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The molecular weight of infectious pancreatic necrosis virus (IPNV) has been
determined by analytical ultracentrifugation and dynamic light scattering. The
sedimentation coefficient of the virus was found to be 435S. The average value
for molecular weight is (55 ± 7) x 106. The virus genome consists of two
segments of double-stranded RNA (molecular weights, 2.5 x 106 and 2.3 x 106),
which represents 8.7% of the virion mass. The capsid protein moiety of IPNV
consists of four species of polypeptides, as determined by polyacrylamide gel
electrophoresis. The number of molecules of each polypeptide in the virion has
been determined. There are 22 molecules of the internal polypeptide a (molecu-
lar weight, 90,000), 544 molecules of the outer capsid polypeptide /3 (molecular
weight, 57,000), and 550 and 122 molecules, respectively, of the internal polypep-
tides Yi (molecular weight, 29,000) and y2 (molecular weight, 27,000). IPNV top
component contains only the /8 polypeptide species, and its molecular weight is
estimated to be 31 x 106. The hydrodynamic diameter and electron microscopic
diameter (calculated by catalase crystal-calibrated electron microscopy) ofIPNV
was compared with those of reovirus and encephalomyocarditis virus. Due to the
swelling of the outer capsid, reovirus particles were found to be much larger
when hydrated (96-nm diameter) than when dehydrated (76-nm diameter),
having a large water content and low average density. In contrast, IPNV
particles are more rigid, having nearly the same average diameter under
hydrous (64 nm) as under anhydrous conditions (59.3 nm). Encephalomyocardi-
tis virus has a very low water content and does not shrink at all when prepared
for electron microscopy.

Infectious pancreatic necrosis virus (IPNV) is
the causal agent of a highly contagious and
destructive disease of young hatchery-reared
trout (31). The virus can be grown in tissue
culture in a variety of established fish cell lines
at an optimal temperature of 20 to 24°C (23, 31).
Electron microscopic observations of purified
virus revealed structures similar in size and
shape to reovirus, but lacking the characteris-
tic double capsid of the latter (6, 16). The virion
polypeptides were shown to be distributed into
three size classes of polypeptides of high
(80,000), medium (50,000), and low (30,000) mo-
lecular weight (6). Recent studies indicated
that the virus genome consists of two segments
ofhigh-molecular-weight double-stranded RNA
(dsRNA) (2.5 x 106 and 2.3 x 106) (8, 21). The
buoyant density ofIPNV in CsCl gradients was
found to be 1.33 g/cm3 (10, 21), which indicated
a lower RNA content than that of reovirus,
which has a buoyant density of 1.36 g/cm3 (12).

In contrast to the amount of information
available on the biophysical properties of reovi-
rus, there are no studies reported concerning

the molecular weight of IPNV or its hydrody-
namic behavior in aqueous buffer. This is
largely due to the difficulty in obtaining milli-
gram quantities of purified IPNV from infected
cell cultures. For example, the yield of purified
IPNV from tissue culture is at least 100 times
less than that of purified reovirus (8). Conse-
quently, it is not possible to determine the mo-
lecular weight of the virion by measuring the
percent RNA content of purified virus prepara-
tions, a method that was used in earlier studies
(13) to determine the molecular weight of reovi-
rus.
An alternative procedure involves measure-

ments of sedimentation coefficient (s), diffusion
coefficients (D), and partial specific volumes
(v). The Svedberg equation (29) combines D, s,
and v to yield the particle molecular weight; the
Stokes-Einstein equation (29) relates D with
the hydrodynamic diameter; and the molecular
weight and the hydrodynamic diameter to-
gether yield the volume percentage of water of
hydration. These methods also provide a means
of relating properties of virus preparations in
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solution with virus diameters and morphologies
observed in electron micrographs. Of the above
parameters, the most difficult term to measure
is the diffusion coefficient, since boundary dif-
fusion measurements in an analytical ultracen-
trifuge are time consuming and subject to large
errors and require large amounts of purified
virus. Without the diffusion coefficient, the
other hydrodynamic measurements cannot be
interpreted. The utilization of laser quasi-elas-
tic light-scattering spectroscopy (LQELS) al-
lows the measurement ofD rapidly and with a
precision of +2% (12) on samples with concen-
trations in the readily available range of 108 to
1010 particles/ml (26). The use of LQELS made
possible in recent years the determination of
the molecular weight of a number of viruses,
such as reovirus and reovirus cores (12, 15),
Rous sarcoma virus and avian myeloblastosis
virus (25), murine mammary tumor virus and
feline leukemia virus (26), vesicular stomatitis
virus and its defective particles (30), and var-
ious bacteriophages and bushy stunt virus (5).

In this paper we report the results of studies
by LQELS on IPNV in comparison with reovi-
rus and encephalomyocarditis (EMC) virus.
Due to the relatively low particle concentra-
tions of the IPNV preparations, the measure-
ments of sedimentation coefficients were per-
formed by the banding sedimentation velocity
method, using a Vinograd-type cell in a Beck-
man model E ultracentrifuge equipped with
UV scanning optics. In addition to the meas-
urement of hydrodynamic properties of IPNV,
we have also obtained negatively stained, cata-
lase crystal-calibrated electron micrographs of
the virus. This allowed us to directly compare
the hydrodynamic diameters obtained by
LQELS with diameters determined by electron
microscopy. IPNV was found to have a sedi-
mentation coefficient of 435S, and a molecular
weight of 55 x 106 and to contain 8.7% RNA. By
using these parameters together with poly-
acrylamide gel electrophoresis of proteins from
purified virus, the number of different polypep-
tides per virion could also be calculated.

MATERIALS AND METHODS

Cell and virus. Rainbow trout gonad (RTG-2) cells
and fathead minnow (FHM) cells were propagated
as monolayers at 22°C in Corning plastic tissue cul-
ture flasks. The growth medium consisted of bicar-
bonate-buffered (pH 7.4) Eagle minimum essential
medium (MEM) with Earle balanced salt solution
supplemented with 10% fetal calf serum and 40 ,ug of
gentamicin per ml. Mouse L cells were also grown in
MEM at a temperature of 370C.
The virus used in this study was the reference

strain ofIPNV (VR 299) obtained from the American
Type Culture Collection. To propagate the virus,

confluent RTG-2 or FHM cell monolayers were in-
fected at a low multiplicity of infection to avoid the
formation of defective interfering particles and incu-
bated at 220C for 2 to 4 days, and, after the develop-
ment of extensive cytopathogenic effect, the free and
cell-associated virus was concentrated and purified
as described previously (8). The final step of purifi-
cation consisted of CsCl isopycnic density gradient
centrifugation. The gradient fractions containing
infectious virus were pooled and diluted to 5 ml with
TNE buffer (0.1 M Tris-0.1 M NaCl-0.001 M EDTA
[pH 7.1]), and the virus was sedimented at 100,000 x
g for 1 h at 50C in a Beckman (L2-65B) preparative
ultracentrifuge. The resulting pellet was resus-
pended in the appropriate buffer for each analysis,
using a sonicating bath (Heat Systems-Ultrasonics
Inc.). For hydrodynamic studies the virus pellet was
resuspended in only 200 ,ul ofTNE buffer because of
the low particle concentration of the virus. IPNV
purified from 109 infected cells had an optical den-
sity at 260 nm (OD260) of 0.2/ml, representing 40 ,ug
ofvirus or 1010 to 1011 particles/ml, using the formula
of Smith et al. (28) for reovirus (1 OD260 = 2.1 x 1012
particles or 200 jg of virus). Plaque assay of IPNV
was performed according to a previously described
method (9).
The preparation of 32P-labeled purified IPNV and

the method of RNA extraction have been described
previously (8).

The growth and purification of 14C-amino acid-
labeled or [35S]methionine-labeled virus were also
performed according to a previously described
method (10).
EMC virus was grown in mouse L cell monolayers

and purified by the method of Kerr and Martin (18).
Reovirus type 3 was also propagated in L cells and
purified by the method of Smith et al. (28).
dsRNA extracted from bacteriophage 46 was the

generous gift of A. L. Vidover and J. L. Van Etten of
the University of Nebraska.

Polyacrylamide gel electrophoresis of viral RNA.
The method of Reddy and Black (24) was used to
analyze labeled IPNV RNA in 7.5 and 5% acrylam-
ide gels. Unlabeled reovirus RNA and 06 dsRNA
served as molecular weight markers. A detailed de-
scription of the electrophoretic procedure and subse-
quent autoradiography has been published recently
(8).
Polyacrylamide gel electrophoresis of viral poly-

peptides. [35S]methionine-labeled, '4C-amino acid-
labeled, and unlabeled IPNV polypeptides were an-
alyzed in 10 and 12% discontinuous acrylamide slab
gels, using a Tris-glycine buffer system developed
by Laemmli (20), as well as in 7.5 and 10% cylindri-
cal sodium dodecyl sulfate (SDS)-phosphate gels, as
described by Maizel (22). The molecular weights of
virion polypeptides were determined by comparing
their electrophoretic mobilities to polypeptides of
reovirus, EMC virus, phosphorylase A, bovine se-
rum albumin, ovalbumin, and tobacco mosaic virus.
The conditions of electrophoresis and subsequent
processing of gels have been described previously
(10).

Determination of diffusion coefficients. In quasi-
elastic light scattering, the value of D is usually
calculated from the slope of a semilogarithmic plot
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of the electric field autocorrelation function of the
scattered light. The method has been fully discussed
elsewhere (1, 7) and is ideally suited to the measure-
ments ofthe diffusion coefficients of nearly spherical
viruses. The particular device used in this research
is similar to most other photon correlation systems
(15, 25), with the exception that the full-intensity
autocorrelation function g2 (r) is calculated by an on-
line NOVA-2 minicomputer (14). The minicomputer
also contains a program that, by the least-squares
method, fits a third-order polynomial to In g2(T) and
relates the coefficients of the best-fit polynomial to
the cumulants ofthe distribution of scatterers by the
methods of Koppel (19) and Kendall and Stuart (17).

In this study our interest was on the first cumu-
lant, which yields the average correlation time T,
associated with light scattered from the sample. For
the nearly spherical virus sample studies, To is re-
lated to the average diffusion coefficient by:

1
D=

2 (1)

where K is the scattering vector given by:

4rrn 0
K =

4 i~n
sin 2 (2)

X 2

In this equation n is the refractive index of the
solution, X is the vacuum wavelength of the laser
light used (632.8 nm), and 6 is the scattering angle.
All measurements were carried out at a scattering
angle of 900. By using this approach, we were able to
obtain the diffusion coefficient of a particular virus
sample as well as some idea of its monodispersity.

Since the samples were maintained at 20 ± 0.20C
throughout the light-scattering experiments, a vis-
cosity correction was required only to obtain D020,

values (the buffer solution used has a relative vis-
cosity of 1.1287 at 20'C, as measured with a Brook-
field rotating cone microviscometer).

Particle concentrations for all virus preparations
were estimated to be about 1011 particles/ml, so that
number fluctuations were not expected and, in-
deed, did not contribute to the intensity autocorre-
lation functions. The statistical uncertainty in the
values of TC was found, on the basis of 10 identical
experiments, to be +2.0% (1 standard deviation).
This, combined with uncertainties in temperature
and viscosity, led to a total uncertainty of D020,w of
±2.5%.
The major potential source of error in the meas-

urement of diffusion coefficients is the presence of
aggregates in the purified suspension of virus parti-
cles. Initial preparations of virus were found to give
inconsistent results when the virus was pelleted and
resuspended in TNE buffer. This problem has been
overcome by brief sonic treatment of the sample (20
to 30 s). The resulting preparation sedimented as a
single band when examined by UV scanning optics
in an analytical ultracentrifuge, indicating the
monodispersity of virus particles.

Sedimentation analysis. To determine the sedi-
mentation coefficient of the virus, banding sedimen-
tation velocity experiments were performed in a
Beckman model E ultracentrifuge equipped with

UV scanning optics. A four-place AnK rotor and 30-
mm Vinograd type III cells were used at a rotor
speed of 9,000 rpm. Ten to twenty microliters of 0.2
OD260 solutions of the virus was layered onto a bulk
sedimentation solvent in TNE buffer prepared in
99.7% D20. Solvent densities were measured in a
Parr digital precision density meter, and solvent
viscosities were measured in a Cannon-Ubbelohde
semi-microdilution viscometer, which has a flow
time for water of 275 s. All experiments were per-
formed at 20°C.

Determination of d. The partial specific volume
(0) is the volume of water displaced by 1 g of the
virus in a dilute aqueous salt solution. It enters into
the Svedberg equation as the factor (1 - v p), where
p is the density of the solution; thus, the determina-
tion of the density of a solution in which the sedi-
mentation coefficient is equal to 0 gives a measure of
v. Accordingly, the sedimentation rate of the virus is
measured in a series of solutions of increasing den-
sity, and the resulting data are plotted in a manner
to enable extrapolation to the value ofp, correspond-
ing to a 0 sedimentation rate. This value for the
density of the solution is equal to 1/0. Since the
equation is restricted to two-component systems, it
is not valid to employ a third component (e.g., su-
crose) to increase the density of the solution (27).
However, mixtures of D20 and water act as a one-
component solvent and can be used for these experi-
ments. The drawback of this method is that D2O
solutions are not sufficiently dense to reduce the
sedimentation rate of viruses to 0, and extrapolation
of the data is necessary. With accurate data, how-
ever, this can be performed to yield reliable results,
and the method has been used to determine the
molecular weights of a number of different viruses
(4, 5).
To determine 0 of IPNV, sedimentation experi-

ments were carried out with the virus in TNE
buffers nominally containing 50, 70, 90, and 100%
D20. Apparent sedimentation coefficients (sapp)
were calculated from the radial displacement of the
peak maxima, using linear least squares. The viscos-
ities and densities of the sedimentation solvents
were measured. Values of (sapp -q/rjo) were plotted
against p, the solvent density, and the partial spe-
cific volume 0 was obtained as the reciprocal of the
intercept at (sapp -q/rjo) = 0 by a least-squares proce-
dure. In this calculation the apparent sedimentation
coefficients were weighted with the reciprocals of
the variances obtained from the calculation of the
sedimentation coefficients.

Molecular weight determination. The molecular
weights of the virus particles were obtained from
their hydrodynamic parameters by means of the
Svedberg equation:

M = s'20.W RT/D'2o.W (1 - vp) (3)
where M is the molecular weight; S020,w and D020,,
are the sedimentation and diffusion coefficients in
water at 20°C, extrapolated to a zero concentration;
0 is the partial specific volume; R is the gas con-
stant; T is the absolute temperature; and p is the
density of water. The statistical errors associated
with the parameters in this equation were combined
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according to the approximation (see equation 4) to
obtain an uncertainty in M (2).

o* 5

(4)
0

Typically, this uncertainty was in the order of
14%, contributed mostly by the uncertainty in the
partial specific volume.

Electron microscopy. Carbon support films were
prepared by carbon-coated, collodion-coated 400-
mesh grids. The collodion was then removed with
amyl acetate.

Negative stains were prepared with glass-dis-
tilled water and filtered through a membrane filter
(0.22 gum; Millipore Corp.) prior to use. Samples
were stained with either 1% uranyl acetate, pH 4.2,
or 2% phosphotungstic acid, pH 1.4.
The catalase crystal suspension used in this ex-

periment was kindly donated by Nicholas G. Wrig-
ley and prepared as described by Wrigley (32).

Concentrated virus or virus top component was
applied to the carbon film in a 10-MLI drop. The excess
was removed after 30 s, and a 10-,ul drop of sus-
pended catalase was then applied. After 15 s, the
excess was removed and 20 pul of the appropriate
stain was added. The excess stain was removed after
30 s, and the grid was allowed to air-dry.

Specimens were observed as soon after prepara-
tion as possible with a Philips EM300 operated at 60
kV.
The crystallographic repeat distance of 8.8 + 0.3

nm of added catalase crystals was used as an inter-
nal size calibration (32).

Enzymes, chemicals, and isotopes. Eagle MEM
and fetal calf serum (virus and mycoplasma
screened) were purchased from Grand Island Biolog-
ical Co.; gentamicin from Microbiological Associ-
ates; SDS, specially pure, and proteinase K from
B.D.H. Ltd.; and RP/R-2 Royal X-omat film from
Kodak. Electrophoresis grade acrylamide, NN'-O-
methylenebisacrylamide, and NN,N',N"-tetra-
methylethylenediamine were purchased from Bio-
Rad Laboratories; [32P]orthophosphoric acid (car-
rier-free), 2,5-diphenyloxazole, 1,4-bis-[2]-(5-phenyl-
oxazolyl)benzene, [35S]methionine (400 Ci/mmol),
and U-'4C-labeled amino acid mixture (0.1 mCi/ml)
were the products of New England Nuclear Corp.

RESULTS

Virus genome. Earlier studies indicated that
the genome of IPNV is single-stranded RNA
(16). However, recent reports from a number of
laboratories have shown the virus to contain
two segments of high-molecular-weight dsRNA
(6, 9, 21). The analysis of 32P-labeled viral RNA
together with unlabeled reovirus RNA and
phage k6 RNA on a 7.5% acrylamide gel is
shown in Fig. 1. When the relative electropho-
retic mobility of IPNV RNA was plotted
against those of the marker RNAs, the molecu-
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FIG. 1. Acrylamide gel electrophoresis of 32P-la-
beled IPNV RNA analyzed together with unlabeled
reovirus RNA and phage 06RNA in a 7.5% cylindri-
cal gel. The photograph of the strained gel pattern
was superimposed on the autoradiogram to deter-
mine the molecular weight of the two dsRNA seg-
ments of the virus genome (indicated by arrows; 2.5
x 106 and 2.3 x 106). The densitometer tracing ofthe
autoradiogram shows the relative distribution of ra-
dioactivity in the two genome segments.

lar weights of the two genome segments were
found to be 2.5 x 106 and 2.3 x 106, respectively.
The same results were observed with low- and
high-passage virus or when IPNV was grown in
FHM cells instead of RTG-2 cells. Care was
taken to infect cells at a low multiplicity (0.1 to
1.0 PFU/cell); therefore, it is unlikely that the
smaller of the two RNA segments (2.3 x 106
daltons) is due to the presence of defective in-
terfering particles. Furthermore, melting and
reannealing of the viral dsRNA did not result
in the formation of a hybrid dsRNA molecule
of intermediate molecular weight (data not
shown), indicating that the two genome seg-
ments have different nucleotide sequences.
Virus polypeptides. When freshly purified

IPNV was analyzed by SDS-acrylamide gel
electrophoresis, the polypeptide pattern shown
in Fig. 2A was obtained. The virus contains
three size classes of polypeptides: the high-mo-
lecular-weight but least abundant a polypep-
tide (90,000), the medium sized and most abun-
dant 83 polypeptide (57,000), and two low-molec-
ular-weight y polypeptides (y, major, 29,000,
and Y2 minor, 27,000).
The a polypeptide showed two components if

the virus was stored (- 20°C) before analysis on
acrylamide gels (Fig. 2B), indicating either pro-
teolytic degradation of a or, alternatively, di-
merization of ,3.

Polypeptides a and y of the virion were not
detected in top component preparations (Fig.
2C). Purified [33S]methionine-labeled top com-

ponent revealed a single polypeptide that comi-

2 - (dM (2+ )2((MM2
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grated in acrylamide gel with the (3 protein of
differentially labeled virion (Fig. 2C, inset),
indicating that top component contains only /3
protein. Electron micrographs of IPNV top
component (Fig. 3C) show empty virus parti-
cles. Taken together, these results suggest that

- the outer capsid is made up of 1 polypeptides
t and that polypeptides a and y are probably

internal proteins closely associated with the
virus genome.
The percent distribution of the different vir-

ion polypeptides (calculated from a number of
gel profiles) is presented in Table 3.
Sedimentation coefficient and partial spe-

cific volume. The concentration dependence of
the sedimentation coefficient of the virus was
examined by layering 10, 15, and 20 ul of the
stock solution (OD26, = 0.2) onto the nominal
100% D2O sedimentation solvent. The apparent
sedimentation coefficients, weighted with the
reciprocals of their variances, were plotted as a
function of concentration, and the results were
extrapolated to zero concentration. From this
calculation, the value of s'20 = 248.49 + 0.11S
was obtained. The effects of solvent viscosity
and density were removed by using the usual
equation to yield a corrected sedimentation
coefficient of 435 ± 42S. The major part of the
uncertainty in this quantity is due to the un-
certainty in the partial specific volume.
The partial specific volume of virus particles

was determined by sedimentation in mixtures
of D20 and water containing the components
present in TNE buffer. The apparent sedimen-
tation coefficients, solvent viscosities, and
densities in the two-component system, con-
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FIG. 2. Polypeptide composition c

fied virus labeled with a mixture of
was dissociated by heating in electron
buffer, and the proteins were analyze

phosphate acrylamide gels together with marker pro-
teins ofknown molecular weights. After electrophore-
sis, the gels were stained with 0.1% Coomassie bril-
liant blue and destained in 7% acetic acid, and the
positions of the marker proteins were established by
scanning the gels with a chromoscan recording mi-
crodensitometer. The radioactivity in gel fractions
was measured as described in the text. (A) Electro-
phoretic profile offreshly prepared IPNV. Numbers 1
to 6 indicate the positions of marker proteins: 1,
phosphorylase A; 2, bovine serum albumin; 3, y
globulin H chain; 4, ovalbumin; 5, y globulin L
chain; and 6, tobacco mosaic virus protein (reovirus
and EMC virus proteins were also used as markers,
but were omitted here for the sake of clarity). The
label on the right indicates the logarithmic scale of
molecular weights. (B) Electrophoretic profile ofpur-

_ ified IPNV that had been stored at -209C in electro-
X .o O 0 phoresis sample buffer prior to analysis. (Bi) Auto-

radiogram of stored virus labeled with a mixture of
'4C-amino acids. (C) Electrophoretic profile ofIPNV

of IPNV. Puri- top component. (Inset) Co-electrophoresis of
3H-amino acids [35S]methionine-labeled top component (x) and 3H-
phoresis sample amino acid-labeled virus (-). (Only the (3 region of
d in 7.5% SDS- the gel is plotted.)
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FIG. 3. Electron micrographs of uranyl acetate-stained IPNV. (A) Low magnification (x103,500) together
with catalase crystals. (B) Higher magnification (x128,200), showing full virus particles (V), a corelike
particle (C), and two kinds ofempty particles (E, and E,). (C) Low magnification (x54,200) oftop component
preparation. Note empty particles, broken capsids, and individual capsomers. Bar = 100 nm.

training different proportions ofDO are shown
in Table 1. The measured value of v for virus
particles was found to be 0.7065 ± 0.0554 ml/g
according to the calculation described above.

Diffusion coefficient and hydrodynamic di-
ameter. An intensity autocorrelation function
[g2(r)] obtained from the IPNV preparation is
shown in Fig. 4A. Application of the moments
analysis to this function yielded an average
value of r, of 483 pus. Using equation 1 and the
correlation for solvent viscosity leads to a value
of D'20%, of 6.7 x 10-1" m2/s. Figure 4B is a

TABLE 1. Calculation ofpartial specific volume
Apparent sedi-
mentation coeffi- Solvent Solvent

D2O cent viscosity density
M (n/nO, (P, gl(%)PP' Standard 200C) cm3)

(S) error (S)

50 321.95 +3.85 1.1414 1.0566
70 288.20 +1.76 1.1909 1.0780
90 257.68 +1.56 1.2422 1.0994

100 244.16 +1.76 1.2779 1.1106
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FIG. 4. Experimental light-scattering data for IPNV. (A) Normalized intensity autocorrelation function
g2(r) from a suspension ofvirus ( .10l Oparticleslml) (B) Semilogarithmic plot ofthe electric field autocorrela-
tion function shown in (A).

semilogarithmic graph of the electric field auto-
correlation function [g2(r) - 1]112. A small de-
gree of polydispersity ofthe virus preparation is
indicated by the slight curvature of the semi-
logarithmic plot. The second moment from the
moments analysis varied considerably from one
experiment to the next, but consistently indi-
cated the presence of a fairly narrow size distri-
bution. The slight polydispersity was due to a
small amount of aggregation. Thus, the value
of r, for the IPNV may be slightly higher than
the true value, but by an amount estimated to
be no more than 5%. Studies were also made of
the IPNV top component, EMC virus, and reo-
virus, the latter serving as a control for our
experimental and analytical procedures. The
IPNV top component sample was judged to be
monodisperse because the semilogarithmic
graph of 1/g2(T) - 1 was linear (data not shown).
The hydrodynamic diameter (d) of the parti-

cles may be derived from their measured diffu-
sion coefficients by using the Stokes-Einstein
equation: D = (kT)/(3 Erd), where D is the
diffusion coefficient, k is the Boltzman con-
stant, T is the absolute temperature, and -q is
the viscosity of the solution. The results are
tabulated in Table 2. The values for the diffu-
sion coefficients and the hydrodynamic diame-
ter of reovirus agree well with previous studies
(9). The results also indicate that in aqueous
buffer the IPNV top component was slightly
larger than the intact virus.

Electron microscopy. A low-magnification
electron micrograph of IPNV and added cata-
lase crystals, used for internal size calibration,
is shown in Fig. 3A. The virus shown is a

resuspended pellet of CsCl gradient-purified vi-
rus, to which catalase crystals were added prior
to negative staining. The presence of the occa-
sional empty particles is probably due to experi-
mental manipulations that were performed
after purification of the virus, such as repellet-
ing and sonically treating the preparation. A
size histogram of single particles is shown in
Fig. 5; the arithmetic average diameter is indi-
cated by an arrow. This value (59.3 nm) is also
included in Table 2.
A number of different virus morphologies are

shown in Fig. 3B: full virus particles (V), two
kinds of empty particles (El and E2), and a
corelike particle (C). El is the type of empty
particle that can be found in top component
preparations (Fig. 3C) that lack both RNA and
internal protein. The four capsomers along the
edge of this outer capsid shell are readily ob-
servable. The size of the inside cavity in these
particles (diameter, 40 to 45 nm) corresponds to
the size ofthe corelike particle (C) that has only
three capsomers along one edge of the icosahed-
ron. The other type ofempty particle (E2) seems
to have lost only the viral genome, but not the
core proteins.

Particles found in top component prepara-
tions (p = 1.29 g/cm3) are shown in Fig. 3C.
These are heterogenous in size since many of
the empty particles show broken or damaged
capsid shells in various degrees of distortion.
Due to the heterogeneity of the preparation,
size determinations were not performed on
these particles.
The electron microscopic diameter of purified

EMC virus was determined to be 28.5 nm, using
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TABLE 2. Hydrodynamic properties and electron microscopic diameters of reovirus, IPNV, and EMC virus
together with their molecular weights as calculated from the Svedberg equation a

Elec- Equiv- Wa-
Hydro- tron alent ter Avg

(M2/ ~~~dy- mi- solid con Vol- parti-
Particle D°20 W (m2/ naj a tent ume - Mol wtParticle

S) S20,w dinami crs pat (mulg % wa- denst avg
(nm)6 diam diam art ter (g/ml)d

(nm) (nmYc parti-
Reovirus 4.4 x 10-12 734e 0.690e 96.0 76 65.6' 1.5' 68 1.14f 129.5 x 106'
IPNV 6.7 x 10-12 435 0.706 64.0 59.3 49.7 0.8 53 1.20 55 x 106
IPNV top 5.0 x 10-12 84.0 31 x 106
compo-
nent

EMC virus 16.0 x 10 12h 162 0.678i 26.7h 28.0 26.2 <0.2j 27 1.40 8.1 x 106
a The estimated errors in the above results are as follows: diffusion coefficient (±2.5%), S20,w (±9.6%), v (±7.8%),

hydrodynamic diameter (±2.5%), electron microscopic diameter (±2.4%), equivalent solid particle diameter (±5%), water
content (±10%), percent volume of water (±119%), and molecular weight (±14%). The percent error in molecular weight
determinations was contributed by the errors associated with the parameters of the Svedberg equation and calculated by
using equation 4.

b Hydrodynamic diameters were determined from measured diffusion coefficients.
c The equivalent solid particle diameters were determined from molecular weights, particle specific volumes, and the

volume of the particle.
d The particle densities were calculated from the total mass of the particle (anhydrous molecular weight plus bound

water) and the volume of the particle, assuming a density of 1 g/ml for water.
e As determined by Farrel et al. (12).
' As determined by Harvey et al. (15).
o As determined from the percentage of virion protein represented by the top component polypeptides (see Table 3).
h The estimated errors for EMC virus of D20,w, ± 5%, and hydrodynamic diameter, ± 5%.
As determined by Burness and Clothier (4).
Because of the similarity in magnitude of dh and d,, the uncertainty in the absolute magnitude of the water content is

very large; however, error analysis suggested that the 0.2 value quoted is a reasonable upper limit.
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FIG. 5. Size histogram of IPNV particles deter-
mined from electron micrographs, such as shown in
Fig. 3A, containing catalase crystals for internal
calibration. The arrow indicates the arithmetic aver-

age diameter. n is the total number ofparticles mea-
sured.

catalase crystals as internal markers (Table 2).
Molecular weight and water content of vi-

rus particles. The molecular weight of IPNV,
using equation 3, was found to be 55 x 106 + 7
x 106 (Table 2). The degree of uncertainty of
this figure (14%) was calculated by using equa-
tion 4. Most of this value was contributed by
the uncertainty in the partial specific volume.
The hydrated diameter of reovirus is 20 nm
larger than its electron microscopic diameter

(9) due to the swelling of the outer capsid in
aqueous buffer. The hydrated diameter of
IPNV and EMC virus, on the other hand, dif-
fers little from the electron microscopic diame-
ter, suggesting that little, if any, shrinkage of
the particles occurs during the fixation and de-
hydration procedures involved in the prepara-
tion of specimens for electron microscopy. Nei-
ther of these viruses possesses the type of outer
capsid present in reovirus particles.
The water content of virus particles may be

calculated from the hydrated diameter (dh),
equivalent solid particle diameter (dc1), and par-
tial specific volume (v) from the formula: w =
[(dh3 - d53)/d3]iv ml/g of particle.
The water contents calculated in this way for

the various viruses are shown in Table 2. The
volume percentage of water can be estimated
by the formula: % water = [(dh3 - ds3)/dh3] x
100.

DISCUSSION
The results presented in this paper show that

the IPNV capsid consists of four polypeptides
that fall into three size classes. The molecular
weights of these polypeptides, their relative
contribution to virion mass, and the number of
molecules of each species per virion are given in
Table 3.
These estimates are based on the findings
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TABLE 3. Summary ofIPNV capsid proteins
Approx

Suggested Designa- Mol wt vin no.lof
location tion ion culesion cules/

virionb

Internal pro- a 90,000 4 22
tein

Outer capsid 13 57,000 62 544
Internal pro- Yi 29,000 28 550

tein
Internal pro- y2 27,000 6 122

tein
a The molecular weights of IPNV polypeptides

were determined by comparing their electrophoretic
mobilities in SDS-polyacrylamide gels with proteins
of known molecular weights. The following marker
proteins were used: reovirus proteins as character-
ized by Both et al. (3), EMC virus proteins as char-
acterized by Dobos and Martin (11), bovine serum
albumin (67,000), phosphorylase A (90,000), globulin
H chain (50,000), ovalbumin (45,000), globulin L
chain (25,000), and tobacco mosaic virus protein
(17,500). The values are the averages of 12 deter-
minations.

b Obtained by dividing the percentage of a given
polypeptide (expressed in daltons) by the molecular
weight of the polypeptide.

that the molecular weight of IPNV is 55 x 106
and the virion contains 8.7% RNA (4.8 x 106).
This leads to an estimate of 50.2 x 106 daltons
for the total weight of the capsid protein. The
outer shell is made up of 92 capsomers (6, 16)
and is estimated to contain 544 p polypeptide
molecules; these figures indicate that a single
capsomer is made up of 6 ,f polypeptide chains,
except in the case of 12 pentamers that consti-
tute the apexes ofthe icosahedron (80 hexamers
contain 80 x 6 = 480 P polypeptides, and the 12
pentamers contain 12 x 5 = 60 8 polypeptides,
a theoretical total of 540 8 protein molecules,
assuming that the vertexes of the icosahedron
are constructed of the same protein as is the
rest of the shell). Our previous studies (10) in-
dicated the presence of two high-molecular-
weight polypeptides in the virion (a1 and a2).
This has been observed in both purified virus
preparations and isotopically labeled infected
cells that have been stored in electrophoresis
sample buffer at -20°C. Freshly prepared ma-
terial contained only one a polypeptide, which
could not be separated into two components,
even by using 30-cm-long acrylamide gels.
Therefore, we conclude that the additional a
protein was an artifact, arising either by pro-
teolytic degradation of a1 or through dimeriza-
tion of polypeptide p.

Polypeptides y, and Y2 are so close in molecu-
lar weight that one may conceivably have been
derived as a cleavage product of the other; if

this turns out to be the case, then the data in
Table 3 will require reinterpretation. IPNV top
component contains only polypeptide p (Fig.
2C). In our previous study (10) an additional
protein of slightly higher molecular weight was
also detected, which was found only in infected
cells and seemed to be the precursor of the 8
polypeptide. This additional precursor molecule
also bands at a buoyant density of 1.29 g/cm3
and can be removed by sedimenting the CsCl-
banded top component preparation through a
column of sucrose before analysis in acrylamide
gels.
Electron micrographs of top component prep-

arations show empty particles, with a single
capsid layer that contains only the 8 protein.
Taken together, these results suggest that the
a andy polypeptides are internal proteins. This
is in marked contrast to the situation found in
reovirus preparations, in which the polypep-
tides in reovirus top component are identical
with those of virions.

Particles that appeared to be IPNV cores
(Fig. 3B) were only observed in pelleted mate-
rial (regardless of whether it was a semipuri-
fied virus pellet or isopycnically banded virus
that was pelleted subsequently) and not in vi-
rus banded in CsCl gradients. This seemed to
indicate that the corelike particles were the
result of pelleting or subsequent resuspension
of virus preparations. We were unsuccessful in
rebanding them in cesium chloride gradients
and could not prepare them from purified virus
by applying the method used to prepare reovi-
rus cores in vitro (28). The dimensions of the
corelike particles of IPNV are identical to the
cavities of top components, giving further sup-
port to the theory that these particles are in-
deed virus cores; nevertheless, further studies
are needed to settle this point.
Our results on the hydrodynamic diameter of

reovirus are in excellent agreement with those
of Farrel et al. (12), indicating that the outer
capsid of reovirus swells in aqueous buffers,
resulting in a hydrodynamic diameter of 96 nm,
which is 20 nm greater than that observed by
electron microscopy. In contrast, the hydrody-
namic diameter of IPNV is only slightly larger
than its anhydrous diameter (Table 2), indicat-
ing that these particles shrink very little when
dehydrated in preparation for electron micros-
copy. The difference (4.7 nm) of the two diame-
ters is within the combined experimental error
in the electron microscopic and light-scattering
techniques. The differences between the two
viruses are also reflected in their water content
and average particle densities. Neither reovi-
rus nor IPNV shrinks as far as its limiting solid
particle diameter.
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EMC virus was included in these hydrody-
namic measurements for comparison, since this
virus does not possess a double capsid and most
of its biophysical characteristics are already
established (4). The diffusion coefficient, as de-
termined by light scattering, is slightly higher
(Table 2) than the values obtained by equilib-
rium centrifugation (4), and this results in a
virion molecular weight that is slightly lower
than previous estimates. Similar to the results
of Burness and Clothier (4), we have found that
the hydrodynamic and electron microscopic di-
ameters of EMC virus are virtually the same
(Table 2), indicating that the virus particles
have a very low water content and do not
shrink at all when prepared for electron micros-
copy. In this respect EMC virus behaves like
the rigid, dense reovirus core particle, which
also has a low water content and, as shown by
Harvey et al. (15), does not shrink upon dehy-
dration.
These results show that by using the LQELS

method in combination with analytical ultra-
centrifugation, acrylamide gel electrophoresis,
and electron microscopy, viruses can be well
characterized, even when they are available
only at low particle concentrations.
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