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Assembly of Tobacco Mosaic Virus Rods in Vitro. Elongation 
of Partially Assembled Rodst 

Kenneth E. Richards and Robley C. Williams* 

ABSTRACT: The elongation phase of the in vitro assembly of 
tobacco mosaic virus was examined by the use of partially 
assembled rods. The rates of rod elongation in reaction mix- 
tures buffered by sodium phosphate and by sodium pyro- 
phosphate were measured by turbidimetric methods and by 
electron microscopy. The mixtures contained partially as- 
sembled rods and added protein in two different states of 
polymerization: disc protein (consisting of a 70 :30 mixture 
of 20-S discs and the 4-S A-protein complex) and A-protein 
alone. It was found that elongation rates are about the same 

I t was first shown by Fraenkel-Conrat and Williams 
(1 955) that protein and R N A  isolated from tobacco mosaic 
virus (TMV) will spontaneously reassemble, under appropri- 
a te  reaction conditions, to  form rods that are physically and 
biologically indistinguishable from the native virus. The 
detailed mechanism of the assembly has been reported upon 
by Butler and Klug (1971) who concluded that the initiation 
of rod assembly required the presence of protein “discs,”’ 
and that subsequent elongation of the rods proceeds by addi- 
tion of protein in the disc form to their growing ends. Okada 
and Ohno (1972) and Ohno et ul. (1972a), however, reported 
that full length TMV rods, as gauged by infectivity assay, 
could be formed from partially reconstituted rods under con- 
ditions where the formation of discs could not occur, and 
concluded that elongation of TMV rods proceeds by addition 
of protein units distinctly smaller than discs. We have previ- 
ously reported (Richards and Williams, 1972) some results of 
experiments which support the conclusion of Okada and 
Ohno : that elongation of previously initiated rods proceeds 
primarily, if not exclusively, by addition of small protein 
units, in the range of size of the ‘‘A-protein.”s 
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Disci“ a r c  protein aggregates having a 20-S sedimentation rate and 
composxl of 34 monomeric units of TMV protein arranged in a 2 -  
t u r i i  disc. Whcii mixed with TMV R N A  under appropriate reaction 
conditiolis < I  disc will bind as a unit to R N A  to form a n  “initiated” rod. 

‘ “A-protc.in” is a multicomponent equilibrium mixture in which the 
moiiomer, tr imer,  iiticl diminishing amounts of higher aggregates are  
prc.scnt. It cxhibits a 4-S sedimentation boundary when preparpd as  
dc.scrilvti i n  Materials and Methods. 

menibled rods o f T M V ;  p ,  ionic strength. 

regardless of which type of protein is added and remain essen- 
tially unchanged when its concentration is varied fivefold. 
It is concluded that, a t  least in phosphate buffer, one or more 
of the components of the A-protein complex is fully capable of 
yielding the observed rates of rod elongation, regardless of 
whether or not discs are also present. It is suggested that the 
component of the A-protein complex that is directly incor- 
porated in the rod elongation process is most likely to be the 
monomer. 

Our earlier experiments utilized quantitative electron 
microscopy (Backus and Williams, 1950) for assessing TMV 
rod initiation and elongation; i.e., for counting and measuring 
the lengths of recognizable rods formed during an assembly 
reaction. The conclusions of Butler and Klug (1971), how- 
ever, were primarily based on observations of an increase in 
turbidity which takes place during the first few minutes of 
assembly. We have now reinvestigated the kinetics of elonga- 
tion of TMV rods by means of turbidimetry as well as electron 
microscopy. Elongation rates have been examined in reaction 
mixtures buffered by sodium phosphate, and by sodium pyro- 
phosphate, the former because the behavior of TMV protein 
in its presence is well characterized (Durham, 1972; Durham 
and Finch, 1972; Durham and Klug, 1972), the latter in order 
to  make more direct comparisons with the experimental results 
of Butler and Klug (1971). We have used partially assembled 
rods (PAR) as the substrate material for further assembly in 
order to  study rod elongation in the absence of the perturbing 
effects of rod initiation that would take place if free RNA 
were present in the reaction mixture. Our results confirm and 
expand our earlier finding (Richards and Williams, 1972) 
that TMV rod elongation takes place with equal rapidity in 
the presence or absence of discs, and our conclusion that a 
small protein unit, of the size of A-protein, is the one primarily 
involved in the in aitro elongation of TMV rods. 

Materials and Methods 

Preparation of RNA and Protein. TMV, purified by differen- 
tial centrifugation (Knight, 1963), was a gift from Dr.  C. A.  
Knight. Its R N A  was phenol extracted in the presence of 
bentonite and EDTA (Fraenkel-Conrat et al., 1961) and was 
fractionated by means of sucrose gradient centrifugation in 
order t o  eliminate most of the molecules of less than full 
length, To do this, the RNA, a t  2-3 m g p l  in 1 mM EDTA 
(pH 7), was first heated to  60” for 90 sec, followed by rapid 
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chilling, and then layered upon d 5-20z sucrose gradient 
(0.15 M sodium acetate-1 mM EDTA (pH 6.5) buffer) for 
centrifugation in  the cold at  75,OOOg for 17 hr. The portion 
of the R N A  band near its peak was collected and concentrated 
by ethanol precipitation. The efficacy of the fractionation was 
tested by extended reassembly with a preparation of TMV 
protein containing discs and A-protein (‘‘disc protein”) ; 
at  the end of 30 min some 50-60z of the reconstituted rods 
were full length (300 nm). 

TMV protein was prepared as previously described (Rich- 
ards and Williams, 1972) and stored in the cold as “protein 
helix” at  p H  5. The protein used for elongation studies in 
phosphate buffer was prepared with a slight modification : 
the 0.1 hi ethanolamine (pH 11) buffer used to  depolymerize 
the virus, and the sodium acetate buffer in which the protein 
was stored, were both supplemented with 1 mM EDTA. 

Before being used in the assembly reaction mixtures samples 
of the stored protein were diluted in water to 5 mg/ml and 
were dialyzed in the cold against a large volume of 41 mM 
(0.1 ionic strength) sodium phosphate buffer at p H  7. The 
solution was then divided into two parts. One portion was 
maintained at  4”, while the other was incubated at  20” for 8- 
16 hr. The former material, called “A-protein,” showed a 
single 4-S boundary in the ultracentrifuge. The latter displayed 
a sedimentation pattern in which 60-70z of the material 
sedimented at  20 S and the remainder a t  about 4 S It is 
referred to  as “disc protein.”* 

Bentonite suspensions were prepared by the method of 
Fraenkel-Conrat et al. (1961) and were stored in the presence 
of 1 mM EDTA. 

Partiul1,v assernbled rods (PAR) were prepared thus: 0.3 ml 
of fractionated R N A  (2.5-3.0 mg/ml) was added to  2.7 ml of 
disc protein ( 5  mg/ml, 0.1 p sodium phosphate buffer (pH 
7)) and incubated for 3 min at  20”. The reaction was termi- 
nated by addition of 5 ml of ice-cold 0.1 M sodium phosphate 
(pH 8.6) containing 20 pg of bentonite, and rapidly chilled 
to 0”. The PAR were sedimented in the cold at  81,OOOg for 
2 hr, followed by suspension of the pellet in 0.3 ml of H20. 
Appropriately diluted aliquots of the PAR preparation were 
spray deposited (Backus and Williams, 1950) for electron 
microscopy. Protein concentrations in two samples of PAR 
were determined by Lowry assay. 

Elongation of the PAR brought about by addition of protein 
was studied in 0.1 M sodium pyrophosphate buffer (pH 7.3, 
26”) and in 0.1 p sodium phosphate buffer (pH 7, 20”). 
In the former case, disc protein, or A-protein, initially in 
sodium phosphate buffer, was mixed with 0.125 M sodium 
pyrophosphate (pH 7.3) to  yield a final buffer concentration 
of 0.10 M and the desired protein concentration, usually 1 
mgiml. PAR, at  a concentration of 3-6 x 1014 rods/ml (see 
below) and in an amount of 10-30 pl/ml of reaction mixture, 
were added to  this solution. If elongation was to  be followed 
by turbidimetry the components were mixed in a cuvette 
(1-cm light path) and the OD changes at 310 nm were followed 
in a thermostatically controlled Cary 14 spectrophotometer 
during the initial 5-10min of reaction. 

For  turbidimetric studies of the reaction in sodium phos- 
phate buffer, the protein (disc protein or A-protein) in 0.1 p 
phosphate buffer (pH 7) was mixed with the PAR in the same 
amounts as before. Prior to  mixing, however, the A-protein 

____ 
“Disc protein” is an equilibrium mixture of 2 0 3  “discs” and A- 

protein. The relative proportions of the two depend upon total protein 
concentration. in the concentration range used here about 70% by 
weight are discs. 

solution was allowed to warm to 20° for 1-2 min; the disc 
protein was alreddy at  that temperature. 

As a control experiment on  the quality of the protein 
preparations, as gauged by the ability of disc protein to  form 
rods when mixed with RNA, and the relative inability of A- 
protein so to do, turbidity measurements were made on reac- 
tion mixtures containing protein to  which R N A  (rather than 
PAR) was added. 

Electron Microscopy. The number of PAR per unit volume 
of reaction mixture, and the length distribution of the rods, 
were determined following spray deposition of samples upon 
filmed, electron microscope grids. Samples were withdrawn 
from the reaction mixtures, at predetermined times, and 
quickly diluted 200-fold in dilution buffer (0.1 M sodium 
bicarbonate (pH 7.8, 23 ”)) containing polystyrene latex 
spheres, 100 nm in diameter, a t  a known number concentra- 
tion. Spray deposition was performed on collodion-filmed 
grids, followed by rotary shadowing with Ur, and electron 
microscopic examination. The number of rodsiml and their 
lengths were determined from micrographs of spray-drop 
patterns, and the concentration of protein in the PAR samples 
was calculated from the measurements. Enough drop patterns 
from each sample were photographed to  allow at  least 200 
rods and 400 polystyrene latex spheres to  be measured. The 
number concentration of the latex spheres (known to have a 
density of 1.055 g cm-3) was calculated from measurements 
of the mass of a sample volume after thorough drying, and 
determination of average particle diameter in the electron 
microscope. 

Results 

TMV Protein and RNA. The rod initiation characteristics 
of the disc protein and the A-protein, and the potential of 
the RNA for directing rod assembly, were checked turbidi- 
metrically after adding disc protein, and A-protein, t o  RNA- 
containing reaction mixtures (Materials and Methods). 
Figure 2A shows the results, obtained in pyrophosphate 
buffer, when only A-protein was added. Little, if any, in- 
crease in turbidity over the period of observation is seen. 
The reaction mixture to  which disc protein was added showed 
a rate of change of turbidity, dr/dt, of about 0.026 min-1 
(drldt = 2.303(dOD/dt)). These results are essentially in 
accord with those reported by Butler and Klug (1971) under 
comparable reaction conditions. The results for similar mix- 
tures, when phosphate buffer was used, are shown in Figure 
5A. Addition of A-protein resulted in a much smaller initial 
rate of turbidity increase than did the addition of disc protein. 
Since aggregation of A-protein to  discs takes place slowly in 
this buffer (Durham, 1972; K.  E. Richards, personal observa- 
tion), the failure of the A-protein pregaration to cause an 
appreciable turbidity rise is presumably due to  its initial 
freedom from discs. 

Partially Assembled Rods (PAR). Preparations of PAR had 
an OD2~o/OD28o of 1.4-1.5, indicating that the rods were as- 
sociated with about twice as much R N A  (OD26o/OD?sn = 1.95) 
as  is native TMV (OD,,,/ODz,, = 1.2). Electron microscopy 
showed the PAR preparation consisted of rods generally 
less than 300 nm long (the length of native TMV particles) 
and frequently associated with a strand of what is presumed 
to  be R N A  extending from olie end (Figure 1). The rods were 
of vatying lengths; usually, however, the great majority of 
them were shorter than 200 nm Their number concentration, 
determined by electron microscopy, was adjusted to  fall 
within 3-6 x 101*rods/nil. 
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FIGURE 1: An electron micrograph of a preparation of partially 
assembled rods (PAR) to which l m n m  oolvstvrene latex soheres 
have been added. The specimen has bee; r&iry shadowed with 
uranium (x 33,000). 

The protein concentrations in the two samples of PAR 
that were tested by Lowry assay were found to  be within 
l0-15% of that calculated from the electron microscopic 
determinations of the lengths and number concentrations of 
the PAR. 

Elongation of PAR in Pyrophosphate Buffer. In Figure 2B 
is shown the turbidity change which took place when disc 
protein, or A-protein at the same concentration, was mixed 
with PAR. It  is seen that when PAR, rather than free RNA, is 
used a s  the nucleic acid source the addition of either disc 
protein or A-protein results in a comparably rapid turbidity 
rise. I t  should be noted (Figure 2B) that a preparation of PAR 
alone, used as a control, increases very slightly in turbidity 
as times goes on. This occurrence, interpreted as a slight in- 
crease in the average length of  the PAR, probably arises from 
attachment of small amounts of contaminant protein to  the 
R N A  pendant from the rods. 

Figure 3A shows the length distribution of the PAR used 
in the dbove experiment, while Figure 3B shows the distribu- 

fiGuRE 2: Turbidimetric measurements of the assembly of TMV 
RNA and of PAR, with disc protein (-) and with A-protein (- - - -) 
in pyrophosphate buffer. (A) Assembly with RNA. Reaction con- 
ditions: 0.1 M sodium pyrophosphate (pH 7.3), 26"; protein con- 
centration 0.8 mg/ml; RNA concentration 0.046 mg/ml. (€!) As- 
sembly with PAR. Reaction conditions were the Same as in Figure 
2A except that the nucleic acid component was the pendant RNA 
associated with PAR at a concentration of 1.3 X 1Ol3 particles/ml. 
Partially assembled rods alone (no added protein) at a concentra- 
tion of 1.3 X IOLs particles/ml(, . . , . , .). 
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FIGURE 3: The length distribution of the PAR used in the experi- 
ment shown in Figure 28 before any further elongation (A), and 
after elongation for 13 min with disc protein (6). The length dis- 
tribution after 13 min of elongation with A-protein (not shown 
here) was similar to that obtained with disc protein. 

lion after the reaction, with either disc or A-protein, has pro- 
ceeded essentially to equilibrium (13 min). A knowledge of 
the number concentration of the PAR and their initial length 
distribution can be combined with the observed drldt  to  
permit calculation to  be made of the initial, average rate of 
rod elongation (see Appendix for calculations). This value 
was found to  be 50-60 nmlmin. It should be noted, however, 
that this is a figure averaged over all the PAR in the reaction 
mixture, some of which are actually incapable of growth be- 
cause they contain no pendant RNA. When correction is made 
(see Appendix) for the effect of these inactive rods the rate of 
elongation is estimated to be 70-80 nm/min. 

The initial rate of elongation of PAR was also assessed by 
electron microscopy. Figure 4 shows the length distribution 
of the PAR in the starting material (A), and after reaction 
for 1 ,  2, and 13 min when either A-protein (B-D) or  disc 
protein (E-G) had been added. As was found in the turbidi- 
metric studies, it appears from the histograms in Figure 4 
that the use of A-protein as the protein source resulted in a 
rate of rod elongation a t  least as great as that obtained from 
use of disc protein. The rate of elongation, uncorrected for 
the effect of inactive PAR, was found to  be about 55 nmimin, 
a value quite similar to that found from turbidimetry 
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FIGURE 4: The length distribution of PAR before start of the re- 
action (A) and after elongation for 1, 2, or 13 min with either A- 
protein ( E D )  or disc protein (€4). Reaction conditions: 0.1 M 
sodium pyrophosphate (pH 7.3), 26"; protein concentration I 
mg/ml. The arrow [Figure 4A] marks the length expected for full- 
length particles. 
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FIGURE 5 :  Turbidimetric measurements of the assembly of TMV 
RNA and of PAR, with disc protein (-) and with A-protein 
(- - - - -) in phosphate buffer. (A) Assembly with RNA. Reaction 
conditions: 0.1 ,U sodium phosphate (pH 7 ) ,  20"; protein con- 
centration 4 mg/ml; RNA concentration 0.072 mg/ml. (B) As- 
sembly with PAR. Reaction conditions were the same as in (A) 
except that PAR at a concentration of 9.8 j<  10l2 particles/ml was 
used as the nucleic acid source. The length distribution of the 
starting PAR preparation (not shown here) was similar to that 
shown in Figure 4A. 

The number concentration of PAR in the starting material 
of each sample used for elongation studies was compared 
with that after prolonged incubation with disc protein, to  see 
if any "new" rods were initiated in this interval. The number 
concentration was found to increase by 20% or less, indicating 
that the PAR preparations were slightly contamiriated with 
R N A  molecules having free 5 '-ends (see Discussion). 

Elongation of PAR in Phosphate Buffer. Figure 5B shows the 
turbidimetric results when either A-protein or disc protein 
was added to  the PAR-containing reaction mixture. The two 
rates of turbidity change are seen to  be closely similar. The 
initial rate of rod elongation, uncorrected for inactive rods, 
was calculated to  be about 60 nm/min; the estimate of cor- 
rected rate was 70-80 nm/min. 

The results of number and length measurements of PAR 
in the electron microscope, before and after elongation, are 
shown in Figure 6. Again. the rates of growth were found to  
be quite similar, following addition of either A-protein or 
disc protein. The uncorrected rate of elongation was calcu- 
lated to  be 40 nm/min, two-thirds the rate found by turbi- 
dimetry. 

Effect of Protein Concentration on PAR Elongation. Figure 7 
shows the changes in turbidity which occurred when PAR 
and either A-protein (Figure 7A) or disc protein (Figure 7B) 
in phosphate buffer a t  the indicated concentrations were mixed 
with PAR. In both cases, over the concentration range used, 
the initial dr /dt  was relatively insensitive to  amount of protein 
added. The reaction rate in pyrophosphate was found to  be 
similarly insensitive to  A-protein or disc protein concentra- 
tion, a n  increase in concentration from 0.3 to  1.6 mg/ml 
resulting in only a 30 increase in dr/dt. 

Effect of Bentonite on PAR Elongation. In order to  protect 
the PAR from possible nucleolytic degradation during purifi- 
cation a n  addition of 20 p g  of EDTA-extracted bentonite 
was made before the rods were purified by centrifugation. 
Since the bentonite cosedimented with the PAR, any further 
elongation of them in the reaction mixtures took place in the 
presence of small amounts of bentonite. Bentonite at this con- 
centration had n o  discernible effect on the sedimentation pat- 
tern of either disc or A-protein, as seen in the analytical ultra- 
centrifuge. Assembly experiments performed in either pyro- 

+ A  protein: I mtn 
r O d d m I .  5 . ~ + 0 . 5 ~ 1 0 ' ~  

L ... 

c Diac protein: I min 
roar/ml. 3 .2f0.SXIO" 

Average length l n m l  

FIGURE 6:  The length distribution of PAR before the start of the 
reaction (A) and after elongation for 1 min or 15 min with A-protein 
(B and C )  or with' disc protein (D and E). Reaction conditions: 
0.1 ,U sodium phosphate (pH 7 ) ,  20'; protein concentration 4 
mgiml. 

phosphate or phosphate reaction buffers containing free R N A  
and either disc or A-protein showed that bentonite did not 
alter the rates of rod assembly. Finally, some recent experi- 
ments not reported here have shown that PAR prepared both 
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FIGURE 7 :  Elongation of PAR in phosphate buffer with A-protein 
(A) or with disc protein (B), showing the effect of protein con- 
centration. Reaction conditions were the same as in Figure 5.  Pro- 
tein concentration: 7 mg/ml (-); 4 mg/ml (. . . . . .); 1.5 mgiml 
( - - - - -  ); PAR concentration, 8.1 X loL2 particles/ml. 
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FICUIII .  8 :  Elongation of PAR in  p)ropliosphate buffer: e k t  of 
mode of preparati:in of the A-protein. Reaction conditions uere 
the \ame a5 i n  Figure 2 :  protein concentration. I mglml: PAR 
concentration. I .5 X 10’’. pal ticles,’nil. D i x  protein and equil- 
ib r ium A-protein were made as described i n  Materials and Methods. 
Frehl! made A-protein (Richard> and Williams. 1972) wias pre- 
pared b!. chilling disc protein in 0.1 p phosphate h u f k  (pH 7) 
at 0 -  for 15 min,  A-protein )\as also generated directl) from T M V  
protein helix (Butler and Klug. 1971 ) b> introducing helix protein 
(at pH 5) direct11 into the p)rophosphate reconstitution buiTer. 

with, and without, bentonite behaved essentially the same in 
tests of rates of elongation. We conclude. therefore. that the 
presence of bentonite in  the PAR preparations used i n  the 
evoeriments detailed above had no appreciable effect on the 
res tilts. 

Eflrct of ModcJ of ’  A-protein Prepurcitiorz on P A  R Elongation. 
In  order t 3  respond to questions that have been raised (see 
I~iscussion) about our earlier (Richards and Williams, 1972) 
use of A-protein that had been prepared by brief chilling of 
disc protein. we have performed experiments with A-protein 
prepared by three ’ciilferent methods. The A-protein used in 
all esperimenls reported abo\w (“equilibrium” A-protein) 
was kept exclusively in this form for at least 20 hr before use 
i n  reaction mixtures. Another, preparatively distinctive A- 
protcin (“freshly made” A-protein) like that tised pmiously 
(Richards and Williams. 1972). was prepared by cooling disc 
protein in 0.1 p phosphate buffer (pH 7) at 0’ for 15 min. 
Still another (“helix” protein) was prepared by depolymeriz- 
ing a protein preparation which had been stored as TMV 
protein helik (Butler and Klug. 1971). All three types of .4- 
protein wcre tested for capacity to elongate PAR. As Figure S 
shows, all three were indistinguishable in their ahility to effect 
elongation. 

Discussion 

We have shown that in a reaction mixture buffered by either 
phosphate or pyrophosphate the elongation of partially as- 
sembled rods (PAR) proceeds at closely the same rate whether 
the snecies of protein added is A-protein or disc protein. 
It has previously been shown (Durham and Klug, 1971) that 
the material in the A-protein complex, in phosphate buffer. 
does not aggregate to discs in the time span of the elongation 
observat ions ( < 5  min). It therefore follows that when a phos- 
phate-bult’ered reaction mixture contains PAR and A-protein 
only. the sole protein participant in elongation is one or more 
components of the A-protein complex. This conclusion is less 
certain from the experiments performed with pyrophosphate 
hul’t’er. inasmuch as it has been demonstrated (Lonchampt 
er ui., 1972) that when A-protein is placed in this buffer some 
of i t  quickly aggregates to larger structures, as yet poorly 
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characterized. It seems to us unlikely, however, that such 
aggregation rapidly produces “discs,” i.e., 20-S structures 
that are capable of initiating TMV assembly, since the addi- 
tion of A-protein to RNA in pyrophosphate results in negligi- 
ble turbidity increase (Figure 2A). Whatever the mechanism 
of TMV rod elongation in pyrophosphate bufer. therefore, 
it seems not to be one that requires discs (as defined) as the 
units of assembly. 

The above conclusion, that discs are not required for rod 
elongation, is in accord with that proposed by Okada and 
Ohno and their colleagues (Okada and Ohno. 1977: Ohno 
et d.. 1972a,b). They showed that when partially assembled 
rods were used as the RNA source they could be elongated to 
full-length, infective TMV rods in the presence of A-protein 
under conditions where this material did not aggregatc t o  
discs. While their results and conclusions are like ours. they 
relate very little to the kinetics of rod elongation. since only 
the final formation of infective rods was studied. 

Our finding that discs are not necessary for the growth of 
once-initiated TMV rods is contrary to the concl tisions drawn 
by Butler and Klug (1971) that only the protein in the disc 
form is incorporated into growing rods. and the conclusion 
of Butler (1973) that the dicc iz  the “kinetically fa\oi.ed” 
species in rod elongation. These authors examined t h  
bly of TMV rods by using T M V  protein and free RNA as 
starting materials. mixing them in pyrophosphate hutrer. 
and following the initial stages of the assembly reaction by 
turbidimetry. The initial rise in turbidity. howeL.cr. is brought 
about by the simultaneous effects of both rod initiation and 
rod elongation. We feel. therefore. that the interpretations 
made by Butler and Klug remain uncertain until i t  i \  demon- 
strated that rod initiation is extremely rapid tindcr the eondi- 
tions of their experiments and is essentially complete hcforc 
the turbidimetric measurements liepin. 

Protein Spcc . i c~c  Iricolred b7 T M V  Rod Ehnqa/ion. When A- 
protein is the only protein species available for rod elonga- 
tion. a s  in the experiments shown in Figure 5B ( -  - - - )  and 
Figure 6B.C. its role as the only participant in rod grouth is 
clear. Rut  when the protein additive is disc protein the possi- 
bility that discs participate dirixctly in rod grobvth 
excluded. Their involvement is not necessar>. h 
least in the early stages of the elongation procesb. since thew 
is initially ample .A-protein present in the disc protein to 
provide for rod growth at the observed rat?. I t  is known that 
in an equilibritirii mixture such a h  disc prokin (Dtirhzini. 
1Y72) the concentration of the smaller aggregates (A-protein) 
remains relatively constant as total conccntration is dc.i.reasect. 
Consequently. as the A-protein is incorporated into the grow- 
ing rods in a reaction mixture, therebq decreasing the total 
protein concentration. i t  might he expected that a stipply of 
A-protein suficient for rod grouth uould be provided by 
depolymerization of discs. In  support of this suggestion is the 
report b y  Butler and Klug (1971 ) that as rod elongation pro- 
ceeds in a TMV a s e m h l y  mixture the concentration of discs 
( 2 0 5  material) diminishes while that of A-protein ( I - S  
material) stays substantially constant. 

I t  is conccivxhle, of course. that i n  a reaction mixture con-  
taining disc protein both k inds  of aggregates. the disch a n d  
the A-protein material, could participate in rod elongation. 
Unfortunately, there seems to be no way to establish whether 
or not such a dual mechanism of assembly operates. Such 
evidence as there is seems to favor the iden that on14 the A-  
protein material participates. since it is capable of doing s o  
when no discs are present. 

A significant aspect of the experiments reported here is that 
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the rate of rod elongation, in phosphate buffer, is relatively 
insensitive to protein concentration even when the only 
species present is A-protein (Figure 7). This observation may 
indicate that, in the concentration range employed, the reac- 
tion rate is not collision-frequency controlled. Alternatively, 
it may be accounted for by the effect of the rapid polymeriza- 
tion-depolymerization interactions known to take place within 
the A-protein complex (Durham and Klug, 1972). Calculation 
of the relative concentrations of the components of A-protein 
in phosphate buffer a t  p H  7, based on equations developed by 
Durham and Klug (1972), shows that when total A-protein 
concentration is allowed to  vary from 1 to 5 mgiml the 
monomer concentration changes less than 10% from its 
mean value of about 0.5 m g h l .  The concentration of the 
other A-protein species (trimer, . .n-mer) changes much more 
nearly in proportion to changes in total A-protein concentra- 
tion. If the monomer were the main species active in rod elon- 
gation and if, indeed. its concentration remains almost con- 
stant while that of the whole A-protein complex is varied, the 
observed independence of elongation rate on A-protein con- 
centration would simply be a consequence of this constancy. 
On these grounds we suggest the monomer as a likely candi- 
date for the protein species that is active in TMV rod elonga- 
tion. Such a role for the monomer has the additional attraction 
of avoiding the topological problem, earlier recognized (Butler 
and Klus, 1971), of fitting two-ringed assemblies into the one- 
start TMV helix. 

E f f k r  o/ Free R N A  in the P A R  Preparation. It is desirable 
that a preparation of PAR used to study TMV reassembly be 
made u p  of rarticles with maximal growth potential and con- 
tain a minimal amount of R N A  with free 5‘ ends. The former 
condition requires that the initial rod elongation process 
(Materials and Methods) be stopped at  a time when the great 
majority of the rods still have a pendant strand of R N A  of 
appreciable length. The latter condition requires, however, 
that the initiation process be extended long enough so that all 
the 5’ ends of the starting. free RNA are bound to protein. 
Too long an incubation time results in decreased reliability 
of the calculated rate of elongation, since the effect of “dead” 
rods, incapable of further growth, will result in apparent 
growth rates that are fictitiously low and a correction (see 
Appendix) for the effect of these rods is uncertain at  best. 

The efyect of too short an incubation time will be to leave free 
R N A  in the PAR preparative assembly mixture where it will 
cosediment with the PAR during isolation. If substantial 
amounts of it are present in those assembly mixtures that 
contain disc protein (and PAR) the growth rates will be either 
too large or too small depending on the method of observing 
and calculating them. If turbidimetry is employed they will be 
too large. since the measured rate of turbidity change will 
include the effect of the creation of new elongation centers by 
the binding of discs to the free 5 ’  ends of the RNA. If rod 
elongation is measured by electron microscopy the apparent 
growth rates will be too small. Those rods that have formed 
and grown during only the first minute of the reaction will be 
included in the length measurements, but since they will be 
somewhat shorter than the average PAR, their inclusion will 
depress the calculated growth rate. 

We have assessed the amount of contaminant R N A  having 
free 5’ ends by comparing the numbers of rods in samples of 
starting PAR with the numbers in samples which have experi- 
enced extended incubation with disc protein. The difference is 
taken to be the number of rods that could be initiated during 
incubation. We have found that no more than 15% of the 
total rods counted are newly formed ones. This amount of 

contamination by R N A  is too small to  have significant effect 
on the comparisons of growth rates of PAR. 

“A*-protein.” In a recent publication Butler and Klug 
(1972) questioned our earlier work on TMV assembly (Rich- 
ards and Williams, 1972), stating that the A-protein we then 
used, here called “freshly made” A-protein, behaved in an 
assembly mixture in a unique manner quite unlike “equilib- 
rium’’ A-protein. They proposed that freshly made A-protein 
as prepared by them, which they termed A*-protein, may 
possess a “memory” of its previous existence in the disc form 
and, under appropriate conditions, be capable of rapid poly- 
merization back to the disc-like state. They speculated that our 
freshly made A-protein (which they took to be A*-protein) 
had similarly undergone rapid conversion to disc-like form, 
and that the rapid elongation rates observed by us were due 
to incorporation of material that was solely discs. Butler 
and Klug (1972) recognized, however, that the “discs” they 
presumed were rapidly produced by polymerization of our 
“freshly made” A-protein had to be somewhat anomalous in 
character since they had been shown to be incapable of rod 
initiation. 

As is shown in Results, the prediction (Butler and Klug, 
1972) that equilibrium A-protein would not accomplish rapid 
rod elongation has not been borne out. Indeed, experiments 
done with three preparatively distinctive forms of A-protein 
show that all are quite comparably effective in elongation of 
PAR (Figure 8),  thus the “memory” hypothesis of Butler and 
Klug (1972) is not applicable to  these experiments. It has since 
become clear (P. J. G. Butler, personal communication) that 
the origin of the apparent contradiction lay in a misunder- 
standing about the manner of preparation of “freshly made” 
A-protein. Our material was prepared by chilling disc protein 
to  0” in 0.1 p phosphate buffer before introduction into the 
pyrophosphate-containing reaction mixture at 26” The A*- 
protein of Butler and Klug (1972), however, was generated by 
introducing disc protein (in its usual phosphate buffer) into 
0.1 2.1 pyrophosphate buffer and then chilling. In view of the 
unique behavior of TMV protein in pyrophosphate of high 
ionic strength (Lonchampt et a/., 1972), it is not surprising 
that material so prepared would have properties strikingly 
different from those of any of the A-proteins we have prepared. 
Indeed, it is possible that chilling at 0” for 15 min in 0.1 M 

pyrophosphate buffer is not sufficient to depolymerize the 
discs, and that much of the material remains in that form. 
If that were so, such discs would act as rod-initiation centers 
and reaction events taking place in a mixture of A*-protein 
and free RNA would show the observed, relatively rapid rise 
of turbidity (Butler and Klug, 1972). 
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Appendix 

The rate of elongation of partially assembled TMV rods 
can be calculated from the classical equation relating turbidity, 
r ,  with weight average molecular weight, -u,v 

= HC.~~,Q 

where H is an optical constant, c is the concentration of solute 
in the reaction mixture, and Q is the particle dissipation factor 
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TABLE I : Rate of Elongation of PAR Calculated from Turbidimetry. 

Buffer 

0 . 1  M sodium 
pyrophosphate 
(pH 7.3)  

0 1 p sodium 
phosphate 
(PH 7) 

Form of Protein 
-~ ___ 

A-protein 
Expt 1 
Expt 2 

Disc protein 
Expt 1 
Expt 2 

0.099 30 6 . 9  54 
0 130 37 7 . 3  58 

0.092 30 6 4  50 
0 102 37 S 8  46 

A-protein 
Expt 3 0 073 23 6 . 6  52 
Expt 4 0 068 18 7 . 9  62 

Disc protein 
Expt 3 0 083 23 7 5  59 
Expt 4 0 062 18 7 3  58 

_ _  - _ _  - __ __ - ~ -- - - - ~- - 

Uncorrected for the effect of inactive rods. 

(Doty and Steiner, 1950). The factor Q, whose role is analo- 
gous to that of P(8) in the classical light-scattering equation, 
corrects for internal interference of the scattering centers 
which occurs with significant effect if the centers are larger 
than lilli the wavelength of the incident light. Q-corrected 
values of turbidity measurements on polydisperse particles, 
such as are found in the reaction mixture, can be obtained 
if the solute material is categorized into monodisperse ele- 
ments, the appropriate Q factor ascertained for each category 
and applied to  correct the turbidity contribution of that cate- 
gory: and the turbidity of the entire solution calculated by 
s~imniing LIP the corrected turbidity contributions of all the 
categories. 

Let the molecular weights, lengths, and concentrations of 
the partially assembled rods (at t = 0) be written as: M,,Di, 
and Ci, molecular weight, length, and concentration of the 
partially assembled rods of the ith category; Me, molecular 
weight of the protein unit involved in rod elongation; Q1, the 
particle dissipation factor for rods of length D i .  Equation 1 
may be written as 

where C, and M ,  are the concentration and molecular weight 
of the unassembled protein in the solution (for which Q = 1). 

After differentiating eq 2 and substituting dc,/dt = 
- ZdcZ'dt 

dr/dt = 

For rods the lengths of those considered here, Q,M, i s  
6 x lo6 daltons or more, and M,, which is certainly no 
larger than 6 X lo5  daltons, is, therefore, small compared to  
Q,M, in the last term of eq 3. Hence, as a first approximation 

+ C,Q, d-Ma + Q,M,%) (4) d t  

Let N ,  be the number of rods per unit volume in the ith 
length category and dnldt the average, initial rate of rod 
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elongation, expressed in terms of protein subunits added per 
unit time. 

Then 

dC,/dr = NtMe(dn/dt) = (C,/M,)M,(dn/dt) (6) 

Doty and Steiner (1950) have graphically evaluated Q as a 
function of D,X' ,  where D is the rod length and A '  is the 
wavelength of light in the solution. For any value of D,'X' 
the time rate of change of Q is related to the time rate of 
change of change of D/X' by 

where S is the slope of the curve relating Q and .!I,'&' evaluated 
at  a particular value of DjX'  (Doty and Steiner, 1950; their 
Figure 3). Equation 8 may be rewritten for each i category, 
and expressed in terms of molecular weight, rather than 
length 

where k is the mass per unit length of TMV (= 1.33 x 1 O j  
daltonsjnm). 

Substituting eq 5 ,6 ,  and 8 into eq 4, and rearranging terms 

Therefore, M,(dn,'dt), the rate of elongation of the rods 
in daltonslminute, may be expressed as 



P H O S P H O R Y L A T I O N  O F  S R V  M E M B R A N E S  

and evaluated. H is taken to be 4.80 X cm2/gZ (Butler, 
1972), while A ’  is taken to be 228 nm (observations performed 
at 310-nm wavelength in air; refractive index of solution = 
1.36). The value of dr/dt  is the initial rate of turbidity change, 
C ,  and D, are obtained from the electron microscopic deter- 
minations of rod numbers and lengths, while s, and Qz are 
taken from Doty and Steiner (1950). 

Calculations from eq 10 of the rate of elongation of par- 
tially assembled rods give the uceruge for all the rods in the 
PAR preparation (Table I). Only a fraction of the rods, how- 
ever, will be capable of further growth, those rods having a 
pendant RNA “tail.” The presence of tailless rods results 
in a calculated average growth rate that is less than the true 
one. We estimate from measurements of the length distribu- 
tion of the PAR at t = 0, and after further growth has reached 
completion ( ~ . g . ,  see Figures 3A and 3B), that the active rods 
comprise -70% of the total number of PAR. The average 
rate of growth for those rods that are active is estimated to 
be about 80 nm/min. 

References 

Backus, R.  C., and Williams, R.  C. (1950), J.  Appl. Phys. 21, 

Butler, P. J. G. (1971), Coldspring Harbor Symp. Quant. B id .  
11. 

36,461. 

Butler, P. J. G. (1972), J.  Mol. Biol. 72,25. 
Butler, P. J. G., and Klug, A. (1971), Nature (London), New 

Butler, P. J. G., and Klug, A. (1972), Proc. Nut. Acad. Sci. 

Doty, P., and Steiner, R. F. (1950),J. Chem. Phys. 18, 1211. 
Durham, A. C. H. (1972), J.  Mol. Biol. 67,289. 
Durham, A. C. H., and Finch, J. T. (1972), J.  Mol. Biol. 67, 

Durham, A. C. H., and Klug, A. (1971), Nature (London), 

Durham, A. C. H., andKlug, A. (1972),J. Mol. Biol. 67,315. 
Fraenkel-Conrat, H., Singer, B., and Tsugita, A. (1961), 

Fraenkel-Conrat, H., and Williams, R. C. (1955), Proc. Nut. 

Knight, C. A. (1 963), Protoplasmatologia 4 , l .  
Lonchampt, M., Lebeurier, G., and Hirth, L. (1972), FEBS 

Ohno, T., Inoue, H., and Okada, Y. (1972a), Proc. Nut. Acud. 

Ohno, T., Yamaura, R., Kuriyama, K., Inoue, H., and Okada, 

Okada, Y., and Ohno, T. (1972), Mol. Gen. Genet. 114,205. 
Richards, K.  E., and Williams, R.  C. (1972), Proc. Nut. Acad. 

Biol. 229,47. 

U. S .  69,2950. 

307. 

New Bioi. 229,42. 

Virology 14, 54. 

Acad. Sci. U. S. 41,690. 

(Fed. Eur. Biochem. SOC.) Lett. 22,297. 

Sci. U. S .  69, 3680. 

Y. (1972b), Virology 50,76. 

Sci. U. S. 69,1121. 

Phosphorylation of the Sarcoplasmic Reticulum Membrane by 
Orthophosphate. Inhibition by Calcium Ions? 

Hatisaburo Masuda: and Leopoldo de Meis* 

ABSTRACT: A protein of the sarcoplasmic reticulum membrane 
of skeletal muscle is phosphorylated by orthophosphate at 
pH 6.0 in the presence of Mgz+. The orthophosphate concen- 
tration required for half-maximal phosphorylation is 1.06 
mM. This reaction is strongly inhibited by Ca2+ and to a lesser 
extent by Na+ and K+. ATP and ADP compete with ortho- 

F ragmented SRV1 isolated from skeletal muscle retain 
a highly efficient ATP-dependent Ca 2+ transport system 
(Hasselbach and Makinose, 1961; Hasselbach, 1964). Makinose 
(1969) has shown that in the process of ATP hydrolysis, the 
y-phosphate of ATP is covalently bound to a membrane 
protein (E). The phosphoprotein (E-P) represents an inter- 
mediate in the sequence of reactions leading to Ca2+ trans- 
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phosphate for the membrane phosphorylating sites, ATP 
being a more effective inhibitor than ADP. It is suggested that 
nucleoside triphosphates and orthophosphate interact with 
the same site on the membrane and that the binding of Ca2+ 
determines which of them will phosphorylate the membrane. 

port and phosphate liberation. Makinose (1969) has there- 
fore proposed the following reaction sequence. 

Caz+ 
ATP + E + E-P + ADP (1) 

Recently it has been shown that under specific conditions, 
the Ca2+ pump of the SRV can be reversed, i.e., that reaction 
2 shown above is reversible. When SRV previously loaded 
with calcium oxalate or calcium phosphate are incubated 
in a medium containing ADP, Mg2+, and [a2P]Pi, it  is ob- 
served that [ 3*P]Pi interacts with the membrane forming E-P 
(Makinose, 1972), Ca2+ is released a t  a very high rate (Barlogie 
et a/., 1971), and [ Y - ~ * P ~ ] A T P  is formed (Makinose, 1971; 
Makinose and Hasselbach, 1971). In these experiments it was 
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