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1 Introduction

Abstract. Timely and effective virus infection detection is critical for
the clinical management and prevention of the disease spread in com-
munities during an outbreak. A range of methods have been devel-
oped for this purpose, of which classical serological and viral nucleic
acids detection are the most popular. We describe an alternative,
imaging-based approach that utilizes fluorescence resonance energy
transfer (FRET) resolved by fluorescence lifetime imaging microscopy
(FLIM) and demonstrate it on the example of enterovirus 71 (EV71)
infection detection. A plasmid construct is developed with the se-
quence for GFP2 and DsRed2 fluorescent proteins, linked by a 12-
amino-acid-long cleavage recognition site for the 2A protease (2AP™),
encoded by the EV71 genome and specific for the members of Picor-
naviridae family. In the construct expressed in Hela cells, the linker
binds the fluorophores within the Forster distance and creates a con-
dition for FRET to occur, thus resulting in shortening of the GFP2
fluorescence lifetime. On cells infection with EV71, viral 2AP™ re-
leased to the cytoplasm cleaves the recognition site, causing disrup-
tion of FRET through separation of the fluorophores. Thus, increased
GFP2 lifetime to the native values, manifested by the time-correlated
single-photon counting, serves as an efficient and specific indicator of

the EV71 virus infection. © 2007 Society of Photo-Optical Instrumentation Engineers.
[DOI: 10.1117/1.2718582]
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Picornaviridae family,4 is a small nonenveloped icosahedral
virus with positive single-stranded RNA genome of about

First isolated and characterized' from cases of neurological
disease occurring in California from 1969 to 1973, the en-
terovirus 71 (EV71) causes seasonal epidemics of hand-foot-
and-mouth disease (HFMD) with fatal neurological complica-
tions in young children. The virus has been associated with
outbreaks in Australia, Brazil, Bulgaria, Hungary, Japan, Ma-
laysia, and the United States. The largest and most severe
EV71 epidemic to date occurred” in Taiwan in 1998. At that
time 129,106 cases of HFMD/herpangina were reported, of
which 405 cases had severe neurological complications and/or
pulmonary edema, and 78 cases of child mortality were
claimed. The recent HFMD outbreak in Singapore in October
2000 affected several thousand children and resulted in four
deaths.’

EV71, one of 64 enterovirus serotypes, belonging to the
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7400 nucleotides’ translated to a single giant polyprotein. Ma-
ture proteins are derived in a series of posttranslational cleav-
ages of the precursor protein whereby the initial stages are
accomplished by the 2A protease (2AP™) released by the
rapid cotranslational cleavage at its own amino terminus.®™ In
the cytoplasm of a host cell, the 2AP™ performs also a bundle
of other activities. Thus, expressed in mammalian cells, 2AP™
caused significant reduction of RNA polymerase type II tran-
scription and, to a lesser extent, DNA transcription.10 Al-
though direct participation of the 2AP™ in these processes has
not yet been proven, this evidence demonstrates that like
many other viral proteins, 2AP™ is a multifunctional enzyme,
which is important for the complete infection cycle to happen.

A range of methods are being used for the EV71 infection
diagnosis, such as classical serological (including the “golden
standard” neutralization test and complement fixation), and
the most effective currently reverse transcription polymerase
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chain reaction (RT-PCR), Southern blot, and others, based on
the detection of viral nucleic acids.

Approaches based on microscopy techniques have demon-
strated high efficiency and advantages in diagnosis speeds as
compared to the classical methods.'""'? Recent advancements
in photonics technologies further increased such opportuni-
ties. Examples include applications of single-molecule
imaging13 and fluorescence correlation spectroscopy”’15
(FCS) for virus detection. Here we propose another novel
approach for the detection of EV71 infection, based on the
fluorescence resonance energy transfer (FRET) resolved by
fluorescence lifetime imaging microscopy (FLIM).

FRET is a quantum mechanical process between two fluo-
rophores whereby energy from an excited donor molecule is
transferred to the acceptor molecule by means of a near-field
dipole-dipole coupling.16 The efficiency of the process varies
with the sixth power of the intermolecular separation and is
usually described by means of Forster radius (a distance at
which coupling efficiency reaches 50%), typically within the
range of 2 to 7 nm. The depletion of the excited state popu-
lation of the donor at FRET reduces both its fluorescence
intensity and lifetime,'” which is an average time the molecule
stays in an excited state before returning to the ground state. A
method to map the lifetimes distribution on microscopic im-
ages, recently FLIM has become a well-established technique
to investigate energy transfer processes in cells.'®!” As com-
pared to the fluorescence intensity-based measurements,
FLIM does not depend on the concentration of the fluoro-
phores and is less affected by side effects, such as background
noise, spectral hole burning, and photobleaching. Among all
lifetime imaging techniques, the time-correlated single-photon
counting (TCSPC) has demonstrated the highest recording ef-
ficiency and time resolution.***' Mature and reliable, TCSPC
is based on the repetitive excitation of a fluorophore, record-
ing of the single photons emitted, measurement of the detec-
tion times and reconstruction of the wave form from the indi-
vidual time measurements.”*? Despite alternative and
possibly faster recording method reported earlier,”** less ac-
curacy is generally achieved when compared with that of the
TCSPC.

For the detection of EV71 by means of FLIM/FRET, a
genetically modified cell line was created by the transfection
of HeLa cells with a plasmid, encoding the FRET pair of
donor green fluorescent protein F64L mutant (GFP2) and ac-
ceptor DsRed2, linked by a 12-amino-acid-long spacer,
whereby the sequence of the link was a cleavage recognition
site for the enteroviral 2AP™. Expressed in cells, the fusion
protein, referred to as G2AwtR, served as a reporter molecule
for the maturation of enteroviral polyprotein. Upon the initial
proteolytic processing and release of the 2AP™ to the cyto-
plasm, the protease clove the linker between the fluorophores,
thus causing FRET disruption and hence increase of the GFP2
lifetime, detected by the TCSPC technique.

2 Materials and Methods
2.1 Plasmid Constructs

A recombinant plasmid pG2AwtR composed of the GFP2 and
DsRed2 genes with a linker that encodes the predicted EV71
2AP® cleavage motif (RTAITTL|RKFGQ, where the arrow
indicates the scissile bond) was constructed. For the mutant
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control the pG2AwtR has been modified with the G—R sub-
stitution in the P1’ position of the cleavage motif. pG2AwtR
and pG2AmutR plasmids were separately transfected into
HeLa cells and subjected to Zeocin selection, followed by a
limiting dilution to obtain stable clones, referred to as HeLa-
G2AwtR and HeLa-G2AmutR, respectively.

2.2 Cells Infection, Fixation, and Preparation

HeLa-G2AwtR and HeLa-G2AmutR cells were subject to in-
fection by EV71 (BrCr strain) or herpes simplex virus (HSV,
KOS strain) at a multiplicity of infection for 5 to 12 h, or left
mock-infected. Cells were washed with phosphate-buffered
saline (PBS), fixed with formaldehyde (3%) for 30 min and
sealed in a mounting medium (1:1 ratio of glycerol plus PBS)
prior to the lifetime measurements. For apoptosis induction
cells were treated with 40 uM cisplatin at 70% confluence
prior to fixation.

2.3 Fluorescence Lifetime Imaging

Time-domain FLIM was performed with a 60X 1.45 numeri-
cal aperture (NA) PlanApochromat oil objective lens (Olym-
pus Corp.) on a modified two-photon laser scanning micro-
scope (FV300 with the IX71 inverted microscope, Olympus
Corp.). Samples were excited at 800 nm (two photons) by a
mode-locked femtosecond Ti:sapphire Mira F-900 laser,
pumped by a solid state cw 532-nm Verdi laser (both from
Coherent Inc.) and operated at a 76-MHz frequency. The laser
beam was fed into the scanning unit with high-precision
alignment. The scanning speed of the FV300 was controlled
externally by a function generator (AFG310, Tektronix Inc.)
so as to be synchronized with the TSCPC-based multichannel
scalar to record the FLIM images.

Fluorescence photons were detected in a nondescanned
mode by a photon-counting photomultiplier (H7422P-40,
Hamamatsu Photonics K.K.). Time-resolved detection was
conducted by the SPC-830 PC board (Becker&Hickl GmbH)
with the repetition rate of the Ti:sapphire laser serving as the
time base. A green bandpass filter of 526+26.5 nm (Edmund
Optics Inc.) was used in the detection channel for the GFP
lifetime measurements along with a shortpass IR cut-off filter.
All the images were taken at 256 X 256 pixels resolution with
the acquisition times in the range of 50 to 250 s to reach suf-
ficient photon counts for statistically reliable fitting.

2.4 FLIM Data Analysis

Data analysis via model function fitting along with the instru-
ment response function (IRF) deconvolution and color coding
was conducted with the commercially available SPCImage
v2.8 software package (Becker&Hickl GmbH). Fluorescence
decay in each pixel of the analyzed lifetime images may result
from a few fluorophore molecules and vary with their differ-
ent states and conformations. To describe the composite de-
cays the software utilizes a multiexponential function with
offset correction for the ambient light and/or dark noise. On
the prior convolution with the IRF, the model function is fitted
to the actual data by iterative reconvolution:
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Fig. 1 Comparison plot of the averaged lifetime histograms of G2AwtR in mock (--) and EV71-infected Hela cells (—), and GFP2, expressed solely

in mock (&) and EV71-infected Hela cells (B).

I(t) = f Iinstr(t) IO + E ai[exp(_ t/Ti)] dt’ (1)

i=1

where ;. is the instrument response, which in our analysis
was automatically calculated by software (approximation by a
Gaussian function and the width adjustment for the best fit to
the rising edge of the decay functions), I is the baseline off-
set, and aexp(—t/ ;)] represents the main components of the
resulting fluorescence decay. The intensity a; coefficients have
relative amplitudes and demonstrate the correlation between
components fractions populations. Due to the extremely low
duration as compared to the temporal resolution of the photo-
multiplier used, the scattering parameter was not considered
for the purpose of this experiment and was fixed with the
meaning of 0.
The reduced goodness-of-fit parameter was calculated by

Xa=1 2 (1) = 1c(0) P/ (x,) (n-p), ()
k=1

where (1) is the actual experimental data, I-(z;) calculates
decay as already described, n is the number of the data (time)
points, and p is the number of the model pararneters.26 The X12e
was minimized by the Levenberg-Marquardt search
algorithm.

The main comparison analysis of G2AwtR lifetime histo-
gram, recorded in the GFP channel, with that of mutant virus
specificity and apoptosis controls was conducted by fitting the
experimental data to a single-exponential decay model. The
autofluorescence from HeLa cells and bleedthrough from
dsRed2 were found negligible and were reduced by increasing
the threshold parameter at the analysis of lifetime images.

The deviation in measured lifetime was obtained statisti-
cally and does not represent the width of IRF.
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3 Results
3.1 Indicating the EV71 Virus Infection

One of the main indicators of FRET occurring is a shortening
of the donor lifetime in the presence of an acceptor. To obtain
a reference point for further measurements, the lifetime of the
GFP2 was first characterized under sole expression in HeLa
cells. Recorded from the mock cells, GFP2 lifetime was equal
to 2.3+0.04 ns, whereas at virus infection the lifetime was
shifted slightly to the shorter range and resulted in an aver-
aged histogram with the peak at 2.25+0.02 ns [Figs. 1 and
2(a)].

Results obtained at the measurements from HeLa-G2AwtR
are presented in Figs. 1, 2(b), 2(c), 3(b), and 3(c). Lifetime
recording in the GFP-channel, taken from the mock-infected
cells, resulted in a histogram with a plateau-shaped top, cen-
tered at 2+0.07 ns. For the cells infected with the EV71 vi-
rus, we observed a shift to longer lifetimes, reaching the peak
of 2.26+0.05 ns. As demonstrated on the comparison plot, on
infection the histogram obtained from the G2AwtR lifetime
measurements follows the pattern of that recorded from the
GFP2 expressed solely, indicative of the fluorophores separa-
tion and thus FRET signal disruption as a result of the linker
cleavage by the viral 2AP™.

3.2 Effect of Cytopathic Events on the Reporter
Molecule Integrity

Besides the changes in the GFP2 lifetime measured from
HeLa-G2AwtR, virus activity also caused a characteristic cy-
topathic effect (CPE), altering the morphology of cells as
well, as observed in our experiments [Fig. 3(b)]. Earlier it was
reported that one of the CPE effects, caused by EV71 is the
launch of a programmed cell death, or apoptosis, whereas the
2 AP protease activity was demonstrated as possible primary
initiator of the cascade of reactions, leading to the cell self-
termination machinery initiation.””** The apoptotic pathway
involves a family of aspartate-specific cysteinyl proteases
(cysteine aspartases or caspases), activated by proteolytic
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Fig. 2 Fluorescence intensity decays recorded from (a) GFP2, solely
expressed in Hela cells; (b) mock HelLa-G2AwtR; and (c) Hela-
G2AWItR, infected with EV71.

cleavage. This activation leads to the processing of various
cytoplasmic and nuclear targets by a subclass of downstream
effectors termed “executioners.” " To investigate involve-
ment of apoptotic proteolytic machinery to the disruption of
G2AwtR protein, HeLa cells were treated with cis-
diamminedichloroplatinum(II) (cisplatin)—a known bio-

corded, indicating no FRET disruption [Figs. 3(d) and 5]. As
in the case with the cisplatin-induced apoptosis, analysis of
fluorescent decays from these samples revealed a decrease of
lifetime as compared to the mock cells by ~0.1 ns.

To check the authenticity of the G2AwtR to the detection
of polioviruses on the example of EV71, we tested an alter-
native virus infection effect on our construct. For this purpose
we infected our HeLa-G2AwtR cells with the HSV. A member
of a Herpesviridae family, HSV differs from EV71 in the
proteins encoded and main infection pathways. The GFP2 in
the reporter G2AwtR exhibited reduction of lifetime at HSV
infection, similar to that observed for the lifetime, recorded
from apoptotic HeLa-G2AwtR and EV7l1-infected HeLa-
G2AwtR, showing integrity of the reporter in cells [Figs. 3(e)
and 6].

3.4 Double-Exponential Analysis

Double-exponential analysis was applied to reveal the distri-
bution of interacting and noninteracting populations in the
samples and map the actual separation of the lifetimes. We
found that the fraction of noninteracting population is negli-
gible, showing that the majority of the expressed reporter
molecules have been recognized by the 2AP™ and cleft (data
not shown). Lifetime color mapping also revealed that not all
the cells underwent the FRET disruption at the same extent,
which might be a result of nonsimultaneous infection.

4 Discussion
4.1 G2AwtR Lifetime Behavior

Expressed in cells, the G2ZAwtR construct spread evenly over
the cells both in cytoplasm and in nucleus, whereas in nucleus
the lifetime appeared to be slightly longer than in cytoplasm
(Fig. 7), which we assume might result from a pH difference.
Besides the intrinsic characteristics, the fluorescence decay of
fluorophores depends in a measurable way on the environ-
ment, such as viscosity, refractive level, interactions with
other molecules, and pH.*' Ambient pH has been shown to
influence spectral characteristics of wild-type GFP and a num-
ber of its mutants, suggesting pH sensitivity for the entire
class of these proteins.‘n_34 Some authors®™ >’ have previously
shown that nuclear pH was above that of the cytosol, which is

Table 1 Averaged lifetime histograms peaks and standard deviation

values.
chemical inducer of apoptosis. The results, presented in Figs.
3.(c) and 4, indicate no FRET dlSI'.upt.IOIl on apopt0§1s induc- Maximom Standard
tion. On the contrary, the GFP lifetime in cisplatin-treated Sample/Condition Averaged (ns)  Deviation (ns)
samples tends to shift to shorter values (~0.2 ns).

Hela-GFP2 / EV7 l-infected 2.25 +0.02
3.3 Specificity of the Method to EV71 Detection Hela-GFP2 / mockinfected 23 +0.04
Specificity of the FRET disruption and direct dependence of
the linker cleavage on 2AP™ release is demonstrated with two Hela-G2AwiR / EV7 l-infected 2.26 +0.05
additional series of control measurements. Hola.G2AWR Kinfected 901 0.07

In one case, the linker between the fluorophores was sub- eta- wiR / mockiinfecte ) =0

sFituted with a n}utanF variant G2AmutR. The mutatiqn, car- Hela-G2AwRR / cisplatintreated 1.87 +0.07
ried out as described in Sec. 2 affected the cleavage site in a
way to prevent its recognition by the 2AP™. Although the Hela-G2AmutR / EV7 1-infected 1.88 +0.03
change of HeLa-G2AmutR morphology at infection was simi- )
lar to that of HeLa-G2AwtR, no lifetime decrease was re- Hela-G2AwiR / HSV-infected 1.80 +0.04
Journal of Biomedical Optics 024016-4 March/April 2007 « Vol. 12(2)



Ghukasyan et al.: Application of fluorescence resonance energy transfer...

Fig. 3 Lifetime color coded and fluorescence intensity images obtained from (a) mock HelLa-G2AwtR and (b) EV71-infected HelLa-G2AwtR and
lifetime color coded images of (c) cisplatin-treated HeLa-G2wtR, (d) EV71-infected HeLa-G2AmutR, and (e) HSV-infected HelLa-G2AwtR. (Color

online only.)

explained by the permeability barrier to H* ions by nuclear
membrane. This might have been the main cause of the wider
standard deviation for the lifetime measured from mock-
infected cells (see Table 1) and thus broader, plateau-shaped
histograms.

Among other events at apoptosis, which has been shown to
be initiated at EV71 infection, different research groups have
reported perturbation of the nuclear envelope and clustering
of nuclear pores, which leads to the destruction of the perme-
ability barrier.”*™*° This is in good compliance with our re-

sults, obtained from the infected cells—we found that on
EV71 infection and change of the cell morphology, character-
istic for apoptosis, the difference in lifetime between cyto-
plasm and nucleus is reduced or completely equalized. The
concept is supported with the less deviation of the data in
infected cells and sharper peak in averaged histograms
obtained.

Contributions to this suggestion are the fact that HSV in-
duces apoptosis in cells and a previous report stating that
intracellular acidification is one of the apoptosis features,

Frequency (normalized)

1600 1800 2000

2200 2400 2600

Lifetime {(ps)

Fig. 4 G2AwR lifetime histogram (H) measured on the initiation of apoptosis in cells by cisplatin. Lifetimes of G2AwtR in mock (--) and

EV71-infected cells (—) are given for reference.
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Fig. 5 Averaged lifetime histograms of the mutant construct G2AmutR in mock (&) and EV71-infected Hela cells (B). Lifetimes of G2ZAwtR in mock

(--) and EV71-infected Hela cells {—) are given for reference.

whereas the cytoplasmic pH level, normally exhibiting 7.4,
decreases®' to the level of 6.6 to 6.7.% Taking these data into
consideration, we suggest recognizing intracellular acidifica-
tion as a main reason for the decrease in lifetime recorded in
the green channel from mutant FRET complex infected with
EV71 and wild-type FRET complex in cells infected by HSV.
We admit, however, that this issue was out of the scope of the
given research and we did not conduct the 24-h infection by
HSV (reported time to produce apoptotic morphological
changes) to check this suggestion.

4.2 Method Advantages and Application Scope

Several protein constructs that put FRET-interacting fluoro-
phores on either side of a protease cleavage recognition site
were reported earlier for different applications of FLIM/FRET
microscopy, including, but not limited to, the study of pro-
teases activity,“’43 such as caspases activities during
apoptosis,”**> and FRET efficiency measurements.*® Having
developed a construct with the cleavage recognition site for

EV71-specific 2AP™ and applying it with FLIM/FRET mi-
croscopy, we demonstrated an alternative imaging-based ap-
proach with high sensitivity and efficiency for the virus infec-
tion detection.

The series of experiments conducted demonstrated that the
G2AwtR construct reports specifically the appearance of the
2AP™ in the cytoplasm and is not affected by the internal
protein machinery even during the critical apoptotic reactions
and a range of other CPEs caused by virus infection. Based on
the sensitivity to a viral protein, the approach proposed does
not depend on the detection of antigens and/or antibodies and
is advantageous as compared to the immunofluorescent meth-
ods of serological detection, not applicable with untypable
viruses and antigenic drifts. As compared to the direct elec-
tron microscopy methods, the approach described provides
higher efficiency and speed of detection; no special operations
are required for the sample preparation. The FLIM/FRET mi-
croscopy is independent of the fluorophore concentration, so
that even small changes in signal can be detected and thus just
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Fig. 6 Averaged lifetime histograms for G2ZAwtR in mock (&) and HSV-infected (B) Hela cells. Lifetimes of G2AwiR in mock (--) and EV71-infected

Hela cells (—) are given for reference.

Journal of Biomedical Optics

024016-6

March/April 2007 « Vol. 12(2)



Ghukasyan et al.: Application of fluorescence resonance energy transfer...

1 C :
",l"\l':sl
o H ":: A
7 o P
2 n v "\
E A ' .
E 0.6 Niyy A ‘.
.S AR ' | v
g i ' '
\
g ’ A
S o4 A o,
2 N
4 Y
= v
L 52 \ \a
; \ %1
\
'
\I\! )
0
1750

1950 2050 215(

Lifetime (ps)

Fig. 7 Lifetime histograms and color-coded images of the G2AwtR construct expressed in cytoplasm and nucleus: (a) the color-coded image of the
specimen shows a clear contrast between the nucleus (blue) and cytoplasm (orange, green); (b) selection area for the G2AwtR lifetime histogram
recording from the cytoplasm (—); and (c) selection area for the G2AwtR lifetime histogram recording from nucleus (--). (Color online only.)

a small number of viruses is sufficient for the infection
detection.

The proposed method is not applicable to all viral infection
detection, provided by serological and viral nucleic acid de-
tection methods, and does not enable us to identify different
serotypes of the same virus, which may be important to rec-
ognize serotype-specific clinical illness. However, the
protease-specific lifetime-based detection method still applies
to a range of viruses, encoding a specific protease, whereas
definition of the serotypes does not change the clinical man-
agement of patients.

Thus, the development of a cell line with the reporter con-
struct described, its infection with the isolated viruses, and
further observation with FLIM/FRET microscopy can be ap-

Journal of Biomedical Optics

024016-7

plied as a fast, sensitive, and efficient method for the detection
of certain viral infection.
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