Ribosome shunting in the caulitlower
mosaic virus 35S RNA leader is a special
case of reinitiation of translation
functioning in plant and animal systems
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The shunt model predicts that small ORFs (sORFs) within the cauliflower mosaic virus (CaMV) 35S RNA
leader and downstream ORF VII are translated by different mechanisms, that is, scanning-reinitiation and
shunting, respectively. Wheat germ extract (WGE) and rabbit reticulocyte lysate (RRL) in vitro translation
systems were used to discriminate between these two processes and to study the mechanism of ribosomal
shunt. In both systems, expression downstream of the leader occurred via ribosomal shunt under the control
of a stable stem and a small ORF preceding it. Shunting ribosomes were also able to initiate quite efficiently
at non-AUG start codons just downstream of the shunt landing site in WGE but not in RRL. The short sSORF
MAGDIS from the mammalian AdoMetDC RNA, which conditionally suppresses reinitiation at a
downstream ORF, prevented shunting if placed at the position of sORF A, the 5’-proximal ORF of the CaMV
leader. We have demonstrated directly that SORF A is translated and that proper termination of translation at

the 5’-proximal ORF is absolutely required for both shunting and linear ribosome migration. These findings
strongly indicate that shunting is a special case of reinitiation.
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The 5’-leader sequence of an mRNA controls translation
initiation in eukaryotes. In most cases, leaders are short
and, unstructured, and direct initiation from the AUG
codon nearest to the capped 5’ end by a linear scanning
mechanism (Kozak 1999). Although most initiation
events use the 5'-proximal AUG, about 10% of eukary-
otic mRNAs (particularly those encoding growth-related
factors, tumor suppressers, transcription factors, and
proto-oncogenes), and many viral RNAs, contain one or
more small open reading frames (SORFs) upstream of the
main coding region. Such sORFs can modulate the trans-
lation process, depending on their location, length, and
sequence. An sORF can either be bypassed if its start
codon is in suboptimal context (leaky scanning) (Kozak
1989), or it can allow reinitiation after its own transla-
tion. Two types of reinitiation have been described: after
translation of an upstream sORF, with reinitiation effi-
ciency increasing with distance between the sORF and
the true ORF (Kozak 1987; Fiitterer and Hohn 1992;
Luukkonen et al. 1995; Hinnebush 1997); and after trans-
lation of a large ORF, with a short distance between it
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and a second ORF in the presence of a nonclassical trans-
lation factor (TAV) found in caulimoviruses (Bonneville
et al. 1989; Gowda et al. 1989; Futterer and Hohn 1992).

In several cases, inhibition of downstream translation
appears to depend on the amino acid sequence of the
uOREF, for example, in the transcript leaders of mamma-
lian AdoMetDC (S-adenosyl-methionine-decarboxylase)
(Hill and Morris 1992, 1993; Mize et al. 1998), human
cytomegalovirus (CMV) gpUL4 (gp48) (Schleiss et al.
1991; Cao and Geballe 1996b, 1998), yeast CPA1 (Werner
et al. 1987; Delbecq et al. 1994) and its homolog in Neu-
rospora crassa, arg? (Wang and Sachs 1997a,b). In all
cases, missense mutations altering particular codons (es-
pecially at the carboxyl terminus of the peptide) dere-
press translation of the downstream ORF, whereas mu-
tations in the same codons that retain the amino acid
sequence preserve the inhibitory effect. Sequence-depen-
dent sORFs can regulate downstream translation in re-
sponse to environmental conditions (Werner et al. 1987;
Hill and Morris 1992, 1993; Wang and Sachs 1997a). In
all cases, the number of ribosomes associated with
mRNA is reduced to 1-2 when inhibition occurs. The
mechanism of action may involve peptide-specific ribo-
some arrest near the termination codon of the sORF (Ge-
balle and Morris 1994). This has been directly demon-
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strated for the relatively long sORFs of the gp48 and
arg-2 transcripts (24- and 22-amino acid sORFs, respec-
tively; Cao and Geballe 1996a; Wang and Sachs 1997b),
where toeprinting showed ribosome arrest near the sORF
termination codon.

Another well-studied example of regulated transla-
tion is the yeast GCN4 mRNA (Hinnebusch 1997).
In this case, the 5'-proximal sORF, ORF 1, seems to be
translated and reinitiation at either the main ORF or at
the competing uORF 4 depends on the availability of
the eIF-2/GTP/Met-tRNAM¢* ternary complex (Dever
et al. 1992). The structural context of sORF 4 contri-
butes to the inhibition of downstream reinitiation
(Miller and Hinnebusch 1989). This is an example of a
nucleotide sequence-dependent inhibitory sOREF,
whereas sORF 1 has a stimulatory role for GCN4 ORF
expression.

At least two alternatives to linear scanning exist for
mRNAs with long 5'-noncoding regions and multiple
upstream AUGsS: initiation directly at an internal ribo-
some entry site (IRES), for example, in the RNAs of pi-
cornovirus, hepatitis C virus, cellular Bip, or Drosophila
antennapedia (Jackson 1996); or ribosomal shunting, as
shown for the RNAs of CaMV (Fiitterer et al. 1990,
1993), Sendai virus (Curran and Kolakofsky 1988; Latorre
et al. 1998), rice tungro bacilliform virus (RTBV) (Fiit-
terer et al. 1996), adenovirus (Yueh and Schneider 1996,
2000), and papillomavirus (Remm et al. 1999). In the
shunt model, ribosomes start scanning from the capped
5" end of the mRNA, bypass a large segment of 5'-UTR,
which may include AUG codons and secondary struc-
tures inhibiting linear migration, and resume scanning
further downstream (Hohn et al. 1998).

The cauliflower mosaic virus (CaMV) 35S RNA leader
is unusually long, contains several sORFs, and folds into
an extensive stem-loop structure (AG > -162 kcal/mol,
Mfold, GCG) comprising three main stem sections
(Hemmings-Mieszczak et al. 1997). The CaMV leader
does not function as an IRES when placed between two
cistrons (Dominguez et al. 1998). Rather, initiation of
the first major viral ORF (ORF VII) downstream of the
35S RNA leader is cap dependent (Schmidt-Puchta et al.
1997) and occurs via ribosome shunt.

The ribosomal shunt in CaMV requires (1) the cap
(Schmidt-Puchta et al. 1997), (2) a 5'-proximal sOREF,
sORF A (Dominguez et al. 1998; Pooggin et al. 1998),
and (3) a stable stem (stem section 1) at a proper dis-
tance (Dominguez et al. 1998; Hemmings-Mieszczak
et al. 1998). The leader hairpin structure promotes
shunting by bringing the “shunt landing site” (Fit-
terer et al. 1993) upstream of the first CaMV ORF
into close proximity with a shunt “take-off site” down-
stream of sORF A (Dominguez et al. 1998). Both the
ribosome shunt mechanism itself and the crucial role
of the 5'-proximal sORF in the process remained un-
clear.

In this study, we applied plant and animal in vitro
translation systems and in vivo expression analysis to
gain further insight into the mechanism of ribosomal
shunt.
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Results

Experimental design

The CAT reporter gene was placed downstream of the
CaMV leader at the position of ORF VII. In the viral
context, the last sSORF within the leader (sORF F) par-
tially overlapped the ORF VII (see Lm, Fig. 1B). However,
we used a frameshift mutant fusing sORF F to the CAT
ORF (LmF, Fig. 1A,B; Dominguez et al. 1998). The two
AUG codons of sORF F (F and F’) and the AUG of the
CAT reporter lay upstream and downstream of the shunt
landing site, respectively (Fig. 1A). Ribosomes migrating
through the central part of the leader and initiating at the
start codon of sORF F or F’ should produce F::CAT or
F'::CAT fusion polypeptides, whereas shunting ribo-
somes should initiate downstream of the shunt landing
site, normally at the CAT AUG. High-resolution tricine/
SDS-PAGE was used to separate these fusion polypep-
tides (differing sometimes by only a few amino acids)
after translation in vitro.

A truncated leader construct (FF’, Fig. 1B), lacking the
region including sORFs A to E’, contained the AUG
codons of F, F/, and CAT ORFs in moderate, weak, and
strong initiation context, respectively (Kozak 1989), and
correspondingly gave rise to three proteins (Fig. 1C, lane
3). In agreement with the scanning hypothesis (Kozak
1999), the first AUG encountered (F) was preferentially
recognized by ribosomes and only a small fraction con-
tinued scanning to initiate at the AUGs of F' or CAT
OREFs (Fig. 1C, lane 3). In contrast, the full-length CaMV
leader directed ribosomes to initiate mainly at the CAT
AUG (Lm, LmF; Fig. 1C, lanes 2 and 4), indicative of
shunting (see also Schmidt-Puchta et al. 1997). Addi-
tional fusion polypeptides larger than CAT but smaller
than F'::CAT polypeptides were also detected in LmF,
but not in FF' or Lm (N::CAT, N'::CAT, and N'"'::CAT
polypeptides; Fig. 1C, lane 4).

Stem section 1 controls initiation downstream
of the CaMV leader

The CaMV leader with a destabilized stem section 1 does
not promote shunting at the original take-off and landing
sites (Dominguez et al. 1998). Physical disruption of
stem section 1 by mutations in the left arm of the hair-
pin structure (Lst1F, Fig. 2A) resulted in preferential use
of the F" AUG (Fig. 2B, lane 2). A significant reduction of
N::CAT, N'::CAT, and N’"::CAT ORF expression was
also observed. A similar result was obtained with a fur-
ther mutant, L(A::B)F, in which sORF A was elongated
and fused to sORF B (Fig. 1A). Here, stem section 1
would be disrupted by ribosomes translating the A::B
fusion ORF. The A::B peptide was detected (Fig. 2C, lane
1), showing that the AUG of sORF A was recognized and
the sORF was translated. As an additional control, mu-
tation of the latter AUG to UAG fully abolished A::B
polypeptide synthesis (Fig. 2C, lane 2). Thus, destabili-
zation of stem section 1 led to a significant reduction of
CAT protein production by shunting ribosomes. The
concomitant drop in the level of N::CAT, N'::CAT, and
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Figure 1. The 35S RNA leader redirects
expression to downstream AUG. (A) Sche-
matic presentation of the predicted second-
ary structure (MFold) of the modified
CaMV (strain S) leader (LmF) consisting of
the three main stem sections (stl, st2, and
st3) interrupted by bifurcations. The posi-
tions of sSORFs (A-F’') are indicated by thick
lines superimposed on the structure, and

potential non-AUG initiation start sites, N,
N’, and N/, are shown. The shunt landing
site (SL) is in black. The Clal restriction
site is indicated. (del A) Deletion of A" to

create an F::CAT fusion ORF. (B) Capped
mRNA constructs used for translation in
WGE. sORFs A-F' are shown by boxes. In

construct Lm, ORF F overlaps the CAT
OREF as in the wild-type situation with ORF
VII, whereas in FF’ and LmF it is in-frame
with the CAT ORF. (C) Wheat germ trans-
lation reactions with either Lm (1.5 pmole),
LmF (1.5 pmole), FF' (0.75 pmole), or
no added mRNA were resolved on a tri-
cine/SDS—polyacrylamide gel. Positions
of F::CAT, F:CAT, N:CAT, N':CAT,
N'"::CAT, and CAT polypeptides are
shown. The relative yields of CAT and

CAT fusion polypeptides synthesized were
calculated relative to the sum of the total
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level of translation. The values are the av-
erage from at least three independent ex-
periments.

N'"::CAT polypeptides suggests that these proteins are
also synthesized via shunting.

The F' AUG was preferentially recognized in mutants
with a destabilized stem section 1, despite the presence
of stem sections 2 and 3 and additional ORFs D and
E in the central part of the CaMV leader. These results
are best explained by an alternative shunt event occur-
ring just downstream of sORF B, which becomes appar-
ent when the primary shunt is impaired by stem section
1 destabilization (L.A. Ryabova, M.M. Pooggin, D.
Dominguez, and T. Hohn, in prep.).

The N::CAT, N'::CAT, and N''::CAT polypeptides
are derived from initiation events at non-AUG
start codons downstream of the shunt landing site

We hypothesized that the N:CAT, N’:CAT, and
N'"::CAT polypeptides, which appear only in the full-
length leader where shunting is operating, are initiated
from non-AUG start codons. Analysis of the Mg>* de-
pendence of their synthesis in wheat germ extract (WGE)
gave an optimal value typical of non-AUG start codon
recognition (2.0-2.2 mm), whereas at 1.5-1.7 mm Mg>*
(optimal for CAT synthesis) only 40% of this maximal
expression was obtained (data not shown).

The shunt landing site is located just upstream of an
AU-rich sequence ([20 nucleotides long), which is con-
served in all plant pararetroviruses (Pooggin et al. 1999).

This region contains three potential non-AUG start
codons, AUA,.,;, AUC,,,, and AUA.,,, potentially able
to initiate translation of the N:CAT, N':CAT, and
N'"::CAT polypeptides, respectively (Fig. 3A). The
frameshift mutation in LmF also brought these codons
into frame with AUG of CAT and allowed visualization
of N::CAT and/or N'::CAT (N and N’ are too close to be
well resolved) and N'::CAT polypeptides, suggesting
that these non-AUG start codons are recognized. The
possibility that two additional non-AUG codons located
at the end of the leader, AUU4q, and AUC.g,, which
were also in frame with the CAT ORF in our constructs,
could be start sites for these extra polypeptides was ex-
cluded by knockout mutation of these codons in con-
struct LAN(last)F (Fig. 3B, cf. lanes 1 and 2). Insertion of
two AUGs in perfect context in place of the N- and
N'"-non-AUG start codons, while destroying the N'—
non-AUG [LAUG(NN"'|F], showed that ribosomes were
efficiently attracted at the position of the first non-AUG
triplet, whereas initiation further downstream was
blocked (Fig. 3B, lane 3).

The unstructured region just 3’ of the shunt landing
site and preceding the CAT AUG was triplicated (L3xF,
Fig. 3A). Translation of this construct revealed the ex-
pected elongated F and F'::CAT products (Fig. 3B, lane 4).
However, only one set of N:CAT, N':CAT, and
N'""::CAT polypeptides were produced. These originated
from the first set of non-AUG start codons, whereas the
second and third set were not recognized.
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Figure 2. Initiation downstream of the CaMV leader hairpin
depends on stem section 1. (A) Schematic representation of sec-
ondary structures of constructs with mutated stem section 1
(Lst1F) or altered stop codon of sORF A [L(A::BJF] are shown.
The A:B fusion ORF is indicated. (B) Representative WGE in
vitro translation results. Yields of F'::CAT and CAT protein
expressed as a percentage relative to the level of CAT from LmF,
are given. (C) Low-molecular-weight polypeptide detected on
translation of L(A::B)F (lane 1). The A:B ORF AUG codon is
mutated to UAG in L(aB)F (lane 2). The position of the A::B
fusion polypeptide on the gel is indicated (only the range from 1
to 3 kD is shown).

Because these non-AUG codons are preferentially rec-
ognized in shunt-mediated constructs and in close prox-
imity to the shunt landing site, we conclude that shunt-
ing ribosomes can recognize start codons with lowered
fidelity.

We took advantage of these multiple non-AUG start
codons to study the effect of SORF A position on start
codon recognition downstream of the shunt landing site.
Wild-type sORF A is optimally positioned for maximal
translation of a reporter ORF downstream of the leader
(Dominguez et al. 1998). The non-AUG codon N"/, lo-
cated 21 nucleotides downstream of the base of stem
section 1, was recognized more efficiently than non-
AUG codons N and N’, located 9 and 6 nucleotides
closer to the base of this stem (Fig. 3D, lane 1). When the
stop codon of SORF A directly abutted the base of stem
section 1 (Fig. 3C) after deletion of 6 nucleotides down-
stream of the stop codon of SORF A [L(near AJF], CAT
synthesis was slightly reduced, whereas recognition of
the first two non-AUG codons (N or N’) was more effi-
cient (Fig. 3D, cf. lanes 1 and 2). Increasing the distance
between the sORF A stop codon and stem section 1 from
6 to 30 nucleotides [L(far A)F, Fig. 3C| completely abol-
ished translation initiation events upstream of CAT,
whereas CAT protein production was reduced but not
eliminated (Fig. 3D, lane 3).

These results show that the position of the sORF A
stop codon relative to the base of stem section 1 affects
the sites and efficiencies of initiation events by shunting
ribosomes downstream of the leader hairpin and we as-
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sume that this is caused by repositioning of the shunt
landing site (as indicated in Fig. 3C). The position of
5’-proximal sORF contributes to ribosomal linear migra-
tion via leader hairpin to get to the F and F' ORFs.

Ribosome shunting functions in a mammalian
cell-free translation system

To investigate whether the shunt mechanism promoted
by the CaMYV leader can function in the absence of plant-
specific translational factors, we used rabbit reticulocyte
lysate (RRL) for in vitro translation experiments. The
translational efficiency of the wild-type leader-contain-
ing RNA was compared to mRNAs with a strong stem
either at the 5’ end or in the center of the leader (LC20,
LCs2, LCs108, respectively). Consistent with previous
results in WGE (Schmidt-Puchta et al. 1997), insertion of
the -43.9 kcal/mole stem-loop structure at the 5’-end of
the leader caused a strong repression of CAT reporter
translation, whereas the same stem inserted within stem
section 3 had no effect (Fig. 4A). Thus the 5’ end of the
CaMV RNA leader is required for translation also in
RRL, whereas the middle portion can be loaded with
insertions without affecting translation.

Properties of the shunt process in RRL were examined
in more detail using the above constructs in WGE.
F::CAT, F'::CAT, and CAT polypeptides were expressed
by linear and leaky scanning in decreasing order of effi-
ciency from the short leader construct FF’' (Fig. 4B, lane
1; see Fig. 1B), showing that the 5’ proximal AUG of
sOREF F is preferentially recognized in RRL as in WGE. In
the context of the complete leader sequence (LmF), CAT
protein was mainly produced, as expected for shunting
(Fig. 4B, lane 2).

Most of the other constructs tested behaved similarly
in RRL and WGE: (1) Disruption of stem section 1 (Lst1F)
greatly reduced CAT OREF translation but increased ex-
pression from the F' AUG (Fig. 4B, lane 3). (2) Mutation
of the AUG codon of sORF A to a stop codon, La(UAGJF,
resulted in a 10-fold reduction in CAT OREF translation
(Fig. 4B, lane 4; WGE: Dominquez et al. 1998). Shifting
the position of SORF A back and forth relative to the base
of stem section 1 [mutants L(near A)F and L(far A)F] re-
duced CAT polypeptide production three- to fourfold
(Fig. 4B, lanes 6 and 7). (3) The position of SORF A also
contributed to migration of ribosomes through the leader
hairpin, as increasing the distance between the stop
codon of sORF A and the base of stem section 1- to 30-
nucleotides completely abolished F and F'::CAT fusion
polypeptide production (Fig. 4B, lane 7). Thus, the shunt-
ing process in RRL was also under the control of SORF A
and stem section 1 and there was no requirement for
plant-specific factors in the shunt mechanism.

However, some special features of initiation differ be-
tween RRL and WGE: (1) N::CAT, N'::CAT, or N""::CAT
protein fusions were not detected in RRL (Fig. 4B, lane 2),
showing that in this case the non-AUG start codons
were poorly recognized. This was not due to a position
effect, as AUGS placed at the position of the N and N"’
non-AUG codons were efficiently recognized, whereas



Shunting in CaMV is a special case of reinitiation

A AU-rich region B
N N N
LmF CGA UUU AAA GAA AUA AUC CGC AUA AGC LmF  LangastF LAUGINN"F  L3xF
FL::CAT
LAUG(NN"F CGA UUU AAAR GAA AUg gUC aGC AUg gGC F-CAT <:|||:(?AA1T
" ~ - N
LxF FCAT | B~ — N'L:CAT, N"L::CAT
N::CAT, ﬁl'8§¥: -~ - - ‘
AT~ ﬁ&-‘— W |- CAT
1 2 3 4

c D LmF  LinearA)F L{farA)F -RNA
L(near A)F Lifar A)F & .
¥
n -
1
2 3 4

Figure 3. [Initiation at non-AUG triplets downstream of the shunt landing site. (A) Primary sequence of the 3’ unstructured region
flanking the leader hairpin and secondary structure in mutant constructs used for translation in WGE are shown with reference to the
LmF construct. Non-AUG codons in-frame with the CAT ORF are underlined and designated N, N’, N'’, and N(last). Mutations in
these non-AUGs are shown in lower case. The arrow in L3xF denotes non-AUGs involved in translation initiation. (B) Representative
translation in WGE with the constructs shown in A. Positions of F::CAT, F'::CAT, N::CAT, N'::CAT, N'"::CAT, and CAT polypep-
tides are indicated. Note that the mobility of F::CAT, F'::CAT, and the non-AUG::CAT fusions, but not CAT protein, in LAN(last)F
and LAUG(NN"'|F is slightly different because of the altered amino acid composition of the resulting fusion polypeptides [(Ile — Phe,
Ile - Ser) and (Ile » Met, Ile - Val, Arg — Ser, Ile — Met, and Ser — Asp), respectively]. Note also that the mutant L3xF produces
longer fusion products whose positions are also indicated (FL:CAT, F'L::CAT, NL::CAT, N'L::CAT, N'"'L::CAT). (C) Schematic
presentation of the secondary structures of the leader with wild-type and shifted positions of SORF A. The straight arrow indicates
which non-AUG triplet is preferentially expressed, curved arrows indicate nonlinear migration of ribosomes. Broken lines indicate the
position of the shunt landing site in LmF and its hypothetical positioning in L{nearA|F and L(farA|F. (D) Representative translation in
WGE with constructs shown in C.

CAT AUG recognition was strongly reduced (Fig. 4B,
lane 8). (2) Disruption of stem section 1 by fusion of
sORF A with sORF B [L(A::BJF] did not significantly
switch the production of CAT polypeptides to the pro-

duction of F'::CAT polypeptides (Fig. 4B, lane 5), as was
the case with WGE (Fig. 2B, lane 3). These dissimilarities
suggest that stem section 1 is more stable in RRL than in
WGE and/or that reinitiation in RRL is less efficient.

Figure 4. Stem section 1 and sORF A direct
shunting in RRL. (A) Effect of stable stem-loop

A Relative CAT expression structures introduced into the CaMV leader on
c b E & EE CAT in vitro translation of the downstream CAT re-

LC20 ~888& B EF PR 100% porter in RRL. Constructs used for translation
and the relative efficiencies of expression as de-

LCs108 ABC D _E _F FF CAT 106% termined by Phosphorlmager quantification are
shown. The values are the means from at least

three independent experiments. (B) Representa-

LCs2 ABE D E F FFE CAT 5% tive translation in RRL of RNA constructs con-
taining short (FF’) or full-sized leader (LmF and

B variants). The effect of stem section 1 destabili-
Lnf PP LoF LatF LahOF LuBIP o P LurF e zation ()LstlF), alteration of the 5'-proximal

F-CAT_ sORF [La(UAGJF, L(A:BJF, L(near AJ)F, and

N::CAT, ﬁl%ﬂ% i | . am—— ey L(farA)F] and mutation of the non-AUG start

CAT—| W—| | s—

codons [LAUG(NN"')F] on CAT translation are
shown. Reference translation in WGE of LmF

8 RNA is shown at left. Yields of F'::CAT and
CAT protein expressed as a percentage relative

WGE RRL
F::CAT (%) 6 20 6 15 6 <1 10 W
CAT(%) 100 10 9 58 27 28 12

to the level of CAT detected on translation of
LmF mRNA are shown below the gel.
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However, note that other secondary structure elements
such as the iron-response element inhibits scanning
more in WGE than in RRL (Paraskeva et al. 1999).

Control of shunting by an sORF derived
from the mammalian AdoMetDC mRNA

To study the mechanistic details of how sORF acts on
shunt-mediated translation, we took advantage of a spe-
cific uORF that conditionally suppresses reinitiation.
The mammalian AdoMetDC mRNA sORF, encoding a
hexapeptide with the amino acid sequence MAGDIS
(Hill and Morris 1992), serves as a negative regulatory
element by regulating reinitiation at the associated
downstream cistron in a polyamine-responsive manner
in T lymphocytes, HeLa cells, and yeast. Although the
wild-type MAGDIS sORF represses reinitiation in vivo,
the D4R mutation (MAGRIS sORF) alleviated this re-
pression by 87% and deletion of the serine at position 6
(MAGDI sORF) completely abolished it (Mize et al.
1998). If this regulation also functions in vitro, the
AdoMetDC sORF provides a means to study transla-
tional events at the sORF required for ribosomal shunt.

The AdoMetDC sOREF variants described above were

introduced in place of SORF A in the wild-type CaMV
leader, LmF (LyacoisF, LavacrisE, LvacoiE; Fig. 5A) or
in a truncated derivative lacking the hairpin structure,
TLeorr A (TLmacoiss Thmacriss TLmacoy Fig. 5A), and
translation assays were performed in WGE and RRL.

With both sets of constructs and in both in vitro sys-
tems, the MAGDIS sORF significantly reduced CAT
ORF translation compared with sORF A (Fig. 5B, cf.
lanes 2 and 3 and 6 and 7). This inhibition was fully or
partially reversed when the MAGRIS sORF was used and
totally abolished by the MAGDI sORF (Fig. 5B, lanes
4,5,8,9).

Thus, the MAGDIS sOREF inhibits reinitiation in vitro,
both in a simple reinitiation context and in ribosome
shunt-mediated translation. These results also show that
the MAGRIS and MAGDI sORFs were perfectly able to
replace sSORF A and support efficient shunting (although
MAGRIS sORF worked less well in RRL).

The comparable effects of MAGDIS sORF on both
shunt- and reinitiation-supporting constructs strongly
suggests that shunt-mediated translation is a variant of
reinitiation. RNA stability did not appear to be a primary
component of AdoMetDC sORF regulation in either ex-
tract, as most of the input RNA was recovered after the
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Figure 5. Mammalian AdoMetDC sORF in place of sORF A represses ribosomal shunt- and linear migration-mediated expression in
the CaMV leader. (A) Capped mRNA shunt (left) and reinitiation (right) supporting constructs with sORF A, as an example, used for
translation. SORFs A-F’ are shown by boxes. Arrows indicate ribosome migration. Small arrow on LmF shows position of the primer
for reverse transcription. (B) Analysis of [>**S]methionine-labeled polypeptides produced by translation of synthetic RNA transcripts in
WGE (top) and in RRL (bottom), with no added mRNA (lane 1), LmF (lane 2), LyacoisE (1ane 3), LyacrisF (lane 4), LyaaoiF RNA (lane
5), TLeorr a (lane 6), TLyaapis (1ane 7), TLyacrrs (lane 8), TLyaapr (1lane 9). (C) Shunt-supporting RNAs (1.5 pmole) containing the
wild type sORF A (LmF), or the wild-type or mutant AdoMetDC sORF (LyacpisF and Ly acpiF) were translated for 20 min (27°C) in
a 25-ul WGE reaction mixture containing Cyh where indicated. Radiolabeled primer (primer 1) was used for primer extension analyses
(lanes 1-10) and for sequencing of Ly;sgpisF and LmF (left and right, respectively). Arrows indicate the positions of premature reverse
transcription termination products (i) in the presence of Cyh, corresponding to ribosomes bound at the AUGs of MAGDIS sORF (lane
1), MAGDI sOREF (lane 5), and sORF A (lane 8). The sequences read 3’ to 5’ from top to bottom.
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translation assay (data not shown) or reverse transcribed
to the full-length ¢cDNA after translation mixture incu-
bation (see below, Fig. 5C).

Ribosomal complexes formed at sORF A (or at
AdoMetDC sORFs) in the context of the full-length
leader were also analyzed by a toeprinting (primer exten-
sion inhibition) assay in WGE (Fig. 5C). The leader hair-
pin had an inhibitory effect on reverse transcription
primed with primer 2 complementary to a region down-
stream of the leader hairpin. Primer 1 complementary to
the region of the sORF B loop between stem sections 1
and 2 of the leader hairpin was used to overcome this
inhibitory effect. Reverse transcription in the absence of
WGE vyielded ¢cDNA extension products predominantly
corresponding to full-length transcripts (Fig. 5C, lanes 3,
7, and 10). Inhibition of translation elongation by cyclo-
heximide (Cyh) revealed extension stop sites at positions
corresponding to 17 and 18 bases downstream of base A
of the sORF start sites [MAGDIS sOREF (lane 1), MAGDI
SsORF (lane 5), and sORF A (lane 8)]. Thus, the AUG of
sORF A (moderate context AUAAUGU) in front the
CaMV leader hairpin was indeed recognized as effi-
ciently as the AUGs of the MAGDIS and MAGDI sORFs
(perfect context AUAAUGG), probably because of its po-
sition in front of a stem structure (Kozak 1990). This
provides direct evidence that the initiation context of
sORF A is not critical for recognition of sSORF A in WGE.

Standard RRL and WGE include polyamines. The stan-
dard concentrations of spermidine in WGE or RRL (0.6
and 0.5 mM, respectively] were already sufficient to
downregulate CAT ORF translation programmed with
LyviacoisF and TLy;acpis RNAs (Fig. 5B, lanes 3 and 7). A
decrease of spermidine or spermine concentrations in
WGE strongly affected the total level of protein synthe-
sis, whereas in RRL the level was decreased but not abol-
ished. The effect of spermidine addition (0.1-0.8 mm) to
a translation system containing gel-filtered RRL was fur-
ther tested using three shunt-mediating constructs,
LmF, LyaaoisE, and LyaaoiF (Fig. 6). Addition of 0.5
mm spermidine still allowed efficient translation of
LyacoiE RNA or LmF RNA, whereas translation of
LuacoisF RNA was strongly inhibited at this concentra-
tion. Similar results were obtained when shunting was
not involved, that is, TLyaapis and TLyacpr RNAs
(data not shown).

Together, these results demonstrate that both the
amino acid coding information of the AdoMetDC sORF
and the presence of polyamines are required for suppres-
sion of downstream reinitiation and shunting in vitro.

Ribosomes stall at the AdoMetDC sORF stop codon,
preventing reinitiation at a downstream ORF

The mechanism by which MAGDIS inhibits down-
stream translation has not been reported so far. There-
fore, we employed the toeprinting assay to investigate
the mechanism of AdoMetDC sORF function. The trun-
cated CaMV RNA leader containing the MAGDIS sORF
(or MAGDI sORF as a control) in place of SORF A (see
Fig. 7A) was used because structure in the leader hairpin

Shunting in CaMV is a special case of reinitiation

Relative level of translation, %
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Figure 6. Effect of spermidine on translation of the AdoMetDC
sORF-containing shunt-mediated constructs in RRL. Gel-fil-
tered RRL reaction mixtures programmed with LmF (+), Lyjac-
piF (O), and LyacpisE (@) RNAs were supplemented with dif-
ferent amounts of spermidine as indicated. Reactions were ana-
lyzed by tricine/SDS-PAGE. Radiolabeled bands were analyzed
by Phosphorlmager. The maximum level of translation for each
mRNA (sum of CAT and CAT fusion polypeptides) was set as
100%. Yields at different spermidine concentrations are given
as a percentage relative to this maximum.

impedes reverse transcription. We used RRL as an ho-
mologous model system for the mammalian AdoMetDC
OREF. In the absence of RRL, reverse transcription of both
RNAs with a radiolabeled primer complementary to a
region downstream of the AUG of the CAT ORF yielded
long ¢cDNA extension products predominantly corre-
sponding to full-length transcripts (Fig. 7B, lanes 2 and
6). When translation elongation was inhibited by Cyh
addition, a toeprint was observed 17 and 18 nucleotides
downstream of base A of the SORF start codon (lanes 3
and 7, indicated by i). These products correspond to the
inhibition of reverse transcription of the RNA template
by ribosomes with the initiation codons in their P sites
(Fig. 7C, top). The efficiency of AUG recognition in both
constructs was similar (cf. lanes 3 and 7). Without Cyh,
the toeprinting assay revealed ribosomes paused 14-15
nucleotides downstream of base U of the UAG stop
codon with TLyaapis RNA, but not with TLyacpr
RNA (Fig. 7B, cf. lanes 4 and 8, indicated by t). These
extension products correspond to ribosomes with the
sORF termination codon located in their A sites (Fig. 7C,
bottom). Increasing the spermidine concentration to 0.6
mm considerably increased the strength of this toeprint
for the MAGDIS sORF (lane 5), whereas only a weak
signal appeared in the case of MAGDI sORF (lane 9).
Thus, the mammalian AdoMetDC sORF mediates its
inhibiting effect on downstream reinitiation by interfer-
ing with translation termination at its own stop codon.
Depending on the environmental conditions, it is as-
sumed that the nascent peptide interacts with the com-
ponent of termination machinery, apparently blocking
the step of peptidyl-tRNA hydrolysis as in the case of
CMV gpUL4 (gp48) (Cao and Geballe 1998). Ribosome
stalling has been demonstrated for long ORFs (>20 amino
acids) (Cao and Geballe 1996a; Wang and Sachs 1997D).
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Here we show that a short nascent peptide (MAGDIS)
causes the same type of stalling (Fig. 7B), indicating that
termination is directly affected.

The AdoMetDC uORF also represses ribosomal
shunting in vivo

The effect of SORF A substitution with the MAGDIS
sORF and its derivatives on CAT ORF expression was
also analyzed in plant protoplasts (Table 1). Consistent
with the in vitro data, replacement of SORF A by MAG-

824 GENES & DEVELOPMENT

Figure 7. Toeprinting reveals stalling at the stop codon of the
AdoMetDC sORF. (A) Capped reinitiation-supporting con-
structs used for toeprinting. Position of primer 2 is indicated. (B)
Transcripts (1.5 pmole) containing the wild-type or mutant
AdoMetDC sORF (TLyacpis and TLyaapr RNA) upstream of
the CAT ORF were translated for 20 min (30°C) in a 25-ul RRL
reaction mixture. Spermidine (spd, 0.3 or 0.6 mm) and cyclo-
heximide (Cyh, 0.9 mm) were included as indicated. Radiola-
beled primer 2 was used for primer extension analyses (lanes
1-9) and for sequencing of the wild-type TLy;2cp; template (the
four righthand lanes). The sequence reads 3’ to 5' from top to
bottom. Arrows indicate the positions of premature reverse
transcription termination products: (i) in the presence of Cyh,
correspond to ribosomes bound at the AUGs of MAGDIS (lane
3) and MAGDI sORFs (lane 7); (t) correspond to ribosomes near
the UAGs of MAGDIS (lanes 4,5) and MAGDI sORFs (lane 9).
(C) 80S ribosome bound to mRNA with a start codon at the
ribosomal P site causes toeprints 17-18 nucleotides down-
stream of base A of the start codon (Anthony and Merrick 1992)
and ribosomes stalled near a stop codon at the ribosomal A-site
of arg-2 ORF cause toeprints about 13 nucleotides downstream
of base U of the stop codon (Wang and Sachs 1997b). (Top) A
ribosome bound to TLyagpis RNA at the start codon of the
MAGDIS sORF causing premature reverse transcriptase termi-
nation 17-18 nucleotides downstream of base A of the AUG.
(Bottom) A ribosome stalled near the stop codon of the MAG-
DIS sORF with the sSORF termination codon at its A site causes
premature termination 14-15 nucleotides downstream of base
U of the UAG. The position of reverse transcriptase (RT) is
indicated; A and P ribosomal sites are also shown.

DIS sOREF practically abolished expression. On the other
hand, MAGRIS and MAGDI sORFs again supported
shunting as efficiently as wild-type sORF A. We also
tested the effect of the CaMV-derived translational
transactivator TAV, which functions to promote reini-
tiation at the internal ORFs on polycistronic mRNA
(Fitterer and Hohn 1991). TAV did not eliminate ribo-
somal stalling at the termination step of translation, but
promoted a threefold increase in the initial level of ribo-
somal shunting. Thus, in vivo expression of the CAT
OREF by shunting ribosomes requires translation of SORF
A, shunting and subsequent reinitiation. TAV simply
stimulates reinitiation at the AUG of the CAT ORF.

Discussion

Three cis-acting elements are responsible for ribosome
shunt-mediated translation downstream of the CaMV
leader: the cap (Futterer et al. 1993; Schmidt-Puchta
et al. 1997), a 5'-proximal sORF (Dominguez et al. 1998;
Pooggin et al. 1998), and a strong stem structure
(Dominguez et al. 1998; Hemmings-Mieszczak et al.
1998). In this study we demonstrate that the sORF is
translated, that this translation event allows ribosome
shunt with subsequent reinitiation downstream of the
shunt landing site, and that shunting does not depend on
plant-specific factors.

At the beginning of our study, we envisaged four sce-
narios for shunting: (1) initiation transfer—an initiation
complex, corresponding to complex II (Pestova et al.



Table 1. MAGDIS represses downstream CAT expression
in plant protoplasts

Relative CAT expression (%)

Constructs -TAV +TAV +TAV/-TAV
Liorr A 100 + 8 329 =10 3.3
Lyvacois 61 18«3 3.0
Lyvacris 100 + 9 299 +9 3.0
Lyacor 102 + 8 219 £ 10 2.1

1998), is transferred from the AUG of the sORF to the
shunt landing site at the 3’ end of the leader; (2) hop-
ping—the sORF is translated but not terminated and the
80S ribosome with the nascent peptide is transferred by
a mechanism related to the hopping observed in prokary-
otes (Herbst et al. 1994); (3) induced internal initiation—
the sORF is translated and terminated, and partial melt-
ing of the stem creates an internal ribosome entry site;
(4) reinitiation—the sORF is translated and terminated
and then the 40S ribosome is shunted and used for reini-
tiation.

A key question is whether the sORF is translated and
terminated before shunting occurs. The three-amino-
acid peptide derived from sORF A is not easily detect-
able. Although we detected the 20-amino-acid peptide
derived from the sORF A:B fusion (Fig. 2C), showing that
a translation event at this position indeed occurs, this
does not in itself prove that sORF-translating and shunt-
ing ribosomes are linked, as these could originate from
different subpools.

More compelling evidence that the sORF is translated
and that shunting occurs on the same RNA molecule
comes from the inhibitory action on reinitiation and
shunting of the short regulatory MAGDIS sORF. Se-
quence-dependent inhibition by short regulatory sORFs
depends on their translation. Under conditions where
reinitiation is blocked, the ribosome is stalled at the ter-
mination codon of the sORF. Thus, peptide sequence-
and polyamine-dependent suppression of shunting by
the MAGDIS polypeptide at the position of SORF A dem-
onstrates that the 5’-proximal sORF is indeed translated
by the majority of scanning ribosomes and that this
translation leads to shunting.

This rules out both initiation transfer and hopping.
Furthermore, the extended polypeptides expected from
hopping would have been detected by the sensitive tri-
cine/SDS—polyacrylamide gel system.

A structural change in the leader RNA might promote
shunting by induced internal initiation. Such a change in
fact occurs by melting of part of stem section 1 by the
sORF-translating ribosome. However, ribosomes that
have translated and terminated sORF A would be ex-
pected to unwind at least the first three G-C base pairs of
stem section 1. Such a structural change could create an
IRES. Our experiments show that MAGDIS sOREF, ter-
minating either at the exact position of sSORF A (Fig. 5) or
3 and 6 nucleotides further into the stem (not shown),
inhibits shunting. This rules out induced-IRES, in favor

Shunting in CaMV is a special case of reinitiation

of the reinitiation, model (Fig. 8). In this model, the same
ribosome that translates the 5’ proximal sORF would
initiate downstream of the leader hairpin. The sORF A
seems to be recognized by the majority of ribosomes that
started scanning at the cap. The presence of the down-
stream strong stem could enhance sORF A recognition
significantly. The fact that the sORF A initiation context
is not critical supports this. The reinitiation model is
further strengthened by the apparent promotion of
shunting by the CaMV translational transactivator (Fiit-
terer et al. 1993; Pooggin et al. 2000; Table 1), which
specifically enhances reinitiation in linear constructs.
The position of the sORF affected shunting efficiency
and determined the start site for reinitiation down-
stream of the leader hairpin (Fig. 3D). We suggest that it
also affects the positions of both the take-off and landing
sites with the take-off site related to the end of SORF A.
Take-off and landing sites would be symmetrically ar-
ranged, that is, mirrored around the stem structure (Fig.
8). Moving the sORF towards the stem increased trans-
lation efficiency from non-AUG start codons close to the
stem, whereas it was diminished by moving the sORF
towards the cap. Upon termination of translation of a
5'-proximal ORF directly abutting the base of stem sec-
tion 1, additional base pairs of this stem would be dis-

'i
[———
ﬁ\\/ = S ORFVII
~— ~
shunt
-------*w------’—
scanning translation

Figure 8. Model for ribosome shunt. Schematic presentation of
the secondary structure of the part of the 35S RNA leader with
OREF VII is shown. Broken lines on the structure indicate the
positions of the shunt takeoff and landing sites. Arrows show
migration of ribosomes (40S and 60S subunits are shown in grey,
with outlines representing the subsequent path of the same 40S
subunit) by scanning (broken), translation (black), shunting
(white). The small arrows show dissociation and association of
60S. Scanning ribosomes enter the 35S RNA at the capped 5’
end and scan until they reach the sORF A start codon. sSORF A
is translated and properly terminated by most of these ribo-
somes. The translation event at SORF A provides a specially
modified shunt- and reinitiation-competent ribosome that by-
passes stem section 1 and is ready to reinitiate just downstream
of the shunt landing site. Reinitiation can occur at non-AUG
codons (N), but the majority of postshunt ribosomes reinitiate
at the AUG of ORF VII. The positive effect of TAV on ribosomal
shunt strongly supports the reinitiation model for shunting in
CaMV. Note that the translation event at SORF A also leads to
partial melting of stem section 1, allowing some post-transla-
tion ribosomes to penetrate into stem section 1 and take the
alternative route of linear scanning through the leader.
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rupted, apparently increasing exposure of the first set of
non-AUG start codons for initiation (Fig. 3D). In con-
trast, when ribosomes terminate too far from the base of
stem section 1 to melt it, the multiple non-AUG codons
remain inaccessible to ribosomal binding.

An important observation is the shunt-mediated rec-
ognition of non-AUG start codons, provided they are po-
sitioned appropriately at the shunt-landing site. We as-
sume that the fidelity of AUG recognition by shunting
ribosomes is lowered near the shunt landing site, possi-
bly because of temporary lack of “fidelity factors”
through sORF A translation. This has been observed also
for RTBV, where the ORF reached by shunting ribo-
somes starts naturally with an AUU codon situated just
downstream of the leader hairpin (Fiitterer et al. 1996).
The efficient non-AUG recognition by post-shunting ri-
bosomes may be due to local deficiency of certain elFs
required for ribosome progression after SORF A transla-
tion, for example, eIF 4A /4B (Jaramillo et al. 1991), such
that more time for initiation at non-AUG start codons
close to the shunt landing site is gained. Additionally or
alternatively, elFs required for maintaining accuracy of
initiation may have been lost. Pestova et al. (1998) sug-
gested a role for elF1/1A in editing inappropriately
formed initiation complexes.

Initiation at non-AUG start codons is also enhanced in
a number of other interesting cases. In mammalian cells,
a potentially different type of shunting found in Sendai
virus C/P mRNA (Latorre et al. 1998) uses non-AUG
start codons and their mutation to AUGs did not mark-
edly enhance translation. Mutation of the authentic ini-
tiation codon used for internal initiation in hepatitis C
virus (HCV) RNA (Reynolds et al. 1995) to a non-AUG
start codon had little effect on initiation efficiency. Ini-
tiation at non-AUG start codons in WGE, as well as in
plant protoplasts, seems to occur more efficiently than
in mammalian systems (Fiitterer and Hohn 1996).

sORF stem-mediated shunting seems not to be the
only possibility, as other types of shunting could also
exist. For instance, in the adenovirus tripartite leader
shunting does not require an sORF but depends on se-
quences complementary to the 3’ end of the 18S ribo-
somal RNA (Yueh and Schneider 2000) and on partial
depletion of eIF 4F (Yueh and Schneider 1996). A com-
mon denominator of both types of shunting may be the
stalling event, that is, at the stem structure in CaMV and
at the ribosomal RNA-binding site in adenovirus, com-
bined with local or general factor depletion, respectively.

sORF A, as in this study and Pooggin et al. (1998), and
stem section 1 of the CaMV RNA leader (Dominguez et
al. 1998; Hemmings-Mieszczak and Hohn 1999) as well
as both together (M. Hemmings-Mieszczak, T. Preiss,
and T. Hohn, in prep.) can be exchanged for other natural
or synthetic sSORFs and stem structures, respectively,
without greatly affecting the efficiency of shunting. Con-
sequently, many, if not all, similar arrangements of
sORF and stem structure in eukaryotic (and perhaps
even prokaryotic) leaders may be shunt competent. The
strength of the stem structure and the position and ini-
tiation context of the sSORF will then regulate the effi-
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ciency of shunting. The amino acid composition of the
sORF has little influence, with the important exception
of sORFs derived from strongly regulated genes, as ex-
emplified here by the MAGDIS sORF involved in feed-
back control of polyamine biosynthesis. An additional
level of control may be provided by stabilization of the
stem structure via protein.

Naturally occurring and artificial shunt structures
could be exploited for translation of transgenes, allowing
inclusion of secondary structure motifs in the unscanned
part of the leader that act as signals, for example, for viral
packaging. They can also be used to express dicistronic
translation units (Fiitterer et al. 1993) if the first ORF is
located within a loop at the top of the stem structure and
the second one is downstream of the stem. The strength
of the stem structure would then determine the fraction
of ribosomes translating the first ORF by stem melting
or the second ORF by shunting.

Materials and methods

Constructs

Plasmid Lm containing the T7 promoter, the whole CaMV §
strain leader (Franck et al. 1980) modified with new restriction
sites (Xhol, Nhel, Spel) to facilitate the introduction of muta-
tions, and the CAT reporter gene fused to the AUG of ORF VII
was previously described as Lm-CAT (Dominguez et al. 1998).
LmF, which carries a deletion of A°” to create F::CAT and
F'::CAT fusion proteins was used as a reference construct and
described as LmF-CAT (Dominguez et al. 1998). A series of
derivatives lacking parts of the leader or having a mutated
leader sequences is listed in Table 2. In FF’, most of the leader
(sORF A to sORF F’) between the XhoI-Clal sites in the refer-
ence construct was replaced with double-stranded oligonucleo-
tides covering the region including the start codons of sORF F
and sORF F’. Mutations around sORF A were introduced by the
insertion of oligonucleotides of the desired sequence between
the Xhol-Nhel sites in LmF, resulting in clones La(UAGJF,
L(A:B)F, L[a(UAG)BJF, L(near A)F, L(far A)F (Table 2, and sece
Dominquez et al. 1998). In LstlF, stem section 1 is disrupted
with several point mutations (Dominguez et al. 1998). Muta-
tions around the shunt landing site were carried out by the
insertion of double-stranded oligonucleotides between the
Clal-Ncol sites in LmF, yielding LAUG(N,N"’)F and LAN(last|F.
The insertion of a doubled Clal-Ncol fragment with alterations
of all stop codons into the Clal site of LmF resulted in L3xF.
Substitutions of SORF A with the original or mutated versions
of the AdoMetDC sORF (Hill and Morris 1993) were achieved
by the insertion of oligonucleotides of the desired sequence be-
tween the Xhol-Nhel sites in LmF, resulting in clones Ly acp-
1sF, LyacrisE, Lmacoif (Table 2). Plasmids TLyorr o) TLvacoiss
TLyacris, and TLyaapn, truncated derivatives of LmF lacking
the hairpin structure, carry a deletion of the central part of the
358 CaMV leader between the Nhel-Clal sites. Plasmids
pSPLC20, pT3sLC2, and pSPLCs108 were described previously
(Schmidt-Puchta et al. 1997).

Plasmids Lorr ar Lmacoiss Lmacriss and Lyagpr used for
transient infections in this study, containing the 35S RNA pro-
moter, the complete leader with altered 5'-proximal sORF, a
CAT reporter, and the CaMV terminator signal were subcloned
from LmF, LyacpisF, LmacrisF, and LyacpF into pGC4.NS’
(Fitterer and Hohn 1992) using unique sites Xhol and PstI oc-



Table 2. Plasmids used
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Sequence of original and mutated regions

CGATTTAAAGAAATAATCCGCATAAGCCCCCGCTTAAAAATTGGTATCAGAGC
CGAaTTAAAGAAATggTCaGCATggGCCCCCGCTTAAAAATTGGTATCAGAGC
CGAaTTAAAGAAATAATCCGCATAAGCCCCCGCTTAAAAtTTGGTAgCAGAGC

CGAaTTcAAGAAAT cATCCGCATcAGCCCCCGCTT cAAAAATTGGtATCAG
AGCCTTcAAGAAAT cATCCGCATcAGCCCCCGCTT cAAAAATTGGtATCAGTAT
TCGAGATAA(A61-517) AATGCTTGTATTTACCCTATATACCCTAATGACCCCTTA
TCGAGAATAATGTGTGAGTAGTTCCCAGATAAGGGAATTAGGGTTCTTATAGGGTTTCG
TCGAGAATAt aGTGTGAGTAGTTCCCAGATAAGGGAATTAGGGTTCTTATAGGGTTTCG
TCGAGAATAATGTGTGAGT cGTTCCCAGATAAGGGAATTAGGGTTCTTATAGGGTTTCG
TCGAGAATAt aGTGTGAGT cGTTCCCAGATAAGGGAATTAGGGTTCTTATAGGGTTTCG
TCGAGAATAt aGTGTGAGTAG----- - GATAAGGGAATTAGGGTTCTTATAGGGTTTCG
TCGAGatgtgtgagtagttcccagaAATAtTGTGTGAGTAGTTCCCAGATAAGGGAATT

TCGAGAATAATGgccggegacattagc TAGTTCCCAGATAAGGGAATTAGGGTTCTTAT

TCGAGAATAATGgccggeecgcattagc TAGTTCCCAGATAAGGGAATTAGGGTTCTTAT

Construct Description of cloning
LmF Clal/Ncol sequence
LAUG(NN“JF Clal/Ncol oligonucleotide
LAN(last)F Clal/Ncol oligonucleotide
L3xF oligonucleotide insertion
in Clal
FF’ Xhol/Clal oligonucleotide
LmF Xhol/Nhel sequence
La(UAGJF Xhol/Nhel oligonucleotide
L(A::BJF Xhol/Nhel oligonucleotide
La(UAG)BF Xhol/Nhel oligonucleotide
L(near A)F Xhol/Nhel oligonucleotide
L(far AJF Xhol/Nhel oligonucleotide
AGGGTTCTTATAGGGTTTCG
LyviacoisF Xhol/Nhel oligonucleotide
AGGGTTTCG
LyvacrisF Xhol/Nhel oligonucleotide
AGGGTTTCG
LvacoiF Xhol/Nhel oligonucleotide

TCGAGAATAATGgccggegacatt TAGTTCCCAGATAAGGGAATTAGGGTTCTTATAGG

GTTTCG

(Uppercase letters) Original CaMV leader sequence; (boldface letters) mutated nucleotide sequence introduced with double-stranded oligonucleotide;

(lowercase letters) nucleotide chages; (dashes, A) deleted nucleotides.

curring downstream of the S1 region and downstream of the
stop codon of the CAT gene, respectively.

RNA secondary structure analysis was performed using the
MFOLD program (Wisconsin Package, version 6.0, Genetics
Group, Madison, WI) at 25°C (Zuker 1989).

In vitro transcription

T7 plasmids were linearized with Acc65I and transcribed in the
presence of the cap analog "mGpppG (in sixfold excess over
GTP) by incubation with T7 polymerase (Biofinex), according to
the protocol of Gurevich (1996). Transcripts were purified by
precipitation with 3 m lithium chloride, followed by precipita-
tion with ethanol. The integrity of the synthesized transcripts
was evaluated on a 6% denaturing polyacrylamide gel. RNA
was quantified by measuring absorbance at 260 nm.

In vitro translation

WGE was prepared according to Roberts and Paterson (1973).
RRL (gel-filtered) was from Roche Boehringer Mannheim Bio-
chemica. FF' transcripts (0.05 pmole/ul) and 0.1 pmole/pl each
of other transcripts were used for in vitro translation in both
extracts. The capped mRNAs used were relatively stable during
40 min of incubation in vitro.

A WGE translation reaction in 40 mm HEPES (pH 7.5), con-
taining 3 nl of wheat germ extract, 1.5 mm MgAc,, 150 mm KAc,
10 mMm creatine phosphate, 1 mm ATP, 0.2 mm GTP, 5 mm DTT,
0.6 mm spermidine, 1.5 ul of [**SJmethionine (29.6 TBq/mmole;
NEN, Boston, MA) and 50 um each of the other 19 amino acids
in a total volume of 15 pl was incubated at 28°C for 40 min. In
15 ul of rabbit reticulocyte standard translation reaction, MgAc,
and KAc were added to a final concentration of 1.5 mm and 100
mM, respectively, and the reaction was incubated at 30°C for 40
min. In experiments with different spd concentrations in gel-
filtered RRL, the final concentration of MgAc, was 1.5 mM (spd
concentration as indicated in Fig. 6). Cycloheximide (Cyh, for
toeprinting assays) was added into the reaction mixtures to
bring the final concentration to 0.9 mm.

Translation reaction mixtures (3 ul) were resolved on high-
cross-linking (16.5% T and 6% C) tricine/SDS-polyacrylamide
gels as described in Schagger and von Jagow (1987). Gels were
fixed in the presence of 10% glycerol, dried at 50°C overnight,
and exposed to X-ray film (Fuji). Gels were also analyzed using
a PhosphorIlmager PC (Molecular Dynamics, Sunnyvale, CA).

Primer extension inhibition assays

Primers (25 pmole each) for toeprinting and sequencing reac-
tions were labeled with [y-*>P]JATP (>6000 Ci/mmole; NEN,
Boston, MA) at their 5’ termini with T4 polynucleotide kinase
(New England BioLabs). Primer 1 (ATGCTCAACACATGC-
TAGCGAAA) and primer 2 (AGGCCGTAATATCCAGCTGA)
were purified over Sephadex G-25 and precipitated with etha-
nol. Oligonucleotides were dissolved in 50 ul water (0.5 pmole/
ul). The primer extension inhibition (toeprinting) assay was
done as described in Wang and Sachs (1997b) with slight modi-
fications. The assay was performed by adding 5 pl of WGE or
RRL translation mixtures (or pure RNAJ to 45 pl of reverse
transcription buffer on ice. This buffer contained 50 mm Tris-Ac
(pH 7.5), 75 mm KAc, 5 mm MgAc,, 5 mm dithiothreitol, 0.3 mm
spermidine, 0.5 mMm cycloheximide when it was present in the
translation reaction, 0.5 mm each dATP, dCTP, dGTP, dTTP,
and 1000 units of RNase inhibitor (Promega). Samples were
heated at 50°C for 2 min and then immediately placed on ice.
32P-Labeled primer (2 ul, [5 x 10° cpm Cherenkov counts) was
added to each tube and annealed to the template at 37°C for 5
min. Superscript II RNase H-reverse transcriptase (100 units)
(GIBCO BRL) was added. Incubation was carried out for 25 min
at 37°C. Reactions were terminated by phenol-chloroform ex-
tractions. The aqueous phase was mixed with an equal volume
of formamide dye. Samples were heated and loaded on 9% (for
primer 1) or 6% (for primer 2) RNA denaturation sequencing
polyacrylamide gels. The gels were dried and exposed to film
(Fuji) for 1 or 2 days at -80°C. DNA sequencing markers were
obtained using the labeled primers used for toeprinting to se-
quence the corresponding plasmids.
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Protoplast transfections and reporter gene assays

Protoplasts were prepared from suspension cultures of Orycho-
phragmus violaceus and transfected with plasmid DNA by elec-
troporation as described by Fiitterer et al. (1989). Protoplasts (0.7
ml; (2 million) were mixed with plasmids on ice, transferred to
0.4-cm electrode gap cuvettes, and electroporated by discharg-
ing 960 pF at 450 V and 200 Q using a BioRad Gene Pulser. After
20-24 hr incubation at 27°C, protoplasts were harvested and
protein extracts prepared by three cycles of freezing and thawing
in 200 pl of GUS extraction buffer. Aliquots (30 pl) were imme-
diately used for reporter gene assays. CAT expression levels
were determined using the CAT ELISA kit (Roche Molecular
Biochemicals) and GUS activity was measured by the MUG
fluorimetric assay.

Leorr a OF (Lyacois O Lyacriss O Lyacpr) plasmid (10 pg)
was always cotransfected with 2.5 ng of GUS coexpressing plas-
mid (pV594) to serve as an internal standard of transfection
efficiency. For transactivation, 5 pg of plasmid pHELP7 (Bonne-
ville et al. 1989) expressing the TAV protein was also added. For
each CAT construct, transfections were repeated three times in
duplicate (+TAV) in independent batches of protoplasts. CAT
expression was always calculated relative to the GUS activity of
internal controls measured as described by Fiitterer and Hohn
(1991).
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