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Abstract

This review discusses new developments in
Förster resonance energy transfer (FRET)
microscopy and its application to cellular
receptors. The method is based on the kinetic
theory of FRET, which can be used to predict
FRET not only in dimers, but also higher order
oligomers of donor and acceptor fluorophores.
Models based on such FRET predictions can be
fit to observed FRET efficiency histograms
(also called FRET spectrograms) and used to
estimate intracellular binding constants, free
energy values, and stoichiometries. These
“FRET spectrometry” methods have been
used to analyze oligomers formed by various
receptors in cell signaling pathways, but until
recently such studies were limited to receptors
residing on the cell surface. To study complexes
residing inside the cell, a technique called
Quantitative Micro-Spectroscopic Imaging
(Q-MSI) was developed. Q-MSI combines

determination of quaternary structure from
pixel-level apparent FRET spectrograms with
the determination of both donor and acceptor
concentrations at the organelle level. This is
done by resolving and analyzing the spectrum
of a third fluorescent marker, which does not
participate in FRET. Q-MSI was first used to
study the interaction of a class of cytoplasmic
receptors that bind viral RNA and signal an
antiviral response via complexes formedmainly
on mitochondrial membranes. Q-MSI revealed
previously unknown RNA mitochondrial
receptor orientations, and the interaction
between the viral RNA receptor called LGP2
with the RNA helicase encoded by the hepatitis
virus. The biological importance of these new
observations is discussed.
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GFP Green fluorescent protein
HCV Hepatitis C virus
LGP2 Laboratory of genetics and physiology-2
MAVS Mitochondrial antiviral signaling protein
MDA5 Melanoma differentiated antigen-5
NS3 Non-structural protein 3
NS4A Non-structural protein 4A
PAMP Pathogen associated molecular pattern
Poly
(I:C)

Polyinosinic: polycytidylic acid

Q-MSI Quantitativemicro-spectroscopic imaging
RIG-I Retinoic inducible gene-I
RLR RIG-I like receptor
ROI Region of interest
YFP Yellow fluorescent protein

1 Introduction

Förster resonance energy transfer (FRET)
(Forster 1946) has been used in microscopy for
many years to study molecular interactions.
FRET assays monitor the transfer of energy
from a “donor” fluorophore to an “acceptor”
fluorophore, which need to be within 10 nm
(100 Å). Because FRET efficiency depends on
the sixth power of the distance between the
donor and acceptor (Stryer and Haugland 1967),
FRET microscopy has been used to estimate the
relative distances between two macromolecules,
typically by fusing each to a different fluorescent
protein (FP). Introduction of the kinetic theory of
FRET (Raicu 2007) allowed one to predict FRET
efficiencies in situations where more than one
donor or acceptor participates in FRET and has
expanded the amount of information that can be
obtained using FRET-based microscopy
(Patowary et al. 2015; King et al. 2017). For
example, donor and acceptor concentrations, and
pixel-level FRET efficiencies can be determined
in various subcellular locations (Raicu et al.
2009). These data can be used with the Law of
Mass Action to estimate intracellular binding
constants, free energy values, and stoichiometries,
and provide clues to the quaternary structure of
oligomeric complexes (King et al. 2016; Raicu

and Schmidt 2017). This review discusses such
FRET techniques, and how they have been used to
analyze oligomers formed by various receptors in
cell signaling pathways. Since much of this work
with cell surface receptors was recently reviewed
elsewhere (Raicu and Singh 2013; Raicu and
Schmidt 2017), the focus here is mainly on the
latest FRET methods designed to analyze
receptors located in the cytoplasm or intracellular
organelles, in particular. The receptors discussed
here are called RIG-I like receptors (RLRs).

RLRs bind cytoplasmic nucleic acids known
to be pathogen associated molecular patterns
(PAMPs). Once activated, RLRs change confor-
mation and signal through downstream enzymes
to initiate transcription of interferons and other
antiviral proteins (Fig. 1). RLRs locate their cyto-
plasmic ligands using motor domains resembling
those found in helicases that separate the DNA
double helix by disrupting Watson-Crick base
pairs in an ATP-fueled reaction. The RLR
helicases do not separate complementary strands,
but instead scan cytoplasmic RNA to identify
“non-self” motifs indicative of a viral infection.

The FRET methods discussed rely on the anal-
ysis of image stacks acquired at a series of emis-
sion wavelengths such that a spectrum is resolved
at each pixel (Biener et al. 2013). These methods,
termed “optical micro-spectroscopy,” can be
performed using commercially available two-
photon (Biener et al. 2013) and possibly confocal
microscopes with spectral resolution (Zimmerman
et al. 2003). The main focus here involves the
recent development of a technique called Quantita-
tive Micro-Spectroscopic Imaging (Q-MSI)
(Stoneman et al. 2017; Mishra et al. 2016;
Corby et al. 2017). Q-MSI combines determina-
tion of quaternary structure from pixel-level
apparent FRET efficiency histograms (also
known as FRET spectrograms (Raicu and Singh
2013)) with the determination of both donor and
acceptor concentrations at the organelle level
(King et al. 2016). Q-MSI enables the ability to
visualize the sub-cellular locations of both donors
and acceptors by resolving and analyzing the
spectrum of a third fluorescent marker, which
does not participate in FRET.
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2 Overview of FRET

FRET between FPs fused to cellular proteins has
been measured using microscopes for over
20 years, and numerous comprehensive reviews
on the topic are available (Jares-Erijman and
Jovin 2003; Piston and Kremers 2007; Shaner
et al. 2005; Padilla-Parra and Tramier 2012;
Bajar et al. 2016). Briefly, successful FRET
experiments depend on the selection of an appro-
priate donor/acceptor FP pair. For example if
Aequorea victoria GFP derivatives are used, the
donor FP could be a green (GFP, or GFP2) or
cyan (Cerulean or Sapphire) variant, while the
acceptor could be a yellow variant, such as YFP,
Citrine, or Venus. The donor should have a high
quantum yield, while the excitation spectrum of
the acceptor FP should have the highest spectral
overlap possible with the donor emission spec-
trum, to ensure that it is able to receive the largest
number of excitations from the donor. In most
cases, it is best if the overlap between the donor

emission spectrum and the acceptor absorption
spectrum is optimized while minimizing any
direct excitation by the acceptor at the donor
excitation wavelength. In addition, FPs must be
fused to target proteins so that they are not dia-
metrically opposed in a complex, and so that they
do not block key motifs needed for protein-
protein interactions. FRET can be detected using
various methods including filter sets designed to
detect donor and acceptor fluorescence at one or
two excitation wavelengths (Xia and Liu 2001;
Hoppe et al. 2002), acceptor photobleaching
(Tramier et al. 2006), fluorescence lifetime imag-
ing (Lakowicz et al. 1992), changes in florescence
polarization (Mattheyses et al. 2004), or by spec-
tral imaging (Zimmermann et al. 2002). The
strengths and weaknesses of each of these
techniques have been rigorously discussed else-
where (Jares-Erijman and Jovin 2003; Piston and
Kremers 2007; Shaner et al. 2005; Padilla-Parra
and Tramier 2012; Leavesley et al. 2013; Bajar
et al. 2016; Raicu and Singh 2013). The methods
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Fig. 1 Oligomer formation in RLR signaling. Various
RNA viruses (red, blue) activate antiviral genes after being
detected through the RLRs (RIG-I, MDA5, & LGP2)
which all converge on MAVS (grey). Ligand binding

leads to a conformational change exposing CARDs (pur-
ple) that are ubiquitinated (green) and seed oligomers
formed by RLRs and a mitochondrial antiviral signaling
protein (MAVS)
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below are based exclusively on spectral FRET
imaging microscopy (Chen et al. 2007; Raicu
et al. 2005, 2009).

2.1 Optical Micro-spectroscopy

The techniques described below were designed
for use with two-photon microscopes capable of
acquiring emission spectra of donor and acceptor
molecules using either one or two excitation
wavelengths (Raicu et al. 2009; Raicu and Singh
2013). In theory, however, they could be used
with any system capable of acquiring emission
spectra at pixel level. Two-photon excitation is
preferred because it reduces bleaching of
fluorophores located below or above the focal
plane, allowing delicate, biological samples to
be scanned multiple times with minimal damage.
It also allows for the excitation of FPs at a wave-
length far red-shifted from their emission spec-
trum, thus reducing bleed-through of the light
used to excite the donor and reducing scattering.

FRET experiments may be performed using
either one or two excitation wavelength scans.
Experiments using a single excitation wavelength
scan require carefully chosen donor and acceptor
fluorophores, such that the acceptor does not
fluoresce in the absence of the donor. Wild-type
GFP and a yellow fluorescent protein are one
example of a pair which meet this criteria. In
addition, a detection method with spectral resolu-
tion is needed in order to separate the donor
fluorescence from that of acceptor fluorescence
stimulated by energy transfer from the donor
(Raicu et al. 2009; Raicu and Singh 2013). It is
essential that the fluorescence is captured simul-
taneously for all emission wavelengths and within
a time shorter than the time it takes diffusion to
move the molecules and their complexes in or out
of the excitation volume. This ensures that the
signals captured at each image pixel for all the
emission wavelengths originate from the same
donors and acceptors. Under those conditions, a
single excitation scan gives the option to compute
the FRET efficiency at a pixel level (Raicu et al.
2009). By contrast, with methods that need two

excitation scans to determine the FRET effi-
ciency, the length of time (~60 s) needed to col-
lect those scans leaves times for molecular
diffusion between scans to scramble the molecu-
lar makeup of the sample at the point of excitation
and hence the FRET efficiency may only be cal-
culated as an average over many pixels (i.e., an
entire area in an image). In our Q-MSI method
described herein, a second excitation scan is used
to excite the acceptors, such that their concentra-
tion is determined, in addition to the donors con-
centration and the energy of energy transfer,
which can both be determined from the same
scan as described above. As discussed below, a
second scan also allows for the correction of any
direct acceptor excitation at the first wavelength,
which is sometimes referred to as “acceptor spec-
tral bleed through” (Chen et al. 2007). As a result,
donor concentrations and acceptor concentrations
can also be calculated, though only donor con-
centration may be computed with pixel-level res-
olution at this time.

As already mentioned above, acquisition of a
spectrum rather than recording fluorescence
intensities at peak emission wavelengths allows
separation of the donor and acceptor signals when
FRET occurs. Composite spectra acquired from
samples expressing both the donor and acceptor
are unmixed using spectra obtained from cells
expressing either donor alone or acceptor alone.
By assuming that the mixed spectrum is a linear
combination of the contributions of each individ-
ual spectrum, the values of scaling factors (kl) can
be adjusted to fit the measured composite spec-
trum (Sm):

Sm λex, i λemð Þ ¼ Σl kl λex, ið Þsl λemð Þ
! "

ð1Þ

In Eq. 1, i is the excitation wavelength index
and l is the summation index for each spectrum
present in the composite spectrum (donor (sD) or
acceptor, sA). If only donors and acceptors exist
(i.e. there no other fluorescent species present),
the coefficients represent donor in the presence of
acceptor (kDA), acceptor in the presence of donor
(kAD), and are defined as the contributions of each
fluorescent species present in the composite spec-
trum. They can be extracted using a least squares
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minimization method (Raicu et al. 2005; Biener
et al. 2013; Patowary et al. 2015).

Unmixing fluorescence spectra on the image
pixel level generates 2D intensity maps of total
fluorescence (or number of photons) of the donor
in the presence of acceptor (FDA) and total fluo-
rescence of the acceptor in the presence of donor
(FAD) (Raicu et al. 2005, 2009; Raicu and Singh
2013). FDA is connected to a quantity kDA to
determine the total number of donor photons
emitted per unit time by integrating the fluores-
cence spectra, IDA(λem) ¼ kDAiD(λem) over all
emission wavelengths. The mathematical relation
thus obtained is:

FDA ¼ kDA
Z

iD λemð Þdλem ¼ kDAwD ð2Þ

In Eq. 2, iD(λem) is the emission intensity of the
donor spectrum measured in a sample only
expressing donor and normalized to its maximum
value, and wD is the integral of the elementary
spectrum of the donor.

Similarly, the kAD value extracted from
unmixing can be used to determine the total num-
ber of photons emitted by the acceptor per unit
time by integrating the fluorescence spectrum
IAD(λem) ¼ kADiA(λem) over all emission
wavelengths.

FAD ¼ kAD
Z

iA λemð Þdλem ¼ kADwA ð3Þ

In Eq. 3, iA(λem) is the emission intensity of the
acceptor spectrum measured in a sample only
expressing acceptor and normalized to the maxi-
mum value and wA is the integral of the elemen-
tary spectra of the acceptor.

Apparent FRET efficiency (Eapp), or the aver-
age efficiency per donor in a mixture of donors
and acceptors, can be then calculated on a pixel
level using FDA values:

Eapp ¼ 1$ FDA

FD ð4Þ

In Eq. 4, FD represents the total fluorescence of
the donor in the absence of acceptor and FDA is

defined as the fluorescence of the donor in the
presence of acceptor. FD can be calculated assum-
ing conservation of energy. In other words, FD is
equal to the fluorescence of the donor in the
presence of the acceptor (FDA) plus the energy
lost to FRET through the interaction of the donor
and the acceptor (FD(FRET)).

FD ¼ FDA þ FD FRETð Þ ð5Þ

FD(FRET) can be calculated using the quantum
yield of the donor (QD) and the total number of
excitations transferred via FRET, NFRET,
according to the equation:

NFRETQD ¼ FD FRETð Þ ð6Þ

However, only a fraction of the transferred
excitations will be emitted by the acceptor, as
defined by the quantum yield of the acceptor,
QA. Thus,

NFRETQA ¼ FA FRETð Þ ð7Þ

Combining Eqs. 7 and 8 yields:

FD FRETð Þ ¼ QD

QA FA FRETð Þ ð8Þ

FA(FRET) is related to the fluorescence of the
acceptor in the presence of donor if there is no
direct excitation of the acceptor:

FAD ¼ FA FRETð Þ ð9Þ

Because FAD is obtained from unmixing,
FD(FRET) can be calculated from a combination
of Eqs. 8 and 9. By combining terms, FD can also
be calculated:

FD ¼ kDAwD þ QD

QA FAD ð10Þ

Eapp can therefore be calculated by combining
Eqs. 4, 5, and 10:

Eapp ¼ 1$ kDAwD

kDAwD þ QD

QA kADwA
ð11Þ
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which can be simplified as:

Eapp ¼
1

1þ QA

QD
kDA

kAD
wD

wA

ð12Þ

2.2 FRET Spectrometry

Pixel level FRET calculation allows for the collec-
tion of a large number of Eapp values per unit area,
and thus a more detailed analysis of precise
sub-cellular locations where oligomeric complexes
form. In addition, and perhaps more importantly,
Eapp values may be organized into histograms
based on selected regions of interest. The
histograms may have several unique peaks which
can indicate the presence of varying combinations
of donors and acceptors within a larger oligomeric
complex. Therefore, the distributions of FRET
efficiencies shown by such histograms contain
much more information than simple averages
over regions of “interest (which is the older and
more widespread method of analysis of FRET
data) and allows” one to extract the number and
relative distances between protomers within an
oligomer, or the quaternary structure (Raicu and
Schmidt 2017). When the oligomers associate
transiently and have a short lifetime relative to
the integration time of the light detector, or if
multiple combinations of donors and acceptors
within the same oligomer are not visible within
the cell, it is more convenient to collect the posi-
tion of the predominant peaks in each cell-level
histogram and then build a histogram of such peak
positions, or a “meta-histogram.” This meta-
histogram represents the dominant oligomeric
configurations within the larger population (Singh
et al. 2013). Whether a histogram or a meta-
histogram is used for data analysis, extraction of
quaternary structure information proceeds the
same way: Models of oligomers of different sizes
and geometry are used to compute peak positions
corresponding to each combination of donors and
acceptors within a certain oligomer, and these are
then fitted to the experimental Eapp distributions by
adjusting a set of fitting parameters that control the
amplitudes and widths of the peaks and the

strength of the energy transfer, embodied within a
quantity termed “pairwise FRET efficiency.” The
model that best fits the experimental data is taken
as the most likely quaternary structure of the pro-
tein of interest. Because of the existence of distinct
peaks that are visible in both the experimental and
theoretical Eapp histograms, the histograms resem-
ble spectrograms as seen in many spectrometric
methods (such as NMR, mass-spec, etc.), and this
method is called “FRET spectrometry.”

Previously, FRET spectrometry (Raicu et al.
2009) has been used mainly to study receptors
that exist on the cell surface or are an integral
part of the cellular membranes, the most recent
examples being G-protein coupled receptors
(Mishra et al. 2016; Stoneman et al. 2017), protein
kinases (Mannan et al. 2013), ABC transporters
(Singh et al. 2013), sigma-1 receptors (Mishra
et al. 2015), and the receptor-like kinase EMS1
(Huang et al. 2017). An important advantage of
this method is its ability to distinguish between
biologically significant interactions, which lead to
formation of protein complexes with possible
biological functions, and random encounters
between molecules caused by molecular crowding
(King et al. 2017), which lead to the existence of
the so-called “stochastic FRET.” Specifically,
while FRET methods based on averages over
regions of interest do not distinguish between sto-
chastic and functional interactions (because both
effects are combined into a single average Eapp
value), FRET spectrograms reveal clear peaks
corresponding to longer-lived oligomers and a
broad distribution of FRET efficiency values
corresponding to stochastic FRET (Singh and
Raicu 2010).

2.3 Fully Quantitative Spectral
Imaging (FSI) Using Two
Excitation Wavelengths

FSI expanded on the FRET spectrometry tech-
nique to include the use of a second excitation
wavelength chosen to excite the acceptor but not
the donor (Stoneman et al. 2017; King et al.
2016). The second excitation scan allows for the
correction of Eapp calculations for direct acceptor
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excitation when present at the first excitation
wavelength, and the calculation of acceptor and
donor concentrations at each position in the
image. As mentioned above, the calculation of
the fluorescence emission of the donor in the
absence of acceptor (FD) requires a correction
for any direct excitation of the acceptor. Thus, a
second excitation scan allows for the calculation
of Eapp between a donor and acceptor even when
there is significant direct excitation of the accep-
tor. We will explain this procedure next.

Although, Eq. 10 is not valid under conditions
where both the donor and acceptor are excited at
the same wavelength (λex,1), direct excitation of
the acceptor can be calculated from acceptor fluo-
rescence at a second wavelength using the known
ratio of the acceptor fluorescence at each wave-
length (Γλex1,A and Γλex2,A) and the following
relationship:

FA λex, 1ð Þ ¼ Γλex, 1,A

Γλex2,A FA λex, 2ð Þ ð13Þ

If a “gamma ratio” is defined as the ratio between
the emission of the acceptor at the excitation
wavelength (λex1) and the second excitation
wavelength (λex2),

ρA
Γλex, 1,A

Γλex2,A , ð14Þ

then FAD values at each excitation wavelength,
λex,1 and λex,2, can be used to calculate the donor
and acceptor fluorescence in the absence of FRET
for samples co-expressing both:

FD λex, 1ð Þ ¼ FDA λex, 1ð Þ

þ QD

QA FAD λex, 1ð Þ $ ρAFAD λex, 2ð Þ
! "

ð15Þ

FA λex, 2ð Þ ¼ ρDFAD λex, 2ð Þ $ FAD λex, 1ð Þ
ρD $ ρA

ð16Þ

By inserting Eq. (15) into Eq. (4), the average
FRET efficiency (Eapp) over regions of interest
then can be calculated. In this way, both the
FRET efficiency and the concentrations of the
molecules of interest are determined. By plotting

the average FRET efficiency against either the
sum or the ratio of the donor and acceptor
concentrations, it is possible to extract the propor-
tion of associated and unassociated molecules in a
sample. Using standard mathematical procedures,
it is then possible to determine the dissociation
constants and hence the binding energies of the
oligomers (King et al. 2016).

Assuming that the fluorescence of a compound
will increase linearly with concentration, a stan-
dard curve can be constructed which relates fluo-
rescence intensity to concentration. Such a
standard curve can be used to calculate the
concentrations of the donor and acceptors within
each regions of interest (ROI).

Although the ability to correct for direct exci-
tation of the acceptor expands the application of
FSI to systems where the donor and acceptor
spectrum significantly overlap, it also comes
with a tradeoff. If two excitation wavelengths
are used in the calculation of Eapp then two exci-
tation scans must be collected to calculate FRET.
If two excitation scans are acquired, then the time
it takes to acquire those two scans allows molec-
ular diffusion to occur such that the molecules
imaged in the first scan are in different positions
in the second scan (Patowary et al. 2015; King
et al. 2016).

3 Q-MSI with Mito-Tracker
Staining

Q-MSI (Corby et al. 2017) expands FSI and
FRET spectrometry (Raicu and Singh 2013;
King et al. 2016) by incorporating the use of a
fluorescent marker to identify sub-cellular
structures. The third fluorescent marker is also
unmixed from the composite spectrum and
generates a 2D fluorescence intensity map of the
desired sub-cellular structure. Sub-cellular ROIs
can then be selected within the unmixed
fluorescence intensity maps representing the loca-
tion of the sub-cellular structure being analyzed.
The ROIs selected on the fluorescent marker
intensity map are applied as a mask to the 2D
fluorescent intensity maps generated through the
unmixing of the composite spectrum to
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specifically calculate Eapp within the sub-cellular
region of interest (Fig. 2).

To generate the composite spectrum, a
“FRET” scan is performed on the cells expressing
the combination of CFP and YFP tagged proteins

using the peak excitation of the CFP donor
(λex,1 ¼ 840 nm). To generate an image primarily
exciting and targeting the acceptor fluorescence
in the presence of donor, a second scan is taken at
the acceptor peak excitation (λex,2 ¼ 960 nm).

Ex @ ex,1
“donor”

Ex @ ex,2
“acceptor”

Calculate
FRET (Eapp): Eq. 4

[Donor] (FD): Eq. 15
[Acceptor] (FA): Eq. 16

EMCCD
Camera

Inverted
Microscope

Laser

OptiMiSTM

Cells expressing
fluorescent proteins

ex,2

em,n ,n=200em,n ,n=200

ex,1

FDA( ex,1) FDA( ex,2)

FAD( ex,1) FAD( ex,2)

FM( ex,1) FM( ex,2)

Spectral
Unmixing

Spectral
Unmixing

Fig. 2 Quantitative
Micro-Spectroscopic
Imaging (Q-MSI). Q-MSI
is a variant of FRET
spectrometry, in which
pixel-level spectra are used
to calculate the FRET
efficiency (Eapp) at each
pixel and the concentrations
of donor (D) and acceptor
(A) in each region of
interest (ROI). Spectral
unmixing is used to
determine the fluorescence
of the donor in the presence
of acceptor (FDA) and the
fluorescence of the acceptor
in the presence of donor
(FAD), at two different
excitation wavelengths
(λex,1 and λex,2). These
values are used to calculate
donor and acceptor
concentrations from
previously prepared
standard curves, and Eapp

from the equation shown,
where QD and QA are the
quantum yields of the donor
and acceptor and ρD and ρA

the ratios of fluorescence
intensities observed upon
excitation of the donor and
acceptor at λex,1 and λex,2.
The difference between
Q-MSI and previous
quantitative FRET
techniques is that it
combines the analysis of a
third spectrum used as a
marker for a sub-cellular
compartment. In the above
example, MitoTracker is
used to identify
mitochondria
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Typically, 15–30 fields of view at 100& magnifi-
cation are collected for each well plate analyzed.
The FRET scan and the acceptor scan are taken
sequentially for each field of view and the image
acquisition time is about 10 s for each excitation
scan and about 40 s to change the wavelength
between the FRET and acceptor scans. The total
image acquisition time is therefore about 60 s to
collect two sets of images each containing 440 x
300 pixels. The average laser power used during
the measurements is about 200 mW per line
(Biener et al. 2013) for both the FRET and accep-
tor scans and the power is held constant (Corby
et al. 2017; Stoneman et al. 2017). The composite
spectra are then unmixed (Raicu et al. 2005) at
pixel level using the assumption that the compos-
ite spectrum is a linear combination of each of the
elementary spectra per Eq. 1. The contributing
spectra are donor in the presence of acceptor
(l ¼ DA), acceptor in the presence of donor
(l ¼ AD), and Mitotracker (l ¼ M).

The coefficients equal to the fluorescent
contributions of each of the above mentioned
fluorescent species (kDA, kAD, kM) are extracted
using a least-squares minimization (Patowary
et al. 2015), and Eapp (FRET) is calculated as
described above from abundance coefficients
(kDA, kAD, kM) for CFP (donor), YFP (acceptor)
multiplied by the spectral integrals to calculate
FDA, FAD, and FM, and displayed as intensity
maps. These maps are then used to generate
regions of interest focused on the fluorescence
intensity of the protein or marker of interest.

To calculate the total concentration of the
donor-tagged proteins and the acceptor-tagged
proteins in the dual-expressing cell samples, the
values for FD (λex,1) and FA (λex, 2) are applied to
a standard curve of fluorescence intensity. The
standard curve is generated using a dilution series
of purified CFP (donor) and YFP (acceptor)
which were imaged under the exact same
conditions as the cells. Calibration curves are
generated by plotting FD (λex,1) vs. CFP concen-
tration and FA(λex,2) vs. YFP concentration
(Corby et al. 2017).

4 Q-MSI Analysis of Interactions
Between RIG-I Like Receptors

In the first published Q-MSI study (Corby et al.
2017), HEK293T cells were transfected with var-
ious vector combinations to express CFP or YFP
fused to one of the biologically active RLRs. The
purpose was to determine if FRET spectrometry
could be used to study intra-cellular receptors,
specifically those that bound to RNA ligands.

4.1 RIG-I Like Receptors (RLRs)

The prototype RLR is RIG-I (retinoic acid-
inducible gene 1), which consists of tandem
N-terminal caspase activation, and recruitment
domains (CARDs), a helicase domain, and a
C-terminal ligand recognition domain (Schlee
2013). RIG-I recognizes viral RNA such as
poly(U) tracks in RNA (Schnell et al. 2012), or
uncapped RNA that still contain an intact tri-
phosphate (Saito et al. 2008; Wang et al. 2010;
Linehan et al. 2018). These RNAs bind RLRs
causing CARDs to interact with their down-
stream effector MAVS. Like RIG-I, MDA5
(Melanoma Differentiation-Associated protein
5) also has tandem CARDs that regulate signal-
ing and are modified by ubiquitination and phos-
phorylation. However, MDA5 and RIG-I
recognize different PAMPS, with MDA5 sens-
ing longer, mainly double-stranded RNA (Loo
et al. 2008). When activated by an RNA pattern,
MDA5 forms long oligomers on its target RNA
(Berke and Modis 2012). LGP2 (laboratory of
genetics and physiology 2) (Cui et al. 2001)
differs from RIG-I and MDA5 in that it lacks
CARDs needed to activate MAVS. Without
CARDs, LGP2 signals PAMP detection by a
path that involves other proteins, like MDA5
(Bruns et al. 2014). LGP2 interacts with MDA5
to prime the formation of oligomers on RNA,
exposing CARDs on MDA5 that interact with
CARDs on MAVS to initiate the formation of a
signaling complex linked to the mitochondrion
(Hei and Zhong 2017; Bruns and Horvath 2015).
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The RLRs detect a diverse array of viruses.
RIG-I detects rhabdoviruses (e.g. vesicular sto-
matitis virus and rabies virus), paramyxoviruses
(e.g. Sendai virus and measles virus), orthomyx-
oviruses (e.g. influenza A and B), hepaciviruses
(hepatitis C virus), and filoviruses (e.g. Ebola
virus). MDA5 detects picornaviruses (e.g. polio
and hepatitis A viruses). Both RIG-I and MDA5
are needed to respond to reoviruses and
flaviviruses like, dengue, West Nile and perhaps
Zika virus (Loo et al. 2008). The role for LGP2 is
less clear, but it seems to also assist in the detec-
tion of several viruses. For example, Hei and
Zhong reported that LGP2 helps the innate
immune system respond to HCV infection. They
used CRISPR-Cas to knock out the LGP2 gene
and found that the cells produced less interferon
upon HCV infection. LGP2 also enhances the
ability of MDA5 to bind HCV RNA (Hei and
Zhong 2017). All the viruses listed above elicit
different antiviral responses via RIG-I or MDA5,
however, so the nature of one or more of the
components in the signaling pathway must differ
in each case.

The oligomers formed by the CARDs of
MAVS, RIG-I and/or MDA5 recruit a variety of
other proteins to initiate interferon production. In
one well-characterized pathway, MAVS activates
TBK1 (tank binding kinase 1) and IKKε to phos-
phorylate IRF3 (interferon regulatory factor 3),
which in turn dimerizes, migrates to the nucleus
and activates transcription from Interferon
Stimulated Response Elements (ISREs). Another
pathway leads from MAVS through IKKα and
IKKβ to NF-κB (Zhang et al. 2013; Belgnaoui
et al. 2011) (Fig. 1).

Mutations in genes encoding RLRs are linked
to diseases related to abnormal interferon produc-
tion. For example, Aicardi-Goutières syndrome is
linked to mutations in the gene encoding MDA5
(Oda et al. 2014), Singleton-Merten syndrome is
linked to mutations in both MDA5 and RIG-I
(Jang et al. 2015), and systemic lupus
erythematosus is linked to MDA5 mutations
(Cunninghame Graham et al. 2011).

The RLRs are part of the DExD/H-box protein
family, which is named after the amino acid
sequence of a motif in the conserved Walker-

type nucleotide-binding site (Walker et al. 1982)
where ATP binds to fuel helicase movements on
RNA (Frick et al. 2007). DExD/H-box proteins
can translocate as monomers, but they typically
move more rapidly when associated with them-
selves or other proteins as oligomers on RNA.

RIG-I (Peisley et al. 2013), MDA5 (Berke and
Modis 2012) and LGP2 (Murali et al. 2008;
Bruns et al. 2014) all form filaments on duplex
or single stranded RNA that have been observed
with electron microscopy, x-ray crystallography,
and immunofluorescence using either proteins
isolated from cell lysates or recombinant proteins
purified from E. coli or insect cells. When RIG-I
and MDA5 bind activating RNA ligands and
form oligomers, they change conformation to
expose their CARDs, associate with
K63-polyubiquitin chains (Zeng et al. 2010) and
undergo E3-ligase tripartite motif-containing 25
(TRIM25)-dependent K63 polyubiquitination
(Gack et al. 2007). The RLR CARDs then bind
a CARD on the MAVS complex (MAVS is also
known as IPS-1, CARDIF and VISA). MAVS
then forms a long oligomer that can extend the
length of a mitochondrion or bridge two
mitochondria.

Unlike canonical helicases, RLRs do not sepa-
rate RNA duplexes. Instead, they use ATP to
locate RNA ligands that activate the interferon
response. When their ability to cleave ATP is
abolished, the receptors fail to induce interferon
production (Myong et al. 2009) (reviewed in
(Errett and Gale 2015)). The RLR helicase
domains contain two tandem RecA-like motor
domains. Unlike related proteins that are not
RLRs, RIG-I’s helicase motor domains are
separated by an insertion domain at the
N-terminal of hel2, called hel2i, and the RNA
binding site can accommodate an RNA duplex
rather than only single stranded RNA (Jiang et al.
2011; Kowalinski et al. 2011; Luo et al. 2011).

In addition to these modified motor domains,
RLR’s possess a C-terminal domain (CTD) that is
also needed for RNA interactions. The CTD, is a
Zn2+ containing regulatory domain that engages
ligands in a recognition groove. Variability in the
CTDs seems to account for some of the different
ligand specificity of the RLRs (Cui et al. 2008).
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For example, the RIG-I CTD binds 50 ppp
dsRNA, ssRNA, and blunt-ended dsRNA more
tightly than 50 ppp dsRNA (Lu et al. 2010).
Whereas, MDA5 and LGP2 CTDs preferentially
bind duplex RNA and do not differentiate
between RNAs with modified 50 ends (Pippig
et al. 2009) (reviewed in (Bruns and Horvath
2014)).

The CTDs of RLRs are connected to RLR
motor domains by a bridging “pincer”, which
consists of two tandem alpha helices and connects
the CTD to the hel2 domain. The pincer is needed
for the interferon response, and deletion of
portions of the pincer significantly reduces the
ATPase activity in response to RNA binding
(Luo et al. 2011; Kowalinski et al. 2011).

The tandem N-terminal CARDs present in
RIG-I and MDA5 are responsible for downstream
signaling. The CARDs belong to the “Death
Domain” superfamily, and consist of six anti-
parallel alpha helices. In other proteins, CARDs
are needed for apoptotic signaling and inflamma-
tory responses. When the CARDs of RIG-I
oligomerize, they form a helical tetrameric unit
(reviewed in (Ferrao and Wu 2012) and (Wu and
Hur 2015)). The RIG-I tandem CARDs have been
crystallized in conjunction with MAVS to reveal
that CARDs create a stable tetramer that seeds the
MAVS filament formation necessary for down-
stream signaling (Wu et al. 2013, 2014).

In sum, present data support a model where the
RLR helicase domains form a base that is covered
by two flaps, the CARDs and the C-terminal
domain. In the absence of an RNA ligand, the
CARDs block the helicase domain from
interacting with “self” RNAs through a direct
interaction. Recognition of “non-self” ligands
(or PAMPS) causes a conformation change
where the CTD swings away from helicase
domains exposing CARDs for oligomerization
to initiate downstream signaling (Ferrage et al.
2012). This topic has been recently reviewed
(Schlee 2013, Goubau et al. 2013). Distinct
ligand preferences of each RLR are discussed
briefly below.

In vitro, RIG-I binds most tightly to 7–10 base
pair duplex RNA with di- or triphosphates at a
50-end. Such RNAs are not normally present in

the cytosol of healthy cells because host mRNAs
are capped before exiting the nucleus after
transcription. Other cellular RNAs either have
50-monophosphate ends or are masked by
ribonuclear complexes. RIG-I ligand preference
is tightly regulated to prevent self-RNA recogni-
tion (Marques et al. 2006). Recent evidence sug-
gest that RIG-I might also differentiate subtle
differences in RNA 50 caps. For example, RIG-I
can bind to m-7-guanosine capped RNA but it
cannot accommodate 2’O-methylation of the first
50 nucleotide and therefore self-capped RNAs are
excluded from RIG-I recognition (Devarkar et al.
2016).

Unlike RIG-I, MDA5 does not discriminate
among RNA 50-ends. Instead, MDA5 binds with
highest affinity to double-stranded RNAs greater
than 2,000 base pairs that exhibit perfect comple-
mentarity. Such long duplex RNAs are rare in the
cytoplasm, and ATP mediates the increased bind-
ing stability of MDA5 for long duplex RNA
(Louber et al. 2015). ATP hydrolysis shifts the
stable MDA5 filament formation towards a pref-
erence for long duplex RNA and increases the
likelihood that MDA5 will dissociate from the
short filaments (Peisley et al. 2011).

LGP2 differs from RIG-I and MDA5 in that it
lacks the CARDs needed to activate MAVS. This
suggests that LGP2 plays a unique role in the
innate immune system by signaling non-self
RNA detection through a path that does not
involve CARDs, but instead involves an interac-
tion with MDA5 (Satoh et al. 2010). It has been
shown that LGP2 can form active dimers (Murali
et al. 2008) and oligomers that interact with
MDA5 filaments (reviewed in (Bruns and
Horvath 2014)). In addition, LGP2 negatively
regulates RIG-I signaling, possibly through sub-
strate sequestration (Rodriguez et al. 2014).
LGP2 favors double-stranded RNA ligands and
binds with highest affinity to the ends of RNA,
however, there is no difference in binding affinity
for RNA ligands with or without 50-triphosphates.
It is possible that LGP2’s preference for the ends
of dsRNA is in direct competition with RIG-I’s
RNA end preference and this competition is what
causes the observed hindrance of RIG-I signaling
when LGP2 is upregulated. LGP2 enhances
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MDA5 filament formation and thus MDA5 sig-
naling activity (Bruns et al. 2014; Errett and Gale
2015; Uchikawa et al. 2016).

4.2 Q-MSI Analysis of RLR
Interactions

To better understand how the RLRs interact with
each other and RNA ligands in cells, the first Q-MSI
study (Corby et al. 2017) was initiated to examine
cells exposed to polyinosinic: polycytidylic acid
(poly(I:C)), which elicits RLR accumulation at
mitochondria and subsequent antiviral signaling
(Corby et al. 2017). In that study, Q-MSI was used
to observe high FRET in CFP-LGP2:YFP-MDA5,
CFP-MDA5:YFP-LGP2, and CFP-LGP2:YFP-
LGP2, and lower FRET in CFP-RIG-I:YFP-RIG-I
and CFP-MDA5:YFP-MDA5 complexes (Table 1),
demonstrating that the former interactions are not
artifacts due to CFP binding to YFP. FRET also
changed significantly in the presence of the RLR
ligand poly(I:C).

The key new observations facilitated by
Q-MS1 in the Corby et al. study (Corby et al.
2017), concerned the nature of the LGP2:MDA5
complex, which had been known to form in cells
(Bruns and Horvath 2015). Prior work suggested
that LGP2 simply helps prime MDA5 filaments,
suggesting that more MDA5 is present in
oligomers than LGP2. Q-MSI did not support
this model. Instead, Q-MSI data supported a
model where more LGP2 was present at the

mitochondria, that LGP2:LGP2 complexes
dissociated in the presence of an RLR ligand,
and that the new complexes formed with MDA5
formed in the presence of poly(I:C) contained
more LGP2 than MDA5 (Corby et al. 2017).

The first Q-MSI experiments with RLRs were
performed using commercially available CFP and
YFP proteins (Corby et al. 2017). These FPs are
not ideal for FRET studies, however, because
CFP has a relatively low quantum yield, and the
CFP two-photon excitation spectrum overlaps the
excitation spectrum of YFP, which leads to inad-
vertent acceptor excitation by laser light. The
RLR open reading frames were therefore
subcloned into vectors expressing other GFP
variants that can be used in experiments requiring
only a single excitation scan so Eapp values could
be determined at pixel level resolution. One of the
best FRET donors is a protein called “GFP2”
(Zimmermann et al. 2002; Stoneman et al. 2017)
and one of the best acceptors is a protein called
“Venus” (Nagai et al. 2002). Unlike CFP, GFP2
excites at a lower λex,1, and it displays a larger
Stokes shift, with a higher peak excitation than
CFP. Unlike YFP, Venus has less excitation at
lower wavelengths. Variants of GFP2 and Venus
used also incorporate an A206K mutation to min-
imize non-specific dimerization seen with many
GFP derivatives (von Stetten et al. 2012). These
new fusion proteins have allowed the extraction
of pixel-level Eapp directly from the “FRET scan”
without the need to perform corrections for accep-
tor direct excitation.

Table 1 FRET efficiencies observed at mitochondria regions of interest (RLRs) in HEK293T cells expressing various
RLR fusion proteins in the presence and absence of the RLR ligand poly(I:C)

Donor (CFP) Acceptor (YFP) Poly(I:C) ROIs analyzed (#) Eapp (Ave ' SD)
RIG-I RIG-I $ 132 2 ' 4%

+ 132 4 ' 17%
MDA5 MDA5 $ 200 3 ' 6%

+ 200 6 ' 10%
LGP2 LGP2 $ 594 11 ' 12%

+ 594 7 ' 6%
LGP2 MDA5 $ 210 2 ' 3%

+ 187 3 ' 4%
MDA5 LGP2 $ 436 8 ' 1%

+ 430 21 ' 27%

Data from Corby et al. (2017)
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Pixel level, fully quantitative FRET analysis
was used to examine the interaction between
GFP2-LGP2 and Venus-MDA5 at mitochondrial
membranes. Plasmids expressing recombinant
GFP2-LGP2 and Venus-MDA5 were transfected
into HEK293T cells. The cells were allowed to
incubate and express the fluorescently tagged
proteins for 20 h. Each set was then transfected
with either poly(I:C) (0.36 μg/mL) or vehicle,
incubated for 4 h, and stained with MitoTracker.
After elementary spectra were collected using
cells solely expressing GFP2-LGP2, Venus-
MDA5, or only stained with MitoTracker Red,
composite spectra were unmixed, to calculate
Eapp at every pixel in the image. A map depicting
the 2D spatial distribution of pixel-level Eapp

values was also generated (Fig. 3).
The km (MitoTracker) map was then used to

identify the mitochondrial regions of the cell
(Fig. 4a) and this mitochondrial region mask
was applied to the Eapp map (Fig. 4b) to select
only the mitochondrial regions. For each mito-
chondrial region of interest, a histogram of Eapp

peaks was created. Predominant peaks (modes)
were then selected in the collection of Eapp

histograms and compiled into a meta-histogram
(Fig. 4c). The Eapp range was between 0–30%,
which was similar to what was seen before with
CFP-LGP2 and YFP-MDA5 (Corby et al. 2017).
When poly(I:C) was added to the cells, a sub-set

of cells exhibited Eapp values larger than 30% and
up to a maximum of 40% (Fig. 4a), again
reproducing results with CFP-LGP2 and
YFP-MDA5 (Corby et al. 2017).

To analyze LGP2:MDA5 complexes in the
cytoplasm, another set of ROIs using the kDA

values (i.e. LGP2) to create a mask in images of
cells expressing both GFP2-LGP2 and Venus-
MDA5 (Fig. 4c). The predominant peaks were
selected from each of the Eapp histograms and
compiled into a meta-histogram (Fig. 4d). Eapp

values for the cells not treated with poly(I:C) were
between 0–50% with two clear populations
(Fig. 4e), in agreement with what was seen previ-
ously with CFP-LGP2 and YFP-MDA5 (Corby
et al. 2017). However, the population of higher
Eapp values (30–50%), was significantly smaller
when the cells were transfected with poly(I:C)
(Fig. 4e).

4.3 Significance of the Q-MSI
Observations with RLRs

The above data reveal new insights into how
MDA5 and LGP2 interact upon ligand binding,
confirming predictions made in Corby et al.
(Corby et al. 2017). Past models of RLR function
predicted that MDA5 and LGP2 interact in the
cytoplasm and jointly recognize RNA ligands,

Fig. 3 Pixel-level FRET determined from spectrally
resolved GFP2-LGP2, Venus-MDA5, andMitotracker.
Cells were co-transfected with plasmids expressing GFP2-
LGP2 and Venus-MDA5. The mitochondria were stained
with MitoTracker-Red and FRET was calculated at a pixel
level. (a) The spectrally-resolved 2D fluorescence

intensity map for GFP2-LGP2 (kDA). (b) The 2D fluores-
cence intensity map for Venus-MDA5 (kAD). (c) The 2D
fluorescence intensity map for MitoTracker (kM). (d) The
FRET intensity distribution for cells co-expressing GFP2-
LGP2 and Venus-MDA5 (bars ¼ 10 μm)
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forming oligomeric complexes before interacting
with MAVs at the mitochondria (Rodriguez et al.
2014; Bruns and Horvath 2015; Bruns et al.
2014). However, the Q-MSI data reveal more
complex details regarding how these interactions
change when the LGP2:MDA5 complex migrates
to the mitochondria to prime oligomerization of
the MAVS complex.

In all experiments with RLRs, the highest
FRET efficiencies observed were between LGP2
and MDA5. When YFP-LGP2 was co-expressed
with CFP-MDA5 in the absence of poly I:C, there
was a small population of Eapp values as high as
10%, but with the addition of poly I:C, the Eapp

values shifted above 20%, with some reaching as
high as 80–90% (Table 1). When the tags were
switched, the overall FRET efficiency decreased
but there was still an overall shift to higher Eapp

values with the addition of poly I:C. In addition to
the shift in Eapp values, the molar fraction of
acceptor shifted when the tags were switched
between LGP2 and MDA5 (Corby et al. 2017).
When the acceptor was tagged to LGP2 and the
donor attached to MDA5, a shift towards higher
molar fractions of acceptor was visible. In con-
trast, when the donor was LGP2 and the acceptor
was MDA5, the molar fraction of acceptor shifted
lower. All this data combined suggests that LGP2
does not just prime RNA filaments for MDA5
interaction, but rather is the dominant protein in
the MDA5: LGP2 oligomer (Corby et al. 2017).
Addition of an RNA ligand likely leads to accu-
mulation of LGP2 at mitochondria through inter-
action with either endogenous or exogenous
MDA5. The interaction of LGP2:LGP2 at the
mitochondria in response to poly(I:C) contained
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Fig. 4 Pixel level FRET analysis of the GFP2-LGP2:
Venus-MDA5 interaction. (a–c) Selection and analysis
of Eapp in mitochondria regions of cells co-expressing
GFP2-LGP2 and Venus-MDA5 using MitoTracker. The
selected mitochondrial ROIs (a) then used as a mask and
applied to the Eapp intensity map (b), and Eapp values in
each mitochondrial region were analyzed to identify the
most common Eapp value within that ROI, which were
plotted on a meta-histogram (c) compiling all the peak
Eapp values across all mitochondrial ROIs selected. (d–f)
The same set of images used for analysis in (a–c) were

re-analyzed by selecting cytoplasmic regions using a con-
sistent circle comprising 146 pixels on kDA intensity maps
such that most of the cell’s cytoplasm was selected but
none of the circles were over-lapping (d). The mask cre-
ated was applied to the Eapp intensity map (e) to select
random cytoplasmic regions of a consistent size and most
common Eapp values in each region was used to generate a
meta-histograms comprising all peak Eapp values selected
(f). Meta histograms in (c) and (f) compare the results of
cells analyzed in the presence (red) or absence (blue) of
poly(I:C) RNA (bars ¼ 10 μm)

M. J. Corby et al.



overall larger Eapp values than the self-interaction
of either MDA5 or RIG-I with Eapp reaching
values as high as 30% both with and without
poly(I:C). Interestingly, the FRET efficiency for
the LGP2 self-interaction was highest in the
absence of poly(I:C) and then decreased when
poly(I:C) was added. This possibly indicates that
the presence of a PAMP encourages LGP2 inter-
action with MDA5 to aid in the PAMP recogni-
tion, thus decreasing the self LGP2:LGP2
interaction (Fig. 5).

This MAVS interaction might explain the dif-
ference in FRET efficiencies observed in the cyto-
plasm and mitochondria. If the oligomeric
complexes formed in the cytoplasm between
MDA5 and LGP2 is solely between those two
proteins and the RNA ligand, it’s possible that
the Eapp in the cytoplasm would be overall higher
than the when the complex forms at the
mitochondria, where MDA5 also interacts with
the MAVS. The interaction of the MAVs CARDs
may shift the overall Eapp value for the complex at
the mitochondria to be slightly lower and there-
fore, the overall population displays a slightly
lower predominant Eapp peak.

5 The Hepatitis C Virus Helicase
Interacts with the Human
Pattern Recognition Receptor
LGP2

Many viruses that establish chronic infections
often do so by disrupting detection by RLRs.
One common technique is for viral proteins to
cleave adaptor proteins. For example, the hepati-
tis C virus (HCV) encodes a protease that cleaves
MAVS (Li et al. 2005; Sumpter et al. 2005) and
TRIF (Li et al. 2005), thus cutting off pattern
receptor signaling and allowing the virus to estab-
lish a persistent infection (Li et al. 2005). The
HCV protease catalyzing these events is part of
a multifunctional protein that has a helicase
domain homologous to the RLR helicase
domains. A Q-MSI project was therefore initiated
to examine if this HCV protease/helicase (called
NS3) interacts with one of the RLRs.

HCV is a blood borne pathogen that infects
human hepatocytes. First identified in 1988
(Choo et al. 1989), HCV slowly destroys the
liver, and if left untreated causes cirrhosis,
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Fig. 5 Models for LGP2:
MDA5 oligomers. (a)
Proposed model for LGP2:
MDA5 oligomer where
LGP2 functions as an
endcap or primer for the
MDA5 filament. (b)
Proposed model for the
LGP2:MDA5 oligomer
where LGP2 is the
predominant protomer in
the overall MDA5:LGP2
oligomer
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hepatocellular carcinoma, and liver failure. HCV
is in the Flaviviridae family, the members of
which have a positive-sense RNA genome with
one open reading frame encoding an approxi-
mately 3,000 amino acid-long polyprotein. The
HCV polyprotein is processed by host and viral
proteases into structural (core, E1, and E2) and
nonstructural proteins (p7, NS2, NS3, NS4A,
NS4B, NS5A, and NS5B) (Gu and Rice 2013).
The main protein in this set involved in RLR
evasion is NS3.

NS3 contains covalently linked protease and
helicase domains. Such a linkage has only been
observed to date in Flaviviridae NS3 proteins,
and the biological advantage for linking the two
activities is unclear. In vitro, NS3 protease activ-
ity is higher when the helicase domain is present,
and the activity of the helicase is higher when the
protease domain is present (Frick et al. 2004;
Beran et al. 2007; Beran and Pyle 2008; Aydin
et al. 2013).

The NS3 protease is most active upon binding
of the NS4A peptide and it cleaves several sites in
the HCV poly-protein: NS3/NS4A (in cis),
NS4A/NS5B, NS4B/NS5A, and NS5A/NS5B
(in trans) (Bartenschlager et al. 1994). NS4A
binding to NS3 influences the position of the
catalytic triad (His57, Asp81, and Ser139) in the
active site to activate the serine protease function
of NS3 (Tomei et al. 1996; Kim et al. 1996). The
polyprotein processing occurs in a membranous
replication web closely associated with the ER
membrane and containing vesicles with HCV
non-structural proteins, HCV RNA, and lipid
droplets. Outside this web, NS3:NS4A disrupts
RLR signaling by cleaving MAVS (Loo et al.
2006) and it also cleaves TRIF (Li et al. 2005).
Toll-like receptors, signal through TRIF, which
initiates down-stream signaling and the produc-
tion of interferon. This second cleavage effec-
tively abrogates Toll-like receptor signaling in
the cell (Akira et al. 2006; Liu and Gale 2010;
Errett and Gale 2015).

Like the RLRs, the NS3 helicase is a DExD/H-
box protein in helicase super family
2 (Gorbalenya and Koonin 1993; Byrd and
Raney 2012). ATP binds NS3 between two
RecA-like motor domains (Walker et al. 1982)

near a phosphate binding loop and a catalytic
base (Glu291) that activates the water molecule
needed for ATP hydrolysis. The activated water
attacks the γ-phosphate on the ATP (Frick et al.
2007).

5.1 RLRs and HCV Detection

HCV is recognized by the innate immune system
by both TLRs (Li et al. 2005) and RLRs (Loo
et al. 2006). Defects in RLRs facilitate robust
HCV replication in cell culture (Sumpter et al.
2005). For example, in the cell line most permis-
sive to HCV replication there is a mutation that
prevents proper RIG-I CARD ubiquitination
(reviewed in (Liu and Gale 2010)). MDA5 has
also been implicated in HCV recognition (Cao
et al. 2015), possibly by binding duplex RNA
replication intermediates formed by the HCV
RNA-dependent RNA polymerase (reviewed in
(Errett and Gale 2015)). LGP2 is likely a regula-
tor of HCV infection because cell lines with low
LGP2 levels express less interferon response to
HCV infection. LGP2 likely exerts its effect
upstream of MDA5 and the presence of HCV
RNA enhances the interaction between MDA5
and LGP2, which also enhances MDA5 interac-
tion with RNA (Hei and Zhong 2017).

HCV’s regulation of the RLR pathway is
clearly mediated by the NS3:NS4A complex,
which cleaves MAVS, liberating it from the mito-
chondrial surface and abrogating its downstream
signaling which leads to activation of IFN and
other cytokines. Cleavage of MAVS lowers RLR
signaling, and the prevention of MAVS cleavage
through mutation of the MAVS cleavage site
restores the RIG-I like receptor function (Foy
et al. 2003).

5.2 Observation of NS3:RLR
Interactions with Q-MSI

Given the key role of NS3:NS4A in RLR evasion,
a Q-MSI experiment was designed to test the
possibility that NS3 helicase aids in the cleavage
of MAVS by helping to localize the NS3 protease
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domain to MAVS through interaction with one of
the RLRs. All the RLRs and HCV NS3 possess
similar helicase domains known to oligomerize,
and which have a preference for HCV RNA
(Banerjee and Dasgupta 2001; Schnell et al.
2012). This interaction might aid in localizing
NS3 near MAVS for cleavage and provide one
possible explanation for linking the protease and
helicase functions in HCV.

To examine the interaction of NS3 with the
RLRs, cells were designed to express NS3
proteins tagged with CFP and various RLRs
tagged with YFP. The elementary spectrum of
the CFP and the YFP were used to unmix com-
posite CFP:YFP spectra. Q-MSI was first used to
analyze cells transfected with CFP-NS3:NS4A
and either YFP-RIG-I, YFP-MDA5, or
YFP-LGP2. In this case, the regions of interest
were whole cells that displayed both a CFP and
YFP signal. This experiment only revealed an
interaction between CFP-NS3:NS4A and
YFP-LGP2 (Corby et al. 2017).

To explore which NS3 domains were needed
for the NS3:LGP2 interaction, CFP was attached
to truncated versions of NS3:NS4A. A CFP-NS3:
NS4A construct expressed the full length NS3,
including both the helicase and protease domains,
and the full length NS4A protein including both
the protease co-factor and membrane anchors. In
a second construct, the NS4A membrane anchors
were absent (CFP-scNS3-4A). In a third, all of
NS4A was absent (CFP-NS3). In the fourth, the
NS3 protease region was absent (CFP-NS3h), and
in the fifth the helicase was absent (CFP-NS3p).
Clear FRET was observed with YFP-LGP2 and
each truncated protein except CFP-NS3p,
suggesting the interaction is mediated by the
NS3 helicase domain (Corby et al. 2017).

Because other studies showed that LGP2
responds to poly(I:C) in cells (Childs et al.
2013), Q-MSI was also used to examine the effect
of poly(I:C) on the NS3:LGP2 interaction. When
whole cells were analyzed, Eapp values increased
with the addition of poly(I:C), indicating more
NS3 bound LGP2 in the cytoplasm. In addition,
a shift in CFP and YFP protein concentration was
observed with the addition of poly(I:C). When
poly(I:C) was added, a noticeable population of

cells expressed less of each fusion protein, possi-
bly indicating that poly(I:C) treatment caused an
interferon-induced repression of protein transla-
tion. When only mitochondrial regions were
analyzed however, Eapp values at the
mitochondria did not increase significantly upon
poly(I:C) addition (Corby et al. 2017).

5.3 Significance of the LGP2:NS3
Interaction

The NS3:LGP2 interaction might be biologically
relevant if it helps NS3 locate cleavage targets,
such as MAVS. This is a key new discovery
because prior work had not revealed a role for
the HCV helicase in assisting RLR evasion. For
example, ectopic expression of an NS3 mutant
lacking the ability to unwind RNA blocks IRF-3
activation down stream of MAVs in response to
Sendai virus infection (Foy et al. 2003), and NS3
lacking the helicase domain cleaves MAVs
in vitro (Horner et al. 2012). These prior findings,
however, do not rule out the possibility that LGP2
positions NS3 in the cell near MAVS. The ability
of LGP2 to shuttle NS3 to sites with high MAVS
concentrations might also be enhanced by the
LGP2 interaction with MDA5. LGP2 is known
to bind MDA5 to aid in its recognition and bind-
ing of viral substrates. MDA5 then, in turn,
exposes its CARDs to interact with the CARDs
on MAVS. NS3 might therefore bind to the
LGP2:MDA5 complex, with MDA5 forming a
bridge between NS3 and MAVS (Fig. 6).

6 Conclusions and Future
Directions

Q-MSI allows for the determination of FRET and
fluorescent protein concentrations within specific
sub-cellular regions in living cells under different
conditions. The method was made possible by the
incorporation of a third fluorescent marker to
identify mitochondria. Q-MSI showed oligomeri-
zation of RIG-I and MDA5, and that these
interactions increased with the addition of poly
(I:C). The increase in FRET efficiency was
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greater overall for MDA5 than for RIG-I. The
largest FRET efficiency increase in response to
RNA, however, was seen between LGP2 and
MDA5 (Table 1). This interaction was previously
studied and it is known that LGP2 and MDA5
interact on RNA ligands (reviewed in (Bruns and
Horvath 2015)). When fluorescently tagged
LGP2 and MDA5 were co-expressed there was
a small population of FRET efficiencies greater
than 10%, but upon addition of the RNA ligand,
the FRET efficiencies increased dramatically,
with some reaching as high as 80–90% (Corby
et al. 2017). These high FRET values suggest that
LGP2 might not simply “prime” RNA filaments
for MDA5 assembly as has been previously pro-
posed. Instead, LGP2 might be the dominant
protomer in the LGP2:MDA5 oligomer (Fig. 5).
Q-MSI also was used to identify a new, possibly
biologically relevant, interaction between LGP2
and the HCV NS3 helicase. LGP2 was the only
RLR which showed any significant interaction
with HCV NS3 and domain deletion mutants of
NS3 showed that the interaction of NS3 and

LGP2 is due, at least in part, to the helicase
domain.

These studies show that Q-MSI could be use-
ful for studying protein: protein and protein:
ligand interactions in living cells at a subcellular
level. It is important to note that proteins could be
localized using a wide variety of markers besides
MitoTracker. For example, there is presently evi-
dence that the RLRs assemble not only at the
mitochondria but also at peroxisomes (Dixit
et al. 2010) and mitochondrial-associated endo-
plasmic reticulum membranes (MAMs) (Horner
et al. 2011). Q-MSI could be used to quantify
interactions in these regions using probes like
red fluorescent fusions of PSS-1 (for MAMs),
PMP70 (for peroxisomes) and TOM20 (for
mitochondria).

Q-MSI is therefore now a powerful technique
that could be applied to study almost any protein:
protein interaction in live cells and determine
fluorescent protein concentrations in sub-cellular
regions of interest. The next challenge will be to
enable FRET spectrograms to be generated in

MDA5 MDA5

Interferon
Response

Interferon
Response

CARDs

MAVS

NS3
Helicase/
Protease

MDA5-LGP2
Oligomer

A

B

LGP2
MDA5MDA5

MDA5 MDA5 LGP2
MDA5MDA5

Fig. 6 Model for HCV NS3 interacting with an RLR
oligomer to facilitate the cleavage of MAVS. (a)
Helicase domains of RLRs scan the cytoplasm for viral
PAMPs like duplex RNA. Upon PAMP binding, RLRs
change conformation to expose CARDs, which bind to
CARDs on MAVS (green) to form a signaling complex.

This triggers a kinase cascade leading to phosphorylation
of IRF-3 and transcription of pro-inflammatory cytokine
and interferon genes. (b) The viral NS3 helicase (grey),
which interacts with LGP2 (red), is covalently tethered to a
protease (yellow), which cleaves MAVS and other key
proteins needed to initiate the interferon response
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regions other than those at the cellular surface or
the plasma membrane. In the past, FRET spec-
trometry (Raicu et al. 2009) has been used mainly
to study receptors that exist on the cell surface or
are integral parts of cellular membranes, the most
recent examples being G-protein coupled
receptors (Mishra et al. 2016; Stoneman et al.
2017), protein kinases (Mannan et al. 2013),
ABC transporters (Singh et al. 2013), and
sigma-1 receptors (Mishra et al. 2015). The chal-
lenge now is to refine Q-MSI to permit similar
studies to be performed with protein complexes
that reside in other parts of the cell.
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