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ABSTRACT: Sindbis virus (SINV) is an enveloped, single-stranded RNA
virus, which is transmitted via mosquitos to a wide range of vertebrate hosts.
SINV produced by vertebrate, baby hamster kidney (BHK) cells is more than
an order of magnitude less infectious than SINV produced from mosquito (C6/
36) cells. The cause of this difference is poorly understood. In this study, charge
detection mass spectrometry was used to determine the masses of intact SINV
particles isolated from BHK and C6/36 cells. The measured masses are
substantially different: 52.88 MDa for BHK derived SINV and 50.69 MDa for
C6/36 derived. Further analysis using several mass spectrometry-based methods
and biophysical approaches indicates that BHK derived SINV has a substantially higher mass than C6/36 derived because in the
lipid bilayer, there is a higher portion of lipids containing long chain fatty acids. The difference in lipid composition could
influence the organization of the lipid bilayer. As a result, multiple stages of the viral lifecycle may be affected including assembly
and budding, particle stability during transmission, and fusion events, all of which could contribute to the differences in
infectivity.
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During viral infection, a mammalian host cell releases
between 80 and 10,000 infectious virus particles per

cell.1 However, the total number of virus particles released is
higher because not all virus particles are infectious. Specific
infectivity is the ratio of the number of infectious particles to
the total number of particles; a higher number indicates that a
larger fraction of the particles can complete an infectious
cycle.2,3 Particle-to-PFU (plaque forming unit) has also been
used in the literature, and this is the ratio of total particle to
infectious particles. Reported specific infectivity values range
from approximately 1 for a bacteriophage to 10−3 to 10−4 for
picornaviruses and Varicella-Zoster virus.4,5 Some non-
infectious particles may fail to complete the infection cycle
because of defects (e.g., assembly errors in genome packaging
and protein association, maturation defects, and genome
replication errors) or because of experimental constraints
(e.g., purification methods, cell culture conditions, and
techniques used to determine infectious and total particles).6

It has also been proposed that non-infectious particles are
intentionally synthesized to promote viral infections by being
decoys for immune cells,6 to promote particle aggregation,7,8

and to aid in genetic cooperativity during viral infection.9

Alphaviruses are arboviruses which are transmitted by an
arthropod vector, primarily a mosquito, to a vertebrate host.
Virus particles produced in vertebrate cell cultures (avian or
mammalian) typically have a specific infectivity between 0.001
and 0.0125, in other words, <2% of the particles produced are
infectious.10 In contrast, the specific infectivity values for virus
particles produced in a mosquito cell culture are between 0.2
and 1, indicating that 20−100% of the particles produced are
infectious.10,11 It has been proposed that this wide range of
virion-specific infectivity may be important for maintaining
viral fitness as the virus circulates in the different vector-host
cycle.12,13 Currently there are no therapeutics for alphavirus
infections. Drug development currently focuses on both the
genome replication cycle and inhibiting steps of entry and
exit.14 One strategy is to determine the factors that influence
infectivity and identify compounds that will decrease specific
infectivity, thereby possibly attenuating the severity of the
disease and symptoms.

Received: December 12, 2018

Article

pubs.acs.org/journal/aidcbcCite This: ACS Infect. Dis. XXXX, XXX, XXX−XXX

© XXXX American Chemical Society A DOI: 10.1021/acsinfecdis.8b00356
ACS Infect. Dis. XXXX, XXX, XXX−XXX

D
ow

nl
oa

de
d 

vi
a 

IN
D

IA
N

A
 U

N
IV

 B
L

O
O

M
IN

G
T

O
N

 o
n 

A
pr

il 
20

, 2
01

9 
at

 1
1:

18
:4

4 
(U

T
C

).
 

Se
e 

ht
tp

s:
//p

ub
s.

ac
s.

or
g/

sh
ar

in
gg

ui
de

lin
es

 f
or

 o
pt

io
ns

 o
n 

ho
w

 to
 le

gi
tim

at
el

y 
sh

ar
e 

pu
bl

is
he

d 
ar

tic
le

s.
 

pubs.acs.org/journal/aidcbc
http://pubs.acs.org/action/showCitFormats?doi=10.1021/acsinfecdis.8b00356
http://dx.doi.org/10.1021/acsinfecdis.8b00356


The alphavirus particle contains a positive-sense, single-
stranded RNA genome that is capped and has a poly(A)
tail.15−17 There are six structural proteins: Capsid, E3, E2, 6K,
TF, and E1. Cryo-electron microscopy (Cryo-EM) has been
used to determine the structure of alphavirus particles and the
organization of the structural proteins.18−20 The viral genome
is encapsulated in a shell of capsid protein (CP) forming the
nucleocapsid core. The core is surrounded by a host-derived
lipid bilayer, in which the viral glycoprotein spikes are
embedded. These surface spikes are made up predominantly
of E2 and E1, and in some viruses, E3 remains noncovalently
associated with the spikes.21 It has been determined that the
TransFrame (TF) protein is present in the virion, but its
location has not yet been identified in cryo-EM structures.22

The 6K protein, in contrast, is found predominantly inside the
host cell and not in the particle, and 6K has been proposed to
have a role in budding and assembly.23 No major difference in
the amount of viral proteins from the virions derived from the
two hosts has been identified.16,24

When comparing vertebrate and arthropod derived particles,
there are known differences between the two cell lines that
impact virion assembly and that could contribute to the
infectivity difference. For example, proteomic analysis revealed
that a host-derived ribosomal 40S small subunit is present in
arthropod-derived particles; in contrast, only a small fraction of
vertebrate-derived particles contain the 40S ribosomal
subunit.25 It was further demonstrated that the particles
containing the ribosomal subunit have a higher specific
infectivity, enhanced translation and viral synthesis, and
produced less type I interferon than virions that did not
contain the host-derived ribosomal subunit.
There are also differences in the glycans and lipids that may

contribute to the infectivity difference between the two hosts.
It has been shown that the N-linked glycans attached to E2 and
E1 glycoproteins are host dependent.26−28 The infectivity
could be influenced by the exposed glycans.29 Several cellular
processes may result in differences in the lipid composition of
viruses derived from vertebrate and insect cells. Vertebrate cells
and particles produced from these cells contain cholesterol.30

Mosquito cells, in contrast, are cholesterol auxotrophs; they do
not produce cholesterol but will utilize it if supplied in the
tissue culture media.31 Arthropods do produce different sterols
which can function in place of cholesterol. These differences
could also affect the infectivity. Vertebrate cells contain
elongases and desaturates, enzymes which are missing in
invertebrate cells. These enzymes result in fatty acid chains
which are, on average, longer and contain more double bonds
than lipids typically found in invertebrate cells.32−34

Furthermore, the lipid composition of both the internal
organelle membranes and the plasma membrane of vertebrate
and invertebrates is different; these differences in lipid
membrane compositions could also affect the infectivity,30

because alphaviruses bud predominantly from the plasma
membrane in vertebrate cells, but in mosquito cells, they bud
from internal vesicles and the plasma membrane.35−37

In this work, we used a combination of mass spectrometry
and bioanalytical techniques to characterize the components of
the Sindbis virus (SINV) produced from vertebrate (BHK)
and arthropod (C6/36) cells. Charge detection mass
spectrometry (CDMS) was used to measure the total masses.
SINV particles derived from BHK were found to be around 2
MDa more massive than C6/36 derived particles. We used a
variety of techniques to explore the source(s) of the mass

difference. A glycomics study indicated that the BHK derived
SINV has larger carbohydrate moieties compared to C6/36
derived particles, but this only partially accounts for the
difference in the mass. An investigation of the lipids revealed
that the BHK derived SINV has higher quantities of longer-
chain lipids compared to C6/36 derived SINV. These
differences do account for the differences in the masses of
the BHK and C6/36 derived SINV. The incorporation of
longer-chain, unsaturated fatty acids in the BHK derived SINV
could affect the organization and stability of the lipid bilayer,
which in turn may affect several stages in the viral life cycle,
and thus contribute to the observed difference in infectivity.

■ RESULTS AND DISCUSSION
The Total Masses of SINV Particles Derived from BHK

and C6/36. To give us insight into possible compositional
differences between BHK derived and C6/36 derived particles,
we measured their total masses using CDMS. CDMS is a single
particle method where the mass is determined from
simultaneous measurement of the mass to charge ratio (m/
z) and charge of each ion. Multiplying m/z and the charge
yields the mass. CDMS can provide masses of much larger
species than conventional mass spectrometry which is usually
limited to molecular weights well below 1 MDa.38−46

CDMS spectra of intact SINV particles from BHK and C6/
36 cells are shown in Figure 1. The BHK-derived particles

(spectrum shown in black) are around 2 MDa heavier than the
C6/36-derived (red spectrum). CDMS measurements were
performed for four BHK preparations and six C6/36
preparations. The results are presented in Supplementary
Figure S1 which shows the center masses determined for the
different preparations plotted against preparation number. The
center masses were determined by fitting the measured peaks
with a Gaussian. The small differences in the center masses
measured for different preparations (standard deviations of the
mean <0.15 MDa) are dwarfed by the large, systematic
difference in the masses of the C6/36 and BHK derived
particles (2.2 MDa). These results indicate that the
composition of the particles is relatively invariant with
preparation compared to the substantial composition differ-

Figure 1. Representative CDMS spectra of wild-type SINV derived
from C6/36 (mosquito) cells in red and from BHK (vertebrate) cells
in black. The C6/36 spectrum (red) contains 9226 individual ion
measurements and the BHK spectrum (black) contains 6267.
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ences between the particles from different cell lines. For some
preparations, CDMS measurements were performed for
multiple time points over more than 20 days. The measured
masses showed no systematic variation with time.
The average mass of SINV particles derived from the

measurements for the BHK cells is 53.46 ± 0.13 MDa, while
the average mass for SINV particles derived from C6/36 cells
is 51.25 ± 0.14 MDa. In both cases, the uncertainty is the
standard deviation of the mean. Native mass spectrometry is
known to overestimate the masses of large protein complexes
by up to around a percent because of adduct formation.47 In
previous CDMS measurements for bacteriophage P22, the
measured mass (52.18 MDa) was around 1.1% larger than the
expected mass (51.61 MDa).41 If we assume the same
deviation here, the masses corrected for adduct formation
are 52.88 MDa and 50.69 MDa for BHK and C6/36 derived
particles, respectively.
Peaks in the CDMS spectra for both BHK and C6/36

derived SINV are relatively broad compared to peaks in spectra
acquired for other viruses.42 The peak width has contributions
from the mass heterogeneity (i.e., different virus ions have
different masses) and from the resolution of the measurement.
For CDMS, the mass resolution is determined by the
uncertainties in the m/z and charge measurements, both of
which have been well characterized.48,49 The full widths at half-
maximum (fwhm) of the measured peaks were determined
from Gaussian fits. The average fwhm’s were 2.37 MDa and
2.22 MDa for BHK and C6/36 derived SINV particles,
respectively. The mass resolution in the relevant mass range
should be around 1 MDa. The excess peak width is mainly due
to heterogeneity in the particle masses. The contributions to
the peak width from the mass heterogeneity and mass
resolution are uncorrelated, so the fwhm’s due to mass
heterogeneity are around 2.1 MDa and 2.0 MDa and for BHK
and C6/36 derived virions, respectively. Bacteriophage P22,
measured previously by CDMS, had a mass of 52.18 MDa and
a fwhm of 1.33 MDa. In this case, the mass heterogeneity after
accounting for the mass resolution is much smaller and
attributed entirely to the distribution of packaged DNA which
varies slightly from particle to particle.50 In the case of SINV,
the genome length is well-defined and not a source of
heterogeneity. Therefore, the mass heterogeneity for SINV
must arise from other sources.
Comparison with Expected Total Masses. The

expected mass of SINV was calculated using sequence data
and the results of previous compositional studies.15,20,25,26,51

Table 1 gives the masses and stoichiometry of the components
for SINV produced from BHK and C6/36 cells used to
calculate the expected masses. SINV consists of three regions:
the nucleocapsid core, lipid bilayer, and viral glycoprotein
spikes. The nucleocapsid consists of the genomic material and
CP. The genome for SINV is single-stranded RNA, 11.7
kilobases long with a sequence mass of 3.816 MDa. The CP
has a sequence mass of 29.356 kDa. The nucleocapsid has T =
4 symmetry, therefore it contains 240 copies of the CP yielding
a capsid mass of 10.87 MDa.51 The glycoprotein spikes consist
of 240 copies of E2 and E1 (46.917 kDa and 47.371 kDa,
respectively, for just the protein and not the associated
carbohydrate moieties). E3 is not associated with purified
SINV, in contrast to what is observed with Semliki Forest.22

The amount of TF incorporated into the virion is estimated to
be between 12 and 24 copies.23

Some of the nucleocapsids contain a host derived 40S
ribosomal small subunit. The ribosomal subunit has been
shown to be present in >90% of C6/36 derived virions, but
only ∼10% of the BHK derived virions.25 Since the 40S
subunit has a mass of 1.2 MDa, two peaks separated by 1.2
MDa might be expected in the mass distributions. However,
the measured peaks due to the SINV particles are more than 2
MDa wide mainly because of sample heterogeneity. Simu-
lations of the expected peak shape taking into account the
heterogeneity and experimental resolution show that addition
of a components separated by 1.2 MDa in an intensity ratio of
90:10 does not even lead to a discernible shoulder. There is
only a slight increase in the width of the composite peak due to
the presence of the minor component.
To confirm that our purification method was not

preferentially pelleting BHK derived particles that contained
the ribosomal subunit, we determined the abundance of the
ribosomal subunit in our sample by determining the amount of
rRNA and vRNA as described previously.25 Our pelleted
material was consistent with 10% of the BHK derived particles
and over 95% of the C6/36 derived particles having a
ribosomal subunit. Thus, the calculated masses, not accounting
for glycosylation or the lipid bilayer, are 33.81 MDa for BHK
derived particles and 34.98 MDa for C6/36 derived (see Table
1). Subtracting these values from the corrected measured
masses (52.88 MDa and 50.69 MDa for BHK and C6/36
derived particles, respectively) leaves 19.07 MDa that is
unattributed for the BHK particles and 15.80 MDa that is
unattributed for the C6/36 particles. The difference between
these values, 3.27 MDa, is larger than the difference in the
corrected measured masses (2.19 MDa) because the ribosomal
subunit is more abundant for the C6/36-derived particles. The
unattributed masses (19.07 MDa for BHK particles and 15.80
MDa for C6/36) are at least partly accounted for by the
glycans attached to E1 and E2. While the sites of glycosylation
are conserved in particles produced from all hosts, the glycans
(oligomannose, hybrid, or complex) are dictated by the
host.26,52

To investigate whether the observed mass difference
between BHK and C6/36 derived particles was partly due to
glycosylation of E2 and E1, and not to truncation or
proteolytic cleavage during assembly, we ran purified particles
on SDS-PAGE followed by Coomassie staining to separate and
detect the E2 and E1 proteins. As seen in Figure 2, the
migration of E2 and E1 from BHK cells is slower than the
corresponding glycoproteins from C6/36 cells (compare lanes

Table 1. Calculation of the Expected Masses of SINV
Protein and Nucleic Acid Components

component
mass of one
copy (kDa) stoichiometry

BHK
mass
(MDa)

C6/36
mass
(MDa)

ssRNA genome 3816 1 3.82 3.82
CP 29.356 240 7.05 7.05
deglycosylated E1 47.371 240 11.37 11.37
deglycosylated E2 46.917 240 11.26 11.26
TF 8.001 24 0.19 0.19
40S ribosomal
subunit

1200 0.1 and 1 0.12 1.2

total protein and
genome mass

33.81 34.89

CDMS measured 52.88 50.69
difference 19.07 15.80
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2 and 4), suggesting that the glycans are higher in mass for
SINV from BHK cells. This is consistent with previous
results.26,52 To confirm that this difference was due to
glycosylation, PNGase F was used to hydrolyze the glycans.
After the glycans were cleaved, the migration of E1 and E2
from both hosts was identical (compare lanes 1 and 3). Thus,
as anticipated, the glycoproteins from different hosts have
different glycan compositions.
Glycan Masses for BHK and C6/36 Derived SINV

Particles. To determine if the glycans present on E2 and E1
were responsible for the mass differences between BHK and
C6/36 derived SINV particles, we determined their mass and
identity. There are three types of N-linked glycans,
oligomannose, hybrid, and complex. Oligomannoses, or simple
sugars, are composed of N-acetylglucosamine and mannose
sugar moieties. Hybrid glycans have a similar base branching to
oligomannose glycans and only have mannose on the mannose
1−6 core and one or two additional moieties (fucose,
galactose, or sialic acid) on the 1−3 arm. Complex glycans
are larger than hybrid or oligomannose and consist of antenna
stemming from the core containing mannose, fucose, galactose,
N-acetylglucosamine, or sialic acid.53 Glycan structure was
determined by denaturing and digesting particles from BHK
and C6/36. The resulting glycopeptides were analyzed by ultra
performance liquid chromatography (UPLC), mass spectrom-
etry, and tandem mass spectrometry. The resulting mass and
fragmentation data were used to assign and confirm
glycopeptides and glycan structures (see Experimental
Methods section).
Table 2 gives a list of the glycans found for each site of SINV

derived from C6/36 and BHK cells. More detailed information
is provided in Supplementary Tables 1 and 2, which show the
confirmed glycopeptides grouped according to the parent
peptide. For some of the sites (e.g., E1-139 and E2-196 on
SINV from C6/36 cells), only a single glycopeptide was found
with only two different glycans. On the other hand, some sites
(e.g., E2-196 on BHK derived SINV) were represented by
multiple glycopeptides with a wide range of different glycans.
In these cases, the relative abundances for the same glycans
across different glycopeptides were not necessarily strongly
correlated; this may be a consequence of the glycopeptides
having different ionization efficiencies.

SINV derived from C6/36 has oligomannose at all four
glycosylation sites (E1-139, E1-245, E2-196, and E2-318,) (see
Table 2 and Supplementary Table 1). For SINV derived from
BHK cells, a mixture of oligomannose and complex glycans
was found (see Table 2 and Supplementary Table 2). Two
sites, E1-139 and E2-318, are predominantly modified with
oligomannose, and the other two sites, E1-245 and E2-196, are
heterogeneous, with a mixture of oligomannose and complex
glycans. The addition of N-linked glycosylation initially occurs
in the endoplasmic reticulum with the addition of an
oligomannose-type glycan, which may be further processed
in the Golgi. Insect cells generally lack the enzymes required

Figure 2. Coomassie stained SDS-PAGE gel of SINV from BHK cells
and C6/36 cells. Lanes 2 and 5 (from the left) contain a wild-type
virus from BHK and C6/36 cells, respectively. The E1 and E2 bands
migrate differently, and the CP is the same for both samples. Lanes 1
and 4 contain SINV derived from BHK and C6/36 cells that has been
treated with PNGase F, an enzyme that removes the N-linked glycans.
After PNGase F treatment, E1 and E2 migrate the same. The small
band above the capsid protein band is PNGase F.

Table 2. Summary of Glycans Found for SINV Derived from
C6/36 and BHK Cellsa

C6/36 BHK

site GlcNAc Man Fuc SA site GlcNAc Man Fuc SA

E1-139 2 4 E1-139 2 3
2 6 2 4

2 8
2 9

E1-245 2 3 E1-245 2 5
2 4 2 6
2 5 2 7
2 6 2 9
2 7 5 5 1
2 8 5 6
2 9 5 6 1

5 7
5 7 1
6 7

E2-196 2 7 E2-196 2 5
2 8 2 6

2 7
2 8
2 3 1
2 4 1
2 5 1
3 2 1 1
3 4 1
4 3 1
3 3 1 1
4 4 1
3 4 1 1
4 5 1
4 4 1 1
3 6 1 1
4 5 1 1
3 7 1 1
4 6 1 1
4 7 1 1

E2-318 2 3 E2-318 2 11
2 4 2 13
2 5
2 6
2 7
2 8
2 9

aThe number of copies of each sugar subunit, N-acetylglucosamine
(GlcNAc), mannose (Man), fucose (Fuc), and sialic acid (SA), are
listed for the glycans found for each site. More detailed information is
provided in Supplementary Tables 1 and 2.
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for further processing to create complex and hybrid glycan
structures, consistent with our observation that complex
glycans were only identified from SINV produced in
mammalian cells.26−28,54,55 This further emphasizes the fact
that the virions encounter significantly different processing
environments in different host cell types.
To estimate the average mass of the glycans at each

glycosylation site, we took the relative intensities of each
glycopeptide ion detected for that site and multiplied it by the
mass of the associated glycan and then summed the resulting
values. There are 240 copies of each glycan. Therefore, to
calculate the total glycan mass per particle for each site, we
multiplied the average glycan mass for each site by 240. The
results are summarized in Table 3. The total glycan mass per

particle is the sum of the glycan masses for the four sites. The
total glycan masses are 1.884 MDa for BHK derived SINV
particles and 1.357 MDa for BHK derived (see Table 3). The
difference between the total glycan masses for the different
hosts (0.527 MDa) does not account for the difference
between their unattributed masses (3.27 MDa), suggesting
there are additional factors that contribute to this mass
difference.
Are There Any Additional Proteins or Nucleic Acid

Components in BHK Derived SINV? To confirm that there
are no structural differences due to additional proteins or RNA
components that could account for the extra mass in BHK
derived SINV, we evaluated the structures of SINV from BHK
and C6/36 cells by cryo-EM. Representative cryo-EM images
of the two virion samples are shown in Figure 3A. Both
samples show uniform, ∼70 nm spherical particles. The 3D
reconstructions (Figure 3B) were computed to 13.4 Å for
SINV from BHK cells (left in Figure 3B) and to 16.8 Å for
SINV from C6/36 cells. Similar to previously published cryo-
EM structures,19 there are 80 glycoprotein spikes on the
particle surface, and they are arranged with T = 4 icosahedral
symmetry. Looking at the inside of the particles, both samples
have an inner core with icosahedral T = 4 symmetry, which is
also consistent with previously published results. Thus, there
are no major morphological differences between the samples
derived from the two cell lines. Cross sections through the
three-dimensional (3D) reconstructions are shown in Figure
3C. The nucleocapsid extends from the center to around 20
nm, and it is the same size for both BHK and C6/36 derived
virions. The lipid bilayer extends from around 20 nm to around
27 nm in both cases. The glycoprotein spikes extend from
around 27 nm to around 35 nm. The cross sections reveal no
significant differences between the BHK and C6/36 derived
virions. A direct comparison of molecules in the lipid bilayer is
not possible at this resolution, and at higher resolution, the
analysis would still be speculative because of the amount of
disorder and the low density in this region.
Cryo-EM analyses have demonstrated that focused recon-

structions,56,57 or imposing icosahedral symmetry on portions

of the virion particle such as the core or the glycoproteins,58,59

can identify asymmetric features in the particles. This strategy
would be beneficial if we knew where the additional density is
located in the particle. However, our current structures do not
give a location for any extra density.
If the difference in mass between BHK and C6/36 derived

particles was due to E3 or TF proteins, there would need to be
∼260−300 copies of these proteins per particle. If the
difference was due to additional copies of capsid protein or
glycoproteins, there would need to be ∼90 additional capsid
proteins or ∼60 additional glycoprotein spikes. Such large
numbers of additional copies would likely lead to distorted
particles, which would be evident in the cryo images. Even if
the extra proteins were not arranged symmetrically, they would
be evident in the cryo-EM images and the density would be

Table 3. Total Glycan Masses Determined by UPLC-MS/
MS

host

E1-139
glycan
mass
(MDa)

E1-245
glycan
mass
(MDa)

E2-196
glycan
mass
(MDa)

E2-318
glycan
mass
(MDa)

total
glycan
mass
(MDa)

difference
(MDa)

BHK 0.378 0.51 0.407 0.589 1.884
0.527

C6/36 0.287 0.323 0.394 0.353 1.357

Figure 3. (A) Cryo-EM images of SINV isolated from BHK cells
(left) and C6/36 cells (right). (B) 3D reconstruction of SINV from
BHK (left) and C6/36 (right). The resolution is 13.4 Å for SINV
from BHK and 16.8 Å SINV from C6/36. (C) Cross section through
the 3D reconstructions showing the distinct layers of the nucleocapsid
core, lipid bilayer, and glycoproteins. The color scale shows the
distance from the center. (D) A portion of the reconstruction showing
the glycosylation site E2-196. BHK derived virus shows additional
density on the spike consistent with the glycan analysis in Table 3.
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evident during image analysis. Finally, if there were significant
increases in number of capsid proteins, glycoproteins, or TF,
this would be evident when the samples were checked for
purity with SDS-PAGE. Previous work has shown that released
alphaviruses may have assembly defects leading to incomplete
cores.59 The decreased number of capsid proteins, and
potentially glycoproteins, would lead to heterogeneity in the
particles that could account, at least partially, for the widths of
the CDMS peaks in Figure 1.
An additional 2−3 copies of the 40S ribosomal small subunit

per BHK derived particle could account for the mass difference
between the BHK and C6/36 derived particles. However, our
cryo-EM structures did not show increased density inside the
BHK particles. In addition, qRT-PCR analysis was performed
to determine the ratio of viral genome and rRNA. The BHK
samples showed 1 − log less rRNA compared to viral RNA,
consistent with previous results showing only 10% of the BHK
samples contain the ribosomal subunit.25

The glycan analysis described above showed a difference in
carbohydrate moieties at residue E2-196, which is located at
the distal tip of the glycoprotein spike. A close-up view of the
glycoprotein spikes for BHK and C6/36 derived particles
shows a difference in density at this residue (Figure 3D). The
lack of distinct density in the C6/36 derived particles may be
due to the lower resolution or an increase in the flexibility of
the glycan at this position.
Composition of the Lipid Membrane. From our analysis

so far, the difference between the measured and calculated
masses (the unattributed mass) is 17.18 MDa for BHK derived
SINV and 14.44 MDa for C6/36 derived SINV (see Table 4).

The unattributed mass corresponds to 32.5% of the total
measured mass for BHK derived SINV and 28.5% for C6/36
derived. These values are consistent with reports that the lipid
bilayer contributes 26−32% of the total mass, depending on
the host cell.15,60 The unattributed mass must be at least partly
due to the lipid bilayer because it is an essential component of
SINV particles (see Figure 3C) that is not yet included in the
mass calculations. If the difference between the masses of the
C6/36 and BHK derived SINV particles is entirely due to the
lipid bilayer, the lipid bilayer for the BHK particles must
contribute an additional 2.74 MDa. Chemical and composi-
tional differences between the lipids bilayers may contribute to
the observed mass difference. Chemical diversity arises from
the presence of different types of lipids in the bilayers, while
compositional differences result from different ratios of the
component lipids. Mammalian cells contain elongases and
desaturases, which increase the lipid diversity and broaden the
composition compared to invertebrate cells.61

To investigate whether the lipids from BHK derived and
C6/36 derived SINV particles are significantly different, we
selectively extracted the lipid membranes from purified
particles and analyzed them with high-performance liquid

chromatography coupled with tandem mass spectrometry. We
screened for 89 targeted lipids, with acyl chains between 16
and 22 carbons long (the lipid-screening library is given in
Supplementary Table 3). Of the 89 lipids screened, 42 were
detected in both SINV generated by BHK and C6/36 cells,
meaning no major chemical differences between the lipid
bilayers were detected in this targeted screen. However,
significant differences in the lipid concentrations for BHK and
C6/36 derived SINV samples were measured in 25 of the 42
detected lipids. Figure 4 shows concentrations for four fatty

acids that were present in significantly higher quantities in the
BHK derived samples. The mean concentrations and standard
deviations for the 25 lipids where significant concentration
differences were observed are shown in Supplementary Table
4. For 24 of the 25 lipids, the concentration in BHK was higher
than in C6/36. The concentration ratios (BHK/C6) range
from 603 to 0.63.
It is important to note that the C6/36 cells were grown in

fetal bovine serum (FBS) prior to viral infection and FBS
contains high quantities of long-chain unsaturated fatty acids.
Mosquito cells do not contain the enzymes needed to produce
these lipids, but they have been shown to act as lipid
auxotrophs, so it is likely that the cells simply incorporated
them rather than making them de novo. It is also possible that,
in addition to having more lipids with long chain fatty acids,
there are different amounts of sterol and short chain fatty acid
containing lipids from SINV produced in the two hosts.
Quantifying the composition of the lipid molecules is not
trivial and is beyond the scope of this work. We have
determined multiple differences in the levels of long chain fatty
acids for BHK and C6/36 derived viral particles, demonstrat-
ing a compositional difference in the lipid bilayers in the SINV
from different hosts. This compositional difference may
directly or indirectly affect the organization and packing of
the lipid bilayers.62

To determine how much longer each lipid molecule would
need to be to account for the 2.74 MDa mass difference
between BHK and C6/36 derived SINV, the number of lipid
molecules in the SINV bilayer was estimated. Assuming a lipid

Table 4. Calculation of Unattributed Massa

host

calculated mass
(protein + nucleic
acid + glycans)

(MDa)

measured
by CDMS
(MDa)

unattributed
mass (MDa)

unattributed
mass/

measured
mass (%)

BHK 35.69 52.88 17.18 32.50
C6/36 36.25 50.69 14.44 28.50
aThe difference between the measured mass and the mass calculated
from the protein, nucleic acid, and glycan components.

Figure 4. Differences in the concentrations of four fatty acids detected
in SINV from BHK and C6/36. Error bars are ± the standard error of
the mean for three independent measurements. The concentration
units are μM/g of virus.
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molecule surface area of 0.5 nm2 and using the surface area of
the lipid bilayer from our cryo-EM reconstructions, a value of
34,000 lipid molecules was obtained. The observed mass
difference would correspond to each lipid molecule in BHK
derived particles containing, on average, five extra methylene
groups (−CH2−). This difference is not large enough to be
detectable in our cryo-EM reconstructions (Figure 3).
We focused our lipid analysis on the presence of long chain

fatty acids because elongases and desaturases are present in
BHK cells but not C6/36. It is important to note that along
with the length of hydrocarbon groups, the derivatization of
lipid head groups and the presence and absence of other
phospholipids and sterol containing lipids could also
contribute to the difference in the mass of the virus particles.
In addition, there may be other lipids present in low
abundance that could contribute to differences in infectivity.

■ CONCLUSIONS
CDMS measurements indicate that SINV particles derived
from C6/36 and from BHK cells have significantly different
masses. Based on the measurements described above, differ-
ences in the composition of the lipid bilayers are a major
contributor to the mass difference. There is a higher portion of
lipids containing longer chain fatty acids in BHK derived SINV
particles.
An infectious particle is one that enters the host, replicates,

and assembles new particles that are able to go on to infect a
new cell; multiple stages of the lifecycle contribute to
infectivity. Particles derived from vertebrate cells typically
have a lower specific infectivity compared to particles derived
from mosquito cells even though the same viral proteins and
genome at the same stoichiometry are incorporated into the
viral particles. Is there anything about the particles that can
account for the difference in infectivity?
Most particles from mosquito cells contain a 40S ribosomal

small subunit host factor, whereas most mammalian derived
particles do not contain this factor. In addition, this work and
other studies have identified different glycans on the E2 and E1
proteins depending on the cell line used to generate the
particles. Our results here may provide additional insight into
the difference in infectivity between viruses derived from
different host cells. We have determined that the lipid bilayer
of mammalian derived SINV particles has lipid molecules that
are slightly longer, on average, than the lipids found in bilayers
of C6/36 derived SINV particles. The lipid bilayer
composition could affect the specific infectivity of the virus
in several ways, all which require further investigation. First,
longer chain lipids will have a different packing density and
also change the rigidity of a bilayer. Consequently, particle
stability during transmission may be affected. Second, a more
rigid bilayer will also influence the interactions between the
viral glycoproteins and the membrane. These effects might
manifest during particle budding when the glycoprotein-
embedded bilayer wraps itself around the core. In addition,
the interactions between the bilayer and spikes could be altered
during fusion between the particle and host membranes.
Cholesterol and sphingomyelin affect viral entry and exit, and
delipidation of cholesterol from cells lines produces viral
particles with altered specific infectivity, presumably because
particle stability was altered.63,64 Previous work by Sokoloski et
al.65 and Brown and Hernandez (summarized in ref 66)
demonstrate that alphaviruses derived from both Aedes aegypti
and Aedes albopictus have a higher specific infectivity compared

to viruses derived from a panel of vertebrate cells,65 supporting
a correlation between lipid composition and virus infectivity.
Now that we know the components that are different

between virions produced from different cell types, we can
begin to dissect the mechanisms that contribute to their
differences in infectivity. Long term, identifying specific
mechanisms that contribute to infectivity will be important
as we search for panviral compounds to treat arbovirus
infections.

■ EXPERIMENTAL METHODS
Virus Preparation, Titer Determination, and RNA

Quantification. Baby hamster kidney (BHK) cells and C6/36
mosquito cells were grown in minimum essential medium
supplemented with non-essential amino acids, penicillin-
streptomycin, amphotericin B, L-glutamine, and 10% fetal
bovine serum (Corning Cellgro, Manassas, VA). Cells were
grown in a 37 °C (BHK) or 28 °C (C6/36) incubator in a
controlled humidity environment with 5% CO2.
Cells were exposed to wild-type SINV (strain TE12) with an

multiplicity of infection of between 1 and 5 for 45 min at room
temperature while rocking.67 Initial inoculum was removed,
and cells were washed with PBS before adding serum-free
media (SFM) (Gibco 11681-020) supplemented with non-
essential amino acids, penicillin-streptomycin-amphotericin B,
and L-glutamine. Infections proceeded for 18−23 h (BHK) or
4 days (C6/36). For C6/36 cells, 5 mL of supplemented SFM
was added after 2 days. The virus was harvested by collecting
the media and clarified by centrifuging at 3000×g for 5 min at
room temperature. The supernatant was removed and stored at
4 °C for no more than 24 h. The virus was pelleted by
centrifuging at 5300× g for 16 h at 15 °C. The pellet, often not
visible, was resuspended with a small volume (30−50 μL of
200 mM ammonium acetate). Samples were stored at 4 °C for
up to 4 weeks. Sample purity was determined via Coomassie
stained SDS-PAGE, sample morphology was examined by
transmission electron microscopy, viral titers were determined
via standard plaque assay using BHK-21 cells, the abundance
of the 40S ribosomal small subunit was determined by qRT-
PCR,65,68 and virus concentration was measured by absorbance
at 260 nm using an extinction coefficient of 7.0 mg/mL.35

Charge Detection Mass Spectrometry. CDMS is a
single particle technique where the m/z (mass to charge ratio)
and charge are simultaneously measured for individual ions.
The m/z and charge are then multiplied to yield the mass of
each ion. This process is repeated for thousands of ions, and
the masses are binned to obtain a mass spectrum. The CDMS
instrument39,69,70 and data analysis methods48,49 have been
described in detail elsewhere. Briefly, ions are produced by a
nanoelectrospray source (Advion Biosciences, Ithaca, NY,
USA) and introduced into the instrument through a heated
capillary. Ions pass through three differentially pumped regions
to remove the background gas: The first region contains an ion
funnel, the second an RF hexapole, and the third an RF
quadrupole. The nominal ion energy, 100 eV/charge, is set by
the DC potential applied to the hexapole. Ions that exit the
quadrupole are focused into a dual hemispherical deflection
energy analyzer (HDA) which transmits ions with a narrow
band of kinetic energies centered on 100 eV/charge. The
transmitted ions are focused into a modified cone trap with a
detector tube between the end-caps.
When an ion enters the detector tube, it induces a charge

which is detected by a charge-sensitive preamplifier with a

ACS Infectious Diseases Article

DOI: 10.1021/acsinfecdis.8b00356
ACS Infect. Dis. XXXX, XXX, XXX−XXX

G

http://dx.doi.org/10.1021/acsinfecdis.8b00356


cryogenically cooled JFET at the input. For these experiments,
an ion triggered trapping scheme was used. Initially both end-
caps are at ground, the potential on the rear end-cap is raised,
and then when the signal from an ion entering the detector
tube exceeds a threshold, the potential on the front end-cap is
raised to trap the ion. The threshold used here corresponds to
around 75 elementary charges (e). The trapped ion oscillates
back and forth through the charge detector tube, inducing a
periodic signal, which is amplified, digitized, and transferred to
a computer for analysis. After a predetermined time, the end-
caps are grounded, and the trap is emptied. The trapping time
for these experiments was 100 ms. The periodic signal is
amplified, digitized, and transferred to a computer for analysis
by a Fortran program using fast Fourier transforms. The m/z is
determined from the frequency of the fundamental, and the
charge is determined from the magnitudes of the fundamental
and second harmonic.
PNGase F Treatment. SINV C6/36 and BHK were

treated with PNGase F according to the New England Biolabs’
protocol.71 The virus was mixed with glycoprotein denaturing
buffer, 0.5% sodium dodecyl sulfate, 40 mM dithiothreitol, and
water and heated to 95 °C for 10 min. The denatured virus was
then mixed with water, GlycoBuffer 2, NP-40, and PNGase F
(New England Biolabs, Ipswich, MA) and allowed to react at
37 °C overnight.
Trypsin Digestion. SINV C6/36 and BHK were

denatured using 8 M urea in 100 mM ammonium bicarbonate
(Sigma-Aldrich, St. Louis, MO). Denatured proteins were
reduced with 4 mM tris (2-carboxyethyl) phosphine (Sigma-
Aldrich, St. Louis, MO) for 1 h at 56°C and then alkylated
using 8 mM iodoacetamide (Sigma-Aldrich, St. Louis, MO) for
1 h at room temperature. Alkylated proteins were digested at
37°C using trypsin (Promega, Madison, WI). Trypsin
digestion was performed overnight at a urea concentration of
1 M and 100 mM ammonium bicarbonate. The digested
peptides were desalted using Omix C18 micro pipet tips
(Agilent, Santa Clara, CA) and lyophilized to dryness. The
desalted peptides were either analyzed directly or treated with
PNGase F (New England Biolabs, Ipswich, MA) to release the
glycans. Glycan release was performed in 25 mM ammonium
bicarbonate at 37°C overnight.
Glycan Analysis by Mass Spectrometry. Digested

peptides were dissolved in aqueous 0.1% formic acid (Fischer
Scientific, Hampton, NH) and loaded at 5 μL/min onto an
Ultra Performance Liquid Chromatography (UPLC) C18
loading column (Symmetry C18, 180 μm × 20 mm, Waters,
Milford, MA). The peptides were separated using a UPLC C18
column (1.8 μm HSS T3, 75 μm × 250 mm, Waters, Milford,
MA) with a linear gradient of 3% buffer B to 34% buffer B over
60 min at a flow rate of 300 nL/min. Buffer B was acetonitrile
with 0.1% formic acid (Fischer Scientific, Hampton, NH).
Peptides eluting from the separation column were ionized by
electrospray and analyzed by a Synapt G2S (Waters, Milford,
MA) mass spectrometer. The Synapt was operated in the ion
mobility supplemented MSE mode. In this mode, mass spectra
are acquired while alternating between low and high collision
energy as peptides elute from the column. The low collision
energy spectra are used to identify the precursor ion masses,
and the high collision energy spectra provide the fragment ion
masses. Collisional activation occurs after the ions have passed
through the ion mobility cell, so if the peptides are not
sufficiently separated by UPLC, precursor ions and fragment
ions can be correlated by their drift times.

The results for the PNGase F treated peptides were analyzed
first to determine the masses and sequences of the
unglycosylated peptides. The results were exported as tables
containing mass, charge, m/z, intensity, drift time, and
retention time, along with other information not used for
this analysis. To identify glycopeptides, the fragment spectra
(MS2) were searched for glycan specific fragment ions
(reporter ions). The reporter ions for mannose and N-
acetylglucosamine are singly charge ions with m/z values of
∼163.06 Da and ∼204.09 Da, respectively.72 The retention
times for the reporter ions were then used to identify the
parent glycopeptides. A Fortran program identified masses
within a ±0.5 min retention time window of the reporter ion
and compared them to masses of known glycopeptides. Cases
where the parent mass agreed with a known glycopeptide mass
to within a specified deviation were added to a glycopeptide
list. For each member on the list, we then went back to the
MS2 spectra and manually confirmed that the fragmentation
pattern was consistent with the proposed glycan. Glycopep-
tides that could not be confirmed in this way were removed
from the list. The confirmed glycopeptides are grouped
according to the bare peptide mass in Supplementary Tables
1 and 2.

Cryo-EM and Image Reconstruction. Cryo-EM speci-
mens were prepared by applying 4 μL of virus solution to glow-
discharged continuous carbon film-coated copper grids and
vitrified using FEI Vitrobot (Mark III). The frozen-hydrated
specimen was transferred into a JEOL JEM-3200FS TEM
using a Gatan 626 cryo-holder. Low-dose cryo-micrographs
(≤20 e−/Å2) were collected at a nominal magnification of
30,000× using a DE-12 direct electron detection camera
(Direct Electron LP, San Diego, CA) with energy filter slit set
to 20 eV. The magnification yields a pixel size of 1.904 Å at the
image space. Particle images were extracted from micrographs
using e2boxer.py.73 Image processing, CTF correction, and 3D
reconstruction were performed using the gold standard
protocol in auto3dem.74 In total 10,873 particles were used
for SINV from BHK to yield a 13.4 Å 3D reconstruction, and
5676 particles were used for SINV from C6/36 to yield a 16.8
Å 3D reconstruction. The electron density maps were rendered
using UCSF Chimera.75

HPLC Lipid Extraction. Samples were prepared for lipid
extraction by adding 1 mL of high-pressure liquid chromatog-
raphy (HPLC)-grade methanol (Fisher, Fair Lawn, NJ, USA)
to each sample in 1.5 mL microcentrifuge tubes. Samples were
spiked with 500 pmol of deuterium-labeled N-arachidonoyl
ethanolamine (d8AEA; Cayman Chemical, Ann-Arbor, MI,
USA). Tubes were vortexed and left on ice for 2 h. Samples
were centrifuged at 18,000g at 4 °C for 10 min. The
supernatant was decanted into 3 mL of HPLC-grade water
(Fisher). Lipids were then partially purified on C18 solid-phase
extraction columns (Agilent, Palo Alto, CA, USA) arranged in
a vacuum manifold, as previously described.76−78 5 mL of
HPLC methanol was added to each column. After the
methanol had run through the column, 2.5 mL of HPLC
water was added. The supernatant/water solution was loaded
onto the column. Afterward, 5 mL of HPLC H2O was added to
the column to wash off impurities. A series of five elutions with
1.5 mL of 40%, 60%, 75%, 85%, and 100% methanol were
collected and stored at −80 °C until analysis.

HPLC-Mass Spectrometry Lipid Analysis. Lipids were
analyzed using an Applied Biosystems API 3000 triple
quadrupole mass spectrometer with electrospray ionization
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(Foster City, CA, USA). 20 μL from each elution was analyzed
using an XDB-C18 reversed-phase HPLC analytical column
(Agilent) and optimized mobile phase gradients. Mobile phase
A: 20% methanol, 80% water (v/v) and 1 mM ammonium
acetate (Sigma, St. Louis, MO, USA). Mobile phase B: 100%
methanol, 1 mM ammonium acetate. Two Shimadzu 10ADvp
pumps (Columbia, MD, USA) provided the pressure for
gradient elution. Levels of each compound were determined by
running each sample using a multiple reactions monitoring
(MRM) method tailored for each group of structurally similar
compounds. Analysis of the HPLC/MS/MS data was
performed using Analyst software (Applied Biosystems), as
previously described.76−78 Chromatograms were generated by
determining the retention time of analytes with a [M + 1] or
[M − 1] parent peak and a fragmentation peak corresponding
to programmed values for each lipid. The retention time was
then compared to the retention time of a standard for the
suspected compound. If the retention times matched, then the
concentration of the compound was determined by calculating
the area under the curve for the unknown and comparing it to
the calibration curve obtained from the standards. Therefore,
unknown lipids are matched to known standards according to
the retention time from the analytical column and their mass
fingerprint. Extraction efficiency was calculated with a d8AEA
spiked recovery vial as a standard. For each individual lipid,
mean concentrations in mol/L adjusted for percent recovery
were compared between groups using a one-way ANOVA. All
of the statistical tests were carried out using SPSS Statistics
(IBM, Armonk, NY, USA). 89 lipids were screened in each
sample, including lipoamines, 2-acyl glycerols, prostaglandins,
and free fatty acids (see Supplementary Table 3), and 42 of
these lipids were detected in all 6 samples.
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