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1. Introduction

According to Butler and Xilug 1], iobacco mosaic
virus {TMYV) reconstitution proceeds from a protein
double disk {20 S). This protein aggregate recognizes
specifically the 5"-OH end of the TMV-RNA [2] and
the continved growth of the particles occurs from the
same aggregate. However, Okada and Ohno {3] and
Richards and Williams [4] have recently questioned
the role of the 20 S protein aggregate in the elonga-
tion process and have claimed that the 4 S aggregate
exclusively is a protein sonree for the growth of TMV.
But neither the Cambridge group, nor the Japanese
and the American group have siudied the quality of
the reconstituted material obtained in the different
conditions used.

The present paper investigates under well defined
conditions the role of the 4 S and 20 S aggregates and
the guality of the reconstituied matesial.

2. Material and methods

2.1. Source of the TMV protein

The quality of the native protein and its ability to
give apgregates more or less rapidly depend on how it
is prepared and stored, and the purification of the vi-
s is espeem]ly importani. The TMV was purified by
the PBG" precipitation procedure [6] and the protein
was isolated from a fresk virns preparation by the ace-
tic acid method [7]. The RNA contamination was ex-

tremely low (the A,cnfAsg, ratio varied from 0.57 to

* PEG = yoﬂyeﬁ:yleneg}yco].
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0.60). The protein was maintained in solution in dou-
ble distilled water adjusted to pH 8.0. Protein concen-
trations were determined with a Zeiss specirophoto-
meter, assuming an extinstion cosfficient & Oﬁlg =
1.27 [7] for protein solution at pH 8.0.

In these conditions of preparation, analytical ultra-
centrifugation analysis showed only one peak, the
MEean Syp,, vaiue of which is 4 S (fig. 1 a). No other
aggregate was present. Generally, proiein preparations
were used immediately. Further chromatography on
DEAE-—celluiose column was found unnecessary in
our ¢~ Aditions of preparation. This protein had no
“memory” as suggested in some cases [8].

2.2. Mixing of RINA and proiein

RNA was prepared by the phenol procedure angd
dissolved in 0.01 M phosphate buffer pH 7.0. The
RNA was diluted to 1060 pug/ml with sodinm pyrophos-
phate {(NaPP) buffer pH 7.25 of final ionic strength
{IS) 0.1 or 0.5. Then the 4 S o7 20—25 5 protein sol-
ution {1.2 ml 1o 1.8 mg’ ni) in NaPP buffer at the
same IS was added to stort the reconstitntion process.
The proiein had a final concn. of 0.1%. The tempera-
ture used was 24°C.

‘The mean value of the sqp,, of the proiein aggre-
gates was 20 with 0.1 IS and 25 with 0.5 IS. We con-
sider the 20 S proiein aggregate 1o be the same of
that obtained by Doarham and Xing (9] in thejr phos-
phate buffer and o consist of dJouble disks. i1 iz noi
yet clear if the 25 S aggrepates observed at 0.5 18 in
NaPP buffer were also donble disks {with. an incieased
value of 844, due 10 the IS of the buffer) or 1o aggre-
gates of more than iwo disks {3 or 4 disks for exam-
ple). In any case this point is not very important “be-
cause apparently whaisver the nature of the aggregate

: 18
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Table 1
Reconstitniion vield at various ionic strengths.
IS of reconsiitniion Vield
buffer (% of RNA coated)
0.5 {control) 60
Expt. A
0.1 3
0.5 {control) 74
Expt. B a p3 88
) .1 84

a and b) Native protein was preincubated for 2 hr at 24°C in
the same reconstiiuted buffer: (NaPP buffer pH 7.25).
) This protein preparation was e one llustrated in fig. 1b.

it was very efficient in the reconstitution process
[14].

In some experiments the protein was preincubated
for 2 hr in NaPP buffer at pH 7.25 but at various IS:
0.5,0.3,0.15 and 0.1 and was added to RNA solo-
tions at the corresponding IS.

2.3. Time of reconstitution

Fluorescence studies |5] have shown that a good
reconstituticn was obtained in about 20 min. Qur pre-
liminary experiments have shown that TMYV particles
reconstituted in this way were unstable and that their
infectivity wss nonproducible. After 2 hr of reconsti-
tution, the maximal yield was obtained and we ob-
served reproducible levels of infectivity. Consequent-
1y a 2 hr reconstitution period was used in the experi-
ments.

2.4. RNAase ireatment

The reconstituted material was nltracentrifuged.
After the first nltracentrifugation [10] the pellets
were resuspended in double distilled water and
treated with RNAase for 10 min at 37°C (0.14 ug
RNAasef/A unit at 260 nm). After RNAase treatment,
the reconstituted material was ultracentrifuged for 2
hr at 105 000 g as was the untreated mmaterial. The pel-
lets weze resuspended in 0.01 M phosphate buffer pH
7.0.

20
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2.5. Reconstitution yield

The reconstitntion yield was estimated by the
method of Stussi et al. [10] or in some cases by fol-
lowing the increase in light scattering {at A of 310
nm} which is approximately proportional to the rod
length and concentration of the particles over the
range of the reaction [11]. The absorption was re-
corded with a Beckman Acta 111 recording speciro-
photometer.

2.6. Elecirpn microscopy

Electron microscopy was done according to the
method previously described [97 and the histograms
were obtained according to the procedure described
in detail elsewhere [12].

2.7. Bipassay

Native and reconstituted TMV in 0.01 M phos-
phate buffer pH 7.0 were diluted in the same buffer
at chosen concentrations to obtain between 10 and
100 local lesions per half leaf. Before inoculation, 25
1} of aqueons bentonite {10 mefml) were added to
2 ml of each solution. The TMV suspensions were as-
sayed on the local lesion host V. zabacim var. Xanthi
necroticum using latin square inoculation of at least
8 half leaves for each suspension tested.

3. Resnlis

3.1. Reconstitution at low ionic strengih

Experiments reporied in table 1 {experiment A)
showed that when 4 S protein (fig. 1 a) was added to
TMV-RNA in NaPP buffer pH 7.25 a1 0.5 and 0.1 IS
the yield of reconsiitution was 60% and 3%, respec-
tively. When the 4 8 protein was przincubated at 0.1
18, a small peak of 20 S appeared (fig. 1b) which rep-
resented about 10% of the main 4 S peak estimated
by the area under the peaks. In this case, the yield of
reconstitntion was 84%% and was slightly higher than
that at 0.5 IS (the vontrol). At 0.3 IS alarge 25 3
peak was observed and the yield was of the same or-
der as at 0.1 IS (table 1).

In experiments made with a different proiein prep-
aration, the 4 8 protein preincubated in NaPP buffer
at 0.1 13 formed only 8 S aggregates (fig. 1 ©) and in
this case the reconstitution yield was low: 7%. These
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Fig. 1. Sedimentation pattemms of TMV protein at 24°C in Na pyrophosnhate buFer at 0.3 1S and pH 7.25. All photographs were
taken 16 min after the rotor reached a speed of 47 600 rpm. Sedimentation was from Ieft 1o richt. a) Native protein 3 mg/fral,
Spow = 4. b and ¢) Two different protein preparations preincubated for 2 hr in Na pyrophosphate buffer 8.1 IS 3 mg/ml:

b) spow = 4 and 20. The propoztion 20 8/4 S aggregates was from 3/10 estimated by the zrea under the peaks. © sppw =3 The
S values were corrected for the effects of temperature and solutior. @ensity to waiter at 20°C but were not extrapolated to i finite

dilution.

experiments showed that 4 S protein can agarepate
more or less easily at 0.1 18, according to the quality
of the preparation. When the 4 S protein was incu-
bated 2t 0.15 IS and the reconstitution performed in
the same buffer, very similar results as those reported
in table 1 experiment B{b} were cbtained but more
regularly. In many other experiments of the same {ype
we obtainad 2 70 to 85% yield when the ratio 20 8/4
S indicated a mean value of ten 20 S aggregates per
RMNA molecule. When the average number of 20 S ag-
gregates per RNA molecule was less, depending on
the proiein preparation, the yizld decreased consider-
ably.

3.2. Kinetics of reconstituzion at Iow ionic strength
3.2.1 Stability of 25 S aggregates

25 S aggregates were preformed by incubation of
4 5 protein for 10 min in NaPP buffer 0.5 1S [13].
When this material was brought to 0.1 IS, it rapidly
dissociated into 4 8 protein. Bui when it was initially
mixed with 4 8 protein, it dissociated much more
slowly.

3__.2. Reconstitution .
Four experiments were done involving various com-

binations of 235 S apgregates, 4 S protein and RNA.

The yield was studied by following the increase in
light scattering.

i) Preformed 25 S agpregates were mixed with
RNA in s10ichiomstric proportion in 8.7 15, Wo ob-
tained rapiciy a hich reconstitution vield {curve A,
fig. 2}.

-~ i) A stoichiometric mixture of 4 S protein and
RNA in 0.1 1S was mixegd with 25 S aggregates in the
ratio 1/20. The reconstitution yield was similar
{curve B) bu¢ was achieved more slowly.

i1} Wwhen the ratio of 4 S-RNA/ZS5 5 was changed
to 3f1 Dor i/, both the yield and rate of reaction
were decreased curve C).

iv) #hen © ~onstitution was atte npted using only
a s*oichiometsic mixture of 4 5 proiein and RNA,
the y'z1d was very small {curve D).

3.3. ENAgse stabilizy and infectivity of the reconsti-
Fuated mnterial

Comparison of the histograms of the recon_.dtuted
material obtained «t low ionic strength before and af-
ter RI¥Aase treatment showed that RNAase treatment
significantly decreased the mean length of the parii-
cles, proving that the structure of the particles was un-
stable angd the protection of the RMNA incomplete.
Howsver, mareriai reconstituied in 0.5 IS was not af-
fected by RNAszse ireatment. 21
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Fig. 2. Kinetics of reconstitiiion fellowed by light scatiering.
Al expeziments were done in NaPP buffer pH 7.25, 0.1018
a1 24°C. A) 50ng RNA +1 mg 25 8 protein~. B) 50 ug
RNA +1mpg4 Sprotein+ 250 pp 25 8 rpmlein*. CY SO ug
RNA + 1 mg 4 S protcin +150 ug 25 & protein”. D) 50 ug
RNA +1 mg 4 S protein.
*2558 protecin 'was obiained by incwbation for 10 min in
NaPP balier 0.50 IS pH 7.25 at 24°C.

The specific infectivity of the virus reconstituted
at low fonic strength was generally the half that of
the virus reconstituted at 0.5 IS. But if the specific in-
fectivity of the RNAgnse ireated particles of the con-
110l (0.5 13) was not sigaificantly Gecreased, a drastic
decrease (10-fold) of the specific infectivity of the
RNAase treatesl material reconstituted at low jonic
strength was observed as indicated in table 2. This
proves that the quality of the material reconstituted
at low ionic strength was rcor. Electron micrographs
showed some gaps in the protein coat of the particles.

4. Discussion

The data presented show that reconstitution oc-

~ curs at low ionic strength provided that 20 or 25 8§ 23-
- gregates are present i relatively large amount, This"
22 ’
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; ‘ ‘Table 2
& Quality of reconstituted material.
P J
o] _
2 ‘Concentration of®
i B inoculnm in ue/ml o
| ® | obtain 5D lexnons per
| e ‘ Material - Treziment halfleaf (8 half leaves)
| ' | Origical
7 ® | 1MV 0,010
T™MY ¢\ — RNAmnse D025
reconstitoted -
] in0.15 18 + R¥MAase 0.025
Original
™YV D.025
© T™Y
reconsiituted — RNAase 0.10
in 0.1 1S with
preincubated
protein + RNAnze 1.0
/ ® Original TMV preparations and reconstituted material were
in Na phosphate buffer at pH 7.0 and 0.01 M.

confirms the role of 20 S aggregates in the initiation
process as demonstrated by Botler and Klug [1] and
confirmed by other groups {3,4]. In our conditions,
at low ionic strength, the yield of reconstituted mate-
1ial is very high {84—88%) and the transformation of
4 S protein te 20 8 at this IS is extremely slow. It is
therefore likely that 4 S protein participates in the
reconstitution; it should be noted that the history of
our 4 8 protein does not imply 2 memory effect.
These observations are in agreement with those re-
ported by others [3, 4], however the rate of reconsti-
tution is faster when the ounly material present is 20
or 25 8 aggregates, and this seems 1o indicate that
this structire is betier adapted than that of the 4 §
for rod elongation. This point of view, in agreement
with Butler and Klug [14] is reinforced by the resnlts
obtained at high ionic strength where 20 or 25 S ap-
gregates predominate or al low ionic strength using
preformed disks. On the other hand, the particles
grown from 4 S protein are unstable, sensitive to

RN Aase and have a relatively low specific infectivity.
Thus, it seemns reasonable to assume that in the natu.
ral condition, both the initiation and the elongation
process occu” by means of double disks. -
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