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Abstract

Fluorescent proteins (FPs) are widely used in real-time single virus particle studies to visualize,
track and quantify the spatial and temporal parameters of viral pathways. However, potential
functional differences between the wild type and the FP-tagged virus may specifically affect
particular stages in the virus life-cycle. In this work, we genetically modified the E2 spike protein
of Sindbis virus (SINV) with two FPs. We inserted mApple, a red FP, or Venus, a yellow FP, at
the N-terminus of the E2 protein of SINV to make SINV-Apple and SINV-Venus. Our results
indicate that SINV-Apple and SINV-Venus have similar levels of infectivity and are
morphologically similar to SINV-wild-type by negative stain transmission electron microscop.
Both mutants are highly fluorescent and have excellent single-particle tracking properties.
However, despite these similarities, when measuring cell entry at the single-particle level, we
found that SINV-Apple and SINV-Venus are different in their interaction with the cell surface and
FPs are not always interchangeable. We went on to determine that the FP changes the net surface
charge on the virus particles, the folding of the spike proteins, and the conformation of the spikes
on the virus particle surface, ultimately leading to different cell-binding properties between SINV-
Apple and SINV-Venus. Our results are consistent with recent findings that FPs may alter the
biological and cellular localization properties of bacterial proteins to which they are fused.
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1. INTRODUCTION

Alphaviruses are enveloped, positive-strand RNA viruses in the Togaviradae family. The
alphavirus particle contains an internal nucleocapsid core which consists of the capsid
protein surrounding the viral genome. On the surface of the particle are 80 trimeric spikes,
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anchored in the lipid membrane (Cheng et al., 1995; Jose, Snyder, and Kuhn, 2009; Zhang et
al., 2011). Each spike in the mature virus is a trimer of two proteins, E2 and E1. The
interactions between E2 and E1 are critical for particle entry. The E2 protein binds to the
host cell receptor and the particle is endocytosed (Byrnes and Griffin, 1998; Davis et al.,
1987; Marsh, Kielian, and Helenius, 1984). The E2-E1 heterodimer dissociates in response
to the low pH environment of the endosome, and E1 mediates fusion between the host and
viral membranes (Omar and Koblet, 1988; Wahlberg and Garoff, 1992). Both E2 and E1
undergo conformational and oligomeric changes following their dissociation from each
other (Gibbons et al., 2003; Gibbons et al., 2004; Wahlberg et al., 1992). During particle
assembly or when the spike is in the immature form, the E2 protein is attached to a smaller
protein, E3 (Supplemental Figure 1). E3 is cleaved by the host protease furin in the trans-
Golgi transport of the spikes to the plasma membrane (de Curtis and Simons, 1988; Jain,
DeCandido, and Kielian, 1991). Although there are interactions between E3, E2, and E1 that
are required for particles assembly and entry, there are a few positions within the E2
proteins where peptides and proteins can be inserted and viable virus is recovered
(Mukhopadhyay et al., 2006; Navaratnarajah and Kuhn, 2007).

Fusing FPs to specific proteins of interest allows one to visualize, track, and quantify the
spatial and temporal parameters of cellular processes in real-time at single particle resolution
(Chudakov et al., 2010; Rizzo, Davidson, and Piston, 2009a). In the past two decades, new
FPs have been isolated from several aquatic species to expand the spectral range that can be
used during imaging. Although dimeric or tetrameric in nature, FPs have been engineered to
be monomeric and minimize steric interferences, and thus thought to maintain the native
structure and localization of the protein being tagged (Rizzo, Davidson, and Piston, 2009b).

The overall structure of the FPs is remarkably conserved regardless of its source. FPs are
embodied by a rigid beta barrel consisting of 11 B-strands, linked through proline-rich loops
that surround a central alpha helix and a chromophore consisting of three amino acids
located in the center of the -barrel (Kremers et al., 2011). The entire folded protein
molecule is required for fluorescence. Because of their conserved structural properties, FPs
with different spectral properties are often interchanged under the tacit assumption of
equivalence in their physical and chemical properties.

In order to prepare Sindbis virus (SINV) (a species of the Alphavirus genus) for single-
particle tracking measurements during interaction with the host-cell, we genetically fused
the mApple FP and Venus FP between the E3 and E2 proteins making red-fluorescent
SINV-Apple and yellow-fluorescent SINV-Venus, respectively. This strategy allowed for
uniform expression of the FP on the viral surface at a known position selected to avoid
disruption of virus assembly or altering the receptor-binding site of the virus to the host cell
(Davis et al., 1987; Meyer and Johnston, 1993; Strauss et al., 1991). However, during single-
particle tracking measurements, we found that despite the similarity in FP structure and the
identical FP tag location within the genome, the initial binding event between SINV-Apple
and SINV-Venus to the host cell was different. Nevertheless, once SINV-Apple or SINV-
Venus entered the cell, all intracellular trafficking was statistically indistinguishable
between the two viruses. Thus, difference in interaction only concerned the cell binding step
suggesting possible variation between the spikes of SINV-Apple and SINV-Venus.

2. MATERIALS AND METHODS

2.1 Cells and viruses

BHK-21 cells (American Type Tissue Culture, Rockville, MD) were grown in minimal
essential medium (MEM, Invitrogen, Carlshad, CA) supplemented with 10% fetal bovine
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serum (FBS, Atlanta Biologicals, Lawrenceville, GA), non-essential amino acids, glutamine,
and penicillin/streptomycin. Cells were grown at 37 °C in the presence of 5% CO,.

Sindbis virus strain TE12 (Lustig et al., 1988) was the parental virus in these studies.
Wildtype and mutant virus cDNA clones were linearized with Sacl and /n vitro transcribed
with SP6 polymerase (Owen and Kuhn, 1996). Virus stocks were generated by transfecting
in vitrotranscribed RNA into BHK-21 cells using Lipofectamine 2000 (Parrott et al., 2009).
Media containing the virus particles was harvested 24-36 hours post-transfection and
purified using two separate methods (Zhang et al., 2002). Briefly, media was collected and
pelleted through a 5 ml 27% sucrose cushion in PBS at 130,000 xgfor 2.5 h at 4 °C. The
pellet was resuspended in PBS and applied to a 15-60% linear sucrose gradient. The
samples were centrifuged at 180,000 x gfor 2.5 hours at 4 °C. Virus banded at ~40%
sucrose and was isolated, buffer exchanged in PBS, and concentrated if needed.
Alternatively, four hours post infection, cells were washed with PBS and Serum-free media
(Invitrogen) was added. Fifteen hours later the media was collected and concentrated using
an 100 kba MWCO centrifugal concentrator (EMD Millipore Corporation, Billerica,
Massachusetts).

2.2 Cloning and expression of Sindbis-Apple and Sindbis-Venus

mApple FP and Venus FP were each cloned into the TE12 strain of Sindbis virus using
overlapping, fusion PCR as described previously (Sokoloski et al., 2012). FPs were inserted
between the E3 and E2 proteins of Sindbis virus and were flanked by two linkers, Gly-Ala-
Pro-Gly-Ser-Ala at the N-terminus (primer 5'-GGCGCGCCAGGATCAGCA-3') and Ala-
Gly-Pro-Gly-Ser-Gly at the C-terminus (primer 5'-GCCGGCCCAGGAAGCGGA-3’) of the
fluorescent protein (Waldo et al., 1999). The furin cleavage site between E3 and E2 was not
altered. The entire structural region of the Sindbis virus (~4500 bp) was sequenced to
confirm no additional mutations were present. SINV-Apple and SINV-Venus refer to Apple
and Venus fluorescent proteins incorporated into Sindbis particles respectively. SINV-WT
refers to wild-type SINV.

2.3 Analysis of virus growth

BHK-21 cells were infected with the indicated virus at a multiplicity of infection of 5. The
cell media was harvested and replaced at 3, 6, 9, 12, and 24 hours post-infection. The
collected supernatant was plaqued on BHK-21 cells to quantify the number of infectious
particles. At 48 hours post-infection, the cells were fixed with 10% formaldehyde for 45
minutes, and stained with 0.5% crystal violet.

2.4 Negative stain transmission electron microscopy

Samples of SINV-WT, SINV-Apple, and SINV-Venus (5 pl) were applied to 400-mesh
carbon-coated formvar copper grids and stained with 1% uranyl acetate. The grids were
examined on a JEOL 1010 transmission electron microscope (Tokyo, Japan) at 80 kV.
Images were recorded using a Gatan UltraScan 4000 CCD camera (Pleasanton, CA). TEM
diameters were measured with ImageJ software using at least two grids.

2.5 Particle determination

The number of genome-containing virus particles was determined by quantitative PCR
(qQPCR)(Sokoloski et al., 2012). Briefly, 4 ul of virus sample, or ~10° total particles, was
transferred to PCR tubes containing 500 ng of both nsP1 and E2 reverse transcription
primers; nsP1 5-AACATGAACTGGGTGGTG -3'; E2 5'-
ATTGACCTTCGCGGTCGGATTCAT -3'. The sample was heated to 94 °C for five
minutes prior to 70 °C for five minutes. The sample was then moved to ice and processed

Virus Res. Author manuscript; available in PMC 2014 November 06.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Tsvetkova et al.

Page 4

using the Improm-I1 Reverse Transcriptase (Promega, Madison, WI) according to the
manufacturer’s instructions. The sample was then either used immediately in the gPCR or
stored at —20 °C for later use. Detection of the SINV nsP1 and E2 regions was performed
according to the SYBR Brilliant Green I11 Supermix instructions (Agilent Technologies,
Santa Clara, CA) with the following primer sets: SINV nsP1 Forward 5'-
AAGGATCTCCGGACCGTA -3', SINV nsP1 Reverse 5'-
AACATGAACTGGGTGGTGTCGAAG -3'; SINV E2 Forward 5'-
TCAGATGCACCACTGGTCTCAACA -3', SINV E2 Reverse 5'-
ATTGACCTTCGCGGTCGGATTCAT -3'. For gPCR, cDNA samples were mixed with
either nsP1 or E2 primer sets, 2 x SYBR Green QPCR Mater Mix, and reference dye
according to the manufacturer’s protocol. DNA was amplified for 40 cycles (5 seconds at 95
°C and 10 seconds at 60 °C) on StepOnePlus System (Applied Biosystems, Carlsbad, CA).
Determination of the number of genomic RNA copies was performed with a standard curve
(correlation coefficient of >0.995) of a quantified cDNA plasmid containing the SINV nsP1
and E2 sequence.

2.6 Single-particle data collection

For virus-cell binding imaging, between 3.6-7.2 x 10° BHK-21 cells were grown in 35mm
glass bottom dishes (MatTek, Ashland, MA) in phenol red-free minimal essential medium
(Invitrogen, Carlsbad, CA) supplemented with 10% FBS. Virus particles (in 50 pl) were
added to cells at a multiplicity of infection of 1-5.

For single-particle virus imaging a Revolution XD microscope system (Andor Technology,
South Windsor, CT) with an inverted Nikon Ti microscope and Yokogawa confocal
scanning unit with Nipkow disk was used. Samples were excited through a high-numerical
aperture 60x oil-immersed objective (CFI APO TIRF, NA 1.49, Nikon) with a 488 nm laser
(25 mW) or 640 nm laser (40 mW). The optimal excitation for Venus is 515 nm but
fluorescence can be measured and quantified at 488 nm. The resulting fluorescence was
collected back through the objective, passed through an emission filter (525/30 or 685/40) to
eliminate residual laser light and recorded on CCD camera iXon DU-897-BV (Andor™
Technology, South Windsor, CT). Images were processed and analyzed using Andor iQ and
ImageJ (National Institutes of Health, Bethesda, MD) software. Photobleaching decay of
fluorescence from single viruses was obtained from time-lapsed images of single particles
attached to the surface of a coverslip. Curve fitting and histograms were done with IgorPro
software (WaveMetrics, Inc).

2.7 Isolation of viral glycoprotein spikes by detergent extraction

To isolate viral glycoprotein spikes, virus was treated with Nonidet-P40, as described
previously (Wengler and Rey, 1999). Briefly, purified SINV-WT, SINV-Apple, and SINV-
Venus was suspended in TNE buffer containing 10 mM Tris (pH 7.5), 10 mM NacCl, and 20
mM EDTA, and incubated in the presence of 1% Nonidet-P40 for 10 min at 25 °C. The
cores were separated from the glycoprotein spikes by sucrose density gradient
centrifugation. The top of the gradients, containing the membrane proteins was analyzed by
SDS-PAGE and probed for E2 protein using polyclonal antibody. For native gel
electrophoresis, protein samples were loaded onto a 0.5% agarose gel and run in 1x TAE
buffer for an hour at 80V. Efficiency of fluorescence protein incorporation in the spikes was
detected using a Typhoon 9200 imaging system (GE Healthcare, Piscataway, NJ) at the
appropriate wavelengths corresponding to Apple and Venus fluorescent proteins and the
images were overlaid.

Virus Res. Author manuscript; available in PMC 2014 November 06.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Tsvetkova et al.

Page 5

2.8 Coverslip binding assay

Glass coverslips were cleaned by sequential sonication in acetone, rinsing with milliQ water,
sonication in 1M KOH, and another rinse with milliQ water. Clean coverslips were stored in
water and dried by burning with a propane torch before coating. Coverslip silanisation was
performed by immersing dried coverslips in 3% aminopropyltriethoxisilane (APTES)
solution in acetone for 15 minutes, then rinsed one time in acetone and two times with water
and incubated overnight at 60°C to dry. To make poly-L-lysine coated coverslips, dried
coverslips were immersed in 0.01% of poly-L-lysine solution for 10-15 minutes and then
rinsed 3 times with milliQ water and dried by ultra-pure nitrogen flow.

To prepare serum-treated coverslips 25 pL of serum-containing media were placed in
between two clean coverslips, incubated for 30 minutes, rinsed with water and dried by
ultra-pure nitrogen flow. Fifteen uL of virus sample was placed in between two coverslips
with same surface treatment and incubated for 15 minutes at room temperature before the
cover slips were imaged and the number of bound particles determined. A minimum of two
different virus preparations of each virus sample were used. At least 20 images at three
different amounts, 2.4x108, 1.2x107, and 2.4x10° of virus particles were used to calculate
the surface density of attached virus particles for each sample. The concentration of virus
samples was chosen so that the density of the virus particles on the surface was between
0.15-0.30 viruses/um2.

2.9 Atomic Force Microscopy

Liquid cell atomic force microscopy imaging was performed on a temperature-stabilized
Cypher system (Asylum Research, Inc.). To mount the sample, 50 pl virus solution at a
concentration 1.6x10° virus particles/ml were deposited on a freshly cleaved, highly ordered
pyrolytic graphite disk, mounted on the piezo holder, and incubated for 10 min before
probing. A droplet holder was used to minimize evaporation and maintain a stable
concentration buffer system. Silicon cantilevers (0.1 N/m, 30 kHz, BioLeverMini; Olympus)
with a tip radius of ~9 nm were used. Topographic images (80 nmx80 nm) were obtained in
the alternative contact mode using the lowest possible set point amplitudes to minimize
damage to the virus features by the tip. Two different biological preparations of virus
particles were imaged and a total of at least 11 images per sample were analyzed.

2.10 Bioinformatic and structural comparison between SINV-Apple and SINV-Venus

Clustal W (Larkin et al., 2007) was used to align different FP and determine the percent
identity. Three-dimensional model of mApple was built by the program 3D JIGSAW (Bates
et al., 2001). Molecular graphics and analyses were performed with the UCSF Chimera
package (Pettersen et al., 2004) and The PyMOL Molecular Graphics System, Version 1.6
Schrddinger, LLC.

3. RESULTS AND DISCUSSION
3.1 SINV-Apple and SINV-Venus have similar infectivity and morphology as SINV-WT

mApple and Venus FP genes were inserted between the coding sequences of the E3 and E2
proteins in SINV (Figure 1A) (Lustig et al., 1988) to produce SINV-Apple and SINV-Venus
respectively. This region was chosen so it would not obstruct the receptor binding site at the
distal end of the E2 protein (Davis et al., 1987; Meyer and Johnston, 1993; Strauss et al.,
1991). Furthermore, the spike polyprotein would still be translocated to the ER via the E3
protein, and cleavage of E3 by furin can still occur in the trans-Golgi, both necessary steps
for infectious virus propagation reviewed in (Strauss and Strauss, 1994). The FP mApple
and Venus were selected because they are both monomeric proteins and the combination of
relatively high brightness and long photostability (compared to other FPs), makes them ideal
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for single particle tracking experiments (Nagai et al., 2002; Rizzo et al., 2004; Shaner et al.,
2004; Shaner et al., 2008; Tsien, 1998).

At 24 hours post-infection, SINV-Apple and SINV-Venus mutants showed a 1.5-log
decrease in titer compared to SINV-WT (Figure 1B). The total particle-to-infectious particle
ratio (particle-to-PFU ratio) for SINV-Apple and SINV-Venus were around 100, close to
that of SINV-WT which is ~80 (Sokoloski et al., 2012). Together, this data demonstrates
that addition of FP to the glycoprotein spike somewhat reduced the total amount of particles
assembled, but the fraction of infectious particles produced was not altered in the presence
of FP. Repeated passaging of SINV-Apple and SINV-Venus, resulted in no change in plaque
size or titer after 3 rounds of infection indicating FP-labeled viruses were stable over several
rounds of infection (data not shown).

Purified SINV-Apple and SINV-Venus virus particles showed no signs of aggregation by
TEM and had spherical morphologies with a diameter of approximately 70 nm, similar to
SINV-WT viruses (Figure 1C). Purified SINV-Apple and SINV-Venus show sharp, single-
peak fluorescence intensity histograms (Figure 1D, E) indicating a negligible amount of
particle dimers or aggregates.

3.2 Photobleaching kinetics suggests SINV-Apple and SINV-Venus have different surface

topologies

We determined rates of photobleaching decay to further characterize the FP in SINV-Apple
and SINV-Venus. Time constants of single exponential bleaching decay were 24.2 £+ 5.5
for SINV-Apple and 22.7 + 3.3 s for SINV-Venus (Figure 2), using the laser intensities
reported in 2.6 Single-particle data collection. When normalized to the absorbed power, the
bleaching decay rate provides an indication of chromophore accessibility by photobleaching
reactive species in solution, and thus, indirectly, about the local chromophore environment.
The power-normalized bleaching rate for SINV-Apple was lower than for SINV-Venus,
SINV-Apple was at 0.078 s~ W~land for SINV-Venus was at 0.186 s~ W1, This suggests
that the chromophore in SINV-Apple is approximately 2.5 times more photostable than in
SINV-Venus. These results are in contrast to previous studies which demonstrated that
Venus by itself is approximately 3 times more photostable than mApple (Nagai et al., 2002;
Shaner et al., 2008). Therefore, since chromophore photobleaching rate depends on the
environment via exposure to reactive species, bleaching decay rates suggest that SINV-
Apple chromophores may be less exposed on average than SINV-Venus. Therefore, despite
apparent morphological and biological similarities, SINV-Apple and SINV-Venus have
interfacial properties that may be unlike and thus differently influence the efficiency of
certain viral processes. Hence the question: what viral processes are affected by these
differences, if any?

3.3 SINV-Venus has higher binding affinity to cells than SINV-Apple

The first step in the virus-host interaction is the attachment of the virion to receptors on the
cell surface. SINV has been reported to enter the host cell by penetration at the plasma
membrane (Paredes et al., 2004) and receptor-mediated clathrin-coated endocytosis (Marsh,
Kielian, and Helenius, 1984; White, Kielian, and Helenius, 1983). Along with several
identified receptors (Smith and Tignor, 1980) including laminin (Wang et al., 1992), DC-
SIGN (Klimstra et al., 2003), and NRAMP (Rose et al., 2011), lab strains of SINV can bind
heparan sulfate possibly as an attachment factor (Klimstra, Ryman, and Johnston, 1998).
The attachment step is then followed by entry of the particle into the cell or detachment and
release of the particle back into the media. To compare the relative frequency of these
outcomes for SINV-Apple and SINV-Venus, particles were added to a monolayer of cover
glass-adhered BHK cells at a ratio of ~ 1 infectious particle per cell and the trajectories of
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initially membrane-bound particles were recorded for 10 minutes. With SINV-WT,
approximately 50% of the virions are thought to enter the cell within this time frame
(Kielian and Jungerwirth, 1990; White, Kielian, and Helenius, 1983).

Single particle trajectories of SINV-Apple and SINV-Venus were separated into three
groups (1) Attachment only defined as the virus particles binding to the cells without
showing additional movement during a 10 minute observation period; (2) Virus entry
represented by virus particles attaching, then entering the cell; (3) Detachment defined by
virus particles attaching, remaining fixed on the membrane, then detaching from the cell and
returning into the medium within the 10 minute period (Figure 3A). To measure the
differences in the surface interactions between the SINV-Apple and SINV-Venus with the
cell, 15 biological replicates were performed each using at least 3 different SINV-Apple and
SINV-Venus virus preps.

Our first observation was that overall fewer SINV-Apple particles bound to cells than SINV-
Venus particles, SINV-Apple averaged 7 particles bound per cell compared to SINV-Venus
which averaged 17 particles bound per cell. This finding supports the hypothesis that there
are different surface conformations on the two mutant particles, and while the insertion of
the FP was designed not to interfere with the receptor-binding site of the virus particle,
virus-cell binding is reduced differentially. Our second observation was that, of the total
number of virus particles that bound to the cells, the fraction of SINV-Venus particles that
entered the cells was significantly higher than SINV-Apple (Figure 3B). However, once the
virus particles entered cells, both SINV-Venus and SINV-Apple exhibited similar
intracellular kinetics (Figure S2). Thus the difference between SINV-Apple and SINV-
Venus particles was only evident at the attachment step and did not propagate to the internal
transport of the particle within the cell. It is not known at this point whether the mechanism
of endosomal fusion was differentially affected as well.

A possible explanation for the difference in the entry efficiency, but similarity of
intracellular transport could be that both SINV-Venus and SINV-Apple enter the cell by
receptor-mediated endocytosis, which requires multivalent interactions between virion and
the membrane (Fries and Helenius, 1979; Wickham et al., 1990). Receptor interactions are
sensitive to proper folding and interfacial chemistry at the virus surface which is different
between SINV-Apple and SINV-Venus. Once internalized, the virus motion is endosomal,
and virus surface properties become less important (Kielian, Marsh, and Helenius, 1986).
Thus, if the membrane binding valency is reduced by altered ligand presentation or
misfolding, for instance, one would expect the rate of detachment to increase. Furthermore,
the rate of invagination required for endosomal formation could decrease. Another
possibility is an altered surface property like charge, which could raise the kinetic barrier
against internalization. Obviously, such surface charge, steric, and misfolding effects could
arise in combination.

Whatever their origin, differences in attachment do not seem to impact overall viral growth
(Figure 1B) or plague size morphology. This is probably because the titers of SINV-Apple
and SINV-Venus (Figure 1B) were determined after cells were incubated with virus for 1
hour at an MOI=5 when most cells were saturated with virus.

3.4 Surface potential is different on SINV-Apple and SINV-Venus particles

Although Apple and Venus are structurally similar, amino acid comparison of the loop
regions show the free loops of Venus protein containing more negatively charged residues
compared to Apple. This suggests net surface charges may be different (Figure S3A, S3B),
the estimated pl values for the two proteins being 5.58 for Venus and 6.02 for Apple
(Artimo et al., 2012).
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To determine whether surface/virus interaction differences have a predominantly
electrostatic origin, we utilized native gel electrophoresis. Initial tests with the whole virus
particles showed that samples did not migrate from the well, likely because of the large size
of the virus particle. The spikes were then isolated from SINV-Apple and SINV-Venus
while maintaining their trimeric structure and fluorescent proteins, and ran on a 0.5%
agarose gel (Figure S3C). Migration of proteins in agarose was in presence of non-
denaturing buffer and thus, in the assumption of similar morphology, the separation should
be based on the net native protein charge. Gel mobility shift assay indicated that Venus-
containing viral spikes had a greater mobility compared to Apple-containing viral spikes,
which is consistent with Apple having a higher pl.

3.5 Surface support binding properties of SINV-Apple and SINV-Venus

To determine whether the surface potential differences and non-specific binding are the
leading cause for different rates of entry we tested non-specific virus binding to well-defined
substrates. If the charge differences in the spike proteins of SINV-Apple and SINV-Venus
contribute significantly to their cell binding properties, then we reasoned that when we
incubate the virus particles with coverslips that had different surface properties, we would
observe differences in binding to coverslip. If charge was not a predominant factor in cell
binding, there would be no difference between SINV-Apple and SINV-Venus binding to
different surface chemistries.

Three types of substrates were prepared to observe particle-surface binding, (1) clean cover
slips providing a polar surface with an overall negative charge, (2) APTES or poly-L-lysine
coated, providing a positive charge on the surface, and (3) cover slips treated with serum-
containing media to test for non-specific binding of SINV-Apple and SINV-Venus to a
putative adsorbate layer originating from the cell imaging buffer. Regardless of the chemical
nature and, in particular, surface charge of the coverslip surface, more SINV-Apple particles
than SINV-Venus particles were observed to bind to the cover slips after 15 minutes
incubation time (Figure 4). These results suggest SINV-Apple is more prone to bind non-
specifically, perhaps a consequence of a partially misfolded or multiple Apple-E2
conformations and electrostatics is of secondary importance. However, as data in Figure 3
shows, despite SINV-Apple having a higher affinity for all surfaces, its entry efficiency is
lower. One possible explanation is that entry depends on specific binding to cell receptors
which in SINV-Apple is decreased. In contrast, SINV-Venus could have a fold more
consistent with cellular receptor binding, including co-receptors like heparin, and thus enter
the host cell at a higher rate. Note that neither SINV-Apple, nor SINV-Venus bound
significantly to cover slips treated with serum-containing media. This last result correlates
with the observation that, during cell binding experiments (Figures 3 and S3), only few
particles bound to the coverslip surface. Therefore, differences in cell binding are due to
cell/virus interactions and not to competing binding events with the glass support.

3.6 Spike folding in SINV-Apple and SINV-Venus particles

To further investigate the biochemical origin of the observed surface-interaction differences,
we hypothesized that spike assembly and spike conformations may be different between the
two FP-tagged viruses. In order to determine if Apple-E2 and Venus-E2 were forming
similar spike proteins, purified particles were run on 10% SDS-PAGE gel and probed using
an anti-E2 polyclonal antibody. E2 migrates at a molecular weight of 50 kDa, FP at 27 kDa,
and FP-E2 at 77 kDa. In both wild-type and SINV-Venus, single bands corresponding to E2
and Venus+E2 respectively were detected (Figure 5). In contrast, for SINV-Apple multiple
E2 bands were observed. This suggests that although Apple and Venus have 29% identity/
48% amino acid similarity (Larkin et al., 2007), the differences are large enough to induce a
different folding of the E2 protein between the two viruses. The large molecular weight
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bands could represent E3+FP+E2 where the furin cleavage site is inaccessible. The smaller
molecular weight bands could be a consequence of misfolded E2 protein and proteolytic
cleavage. The change in folding could account for the observed differences in host cell
attachment as well.

One explanation of the multiple Apple-E2 bands in SINV-Apple particles could be different
glycosylation modifications occur in the Apple-E2 protein than in the Venus-E2 protein.
Through sequence analysis, we found no additional N-X-S/T motifs or potential N-linked
glycosylation motifs present in Apple-E2 but we cannot eliminate potential O-linked
gylcosylation. A second explanation for the multiple Apple-E2 bands could be that
additional furin cleavage sites are present in E3-Apple-E2, but not in E3-Venus-E2. During
viral infection, the E3 protein is cleaved from E2 in the trans-Golgi by the celluar protease
furin (Jain, DeCandido, and Kielian, 1991). Furin cleaves at the recognition sequence
BBXXBB where B is a basic residue. However, we found no additional furin-like
recognition motifs in Apple-E2 thus negating the possibility of alternative furin cleavage of
the E3-Apple-E2 protein.

Previous results have demonstrated that regions of unfolded proteins are deleted in the
presence of low concentrations of trypsin, trimming the protein to a core domain (Choi et
al., 1991; Kar et al., 2011). We treated SINV-Apple with low concentrations of trypsin
protease to determine if the Apple-E2 bands would converge on such a common size
species. Treatment of SINV-Apple with trypsin did not show the reduction to a core domain,
which suggests SINV-Apple spikes may be folded in several, heterogeneous conformations
(data not shown).

We did observe that a more homogeneous population of E2-Apple was formed when an
MOI of 0.2 or lower was used to propagate virus (Figure 5). While the number of total
particles and infectious particles produced was reduced, the homogeneity of the E2 protein
was increased. SINV-Venus could be propogated at an MOI of 5 or 10 and still produced a
single E2-Venus species.

3.7 Surface topology of SINV-Apple and SINV-Venus particles by atomic force microscopy

Our results so far suggest that Apple-E2 folds in multiple conformations but VVenus-E2 folds
predominantly in one conformation. Furthermore, the FP in SINV-Apple may be in a
different chemical environment, either buried within the viral spike complex or partially
denatured as evident by photobleaching studies and the ability of the particles to bind to
cover slips treated with different agents.

Because of the possibility of multiple conformational states, a morphological, single-particle
comparison between SINV-Apple and SINV-Venus was performed. To this end we utilized
fluid cell atomic force microscopy (AFM) (Kuznetsov and McPherson, 2011). Figure 6
shows the physical arrangement of the spikes obtained by AFM from single SINV-WT,
SINV-Apple, and SINV-Venus in a physiological buffer. The tip radius limits the spatial
resolution of the measurement, but broad structural features which can be described as
dimples placed in an icosahedral array can be observed. These provided the ground for
quantitative statistical measurements and comparison. Histograms of dimple height showed
quantitative and qualitative differences between SINV-Apple and SINV-Venus and SINV-
WT. For SINV-Venus, the average dimple depth is larger than for SINV-WT (3.1 nm versus
1.6 nm). This could correspond to the Venus protein being attached in a way that extends the
spike (Figure 5). The dimples of SINV-Apple particles have smaller average depth and a
broader, possibly bimodal distribution. Together with the results discussed up to here, the
AFM data indicates in the case of SINV-Apple a more heterogeneous interaction between
the FP and the spike than for to SINV-Venus.
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4. CONCLUDING REMARKS

Our results demonstrate that fusion of two different FP to the E2 proteins in SINV, SINV-
Apple and SINV-Venus, show no gross morphological differences when compared to SINV-
WT. However, upon closer examination of the virus particles in interaction with the cell
surface, there was a difference in the number of SINV-Apple particle that bound to cells and
the fraction of SINV-Apple particles entering the cell compared to SINV-Venus. Once
internalized, SINV-Apple and SINV-Venus behave similar. The differences in host binding
could be attributed to differences in surface charge of the FP and/or multiple conformations
of the spike protein. The effects of the different FP were only observed at one stage of the
virus lifecycle, cell binding. It is worth to note that such effects could have been overlooked
when solely relying on routine infectivity test or when comparing intracellular trafficking
and cellular localization.

Atomic force microscopy and electrophoretic mobility analysis suggested that the folding of
the spike proteins is different between SINV-Apple and SINV-Venus, with SINV-Apple
exhibiting increased departure from SINV-WT spike proteins. The difference(s) in binding
could be due to the FPs fused to the E2 protein altered the conformation of the spike proteins
as well as modifying the net surface charge of individual virus particles. SINV, like many
other viruses, is believed to bind to one receptor and then other free receptors on the cell
surface diffuse to the virus-cell binding site before the particle is endocytosed. Structural
and chemical changes on the spikes may alter the affinity between the virus and receptor and
ultimately cell binding and membrane translocation kinetics (Fries and Helenius, 1979;
Wickham et al., 1990).

Our findings are consistent with recent work examining the effects of FPs on cellular
localization of ClpX and ClpP and MreB in E. coli (Landgraf et al., 2012), (Swulius and
Jensen, 2012) and how different FP behaved differently. In addition, GFP is secreted from
B. subtilisvia a different secretion mechanism than mCherry or superfolder GFP (Dinh and
Bernhardt, 2011) suggesting minute changes in the FP may be significant enough to warrant
different secretion mechanisms by the cell. These results along with the data presented here
emphasize that even subtle differences in structurally similar FPs may lead to discrete
differences in the microbe.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figurel. SINV-Appleand SINV-Venusareviable

mApple and Venus were inserted in the SINV genome between the E3 and E2 proteins. A)
Schematic showing the placement of the FP and adjacent linkers in SINV. Amino acids for
the end of E3, the linker, and the beginning of E2 are shown. The furin cleavage site, RSKR,
is in bold and underlined. B) Multi-step growth curves of SINV-WT, SINV-Apple, and
SINV-Venus. BHK cells were infected with each virus at an MOI=5. Every three hours, a
sample of media was removed and titered to determine the number of infectious particles. C)
Negative-stained images of SINV-WT and SINV-FP viewed by TEM, scale bar is 100 nm.
Particles were purified by pelleting followed by sucrose gradient as described in the text. (D)
Histograms of fluorescence intensity of purified SINV-Apple and (E) SINV-Venus particles
respectively and images of single virus particles on a cover slip (insets).
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Figure 2. Photobleaching properties of SINV-Appleand SINV-Venus

Purified SINV-Apple (A) and SINV-Venus (B) were adhered to a coverslip and
fluorescence over time was measured to determine photobleaching. Curves were fit with
single-exponential using IgorPro software. Histograms of the rate of photobleaching are
shown in the insets. SINV-Apple showed an average decay of 24.3+5.5 sec and SINV-
Venus was 22.7+3.3 sec.
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Figure 3. SINV-Apple binds and enters cells less frequently than SINV-Venus

SINV-Apple and SINV-Venus were added to BHK cells and over 10 minutes the number of
particles per cell that attached, entered, and detached were monitored. Three different SINV-
Apple and SINV-Venus preparations were used with at least 15 different biological
replicates and at least 100 particles were observed. A) Schematic illustrating the three stages
attachment, entry, and detachment. B) Total number of virus particles per cell that attached,
entered, or detached. On average, SINV-Apple had 7/cell and SINV-Venus had 17/cell. C)
Out of the total number of particles, the percentage of which attached, entered, or detached
for SINV-Apple and SINV-Venus are shown. SINV-Venus had more particles enter the cell
compared to SINV-Apple. Average number and standard deviation are shown.
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Figure4. SINV-Apple bindsto multiple surfaces whereas SINV-Venusis mor e selective
Purified SINV-Apple and SINV-Venus were added to glass cover slips treated with APTES,
poly-L-lysine, serum and untreated and the number of virus particles that were bound was
determined. SINV-Apple bound to all surfaces suggesting multiple conformations of the
spikes on the virus surface or partially unfolded/denatured regions of the spike. SINV-
Venus, in contrast, was discriminatory in its binding. Average number of particles bound
and standard deviation are shown.
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Figure 5. SINV-Apple forms multiple E2 conformations when produced from high MOI
infections

SINV-WT, SINV-Apple, and SINV-Venus were purified and run on SDS-PAGE. A. Virus
samples were produced from MOI=5 infections. Gels were probed with anti-E2 antibodies.
SINV-Apple had multiple E2 bands. B. When SINV-Apple was produced from MOI=0.2
infections, only one E2 band appeared. This blot was also probed with anti-E1 antibody to
verify its presence in the sample. E2 migrates at a molecular weight of ~50 kDa and FP-E2
at ~77 kDa.
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Figure 6. Surface spike arrangement of SINV viruses
Atomic force microscopy (AFM) was used to measure the surface topology of SINV-WT,
SINV-Apple, and SINV-Venus. The depth between the spikes were measured (called dimple
depth) to determine if the spikes in each virus sample were arranged in a similar manner. A)
Representative AFM images of SINV-WT, SINV-Apple, and SINV-Venus are shown. B)
Histograms showing the dimple depth of the different viruses. Two different biological
preparations of virus particles were imaged and a total of at least 11 images per sample were
analyzed. Numbers represent average depth and standard deviation.
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