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Abstract

Analysis of the breakdown products of engineered viral particles can give useful information on the particle struct
used various methods to breakdown both a recombinant enveloped virus and virus-like particles (VLPs) from two non-e
viruses and analysed the resulting subunits by fluorescence correlation spectroscopy (FCS). Analysis of the enveloped b
Autographa californica multicapsid nucleopolyhedrovirus (AcMNPV), displaying the green fluorescent protein (GFP) fuse
its envelope protein gp64 was performed in the presence and absence of 5 mM SDS and 25 mM DTT. Without treat
viral particle showed a diffusion time of 3.3 ms. In the presence of SDS, fluorescent subunits with diffusion times of
were observed. Additional treatment with DTT caused a drop in the diffusion time to 0.1 ms. Changes in the amplitud
autocorrelation function suggested a 3-fold increase in fluorescent particle number when viral particles were treated with
a further 1.5-fold increase with additional treatment with DTT. Thus, the data showed that an average of 4.5 molecules of g
was incorporated in the membrane of the modified baculovirus. Further, this suggests that each fluorescent gp64 trimer
average 1.5 fluorescent units. Similar experiments were carried out with two non-enveloped fluorescent virus-like particle
that displayed enhanced green fluorescent protein (EGFP). These, fVLPs of canine and human B19 parvoviruses were t
6 M urea and 5 mM SDS, respectively. Correspondingly, the original hydrodynamic radii of 17 and 14 nm were redu
and 5 nm after treatment. Here, the change in the amplitude of the autocorrelation curve suggested a 10-fold increase
number when viral particles of CPV were treated with 6 M urea at 50◦C for 10 min. For EGFP–B19, there was a decreas
the amplitude, accompanied by a 9-fold increase in the number of fluorescent units with SDS treatment. The results sh
approximately 10 and 9 fluorescent units were associated with the corresponding CPV and B19 VLPs. In summary, we
to estimate the number of fluorescent subunits in a baculovirus containing a GFP-fusion with its gp64 envelope protein a
different parvo-VLPs containing EGFP-fused with their VP2 capsid proteins.To cite this article: J. Toivola et al., C. R. Biologies
328 (2005).
 2005 Académie des sciences. Published by Elsevier SAS. All rights reserved.
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1. Introduction

Autographa californica multicapsid nucleopolyhe
drovirus (AcMNPV), a member of theBaculoviridae
family, is an enveloped virus with a circular, clos
double-stranded 132-kb DNA genome. The virus
dergoes a biphasic life cycle in insect cells. The ea
phase of infection provides about one fifth of the
tracellular copies of viral proteins to be targeted
maturation at the cell surface for production of budd
baculoviruses[1]. During the ongoing budding proces
the membrane containing integral proteins from the
sect cell lipid-bilayer are selectively displayed on t
viral envelope. RecombinantAcMNPV has been exten
sively used as temporal gene expressing vehicle. He
recombinant baculovirus,AcGFPgp64[2,3], displaying
green fluorescent proteins (GFP) as a fusion to enve
protein gp64, was investigated.

Virus-like particles (VLPs) of human parvoviru
B19, a member of theParvoviridae family, have also
been used as biotechnological and diagnostic tools[4].
B19 is a non-enveloped icosahedral virus with a sin
stranded DNA genome. The genomic size is 5.6
and the diameter of the virion is approximately 22 n
B19 infects erythroid cells[5,6], leading to a variety
of diseases including anaemia, aplastic or hypopla
crisis, prolonged bone marrow failure[7], and foetal
hydrops[8,9]. Canine parvovirus (CPV) is also a sm
non-enveloped ssDNA virus, having icosahedral sy
metry, and a diameter of approximately 26 nm. The c
sid is composed of three structural proteins VP1, V
and VP3. CPV causes intestinal enteritis, myocard
and lymphopoenia in neonatal, young and older a
mals[10]. Full DNA-containing capsids have a total
60 subunits of the combined viral proteins VP1, V
and VP3, the majority of which is VP2, with small
amounts of VP1 and VP3 also present.

In the present study, three structurally modified
ral particles were analysed by fluorescence correla
spectroscopy (FCS): (1)AcGFPgp64, a baculoviru
displaying GFP as a fusion with its viral membra
protein gp64, (2) human parvovirus-like particles B
(B19 VLPs) displaying enhanced green fluoresc
protein (EGFP) at the N-terminus of its structu
protein VP2, and (3) canine parvovirus-like partic
(CPV VLPs) displaying EGFP at the N-terminus
its structural protein VP2. The corresponding fus
constructs were expressed in insect cells and the
rified fluorescent viruses and VLPs were analysed
FCS.
2. Results and conclusions

In a previous work, FCS analysis ofAcGFPgp64
viruses showed the presence of GFPgp64 fusion
teins at the membrane of the baculovirus[3]. The num-
ber of gp64 protein molecules packed in the wild-ty
baculovirus envelope is not known. Also, it is not kno
to what extent the wild-type gp64 proteins are sub
tuted with the GFPgp64 fusion. However, it is know
that the wild-type gp64 protein is present on the v
membrane as stable disulphide-linked trimers[11]. For
all baculoviruses, this key protein gp64 plays an ess
tial role before infection; it anchors the virus to the h
cell membrane. Assuming that the GFPgp64 fusio
also present on the viral membrane as trimers, the
presented here suggests that at least three fusion pr
molecules are released from the membrane as dete
solubilized complexes[3]. The measured diffusion tim
of 0.2 ms is reasonable for a trimer–detergent comp
with a protein mass of 180 kDa[12]. It is significant that
dithiotreitol (DTT) in the presence of SDS reduced
diffusion time of the fluorescent species further from
value obtained with SDS alone (Fig. 1, Table 1). This
suggests that fluorescent disulphide-bonded molec
were present in the detergent-solubilized material
that they were dissociated in the presence of this re
ing agent (Fig. 1).

Further characterization of the baculoviral partic
showed that there might be more than one fluores
fusion protein in the baculoviral membrane. This co
clusion is supported by the analyses of theAcGFPgp64
baculovirus in the presence of both reagents: S
which will solubilize the lipid membrane and release
fusion protein to the solution, and the reducing ag
DTT, which will cause the disulphide bonds betwe
the fusion proteins to breakdown to complete the dis
ciation. The diffusion time for the baculovirus particl
through an effective laser volume of 0.2 femtolitre w
3.3 ms (Table 1), corresponding to a diffusion coeffi
cient, D, of 2.8 × 10−12 m2 s−1. In the presence o
5 mM SDS, this slowly diffusing component rapid
turned into fast moving components with a diffusi
times of 0.2 ms and aD of 5.2 × 10−11 m2 s−1, with a
release of a minimum of three fluorescent units from
viral envelope[3]. In order to distinguish different size
components in the FCS autocorrelation measurem
a difference in the diffusion time greater than 1.6-fo
must be obtained. This criteria was fulfilled, since
naturation with 5 mM SDS, and then with 25 mM DT
caused a drop in the diffusion time from 0.2 to 0.1 m
respectively (Fig. 1, Table 1). The change in the fluores
cence fluctuation amplitude was also monitored, si
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Table 1
Translational diffusion times (τd1 andτd2), diffusion coefficients (D1 andD2), hydrodynamic radii (Rh(D1) andRh(D2)), and number(Nf) of
AcGFPgp64 virus particles before and after treatment with detergent SDS and reductive agent DTT

Particle τD1 (ms) τD2 (ms) D1 (m2 s−1) D2 (m2 s−1) Rh(D1) (nm) Rh(D2) (nm) Nf

EGFP–CPV 0.7±0.3 0.3±0.1 1.4×10−11 2.8×10−11 17±5.0 8.5±2.7 9.5±0.7
EGFP–B19 0.6±0.1 0.2±0.0 1.8×10−11 5.0×10−11 14±2.4 4.8±0.1 9.0±5.0
AcGFPgp64 (SDS) 3.3±0.8 0.2±0.0 2.8×10−12 5.2×10−11 83±19 4.6±0.5 3.0±0.0
AcGFPgp64 (DTT) 0.2±0.0 0.1±0.0 5.2×10−11 1.1×10−10 4.6±0.5 2.5±0.4 4.5±0.0
EGFP 0.1±0.0 0.1±0.0 1.1×10−10 1.1×10−10 2.1±0.2 2.1±0.1 1.0±0.0
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Fig. 1. (A) Normalized autocorrelation curve ofAcGFPgp64 bac-
ulovirus particles in phosphate buffered saline (PBS), pH 7.0 in the
absence of SDS or DTT(. . .), in the presence of 5 mM SDS, (- -) and
both 5 mM SDS and 25 mM DTT (—). (B) Normalized autocorrela-
tion curve of soluble GFP in phosphate buffered saline (PBS), pH 7.0
in the absence of SDS or DTT(. . .), in the presence of 5 mM SDS,
(- -) and both 5 mM SDS and 25 mM DTT (—).

Fig. 2. Normalized autocorrelation curve of EGFP–CPV VLPs m
sured at+20◦C phosphate buffered saline (PBS), pH 7.0, in the
sence (- -) and presence of 6 mM urea (—) at+50◦C.

the number of the particles in the effective measur
volume is inversely proportional to the amplitude. In
presence of 25 mM DTT, there was a 2-fold decreas
the amplitude of the autocorrelation function. Furth
treatment with 25 mM DTT released a total of five (
fluorescent units incorporated from the membraneTa-
ble 1). In the presence of same concentrations of
detergent SDS and DTT, compared to PBS buffer alo
FCS showed that, for soluble EGFP, the diffusion ti
remained constant (Fig. 1B). Also, DTT did not change
the photophysical properties of GFP in creating mo
ular triplet states, nor did it have any effect on the a
plitude of the autocorrelation functionG(t) by changing
the molecular brightness of fluorescent species (data
shown). We also hypothesized that the GFPgp64 fu
proteins on the surface of the enveloped baculov
form clusters after budding from the cell membra
Since the number of non-fluorescent subunits rema
unknown, clusters being either dimers or trimers still
main to be resolved.
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Fig. 3. Normalized autocorrelation curve of EGFP–B19 VLPs m
sured at+20◦C in phosphate buffered saline (PBS), pH 7.0, in
absence (- -) and presence of 5 mM SDS (—).

Fluorescent VLPs of CPV and B19 were also stud
by FCS. After incubation EGFP–CPV in 6 M urea f
15 min at 50◦C, the radius was reduced to at least 9
and there was a 6- to 10-fold increase in the part
number (Table 1, Fig. 2). For EGFP–B19 particles, th
diffusion time was reduced from 0.6 to 0.2 ms, showi
that the EGFP fusions were incorporated in the ca
structure (Fig. 3). Following the breakdown of the fluo
rescent B19 VLPs, there was an increase in the num
of particles by a factor of 9. For recombinant EGF
B19 VLPs, the ratio of fluorescently labelled VP2
non-labelled VP2 was 9 in 60, or 15% labelled subu
in a total 60 subunits. EGFP–CPV gave a ratio of
in 60, or 17% of labelled subunits in the VLP. This r
sult is supported by the fact that CPV and B19 VL
must contain 60 subunits in an icosohedron[13]. These
results support the hypothesis that the fusion protein
corporated into the N-terminus of the structural prot
VP2 in both B19 and CPV VLPs have the proteins p
jecting out from the five-fold axes of the icosahed
capsid structure, since an average of 9 to 10 EGFP–
subunits are incorporated in both CPV and B19 VL
occupying most of the 12 five-fold sites.

3. Materials and methods

3.1. Cells and viruses

Spodoptera frugiperda (Sf 9) insect cells were cul
tured at 28◦C as monolayer in plastic flasks (Grein
GmbH, Frickhausen, Germany) or in suspension in
bital shakers (130 rpm) using 250 ml Erlenmeyer flas
Serum free HyQ SFX insect cell culture medium (H
Clone Inc., Logan, UT) was used throughout the stu
Cloning procedures for recombinant viral particles
described in more detail elsewhere[3,4,14]. The recom-
binant baculoviruses,AcGFPgp64,AcEGFP–VP2 CPV
andAcEGFP–VP2 B19, were generated using the B
to-Bac™ system (Gibco BRL) based on transpos
mediated insertion of the foreign gene into the geno
of the Autographa californica multicapsid nucleopoly
hedrovirus (AcMNPV) [15]. Propagation of the recom
binant viruses was performed according to standard
cedures as described[16].

3.2. Chemical and temperature treatment of
recombinant viral particles AcGFPgp64, EGFP–CPV
and EGFP–B19

All reagents were obtained from Sigma-Aldri
Corp. (St. Louis, MO, USA). The purified baculoviru
AcGFPgp64 was incubated in 5 mM SDS at room te
perature for 10 min, following FCS measurements. T
virus was further treated with 25 mM DTT (dithiotr
itol) for 5 min and again analysed. EGFP–CPV VL
were incubated for 15 min at 50◦C in the presence o
6 M urea and analysed. For EGFP–B19, the VLPs w
treated with a 5 mMconcentration of SDS, followed b
FCS analysis.

3.3. Fluorescence correlation spectroscopy (FCS)
analysis

FCS analysis was carried out at 20◦C using a Confo-
Cor2 instrument (Carl Zeiss, Jena, Germany) measu
samples in solution. An Ar-ion laser at 488 nm was u
for excitation with a 530–600-nm BP (band-pass)
ter. The instrument was operated in an autocorrela
mode and the manufacturer’s software was used to
culate the autocorrelation function, diffusion time, a
number of particles per observation volume. From th
diffusion time values, obtained from the autocorrelat
function, diffusion coefficients(D) were estimated a
follows. The diffusion timeτ f

D (τdiff ) is defined as:

(1)τD = ω2
1

4D

whereD is the diffusion coefficient of the molecule u
der study,ω2

1 is the radius of the effective laser volum
calculated by using the diffusion time of Rhodam
6G as a standard. The diffusion time of Rhodamine
(Rh6G) (D = 2.8 × 10−6 cm2 s−1) was obtained usin
a one-component model according to the manufac
er’s software. TheD-values were used to calculate t
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hydrodynamic radii by using the Stokes–Einstein eq
tion:

(2)D = kT

6π rη

wherek is the Boltzmann constant,T the absolute tem
perature,r the radius of the particle, andη the viscosity
of the buffer. All FCS experiments were carried out
ing 20 repeats and a 20-s measuring time in LabTek® II
8-well chambered borosilicate glass plates (Nalge N
International, Naperville, IL, USA).
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