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Binding of RNA by the alfalfa mosaic virus movement protein is biphasic
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The movement protein of alfallz masaic virus wus expressed in Escherichio coli and purified by cation exchange chromatography. The purified
protein bound single-strunded RNA cooperatively in u biphusic manner. At protein saturation, RNAJprotein complexes (designaled *primary
complexes’) were detected by a nitrocellulose-retention assay within | min of mixing. both at 4 and 22°C. In contrast, an incubstion of 30 min
ut 22°C was necessary to obtain clectrophoretically retarded complexes (‘stabilized complexex’), containing a large number of protein molecules
bound stably to ench molesule of RNA. Stabilization did not take place at 4*C. The rate of formation of the primary complexes was strongly
dependent on protein concentration, and thus appeared limited by u bimolecular interuction. In contrast, the rate of stabilization was independent
of pratein concentration, suggesting that this process consisted of a rearrangement of the primacy complexes without binding of additional protein
molecules. [n ugreement with this suggestion, the amount of complexed RNA at equilibrium was the suma when assayed by nitrocellulose retention
and by clectrophoretis retardation. The possibility that these peeuliar kinetics could be caused by the presence of Tween 20 in the incubation media
is discussed.
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. INTRODUCTION

thiogalucto-pyranoside (IPTG) on the basis of in situ immunochemis

The alfalfa mosuic virus (AMYVY) movement protein
encoded by RNA3 (P3, 300 amino acids) was shown
carlier to bind single-stranded nucleic acids in vitro [1).
Three other viral movement proteins, those of tobacco
mosaic virus [2,3], caulifiower mosaic virus [4] and red
clover necrotic mosaic virus (5], share this property with
the AMY movement protein but show slight variations
in the affinity for each type of ligand. We investigated
the nucleic acid binding properties of P3 in more detail,
using an improved method of preparation based on the
expression of the protein in Escherichia coli rather than
in Saccharomyces cerevisice.

2. MATERIALS AND METHODS

2.1, Prutein expression in E. ¢coli

We used the expression vector pET3d (6], a kind gift fram Dr. W.F.
Studier. The camplete P3 open reading frame (ORF), obtained from
M13mp?.P38 [i] as a SefI-BumHI fragment, was mutagenized with
the pSelect system (Promega Bioleg) to create an Neal restriction site
(S'CCATGGY’) at the translational initiation site to fucilitate its inser-
tion into the expression vector. The ORF wus retrieved from pSelect
as an Neol-BamHl fragment (319 bp) and inserted between the Neol
and the BamHMI sites of pET3d. The recombinant vector was cloned
into E. coli strain BL21(DE3) in the presence of 50 ug/m! ampicillin,
Cloning techniques were as described [7). Colonies were selected for
expression of o P3-related protein after induction with isoprapylg-o-
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cal detection.

2.2 [n sug immunochemical detection of expressing clones

The ¢olonies obtained on selective plates were (runsferred to u
nitrosellulose sheet. The sheet was pliced on an agar plate containing
Luria-Bertani (LB) medium, 150 gg/ml ampicillin and 0.4 mM IPTG
und incubated for 3 h at 37°C, The bacteria were exposed to chloro-
form vapor for 30 min and lysed in situ in 50 mM Tris-HCl, pH 7.5,
containing 150 mM NaCl, § mM MgCl,. 40 mg/ml lysozyme, | pg/ml
deoxyribonuclease 1 and 30 ug/mi bovine serum albumin (technique
adupted from {8]). The sheet wis then washed twice with PBS (0.15
M NuCl, 1.5 mM KHM,PO,. 7.9 mM Na,HPO,, pH 7.5) containing 1%
Tween 20 and colonies synthesizing P3 were visualized as in the im-
munoblotting procedure.

2.3, Prepuration of the P3-reluted proteins

BL21(DE3) cells carrying the recombinuni pET3d vestors were
grown overnight at 37°C in 20 ml LB medium containing 150 ug/m}
ampicillin, The culture was diluted (wofold with LB niedium and
another 130 ug/ml of umpisillin was sdded to make up for the loss due
to the f-lactamase released during avernight growth, IPTG (0.4 mM)
was added to induce expression of the chimeric gene and the cells were
grown for another 3 h,

The bacteria were harvested by centrifugation and resuspended in
5 m! buffer A (50 mM Tris-HCI, pH 7.5, 50 mM NaCl, 5% glyceral,
10 mM EDTA, 10 mM 2.mercaptocthanol) containing 04 mp/mi
lysozyme and 1 mM phenylmethylsulfonyl flucside (PMSF), After 20
min of incushation at 37°C, they were submitted to 3 or 4 freczd-thaw
cycles, The inclusion bedies and ccll debris were pelleted by gentrifu-
gation at 5.000 x g for 10 min and re-extracted with 1.5 mi bufTer A,
then with 1.5 mi bulter B (50 mM Tris-HCI, pH 7.5, 10 mM EDTA,
10 mM 2.mercaptoethanol) containing 1% Nonide! P40 and | mM
PMSF, then washed twice with 1.5 ml buffer € (50 mM sodium
acetate, pH 5.5, 10 mM 2-mercaptocthanol). The recombinant protein
was solublized with 1.5 ml bulfer C containing 6 M urea, purified by
chromatoyraphy on carboxymethy! Trisacryl and renatured as de-
scribed [1]. 1t was stored at —80°C in 50% glycerol. The concentration
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of the purified protein wus determined by SDS-PAGE of un uliquot
in puraliel with 4 known amount of bavine serum albumin, and ub-
sorption scunning of the Coomassie brillunt Blues-stuined gl ut 600
nm,

2.4, Analysis of proteins by SDS-PAGE and inmnmuobloting

The proteins were sepurited by SDS-PAGE in 9 or 10% gelx (V).
clectratransterred (o pitroceliulose und immunareacted with u rabbit
untiserum against the yeust=expressed protein (anti-P3) [10). diluted
3,000-fold. Bound untibody wis visualized with the LImmuna-Seleet kit
of Gibwa BRL.

2.5, Nueleie acid himding axsuys

A synthetie ¥P-lubeled RINA3 (2,1 kb) wis prepured axin [)1), The
mixture af RNA and protein was incubated in bufier D (finul congen~
trations: 12 mM Tris-HCL pH 2.5, 10 mM 2.mercuptocthunol, 0.1%
Tween 20, 7.5% glyeeral) and the binding was axsuyed either by elee-
trophoretic returdation in u 1% ugurose gel prepaured in low-salt bufler
(6.8 mM Tris-HCL, pH 2.5, 1.3 mM sadium ucetute, 1 mM EDTA),
or by nitrocelluiase retention, as described in [3). The gels and the
nilroceliulose sheets were uutarndiographed. Quantitation of the ag-
siyx wits by absorplion scunning of the autoradiagrums ut 400 nni.

3. RESULTS AND DISCUSSION

3.1, Expression of P3 in E, coli

From SDS-PAGE and immunoblotting analysis of
the crude extruct (not shown). it appeared that the re-
combinant bucteria expressed a protein which reacted
specificully with the anti-P3 serum and amounted to
more than 50% of total cellulur protein. One hundred-
times as much recombinant protein was produced in
a given volume of culture medium by E. coli us by
S. cerevisiue (1], This protein, designated P3-E. pre-

1 2 3 4

g
Fig. 1. Analysis of the recombinunt movement proteln prepured from
E. coli, The purified resombinant protein (P3-E: 3 gg) wus sualysed
by SDS-PAGE in a4 9% gel and stained with Coomussic brillint blug
(lane 1). In another experiment, 5 ng of P3-E were immunoblatted
ufter SDS-PAGE in u 10% gel (lune 2), in parallel with the 30,000-g
pellel prepured us describsd [16) from 20 my of AMV-infected tabicco

leaves (lane 3), and with 2 ag af purificd P (1] (ane 4).
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cipitated at low speed with inclusion bedies and was nat
solubilized by buffers contuining non-ionic detergents
(Tween 20, Triton X-100 or Nonides P40), It was solu-
bilized by u bufter contnining 6 M urea, then purified
by cation-exchange chromategruphy. The resulting
sample wus at least 95% pure. us shown by SDS-PAGE
and photodensitometry of the Coomassie brillant blue-
stained gel (Fig. 1. lane 1). Some of the faster-migrating
contaminants may be degradation products of P3-E be-
cause they reacted with the anti-P3 serum after being
trunsferred to nitrocellulose (lune 2). In addition, the
immunablot revealed thut P3-E migrated slightly more
slowly than the movement protein induced in tobucco
by viral infection (lune 3) or than the yeast-expressed P3
(lune 4; this protein is designated P3-¥). The very slight
difference of mobility, which corresponded to an appar-
ent molecular mass difference of less thun 0.5 kDa, was
observed repeatedly. It might be an indication that the
protein made by £ coli was slightly different from that
mide by yeast or tobucca, However, the two recombi-
nant proteins had the sume ion-exchunge behavior (not
shown). suggesting that no charge difference was in-
volved. One of the possible explanations would be that
the N-terminus of the protein was processed differently
in £. coli und in the two eukaryotes, Since the penulti-
mate residue of P3 is glutamic acid, the initiator
methionine is probubly not removed in £, coli [12]. In
contrast, in cukuryotes the methionine could be acetyl-
ated. then cleuved off by an acyl amino acid hydrolase
[13]). The nature of the N-termini of P3-E and P3-Y is
being investigated.

3.2, Nucleic acid hinding prapertios af the recambinani
movement profein

Fig. 2 shows the electrophoratic retardation of a fixed
amount of *P-lubeled RNA by increasing amounts of
P3-E. The lact that the radioactive material migrated
either us free or as completely retarded RNA (without
any intermediate) indicates that the binding was highly
cooperative. This is at variance with a similar experi-

3 456 7 8
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Fig. 2. Cleclrophoretic retardation of MP-abeled single-stranded
RNA by incrensing amounts of P3-E. The “'P-labeled RNA probe (1
ng in 10 41 was incubated for | h at 22°C with 0, 0.4, 0.8, 1.6, 3.1,
6.2, 12.5, 25 or 50 ng P3-E (respectively in fanes C, 1 -8) and subimitted
to agurose gel electraphoresis, then the ge) was autoradiographed. The
open and closed triangles indicate, respectively, the positions of free
stidd completely raturded RNA, :
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ment done with P3-Y [1). in which complexes of inter-
mediate mobility were detected, The variation in yppar-
ent degree of cooperativity is not due to the i0-fold
difference in RNA concentration between the two ex-
periments (! ng/ul in (1] vs. 0.1 ng/ul in Fig. 2) because
a similar experiment (not shown) done with P3-E and
1 ng/ul of RNA revealed the same degree of cooperativ-
ity as seenin Fig. 2. Rather, the variation may be related
to the physicul or chemical difference between P3-E and
P3-Y which causes the slight difference of alectro-
phoretic mobility. The highly cooperative complexes
made by P3 are likely to be metastable, as are those
made by the single-strand binding protein of E. coli [14),
and their rate of evolution toward equilibrium com-
plexes may depend in a subtle way on the conformation
of the protein. It is conceivable that this evolution was
fuster with P3-Y than with P3-E, expluining why such
complexes were not detected with the former.

P3-E had the sume preference for single-stranded nu-
cleic acids und the sume lack of sequence specificity as
P3-Y [1] when tested by competition, using the nitrocel-
lulose retention assay (not shown).

The kinetics of binding of P3-E to single-stranded
RNA were analysed by electrophoretic returdation and
by nitrocellulose retention, on ice (4°C) and at room
temperature (22°C). Interestingly. these two techniques
gave quite different results at high protein concentra-
tion (S ng/uls Fig. 3a and b). At 4 as well as 22°C, the
labeled RNA was completely retained by nitrocellulose
within 1 min of mixing with the protein. [n contrast. an
incubation of 30 min was required to obtain complete
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Fig. 3. Kinetics and protein saturation of the binding of P3-E to RNA.

assayed by nitrocellulose retention and by retardation elestrophoresis.

The “P.labelled RNA3 (0.4 ng in 10 ul} was incubated with purified

P3-E at 22°C (a) or 4°C (0), and the binding was assayed by nitrocel.

lulose retention (u und ¢) and by retardation electrophoresis (b and d).

In (8) und (b). the protein concentration was & ng/ul: in () and (d).
the incubation time wis 1 h,
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returdation of the labeled RNA at 22°C, and no retar-
dation was detected at 4°C even after 2 h incubation.
It is thus clear that the binding of P3-E to RNA is
biphasic. We designate the interaction detected by the
nitrocellulose-retention assay as “primary interaction',
and the process leading to the formation of completely
retarded complexes as ‘stabilization’. The primary inter-
action between protein and RNA could be made slower
by lowering the protein concentration, showing that it
was kinetically limited by a bimoleculur process. In-
deed. with 0.6 ng/ul P3-E, its half-time was abeut 4 min
a1 22°C and 15 min at 4°C (not shown). In contrast, the
rute of stubilization appeared independent of protein
concentration. At 22°C in the presence of 0.6 ng/ul
protein, its half-time (measured after a pre-incubation
of 1 hat 4°C) was about 10 min, i.e. was nearly the same
as in the presence of S ng/ul protein (Fig. 3b). Thus the
primary interuction seems to consist of a simple colli-
sion-limited process which does not require a large acti-
vation energy. whereas the stabilization process appears
as an energy-requiring evolution of the preformed com-
plexes, :

The amount of complexed RNA was meusured as a
function of protein concentration by the two methods,
after a | h incubation period at 22 or 4°C. At 22°C,
half-maximal binding was observed at the same concen-
tration (cu. 1 ng/gel) with the two methods. and the
saturation curves obtained at the two temperaturas with
the nitrocellulose retention assay were almost superim-
posable (Fig. 3¢ and d). The similarity of the suaturation
curves obtained at 22°C indicutes that the two methods
detected the same type of complexes, i.e. the completely
retarded. highly cooperative complexes of Fig. 2. If
non-cooperative complexes were present at this temper-
ature they were not stable enough to survive either
assay. The identity of the titration curves obtained at 4
and 22°C by the nitrocellulose retention method sug-
gests that, even though the complexes made at 4°C were
less stable than those made at 22°C, they contained the
same proportion of protein and RNA. This result is in
agreement with the fact that the rate of stabilization did
not depend on protein concentration.

- Any physical interpretation of these kinetics must
take into account the fact that the incubation media
contained 0.19% Tween 20. Since the critical micellar
concentration of this detergent is 0.006% at room tem-
perature [15] (and probably much less at 4°C). most of
the protein must have been associated with detergent
micelles. Thus we suspect that a lurge part of the pri-
mary iatcraction was between RNA molecules and
micelles carrying several protein molecules. The result-
ing primary complexes did not consist of RNA bound
to single protein molecules, but rather of RNA mole-
cules wrapped around protein-containing micelles. Sta-
bilization of those complexes required the breakage of
hydrophobic bonds between protein and detergent as a
prerequisite to the establishment of the proper protein-
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protein interactions, which explains the large effect of
temperature, '

It can of course be argued that what is observed in
vitro in the presence of detergent is not relevant to the
in vivo function of the protein. However, it should be
remembered that the movement protein of AMYV has
never been detected in the soluble fraction of cell ex-
tracts, but rather is associated with membranes and cell
walls [10,16,17). It is therefore possible that the ex-
change of protein between a micellar (or membrane-
asseciated) state and an RINA-bound state happens in
vivo as well as in vitro,

In contrast with our results with the AMYV movement
protein, the binding of single-stranded nucleic acids by
the TMV movement protein was shown to be coopera-
tive at 4°C, both in the absence [2]) and in the presence
of non-ionic detergent {3]. Thus, even though both pro-
teins make cooperative complexes with single-stranded
nucleic acids. their kinetics of interaction with these
ligands are significantly different,
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