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Abstract: We describe a non-fluorescent, second generation stilbene that very selectively binds to
transthyretin in complex biological environments and remains dark until it chemoselectively reacts with the
pKa-perturbed Lys-15 e-amino group of transthyretin to form a bright blue fluorescent conjugate. Stilbene
A2 is mechanistically unusual in that it remains non-fluorescent in cell lysates lacking transthyretin, even
though there is likely some proteome binding. Thus, it is especially useful for cellular imaging, as background
fluorescence is undetectable until A2 reacts with transthyretin. The mechanistic basis for the effective lack
of environment-sensitive fluorescence of A2 when bound to, but before reacting with, transthyretin is
reported. Stilbene A2 exhibits sufficiently rapid transthyretin conjugation kinetics at 37 °C to enable
pulse—chase experiments to be performed, in this case demonstrating that transthyretin is secreted from
HelLa cells. As the chase compound, we employed C1, a cell-permeable, highly selective, non-covalent,
transthyretin-binding dihydrostilbene that cannot become fluorescent. The progress reported is viewed as
a first and necessary step toward our long-term goal of creating a one-chain, one-binding-site transthyretin
tag, whose fluorescence can be regulated by adding A2 or an analogous molecule. Fusing proteins of
interest to a one-chain, one-binding-site transthyretin tag regulated by A2 should be useful for studying
folding, trafficking, and degradation in the cellular secretory pathway, utilizing pulse—chase experiments.
Immediate applications of A2 include utilizing its conjugate fluorescence to quantify transthyretin
concentration in human plasma, reflecting nutritional status, and determining the binding stoichiometry of

kinetic stabilizer drugs to transthyretin in plasma.

Introduction

The development of fluorescent tags and fluorescent biosen-
sors to image processes within living cells with spatial resolution
has transformed what can be accomplished in biological
research. 3 A very useful macromolecule for fluorescence
tagging and a component of many biosensors is the green
fluorescent protein (GFP), which first folds and then undergoes
an autocatalytic intramolecular chemical reaction to form its
chromophore.*~® Mutants of GFP exhibit emission at a spectrum
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of wavelengths;™® thus, mutagenesis has proven to be a very
useful approach to ater the photophysical properties of the
chromophore.* In a complementary approach, atetra-cysteine tag
on aprotein of interest can be used to bind the As-containing latent
fluorophores FIAsH or ReAsH, rendering the conjugate fluorescent
through a sulfide exchange reaction that can be conformation- or
quaternary structure-dependent.**** Additional methodology to
fluorescently tag a protein of interest includes the enzymatic
conjugation of fluorophores to proteins™ 8 as well as the
snap™® 2! and halo tag™* approaches.

Wild-type (WT) transthyretin is a tetrameric human plasma
protein composed of identical 127-amino-acid [-sheet-rich

(7) Prasher, D. C.; Eckenrode, V. K.; Ward, W. W.; Prendergast, F. G.;
Cormier, M. J. Gene 1992, 111, 229-233.
(8) Shimomura, O.; Johnson, F. H.; Saiga, Y. J. Cell Comp. Physiol. 1962,
59, 223-239.
(9) Tsien, R. Y. Annu. Rev. Biochem. 1998, 67, 509-544.
(10) Shaner, N. C.; Campbell, R. E.; Steinbach, P. A.; Giepmans, B. N. G,;
Palmer, A. E.; Tsien, R. Y. Nat. Biotechnol. 2004, 22, 1567-1572.
(11) Hoffmann, C.; Gaietta, G.; Bunemann, M.; Adams, S. R.; Oberdorff-
Maass, S.; Behr, B.; Vilardaga, J. P.; Tsien, R. Y.; Eisman, M. H.;
Lohse, M. J. Nat. Methods 2005, 2, 171-176.
(12) Adams, S. R; Tsien, R. Y. Nat. Protoc. 2008, 3, 1527-1534.
(13) Luedtke, N. W.; Dexter, R. J; Fried, D. B.; Schepartz, A. Nat. Chem.
Biol. 2007, 3, 779-784.
(14) Krishnan, B.; Gierasch, L. M. Chem. Biol. 2008, 15, 1104-1115.

J. AM. CHEM. SOC. 2010, 132, 16043-16051 = 16043



ARTICLES

Choi et al.

Crystallographic 2-fold axis, C,

328 nm

Figure 1. (A) Crystal structure of the TTR-(thyroxine), complex with differentially colored subunits. (B) Structures of covalent TTR modifiers A1 and A2
and the fluorescent propylamide stilbene analogue B1 that is not capable of reacting with WT-TTR. (C) Depiction of the structure of the two TTR thyroxine
binding sites undergoing a reaction with A1 or A2 to create a WT-TTR-(stilbene), conjugate.

subunits (Figure 1A).>*~2” The more labile dimer—dimer

interface of transthyretin (TTR) (bisected by the crystallographic
two-fold axis; Figure 1A) creates two identical funnel-shaped
thyroxine (T,) binding sites that are interconverted by a C, axis
perpendicular to the crystallographic two-fold axis.?’~2° Previ-
ously, we reported stilbenes that bind to the T, binding sites
within TTR in human plasma with very high selectivity over
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the other 4000+ proteins present.>*3! Active ester analogues
of these stilbenes then chemoselectively react with the pKj,
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perturbed lysine-15 (K15) e-amino group of TTR to form the
amide-linked stilbene conjugates.® An X-ray crystal structure
defined the binding orientation of the stilbene substructure and
the apparent cis-amide linkage to TTR.%?

Herein, we describe a non-fluorescent, second generation
stilbene active ester, A2 (Figure 1B), and related stilbenes that
selectively bind to and then chemoselectively react withthe TTR
protein in complex biological environments, creating blue
fluorescent conjugates as a consequence of amide bond forma-
tion (Figure 1C). It is atypical that stilbenes remain dark when
bound to proteins, and in that regard stilbene A2 is especially
useful for cellular imaging. Stilbene A2 (Figure 1B) aso exhibits
highly selective binding to TTR within the secretory pathway
of eukaryotic cells and then undergoes a chemosel ective amide-
bond-forming reaction that renders the conjugate fluorescent.
Stilbene A2 exhibits sufficiently rapid transthyretin conjugation
kinetics at 37 °C to enable pulse—chase experiments to be
performed, the chase utilizing a highly selective, non-covalent
TTR binder that cannot become fluorescent.

The progress reported is viewed as afirst and necessary step
toward the creation of a one-chain, one-binding-site TTR tag
whose fluorescence can be turned on when a small molecule of
the type described herein is added to cells to form a TTR-
stilbene conjugate. Folded, monomeric versions of TTR have
been published®3* and were created by introducing sterically
demanding mutations into both of TTR’s quaternary structural
interfaces.®®° We have already linked subunits a and ¢ (Figure
1A), employing a low complexity linker using established
molecular biological approaches.?® We are currently seeking
mutations that prevent the one-chain, one-binding-site TTR
molecule from dimerizing to form the equivalent of the tetramer.
Fusing proteins of interest to a one-chain, one-binding-site
transthyretin tag regulated by A2 should be especialy useful
for following protein maturation and degradation in the secretory
pathway of eukaryotic cells. 3638

Experimental Section

Fluorimetric Assay with Recombinant Wild-Type Tran-
sthyretin. WT-TTR was expressed in an Escherichia coli expres-
sion system and purified as described previously.*® The covalent
TTR modifier (A1 or A2) or the non-covalent TTR ligand B1 (5
uL of a1.44 mM solution in DM SO, final concentration 7.2 uM)
was added to 1 mL of a solution of WT-TTR homotetramer (0.2
mg/mL, 3.6 uM) in 10 mM phosphate, 100 mM KCI, and 1 mM
EDTA (pH 7.0 phosphate buffer) in a2 mL Eppendorf tube. The
samples were vortexed and incubated for 18 h at 25 °C. The
fluorescence changes were monitored using a Varian Cary 50
spectrofluorometer at 20 °C in a1 cm path length quartz cell. The
excitation dlit was set at 5 nm, and the emission dlit was set at 5
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mm. The samples were excited at 328 nm, and the emission spectra
were collected from 350 to 550 nm.

Kinetics of the A2-TTR Conjugation Reaction. The covalent
TTR modifier A2 (1 uL of 0.6 mM solution in DMSO, find
concentration 6 uM) was added to 90 uL of HelLacell lysate (fina
protein concentration 2 ug/ulL) and 10 uL of WT-TTR (20 uM in
pH 7.0 phosphate buffer, final concentration 2 uM). The time-
dependent fluorescence change of the conjugate derived from A2
was monitored utilizing a microplate spectrophotometer reader
(Gemini SpectraMax, Molecular Devices, Sunnyvale, CA) for 3 h
at 37 °C. The fluorescence (A = 328 nm and Ay = 430 nm) was
measured from the bottom of the plate without shaking.

Binding Stoichiometry of A2 to WT- and K15A-TTR. To 1
mL of WT-TTR (5 uM) in HeLa cell lysate (2 ug/uL total protein
concentration, excluding TTR) or K15A-TTR (5 uM) in pH 7.0
phosphate buffer in a2 mL Eppendorf tube was added A2 (5 uL
of a2 mM solution in DM SO, final concentration 10 uM), and
then the solution was incubated at 37 °C for 24 h on arocker plate
(30 rpm). A 1:1 (v/v) slurry of unfunctionalized sepharose resin in
10 mM Tris, 140 mM NaCl, pH 8.0 (TSA) buffer was added, and
the solution was incubated for 1 h at 4 °C on a rocker plate (18
rpm). The solution was then centrifuged, and the supernatant was
divided into two 400 uL aliquots, which were added to 200 uL of
al:1 (v/v) durry of anti-TTR antibody-conjugated sepharose resin
in TSA. The solution was gently rocked (18 rpm) at 4 °C for 20
min and then centrifuged, and the supernatant was removed. The
resin was washed three times by shaking for 1 min with 1 mL of
TSA. After centrifugation to remove the supernatant, 155 ulL of
triethylamine (100 mM, pH 11.5) was added to the sepharose resin
to dissociate the TTR and bound test compound from the resin,
and the suspension was vortexed for 1 min. After centrifugation,
the supernatant was analyzed by reverse-phase HPLC on a Waters
600 E multisolvent delivery system, using a Waters 486 tunable
absorbance detector, a 717 autosampler, and a ThermoHypersil
Keystone Betabasic-18 column (150 A pore size, 3 um particle
size). The “A” mobile phase comprises 0.1% TFA in 94.9% H,O
+ 5% CH3CN, and the “B” mobile phase is made up of 0.1% TFA
in 94.9% CH3CN + 5% H,0. Linear gradients were run from 100:0
A:B to 0:100 A:B for 30 min.

Quantum Yield Measurement. The covalent TTR modifier A1
or A2 or the non-covalent TTR ligand B1 (15 uL of a 1.44 mM
solution in DM SO, final concentration 7.2 uM) was added to 3
mL of a solution of WT-TTR homotetramer (0.2 mg/mL, 3.6 uM)
in 10 mM phosphate, 100 mM KCI, and 1 mM EDTA (pH 7.0
phosphate buffer). The samples were vortexed and incubated for
18 h at 25 °C. Quantum yields were measured by following the
instructions at www.jobinyvon.com/usadivisions/Fluorescence/ap-
plications/quantumyieldstrad.pdf. Quinine bisulfatein 0.5 M H,SO,
was used as a reference for comparison (®; = 0.546).4°

Indirect Immunofluorescence Detection of TTR. HelLa cells
were plated on coverslips in DMEM containing 10% FBS at 37
°C under 5% CO, the day before they were transfected with
pcDNA3.1(+)-empty vector or pcDNA3.1(+)-WT-TTR using
Fugene 6 (Roche) according to the manufacturer’s instructions.
After 48 h, the cells were washed with PBS twice before adding
fresh DMEM (without FBS) with A2 (final concentration 10 xM),
and the cells were incubated at 37 °C for 1 h. After two washes
with PBS, the cells were fixed at 25 °C for 15 min with 3.7% (w/
v) paraformaldehyde in PBS. After two washes with PBS, the cells
were permeabilized with 0.2% saponin (w/v) in PBS at 25 °C for
15 min, followed by blocking at 25 °C for 30 min with blocking
buffer (10% goat serum (v/v), 0.2% saponin (w/v) in PBS). Cells
were incubated for 1 h with anti-TTR (a kind gift from Dr. E.
Madliah at UCSD, diluted 1:100) and anti-calnexin (Stressgen,
diluted 1:200), washed three times with PBS, and incubated for
1 h with Alexa Fluor 546 goat anti-rabbit 1gG and Alexa Fluor
488 goat anti-mouse 1gG (Molecular Probes, A11035 and A11029,
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respectively) for WT-TTR and calnexin staining. After mounting,
microscopic images were acquired using a fully tunable filter-based
emission collection system (Bio-Rad (Zeiss) Radiance 2100 Rain-
bow laser scanning confocal microscope) that enables the precise
collection of 420—460 nm for compound detection (from a 405
nm laser line). Image analyses were performed using either Zen
2008 Light Edition software (Carl Zeiss Microlmaging) or ImageJ
software (NIH).

Plasmid Constructs Harboring TTR. The pcDNA3.1(+)-WT-
TTR plasmid was produced by ligating the WT-TTR cDNA
(excised from the pPCMV5-WT-TTR plasmid®® using Hindlll and
Xhol restriction sites) into the pcDNA3.1(+) plasmid (Invitrogen).
A point mutation in the WT-TTR at position 133 (A > G) was
corrected using Quikchange Il site-directed mutagenesis (Stratagene)
using the following primers (5" to 3"): CCGAGGCAGTCCTGC-
CATCAATGTGGC and GCCACATTGATGGCAGGACTGC-
CTCGG. The proper construction of al plasmids was confirmed
by DNA sequencing. Restriction endonucleases and Pfu Turbo DNA
polymerase were purchased from New England Biolabs and
Stratagene, respectively. TTR plasmid DNA was isolated with a
QIAprep Spin Miniprep kit (Qiagen Inc.).

Labeling of Endogenous TTR in Cells. Huh-7 cells or
Gaucher's patient-derived fibroblasts (Coriell Cell Repositories,
GM08760) were maintained in DMEM containing 10% FBS at 37
°C under 5% CO,. The cells were plated on coversiipsin DMEM
(without FBS) the day before compound treatment and imaging.
Cells were washed twice with PBS and then treated with A2 (final
concentration 10 M) for 30 min at 37 °C in a CO, incubator.
After two washes, cells were fixed at 25 °C for 15 min with 3.7%
paraformaldehyde (w/v) in PBS, and microscopic images were
acquired as described above.

Monitoring Secretion of WT-TTR from HelLa Cells Utiliz-
ing a Pulse—Chase Experiment. Hel a cells were transfected with
pcDNA3.1(+)-WT-TTR using Fugene 6 (Roche). After 48 h post-
transfection, the cells were washed with PBS twice before adding
fresh DMEM (without FBS) with A2 (final concentration 20 uM).
The cells were incubated at 37 °C for 30 min (pulse) to label the
synthesized WT-TTR, followed by the chase using 10 uM C1 over
atime course of 2 h. After two washes, cells were fixed at 25 °C
for 15 min with 3.7% paraformaldehyde (w/v) in PBS at the
indicated times, and microscopic images were acquired as described
above. The cell culture medium was collected at the indicated time
points during the pulse—chase experiment, and the proteins were
precipitated using a methanol/chloroform mixture (4:1 v/v). The
protein pellet was solubilized in 8 M urea (pH 8), and half of the
mixture was analyzed for the presence of TTR in the medium using
Western blot analysis.

Results

Chemoselective Conjugation of A2 to WT-TTR in Buffer,
Creating Blue Fluorescence. The ability of compounds A1 and
A2 (Figure 1B), auxochromic analogues of previously reported
stilbenes,*2730~3241 tg form a chemosel ective amide bond with
the K15 residue of TTR was assessed by reverse-phase HPLC
and liquid chromatography —mass spectrometry analysis. Incu-
bating WT-TTR (3.6 uM) with Al or A2 (7.2 uM, due to the
two thyroxine binding sites per TTR homotetramer) in phosphate
buffer (pH 7) exhibits two peaks of nearly equal intensity
(Supporting Information, Figure S1A,B, Ieft panels). Since only
two of the four subunits comprising the tetramer can be modified
by A2 (Figure 1C), a ~1:1 peak ratio is the expected result for
binding and chemoselective conjugation (the change in molar
absorptivity of the conjugate was accounted for; note the slightly
increased intensity of the conjugate). Analogous incubation of

A1l or A2 with the K15A-TTR homotetramer followed by HPLC
analysis revealed no conjugation, consistent with the K15 TTR
residue being essential for chemoselective conjugation (Figure
S1A B, right panels). The binding of the covalent modifier A2
to K15A-TTR (in the absence of amide bond conjugation) was
confirmed by incubating A2 with K15A-TTR in phosphate
buffer (pH 7), followed by K15A immunoisolation using a
Sepharose resin-conjugated anti-TTR polyclonal antibody.*
After the dissociation of K15A-TTR and bound A2 at high pH,
HPLC analysis showed that 0.88 equiv out of a maximum 2
equiv of A2 was non-covalently bound to K15A-TTR (Sup-
porting Information, Figure S2), an underestimation of bound
A2 owing to the washing steps preceding dissociation.

Furthermore, compound A2 was evauated to determine its
ability to bind selectively to and then react chemoselectively
with TTR over the 4000+ other proteins in human blood plasma.
Compound A2 (10.8 uM) was incubated with human blood
plasma (TTR concentration is 3.6—5.4 uM) for 24 h at 37 °C
before immunoisolating human TTR using a Sepharose resin-
conjugated anti-TTR polyclona antibody.*? After dissociation
of TTR from the resin-linked antibody at high pH, HPLC
analysis revealed the ratio of TTR monomer and TTR monomer
covalently attached to the benzoyl portion of A2 viaamide bond
formation is effectively 1:1 (taking into account the differences
in molar absorptivity) (Supporting Information, Figure S3A).
Compound A2 must exhibit very high binding selectivity to TTR
in human plasma in order to chemoselectively label 48% of
the TTR subunits through amide bond formation, as only two
of the four subunits comprising the tetramer can be modified
(Figure 1C), corresponding to maximal subunit labeling of 50%.
Mass spectrometric analysis of the conjugate showed the
expected masses (Figure S3B).*? It is clear that these second
generation auxochromic stilbenes exhibit exceptional binding
selectivity and amide-bond-forming chemoselectivity to TTR,
comparable to the first generation stilbenes. This will be
important for determination of plasma TTR concentration and
kinetic stabilizer binding stoichiometry to TTR (see Discus-
sion).*

While incubation of recombinant WT-TTR with A1 or A2
in phosphate buffer (pH 7) for 18 h produced bright blue
fluorescence resulting from amide bond conjugation (Supporting
Information, Figures $4, and Figure 2A, respectively, blue
traces), barely detectable fluorescence resulted from A1 or A2
alone in buffer (Figures S4 and 2A, respectively, red traces).
Notably, no significant fluorescence increase was observed when
A2 was incubated with the recombinant K15A-TTR homotet-
ramer, which binds A2 (Figure S2) but cannot amide bond
conjugate (Figure 2A, black trace). A red shift in the weak but
detectable fluorescence of A1 was observed with K15A-TTR,
providing evidence that it is binding to the T, binding sites
within K15A-TTR (Figure $4, black trace) but not reacting
(Figure S1A, right panel).

Incubation of unreactive B1 (7.2 uM; Figure 1B), comprising
a built-in amide bond, with WT-TTR (3.6 uM) for 10 min
reveals a significant increase in fluorescence intensity (Figure
2B, blue trace, cf. B1 alone in buffer, red trace). Collectively,
these data support the hypothesis that amide bond linkage of
the benzoyl portion of A1 or A2 to TTR enhances WT-TTR-
(stilbene), conjugate fluorescence. In stark contrast to A2, which
remains non-fluorescent upon binding to K15A-TTR, Bl

(41) Baures, P. W.; Peterson, S. A.; Kelly, J. W. Bioorg. Med. Chem. 1998,
6, 1389-1401.
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Figure 2. (A) Fluorescence observed after an 18 h incubation of the reactive
stilbene-based TTR modifier A2 with WT- and K15A-TTR. (B) Fluores-
cence observed after a 10 min incubation of nonreactive stilbene B1 with
WT- and K15A-TTR (Aex = 328 nm).

exhibited a ~4-fold increase in fluorescence intensity upon
binding to K15A-TTR (Figure 2B, black trace), providing
additional evidence that this family of stilbenes binds to K15A-
TTR. The fluorescence intensity was diminished relative to WT-
TTR binding, presumably due to changes in the T, binding site
environment or dynamics associated with the K15A mutant.*®

We aso incubated A2 with recombinant WT- or K15A-TTR,
and the resulting solution fluorescence was detected using a
hand-held UV lamp (365 nm). While intense blue fluorescence
resulted from the incubation of WT-TTR with A2 (Supporting
Information, Figure S5, via 1), no fluorescence was observed
when K15A-TTR was incubated with A2 (via 2). In contrast,
intense blue fluorescence was produced when amide B1 was
incubated with either WT-TTR or K15A-TTR (Figure S5, cf.
vials 3 and 4, respectively). The reaction chemoselectivity of
A2 for WT-TTR was further demonstrated by the observation
that WT-TTR, but not K15A-TTR, was detected by conjugate
fluorescence on an SDS-PAGE gel (Supporting Information,
Figure SB).

Investigating the Mechanism by Which Stilbene Conjuga-
tion to TTR Creates Blue Fluor escence. The data outlined above
and presented below suggest that amide bond conjugetion is
required for the observation of TTR-(stilbene),<» conjugate fluo-
rescence. As mentioned above, it is unusual that stilbenes remain
dark when bound to proteins, including TTR, and in this regard

(43) Hammarstrom, P.; Jiang, X.; Deechongkit, S.; Kelly, J. W. Biochem-
istry 2001, 40, 11453-11459.
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Figure 3. Structures and energetics associated with stilbene photochemistry
and photophysics. (A) Perpendicular singlet excited state (*P*) conformation
required for the trans-to-cis photoisomerization of stilbenes. (B) Relative
energies of the ground (Sy) and excited singlet states (S;) of stilbenes as a
function of their conformation (c, cisisoform; t, trans isoform) in solution
(black S; curve) or when the stilbenes are bound to TTR (red S; curve),
wherein the perpendicular singlet excited state (*P*) and the cis singlet
excited state (S;) are strongly destabilized by the constraints imposed by
the TTR binding site.

we hypothesize that stilbene A2 could be especialy useful for
cdlular imaging. What makes A2 atypicd in thisregard? To answer
this question, it is useful to consider the excited-state relaxation
mechanism available to most tilbenes.**~*°

Upon promotion of an electron from the stilbene HOMO to
the LUMO, a singlet excited state is formed that repopulates
the ground state in solution primarily by isomerization to acis-
stilbene, and to a lesser extent by stilbene fluorescence.*4°
Thetransform of the Singlet excited state can twist about the centra
C—C bond orienting the planes of the two aryl rings perpendicular
to each other (Figure 3A), affording a mixture of cis and trans
isomers after internal conversion and conformational relaxation. =
While TTR can bind to small molecules composed of two aromatic

(44) Gorner, H.; Kuhn, H. J. Adv. Photochem. 1995, 19, 1.

(45) Malkin, S; Fischer, E. J. Phys. Chem. 1964, 68, 1153.

(46) Sdltiel, J. 3. Am. Chem. Soc. 1967, 89, 1036-1037.

(47) sdltiel, J.; Dagostin, J. J. Am. Chem. Soc. 1972, 94, 6445.

(48) Saltiel, J.; Marinari, A.; Chang, D. W. L.; Mitchener, J. C.; Megarity,
E. D. J. Am. Chem. Soc. 1979, 101, 2982—2996.

(49) Sdltiel, J.; Zdfiriou, O. C.; Megarity, E. D.; Lamola, A. A. J. Am.
Chem. Soc. 1968, 90, 4759.
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rings when the tethered rings are up to 40° out of plane (based on
TTR-stilbene crystal structures®*2"20-3259 'it would be energeti-
caly unfavorable to bind the excited singlet state in a conforma-
tion where the two aryl rings are oriented perpendicular to one
another. Thus, we propose that the increase in fluorescence
guantum yield of B1 from 0.09 in buffer to 0.55 in complex
with TTR results from the rescul pted excited singlet-state energy
surface of the stilbene in complex with TTR, such that the trans
conformer is the only state of relatively low potential energy
(Figure 3B),**° preventing photoisomerization-based relax-
ation of B1. That B1 binding to TTR prevents B1 photoisomer-
ization is consistent with the observation that the irradiation of
B1 in buffer (Life Technologies, TFX-35M, 312 nm) for 10 s
affords 60% of the cis isomer, along with other minor photo-
reaction products (Supporting Information, Figure S7A), whereas
irradiation of B1 bound to TTR yields only 20% cis isomer
(Figure S7B).

It appears that the increase in fluorescence quantum yield of
A2 from 0.00 in buffer to 0.27 in the TTR-(stilbene)n<.
conjugate is only partly explained by the mechanism proposed
for B1.* % That A2 is different from B1 is supported by
observation that A2 does not readily form the cis isomer or
undergo photoreactions upon irradiation in buffer for 10 s
(Figure S7C). Nor does A2 fluoresce upon binding to K15A-
TTR (Figure 2A). It isaso notable that the fluorescence intensity
of A2 does not increase appreciably in dichloromethane
(Supporting Information, Figure S8A), unlike B1, which is an
environmentally sensitive fluorophore (Figure S8B). The very
low fluorescence intensity of A2 combined with its resistance
to photoisomerization suggests that the thioester comprising A2
guenches its fluorescence, both in solution and when bound to
K15A-TTR. However, upon amide bond formation with TTR,
the conjugate derived from A2 becomes fluorescent because the
stilbene is no longer quenched by the thioester functionality
and because the perpendicular excited singlet-state conformation
cannot be accommodated in the TTR-(stilbene),<» conjugate
structure (Figure 3B), preventing the photoi somerization-based
relaxation. The formation of the perpendicular excited singlet-
state conformation required for photoisomerization (Figure 3A)
is envisioned to be even more energetically inaccessible in the
amide bond conjugate, as the aryl ring occupying the inner T,
binding subsite is rigidly held through complementary non-
covalent interactions®*27:307324150-63 anq the ring occupying
the outer T, binding subsite is covalently tethered to the protein
through a m-amide linkage.** The thioester stilbene quenching
hypothesis is supported by observations that A1 and Bl are
guenched, dose dependently, by the addition of millimolar
concentrations of thiophenol (Supporting Information, Figure
S9).
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Antibodies that bind to stilbenes that have aromatic side chains
in their stilbene binding sites can form either fluorescence exci-
plexes or charge-transfer-based luminescent antibody—stilbene
complexes.*®> However, the TTR stilbene binding sites do not
comprise any aromatic residues, making an exciplex fluorescence
or charge-transfer luminescence explanation unlikely.5*%

Summing up the mechanistic details, A2 remains dark, even
if bound to proteins, including TTR, because of a thioester
guenching mechanism. Upon amide bond conjugation to TTR,
the fluorescence quantum yield of the blue conjugate is
reasonably high because the trans-to-cis photoisomerization
mechanism is energetically disfavored owing to TTR binding
and photobleaching is minimized by the lower energy excitation
and emission resulting from the dimethylamino auxochromic
substituent on one of the aromatic rings.

Kinetics of TTR Fluorescent Conjugate Formation at 37
°C in Human Cell Lysate. Since the one-chain, one-binding-
site TTR tag being created is envisioned to be useful for doing
pulse—chase experimentsin the secretory pathway of eukaryotic
cells, the kinetics of WT-TTR maodification by A2 in concen-
trated cell lysate was investigated (Figure 4A). HeL acell lysate
was employed because these cells do not make transthyretin.
We added WT-TTR at afina concentration of 2 uM (tetramer)
to the HeLa cell lysate (2 ug/ulL total protein concentration) to
which A2 (6 uM) was added. At 37 °C, the conjugate formed
with a tgg of 18 min, within experimental error of the tsy (19
min) of TTR (2 uM) conjugate formation with A2 (6 uM) in
phosphate buffer (pH 7) (Figure 4A). That A2 remains dark,
even if bound to other proteins in the absence of TTR, is
demonstrated by the Hela cell lysate (2 ug/ul total protein
concentration) incubated with A2 (2 uM) for 180 min (Figure
4A, red trace).

Selectivity of the A2 TTR Conjugation Reaction at 37 °C
in Human Cell Lysate. The ability of A2 to form a chemose-
lective amide bond with the K15 residue of TTR in cell lysate
was assessed by RP-HPLC and LC-MS analysis. Incubating
WT-TTR (5 uM) with A2 (15 uM) in 900 uL of Hela cell
lysate (2 ug/uL total protein concentration, excluding TTR)
exhibits peaks of nearly equal intensity (Figure 4B; the molar
absorptivity changes associated with benzoylation were ac-
counted for), demonstrating high binding selectivity and a highly
chemoselective amide bond forming reaction with TTR (49%
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Figure 4. Kinetics and chemoselectivity of the A2 conjugation reaction
with WT-TTR in HelLa cell lysate vs buffer. (A) Time dependence of
fluorescent conjugate formation, created by reacting A2 and WT-TTR in
phosphate-buffered saline (pH 7; green trace). Time-dependent fluorescence
changes or lack thereof occurring when Hel a cell lysate (lacking TTR) is
incubated with A2 aone (red trace) or when Hel a cell lysate is incubated
adone with added TTR (without A2, blue trace) or when Hel a cell lysate
with added WT-TTR is treated with A2 at 37 °C (black trace). (B) RP-
HPLC analysis of TTR immunoisolated from HelL a cell lysate utilizing an
anti-TTR antibody conjugated to resin. The nearly equal pesk areas resulting
from the unmodified subunits and the conjugated subunits (the molar
absorptivity changes associated with benzoylation were accounted for)
demonstrate high binding selectivity and a highly chemoselective amide
bond-forming reaction with TTR (49% out of a maximum of 50% of the
subunits were modified).

out of a maximum of 50% of the subunits were modified, Figure
1C). Immunoisolation of TTR affords the expected mass
resulting from conjugate formation (14 185 m/z [M + H]* for
benzoylation by A2). The equa rates of TTR conjugate
formation in HelLa cell lysate and in buffer (Figure 4A,B)
demonstrate that the binding selectivity of A2 to TTR and the
chemoselectivity of amide bond conjugation to TTR are
excellent in complicated biological environments.

Detection of WT-TTR in Transfected HeLa Cells and in
Huh-7 Human Liver Cells. Having demonstrated that A2 is a
non-fluorescent stilbene in solution (Figure 2A) and in HelLa
cell lysate not containing TTR (Figure 4A, red trace), we next
investigated whether specific labeling of TTR could be achieved
in the complex environment of the eukaryotic cellular secretory
pathway. Secreted WT-TTR was produced in HelLa cells by
transient transfection, and the cells were treated with A2 for
1 h prior to imaging using confocal fluorescence microscopy.
The expression of WT-TTR in the Hel a cells after transient
transfection was confirmed using Western blot analysis (Sup-
porting Information, Figure S10A), as was the absence of TTR
in the empty vector control. Only HelL a cells expressing WT-

TTR, and not cells transfected with empty vector (control),
afforded strong conjugate fluorescence upon A2 treatment
(Figure 5A, first column). Indirect TTR immunofluorescence
(Figure 5A, second column) afforded an analogous image,
revealing that TTR was being imaged by A2 treatment. TTR
conjugate fluorescence co-localized with calnexin indirect
immunofluorescence, a marker for the endoplasmic reticulum
(ER), confirming that WT-TTR within the secretory pathway
isbeing observed (Figure 5A, right most column, co-localization
artificialy colored white). TTR conjugate fluorescence is aso
expected in the Golgi and in secretory vesicles, explaining why
TTR conjugate fluorescence is observed in organelles in addition
to the ER.

We aso demonstrated that endogenous TTR could be
detected with A2-derived fluorescence in a common cell line
secreting TTR, which is challenging, as the low quantities
of TTR being detected are undergoing folding and tetramer-
ization in the endoplasmic reticulum, vesicular trafficking
to the Golgi, followed by vesicular trafficking to the plasma
membrane and release into the media.®® While A2 treatment
gave no significant fluorescence in human fibroblasts, con-
sistent with reports that these cells do not make TTR (Figure
5B, bottom panels, and Figure S10B),%° the A2-treated Huh-7
human liver (hepatoma) cells afforded strong fluorescence
that co-localized with calnexin immunofluorescence (Figure
5B, top panels). The confocal fluorescence observations are
consistent with substantial evidence that the liver secretes
the vast majority, if not al, of the TTR into the human
bloodstream.®” That TTR could be visualized in the secretory
pathway addresses the sensitivity of A2-derived TTR fluo-
rescent conjugate-based detection.*®

Pulse—Chase Experiment Demonstrating WT-TTR Secre-
tion from Hel a Cells. Sinceimaging WT-TTR in the secretory
pathway of HelLa cells post-transfection employing A2 is
feasible (Figure 5A) and A2 conjugation kinetics in HeL a cell
lysate (Figure 4A) is sufficiently rapid, we next utilized A2-
based fluorescence to label WT-TTR in a pulse—chase experi-
ment in living, transiently transfected HelL a cells. WT-TTR in
Hel a cells (48 h post-transfection) was labeled using a 20 uM
A2 pulse for 30 min, followed by a chase employing C1 (10
uM) over a2 htime course (Figure 6). C1 is a non-fluorescent,
highly selective, non-covaent, dihydrostilbene-based TTR
binder®! (see Figure 6A for aline drawing of its structure). While
notable TTR conjugate fluorescence was observed 30 and 60
min into the chase period, no conjugate fluorescence was
detected after 120 min (Figure 6C, first column), indicating that
the WT-TTR has been secreted out of the cells over that period
(Figure 6B). The movement of TTR through the secretory
pathway in our pulse—chase experiment (Figure 6C) is consis-
tent with previous data from BHK and MMH cells transiently
overexpressing WT-TTR, demonstrating that WT-TTR secretion
takes about 90 min.®® It appears that the 20 min ts, for TTR
fluorescent conjugate formation observed in HelLa cell lysate
(Figure 4A) is a reasonable facsimile for what happens in a
transiently transfected living HeLa cell, as a 30 min pulse
afforded a strong signal in the pulse—chase experiment (Figure
6C) that disappeared over time as a consequence of the C1 chase
and secretion on the expected 2 h scale, with TTR secretion
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Figure 5. (A) Confocal fluorescence microscopy images of A2 (10 uM)-treated Hel a cells transfected with empty vector (top panels) or WT-TTR (bottom
panels). (B) Confocal fluorescence miscroscopy images of Huh-7 cells (liver) (top panels) and fibroblasts (bottom panels) 30 min after 10 uM A2 treatment.
In (A) and (B), the fluorescence from A2 is artificialy colored red, WT-TTR was detected by indirect immunofluorescence (green staining), and the endoplasmic
reticulum was labeled using indirect calnexin immunofluorescence (artificially colored gray). The extreme right column shows the colocalization between

the A2-derived fluorescence and calnexin (artificialy colored white).

into the media being confirmed (Figure 6B). The reaction
kinetics of A2 would become problematic if time resolution
higher than tens of minutes were required for a particular
application.

Discussion

We describe a non-fluorescent, second generation, auxochro-
mic stilbene A2 that very selectively binds to transthyretin in
the eukaryotic cellular secretory pathway (remains dark) and
then chemoselectively reacts with a pKg-perturbed Lys-15
g-amino group in TTR, creating a bright blue fluorescent
conjugate. Stilbene A2 exhibits sufficiently rapid TTR conjuga-
tion kinetics at 37 °C to enable pulse—chase experiments to be
performed within the secretory pathway of Hela cells, dem-
onstrating that transthyretin can be imaged asit transits through
the secretory pathway. The progress reported is viewed as a
first and necessary step toward our long-term goal of creating
a one-chain, one-binding-site transthyretin tag that can be used
in the eukaryotic secretory pathway to follow protein secretion
and turnover utilizing A2 or an analogous molecule. While the
reaction kinetics of A2 with TTR are well-suited for studying
the folding, trafficking, secretion, and degradation of TTR and
TTR-tagged proteins, other thiol-containing functional groups
(required to keep the latent fluorophores dark) with faster
reaction kinetics are being explored to carry out pulse—chase
experiments with higher time resolution.

An immediate application of A2 is to utilize the conjugate
fluorescence to quantify TTR concentration in human plasma.

16050 J. AM. CHEM. SOC. = VOL. 132, NO. 45, 2010

The TTR concentration in plasma is an established metric of
nutritional status and is an often used clinical laboratory test.®®
A2 demonstrates sufficient binding selectivity to TTR in human
plasma and amide bond reaction chemoselectivity with Lys-15
in TTR (Figure S3A,B) to create a new method that would
replace the error-prone immunoprecipitation—turbidity assay
widely used in clinical laboratories today to quantify TTR
plasma levels.

Another immediate application of A2 is the quantification
of Kinetic stabilizer binding stoichiometry to rare variants
of TTR in human plasma*? Tafamidis, a TTR kinetic
stabilizer that we discovered,® has recently been shown in
a phase Il/111 placebo-controlled clinical trial to halt the
progression of familial amyloid polyneuropathy (FAP).
Negatively cooperative binding of Tafamidis to one of the
two T, binding sites in the TTR tetramer is sufficient to
increase the kinetic barrier for tetramer dissociation (through
selective ground state stabilization) such that it becomes
insurmountable under physiological conditions, preventing
amyloidogenesis that causes FAP.2>5°~71 While the human
oral dose required for occupancy of more than one TTR
binding site is known for the most common TTR FAP-
associated mutations, this has not been established for all
mutations. It is now feasible to utilize A2-derived conjugate
fluorescence to measure the stoichiometry of kinetic stabiliz-
ers, such as Tafamidis, bound to TTR in patient plasma using

(68) Ingenbleek, Y. Y. V. Ann. Rev. Nutr. 1994, 14, 495-533.
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Figure 6. Secretion time course of WT-TTR from HelLa cells monitored utilizing a pulse—chase experiment. HeLa cells were transfected with WT-TTR
and after 48 h were treated with 20 uM A2 for a 30 min pulse. The secretion time course of labeled WT-TTR was followed by chasing the cells with the
selective, noncovalent, nonfluorescent TTR kinetic stabilizer C13* (10 uM) over a chase period of 2 h. (A) Structure of the chase compound, C1. (B)
Western blot demonstration that WT-TTR was secreted into the cell culture media over the same time course that TTR left the secretory pathway. (C)
Confocal fluorescence microscopy images wherein the fluorescence from A2 is artificially colored red (column 1). The expression of WT-TTR in the HeLa
cells only after transfection was confirmed by indirect immunofluorescence (green staining, column 2) as a function of time, and the endoplasmic reticulum
was labeled using indirect calnexin immunofluorescence (artificialy colored gray, column 3). The extreme right column shows the co-localization between
the A2-derived TTR conjugate fluorescence and calnexin (artificially colored white) as a function of time.

an A2-kinetic stabilizer competition assay. After assay
optimization, physicians could use such an approach to titrate
the dose of kinetic stabilizer to be used in patients with rare
mutations to be sure that the kinetic stabilizer occupies at
least one TTR binding site per tetramer.>” Since there are
over 100 TTR mutations that cause FAP, developing the A2
method for determining kinetic stabilizer TTR binding
stoichiometry is important and especially timely, since
Tafamidis, the first kinetic stabilizer to be shown to be
efficacious, is expected to become a regulatory agency
approved drug during the coming year,5%57:69.70
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