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Quantitative microspectroscopic imaging reveals viral
and cellular RNA helicase interactions in live cells
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Human cells detect RNA viruses through a set of helicases
called RIG-I-like receptors (RLRs) that initiate the interferon
response via a mitochondrial signaling complex. Many RNA
viruses also encode helicases, which are sometimes covalently
linked to proteases that cleave signaling proteins. One unre-
solved question is how RLRs interact with each other and with
viral proteins in cells. This study examined the interactions
among the hepatitis C virus (HCV) helicase and RLR helicases
in live cells with quantitative microspectroscopic imaging
(Q-MSI), a technique that determines FRET efficiency and sub-
cellular donor and acceptor concentrations. HEK293T cells
were transfected with various vector combinations to express
cyan fluorescent protein (CFP) or YFP fused to either biologi-
cally active HCV helicase or one RLR (i.e. RIG-I, MDAS5, or
LGP2), expressed in the presence or absence of polyinosinic-
polycytidylic acid (poly(I:C)), which elicits RLR accumulation
at mitochondria. Q-MSI confirmed previously reported RLR
interactions and revealed an interaction between HCV helicase
and LGP2. Mitochondria in CFP-RIG-L:YFP-RIG-I cells, CFP-
MDAS5:YFP-MDAS cells, and CFP-MDAS5:YFP-LGP2 cells had
higher FRET efficiencies in the presence of poly(I:C), indicating
that RNA causes these proteins to accumulate at mitochondria
in higher-order complexes than those formed in the absence of
poly(I:C). However, mitochondria in CFP-LGP2:YFP-LGP2
cells had lower FRET signal in the presence of poly(I:C), suggest-
ing that LGP2 oligomers disperse so that LGP2 can bind MDA5.
Data support a new model where an LGP2-MDA5 oligomer
shuttles NS3 to the mitochondria to block antiviral signaling.

The term “helicase” was first used to describe enzymes that
unwind DNA by separating Watson-Crick base pairs and
untwisting the double helix (1). Such helicases function at the
replication fork, forming oligomeric rings that surround one
DNA strand while separating its complement, but they com-
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prise only a small subset of all motor proteins that manipulate
cellular nucleic acid structures. Ring helicases typically func-
tion as hexamers, in which each subunit contains a motor
domain (2). ATP binds between the motor domains of adjacent
subunits to initiate conformational changes leading to the
movement of the helicase relative to the nucleic acid (3). Ring
helicases are grouped into superfamilies (i.e. SF3®> and SF4)
based on sequence homology; some translocate on DNA (e.g.
the DnaB protein (4)), whereas others translocate on RNA (e.g.
the Rho protein (5)). In contrast, helicases in superfamily 1
(SF1) and superfamily 2 (SF2) do not need to form rings because
they possess two motor domains fused in tandem on the same
polypeptide (6). Such non-ring helicases aid cellular DNA rep-
lication, DNA recombination, DNA repair, RNA processing,
translation, viral RNA replication, and viral RNA detection.
Although some SF1 and SF2 helicases function as monomers
(7), biochemical evidence suggests that dimers or higher-order
oligomers are also needed for optimal activity (8).

This study uses recombinant fluorescent fusion proteins,
two-photon excitation quantitative microspectroscopic imag-
ing (Q-MSI) (9, 10), which employs quantitative FRET (9-11)
with dual excitation (i.e. two excitation wavelengths), and fully
quantitative analysis (12, 13). Q-MSI demonstrated that viral
and human RNA helicases form ordered complexes in cells.
Four different RNA helicases, all members of the SF2, were used
in this study (14). One of the helicases is the nonstructural pro-
tein 3 (NS3), which is encoded by the hepatitis C virus (15),
whereas the other three are human cellular helicases that detect
viral RNA and initiate the interferon response through the
mitochondrial antiviral signaling protein (MAVS) (16). Collec-
tively known as RIG-I-like receptors (RLRs), these proteins are
RIG-I (retinoic acid-inducible gene 1), MDA5 (melanoma dif-
ferentiation-associated protein 5), and LGP2 (Laboratory of
Genetics and Physiology 2) (17-19). RLRs are a subset of innate
immune system proteins called pattern recognition receptors
that sense cellular invaders by recognizing nucleic acid, protein,

3 The abbreviations used are: SF, superfamily; CARD, caspase recruitment
domain; HCV, hepatitis C virus; ISRE, interferon-stimulated response ele-
ment; MAVS, mitochondrial antiviral signaling protein; poly(l:C), polyinos-
inic-polycytidylic acid; ROI, region of interest; NLS, nuclear localization
signal; Q-MSI, quantitative microspectroscopic imaging; EMCCD, electron-
multiplying charge-coupled device; RIG-I, retinoic acid-inducible gene 1;
RLR, RIG-I-like receptor; PAMP, pathogen-associated molecular pattern;
CFP, cyan fluorescent protein; ER, endoplasmic reticulum; ANOVA, analysis
of variance.
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or carbohydrate epitopes, called pathogen-associated molecu-
lar patterns (PAMPs), not typically present in healthy cells.
After pattern recognition receptors bind ligands, they initi-
ate a signaling cascade resulting in the production of inter-
ferons, which alert neighboring cells and recruit other cells
to the area of infection. RLRs bind RNA ligands present in
viruses like duplex tracts or 5’ termini lacking typical
eukaryotic caps (20).

All four proteins used here share homologous helicase motor
domains, including a DECH sequence in their ATP binding site
(21, 22). Prior studies using cell extracts, X-ray crystallography,
and other techniques have shown that NS3 (8, 23), RIG-I (24),
MDAS5 (22), and LGP2 (25) all form oligomers. Other studies
have uncovered a key interaction between LGP2 and MDAS5
(26, 27), and there is an interesting relationship between the
RLRs and NS3. The NS3 helicase is part of a multifunctional
protein that has an N-terminal protease domain that cleaves
MAVS to block the interferon response (28, 29). RIG-I and
MDAS5 also interact with MAVS via their N-terminal caspase
recruitment domains (CARDs). However, a direct interaction
between NS3 and an RLR has not yet been demonstrated; nor
has there been convincing evidence that RLR oligomerization
occurs in living cells (30).

This project was initially designed to test the notion that
homologous protein/protein interaction motifs shared be-
tween NS3 and RLRs enable the NS3 helicase domain to posi-
tion the NS3 protease where it can cleave key cellular targets
needed for the interferon response. For example, NS3 might
locate MAVS by forming hetero-oligomers with RIG-1, MDAS5,
and/or LGP2. To test this hypothesis, we designed pairs of flu-
orescent fusion proteins (31, 32) to be used in cell-based FRET
assays. Cyan fluorescent protein (CFP) (33) was used as the
donor, and YFP (34) was used as the acceptor in FRET. Each
protein was designed to best retain its biological activity and
subcellular localization. Data revealed a new and possibly bio-
logically relevant interaction between HCV NS3 helicase
domain and LGP2. In addition, FRET data confirmed that in
vivo RLR interactions occur at the mitochondria and that these
interactions change in the presence of a PAMP.

Results
Biologically active fluorescent RNA helicases

Seven plasmids were constructed to encode CFP-NS3, CFP-
RIG-I, CFP-MDA5, CFP-LGP2, YFP-RIG-I, YFP-MDAS5, and
YFP-LGP2. Each fusion protein was designed to be expressed
under the control of a CMV promoter upon transfection of
293T cells. All proteins were tagged at the N terminus. Both
NS3 and each of the RLRs are multifunctional proteins with
complex domain structures. NS3 harbors a protease domain at
its N terminus linked to its C-terminal helicase domain. The
NS3 protease also requires cofactor NS4A for activity and
proper cellular localization. The same HCV open reading frame
encodes both NS3 and NS4A, with NS4A immediately down-
stream of NS3. Upon translation, NS4A binds NS3 to activate
the protease, which cleaves the NS3/NS4A junction. NS4A
then tethers NS3 to endoplasmic reticulum (ER) membranes as
part of the viral replicase. The CFP-NS3 plasmid was therefore
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Figure 1. Ectopically expressed fluorescent helicase fusion proteins
retain biological activity. A and B, ability of CFP-tagged NS3 to cleave a
substrate. 293T cells were co-transfected with a plasmid expressing CFP-
NS3:NS4A and either a plasmid expressing RFP-NLS-MAVs (A) or a plasmid
expressing RFP-NLS-MAVS with the cleavage site mutation (C508Y) in the NS3
cleavagesite (B). After 24 h, cells were imaged using a two-photon microspec-
troscope. The cells were excited at 840 and 1,020 nm to target CFP and RFP,
respectively. C-E, 293T cells were transfected with plasmids encoding either
YFP-RIG-I (C), YFP-MDAS5 (D), or YFP-LGP2 (E). After 24 h, the cells were excited
at 960 nm to image YFP fluorescence. F, ability of YFP-RIG-I, YFP-MDA5, and
YFP-LGP2 to signal an interferon response. 293T cells were co-transfected
with plasmids encoding either YFP, YFP-RIG-I, YFP-MDAS5, or YFP-LGP2 and a
plasmid encoding firefly luciferase under the control of an ISRE promotor.
Luciferase activity (relative luciferase units (RLU)) was normalized to YFP fluo-
rescence (relative fluorescence units (RFU)) and is reported (bars represent
means). Values above the bars report -fold stimulation relative to cells
expressing YFP.

designed to encode full-length NS3 and NS4A proteins, with
CFP fused to the NS3 N terminus. In transfected cells, such a
protein formed clear foci in the cellular cytoplasm (Fig. 14),
suggesting that NS3 bound NS4A and that the membrane
tether of NS4A was intact.

To probe CFP-NS3 activity, the cells were co-transfected
with a second plasmid that encodes the MAVS NS3 cleavage
site linked to an RFP with a nuclear localization signal (NLS). In
the absence of NS3, this REP-NLS-MAVS is expressed in the
cytoplasm. However, upon cleavage by NS3, MAVS migrates to
the cell’s nucleus (35). In this assay, the CFP-NS3:NS4A com-
plex retained the ability to cleave MAVS in cells (Fig. 1A4). In a
control assay, REP-NLS-MAVS harboring a mutation (C508Y)
in the NS3 cleavage site was expressed, and the CFP-NS3
complex did not cause the RFP to accumulate in the nucleus
(Fig. 1B).

RIG-I and MDAJ5 each contain two CARD domains at their
N terminus, followed by the helicase domain and a Zn>**-con-
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taining regulatory C-terminal domain. LGP2 is similar, but it
lacks the CARD domains. We therefore tagged each RLR pro-
tein at their N termini. Others have shown that similar N-ter-
minal tags on RLRs do not affect functional interactions with
their RNA ligands or downstream signaling ability (36—41).
Each fluorescent RLR fusion protein used here expressed a
cytoplasmic protein (Fig. 1, C-E).

When each RLR-expressing cell line was co-transfected with
a second plasmid encoding firefly luciferase under the control
of a promoter regulated by an interferon-stimulated response
element (ISRE), the RLRs stimulated the promoter’s activity
(Fig. 1F), suggesting that each fluorescent fusion protein
retained its signaling activity. As seen in Fig. 1F, LGP2 shows
less ISRE signaling activity, which is expected due to its lack of
CARDs, the presence of any ISRE stimulation in the presence of
overexpressed LGP2 is attributable to an interaction between
LGP2 and endogenous RLRs that contain CARDs.

FRET analysis reveals interactions between HCV NS3 and RLRs

The dual-excitation microspectral imaging technique (Q-
MSI) (13), a fully quantitative FRET method recently developed
to analyze interactions within ensembles of proteins in living
cells (12, 13), was used here to determine the relative FRET
efficiency (E,,,) as well as the donor- and acceptor-labeled pro-
tein concentrations in selected regions of interest (ROIs).
Q-MSI analyzes cells co-transfected with plasmids expressing
both the donor (CFP) and acceptor (YEP) proteins excited at
two wavelengths where pixel-level emission spectra are
acquired for each of the two excitations (Fig. 2, C and D). The
resulting “mixed” spectra are deconvoluted (i.e. unmixed) (42)
using information obtained from similar scans of cells express-
ing either donor alone (Fig. 24) or acceptor alone (Fig. 2B).
Here, two-photon excitation was used to perform the “FRET
scan,” with an excitation wavelength of A, ; = 840 nm (Fig. 2C)
and the “acceptor scan” with an excitation wavelength of A, , =
960 nm (Fig. 2D). Two excitation scans are needed to (i)
account for direct excitation of YFP at A, ; and (ii) calculate the
concentration of the donor and acceptor.

For each excitation scan, 200 2D fluorescence intensity
images were collected, each representing the pixel-level inten-
sities seen at wavelengths between ~400 and ~600 nm, with
~1 nm resolution. For a given field of view, the acquisition of
the two excitation scans is completed in ~60 s: 10 s to acquire
each set of spectral images and 40 s between the two scans to
change the excitation wavelength of the laser. As discussed
below, this method provides the apparent FRET efficiency,
E,, as well as CFP and YFP concentration. However, the
elapsed time between the two excitations (40 s) allows for
molecular diffusion and is therefore too long to generate
pixel-level information. Therefore, E,,, and concentrations
were only computed as an average over an ROI (whole cell or
subcellular ROI). This trade-off is necessary when the accep-
tor concentration also needs to be determined in FRET
imaging.

The first step in Q-MSI involves calculating the individual
contributions of donor and acceptor signals to an experimen-
tally obtained composite spectrum. Assuming that the compos-
ite (mixed) spectrum is a linear combination of the contribu-

SASBMB

Viral and cellular helicase interactions

tions of the donor and acceptor spectra, factors are determined
that scale the fluorescence of the acceptor in the presence of the
donor (k¥*”) and the fluorescence of the donor in the presence
of the accepter (k°*) (see Equation 1) to fit the measured com-
posite spectra (42). These factors were determined at two exci-
tation wavelengths for each field of view. The first wavelength
(Aex1 = 840 nm) excites CFP, and the second (A, , = 960 nm)
excites YFP, in both cases through a nonlinear process known
as two-photon excitation (43). These two factors, derived from
spectral unmixing, were then used, along with the spectral inte-
grals and standard curves generated from images of purified
CFP and YFP (13, 44), to calculate E,,, from Equation 4, donor
concentration from Equation 2, and acceptor concentration
from Equation 3 (see Fig. 2 and “Experimental procedures”).

Q-MSI analysis was first performed using CFP-NS3 as the
donor and either YFP-RIG-I, YFP-MDAD5, or YEP-LGP2 as the
acceptor. Pairs were co-expressed in 293T cells via transient
transfection. Most cells analyzed had E,,, values near zero
when either YFP-RIG-I or YFP-MDAS was used as the accep-
tor. However, with YFP-LGP2 as the acceptor, about half of the
cells analyzed showed some FRET, although E_, values were
typically < 20% (Fig. 2, H and I).

When a similar set of transfections was performed using
CFP-LGP2 as the donor, most cells expressing either YFP-
RIG-Ior YEP-MDAS as the acceptor again showed no apparent
FRET. However, when YFP-LGP2 was used as the acceptor,
most cells showed some FRET. The average E,,, seen in cells
expressing LGP2 oligomers was 12%, and some cells had E,,
values as high as 30% (Fig. 2, J and K).

To explore the NS3/LGP2 interaction in more detail, three
different mutant constructs expressing various deletions in the
CFP-NS3:NS4A sequence were generated and used to co-trans-
fect 293T cells with the YFP-LGP2 plasmid. In the first mutant
(scNS3-4A), the membrane localization regions of NS4A were
removed, and the region of NS4A that activates NS3 was cova-
lently attached between the NS3 N terminus and CFP. Such a
protein retains cellular protease activity but fails to form foci
like the full-length NS3-NS4A complex (Fig. 3, A and B). The
second mutant (NS3), which did not contain NS4A, lacked the
ability to cleave MAVS in cells and was distributed throughout
the cytoplasm (Fig. 3C). The third mutant (NS3h) lacked the
entire protease domain and was also broadly distributed
throughout the cells (Fig. 3D). Despite these different proper-
ties, each protein retained an ability to interact with LGP2, sug-
gesting that the interaction occurs via the NS3 helicase domain.
Most cells displayed E, , , values around 5%, but some had E,,,
values as high as 30%; the single-chain NS3-NS4A protein had
the highest average E,,, (Fig. 3, E and F).

When whole cells were selected as ROIs in the above exper-
iments, it is possible that £, , values were biased toward lower
values because ROIs contained many regions lacking fluores-
cent helicases (e.g the nucleus). To examine this possibility,
subcellular ROIs expressing CFP-NS3-4A were selected in cells
that had been co-transfected with a CFP-NS3-NS4A plasmid
and plasmids expressing YFP-tagged version of each of the
RLRs (Fig. 3A). These subcellular ROIs were defined as the foci
seen in 2D spatial distribution maps of k”* (Fig. 4A). These foci
should represent regions where NS3 is tethered to the ER mem-
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Figure 2. Whole-cell dual-excitation fluorescence microspectroscopy analysis of helicase interaction. 293T cells were transfected with a plasmid
expressing either CFP-LGP2 (A) or YFP-LGP2 (B), or co-transfected with plasmids expressing both CFP-LGP2 and YFP-LGP2 (C and D). The cells were exposed to
840 nm (A, ;) and 960 nm (A, ,) ultrashort-pulse laser light and imaged using a two-photon microspectroscope (see “Experimental procedures”). 3D fluores-
cence images consisting of 2D fluorescence intensity maps (left panels) for 200 emission wavelengths (defining the third dimension; see center panels) were
collected for each excitation wavelength.Images shown in each left-hand panel correspond to the wavelength where the maximum fluorescence emission was
detected, the center panels show projections of the fluorescence emission in the spectral dimension (i.e. emission wavelength) corresponding to the dashed line
in each left-hand panel, and the right-hand panels show the intensity scales of fluorescence as well as the average spectra for the circled ROIs shown in the left
panels. Using the elementary spectra obtained from the CFP-LGP2 alone (A) and YFP-LGP2 (B), the stacks of 200 emission wavelengths (corresponding to the
cells displayed in C and D) were unmixed (i.e. deconvoluted) at each pixel via a general least-squares minimization method described previously (see “Exper-
imental procedures ") to yield a 2D spatial distribution map of donor fluorescence in the presence of acceptors (i.e. k°(\ Aex1)) (E) and a 2D spatial distribution
map of acceptor in the presence of donor, k*°(A,, ;) (F). To both correct for inadvertent excitation of the acceptor (YFP) by the donor excitation wavelength
(Aex,1) and determine the concentration of acceptor over entire regions of interest, a second, “acceptor” scan was taken at the acceptor excitation wavelength
(Aex2)- When the acceptor scan is spectrally unmixed (D), it yields the spatial distribution of acceptor molecules in the co-expressing sample (G). Regions of
interest in the co- expressmg sample were selected, which included both CFP and YFP signal. These selections were then used as a mask and applied to the
kAP 1) kDA()\ex 1),and k*P(A,, ,) images to calculate average E,,, over the selected regions (assays with LGP2 are shown in A-G). Hand /, FRET analysis of cells
co-expressing CFP- NS3 4A and either YFP-RIG-I, YFP-MDAS5, or YFP LGP2. The scatter plot (H) shows the mean = S.D. (error bars). Eapp values calculated for each
cell, which were, in order, —0.034 = 0.04,0.012 = 0.027,and 0.052 = 0.027. A one-way ANOVA revealed a significant main effect of group (F(2,122) = 84.07,p <
0.0001), and Tukey post-hoc tests showed that each group differed significantly from the others (*, p < 0.0001). The histogram (/) shows the spread of the E,,, ,
values for each combination in steps of 0.05. J and K, FRET analysis of cells co-expressing CFP-LGP2 and either YFP-RIG-I, YFP MDAS5, or YFP LGP2, shown as in
Hand /. The E,,, means and S.D. values were, in order, —0.027 * 0.084, —0.001 = 0.130, and 0.127 = 0.059. The significant one-way ANOVA (F(2,125) = 29.40,
p < 0.0001) was driven by the fact that the LGP2 group differed significantly from the RIG-l and MDAS5 groups (¥, p < 0.0001). The RIG-l and MDA5 groups did
not differ from each other.

brane by NS4A. Such a detailed analysis revealed average E,,, was seen between NS3 and RIG-I (between 10 and 40% E, ).
values similar to those seen in the whole-cell analyses (Fig. 2, H, Although some FRET was seen between RIG-I and NS3, FRET
I). Most ROIs with RIG-I and MDA5 had no FRET, and the efficiency was still clearly higher between NS3 and LGP2. To
average FRET seen with LGP2 was about 5%. However, this  better understand how reproducible this effect was, the mea-
subcellular analysis revealed a subset of regions with notably surementand analysis of cells co-transfected with CFP-NS3-4A
higher FRET. For example, seven ROIs were found where FRET  and LGP2 was repeated, and an additional set of 222 ROIs were
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Figure 3. LGP2 interacts with NS3 helicase domain. 293T cells were trans-
fected with plasmids encoding various CFP-NS3 proteins. NS3 consists of an
N-terminal protease (blue) and a C-terminal helicase (red) domain. The NS4A
peptide (green) is needed to activate the protease. CFP was tethered to the
NS3 N terminus in one of the following ways: a native construct with a down-
stream NS4A (NS3-NS4A) (A); a construct where NS4A is covalently tethered
between CFP and NS3 (scNS3-4A) (B); a construct lacking NS4A (NS3) (C); and
a construct lacking the protease domain (NS3h) (D). 293T cells were trans-
fected with plasmids expressing each complex, grown for 24 h, and imaged in
a two-photon optical microspectroscope using an excitation of 840 nm. The
fluorescence emission at 485 nm is displayed for a selection of cells express-
ing each of the four constructs (A-D). E, 293T were co-transfected with a
plasmid expressing YFP-LGP2 and a plasmid expressing CFP attached to
either NS3h, NS3, scNS3-4A, or NS3:NS4A. 24 h after transfection, the cells
were subjected to Q-MSI in which whole cells were selected as ROIs. The
scatter plot (plus symbols) shows the average E,,, values calculated for each
cell. The average E,,, = S.D. (error bars) and number of cells analyzed (in
order) were as follows: 0.045 * 0.029 (n = 96), 0.063 * 0.035 (n = 78),0.068 =
0.045 (n = 79), and 0.054 = 0.027 (n = 74). The E,, differed significantly
among the groups, asillustrated using one-way ANOVA (F(3,323) = 7.814,p <
0.0001). Tukey post-hoc tests revealed that the E,,,, of the NS3h group was
significantly lower than that of the NS3 and scNS3-4A groups (¥, p < 0.004). F,
histogram showing the number of cells expressing each E,,, value (bin
width = 0.05).

analyzed. Indistinguishable results were obtained in the repeat
experiments (Fig. 4, C and D).

Subcellular Q-MSI analysis reveals RLR responses to poly(l:C)

Q-MSI was next used to examine the current models, which
suggest that RLRs respond to viral PAMPs by forming signaling
complexes at the mitochondrial membranes with MAVS (45). If
such models are correct, one would expect to see the fluores-
cent RLRs accumulate at the mitochondria. To test this hypoth-
esis, the mitochondria of cells co-transfected with RLR com-
binations were stained with MitoTracker Red, a dye that
fluoresces in a spectral region distinct from CFP and YFP. The
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Figure 4. Subcellular fluorescence microspectroscopy analysis of NS3
helicase interaction. 293T cells co-transfected with plasmids encoding CFP-
NS3:NS4A complex and one of the following: YFP-RIG-I, YFP-MDAS5, or YFP-
LGP2. After 24 h, cells were analyzed as in Fig. 2 except that subcellular
regions (highlighted) were selected rather than whole cells. A, 2D spatial dis-
tribution map of CFP-NS3-NS4A fluorescence in the presence of acceptors,
kDA()\eX 1). B, 2D spatial distribution map of YFP-LGP2 in the presence of donor,
K*P(Aex1)- C, scatter plot (plus symbols) shows the E,_ value calculated for

eachROI. The average E,,, = S.D. (error bars) and numgerof ROls analyzed (n)

(in order) were as follows: 0.009 * 0.10 (n = 83), 0.004 = 0.024 (n = 71),
0.050 *= 0.038 (n = 180), and 0.044 = 0.033 (n = 222). One-way ANOVA
revealed a significant main effect of group (F(3,552) = 23.19, p < 0.0001).
Tukey post-hoc tests showed that both RIG-I and MDA5 were significantly
different from LGP2(t1) and LGP2(t2) (*, p < 0.0001). D, histogram showing
the number of ROIs expressing each E,,, value (bin width = 0.1).

dye was used to find mitochondrial regions, which were
selected for Q-MSI (Fig. 5). To identify mitochondria-localized
YFP and CEFP, the spectra obtained with cells expressing CFP
(Fig. 5A) or YFP (Fig. 5B) or cells stained with MitoTracker (Fig.
5C) were used to unmix spectra obtained in MitoTracker-
stained cells expressing both CFP and YFP (Fig. 5D). The ROIs
were then identified on the resulting ¥”* (Fig. 5E) and k*? (Fig.
5F) maps by creating masks on the k* 2D map (Fig. 5G).

In the first set of experiments, cells were co-transfected
either with plasmids expressing CFP-RIG-I and YFP-RIG-I or
with plasmids expressing CFP-MDA5 and YFP-MDAD5. Some
of these cells were then exposed to poly(l:C) RNA (0.36 ug/ml
in cell growth medium), and others were exposed to TurboFect
only. RIG-I and MDA5 have both been shown to localize to
MAVS at the mitochondrial membrane in response to poly(I:C)
(46). Q-MSI imaging revealed clear differences upon the addi-
tion of the poly(L:C). Although the average E,,, of mitochon-
dria only changed from 3% to 4% for RIG-I upon the addition of
poly(L:C) (Fig. 6B), a new, albeit very small, population of mito-
chondria was observed with E, ,  values ranging from 50 to 90%;
these mitochondrial regions exhibiting high FRET values pos-
sibly indicate the location of RIG-I complexes not observed in
the absence of poly(I:C).

Cells expressing CFP-MDAS5 and YFP-MDAS5 developed a
larger population of mitochondria-localized MDA5 complexes
in response to poly(I:C) stimulation (Fig. 6C). Note that the
broad distributions of FRET efficiency values obtained are not
necessarily caused by experimental errors; rather, they are
indicative of the presence of relatively large oligomers compris-
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Figure 5. Subcellular dual-excitation fluorescence microspectroscopy
analysis of cells expressing fluorescent donors, acceptors, and Mito-
Tracker molecules. Before imaging, when necessary, the cells were stained
with 25 ng/ml MitoTracker Red for 20 min. Cells expressing only CFP-MDA5
(A) or only YFP-LGP2 (B) and cells expressing no fluorescent protein but
stained with MitoTracker (C) were imaged, and selected ROIls were used to
generate elementary spectra of CFP, YFP, or MitoTracker Red. These spectra
were used to unmix the composite fluorescent spectra in cells presenting all
three types of fluorescence signals. D, the three-component unmixing has
been introduced before (13) and summarized under “Experimental proce-
dures.” The spectra on the right correspond (from top to bottom) to donor-
only, acceptor-only, MitoTracker-only, and a typical composite spectrum
including contributions from all three fluorophores (taken from the mito-
chondrial region). E, 2D spatial distribution map of donor fluorescence in the
presence of acceptors k”*(\,, ;). F, 2D map of acceptor fluorescence in the
presence of donor k*°(A., ;). G, 2D map of MitoTracker k(). ,) intensity.

ing different combinations of donors and acceptors and hence a
distribution of different FRET efficiencies (see Refs. 11 and 44
and “Discussion”).

As a control, we performed the same subcellular analysis
using cells co-transfected with plasmids expressing CFP-LGP2
and YFP-LGP2. Because LGP2 lacks CARDs, one would not
expect it to accumulate at the mitochondria to the same extent
as RIG-I or MDAS5. Not surprisingly then, unlike RIG-I and
MDAS5, an increase in FRET efficiency was not seen with LGP2
(Fig. 6D); nor was a new subpopulation of regions with high
FRET noted (Fig. 6D). In fact, lower FRET efficiencies were
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Figure 6. Response of mitochondrial RIG-I, MDA5, and LGP2 to poly(l:C)
exposure. A, expected FRET from mitochondrial CFP and YFP-tagged RLRs if
proteins interact as dimers or higher-order oligomers. In each experiment,
cells were exposed to poly(l:C) (0.36 pg/ml in media) 4 h before imaging. The
cells stained with MitoTracker were then subjected to Q-MSl analysis, in which
mitochondrial ROls were selected using the MitoTracker signal as a mask, and
the average E,,, for each ROl was calculated. B, Q-MSI analysis of cells co-
transfected with plasmids encoding YFP-RIG-I and CFP-RIG-I. The histogram
shows the number of mitochondrial ROIs producing each £, value, in steps
of 0.05 (132 ROIs were randomly selected for each set). A Brown-Forsythe test
was performed and yielded a p value < 0.01. C, Q-MSI analysis of cells co-
transfected with plasmids expressing YFP-MDAS5 and CFP-MDAS and treated
the same as cells in B (200 ROIs were randomly selected for each set). A Brown-
Forsythe test was performed and yielded a p value < 0.001. D, Q-MSl analysis
of cells co-transfected with plasmids expressing YFP-LGP2 and CFP-LGP2 and
treated the same as cells in B (593 ROIs were randomly selected for each set).
A Brown-Forsythe test was performed and yielded a p value < 0.001.

seen, suggesting that some of the LGP2 oligomers in these sub-
cellular ROIs might have dissociated. One possibility is that
LGP2 instead interacted with another protein like endogenous
MDAS5, as has been reported before (27). Then the addition of
poly(I:C) may have stimulated the expression of more endoge-
nous MDAS5, which in turn caused formation of hetero-oligo-
mers containing lower proportions of exogenous (i.e. fluores-
cent) LGP2 to endogenous MDAS.

To examine the LGP2 interaction with overexpressed exog-
enous (i.e. fluorescently labeled) MDA5 (47), cells were co-
transfected with plasmids expressing CFP-LGP2 and YFP-
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Figure 7. Analysis of MDA5/LGP2 interaction in the presence and
absence of poly(l:C). A, FRET analysis of cells co-expressing CFP-LGP2 and
YFP-MDAS5 with and without poly(l:C) transfection. 293T cells were co-trans-
fected with CFP-LGP2 and YFP-MDAS5 plasmids. The cells were incubated for
20 h and then transfected with either 0.36 wg/ml poly(l:C) or vehicle. At 24 h,
the cells were stained with 25 ng/ul of MitoTracker Red for 20 min, after which
they were imaged at 100X using a two-photon microspectroscope. The cells
were successively excited at 840 and 960 nm, yielding two stacks of images.
The composite spectra were unmixed, regions of interest were selected in
each image, and the average E,,, for the region was calculated. The histo-
gram (A) shows the spread of the £,,,, values with and without poly(I:C) (210
ROIls were randomly selected for each set). The Brown-Forsythe test was per-
formed and yielded a p value of 0.03. B, E,,,, values versus the molar fraction of
acceptor molecules with and without poFy(I:C). Cand D, FRET analysis of cells
co-expressing CFP-MDAS5 and YFP-LGP2 (430 ROIs were randomly selected
for each set). The experimental method and analysis used for C and D was
identical to that corresponding to A and B. A Brown-Forsythe test was per-
formed and yielded a p value < 0.001.

MDAGS. In the absence of poly(I:C), such cells displayed some
interaction, with E,,, ranging from zero to ~20%, confirming
that an MDA5-LGP2 complex forms in live cells on or near the
mitochondria (Fig. 7, A and B). When poly(I:C) was added, a
somewhat larger number of mitochondria exhibited relatively
high FRET efficiencies (Fig. 7, A and B). This increase was prob-
ably caused by the fact that more exogenous, labeled MDA5
localized to the mitochondrial membrane, therefore allowing
for more FRET-productive complexes to form. The more het-
erogeneous distribution of mitochondrial FRET values in the
presence of poly(I:C) could be accounted for by the fact that
poly(I:C) only reaches a subpopulation of cells, due to the limits
of transfection and the confines imposed by cellular transport
and cell heterogeneity.

In the majority of mitochondrial ROIs sampled, there was a
higher concentration of LGP2 than MDAS5, as evidenced by the
large number of ROIs with molar fraction values < 0.5 (see Fig.
7B). To confirm this observation, the fluorescent tags on LGP2
and MDAS5 were switched, and the FRET experiment was
repeated. YFP-LGP2 and CFP-MDAS5 were co-expressed and
stimulated with poly(I:C). The mitochondria were again iden-
tified using MitoTracker, and an average E,,, for each mito-
chondrial region was calculated. Most mitochondria expressing
YFP-LGP2 and CFP-MDAS5 exhibited molar fraction values
> 0.5, confirming that LGP2 was in higher abundance in the
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mitochondrial ROIs than the MDAS5 (Fig. 7, C and D). Once
again, the addition of poly(I:C) resulted in the creation of a large
subpopulation of mitochondria with higher E,,, compared
with the cells without poly(I:C). These findings indicated that
poly(I:C) stimulated interaction between LGP2 and MDAJ5.

Q-MSl reveals response of NS3-NS4A co-expressed with LGP2
to poly(lI:C)

To understand the functional significance behind the LGP2
and NS3 helicase interaction, the CFP-NS3-NS4A plasmid was
co-transfected in 293T cells along with YFP-LGP2. After 24 h of
expression, the cells were either treated with poly(I:C) (0.36
pg/ml in media) or vehicle. The resulting cells were imaged
using successive 840- and 960-nm excitations, and the results
were analyzed via Q-MSI. Whole cells were circled, and the
average E,,, was calculated. The histogram (Fig. 8A4) shows a
shift in E,,, values with the addition of poly(I:C). Specifically,
the addition of poly(I:C) increased the interaction of NS3-4A
and LGP2 from an average of 5% to 7%. The concentrations
(micromolar) of the CFP and YFP in each ROI were also calcu-
lated and ranged from 0.1 to 25 uM for both donor and acceptor
in each experiment. A subpopulation of cells with notably lower
concentrations of exogenous CFP and YFP was observed, how-
ever, in the cells treated with poly(I:C). Low protein levels
would be expected if poly(I:C) treatment initiates an interferon-
induced repression of translation (Fig. 8, B and C).

Last, the mitochondria of cells co-expressing CFP-NS3-4A
and YFP-LGP2 were stained with MitoTracker Red and then
imaged. The MitoTracker Red stain was then used to create a
mask of mitochondrial regions, and this mask was applied to
the CFP-NS3:NS4A and YFP-LGP2 intensity maps. Q-MSI was
used to calculate the E, .. The histogram of FRET values at the
mitochondria (Fig. 8D) shows an increase in average FRET
from 7.7% to 8.2%. Although the histogram shows a shift in
values away from the original population without poly(I:C)
treatment toward higher FRET values with poly(I:C) treatment,
the difference is not statistically significant.

Discussion

RNA helicases have been suspected to form oligomers in cells
based on a variety of biochemical evidence obtained mainly
using purified proteins. For example, NS3 and each RLR can be
seen to form long oligomers using native PAGE and electron
microscopy (26, 48 —50). To examine whether such complexes
form in cells, this study used ectopically expressed fluorescent
fusion proteins and fully quantitative FRET imaging, which was
recently developed to probe protein/protein interactions in liv-
ing cells (11, 12). Interestingly, little self-interaction was seen
with RIG-I or MDADS5, but clear interactions were visible with
LGP2, suggesting that, in the absence of a PAMP, only LGP2
forms an oligomer in the cytoplasm (Figs. 2 and 6). In the pres-
ence of poly(L:C), clear oligomer formation was seen with both
MDAS5 and RIG-I. An interaction between MDA5 and LGP2
was also confirmed here, with data supporting the current
models in which LGP2 primes MDA5 assembly on RNA
PAMPs to stimulate signaling whereas, at the mitochondria,
excess LGP2 binds additional MDAS5 regions to repress signal-
ing (22, 27). LGP2 was also the only RLR that appeared to inter-
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Figure 8. Analysis of NS3-4A and LGP2 interaction in the presence and
absence of poly(I:C). A, FRET analysis of cells co-expressing CFP-LGP2 and
YFP-MDAS5 with and without poly(l:C) transfection. 293T cells were co-trans-
fected with CFP-LGP2 and YFP-MDAS5 plasmids. The cells were incubated for
20 h and then transfected with either 0.36 ug/ml poly(l:C) or vehicle. The cells
were successively excited at 840 and 960 nm, yielding two stacks of images.
The composite spectra were unmixed, regions of interest were selected in
each image, and the average E,,, for the region was calculated. The histo-
gram (A) shows the spread of the E,,, values with and without poly(l:C). A
Brown-Forsythe test was performed and yielded a p value < 0.01. B, concen-
trations of CFP-NS-NS4A and YFP-LGP2 in cells not treated with poly(l:C). C,
concentrations of CFP-NS-NS4A and YFP-LGP2 in cells treated with poly(l:C).
D, to further understand the NS3-4A and LGP2 interaction, cells expressing
YFP-LGP2 and CFP-NS34A were either mock-transfected or transfected with
poly(l:C). The mitochondria were stained with MitoTracker Red and circled.
The histogram shows the number of mitochondrial ROIs expressing each £,
value (bin width = 0.05). A Brown-Forsythe test was performed and yielded a
p value of 0.344.

act with the HCV helicase, suggesting that LGP2 is a key mul-
tifaceted interaction partner in the innate immune system.
One advantage of Q-MSI over other techniques is its ability
to calculate the precise fluorescent protein concentrations in
cells and/or regions being analyzed. Because plasmids can
express proteins at very high concentrations in some cells, low-
affinity interactions might be observed that do not occur in
nature. However, because Q-MSI allows for concentration cal-
culation, it is possible to selectively analyze cells with high and
low protein expression levels. In the experiments here, cellular
concentrations of the fusion proteins ranged between 0.01 and
50 uM (Fig. 8, Band C). In all experiments, high E_ | levels were

app

observed even in cells with relatively low expression, and E,,,
did not correlate with an increase in total fusion protein con-

centration, suggesting that the interaction observed did not
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simply result from overexpression. Instead, some correlation
between the acceptor molar fraction and E,,, was observed
(Fig. 7, B and D), indicative of the interactions occurring in
ensembles of oligomeric complexes.

Because recombinant purified NS3 (7, 23, 50), RIG-I (49),
MDAS5 (48), and LGP2 (26, 51) can all form filaments on RNA in
vitro, the observation here that only a few of these proteins
interact in cells to produce FRET was somewhat surprising. It is
important to recognize, however, that such negative results do
not rule out the possibility of interactions because, among other
possibilities, the CFP and YFP might disguise necessary inter-
acting motifs, or the fluorophores might be oriented such that
they are too far for FRET to efficiently occur. The low FRET
seen with RIG-I might be important (Fig. 6), however, given the
recent observation that only monomeric forms of RIG-I were
observed in cells, even in the presence of poly(l:C) and 5'ppp-
dsRNA PAMPS (30). This absence of observed FRET does not
disprove an interaction, and it is possible that interactions that
were not observed occur in cells. Nevertheless, one way to test
whether the fluorescent proteins mask interaction motifs
would be to fuse them to other regions of the helicases. Another
option would be to use small tags that bind small-molecule
fluorophores (52). We are presently exploring both options but
have yet to find additional fluorescent constructs that express
active helicases in cells.

It is noteworthy that FRET was only observed between CFP-
RIG-I and YFP-RIG-I when their interactions were analyzed at
the mitochondria in the presence of poly(I:C) (Fig. 6). Remark-
ably, far more FRET was seen with CFP-MDA5 and YFP-
MDAS5 than CFP-RIG-I and YFP-RIG-I under the same condi-
tions (Fig. 6). We had expected to see more FRET with RIG-I
under these conditions because FRET has been previously
observed between labeled RIG-I and MAVS when they are
ectopically expressed in 293T cells (53) and because the CARDs
of MAVS and RIG-I formed a helical tetrameric structure in a
recent crystal structure of the complex (24). A close examina-
tion of the MAVS-RIG-I helical tetramer (Protein Data Bank file
4P4H) suggests that the N termini of RIG-I might actually be
positioned separately in such a way that only low FRET is pos-
sible between the fusion partners. In the complex, the RIG-I
CARDs appear to alternate with MAVS CARDs.

Because MDA5 and RIG-I have similar CARDs, one might
expect that MDA5 would form a similar helical tetramer with
MAVS as was seen with RIG-I (24). Our data suggest that is not
the case. From our data, MDAS5 oligomers at the mitochondria
seem clearly different from RIG-I oligomers (Fig. 6). This might
mean that MDA5-MAVS complexes place their N-terminal
CARD:s closer to one another than is seen with RIG-I or that
MDA5 CARDs do not alternate systematically with MAVS
CARDs. Alternatively, the RIG-I'MAVS complexes might not
be as long-lasting as MDA5:MAVS complexes. Regardless, the
MDAS5 CARDs do not seem to form the same type of oligomers
with MAVS as RIG-I CARDs.

The hetero-interaction observed here that has also been
studied in most detail previously is the one between LGP2 and
MDAS5 (22, 25-27, 54, 55). The greatest FRET efficiencies seen
in this Q-MSI study were observed between LGP2 and MDA5
(Fig. 7; see also Fig. 1F, where signaling is evident with LGP2
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despite lacking CARDs). When YFP-LGP2 was co-expressed
with CFP-MDA5 and stimulated with poly(l:C), the response
was remarkable. Without poly(I:C), there was a small popula-
tion of mitochondria with E,, values around 10%. With the
addition of poly(L:C), this population shifted toward higher E,,
values (around 20%). This finding is contrary to the current
models, where LGP2 simply primes MDADS5 filament formation
(22). Rather, we might be observing complexes formed at LGP2
concentrations where LGP2 has been seen to inhibit MDA5
(27). Because we still do not know the stoichiometry of the
LGP2:-MDAS5 complexes observed, it is not possible to design
molecular models needed for further analysis of our FRET data.
At this time, these data simply further reinforce the notion that
LGP2 can attenuate MDA filament length (26).

When MDAS5 was expressed alone, it showed essentially no
FRET, which suggested that it undergoes no significant oligo-
merization. By contrast, when LGP2 was expressed alone, most
of the cells exhibited significant FRET (e.g E,,, = 0.12 * 0.06
for the experiment reported in Fig. 2J), indicating the presence
of oligomers. Strikingly, when poly(I:C) was added, the LGP2
FRET essentially disappeared (Fig. 6C), whereas that of MDA5
became higher (Fig. 6B). This suggested that poly(I:C) either
decreases the binding strength between LGP2 protomers
within an oligomer or increases the affinity of binding between
individual LGP2 protomers and a different molecule, such as
endogenous MDADS. It is also possible that a more prosaic effect
is at play; poly(I:C) might somehow interfere with the position
or orientation of the fluorescent tags, which are tethered rather
flexibly to the helicases, in a manner that reduces the FRET
efficiency for one pair and increases it for another. It is also
possible that poly(I:C) is mediating the interaction, and it is not
a direct protein/protein interaction. However, these effects
should not affect only LGP2.

When combining the results from the FRET investigations of
LGP2 and MDAS5 expressed alone versus co-expressed, as out-
lined in the above paragraphs, a single coherent picture emerg-
es: that poly(I:C) leads to association, at the mitochondria, of
LGP2 with endogenous or exogenous MDAD5. This conceptual
model should be further tested, for instance, by using the FRET
spectrometry approach developed previously to assess the stoi-
chiometry of protein/protein interactions. FRET spectrometry
has already been rigorously tested, using multiplexed model
fluorescent proteins (56), and applied to investigations of the
quaternary structure in living cells of an array of different mem-
brane and cytoplasmic proteins, such as a bi-component bacte-
rial ABC transporter (57), muscarinic M3 acetylcholine recep-
tor (58), o-1 receptor (44), and human opsin (59).

Of the two hetero-interactions that were observed here
(LGP2/MDAS5 and NS3/LGP2), the NS3/LGP2 interaction has
not been reported before. This interaction could be biologically
relevant if it somehow assists the NS3 protein in finding targets
like MAVS. Foy et al. (60) initially probed the role of the NS3
helicase in MAVS cleavage by using a mutant NS3 protein lack-
ing its helicase function (W501A). NS3 W501A retains the abil-
ity to block IRF-3 activation, meaning that the protein probably
still cleaves MAVS. Later, Horner et al. (61) showed that the
first o helix at the NS3 N terminus is critical for MAVS cleav-
age. The helix works with NS4A to help tether the NS3 to the
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ER. The same study also showed that NS3 lacking a helicase
domain is sufficient for MAVS cleavage when ectopically
expressed in cells. We had nevertheless expected that an inter-
action might occur between RIG-I and NS3 because of the key
role that RIG-I plays in detecting HCV and because other viral
proteins have been seen to interact with RIG-I. Cells without
wild-type RIG-I (called Huh 7.5) allow better HCV replication
(62), and RIG-I interacts with nonstructural protein 1 (NS1)
encoded by influenza A virus, as was shown using similar tech-
niques, cells, and protein constructs as used here (37, 38). It is
possible that LGP2 might instead help shuttle NS3 to cellular
regions containing MAVS because LGP2 also interacts with
MDAS5, which binds MAVS upon activation of its CARD
domains. Our observation that FRET increases between LGP2
and NS3 after the addition of poly(I:C) in the cell as a whole (8A)
but not specifically at the mitochondria (8C) does not support
the hypothesis that LGP2 is acting alone to shuttle NS3. It is
possible, however, that both LGP2 and MDA5 might be neces-
sary to localize NS3 to mitochondria to catalyze MAVS cleav-
age. Such an idea warrants further study.

Experimental procedures
Materials

Standard techniques were used to generate expression plas-
mids encoding each fluorescently tagged helicase, as outlined
below. Oligonucleotides were purchased from Integrated DNA
Technologies (Coralville, IA).

pCMV-YFP-LGP2, pCMV-CMV-LGP2—LGP2 (DHX58)
c¢DNA was amplified using PCR from pCMV3-RC204837 (Ori-
Gene, Inc.) primers, which contain HindIII and Xhol restric-
tion sites. The PCR product was then cut with XhoI and HindIII
and ligated into a similarly treated pCMV6-AN-mYFP or
pCMV6-AN-mCEFP plasmid.

pCMV-YFP-RIG-I, pCMV-CFP-RIG-I—Vectors were pur-
chased from GeneCopoeia (Rockville, MD) (catalog nos. EX-
T0237-M15 and EX-T0237-M32).

pCMV-CFP-MDAS, pCMV-YFP-MDAS—Vectors were pur-
chased from GeneCopoeia (Products EX-T0707-M15 and
EX-T0707-M32).

pCMV-CFP-scNS3—scNS3 was amplified from the plasmid
p28scNS3_1b(conl) (63) using primers that contain HindIII
and Xhol restriction sites. The PCR product was then cut with
Xhol and HindIII and ligated into a similarly treated pCMV6-
AN-mCFP-LGP2 vector.

pCMV-CFP-NS3h—The NS3h open reading frame was cut
out of p24a-NS3h_1b(conl) plasmid (64) using Nhel and Xhol.
The resulting fragment was gel-purified and ligated into simi-
larly treated pPCMV6-AN-scNS3.

pCMV-CFP-NS3—DNA encoding NS3 (HCV genotype 1b,
conl isolate) was cut out of p28-FL-NS3(1b_con1) (65) plasmid
using the enzymes Nhel and Xhol. The resulting cut FL. NS3
product was gel-purified and ligated into pCMV-AN-scNS3,
which was also cut with Nhel and Xhol.

pCMV-CFP-NS3-4A—The NS3-NS4A open reading frame
was excised from p28-His-NS3-4A-His (66) using Nhel and
Xhol. The resulting DNA fragment was gel-purified and ligated
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into pCMV-AN-scNS3, which was also cut with Nhel and
Xhol.

PET24-YFP-NS3h—PCR primers were used to amplify the
YEP open reading frame from the vector pPCMV6-AN-mYFP
(OriGene, Inc.). The amplicon was attached in frame with YFP
using Ndel and Nhel sites. Upon digestion, the fragment was
ligated in to plasmid p24a-NS3h(conl) (64) that was also
digested with Ndel and Nhel and gel-purified.

PET24-CFP-NS3h—The CFP-NS3h open reading frame was
excised from pCMV-CFP-NS3h (above) using EcoR], purified,
and ligated into a similarly treated pET24d vector (Novagen,
Inc.).

Protein purification

YFP-NS3h and CFP-NS3h, used for calibration curves (see
below), were purified from BL21(DE3) Escherichia coli con-
taining either pET24-CFP-NS3h or pET24-YFP-NS3h using
the same procedure that was described in detail previously
(63).

Transfections with plasmids

293T cells grown to 90% confluence in 10-cm cell culture
dishes under 37 °C and 5% CO, in Dulbecco’s modified Eagle’s
medium/high glucose with L-glutamine, sodium pyruvate (GE
Healthcare, product number SH30243), and supplemented FBS
and non-essential amino acids at 10% and 1X, respectively.
100X penicillin/streptomycin (Thermo Fisher Scientific) was
also added to all cultures at 1X final concentration. 2.0 X 10°
cells were seeded in 2 ml to 35-mm number 1.5 coverglass
(0.16-0.19 mm) poly-D-lysine-coated glass bottom culture
dishes containing a 14-mm diameter Microwell (MatTek
Corp., Ashland, MA), incubated for 24 h at 37 °C under 5% CO.,,.
Aliquots of 1.5 ug of each plasmid were added along with 5 ul of
TurboFect Transfection Reagent (Thermo Fisher Scientific) to
600 wl of serum-free DMEM. After 1 h at 23 °C, the entire solu-
tion was then added to the above cells. Then the dishes were
returned to 37 °C and 5% CO, for 24 h to express the recombi-
nant fluorescent protein construct.

Transfections with poly(l:C)

Four hours before imaging, either 200 ul of poly(l:C) (5
ng/ul) in DMEM plus TurboFect (1:100 dilution) or 200 ul of
serum-free DMEM plus TurboFect (1:100 dilution) was added
to the dishes containing transfected cells. The plates were then
returned to the 37 °C, 5% CO, incubator for 4 h. To remove
phenol red, the cell medium was removed using aspiration and
replaced with prewarmed serum-free DMEM lacking phenol
red.

To stain mitochondria, cell medium was again removed, and
cells were stained in 1 ml of 25 ng/ml MitoTracker Red
(Thermo Fisher Scientific) in prewarmed serum-free DMEM
lacking phenol red for 15 min. Cell medium was removed using
aspiration and replaced with prewarmed serum-free DMEM
lacking phenol red.

Cell-based protease assay

A MAVS-based reporter assay was used for a cell-based pro-
tease assay. 293T cells were co-transfected with plasmids
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encoding NS3 and the plasmid TRIP-RFP-NLS-IPS (Charles M.
Rice, Rockefeller University), which encodes the “TagRFP” red
fluorescent protein (RFP, Evrogen, Inc.) and an SV40 NLS fused
to residues 462—540 of MAVS (also known as IPS) (35). Cells
were imaged as described below.

ISRE assays

3.0 X 10* of HEK293T cells/well were plated per well of a
24-well plate. After 12 h at 37 °C, 0.5 ug of the pISRE-luc (Agi-
lent Technologies, Inc., catalog no. 219092) plasmid expressing
firefly luciferase under control of and interferon-stimulated
regulatory element was co-transfected along with either 0.5 ug
of plasmid expressing YFP alone or YFP-RIG-I, YFP-MDAS, or
YFP-LGP2 using TurboFect (as above). After 24 h at 37 °C,
luciferase activity was measured using the Firefly Luc One-Step
Flow Assay Kit (Pierce).

Two-photon fluorescence microspectroscopy

Images were obtained at room temperature of cells described
above using a two-photon microspectroscope comprising a
Nikon Eclipse Ti™ (Nikon Instruments Inc., Melville, NY)
inverted microscope stand and an OptiMiS scanning/detection
head (Aurora Spectral Technologies, Grafton, WI). A mode-
locked laser (MaiTai™, Spectra Physics, Santa Clara, CA) was
used for fluorescence excitation. It produces 100-fs pulses with
wavelengths tunable between 690 and 1040 nm with an ~7-nm
full-width half-maximum. The OptiMiS detection head was
modified to include a line-scan protocol (10) and the ability to
automatically change the excitation wavelength while main-
taining constant power (13). The line-scan protocol allows for
signals 2 orders of magnitude larger than a point-scan approach
for the same line-dwell time. This improves accuracy by reduc-
ing photobleaching (10). The laser light was focused through an
infinity-corrected oil-immersion objective (100X magnifica-
tion, numerical aperture = 1.45; Nikon Instruments Inc.). The
fluorescence was detected using a non-descanned detection
scheme, whereby light is projected through a transmission grat-
ing onto a cooled electron-multiplying CCD (EMCCD) camera
(iXon X3 897, Andor Technologies, Belfast, UK). The dispersed
fluorescence (i.e. spectrum) strikes the CCD camera in a direc-
tion perpendicular to the excitation line. The spectral wave-
lengths are separated as a function of pixel position on the
EMCCD array. This allows for the capture of three-dimen-
sional information; two dimensions are the physical dimen-
sions (440 X 300 pixels), and the third dimension is wavelength.
Each spectrum is sampled at 200 different wavelengths. The
emission channels range from ~400 to 600 nm with a spectral
resolution of ~1 nm. The custom software used to control the
optical scanning head and EMCCD was written in C++ and
developed in-house.

Q-MSsl

As described previously in more detail (67), before each
experiment, the microscope’s spectral calibration was per-
formed using 10 um uranine and rhodamine standards, which
allowed for the assignment of each wavelength to a known cam-
era pixel (or detection channel). Two-photon microspectro-
scopic images were collected for 293T cells either singly or dou-
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bly transfected with YFP- and/or CFP-tagged proteins. The
CFP-tagged proteins served as donors of energy, whereas the
YFP-tagged ones were used as acceptors of energy in FRET
experiments. The singly expressing cells were imaged to obtain
the elementary spectra (i.e. emission spectra divided by the
maximum emission intensity) of the donor and the acceptor,
whereas a sample expressing no fluorescent proteins but
stained with MitoTracker was used to determine the elemen-
tary spectrum of MitoTracker.

For each combination of CFP- and YFP-tagged proteins, two
scans were performed: a “FRET scan” using the peak excitation
wavelength of the donor (A,,,; = 840 nm), in which the donor is
primarily excited, and an “acceptor scan” at the peak excitation
wavelength of the acceptor (A, ; = 960 nm) in which the accep-
tor is maximally excited. A range of 15-30 fields of view were
collected for each dish analyzed. The total acquisition time for a
full set of microspectroscopic images (i.e. two sets of images
each containing 440 X 300 pixels and 20 wavelengths/pixel)
was ~60 s (10 s for each excitation scan and ~40 for changing
the laser wavelength). Because the laser beam was shaped into a
line at the sample plane, hundreds of voxels (the volume of the
pixel measured) in the sample were excited simultaneously; the
length of the line in the sample extended 3 times wider than
the detectable region of the camera, such that in the field of view,
the excitation power was approximately uniform. The typical laser
power used was 200 milliwatts/line (or 0.13 milliwatts/excitation
voxel) for both the first and the second scan; these powers were
automatically controlled by a power-control module described
previously (13). The pixel-level composite spectra acquired during
the two acquisition scans were deconvoluted (i.e. unmixed) (42),
assuming that each measured spectrum, S, is given by a linear
combination of spectral components,

Sm()\ex,h)\em) = 2l(kl(/\tex,i)sl()\em)) (Eq. 1)
where i (= 1,2) is the excitation wavelength index, and [ is a
summation index for the differing spectral species present in
the sample, which in this work are the following: donor in the
presence of acceptor (/ = DA), acceptor in the presence of
donor (I = AD), and, in some of the measurements, Mito-
Tracker (/ = M). In practice, there is also a constant (i.e. wave-
length-independent) component of the measured spectrum,
which appears as a nearly uniform background to each image
acquired (/ = B). Although we explicitly include that in the
spectral unmixing, we shall ignore it hereafter, because it is
not included in the determination of FRET efficiency or
concentrations.

The abundance coefficients, k*”, kK, and k', which are pro-
portional to the emission intensities of the above-mentioned
fluorescent species, were extracted using a general least-
squares minimization algorithm described previously (13).
Averages of the abundance coefficients taken over entire ROIs
were then used to compute the total number of photons
detected for the donors (F?*(A,,. ;) = k”*(A.,)W"), accep-
tors (FP(\ = k"’ ow?), MitoTracker (FM(\
kM(Aey )W), etc., using the spectral integrals (or the areas
under each elementary spectrum) denoted by w with various
superscripts.

ex,i) ex,i)
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These values were then used to calculate, using two equa-
tions derived previously (12, 13), the ROI-averaged donor fluo-
rescence in the absence of acceptor (or FRET),

D

Q
FD()\exJ) = FDA(AexJ) + FF(Aex,h/\ex,Z) (Eq-z)

and the ROI-averaged acceptor fluorescence in the absence of
FRET (i.e. as if it were the result of direct excitation with laser
light),

F()\exJ r)\ex,z)

FA ) = — oy
(Aex2) o P

(Eq.3)
p

where F(Aqy 1Aex2) = F4P(A
[e2? and pP = [Pe DT rex2P,

The average, over a specific ROI, of apparent FRET efficiency
(E,pp) defined here as the ratio of the donor fluorescence lost
through FRET and the donor fluorescence in the absence of
FRET, was computed from the above parameters using the fol-
lowing equation.

) - AFA(Aex,2)7 pA = F)\CXJIA/

_I FDA()\ex,l)

E FD()\exJ)

app (Eq. 4)

Last, the total concentrations of donor-tagged proteins, [D],
and acceptor-tagged proteins, [A], residing in each sample
voxel (corresponding to each image pixel) were obtained via
calibration of the pixel-level values of F°(A,, ;) and F*().,,)
using 10-fold dilution series of solutions of purified CFP-NS3h
(D) and YFP-NS3h (A) proteins); fluorescence data of both the
protein solutions and the 293T cells were acquired using the
exact same imaging conditions. To perform the calibration,
plots of F(A,, ,) versus CFP-NS3h concentration and F* (A, ,)
versus YFP-NS3h concentration were constructed. The slopes
of the CFP-NS3h and YFP-NS3h dilution curves, correspond-
ing to the number of fluorescence counts per micromolar solu-
tion, were found to be 958 and 5,317, respectively. The voxel
was calculated to be 3.13 X 10~ '7 liters (68). More details on
this calibration are given elsewhere (13). The pixel-level total
concentrations were averaged over regions of interest to obtain
the average concentrations of donors and acceptors.
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