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ABSTRACT

In the Bromoviridae family of plant viruses, trinucleotide hairpin loops play an important role in RNA transcription.
Recently, we reported that Brome mosaic virus (BMV) subgenomic (sg) transcription depended on the formation of
an unusual triloop hairpin. By native gel electrophoresis, enzymatic structure probing, and NMR spectroscopy it is
shown here that in the absence of viral replicase the hexanucleotide loop 5 9C1AUAG5A39 of this RNA structure can
adopt a pseudo trinucleotide loop conformation by transloop base pairing between C 1 and G5. By means of in vitro
replication assays using partially purified BMV RNA-dependent RNA polymerase (RdRp) it was found that other base
pairs contribute to sg transcription, probably by stabilizing the formation of this pseudo triloop, which is proposed
to be the primary element recognized by the viral replicase. The BMV pseudo triloop structure strongly resembles
iron-responsive elements (IREs) in cellular messenger RNAs and may represent a general protein-binding motif. In
addition, in vitro replication assays showed that the BMV sg hairpin is functionally equivalent to the minus-strand
core promoter hairpin stem-loop C at the 3 9 end of BMV RNAs. Replacement of the sg hairpin by stem-loop C yielded
increased sg promoter activity whereas replacement of stem-loop C by the sg hairpin resulted in reduced minus-
strand promoter activity. We conclude that AUA triloops represent the common motif in the BMV sg and minus-strand
promoters required for recruitment of the viral replicase. Additional sequence elements of the minus-strand promoter
are proposed to direct the RdRp to the initiation site at the 3 9 end of the genomic RNA.
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INTRODUCTION

An essential step in the replication of a virus is the
specific interaction of the virally encoded replicase pro-
tein(s) with viral promoter sequences+ In many positive-
strand RNA viruses, RNA secondary structures have
been shown to be involved in recruiting the complex of
RNA-dependent RNA polymerase (RdRp) and possi-
ble host factors to the viral promoter and transcription
initiation site (Buck, 1996)+ The RNA secondary struc-
tures involved in minus-strand RNA synthesis are, in
most cases, located in the 39 untranslated region (UTR)
of the genomic RNA (Duggal et al+, 1994)+ These struc-

tures can be rather complex, such as the tRNA-like
structures that have been shown to play a central role
in the production of minus-strand RNAs for tymo-,
bromo-, cucumo-, and tobamo viruses (Dreher, 1999)+
For other viruses such as Poliovirus, Hepatitis C virus
(HCV), Turnip crinkle virus, and Bamboo mosaic virus,
pseudoknots and/or stem-loop structures have been
identified as the main targets for the RdRp (Carpenter
& Simon, 1998; Tsai et al+, 1999;Wang et al+, 1999; Oh
et al+, 2000)+

In addition to replication of genomic RNA, the RdRps
of viruses from the Alphavirus-like superfamily are also
involved in production of subgenomic (sg) RNAs+ For
the synthesis of sg RNAs, three basic mechanisms
have been proposed, involving internal initiation on the
viral minus-strand RNA (Miller et al+, 1985; van der Kuyl
et al+, 1990; Wang & Simon, 1997), premature termi-
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nation during minus-strand RNA synthesis (Sit et al+,
1998), or discontinuous transcription during plus- or
minus-strand RNA synthesis (Lai & Cavanagh, 1997;
Sawicki & Sawicki, 1998; van Marle et al+, 1999)+ How-
ever different these mechanisms are, it is believed that
the RNA secondary structure plays a central role in all
types of sg RNA synthesis (Miller & Koev, 2000)+

Our research is focused on the RNA secondary
structures involved in the replication of Alfalfa mosaic
virus (AMV) and Brome mosaic virus (BMV), which
are both members of the family Bromoviridae (Ry-
bicki, 1995)+ These viruses have a tripartite genome+
RNAs 1 and 2 encode the replicase proteins whereas
RNA 3 encodes the movement protein and the coat
protein (CP), which is translated from the sg messen-
ger RNA 4 (reviewed in Bol, 1999)+ The promoter
sequences for minus-strand production of AMV and
BMV have been studied extensively+ A tRNA-like struc-
ture at the 39 end of BMV RNAs is required for minus-
strand RNA synthesis (Dreher & Hall, 1988)+ Recently,
tRNA-like structures involved in minus-strand RNA syn-
thesis have also been identified in genomic RNAs of
AMV and the closely related ilarviruses+ The AMV
tRNA-like structure has been shown to function as a
molecular switch that changes conformation upon bind-
ing of CP+ This conformational change shuts off minus-
strand RNA synthesis (Olsthoorn et al+, 1999)+ In BMV,
the triloop AUA of stem-loop C in the 39 UTR has
been identified as the core recognition site for the
BMV RdRp (Chapman & Kao, 1999; Kim et al+, 2000)+
Recently, we provided evidence that triloop hairpin
structures are also essential for both AMV sg and
minus-strand RNA synthesis (Haasnoot et al+, 2000;
R+C+L+ Olsthoorn & J+F+ Bol, submitted for publ+)+ In
addition, our data indicated that an AUA triloop hair-
pin (Fig+ 1) is also important for BMV sg transcription
(Haasnoot et al+, 2000)+ However, another model has
been proposed in which this transcription takes place
through sequence-specific contacts with the replicase
(Siegel et al+, 1997; Adkins & Kao, 1998)+

In the current study, we have analyzed the proposed
BMV sg hairpin in further detail, using structure prob-
ing, native gel electrophoresis, NMR analysis, and in
vitro replication assays+ We demonstrate that in vitro
this hairpin is functionally equivalent to the BMV hairpin
stem-loop C in the BMV minus-strand promoter+ We
show that the AUA triloops of these structures repre-
sent the common motif that is required for BMV RdRp
recruitment in both sg and minus-strand RNA synthe-
sis+ Furthermore, we show that the BMV sg hairpin has
many features in common with iron-responsive ele-
ments (IREs) and other well-characterized protein-
binding RNA structures+ Comparison of the loops of
these RNA structures suggests that a pseudo triloop
that is formed by 59C1G5 transloop base pairing across
a hexanucleotide loop is a general RNA motif involved
in specific protein binding+

RESULTS

Analysis of the BMV sg hairpin structure by
gel electrophoresis and RNase T1 probing

Previously, we have shown that base pairing between
nucleotides C-13 and G-17 relative to the sg transcrip-
tion initiation site 11 is essential for sg transcription in
vitro by the BMV RdRp (Fig+ 1A; Haasnoot et al+, 2000)+
This CG base pair converts the otherwise hexanucle-
otide loop 59C1AUAG5A39, by transloop base pairing
between the first and fifth nucleotide, into a 59AUA tri-
nucleotide loop that is followed by a bulged A-residue+
This so-called pseudo triloop is expected to have a
relatively low stability as the bulged A-residue will hin-
der the base pairing between C-13 and G-17+ We
wanted to determine whether formation of the pseudo
triloop in the sg hairpin in BMV minus-strand RNA 3
could occur in the absence of purified RdRp or took
place only in the presence of RdRp by an induced fit
mechanism+ Synthetic RNA fragments 14 nt long were
made, with sequences corresponding to the wild-type
sg hairpin and a mutant in which the transloop CG
base pair was mutated into AG (mutant A-13 shown in
Fig+ 1B)+ The RNAs were subjected to gel electropho-
resis under denaturing and nondenaturing conditions+
Under denaturing conditions, the wild-type and A-13
fragments comigrated (Fig+ 1C, left panel)+ However,
when electrophoresis was done under native condi-
tions at a physiological temperature (26 8C), the wild-
type fragment migrated ahead of mutant A-13 (Fig+ 1C,
right panel)+ This suggests that the wild-type fragment
has a more compact structure due to formation of the
pseudo triloop in the absence of RdRp+

In another approach, we analyzed base pairing in the
two RNA fragments by structure probing with RNase
T1, which cuts specifically 39 of single-stranded gua-
nosine residues (Fig+ 1B)+ The 59-labeled RNA frag-
ments WT and A-13 were treated with increasing
concentrations of ribonuclease T1 and the products
were separated by denaturing gel electrophoresis+ The
undigested fragments migrated as double bands in this
experiment+ In both fragments, only the G-residue in
the hexanucleotide loop was accessible to T1 nuclease
under the conditions used+At the highest concentration
of T1 RNase used, 40% of the wild-type fragment and
only 5% of the mutant remained undigested after the
incubation (Fig+ 1D)+This is consistent with the G-residue
in the pseudo triloop of the wild-type fragment being
partially protected from digestion by base pairing with
the C-residue in this loop+

Analysis of the BMV sg hairpin
structure by NMR

Base pairing in the BMV sg hairpin was further inves-
tigated by one-dimensional imino proton NMR analysis
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of the 14-nt RNA fragments corresponding to the wild-
type sg sequence and mutant A-13+ Nondenaturing gel
electrophoresis showed that RNA fragments WT and
A-13 migrated predominantly as monomers (Fig+ 1C),
which rendered these RNAs suitable for NMR analysis+

The wild-type BMV sg hairpin is predicted to show in a
one-dimensional NMR spectrum a total of six imino
proton resonances that are involved in the five base
pairs comprising the stem region (two from the GU pair
and three from the GC and two AU base pairs) plus one

FIGURE 1. Analysis of the pseudo triloop of the BMV sg promoter hairpin using nondenaturing gel electrophoresis and
RNase T1 structure probing+ A: Nucleotide sequence of BMV minus-strand RNA 3 (nt 1196–1247), encompassing the sg
core promoter (220/11) with the proposed hairpin structure and the poly(U) tract enhancer element+ Indicated are the RNA
4 transcription initiation site 11 and the nt C-13 and G-17 which were previously shown to form an essential base pair
(Haasnoot et al+, 2000)+ B: Predicted base pairing of synthetic oligoribonucleotides corresponding to the wild-type (WT) BMV
sg hairpin and a mutant (A-13) with the C-residue of the transloop base pair mutated into an A-residue (indicated in bold)+
The single cleavage obtained by RNase T1 digestion is indicated by an arrowhead+ C: Gel electrophoresis of WT and A-13
oligoribonucleotides under denaturing conditions (left panel) and nondenaturing conditions (right panel)+ D: Gel electropho-
resis of 59-terminally labeled WT and A-13 oligoribonucleotides after incubation of the RNAs for 15 min with the indicated
amounts of RNase T1+ Full-length RNAs and 59 labeled digestion products are indicated by arrows+ The percentage of
undigested RNA after incubation is indicated+
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imino proton from the transloop 59CG base pair+ The
NMR spectrum of mutant A-13 is expected to lack
the sixth imino proton resonance due to disruption of
the transloop base pair+ In accordance with these pre-
dictions, the spectrum of the wild-type fragment shows
six peaks (Fig+ 2, bottom): two peaks left of 13+5 ppm,
which are in the typical range of AU base pairs, one
peak at 12+7 ppm, which is characteristic for GC base
pairs, and three peaks upfield of 12 ppm, which are
typical for imino protons of GU pairs or non-hydrogen
bonded imino protons from uridine and guanosine res-
idues (Sierzputowska-Gracz et al+, 1995)+ The spec-
trum of the A-13 mutant (Fig+ 2, top) clearly indicates
that the C-to-A mutation affects the structure of the
RNA fragment+ The signals corresponding to the lower
two base pairs of the stem (U14, U13, and G2) are
reduced, indicating that the stability of the stem was
lowered by the mutation+ As predicted, the peak corre-
sponding to the transloop imino proton G9 (arrow in
Fig+ 2) is drastically affected+Although two-dimensional
NMR spectroscopy would be required for unambigu-
ous assignment of the peaks, the results are in agree-
ment with the proposed base pairing in the BMV sg
hairpin and with the conclusion from the gel electro-
phoretic analysis and structure probing experiments that
the transloop base pair affects the structure of the RNA
fragment+ Together, these data support the notion that
the transloop 59C1G5 base pair is able to form in the
absence of RdRp and that recognition of the sg pro-
moter by the RdRp is likely to involve the intact AUA
pseudo triloop+

Mutational analysis of the stem
of the BMV sg hairpin

Several mutations were engineered in the stem region
of the BMV sg hairpin to determine the role of the pri-
mary and secondary structure of this region in sg
promoter activity+ Mutant transcripts obtained by tran-
scription of PCR fragments with T7 RNA polymerase
were used as templates for partially purified BMV RdRp
in an in vitro assay+ The transcripts (shown in Fig+ 3A)
contained a 25-nt promoter sequence (numbered 21
to 225) 39 of the transcription start site (taken as 11)
and a 59 template sequence of 19 nt+ Previously, we
showed that disruption of the transloop 59CG base pair
(nt 213/217) and thus disruption of the pseudo triloop,
abolished sg promoter activity, whereas reversion of
this base pair into G-13/C-17 restored activity to about
20% of wild type (Haasnoot et al+, 2000)+ Figure 3 shows
that disruption of one of the three base pairs below the
bulged A-residue had less dramatic effects on sg pro-

FIGURE 2. Analysis of base pairing in the BMV sg hairpin by NMR
spectroscopy+One-dimensional imino proton NMR spectra of the WT
and A-13 oligoribonucleotides shown in Figure 1B+ Assignment of
peaks to nucleotides numbered in Figure 1B is indicated+ The arrow
indicates the position of the G9 imino proton+

FIGURE 3. Mutational analysis of the stem of the BMV sg hairpin+
A: Predicted secondary structure of nt 225 to 11 of the wild-type sg
promoter (sgWt); the sequence of nt 12 to 119 in the template
transcript is not given+ Mutations introduced in the stem of the sg
hairpin are indicated in bold italics and the names of the mutants are
given+ B: Gel electrophoretic analysis of RNA products synthesized
by the RdRp in in vitro assays with the template RNAs shown in A+
The relative activity levels at the bottom of the panel represent the
average of three independent experiments; template activity of
sgWt was taken as 100%+ The standard error of the mean (SEM) is
indicated+
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moter activity+ Disruption of the AU base pair 212/219
(mutant G-19) resulted in 69% activity, whereas re-
placement by a CG base pair (mutant C-12/G-19) re-
sulted in 89% activity+ Apparently, this base pair is not
critical for promoter activity+ Disruption of the GC base
pair 211/220 (mutant G-20) or its reversion into CG
(mutant C-11/G-20) resulted in activities of 14% and
86%, respectively, indicating that this base pair contrib-
utes to promoter activity+ Mutation of the GU pair 210/
221 into a CU mismatch (mutant C-10) reduced activity
to 42%, whereas replacement by a CG base pair (mu-
tant C-10/G-21) increased activity to 203% of the wild-
type promoter activity+ Apparently, also at this position
base pairing contributes to promoter activity+

Stem-loop C from the BMV minus-strand
promoter has sg promoter activity

In addition to the BMV sg core promoter (nt 220 to
11), additional upstream enhancer elements are re-
quired to obtain full sg transcription in vitro and in vivo+
The first upstream element that acts as an enhancer
for the BMV sg transcription is the poly(U) tract at po-
sition 221 to 238 (see Fig+ 1A; French & Ahlquist,
1987; Marsh et al+, 1988; Adkins et al+, 1997)+ Deletion
of this poly(U) tract dramatically reduced RNA 4 syn-
thesis in vivo (French & Ahlquist, 1988; Smirnyagina
et al+, 1994)+ However, after passaging a BMV mutant
in which this poly(U) stretch was deleted, Smirnyagina
et al+ (1994) isolated several revertants+ One of these
revertants contained a second site mutation in the sg
core promoter, changing nucleotide A-18 to U+ This mu-
tation restored sg promoter activity to 35% of that of the
wild type+ We noticed that the core promoter of this
revertant could be folded into the hairpin structure shown
in Figure 4A (panel sgR), in which the wild-type pseudo
triloop is reverted to a normal AUA triloop that lacks the
bulged A-residue of the wild-type promoter (Fig+ 4A,
panel sgWt)+ In addition, we noticed that this hairpin
resembled stem-loop C in the tRNA-like structure at
the 39 end of plus-strand BMV RNA 3 (see boxed se-
quence in Figure 5A)+ Stem-loop C has been shown to
function as the minus-strand core promoter and RdRp
recognition site in vitro (Dreher & Hall, 1988; Chapman
& Kao, 1999; Kim et al+, 2000)+ Moreover, for both the
sg hairpin and stem-loop C it has been shown that only
the 59 A in the AUA loop is required for transcription in
a sequence-specific manner (Rao & Hall, 1993; Siegel
et al+, 1997; Chapman & Kao, 1999; Kim et al+, 2000)+

These features indicate that the sg hairpin and stem-
loop C may fulfil similar functions in recognition of the
sg promoter and minus-strand promoter by the viral
RdRp+ To test this hypothesis, we measured the tem-
plate activity of chimeric sg promoters in which the sg
hairpin was replaced by either the revertant sg hairpin
(sgR) or stem-loop C (sgC; Fig+ 4A)+ The wild-type sg
promoter template (nt 225 to 119) was used as a

FIGURE 4. Functional equivalence of the wild-type sg hairpin, the
hairpin of a second-site revertant generated by a BMV mutant in
planta and the stem-loop C hairpin from the BMV minus-strand pro-
moter+ A: Predicted secondary structure of the wild-type sg promoter
(sgWt) and chimeric sg promoters with the sg hairpin replaced by the
revertant hairpin (sgR) or stem-loop C hairpin (sgC)+ In the revertant,
the bulged A of the wild type is mutated to a U-residue (bold italic)
and the poly(U) track is deleted+ Mutations introduced in sgR and
sgC are indicated+ The bold underlined nucleotides (118 and 119)
are derived from the T7 promoter+ B: Gel electrophoretic analysis of
RNA products synthesized by the RdRp in in vitro assays with the
template RNAs shown in A+ The relative activity levels at the bottom
of the panel represent the average of three independent experi-
ments; template activity of sgWt was taken as 100%+ The standard
error of the mean (SEM) is indicated+
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control+ The three constructs are shown in Figure 4A+
Mutant sgR differed from the sgWt construct by having
a U-residue at the position of A-18 and by replacement
of the 39 terminal four U-residues by the sequence
59AAUA+ This sequence flanks the 39 end of the poly(U)
track that is deleted in the revertant+ In mutant sgC,
stem-loop C was fused to sequences corresponding
to nt 26 to 119 from the sgWt construct+ All constructs
contained a template sequence of 19 nt downstream of
the C-residue marked with the hooked arrow and were

expected to direct synthesis of RNA products of similar
size+ In an in vitro RdRp assay, sgR directed the syn-
thesis of a product of wild-type length but promoter
activity was two to three times higher than the activity
of the wild-type sg promoter (Fig+ 4B, lane 2)+ This
indicates that also in vitro the substitution of A-18 to U
in sgR mimics the enhancing effect of the poly-U tract+
To test whether the observed promoter activity of sgR
was dependent on the formation of the trinucleotide
AUA loop, mutant sgRdis was constructed in which the
loop closing CG base pair is disrupted by mutation to
GG (Fig+ 4A)+ This mutation resulted in a decrease of
transcription to 21%, which was restored to 89% by
introducing the compensatory mutation sgRres (Fig+ 4B,
lanes 3 and 4)+ Apparently the triloop AUA of the re-
vertant and the pseudo triloop of the wild-type sg pro-
moter are recognized by the RdRp in a similar way+

The activity of the sgC construct was four to five
times higher than the wild-type sg promoter activity
(Fig+ 4B, lane 5)+ Disruption of the closing CG base pair
in mutant sgCdis resulted in a decrease of template
activity to 33% (Fig+ 4B, lane 6)+ A compensatory mu-
tation in mutant sgCres reversed the CG base pair into
GC and fully restored template activity (Fig+ 4B, lane 7)+
This showed that also in the sgC promoter the forma-
tion of the AUA triloop was essential for recognition by
the RdRp+ The product synthesized under the control
of the sgC construct migrated more slowly than the
wild-type product (Fig+ 4B, lane 5), suggesting that an
alternative site was used for initiation+ Deletion of the 39
terminal 8 nt of this chimeric promoter (boxed region in
Fig+ 4A; mutant sgCD) did not affect promoter activity
or the size of the transcript (Fig+ 4B, lane 8)+ When the
C-residue in sgC that corresponds to the C-residue at
position 22 in the wild-type sg promoter was mutated
into an A-residue (mutant sgC-2A; Fig+ 4A), template
activity of the construct was virtually abolished (Fig+ 4B,

FIGURE 5. Functional equivalence of the stem-loop C hairpin and
sg hairpin in BMV minus-strand promoter activity+ A: Predicted sec-
ondary structure of an RNA transcript corresponding to the 39 termi-
nal 173 nt of plus-strand BMV RNA 3+ Stem-loop structures A to E are
indicated; note that stem-loop A is involved in a pseudoknot inter-
action+ Mutations shown in Figure 5B were introduced in the boxed
region of stem-loop C+ The start site of minus-strand RNA synthesis
used by the BMV RdRp is indicated by an arrow+ The 59 terminal 2 nt
(bold and underlined) are derived from the T7 promoter+ B: Predicted
secondary structure of the stem-loop C hairpin in template tran-
scripts corresponding to the 39 terminal 173 nt of BMV RNA 3 (mWtC)
and mutants in which the stem-loop C hairpin is replaced by the
wild-type sg hairpin (mSg) or the sg hairpin of the revertant (mR)+
The CG base pairs that close the trinucleotide AUA loop in constructs
mWtC and mSg were disrupted in constructs mCdis and mSgdis,
respectively, and were restored by complementary mutations in mCres
and mSgres, respectively+ C: Gel electrophoretic analysis of RNA
products synthesized by the RdRp in in vitro assays with the tem-
plate RNAs shown in A+ The relative activity levels at the bottom of
the panel represent the average of three independent experiments;
template activity of mWTC was taken as 100%+ The standard error of
the mean (SEM) is indicated+
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lane 9)+ This indicates that sg transcription by mutant
sgC starts at nt C-2+ A start at C-2 means that the
transcripts of mutant sgC and its derivatives sgCres
and sgCD are 2 nt longer than the sgWT transcript+
This is in agreement with the differences in migration
rate seen in Figure 4B+ Moreover, the results demon-
strate that the four base pairs below the bulge in the
stem-loop C hairpin of sgC do not contribute to pro-
moter activity+

The sg hairpin can replace stem-loop C
in the BMV minus-strand promoter

Figure 5A shows the model for the RNA secondary
structure of the 39 terminal 171 nt of the 39 UTR of BMV
genomic RNA 3 (adapted from Felden et al+, 1994)+
Stem-loops A, B, C, D, and E constitute the tRNA-like
structure+ It should be noted that in the minus-strand
promoter, transcription initiates 55 nt downstream (or
39) of the boxed region of stem-loop C at the 39 end of
the genomic RNA (indicated by the arrow), whereas in
construct sgC (Fig+ 4A) transcription is initiated 9 nt
upstream (or 59) of this boxed region+ To analyze the
role of the CG base pair that closes the AUA triloop of
stem-loop C in minus-strand promoter activity of the
173-nt RNA fragment (171 viral and 2 nonviral nucle-
otides), this base pair was disrupted in mutant mCdis
and restored by a complementing mutation in mCres
(Fig+ 5B)+ When the promoter activity of the wild-type
fragment (mWtC; Fig+ 5C, lane 1) is taken as 100%,
disruption of the CG base pair caused a drop in activity
to 8% (Fig+ 5C, lane 2) whereas the complementing
mutation restored activity to 45% (Fig+ 5C, lane 3)+

Next, we analyzed whether the sg hairpin was func-
tionally equivalent to stem-loop C in minus-strand pro-
moter activity+ The boxed region of stem-loop C in the
173-nt fragment was replaced by the wild-type sg hair-
pin (mutant mSg) or the revertant sg hairpin (mutant
mR)+ To analyze a possible role in promoter activity of
the pseudo triloop in mutant mSg, the transloop 59C1G5

base pair was disrupted in mutant mSgdis and restored
in mutant mSgres (see Fig+ 5B)+ Previously, we have
shown that disruption of the transloop base pair can
induce the formation of an alternative hairpin structure
(Haasnoot et al+, 2000)+ To prevent this alternative base
pairing, the stem of the sg hairpin in constructs mSg,
mSgdis, and mSgres was stabilized by mutating of U-21
into C (bold italic in Fig+ 5B, panels mSg, mSgdis, and
mSgres)+ This mutation of U-21 does not affect sg pro-
moter activity (Haasnoot et al+, 2000)+ The promoter
activity of the 173-nt-long mutant minus-strand pro-
moter transcripts was assayed in an in vitro RdRp as-
say+ The activity of the wild-type promoter (mWtC) in
this experiment is shown in lane 4 of Figure 5C and
was taken as 100%+ Replacement of the boxed region
of stem-loop C by the revertant sg hairpin (mR) re-
sulted in a drop in promoter activity to 55% (Fig+ 5C,

lane 5) whereas replacement by the wild-type sg hair-
pin (mSg) resulted in a decrease of the activity to 10%
(Fig+ 5C, lane 6)+ Disruption of the pseudo triloop by
mutation of C-13 in the wild-type sg hairpin to G
(mSgdis) further decreased promoter activity to 5%
(Fig+ 5C, lane 7)+A compensating mutation of G-17 into
C (mSgres) restored base pairing and restored pro-
moter activity to a level of 10% (Fig+ 5C, lane 8)+When
the 39 terminal transcription initiation site ACCA39 was
mutated into AGGA39, no products were synthesized in
the RdRp assay (result not shown)+ This is in line with
the notion that minus-strand synthesis initiates at the 39
proximal C-residue in the 39 terminal CCA sequence
(Chapman & Kao, 1999)+ Together, the results demon-
strate that the sg promoter hairpin can functionally
replace stem-loop C in the minus-strand promoter al-
though this hairpin is less efficient in promoting tran-
scription+ The RdRp appears to recognize preferentially
the AUA loop in both the sg promoter hairpin and the
minus-strand core promoter stem-loop C+

Similarities between the BMV sg hairpin,
the IRE, and other RNA structures

We noticed that the pseudo triloop of the BMV sg hair-
pin is structurally very similar to the loop of the iron-
responsive elements (Fig+ 6)+ These RNA structures
are found at the 59 and 39 ends of mRNAs encoding

FIGURE 6. Pseudo triloop motifs formed by transloop 59C1G5 base
pairing (in bold italics) in the hexanucleotide loops of several sec-
ondary RNA structures that are involved in specific protein binding+
BMV: Brome mosaic virus subgenomic promoter; IRE: iron-responsive
element in human ferritin heavy chain mRNA; HCVIIId: domain IIId of
the internal ribosome entry site of Hepatitis C virus; HIV-1 TAR:
Transactivational response element of Human immunodeficiency
virus 1; SFV: 59 terminal hairpin of R-U5 of Simian foamy virus; HBV
e: encapsidation signal e of Hepatitis B virus+ Proteins binding to
these structures and the role of the transloop base pair in protein
binding are discussed in the text+
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proteins involved in iron and oxidative metabolism in
animals, and inhibit translation of the messenger by
binding of iron regulatory proteins (IRPs) 1 or 2 in the
absence of iron (Wang et al+, 1990; Harrell et al+, 1991;
Klausner et al+, 1993; Ke et al+, 1998; Theil & Eisen-
stein, 2000)+ In the IRE, formation of the pseudo triloop
by transloop base pairing has also been shown to be
essential for its function (Sierzputowska-Gracz et al+,
1995; Ke et al+, 2000)+ NMR analysis of the human
ferritin heavy chain IRE showed flipping-out of the 39
bulged C and a compact structure of the loop as a
result of stacking residues (Laing & Hall, 1996; Addess
et al+, 1997)+ In one-dimensional imino proton spectra
of this IRE, a large upfield shift was observed for the
transloop imino proton resonance, similar to the signal
corresponding to G9 imino proton of the BMV transloop
base pair (Fig+ 2)+ As illustrated in Figure 6, putative
hexanucleotide loops converted into a pseudo trinucle-
otide loop by a transloop base pair can also be found in
the loop of the Human immunodeficiency virus type 1
(HIV-1) trans-activation response element (TAR;Critch-
ley et al+, 1993), the encapsidation signal e of Hepatitis
B virus (HBV; Knaus & Nassal, 1993; Polack & Ganem,
1993), domain IIId of the internal ribosomal entry site
of Hepatitis C virus (HCV; Klinck et al+, 2000; Lukavsky
et al+, 2000) and the 59 terminal hairpin of R-U5 of
Simian foamy virus type 1 (SFV-1;Park & Mergia, 2000)+
The similarities between the hexanucleotide loops with
transloop base pairs shown in Figure 6 suggest that
this type of loop structure is a general RNA motif for
protein binding+

DISCUSSION

Base pairing in the BMV sg promoter hairpin

It has been well established that RNA secondary struc-
tures such as hairpins, hairpin loops, bulges, and inter-
nal loops can be involved in protein binding+ Based on
computer modeling studies, Jaspars (1998) proposed
that sg promoters of many viruses from the family Bromo-
viridae would contain a hairpin structure+ For two vi-
ruses within this family, AMV and Cucumber mosaic
virus (CMV), it has been confirmed experimentally that
the predicted hairpin structures in these promoters are
required for sg transcription (Chen et al+, 2000; Haas-
noot et al+, 2000)+ In the BMV sg promoter, a stable
hairpin could not be predicted by computer modeling,
and BMV sg transcription was proposed to take place
by sequence-specific recognition of the four contact
nucleotides G-17, A-14, C-13, and G-11 (relative to the
11 transcription initiation site; Siegel et al+, 1997)+ Pre-
viously,we reported evidence that formation of a pseudo
triloop by base pairing between nt C-13 and G-17 is
required for BMV sg promoter activity+ This structure
was found to be conserved in the closely related Cow-
pea chlorotic mottle virus (CCMV), and was proposed

to be the primary recognition site for the RdRp (Haas-
noot et al+, 2000)+ In the present study, we used native
gel electrophoresis, RNAse T1 structure probing, and
NMR spectroscopy to study the BMV sg promoter hair-
pin+ Evidence was obtained that the transloop base
pair C-13/G-17 can exist at room temperature in the
absence of any protein and is not induced by inter-
action of the RNA with the RdRp+ NMR spectroscopy
of the BMV sg promoter hairpin was consistent with
the formation of all other proposed base pairs in the
absence of BMV RdRp+ In addition, in vitro replica-
tion assays showed that the lower base pairs (nt 210/
221 and 211/220) in the BMV sg hairpin contributed
to promoter activity, although disruption of a single
base pair did not completely abolish sg RNA synthe-
sis+ Also for the AMV sg hairpin, it was found that the
59 CG base pair that closes the trinucleotide 59 AAU
loop is essential for promoter activity, whereas disrup-
tion of a single base pair in other parts of the stem
was tolerated (Haasnoot et al+, 2000)+ We propose
that the BMV pseudo triloop exists in the absence of
the RdRp and is an essential element for sg pro-
moter recognition+ It cannot be excluded that after
binding of the RdRp, the secondary structure of the
sg promoter is further stabilized+

A detailed mapping of BMV and CCMV sg promot-
ers made Kao and coworkers favor a sequence-
specific rather than a structure-specific recognition of
the bromovirus sg promoters (Adkins et al+, 1997; Sie-
gel et al+, 1997; Adkins & Kao, 1998)+ These authors
made mutations in the BMV 220/113 and CCMV
220/111 sg promoters+ The observation that muta-
tion of C-20 to G could compensate for the effect of
mutation of G-11 to C in the BMV sg promoter made
Adkins and Kao (1998) conclude that G-11 and C-20
function together to form a local RNA structure re-
quired for promoter recognition+ In agreement with this
result, the G-20 mutation in our 225/113 promoter
transcript reduced promoter activity to 14%, whereas
the compensating mutation in the C-11/G-20 double
mutant increased activity to 86% (Fig+ 3)+ Previously,
we have shown that a reduction in promoter activity
caused by mutation of C-13 into G or G-17 into C
could be compensated by combining the two muta-
tions to restore base pairing (Haasnoot et al+, 2000)+
Together, the data indicate that of the 4 nt implicated
in sequence-specific contacts, three (G-11, C-13, and
G-17) can be mutated without loss of promoter activ-
ity as long as the base pairs 211/220 and 213/217
are maintained+ Our BMV transcript of nucleotides
225/119 allows the formation of two base pairs (29/
222 and 210/221) that are absent in the 220/113
transcript used by Kao and coworkers+ We did not
analyze a possible contribution of base pair A-9/U-22
to promoter activity+ Disruption of the G-10/U-21 base
pair reduced promoter activity to 42%, whereas re-
placement by a C-10/G-21 base pair increased activ-
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ity to 203% (Fig+ 3)+ Our conclusion that this base
pair is not essential but contributes to promoter ac-
tivity differs from the finding of Adkins et al+ (1997)
that U-21 is dispensable for activity+

Mutation of nucleotides C220U219A218 to G220A219

U218 reduced BMV sg promoter activity to 53% (Siegel
et al+, 1997)+ In our model, this mutation would leave a
stem of two base pairs (C-13/G-17 and A-12/U-18) to
form the triloop+ Deletion of nucleotides C220U219A218

from the BMV 220/113 transcript reduced promoter
activity to 6% although all nucleotides implicated in
sequence-specific contacts with the RdRp are present
in this transcript (Adkins et al+, 1997)+ The requirement
of these three nucleotides for promoter activity is con-
sistent with the proposed role of C-20 and U-19 in base
pair formation+ It is currently difficult to explain the 172%
activity reported for the BMV G-20 mutant (Adkins &
Kao, 1998) by a structure-specific recognition of the sg
promoter by the BMV RdRp+ In our study, the G-20
mutant showed an sg promoter activity of 14% (Fig+ 3)+
The difference between the results may be due to the
differences in length of the sg promoter fragments used+
However, the viability of the revertant isolated by Smirn-
yagina et al+ (1994) and the sg promoter activity of our
construct sgC (Fig+ 4) demonstrate that BMV RdRp
can recognize a stable hairpin in the sg promoter in
vivo and in vitro+

The functional equivalence of the BMV sg
hairpin and stem-loop C

Replacement of the wild-type BMV sg promoter hair-
pin by the hairpin of the second-site revertant isolated
by Smirnyagina et al+ (1994) (sgR), or the stem-loop
C hairpin (sgC) yielded functional templates+ Tran-
scription directed by the sgC chimera initiated 2 nt
upstream of the wild-type initiation site+ This may re-
flect the slightly larger distance between the top of
the stem-loop C hairpin and authentic initiation site in
the sgC construct+ It has been shown that insertion
of nucleotides between positions 24 and 27 of the
BMV sg promoter can result in a shift of the site of
transcription initiation (Stawicki & Kao, 1999)+ Sg pro-
moter activity of constructs sgR and sgC was several-
fold higher than that of the wild-type sg promoter+
The two hairpins within these constructs are consid-
erably more stable than the wild-type hairpin and may
generate an AUA triloop that is apparently recognized
by the RdRp with greater efficiency+ However, the BMV
core promoter that was assayed in our experiments
did not contain the full 39 flanking poly(U) tract that
enhances the activity of this core promoter (French &
Ahlquist, 1987; Marsh et al+, 1988; Adkins et al+, 1997)+
The relatively strong sg hairpin structure of the rever-
tant isolated by Smirnyagina et al+ (1994) probably
compensated for the loss of the poly(U) tract by this
revertant+ Within the family Bromoviridae, the sg pro-

moter hairpins of AMV and ilarviruses are not flanked
by a 39 terminal poly(U) tract and the sg hairpins of
these viruses are more stable than the BMV sg hair-
pin (Jaspars, 1998; Haasnoot et al+, 2000)+ It has been
suggested that the poly(U) tract may interact with a
host factor to stimulate the formation of an efficient
recognition site for the RdRp (Adkins et al+, 1997)+
Alternatively, protein–protein interactions between the
putative host factor and RdRp, or a direct interaction
between the RdRp and the poly(U) tract may stabi-
lize the initiation complex+

Similar to the revertant hairpin in the sg promoter, the
stem-loop C hairpin in the minus-strand promoter func-
tions independently of a poly(U) tract+ Replacement of
the stem-loop C hairpin in the minus-strand promoter
by the revertant sg hairpin resulted in a twofold drop in
promoter activity whereas replacement by the wild-
type BMV sg hairpin resulted in a10-fold drop in pro-
moter activity+ Again, this may reflect the dependency
of the wild-type sg hairpin on the poly(U) enhancer+
However, the residual activity of mSg is apparently still
dependent on the formation of the pseudo triloop as
disruption resulted in a further decrease of activity,
whereas restoring base pairing in mSgres (Fig+ 5) re-
stored promoter activity to 10%+

Stem-loop C is the primary element that is recog-
nized by the RdRp in the minus-strand promoter in vitro
(Dreher & Hall, 1988; Chapman & Kao, 1999; Kim et al+,
2000)+ The 59 A-residues in the triloop of both the BMV
sg hairpin and stem-loop C have been shown to be
essential for the synthesis in vitro of sg and minus-
strand RNA, respectively (Siegel et al+, 1997; Adkins &
Kao, 1998; Chapman & Kao, 1999; Kim et al+, 2000)+
Analysis of the three-dimensional structure of the stem-
loop C triloop by NMR revealed that the 59 A-residue is
exposed to the solvent in a so-called clamped adenine
motif and free to interact with the RdRp (Kim et al+,
2000; Kim & Tinoco, 2001)+ The 59 A-residue in the
triloop of the sg hairpin is likely to fulfill a similar func-
tion+ Although it seems obvious that a viral replicase
would recognize a common motif within its various viral
promoter sequences with which it interacts, only few
such similarities have been identified until now+ Here
we clearly show that in BMV, the AUA triloop motif rep-
resents a common RdRp recognition site, which is re-
quired for both sg and minus-strand RNA synthesis+
Similarly, the stem-loop structures required for CMV sg
promoter and minus-strand promoter activity (Chen
et al+, 2000; Sivakumaran et al+, 2000) may be equiv-
alent in RdRp recognition+

Although our experiments indicate that the sg hairpin
and stem-loop C have similar functions in RdRp rec-
ognition, the sites of transcription initiation in the sg
and minus-strand promoter are rather different+ In the
sg promoter, initiation occurs about 9 nt upstream (or
59) of the sg hairpin whereas in the minus-strand pro-
moter, initiation occurs 55 nt downstream (or 39) of the
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stem-loop C hairpin+ We propose that the additional
RNA sequence elements of the minus-strand promoter
play a role in the positioning of the 39 end of the ge-
nomic RNA into the active center of the RdRp+

The pseudo triloop, a novel RNA motif
involved in protein binding

One of the most striking features of the BMV sg pro-
moter hairpin is its similarity with the IREs and several
other RNA structures that are involved in protein bind-
ing+ To our knowledge, the BMV sg hairpin was the first
viral RNA sequence with protein-binding activity that
was found to contain a functional pseudo triloop motif
like the IRE (Haasnoot et al+, 2000)+ Disruption of the
pseudo triloop in the IRE disrupts protein binding and
destabilizes the hairpin structure, resulting in a 10 8C
decrease in melting temperature (Sierzputowska-Gracz
et al+, 1995; Ke et al+, 2000)+ Furthermore, RNA melting
experiments revealed that the IRE loop confers excep-
tional stability to the stem-loop structure, comparable
to the stabilization of hairpins by the tetra loops GNRA
and UNCG and by the UU-loop (Dale et al+, 2000)+
Comparison of a number of IREs in cellular mRNAs
revealed the consensus sequence 59C1A2G3U4G5X6,
in which the bulged X6 can be either A, C, or U, but not
G (Klausner et al+, 1993)+ Deletion of the 39 bulged
nucleotide resulted in a 80-fold lower affinity for the IRP
whereas deletion of other nucleotides from the consen-
sus sequence reduced this affinity 102- to 654-fold (Jaf-
frey et al+, 1993)+ Mutation of a bulged C-residue of the
IRE to an A-residue resulted in an increase of the melt-
ing temperature (Dale et al+, 2000)+ Similarly, the bulged
A-residue in the BMV sg promoter may contribute to
the stability of the hairpin+

The pseudo triloop of the wild-type BMV sg promoter
hairpin can be replaced by the regular AUA triloop of
the sg revertant sgR and mutant sgC, which are both
efficiently recognized by RdRp in vitro+ In vivo however,
the revertant sg hairpin drives sg transcription at only
35% of the wild-type level (Smirnyagina et al+, 1994)+
This indicates that the pseudo triloop motif in combi-
nation with the poly(U) tract is favored above a regular
AUA triloop+ Therefore, we propose that in the wild-type
BMV sg promoter, the pseudo triloop motif with the
bulged A-residue acts in concert with the poly(U) tract
to modulate promoter strength or the specificity of the
interaction between promoter and RdRp+

Recent evidence indicates that pseudo triloop motifs
(hexanucleotide loops with a potential transloop base
pair between nt 1 and 5) may represent RNA structures
that are frequently involved in protein binding+ Trans-
activation of HIV-1 transcription involves binding of cy-
clin T1 to the TAR loop (Garber et al+, 1998; Wei et al+,
1998; Zhang et al+, 2000)+ A resemblance between the
TAR and IRE loops was first noted by Henderson et al+

(1994)+ However, studies on the structure of the TAR
loop yielded contradictory results+ Data obtained by
NMR spectroscopy favored a flexible loop structure
whereas enzymatic structure probing suggested a com-
pact loop structure that is compatible with a potential
transloop 59C1G5 base pair and formation of the pseudo
triloop (Colvin & Garcia-Blanco, 1992;Colvin et al+, 1993;
Critchley et al+, 1993; Jaeger & Tinoco, 1993; Long &
Crothers, 1999)+ Interestingly, a phylogenetic analysis
of TAR elements in various strains of HIV and Simian
immunodeficiency virus (SIV) clearly supports the ex-
istence of a transloop base pair in the TAR loop (P+C+J+
Haasnoot, B+ Berkhout, & J+F+ Bol, unpubl+ results)+ In
HBV, the loop sequence of the encapsidation signal e
has been shown to interact with the viral replicase pro-
tein P (Tavis et al+, 1994; Nassal & Rieger, 1996)+ Al-
though Knaus and Nassal (1993) did not propose a
pseudo triloop motif in the encapsidation signal e, their
enzymatic structure probing data support the occur-
rence of a transloop 59C1G5 base pair in this hexanu-
cleotide loop+ The apical loop of the IIId domain of in
the 59UTR of HCV has been shown to interact with the
ribosomal protein S9,which is required for IRES-directed
translation, and the viral core protein (Odreman-
Macchioli et al+, 2000; Tanaka et al+, 2000)+ Recently,
NMR studies and enzymatic structure probing demon-
strated that the hexanucleotide loop of subdomain IIId
in the 59 UTR of HCV adopts a pseudo triloop structure
by formation of a 59U1G5 transloop base pair (Klinck
et al+, 2000)+

The similarities between these diverse RNA struc-
tures and their specific interactions with proteins sug-
gest that pseudo triloop motifs provide convenient
targets for various RNA–protein interactions, whereby
the sequence of the triloop part probably ensures the
specificity+As RdRps of RNA viruses contain many con-
served features (O’Reilly & Kao, 1998), it will be inter-
esting to see to what extent pseudo triloop motifs are
involved in the binding of these RdRps to their cognate
viral RNAs+

MATERIALS AND METHODS

Native gel electrophoresis and RNase T1
probing of RNA oligos

Synthetic RNA oligoribonucleotides WT (59AGGACAUAG
AUCUU) and A-13 (59AGGAAAUAGAUCUU) were 59 la-
beled with g-32P-ATP and T4 polynucleotide kinase+ Equal
amounts of labeled WT and A-13 oligoribonucleotides were
run at room temperature on a denaturing 20% polyacryl-
amide gel containing 8 M urea in TBE buffer, using a
formamide-based loading buffer, or on a 12% nondenaturing
polyacrylamide gel in TB buffer at a room temperature of
26 8C using a glycerol-based loading buffer+ RNA fragments
were visualized by autoradiography+ For structure probing,
0+4 mg labeled oligoribonucleotide plus 5 mg tRNA was di-

IRE-like hairpin in BMV sg promoter 119



gested with 1 3 1023 to 10 3 1023 U RNAse T1 in HMK
buffer (70 mM HEPES-KOH, pH 7+8, 10 mM MgCl2, and
270 mM KCl) in total volume of 7+5 mL for 15 min on ice, and
directly run on a 20% polyacrylamide gel containing 8 M
urea+RNA fragments were visualized by autoradiography and
quantified with a PhosphorImager+

NMR analysis

One-dimensional imino proton NMR spectra for the RNA hair-
pins WT and A-13 were recorded at 277 K on a 600-MHz
Bruker NMR spectrometer, using a watergate pulse sequence
for water suppression (Piotto et al+, 1992)+ The 14-nt RNA
oligoribonucleotides were dissolved in 400 mL to a concen-
tration of 0+2 mM RNA in 10%/90% D2O/H2O, 30 mM NaCl,
10 mM Na2PO4, pH 5+8+ For each oligonucleotide 1,000 scans
were recorded+ The NMR data were processed on a SGI
workstation using XWIN-NMR2+6 software+

Preparation of template RNAs

Template RNAs with BMV sgp sequences were transcribed
from DNA fragments amplified by PCR from the BMV cDNA 3
clone pB3TP7 (Janda et al+, 1987) using proofreading Vent
DNApolymerase (New England Biolabs)+The sgWt sequence
was amplified with a downstream primer (primer BT7117)
containing the T7 RNA polymerase promoter fused to the se-
quence complementary to nt 117 to 24 (taking the transcrip-
tion start site of RNA 4 as 11) and an upstream primer
corresponding to nt 225 to 111+Mutant BMV sgp sequences
shown in Figure 4 were amplified by PCR with upstream prim-
ers containing the mutations indicated in the text+Similarly, the
chimeric promoter constructs shown in Figure 5 were ampli-
fied by PCR with the downstream primer BT7117 and up-
stream primers corresponding to the indicated sequences+

Templates with BMV minus-strand promoter sequences
were transcribed from DNA fragments amplified by two rounds
of PCR from the BMV cDNA 3 clone pB3TP using proofread-
ing Vent DNA polymerase (New England Biolabs)+ The wild-
type minus-strand promoter sequence shown in Figure 5 was
amplified with an upstream primer containing the T7 RNA
polymerase promoter fused to the sequence complementary
to nt 1153 to 1171 (primer T7BM) taking the 39 terminal
nucleotide of RNA 3 as 11, and a downstream primer cor-
responding to nt 11 to 125 (primer BM3)+ Mutant minus-
strand promoters shown in Figure 5 were generated by fusion
PCR of two separate PCR fragments containing the desired
mutations+ The 59 half was generated by PCR using primer
T7B and antisense primers containing the desired mutations
fused to priming sequences corresponding to nt 176 to 194+
The 39 half was generated by using primer BM3 and sense
primers containing the desired mutations fused to priming
sequences corresponding to nt 156 to 138+ The PCR prod-
ucts corresponding to the 59 and 39 halves of the BMV 39
UTR were isolated from gel and fused in a second round of
PCR using the T7B and BM3 primers+ For the amplification of
templates in which the transcription initiation site 59 ACCA is
mutated to 59 AGGA, primer B11CC with the corresponding
mutation was used instead of primer BM3+

Transcripts made with T7 RNA polymerase were purified
by extraction with phenol/chloroform, precipitated two times

with isopropanol in the presence of ammonium acetate, an-
alyzed on ethidium bromide stained agarose gels, and quan-
tified by UV absorbance+

RdRp assay

BMV RdRp was kindly provided by the late Dr+ E+M+J+ Jas-
pars+ The enzyme was isolated from BMV-infected barley
leaves, and purified as described by Bujarski et al+ (1982)
through sucrose gradient centrifugation, using dodecyl-b-D-
maltoside as detergent+ Five microliters of the sucrose gra-
dient fraction was treated with micrococcal nuclease and used
in the RdRp assay+ The various BMV promoter fragments
described here were all tested at least three times and the
autoradiographs shown are representative for these assays+
In vitro RNA synthesis was performed in a 50-mL mixture
containing 10 pmol template RNA, 5 mL BMV RdRp, 50 mM
Tris-HCl, pH 8+2, 10 mM MgCl2, 10 mM DTT, 1 mM each ATP,
GTP, and CTP, 10 mM UTP, and 5 mCi [a-32P]UTP (400 Ci/
mmol)+ The mixtures were incubated at 28 8C for 60 min+

Labeled RNA products were purified by phenol/chloroform
extraction and isopropanol precipitation, in the presence of
0+6 M ammoniumacetate and were run on a 20% or 10%
polyacrylamide gel containing 8 M urea in TBE buffer+ The
RNAs were visualized by autoradiography and quantified with
a PhosphorImager+
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