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gently for five minutes. The solution was allowed to
cool somewhat and 2 cc. of concentrated hydrochloric
acid was added. The mixture was evaporated to dryness
in wvacuo at 60-70°, The solid was extracted twenty
times with 5-cc. portions of ether and the ether solution
was added gradually to an ethereal solution of diazomethane
(prepared from 4.5 g. of nitrosomethylurea). The solution
was allowed to evaporate while standing overnight at room
temperature. Theresidual oil was treated with 2 cc. of con-
centrated ammonia and warmed gently. An additional 2
cc. of ammonia was added and the solution was allowed to
remain at room temperature overnight. Thereaction mix-
ture was evaporated to dryness % vacuo at room tempera-
ture and dried over phosphorus pentoxide for forty-eight
hours; yield 400 mg., 429 over-all yield, based on the
cyanide used.

Malononitrile.®—The cyanoacetamide was placed in a
sublimation apparatus fogether with 400 mg. of phos-
phorus pentachloride. The system was evacuated by
means of a water pump and the apparatus was immersed in
a boiling water-bath. After the reaction had subsided,
chloroform (cooled to —5° by means of a chloroform-Dry
Ice-bath) was circulated through the cold finger. With
the aid of an oil-bath the reaction mixture was heated to
160 ° and maintained there until the sublimation was com-
plete (ten minutes).

Phenylazomalononifrile.—The malononitrile was allowed
to-melt from the cold finger into a 50-cc. glass-stoppered
erlenmeyer and rinsed with a few cc. of methanol. Five
cc. of 1 M phenyldiazonium acetate solution was added
and the flask kept in an ice-bath overnight. The product
was collected by filtration, washed with cold water and
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dried in the air; yield, 200 mg., 209 based on the cyano-
acetamide used.

Adenine Sulfate.—The phenylazomalononitrile thus
prepared was utilized in the preparation of adenine ac-
cording to the directions described above. The final yield
of adenine sulfate was 75'* mg., which represents an over-
all yield of 3.8%, bused upon the cyanide used. The
product possessed an activity of approximately 7000
counts/min./milligram when a film of 1.93 micrograms/
cm.? was prepared by evaporation of an aqueous solution
on an aluminum planchet and counted with a thin window
(1.9 mg./cm.?) Geiger-Miiller counter,

Acknowledgment.—The authors wish to ac-
knowledge the advice of Dr. George Bosworth
Brown, the codperation of Dr. Harold Beyer in the
isotope determinations, and the assistance of Alice
Angelos, Rosco Funk, Jr., and Thelma Kaplan.

Summary
Various syntheses of adenine have been investi-
gated and a satisfactory procedure for the intro-
duction of isotopes of nitrogen and carbon has
been developed.
The preparation from isotopic carbon of cyano-
acetamide and malononitrile is described.

{13) Of this amount, 32 mg. was obtained from the filtrate by
washout dilution with 450 mg. of non-radioactive adenine,
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The Hydration, Size and Shape of Tobacco Mosaic Virus®?°

By H. K. Scuacuman® anp Max A. LAUFFER

Intreduction

On the basis of indirect evidence, several inves-
tigators have speculated abotit the degree of hy-
dration of tobacco miosaic virus,*®P< but there
has been no direct experimental attack on this
problem. The ultracentrifuge furnishes a possible
means fer the direct determination of the density
of the virus in solution by a study of the effect of
varying solvent density on the change of sedimen-
tation rate.’? The combination of this solution
density with the apparent partial specific volume
permits an evaluation of the hydration of the
virus.

{1} Contribution No. 1ip-47 of the Departmment of Physics,
tUniversity of Pittsburgh.

{2) (a) Paper delivered before the division of Biological Chemistry
at the 111th meeting of the American Chemical Society, April, 1947;
(b) aided in part by a grant ffom the National Foundation for Infan-
tile Paralysis.

(3) Junior Research Fellow of the National Institute of Health;
present address: University of California, Berkeley California,

(4) (a) R.'Markham, K. M. Smith and D. Lea, Parasstology, 34,
315 (1942); (b) F. C. Bawder and N. W. Pirie, Proc. Roy. Soc.
{London), B128, 274 (1937); (¢) N. W. Pirie, Advances in Enzymol.,
8, 1 (1945).

(5) (a) J. E. Smadel, E. G. Pickels and T. Shedlovsky, J. Exp.
Ved., 68, 607 (1938); (b) D. G. Sharp, A. R. Taylor,I. W. Mclean,
Ir.. D). Beard and J. W. Beard, Science, 100, 151 (1944)

A certain amount of ambiguity arises in a pre-
cise evaluation of the size and shape of any mole-
cule because of the difficulty in determining the
relative contributions of hydration and anisom-
etry to the physical chemical properties of the
material in question. In the case of tobacco mo-
saic virus, the application of several physical tech-
nics, including ultracentrifugation, X-ray diffrac-
tion, viscosity, birefringence of flow and diffusion,
has led to the evaluations of size and shape which
were largely substantiated by direct observation in
the electron microscope.! These computations,
however, were predicated upon the assumption of
little or no hydration of the virus particles, an as
sumption niade because X-ray measurements
could be interpreted to mean that the particles
did not swell when placed in solution.”

In view of the apparent success of the centrif-
ugation method of determiniug the hydration of
viruses, it seemned worthwhile to determine the hy-
dration of tobacco mosaic virus and then to re-
examine the other physical chemical properties in
the light of this result.

(6) M. A. Lauffer, THis JOURNAL, 66, 1188 (1044).

(7) J. . Bernal and T Fankuchen. .J. (Gen. Physiol., 2B, 111
1941y
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Materials and Methods

Tobacco mosaic virus freshly isolated by differential
centrifugation, according to the method of Stanley,® was
examined in the ultracentrifuge at a concentration of 3.0
mg. per cc. in solvents of varying density. Different
concentrations of crystalline bovine serum albumin in pH
4.7, 0.2 M acetate buffer, were used as solvents. Some of
the bovine serum albumin was obtained through the cour-
tesy of Dr. Hans Neurath of Duke University Medical
School, and some of it was purchased directly from Armour
and Company, Chicago, Illinois. Experiments on two
other samples of tobacco mosaic virus, isolated in similar
fashion, were conducted at pH 7.0 in 0.01 M phosphate
buffer containing sucrose in varying concentrations. One
of these samples, A, was also examined in several concen-
trations of bovine serum albumin at pH 7.0 in 0.01 M phos-
phate buffer. The studies were carried out in an air driven
ultracentrifuge of the Bauer-Pickels type, equipped with
the Svensson optical system. Specific gravities of the
solutions were obtained by the use of a 2-cc. pyknometer,
and viscosities were determined in an Ostwald type viscom-
eter,

Experimental Results
Figure 1 shows the relation of sedimentation
rate to the density of the suspending medium for
the studies on tobacco mosaic virus suspended in
serum albumin solutions of various concentrations,

120
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Fig. 1.—Sedimentation constants corrected for solution
viscosity of tobacco mosaic virus in serum albumin solu-
tions plotted as a function of solution density. The pH
was maintained at 4.7 by means of 0.2 M acetate buffer.
Straight line was fitted by method of least squares,

1.00 1.12

In Fig. 2 are plotted the results for tobacco mosaic
virus in a medium containing sucrose at different
concentrations. The ordinate in these graphs is
the sedimentation constant corrected for the vis-
cosity to correspond to a value in a solvent with
the viscosity of water at 20°. The abscissa is the
density of the suspending medium at 20°,

The rate at which particles suspended in a
strictly homogeneous medium sedirnent in a cen-
trifugal field should be directly proportional to
the difference between the densities of the particles
and of the medium. If the medium causes no al-
teration in size, shape and density of the particles,

(8) W. M, Stanley, THIS JOURNAL, 64, 1804 (1042).
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Fig. 2.—Sedimentation constants corrected for solution
viscosity of tobacco mosaic virus in sucrose solutions
plotted as a function of solution density. The pH was
maintained at 7.0 with 0.01 M phosphate buffer. Straight
line was fitted by method of least squares.

then the decrease in sedimentation constant, .S,
multiplied by viscosity, 7, is directly proportional
to the increase in dehsity of the solution, p;. In
general, it can be shown that eqn. 1

_ M (o ~ ps)
4rN Jo

where M is the anhydrous molecular weight of the
sedimenting particles, V' is the partial specific vol-
ume of the material, p is the density of the parti-
cles, N is the Avogadro number, and (f/fo) is the
friction ratio, which is a function of the anisom-
etry and hydration of the particles, describes the
telationship. Equation 1 can be used to evaluate
the hydrated molecular weight, if " and p are the
specific volume and density of the hydrated par-
ticles. In this case the friction ratio is only a func-
tion of anisometry. If the sedimenting particles
are unaltered by the medium, a plot of 7S vs. ps
according to eqn. 1 should yield a straight line.
The slope of the line is a function of size, shape and
the density of the particles, and the intercept at
7S = 0 is dependent only on the density of the
particles.

That the curve in Fig. 1 shows this linear de-
pendence of 7S on ps suggests that the medium has
little or no effect on the size, shape, and density
of the particles. It cannot be said with complete
certainty, however, that the physical character-
istics of the virus were not altered by the serum
albumin. A complex precipitates at pH values
between about 4 and 5 when the ionic strength is
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considerably lower than in the present experi-
ments. Also the virus is precipitated by serum al-
bumin at pH values above 5 when the ionic
strength is about 0.1.°

Similarly, the linearity of the curve in figure 2
suggests that the medium has not altered the virus.
Smadel, Pickels and Shedlovsky* obtained a non-
linear dependence of sedimentation rate on the
density of the medium when they studied the sedi-
mentation of the elementary hodies of vaccinia in
sucrose solutions. They suggested as one explana-
tion of their results that the sucrose solutions
caused an osmotic withdrawal of water from the
particles with a consequent increase in particle
density. Studies®!! on the influenza viruses
showed similar behavior. It was this concept of
osmotic influence of the medium on the virus par-
ticles that prompted Sharp, et al.,% to use seruwms
albumin rather than sucrose as a means of obtain-
ing solvents of different densities. Because of the
higher molecular weight of serum albumin as com-
pared to sucrose, it was expected that such an os-
motic withdrawal of water, if real, would be con-
siderably reduced. The resultant straight lines in
plots of 98 vs. ps for the sedimentation of tlie in-
fluenza viruses inn serum albumin solutions® ! lend
support to the suggestion of Smadel, Pickels and
Shedlovsky.

Extrapolation of the curve in Fig. 1 yields a
value of ps = 1.13 g./cc. for the density of solution
in which virus particles do not sediment. If no
alteration of the virus has occurred, the density of
the virus in aqueous solution can be considered as
equal to 1.13 g./cc. Similarly, extrapolation of
the results presented in Fig. 2 indicates that the
density of the virus in aqueous solution is about
1.27 g./cc. Preparation A, which also appeared
to have a density of 1.27 g./cc. in solutions con-
taining sucrose, was studied in serum albumin
solutions of low ionic strength at pH 7.0, and a
value about 1.1 was obtained by extrapolation.
This result is in reasonable agreement with that
obtained at pH 4.7 and presented in Fig. 1.

For the case of non-linear dependence of cor-
rected sedimentation constant on density, Smadel,
Pickels and Shedlovsky suggested the construc-
tion of a tangent to the curve at the point cor-
responding to the density of dilute buffer. The
value of ps at which this tangent intercepts the ab-
scissa can then be taken as the density of the virus
particles in a solvent devoid of sucrose.!? Sharp,

(9) M. A_ Lauffer, Arck. Biockem., 18, 145 (1947); 7. Biol, Chem.,
174, 481 (1948).

(10} M. A. Lauffer and W, M. Stanley, J. Exp. Med., 80, 531
(1944},

(11) D. G. Sharp, A. R. Taylor, I. W. McLean, Jr., D. Beard and
¥. W. Beard, J. Biol. Chem., 189, 29 (1945).

{12) In the studies in serum albumin solutions a correction was
made for the sedimentation of the serum albumin. This correction
was made according to the suggestion of Sharp, Taylor and Beard’tby
subtracting the sedimentation constant of serum albumin from the
measured sedimentation constant of the virus before multiplying by
the viscosity. This correction seems reasonable at high concentra-

tions of serum albumin where the virus is sedimenting very slowly,
hit such a correction does not seem valid when the virus is sediment-
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et al., demonstrated a diserepancy between the
two methods for influenza virus and concluded
that the lower value obtained in serum albumin
was more reliable.

The data of Fig. 1 show a value of about 230 .54
for the sedimentation constant of tobacco mosaic
virus in the absence of serum albumin. In a pre-
vious study® a value of 185 was found for the sed-
imentation constant of tobacco mosaic virus in the
unaggregated state, and it was shown that bound-
aries corresponding to higher sedimentation con-
stants could be attributed to dimers and trimers.
The highvalueobtainedfor the tobaccomosaic virus
indicates that the virus particles are in a polymer-
ized state. Inasmuch as the aggregation is pre-
dominantly end-to-end, the hydrodynamic dens-
ity of the polymerized virus probably would not
differ from that of the virus in the monomeric
state. The data of Fig. 2 indicate that the virus
studied at pH 7.0 is unaggregated.

1f no contraction occurs on the combination of a
strictly homogeneous medium and the dry virus,
the degree of hydration can be calculated from the
partial specific volume of the virus and the density
obtained from the sedimentation experiments.
Inherent in these calculations is the assumption
that the bound water is not unlike the body of
water acting as solvent. If a volume, v, of anhy-
drous virus with density p becomes associated
with a volume Av of water with density pw to
form a hydrated particle of density m, the total
volume of the hydrated virus particle will be (» +
Av) and its mass will be (vp + Avpyw). The data of
sedimentation rate in serum albumin solutions
lead to a hydration value of about 1.9 ml. of water
per ml. of dry virus or 669 by volume on a wet
basis. Siwilar calculations for the sedimentation
in sucrose solutions lead to the value of about 0.37
ml. of water per ml. of dry virus or 279, water by
volume on & wet basis.

Discussion

The Hydration of Tobacco Mosaic Virus.—
The vastly different hydrodynamic densities
obtained in the sucrose and in the serum albumin
solutions indicate a marked difference in the
apparent hydration of tobacco mosaic virus in
the two media. The following considerations,
which were proposed in a private communication
by Kauzmann,!® show that this difference can
possibly be attributed to a region in the medium
surrounding a virus particle which, for purely geo-

ing in a very dilute serum albumin solution. If the correction were
not made, the points at high serum albumin concentrations would no
longer fall on a straight line, and a tangent to the curve at the
density of the buffer would be necessary. In that case, a result not
significantly different from the 1.13 g./cc. obtained in Fig. 1 would
still be obtained.

(13) 13. G, Sharp, A. R. Taylor and J. W. Beard, J. Biol. Chem.
163, 289 (19486),

(14) The symbeol S represents the Svedberg unit defined as 10 1%
cm. per sec. per cg. unit of centrifugal field.

(15) The authors wish to acknowledge their indebtedness to Dr.
W. Kauzmann of Princeton University and to express their apprecia-
tion to him for his contribntions to this problem
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metrical reasons, cannot be penetrated by serum
albumin or sucrose molecules. In other words, the
assumption that sucrose and serum albumin solu-
tions are homogeneous media may not be appro-
priate for the present purpose. In that event,
computation based upon the assumption of a
homogeneous medium would not be valid.

If serum albumin molecules are considered to
be rigid, uncharged spheres of radius g, it is clear
that the center of a serum albumin molecule will
not be able to come closer than a distance a from
the surface of a virus particle suspended in a serum
albumin solution. This will lead to a region of
thickness 2a in which the density changes gradu-
ally from that of water to that of the serum albu-
min solution. It can be shown by a statistical
procedure that this is equivalent to having each
virus particle surrounded by a layer of thickness a
of liquid with the density of the medium exclusive
of serum albumin. In the case of a virus particle
suspended in a sticrose solution, a similar but much
thinner equivalent layer of sucrose-free fluid will
surround the virus particle. As will be seen in the
subsequent more quantitative treatment, this
equivalent layer of fluid affects the force operating
on a virus particle in a centrifugal field.

If v is defined as the volume of a virus particle,
Av as the volume of a shell of thickness @ corre-
sponding to the equivalent layer of albumin-free
medium as described above, ¢ as the radius of a
serum albumin molecule, p as the average density
of the virus particle including any water of hydra-
tion really part of the virus particle, ps as the dens-
ity of the serum albumin solution, pw as the dens-
ity of the medium exclusive of serum albumin, W
as the mass of a volume ¥V of serum albumin solu-
tion, and W’ as the mass of the same volume of
solution containing a single virus particle, the fol-
lowing considerations apply. The effective force
acting on the virus particle in the centrifuge
should be proportional to (W' — W), and, when
this difference vanishes, the particle should not
sediment. For purposes of these considerations,
the excess mass of a serum albumin molecule over
that of an equal volume of water can be considered
to be concentrated at a point in the center of the
molecule. Thus, the shell of volume, Ay, which

" can contain no centers of serum albumin molecules,

must have density pw. On the other hand, the den-
sity of the solution outside A is ps. Therefore
W="Vo, W =vp+ Avpy + (V — v — Av)p,

The particle will not sediment when W’ — W is
equal to zero, that is, when the efféctive weight of
the virus particle is W/ — Wor v p + Avpy —
(v + Av)ps. This equation is identical with that
used for the calculation of the hydration per unit
volume of dry virus. The apparent hydration in
this case, however, is entirely a property of the
medium in which the virus is suspended.

Physical studies carried out on serum albumin!®

(16) E. J. Cohn, J. L. Oncley, L. E. Strong and S. Armstrong, Jr.,
J. Clin. Invest., 28, 417 (1044).
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indicate that the molecule is not spherical but is
a rod about 150 A. long and 38 A. in diameter.1¢
This can be approximated by a cylinder capped
by hemispheres, with a diameter, 2a, of 38 A and
a total length, 2b, of 150 A Obviously, a virus
particle will be surrounded by a layer of medium
of thickness, ¢, in which no serum albumin mole-
cule centers can exist and by an additional layer
of thickness, (5 — a), in which centers of only
serum albumin particles oriented in certain ways
can be found. It can be shown by a statistical
procedure that this amounts to the equivalent of
a layer of medium with a thickness of 1/; (@ + b)
from which serum albumin is excluded entirely.
These calculations apply only in those cases in
which the radius of curvature of the virus particle
is substantially greater than the thickness of the
surrounding serum albumin-free medium. Calcu-
lations carried out by the method of Schultz!?
show that the thickness of this layer surrounding a
cylinder with the diameter of a tobacco mosaic
virus particle should still be approximately /(e +
b). Thus, a tobacco mosaic virus particle should
be surrounded by the equivalent of a zone of albu-
min-free medium 47 A. thick.

Similar effects should also be expected to occur
in sucrose solutions. The sucrose molecule is
equivalent in size to a sphere of about 4 A. in ra-
dius, but undoubtedly the molecule is somewhat
asymmetric, so that perhaps the effective radius is
5 or 6 A. Thus, in a sucrose solution a tobacco
mosaic virus particle should be surrounded by the
equivalent of a layer of sucrose-free medium 5 or 6

. in thickness because of the inability of sucrose
particles to get any closer to the surface.

The apparent water associated with the virus
particle in serum albumin solution and in sucrose
solution is, of course, a property dependent pri-
marily upon the medium in which the virus finds
itself and is not an intrinsic property of the virus
particle itself. If there is any intrinsic water of
hydration, regardless of the means by which that
water is attached to the virus particle, it must be
the total water indicated by the sedimentation
experiments in sucrose or in serum albumin solu-
tion minus that which is to be attributed to the
inability of the sucrose or the serum albumin par-
ticle centers to approach the virus surface. The
apparent hydration of tobacco mosaic virus in
serum albtimin solution is the equivalent of a layer
of water 53 A. thick surrounding a rod-like par-
ticle with an anhydrous diameter of 152 Since
a layer approximately 47 A. thick must be attrib-
uted to the inability of the serum albumin mole-
cule centers to touch the surface of a tobacco
mosaic virus particle, this leaves only about a 6 A.
shell attributable to the intrinsic hydration of the
tobacco mosaic virus particle. Similarly, the re-
sults obtained when tobacco mosaic virus was
sedimented in a sucrose solution indicate that the
virus particle has an apparent hydration equiva-

(17) G. V. Schultz, Z. Naturforsch., 3, 348 (1947).
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lent to a shell 13 A. thick surrounding the virus
rod. However, when the 6 A. figure correspond-
ing to the probably effective radius of a sucrose
molecule is subtracted, a value of only 7 A, re-
mains as an estimate of the thickness of the layer
corresponding to the intrinsic hydration of a to-
bacco mosaic virus particle. It is apparent that
the same order of magnitude is obtained for the
intrinsic hydration from the two series of experi-
ments when interpreted in this manner. Thus,
the best estimate of the intrinsic liydration of to-
bacco mosaic virus is about 159 by volume on a
wet basis.

X-Ray diffraction 1neasuremients have been of
value in determining the ultiinate virus particle
size and the role of associated water. The investi-
gation of tobacco mosaic virus by X-ray scatter-
ing has followed two paths. One, the intramolec-
ular structure resulting from large angle scatter-
ing and corresponding to small spacings, demon-
strated that certain intraparticle spacings were
not altered by a change in concentration of the
virus from a. dry gel to moderately concentrated
solutions. Because of the constancy of the iuter-
nal spacings over a broad concentration region,
Bernal and Fankuchen’ suggested that the parti-
cles do not swell appreciably when placed in
aqueous solution.

The second problem attacked by Bernal and
Fankuchen was a study of the interinolecular
pattern as exhibited by small angle scattering.
They found that the distance between the parti-
cles is inversely proportional to the square root of
the concentration by volwne, This requires that
the particles separate appreciably only in a lateral
direction. Despite the large separation distances
involved, of the order of 500 A., there was a regular
lattice arrangement in the form of an hexagonal
pattern. Thus, the virus particles can exist in
solutions and in gels in a regular pattern where the
particles are separated by water layers several
times the diameter of the particles. The degree of
association of the water cannot be deternuned
from X-ray measurciments. Centrifuge studies in
serum albumin solutions and in suerose solutions,
when interpreted in the manoer described above,
indicate that the liydrodynamic unit contains an
intrinsic hydration equivalent to a shell of water 6
or 7 A. thick. 1If one accepts the interpretation of
Bernal and Fankuchen of the meaning of the wide
angle scattering, most of this water would actu-
ally be found in a shell surrounding the virus par-
ticle. It is not difficult to conceive of a water
laver of such thickness heiug held to the outside
of a virus particle.

Hydrodynamic Complications.—The existeice
of this shell of diluted albumin solution about
the sedimenting virus particles causes complica-
tions in connection with the viscosity correction
to the sedimentation constant. Evidently the
virus moves in an environment of somewhat
lower wviscosity than that of the bulk solution
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‘Therefore it is not correct to multiply the ob-
served sedimentation constant by the over-all
relative viscosity of the sohition in order to obtain
the equivalent sedimentation constant in water.
The difference between the over-all viscosity and
this effective viscosity is probably considerable,
especially in concentrated albumin solutions, but
it does not seem to be easy to compute.!® This
consideration contributes an element of uncer-
tainty to the extrapolated value of the solution
density corresponding to zero sedimentation rate,
and thus casts some doubt upon the reliability of
the extent of hydration indicated above.

Finally, the question might be raised whether
such a layer of low density will be able to maintain
itself as the virus particle moves in the centrifuge.
Thus it might seem reasonable to expect that the
virus particle would act as a plow in moving
through the albumin solution, with albumin
molecules piling up in front of the virus and being
swept clear at the back. In the centrifuge, a to-
bacco mosaic virus particle moves at the rate of
about /g X 1073 cm./sec. Serum albumin has a
diffusion constant of about 6 X 10~7 sq. cm./sec.
"This corresponds to a root mean squared displace-
ment of serum albumin molecules, due to kinetic
energy, of v12X 10~7or 1.1 X 10~® cm. in one
second. Thus, in the usual experiment, most of
the serum albumin molecules should have timme
to move out of the path and into the wake of an
advancing virus particle.

The Size and Shape of Tobacco Mosaic Virus.
~—The study of mnacromolecules has invoked
such a varied number of physical tools that it
has become possible to validate partially certain
of them by their combined use on one substance.
Tobacco mosaic virus, because of its character-
istic shape and large size, serves as an excellent
model for study. It was shown that the predic-
tions of the size and shape of the virus particles
from viscosity, sedimentation and diffusion data
were in substantial agreement with the results
obtained from electron microscopy and X-ray
diffraction.® The generally accepted value, 15.2
my, for the diameter of the rod-like particle re-
sulted from small angle scattering of X-rays.
Studies 1 the electron wmicroscope on purified and
unpurified tobacco mosaic virus lend support to
the concept of a rod-like particle 280 my in length
by 15.2 my in diameter. On the basis of a partial
specific volume of 0.73 cc./g., the molecular
weight of the anhydrous particle is 41.9 X 10°

Detailed accounts of the available methods for
determining molecular size and shape have been
prescnted elsewhere,®'%* but these are compli-
cated, as mentioned above, by the difficulty in
evaluating the relative contributions of hydration
and anisometry to the friction ratio. If the value
0.15 ml. of water per ml. of wet virus is used in

(18) J. M. Burgers, Proc. Acad. Sci., Amsterdam, 45, 10 (1942),

{19) M. A. Laufifer and W. M. Stanley, Chem. Revs., 24, 303 (1939}
20 1. L. Oncley, Ann N. V. Acad. Sci. 41, 121 (1941
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conjunction with the intrinsic viscosity,® (), 39
ml./ml.,® an axial ratio of 18.3 results for the hy-
drated particle. This value of the axial ratio can
be used in the Perrin equation to yield a friction
ratio due to asymmetry of 1.92. Allowing for
the fact that a hydrated particle has a fric-
tional resistance greater than that of an anhy-
drated particle produces a value, 2.01, for the
over-all friction ratio. Combination of this (f/f,)
value with the sedimentation constant, 185 .S,
leads to 34 X 108 for the anhydrous molecular
weight. This corresponds to a rod about 270 by
14 mu.2?

Diffusion and sedimentation data can also be
used to predict the size of the anhydrous par-
ticles. The calculation of molecular weight by
this method is independent of hydration and
the wvalue, 31 X 109, previously reported still
obtains. This corresponds to a rod-like particle
250 by 14 myu for the case in which 159, by vol-
ume of water on a wet basis are associated with
the virus.

The size and shape of the particle can be calcu-
lated, also, by a combination of viscosity and dif-
fusion data. Results obtained in this manner cor-
respond to a rod-shaped particle 250 by 13 mgu
and a molecular weight of 27 X 10% when 15%,
of volume hydration is assumed.

(21) Intrinsic viscosity is defined as the ratio, as the volume frac-
tion approaches zero, of specific viscosity to volume fraction.

(22) This calculation was made on the assumption that hydration
increases the thickness but not the length of a virus particle,
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Summary

The hydrodynamic density of tobacco mosaic
virus was determined by centrifugation in bovine
serum albumin and sucrose solutions of various
densities. In both sets of experiments, straight
lines could be used to express the dependence of
sedimentation rate upon density of the medium.
A hydrodynamic density of 1.13 was obtained for
the experiments carried out in serum albumin
solutions, and a value of 1.27 was obtained for ex-
periments carried out in sucrose solutions. It
was shown that this great discrepancy can be at-
tributed to the effect upon the buoyancy of a virus
particle produced by a disturbance of the homoge-
neous distribution of solute molecules in the im-
mediate neighborhood of a virus particle. This
effect depends upon the radius of the solute mole-
cule and is therefore greater for serum albumin
than for sucrose. When this effect is taken into
account, the data can be interpreted to indicate
that tobacco mosaic virus has an intrinsic hydra-
tion of approximately 159, by volume on a wet
basis. The size and shape of the virus particle
were calculated by several methods on the basis of
this new hydrated model. Excellent agreement
was obtained when the calculations from viscosity
and sedimentation data were compared with direct
measurements obtained by electron microscopy
and X-ray diffraction. Calculations involving the
diffusion constant gave less satisfactory agreement.
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The separation of the protein and lipoprotein
components of human plasma into a series of
fractions by the use of a five-variable system,
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as well as the principles involved in this fractiona-
tion, have been described in a previous paper.?
The procedure developed depends upon the use of
organic precipitants (ethanol in this case), low
temperatures (0 to —8°), low ionic strengths of
electrolytes (below 0.16 mole per liter), and
accurate control of the pH and protein concen-
tration. In this work the albumins were con-
centrated in Fraction V, fibrinogen in Fraction I,
most of the a-globulins in Fraction IV-1 and
IV-4. Fraction IT 4 III contained isoagglu-
tinins, prothrombin, plasmihogen, certain lipo-
proteins with properties ascribed to the X-protein
of plasma,-as well as antibodies.?

The aim of this study was to devise methods

(2) E. J. Cohn, L. E. Strong, W. L. Hughes, Jr., D. J. Mulford,
J. N. Ashworth, M. Melin and H. L. Taylor, THIS JoURNAL, 68, 459
(1946).

(3) The importance of these methods for the concentration of anti-
bodies was pointed out in an earlier paper of this series: E. J. Cohn,

J. A. Luetscher, Jr., J. L. Oncley, S. H. Armstrong, Jr., and B. D.
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