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The internal ribosome entry sites (IRES), IRESSE 145 and IRESS, 75,
precede the coat protein (CP) and movement protein (MP) genes of
crucifer-infecting tobamovirus (crTMV), respectively. In the present
work, we analyzed the activity of these elements in transgenic plants
and other organisms. Comparison of the relative activities of the
aTMV IRES elements and the IRES from an animal virus—encepha-
Iomyocarditis virus—in plant, yeast, and Hela cells identified the
148-nt IRESSE 145 as the strongest element that also displayed IRES
activity across all kingdoms. Deletion analysis suggested that the
polypurine (A)-rich sequences (PARSs) contained in IRESE§,148 are
responsible for these features. On the basis of those findings, we
designed artificial PARS-containing elements and showed that they,
too, promote internal translation from dicistronic transcripts in vitro,
in tobacco protoplasts and in HelLa cells. The maximum IRES activity
was obtained from multiple copies of either (A)4G(A)2(G). or G(A)z-s
as contained in IRESCP 14g- Remarkably, even homopolymeric poly(A)
was moderately active, whereas a poly(G) homopolymer was not
active. Furthermore, a database search for existing PARS sequences in
5’-untranslated regions (5’UTR) of genes in tobacco genome allowed
the easy identification of a number of IRES candidates, in particular in
the 5'UTR of the gene encoding Nicotiana tabacum heat-shock factor
1 (NtHSF1). Consistent with our prediction, the 5'UTR of NtHSF1
turned out to be an IRES element active in vitro, in plant protoplasts
and Hela cells. We predict that PARS elements, when found in other
mRNAs, will show a similar activity.

Translation of most eukaryotic mRNAs occurs by traditional
cap-dependent ribosome scanning (1-5). However, the initia-
tion of translation of a variety of viral and cellular mRNAs takes
place by an alternative mechanism of internal ribosome entry
mediated by internal ribosome entry sites (IRESs). IRESs of about
350-450 nt have been identified and most extensively characterized
in the 5'-untranslated regions (5'UTRs) of RNA of viruses belong-
ing to the Picornaviridae and Flaviviridae families (6-8), whereas
IRESs of about 200 nt were found on the RNAs of insect RNA
viruses (9-10). The IRES elements of different origin differ largely
in structural organization, sequence, length and functional require-
ments. It is generally believed that there are kingdom-specific
limitations of viral IRES activity; thus none of the animal virus
IRES elements seem to be active in yeast cells (7). Contrary to this
concept, Urwin et al. (11) reported that the encephalomyocarditis
virus (EMCV) IRES (IRESEM®VY) was also moderately active in
plant cells.

IRES elements have also been found in the 5'"UTRs of several
animal mRNAs. Importantly, IRES-dependent translation has
been reported for cellular mRNAs when their cap-dependent
translation is impaired (e.g., under conditions of viral infection, heat
shock, apoptosis, and at the G,/M phase of the cell cycle) (12-14).

It is obvious that mRNAs of those plant viruses that are naturally
uncapped (e.g., members of the Potyviridae, Comoviridae, and
Luteoviridae families) must be translated by a cap-independent
process (15-18). Indeed, two distinct regulatory elements revealed
within the 5'UTR of tobacco etch potyvirus were capable of
mediating internal translation from dicistronic constructs (19).
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In accordance with the ribosome-scanning mechanism, only the
5'-proximal gene of tobamovirus genomic RNA can be directly
translated by ribosomes, whereas the other genes are expressed
from two separate 3'-coterminal subgenomic RNAs (sgRNAs).
The dicistronic I, sgRNA is translated to produce the movement
protein (MP), whereas the 3’-proximal coat protein (CP) gene is
silent. The CP gene is expressed from a small monocistronic sgRNA
(for review, see ref. 20). Recently, a new tobamovirus [crucifer-
infecting tobamovirus (crTMV)] capable of systemically infecting
members of the Brassicaceae family has been isolated and charac-
terized (21). We reported that the 148-nt region ugstream of the CP
gene of cr'TMV RNA contains an IRES (IRESCP 148), promoting
cap-independent and internal translation of the CP gene and
different reporter genes from dicistronic constructs (22, 23). Re-
cently, the ablhty of IRESCP 148 to promote internal translation was
confirmed in a potato V1rus X vector-based system (24). The
capacity of cfrTMV IRESCP 14 to mediate internal translation
distinguishes this tobamovirus from the well-known type member
of the genus, TMV U1; the equivalent 148-nt sequence from TMV
Ul RNA (Ulcp 14g) Was incapable of mediating internal translation
(22). Recently, it has been shown that the 228- and 75 nt regions
upstream of the MP gene. of c’TMV RNA, IRESMP g and its
5'-truncated variant IRESyp 75, are also actlve (23)

In this study, the activities of IRESCP 148 IRES{R 75, and the
well-characterized mammalian IRESEMCV were compared in a
dicistronic translatlon assay in plant, yeast, and HeLa cells. It was
found that IRESCP 14g exhibited a high capacity to mediate trans-
lation of the 3’-pr0x1mal B-glucuronidase (GUS) gene located on
a dicistronic transcript in all of the types of cells tested. The
sequence elements responsible for this cross-kingdom activity were
identified. The results allowed us to artificially design novel IRES
elements and to identify plant-derived IRES elements in plant
genes that all demonstrate cross-kingdom activity.

Materials and Methods

Plasmid Constructs. Dicistronic plasmids contained crTMV CP or
green fluorescent protein (GFP) gene as the first cistron and the
GUS gene as the second, separated by various intercistronic
sequences (ICS). T7 and 35S promoter-based constructs of CP-
ICS-GUS and hairpin (H)-CP-ICS-GUS series were described
previously (22, 23). The analogue procedure (precisely described in
supporting information on the PNAS web site, www.pnas.org) was
used to construct T7-H-GFP-ICS-GUS and 35S-GFP-ICS-GUS
plasmids. Artificial ICS were obtained from pairs of complemen-
tary oligonucleotides. Nicotiana tabacum heat-shock factor 1
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(NtHSF-1) mRNA (European Molecular Biology Laboratory ac-
cession no. AB014483) untranslated leader was obtained by PCR
from N. tabacum total genomic DNA. Corresponding 35S-based
cassettes were transferred into pBIN19 vector for plant transfor-
mation. To perform experiments in yeast the CP-ICS-GUS, frag-
ments of T7-based plasmids were inserted into pYeDP1/8-2 yeast
expression vector.

In vitro transcription and translation were performed accord-
ing to manufacturer protocols for the RiboMax kit, wheat germ
extract, and rabbit reticulocyte lysate (all from Promega). Tran-
scripts were purified by 2M LiCl precipitation. The mRNA
concentration in translation reactions was 0.5 uM in all cases.

Generation and Characterization of Transgenic Tobacco Plants. Plas-
mid constructs were transformed into Agrobacterium tumefaciens
strain AGLI1 (25) by using standard procedures (26). Transgenic
Ry plants were obtained from discs of N. tabacum var. Samsun
and characterized by Northern and Western analyses, which were
performed according to membrane manufacturer protocols
(Amersham Pharmacia)—Hybond N+ and polyvinylidene di-
fluoride membrane, correspondingly.

Protoplast Preparation and Transfection. Protoplasts were isolated
from N. tabacum (cv. W38) leaves and electroporated with
pFF19-based dicistronic DNA constructs “CP-ICS-GUS” and
“GFP-ICS-GUS” as described earlier (23).

Determination of GUS Activity. GUS activity was determined
according to ref. 27 and measured in relative light units. GUS
activity was normalized with the protein concentration estimated
by using a Bio-Rad protein assay kit. For each experiment,
background GUS activity associated with nontransfected pro-
toplasts was subtracted. The mean values (with SE bars) for three
to ten independent experiments are given.

Yeast Cell Transformation and Analysis. The yeast strain 2805 was
transformed according to ref. 28. Transformants were selected
on minus-histidine medium. Bicistronic mRNA transcription
was induced by galactose. Total protein was extracted from yeast
spheroplasts by three cycles of freezing in liquid nitrogen and
rapid warming up to 42°C in the presence of 0.1% sarkosyl/0.1%
Triton X-100. The supernatant, clarified by centrifugation, was
collected, and the total protein content was determined (29).

Transfection of HeLa Cells by Modified Vaccinia Virus Encoding T7 RNA
Polymerase and T7 Promoter-Based GUS-Expressing Plasmids “H-GFP-
1CS-GUS.” HeLa cell monolayers were grown on 3.5-cm-diameter
Petri dishes in Dulbecco’s modified MEM supplemented with
10% heat-inactivated FCS and 100 units/ml of streptomycin and
penicillin. Virus stocks of modified vaccinia virus Ankara,
expressing bacteriophage T7 RNA polymerase, were prepared as
described (30). HeLa cell dishes that were 80-90% confluent
were infected with virus at 30-40 plaque-forming units/cell.
After 45-min absorption, the cells were washed and transfected
by using Opti-MEM (Life Technologies, Gaithersburg, MD),
plasmid DNA, and Lipofectin (GIBCO/BRL). A transfection
mixture of 2 ug of DNA in 5 ul of Lipofectin was used for each
3.5-cm plate; six plates were used in each experiment for each
construct. Cells were incubated at 37°C for 6 h. After incubation,
the medium was removed, cells were washed twice with PBS and
lysed directly on the plate in 250 ul of lysis buffer (100 mM
potassium phosphate, pH 7.8/0.2% Triton X-100/0.5 mM DTT)
for 10 min. The lysate was collected, clarified by centrifugation
at 2,000 X g for 10 min, and stored at —70°C.

Results

«TMV IRES-Mediated Expression of the 3’-Proximal GUS Gene in
Transgenic Plants. cr'TMV RNA contains two IRES elements
capable of promoting internal translation of the 3’-proximal genes

5302 | www.pnas.org/cgi/doi/10.1073/pnas.082107599

from dicistronic constructs even when translation of the first gene
was blocked by a 5'-terminal H structure (22, 23). These results
were obtained in cell-free translation systems [rabbit reticulocyte
lysates (RRL) wheat germ extracts (WGE)] and in electroporated
protoplasts. To exclude possible discrepancies between the func-
tional activities of crTMV-derived IRESs in vitro and in planta, we
compared the relative efficiencies of different c:rTMV IRESs in
transgenic tobacco plants. To this end, a series of R tobacco plants
were generated, transgenic for dicistronic constructs containing a
5'-proximal ctTMV CP gene separated from the second gene
(GUS) by one of the IRES elements. Fig. 14 shows that GUS
activity could be readily detected by histochemical methods in
plants transgenic for dicistronic IRES®R-carrying constructs. The
integrity of dicistronic and monocistronic transcripts produced in
these transgenic plants was proven by Northern blotting. Average
RNA samples extracted from the leaves of plants transformed with
monocistronic (Il in Fig. 1B) or dicistronic (III-V in Fig. 1B)
transgenes were used for analysis. It can be seen from Fig. 1B that
dicistronic and monocistronic constructs yielded transcripts of the
predicted size; no visible bands corresponding to monocistronic
products of dicistronic transcript degradation could be detected In
addition, these results provided evidence that the IRESCP 148 S€-
quence functions as an IRES and not as a transcriptional promoter.
The results of Western blot analysis with antibodies to crTMV CP
indicated that the 5’-proximal CP gene was expressed in transgenic
plants, although the expression level varied from plant to plant (Fig.
1C). In Fig. 1D, the relative GUS activity mediated by c-TMV
IRESs was normalized relative to the amount of CP produced by
the 5’-proximal gene of dicistronic CP-IRES-GUS mRNAs in
individual transgenic lines (Fig. 1 C and D). In other words, GUS
activity was normalized with respect to the amount of dicistronic
transcript produced by individual lines.

The relative efficiency of GUS gene expression by monocis-
tronic transgene and by the 3’-proximal GUS gene of dicistronic
transgene was also examined. Comparison of GUS activities in
samples taken from plants transgenic for dicistronic (CP-IRES-
GUS) and monocistronic (GUS) constructs (Fig. 1, Roman
numerals III-V and II, respectively) showed that the average
levels of IRES- medlated GUS expressmn (in relative light umts)
reached 21% (IRESMP 75 and IRESMP 228) and 31% (IRESCP 148)
of monocistronic GUS expression.

Cross-Kingdom Conservation of IRESSH 145 Activity: Comparative Effi-
ciencies of IRESEMCV and crTMV IRESs in Tobacco Protoplasts, HeLa, and
Yeast Cells. Our earlier data showed that the cfTMV IRES
elements were active both in plant cell-derived (WGE) and
animal cell-derived (RRL) cell-free systems (22, 23). In a series
of experiments, the relative efflclenaes of GUS gene expression
mediated by IRESEMCV, TRES{S ;s and IRESGR 45 Were com-
pared. The activity of IRESEMCV was negligible in WGE,
whereas in RRL, the level of IRESFMCV.directed GUS gene
activity was more than two times higher than IRESCP 148, the
most active crTMV IRES element (Fig. 2 D and E).

We then compared the relative act1v1t1es of the EMCV and two
crTMV IRESs (IRESCP 14g and IRESMP -5) in different types of cell
cultures, including tobacco protoplasts, HelLa cells, and yeast cells.
Appropriate promoter-based plasmids were constructed to tran-
scribe a dicistronic RNA including the IRES sequences in question
intercistronically upstream of the GUS gene. In all cases tested,
GUS expression was negligible from negative control constructs
(Fig. 2 A-C). In tobacco protoplasts (Fig. 24), the relative activity
of the crTMV RNA-derived IRESs was markedly higher than that
of IRESEMCV which is consistent with the negligible activity of
IRESEM®V in WGE (Fig. 2D). Furthermore, the relative efficiency
of IRESEM®V was considerably higher in HeLa cells than in
nonammal (tobacco protoplasts and yeast) cells, and the activity of
IRESMP 5 was high in plant protoplasts but dramatically reduced
in the nonplant cells. The most unexpected result was that the
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Fig. 1. IRES-mediated GUS gene expression in
tobacco plants transgenic for dicistronic CP-IRES-
GUS constructs. Five series of transgenic plants
differing in IRES sequences were generated: (1)
Negative control: vector-transformed plants; (I1)
positive control: plants transgemc for monocis-
tronic GUS gene; (I1I-V) IRESSR 528, IRESSY 75, and
IRESCP,MS elements, respectively, were used as
intercistronic spacers. (A) Histochemical detec-
tion of GUS activity. (B) Northern blot of total
RNA isolated from transgenic tobacco leaves
probed with a GUS gene DNA probe. Positions of
synthetic monocistronic (GUS) and dicistronic
(CP-IRES{H, 75-GUS) RNA transcripts are marked by
arrows. (C) Western blot analyses of the crTMV CP
in transgenic tobacco leaves. The arrow indicates
the position of crTMV CP. Arabic numerals (B, C)
denote the number of the transgenic plant line
used. Roman numerals denote transgenic plants

activity of the 148-nt IRESS%HS was invariably the highest in all of
the cells tested. Remarkably, it was even higher than that of
IRESEM®V in HeLa cells (Fig. 2B). This observation provides
additional evidence that the requirements for IRES-mediated
translation may differ in vitro and in vivo. These results demonstrate
an unusual cross-kingdom conservation of the crTMV IRESCP 148
activity. It was therefore reasonable to assume that some specific
features of this sequence are responsible for its functional
universality.

Deletion Analysis. The structural organization of IRESS§148 is
relatively simple (see figure 6 in ref. 22). It can be folded into a
secondary structure containing the 32-nt polypurine tract (PPT),
PPTs,, upstream of a potentially stable hairpin, and the 11-nt
PPTyy, just downstream of this stem—loop structure (22). In
addition, the short 5'-5562-AGAAGUA-5568-3" motif (PPT;)
is located downstream of PP T3, (22). Earlier studles had shown
that neither the 5’ nor the 3’ half of IRESG 145, comprising
nucleotides 5456-5568 and 5569-5603, was active as single
sequences (22). Here we analyzed whether less drastic deletions
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transformed with different constructs indicated
above. (D) IRESR-mediated GUS activity ex-
pressed in two different transgenic lines (denot-
ed by Arabic numerals). The relative GUS activity
was normalized to the CP content measured by
densitometry of the CP bands presented in C.

of IRESCP 148 retain activity. In fact, sequence 5501-5603
(PPT3,), which 1ncludes all three of the PPTs, retained about
70% of intact IRESCP 148 activity, whereas sequence 5533-5603
(PPTj3,), lacking PPTs,, was inactive in WGE and extremely low
in plant protoplasts (Fig. 3 B and C, respectively). Sequence
5501-5592, lacking PP Ty, lost about 30% of activity in WGE
(data not shown). In summary, these results 1ndrcate that PPTs,
and PPT;; are the essential elements of IRESCP 148+

Artificial Polypurine (A)-Rich Sequence (PARS) Elements Exhibit IRES
Activity in Vitro and in Plant and Animal Cells. PPT3; contains the
19-nt sequence AAAAGAAGGAAAAAGAAGG (PPTy)
representing a direct tandem repeat of the AAAAGAAGG
[(A4)G(A2)G] element in combination with the 11-nt sequence
GAAGAAAAGGG. A similar motif (GAAAGAAGAAA) is
present in PPTy, (Fig 34). Therefore, all three PARSs can be
seen as multiple coples of a G(A),-s module. To test whether
these modules are in fact the important elements of IRESCP 1485
artificial PARSs were created and used as intercistronic spacers
in dicistronic H-GFP-ICS-GUS constructs. The IRES activity of
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Fig. 2.  Cross-kingdom conservation of |RES(C:§'148 activity. Expression of the
3’-proximal GUS gene from dicistronic CP-IRES-GUS constructs in tobacco proto-
plasts (A), Hela (B), yeast (C) cells and cell-free translation systems WGE (D), and
RRL (E). The 72-nt synthetic GC-rich polylinker-derived (PL;;) spacer (23) (A, B) and
the 148-nt region upstream from start codon of the CP gene of TMV U1 (U1§';,148,
ref. 22) (C) were used as negative controls. GUS gene expression in HelLa (B) and
yeast (C) cells transfected with animal cell or yeast cell promoter-based dicistronic
constructs H-GFP-IRES-GUS and CP-IRES-GUS, respectively.

these artificial sequences was examined in WGE, tobacco pro-
toplasts, and HeLa cells (Fig. 4). (PPTi9)4 and (PPTy9)s were in
fact able to promote internal translation in WGE (Fig. 44). It is
noteworthy that (GAAA);s also directed translation of the
downstream GUS gene efficiently, despite the fact that transla-
tion of the first gene (GFP) was invariably blocked by the hairpin
structure H. The results of in vifro translation are generally
consistent with those experiments made in tobacco protoplasts
(Fig. 4B) and HelLa cells (Fig. 4C). The IRES activity of the
sequence (GAAA)c was notably high in both tobacco proto-
plasts and human HeLa cells. Comparable levels of activity in
HeLa cells were exhibited by the spacers (GAAA);s and
(PPTy9)4 (Fig. 4C). Significantly, these levels approached (or
even exceeded) the level of GUS gene expression promoted by
IRESEM®V in HeLa cells (Fig. 4C). On the other hand, the levels
of GUS gene expression mediated by (GUUU), were very low
in vitro (Fig. 4A4) and in tobacco protoplasts (Fig. 4B), and the
68-nt GCU-rich (GCU-R) sequence did not exhibit IRES ac-
tivity in HeLa cells (Fig. 4C).

To estimate the impact of each type of purine on the IRES
activity of PARSs, the homopolymers poly(A)so and poly(G)eo were
inserted into the bicistronic transcripts H-GFP-GUS and tested
(Table 1). Poly(G)eo exhibited no IRES activity in vitro, whereas
poly(A)s promoted GUS gene expression even more efficiently
than IRESC]]; 148- To show that the GUS gene is not being translated
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Fig. 3. IRESE§,148 deletion analysis. (A) Simplified schematic representation of
the IRESE§,148 structure (see ref. 22 for details) and its deletion mutants. Letters
indicate the sequences of the 32-nt polypurine tract PPT3; (which includes the
19-nt element PPTqo) located upstream of the hairpin—loop structure and the
11-nt tract (PPT14) just upstream of the CP gene, respectively. Arabic numerals
indicate the nucleotide positions in full-length crTMV genomic RNA (21). The
arrow points to the position resulting in formation of two deletion mutants
(A5'IREScp and A3'IREScp) described in ref. 22. The lines indicated by PPT3, and
PPT3, correspond to the respective IRESE§’148 deletion mutants used in the
present study. GUS gene expression by internal translation from dicistronic
constructs in WGE (B) and tobacco protoplasts (C) under control of the intact
IRESSR 145 and its deletion mutants (PPT3, and PPT3;). UIgh 145 sequence (22) was
taken as a negative control.

from degraded H-GFP-poly(A)s-GUS RNA, the 3?P-labeled di-
cistronic transcripts were incubated in RRL. No significant changes
in electrophoretic mobility or integrity of transcripts were observed
after 60-min incubation (data not shown). Remarkably, the IRES
activity of the poly(A)e sequence was drastically reduced in HeLa
cells, suggesting that a combination of A and G nucleotides is
required for IRES activity in vivo (Table 1). Taken together, these
data suggest that multiple PARS modules are responsible for
conservation of cross-kingdom activity of IRESSPR,MS.

IRES Activity of a PARS-Containing 5'UTR Derived from Tobacco
Heat-Shock Factor mRNA. It is reasonable to expect that IRES-
mediated translation is typical for mRNAs with long and highly
structured 5'UTRs. The 5'UTR sequences of a number of plant
genes encoding heat-shock protein (HSP) mRNAs were examined
for the presence of purine-rich tracts by using the European
Molecular Biology Laboratory cDNA nucleotide database. Some
of the sequences analyzed contained PARSs of different sizes
(accession nos. AB014483, AB017273, AF005993, and AF035460).
For example, two long polypurine tracks were revealed in the 453-nt
5'UTR of NtHSF-1 mRNA (accession no. AB014483), 5'-74-

Dorokhov et al.
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modules and natural IRESs (IRESEE 14 and IRESEMYY) in WGE (A), tobacco proto-
plasts (B), and Hela cells (C). Artificial sequences tested: (i) (PPT19)s and (PPT1o)g
representing the tandem repeats of four (76-nt) and eight (152-nt) copies of the
19-nt AAAAGAAGGAAAAAGAAGG sequence derived from PPT3; (see Fig. 3),
respectively; (ii) the 64-nt (GAAA) 6 sequence consisting of 16 G(A)3 elements; (jii)
control U-rich sequence (GUUU)1g; (iv) the control Emp X 4 sequence consisting of
four copies of the U-rich CGUUUGCUUUUUGUAGUA element derived from an-
other crTMV IRES (IRES{f5 75) and (v) the GCU-rich sequence (GCU-R) containing
four copies of CGCGGGCG blocks linked via the 7-nt sequence UUUGUUU used as
an additional negative control. (A) Analysis of proteins directed in WGE by
dicistronic H-GFP-ICS-GUS T7 transcripts containing artificial sequences as the
intercistronic spacer. Arrows indicate the position of GUS and GFP. (B and C) GUS
gene expression in tobacco protoplasts (B) and Hela (C) cells transfected with
dicistronic GFP-IRES-GUS constructs containing different IRES sequences. ““Mock”
indicates that DNA-free solution was used for transfection.

AAAGAAGAGAGAAAACUGAAAAGGCAGAAAA-105-3'
and 5'-420-AGAGAAACAGAGAAAUACAGGGGAAAAA-
CAAGGGAUG-456-3"), suggesting that the 5'-leader of NtHSF-1
mRNA exhibits IRES activity. To test this hypothesis, the 453-nt
5'UTR of NtHSF-1 (5'UTR NtHSF) was isolated from tobacco
genomic DNA and used as an intercistronic spacer in dicistronic
analysis of IRES activity. GFP and GUS expression was analyzed
from an H-GFP-5'UTR-NtHSF-GUS construct in RRL (Fig. 54),
as well as in transfected tobacco protoplasts (Fig. 5B) and HeLa
cells (Fig. 5C). The presence of H at the 5'-terminal position
abolished GFP gene expression initiated by ribosome scanning.
However, GUS was expressed by internal initiation in all three
systems (Fig. 5) and also in WGE (not shown). The activities were

Table 1. Dicistronic analysis of IRES activity of poly(A) and
poly(G) sequences used as an intercistronic spacers

Spacer Activity in RRL assay (%)  Activity in Hela cells (%)
Poly(A)eo 150 10
P0|y(G)50 1 1
IRESER 148 100 100

No RNA (mock) 0.3-0.8 0.5-1.0

The H-GFP-spacer-GUS constructs were used in dicistronic assays. Relative
GUS activity was expressed as in ref. 23; IRESESMS activity was taken as 100%.
The mean values of three independent experiments are given.
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Fig. 5. Dicistronic analysis of IRES activity of the 5'-UTR of NtHSF-1 mRNA
(5'UTR NtHSF) in RRL (A), tobacco protoplasts (B), and Hela cells (C). Tested
H-GFP-ICS-GUS RNA transcripts contained as intercistronic spacers the 453-nt
5'UTR of NtHSF-1 mRNA (5'UTR NtHSF) and other synthetic sequences indi-
cated in the legend to Fig. 4.

comparable to those mediated by IRESCP 148, Which was used as a
positive control. The 68-nt GCU-rich (GCU R) sequence and
(GUUU);6 were used as negative controls. Consequently, the
5'UTR of NtHSF-1 mRNA is an IRES and it exhibits cross-
kingdom conservation of internal ribosome entry act1v1t§ In both
of these otherwise unrelated elements, IRESCP 148 and
IRESNHSF-1 multiple PARS elements are apparently responsible
for the activity across the kingdoms analyzed.

Our preliminary results indicate that 5’UTR regions from two
other mRNAs of this type, i.e., those encoding the tobacco
poly(A)-binding protein and 48-kDa MAP kinase, also promote
internal translation in a similar way (see below).

Discussion

IRESs of different origins differ greatly in sequence, length,
secondary structure organization, and functional requirements (4).
Significant variability was revealed in sets of translation initiation
factors and/or noncanonical transacting factors required for the
activity of different IRES elements (8, 31-34). It was reasonable to
presume that the activity of IRESs in heterologous cell types will be
limited because of kingdom-specific differences in cap-independent
translation mechanisms. Therefore, it was not unexpected that
animal virus (picornaviruses, hepatitis Cvirus) IRESs were inactive
in yeast cells (35-37), despite the fact that IRES-mediated trans-
lation of cellular mRNAs has been reported in yeast (38). On the
other hand, Urwin et al. (11) found that IRESEM®Y was active both
in animal and, moderately, in plant cells. Taken together, the
problem of kingdom-specific differences in IRES activity have so
far remained ill-defined.

In the first series of experlments presented here, we showed that
IRESCP148 and IRESMP 55 are functionally active in plants trans-
genic for dicistronic constructs In addition, these results provided
evidence that the IRESCP 148 Sequence functions in vivo as an IRES,
rather than a transcrlptlonal promoter Next, the activity of crTMV
IRESs (IRESCP 1us and IRESSS 75) was compared with that of
IRESEMCV in plant, animal, and yeast cells. Surprisingly, compat-
ison of the relative activities of these IRESs showed that IRES¢p 145
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invariably exhibited a unique cross-kingdom conservation of max-
imum IRES activity in organisms as diverse as plants, animal cells
and yeast (Fig. 2). The relative efficiency of IRES®MEV was
considerably higher in HeLa cells than in nonanlmal (tobacco and
yeast) cells; however, the relative activity of IRESCp 14g Was invari-
ably the greatest in all cell types tested (Fig. 2A—C)

The IRESCP 148 sequence can be folded into a simple secondary
structure containing two PARSs: the 32-nt PARS (PPTs,) up-
stream of a stable hairpin loop and the 11-nt PARS (PPTy;)
upstream of the CP gene AUG codon. In addition the short (PPT);
also contains a PARS motif. Both the PPTs, and PPT}; sequences
could be represented as multiple copies of a G(A),_s module.
Deletion analysis suggested that PARSs might be responsible for
the activity of IRES¢p 4. The capacity of artificial sequences to
promote internal translation from dicistronic H-GFP-IRES-GUS
constructs was tested in vitro (WGE, Fig. 44) and in vivo (tobacco
protoplasts, Fig. 4B; HeLa cells, Fig. 4C). In agreement with our
proposal, the maximum IRES activity was exhibited by PARS
elements in particular by (GAAA),s. Remarkably, the activities of
IRESGR 45-derived (PPTo)s and of (GAAA);s appeared to be
even somewhat higher than that of IRESEMCV, In contrast, the
GCU-rich and (GUUU),, spacers had almost no effect on the in
vivo expression of the second gene. Taken together, our results
suggest that PARS elements are archetypal IRES elements respon-
sible for cross-kingdom conservation of IRES activity. To further
explore the impact of each type of purine in IRES activity of
PARSs, the homopolymers poly(A) and poly(G) were used in
dicistronic analysis. Table 1 shows that in RRL, the IRES activity
of poly(A)e was very high, whereas poly(G)s was not active,
However, in HeLa cells, the IRES act1v1ty of poly(A)sp was
considerably lower than that of IRESCP g (Table 1) or the
heteropolymeric artificial IRESs listed above (data not shown).
These data indicate that a certain optimal ratio and sequence
arrangement of A and G residues is required in order for a PARS
to exhibit IRES activity.

As outlined above, IRESs of different origins differ significantly
in their translational requirements. In particular, the IRES of
hepatitis virus C (HCV) is distinct from the EMCV- and poliovirus-
like groups of IRESs. In particular, IRESs of the HCV type bind
40S ribosomal subunits in the absence of initiation factors (8, 33).
This phenomenon could be because of: (i) specific interaction of the
IRES with ribosomal protein(s) (33, 39) and/or (ii) base pairing
between the IRES and the 18S rRNA. The possibility that comple-
mentarity between short modules in eukaryotic mRNAs to 18S
rRNA might play a role in IRES-ribosome interaction has been
discussed (e.g., see refs. 38, 40—42).
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The mechanism of possible interaction of the 40S ribosome
with PARS elements is obscure. Apparently, the requirement for
internal initiation of translation in a plant cell may differ from
requirements in animal and yeast cells. Presumably, such IRES
elements can overcome kingdom-specific barriers to translation
of the second gene because of their unique capability to exploit
only those translation initiation factors and noncanonical trans-
acting proteins that are able to express their function universally
in different types of cell. It is possible that the ribosome per se,
as the most conserved element of the eukaryotic translation
apparatus, is responsible for cross-kingdom IRES activity.

It is believed that IRES-mediated translation of cellular mRNAs
is activated by physiological stimuli, which play a regulatory role in
switching from traditional cap-dependent to IRES-dependent
mechanisms (reviewed in refs. 7, 12, and 14). In particular, HSP
mRNAs could be regarded as possible candidates for dual cap-
dependent and IRES-mediated translation. We suggested that
PARSs naturally occurring in long 5"UTRs of plant mRNAs (i)
confer IRES activity and (if) confer this activity across kingdoms.
Two long (32- and 34-nt) and several short PARS elements with
multiple (G);-4(A),-s modules were identified in the 453-nt 5'UTR
of N. tabacum heat-shock factor 1 mRNA. When tested in dicis-
tronic constructs (GFP-5"UTR-NtHSF1-GUS), this sequence func-
tioned as an IRES in WGE, RRL, and in tobacco protoplasts and
human HeLa cells. These data further support the idea that PARSs
are involved in cross-kingdom conservation of IRES activity.

To the best of our knowledge, no IRES elements of plant
origin have been described to date.

Analysis of European Molecular Biology Laboratory data-
bases showed that the 5'"UTRs of numerous cellular mRNAs
contain PARSs that could be regarded as putative plant IRESs.
Our preliminary results indicate that two additional mRNAs of
this type, i.e., those encoding the tobacco poly(A)-binding
protein (43) and 48-kDa mitogen-activated protein kinase (44),
also promote internal translation. The approach could thus be
used to identify IRES elements in eukaryotic genomes.
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