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The 3'-untranslated region of alfalfa mosaic virus RNA 3
contains at least two independent binding sites for viral
coat protein
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ABSTRACT

The 3'-termini of the three genomic RNAs of alfalfa
mosaic virus contain a common sequence of 145
nucleotides (nt) with a specific binding site for coat
protein (CP). This sequence consists of several
stem/loop structures interspersed with single-stranded
AUGC-motifs; in RNA 3 this folding pattern is extended
to a region upstream of the homologous sequence. By
band-shift assays a minimum of two specific binding
sites for CP were identified near the 3'-end of RNA 3.
Site 1 consists of the region between nt 11 and 127
from the 3'-end and contains two AUGC-motifs. Site 2
is located between nt 133 and 208 from the 3'-end in
a sequence that is largely unique to RNA 3 and contains
also two AUGC-motifs. Deletion studies revealed that
the two sites could bind CP independently of each other
and permitted the identification of sequence elements
that are essential for the activity of each site. By site-
directed mutagenesis it was shown that the AUGC-
motifs are important for binding of CP to both sites.
These binding sites may play a role in the phenomenon
that each genomic RNA has to be complexed with a few
CP molecules to initiate infection. Later in the
replication cycle they may act as origins for the
assembly of virus particles.

INTRODUCTION
Although the overall structure of the tripartite RNA genomes of
bromoviruses, cucumoviruses, ilar-viruses and alfalfa nmosaic virus
(AlMV) is similar, there are two major differences leadine to
a subdivision of these virus groups. First, the RNAs of bromo-
and cucumoviruses contain a 3-terminal tRNA-like structure that
is absent in the RNAs of AlMV and ilarviruses. Second, a mixture
of the three genomic RNAs of bromo- and cucumoviruses is
infectious, whereas a mixture of AIMV or ilarvirus RNAs 1,
2 and 3 is infectious only after addition to the inoculum of a few
molecules of coat protein (CP) per RNA nmolecule or of RNA
4, the subgenomic messenger for CP. This early function of CP
of AIMV and ilarviruses has been termed -genome activation'
(for a review see 1).

RNAs I and 2 of AIMV encode the replicase subunits P1 and
P2. respectively, whereas RNA 3 encodes both the movement
protein P3 and CP. The sequence of the subgenomic RNA 4 is
identical to that of the 3'-terminal 881 nucleotides of RNA 3.
The four RNAs ai-c separatelN encapsidated into bacilliforiim
particles that are predominantly stabilized by protein-RNA
interactions (2). The observation that AIMV RNAs are able to
withdraw CP subunits from virus particles iM vitr-o indicated that
the RNAs contain specific binding sites with a high affinity for
CP (3). In RNA 4 these high-amfinity binding sites were

predominantly located in the 3'-noncoding region (4). The
3'-terminal 145 nucleotides (nt) of RNAs 1 -4 show a sequence
similarity of 80%( and, despite the nucleotide di'fferences in these
sequences. all termini can be folded into ai similar secondary
structure (5). The proposed secondary sti-uctui-e consists of' a

number of RNA hairpins flanked by sinle-stranded AUGC-
motifs and is hsupportedby enzNmatic structui-e mapping (6).
Similar structures have been observed at the 3'-termini of the
ilarviruses tobacco streak virus (TSV) (7) and lilac ring mottle
virus (8). Studies on the degradation by ribonucleases of
complexes between AIMV or TSV RNAs and CP revealed that
protected fragments were located near the 3'-terrmini of the
genomic RNAs. In addition a f'ew internal sequences were found
to be protected in these assay's and most could also be folded
into stem/loop structures flanked by AUGC-boxes (9, 10, 1 1)

TSV CP binds to the 3'-termini of AIMV RNAs and activates
the AIMV genome and also the reverse is true although there
is no significant sequence similarity between the two CP's.
Further evidence that binding of CP to specific binding sites near
the 3'-termini of viral RNA is related to the early' function of
CP in the viral replication cycle was provided by the finding that
each genomic RNA in an AIMV inoculum has to be complexed
with a few diimiers of CP molecules to initiate infection (12).
Removal of the N-terminal 25 amino acids of CP interferes with
RNA binding and genome activation (13). Recently, it was
confirmed that the basic N-terminal peptide of AIMV CP is
involved in RNA binding and genome activation ('14).
When plants are infected by transient expression of aIn inoculuIIm

consisting of AIMV cDNAs fused to the 35S promoter fIoiml
caulifloweI miosaic virus DNA, the requiI-emiient foI CP in the
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inoculum is greatly reduced (15). When PI and P2 are
constitutively expressed from nuclear integrated cDNAs in
transgenic tobacco plants (P12 plants), CP is no longer required
for the infection of these plants with AIMV RNA 3 (16). These
results have led to the hypothesis that binding of CP to the
3'-termini of AIMV and ilarvirus RNAs is required to protect
these RNAs from 3'-terminal nucleolytic degradation during
primary translation until a replicase enzyme has been assembled
(15). With bromo- and cucumo-viruses the 3'-terminal tRNA-
like structure could provide such a stabilizing function (17).

In addition to its early function and its structural role, A1MV
CP has been proposed to play a role in AIMV RNA replication.
When cowpea protoplasts were infected with RNAs 1 and 2 and
CP the level of viral plus-strand RNA accumulation was 100-fold
reduced whereas the accumulation of minus-strand RNA was
increased compared to an infection with the complete genome
(18). Deletions or frameshifts in the P3 gene did not affect RNA
3 accumulation in protoplasts from transgenic P12 plants but
similar mutations in the CP gene resulted in a 100-fold reduction
in RNA 3 accumulation (19, 20). It was proposed that CP has
a regulatory role in switching the viral replication complex from
symmetric synthesis of viral plus- and minus-strand RNAs to
asymmetric plus-strand RNA synthesis although the possibility
could not be ruled out that in the absence of functional CP an
enhanced degradation of plus-strand RNAs occurs. More specific
evidence for a role of CP in RNA synthesis was provided by
the observation that AIMV replicase activity could be trapped
with antibodies to CP that were bound to agarose beads (21).
Recently, Houwing and Jaspars (22) reported that addition of CP
increases the accumulation of plus-strand RNA in an in vitro RNA
synthesizing system and these authors put forward the hypothesis
that the early function of CP is related to its putative role in viral
RNA synthesis.

Detailed knowledge on the origin of assembly of plus-strand
RNA plant viruses is limited to studies on tobacco mosaic virus
(TMV) (23). Possibly, binding of CP to the 3'-termini of AIMV
RNAs has an early function in the initiation of infection and a
late function as the first step in the assembly of virions. Binding
sites for BMV CP appeared to map internally in BMV RNA 1
and not in the 3'-terminal sequence of this RNA that contains
the tRNA-like structure (24). Also for turnip crinkle virus CP,
binding sites mapped internally in the replicase and CP genes
(25, 26). In the present work we used band-shift assays with
mutant RNA transcripts to further characterize the CP binding
site near the 3'-terminus of AIMV RNA 3. The 3'-untranslated
region of this RNA was found to contain at least one CP binding
site in the region that is homologous to RNAs 1 and 2, and one
binding site which involves sequences that are unique to RNA 3.

MATERIALS AND METHODS
Construction of mutant cDNAs
The cloning of plasmids pT72-42 , pTE6 and pTE7 with inserts
that can be transcribed with T7 RNA polymerase has been
described previously (27, 28). pT72-42 contains a full-length copy
of RNA 4, pTE6 contains the 5'-terminal 681 nucleotides (nt)
of RNA 4 and pTE7 contains the 3'-terminal 208 nt downstream
of a pBR322 sequence of 783 nt (Fig. 2, upper panel). When
pT72-42 and pTE7 are linearized by SmaI digestion, T7
transcripts are obtained with two nonviral C-residues at the
3'-terminus. pTE7 was used to make the derivative pBRWT with
a PstI site at the 3'-end of the cDNA. To this goal an internal

PstI site at the junction of the pBR and viral sequence in pTE7
was removed by digestion of this plasmid with PstI and religation
after the ends were made blunt with T4 DNA polymerase. The
BstX I/SmaI fragment of the modified pTE7, which contains the
3 '-terminal 164 nt ofRNA 4, was replaced by the corresponding
fragment of pAL3. Plasmid pAL3 contains a full-length DNA
copy of AIMV RNA 3 with a PstI site at the 3'-end, just upstream
of the SmaI site (29). When pBRWT is linearized with PstI, T7
transcripts will be obtained with correct 3'-termini.

Plasmids pTE2 to pTE5 contain various 3'-terminal deletions
of the RNA 4 sequence, followed by a PstI restriction site (28).
These plasmids were cleaved with BstX I at a site 164 upstream
of the 3'-end of RNA 4 and ScaI at a site 983 bp downstream
of the viral insert, and the resulting fragments were used to
replace the corresponding BstX I/Scal fragment of pBRWT. This
yielded constructs pBRTE2 to pBRTE5 with 3 '-terminal deletions
ranging from 11 to 133 nt (Fig. 3, upper panel). Nucleotide
numbers from the 3'-end of RNAs 3 and 4 are given a minus-
sign as prefix.

In addition to a BstX I site at position - 164, the 3'-noncoding
region of RNAs 3 and 4 contains a DraIll site at position - 127.
Deletion of the BstX I!Draf fragments from constructs pBRWT,
pBRTE2, pBRTE3 and pBRTE4 resulted in constructs pBR-
WTABD, pBRTE2ABD, pBRTE3ABD and pBRTE4ABD,
respectively (Fig. 4, upper panel). As the restriction sites were
made blunt with T4 DNA polymerase before religation of the
gaps, the sequence from - 169 to - 127 is deleted in these
mutants.
The stem/loop structures in the 3'-noncoding region of RNA

3 are separated by five single-stranded AUGC-boxes which are
numbered 1 to 5 from the 3 '-terminus. By site-directed
mutagenesis the sequence of boxes 1 to 5 has been changed into
AGGC, yielding plasmids p3ACl to p3AC5, respectively (van
der Vossen et al., submitted for publication). To introduce these
mutations in pBRWT the 178 bp BstX I/SnaI fragment of
pBRWT, which contains the 3'-terminal 164 nt of RNA 3, was
replaced by the corresponding fragments of p3AC 1 to p3AC5,
yielding pBRAC 1 to pBRAC5, respectively (Fig. 5, upper panel).
Like pBRWT, these constructs have a PstI site at the 3'-end of
the cDNA. Deletion of the BstX I/DraIll restriction fragment
(nt - 169/-127) from mutants pBRAC 1, pBRAC2 and pBRAC3
resulted in mutants pBRAClABD, pBRAC2/ABD and
pBRAC3ABD, respectively (Fig. 6, upper panel).
In vitro transcription
Transcripts are indicated by the name of the plasmid without the
prefix 'p'; e.g. plasmid pTE7 yields transcript TE7. Prior to
transcription, pT72-42 and pTE7 were linearized with SnaI. All
other mutants were linearized with PstI and made blunt ended
with T4 DNA polymerase to yield the corresponding transcripts.
Linearization of pTE7 with PstI yielded transcript TEl 1 (Fig.
2). In addition, mutants pBRAC4, pBRAC5 and pBRWT were
linearized with DraIll and made blunt ended with T4 DNA
polymerase to yield transcripts BRAC4xD, BRAC5xD and
BRWTxD, respectively (Fig. 6, upper panel). BRWTxB (Fig.
3) was transcribed from pBRWT after linearization with BstX
I and making the end blunt with T4 DNA polymerase.

Transcription mixtures were incubated for 2 h at 37°C. For
the synthesis of unlabeled transcripts the mixture (100 dl)consisted of 10 yIl of lO x transcription buffer (400 mM Tris.HCl,
pH 7.6, 60 mM MgCl2, 20 mM spermidine, 100 mM NaCl),
10 y1 0.1 M dithiothreitol, 5 jtl of a solution of 10 mM of each
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of the four nucleoside triphosphates, I ,ul RNasin (Promega, 40
u/,l), 5 Al T7 RNA polymerase (BRL, 50 u/Al) and 2 jug
linearized template DNA. For the synthesis of 32P-labeled
transcripts, the mixture (50 p.l) contained 5 pl of 10 x transcription
buffer, 5 pl of 0. 1 M dithiothreitol, 2.5 /tl of a solution containing
20 mM ATP, CTP and GTP, 2.5 1l 2 mM UTP, 5 pA
[ce-32P]UTP (Pharmacia, specific activity 15 TBq/mM), 1 ,ul
RNasin, 5 pl T7 RNA polymerase and 2 ytg linearized template
DNA.

Isolation of virus particles and RNAs
AIMV particles and native RNA 4 were purified as described
previously (3). RNA of turnip yellow mosaic virus was isolated
as described by Stols and Veldstra (30).

Isolation of AIMV CP
CP was purified from AIMV particles essentially as described
previously (31). A virus solution of 25 mg/ml in PE buffer (10
mM phosphate, 1 mM EDTA, pH 7.0) was slowly added under
vigorous shaking at 4°C to an equal volume of a solution
containing 1 M MgCl2 and 5% 2-mercapto-ethanol. After
incubation for 20 min on ice, the RNA precipitate was removed
by centrifugation at 9000 g for 10 min at 4°C. The supernatant
with the protein was dialyzed at 4°C for 48 h against distilled
water, 48 h against a buffer containing 0.2 M acetic acid, 5 mM
EDTA, adjusted to pH 5.5 with NaOH, and again for 48 h against
distilled water. After dialysis the preparation was centrifuged at
9000 g for 10 min at 4°C to remove aggregated material and
the protein concentration was measured by UV absorption. The
protein was stored in small aliquots at -20°C until use.

Gel mobility shift assays
Unless mentioned otherwise, incubation mixtures (15 ,ul) were
made by adding 50 ng CP to PE-buffer containing 32P-labeled
transcript (10,000 cpm) and 50 ng of the corresponding unlabeled
transcript. Before mixing, the RNAs were heated for 10 min at
65°C and chilled on ice. The resulting mixture with an RNA/CP
ratio of 1:10 was incubated for 30 min at room temperature.
When indicated, competitor RNAs were added at a 10-fold mass
excess (450 ng per incubation mixture) prior to addition of CP.
Native RNA 4 and TYMV RNA were used as homologous and
nonhomologous competitors, respectively. After incubation, 1.5
,ul of sample buffer (0.25% bromophenolblue, 0.25% xylene
cyanol and 30% glycerol in water) was added and the samples
were loaded onto a nondenaturing 3.5% polyacrylamide gel with
1 x Tris-borate-EDTA as the running buffer. After
electrophoresis for 3.5 h at 375 V, the gel was dried and exposed
to X-ray film.

RESULTS
Specificity of the binding of CP to RNA 4
Transcript T72-42 corresponds to the sequence of RNA 4 and
was used to investigate the possibility of studying the binding
of CP to AIMV RNAs by band-shift assays. Increasing amounts
of CP were added to a mixture of labeled transcript and 50 ng
of unlabeled T72-42, resulting in mixtures that contained 0.25
to 130 CP molecules per RNA molecule. Fig. IA shows that
a shift of the labeled transcript becomes detectable at a CP/RNA
ratio of 1; at a CP/RNA ratio of 130 the transcript no longer
entered the gel. In a virus preparation two RNA 4 molecules are
encapsidated in a protein shell of 132 CP subunits (32). Thus,

Figure 1. Band-shift analysis of the binding of CP to transcript T72-42
corresponding to RNA 4. The number of CP molecules that were added per
transcript molecule is given below panel C. Binding of CP to the transcript was
studied in the absence of unlabeled competitor RNA (panel A), or in the presence
of a 10-fold mass excess of TYMV RNA (pancl B) or AIMV RNA 4 (panel C).

Figure 2. Binding of CP to the 3-terminus and internal sites of RNA 4. Upper
panel: Schematic representation of transcripts TE6. TE7 and TE 11. Viral
sequences are indicated by bold lines, thin lines represent pBR322-derived
sequences. Numbering of nucleotides is according to the sequence of RNA 4.
Lower panel: Band-shift analysis of the binding of CP to transcripts T72-42 (panel
A), TE6 (panel B), TE7 (panel C) and TE 11 (panel D). In lanes 1 no CP was
added to the transcripts. Binding of CP to the transcripts was studied in the absence
of unlabeled competitor RNA (lanes 2). and in the presence of a 10-fold mass
excess of RNA 4 (lanes 3) or TYMV RNA (lanes 4).
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Figure 3. 3-Deletion analysis of CP binding sites in the 3-terminal 208 nt of
RNA 3. Upper panel: Schematic representation of transcripts. Viral sequences

are indicated by bold lines; thin lines represent pBR322-derived sequences.

Transcript BRWT contains the 3-terminal 208 nt of RNA 3. 3-Deletions of 1,

54, 100, 133 and 169 nt are indicated. Lower panel: Band-shift analysis of the
binding of CP to transcripts BRTE2 (panel A), BRTE3 (panel B), BRTE4 (panel
C), BRTE5 (panel D), BRWTxB (panel E), TEl l (panel F) and BRWT (panel
G). In lanes 1 no CP was added to the transcripts. Binding of CP to the transcripts
was studied in the presence of a 10-fold mass excess of TYMV RNA (lanes 2)
or RNA 4 (lanes 3).

a CP/RNA ratio of 66 reflects the ratio found in virions. Addition
of a 10-fold mass excess of nonhomologous competitor RNA
(TYMV RNA) reduced the shift of labeled complexes formed
at CP/RNA ratios higher than 10 indicating that the competitor
was able to withdraw CP molecules from these complexes that
were nonspecifically bound to the transcript. However, in the
presence of this nonhomologous competitor, the formation of a

specific complex between transcript and CP could be clearly
observed (Fig. 1B). When a 10-fold excess of the homologous
competitor (RNA 4) was added most of the transcript did not
shift at CP/RNA ratios up to 30 (Fig. IC). In subsequent
experiments a CP/transcript ratio of 10 was used to study CP
binding and addition of a 10-fold mass excess of TYMV RNA
and RNA 4 was used to demonstrate the specificity of the binding
(Fig. 1, lanes 8).

Binding of CP to the 3'-terminus and internal sites ofRNA 4

Transcript TE6 contains nucleotides 1/681 of RNA 4 and
transcript TE7 contains nucleotides 674/881 (i.e. the 3'-terminal
208 nt of RNA 4) fused to a pBR322-derived sequence of 783
nt (Fig. 2, upper panel). These transcripts were used to roughly
map the CP binding sites in RNA 4. In panel B of the lower
panel of Fig. 2, lane 1 shows the migration of the free transcript
TE6. Addition of CP results in a complete shift of the transcript

Figure 4. 3'-Deletion analysis of CP binding sites in the 3'-terminal 127 nt of
RNA 3. Upper panel: Schematic representation of transcripts. Viral sequences
are indicated by bold lines; thin lines represent pBR322-derived sequences.
Transcript BRWT contains the 3-terminal 208 nt of RNA 3. In the other transcripts
the BD-fragment (nt - 169/-127) is deleted in addition to 3-terminal deletions
of 11, 54 and 100 nt. Lower panel: Band-shift analysis of the binding of CP
to transcripts BRWT (panel A), BRWTABD (panel B), BRTE2ABD (panel C),
BRTE3ABD (panel D) and BRTE4ABD (panel E). In lanes 1 no CP was added
to the transcripts. Binding of CP to the transcripts was studied in the presence
of a 10-fold mass excess of TYMV RNA (lanes 2) or RNA 4 (lanes 3).

(lane 2) which is completely abolished by addition of the
homologous competitor (lane 3). After addition of the
heterologous competitor only part of the transcript was retarded.
When a similar experiment was done with transcript TE7, all
labeled material remained bound in a specific complex after
addition of the heterologous competitor (panel C in the lower
panel of Fig. 2). As controls in the experiment of Fig. 2,
transcript T72-42 (full-length RNA 4, panel A) and transcript
TEl1 (pBR322 sequence only, panel D) were included. The
observation that TEl 1 does not form a detectable complex with
CP demonstrates that the shift of TE7 is due to binding of CP
to the RNA 4 specific sequence in this transcript. The relatively
weak complex formation of TE6 may be due to binding of CP
to the region of nucleotides 425/474 which has been identified
as an internal binding site in RNA 4 (33). In our studies we
decided to focus on a further characterization of the 3 '-terminal
binding site present in transcript TE7. As all cDNA clones used
in this study were derived from a full-length DNA copy of RNA
3, we will discuss this 3'-binding site by referring to its location
in RNA 3 instead of RNA 4.

The 3'-terminal sequence of RNA 3 contains at least two
binding sites for CP
To localize CP binding sites in the 3'-terminal 208 nt of RNA
3, mutants BRTE2 to BRTE5 with 3'-deletions of 11, 54, 100
and 133 nt were constructed (Fig. 3, upper panel). The lower
panel of Fig. 3 shows the migration of the free transcripts (lanes

- ~~~~~~~.

F
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Figure 5. CP binding to 3-terminal transcripts of 208 nt with mutations in the
AUGC-motifs. Upper panel: Schematic representation of transcripts. Viral
sequences are indicated by bold lines; tlhin lines represent pBR322-derived
sequences. In transcript BRWT the open boxes represent AUGC-motifs I to 5

in the 3'-208 nt of RNA 3. Mutations of these motifs to the sequence AGGC
are indicated by hatched boxes. Lower panel: Band-shift analysis of the binding
of CP to transcripts BRWT (panel A), BRAC1 (panel B). BRAC2 (panel C)
BRAC3 (panel D). BRAC4 (panel E) and BRAC5 (panel F). In lanes 1 no CP
was added to the transcript. Binding of CP to the transcripts was studied in the
absence of unlabeled competitor RNA (lanes 2) and in the presence of a 10-fold
mass excess of RNA 4 (lanes 3) or TYMV RNA (lanes 4).

1), and the complexes formed with CP in the presence of a 10-fold
mass excess of TYMV RNA (lanes 2) or RNA 4 (lanes 3). The
3-deletions of 11 to 133 nt did not affect specific complex
formation of the transcripts with CP (panels A to D). As controls,
transcripts TE11 (panel F) and BRWT (panel G) were included
in the experiment of Fig. 3. Transcript BRWT is similar to TE7
but is derived from a template that is linearized with PstI instead
of SmnaI. When plasmid pBRWT was linearized with BstX I,

transcript BRWTxB was obtained. This transcript lacks the
3-terminal 169 nt of RNA 3 and does not give a detectable
complex formation with CP (panel E in the lower panel of Fig.
3). From these results we conclude that at least one specific
binding site for CP is present in the region between nt 133 and
208 from the 3 -end of RNA 3 (region-208/-133) and that

the region - 169/- 133 is an essential part of this binding site.
Earlier studies have demonstrated a specific binding site for

CP in the sequence of the 3'-terminal 80 nt of RNA 3/4 (33).
To confirm the existence of two independent CP binding sites
in the 3'-208 nt of RNA 3, the BstX I/Draf restriction fragment
(BD-fragment) was deleted from various cDNA constructs,
resulting in a deletion of nt - 169/ - 127 in the corresponding
transcripts. The structure of these transcripts is shown in the upper
panel of Fig. 4 whereas the lower panel of Fig. 4 shows the results
of band-shift assays with these transcripts. Transcript BRWT was

Figure 6. CP binding to truncated 3 '-terminal transcripts with nmutations in the
AUGC-motifs. Upper panel: Schematic representation of transcripts. Viral
sequences are indicated by bold lines: thin lines represent pBR322-derived
sequences. Transcript BRWT contains the 3 -terminal 208 nt of RNA 3. Open
boxes represent AUGC-motif.s I to 5; hatched boxes represent mutant sequences
AGGC. Deletions of the BD-fragment (nt - 169 -127, boxcs 4 and 5) or the
3 -terminal 127 nt of RNA 3 (boxes 1. 2 and 3) are indicated. Lower panel:
Band-shift analysis of the binding ot CP to transcripts BRWTABD (panel A),
BRACIABD (panel B), BRAC2ABD (panel C). BRAC3ABD (panel D).
BRAC4xD (panel E). BRAC5xD (panel F) and BRWTxD (panel G). In lanes
I no CP was added to the transcripts. Binding of CP to the transcripts was studied
in the presence of a 10-fold milass exccss of TYNIV RNA (lanes 2) or RNA 4
(lanes 3).

included as a control (panel A). Deletion of the BD-fragment
from BRWT had little effect on the specific binding of CP to
the transcript (panel B). An additional deletion of the 3'- 11 nt
of RNA 3 had a minor effect on the efficiency of CP binding
(panel C) whereas additional 3-deletions of 54 and 100 nt
abolished the specific binding of CP (panels D and E,
respectively). The results shown in Fig. 4 confirm the presence
of at least one specific CP binding site in the 3-terminal 133
nt of RNA 3 and show that the - 1 / -54 region is an essential
part of the binding site. The results obtained with transcripts
BRTE5 (Fig. 3, panel D) and BRTE2,ABD (Fig. 4, panel C)
demonstrate that the regions -208/- 133 and - 127/-11 can
bind CP independently of each other.

Role of AUGC-boxes in CP binding
The 3-noncoding sequence of 182 nt of RNA 3 contains a
number of stem/loop structures that are interspersed with five
single-stranded AUGC-sequences which have been numbered I
to 5 starting from the 3'-terminus (Fig. 7). To study the role
of these AUGC-boxes in CP binding, mutant plasmids pBRAC 1
to pBRAC5 were constructed (Fig. 5, upper panel). Transcripts
BRAC1 to BRAC5 consist of a pBR322 sequence fused to the
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Figure 7. Proposed secondary structure of the 3'-terminus of RNA 3. AUGC-
motifs 1 to 5 are boxed. The UGA-termination codon of the CP gene is underlined.
The positions of nt 11, 54, 100, 127 and 169 from the 3'-end are indicated by
arrows.

3'-terminal 208 nt of RNA 3 with AUGC-box I to 5 changed
into AGGC, respectively. The lower panel of Fig. 5 shows the
migration of the free transcripts (lanes 1), and the complexes
formed in the absence of competitor (lanes 2) or in the presence
of a 10-fold excess of RNA 4 (lanes 3) or TYMV RNA (lanes
4). Compared to the complex formation obtained with the wild
type transcript BRWT in the presence of heterologous competitor
(panel A, lane 4), a minor effect on complex formation is
observed for transcripts with a mutation in box 1 (panel B, lane
4), box 2 (panel C, lane 4), box 3 (panel D, lane 4) or box 5
(panel F, lane 4). In contrast to the wild type transcript, part
of these mutant transcripts are not complexed to CP under the
conditions used. No effect of the mutation in box 4 (panel E,
lane 4) was detectable.

In view of the finding that the 3'-208 nt of RNA 3 contain
a minimum of two independent CP binding sites, it could well
be that a possible inactivation of one site by mutation of an

AUGC-box is masked by the presence of the second wild type
binding site. Therefore, the effect of mutations in the AUGC-
boxes was studied with transcripts in which either the 3'-distal
binding site was inactivated by deletion of the BD-fragment
(region - 169/ - 127) or the 3'-proximal binding site was

inactivated by deleting the 3'-terminal 127 nt of RNA 3 (Fig.
6, upper panel). Deletion of the 3'-terminal 127 nt was done by
linearizing plasmids pBRAC4 and pBRAC5 with Dram to obtain
transcripts BRAC4xD and BRAC5xD, respectively. The results
of band-shift experiments with these transcripts are shown in the
lower panel of Fig. 6. The migration of the free transcript is
shown in lanes 1, and complexes with CP formed in the presence
of a 10-fold excess of TYMV RNA and RNA 4 are shown in
lanes 2 and 3, respectively. Wild type transcripts with a deletion
of the upstream CP binding site (BRWTABD) or the downstream
CP binding site (BRWTxD) are shown in panels A and G,
respectively. When the upstream CP binding site is deleted,
mutation of the U-residue in AUGC-boxes 1 and 2 slightly
reduces the fraction of the transcript that is bound to CP (lane
2 of panels B and C, respectively) whereas the mutation in box
3 abolishes CP binding (panel D, lane 2). When the downstream
CP binding site is deleted from the transcripts, the mutation in

box 4 substantially reduces the fraction of the transcript that is
bound to CP (panel E, lane 2) and the mutation in box 5 almost
completely inhibits binding of CP to the transcript (panel F, lane

2). The results of Fig. 6 demonstrate that AUGC-boxes 4 and
5 are important elements of the upstream binding site(s) whereas
particularly box 3 is essential for the activity of the downstream
binding site(s). Apparently, in the experiment shown in Fig. 5,
inactivation of the upstream binding site by mutations in boxes
4 or 5 was masked by the presence of the wild type downstream
binding site and inactivation of the downstream binding site by
the mutation in box 3 was largely obscured by the activity of
the upstream binding site.

DISCUSSION
Previous studies on the interaction of CP with the 3'-termini of
native AlMV RNAs revealed that RNA 4 could form specific
complexes with one or three dimers of CP (33). In the complex
with one dimer a 3'-terminal sequence of up to 83 nucleotides
was protected from nuclease degradation, whereas in the complex
with three dimers additional sequences of nt - 94/- 122 and
- 128/-214 were protected. Subsequently, it was shown that
in RNAs 1 and 2 a 3 '-terminal sequence of 81 nt and
subfragments thereof were protected against nuclease degradation
while in RNA 3 sequences of nt -1/ -79 and - 152/-180 were
protected (9, 10). To permit a more detailed analysis of these
binding sites, we developed a technique to investigate the
interaction between CP and RNA transcripts of AIMV cDNAs
by band-shift assays. Our results showed that the 3'-terminal
sequence of RNA 3 contains two regions that are able specifically
to bind CP independently of each other. Although we cannot rule
out the possibility that each of these two regions contain multiple
binding sites for CP, we refer to these regions as 'site I' and
'site II'. Site I is represented by the sequence of nt -11/- 127
from the 3'-end of RNA 3 and is completely localized in the
3'-terminal sequence of 145 nt that is homologous to RNAs 1
and 2. Site II is found between nt - 133/-208 in a region that
is largely unique to RNA 3. Inactivation of one binding site by
deletions or point mutations could be observed only when the
second binding site was deleted from the viral transcript. Under
the standard conditions used, all labeled transcripts containing
either site I or site II were fully complexed with CP in the
incubation mixture whereas some of the transcripts with modified
sites showed only partial binding. However, we have not yet
performed the kinetic studies necessary to measure differences
in binding activity quantitatively. Recently, an apparent Kd of
500 nM was determined for the binding of AIMV CP to a
transcript containing the 3'-terminal 162 nt of RNA 3 (14).

Fig. 7 shows that the sequence of the 3'-terminal 127 nt of
RNA 3 is predicted to contain four stem/loop structures, three
of which are flanked by the downstream sequence AUGC (boxes
1, 2 and 3). Deletion of the 3'-terminal 11 nt had little effect
on the activity of site I but deletion of nt -11/ -54 abolished
the binding activity (Fig. 4). Apparently, the latter sequence is
essential for the activity of site I. A study of the binding of CP
to 3'-terminal fragments of RNA 1 by a nitrocellulose filter
retention assay revealed that fragments containing sequences
-1/-36 or -28/-81 were both able to bind CP (10). This
indicated the presence of at least two CP binding sites in the
3'-terminal 81 nt of RNA 1. Recently, evidence has been
provided that a 3 '-terminal 39 nt fragment ofRNA 3 is also able
to bind CP (14). Like RNA 1, the 3'-terminal 127 nt of RNA
3 may contain two CP binding sites and inactivation of one of
these sites by deletion of the 3'-11 nt could be masked by the

presence of a second binding site in this region. The observation
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that a mutation in AUGC-box 1 reduced the efficiency of the
binding of the 3-terminal 127 nt sequence of RNA 3 supports
this notion. However, a single mutation in AUGC-box 3 abolished
the binding activity of the 3'- 127 nt sequence (Fig. 6). This
would point to the presence of a single binding site in this region.
Although the binding site(s) have to be characterized in more
detail by site-directed mutagenesis, our results thus far
demonstrate the importance of the AUGC-motifs in CP binding
to site I.

Similar to site I, site II (nt - 133/-208) contains several
stem/loop structures two of which are flanked by downstreamn
AUGC-motifs (boxes 4 and 5, Fig. 7). Deletion analysis revealed
that the sequence of nt - 133/- 169, which contains these two
boxes, is essential for the activity of site II (Fig. 3). The effect
of a deletion of nt - 169/-208 on the activity of site II has not
yet been analyzed. As such a deletion would effect the stem/loop
structure upstream of box 5 it is quite possible that the binding
site(s) in site II extend upstream of nt - 169. Although the region
of site II overlaps 12 nt with the 3-terminal sequence of RNA
3 that is homolgous to RNAs 1 and 2. the binding activity of
site II appears to be unique to RNA 3. AUGC-boxes 4 and 5
are not present in RNAs 1 and 2, and mutations in these boxes
reduced and abolished the activity of site II, respectivrely (Fig.
6). Again, these data underline the importance of the AUGC-
motifs in CP binding. The observation that binding of CP to
RNAs 1 and 2 did not protect any detectable region of the
3'-noncoding sequences of these RNAs except for the 3'-81 nt.
further indicates that site II is unique to RNA 3 (10).
We have put forward the hypothesis that binding of CP to the

3'-termini of RNAs 1, 2 and 3 in an inoculum mixture is required
to protect these termini from nucleolytic degradation during the
early phase of the replication cycle ( 15). A function of this binding
in the regulation of viral RNA synthesis has been proposed by
others (4, 22). In addition to CP binding sites, the 3-termini
of the AIMV RNAs contain cis-acting sequences involved in
recognition of the viral replicase. In an ini *itro assay, the
sequence of nt - 133/ - 163 of RNA 3 was found to be sufficient
to act as a promoter for minus-strand RNA synthesis by the
purified AIMV replicase whereas the sequence of the 3'-terminal
120 nt was not (28). It could be that early in the infection cycle
binding of CP to site I promotes binding of the replicase to the
minus-strand promoter while binding of additional CP molecules
to site II would shut-off minus-strand RNA synthesis at a later
stage. However, the absence of site II in RNAs I and 2 makes
such a regulatory function unlikely. All 3'-terminal cis-acting
sequences required for replication of RNAs 1 and 2 in protoplasts
were found to be located in the 3'- 127 nt of these RNAs (van
Rossum et al., unpublished) whereas replication of RNA 3
required a 3'-terminal sequence of at least 169 nt (van der Vossen
et al., submitted for publication). This indicates that due to
dissimilarities in the nucleotide sequence of the homologous
region, the 3'-terminal sequences of the three genomic RNAs
are functionally different. We favour the hypothesis that the
affinity for CP and/or replicase of sites I in RNAs 1 and 2 is
higher than that of site I in RNA 3. In this view, the reduced
affinity of site I in RNA 3 could be compensated by its duplication
into site II which could result e.g. in an enhanced cooperativity
of CP binding. Evidence for such a cooperativity is provided by
the detection of complexes of RNA 4 with one or three dimers
of CP bound to the 3'-end (33). Recently, AUGC-boxes I to
5 were mutated into corresponding AGGC-boxes in an infectious
cDNA clone of RNA 3 (van der Vossen et al.. submitted for

publication). Mutation of boxes 1. 4. or 5 had little effect on
the infectivity of the RNA 3 transci-ipt towards P12 plants or

protoplasts but a mutation of box 2 strongly reduced infectivity
whereas imiutation of box 3 abolished infectivity. This would
suggest that binding of CP to site I is critical for the infecti-vitY
of RNA 3 whereas binding to site II is dispensable. However,
it is possible that in iivo a single mutation in site II has little
effect on the putative cooperative binding of CP to sites I and
II. The effect of AUGC-mutations in site II on in vitro binding
of CP could be due to the fact that in our studies sites I and 11
were disconnected. To test our hypothesis, we will quantitatively
compare the affinity of the 3'-terrninal sequences of RNAs 1.
2 and 3 for CP and replicase in inl vitro assays.
The 3-termini of bromo- and cucumnovirus RNAs contain a

tRNA-like structure. Available evidence indicates that this
structure is not involved in CP binding. The intemal binding sites
for CP that were mapped recently in BMV RNA I could play
a role in encapsidation of the viral RNA (24). Internal CP binding
sites have also been identified in RNAs 1. 2 and 3 of AIMV (9).
Infectious cDNA clones of these RNAs are now available to study
the possible role of these binding sites in translation, replication
or encapsidation of AIMV RNAs (15). In TCV RNA, CP was
found to bind to an internal site downstream of the amber
readthrough codon in the putative replicase gene, suggesting that
CP of this virus could regulate expression of the replicase gene
at the translational level (25. 26). Another example of a regulatory
role of a 'viral CP is the activity of CP of small RNA phages
as a repressor of translation of the viral replicase gene (34). By
a comparison of the effect of mutations on protein/RNA
interactions ini vitro and virus replication in vivo we hope to dissect
the functions of CP in the AIMV replication cycle.
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