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Abstract

Aberrant protein folding represents the molecular basis
of many important human diseases. Although the discov-
ery of new anti-misfolding drugs is a major priority in
molecular therapeutics, there is currently no generalizable
protein folding assay for use in cell-based high through-
put screening (HTS) of chemical libraries, or for in vivo
imaging. We molecularly engineered a bioluminescence-
based biosensor composed of rationally split Firefly lu-
ciferase reporter fragments flanking a test protein, and
used this in a protein-fragment complementation assay
to quantitatively measure folding of the test protein. We
comprehensively validated this biosensor in vitro, in
cells, and by optically imaging protein folding and
misfolding in living mice using several test proteins in-
cluding enhanced green fluorescent protein, Renilla lucif-
erase, Gaussia luciferase, and SIRT1. Applications of this
novel biosensor are potentially far-reaching in both cell-
based HTS approaches to discover new anti-misfolding
drugs, and when using the same biosensor in validation
studies of drug candidates in small animal models.
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Key messages

* Novel anti-misfolding drugs are needed as molecular ther-
apeutics for many diseases.

*  We developed first in vivo imaging protein folding bio-
sensor to aid drug discovery.

» Biosensor created by flanking a test protein with rationally
split Firefly luciferase.

» Biosensor validated by detecting folding of test proteins
EGFP, Rluc, Gluc, and SIRT]1.

* Generalizable molecular biosensor for translational appli-
cations in drug screening.

Keywords Protein folding - Protein misfolding - Molecular
imaging - Drug discovery - High throughput screening -
Bioluminescence imaging

The discovery of small molecule drugs that hinder the forma-
tion of misfolded protein conformations, and which may ulti-
mately lead to the prevention of misfolding disease pheno-
types, is a major goal in molecular therapeutics [1, 2].
Currently, rational drug design based on knowledge of protein
structural biology, or high throughput screening (HTS) of
chemical libraries, provides platforms for discovery of poten-
tial novel pharmacologically active anti-misfolding drugs.
Numerous in vitro biophysical experimental tools have
been created to advance our understanding of protein folding
mechanisms [3]. A variety of approaches to analyze protein
folding and their stability are available in vitro, but they re-
quire purified protein and do not allow assessment of protein
stability within the cellular environment. In cell culture, the
most common general approaches are to examine component
protein stability using subsequent western blot or pulse-chase
analysis, but such methods are not amenable to high-
throughput studies [4]. In the past few years, several in vivo
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stability reporters have also been developed, including the
study of protein fusion with GFP, «x-complementation of f3-
galactosidase, and split versions of GFP and (3-lactamase
(reviewed in [4]). The latter two reporters used an insertional
approach, where a target protein was inserted directly into a
reporter, reducing false positives owing to proteolysis or ini-
tiation of protein translation at internal sites, which can unteth-
er the reporter from the target protein [5]. Using a similar
insertional approach, Pittman et al. [4] described a folding
assay (intra-dihydrofolate reductase enzyme stability assay,
IDESA) that was designed for high-throughput use and where
protein stability is coupled to cell proliferation in the model
yeast, Saccharomyces cerevisiae. They demonstrated its use
with a range of disease-relevant targets, to identify stabilizing
small molecules (pharmacological chaperones) for unstable
alleles.

Of several “single cell” techniques to study protein folding,
such as FIAsH dye-labeling and NMR spectroscopy
(reviewed in Ebbinghaus et al. [6]), fluorescence resonance
energy transfer (FRET) has been used for many years to study
folding and unfolding of proteins at a single molecule level
and in live cells by probing the distances between fluorescent
donor and acceptor molecules attached to the termini [7], or
within domains [8], of test proteins. The strong distance de-
pendence (1/R®) of the FRET rate constant allows the mea-
surement of distances on the 2 to 8 nm scale, between donor
and acceptor labels on a biomolecule [9]. Thus, FRET can
provide a reaction coordinate that provides a global view of
conformational distributions and dynamics of a protein as it
folds [10]. Furthermore, a feature of FRET is that it can be
used to image the fast dynamics of biomolecules in vivo with
subcellular resolution. For example, fast relaxation imaging
(FRel) couples time-resolved FRET imaging with fast temper-
ature jump-induced kinetics to measure reversible fast folding
kinetics as well as protein folding thermodynamics inside a
single living cell with high spatiotemporal resolution [6].
Unfortunately, fluorescence reflectance imaging in living an-
imals is decidedly surface-weighted when compared to biolu-
minescence imaging [11]. Therefore, a particular advantage of
bioluminescence over fluorescence is that its use could be
extrapolated to preclinical mouse model imaging using the
same reporter-based molecular construct during subsequent
optical imaging validation studies of promising drug candi-
dates [12]. Knowing that most fully folded native proteins
have N- and C-termini in close spatial proximity (average
distance of 2.7 nm) [13], we modeled our new
bioluminescence-based biosensor on the stereospecific re-
quirements for FRET in folding studies, to quantitatively mea-
sure protein folding or misfolding using bioluminescence
imaging.

Here we describe the molecular engineering rationale (see
further discussion in Supplementary Material), construction,
and validation of this novel biosensor based on a chimeric
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molecular construct of rationally split Firefly luciferase
(Fluc) reporter fragments [14] flanking a test protein
(Fig. 1a), used in a protein-fragment complementation assay
(PCA) [15, 16] to measure and indirectly quantitate [17] the
extent of protein folding or misfolding in mammalian cells
using luminometry studies in cell lysates, and for biolumines-
cence imaging of these live cells in culture and subcutaneous
implants in living mice. We used several test proteins includ-
ing enhanced green fluorescent protein (EGFP), Renilla lucif-
erase (Rluc), Gaussia luciferase (Gluc), and SIRTI.
Importantly, the split-Fluc fragments used in this study had
been shown previously [18] to not exhibit self- or unassisted
complementation when expressed in cells. Thus, fully func-
tional Fluc is restored only upon complementation that is
assisted by proper protein folding. This strategy is generaliz-
able and has the potential for applications in the basic study of
protein folding in vivo, and translational applications in di-
verse molecular imaging cell-based HTS platforms aimed at
discovery of novel or repurposed anti-misfolding drugs for
many important diseases.

Materials and methods
Expression vectors

We obtained all restriction and ligase enzymes and appropriate
buffers from New England Biolabs (Ipswich, MA). We used
the five PRIME Taq DNA Polymerase kit (Fisher Scientific,
Pittsburgh, PA) for PCR reactions with primers generated at

Fig. 1 Design and characterization of the protein folding biosensor. a P>
Schematic of the strategy to assay protein folding status.
Complementation of NFluc and CFluc fragments results in restoration
of Fluc enzymatic function upon proper folding of the attached protein
of interest (ribbon diagram of GFP, as an example). b Assessment of
EGFP as a test protein by differential interference contrast (DIC) bright
field microscopy and EGFP fluorescence imaging of HEK293T cells
transiently expressing wtEGFP and its split-Fluc fusion (wtEGFP-
fusion). Untransfected cells were a negative control (Negative). ¢ GFP
median fluorescence intensity (MFI in relative fluorescence units [RFU])
in the corresponding live cell populations by flow cytometry, gated to
include only GFP positive cells. d Western blot shows differential
expression of WtEGFP and wtEGFP-fusion proteins in lysates collected
from these cells. e Results of FACS analysis upon normalization with
western blot data. f Assessment of Fluc fragment orientation on EGFP
function by DIC bright field microscopy and GFP fluorescence imaging
of HEK293T cells transiently expressing NFluc-wtEGFP-CFluc
(WtEGFP-fusion) or the reverse orientation CFluc-wtEGFP-NFluc
(WtEGFP-rev) fusion proteins. Untransfected cells were a negative
control. g Western blot shows relatively equal protein expression levels
in lysates obtained from the corresponding cell populations. h EGFP MFI
in live wtEGFP-fusion and wtEGFP-rev expressing cell populations by
flow cytometry, gated to include only EGFP positive cells. i Normalized
Fluc bioluminescence measurements from lysates of wtEGFP-fusion and
wtEGFP-rev expressing cells. j Normalized Fluc bioluminescence
measurements from live wtEGFP-fusion and wtEGFP-rev expressing
cells. *P=0.01-0.05; **P=0.001-0.01; ***P <0.001; ns not significant
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the Protein and Nucleic Acid Facility (Stanford School of We generated constructs using an in-house plasmid
Medicine). A list of primers is available upon request. (pcPuro) produced by modifying the pcDNA3.1(+) plasmid
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(Life Technologies, Grand Island, NY) so that it expressed the
puromycin resistance gene instead of the neomycin resistance
gene. A schematic representation of all vector constructs
employed in this study is shown in Supplementary Fig. (1).
We verified all plasmid vector constructs by enzymatic diges-
tion as well as sequencing (Sequetech, Mountain View, CA).
Details of generating vectors for wild-type EGFP, EGFP var-
iants, Renilla luciferase, Gaussia luciferase, truncated Gaussia
luciferase, and wild-type and mutant SIRT1 are presented in
the Supplementary Material.

Cell culture

Cell lines were obtained from the American Type Culture
Collection (ATCC, Manassas, VA) and cell culture reagents
were purchased from Life Technologies (Grand Island, NY).
Human embryonic kidney (HEK293T) cells and a human
lung carcinoma cell line (A549) were maintained in
Dulbecco’s Modified Eagle’s Medium (Cat #: 11995) supple-
mented with 10 % fetal bovine serum and 1 % penicillin/
streptomycin. We performed transient transfections on cul-
tures when they were 80 % confluent using the
Lipofectamine 2000 transfection reagent. Plasmid DNA-
Lipofectamine 2000 complexes were prepared according to
manufacturer’s instructions in Opti-MEM Reduced Serum
Medium. We used 1.5 uL of Lipofectamine 2000 for every
microgram of plasmid DNA.

Determination of luciferase activity in cell lysates

HEK293T and A549 cells were seeded in triplicate in 24-well
plates using cell-seeding concentrations of 7.5 x 10% and
5x10* cells/well, respectively. After 24 h, we transiently
transfected each well with 0.5 pg of plasmid. Where indi-
cated, cells were co-transfected with 0.5 ng of the RLuc
expression vector to provide a transfection efficiency control.
Each well was harvested after 48 h under non-denaturing con-
ditions with 100 uL ice-cold 1x Passive Lysis Buffer
(Promega, Madison, WI), after which plates were placed on
an orbital shaker for 10 min to further facilitate cell lysis. We
then collected cell lysates and centrifuged them at 10,000 rpm
at 4 °C for 5 min to remove cell debris.

A 20/20n luminometer (Turner Biosystems, Sunnyvale,
CA) was used for FLuc and RLuc bioluminescence measure-
ments. We prepared a 10-uL sample of cleared supernatant,
which was assayed for FLuc activity by the addition of 50 puL
LARII substrate (Promega, Madison, WI). We assayed a sec-
ond 10-pL sample of cleared supernatant for RLuc activity by
the addition of 50 puL of coelenterazine (Nanolight, Pinetop,
AZ).

We employed the Bio-Rad Protein Assay (Bio-Rad,
Hercules, CA) to determine protein concentration. Briefly,
5 uL samples of cleared supernatant were added to each well
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of'a 96-well plate, to which 100 pL of diluted dye reagent was
added, prepared according to manufacturer’s instructions.
After a 5-min room-temperature incubation, we measured ab-
sorbance at 595 nm using an Infinite M1000 PRO microplate
reader (Tecan, San Jose, CA). We normalized FLuc activity
with RLuc activity as well as total protein in the analysis of
data generated to correct for transfection efficiency and cell
lysis efficiency, respectively.

Determination of EGFP fluorescence in cell lysates

We also used cell lysates, prepared when determining lucifer-
ase activity, to determine EGFP fluorescence. We dispensed a
40-uL sample of each lysate to a well of a 96-well plate. The
plate was then read using a 488-nm excitation wavelength and
a 508-510-nm emission wavelength using an Infinite M 1000
PRO microplate reader (Tecan, San Jose, CA). We normalized
EGFP fluorescence with RLuc activity as well as total protein
to correct for transfection efficiency and cell lysis efficiency,
respectively.

Determination of luciferase activity in live cells

HEK293T and A549 cells were seeded in triplicate in 24-well
plates using cell-seeding concentrations of 7.5 x 10* and
5% 10* cells/well, respectively. We prepared two sets of 24-
well plates for bioluminescence measurements. After 24 h, we
transiently transfected each well with 0.5 pug of plasmid.
Where indicated, cells were co-transfected with 0.5 ng of the
RLuc expression vector to provide a transfection efficiency
control. After 48 h, we removed media from one set of plates,
which was then assayed for FLuc activity by the addition of
200 uL of D-luciferin (Biosynth, Itasca, IL) into each well.
The second set of plates was assayed for RLuc activity by the
addition of 200 pL coelenterazine (Nanolight, Pinetop, AZ)
into each well. We acquired measurements by biolumines-
cence imaging using the IVIS-Lumina imaging system
(Perkin Elmer, Waltham, MA). We normalized EGFP fluores-
cence with RLuc activity to correct for transfection efficiency.

Determination of EGFP fluorescence in live cells

HEK?293T and A549 cells were seeded in six-well plates using
cell-seeding concentrations of 3 x 10> and 2 x 10° cells/well,
respectively. After 24 h, we transiently transfected each well
with 2 pug of EGFP construct. After 48 h, EGFP fluorescence
and DIC bright field images were collected using an Olympus
IX81 motorized inverted microscope. We then collected cells
by trypsinization, centrifugation in complete media, and re-
suspension of the cell pellet in 1 mL of phosphate-buffered
saline (PBS). We analyzed 100 uL of this cell suspension,
diluted up to 1 mL with PBS, for EGFP fluorescence by flow
cytometry (FACS Aria III, BD Biosciences, San Jose, CA).
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Data was analyzed using the FlowJo FACS Analysis software.
The remaining 900 puL of cell suspension was pelleted by
centrifugation and set aside for western blot analysis.

Evaluation of SIRT1 function in cell lysates

We used a fluorometric SIRT1 Activity Assay Kit (Abcam,
Cambridge, MA) to detect SIRT1 activity in lysates. Sample
preparation and assays were according to the manufacturer’s
instructions. Briefly, HEK293T cells were seeded in 10 cm
tissue culture dishes using a cell-seeding concentration of
1.8 x 10° cells/dish. After 24 h, we transiently transfected each
well with 2 pug of SIRT1-fusion or SIRT1 (R446E)-fusion
plasmid. Each well was harvested after 48 h under non-
denaturing conditions with 100 pL ice-cold 1x lysis buffer
(prepared in accordance with the SIRT1 Activity Assay pro-
tocol booklet). We sonicated this cell suspension four times
for 5 s each on ice after which samples were centrifuged at 10,
000 rpm at 4 °C for 5 min to remove cell debris. We isolated
SIRT1 protein from 200 pL of supernatant by immunoprecip-
itation as follows: We incubated the samples with 10 ug anti-
Fluc antibody (sc-57604, Santa Cruz Biotechnology, Santa
Cruz, CA). We then added this sample to a 50-uL preparation
of Dynabeads Protein A for Immunoprecipitation (Life
Technologies, Carlsbad, CA) and placed this mixture on a
rotating mixer for 20 min at 4 °C. Dynabeads were isolated
by magnetic separation. We washed the beads three times on
ice with 500 nL of 1x lysis buffer and once with 500 puL of
SIRT1 assay buffer (component of SIRT1 Activity Assay Kit).
Following magnetic separation of the Dynabeads and aspira-
tion of the wash buffer, we added reaction mixture containing
Fluoro-Substrate peptide solution (component of SIRT1
Activity Assay Kit) to the Dynabeads and measured NAD-
dependent deacetylase activity according to the procedure
outlined in the manufacturer’s instructions for the SIRT1
Activity Assay Kit.

Western blot analysis

HEK?293T and A549 cells were seeded in six-well plates using
cell-seeding concentrations of 3 x 10° and 2 x 10> cells/well,
respectively. After 24 h, we transiently transfected each well
with 2 pg of plasmid. Cells were harvested in 100 pL RIPA
lysis buffer (Pierce Biotechnology). We also lysed any cell
pellets collected in 100 uL RIPA lysis. Protein concentration
was determined using the 660-nm Protein Assay (Pierce
Biotechnology) according to the manufacturer’s instructions.
We prepared protein samples, containing 10 pg of total pro-
tein in 1x Lamelli loading buffer with (3-mercaptoethanol
(Life Technologies, Carlsbad, CA), which were denatured at
100 °C for 5 min, resolved on 4-12 % SDS-polyacrylamide
pre-cast gels (Life Technologies, Carlsbad, CA) and
electroblotted onto a polyvinylidene difluoride nylone

membrane (Bio-Rad, Hercules, CA). We used the SeeBlue
Pre-Stained Standard (Life Technologies, Carlsbad, CA) to
enable molecular weight estimations. Membranes were
blocked in 5 % non-fat dry milk in Tris-buffered saline con-
taining 0.01 % Tween-20 (TBST) followed by incubation with
a primary antibody. As appropriate, we used antibodies suit-
able for the detection of EGFP (600-101-215, Rockland anti-
bodies & assays, Limerick, PA), Gluc (#E8023S, New
England Biolabs, Ipswich, MA), Rluc (ab185925, Abcam,
Cambridge, MA), or Fluc (sc-57604, Santa Cruz
Biotechnology, Santa Cruz, CA). Following three TBST
washes, we incubated membranes with the appropriate
horseradish-peroxidase conjugated secondary antibody
(Sigma Aldrich). After three additional TBST washes, we in-
cubated immunoblots with the Pierce ECL Western Blotting
Substrate (Thermo Scientific, Waltham, MA) for 1 min, and
then used the IVIS-Lumina imaging system (Caliper Life
Sciences, Hopkington, MA) to detect and measure chemilu-
minescent bands. An «-tubulin primary antibody (B-5-1-2,
Santa Cruz Biotechnology, Santa Cruz, CA) was used as a
loading control antibody.

Generation of stable cell lines

We generated HEK293T cells stably expressing the wtEGFP-
fusion and EGFP (T66K, G68C)-fusion proteins as follows:
We seeded two 10 cm tissue culture dishes using a cell-
seeding concentration of 1.8 x 10° cells/dish. After 24 h, one
dish was transfected with 10 pg of the wtEGFP-fusion plas-
mid and the other with the EGFP (T66K, G68C)-fusion ex-
pression vector. Stably transfected cells were selected by
2 weeks of cultivation in 300 ng/mL puromycin-containing
complete media. Following antibiotic selection, we verified
expression of fusion proteins in each of the pooled populations
by western blot. We also measured FLuc signal in cell lysates
and confirmed fluorescence activity by fluorescence imaging.

Animal experiments

We conducted all animal experiments with the approval of the
Administrative Panel on Laboratory Animal Care (APLAC),
Stanford University. We used HEK293T cells stably express-
ing the wtEGFP-fusion and EGFP (T66K, G68C)-fusion pro-
teins to induce xenografts in female nu/nu mice (Charles
River, Wilmington, MA). Western blot data was used to de-
termine the number of cells to implant. Xenografts were gen-
erated by the subcutaneous implantation of 3 x 10° cells stably
expressing the WtEGFP-fusion protein or 24 x 10° cells stably
expressing the EGFP (T66K, G68C)-fusion protein, in 50 %
Matrigel (BD Biosciences, San Jose, CA), into the right and
left lower flanks of each animal. There were, thus, five ani-
mals in total, each bearing one wtEGFP-fusion xenograft in
the left lower flank and one EGFP (T66K, G68C)-fusion
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xenograft in the right lower flank (10 tumors in total, 5 per
group).

In vivo Fluc bioluminescence and GFP fluorescence im-
ages were obtained 0, 1, 2, 3, and 7 days post-implantation, as
well as the experimental endpoint (18 days post-implantation).
We used the IVIS-Lumina imaging system (Caliper Life
Sciences, Alameda, CA) to obtain FLuc bioluminescence im-
ages and measurements, following delivery of 3 mg of D-
luciferin (Biosynth, Itasca, IL) in 100 uL PBS by intraperito-
neal injection. EGFP fluorescence was also imaged and mea-
sured using an excitation wavelength of 500 nm and an emis-
sion wavelength of 540 nm. Tumors were harvested immedi-
ately after in vivo images were acquired and placed on a stage.
These tumors were then subjected to ex vivo bioluminescence
and EGFP fluorescence measurements using the [IVIS-Lumina
imaging system. Tumor masses were also recorded prior to
storage.

Statistical analysis

All data are representative of at least three independent exper-
iments. Histograms were prepared using Prism (GraphPad
Software Inc., La Jolla, CA), which was also used to perform
statistical analyses. In general, results are presented as mean
+ SEM. Statistical differences between means were deter-
mined using an unpaired 7 test (for two groups) or a one-way
ANOVA with Tukey’s multiple comparison test (three groups
or more). Results of FACS analysis are presented as median
fluorescence intensity = MAD, and the statistical significance
of differences between populations was determined using a
Mann—Whitney test (two groups) or the Kruskal-Wallis test
with Dunn’s post test (three groups or more). The SIRT1 ki-
netic assay was analyzed using a two-way ANOVA with
Tukey’s multiple comparison’s test. Observations with a P
value less than 0.05 were considered statistically significant.

Results and discussion

After initial design and construction of the biosensor, its base-
line characterization, and comprehensive studies of generaliz-
ability using several test proteins (EGFP, Rluc, and Gluc) and
different cell lines (Supplementary Material, Fig. 1, and
Supplementary Fig. 2—6), we then examined in three sets of
experiments the sensitivity and specificity of the biosensor in
detecting both folding and misfolding of EGFP (see also
Supplementary Material). First, we generated non-functional
EGFP mutants by distorting the Threonine®®-Tyrosine®’-
Glycine®® tripeptide sequence (corresponding to the
Serine®-Tyrosine®®-Glycine®” sequence of GFP) known to
be critical for EGFP function [19, 20]. We constructed expres-
sion vectors for EGFP (T66K), EGFP (G68C), EGFP (T66K,
G68C) proteins, and their split-Fluc fusion counterparts into
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the biosensors, and transiently delivered these to HEK293T
cells. Taken together, the results shown in Supplementary
Fig. 8 indicate that forced misfolding of the EGFP molecule,
induced by residue substitutions within its functional unit, can
be detected and quantified by Fluc bioluminescence measure-
ments using this biosensor.

Second, we used circularly permuted variants of EGFP
(cpEGFPs) based on cpGFPs that had been evaluated by
Topell et al. previously [21]. In that study, based on spectro-
photometric analysis of purified proteins expressed in
Escherichia coli, 9 of their 20 cpGFPs were shown to fold
sufficiently well to then retain the ability to form the chromo-
phore. We thus generated 20 separate cpEGFPs using
breakpoints in the molecule equivalent to those described pre-
viously. Each cpEGFP was fused at the N- and C-terminal
ends with the N- and C-terminal fragments of Fluc, respec-
tively, to construct the biosensors. Expression vectors for each
cpEGFP biosensor as well as the wtEGFP-fusion expression
vector were delivered to HEK293T cells. The results in
Supplementary Fig. 9 show that, qualitatively, functional
cpEGFP-fusion proteins with a relatively high EGFP fluores-
cence [cpEGFP (K159-Q158) and cpEGFP (1230-G229)] also
provided a strong bioluminescence signal, thus yielding fur-
ther support for a relation between EGFP fluorescence and
EGFP folding-assisted complementation of Fluc.

Third, the observation that the cpEGFP variant generated
using the 1230-G229 breakpoint resulted in a protein that pro-
duced a fluorescent signal at levels comparable to wtEGFP led
us to develop another functional mutant of EGFP that we used
to further validate the biosensor. Since this cpEGFP indicated
that the rearrangement of the ten C-terminal residues of EGFP
to the N-terminus resulted in a functional protein, we therefore
generated a truncated EGFP variant (tEGFP) containing only
the first 230 amino acids of EGFP, and then delivered expres-
sion vectors for tEGFP and the tEGFP-fusion proteins to
HEK293T cells to enable fluorescence and bioluminescence
measurements. The results in Supplementary Fig. 10 show
that, aside from establishing that the 10 C-terminal residues
of EGFP have a minimal role in the functional conformation
of this protein, we were, more importantly, able to confirm a
relation between fluorescence and bioluminescence signal in
yet another EGFP mutant.

We then determined the correlation between levels of
EGFP folding-assisted Fluc complementation and its ensuing
bioluminescence signal, and EGFP fluorescence (from
wWtEGFP-, cpEGFP-, and tEGFP-expressing live HEK293T
cells), by calculating the Pearson correlation coefficients
(Supplementary Fig. 11). We found a robust correlation be-
tween split-Fluc complementation (bioluminescence signal
from the biosensor) and test protein folding and function
(fluorescence signal), which strongly validates use of this mo-
lecular imaging biosensor to detect and quantify the folding
status of the test protein EGFP.



J Mol Med

d
3 5000000
o .. 4000000 —
32
g S 3000000
g2 - {Gluc
23 2000000 -=- Fluc
_ 0
£
3 1000000
2
m
0 L] L] L] 1
0 100 200 300
Time (min)

Fig. 2 Assessment of the slow folding of tGluc using the split-Fluc
biosensor. a We observed a parallel increase in tGluc and Fluc biolumi-
nescence measurements obtained from cell lysates, collected from
HEK293T cells transiently expressing NFluc-tGluc-CFluc over a 4-h

To also demonstrate the dynamic range of the biosensor in
a system that features intermediate stages of protein folding,
rather than under conditions of either fully folded or misfolded
proteins (as above), we used Gluc truncated of its secretory

(o p

=] -

= 5000000

e r=0.9293

g - 4000001 50008 . *
C o 2 .
3 & 3000000 - ®

n v ]

= .

€% 2000000 -

&

) 1000000 -

[11]

(%]

3 0

[T

L] L] L] L] 1
0 1000000 2000000 3000000 4000000 5000000
tGluc Bioluminescence (R.L.U.)
(cell lysates)

period after lysis. b There was a strong correlation between tGluc and
Fluc bioluminescence measurements, indicating Fluc fragment comple-
mentation mirrored the nascent folding of tGluc

signal peptide (tGluc) We had previously observed that re-
moval of the secretory signal peptide of Gluc (residues 1—
16) results in significant intracellular retention of protein, as
well as very low activity per protein mass when assayed

a Fluc/Rluc (live cells) b C
" = 66 high
S eace & high g &
3™ — & o & ¥ e
& 2 Sirt1-fusi &= — 190 kDa
5 e Firefly-luciferase %— 190 kDa irt1-fusion et =
-
£ 210 .
atubulin B e A ) —57kDa  low Heavy chain ey () o) —58KkDa  low
0
":'»"b 9&\
&
&
d e ns
-+ untransfected 1500 *
1500 — =
- - - Sirtt _ —
k - % = Sit1(R446E) E
@ , 1000 Y . . £ 1000 _I_
o £ 2
o = oL )
£5 5004 22
< S 50
S £
z 0+ S
5500 6000 = 0 : . mEE—
£00- Time (s) 58 6\8‘ ,PO
&2 &
& ey

Fig. 3 Evaluation of the split-Fluc biosensor in detecting conformation
of SIRT1. a There was a significant difference in the normalized Fluc
bioluminescence obtained from SIRT1-fusion or SIRT1 (R446E)-fusion
protein expressing live HEK293T cells. b Western blot of cell lysates
showed relatively equal expression of the two fusion proteins.
Untransfected cells were used as a negative control (Neg). ¢ Western blot
of immunoprecipitated samples showed equal amounts of fusion protein
were purified from the cell lysates. d Normalized SIRT1 activities obtain-
ed at the plateau of the enzyme kinetics curve (50006000 s after addition
of immunoprecipitates) show that the normalized SIRT1 activity ob-
served using the purified SIRT1-fusion protein was significantly higher
than that in immunoprecipitates from untransfected and SIRT1 (R446E)-
fusion protein expressing cells. Immunoprecipitates isolated from
untransfected cells were used as a negative control. Asterisk indicates

the significance level of the difference between SIRT1-fusion and
SIRT1 (R446E)-fusion expressing cells, number sign indicates the signif-
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untransfected cells. e We confirmed this finding by scrutiny of the nor-
malized SIRT1 activity at a single time point. At 96 min (5760 s) after
addition of purified SIRT1- or SIRT1 (R446E)-fusion protein samples,
we found purified SIRT1-fusion protein activity to be significantly higher
than the activity measured in immunoprecipitates from non-transfected
cells (P=0.015), as well as cells expressing the SIRT1 (R446E)-fusion
protein (P =0.032). There was no significant difference between the nor-
malized fluorescence in untransfected and SIRT1 (R446E)-fusion sam-
ples at this time point (P=0.919). * or #, P=0.01-0.05; ** or ##, P=
0.001-0.01; *** or ###, P<0.001; **** or ####, P<0.0001, ns not
significant
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<« Fig. 4 Assessment of split-Fluc biosensors by in vivo and ex vivo
imaging of mice bearing HEK293T cell subcutaneous xenografts. a
Western blot analysis of EGFP-Fluc fusion protein expression levels in
cells stably expressing the wtEGFP-fusion or the mutant EGFP
(T66K&G68C)-fusion proteins was used to determine the number of
cells implanted in each mouse flank. b In vivo Fluc bioluminescence
images were obtained at the experimental endpoint (18 days after
implantation). Xenografts were established in the left and right flanks of
nude mice using WtEGFP-fusion or EGFP (T66K&G68C)-fusion
expressing cells, respectively. The scruff of the neck was used to
determine background Fluc bioluminescence levels. ¢ Normalized Fluc
bioluminescence from the in vivo Fluc bioluminescence imaging data. d
In vivo EGFP fluorescence images obtained at the experimental endpoint.
The same regions of interest were used to obtain both in vivo Fluc
bioluminescence and EGFP fluorescence data. e Normalized EGFP
signal from the in vivo EGFP fluorescence imaging data. f Ex vivo
Fluc bioluminescence images of wtEGFP-fusion and EGFP
(T66K&G68C)-fusion expressing xenografts at the experimental
endpoint (18 days after implantation). A portion of tumor-adjacent
muscle was used as a negative control to determine background Fluc
bioluminescence levels. g¢ Normalized Fluc bioluminescence from the
ex vivo Fluc bioluminescence imaging data. h Ex vivo EGFP
fluorescence images obtained at the experimental endpoint. The same
regions of interest were used to analyze both in vivo Fluc
bioluminescence and EGFP fluorescence. i Normalized EGFP signal
from the in vivo EGFP fluorescence imaging data. *P =0.01-0.05;
**P=0.001-0.01; ***P <0.001; ns not significant

immediately after cell lysis (unpublished data). However, this
tGluc recovered its activity over a few hours, which indicates
that not only does the secretary signal peptide aid Gluc secre-
tion but it also helps “rapid” intracellular Gluc folding.
Generally, the duration of protein folding varies from milli-
seconds to minutes or hours, depending on the protein of
interest and whether it is measured within or outside the cell
[22]. We therefore aimed to (1) quantitate Fluc signal as it
tracked the slow nascent folding of a test protein composed
of Gluc truncated of its secretory signal peptide (tGluc) and
(2) establish whether the two bioluminescence signals from
tGluc and Fluc correlated positively. By repetitive in vitro cell
lysate measurements over a 4-h period after lysis of HEK293T
transiently expressing the NFLuc-tGluc-CFLuc fusion pro-
tein, we showed a strong bioluminescence activity for tGluc
test protein within its biosensor, as well as a positively corre-
lated Fluc bioluminescence signal, thus indicating Fluc frag-
ment complementation within the biosensor that mirrors fold-
ing of the tGluc test protein Fig. 2.

Importantly, to further show the utility of the biosensor in
evaluating the folding of a biologically important eukaryotic pro-
tein, rather than our light-emitting test proteins used so far, we
used SIRT1. This is a class III histone deacetylase that contrib-
utes significantly to stress regulation in cells [23], and is thus
involved in numerous normal intracellular processes, and in var-
ious diseases and cancers [24]. We used wild-type SIRT1
(WtSIRT1) as well as a previously reported non-functional mu-
tant of this protein, SIRT1 (R446E) [25]. Expression vectors for
wtSIRT1, SIRT1 (R446E), wtSIRT1-fusion, and SIRT1
(R446E)-fusion biosensors were delivered to HEK293T cells

and analyzed. Taken together, the results shown in Fig. 3 indicate
that the protein folding biosensor can be used to examine the
dynamic structure-dependent function of a biologically important
mammalian protein, SIRT1, in live cells.

Next, bearing in mind the future goal of using this biosen-
sor for in vivo validation of potential new anti-misfolding
drugs, we evaluated the utility of the biosensor in recording
the folding status of the test protein EGFP in a mouse model
(Supplementary Material and Fig. 4a—e). Fluc biolumines-
cence and EGFP fluorescence signals were quantified in sub-
cutaneous xenografts placed in the flanks of nude mice by
implantation of HEK293T cells stably expressing the
wtEGFP-fusion or double mutant EGFP (T66K, G68C)-fu-
sion proteins. We also harvested each tumor immediately after
the final in vivo images were acquired and ex vivo imaged
them in a similar fashion (Supplementary Material and
Fig. 4t-1). We thus demonstrated the potential for extending
the applicability and utility of this biosensor across different
platforms relevant to the drug discovery process, from cell
culture to an animal model, when evaluating the folding status
for a particular test protein.

Many of the proteins implicated in the pathogenesis of
misfolding diseases escape the diverse molecular chaperoning
pathways that are in place to assist and assure the fidelity of
correct protein folding. Hence, more biologically representa-
tive in vivo structural and functional studies of these abnormal
events, carried out in the context of living cell environments,
may be best suited to the discovery of molecular mechanisms
and therapeutics to prevent or ameliorate such diseases. The
development and comprehensive proof-of-principle valida-
tion of the new molecularly engineered protein folding bio-
sensor we describe herein now pave the way for many more
research directions to enable improved HTS of chemical li-
braries for discovery of new or repurposed anti-misfolding
drugs. The application of this particular innovation to imaging
in living subjects also heralds other potential far-reaching re-
search directions that could lead for the first time to the study
of protein folding in vivo, to seamless validation of anti-
misfolding drugs in mouse models using the same biosensor
as in HTS, and to the intriguing theoretical possibility of a
similar split positron emission tomography reporter-based
strategy [16] for future clinical imaging of protein folding in
cell transplants in humans.
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