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5. Five derivatives of trihydroxy-isobutyric
acid, hitherto unreported, were prepared and
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their more important properties determined.
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The Size and Shape of Tobacco Mosaic Virus Particles’

By Max A. LAUFFER

I. Introduction

Several physico-chemical techniques have been
developed for the determination of the size and
physical characteristics of protein particles.
These include ultracentrifugation, diffusion and
viscosity studies. From various combinations of
data obtained by at least two of these methods
used in conjunction with the partial specific vol-
ume, it is possible to determine not only the mo-
lecular weight, but also the size and shape of pro-
tein particles. In general, the conclusions drawn
from various combinations of the above methods
are self consistent. Nevertheless, confirmation
of the results by some direct method would en-
hence the value of such results greatly. It has
been pointed out that tobacco mosaic virus pro-
tein affords an excellent medium through which to
obtain such a confirmation, because the particles
of this protein are extremely anisometric and be-
cause they are large enough to be seen and meas-
ured with fair precision with the electron micro-
scope.’® It was shown froin the data available
in the literature that in a general sort of way the
conclusions regarding the size and shape of to-
bacco mosaic virus protein particles drawn from
viscosity, diffusion, and sedimentation results
were in agreement with the dimensions measured
directly from electron micrographs.!® . Neverthe-
less, these data suffered from the limitation of
having been obtained in several laboratories on
different virus preparations probably in different
states of aggregation. It was therefore thought
worth while to carry out viscosity, sedimentation
and diffusion studies on a limited number of prepa-
rations and to compare these results directly with
electron micrographs on the same preparations.
This report is a description of such studies carried
out for the primary purpose of affording a critical
test of the general validity of the indirect inethods
of determimng the size and shape of protein par-
ticles.

II. Materials

Five preparations of tobacco mosdic virus were
used in this study. Preparations A and B were
isolated from frozen und ground fourteen-week-

(1) The data described in this paper were discussed in two papers
presented before the Divisions of Biological Chemistry and Colloid
Chemistry at the 107th meeting of the American Chemical Society,
Cleveland, Ohio, April, 1944.

(la) M. A. Lauffer and W. M. Stauley, Chem, Rev., 24, 303 (1939);
Rotleid-7.. 81, G2 (1040}

old Turkish tobacco plants which had been in-
oculated with tobacco mosaic virus at the age of
nine weeks. Preparation A was isolated by two
alternate high and low speed centrifugation cycles.
The high speed runs were made for one hour at
24,000 r. p. 1. in a Bauer and Pickels air-driven
quantity centrifuge.? No chemical agent was
used at any stage in the treatment. In the isola-
tion of Preparation B, 3 g. of potassium biphos-
phate was added per 100 g. of pulp before the ex-
traction of the juice, and the two centrifugation
cycles were carried out with 0.1 3/ phosphate
buffer at pH 7 as the solvent instead of water as
for Preparation A. Preparation C was an old
preparation of unknown history. Preparation D
was isolated from a different crop of plants in a
manner identical with that for Preparation A.
It was used without further purification in vis-
cosity and sedimentation studies. For use in
specific volume determinations it was further
purified by precipitation with ammonium sulfate
and by isoelectric precipitation. It was finally
brought to the isoelectric point and dialyzed
against distilled water. The ash content was
determined to be 1.839;. This further purified
material is referred to as Preparation D’. Prepa-
ration E, which was used only in specific volume
studies, was obtained by subjecting the juice from
diseased plants to three high-speed centrifuga-
tions, two isoelectric precipitations, two ammon-
ium sulfate precipitations, and, finally, electro-
dialysis. It was titrated to pH 5 with sodium
hydroxide to bring it back into solution. The
ash content was found to be 1.229.

III. Partial Specific Volume

In order to be able to determine molecular
weight and particle dimensions by indirect phys-
ico-chemical procedures and in order to determine
particle weights from direct measurements with
the electron microscope, it is necessary to know
the partial specific volume. Three different
values for the partial specific volume of tobaccu
mosaic virus have been reported. Erikssou-
{Juensel und Svedberg? obtained a value of 0.646.
Stanley found a value of 0.77.¢ Bawden and
Pirie obtained 0.73 for tobacco mosaic virus and

12) J. H. Bauer and K. G, Pickels, J. Exptl. Med., 64, 303 (1936).

{3) 1. Eriksson-Quensel and T. Svedberg, THis JourRNaAL, 58, 1863

(1336).
(4) W. M. Sranley, J. Phys. Chem., 43, 55 (1938)
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two of its strains.® Because of this discrepancy,
it was thought worth while to reinvestigate this
question.

Apparent specific volumes were calculated from
densities determined in a 50-cc. pycnometer
equipped with a finely graduated thermometer,
and from virus protein concentrations determined
by drying a weighed amount of solution to con-
stant weight over phosphorus pentoxide in vacuum
at 115°, Preparations D’ and E were used.
The results are presented in Table I. Since
there is no observable trend in the variation of
apparent specific volume with concentration,
it seetns reasonable to regard the average value as
a good estimate of the partial specific volume.
The figure obtained, 0.73, is in agreement with
the results of Bawden and Pirie.

The partial specific volume is a measure of the
increase in volume when a gram of dry protein is
dissolved in an infinite amount of solvent. It
may or may not represent the actual volume of the
hydrodynamically effective wunits in solution.
In some of the indirect methods of ‘determining
particle dimensions it is not necessary to know the
true hydrodynamically effective volume, but
in others that quantity is required. The relation-
ship between the hydrodynamically effective vol-
ume and the partial specific volume is ambiguous
for most protein solutions. The degree of am-
biguity in the case of tobacco mosaic virus is con-
siderably less than usual. The X-ray studies of
Bernal and Fankuchen® show that the internal
spacings of completely dried tobacco mosaic virus
particles are the same as for particles in solution.
Therefore, the virus particles do not bind water
by* imbibition. Any bound water must be on the
surface. It is rather generally believed that the
degree of hydratlion of proteins with molecular
weights in the neighborhood of 40,000 is of the
order of magnitude of 509, by volume. This
would correspond roughly to the amount of water
held by a shell the thickness of one water molecule
entirely surrounding the particle. It can easily
be shown, on the basis of particle dimensions that
will be described in subsequent sections, that a
shell of water one molecule thick surrounding the
tobacco mosaic virus particle would amount to a

TasLE I
THE PARTIAL SPECIFIC VOLUME or ToBacco Mosarc
VIRUS
Apparent
Concn., specific
weight volume, Temperature,
Prepn. fractions ce./g. °C.
D’ 0.0127 0.724 27.1
.0058 712 28.7
.0028 728 26.8
E .0221 .738 27.8
L0111 .737 27.0

(6) F.C.Bawden and N. W. Pirie, Proc. Roy. Soc. (London), B125,
274 (1937).

(6) J. D. Bernal and 1. Fankuchen, J, Gen. Physiol., 28, 111, 147
(1941,
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hydration of only 99, by volume. Hence, it is
probable that the potential error involved in the
assumption that the partial specific volume is the
hydrodynamically effective volume is considerably
less for tobacco mosaic virus protein than for most
proteins.

IV. Electron Microscopy

Preparations A and B were examined in the
electron miroscope through the courtesy of Dr.
James Hillier, of the R. C. A. Research Labora-
tories of Princeton. . THe length of every rod-like
particle appearing on the enlarged print of the
micrograph for each preparation was measured to
the nearest tenth of a millimeter. These lengths
were divided by 7400, the magnification factor.
The résults are shown in the frequency charts of
Fig. 1. An estimated error of about 109, may be
ascribed to the magnification factor. It may be
observed that the lengths of the particles of Prepa-
ration A have a unimodal distribution curve with a
most frequently occurring value at 270 my, while
those of Preparation B have a bimodal distribu-
tion curve with maxima at 270 mu and between
405 and 540 mu. The thickness obtained from the
electron microscope is of the order of magnitude
of 15 mu. However, a much more accurate esti-

‘mate of the thickness of the particles is the value

15.2 mu, representing the lateral distange be-
tween particle centers in dried crystals, obtained
from X-ray diffraction studies by Bernal and
Fankuchen.® Using these values for the dimen-
sions and the reciprocal of the partial specific
volume for the density, one can estimate that the
molecular weight of the most frequently occurring
particles in Preparation A is 40 X 108, with an un-
certainty of about 109%,.

V. Viscosity

Viscosity tmeasurements were carried out at
25.0° on Preparations A, B, C and D dissolved in
0.1 M phosphate buffer at pH 7. An Ostwald
type of viscometer designed to give an average
velocity gradient of about 350 sec.™! was used.
This relatively low velocity gradient was achieved
by using a capillary tube 150 cm. long with a di-
ameter of 0.09 cm. coiled to allow the average
hydrostatic head to be only 4.5 cm. The results
are presented graphically in Fig. 2, where the
specific viscosity, 7/9 — 1, is plotted as a func-
tion of the concentration of virus in grams per
100 cc. It can be observed that, in the dilute
range, specific viscosity is a linear function of
virus concentration for all four preparations.
The viscosity of Preparation D does not differ
significantly from that of Preparation A at low
concentrations. At higher concentrations the
specific viscosity of Preparation D deviates
tarkedly from a linear function of concentration,
butjthe data follow the equation, In n/70 = 30.5
C, with reasonable fidelity up to concentrations
of about 1.2 g. per 100 cc. The intrinsic viscosity.
which is defined as the limiting value at infinite



1190

dilution of the specific viscosity divided by the
volume fraction of virus, may be calculated to be
39.0, 80.7 and 278, respectively, for Preparations
A and D, B and C. The value for Preparations
A and D is of the same order of magnitude as that
which could be calculated from the data of Stan-
ley,* and the value for B is approximately the
same as that obtained by the author in a previous
study.” Since it is known that Preparation A is
essentially monodisperse and Preparation B is
partially aggregated, it may be concluded that
the preparation studied by Stanley was probably
essentially monodisperse and that studied pre-
viously by the author was probably partially
aggregated,

It has been pointed out.in previous discussions
that the ratio of the major tc the minor axes of an
elongated ellipsoid of revolution considered to be
a model of the solute macromolecules can be evalu-
ated from the intrinsic viscosity of that solute by
using one of several similar but by no means iden-
tical equations derived for that purpose.’®”’
Since those discussions were published, a more
satisfactory theoretical equation has been pre-
sented by Simha.®! When b is the major and a
the minor axis of an elongated ellipsoid of revolu-
tion and [#] is the intrinsic viscosity, the Simha
equation can be expressed as

(b/a)’

15(111 - - —) 15(ln- - —)

It has been shown graphically® and it is obvious
algebraically that for large values of &/a the
Simha equation approaches a much simpler one
presented earlier by Onsager.!® The Onsager
equation for rod-like ellipsoids has been expressed
as

3(b/a)? + 14 14
i35

Eq. 1

[n] =4/15 b*/a? when b/a > 1

1
Inbd/a

The axial ratios for tobacco mosaic virus samples
A, B and C as calculated by the Simha equation

A 8

20 ~

Number of particles.

T
0 200 400 600 800 O 200 400 600 800
Particle length in millimicrons.

Fig. 1.—Histogram showing the distribution of particle
lengths as determined by the electron microscope for an
essentially unaggregated (A) and a partially aggregated
(B) preparation of tobacco mosaic virus.

O vlgl“q "II Tll{[!y[}l

(7) M. A. Lauffer, Science, 87, 469 (1938):
443 (1938).

(8) R. Simha, J. Phys. Chem.. 44, 25 (1940).

(9) M. A. Lauffer, Chem. Rev., 81, 561 (1942).

{10) L. Omnsager, Phys. Rev., 40, 1028 (1932).

J. Biol. Chem., 126,
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are presented in Table II.1% In making these
calculations, it was assumed that the virus protein
is not hydrated in solution. This assumption was

TasLE II
Tre AXIAL RATIO OF ToBACCcO MoSAIC VIRUS PARTICLES
b
elec@on b/a
microscope diffusion

Virus Intringic b/a and X-ray and sedi-
sample viscosity (Simha} diffraction mentation

A 39.0 20.3 23.0 18.6

B 80.7 31.5 28.7

(] 278 64.3

shown in section III to be substantially -correct.
The average axial ratios for Preparations A and B
determined from the electron microscope data of
Fig. 1 and X-ray diffraction data are also pre-
sented for comparison. It is obvious that the
Simha equation gives specific viscosity as a func-
tion of the amount of solute and of approximately
the square of the axial ratio for very elongated
particles. The viscosity of a solution composed

(10a) The use of viscosity data obtained in a capillary viscometer
to determine the axial ratio of tobacco mosaic virus is subject to a
possible limitation due to the fact that the particles are oriented to a
certain extent in a flowing stream.” The measured viscosity ought
to be somewhat smaller than that corresponding to random orienta-
tion. The Simha equation was derived to interpret the viscosity of
a solution of particles randomly oriented. According to the theory
of Boeder!! the degree of orientation of rod-shaped particles in a
flowing stream is a function of a. the ratio of the velocity gradient, 8.
to the rotational diffusion constant, 8. By substituting into the equa-

tion
-2 ( t+2m2
16myb?

derived by Perrin,!t one can calculate that ¢ for tobacco mosaic virus
Preparation A is about 840 sec. ~1at26°., Mehl!3 obtained a value of
6 of about 50 sec. ~! for a preparation of tobacco mosaic virus frbm
measurements of the orientation of the virus in known velocity gradi-
ents by using Boeder's theory. 1t is quite probable that the virus
preparation studied by Mehl was aggregated to  certain extent, and
should therefore have a considerably lower rotational diffusion con-
stant than Preparation A. Robinson!t studied a highly aggregated
preparation of tobacco mosaic virus in a rotating cylinder viscometer
equipped with optical devices for measuring stream double refraction
and the orientation of particles. From his orientation results, it is
possible to estimate by the Boeder treatment as modified by Peterlin
and Stuart!s that the value of § at 25° for his virus preparation is a
little less than 1 sec, =1, Therefore, if the Boeder theory is essentially
correct. one would expect our Preparation A to be oriented in a veloc.
ity gradient of 350 sec.~! to about the same extent as Robinson's
virus was in a gradient of 0.5 sec. 1. Robinson’s viscosity data show
that the intrinsie viscosity of his virus sample at zero velocity gradient
is about 5% greater than when partially oriented in a gradient of
about 0.5 sec. “1, Therefore, one would expect the intrinsic viscosity
at zero gradient of our Preparation A to be roughly 5% greater than
the measured value. The axial ratio evaluated by means of the
Simha equation for Preparation A ought, therefore, to be correct to
within 3%, or to allow a wide margin of safety, within 59;. The
error for the case of Preparation B ought to be somewhat larger and
that for Preparation C is probably very great. The essential point
is, however, that the use of a viscometer of the type here described to
determine the axial ratios of tobacco mosaic virus preparations in a
low state of aggregation does not involve a serious error due to par-
ticle orientation.

(11) P. Boeder. Z. Physik, T8, 258 (1932); J. Rheol.. 8, 494 (1932).

(12) F. Perrin, J. Phys. Rad.. 8, 497 (1934); 7, 1 (1938).

(18) J. W. Mehl, Cold Spring Harbor. Symp. Quant. Biol..
(1938).

(14) J. R. Robinson, Proc. Roy. Soc. (London}, A170, 519 (1939).

(18) A. Peterlin and H. A. Stuart, Z. Physik, 112, 1, 129 (1939).

8, 218
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of particles of several lengths will thus be a func-
tion of the weight average of squared axial ratios.
Accordingly, the b/a values computed from the
electron micrographs and the X-ray data are
square roots of weight averages of the squared
axial ratios of individual particles. Because of
the directness of the methods involved in their
computation, the b/a values from electron micro-
graph and X-ray data are certainly of the right
order of magnitude. However, they are not very
precise due to the uncertainty in the magnifica-
tion factor of the micrographs and due to the
small sizes of the samples used to establish the
averages. Itis very significant that the viscosity
data as interpreted by the Simha equation gives
results in such good agreement with the values
calculated by direct means. This is probably the
best evidence of the validityof these equations thus
far adduced, for all previous tests have compared
the viscosity method with other indirect meth-
ods.!® As was pointed out by Bull and Cooper,”
these previous tests suffer from a dual ambiguity.
It is not known how much of the viscosity effect
to ascribe to hydration and how much to shape,
and it is not known whether to consider the par-
ticles as elongated or as flattened ellipsoids. As
was shown in a preceding section, there is every
reason to believe that hydration plays no more
than a minor role in the case of tobacco mosaic
virus. Furthermore, the shape of this particle is
known to be that of a long cylinder. The only
assumption made is that a cylinder behaves hy-
drodynamically about the same as a prolate ellip-
soid of revolution having a minor axis equal to
the radius and a major axis equal to half the
length. It seems unlikely that this approxima-
tion is seriously in error.

VI. Sedimentation Studies

Sedimentation studies were carried out on
Preparations A, B, C and D in the manner de-
scribed in another report.!®* The results for
Preparation A are presented in Table I of that
paper. Asis discussed therein, the sedimentation
constant as usually defined varies with the con-
centration. The limiting value at infinite dilution
can be obtained either by extrapolation or by cor-
recting for the viscosity of the solution instead of
that of the solvent as is usually done. The limit-
ing value for the sedimentation constant of Prepa-
ration A corrected to water at 20° was found to be
185 X 10~1% cm. per sec. per unit field, or 185s,
when s designates the Svedberg unit. The
h'mitir;g value for Preparation D was found to be
187s.?

It was shown previously that the molecular
weight of tobacco mosaic virus can be determined
from viscosity and sedimentation data.” From
viscosity data the axial ratio can be evaluated by

(16) J.W.Mehl, J. L. Oncley sud R. Simha, Science, 98, 132 (1940).

(17) H. B. Bull and John A. Cooper, Am. Assoc. Advancement Sci.,

81, 150 (1043).
(18) M. A. Lauffec, Tmus JoumNaL, 86, 1195 (1946),
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equation 1, and the axial ratio can be substituted
into equation 2 derived by Perrin!? and by Herzog,

Ilig and Kudar!®
fo_ @14+ /1= @/
B2 A a/b

to evaluate Svedberg’s frictional ratio, f/fo. With
this factor, the sedimentation constant and the
partial specific volume, the molecular weight can
be evaluated by using equation 3.

Eq.3 MY/s =6 A shrnN(BV/4xN)'/3/(1 — Viog)

The symbols are defined by Svedberg and Pedér-
sen.? From the viscosity data of Table I for
Preparation A, interpreted by means of the Simha
equation and used in conjunction with the sedi-

‘mentation constant of Preparation A and a value

for the partial specific volume of 0.73, the mo-
lecular weight of the particles in Preparation A
was calculated to be 33.2 X 10%. This corre-
sponds to a particle 13.6 mu in diameter and 276
mg long. Similar calculations made with the data
for Preparation D would yield essentially the same
result. This value represents a more acceptable
figure than that reported originally, because the
viscosity and sedimentation data were obtained
on the same preparations in this case; but on dif-
ferent preparations in the earlier case. In all
liklihood the previous viscosity measurements
were carried out on partially aggregated material.

. 0/Ic
0.6 J
/
- "
. /
~— /7
. / °
| 04 8
£ 1
£ -
0.2 5
. A
0 T T T T T T
0 0.2 0.4 0.6 0.8

Concentration in g./100 cc.

Fig. 2.—Specific viscosity plotted as a function of con-
centration for tobacco mosaic virus preparations in various
states of aggregation: Curve A, ®, Preparation A; @,
Preparation D; Curve B, Preparation B; Curve C,
Preparation C. '

Figure 3 is a refraction gradient diagram repre-
senting the boundary of Preparation A after it
had sedimented for 12,000 seconds at a speed of
7400 r. p. m. The smooth curve fitting the open
circles represents the actual boundary as evalu-
ated by the Lamm scale method.?! The narrower

(19) R. O. Herxog, R. litig and H. Kudar, Z. physik. Chem.. A1SY,
329 (1983).

(20) T. Svedberg and K. O. Ped
foed, 1940,

(31) O. Lamm, Z. physih. Chom., 2138, 313 (1928); A48, 177
(1929).
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Fig. 3.—Boundary spreading in a sedimentation experi-
ment with Preparation A of tobacco mosaic virus protein.
Circles and solid curve represent data obtained by the
Lamm scale method, and broken curve represents theo-
retical spreading due to diffusion alone.

curve represents the boundary that would be ob-
tained if the spreading were due solely to diffusion
of the virus. It was obtained in a manner de-
scribed elsewhere.?? It can be seen that the
boundary spread somewhat more than it should
huve duc to diffusion alone. This result cun be
interpreted to mean that the particles of virus
sumple A are not all of exactly the same size, but
represent a distribution about a mean size. By
a method outlined elsewhere,?? it can be calcu-
lated that the results shown in Fig. 3 are con-
sistent with the assumption that the virus prepa-
ration is comnposed of particles having a distribu-
tion of sedimentation rates with a standard de-
viation of about 495 of the mean rate. From
equations 2 and 3 it can be shown that the sedi-
mentation constant of rod-like particles more than
10 times as long as thick should be approximately
a Huear function of the logarithim of the particle
length, if thickness remnains constant. On that
hasis, a standard deviation of sedimentation rate
of 49 would correspond to one of 14% in particle
length or molecular weight.

Preparation B showed two compouents in the
ultracentrifuge with sedimentation constants cal-
culated in the usual manver of 168 aud 193 5 at
a4 conceutration of 0.2 g./ce.  When corrected
for the viscosity of the solution these became 187
and 216s.  From the logarithmic dependence of
m on s described in the preceding paragraph, or
by an equivalent inethod described earlier,™”
it can be shown that if rod-like particles with a
sedimentation constant of 185s and dimensions
of 13.6 X 276 mu, should aggregate end to end to
form dimers with dimensions 13.6 X 434 g, the
sedimentation coustant’of the dimerized material
chould be 224s.  If a reasonable amount of lati-
tude is granted the theory, the observed sedimen-
tation constant of the faster component is suffi-

(221 N AL Laulier, J. Hial Cheoe. 142, G9 (104071
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ciently close to the theoretical value to permit the
mterpretation that the faster component is com-
posed of end to end dimers of the particles of the
first component. On the other hand, the ob-
served result is also consistent with the assump-
tion that the faster component is composed of
particles of variable length with an average some-
what less than twice the length of the predominat-
ing particles of the more nearly homogeneous
preparation. If it is assumed that there are no
complications involved in the determination of
particle lengths with the electron microscope, the
data of Fig. 1 would favor the latter alternative.

Figure 4 is a refraction gradient diagraiu ob-
tained by the Lamm scale method representing
the boundary of Preparation B during the sedi-
mentation experiment. The area under the curve
can be apportioned arbitrarily between two essen:
tially symmetrical curves. The relative areas:
under the two curves are a measure of the relative
concentrations of the faster and the slower com-
ponents. It was found that 399, of the total
area can be ascribed to the curve representing
the faster compouent and 619, to that repre-
senting the slower component. In other words,
the faster and the slower components constitutc
39 and 619, respectively, of the total material.
If the faster componeut is assumed to be a dimer
of the slower and if the viscosity is interpreted
in terms of the Simha equation, one can calculate
from these figures that the intrinsic viscosity of
Preparation B should be 72.5. The observed
value was 80.7. Considering the fairly high
probable error associated with estimating the com-
position of the solution, this agreement is very
good.
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Fig. 4. —Sedimentation diagram obtained by the Lamimn
scale method of Preparation B of tobacco mosaic virus.
showing double boundary.

The sedimentation constant of Preparation C
was found to be 204s when corrected in the usual
manner and 326s when corrected for the viscosity
of the solution. From the intrinsic viscosity
data of Table 11, the Simha value for the axial
ratio of the particles of Preparation C was calcu-
lated to be G4,3.  This would correspond roughly
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to a trimer of the initial particle. Such a trimer
should have a sedimentation constani of 240s.
The discrepancy between this and the observed
value may be due to a complication arising from
orientation of very large particles both in the
viscometer and in the centrifuge. This would re-
sult in the viscosity being too low and the sedi-
mentation rate being too high.

VII. Diffdision

Diffusion measurements were made on Prepara-
tion A at a concentration of 0.2 g. per 100 cc. in
0.10 M phosphate buffer at pH 7. A Neurath
diffusion cell®® held in a water-bath at 0.2° was
used. The progressive spreading of the boundary
was followed by the Longsworth schlieren scan-
ning method.?* The results are shown in Table

III. Du is the diffusion constant calculated by
TaBLE III
DirrrusioN oF ToBacco Mosaic VIRuS PROTEIN
Time. sec. D X 107 Dy X 107
105,500 0.262 0.285
170,000 .273 .262
260,500 .256 .228
345.000 .256 212
434,000 .289 .269
600,000 .243 226
692,000 .255 .208
778,000 .265 .241
Average .262 241

the maximum ordinate—area method and D, is the
diffusion constant calculated from the width of
the boundary at the inflection points of the re-
fraction gradient curves.?® From the average of
the Dy and D, values for 0.2°, a value of D equal
to 5.3 X 102 sq. cm. per sec. was calculated for
tobacco mosaic virus in water at 20°. The vis-
cosity term used in the temperature correction
was that of the virus solution. Neurath and
Saum?® obtained a value of about 2.6 X 10~% and
Frampton and Saum? reported values of about
4.0 X 10~% and 4.0 X 1077 cm.? per sec. for the
diffusion constant of tobacco mosaic virus at 20°.
Judging by the fact that the intrinsic viscosity of
the preparation studied by Neurath and Saum
was about the same as that of Preparation B used
in this study,?® their virus preparation was par-
tially aggregated, and the diffusion constant is
therefore somewhat too low. The slow-diffusing
preparation studied by Frampton and Saum was
stated by them to be aggregated. In their case
with the higher diffusion rate, the measurements
were carried out in 6 M urea at about pH 7. It
has since been shown that tobacco mosaic virus
is disintegrated into small fragments void of in-

(23) H. Neurath, Science, 98, 431 (1941).

(24) L. G. Longsworth, THIS JoURNAL, 61, 529 (1939).

(25) H. Neurath, Chem. Rev., 30, 357 (1942).

(26) H. Neurath and A. M, Saum, J. Biol. Chem., 126, 435 (1938).

(27) V. L. Frampton and A. M. Saum, Science, 89, 84 (1939).
(28) V. ... Frampton and H, Naurath, ibid.. 87, 468 (1938).
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fectivity under these conditions.?3® At least
at the time the diffusion experiment was begun
virus Preparation A of the present study was an
essentially monodisperse solution of the smallest
particles definitely known to be associated with
tobacco mosaic virus activity. Therefore, the
value of 5.3 X 1078 obtained with it is probably
the most nearly correct of those thus far reported.

The molecular weight of a monodisperse mate-
rial can be calculated from its sedimentation con-
stant, diffusion constant, D, and specific volume
by using equation 4.2

RT's3

Dao(l = Vo)

From the diffusion, sedimentation and specific
volume data of the present study the molecular
weight of the particles of tobacco mosaic virus
Preparation A can be calculated to be'3.16 X 107,
This value is in good agreement with that calcu-
lated trom viscosity and sedimentation data and
with that determined from X-ray and electron
optical data. By using the Einstein-Sutherland
equation for the diffusion constant of a sphere of
kriown size in conjunction with the measured dif-
fusion constant, the frictional ratio was calculated
from sedimentation, diffusion, and specific volume
data as described elsewhere.!* Then the axial
ratio of the tobacco mosaic virus of Preparation A
was calculated by means of equation 2 to be 18.6.
This would correspond to a particle with a diame-
ter of 13.8 and a length of 256 mu.

The molecular weight can also be computed
from viscosity and diffusion data in a manner de-
scribed elsewhere.!* A value of 3.60 X 107 is ob-
tained. This correspouds to a rod-shaped par-
ticle 14 mu in diameter and 283 my in length.

VIIIL Discussion

In previous publications,’*7 it was pointed out
that the size and shape of tobacco mosaic virus
protein particles could be determined by a variety
of indirect methods and that, in spite of consid-
erable variation, the results obtained were in fair
agreement with each other and with the results
obtained by direct examination in the electron
microscope. The discrepancies observed were
attributed to the fact that the data employed
were assembled from the results of several labora-
tories using different virus preparations possibly
in different states of aggregation. In the present
study various measurements were made on the
same virus sample in the same laboratory. The
results of the various methods of determining the
dimensions of the particles of virus Preparation
A are summarized in Table IV. It can be seen
that the agreement between the various methodsis
indeed excellent. This fact means not only that
the size and the shape of the predominating par-
ticles in a tobacco mosaic virus preparation can

(29) W. M. Stanley and M. A. Lauffer, Science, 89, 345 (1939).
(30) M. A. Lauffer and W, M, Stanley. Arch. Biockem. 2, 418
(1943},
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be regarded as definitely known within a small
limit of error, but also that the various indirect
methods available for determining the size and
shape of colloidal particles are reliable to a degree
not hitherto believed probable.

TaBLE IV
Tae DIMENSIONS OF ToBACCO Mosaic VIRUS PARTICLES
Diameter, Length, Mol. wt.
Methods mu me (X10°7)
Sedimentation and viscosity 13.6 276 3.32
Sedimentation and diffusion 13.8 256 3.16
Viscosity and diffusion 14.0 283 3.60
Electron microscope and
X-ray 15.2 270 4.0

It has been shown elsewhere that the infectivity
of tobacco mosaic virus is associated with the virus
nucleoprotein particles.?’ Whether or not these
particles are in a molecular state of dispersion is
another question. In view of the fact that Prepa-
ration A has been shown to be at least nearly
homogeneous, this question has little bearing
upon the accuracy with which the average par-
ticle dimensions can be determined and upon the
goodness of the data here presented as a test of
indirect physico-chemical procedures. Neverthe-
less, the question is of considerable interest in its
own right. Unless they can be shown to be arte-
facts, the distribution of lengths found in the elec-
tron micrographs and the spreading of the bound-
ary observed by means of the ultracentrifuge
would seem to indicate that even the most nearly
homogeneous preparations of tobacco mosaic
virus yet obtained are not strictly monodisperse.
This would rule out the possibility that the virus
preparations are in a molecular state of dispersion
analogous to that of a solution of a simple organic
compound, but it would not rule out the possi-
bility that the tobacco mosaic virus preparations
represent mixtures of very similar molecules analo-
gous to the situation encountered in prepara-
tions of inany natural and synthetic polymers.
All of the chemical evidence relative to tobacco
mosaic virus is consistent with the assumption
of molecular dispersion. It seems to the author
that as yet no really convincing experiment has
been reported which shows that the primary to-
bacco mosaic virus particles, those about 270 mu
long, are not in a molecular state of dispersion, but
neither has it been possible to obtain satisfactory

(31) M. A, Lauffer, J. Biol. Chem., 151, 627 (1943).
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evidence that they are. In the case of tomato
bushy stunt virus, however, a strong defense can
be made for the assumption that the nucleopro-
tein particles are molecularly dispersed.?? The
terminology used in this paper is that of the chem-
ist. If it is eventually satisfactorily demon-
strated that tobacco mosaic virus is not molecu-
larly dispersed, the term “molecular weight'' as
here used will have t¢ be reinterpreted slightly to
mean merely the average ratio of the weight of
tobacco mosaic particles to that of the hydrogen
atom.

IX. Summary

Two essentially monodisperse preparations of
tobacco mosaic virus were found to have intrinsic
viscosities of 39.0, sedimentation constants cor-
rected to water at 20° of about 185 Svedberg
units, and one was found to have a diffusion con-
stant corrected to water at 20° of 5.3 X 103
cm.?/sec. The partial specific volume was de-
termined on two chemically purified preparations
tobe(.73. The size and shape of the predominat-
ing particles were calculated from various com-
binations of the above constants. The results of
all possible combinations were found to be in ex-
cellent agreement and to be in accord with direct
measurements from an electron inicrograph of the
preparation.

A partially aggregated preparation of virus was
found to have a bimodal distribution of particle
sizes, as determined from an electron micrograph,
and an intrinsic viscosity of 80.7, and to have two
boundaries in the ultracentrifuge with sedimenta-
tion constants of 187 and 216s. It was shown
that the sedimentation, viscosity, and electron
micrograph data were mutually consistent when
interpreted in terms of the theories under exaini-
nation in this study. A highly aggregated virus
preparation was found to have a very high sedi-
mentation rate and intrinsic viscosity.

The excellent agreement found in this study be-
tween the results of indirect physico-chemical
procedures and direct observation with the elec-
tron microscope affords strong evidence of the re-
liability of the methods of determining the size and
shape of particles within the colloidal range based
upon combinations of viscosity and sedimentation,
viscosity and diffusion, and sedimentation and
diffusion studies.
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