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ABSTRACT

The monoclonal anti-dsRNA antibody J2 binds double-stranded RNAs (dsRNA) in an apparently sequence-nonspecific

way. The mAb only recognizes antigens with double-stranded regions of at least 40 bp and its affinity to poly(A)
poly(U) and to dsRNAs with mixed base pair composition is about tenfold higher than to poly(l) poly(C). Because no
specific binding site could be determined, the number, the exact dimensions, and other distinct features of the binding

sites on a given antigen are difficult to evaluate by biochemical methods. We therefore employed scanning force
microscopy (SFM) as a method to analyze antibody—dsRNA interaction and protein—RNA binding in general. Several

in vitro-synthesized dsRNA substrates, generated from the Dictyostelium PSV-A gene, were used. In addition to the
expected sequence-nonspecific binding, imaging of the complexes indicated preferential binding of antibodies to

the ends of dsRNA molecules as well as to certain internal sites. Analysis of 2,000 bound antibodies suggested that

the consensus sequence of a preferential internal binding site is A 2NgA3NGA,, thus presenting A residues on one face
of the helix. The site was verified by site-directed mutagenesis, which abolished preferential binding to this region.

The data demonstrate that SFM can be efficiently used to identify and characterize binding sites for proteins with no

or incomplete sequence specificity. This is especially the case for many proteins involved in RNA metabolism.
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INTRODUCTION

Elucidating the mechanism of antibody—RNA inter-
action is crucial to understanding the probable contri-
bution of antibodies to pathological processes in some
autoimmune diseases as well as for the general un-
derstanding of structural features that determine the
specificity of RNA—protein recognition. Anti-nucleic acid
antibodies play an important but still unclear role in the
autoimmune disorder systemic lupus erythematosus
(SLE; Gilbert et al., 1997). Understanding their inter-
action with DNA may provide better insight into the
pathogenicity of the disease (Shlomchik et al., 1990;
Chen et al.,, 1995; Zouali, 1997). In addition to se-
guence and structure analysis of anti-DNA antibodies,
their binding mechanisms are of special interest (Ali
et al., 1985; Stollar, 1986; Radic & Weigert, 1994). The

Reprint requests to: Wolfgang Nellen, Department of Genetics,
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major population of anti-nucleic acid antibodies is rep-
resented by DNA-specific species, but there are also
antibodies directed against the left-handed helical
Z-conformation (Z-DNA and Z-RNA) and against single-
stranded (ss) or double-stranded (ds) RNA (Stollar,
1992). In contrast to DNA, which does not induce an
immune response in healthy organisms, dsRNA is a
relatively good antigen. dsRNA-specific antibodies like
J2 recognize structural features common to most dsRNA
species. Because many ssRNA- and dsRNA-binding
proteins display apparently sequence-nonspecific in-
teractions, anti-dsRNA antibodies may serve as a gen-
eral model system to elucidate binding characteristics
and binding mechanisms. This may improve their use
in diagnosis and the general investigation of viral and
metabolic dsRNAs (Schénborn et al., 1991; Lukacs,
1994).

RNA—protein interactions have become increasingly
important as a result of the perception that gene reg-
ulation at the posttranscriptional level is significant. With
the mechanisms of antisense RNA-mediated gene si-
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lencing and the recent discovery of RNAI (Fire et al,,
1998; Montgomery & Fire, 1998) as a specific inhibitor
of gene expression, the role of dsRNA in cellular me-
tabolism has become a central theme in research.
The detection of dsRNA in cells or cellular extracts is
difficult because artifacts may be generated during prep-
aration and there are only indirect methods to demon-
strate the presence of genuine dsRNA molecules. It
has recently been shown that dsRNA-specific antibod-
ies can be used to visualize dsRNA by in situ tech-
nigues (Lukacs, 1997). mAb J2, one of the antibodies
used for in situ detection of dsRNA, has a binding pref-
erence for mixed-sequence dsRNA and poly (A)spoly (U)
compared to poly(l)spoly(C) (Schonborn et al., 1991).
A class of proteins showing a binding behavior similar
to mAb J2 is characterized by one or more dsRNA-
binding domains (dsRBD) (St Johnston et al., 1992;
Finerty & Bass, 1997). These are domains of ~65-70
amino acids in an «-B-B-B-a configuration. High-
resolution structural information is available for four of
these proteins: RNAse IIl from Escherichia coli (Khar-
rat et al., 1995), the staufen protein from Drosophila
(Bycroft et al., 1995), human dsRNA-dependent pro-
tein kinase (PKR; Nanduri et al., 1998), and Xlrbpa
from Xenopus (Ryter & Schultz, 1998). For Xlrbpa co-
crystallization with dsRNA showed that one domain
covers 16 bp. For the other three proteins it is known
that they not only recognize perfectly base paired
dsRNA but also ssRNAs with defined secondary struc-
tures. It is, however, unclear how these proteins rec-
ognize different structures with similar specificity.

As a new method to investigate sequence-nonspecific
dsRNA-—protein interaction, we used scanning force mi-
croscopy (SFM) imaging. Previous SFM experiments
on protein—nucleic acid interactions mostly concen-
trated on the recognition of DNA by RNA—polymerase
(Guthold et al., 1994; Bustamante & Rivetti, 1996; Rippe
et al., 1997) and on sequence-nonspecific DNA binding
substances (Fritzsche et al., 1994; Allen et al., 1997,
Hansma et al., 1998). This article presents the first
in-depth investigation of a dsRNA-interacting protein
using SFM and demonstrates an unexpected sequence
preference that was not revealed as yet by biochemical
methods.

RESULTS AND DISCUSSION

To confirm the specificity of mAb J2 for dsRNA under
atomic force microscopy (AFM) conditions, we first in-
vestigated the affinity to DNA. In a 5-mM MgClI, solu-
tion, a considerable number of antibodies were found
closely associated with DNA molecules (linearized plas-
mid containing the PSV-A gene) in AFM. With the ad-
dition of 100 mM Tris/Cl, pH 8, 150 mM NacCl, and
30 mM MgCl, to the binding reaction (corresponding to
the salt concentrations used for antibody—dsRNA bind-
ing; see below), complex formation with DNA was com-
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pletely abolished (data not shown). Antibody binding in
low-salt solution was presumably due to charge inter-
actions. This result suggested that the images reflect
the binding in solution although they were taken in air.

We next analyzed the structure and integrity of the
dsRNA molecules used in this study: three different in
vitro-synthesized and hybridized transcripts of the PSV-A
gene from Dictyostelium (Hildebrandt et al., 1991).

Values for the helix contour length measured on these
dsRNAs (e.g., Fig. 2) are shown in Table 1. The calcu-
lated rise of 0.32, 0.29, and 0.30 nm/bp corresponded
better to the A’ conformation (0.30 nm/bp) than to the
standard A conformation (0.26 nm/bp). This was rather
unexpected, as most authors propose from X-ray fiber
data (Arnott et al., 1973) that dsRNA adopts the A con-
formation in solution. DNA molecules measured under
the same conditions showed a contour length in agree-
ment with the predicted B-helix conformation. One could
thus assume that the values obtained for dsRNA also
represent solution conditions and were not due to a
conformational switch caused by drying of the sample.
Since helix conformation is difficult to analyze by the
standard solution structure determination methods (Ti-
noco et al., 1987), the discrepancy in the data may
reflect differences in the techniques.

A standard method for the analysis of protein—nucleic
acid interactions is the gel retardation or electropho-
retic mobility shift assay (EMSA). An EMSA using mAb
J2 and the dsRNA fragment EB-4-11 is shown in Fig-
ure 1. Although the dsRNA band disappeared upon
incubation with the antibody, no bands of lower mobil-
ity, representing dsRNA—antibody complexes, were ob-
served. RNA degradation during the incubation could
be excluded, because single-stranded control RNAs
remained intact. The most probable explanation for this
observation is that the interaction between the bivalent
antibody and the multivalent antigen resulted in a com-
plex that was too large to migrate into the gel. Alterna-
tively, the affinity of the antibodies was too low to
maintain the complex, such that they dissociated dur-
ing the gel run resulting in a homogenous, undetect-
able distribution over the entire lane. A third possibility
was that the complexes were very heterogenous be-
cause of the number of mAbs bound to a single dsRNA
and to the difference in migration depending on the

TABLE 1. Contour-length analysis of double-stranded nucleic acids.

Number Mean of
of base contour Rise per
pairs length base pair
dsRNA EB4-11 (n = 168) 267 85 + 3 nm 0.32 nm
dsRNA EB4-12 (n = 225) 389 114 +£ 3 nm 0.29 nm
dsRNA EB4-1 (n = 260) 707 209 + 6 nm 0.30 nm
dsDNA pGem3Z-EB4-11 3,005 1026 += 29 nm 0.34 nm

(n=161)
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FIGURE 1. Gel retardation-assay. Native PAA gel-electrophoresis
was performed with 20 ng and 100 ng of dsRNA EB4-11 incubated
with and without 30 ng mAb J2. As a control 20 ng of single-stranded
RNA (T7 transcript) were used. Lane J2 contains mAb only. The gel
was stained with silver nitrate.

position where the antibody had bound. This would
again result in a homogenous, undetectable smear over
the entire lane. Antibodies directed against nucleic acids
have been successfully used to generate distinct com-
plex bands in EMSA on short DNA and DNA/RNA hy-
brids (Nordheim & Meese, 1988; Sanford et al., 1988).
The disappearance of the antigen in our experiment
only indirectly showed complex formation of dsRNA
and mAb J2. This approach could, therefore, not an-
swer questions about binding numbers, distribution of
antibodies along the dsRNA molecule, and potential
structural changes of the antigen upon binding.

We therefore used SFM imaging to investigate the
J2-dsRNA interaction. In Figure 2, different dSSRNA mol-
ecule species with various numbers of bound antibod-
ies are shown. Figure 2a is an overview showing 267-bp
dsRNA molecules most of which are occupied by at
least one antibody. Figure 2b,c,d shows detailed views
of the three different dSRNA species evaluated. In Fig-
ure 2b, a 707-bp molecule with two antibodies bound
on opposite sides of the double strand is depicted; the
location of binding corresponds to segments 7 and 8
(defined in Fig. 3a). Figure 2c shows the 389-bp dsRNA
species with an internally bound mAb on two mol-
ecules; the position corresponds to segment 7 in Fig-
ure 3c. In Figure 2d, 267-bp molecules, all with mAbs
bound to the ends, are seen. Figure 2e gives a three-
dimensional impression as a surface plot of a 707-bp
molecule with one antibody bound to an end and one to
segment 3. Figure 2f shows high loading of six anti-
bodies on a 627-bp dsRNA. The maximal binding num-
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ber was difficult to determine because the high antibody
concentrations required disturbed the image. Further-
more, it was no longer possible to unambiguously dis-
tinguish between bound molecules and antibodies that
were fortuitously located close to the dsSRNA molecule.
Because binding reactions were done in solution, the
entire surface of the helix was available for interaction
with the protein. Theoretically, simultaneous binding on
different sides of the RNA could interfere with attach-
ment to the substrate or displace interacting antibod-
ies. It was thus not feasible to unambiguously determine
the closest possible binding of two antibodies to the
RNA. We therefore measured the minimal contour length
covered by the antibody; with 43 bp this also repre-
sents the maximal extent of the binding site. By elec-
tron microscopy, binding sites of 48 bp for IgG molecules
and of 42.5 bp for two antigen determinants of an IgM
were determined (Nahon-Merlin et al., 1980). In con-
trast to many other proteins binding to double-stranded
nucleic acids (Steitz, 1993), the J2 antibody did not
induce obvious bending or kinking of the dsRNA. Bend-
ing has been observed with an anti-Z-DNA antibody,
the only other anti-nucleic acid antibody studied so far
by SFM (Pietrasanta et al., 1994).

In Figure 2d, all antibodies are located at the end of
the dsRNAs. End binding was also frequently observed
in Figure 2a and is shown in Figure 2e.f. It was there-
fore tempting to assume a preferential binding of mAb
J2 to the ends of dsRNA molecules. This property is
also observed for other dsRNA binding proteins (Good-
man et al., 1984; Michalowski et al., 1999) and could be
explained by an increased flexibility at the ends, en-
abling changes in the pucker conformation (Nowa-
kowski & Tinoco, 1997), by a difference in charge
distribution due to the lack of a phosphate after end-
trimming, or by other physico-chemical features that
distinguish ends from internal sites.

The apparent binding preference to the ends and to
a site 26 nm from an end (Fig. 2) prompted us to do a
statistical evaluation of the distribution of binding sites.
We scanned and evaluated several hundred dsRNAs
according to the following procedure: Because the ends
of the molecules could not be distinguished, “left” and
“down” in the image were initially defined as the “left”
end of the molecule. dsSRNA molecules were then di-
vided into consecutive segments of 13 nm (correspond-
ing to 43 bp). The position of each bound antibody was
determined and assigned to the corresponding seg-
ment. The distribution of bound mAbs is represented in
Figure 3. As shown in the histogram in Figure 3a, there
was indeed a strong preference for end binding. In
addition, significantly increased binding was observed
for segments 3 and 14 and segments 7-10. The sym-
metrical distribution of increased binding was expected,
as the left and right ends of the molecules were ran-
domly assigned. Using the subfragments of 267 and
389 bp, we attempted to further define the location of
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FIGURE 2. SFM images of dsRNA with bound mAb J2. a: Overview showing dsRNA EB4-11 molecules (267 bp) with bound
antibodies. Scale bar is 200 nm. b: dsRNA EB4-1 (707 bp) with two mAbs bound to segments 7 and 8 (see Fig. 3a). Scale
bar is 50 nm. c: dsRNA EB4-12 (389 bp) with internally bound mAb. Scale bar is 100 nm. d: dsRNA EB4-11 molecules with
terminal mAb binding. Scale bar is 100 nm. e: Surface plot of an EB4-1 dsRNA molecule showing two mAbs bound to
segment 3 and to the terminal position. Image size is 125 X 125 nm. f: Surface plot of 627-bp dsRNA molecule showing a
high loading with six mAbs. Image size is 175 X 175 nm. The average height of the dsRNA and the antibody is 1.2 nm and

2 nm, respectively.

the preferential binding sites. dSRNA EB4-11 corre-
sponded to one arm of dsRNA EB4-1, and dsRNA
EB4-12 corresponded to the other. An internal frag-
ment corresponding to almost two segments of dSRNA
EB4-1 was not represented in the two subfragments.
Measurements were done as described above, with
the results given in Figure 3b,c. Again, a strong binding
preference to the ends was observed. In addition, pref-
erential binding was found in segments 3 and 4 of the
dsRNA EB4-11 molecule, that is, 26 nm from either

end. In contrast, the 389-bp dsRNA EB4-12 did not
show increased internal binding. In comparison with
the 707-bp molecule, this strongly suggested that seg-
ment 3 contained the strong internal binding site. We
therefore postulated the orientation and binding site
distribution presented in Figure 3d. For this graph, all
antibodies bound 26 nm from one end were first as-
sumed to have formed a complex with segment 3; sub-
sequently the average sequence nonspecific binding
calculated from all other nonpreferential binding sites
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FIGURE 3. Analysis of antibody binding sites. a: Histogram of bound
antibody distribution on the EB4-1 dsRNA molecule. Relative binding
frequencies are given. Orientation of the molecules was arbitrary
assigned as described in the text. N represent the total number of
antibodies bound. A total of 408 dsRNA molecules were analyzed. b:
Same analysis for the EB4-11 dsRNA (267 bp) molecule. A total of
1,267 dsRNA molecules were analyzed. This molecule contains the
proximal 259 bp of the EB4-1 dsRNA molecule. c: Same analysis for
the EB4-12 dsRNA (389 bp) molecule. A total number of 256 dsRNA
molecules was analyzed. This molecule contains the distal 381 bp of
the EB4-1 dsRNA. The apparent symmetry of the histogram is due to
the arbitrary assignment of the ends. d: Model of binding site distri-
bution derived from a, b, and c resulting in an oriented molecule.
Antibodies counts for segments 3 and 14 were added, sequence-
nonspecific binding was subtracted, and the relative binding fre-
guency was assigned to segment 3 (corresponding to bp 87-129,
red). The calculated sequence-nonspecific binding was assigned to
segment 14 (red). The same procedure was applied to segments 7
and 10 (blue) and 8 and 9 (yellow). Sequence-nonspecific binding is
the mean value of antibodies bound to segments other than ends
and preferential binding sites.

was subtracted and assigned to segment 14 (position
602). For reasons explained below, antibodies bound
at a distance from 77 to 103 nm were assigned to
segments 7 and 8 (positions 301 and 344 in Fig. 3d)
and the corresponding symmetrical sites (segments 9
and 10, positions 387 and 430) show the calculated
average sequence nonspecific binding. These adjusted
data suggest an approximately threefold binding pref-
erence for segment 3 (position 129) and a more than
twofold binding preference for segments 7 and 8 (po-
sitions 301 and 344) compared to random sequences.

567

ajy
Sequence 37129 bp
ar ET vE 1
I

FtEgtanage 1-,1.1':'1..!“ EqtaccRRAS EEQatggall Agaacaatgt

EFT™Y EF ™Y

AT-rich sequence 258-301 bp
259 301

Casalallil TALLTLAdal CLATA4T a4l ALITLITAL AkaalLldd

Saquoence 302-344 bp

:“I;,; & o '] 2 [ }IH
EE i
Site drected mutagenesis
Hr :in;
Gtigtanags aggtcmmtab ';!.:n?f PEGAEggakl Agaacakt gt
b} <)
rolatan DD dgRMA BB (neTEI) 040
1 235
03

0.5
Qa0

43 B8 139 TR 8 2T
RGN ]
d)

redabive DD posRa B4 (n=0)

banciing
fresquency

&Y BE 119 1TF 5 6T
e

FIGURE 4. Determination of preferential binding and site-directed
mutagenesis. a: Sequences of the putative preferential binding sites
in segment 3 (positions 87-129), segment 7 (positions 259-301)
and segment 8 (positions 302—-344) are depicted. Brackets indicate
the A;NgA3sNgA, motif. The mutation introduced into the 87-129-bp
putative binding site is shown in the bottom line. b: Arbitrary assign-
ment of binding sites within dsSRNA EB4-11 (267 bp) (as in Fig. 3b).
c: Model of binding site distribution for EB4-11 dsRNA, similar to
Fig. 3d. d: Arbitrary assignment of binding sites within EB4-11m"
after site-directed mutagenesis. e: Model of binding site distribution
for EB4-11M dsRNA (as in Fig. 3d).

To further elucidate the basis of preferential internal
binding, we screened the sequence for potential bind-
ing motifs in these areas. Assuming that antibodies
would recognize one side of the double helix, we es-
pecially looked for sequence motifs spaced at a dis-
tance of 12 bp. At positions 94-118 (corresponding to
segment 3, Fig. 3d) we found the sequence depicted in
Figure 4a with the special feature of A, Ng A3 Ng A, with
A residues arranged at 12-bp spacing. In an A’ confor-
mation, this would present A residues on one side of
the dsRNA. Two similar overlapping motifs (Fig. 4a)
were found at positions 307-331 and 317—-341 (corre-
sponding to segment 8, Fig. 3d) in the sequence, but
nowhere else in the fragment. Though segment 7 was
highly A and U rich, we did not detect the motif defined
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above. Burkhoff and Tullius (1987) had shown that A
tracts cause bending in double-stranded DNA. This is,
however, not the case in double-stranded RNA (Wang
et al., 1991) and could therefore not be considered as
a structural feature mediating preferential antibody
binding.

To confirm the hypothesis that the motif in segment 3
presented a high affinity sequence for the antibody, we
changed the central A triplet in the 267-bp fragment
EB4-11 by site-directed mutagenesis to GGC, resulting
in the altered motif A, Ng GGC Ng A, (Fig. 4a). Binding
assays clearly showed that the number of bound anti-
bodies was significantly reduced (Fig. 4b,d). Adjusted
data are presented in Figure 4c,e and demonstrate that
binding was reduced ~2.5-fold in comparison to the
wild-type sequence. After subtracting sequence non-
specific binding (see also legend to Fig. 3), the binding
preference was reduced almost sixfold or by 83%.
Though a minor binding preference remained, the re-
sults clearly demonstrated that the exchange of 3 nt
almost abolished the high affinity for this site and fur-
ther confirmed our previous assumption of the orienta-
tion of the molecule. The fact that we could not define
a motif determining preferential binding to segment 7
suggests that other sequence combinations also result
in preferential binding or that our definition of the pref-
erential binding motif was too strict.

It should be noted that the definition of the binding
site also supported our previous assumption that the
antibody binds to one side of the double strand. This
was also found for Xlrbpa cocrystallized with dsRNA,
where binding was observed to two successive minor
grooves on one face of the helix (Kharrat et al., 1995).

Antibody decoration at the ends of molecules also
posed the problem of defining orientation and to dis-
tinguish between a very strong binding sequence at
one end or a general affinity to end structures. How-
ever, because many molecules had antibodies bound
to both ends, it was rather likely that there was no
high preferential binding on one side. In addition, high
affinity to the ends was also observed when tran-
scripts were generated which had different polylinker
sequences at the termini (data not shown). We there-
fore assume that both ends have similar affinity result-
ing in an ~3.8-fold preference for end binding compared
to internal random sequences. Possibly, open ends of
double-helical RNAs present a structure with high af-
finity for the antibody. Such structural features are ap-
parently also presented by internal dSRNA—ssRNA
junctions, for example, in molecules with an internal
single-stranded loop, where similar preferential binding
was observed (data not shown). It will be interesting to
see if closed ends as in foldback or hairpin loops will
abolish end binding preference.

MAb J2 has been described as a nonsequence-
specific dSRNA-binding antibody with some preference
for A- and U-rich sequences (Schonborn et al., 1991).
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Our data confirm these findings but add a specific se-
guence motif, A;,NgAzNgA,, which displays strong pref-
erential binding. However, as demonstrated by the
undefined binding site in segment 7, this element is not
the only one with higher than average affinity.

MATERIALS AND METHODS

In vitro transcription was done with plasmids pGEM-3Z-
EB4-1, pGem3Z-EB4-11, pGem3Z-EB4-12, and pGem-3Z-
EB4-1del (Hildebrandt et al., 1991; Hildebrandt & Nellen,
1992). The constructs were digested with BamHI or Acc65I,
transcribed with T7 and SP6 RNA polymerase (MBI Fermen-
tas, St. Leon-Rot), respectively, according to Hecker et al.
(1988). The following complementary ssRNAs resulted from
these reactions: IVT EB4-1s (724 nt), IVT EB4-1as (750 nt),
IVT EB4-11s (283 nt), IVT EB4-11as (310 nt), IVT EB4-12s
(406 nt), IVT EB4-12as (432 nt), IVT EB4-1dels (663 nt), and
IVT EB4-1delas (689 nt). Equimolar amounts of the comple-
mentary strands were mixed and hybridized in TNE (100 mM
NaCl, 50 mM Tris-HCI, pH 8.0, and 10 mM EDTA) by heating
at 95°C for 10 min and slow cooling to room temperature.
After trimming single-stranded overhangs with RNase A
(30 min at 37 °C) and subsequent phenol extraction, the fol-
lowing completely base-paired dsRNA molecules were ob-
tained: dsRNA EB4-1 (707 bp), dsRNA EB4-11 (267 bp),
dsRNA EB4-12 (389 bp), and dsRNA EB4-1del (627 bp).
RNA was ethanol precipitated and redissolved in double-
distilled water.

Samples for gel-retardation assays were prepared by in-
cubation of 1078 M (30 ng) mAb J2 (Schénborn et al., 1991)
with 20 ng and 100 ng dsRNA in 1X PBS for 10 min. In a
control reaction, 20 ng of ssRNA were used. Complexes were
separated on a nondenaturing 6% PAGE at room tempera-
ture in 1X TBE (Theissen et al., 1989) for 2 h at 12 V/cm. The
respective RNAs were also submitted to electrophoresis with-
out mAb J2. Molecules were detected by silver staining
(Hecker et al., 1988).

Site-directed mutagenesis of the preferential binding site
was done according to the Stratagene Manual for the
QuikChange kit (Stratagene GmbH, Heidelberg). To create
restriction enzyme recognition sites within the J2 binding site
of fragment EB4-11, the following oligonucleotides were de-
signed: J2 Fw (31 nt), GGTCAATATTGTACCGGCCTTGATG
GAAAAG, and J2 Rev (31 nt), CTTTTCCATCAAGGCCGGT
ACAATATTGACC, and used for PCR reactions. The intro-
duction of the mutation was verified by sequencing and the
resulting construct was designated pGem3Z-EB4-11™,

dsRNA-antibody complexes were formed by combining 1.0—
2.5 nM dsRNA and 35 nM mAb J2 in 1X TBS, 30 mM MgCl,
at pH 8.0 for 10 min at room temperature. A 10-uL drop of the
sample was placed for 1 min on a freshly cleaved, glow dis-
charged (1 min, 0.3 mbar air) mica surface, washed with
1 mL MilliQ water and blown dry with nitrogen. Samples were
scanned with a Nanoscope Il multimode SFM (Digital Instru-
ments, Santa Barbara, California) operated in the tapping
mode using a J scanner with a 125 X 125 (x,y) X 5 (z) um
scan range or an E scanner with a 10 X 10 (x,y) X 2.5 (z) um
scan range. Microfabricated silicon tips with a force constant
of ~42 N m~! and a resonance frequency of ~320 kHz
(Pointprobes; Nanosensors GmbH, Wetzlar) were used. The
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free amplitude was ~100 nm, the setpoint was 30% below
the free amplitude. Images (512 X 512 pixels) were taken at
1-2 Hz scanning frequency in the topographic mode in air
(relative humidity 20—-50%), and at room temperature (18—
27°C).

Images were processed with the Nanoscope software in-
cluding the operations of plane fitting and flattening. Contour
length measurement was done by drawing a traverse line
along the skeleton of the molecule on the screen.

For quantitative analysis of antibody binding to the RNA,
imaged molecules were subdivided into segments of 13 nm.
Left and down was arbitrarily defined as segment 1. The
number of antibodies found in each segment was counted
and divided by the total number of bound antibodies (relative
binding frequency).
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