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ABSTRACT

The relationship between buoyant density (p) in
CsCl and ribonucleic acid (RNA) content of one
bacterial and eight plant viruses was examined. The
viruses selected for this study varied in their RNA
content from 4 to 429%. A highly significant corre-
lation (R%=10.99) was found between , and the
absolute amount of RNA in these viruses. The func-
tional relationship indicated that the p of viruses
increased at a greater than linear rate as the RNA

content increased, but about 899 of this variation
was directly attributable to the amount of RNA in
the virions. Based on these observations, a mathe-
matical formula was derived to estimate the RNA
content of a virus from its p value. Data on the cor-
relation between p values and nucleic acid contents
of several other RNA viruses was reviewed and its
significance discussed. Phytopathology 60:1778-1784.

Estimations of protein and nucleic acid content of
viruses can be made by chemical and colorimetric
analyses (33) and ultraviolet light absorption spectro-
photometry (14, 28). Such methods are only reliable,
however, when highly purified viral preparations are
used. A procedure for estimating the nucleic acid con-
tent of isometric viruses based on the sedimentation
coefficients of nucleic acid-free and complete virions
in partially purified preparations was described by
Reichmann (30). Estimations of the nucleic acid and
protein contents of cellular organelles and macromole-
cules can also be made by the use of isotopic precursors
and subsequent chemical fractionation (38). Alterna-
tively, the protein to nucleic acid ratio of hydrated
nucleoproteins can be deduced from their buoyant
density (p) by equilibrium centrifugation in CsCl (47).
A distinct advantage of the equilibrium centrifugation
procedure is that significant information on the physico-
chemical properties of macromolecules can be obtained
while conserving the material for other investigations,
The use of equilibrium centrifugation methods for char-
acterization of viruses, proteins, and nucleic acids by
analytical and preparative ultracentrifugation has re-
cently been reviewed (44). We report results of our
investigations, under quasi-equilibrium conditions, to
assess the extent and validity of the relationship be-
tween p values and RNA content of one bacterial and
eight plant viruses.

MATERIALS AND MEeTHODS.—Information on the
sources of virus cultures, propagative and assay hosts,
and viral purification procedures is given in Table 1.
CsCl (99.99,) was purchased from Pierce Chemical
Co., Rockford, Il

Leaf tissue, 20-24 days after inoculation, was used for
purification of plant viruses. Extracts from comparable
healthy plants were similarly processed, but in none of
these preparations were any particulate components
similar to wvirus particles observed upon equilibrium
centrifugation. Viral concn were estimated spectropho-
tometrically based on their known extinction coefficients
(5, 19, 43).

Equilibrium centrifugations were performed by a
slight modification of the “step” isopycnic CsCl method
(7) in the swinging bucket rotor, SB-206, in an IL.E.C.
Ultracentrifuge Model B-35. Five ml of CsCl solution
(p =1.500) was introduced into a 95 X 14.5 mm tube
and an equal volume of the CsCl solution (p = 1.252)
was carefully layered on the denser CsCl solution.
Aliquots of the purified viruses (0.3 ml containing 400-
700 pg) were then floated on the “step” gradient, and
the tubes were immediately centrifuged. In a slight
variation of this method, the viral preparations were
thoroughly mixed with the lighter CsCl solution, and
the resultant mixture was then layered on the denser
CsCl solution. The density gradient tubes were generally
centrifuged at 160,000 ¢ for 18-20 hr at 15 C. During
this period, an essentially linear and stable density
gradient was engendered, and prolonging the centrifuga-
tion period to 30-35 hr did not affect the CsCl density-
gradient profile in the centrifuge tubes. At the end of
the centrifugation period, the rotor was allowed to stop
by coasting. The visible zones were removed, either by
a hypodermic syringe from the side of the centrifuge
tube, or the density gradient column was fractionated
by an ISCO fractionator (Model D) at a flow rate of
0.2 ml/min, and the column was monitored at 254 nm
by a UA-2 analyzer. In some cases, 0.05-ml fractions
were collected manually to resolve those wviral com-
ponents that banded closely in the density-gradient
column. Alternatively, in multicomponent viruses, e.g.,
turnip yellow mosaic virus (TYMV) and tobacco ring-
spot virus (TRSV), the visible bands after isopycnic
centrifugation were individually removed from several
tubes, pooled, dialyzed, concd (by ultracentrifugation)
and resubmitted separately to the isopycnic centrifuga-
tion procedure, and the density-gradient columns were
fractionated. The refractive indices of the various frac-
tions were determined by a Bausch and Lomb Abbe
3L refractometer at 25 C and converted into density
values. Aliquots of the fractions were diluted with
distilled water, and their ultraviolet light absorption
spectra characterized. For infectivity tests, diluted frac-
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TapLe 1. Sources of virus cultures, propagative and assay hosts, and references to the purification procedures®

Original Propagative Assay Purification

Virus source haost host procedure

Barley stripe mosaic H. H. McKinney Barley, Atlas Barley, Atlas (15)
(BSMV)

Bromegrass mosaic W. H. Sill, Jr. Barley, Atlas Barley, Atlas ( 8)
(BMV)

Cucumber mosaic R. W. Fulton Tobacco, Xanthi-nc Tobacco, Xanthi-nc (34)
(CMV) Cowpea

Southern bean mosaic M. K. Corbett Bean, Bountiful Bean, Pinto (48)
(SBMV)

Tobacco mosaic strain Uy A. Siegel Tobacco, Samsun Tobacco, Xanthi-nc (36)
(TMV-U,;)

Tobacco ring spot R. W. Fulton Tobacco, Xanthi-nc Tobacco, Xanthi-nc (42)
(TRSV) Cowpea

Turnip vellow mosaic J. M. Kaper Chinese cabbage, Chinese cabbage (10)
(TYMV) Chi-hi-li Chi-hi-li

4 Purified pea enation mosaic virus (PEI\E])_\.\;as st-xpplied by R. W. Bozarth_and was assayed on pea, Perfection Wales.
Purified MS2 virus was purchased from Miles Laboratory, Elkhart, Indiana.

tions were assayed on appropriate test plants according
to the previously described procedure (35).

In some experiments, the purified viruses were fixed
with formaldehyde (16) prior to the equilibrium cen-
trifugation to prevent the dissociative effect of CsCl on
the viral nucleoproteins. Additional experiments with
bromegrass mosaic virus (BMV) and southern bean
mosaic virus (SBMV) for isopycnic centrifugation were
conducted in presence of Mg+, since these ions are
known to stabilize BMV and SBMYV in vitro (4, 48).

The p of viruses were determined in several experi-
ments employing two or more preparations, except in
the case of pea enation mosaic virus (PEMV) and
barley stripe mosaic virus (BSMV) in which three de-
terminations on single preparations were made. Under
the experimental conditions described, very reproducible
results were obtained in the estimation of the p of
viruses; in all instances, the differences were within
== 0.001 g/ml of the individual p values of viruses or
viral components.

The relationship between p values and RNA content
was examined using a second degree polynomial regres-
sion analysis, Y =a + bx + cx2, where Y = estimated
py Xx=RNA content (%), a = intercept value, and b
and c are regression coefficients (41).

Resurts.—The OD profiles of the viruses upon
isopycnic CsCl centrifugation and fractionation are pre-
sented in Fig. 1. The relationship between p and nucleic
acid contents of several RNA viruses is represented in
Fig. 2. Biological and physico-chemical properties of
the various viruses and viral components are summa-
rized in Table 2.

BSMV, tobacco mosaic virus (TMV), cucumber
mosaic virus (CMV), and BMV formed single sharp
peaks in the CsCl density-gradient columns and banded
at the p of 1.309, 1.324, 1.336, and 1.352, respectively.
Only fractions under these peaks were infectious.
SBMV formed a slightly broad peak, p = 1.359, and all
the viral infectivity was associated with this peak.

The presence of two components, a and b, was indi-
cated in MS2. Because of its low p value (1.288) but

high 280:260 ratio, component a appears to be the dis-
sociated coat protein subunits. The component b formed
a somewhat skewed peak at a p of 1.408 and, based
on its 280:260 ratio of 0.57, appears to contain 32%
RNA (28), the published value of the RNA content of
mature MS2 virions (43). PEMV also formed two
components in the CsCl density-gradient column. Com-
ponent a, p= 1.277, appears to be the viral protein
devoid of nucleic acid. Based on 280:260 ratio (0.58),
p = 1.418, and infectivity test, component b appears to
contain the full complement of the PEMV genome.

At least four components were detected in the OD
profile of TYMV in the CsCl gradient columns. Com-
ponent a appears to be the viral capsid shell devoid of
nucleic acid on the basis of its low p (1.288) and
relatively high 280:260 ratio (0.90). Components b,
¢, and d banded at the p of 1.403, 1.410, and 1.440,
respectively. Infectivity tests of the separately centri-
fuged components indicated that only component d
was infectious. Based on the p values, the RNA con-
tents of components b and ¢ were calculated to be 30
and 329, respectively. Component d contained the
full complement (359 RNA) of the viral genome.

TRSV also produced four components, a, b, ¢, and
d, and their respective p values were 1.290, 1.410, 1.495,
and 1.506. Component a appears to be the RNA-
deficient capsid shell, while the RNA contents of com-
ponents b and ¢ were calculated to be 32 and 419,
respectively. Only component d proved infectious, and
apparently contained the full viral genome (429, RNA)
in the intact state.

Treatment of viral preparations with formaldehyde
prior to isopycnic centrifugation did not affect their
p values in CsCl, Similarly, no significant differences
were observed in the p values of BMV and SBMV in
presence or absence of Mgt+,

Our data (Fig. 2) on the dependence of p upon
RNA content of viruses indicated a highly significant
relationship. Goodness of fit was extremely high, as
indicated by the sample coefficient of determination,
0.99. The functional relationship indicated that the p
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Fig. 1. Optical density profiles of viruses upon isopycnic CsCl centrifugation,



TasLe 2. Biological and physico-chemical properties of viruses and viral components after isopycnic CsCl centrifugation

Intensity of Buoyant density (g/ml)
bands in the Calculated Calculated Calculated
density- Corrected from additive from from U
Virus and gradient 280:260 Infec- RNA Our Other pof RNA and experimental U of protein
viral components column ratio® tivityb content® data reportsd protein® of virusest and RN A=
BSMV Distinct 0.94 + 4.0 1.309 1.304 1.365
TMV-U; Distinct 0.86 -+ 51 1.324 1.325 1.307 1.300, 1.365 1.373
CMV Distinct 0.60 - 185 1.336 1.355 1426
BMV Distinct 0.60 -+ 214 1.352 1.361 1.365 1428
SBMV Distinct 0.65 -+ 21.0 1.359 1.354-1.366 1.363 1.426,1.436 1.440
MSz2
Component a Faint 1.10 nec 0 1.288 1.371
Component b Distinct 0.57 nc 32.0 1.408 1.38,1.42, 1.401 1.490
1.46
PEMV
Component a Faint — 0 1.277
Component b Distinct 0.58 + 28-30 1418 142 1.384
TYMV
Component a Faint 0.90 —_ 0 1.288 1.351 1.323
Component b Faint 0.58 — 30 1.403
Component ¢ Distinct 0.38 _ 32 1.410 1.422-1.499
Component d Distinct 0.56 + 35 1.440 1412 1.501 1491
TRSV
Component a Faint 0.84 — 0 1.290 1.338
Component b Faint 0.65 — 32 1.410
Component ¢ Distinct 0.56 — 41 1.495
Component d Distinct 0.54 e 42 1.506 1.437 1321

a Corrected 280:260 ratio of the dialyzed preparations.

b (4) = Infectious; (—) = noninfectious; nc = not checked.

¢ Data compiled from reports by Atabekov & Novikov (1), Kaper (18), Shepherd et al. (39), and Strauss & Sinsheimer (43). The RNA content of components b and ¢
of TYMV and TRSV was estimated from Fig. 2.

d Based on reports by Siegel & Hudson (40), Bancroft et al. (2), Strauss & Sinsheimer (43), Nathans (26), Magdoff-Fairchild (22), Bozarth & Chow (3), and Derosier &
Haselkorn (13).

e Calculated from the protein and RNA content of viruses assuming p of RNA and protein as 1.64 and 1.29, respectively.

f Calculated from the relationship, ¥=1/p (6). Data on the v of viruses was compiled from reports by Markham (23) and Lauffer & Benedet (21).

& Calculated from U of viral coat proteins based on amino acid composition (9, 46), and assuming v of RNA as 0.55 (18).
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Fig. 2. The correlation between buoyant density and

ribonucleic acid contents of representative viruses. The curve
was drawn from the indicated relationship from data em-
ploying experimental ((®) viruses only. See text to ascertain
the abbreviated names of the viruses.

determinations by this procedure increased at a greater
than linear rate as the viral RNA content increased;
however, ca. 89% of this variation was associated with
a direct linear response to the increase in the viral
RNA contents. From the known p value of a virus,
its RNA content can be estimated by the formula,
RNA content =

v/ (0.00101)2 — (0.00052) (1.31749 — p)
0.00026 '

3.88462 +

The experimental p values of the viruses examined
were closer to those calculated from the additive den-
sities of protein and RNA (Table 2). These values
were, however, considerably lower than those calcu-
lated from the partial specific volume (v/v) of viruses,
an observation consistent with the other reports (2).

DiscussioN.—Our estimates of the p values of TMV,
BMV, and PEMV are essentially similar to those re-
ported by other investigators (2, 3, 40). Five electro-
phoretic variants of SBMV that differed slightly in
their p in CsCl (range 1.354-1.366) were isolated by
Magdoff-Fairchild (22). Each of these variants was
homogenous electrophoretically and in p values, and
possessed identical specific infectivities. In our studies,
SBMV formed a slightly broader peak in the CsCl
density-gradient column in comparison to other single
component viruses, but no indication of its density
heterogeneity was obtained. SBMV has a marked de-
pendence on metal ions for its “structural cohesion”
(48). It seems likely that the electrophoretic or den-
sity SBMV variants arise by preferential binding of
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Cs+ or Cl— by the capsid protein rather than by
actual differences in the composition or absolute con-
tent of the SBMV-RNA.

Density heterogeneity and the affinity of TYMV to
bind large amounts or mono- and divalent ions is also
evident from other studies (13, 17, 24). Although the
exact mechanism by which density TYMV components
arise is not known, Kaper (18) has suggested that
preferential binding of Cs+ by virus particles or loss
of some coat protein subunits during the equilibrium
centrifugation may be the factors responsible. It seems
probable also that a portion of the viral genome was
lost from some virus particles during centrifugation in
CsCl, resulting in the infectivity loss. Whether or not
similar explanations would be applicable for the ob-
served density heterogeneity of TRSV is not known.

Discrepancy exists in the reported values of MS2
virions. Strauss & Sinsheimer (43) observed that in
concd viral preparations, MS2 banded at a p of 1.38,
whereas, in diluted suspensions it banded at a p of 1.46.
Nishihara & Watanabe (27) reported its p as 1.46. In
our studies, no concn-dependent differences in the p of
MS2 were observed employing either 2.5 mg or 90 ug
of this virus. Our estimate of the p of MS2 (1.408) is
closer to the value (1.42) reported by Nathans (26).

The relationship between the experimental p values
of tobacco etch, (TEV) (11, 12), broad bean mottle
(BBMV), and cowpea chlorotic mottle (CCMV) (2),
and foot-and-mouth disease (FMDV) (45) viruses is
generally in accord with the data in Fig. 2. The p values
of several RNA phages; e.g., Qf, R17, f2, GA, SD, SW,
KJ, EI (27), and large, double-stranded RNA viruses,
e.g., reo and wound tumor (37), are, however, greater
than expected from their chemical composition. The
reason for this discrepancy is not clear, but it may be
due to the attachment of Cs+ with the viral capsid or
permeation of Cs4- into the hollow portions of these
virions. Striking anomaly is also evident between the
RNA content and p values of two animal viruses, e.g.,
polio and encephalomyocarditis (EMC) (18, 32); the
experimental p values of these viruses are significantly
lower than other viruses containing 309 nucleic acid.
Presence of lipids and carbohydrates as structural viral
components can markedly reduce the p of viruses in
CsCl (25, 29, 31), but no evidence of the presence of
such components in polio and EMC viruses exists (18).
Probably the degree of solvation of these virions or as
yet some undiscovered biophysical properties of these
viruses may be the contributing factors.

Physical alterations in the macromolecular configu-
ration of virions (without affecting the protein to nu-
cleic acid ratio) can also affect that p of viruses in
CsCl. Tor instance, the p of a temp-resistant strain of
a DNA phage, Tyst, is somewhat lower (1.534) than
the wild-type strain, Ty (1.546). This change has been
interpreted to be due to a mutational event resulting in
a more compact (or less hydrated) form of the Tjst
virions (20).

Ideally, for the relationship between p and RNA
content to be fully valid, there should be no interac-
tion between Cs+ and the virus particles. As discussed
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earlier, several intrinsic viral features can markedly
affect the p of viruses in CsCl. Our results, neverthe-
less, suggest that the p of viruses in CsCl is primarily
dependent upon their protein and nucleic acid content.
Gross deviations from the expected relationship be-
tween p and RNA content could be indicative of con-
figurational or compositional peculiarities of viruses or
interaction of Cs+ with the virions.

A particularly useful feature of the isopycnic CsCl

centrifugation procedure is that reliable estimates can
be made of the RNA content of viruses which cannot
otherwise withstand rigorous purification procedures,
provided these experiments are supplemented by ap-
propriate infectivity assays (35).
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