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A B S T R A C T

Viral genomes are protected and organized by virally encoded packaging proteins. Heterologous production of
these proteins often results in formation of particles resembling the authentic viral capsid or nucleocapsid, with
cellular nucleic acids packaged in place of the viral genome. Quantifying the total protein and nucleic acid
content of particle preparations is a recurrent biochemical problem. We describe a method for resolving this
problem, developed when characterizing particles resembling the Menangle Virus nucleocapsid. The protein
content was quantified using the biuret assay, which is largely independent of amino acid composition. Bound
nucleic acids were quantified by determining the phosphorus content, using inductively coupled plasma mass
spectrometry. Estimates for the amount of RNA packaged within the particles were consistent with the struc-
turally-characterized packaging mechanism. For a bacterially-produced nucleoprotein complex, phosphorus
usually provides a unique elemental marker of bound nucleic acids, hence this method of analysis should be
routinely applicable.

1. Introduction

The production of virus–like-particles (VLPs) and nucleocapsid-like
particles (NLPs) using heterologous expression systems (reviewed in
(Zeltins, 2013)) has been critical in exploring the basic molecular
biology of viruses. VLP and NLP production is also central to vacci-
nology (Bárcena and Blanco, 2013; Roldão et al., 2010) and nano-
technology (Bittner et al., 2013; Carrico and Kirshenbaum, 2009;
Narayanan and Han, 2017). VLPs and NLPs effectively mimic the
structures associated with authentic virions, but lack the viral genome,
and are hence non-infectious.

Heterologous production of viral capsid and nucleocapsid proteins
can result in the production of “empty” particles which do not package
nucleic acids. However, in many cases particles will package cellular
nucleic acids in place of the viral genome. The total protein and nucleic
acid content of particle preparations needs to be estimated to gain in-
sight into the packaging process, and to enable quantitative biophysical
analysis. This is the problem addressed in this paper. We do not con-
sider the problem of determining the size or sequence of the packaged

nucleic acids, which has been discussed elsewhere (Ferrer et al., 2016).
Estimates of protein content can be related to the particle con-

centration, where the particles are of fixed size. Estimates of both
protein and nucleic acid content can be used to calculate the mean
amount of nucleic acid packaged per particle or per protein subunit.
Even high-resolution imaging of VLPs and NLPs, using methods such as
X-ray crystallography and cryo-electron microscopy, may not yield this
information. This is because the nucleic acids bound within the parti-
cles are compositionally heterogeneous, and the packaged nucleic acids
may not conform to the capsid symmetry (Cuervo et al., 2013;
Schneemann, 2006), complicating image reconstruction and inter-
pretation.

One approach to quantification is to physically separate proteins
and nucleic acids, making it easier to estimate one or both components
using standard procedures. The drawback of this approach is that ma-
terial may be lost during the separation step. Compositional analysis of
intact particles is therefore preferable. Mass measurements on in-
dividual particles using scanning transmission electron microscopy can
provide considerable insight into nucleic acid packaging (Briggs et al.,
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2004; Müller et al., 2011; Thomas et al., 1994), however this requires
access to highly specialized instrumentation.

UV absorption spectroscopy is the most widely used technique for
the estimation of protein and nucleic acid concentration. However, the
UV absorbance spectra of nucleoprotein complexes are complicated by
the overlapping absorption from protein and nucleic acid chromo-
phores, in addition to the complex absorption of the nucleobases
themselves. Protein absorption in the near UV region (λ>240 nm) is
dominated by the phenol and indole groups of tyrosine and tryptophan.
Their spectral contributions are essentially additive, and only weakly
dependent on the environment (Gill et al., 1989; Pace et al., 1995). In
contrast, absorption by the nucleobases in this region is not additive,
depending strongly on interactions between nucleotides, and hence the
base stacking arrangement (Bloomfield et al., 2000). In addition, the
exact composition of the nucleic acids packaged in VLPs and NLPs is
unknown.

Despite these difficulties, a variety of procedures have been devel-
oped for estimating the protein and nucleic acid content of nucleo-
protein complexes from UV absorbance measurements. Porterfield and
Zlotnick detail a procedure for estimating the protein and RNA content
of viral particles, assuming a mean value for the molar absorption
coefficient of the RNA bases (Porterfield and Zlotnick, 2010). Validated
for several icosahedral capsids, the applicability of the method rests on
the absence of persistent RNA structure and base stacking in the particle
– conditions which are often not satisfied for helical viruses and nu-
cleocapsids (Ruigrok et al., 2011; Stubbs and Kendall, 2011). An earlier
approach for protein determination in nucleoprotein complexes is
based on the measurement of absorbance at several wavelengths that
bracket the nucleic acid absorbance minimum at ~230 nm (Groves
et al., 1968). The two wavelengths are selected so that nucleic acid
absorbance is the same at each, providing a basis for estimating the
protein contribution. However, the “iso-absorbing” wavelengths for
nucleic acids will again depend on both their composition and struc-
ture, hence this method is also approximate. Finally, analysis of spectral
derivatives has been used to determine the composition of protein and
nucleic acid mixtures (Mach et al., 1992; Wilson et al., 1989). However,
while the relative contribution of protein and nucleic acid is reweighted
in spectral derivatives, the features due to each component remain
poorly resolved, and this method has not been widely adopted.

We have developed an alternative method for analyzing the com-
position of nucleoprotein complexes that can be readily applied to
particles containing structured nucleic acids. To quantify the protein,
we use the biuret assay, a classical but now rarely used biochemical
tool. To quantify the nucleic acid, we determine the phosphorus con-
tent, using inductively coupled plasma mass spectrometry (ICP-MS).
For a pure nucleoprotein complex produced in bacteria, nucleic acids
are likely to provide the sole source of phosphorus in the sample.

We developed the procedure while characterizing Menangle Virus
NLPs. Menangle Virus is a recently emergent zoonotic paramyxovirus,
closely related to the human mumps virus (Bowden et al., 2001). We
purified Menangle Virus NLPs corresponding to a single turn of the viral
nucleocapsid and performed biophysical analysis to investigate particle
homogeneity. Measurement of protein and nucleic acid content in the
particle preparations returned estimates for the amount of encapsidated
RNA that are consistent with the structurally-characterized mechanism
for RNA packaging. This validates the procedure, which can be applied
to particles with unknown protein and nucleic acid stoichiometry. As
VLPs and NLPs are often produced in bacteria, the quantification
method has general utility.

2. Materials and methods

2.1. Heterologous production of the N protein from Menangle Virus in
bacteria

A bacterial plasmid for expressing the full length MenV N protein

(519 amino acids; NCBI Accession ID AF326114; UniProt Accession ID
Q91MK3), fused to a C-terminal polyhistidine tag, has been previously
described (Yegambaram et al., 2013). This plasmid was modified to
express an untagged protein, by introducing a stop codon immediately
following the N protein coding sequence. The plasmid was transformed
into E. coli BL21 Star™ (DE3) cells (Strategene). Cultures of transformed
bacteria (0.75 L) were grown at 37 °C with shaking, in LB media sup-
plemented with 1% (v/v) glycerol (Losen et al., 2004) and kanamycin
(25mg/L). When the apparent absorbance at 600 nm was ~0.6, protein
production was induced by addition of 0.5 mM IPTG. Cultures were
subsequently maintained at 18 °C for 5 h prior to harvesting via cen-
trifugation.

2.2. Isolation of nucleocapsid-like particles

Pelleted cells were re-suspended at 4 °C in 5mL of lysis buffer
(12.5 mM MOPS/KOH pH 7.0, 150mM NaCl, 0.5 mM tetra-sodium
EDTA, 0.25mM TCEP.HCl and 5%(v/v) glycerol), per g of wet cell
mass. The lysis buffer was supplemented with a cOmplete mini protease
inhibitor cocktail tablet (Roche) and 0.1 mg/mL RNase A (Roche).
Following lysis by sonication (4 °C, Qsonica Q700), the insoluble ma-
terial was pelleted by high-speed centrifugation. A two-step ammonium
sulphate fractionation was then performed; the first step removing
cellular contaminants, and the second step isolating the majority of the
N protein. In the first step, solid ammonium sulphate was added to the
supernatent to a concentration of 0.10 g/mL (18% saturation (Duong-Ly
and Gabelli, 2014; Englard and Seifter, 1990)), and the solution mixed
at room temperature for 8min. Precipitated material was pelleted by
centrifugation (4 °C) and discarded. In the second step, additional am-
monium sulphate was added, to achieve a final concentration of 0.17 g/
mL (30% saturation). Following mixing and centrifugation, the pelleted
material was re-suspended in SEC buffer (12.5mM MOPS/KOH pH 7.0,
150mM NaCl, 0.5 mM tetra-sodium EDTA, 0.25mM TCEP.HCl and
0.5 mM NaN3), employing 0.5mL buffer per g of originating wet cell
mass.

The solution was filtered (0.2 µm cellulose acetate membrane filter,
Sartorius) and loaded onto a Sephacryl S-500 s column, attached to an
AKTA purifier system. The void volume of the column was determined
using nanosphere beads (Thermo Fisher Scientific) (Reynolds et al.,
1983), and the internal volume of the gel matrix subsequently de-
termined from the elution volume of tyrosine. Isocratic elution of pro-
tein at 20 °C with a flow rate of 0.8 mL/min gave adequate separation of
rings from both smaller assemblages and larger helical filaments (Fig.
S1). Fractions containing N protein were identified by SDS-PAGE, and
filtered samples analysed by dynamic laser light scattering to identify
the average hydrodynamic radius. Fractions across the major peak in
the chromatogram (Fig. S1) with an average hydrodynamic radius<
14 nm were pooled, and subject to anion exchange chromatography.
The NLPs were bound to Q sepharose HP resin (GE Healthcare) equi-
librated with low salt buffer (12.5mM Tris/HCl pH 8.5, 50 mM NaCl,
0.5 mM tetrasodium EDTA and 0.25mM TCEP.HCl) and eluted using a
linear 50–1000mM NaCl gradient. The NLPs eluted in a single major
peak at 0.6 M NaCl. Pooled fractions, selected based on average hy-
drodynamic radius as above, were spin concentrated (30,000 MWCO,
Amicon) and dialysed overnight (50,000 MWCO cellulose acetate
membrane, Harvard Apparatus) into a standard storage buffer
(12.5 mM MOPS/KOH pH 7.0, 150mM NaCl, 0.25mM TCEP.HCl). The
resulting NLP preparation contained no significant protein con-
taminants, as assessed by SDS-PAGE coupled with Colloidal Coomassie
staining (Candiano et al., 2004) (Fig. S2).

2.3. Biuret assay for determination of total protein concentration

The total protein concentration in the NLP preparation was de-
termined using the biuret assay. Reagents were as detailed by Honn and
Chavin (Honn and Chavin, 1975), but with 10x less Potassium Iodide
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incorporated (Gornall and Manolis, 1977; Gornall et al., 1949). The
stock reagents A (30 g/L CuSO4·5H2O, 90 g/L sodium potassium tar-
trate, 1 g/L KI and 1.6 g/L NaOH) and B (8 g/L NaOH and 1 g/L KI)
were mixed in 1:4 ratio to prepare the working reagent. Freshly pre-
pared working reagent (200 μL) was added to protein-containing solu-
tions (50 μL, in standard storage buffer) and samples were incubated for
30min at room temperature, to allow the reaction to proceed to com-
pletion. Absorbance at 550 nm was measured on a Cary 4000 spectro-
meter (Varian), relative to a negative control (storage buffer plus re-
agent). A standard curve, generated from three technical replicate
measurements of hen egg white lysozyme (HEWL), enabled estimation
of the unknown protein concentration in the NLP preparations (Fig. S3).

To make the standards, crystalline HEWL (Merck) was reconstituted
in standard storage buffer to make a stock solution of ~ 10mg/mL. The
exact concentration of HEWL was determined from absorbance at
280 nm, assuming a molar absorption coefficient of 36230M−1 cm−1

(Bruzzesi et al., 1965) and molar mass of 14309 g/mol. Protein con-
centration standards were prepared from the stock HEWL solution by
serial dilution. Absorbance versus concentration data was fit with a
linear function having zero intercept. Linear fits used for estimation of
unknown protein concentrations had R2> 0.98.

2.4. Electron microscopy

Images were acquired on FEI Tecnai 12 TEM microscope equipped
with a LaB6 filament and operated at 120 kV. For Cryo-electron mi-
croscopy (Cryo-EM) the NLP preparation (0.5 mg/mL total protein
concentration) was applied to holey carbon grids (QUANTIFOIL® R 2/
2) that had been glow discharged with N-amylamine present (Dubochet
et al., 1971). Samples were flash frozen in liquid ethane using a vitrobot
(Mark VI, FEI) set at 3 s blot time, 4 °C and 100% humidity.

Images were recorded at a nominal magnification of 50,000× on
photographic film (Kodak SO-163), which was developed according to
manufacturer's instructions. Selected images were digitized using a
Nikon LS-9000 film scanner with a raster step size of 7.81 µm corre-
sponding to 1.575 Å on the specimen. The Eman2 software package
(Tang et al., 2007) was used to perform automatic determination of the
contrast transfer function (CTF) parameters (e2ctf). Following CTF
correction, ~9000 particle images were boxed (box size of 22.4 nm)
and sorted into 24 classes using reference-free class averaging (e2re-
fine2d).

2.5. Dynamic laser light scattering

Dynamic light scattering (DLS) was used to estimate the size of
species throughout purification. Samples were spin filtered (0.2 µm)
and subjected to high-speed centrifugation prior to measurement. DLS
measurements were made at 831.1 nm and 20 °C using a DynaPro Titan
(Wyatt Technology). Intensity autocorrelation functions (ACFs) were
subject to cumulants analysis (Frisken, 2001; Koppel, 1972) using both
laboratory and commercial software (Dynamics, Wyatt Technology), to
estimate both the Z-average diffusion coefficient of the scattering spe-
cies (Finsy and De Jaeger, 1991) and the polydispersity. From the Z-
average diffusion coefficient, the harmonic Z-average hydrodynamic
radius (Finsy and De Jaeger, 1991) was computed using the Stokes-
Einstein equation. DLS measurements on purified NLP preparations
were made at multiple concentrations (0.03-0.5 mg/mL total protein
concentration), and the results linearly extrapolated to infinite dilution,
allowing estimation of the true diffusion coefficient of the NLPs
(Harding, 1994) (Fig. S4).

The expected hydrodynamic radius of the NLPs was approximated
using estimated values for a circular cylinder of length (L) and diameter
(d) (Hansen, 2004), with dimensions appropriate for either a 13-
membered ring, or two stacked rings (Alayyoubi et al., 2015).

2.6. Analytical ultracentrifugation

Sedimentation Velocity analytical ultracentrifugation (AUC) ex-
periments were conducted at 20 °C in a Beckman Coulter model XL-I
equipped with absorbance optics. The NLP sample and reference solu-
tions were loaded into a Beckman Coulter eight-compartment An-50 Ti
rotor and centrifuged at 14,000 rpm, measuring absorbance at 280 nm.
Continuous sedimentation coefficient distributions c(s) and molar mass
distributions c(M) were estimated from the data by direct modelling of
the concentration profiles, as implemented in the program SEDFIT
(Dam and Schuck, 2004; Schuck, 2000). For analysis, it was assumed
that the species present were not interconverting on the experimental
timescale, and that all species present could be described by a single
weight-averaged frictional ratio, estimated during fitting. SEDNTERP
(Laue et al., 1992) was used to calculate the buffer density (1.005 g/
mL) and viscosity (0.01020 cP) as well as the partial specific volume (ν̅)
of the N protein (0.722 cm3/g). The partial specific volume of RNA was
taken to be 0.54 cm3/g (Durchschlag, 1989). The partial specific vo-
lume of the NLPs was calculated according to:

= +f fν ν ν̅ ̅ ̅NLP protein protein RNA RNA

Where fprotein and fRNA are the weight fractions of each component in
the complex. On a per subunit basis, the molar mass of the protein
component, determined from the amino acid sequence is 58915 g/mol,
while the molar mass of the RNA component was taken as 2037 (=
6×339.5) g/mol. Here we are assuming that the average molar mass
of an RNA monophosphate base is 339.5 g/mol and six nucleotides are
bound per N protein monomer, based on the “rule of 6” (Calain and
Roux, 1993; Kolakofsky et al., 1998), prior structural analysis of the
rubulaviral nucleocapsid (Alayyoubi et al., 2015), and our own ex-
perimental analysis of RNA content (vide infra). Under this assumption,
the partial specific volume of the NLPs was estimated as 0.716 cm3/g
and input into SEDFIT for modelling.

2.7. UV absorption and circular dichroism spectroscopy

Ultraviolet (UV)-Visible absorbance spectra (200–800 nm) were
collected at a temperature of 20 °C using a Cary 4000 spectro-
photometer (Varian) on NLPs (0.5 mg/mL total N protein concentra-
tion) in 20mM Na2HPO4/NaH2PO4 pH 7.0, 50 mM NaCl and 0.25mM
TCEP.HCl. Because of their large size, the NLPs can produce measurable
light scattering in the ultraviolet region (Harding, 1986). To evaluate
and correct for this, a function of form a0 + a1 / λb was fitted to the
NLP absorbance data at wavelengths> 360 nm, where only light
scattering effects should be present (cf. (Camerini-Otero and Day,
1978)). The fit scattering function was then subtracted from experi-
mental absorbance spectra across the entire spectral region.

The spectral contribution of the protein in the near UV region
(λ>240 nm) was estimated by weighted summation (Gill et al., 1989;
Pace et al., 1995) of the absorbance spectra of Tryptophan, Tyrosine
and Phenylalanine (Mihalyi, 1968). As none of the 8 cysteine residues
in the MenV N protein form disulphide bonds (Alayyoubi et al., 2015),
no contribution from cystine groups is expected. A difference spectrum
was obtained by subtracting the predicated protein absorbance spec-
trum from the absorbance spectrum of the NLPs. The spectra are re-
ported in terms of the apparent molar absorption coefficient of the
protein, ε (M−1 cm−1) =A / (c (M) x l (cm)), where A is the absor-
bance, c is the protein concentration, and l is the optical path length.

For Circular Dichroism (CD) spectroscopy the NLPs were dialysed
into a buffer containing 5mM Na2HPO4/NaH2PO4 pH 7.0 and 100mM
NaF. The sample (1–15 μM final N protein concentration) was trans-
ferred into a 1mm path length quartz cuvette (Hellma Analytics) and
CD spectra (180–340 nm) collected at a temperature of 25 °C, using a
Chirascan spectrophotometer (Applied Photophysics) with an optical
bandwidth of 1 nm. Spectra were collected on the buffer alone, under
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identical conditions. The averaged buffer spectrum was smoothed by
fitting a LOESS model (Cleveland and Devlin, 1988) involving a second
order polynomial. Smoothed buffer spectra were subtracted from the
averaged sample spectra to yield the CD spectrum of the NLPs. The
spectra are reported in terms of the apparent molar CD absorption
coefficient of the protein, Δε (M−1 cm−1) = ΔA / (c (M) x l (cm)),
where ΔA is the differential absorbance of left and right circularly po-
larized light, c is the protein concentration, and l is the optical path
length. No correction was made for circular differential light scattering
(Tinoco et al., 1983) Given the large size of the NLPs this could po-
tentially make a weak contribution to the CD signal at shorter wave-
lengths.

2.8. Inductively coupled mass spectrometry

An Agilent 7700 inductively coupled plasma-quadrupole mass
spectrometer (ICP-QMS) was used to quantify the phosphorus content
of the NLP sample. The signal was optimized by adjusting the power
applied to the radio frequency coil. Analysis was run in Helium collision
cell mode to reduce polyatomic interferences, by preventing interfering
ions from entering the quadrupole mass analyser (Pröfrock et al., 2003;
Vonderheide et al., 2003). Terbium was added as an internal standard,
to monitor instrument stability. An inorganic phosphate solution
(1000 ppm P stock, Peak Performance CPI international) was used to
calibrate the instrument. This was diluted with ultrapure water to
create a 6 ppm stock that was serially diluted with an acid matrix
(10%(w/w) nitric acid, analytical grade) to make a range of element
standards (3 ppm, 1.5 ppm, 1 ppm, 0.5 ppm, 0.1 ppm and 0.01 ppm).

To achieve optimal sensitivity NLP preparations were analysed at a
total protein concentration of 20mg/mL, to achieve the manufacturer
recommended 0.05–0.3 ppm phosphorous content. Protein-containing
solutions for analysis (70 μL) were added to 1900 μL of concentrated
nitric acid (69%(w/w)), allowing for effective acid hydrolysis and dis-
solution of the nucleoprotein complex, then subsequently diluted to
10%(w/w) nitric acid with ultrapure water, prior to injection. Buffer
only controls were treated in equivalent fashion. The presence of
0.25mM TCEP.HCl in the buffer results in a small contribution to the
total measured phosphorous content in the NLP preparation, and this
was corrected for.

To calculate the RNA content of the NLPs, the phosphorous content
in ppm was converted to total molar concentration of phosphorous. As
RNA is the sole significant phosphorus source in the samples and there
is one phosphorous atom per base, this is the equivalent of the molar
nucleotide concentration. Division of the molar nucleotide concentra-
tion by the molar protein concentration then yields the nucleotide to
protein ratio in the sample.

For control experiments, exploring the effects of the protein matrix
on ICP-MS measurements, solid monophosphate ribonucleotides were
dissolved in protein storage buffer (12.5 mM MOPS/KOH pH 7.0,
150mM NaCl, 0.25mM TCEP.HCl) and their concentration estimated
using UV absorbance spectroscopy measurements at 260 nm (Cavaluzzi
and Borer, 2004). An equimolar stock of all four ribonucleotides was
prepared (9500 μM total concentration) and diluted to obtain standards
for analysis at approximately; 0.75 ppm, 0.5 ppm, 0.1 ppm and
0.01 ppm total phosphorus, in the presence or absence of 20 g/L BSA
(Merck, lyophilized protein). These samples were analysed as described
above.

3. Results and discussion

3.1. Heterologous production of the Menangle Virus N protein, and the
isolation of rings

Heterologous production of Paramyxoviral N proteins generates fi-
lamentous particles that are structurally indistinguishable from the
viral nucleocapsid. These particles result from the non-specific

Fig. 1. Cryo-EM imaging of MenV NLPs. A) NLPs resulting from production of
the MenV N protein in E. coli, before the isolation of rings. Filamentous
structures of varying length are apparent, which closely resemble the authentic
viral nucleocapsid. B) Purified MenV rings, modelling a single turn of the viral
nucleocapsid C) 2D class averages of the rings, generated from ~9000 particle
images. 13-fold cyclic symmetry is apparent in the class averaged images. A
small number of particles were grouped in classes with 12-fold rotational
symmetry (~280 particles) or classes in which the subunit geometry was not
clearly defined (~615 particles).
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packaging of cellular RNA (see, e.g. (Bhella et al., 2002; Fooks et al.,
1993; Kingston et al., 2004; Samuel et al., 2002; Tan et al., 2004;
Warnes et al., 1995)). Expression of the MenV N gene in E. coli gen-
erates NLPs (Fig. 1A) consistent with earlier expression studies in the
yeast S. cerevisiae (Juozapaitis et al., 2007)

The filamentous NLPs have differing lengths, which can complicate
biophysical and structural investigation. Hence we developed proce-
dures to isolate rings, representing a single turn of the helical nucleo-
capsid. Structural analysis of the nucleocapsids of many non-seg-
mented, single-stranded, negative-sense RNA viruses has rested on a
similar approach (Alayyoubi et al., 2015; Albertini et al., 2006a, 2006b;
Cox et al., 2009; Green et al., 2006; Iseni et al., 1998; Maclellan et al.,
2007; Omari et al., 2008; Renner et al., 2016; Schoehn et al., 2001;
Tawar et al., 2009). The lysis of bacterial cells by sonication helped to
break down the helical NLPs, producing a mixture of rings and short
helical filaments. A two-step ammonium sulphate precipitation then
removed the bulk of the cellular contaminants. Subsequently size ex-
clusion (Fig. S1) and anion exchange chromatography were used to
separate rings from filaments. The exposure to high salt conditions
during the ion exchange step also serves to remove any nucleic acids
bound with low affinity.

Direct imaging of the purified NLPs using Cryo-electron microscopy
(Cryo-EM) showed that rings predominate (Fig. 1B). In the thin layer of
vitreous ice the particles were preferentially orientated such that only
top views were observed (Fig. 1B), precluding single particle 3D re-
construction. However, class averaging of the 2D projection images
could still be performed. In the majority of the 2D classes approximate
13-fold cyclic symmetry is apparent (Fig. 1C). Hence the MenV rings
contain 13 N protein subunits, consistent with prior structural analysis
on paramyxoviral nucleocapsids (Alayyoubi et al., 2015; Bhella et al.,
2002, 2004; Cox et al., 2009; Desfosses et al., 2011; Egelman et al.,
1989; Gutsche et al., 2015; Schoehn et al., 2004).

3.2. The total protein concentration can be estimated using the biuret assay

To estimate the total protein content in the ring preparation, we
employed the colorimetric biuret assay. The biuret reaction involves
binding of copper to the amide groups of the polypeptide backbone
under highly alkaline conditions, to form a well characterized square-
planar coordination complex (Freeman, 1967; Sigel and Martin, 1982).
The purple-violet coloration associated with complex formation is fol-
lowed spectrophotometrically at 550 nm. Based on the response of a
pure protein standard of known concentration, the total protein con-
centration in an unknown can be reliably estimated (Rosenfeld, 1982;
Sapan et al., 1999).

We employed the biuret assay because it exhibits little dependence
on amino acid composition (see, e.g. (Bozimowski et al., 1983; Jenzano
et al., 1986)) and there is no interference from nucleic acids. A variable
response to different proteins is one of the principal problems besetting
other colorimetric assays, such as the Lowry and bicinchoninic acid
(BCA) assays (Peterson, 1979; Smith et al., 1985; Wiechelman et al.,
1988), which amplify the signal from the biuret reaction, as well as the
Bradford Dye binding assay (Kruger, 1994). Results from the biuret
method are generally consistent with standard reference techniques for
protein quantitation, such as Kjeldahl nitrogen determination (see, e.g.
(Shrivastaw et al., 1995a, 1995b)).

One disadvantage of the biuret assay, which has contributed to its
infrequent use, is relative insensitivity (Sapan et al., 1999). In practice,
we found this was not limiting, and 50 μL samples containing 1.0 –
10mg/mL protein could be readily analysed (Fig. S3). Our assay was
based on the stable biuret reagent originally described by
Weichselbaum (1946) and optimized by Gornall et al. (1949).

3.3. Biophysical analysis indicates the rings associate into double-ring discs
in solution

Estimation of the protein concentration allowed for more detailed
characterization of particle properties. Prior crystallographic analysis of
the closely-related Parainfluenza virus 5 (PIV5) N protein had shown
that 13-membered rings stack within the crystal via their “bottom” face,
to form double-ring discs (Alayyoubi et al., 2015). Analogous stacking
of the MenV rings in solution appeared likely, however this could not be
inferred from the Cryo-EM images because of the absence of “side-
views” (Fig. 1B). We therefore used hydrodynamic techniques to assess
both the size and mass of the NLPs in solution.

The mean hydrodynamic radius (Rh) of the NLPs was determined
using dynamic light scattering (DLS) (Fig. S4). When corrected to
standard conditions (water at 20 °C) (van Holde, 1985) this yielded an
estimate for the mean translational diffusion coefficient (D20,w) of
1.677×10–11 m2/s corresponding to a hydrodynamic radius (Rh) of
14.4 nm. This appears significantly larger than the hydrodynamic ra-
dius expected of either ring (7.7 nm) or disc (10.1 nm) – where the
expected values are calculated for an appropriately dimensioned cir-
cular cylinder. However, this calculation neglects the effects of the in-
trinsically disordered tail of the N protein (aa 405–519) which would
project from the surface of ring or disc, slowing diffusion and increasing
the apparent size. In addition, even a minor population of helical fila-
ments, which were occasionally observed by electron microscopy,
would be heavily weighted in light scattering analysis. Hence the
analysis was inconclusive, though the estimated polydispersity in-
dicated that there was some size heterogeneity.

Sedimentation velocity AUC experiments were carried out to re-
liably determine the NLP mass distribution. Data were collected at three
NLP concentrations (Fig. 2A) and analysed in SEDFIT to derive dis-
tributions of the sedimentation coefficient (Fig. 2B) and molar mass
(Fig. 2C) (Dam and Schuck, 2004; Schuck, 2000). In the sedimentation
coefficient distribution (Fig. 2B) a predominant species (~80%) with a
sedimentation coefficient of 26 S is apparent, together with two minor
species at 18 S (9%) and 40 S (12%).

The molar mass distribution (Fig. 2C) suggests that the most
abundant species, at 26 S, corresponds to a double-ring disc (estimated
molar mass 1430 kg/mol, expected molar mass 1560 kg/mol), while the
minor species, at 18 S, corresponds to a single ring (estimated molar
mass 818 kg/mol, expected molar mass 780 kg/mol). The variance be-
tween the estimated and expected masses may reflect the use of a single
weight-average frictional ratio for all species in solution. For a sample
with a multimodal sedimentation coefficient distribution (Fig. 2B), this
approximation may impact the reliability of the mass estimates (Brown
and Schuck, 2006). The broadly distributed minor species centred at
40 S most probably represents short helical filaments. Hence the NLP
preparations contain a mixture of rings, discs and high mass species,
with the predominant species being a disc, formed by two stacked rings.

We note that similar ring stacking occurs for the completely un-
related tobacco mosaic virus, and other filamentous plant viruses
(Stubbs and Kendall, 2011). Although of no direct biological relevance,
disc formation does have implications for in vitro biochemical and
biophysical analysis of nucleocapsid function. It could, for example,
occlude binding sites or alter access to bound nucleic acids.

3.4. Spectroscopic analysis confirms that the discs package nucleic acid

The packaging of nucleic acid by the MenV NLPs was confirmed
using UV absorption and circular dichroism (CD) spectroscopy (Figs. 3
and 4).

The UV-absorbance spectra of nucleoprotein complexes are com-
plicated by the overlapping absorption of protein and nucleic acid
chromophores in the near UV region. For the NLP absorbance spectra,
subtraction of the predicted protein contribution gave rise to a differ-
ence spectrum with the features expected of RNA (Voet et al., 1963)
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(Fig. 3).
Circular dichroism (CD) spectroscopy has the advantage that the

spectral contributions of protein and nucleic acid are more effectively
resolved. In the far UV region (λ<250 nm), the CD spectrum of the
NLPs (Fig. 4A) is dominated by the protein. The negative bands at 210
and 222 nm, and the positive band at 193 nm arise from the extensive
α-helical secondary structure (45%) present within the Paramyxoviral
N protein (Alayyoubi et al., 2015; Gutsche et al., 2015). In contrast, in
the near UV region (Fig. 4B) the spectrum is dominated by the nucleic
acid. The positive band between 250 and 300 nm originates from the
bases of the bound RNA. Protein CD in this region is several orders of
magnitude weaker, and has characteristic fine structure (Fasman, 1996;
Martin and Schilstra, 2008). The near UV CD spectrum of the NLPs
appears characteristic of ssRNA viruses (Piazzolla et al., 1986; Sokolova
et al., 1982).

3.5. Quantification of bound nucleic acid using ICP-MS

The amount of RNA within MenV NLP preparations was quantified
by determining the phosphorus content, using inductively coupled
plasma mass spectrometry (ICP-MS). Phosphorus provides a unique
elemental marker of the bound nucleic acids, so long as the protein is
not itself significantly phosphorylated. While protein phosphorylation
on serine, threonine, and tyrosine is not completely absent in bacteria,
as was once thought (Macek and Mijakovic, 2011), it certainly occurs at

Fig. 2. Analytical ultracentrifugation indicates that double ring discs are the
predominant species in solution. A) Sedimentation velocity analytical ultra-
centrifugation data and its direct modelling using the program SEDFIT. The top
panel shows some time-dependent absorbance profiles of a sedimenting ring
preparation, together with the fit model (every fifth scan is shown). The bottom
panel shows the model residuals. B) Sedimentation coefficient distributions, c
(s), show a predominant species with a sedimentation coefficient of 26 S. Minor
species at 18 S and 40 S are also apparent C) Molar mass distributions, c(M),
suggest that the major species is a double ring disc. The smaller species at 18 S
has a mass corresponding to a single ring. The larger species, centred at 40 S,
has a poorly defined mass and most probably corresponds to short helical fi-
laments, which were not entirely eliminated during the purification process.

Fig. 3. UV absorbance spectra demonstrate that the particles package nucleic
acids. The experimentally measured absorbance spectrum, following correction
for light scattering, is shown in blue. The predicted absorbance spectrum of the
protein component is shown in black. Subtraction of the predicted protein ab-
sorbance spectrum (black) from the NLP absorbance spectrum (blue) gives rise
to a difference spectrum (green). This difference spectrum has the character-
istics expected of nucleic acid, exhibiting steadily increasing absorbance at
wavelengths< 300 nm and a local maximum at ~260 nm.
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much lower levels than in eukaryotic cells and employs a different re-
pertoire of enzymes. The phosphorylation of heterologously produced
proteins by the endogenous kinases of E. coli seems to occur only rarely
(Sahdev et al., 2008; She et al., 2010). We note that the Menangle Virus
N protein does not appear to be phosphorylated in mammalian cells
(Shiell et al., 2002).

In ICP-MS atoms are ionized in the plasma and subsequently sepa-
rated by their mass to charge ratio, before detection with a mass
spectrometer. When using ICP-MS for phosphorus determination, the
principle technical challenges arise from the element's high ionization
potential, which results in relatively modest ionization efficiency in an
argon plasma (Houk, 1986); the existence of a single stable isotope,
which precludes the use of isotope dilution analysis; and the presence of
interfering polyatomic ions that are generated in the ICP ion source,
and complicate the spectra (Pröfrock et al., 2003; Wind et al., 2001).
We found that the largest signal to background ratios were achieved
with high power applied to the radio frequency coil. This elevates the
plasma temperature, leading to increased phosphorus ionization (cf.
(Kovačevič et al., 2004; Wuilloud et al., 2005)). Reduction of polya-
tomic interferences was achieved by running experiments in Helium
collision cell mode (Donati et al., 2012; Pröfrock et al., 2003;
Vonderheide et al., 2003). As an alternative, using an instrument
equipped with a reaction cell it would be possible to generate the
polyatomic ion 31P16O+ by reaction with oxygen gas (Bandura et al.,
2002; Donati et al., 2012). The oxide ion, 31P16O+, is subject to less

spectral interference than 31P+.
To ensure efficient aerosolization, and as a precaution against

clogging of the nebulizer, we added concentrated nitric acid to the
sample prior to analysis, which will cause acid-catalysed hydrolysis of
both proteins and nucleic acids (Brown, 1974; Hill, 1965). We subse-
quently diluted the sample to achieve a final working nitric acid con-
centration of ~10%(w/w). Direct addition of diluted nitric acid to the
sample caused coagulation and precipitation of the ribonucleoprotein.
We note that addition of nitric acid does not generate interferences,
beyond those already arising from the air and water present in the
sample.

To determine if there are protein matrix effects, which would impair
the accuracy of the ICP-MS measurements, monophosphate ribonu-
cleotides were analysed in the presence and absence of a protein
standard. Across the concentration range analysed (0.7−51 μM
monophosphate ribonucleotide, corresponding to 0.1–1.8 ppm phos-
phorous) the phosphorus content estimated using ICP-MS was un-
affected by the presence or absence of BSA (20mg/mL). This suggests
that any matrix effects from protein are likely to be inconsequential.
Furthermore, the phosphate content determined using ICP-MS, and the
independently estimated nucleotide concentration determined using
UV absorbance spectroscopy were linearly correlated (r2 of 0.9998,
data not shown), providing independent validation of the procedure.

Measurement of phosphorus content, combined with the in-
dependently determined total protein concentration, allowed calcula-
tion of the nucleotide / protein ratio in the NLP preparations. For three
independent preparations, the molar ratio was determined to be 5.72
and 6.21 and 6.63 (Mean value 6.19, standard error of the mean 0.26).
This is consistent with a large body of genetic, biochemical, and
structural data showing that each paramyxoviral N protein can bind
exactly 6 nucleotides of RNA (Alayyoubi et al., 2015; Calain and Roux,
1993; Gutsche et al., 2015; Kolakofsky et al., 1998). There are cir-
cumstances which would give rise to non-integer nucleotide-to-protein
ratios. For example, the RNA present within the particles could be
discontinuous and “gapped”, or the minor population of filaments
present could be carrying an overhanging stub of RNA. However, given
the precision of our estimate, the most straightforward interpretation is
that the MenV NLPs are fully loaded with nucleic acid.

4. Conclusion

While a variety of procedures have been developed for estimating
the protein and nucleic acid content of nucleoprotein complexes from
UV absorbance measurements (Groves et al., 1968; Mach et al., 1992;
Porterfield and Zlotnick, 2010; Wilson et al., 1989), all involve some
approximation, and application to particles containing structured nu-
cleic acids may be problematic. Here we have suggested an alternative
approach, which rests on the quantification of phosphorus contributed
by the nucleic acids, coupled with the independent determination of the
protein content.

The method could be streamlined if suitable instrumentation were
available. In a nucleoprotein complex, the element sulphur (S), is un-
ique to the protein side chains of cysteine and methionine. Using ICP-
MS to quantify both sulphur and phosphorus would therefore determine
both the protein and nucleic acid content in the sample, eliminating the
need for the biuret assay. Similar to phosphorous, the determination of
sulphur using ICP-MS is complicated by a low ionization potential, and
the presence of interfering polyatomic ions. Procedures have been de-
veloped that allow the simultaneous determination of both P and S, by
production of oxide ions 31P16O+ and 32S16O+, respectively (Bandura
et al., 2002; Ciavardelli et al., 2010; Gong et al., 2015; Thompson et al.,
2013). However for optimal sensitivity these experiments require in-
struments equipped with a dynamic reaction and collision cell
(Ciavardelli et al., 2010), which at present are less widely available
than the simple quadrupole based ICP-MS system used in this work.

ICP-MS has established utility for the analysis of protein

Fig. 4. Circular Dichroism spectra are consistent with RNA packaging. A) The
far UV CD spectrum of the MenV NLPs is dominated by the protein contribu-
tion, and reflects the extensive alpha-helical secondary structure of the MenV N
protein. The spectrum was collected at a low total N protein concentration
(1 μM). B) The near UV CD spectrum of the MenV NLPs exhibits a weak positive
band centred at 270 nm, characteristic of ssRNA viruses. This spectrum was
collected with a higher total N protein concentration (10 μM) than the spectrum
in A). Both the vertical and horizontal scales differ between panels A) and B).
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phosphorylation (Ciavardelli et al., 2010; Navaza et al., 2007). We
suggest that the same technique can be routinely used for compositional
analysis of recombinant nucleoprotein complexes, in situations where
protein phosphorylation is likely to be insignificant.
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