; common ORF names are in parentheses.

aE, early stage (2 h); PR, postreplicative state (4 or 8 h).

¢ aa, amino acids.
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diate and late mRNAs, few uORFs were identified. However, two
prominent peaks within the unusually long 320-nt untranslated
region of G2R (VACWRO080) met the criteria for translation ini-
tiation sites and were designated uG2.1R and uG2.2R (Fig. 6B).
The majority of the relatively long ORFs associated with the puta-
tive translation initiation sites fell into the tORF category (Table
2). Three tORFs within E7R (VACWRG63) are shown in Fig. 6D.
The dORFs were usually short, as shown in Fig. 6C for one within
D4R (VACWRI109). There were two varieties of nORFs: antisense
(Fig. 6E) and those between annotated ORFs (Fig. 6F). Previously,
we showed that there are several shorter isoforms of A25 proteins
with N-terminal truncations (10). At least two of these truncated
proteins have corresponding translation initiation sites, identified
in Table S3 in the supplemental material.

DISCUSSION

Efforts to systematically analyze VACV gene expression by tiling
microarrays (29, 46) and RNA-seq (22) have been frustrated by
inefficient transcription termination, which leads to extensive
overlapping of transcripts. Moreover, mapping of transcription
initiation sites indicated that gene expression is more complex
than previously deduced by analysis of large ORFs (9, 10). Ribo-
some footprinting, which allows mapping of actively translated
segments of mRNA, had never been applied to studies of poxvirus
gene expression. The recent combination of ribosome footprint-
ing and RNA-Seq (12, 15, 16) led us to adapt this technique for
analysis of VACV genome-wide expression.

In the first phase of our analysis, we aligned polyadenylated
mRNA and ribosome footprint reads along the VACV genome
with respect to the previously annotated ORFs. At early times the
mRNA and ribosome footprint profiles generally matched well
although the latter defined the ORFs more sharply. There was a
good correlation (r = 0.92) between the numbers of mRNA reads
to ribosome-protected reads for individual ORFs, indicating that
synthesis of early proteins is regulated largely by mRNA abun-
dance. The proteins synthesized most actively at 2 h have roles in
host interactions, DNA replication, and mRNA synthesis. At
postreplicative times, the mRNA reads nearly always overlapped
neighboring ORFs, producing a pattern that was difficult to deci-
pher. In contrast, the ribosome-protected reads clearly defined the
starts and ends of ORFs, allowing the determination of relative
translation levels. The latter indicated large variations in synthesis
of individual proteins. However, the extensive transcriptional
read-through prevented analysis of translational efficiencies at
postreplicative times. At late times, the most highly translated
mRNAs encoded virion-associated proteins, and relatively few
had roles in host interactions. Two highly translated mRNAs that
were in the top 10 at early and late times had previously been
shown to have both early and late RNA start sites indicative of dual
promoters (34, 35). Cluster analysis indicated that a subset of early
mRNAs continued to increase at late times, suggesting the pres-
ence of additional genes with dual promoters, as had been previ-
ously reported for intermediate and late postreplicative genes
(47, 48).

A further understanding of gene expression came from map-
ping translation initiation sites. The same sites were identified
with the translation inhibitors harringtonine and lactimidomycin
for nearly every early gene although the latter inhibitor has been
reported to be more stringent (36, 37). For genes expressed prior
to viral DNA replication, the distance from the 5’ end of the first
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ribosome-protected fragment to the translation initiation codon
was less with lactimidomycin than with harringtonine. In addi-
tion, this distance was less for postreplicative genes than for early
genes when harringtonine was used, and translation initiation
sites for postreplicative genes could not be identified after lactim-
idomycin treatment. This anomaly is likely related to the unique
5" poly(A) sequence, produced by slippage of the viral RNA poly-
merase on a TTT sequence that forms part of intermediate and late
promoters and overlaps the initiation codon of intermediate (41)
and late (39, 40) mRNAs. The run of consecutive A residues im-
mediately preceding the AUG start codon may result in weaker
RNase protection by ribosomes. Therefore, the translation initia-
tion sites of postreplicative mRNAs were mapped only with har-
ringtonine. Comparison of the experimentally defined translation
initiation sites with those predicted from ORF analysis allowed us
to correct some discrepancies in which a downstream AUG was
actually used.

The initial annotation of the complete VACV genome consid-
ered unique ORFs of 65 or more amino acids (49). Subsequently,
several smaller ORFs were found to encode conserved proteins
with important roles in replication, including a 63-amino-acid
subunit of the RNA polymerase (50), 53- and 49-amino-acid pro-
teins that are important for virulence in animal models (51), a
42-amino-acid protein needed for viral membrane formation
(52), and a 35-amino-acid protein required for virus entry into
cells (53). However, the possibility of additional small ORFs em-
bedded within larger ORFs either in or out of frame existed. Using
the same criteria for mapping translation initiation sites at the
start of previously annotated ORFs, we found many additional
putative translation initiation sites, particularly within larger
ORFs. The new translation initiation sites could arise by ribosome
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scanning past earlier start codons or from shorter mRNAs as we
previously reported evidence for pervasive transcription initiation
(10). The presence of noncoded A residues preceding many of the
novel translation initiation sites was consistent with their origin
from novel mRNAs arising by RNA polymerase slippage at a pre-
ceding TTT sequence. However, we caution that the criteria used
to define initiation sites are somewhat arbitrary and involved the
use of translation inhibitors, and therefore further proof that they
code for proteins or have regulatory roles must await further ex-
perimentation. Because of the close packing of the major ORFs,
there were few putative new translation units within intergenic
regions. Overall, the read numbers of the novel translation initia-
tion sites were lower than those at the start of larger previously
annotated ORFs. Although AUG was the predominant predicted
start codon, other near-cognate start codons were found, espe-
cially at the postreplicative stage. The genome map shown in Fig. 8
summarizes our ribosome profiling data, including annotated
OREFs and previously unannotated ones that start with AUG and
have 25 or more amino acid codons.

Although questions remain regarding the synthesis and stabil-
ity of peptides potentially encoded by the novel translation units
and their possible structural or regulatory roles, large numbers of
short ORFs and alternative start codons were found by ribosome
profiling carried out with cytomegalovirus (12), Kaposi’s sarco-
ma-associated herpesvirus (54), and bacteriophage lambda (55) as
well as with uninfected eukaryotic cells (15, 16, 36). Pervasive gene
expression can increase the coding capacity and expand the func-
tional repertoire of genomes by generating additional RNAs and
proteins. Furthermore, poxviruses acquired cellular genes during
their evolution, and pervasive transcription and translation may
help explain how the novel ORFs, which may have been randomly
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inserted into the poxvirus genome, were expressed initially. Pre-
sumably, natural selection would then result in enhancing pro-
moter and translation initiation sites that allow optimal expres-
sion.
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