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ABSTRACT. During the process of assembly of enveloped viruses, binding of the nucleoprotein core of the
virus (nucleocapsid) to the host membrane is mediated by the viral matrix (M) protein. Light scattering
properties of vesicular stomatitis virus (VSV) nucleocapsids and nucleocapsid-M protein (NCM) complexes
assembledn vivo were determined following solubilization of the virion envelope with detergents at
varying ionic strength to vary the extent of M protein binding. Three factors were found to contribute to
the light scattering properties of VSV nucleocapsids: their conformation, extent of self-association, and
amount of bound M protein. All three were affected by changes in ionic strength but could be distinguished
by several parameters. Conformational changes in nucleocapsids and NCM complexes occurred rapidly
(millisecond time scale) upon changing salt concentration and were reflected in changes in the angular
dependence of light scattering intensity (i.e., changes in radius of gyr&i)n,Changes in extent of
self-association occurred relatively slowly (seconds to minutes time scale) and could be distinguished by
the concentration dependence of the apparent molecular mass and diffusion coefficient of the NCM complex.
Changes in M protein binding occurred on an intermediate time sgalagproximately 1 s) and reflected
changes in both molecular mass dRgl The data presented here provide criteria for assessing binding

of M protein to nucleocapsids under conditions of minimal perturbation of the NCM complex assembled
in vivo and at low protein concentrations so that self-association of the NCM complex was minimal and
reversible.

During the process of assembly of enveloped viruses by characteristic bullet-like shape (Barge et al., 1993; Newcomb
budding from host membranes, the nucleoprotein core of the& Brown, 1981; Newcomb et al., 1982).
virus (nucleocapsid) binds to the cytoplasmic surface of the VSV nucleocapsids largely devoid of M protein can be
host membrane. For most enveloped viruses, binding of theisolated by solubilizing the virion envelope with detergents
nucleocapsid to the host membrane is mediated by the viralin high ionic strength buffers (e.g., 0.25 M NaCl). In contrast
matrix (M) protein. Vesicular stomatitis virus (VSV) is the to the tightly coiled, bullet-shaped NCM complex, nucleo-
prototype rhabdovirus, which has been widely used in studiescapsids lacking M protein are loosely coiled and flexible
of virus assembly. The nucleocapsid of VSV is a helical (Newcomb & Brown, 1981). NCM complexes containing
structure containing the 11 kb single-strand RNA genome intermediate amounts of M protein can be isolated at
encapsidated by 1300 copies of a single major nucleoprotein'merme‘j'ate sa}It con_centratlons_(Kaptur et aI.', 1991)_ and
(N protein) and lesser amounts of two polymerase-associateoorobably contain a mixture of coiled and uncoiled regions
proteins, P and L (Thomas et al., 1985). The virion contains (Newcomb et al.,, 1982; Odenwald et al., 1986). When the
approximately 2000 copies of M protein, which remain VSV M protein is dissociated from the nucleocapsid in high

bound to the nucleocapsid when the envelope is solubilized L?J]éfeosé;eg?éhd gnlferﬁzsglblci‘ tﬁ(fe Srgﬁsbsog'igtlmsﬁls V\rlcletgultt?ne
with detergents in low ionic strength buffers. The resulting p P y dialysis, 9

. . ; . : in an NCM complex with the same morphology as the

Eulc?lecl)cap5|d-M Emtﬁm (':CM) comple>;l |s|, a tlghtlz cplled Ioriginal NCM complex (Newcomb et al., 1982). For many

elical structure t at as the same morp ology ast _e_'nte_maenveloped viruses, solubilization of the envelope at low salt
contents of the virion and appears to give the virion its

concentrations results in association of their matrix proteins

with the nucleocapsid. However, VSV is perhaps the only
* This work was supported by Public Health Service Grant Al15892 Virus in which the resulting structure has the same distinctive

from the National Institute of Allergy and Infectious Diseases. The morphology seen in virions. Itis also the only virus in which

stopped-flow facility and the argon-ion laser used in the dynamic light the reyersible dissociation and reassociation of M protein
scattering experiments were supported by grants from the North

Carolina Biotechnology Center. with the nucleocapsid has been shown to result in the same
* To whom correspondence should be addressed. morphology.
;ngggmgm g; gﬂigéﬁzlrﬂig?r{/ and Immunology. Despite the important role of M protein binding to
® Abstract published imdvance ACS Abstractdfay 1, 1996. nucleocapsids in virus assembly, relatively few investigators

1 Abbreviations: G, envelope glycoprotein; L, large RNA polymerase have examined this process using vitro biochemical
subunit; M, matrix protein; N, nucleocapsid protein; NCM, nucleo- methods. This reluctance stems in large part from two

capsid-M protein (complex); P, phosphoprotein polymerase subunit; ; ; A ; ;
Re, radius of gyrationRs, Stokes radius: SDSPAGE. sodium dodecyl concerns. First, in the absence of criteria for their native

sulfate-polyacrylamide gel electrophoresis; VSV, vesicular stomatitis activity, there is little assurance that binding of isolated M
virus. proteins to nucleocapsids vitro involves the same interac-
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tions as bindingn vivo. Second, the M proteins of most Nucleocapsids were purified as described by Newcomb
viruses have a tendency to self-associate when isolated et al. (1982) with minor modifications. Briefly, virion
vitro, especially at low or intermediate ionic strength. Some envelopes were solubilized in 10 mM Tris, 0.25 M NacCl,
aggregated viral M proteins resemble intermediates in virus 1% Triton X-100, pH 8.1, and nucleocapsids were isolated
assembly in infected cells when viewed by electron micros- by centrifugation on a :670% sucrose gradient for 90 min
copy, suggesting that self-association of M proteins may play at 38 000 rpm in a Beckman SW41 rotor. The gradient was
a role in virus assembly (Gaudin et al., 1995; Heggeness etcollected into 1 mL fractions, and the radioactivity of each
al., 1982a). However, M proteins usually enter the virus fraction was determined by scintillation counting. The
assembly pathway as soluble proteins in the cytoplasm (e.g. fractions containing nucleocapsids were pooled and dialyzed
Atkinson et al., 1976; Knipe et al., 1977; McCreedy et al., overnight at 4°C against 10 mM Tris, pH 7.8.
1990), so that aggregated forms of M protein are suspect. Light Scattering Intensity Measuremen®uffers used for

In order to develop criteria for the activity of native M  light scattering measurements were filtered through ath2
protein, we have used light scattering analysis to determinefilter before use to remove dust particles and aggregates of
the biochemical behavior of the VSV M protein and Triton X-100. Virions were centrifuged at 6§®@or 10 min
nucleocapsid following solubilization of the virion envelope to remove virus aggregates. Samples for light scattering
with detergents. These experiments address the abovemeasurements of NCM complexes were prepared by diluting
concerns aboun vitro binding studies with M protein as  virions into 10 mM Tris, 10 mM NacCl, and 0.1% Triton
follows: First, the M protein bound to the nucleocapsid X-100, pH 8.1, and then filtering the sample through a 0.8
following solubilization of the envelope was bound to the um filter into a dust-free 1 cm diameter cylindrical cuvette.
nucleocapsidn vivo and represents the native interaction Recovery of viral protein following filtration was routinely
as shown by the distinctive morphology of the VSV NCM >90%. Light scattering intensity measurements were made
complex (Newcomb & Brown, 1981). The properties of the as a function of detector angl®J at 25.0+ 0.1 °C using
nucleocapsid (or NCM complex) can be evaluated without a motor-driven, computer-controlled goniometer and photon
further isolation, since it is very large compared to the counting detector (Brookhaven Instruments BI-200SM) and
envelope components solubilized in detergent micelles. Thusvertically polarized light (633 nm) from a 35 mW Spectra-
the analysis can be performed either immediately after Physics 127 HeNe laser as described (Hantgan et al., 1993).
solubilization of the envelope or else after further purification Following the initial measurements on intact NCM com-
of the components. Second, since light scattering analysisplexes, 5 M NaCl was added to adjust the NaCl to the desired
is very sensitive to the mass of the particle, the extent of concentration to dissociate M protein. The sample was
self-association of M protein or nucleocapsids can be allowed to equilibrate for 10 min, and the light scattering
evaluated and conditions can be sought which minimize its measurements were repeated. Similar results were obtained
effects. Finally, light scattering analysis is well-suited to by diluting virions directly into buffer containing the desired
studying large particles such as nucleocapsids. RelativelyNaCl concentration. Light scattering measurements on a
low protein concentrations can be used. Information about benzene standard and a buffer blank lacking viral proteins
the conformation of the nucleocapsid can be obtained from were made under identical conditions. Following the light
the angular dependence of light scattering intensity. Also, scattering measurements, an aliquot of the sample was taken
information can be gained about binding mechanisms, sincefor liquid scintillation counting, the sample was centrifuged
light scattering data can be analyzed kinetically as well as at 10000@ for 45 min to pellet the nucleocapsids or NCM

under equilibrium conditions. complexes, and radioactivity of an aliquot of the supernatant
Light scattering properties of VSV nucleocapsids and was determined. The protein concentration due to nucleo-
NCM complexes assembldad vivo were determined fol-  capsids or NCM complexes was calculated by subtracting

lowing solubilization of the virion envelope with detergents the radioactivity of the supernatant from the total radioactiv-
at varying ionic strength to vary the extent of M protein ity.

binding. Light scattering of NCM complexes was found to  Analysis of Light Scattering Intensity Data'he angular

be affected by three factors: M protein binding, conforma- dependence data were analyzed according to Rayleigh theory
tional changes, and self-association. These factors could bdo obtain the weight average molecular mass and shape
distinguished by their effects on intensity and angular function for nucleocapsids and NCM complexes (Marshall,
dependence of light scattering, diffusion coefficients mea- 1978). The Rayleigh ratio of the samBé®) was calculated
sured by dynamic light scattering analysis, and kinetics of as follows:

light scattering changes determined by stopped-flow analysis. ST &) IST(blank)_

These studies establish criteria for the behavior of nucleo- sample an

capsids and NCM complexes by which futimeitro binding R(©) = IST(standard) Ristandard) (1)
studies can be evaluated.

where IST is the raw photon count datg ¢orrected for

EXPERIMENTAL PROCEDURES sample geometryl (sin ©) andR(standard)= 9.39 x 107

Purification of Virions and NucleocapsidsRadiolabeled cm, the Rayleigh ratio of the benzene standard for vertically
VSV (San Juan strain, Indiana serotype) was prepared bypolarized light at 633 nm (Pike et al., 1975) corrected for
growth in BHK cells in the presence of*g]methionine, the refractive index difference between benzene and water
purified by sucrose gradient centrifugation, and assayed for (Carr et al., 1977).R(®) was used to determine the apparent
protein concentration and specific radioactivity as described molecular massMap, and shape functior(©):
(Kaptur et al., 1991). The purified virus was dialyzed RO)
overnight against 10 mM Tris, pH 7.8, at°€ and used Map;P(G) )

immediately without freezing and thawing. Kc
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for the distribution of particle sizes. Sinde= Dy(4any/
Ao)? sir? (©/2), the translational diffusion coefficierid;, was
calculated from the slope of a plot &f versus sif (©/2).
The Stokes radiuRs was calculated fronD; = kT/6n7Rs,
wherey is the solvent viscosity.

Stopped-Flow AnalysisTime courses for the changes in

whereK = [47°n%(dn/dc)?)/AgN,, ¢ is the protein concentra-
tion of nucleocapsids or NCM complexes (in g is
the refractive index of the solveniy, = 633 nm, Ny is
Avogadro’s number, and nddc is the refractive index
increment for a typical protein in the presence of Triton
X-100, estimated to be 0.243 éfm at 633 nm (Rivas et al.,
1991). My, is related to the true molecular mads, by light scattering intensity of NCM complexes upon shifting
(IMapp = (M) + 2Axc, where A, is the molecular  the concentration of NaCl were determined using an Applied
interaction constant (second virial coefficient). To account Photophysics DX.17MV stopped-flow spectrophotometer at
for potential intermolecular interactions, each measurementa wavelength of 500 nm and the detector at a 90° angle to
was repeated at a series of protein concentrations. In caseghe light path. NCM complexes in buffer containing 10 mM
whereMap, was not independent of concentration, the data NaCl and 0.1% Triton X-100 were prepared as described
were extrapolated to = 0. above and placed in the sample syringe. The second syringe

The values oR(®)/Kc for nucleocapsids were fitto eq 2  contained the same buffer with twice the desired final NaCl
using a nonlinear least-squares fit (JMP statistical analysisconcentration. Equal volumes from each syringe were
software, SAS Institute, Inc., Cary, NC) of two parameters, injected into the mixing chamber, and 400 data points were
M and Rs, and the shape function for a random coil collected using a split time base in which 200 data points
(Marshall, 1978): were collected from either 0 to 2 s or 0 to 5 s to determine
the fast phase, and 200 data points were collected in the
subsequent 100 s to determine the slower phase. A total of
four reaction traces were collected at each NaCl concentra-
tion. The data from 0.4 to 105 s were fit either to a single
wherea = (167%22)RZ si? (©/2) andRs is the radius of ~ €xponentiali(t) = l.e %' + I, or to a double exponential,
gyration. I(t) = lie7kt + et + Iy, by a nonlinear least squares fit

In the case of NCM complexes, the shape function is not Of 3 parametersl{, ki, Iy) or five parametersl{, ki, I, k,
well-defined. However, it was observed that a plotaf Ir), respectively, using software supplied by the manufacturer.
R(©) versus sif (©/2) approximated a straight line (see A smglg expongntlal was assumed to fit the data unless the
Results). Therefore, the data were analyzed by linear least-Normalized variance was reduced by at least a factor of 2

squares fit to the classical light scattering equation: by assuming a double exponential. In most cases where a
double exponential was found, the improvement in the fit

P(©) =a%[exp(—a) +a—1] 3)

K 1 lﬁnzané reduced the variance by a factor of~50. The salt-
_Ke _ 2 —;sin2 (©/2) 4) dependent conformational changes in nucleocapsids were
RO) M 345 determined similarly except that the time base was 100 ms.

Equation 4 is valid only at small angles or for cases where

the light scattering particle is much smaller than the

RESULTS
Intensity and Angular Dependence of Light Scattering by

wavelength of the scattered light, which was clearly not the VSV Nucleocapsids Before investigating the binding of

case for these data. However, the linearity of the plot of
Kc/R(®) versus sih (©/2) allowed an apparent molecular
mass to be calculated from tlyentercept and an apparent
Rs to be determined from the ratio of the slope to the
y-intercept.

Dynamic Light Scattering AnalysisThe translational

VSV M protein to nucleocapsids, it was necessary to
determine the light scattering properties of nucleocapsids
lacking M protein. Consideration of the composition of VSV
and the products that result from solubilization of the
envelope with detergents in high ionic strength buffers (Table
1) suggests that light scattering by the viral nucleocapsid

diffusion of nucleocapsids and NCM complexes was mea- should be several orders of magnitude greater than that of
sured by dynamic light scattering analysis using the samethe solubilized envelope components. Light scattering
apparatus and sample preparation procedures as the lighintensity at any given detector angle is proportional to the
scattering intensity measurements. The light source wasmolecular mass and concentration of the light scattering
vertically polarized light (488 nm) from an INNOVA 307 species. The mass of the nucleocapsid is approximately 90
argon ion laser (Coherent). The detector output was analyzedviDa (Thomas et al., 1985) and its concentration is 46% of
with a Brookhaven Instruments BI-2030AT correlator as the total protein concentration. In contrast, the transmem-
described (Hantgan et al., 1993) at angles frormtd5L30. brane envelope glycoprotein (G protein) is an approximately
For all of the samples analyzed, the light scattering intensity 0.2 MDa trimer of identical 0.062 MDa subunits (Doms et

of the buffer blank was5% of the sample intensity so that
diffusion of Triton X-100 micelles made a negligible
contribution to the diffusion measurement. The intensity-
normalized autocorrelation function€'[t)] at each angle
were calculated by dividing the value in each correlator
channel C(t)] by the baseline (uncorrelated) value deter-
mined from the average of 6 correlator channels with long
delay times. The values d@@(t) were fit to an exponential

al., 1987; Lyles et al., 1990) and is 24% of the total protein
concentration, while soluble M protein is a monomer [0.026
MDa (McCreedy et al., 1990)] and is 30% of the total protein.
The viral lipids (average mass 750 Da) make a negligible
contribution to the mass and concentration of detergent
micelles (usually 0.1% Triton X-100), which are included
in the buffer blank that would be subtracted from every light
scattering measurement. The data in Figure 1 confirm this

decay using second-order cumulants analysis (Koppel, 1972)analysis.

using software supplied by the manufacturer, which gives

an average rate constaht,and a second moment to account

The envelopes of VSV virions (16/09/mL total protein)
were solubilized with Triton X-100 in the presence of 0.25



Viral Matrix Protein Binding to Nucleocapsids Biochemistry, Vol. 35, No. 20, 1996511

Table 1: Mass and Composition of VSV Subviral Particles of SOIV.ent' .refraclt've !ndex increment of protein). The light
R —— scattering intensity displayed a marked angular dependence
copies per  mass Virio,f’ 8f total and was> 7-fq|d above the background from a buffer bla_nk

component virion (MDa) (MDa) protein source containing Triton X-100, even at the largest angle examined

RNA 1 x 11000 bases 3.7 (13C°). The viral nucleocapsids were removed by ultracen-

N protein 1300 8-20427 52?-6 363-0 a trifugation. The resulting supernatant contained-968%

L protein 5 .24 121 7 a ; ; ;

P protein 466 0.025 117 65 = of the M protein and all of the G protein as determined by

nucleocapsid 871 46.0 SDS-PAGE (not shown), consistent with previous data

M protein 2,000 0.026 520 300 b (Kaptur et al., 1991; McCreedy et al., 1990). The supernatant
”Uc'ﬁggﬁpggdrh’v'lex 139 760 b displayed little or no light scattering intensity above that of
G grotein P 710 0.062 440 240 b the buffer b'Iank (Figyre 1A, c!c_)seq squares)Z @ndicating that
lipid 56.0 a light scattering following solubilization of the virion envelope

virion total 239 was attributable almost entirely to nucleocapsids. Therefore,
aThomas et al. (1985).Values for M protein and G protein were  the protein concentratiorc) used in the calculation d¥(©®)/
calculated from the mass of the nucleocapsid determined by ThomasKc for nucleocapsids was routinely determined using virions

et al. (1985) and a determination of an M/N weight ratid.90 and ith B5 ioni i ivi
G/N ratio= 0.73 for the virus preparations used in the present study. labeled with fSmethionine. The radioactivity before and

These values differ slightly from those published by Thomas et al. (M/N after unrac,em”fUQatlon was use_d to calculate the protein
= 0.80 and G/N= 1.12) probably due to minor differences in virus ~concentration due to nucleocapsids.

strain or culture conditions. Nucleocapsids purified from solubilized envelope com-
ponents by sucrose gradient centrifugation (open circles)
10 - A showed a similar angular dependence of light scattering
’ intensity, but the intensities were slightly less than those of
8 unpurified nucleocapsids. This was probably due to frag-
= mentation of some of the nucleocapsids and the loss of some
Z°; 6 - N of the P and L protein during isolation as described
b previously (Thomas et al., 1985), leading to a slightly lower
% 4 average molecular mass.
b The value of R(®)/Kc extrapolated to®@ = 0° is a
5 | measurement of the molecular mass of the viral nucleocapsid

(Mnc)- The value ofR(®)/Kc at any angle is given by
MncP(®), whereP(®) is an angle-dependent shape function
0 45 90 135 that depends on the shape of the scattering particle and its
© (deg) size (radius of gyrationRs) relative to the wavelength of
B. the light being scatteredP(®) varies from a value of 1 at
® = 0° to a value of O at large angles for particles much
larger than the wavelength of scattered light. In electron
micrographs the VSV nucleocapsid appears to be flexible
enough to resemble a random coil (e.g., Heggeness et al.,
1980; Newcomb & Brown, 1981; Newcomb et al., 1982;
Thomas et al., 1985). Therefore, the data in Figure 1A were
fit to the shape function for a random coil using a nonlinear
least-squares fit of two parametekdyc andRs (Figure 1A,
solid curves). For unpurified nucleocapsids (closed circles),
0 — . . . . Mne = 97.5 MDa andR; = 173 nm, and for purified
0.0 02 04 06 08 1.0 nucleocapsids (open circled)inc = 69.5 MDa andRs; =
sin? (6/2) 164 nm. Repeated determinations using several different
Ficure 1. Angular dependence of light scattering intensity from virus preparations gawdnc = 87.5+ 22.5 MDa andRg =
VSV nucleocapsids. Closed circles: Nucleocapsids released fromq7g1 35 nm (meant SD,N = 7). Most of the variability

virions by solubilization of the envelope in buffer containing 250 o . . .
mM NaCl and 0.1% Triton X-100. Closed squares: Supernatant was due to variation between virus preparations, while

from the same sample following removal of the nucleocapsids by repeated determinations on a single virus preparation gave
ultracentrifugation. Open circles: Nucleocapsids purified by sucrose a higher degree of precision. The valuewic for purified

gradient centrifugation. Solid curves: Nonlinear least-squares fit nycleocapsids is in good agreement with the value of 69.4

to shape function for a random coil. (A) Plot of intensify(@)] MDa determined by scanning tunneling electron microscopy
normalized for nucleocapsid protein concentrationand experi-

mental constantK() versus detector angle relative to the light path _(T_homas etal., 1985) an_d that of the unpurified nucleocapsids
(©). (B) Plot of reciprocals of the data in panel A versug ¢@/ is in good agreement with the value of 87.1 MDa calculated
2). from its composition (Table 1).

Figure 1B shows a plot dfc/R(®) versus sif (0©/2) for
M NaCl, and light scattering intensity was determined as a the data in Figure 1A. Such a plot is usually used to linearize
function of detector angle (Figure 1A, closed circles). The angle-dependent light scattering data to determine 1/molec-
data shown are intensitieR({®), background subtracted and ular mass from thg-intercept. The theoretical basis for this
normalized to a standard] divided by protein concentration analysis is valid only for particles which are relatively small
(c) and a proportionality constanK) that depends on  compared to the wavelength of scattered light such that the
experimental constants (light wavelength, refractive index angular dependence is small. Even though this is clearly

Kc/R(©) (x108)
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61 A. Table 2: Molecular Weights of Nucleocapsids Determined at
Different Protein Concentrations and lonic Strengths
NaCl . .
_ concentration protein concentratiornug/mL)
T (mM) 12 op [ 3
= 10 6.34+ 1.64 5.85+1.33 5.62+ 0.83 6.35:0.47
< 60 6.25+ 1.36 6.09+ 1.07 5.52+0.87 6.02+ 0.40
) 120 5.63+1.13 5.99+1.36 6.28+0.72 6.51+ 0.097
o 250 5.33+£0.88 5.80+ 1.22 5.95+1.26 5.94+0.83
a Purified nucleocapsids in buffer at the indicated protein concentra-
tions were shifted to the indicated final NaCl concentration, and light
0 . . , scattering intensity was recorded as a function of detector angle. The
0 45 90 135 intensity data similar to those in Figure 2 were fit to the shape function
© (deg) for a random coil using a nonlinear least squares fit of two parameters,
3007 B. molecular weight and radius of gyration. The data are the means
SD for three different nucleocapsid preparatiohslolecular weight
250 1 (x 107).
200 1 -
E
£ 150
o > a.
o =
7]
100 sz 1
£
s b,
0 i . §:§ ;WW—V—%
0 100 200 300 =2
[NaCl] (mM) ga
FiGure 2: Angular dependence of light scattering intensity from
purified VSV nucleocapsids as a function of NaCl concentration. , ’ . . )
(A) Plot of intensity R(®)] normalized for nucleocapsid protein 0 10 20 30 40 50

concentrationd) and experimental constanti)(versus detector Time (msec)

angle @) for purified nucleocapsids in buffer containing NaCl at  Ficure 3: Stopped-flow analysis of conformational changes in
10 mM (triangles), 120 mM (circles), or 250 mM (squares). Solid  purified VSV nucleocapsids upon shift in NaCl concentration. Curve
curves: nonlinear least-squares fit to shape function for a randoma: Nucleocapsids in buffer containing 10 mM NaCl shifted to 120
coil. (B) Plot of radius of gyrationRg) of purified nucleocapsids ~ mM NaCl (final concentration). Smooth curve: nonlinear least-
determined by nonlinear least-squares fit of the data in panel A. squares fit to a single exponential. Curve b: Nucleocapsids in buffer
Data obtained at 60 mM NaCl were not shown in panel A for clarity containing 10 mM NaCl mixed with the same buffer. Arrow
of presentation. indicates mixing time of the stopped-flow instrument.

not the case for the present data, the scattering function forgyration rather than to changes in molecular mass, since the
a random coil approximates a straight line in this size range curves intersect thg-axis at similar values. The values for
(solid curves). Presentation of the data in the reciprocal form R; obtained at different salt concentrations are shown in
(Figure 1B) shows that at larger angles the data deviate fromFigure 2B. These changes iRs correspond to salt-

the fitted curve obtained by the nonlinear least-squares fit dependent conformational changes in the nucleocapsid that
from Figure 1A. This deviation is more pronounced for the have been observed by electron microscopy (Heggeness et
purified nucleocapsids (open circles) and provides further al., 1980).

evidence for heterogeneity in the size of the nucleocapsids, In the experiment shown in Figure 2, additional data were
since the presence of smaller nucleocapsids has morecollected at lower angles (2685°) than in the experiment
influence at larger angles. An alternative explanation is that in Figure 1 to provide more data near tpéntercept to test

the nucleocapsids deviate slightly from the behavior of a the validity of the extrapolation. Even though there was
random coil. Interpolation t® = 0 by a linear least-squares  more experimental variation at angle85°, the extrapolated

fit of the data in Figure 1B gave values for the molecular values of they-intercepts were not changed significantly if
mass of the nucleocapsids that were slightly less than thosethese data were not included in the fit. The light scattering
obtained by the nonlinear least-squares fit of the data in changes seen in Figure 2A were not affected by potential
Figure 1A. This is due to the greater weight given by the salt-dependent changes in intermolecular interactions, since
reciprocal data (Figure 1B) to the data points from larger the value for the molecular mass was independent of protein
angles. concentration (Table 2).

Salt-Dependent Changes in the Conformation of Nucleo- Figure 3 shows the time course of the conformational
capsids Figure 2A shows the angular dependence of light change in VSV nucleocapsids upon shifting the salt con-
scattering by purified nucleocapsids at NaCl concentrations centration from 10 to 120 mM NaCl determined by stopped-
of 10 mM (triangles), 120 mM (circles), and 250 mM flow analysis (curve a). The rapid reaction time was close
(squares). At each detector angle the intensity of scatteredto the mixing time of the instrument (approximately 2 ms,
light was greatest at 120 mM NaCl and least at 10 mM. The indicated by the arrow). However, the data were free of
data were analyzed by the nonlinear least-squares fit usedmixing artifacts after 2 ms as shown by a control in which
in Figure 1A (solid curves). The salt-dependent changes in the salt concentration was not shifted (curve b). These data
light scattering intensity were due to changes in radius of were fit to a single exponential (smooth curve) and gave a
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Ficure 4: Angular dependence of light scattering intensity from
VSV NCM complexes as a function of NaCl concentration. (A)
Plot of intensity R(®)] normalized for protein concentratiom)(

of NCM complexes and experimental constattfs\(ersus detector
angle @) for NCM complexes released from virions by solubili-
zation of the envelope in buffer containing 0.1% Triton X-100 and
NaCl at 10 mM (closed circles), 60 mM (triangles), 120 mM
(squares), or 250 mM (open circles). (B) Plot of reciprocals of the 100 J
data in A versus si(©/2). Solid lines: Linear least squares fit of
the data.
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rate constant of 2347 (ty, = 3.0 ms). This rate was (NaCl} (mM)
independent of salt concentration (not shown). In repeatedFIGURE 5: Apparent molecular mass afd of NCM complexes.

experiments. the rate was determined to be 2600 st (A) Virions were solubilized in buffer containing 0.1% Triton X-100
P ’ © and the indicated NaCl concentration. Data shown (closed circles)

(mean+ SD,N = 9). are light scattering intensities extrapolatedgie= 0° [R(0)/Kc] by
Intensity and Angular Dependence of Light Scattering by linear least-squares analysis of data similar to those in Figure 4B.

NCM Complexes VSV virions were solubilized with Triton ~ OPen squares are the percent of total viral protein in NCM
complexes determined from the amount of protein in the pellet after

X-100 in varying conpentratiqns of NaCI in order _to va.ry ultracentrifugation. (B) Concentration dependence of molecular
the amount of M protein associated with nucleocapsids. Light mass of nucleocapsids and NCM complexes. Virions at the indicated
scattering intensity was determined as a function of detector protein concentrations were solubilized in buffer containing 0.1%
angle (Figure 4A). As expected, the light scattering intensi- Tfiton X-100 and NaCl at 10 mM to release NCM complexes

: : (closed circles) or 250 mM to release nucleocapsids (open circles).
ties of the NCM complexes displayed a marked angular Data shown are light scattering intensities extrapolate® te 0°

dependence, similar to that of nucleocapsids (Figure 1A). [ro)/KKc] by linear least-squares analysis of data similar to those
In addition, the light scattering intensities at each detector in Figure 4B. (C) ApparenRs of NCM complexes (closed circles)
angle were very sensitive to the amount of M protein bound were calculated from the ratio of the slope to the intercept of linear
to the nucleocapsid. Since the intact NCM complex is a least-squares analysis of data similar to those in Figure 4B. A similar
tiahtlv coiled. bullet-shaped particle. it would be inapbroori- analysis of the data from Figure 2 is shown for purified nucleo-
gntly ) d pedp ’ S pprop capsids lacking M protein (open circles).
ate to fit the angular dependence data in Figure 4A to the
shape function for a random coil, as in the case of from the reciprocal of thg-intercept, and an appareRg
nucleocapsids without M protein (Figure 1A). This is also could be calculated from the slogehtercept.
true for NCM complexes from which some of the M protein  The apparent molecular mass was calculated from data
has dissociated, which probably have a mixture of coiled similar to those in Figure 4 for NCM complexes at different
and uncoiled regions (Newcomb et al., 1982; Odenwald et salt concentrations (Figure 5A, closed circles). The changes
al., 1986). Similar to the case of nucleocapsids without M in apparent molecular mass at increasing salt concentrations
protein (Figure 1B), the empirical observation was made that generally paralleled the extent of M protein binding as
a plot of Kc/R(@®) versus siA (©/2) for the NCM complexes  reflected in the fraction of total viral protein that could be
approximated a straight line (Figure 4B). Thus the apparent pelletted by ultracentrifugation (Figure 5A, open squares).
molecular massH(®)/Kc at® = 0°] could be approximated In fact, the decrease in light scattering intensity upon
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dissociation of M protein was greater than that expected intensity at these two salt concentrations can be attributed
based on the change in molecular mass alone. For exampleto the change in shape.
in the data in Figure 5A, the theoretical change in molecular Dynamic Light Scattering Analysis of Nucleocapsids and
mass of the NCM complex between 10 and 250 mM NaCl NCM Complexes The difference in extent of self-association
would be about 40% (from 76% of total viral protein to between nucleocapsids and NCM complexes was confirmed
46%), while the value dR(®)/Kc at most angles was actually by analysis of their translational diffusion by photon cor-
reduced by 76:80%. Thus, additional factors contributed relation spectroscopy (dynamic light scattering). Virions at
to these changes in scattering intensity. different protein concentrations were solubilized with Triton
Virions at different protein concentrations were solubilized X-100 in the presence of 10 mM NaCl. The photon-count
with Triton X-100 in the presence of 10 mM NaCl, in order autocorrelation function was determined at varying detector
to evaluate the extent of self-association of the NCM angles. The NaCl concentration was then raised to 250 mM
complex. The angular dependence of light scattering inten-in order to dissociate M protein, and the light scattering
sity was determined as in Figure 4A. The NaCl concentra- measurements were repeated. Figure 6A shows the data for
tion was then raised to 250 mM in order to dissociate M nucleocapsids (open circles) and NCM complexes (closed
protein, and the light scattering measurements were repeatedcircles) obtained at a detector angle of @&d a concentra-
The apparent molecular mas¥()/Kc] of the nucleocapsids  tion of 13 ug/mL total protein. The data shown are the
and NCM complexes was determined from the reciprocal intensity-normalized autocorrelation functiori3 ()] calcu-
of they-intercepts of plots similar to those in Figure 4B and lated by dividing the value in each correlator chanm@t)]
are shown in Figure 5B. The apparent molecular mass of by the baseline (uncorrelated) value determined from the
the NCM complex (closed circles) increased as a function average of six correlator channels with long delay times.
of concentration, while that of the nucleocapsid (open circles) C'(t) of nucleocapsids decayed more rapidly than that of
remained constant. These data indicate that the NCMNCM complexes. This difference could be due to several
complexes self-associate over the concentration range ex{factors such as faster diffusion (smaller Stokes radius) or
amined, while nucleocapsids lacking M protein do not. The greater intramolecular flexibility of nucleocapsids compared
self-association of NCM complexes in this concentration to NCM complexes.
range was reversible, as shown by a decrease in molecular The data from experiments similar to those in Figure 6A
mass when complexes formed at high protein concentrationwere fit to an exponential decay (solid curves) using second-
were diluted to low concentration (data not shown). Ex- order cumulants analysis (Koppel, 1972), which gives an
trapolation of the molecular mass of the NCM complex to average rate constaiit and a second moment to account
zero protein concentration gave a value of 129 MDa, in good for the distribution of particle sizes. Sindé = Dy4xny/
agreement with the theoretical monomer molecular mass of)? sir? (®/2), the translational diffusion coefficierid;, can
135 MDa (Table 1). Depending on the individual prepara- be calculated from the slope of a plot Bfversus sif (©/
tion, in the typical concentration range used for most of the 2). Figure 6B shows such a plot for nucleocapsids (open
light scattering analyses (approximately 2@/mL total circles) and NCM complexes (closed circles) at a concentra-
protein), the molecular mass of the NCM complexes was 2- tion of 13ug/mL total protein. The data for NCM complexes
(Figure 5A) to 3-fold (Figure 5B) that of the monomer, while were fit well by a linear least-squares analysis, 8ndvas
that of nucleocapsids without M protein was very close to calculated from the slope. However, the data for nucleo-
the monomer molecular mass. Thus changes in the degreeapsids were distinctly nonlinear. Similar nonlinearity was
of self-association contributed to the changes in light observed over a 4-fold concentration range (4.23 ug/
scattering intensity upon dissociation of M protein from the mL total viral protein), indicating that it arises from
NCM complex in experiments such as that in Figure 4. intramolecular effects. Such deviation from linearity at high
The apparentRs calculated for NCM complexes at angles can arise either from intramolecular flexibility or from
different salt concentrations is shown in Figure 5C (closed a significant contribution due to rotational diffusion (Palmer
circles) together with a similar analysis of the data for & Fritz, 1979). In either case, translational diffusion is the
purified nucleocapsids lacking M protein from Figure 2 (open dominant factor at low angles. Therefog for nucleo-
circles). The values fdRg calculated by this method differ  capsids was calculated only from the data obtained at 45
slightly from those calculated by nonlinear least-squares fit and 60.
to the shape function for a random coil (Figure 2B),  The values foD; together with the solvent viscosity and
presumably because of the differences in underlying as-temperature were used to calculate the Stokes raglifor
sumptions in each analysis. The NCM complexes underwentNCM complexes (Figure 6C) and nucleocapsids (Figure 6D)
conformational changes that gave rise to changes in apparenand are shown as a plot 8% versus protein concentration.
Rg at the same salt concentrations as nucleocapsids lackingrhe Rs of the NCM complex (Figure 6C) increased as a
M protein (Figure 5C); however, the changes were in function of concentration, while that of the nucleocapsid
opposite directions. The maximuRg for NCM complexes (Figure 6D) remained constant. These data support the
was obtained at 120 mM NacCl, which gave the minimum conclusion drawn from the concentration dependence of light
Rs for nucleocapsids lacking M protein. These data indicate scattering intensity (Figure 5) that the NCM complexes self-
that, upon dissociation of M protein, NCM complexes associate over the concentration range examined, while
undergo conformational changes that contribute to the nucleocapsids lacking M protein do not. Extrapolation of
decreased light scattering intensity at increasing salt con-the data in Figure 6C,D to zero protein concentration gave
centrations up to 120 mM NaCl. However, at 250 mM NaCl, Rs= 65 nm for a monomer NCM complex afd = 86 nm
the Rg of the nucleocapsid was similar to that of the intact for nucleocapsids.
NCM complex at 10 mM NacCl, even though the shapes are Kinetics of Light Scattering Intensity Changes upon
quite different. Thus little of the difference in light scattering Dissociation of M Protein from NCM Complexe$he data
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FiIcure 6: Dynamic light scattering analysis of VSV nucleocapsids FGURE 7: Stopped-flow analysis of the light scattering intensity
and NCM complexes. (A) Intensity-normalized autocorrelation changes accompanying dissociation of M protein from VSV NCM
functions [C'(t)] calculated by dividing the value in each correlator complexes. (A) NCM complexes in buffer containing 0.1% Triton
channel C(t)] by the baseline (uncorrelated) value determined from X-100 and 10 mM NacCl shifted to final NaCl concentrations of
the average of six correlator channels with long delay times. Data 250 mM (a), 120 mM (b), 60 mM (c), or 40 mM (d). Smooth
for nucleocapsids (open circles) and NCM complexes (closed curves: Nonlinear least-squares fit to one exponential (c, d) or two
circles) obtained by solubilization of virion envelopes in buffer exponentials (a, b). (B) Data in panel A are expanded to show the
containing 0.1% Triton X-100 and either 10 mM NaCl (NCM initial 2 s. (C) Data in panel A (curves a and b) with smooth curves
complexes) or 250 mM NacCl (nucleocapsids) at a detector angle to illustrate two exponentials separately.

of 90° and a concentration of 383/mL total virion protein. Solid . . .

curves: Least-squares fit of the data by second order cumulantsprotein from the NCM complex at increasing salt concen-
analysis. (B) Plot of average rate constdntfor decay of trations: (1) the change in molecular mass and protein
autocorrelation functions versus 3i(®/2) determined from data  concentration contributed by M protein, (2) the change in

similar to those in panel A. (C) Concentration dependence of Stokes ; ;
radius Rs) for NCI\? comple(xe)s calculated from t?we slope obtained conformation of the_ N.CM complexes, and (3) the change in
from data similar to those in panel B. (D) Concentration dependence €Xtent of self-association of the NCM complexes. As shown
of Stokes radiusRs) for nucleocapsids calculated from the data in Figure 7, these three factors can be distinguished kineti-
obtained at 45and 60 detector angles. cally as well as by analysis of angular dependence under

equilibrium conditions. Figure 7A shows stopped-flow
in Figures 4-6 indicate that three factors contribute to analysis of the changes in light scattering intensitPat

changes in light scattering intensity upon dissociation of M 90° for NCM complexes upon shifting the NaCl concentra-
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Table 3: Rate Constants for Changes in Light Scattering Intensity
upon Dissociation of NCM Complexes as a Function of NaCl
Concentration

Table 4: Rate Constants for Changes in Light Scattering Intensity
upon Dissociation of NCM Complexes at Different Protein
Concentrations

NaCl concentration ki (s ko (s7Y) total viral ki (s7Y)
(mM) (mean+ SD) (mean+ SD) N protein (mg/mL) (mean+ SD) N
40 0.700+ 0.122 8 30 0.283+ 0.095 9
60 0.869+ 0.129 8 15 0.311+ 0.099 14
120 0.529+ 0.080 0.02Gt 0.006 8 7.5 0.331+ 0.089 12
250 0.437+ 0.101 0.049t 0.020 9 3.8 0.250+ 0.070 16
1.9 0.228+ 0.049 10

aNCM complexes in buffer containing 10 mM NaCl were shifted
to the indicated final NaCl concentration, and light scattering intensity
was recorded as a function of time for 105 s in a stopped-flow apparatus.
The data from 0.4 to 105 s were fit to either to a single exponential,

aNCM complexes in buffer containing 10 mM NaCl were shifted
to a final NaCl concentration of 250 mM and the indicated final protein
concentration. Light scattering intensity was recorded as a function

I(t) = l,e7™ t + |1, or to a double exponentidi(t) = ekt + g7t +
I+, by a nonlinear least-squares fit of three parameter( Ir) or five
parametersly, ki, 2, kz, If), respectively.

of time for 105 s in a stopped-flow apparatus. The data from 0.4 to
105 s were fit to either a single exponentidt) = l,e™* + I, or to a
double exponentiall(t) = l,e™ ! + l,e7*! + I;, by a nonlinear least
squares fit of 3 parameterk,(ky, Ir) or 5 parameterd {, ki, I, kz, 1),

. respectively. The data obtained at 7.5, 3.8, andub®nL were fit
tion from 10 to 250 mM (curve a), 120 mM (curve b), 60  equally well by single or double exponential fits, while the data obtained
mM (curve c), or 40 mM (curve d). The changes in light at30 and 15g/mL were fit significantly better by a double exponential.
scattering intensity in Figure 7A actually occur in three

phases. Figure 7B illustrates the fastest phase by expanding

the time scale to include the initial 2 s. Prior to the decrease gt different NaCl concentrations in repeated experiments
in light scattering intensity that accompanied dissociation of gjmjjar to that in Figure 7. Table 4 summarizes the rate data
M protein, there was a small, rapid increase in light scattering ohtained at different protein concentrations. These data
intensity of the NCM complex that occurred during the initial - ingicate that the stopped-flow light scattering technique can
100-200 ms following the shift in NaCl concentration. This  pe ysed to analyze the binding constants and rate constants
is reminiscent of the conformational changes that occurred fgr gssociation of M protein with nucleocapsids under a
in purified nucleocapsids without M protein upon shifting yariety of experimental conditions and that the rate of M
the NaCl concentration (Figure 3) and appears to correspondyotein dissociation from the NCM complex is not affected

to similar conformational changes in the NCM complex.  sjgnificantly by the self-association of the NCM complexes
The decrease in light scattering intensity that followed the nder these conditions.

small initial increase was analyzed by nonlinear least-squares
fit of the data to an exponential decay beginning at the 400 DISCUSSION
ms time point (smooth curves in Figure 7A). The data
obtained at 60 and 40 mM NaCl (curves c and d) were fit ~ The data presented here have established criteria for light
well by single exponentials with rate constants of 1.0 and scattering analysis of the interaction of M protein with
0.6 st respectively. There was no significant improvement nucleocapsids, which has significant advantages over previ-
by ﬁtting the data to two exponentia|s_ However, the data OUS'y described techniques. Three factors have been identi-
obtained at 250 and 120 mM NaCl (curves a and b) could fied that contribute to the light scattering properties of VSV
not be adequately fit by single exponentials but were fit well nhucleocapsids: the nucleocapsid conformation, the extent of
by assuming two exponential decays. Figure 7C shows theself-association, and the amount of bound M protein. All
theoretical time courses of the two exponentials (smooth three of these factors were affected by changes in ionic
curves) together with the original data. The rate constantsstrength. However, they could be distinguished as follows.
for the rapid phases were 0.4 and 0:6at 250 mM (a) and Conformational changes in nucleocapsids and NCM com-
120 mM NaCl (b), respectively, while those of the slow Pplexes were reflected in changes in the angular dependence
phases were 0.06 and 0.02s of light scattering intensity (i.e., changesRg) and occurred
Most of the changes in light scattering intensity occurred rapidly (millisecond time scale) upon changing salt concen-
in the rapid phase. The rapid phase directly reflected the tration. Changes in extent of self-association could be
changes in molecular weight due to dissociation of M protein, distinguished by the concentration dependence of the ap-
while the slow phase reflected the decrease in extent of self-parent molecular mass and diffusion coefficient of the NCM
association of the NCM complex. This was shown by the complex and occurred relatively slowly (seconds to minutes
fact that the magnitude of the change in intensity in the rapid time scale). Changes in M protein binding were reflected
phase corresponded to the amount of M protein that in changes in both molecular mass dRgland occurred on
dissociated at each NaCl concentration (i.e., 250 mNR0 an intermediate time scaléy ¢ approximately 1 s).
mM > 60 mM > 40 mM). In contrast, the magnitude of The conformation of the helical VSV nucleocapsid changes
the slow phase was greater at 120 mM NaCl than at 250reversibly as a function of salt concentration even in the
mM (Figure 7C). Furthermore, the magnitude of the rapid absence of M protein. These changes are visible by electron
phase was relatively insensitive to changing protein concen-microscopy as changes in the spacing between coils of the
tration, while the magnitude of the slow phase was markedly helix and in the apparent flexibility of the helix (Heggeness
dependent on protein concentration (data not shown) andet al., 1980). Similar changes occur in the nucleocapsids of
usually could not be detected below a concentration-af® the structurally similar paramyxoviruses and probably in
ug/mL total viral protein, indicating that the magnitude of those of other viruses with helical nucleocapsids (Heggeness
the slow phase reflected the extent of self-association of theet al., 1982b). Although the salt-dependent changes in
NCM complex. Table 3 summarizes the rate data obtained conformation of the VSV nucleocapsid have only been
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characterized previously at two NaCl concentrations by tendency was apparent in the present study by the concentra-
electron microscopy (Heggeness et al., 1980), the changegion dependence of the molecular mass (Figure 5B) and
in angular dependence of light scattering intensity observed Stokes radii (Figure 6C) of NCM complexes under conditions
here for VSV nucleocapsids correlate well with the changes where nucleocapsids lacking M protein remained monomeric.
observed by electron microscopy of paramyxovirus nucleo- At the concentrations used for most of the analyses presented
capsids at a wider variety of NaCl concentrations in the samehere (approximately 1Q:g/mL total viral protein), the
study. At low salt concentration, the nucleocapsid helix is average molecular mass of the NCM complex was32
loosely coiled and appears to be sufficiently flexible to fold greater than the monomer molecular mass determined
resemble a random coil. Siné& is related to the end-to- by extrapolation to zero protein concentration (Figure 5).
end distance for a random coil (Marshall, 1978), this Since light scattering analysis gives a weight-average mo-
corresponds to the maximurmRs. At physiological salt lecular mass, the average state of aggregation of the NCM
concentrations, the spacing of the helical coils is tighter complexes (arithmetic mean) would be somewhat less,
(which reduces the overall length), but the nucleocapsid indicating that the NCM complexes existed primarily as
retains its apparent flexibility. This corresponds to the mixtures of monomers, dimers, and trimers.
minimum Rg at 120 mM NaCl. At high salt concentration, Solubilization of virion envelopes at high protein concen-
the helix is also more tightly coiled, but the nucleocapsid trations (around 1 mg/mL) and isolation of NCM complexes
appears to be less flexible, giving rise to a larBerthan at by sedimentation in sucrose gradients similar to the procedure
120 mM NaCl. However, even at high salt concentrations, for purification of nucleocapsids resulted in preparations that
nucleocapsids lacking M protein are not condensed into thewere highly aggregated (molecular mas0-fold that of
tightly coiled, bullet-shaped structure that is characteristic monomer) in which reversal of aggregation occurred slowly
of the NCM complex. if at all (unpublished results). However, at the lower protein
Even though nucleocapsids probably do not experienceconcentrations used here, the self-association of NCM
changes in salt concentration in infected céllsivo, the complexes was reversible. For example, the dissociation of
ability of the nucleocapsid to undergo rapid conformational nucleocapsids or NCM complexes from each other was
changes on the millisecond time scale as shown here isapparent as a separate phase in the kinetics of light scattering
probably relevant to its functioimn wvivo. For example, changes following shift in salt concentration from 10 mM
condensation of the nucleocapsid following M protein to either 120 or 250 mM NacCl (Figure 7C). Reversal of
binding probably occurs on the cytoplasmic surface of the self-association was also apparent as a time-dependent
host plasma membrane vivo (Odenwald et al., 1986). reduction in light scattering intensity upon dilution of NCM
Based on the data presented here, the condensation step isomplexes to lower protein concentrations (unpublished
likely to occur rapidly relative to the rate of M protein results). Thus the ability to analyze the properties of NCM
binding. This idea is supported by stopped-flow analysis complexes immediately after solubilization of the virion
of light scattering by NCM complexes upon shifting to higher envelope without further purification represents a significant
salt concentrations (Figure 7), which is essentially the reverseadvantage of the light scattering approach.
of the M protein binding and condensation that occurs in  Of course, the major advantage of light scattering analysis
the assembly process. In this case, the dissociation of Mof NCM complexes is its sensitivity to the amount of M
protein was preceded by small increases in light scatteringprotein bound to the nucleocapsid. This arises from two
intensity consistent with rapid conformational changes in the factors. The first is the change in molecular mass. For
NCM complex. example, complete dissociation of M protein from the intact
Conformational differences between nucleocapsids andNCM complex should reduce the molecular mass to 65% of
NCM complexes were also apparent at equilibrium after its original value (from 135 to 87.1 MDa, Table 1). The
shifting the salt concentration as shown by greater angularsecond is the change in protein concentration that effectively
dependence of light scattering intensity (large) for NCM contributes to light scattering. Since the soluble M protein
complexes compared to purified nucleocapsids (Figure 5C).is a 0.026 MDa monomer (McCreedy et al., 1990), it makes
These differences were more pronounced at intermediate salho significant contribution to light scattering compared to
concentrations, in which the NCM complexes probably the nucleocapsid. Thus the effective protein concentration
consist of a mixture of coiled and uncoiled regions (New- is also reduced to 65% of its initial value by dissociation of
comb et al., 1982; Odenwald et al., 1986). Surprisingly, the M protein, so that in theory light scattering intensity should
intact NCM complex at 10 mM NaCl and nucleocapsids from be reduced by a factor of 0.42 (0%5 In fact, the reduction
which the M protein had dissociated at 250 mM did not differ is somewhat greater due to the changes in shape and self-
markedly in angular dependence of light scattering intensity association that accompany dissociation of M protein.
(Figure 5C) despite the dramatic differences in shape Nonetheless, the changes in light scattering intensity upon
determined by electron microscopy (Newcomb & Brown, shifting the salt concentration were dominated by the change
1981; Newcomb et al., 1982). This probably reflects the in molecular mass and effective protein concentration (Figure
fact that in solution, the nucleocapsid “random coil” is similar 7), which is a direct measure of M protein binding.
in size to the condensed bullet-like NCM complex. This  The kinetics of M protein binding were readily resolved
idea is supported by the observation that monomer forms of from those of the changes in conformation and self-
the nucleocapsid and NCM complex had similar Stokes radii association, which were more than an order of magnitude
as determined by dynamic light scattering analysis (Figure faster and slower, respectively. Thg of the light scattering
6C,D). changes due to dissociation of M protein after shifting the
One of the concerns about biochemical analysis of viral salt concentration (In R{, Table 2) ranged from 0.8 s at 60
M proteins and M protein-containing structures such as NCM mM NaCl to 1.6 s at 250 mM NaCl. These values were
complexes is their pronounced tendency to aggregate. Thisrelatively insensitive to changes in experimental parameters
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such as pH (in the range from pH 5 to 8) or type of detergent can also occurin vivo. These data indicate that light
(unpublished results). Importantly, they were not affected scattering techniques can be used to analyze the interaction
by the extent of self-association of the NCM complex of M protein with nucleocapsids such as determination of
observed at the protein concentrations studied here8(2 binding constants and rate constants and the effects of
ug/mL total viral protein, Table 4). However, they were mutations in viral genes on association of M protein with
markedly affected by loss of the native structure of the M nucleocapsids.
protein-nucleocapsid interaction, e.g., by prolonged storage
of virions, which usually resulted in much slower dissociation REFERENCES
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