0 1996 Oxford University Press

Nucleic Acids Research, 1996, Vol. 24, No. 2257-263

Non-canonical translation mechanisms in plants:
efficient in vitro and in planta initiation at AUU
codons of the tobacco mosaic virus enhancer

segquence

Jurgen Schmitz , Dirk Prufer , Wolfgang Rohde* and Eckhard T acke

MPI fur Zichtungsforschung, Carl-von-Linné-Weg 10, 50829 Kdln, Germany

Received October 26, 1995; Revised and Accepted November 22, 1995

ABSTRACT

The 5' untranslated leader ( Q sequence) of tobacco
mosaic virus (TMV) genomic RNA was utilized as a
translational enhancer sequence in expression of the
17 kDa putative movement protein (prl7) of potato leaf
roll luteovirus (PLRV). In vitro translation of RNAs
transcribed from appropriate chimeric constructs, as
well as their expression in transgenic potato plants,
resulted in the expected wild-type prl7 protein, as well
as in larger translational products recognized by
prl7-specific antisera. Mutational analyses revealed
that the extra proteins were translated by non-canoni-
cal initiation at AUU codons present in the wild-type Q
sequence. In the plant system translation initiated
predominantly at the AUU codon at positions 63—65 of
the Q sequence. Additional AUU codons in a different
reading frame of the Q sequence also showed the
capacity for efficient translation initiation in vitro .
These results extend the previously noted activity of
the TMV 5’ leader sequence in ribosome binding and
translation enhancement in that the TMV translation
enhancer can mediate non-canonical translation
initiation in vitro and in vivo .

INTRODUCTION

An additional facet of eukaryotic mRNA translation has come
from the identification of Suntranslated sequences which largely
enhance translation. Such regulatory translational enhancer se-
quences have been primarily documented to exist ifl teader
sequences of RNAs from plant and animal viruses, such as potato
virus X, rous sarcoma virus, brome mosaic virus and tobacco
mosaic virus (TMV) {1,12). In the case of the TMV translational
enhancer@) sequence (consisting of thet@&minal 68 nt) it has
been proposed that the absence of extended secondary structure
in this region causes the increase in translational efficiédy (

In fact, a detailed analysis of the TMV (strain Wlkequence
pointed to the importance of the primary structure by identifying
two elements, a direct repeat of 8 nt and a CAA-rich region, as
being responsible for translation enhancembf)t (n line with
previous observations that th® sequence is capable of
promoting binding of two ribosome molecules (disome forma-
tion) when elongation is blocked in the presence of sparsomycin
(15,16), it was proposed that the core regulatory elements of the
Q sequence allow specific binding of a protein factor(s) required
for efficient initiation (L4). In the disome complex one of the two
ribosomes occupies the AUG start codon of the replicase gene
and the second was postulated to bind further upstreamn the
sequence (TMV strain SPS) at an AUU codon in position 14
(AUU14). Translation initiation at this AUU codon was proposed
to occur {L6), but with appropriate chimeric constructs consisting
of the TMV (strain Ul) translational enhancer in-frame with the
AUG start codon of a reporter gene putative initiation at the

Translational efficiencies of eukaryotic mMRNAs are influencedorresponding AUU a@don (AUU;s5) did not contribute to
by various factors, such as primary-¢&p) and secondary increased reporter gene activityl).

(hairpin) structures, the sequence context of the start codon omitiation at non-AUG codons was originally proposed from
upstream regulatory elements, such as enhancer sequencesxperiments using synthetic oligonucleotided.(Furthermore,

small upstream open reading frames (UOREs))( While for

usage of AUU as a translational start was postulated for human

their specific interaction with ribosomes and for start codomitochondrial mMRNAZ8), but the first evidence for involvement
recognition prokaryotic mMRNAs make use of the Shine-Dalgarraf AUU as a start codon was described forEkeherichia coli
sequenced), the lack of a corresponding sequence in eukaryotigene encoding initiation factor IF3L9). Since then further
MRNAs upstream of the start codon has led to various models faridence for eukaryotic translation initiation at AUU and other
pre-initiation complexes binding to the RNA€énd and then codons has accumulated for animal and plant sysighas{22).
scanning along the mRNA for recognition of the translationadHere we show that the TMV translational enhancer sequence can

start codon(s)7%9,10).

promote alternative translation initiation at AUU codons.
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MATERIALS AND METHODS A
1 pITINIY

Construction of plasmids for plant transformation
e[ wm Jwm]

The potato leaf roll luteovirus (PLR\Wr17 (ORF4) gene was
amplified by PCR from clone pCPL23). The primers were

designed to give unique restriction sitesSpg andXbd at the 5 Elr TIaS AT
5'- and 3-ends respectively. A plasmid previously constructed for o
high level expression of the PLRV capsid protein CP (ORF3) l:'rTmT.'
controlled by th€ sequence and the 35S promoter of cauliflower G2 P17
mosaic virus (CaMV)44) was cut witlfSpe andXbd to remove - - MDA A
the ORF3 N-terminal sequence. Subsequently the amplified lJ‘.:'.‘f:."f:‘k'ﬂ.’..
ORF4 fragment was cut wiBpe and Xba and cloned into the R
linearized plasmid pRT17/NIV. Hindlll fragment isolated from A -
pRT17/NIV was cloned into the binary vector pBINIZ5)( b
Plasmids containing the ORF4 expression cassette were designated
pl?lNIV Cd AT | aaa | QkFa | T, |

. B
Transformation of Solanum tuberosunand Western blot
ana|ysis o I | CZ £33 Cd Ca

P17/NIV was transformed infegrobacterium tumefaciessrain

LBA 4404 @6) and stable transformation ®blanum tuberosum

var. Desirée was performed according to published procedures
(27), with the resulting agrobacteria carrying plasmid p17/NIV.
Western blot analysis of regenerated plants was carried out as
described in Tacket al. (28).

— #ikDno

G o ...

=14 ki

Plasmid construction forin vitro analysis of theQ
sequence

A Hindlll fragment comprising th® sequence and ORF4 was

isolated from plasmid p17/NIV and cloned into plasmid pSP64

(Promega) under the control of the SP6 promoter (pS17NJigure 1.Western blot analysis of potato plants transformed with ORF4 from
Mutatlons in theQ sequence were Carned out by PCR us|ngp0tat0 leaf roll ViruS./‘) Schematic representatiorl of the expl’ession cassette

. . . . . ed for high level expression of ORR$lanta Two AUU codons (AUYs,
synthetlc ollgonucleotldes (synthe5|zed on a DNA/RNA SynthESIZé/ﬁJU%) of theQ sequence which are located in-frame with the ORF4 start

392; Applied Biosystems, Darmstadt, any) and plasmid  ¢odon are indicated by open boxes. Mutation of Akkihd AUUs3 to AUG
pS17N as the template. The upstream primer was locai&thd  in constructs p17/NI and p17/NIil are indicated by arrowheads. In construct

SP6 promoter (position 2105 of pSP64), comprising a ulisgie ~ P17/Nill the first 59 nt of th& sequence were deleted to avoid initiation

restriction site. This oligonucleotide was combined with a set ofPstream of AUGs Construct p17 without th@ sequence was taken as a
control, indicating the molecular weight of wild-type prBj.\\Vestern analysis

dOWnStrea_m pnmers Complementary to mesequgnce ,and of protein extracts from two independent transgenic potato lines transformed
bearing different point mutations andKsg restriction site.  with construct p17/NIV (loaded in lanes indicated with C1), p17/NI (C2) and
Amplified fragments covered the SP6 promoter and the m@ated p17/Nlil (C3). In C4 protein extracts of plants expressing ORF4 witho(k the
sequence. These PCR fragments were subsequently CSSWith sequence are Ioadeq. Proteins were separated by PAGE and processed for
andKsp and cloned into pS17N. Plasmids containing mutated™Munelogical detection as described before (28).

forms of theQ sequence were sequenced on a DNA Sequencer

373A (Applied Biosystems).

RESULTS

In vitro transcription/translation Analysis of ORF4 transgenic plants
All pSP64-based plasmids were linearized downstream of ORPdtato leaf discs were transformed with construct p17/NIVIE)g.

with EcdRl prior to in vitro transcription with SP6 RNA and transgenic lines carrying two or more copies of the transgene
polymerase in the presence of the cap analodGpppG £9). were recovered. Western blot analysis of extracts from all
RNAs were translated either in a wheat germ extract or rabliitdependent transformants detected the wild-type prl7 and an
reticulocyte lysate (Amersham Buchler) in the presence efdditional immunoreactive protein (prl7/n) with an apparent
[35S]methionine under conditions recommended by the supplienolecular weight of 24 kDa (FidB, C1). This pr17/n protein

In vitro products were analysed on 12.5% SDS—polyacrylamideas not detected in PLRV-infected plari8)(nor in transgenic

gels and detected by fluorograp3g) plants expressing ORF4 without Resequence (FidA and B,
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Figure 2.Influence of a putative stem—loop structure on translation initiafipRa{t of the&2 sequence and a potential stem—loop structure 3 nt downstream gf AUU

in the multiple cloning site is shown. The AUG start codon of ORF4 and two potential sites of translation initiatiga@@UJAUU3) in theQ sequence are marked

by open boxes. In construct pS17D the stem—loop was deleted. Arrowheads indicate the mutatiqg #AUld and of the ORF4 AUG start codon in constructs
pS17N15 and pS17N63. Theldcated 59 nt of th® sequence were deleted in construct pS17N63. Construct pS17 withQigetigence served as a control for

the synthesis of wild-type pr1B @ndC) In vitro translation of chimeric RNAs. RNAs from all constructs were translatgtio using a reticulocyte lysate (B) or

a wheat germ extract (C) and separated by PAGE. Control lanes are designated rl (reticulocyte lysate) or wg (wheat germ extract) respectivelinariorepresent
translation products in the absence of externally added RNAs. C5—C9 correspond to the constructs shown in (A).

C4). Recloning and sequencing of the transgenes from a potaésulted in much higher protein levels as compared with p17
line containing two transgene copies revealed identical sequent@sisgenic plants (Fid.B, C4). As p17 and p17/NIll did not
for the transcribed and translated regions (data not shownpntain theQ sequence, this observation was explained by the
Together with the fact that a single copy line established at latenfavourable context of the prl7 initiator codon (GGAGU-
stages also showed the same two immunoreactive proteins &W). These data provided the first evidence that translation
that, moreover, transgenic lines expressing ORF4 without translaitiation can occur in th@ sequence and suggested a preferential
tional enhancer did not show the larger immunoreactive protefranslation initiation at AUkhL. A further, more detailed analysis
prl7/n, these data indicate that formation of pr17/n was possiblypapotential translation start codons was carriedrouitro.

result of alternative translation initiation at a non-AUG codon in

the Q wild-type sequence, thereby giving rise to an N-terminally, siem_oop structure does not contribute to translation

elongated protein. initiation in the Q sequence
Inspection of the transgene sequence revealed that two AUU

codons (AUUs and AUWk3) of theQ sequence were in-frame The 3 leader of construct p17/NIV consisted of the TV
with the ORF4 AUG start codon (FitA\). To assess the size of sequence and an additional 63 nt derived from the multiple
a protein that would initiate in th2 sequence two constructs cloning site. Due to the cloning strategy part of this cloning site
were synthesized by site-directed mutagenesis in which the pidids inversely repeated, allowing the formation of a stable
start codon was converted to GCG and the AUU codons;AUUstem—loop structure (Fi@A). This stem—loop is located 3 nt
and AUUWs3 of the TMVQ sequence were mutated to A@nd  downstream of codon AWd and could have made a substantial
AUGg3 respectively (constructs p17/NI and p17/NIIl; Fi§).  contribution to the signal for translation initiation. In order to
Both constructs were used for transformatio.afberosurand  investigate the possible effect of this stem—loop on translation
protein extracts from leaves of regenerated plants were subjecéfficiency aHindlll fragment released from construct p17/NIV
to Western blot analysis (FidB). Plants transformed with and comprising the completd@&ader and ORF4 (prl7) sequence
construct p17/NI expressed a protein larger than prl17/nig. was cloned under the control of the SP6 promoter into vector
C2), whereas pl7/NIll transgenic plants showed a protepSP64 (construct pS17N). Furthermore, the stem-loop was
corresponding in size to prl7/n, as detected in pl7/NIdeleted to yield plasmid pS17D. RNAs from both constructs were
transgenic plants (FidB, C3). It appears that expression oftranscribedn vitro and translated in a rabbit reticulocyte lysate,
pl7/NI and p17/NIl in transgenic plants (Fid3, C2 and C3) as well as in a wheat germ extract.
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Translation in both cell-free systems resulted in expression of &
wild-type prl7 and two additional proteins, one identical in size .4 caymn

to the prl7/n protein detectadplanta(Fig. 2B, C; see above). [P T e e
The two additional proteins corresponded in size to polypeptides e e
synthesized by initiation at the AY& or AUGgz codons & P R
respectively of RNAs from constructs pS17N15 and pS17N63 l"‘*Wn
(Fig. 2). Thusin vitro expression of construct pS17N permitted CH0 pEATD O T e
translation initiation at more than one non-AUG codon, probably Cil p&1702 scsFiShea
at AUU;5and AUU3. In vitro translation of construct pS17D also C1d pSITO . scdfEmhes
showed expression of two additional proteins. It was concluded, C13 pSATIM PP T T
therefore, that the putative stem—loop structure was not necessary B
in vitro for translation initiation in th@ sequence (Fi@B and C). T e B e e
The expression level for the two extra proteins differed in the = e T e
animal (reticulocyte lysate) and plant (wheat germ extmct)
vitro translation systems. The 24 kDa protein was more prominent- =
ly expressed in the wheat germ system, which thereby reflected the
actual in planta situation (Fig.1B). The reticulocyte lysate
predominantly expressed the 26 kDa protein. Therefore, the wheat
germ system was selected for furtimevitro experiments. i
— d
Translation in the wheat germ system initiates at AUgL --“
of the TMV Q sequence - ——— - 18 kDa
In vitro expression of the chimeiz-ORF4 construct (constructs ‘I - ___’ — 1A kDg
pS17N and pS17D) indicated that translation initiation occurred —
at two non-AUG codons of tlfe sequence upstream of the ORF4

AUG start codon. In addition, translation of pS17N15 and
pS17N63 RNAs provided circumst_antial evidence for initiation 8k e 3 Mutational analvsis of the AL translation initiation N ofth
codons AUYs and AUlkg3 respectively. Further analyses were Q%:qeu:ie’nc:;?)t'lc"h:QaseZﬁSe;c% etm?i thlféstta?t so?jtoon of(t)gthll aigds%ov?/nt. Beased
directed at unequivocally identifying the non-AUG initiator codonon construct pS17D four different point mutations were introduced in the
in the Q sequence utilizeth planta The most likely non-AUG ~ AUUg3 codon to create constructs pS17D1-pS17BYPAGE analysis df
codon recognized by the plant ribosomal initiation complex waggr;’?glans'salt;’& ?(f:ol%u%sl 3§r°gnEs’\'iﬁdsicgtfegsvfi‘f;récgtscgsiﬁ cécd?m?%d
AUUgs, as transgenic plants transformed_ Wlth Co.nStrUCt pl7/ N”Bitro tranglation products from RNAs of constructs bSl?, pS17N15 and
(AUGg3) expressed a protein corresponding in size to prl7/n. psi7ne3 (see Fig. 2).

The AUUs3 codon of plasmid pS17D was mutated to AgG
in order to inhibit translation initiation at this codon (construct
pS17D3; Fig:3A). In fact, in vitro-translated RNA of plasmid To further analyse the influence of bases neighbouring g3UU
pS17D3 did not result in a product corresponding in size teeveral point mutations were introduced into this region4Rig.
prl7/n, demonstrating thiatvitro translation initiated at AUs4  Single point mutations did not alter translation efficiency at 44JU
of theQ sequence (Fi@B, C12). Based on the results of Gordon(the total amount of protein synthesized from construct pS17A3
(21) and Peabody2@), AUUg3 was further mutated to ACG or RNA and loaded in lane C16 is lower as compared with total
CUG (constructs pS17D1 and pS17D2 respectively;3AY.  protein in the other lanes). Even the replacement of a purine by
These codons are known to permit translation initiation with hig pyrimidine at the mutation-sensitive position —3 did not inhibit
efficiency in mammalian cells and plant protoplasts. Similagxpression of pri7/n (construct pS17A6, Eig19). Only when
results were obtained with the mutated Addtbdon, agn vitro  the entire context of the AWd codon was disrupted, as in
translation of pS17D1 and pS17D2 RNAs in the wheat germS17A7, expression of pr17/n was reduced @&ig20). On the
system allowed expression of pr17/n by initiation at both &CG other hand, adaptation of the flanking sequences according to the
and CUGgs (Fig. 3B). consensus sequence did not increase translation initiation aggAUU

The potential mechanism by which translation initiated at botés compared with the wild-type sequence @gy.C6, C14 and
AUUgg3 (to yield pr17/n) and at the wild-type ORF4 AUG startC15). These results indicate that the Agltflanking sequences
codon (prl7 synthesis) was examined by convertingglifitb  have only a minor effect on pri7/n translation efficienayitro.
AUGsg3 (pS17D4; Fig3B, C13). The fact that AU§3 directed
almost exclusive synthesis of prl7/n, with scarcely any priifteraction of a triple AUU block with translation
formed, was taken as an indication that in the wild-type situatiqRtiation at AUU g3
internal initiation at the prl7 AUG, as opposed to AU
initiation, occurred by a leaky scanning mechanism. As the flanking sequences exhibited little activity in modulating
the efficiency of translation initiation at codon Ag# sequences
located further upstream of Aldb)(positions 44-58 of th@
sequence) were examined for their influence on translation
initiation. An element composed of three AUU codons separated
The flanking sequences at the Agsldodon largely conformed to from each other by one codon (‘triple AUU block’) is located 4 nt
the consensus context for plant AUG initiation codons @AY.  upstream of AUWs in a different reading frame (FigA).

Influence of AUU flanking sequences on translation
initiation



Nucleic Acids Research, 1996, Vol. 24, No. 2 261

A A
CH pS1TO aprp—— GO pBiTD AN dEE
=t EHEA =1 P
THY Sl [ ] T II- L ]
?PMMW SR BN MW L m Lo ol L - Tl W
i [ r Lt
rra bofion of He
l l 6 e B U1 b
mdnpintizs secord
|b|.|"lcﬂ-lllrll.l.lﬂ'1“lﬂltl :.":..."T.'."."..'.",'ﬂ'."m alpeinteuioiom ¥ < &
, ¥ o C21 pBATGA _mmmﬂ?lcﬂ
=3 A ETTE.T =i A Cis RSl A SPTEr T ] 1*| L
T | * - #
Gl pdl Al sscapmjac C1T chl17Ad e CLEIA G2 pEATER mmwwrw
+
C18 b5 17 AS ww BTG -
o an gy aeyg e kil s & Bl Thors e bW bt buartinaciuns
s AT - i CIHSITCS Mbcoie M gcs
#
CI cSITAT _mui-.. "‘.5 T
B . :
wg A CH % ©F S22 &R
wg D& CB OO0 CHCIE Cl S SR O e
=7H kD e
- _ﬂ — VA kD =8k
: . = | 4 ki3
=14 ula

Figure 5. Translation initiation at a triple AUU block of tiesequence.
Figure 4. Influence of flanking sequences on translation initiatié). The (A) The AUG codon of ORF4 and AUg| as well as AUYs, are highlighted
flanking sequences of the Aldglcodon are underlined. Two lines of mutations by blue boxes, indicating the same reading frame. Different reading frames are
were carried out by disrupting or adapting the flanking sequences according taepresented by different colours. The triple AUU block is located 4 nt upstream
the consensus sequence for plant translation initiation codons (2). Single basef AUUg3, marked by yellow boxes. Point mutations and insertion of
substitutions are indicated by arrovi®) PAGE analysis dh vitro translation nucleotides are indicated by arrows. The altered reading frame of the triple
products from RNAs of constructs pS17A1-pS17A7 (C14-C20). As a negative AUU block in construct pS17C3 is represented by blue boxes. In the same
control the wheat germ extract incubated without external RNA was loaded construct AUUs s in the third reading frame, shown by a pink bBYRAGE
(wg). In vitrotranslation products of construct pS17D, p17N63 and pS17 RNAs analysis of in vitro translation products from RNAs of constructs
(see Fig. 2) were loaded in lanes indicated with C6, C8 and C9 respectively. pS17C1-pS17C3 (C21-C23). The controls pS17D, pS17N63 and pS17 (see

Fig. 2) were loaded in lanes indicated with C6, C8 and C9.

Simultaneous mutation of all three AUU codons to ACU slightl . .
increased expression of pri7/n (F6B, C21), whereas a point Xhe negative regulatory effect of the triple AUU block on

. ranslation initiation at the AUg4 codon was due t@mpetition
mutation of the central AUU codon to ACU had no effect o . e .
translation initiation at AUk (Fig. 5B, C22). Thus the triple r$or the scanning complex and initiation complex formation. The

. ol . proteins translated from the triple AUU block (in the wild-type
ﬁgnlélgtl%%kié?tigt]i%nwgs ;{prﬁossgrﬂingzeﬁ.\"ous'y decreasedconstruct) would have calculated molecular weights of 2 kDa and

This observation could have resulted from translation initiatioh -, <" the_re_:fore, not V'S'bl‘.e by SDS-PAGE analysis. .
at the triole AUU block. therebv competing for ribosomal An additional frame-shift mutant was constructed as a negative
P y Y peting control with all AUU codons of th@ sequence out-of-frame with

initiation complex formation with codon Alld To test this . . ;
possibility the triple AUU block was placed in-frame with ORF4ORF4 (FigbA, construct pS178B2). Translation of RNA from this

. - . construct showed an additional protein with an apparent molecu-
by the insertion of 2 nt upstream of AEALFig. 54, pS17C3). lar weight of 22 kDa (FigéB, C25). The extra protein had a

In vitro translation of the frame-shift mutant RNA resulted in aagg'a"er apparent molecular weight than pri7/n and was possibly

double band at 24 kDa, indicating that translation initiation h . L N : A
A . nthesized by initiation within the multiple cloning site (6.
taken place at the triple AUU block as well as at A5{1g.5B, GUG codon, the most likely initiator codon in this region, was

C23). Another frame-shift mutant was created to unequivocal utated to GAG (pS17B3). Absence of the extra protein

demonstrate translation initiation at the triple AUU bIOCkconfirmed that initiation on pS17B2 RNA had occured at the GUG

(Fig. 6A, pS17B1). In this frame-shift mutation the triple AUU : .
-y . ; : . odon (Fig.6B, C26). Whether GUG and the triple AUU block
block was placed in-frame with ORF4 by inserting 2 nt into th irect translation initiatiom plantaremains to be determined.

multiple cloning site such that AU as well as AUl3 were
out-of-frame with respect to ORHRA. vitro translation of construct DISCUSSION

pS17B1 RNA resulted in expression of prl7 and a second protein

with an apparent molecular weight of 25 kDa, as expected froRotato plants transformed with PLRV ORF4 under the translational
translation initiation at the triple AUU block (F&B, C24). Thus  control of the TMVQ sequence expressed two immunoreactive
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for both cell-free systems could probably reflect conditions of the
in vitro translation systems which allow translation initiation at a
non-AUG codon upstream of Algginot recognizeth planta In
addition, it is noteworthy that the animal and plantvitro
systems show different affinities for the two codons AtJhd
AUUg3. The fact that AUYs is predominantly used by the
reticulocyte lysate for translation intiation does not reflect
preferences of the animal system for a different consensus context
of this AUU start codon, as the flanking sequences for Aldbid
AUUg3 are identical. Although artefacts of the conditions of the
in vitro translation cannot be excluded, animal-specific protein
factors may be involved in mRNA interaction and specific
recognition of the first initiator codon, a phenomenon recently
discussed in detail for eukaryotic gene expressipn (

Further analyses of th@ sequence focused on elements
contributing to translation initiation at Aldgkl Optimal initiation

B s s RN O AP A G e G A I . . .
-l of protein biosynthesis depends on the sequence context for the

start codon1—4), which is different in plant and animal consensus

sequences. However, in both systems positions —3 and +4, with

reference to the +1 adenosine of the AUG start codon, require
— Ak purine residues for efficient translation initiati@i)( According

to Cavener and Ray¥) the flanking sequences of mono- and

dicotyledonous plants differ substantially. As the experiments

described here were carried out in a wheat germ system we cannot
e 1l o exclude that irS.tuberosunthe point mutations in the flanking
sequences would exert a more prominent effect on translational
efficiency. The data presented here on the AUU flanking sequences
confirm their importance for optimal protein initiation, but
mutation of the entire consensus sequence did not completely
inhibit translation initiation. While mutation of a purine to a
pyrimidine residue at position —3 did not apparently alter initiation
efficiency at AUWg3, the triple AUU block preceding this codon
Figure 6. Translation initiation at a GUG codon of tHeuBtranslated leader. reduces |ts.eff|C|enc_y in initiation. As was shOWﬂ by S|te—d_|rected
(A) Part of theQ sequence and multiple cloning site are shown. Differently Mutagenesis, the triple AUU block may itself interact with the
coloured boxes represent different reading frames. Blue indicates the readirgcanning complex, forming initiation complexes and thereby
frame of ORF4. Insertion or mutation of single bases are indicated by arrowscompeting with AUW3. In fact, Ieaky scanning is obviously the

The frame-shift of the triple AUU block and initiation codons in constructs - : P -
pS17B1 and pS17B2 are indicated by different coloB)sPAGE analysis of mechanism by which recognition of start codons occurs in the

in vitro-translated products from constructs pS1783, pS17B1 and pS1782 werd MV Q sequence. When Ald was mutated to AUE3
loaded in lanes C25, C24 and C26 respectively. Controls pS17N15, pS17Negxpression of prl7 at the AUG of ORF4 was barely detectable,

and pS17 (see Fig. 2) were loaded in lanes C7, C8 and C9 respectively.  indicating that the canonical AUG start codon at position 63 was
now almost exclusively used for formation of initiation complexes.
The translation initiation at AUU codons described here is a
proteins, wild-type pr17 and mutant protein pr17/n. We were abf@vel feature of th@ sequence, in addition to its function as a
to show that initiation at the internally located translational staftanslational enhancer. Previously a detailed analysis d@ the
codons proceeded by leaky scanning of pre-initiation complexggquence had identified two motifs necessary for translation
and that a non-canonical translation mechanism was responsigthancement, a (CAAyegion and a direct repeat of 8 hP)
for prl7/n formation by alternative translation initiation at aBoth the AUYsand AUUs3 codons are part of this direct repeat
non-AUG codon of the TMV translational enhantreplantaand ~ ACAAUUAC. Based on the observation of disome formation in
duringin vitro translation in a cell-free plant system (wheat germjhe Q sequence, translation initiation at Ajuvas proposed
initiation occured efficiently at the ORF4 AUG start codon, as we(|L6,33) as contributing to enhancement of translation. However,
as some 25 codons upstream at Aglaf theQ sequence. When mutation of AUUsto CUU;sin the 5located direct repeat or the
AUUg3 was replaced by AU (construct p17/NIIl) a protein introduction of two stop codons further downstream demon-
corresponding in size to pr17/n was expressed in transgenic plastsated that translation initiation at Addid not contribute to
but mutation of AUY3 to AGGs3 prevented expression of this enhancement by the sequencel{,34). The stop codons were
N-terminally elongated prl7 (prl7/n). introduced in a construct where the downstream direct repeats
In vitro translation of ORF4 under the control offheequence (comprising AUW3 and part of the triple AUU block) were
resulted in expression of three proteins instead of the two detectileted. Thus a potential contribution to enhancement by
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