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Enhancement of correct protein folding in vivo by a non-lytic baculovirus
Yu HO', Huei-Ru LO', Tzu-Ching LEE, Carol P. Y. WU and Yu-Chan CHAQ?

Institute of Molecular Biology, Academia Sinica, Nankang, Taipei 115, Taiwan, Republic of China

The BEVS (baculovirus expression vector system) is widely used
for the production of proteins. However, engineered proteins
frequently experience the problem of degradation, possibly due
to the lytic nature of the conventional BEVS (herein referred to
as L-BEVS). In the present study, a non-lytic BEVS (N-BEVS)
was established by random mutagenesis of viral genomes. At
5 days post-infection, N-BEVS showed only 7 % cell lysis,
whereas L-BEVS showed 60 % lysis of cells. The quality of
protein expressed in both N- and L-BEVSs was examined further
using a novel FRET (fluorescence resonance energy transfer)-
based assay. To achieve this, we constructed a concatenated fusion
protein comprising LUC (luciferase) sandwiched between EYFP
(enhanced yellow fluorescent protein) and ECFP (enhanced cyan
fluorescent protein). The distance separating the two fluorescent
proteins in the fusion protein EYFP-LUC-ECFP (designated
hereafter as the YLC construct) governs energy transfer between

EYFP and ECFP. FRET efficiency thus reflects the compactness
of LUC, indicating its folding status. We found more efficient
FRET in N-BEVS compared with that obtained in L-BEVS, sug-
gesting that more tightly folded LUC was produced in N-BEVS.
YLC expression was also analysed by Western blotting, revealing
significantly less protein degradation in N-BEVS thanin L-BEVS,
in which extensive degradation was observed. This FRET-
based in vivo folding technology showed that YLC produced in
N-BEVS is more compact, correlating with improved resistance
to degradation. N-BEVS is thus a convenient alternative for
L-BEVS for the production of proteins vulnerable to degradation
using baculoviruses.
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resonance energy transfer, protein degradation, protein folding.

INTRODUCTION

Baculoviruses are a diverse group of common insect pathogens
that primarily infect the order Lepidoptera. These viruses contain
circular double-stranded DNA genomes of 90-160 kb in length
[1-3]. Since its introduction in 1983 [4], the BEVS (baculovirus
expression vector system) has become one of the most popular
protein expression systems used in industry and molecular bio-
logy laboratories. BEVSs have several advantages over other re-
combinant protein expression systems, including high protein
yields, ease of use and safety. However, although BEVSs generally
perform post-translational protein modifications similar to those
of mammalian cells, leading to correct secretion and subunit as-
sembly [5,6], some recombinant proteins are extensively degraded
[7-10].

Since cells infected with baculovirus are eventually disrupted
at the late stage of viral infection, leading to the loss of cellular
homoeostasis and the release of proteases in conventional BEVS,
this system is thus referred to as lytic BEVS (L-BEVS). In ad-
dition, cell lysis may leak significant amounts of the engineered
proteins into the medium, which are difficult to recover. In order
to overcome protein degradation in BEVSs, efforts have been
made to inhibit protease activity, including addition of inhibitor
cocktails to the culture medium and elimination of viral protease
from the viral genome [7,11,12]. However, protease inhibitors
may impair cell growth when included in culture medium, and
they are expensive, particularly in large-scale expression systems.
Moreover, the vulnerabilities of engineered proteins to proteolytic

degradation differ, and the proteolytic activities in different insect
cell lines differ as well. The optimal conditions for each case re-
quire careful and time-consuming determination.

Previously stably transfected insect cell lines have been used
to eliminate baculovirus-mediated cell lysis [13,14]. However,
stably transfected insect cell lines take a long time to become
established. There are great variations between the yields of dif-
ferent cell clones, and thus laborious screening is required. Fur-
thermore, it is not possible to use strong late or very-late promoters
for high-yield protein production. Thus the creation of a non-lytic
BEVS (N-BEVS) could be very useful, allowing the easy har-
vesting of proteins without significant protein degradation.

In the present study, N-BEVS was successfully established by
random mutagenesis of the baculovirus genome. Cells infected
with non-lytic mutants showed significantly less protein degrad-
ation than in L-BEVS, and yields of protein expressed in N-BEVS
were comparable with those in L-BEVS. While testing the quality
of proteins expressed in both non-lytic and conventional BEVS,
we found no available assay to analyse compactness and integrity
of proteins in living cells. Previous studies have shown that FRET
(fluorescence resonance energy transfer) is an ideal technique
to study protein folding in vitro [15-18], to serve as a calcium
sensor [19], to assay the action of protease [20], and to assay
protein—protein interactions or protein phosphorylation in cells
[21,22]. Therefore we designed a novel FRET-based in vivo assay
for the visualization and quantification of protein compactness in
living cells. By using this tool, the compactness and integrity of
the engineered proteins in living cells was readily examined. We
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demonstrated that the engineered protein produced in the newly
developed N-BEVS was compactly folded, and experienced
less degradation than that found in conventional L-BEVS.

EXPERIMENTAL
Cells and viruses

The Spodoptera frugiperda IPLB-Sf21 (Sf21) cell line was cul-
tured as a monolayer in TNM-FH insect medium containing 8 %
(v/v) heat-inactivated fetal bovine serum [23,24]. It was used for
the propagation and infection of wild-type and recombinant AcM-
NPV (Autographa californica multiple nucleopolyhedrovirus).
All viral stocks were prepared and titres were determined
according to the standard protocol described by O’Reilly et al.
[25].

Construction of plasmids and viruses

Plasmid pAB"cmEpL, which contains two promoters to drive the
expression of two different foreign proteins, was constructed as
follows. The coding sequence of EGFP (enhanced green fluor-
escent protein), derived from plasmid pEGFP-C1 (ClonTech)
was inserted into a pBacPAKS8 (ClonTech) transfer vector under
the control of a CMVm (cytomegalovirus minimal) promoter,
enhanced by an /rl sequence [26]. The DNA-coding sequence
of firefly LUC (luciferase) was inserted into the same transfer
vector (pBacPAKS) under the control of a polyhedrin promoter.
Plasmid pAB"cmEpL was co-transfected with vAcRP23.Laz
(Pharmingen), which is a linearized viral DNA of AcMNPYV, into
the Sf21 cell line, according to the standard protocol described by
O’Reilly et al. [25], to produce a typical lytic recombinant virus,
vAB"cmEpL.

For the FRET-based assay, we constructed a tandem fusion pro-
tein consisting of a LUC sandwiched between EYFP (enhanced
yellow fluorescent protein) and ECFP (enhanced cyan fluorescent
protein). To generate the fusion gene, eyfp—luc—ecfp, a DNA frag-
ment encoding LUC was amplified using PCR. The luc gene
was then cloned into pECFP-N1 (ClonTech), resulting in a plas-
mid containing the luc—ecfp fusion sequence. The resulting
plasmid, pcLC, was used as a template to amplify the /uc—ecfp
fusion gene by PCR. The PCR products were subsequently cloned
into pEYFP-C1 (ClonTech). The resultant plasmid, pcYLC, con-
tained the eyfp—luc—ecfp (ylc) tandem fusion gene and was
driven by a CMV promoter (‘YLC’ represents the EYFP-LUC-
ECFP fusion protein). To prepare the transfer plasmid for BEVS,
ylc fragment was cut from pcYLC using Nhel and Norl, and was
ligated into the Xbal and Notl sites of pBacPAKS (ClonTech).
The resultant transfer plasmid, pABpYLC, contained the yic
sequence under the control of the polyhedrin promoter. The poly-
hedrin promoter of pABpYLC was then replaced with an Ahrl-
sequence-enhanced CMVm promoter in order to obtain pAB"-
cmYLC. Two additional transfer plasmids, pABpC and pABpY,
were created by digesting pPECFP-N1 with PstI and Norl, and
by digesting pEYFP-C1 with Nhel and Kpnl, after which the
fragments were cloned into the PstI/Notl and Xbal/Kpnl sites
of pBacPAKS respectively (supplementary Figure 1; http://www.
biochemJ.org/bj/381/bj3810695add.htm).

Recombinant baculoviruses were prepared by co-transfec-
tion of transfer plasmids and linearized AcMNPV viral DNA
(BaculoGold; Pharmingen), into Sf21 cells using Lipofectin®
(Invitrogen). For the generation of non-lytic vC4-derivative re-
combinant viruses, transfer plasmids were transfected into cells,
followed by infection with the vC4 non-lytic baculovirus.

© 2004 Biochemical Society

Mutagenesis and mutant screening

Sf21 cells (2 x 10°) were infected with vAB"cmEpL at an MOI
(multiplicity of infection) of 1 and incubated at 26 °C or 33 °C
in the presence of 5-bromodeoxyuridine at concentrations of 10,
30 and 40 pg/ml. Culture fluids were harvested at 5 dpi (days
post-infection), and excess S-bromodeoxyuridine was removed
by dialysis against PBS [137 mM NaCl/29 mM KCl/4.3 mM
Na,HPO,,7H,0/1.4 mM KH,PO, (pH7.2) containing 0.5%
(w/v) BSA]. An aliquot of 25 ul of dialysed culture fluid con-
taining mutated viruses was then used to infect Sf21 cells, which
were then incubated at 26 °C for the screening of non-lytic baculo-
virus mutants.

Essentially, cells infected with non-lytic mutant viruses are
morphologically indistinguishable from lytic virus-infected cells
prior to lysis, and are thus difficult to identify. Distinction becomes
possible by identifying that once cell lysis occurs, EGFP can
freely leak out from the lytic baculovirus-infected cells. Therefore
the retention of EGFP is an efficient indicator for cells infected
with non-lytic baculovirus. Non-lytic mutant viruses were thus
isolated by examining the retention of EGFP with fluorescence
microscopy. At 5 and 8 dpi, EGFP expression cells were examined
using a fluorocytometer to identify viral isolates with a high level
of EGFP retention in the cells. Non-lytic clones were isolated and
purified by three rounds of end-point dilution on 96-well plates.

In addition to retention of EGFP, lytic and non-lytic baculo-
virus-infected cells were also examined by viable/dead dye, EthD-
1 (Molecular Probes), to distinguish between non-lytic and lytic
cells. The ultrastructure of lytic and non-lytic cells was examined
by electron microscopy, as described by us previously [23].

Characterization of YLC

LUC activity and Western blot analysis of YLC were performed as
described by us previously [26]. To characterize the fluorescence
properties of the engineered tandem fusion protein, YLC was
purified using a HisBind kit (Novagen) and Sephacryl S-200
(Pharmacia) gel-filtration resin. The purity of YLC was checked
by SDS/PAGE, and the concentration was determined using a
Micro-BCA (bicinchoninic acid) kit (Pierce). Fluorescence emis-
sion spectra of YLC (4 png/ml) were recorded in quartz cells in a
spectrofluorophotometer (Aminco Bowmen Series 2; Spectronics
Unicam). For the acquisition of fluorescence emission of YLC,
the excitation wavelength was set to 430 nm, and the emission
spectrum from 450-600 nm was recorded. For comparison, the
fluorescence emissions of ECFP and EYFP were also measured.
Supernatants of cell lysates from vABpLC- and vABpY-infected
cells, containing ECFP and EYFP, were directly subjected to
spectrofluorophotometry. Excitation wavelengths of 430 and
510 nm were used for ECFP and EYFP respectively. All spectra
were corrected for buffer fluorescence.

Measurement of FRET in baculovirus-infected cells

Sf21 cells infected with various recombinant baculoviruses ex-
pressing engineered YLC fusion proteins were examined using
laser-scanning confocal fluorescence microscopy (Pascal LSM;
Zeiss), and the images were collected with a 40x objective lens
(Plan-NEOFLUAR; numerical aperture 0.75). For detection of
ECFP, cells were excited at 458 nm by an argon laser; fluorescence
emissions were then collected through a dual-wavelength beam
splitter at 458/514 nm and a long-pass emission filter at 475 nm.
For detection of EYFP, the same beam splitter and long-pass
emission filter at 530 nm were used. For FRET measurements,
the infected cells were excited by a wavelength of 458 nm, and
yellow fluorescence was collected using the 458/514 nm beam
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(A) The map of transfer vector pAB"cmEpL used to generate parental recombinant baculovirus vAB"cmEpL is shown. In this plasmid, EGFP is driven by a CMVm promoter and /uc is driven by the
polyhedrin promoter. The ‘backbone’ of this transfer vector is pBacPAK8 (ClonTech). p-pol, polyhedrin promoter; p-CMVm, CMVm promoter. (B) Fluorescence microscopic analyses of cells infected
with non-Iytic C4 virus (panels a1 and a2), and lytic parental vAB"cmEpL virus (panels b1 and b2). Sf21 cells showed green fluorescence (panels al and b1) when infected with the non-lytic virus C4
and parental virus vAB"cmEpL respectively. Dead cells were identified by EthD-1 (viable/dead dye; Molecular Probes) staining with red fluorescence (panels a2 and b2). Arrows indicate that the same
living cells in panels b1 and b2 emit green fluorescence only, and arrowheads indicate that the same dead cells in panels b1 and b2 emit red fluorescence only. (C) A plot showing the daily variations
in the percentage of cells retaining green fluorescence. Sf21 cells were infected with Iytic virus vAB"cmEpL (shown by the dotted lines) and non-lytic vC4 mutant virus (shown by the solid lines) at
an MOl of 1 (open circles) and 10 (solid squares), and the percentage of cells expressing and retaining green fluorescence was recorded for 8 days using a fluorocytometer. (D) Electron micrographs
of baculovirus-infected cells: left panel, non-lytic C4 infection; right panel, Iytic parental vAB"cmEpL viral infection. Arrowheads indicate virus particles, whereas arrows indicate disruptions in the
cell membrane. The inset in the left-hand panel is a magnified region showing that intact endoplasmic reticulum structures are maintained in non-lytic cells. The bar represents 1 zem.

splitter and long-pass 530 nm emission filter. The original donor
cyan fluorescence emission was separated by placing another
515 nm beam splitter and band-pass 475525 nm emission filter
after the 458/514 nm beam splitter, thereby allowing simultaneous
detection of cyan and yellow fluorescence.

To measure FRET, a donor-quenching and acceptor-bleaching
method was used. For the photobleaching experiment, the cyan
image was collected first at an excitation wavelength of 458 nm,
followed by photobleaching of the acceptor fluorescence (yellow)
in a single cell with a 514 nm laser line, after which the second
donor image was acquired. FRET efficiency was calculated from
individual cells as one minus the ratio of the donor images be-
fore and after photobleaching of the acceptor, equivalent to 1 —
(intensity of the cyan emission before photobleaching/intensity of
cyan emission after photobleaching), i.e. the fraction of cyan fluor-
escence emission transferred to the yellow fluorescence protein.

For FRET analysis in L-BEVS and N-BEVS, Sf21 cells were
infected with various recombinant viruses, and sets of 40 indi-

vidual virus-infected cells were analysed using FRET. FRET ef-
ficiencies were calculated as an average value from 40 cells
examined in triplicate. To reduce overestimation of the FRET ef-
fect by intermolecular energy transfer derived from the potential
overcrowding of ECFP and EYFP in baculovirus-infected cells,
two recombinant baculoviruses bearing either ecfp or eyfp genes
were co-infected into the same cells at an MOI of 10 to ensure
viral co-infection in most of the same cells. The present study has
shown that only limited FRET (3-8 %) was detected by such co-
infection, suggesting intermolecular energy transfer has relatively
little effect on our results.

RESULTS
Isolation of non-lytic mutant of baculovirus

To screen for viral mutants with a minimal cell lytic phenotype,
a recombinant baculovirus (vAB"¢cmEpL), encoding an EGFP,
was constructed (Figure 1A). After chemical mutagenesis of the

© 2004 Biochemical Society
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Figure 2 Schematic ribbon diagrams of a FRET-competent protein YLC

Front view (A) and side view (B) of the YLC. EYFP (shown in yellow) and ECFP (shown in blue) were fused to the N- and C-termini of luciferase (LUC; shown in purple) respectively. The distance
between ECFP (the donor) and EYFP (the acceptor) was estimated to be 5-6 nm, after the distance between the N- and C-termini of LUC (approx. 4 nm) and a 8-can cylinder structure of fluorescent
proteins (1.2 nm in radius and 4.2 nm in length) are taken into consideration [33,34]. Upon excitation of ECFP (the donor) at 430 nm, a sensitized yellow fluorescence emission (approx. 530 nm)
from EYFP (the acceptor) signals the occurrence of FRET. This schematic structure was generated using MOLSCRIPT [35].

parental virus vAB"¢cmEpL, 41 mutants showing reduced cell
lysis, as evidenced by the retention of EGFP in baculovirus-
infected cells, were isolated out of a total of 4006 clones.

Clone C4, which showed the least cell lysis, was used to infect
Sf21 cells and cell lysis was examined further (Figure 1B). At
5 dpi, approx. 90% of C4 virus-infected cells still contained
EGFP, as indicated by green fluorescence (panel al); in sharp
contrast, less than 30% of cells infected with parental viruses
showed green fluorescence (panel bl). The loss of EGFP in virus-
infected cells resulted from a loss of cell membrane integrity. To
confirm further the loss of cellular integrity, a red fluorescent dye
(EthD-1; Molecular Probes) was employed to stain specifically
the dead cells. Panel a2, which shows the same field of cells as
panel al, reveals that only a few red cells were found, indicating
that most cells were viable; in sharp contrast, many red cells were
identified when cells were infected with the parental lytic viruses
in panel b2, which is the same field of cells as in panel bl. These
experiments showed that only the viable cells (Figure 1B, panels
bl and b2, indicated by arrows) retained EGFP; and the EGFP
always leaked out of the cells after cell death (Figure 1B, panels
bl and b2, indicated by arrowheads).

EGFP retention was also analysed by a fluorocytometer, re-
vealing that fluorescence in lytically infected cells started to dec-
line after 3 dpi, with less than 10% of cells remaining fluor-
escent at 8 dpi, whereas fluorescence in non-lytically infected cells
did not drop significantly at 4 dpi, and 50-73 % of cells remained
fluorescent at 8 dpi (Figure 1C). Morphologies of parental virus-
and C4-infected cells were analysed by electron microscopy.
Electron micrographs show that cytoplasmic membranes of C4-
infected cells were intact, with well-preserved subcellular struc-
tures (Figure 1D), including the endoplasmic reticulum, an impor-
tant site for folding, modification and production of secretory and
membrane proteins. In contrast, intensive damage to cells infected
with parental viruses was observed. It is known that quality con-
trol of proteins in eukaryotic cells involves many chaperones, pro-
teasomes and organelles [27]. With significantly less cell lysis, the
C4-infected cells are more likely to retain these quality-control
processes. Here, although a low percentage of cell lysis was still
found in C4-infected cells at 4 dpi, the most convenient time

© 2004 Biochemical Society

for protein harvesting using BEVS (Pharmingen), the C4-based
BEVS is hereafter referred to as an N-(non-lytic) BEVS.

Design and strategy for the detection of protein folding in vivo

To analyse the quality of engineered proteins expressed in
N-BEVS and in conventional L-BEVS, we developed a novel
in vivo protein folding assay system based on FRET. FRET is a
non-radioactive, dipole—dipole coupling process whereby energy
from an excited donor fluorophore is transferred to an acceptor
fluorophore in close proximity. FRET is a distance-dependent en-
ergy transfer process, and remains effective and typically detect-
able at a distance less than 10 nm. Here, an EYFP and an ECFP
were used to tag opposite ends of LUC, resulting in a FRET-
competent dual fluorescent protein pair, the YLC construct
(Figure 2). YLC could be expressed by recombinant baculovirus
in cells, and the efficiency of FRET between ECFP (the donor)
and EYFP (the acceptor) could then be measured to assay the
compactness of central LUC in vivo, revealing the compactness
of protein (LUC) folding and/or degradation.

To begin with, we tested possible energy transfer in the YLC
fusion protein by exciting this fusion protein at a wavelength of
430 nm. The fluorescence emission spectrum of purified YLC
showed a cyan fluorescence emission (approx. 475 nm), and an
even higher yellow fluorescence emission at approx. 530 nm was
detected (Figure 3A). This indicated that FRET occurred between
ECFP and EYFP in YLC. The energy transfer process was cor-
roborated further by the fact that sensitized yellow emission was
abolished upon the removal of ECFP from YLC by treatment with
thrombin [Figure 3A; also see supplementary Figure 2 (http://
www.biochemlJ.org/bj/381/bj3810695add.htm)].

To study the effect of the compactness of LUC on the energy
transfer between the ECFP/EYFP pair, we used urea to unfold
LUC in a stepwise fashion. Upon titration of YLC with increasing
amounts of urea (from 0 to 5 M), the 475 nm peak (ECFP emis-
sion) gradually increased, whereas the 530 nm peak (EYFP
emission) gradually decreased to the background level (Fig-
ure 3B). In addition, the decrease in FRET was proportional to
the decrease in LUC activity of YLC (supplementary Figure 3;
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Figure 3 FRET and its correlation to the folding status of LUC in YLC

(A) Fluorescence emission spectra of fusion proteins and individual fluorescent proteins. Upon
excitation of YLC at a wavelength of 430 nm, cyan fluorescence occurred with a concomitant
release of a greater emission of yellow fluorescence, whereas the sensitized yellow fluorescence
was totally abolished upon the removal of EYFP by thrombin. A thrombin-cut sequence was
engineered in-between EYFP and LUC, and the proper cleavage of YLC by thrombin was con-
firmed by Western blot analysis (supplemental Figure 2). ECFP and EYFP were produced by
recombinant baculoviruses vABpC and vABpY (supplementary Figure 1) separately, to serve
as controls for the emission spectra of single fluorescent proteins. (B) Correlation of FRET
spectra with gradual unfolding of LUC in YLC. With the excitation of ECFP at a wavelength
of 430 nm, sensitized fluorescence emission decreased concomitantly with an increasing urea
concentration, from 0 to 5 M. The inset presents the decline in the fluorescence intensity ratio
of yellow (530 nm) to cyan (475 nm). Since concentrations of urea less than 5 M (results not
shown) have little or no effect on fluorescent proteins, the reduction in fluorescence emission
at approx. 530 nm was attributed to the compromise in FRET concomitant with the loss of an
ordered structure of LUC.

http://www.biocheml.org/bj/381/bj3810695add.htm). These re-
sults indicated that FRET could serve as an indicator for the
monitoring of protein folding, revealing the compactness and inte-
grity of target proteins.

The LUC expressed in N-BEVS is more compact than in L-BEVS

To compare the quality of YLC produced in N- and L-BEVSs,
we constructed two lytic baculoviruses (VABpYLC and vAB"-
cmYLC) and two non-lytic baculoviruses (vC4pYLC and

vC4"emYLC), all of them encoding the YLC fusion protein.
The engineered YLC proteins were driven either by a very
late polyhedrin promoter [4] (denoted ‘p’ in VABpYLC and
vC4pYLC) or by a synthetic early promoter [26] (denoted ‘"cm’
in VAB"¢mYLC and vC4"cmYLC), because cellular physiology
may be different during early and very late stages of virus infec-
tion. Then, Sf21 cells were infected with these four different
viruses and subjected to FRET measurement (Figure 4).

Similar to an excitation wavelength of 430 nm, a wavelength
of 458 nm can also be properly used to excite cyan fluorescent
protein. Owing to the fact that an excitation wavelength of 430 nm
is not available in the confocal microscope, infected cells were
excited at a convenient wavelength of 458 nm using a laser-
scanning confocal fluorescence microscope (Pascal LSM; Zeiss),
and the emission intensities of cyan (donor) and yellow (acceptor)
fluorescence were simultaneously measured (Figure 4, panels 1,
2a and 2b). Then, the EYFP of YLC in individual cells was photo-
bleached using energy of wavelength 514 nm to block energy
transfer from the cyan donor to the yellow acceptor (Figure 4,
panels 3a and 3b). After yellow elimination by photobleaching,
the YLC constructs in the same cells were excited at 458 nm
again. Without losing energy by transferring energy to the yellow
acceptor, higher cyan emission was usually recorded in the second
475 nm acquisition (Figure 4, panels 3a and 3b). If such an en-
hancement of 475-nm acquisition does occur, the cells (white ar-
rows) in panels 3a will become more bluish than those (red arrows)
in panels 2a. Egzer (the efficiency of FRET) was then calculated
from individual cells. The Eggr derived from the non-lytic system
was significantly higher than that from the lytic system. Thus
LUC expressed in the N-BEVS was in a more tightly packed con-
formation than that in the L-BEVS. As shown in Figure 3, it is
reasonable to assume that a higher efficiency of FRET in Figure 4
is due to a better folding of the LUC centre.

In theory, the emission of yellow fluorescence is a sign of pro-
per FRET from cyan emission. Thus of particular interest were
some yellow fluorescence-emitting cells (e.g. T, cells in Fig-
ure 4A, panels 2a and 2b), because the cyan emission did not
increase after the photobleaching of yellow fluorescence in these
cells (T, cells in Figure 4A, panels 3a and 3b). In fact, little cyan or
yellow fluorescence was left in these lytic virus-infected cells after
photobleaching (Figure 4A, panel 3b, the T, trace), suggestive of
truncated or incomplete YLC lacking ECFP being predominately
generated in these cells. Using PCR analysis, we found that
there was no deletion or truncation of the gene encoding YLC
in the genome of lytic viruses (results not shown). Such protein
truncation most likely resulted from partial protein degradation.
Finally, YLC produced in both N- and L-BEVSs was studied
further by Western blot analysis. Extensive degradation of YLC
was obvious in L-BEVS (Figures 5A and 5B, lanes 1 and 2).
In sharp contrast, little or no YLC degradation was observed in
N-BEVS (Figures 5A and 5B, lanes 3 and 4).

DISCUSSION

In the present study, we have successfully established an N-BEVS
with significantly less cell lysis than the L-BEVS. Cells infected
with non-lytic baculoviruses showed intact morphology, whereas
disrupted organelles were observed in cells infected with lytic
baculoviruses. Our analyses using the FRET-based assay and
Western blotting proved that the more intact the cells, the better
the engineered proteins produced in terms of protein compactness.
Table 1 summarizes the efficiency of FRET, the gross yields
of YLC, the yields of full-length YLC, and the percentage of
YLC degradation in both L- and N-BEVS, for a more detailed

© 2004 Biochemical Society
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The Figure shows Sf21 cells infected with Iytic viruses (vABpYLC and vAB"cmYLC; A and B) and non-lytic C4-based viruses (vC4pYLC and vC4"cmYLC; C and D) respectively. Panels 1 show
fluorescence images of baculovirus-infected cells upon excitation at a wavelength of 458 nm. By simultaneously collecting cyan (donor) and yellow (acceptor) fluorescence, pseudo-colours were
assigned to cells emitting cyan fluorescence (cyan) or yellow fluorescence (yellow) or both (pale yellow to white). Boxed regions were selected to illustrate cells before and after photobleaching
at 514 nm, as shown in panels 2a and 3a respectively. Red arrowheads in panels 2a point to the cells before photobleaching, whereas white arrowheads in panels 3a mark cells which were first
photobleached and then excited at 458 nm. Panels 2b and 3b are joint cyan (cyan traces) and yellow (yellow traces) fluorescence intensity profiles of the arrowhead-indicated cells in panels 2a and

3a respectively.

comparison. These comparisons clearly show that, although the
gross yields of YLC were higher in L-BEVS than in N-BEVS,
the majority of YLC was degraded in L-BEVS. If one com-
pares the yields of full-length YLC, it is evident that much higher
levels of full-length YLC were produced in N-BEVS than those
produced by L-BEVS.

It is noteworthy that cells infected with non-lytic baculoviruses
showed more intact subcellular structures compared with those
cells infected with lytic viruses. It is possible that the functions
of translational machinery may be affected detrimentally as cells
start to become disrupted. Moreover, the efficiency of quality-
control systems for translation may decrease as well. The preser-
vation of intracellular structures and organelles, such as the
endoplasmic reticulum and Golgi bodies, suggests that post-trans-
lational modifications are processed more efficiently in cells sub-
jected to non-lytic baculovirus infection: this is especially impor-
tant for the maturation of secretory proteins. Thus N-BEVS may
be a promising tool for the expression of multidomain, secretory
and membrane proteins, as well as proteins with complicated
quaternary structures.

This FIVF (FRET-based in vivo folding) technology is very use-
ful for measuring the overall compactness, determined by the fold-
ing and unfolding status, of target proteins. The status of the pro-

© 2004 Biochemical Society

teins expressed in BEVS is complicated, because other than
folding and unfolding, protein degradation also occurs due to the
infection of the virus. In Figure 3, we have shown that protein
degradation also blocks FRET in the YLC protein, indicating that
folding/unfolding and degradation of the target protein LUC can
both be determined by the FIVF assay. Thus, to our knowledge,
this is the first technology that can assess the folding status of
proteins in living eukaryotic cells.

Protein folding plays an important and decisive role in protein
function. In order to study the folding status of proteins, tedious
protein purification and subsequent in vitro determination steps
are currently routine practices [28]. To minimize possible artifacts
derived from the non-biological in vitro environment, novel in vivo
technologies for the study of protein folding and stability in
Escherichia coli have been proposed and tested [29,30]. These
studies rely on isotope labelling and subsequent protein analyses
using either NMR spectroscopy or mass spectrometry after cell
lysis. Since isotopes have to be labelled equally for all proteins in
cells, overexpression of the target protein, such that it represents
25-30 % of the total cellular protein content, is required to reduce
huge background interference from all other cellular proteins.
However, not all proteins can be expressed to high levels; in ad-
dition, too high a protein content in cells may interfere with correct



Enhancement of protein folding in vivo 701

A Ab-LUC
Lytic Non-lytic
load12 12 8 8 pg

kDa

-
& & “e 4L <
2% 3% %%
‘°JL Q, L oa %
% 2, % % %
(0 O ‘%_
B Ab-GFP
Lytic Non-lytic
load12 12 8 8 pg
1 2 3 4 5 6 7 8
— “ —— —
160 " . -
110-ch
90~
70"
&l LUC-FP
4.
B=-
a—<rr  ~eapend’
z-

Figure 5 Comparison of YLC degradation in N- and L-BEVSs

Baculovirus-infected cell lysates were analysed by Western blotting. Antibodies against luci-
ferase (Ab-LUC) and GFP (green fluorescent protein; Ab-GFP) were used to analyse the YLC pro-
teins produced by Iytic (vABpYLC and vAB"cmYLC) or non-lytic (vC4pYLC and vC4"cmYLC)
baculoviruses. Purified LUC (A, lane 6) and GFP (B, lanes 5-8) proteins (Sigma) were used
as size and concentration standards. To normalize full-length YLC, different amounts of cell
lysates were loaded. YLC, full-length YLC; LUC-FP, a fusion protein containing LUC and a copy
of fluorescent protein; FP, fluorescent protein only. Numbers shown on the left of the panels
represent the positions of molecular-mass markers.

protein folding, frequently resulting in the formation of inclusion
bodies [31,32]. Moreover, the application of these methods has so
far been limited to prokaryotic systems. The novel FIVF assay is a
significant improvement on all the aforementioned technologies,
in that it can be used to view and determine the folding status of
a specific protein in a cellular environment containing thousands
of other proteins.

In conclusion, we present two important and useful techno-
logical improvements in the present study. First, N-BEVS has
many advantages over L-BEVS. (1) Proteins can be retained in
and pelleted down with cells for simple, fast and efficient pro-
tein recovery. (2) Organelles and cellular machinery remain re-
latively intact for better protein modification without detectable
degradation. (3) As opposed to the stable transfection of insect

Table 1 Comparisons of YLC expression in the L-BEVS and N-BEVS
L-BEVS N-BEVS
VABpYLC vAB"cmYLC  vC4pYLC vC4"emYLC
FRET efficiency™ 0.08+0.08 012401 0.21+0.08 0.23+0.09
Gross YLC yieldf 412 109 322 365
Full-length YLC 97 89 322 365
Degradation: (%) 76 19 n.d. n.d.

*The difference in FRET efficiency between early and very late promoters in Iytic and
non-lytic systems was insignificant (0.05 < P < 0.1), whereas the difference between the
L-BEVS and N-BEVS was significant (P < 0.05).

TYLC yield, consisting of both full-length and degraded YLC, was determined from
Figure 5(B), expressed as g/ml.

1+ Degradation (%) indicates the percentage of degraded fragments in all full-length and
degraded YLC proteins. n.d., not detectable.

cells by which only early-type promoters can be used, stronger
very-late promoters can be used in N-BEVS, due to the in-
volvement of virus. With further improvements, the yields of the
N-BEVS may be improved further. (4) Instead of low-efficiency
stable transfection, protein production can be achieved by rapid
virus infection.

Secondly, FIVF is a method that enables direct and rapid exam-
ination of the extent of protein folding in vivo among thousands
of cellular background proteins. Owing to the high sensitivity of
fluorescence, specific proteins can be studied without the need
for high levels of expression by simply substituting the central
protein (LUC) in YLC with essentially all other proteins. Thus,
although this FRET-based technology is not designed for the study
of detailed folding mechanisms, it is the first tool capable of real-
time analysis of protein compactness and integrity in individual
living cells in both eukaryotic and prokaryotic cells.
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