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ABSTRACT: Small molecules that react selectively with a
specific non-enzyme drug-target protein in a complex
biological environment without displacement of a leaving
group (tracelessly) are rare and highly desirable. Herein we
describe the development of a family of fluorogenic stilbene-
based vinyl amides and vinyl sulfonamides that covalently
modify transthyretin (TTR) tracelessly. These small molecules
bind selectively to TTR in complex biological environments
and then undergo a rapid and chemoselective 1,4-Michael
addition with the pK.-perturbed Lys-15 e-amino group of
TTR. Replacing the vinyl amide in 2 with the more reactive
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vinyl sulfonamide in 4 hastens the conjugation kinetics. X-ray cocrystallography verified the formation of the secondary amine
bond mediating the conjugation in the case of 2 and 4 and confirmed the expected orientation of the stilbene within the TTR
binding sites. Vinyl amide 2 and vinyl sulfonamide 4 potently inhibit TTR dissociation and amyloid fibril formation in vitro. The
TTR binding selectivity, modification yield, and reaction chemoselectivity of vinyl sulfonamide 4 are good enough in human
plasma to serve as a starting point for medicinal chemistry efforts. Moreover, vinyl sulfonamide 4 is fluorogenic: it exhibits
minimal background fluorescence in complex biological environments, remains dark upon binding to TTR, and becomes
fluorescent only upon reaction with TTR. The fluorogenicity of 4 was utilized to accurately quantify the native TTR
concentration in Escherichia coli lysate using a fluorescence plate reader.

B INTRODUCTION

Transthyretin (TTR) is one of more than 30 human proteins
that are known to misfold and/or misassemble into pathology-
associated aggregates, possibly including cross-f-sheet amyloid
fibrils." > Compelling pharmacological, surgically mediated
gene therapy, and human genetic evidence indicates that the
process of TTR aggregation causes postmitotic tissue loss
characteristic of the TTR amyloid diseases (amyloidoses).®™"*
Rate-limiting tetramer dissociation and monomer misfolding
enable TTR aggregation.lo’l1’16_18

Small molecules that bind to one or both of the unoccupied
thyroxine (T,)-binding sites within the TTR dimer—dimer
interface bisected by the crystallographic two-fold axis (C,)
(Figure 1; bound T, is shown) preferentially stabilize the native
tetrameric structure of TTR over the dissociative transition
state, increasing the kinetic barrier for tetramer dissocia-
tion.'"'**® These so-called kinetic stabilizers dramatically slow
TTR dissociation and aggregation,u’21 and a clinical trial with
one of them, tafamidis, in V30M-TTR-linked familial amyloid
polyneuropathy patients demonstrated significant and sustained
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slowing of autonomic and peripheral neuropathy progression
relative to placebo.*’

Previously, we reported covalent kinetic stabilizers that
selectively bind to the TTR T,-binding sites and then rapidly
and chemoselectively react with the pK,-perturbed Lys-15 e-
amino groups at the peripheries of the binding sites.”””>* These
covalent TTR kinetic stabilizers are appealing drug candidates
because lower concentrations can often be employed relative to
non-covalent kinetic stabilizers.”> To produce the previously
published TTR covalent kinetic stabilizers, non-covalent TTR
kinetic stabilizers were re-engineered to harbor a reactive ester,
a thioester, or a sulfonyl fluoride substituent.”* >* These
electrophiles liberate phenol, thiophenol, or a fluoride ion,
respectively, as leaving groups upon nucleophilic attack by the
Lys-15 e-amino group of TTR when forming their conjugates.
The liberation of a leaving group into the human body could
present an undesirable toxicity risk for diseases requiring
lifelong treatment, like the TTR amyloidoses. Thus, a traceless
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Figure 1. Structure of tetrameric wild-type TTR (WT-TTR)
highlighting the T,-binding pocket and the pK, -perturbed Lys-15
residue. (a) Crystal structure of WT-TTR in complex with T, (PDB
accession code 2ROX"), depicted in a ribbon format wherein each
subunit is colored uniquely. (b) Close-up view of one of the two
identical T,-binding sites with a “Connolly” molecular surface applied
to residues within 8 A of T, (hydrophobic = gray, polar = purple). The
innermost halogen binding pockets (HBPs) 3 and 3’ are composed of
the methyl and methylene groups of Ser117/117’, Thr119/119’, and
Leull0/110". HBPs 2 and 2’ are made up by the side chains of
Leull0/110°, Ala109/109', Lys15/15', and Leul7/17’. The outer-
most HBPs 1 and 1’ are lined by the methyl and methylene groups of
Lys15/15’, Alal08/108’, and Thr106/106'. These figures were
generated using the program MOE (2011.10; Chemical Computing
Group, Montreal, Canada).

covalent kinetic stabilizer of TTR would be a welcome addition
to the list of drug candidates to ameliorate the TTR
amyloidoses.

Herein we describe our efforts to produce traceless small-
molecule covalent kinetic stabilizers of TTR utilizing stilbene-
based vinyl amides and vinyl sulfonamides (Table 1) conceived
by structure-based design principles as a starting point.**~>'
Stilbene-based vinyl amides and vinyl sulfonamides bind to
TTR and then undergo a rapid and chemoselective 1,4-Michael
addition with the Lys-15 e-amino group of TTR, affording a
secondary amine linkage between TTR and the stilbene
substructure (as confirmed by X-ray crystallography) without
leaving group displacement. The TTR binding selectivity,
modification yield, and reaction chemoselectivity of vinyl
sulfonamide 4 in human plasma are good enough for it to
serve as a medicinal chemistry starting point for the
development of drug to ameliorate TTR amyloid disease,
especially considering its efficacy as a TTR amyloidogenesis
inhibitor or kinetic stabilizer in vitro.

Moreover, upon reaction with TTR, vinyl sulfonamide 4
affords a conjugate that is fluorescent in Escherichia coli lysate,
wherein 4 remains dark in this complex biological sample
before reacting with TTR. This fluorescent conjugate exhibits a
quantum yield that is 4-fold higher than those of previously
reported TTR fluorescent conjugates. Taking advantage of the
fluorogenicity of 4, we quantified the amount of native TTR in
E. coli lysate using a fluorescence plate reader.

B EXPERIMENTAL METHODS

RP-HPLC Analysis of TTR Modification by Compounds 1—4.
Wild-type TTR (WT-TTR) and the KISA-TTR mutant were
expressed in E. coli and purified as described previously.>* Compounds
1—4 at the indicated concentrations were mixed with WT-TTR or
KISA-TTR (3.6 uM; 02 mg/mL) in S00 uL of 10 mM sodium
phosphate buffer (pH 7.0) with 100 mM KCl and 1 mM EDTA added
(hereafter called PBS buffer), and these candidate kinetic stabilizers
were incubated for 10 min, 18 h, or 24 h at 37 °C. The reaction
mixture was subjected to reversed-phase high-performance liquid
chromatography (RP-HPLC) on a Waters 600E multisolvent delivery
system using a Waters 486 tunable absorbance detector, a 717
autosampler, and a Thermo Hypersil Keystone Betabasic-18 column
(50 mm, 150 A pore size, 3 um particle size). Mobile phase “A”
comprised 0.1% TFA in 94.9% H,0O + 5% CH;CN, and mobile phase
“B” was made up of 0.1% TFA in 94.9% CH;CN + 5% H,O. A linear
gradient from 0 to 100% B over 50 min at a flow rate of 1 mL/min was
used to generate the chromatogram. For kinetic analysis of conjugate
formation between TTR and compound 2 or 4, WT-TTR (3.6 uM)
was incubated with compound 2 or 4 at a concentration of 3.6 or 7.2
uM for the indicated time at 37 °C, and the reaction mixture was
subjected to RP-HPLC as described above.

Transthyretin Fibril Formation in the Presence of the Test
Compounds. A candidate kinetic stabilizer (S uL of a 1.44, 0.72, 0.36,
0.18, 0.09, or 0.045 mM solution in DMSO) was mixed with 495 uL of
WT-TTR (7.2 uM) in PBS buffer and incubated for 10 min at 37 °C.
Next, 500 uL of 100 mM acetate buffer (pH 4.2) containing 100 mM
KCl and 1 mM EDTA was added to the reaction mixture to obtain a
final pH of 4.4. The mixture was incubated for 72 h without agitation
at 37 °C. The turbidity of the reaction mixture was measured at 400
nm using a UV spectrophotometer after brief vortexing of the sample
to evenly distribute any precipitates. For kinetic analysis of fibril
formation of TTR in the presence of test compounds, the turbidity
was measured at the indicated time points after vortexing.

Measurement of the Kinetics of Transthyretin Tetramer
Dissociation. WT-TTR (18 uM in PBS buffer, 200 uL) was
incubated with compound 2, 4, or 6 at 18 uM (TTR/covalent kinetic
stabilizer = 1:1) or 36 uM (TTR/covalent kinetic stabilizer = 1:2) for
10 min or 18 h at 37 °C. The reaction mixture (100 uL) was mixed
with 900 uL of a 6.67 M urea solution in PBS buffer (final urea

Table 1. Structures of Compounds Synthesized and Designed To Modify TTR Covalently

Compound R Position Controls
0
1 ENNF meta
Ho SOF
2 ;” & para
o)
3 ;f.”)l\/\u para
00
4 S-S  para cl
H
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N7 6 7
5 \N,‘é ' para
H
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Figure 2. Stilbene p-vinyl amide 2 covalently labels TTR. (a) RP-HPLC chromatograms of WT-TTR (3.6 uM) incubated with 2 (7.2 or 3.6 uM)
showing an additional peak corresponding to the conjugate formed from the reaction between WT-TTR and 2. (b) LC-ESI-MS spectrum of WT-
TTR and the WT-TTR—2 conjugate. The calculated TTR mass was 13892.6, and the observed unmodified mass was 13890; the calculated TTR—2
conjugate mass was 14185.6, and the observed TTR—2 conjugate mass was 14184. (c) RP-HPLC chromatograms of KISA-TTR (3.6 M) incubated
with 2 (7.2 or 3.6 uM) indicating no modification of K1SA-TTR by 2. (d) Time course of the conjugation reaction between WT-TTR (3.6 uM) and
2 (7.2 uM) at 37 °C, assessed by integrating the conjugate HPLC peak area. The t,,, derived from fitting an exponential to the data was 5.3 h.

concentration = 6 M; under these conditions, TTR refolding and
reassembly are not possible). The mixture was incubated in the dark
without agitation at 25 °C, and circular dichroism (CD) spectra were
measured at 215—218 nm (scanned five times every 0.5 nm with an
averaging time of 10 s) at the indicated time points.

Evaluation of Transthyretin Conjugate Fluorescence. Com-
pound 2 or 4 (S uL of 0.72 mM or 0.36 mM solution in DMSO) was
mixed with 500 uL of a solution of WT-TTR or KISA-TTR
homotetramer in PBS buffer (0.2 mg/mL, 3.6 uM), and the mixture
was incubated at 37 °C for 30 min (compound 4) or 18 h (compound
2) (final concentrations of covalent kinetic stabilizers: 7.2 or 3.6 uM,
respectively). The fluorescence changes were monitored using a Varian
Cary S0 spectrofluorometer and a 1 cm path length quartz cuvette at
37 °C. The excitation slit was set at 5 nm, and the emission slit was set
at 10 nm. The photomultiplier tube was set to 500 V for compound 4
and 550 V for compound 2. The samples were excited at 327 nm, and
the emission spectra were collected from 340 to 550 nm. For the
kinetic analysis of the conjugation of compound 4 (3.6 or 7.2 uM) to
WT-TTR (3.6 uM), the fluorescence emission at 395 nm was
measured every 10 s for 30 min at 37 °C.

17871

Quantum Yield Measurement. Compounds 4 and 5 (7.2 uM)
alone in either benzene or PBS buffer or together with WT-TTR (3.6
uM) in PBS buffer were incubated overnight at 25 °C before
measurement of the quantum yield. Quantum yields were measured
following previously published methods.** Quinine bisulfate in 0.5 M
H,SO, was used as a reference (@, = 0.546).

Modification of TTR in Human Plasma by Compound 4. The
modification ratio of WI-TTR in human plasma by compound 4 was
evaluated using a combination of quantitative immunoblotting and
RP-HPLC employing fluorescence conjugate detection. A human
plasma sample was centrifuged at 16000 g for S min at 4 °C to remove
particulates. To quantify the total TTR concentration in the sample
using quantitative immunoblotting, 20 L of plasma was denatured in
20 pL 2X SDS loading buffer for S min at 95 °C. The sample was
further diluted 10-fold or 20-fold using 1X SDS loading buffer to avoid
saturation of the signal. A standard curve of recombinant WT-TTR
was also prepared. Samples (S uL) were loaded on a 4—20% SDS
gradient gel and run in Tris-glycine running buffer. TTR was detected
using a monoclonal mouse antibody against TTR (produced by The
Scripps Research Institute’s Antibody Production Core Facility). To
quantify labeled TTR in plasma, the same plasma sample was
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incubated with either 20 or 40 uM 4 at 37 °C for 30 min. The samples
were analyzed by RP-HPLC as described above using a linear gradient
from 0 to 100% B over 60 min at a flow rate of 1 mL/min. The
fluorescence detector was set at an excitation wavelength of 327 nm
and an emission wavelength of 395 nm.

Assessment of k.., and K; for TTR Conjugate Formation
Using Fluorescence. Compound 4 (0.2 pM) was added to
increasing concentrations of WT-TTR in PBS buffer at 25 °C,
keeping in mind that 1 uM WT-TTR tetramer is equivalent to 2 yuM
TTR binding pockets. The fluorescence time course was recorded
using an excitation wavelength of 327 nm and an emission wavelength
of 395 nm. The emergence of conjugate fluorescence followed single-
turnover pseudo-first-order reaction kinetics at different concen-
trations of TTR binding pockets, which allowed for calculation of the
observed rate constant (ky.) at each TTR binding pocket
concentration. The individual kg, values at the different concen-
trations were then fitted into the following equation:

kchem[4J

k =
obsd Ki + [ 4:]

where kg, is the maximum rate constant for the chemical labeling
step of Michael addition that is achieved at an infinite concentration of
compound 4 and K; defines the concentration of compound 4 that
yields a half-maximal rate of conjugation.

Quantification of Tetrameric TTR in E. coli Lysate by
Fluorescence. Resuspended K12 E. coli cells were lysed by sonication
on ice (with two 30 s sonication pulses, each followed by a 60 s pause
to re-establish a lower temperature) and then centrifuged at 16000 g
for 30 min at 4 °C. The resulting supernatant was collected as the
soluble fraction for subsequent analysis. The indicated concentrations
(0, 0.9, 1.8, 3.6, and 7.2 uM) of tetrameric TTR were prepared by
diluting a stock solution of recombinant TTR (36 yM tetramer) into
the E. coli lysate. Compound 4 (20 or 30 M) was then added to the
TTR, and the labeling kinetics were monitored by fluorescence in a
Molecular Devices SpectraMax plate reader using an excitation
wavelength of 327 nm and an emission wavelength of 395 nm. The
amount of TTR added to E. coli lysate generated a standard curve that
was identical to the standard curve generated using TTR in PBS buffer
on the basis of the final fluorescence intensity. The time courses of the
fluorescence increases were effectively identical as well, except for the
highest TTR concentration added to E. coli lysate.

B RESULTS AND DISCUSSION

Use of a Stilbene-Based Vinyl Amide To Label TTR
Covalently. To develop a traceless covalent TTR kinetic
stabilizer, we employed a substituted stilbene structure
conceived by structure-based design that nicely complements
the structure of the T,-binding sites within the TTR
tetramer.”®*” Since the vinyl amide was envisioned to have
intrinsic chemical reactivity toward the pK,-perturbed Lys-15 &-
amino group of TTR via a Michael addition mechanism, we
attached this functional group to the stilbene backbone. The
stilbene-based covalent kinetic stabilizer 1 harboring a vinyl
amide functional group meta to the trans double bond (Table
1) was envisioned to have the proper geometry to allow the
Lys-15 pK,-perturbed e-amino group of TTR to attack the
antibonding orbitals of the terminal sp*hybridized carbon.
Multiple vinyl amide-based covalent drug candidates are in
clinical trials and have been demonstrated to be potent and
selective inhibitors in cells; thus, these have potential as
traceless covalent TTR kinetic stabilizers.”®

We evaluated whether stilbene 1 (Table 1) could covalently
label recombinant WT-TTR in PBS buffer, as ascertained by
RP-HPLC and by LC—electrospray ionization mass spectrom-
etry (LC-ESI-MS) analysis. Surprisingly, no covalent mod-
ification was observed, as shown by the recovery of both 1 and

the appropriate quantity of unmodified WT-TTR subunits
(Figure Sla in the Supporting Information) and by the
detection of only the unlabeled TTR subunit mass peak (Figure
S1b).

We next evaluated whether the para-substituted analogue 2
(Table 1) could label TTR in PBS buffer (in vitro). By RP-
HPLC, an additional TTR subunit peak was observed besides
the unmodified TTR subunit peak, and only a small quantity of
unreacted 2 was recovered after an 18 h incubation period,
suggesting covalent modification of WT-TTR by 2 (Figure 2a).
Covalent modification of the TTR subunit by 2 was further
confirmed by the observation of an additional LC-ESI-MS
signal corresponding to the mass of the TTR—2 secondary
amine conjugate (Figure 2b). To explore whether 2 primarily
modified the pK, -perturbed Lys-15 residue of TTR, we
evaluated the chemoselectivity of 2 toward K15A-TTR in
PBS buffer, a TTR mutant in which Lys-1S is replaced with Ala.
No modified TTR subunit peak was observed (Figure 2c), and
nearly all of the unreacted 2 was recovered, further confirming
the lack of modification. We attempted to identify the
composition of the small peak in Figure 2a at the longest
retention time but were unsuccessful; this peak may be a TTR
subunit modified by 2 at both Lys-15 and Cys-10.

The kinetics of the reaction between WT-TTR and 2 was
estimated by monitoring the increasing intensity of the covalent
conjugate HPLC peak as a function of time (Figure 2d).
Conjugate formation utilizing vinyl amide 2 was relatively slow,
exhibiting a covalent modification half-time (t,,,) of S.3 h at a
2:TTR reaction stoichiometry of 2:1 based on an exponential
fit to the data. Complete modification was observed only after
24 h.

We hypothesized that faster kinetics could be achieved by
enhancing the reactivity of the electrophile. We attempted to
enhance the reactivity of the p-vinyl amide substituent by
introducing an electron-withdrawing chlorine atom on the
terminal sp>-hybridized carbon atom, leading to vinyl amide 3
(Table 1). Surprisingly, compound 3 did not react with WT-
TTR as demonstrated by RP-HPLC (Figure S2), possibly
because of steric hindrance associated with the introduction of
the chlorine atom.

Vinyl Sulfonamides as Electrophiles To React Cova-
lently and Chemoselectively with TTR with Improved
Efficiency and Enhanced Kinetics in Vitro. To enhance the
reactivity of the Michael acceptor, we replaced the p-vinyl
amide substituent in 2 by the more reactive p-vinyl sulfonamide
in 4 (Table 1). The sulfonamide exhibits a stronger electron-
withdrawing effect than the secondary amide comprising 2.%*
We first determined whether 4 was able to label WT-TTR in
PBS buffer. Nearly complete covalent modification of WT-TTR
(3.6 uM) was achieved by reaction with 4 (3.6 or 7.2 uM) after
only a 10 min incubation period at 37 °C, as discerned by RP-
HPLC analysis (Figure 3a). The TTR—4 conjugate yields,
reflecting the labeling efficiency, were calculated from the
remaining unmodified TTR subunits as 24.7% and 46% at 4
concentrations of 3.6 and 7.2 uM, respectively, after a 10 min
incubation period (25% and 50% yields would be maximal,
reflecting conjugation to one or two TTR subunits comprising
the TTR tetramer, respectively). In addition, LC-ESI-MS
analysis demonstrated that approximately 50% of the TTR
subunits were modified by 4, as shown by the relative
intensities of the modified and unmodified peaks on the LC-
ESI-MS trace at a TTR:4 stoichiometry of 1:2 (3.6 uM TTR
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Figure 3. Vinyl sulfonamide 4, a more reactive electrophile, covalently
labels TTR efficiently in buffer. (a) RP-HPLC chromatograms of WT-
TTR (3.6 uM) incubated with 4 (7.2 or 3.6 uM) for 10 min at 37 °C
showing an additional peak corresponding to WT-TTR subunits
modified by 4. (b) LC-ESI-MS spectrum of WT-TTR and WT-TTR
modified by 4. The calculated TTR—4 conjugate mass was 14220, and
the observed TTR—4 conjugate mass was 14221. (c) Time course of
the conjugation reaction between WT-TTR (3.6 uM) and 4 (7.2 uM)
at 37 °C, assessed by integrating the HPLC conjugate peak area. The
t,/, extracted from fitting an exponential to the data was 69 s.

and 7.2 uM 4) (Figure 3b). Thus, 4 labels WT-TTR fast and
efficiently, affording a product of the expected mass.

An HPLC-based time course of conjugate formation
confirmed the rapid 1,4-addition kinetics of 4 to WT-TTR
(Figure 3c). The time to 50% completion (t,/,) was estimated
to be 69 s on the basis of an exponential fit to the data, with
complete labeling being observed in less than 5 min; this was
270 times faster than the conjugation kinetics of 2 (t;,, = 5.3 b,
complete labeling at 24 h). Increasing the reactivity of the
Michael acceptor dramatically increased the rate of conjugate
formation.

The chemoselectivity of WI-TTR conjugate formation by 4
in vitro was demonstrated using K1SA-TTR. The fact that the
pK,-perturbed Lys-15 e-amino group of WT-TTR was modified
by 4 is reflected by the lack of TTR modification when the
K15A-TTR homotetramer was reacted with 4, according to RP-
HPLC analysis (Figure S3). We recovered 100% of the starting
amount of 4, indicating no off-target labeling by 4 over the
period wherein WT-TTR was 92% labeled by 4. Further
validation of the chemoselectivity was derived from the
observation that no modification was observed by LC-ESI-MS
when monomeric TTR (m-TTR)>** was incubated with 4 over a
24 h period, indicating that 4 only modifies the pK,-perturbed
Lys-15 residue in the T,-binding site of the properly folded
TTR tetramer (Figure S4). Direct evidence of Lys-15 &-amino
modification by 4 in WI-TTR was demonstrated by LC-MS-
MS data (Figure SS). We observed no modification other than
at Lys-15 at a TTR:4 stoichiometry of 1:2 (3.6 uM TTR and
7.2 uM 4) over a 24 h reaction period (Figure SSab). We
further probed the chemoselectivity of 4 by incubation with an
excess amount of 4 for 24 h (23 h and 50 min longer than the
period required to achieve maximal conjugation). Incubation at
a TTR:4 stoichiometry of 1:3 (3.6 uM TTR and 10.8 uM 4)
before processing for LC-MS-MS led to some off-target
modification of the Cys-10 residue, as expected because of
the intrinsic reactivity of 4 toward a thiol group (Figure SSc,d).
Importantly, this modification was not observed with K15A-
TTR (Figure S3), suggesting that Cys-10 is only activated for
modification after accommodation of 4 in the binding pocket.
Therefore, the additional modification of Cys-10 could be
observed only when an excess amount of 4 was used, and the
Cys-10 labeling is very slow compared to Lys-15 labeling.

Thus, we have demonstrated that 4 is a very fast and efficient
covalent modifier of WI-TTR and is chemoselective toward
Lys-15 when the incubation time and stoichiometry are
properly controlled in vitro. Off-target labeling of the Cys-10
residue is not a concern because complete labeling of Lys-15
occurs within a period of 10 min.

Crystallographic Analysis of WT-TTR—(Kinetic Stabil-
izer), Conjugates. Crystal structures of the non-covalent
complex between 1 and WT-TTR and the conjugates resulting
from the reactions between WT-TTR and compounds 2 and 4
were determined at 1.33, 1.45, and 1.22 A resolution,
respectively (Figure 4a—c; see Table Sl in the Supporting
Information for data collection and refinement statistics). In all
of the structures, the previously optimized 3,5-dimethyl-4-
hydroxyphenyl substructure occupies the inner binding subsite,
with the 3,5-dimethyl substituents projecting into halogen
binding pockets (HBPs) 3 and 3’ while the 4-hydroxy group
engages in hydrogen bonding with the Ser117/117’ residues at
the base of the T,-binding pocket, bridging adjacent TTR
subunits. The second aryl ring occupies the binding site area
between HBPs 1 and 1’. While the density identifying the
secondary amine tether in the unbiased 2F, — F, electron
density maps was clear for 2, the analogous substructure
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Figure 4. Crystal structures of homotetrameric WT-TTR in complex with inhibitor 1 and when covalently modified by covalent kinetic stabilizers 2
and 4 (panels a—c, respectively). In each case, a close-up view of one of the two identical T,-binding sites is depicted in a ribbon format wherein each
subunit is colored uniquely. A “Connolly” molecular surface was applied to residues within 8 A of the kinetic stabilizer in the T,-binding pocket,
depicting hydrophobic surfaces in gray and polar surfaces in purple. The innermost HBPs 3 and 3’ are composed of the methyl and methylene
groups of Ser117/117’, Thr119/119’, and Leul10/110’. HBPs 2 and 2" are made up by the side chains of Leul10/110’, Ala109/109’, Lys15/15/,
and Leul7/17’. The outermost HBPs 1 and 1’ are lined by the methyl and methylene groups of Lys15/15’, Alal08/108’, and Thr106/106'.
Hydrogen bonds are shown as light-blue dashed lines. This figure was generated using the program MOE (2011.10).

originating from 4 had more diffuse electron density in the
outer binding subsite due to at least two major conformations
afforded by rotation about the aryl—sulfonamide bond (Figure
S6). Sulfonamides are less rigid than their amide counterparts,
resulting in more accessible conformations. The pyramidal N
atom of the sulfonamide substructure contrasts with the planar
NH in an amide bond. The minima of the torsion angle w
(£C*SNC*) of the sulfonamide bond range from —100° to
+60°, in contrast to the familiar values of 180° and 0° for trans
and cis secondary amide bonds, respectively. Lastly, the energy
barriers for rotation around the S—N bond are lower than for
the C—N bond (30—40 vs 60—90 kJ/mol, respectively). In
order to maintain good bond angle geometry and bond lengths
within the sulfonamide derived from conjugate formation
between TTR and 4, the bond length and angle restraints were
further increased in this more disordered region around the
incident two-fold axis during refinement.

In the case of the previously reported ester, thioester (e.g., 6;
Table 1) and sulfonyl fluoride (e.g., 7; Table 1) substituted
covalent kinetic stabilizers of TTR, positioning the reactive
group in the meta position of the ring occupying the outer
binding site was optimal for chemoselective reaction with Lys-
15 of TTR;**"*** however, placing the vinyl amide or vinyl
sulfonamide group in the meta position resulted in very poor
reaction kinetics, as described above.

Increasing the reactivity of the electrophile (i.e, in going
from 2 to 4) must be thoughtfully managed to avoid a decrease
in TTR modification selectivity in the context of complex
biological samples. To maximize the selectivity of TTR
conjugate formation using vinyl sulfonamides, they must bind
with high affinity and their subsequent reaction kinetics must
be fast. While structure-based design can lead to aromatic vinyl
sulfonamides with high complementarity to the TTR binding
sites and thus afford a higher fraction of molecules that will
bind with high affinity, predicting their desolvation energies and
thus their binding constants is extremely difficult, and thus,
there is no substitute for making a lot of analogues and
experimentally measuring their K; values (see below; binding is
a component of this term) to optimize binding. In other words,

structure-based design is not a substitute for a traditional
structure—activity relationship study to optimize K;, which was
not done in the present work.

While structure-based design cannot predict good binders a
priori, this approach is more reliable for making predictions
about where to place the vinyl sulfonamide substituent to
achieve a maximum rate of conjugation (kgem; see below)
postbinding. It is clear from the structure of 1 bound to TTR
that placing a vinyl amide and very likely the vinyl sulfonamide
group at the meta position precludes the e-amino group from
engaging with the antibonding orbital of the alkene terminal
carbon—an interaction that is necessary for the conjugation
reaction to occur. Moving the vinyl amide or the vinyl
sulfonamide substituent to the para position allows the low-
energy extended conformation of the Lys side chain to make an
energetically accessible approach to the antibonding orbital of
the terminal sp’-hybridized carbon atom. In summary,
structure-based design is good at predicting ligand binding
orientation and the relative positioning of the electrophile and
the nucleophile and thus the propensity for the conjugation
reaction to occur, but it is not good at predicting binding
selectivity because desolvation energies and binding to
competitor proteins are hard to predict a priori.

Inhibition of Acid-Mediated TTR Amyloid Fibril
Formation by Covalent Kinetic Stabilization. We next
investigated the ability of the WT-TTR conjugates derived
from reactions between vinyl amide 2 or vinyl sulfonamide 4
with WT-TTR to misfold and aggregate (undergo amyloido-
genesis) under previously established acid-mediated fibril
formation conditions.*® Preincubation of 2, 4, or the previously
reported thioester-based covalent kinetic stabilizer 6 (Table 1)
with TTR (3.6 M) for 10 min at a range of concentrations
(0—7.2 uM) before increasing the denaturation and aggregation
stress by decreasing the pH to 4.4 revealed nearly maximal
inhibition of fibril formation after a 120 h aggregation period at
a covalent kinetic stabilizer concentration of 3.6 yM (Figure
Sa). This is consistent with previous reports that occupancy of
one of the two T,-binding sites within TTR is sufficient to
kinetically stabilize the entire tetramer and inhibit amyloido-
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Figure S. Covalent kinetic stabilizers inhibit TTR tetramer
dissociation and amyloidogenesis. (a) Concentration-dependent
inhibition of acid-mediated WT-TTR fibril formation by covalent
kinetic stabilizers 2, 4, and 6 (10 min preincubation period at neutral
pH) over a 120 h time course after the pH was reduced to 4.4. (b)
Acid-mediated fibril formation was examined at the indicated time
points (37 °C) as a function of the concentration of compound 4 at
pH 4.4 (a 10 min preincubation of 4 with WT-TTR at neutral pH was
employed). (c) Urea-mediated dissociation and denaturation kinetics
of WT-TTR preincubated with compound 2, 4, or 6 for 10 min at 37
°C. Linked slow dissociation and rapid denaturation were measured by
far-UV circular dichroism at 215—218 nm at the indicated time points
in 6 M urea.

genesis.20 Examination of the time course of acid-mediated
TTR (3.6 M) fibril formation (pH 4.4, 37 °C) as a function of
the concentration of 4 (2.7, 3.6, or 7.2 uM) revealed substantial

dose-dependent inhibition of WT-TTR amyloidogenesis
(Figure Sb and Table 2). Previous studies demonstrated that

Table 2. Percent Fibril Formation of WT-TTR (3.6 uM, pH
4.4) Preincubated with Compounds 1—4 (3.6 or 7.2 uM) for
10 min (in Bold) and 18 h (in Italics), Examined after
Incubation for 72 h at 37 °C

fibril formation (%)

3.6 uM 72 uM
1 301 + 1.7 3.0 +02
2 162 + 5.0 6.0 + 0.2
3.8 +£0S 3.5 £ 0.1
3 236 £ 1.7 4.1 + 0.6
8.3 + 0.8 3.7 £ 0.7
7.6 £ 1.6 35+03

measuring the rate of TTR aggregation by thioflavin T
fluorescence or by turbidity affords different curve shapes,
especially early in the aggregation reaction, but for the purposes
of looking at inhibition over a period of 72 h, the two
approaches are sufficient and equivalent.””

Inhibition of WT-TTR Dissociation by Covalent Kinetic
Stabilizers 2 and 4. The decrease in the rate of urea-induced
WT-TTR dissociation (and subsequent denaturation) due to
conjugate formation between WT-TTR and 2 and 4 was
assessed. Since conjugate formation renders the dissociation
barrier of WT-TTR largely insurmountable under physiological
conditions, urea was added to accelerate dissociation.”>**
Recombinant WT-TTR (1.8 M) was preincubated for 10 min
with 2, 4, or 6 as a function of their concentration (1.8 or 3.6
uM) to subsequently study the dissociation kinetics over a 168
h time period (Figure 5c)."® Far-UV CD enabled monitoring of
the kinetics of linked TTR tetramer dissociation and monomer
denaturation (fast relative to dissociation) hastened by the
presence of 6 M urea, which prevents monomer refolding and
thus renders dissociation irreversible.'® The rate and extent of
TTR tetramer dissociation diminished proportionally to the
concentration of covalent kinetic stabilizer added (Figure Sc).
Compound 4 is superior at both stoichiometries employed,
likely because of its high affinity, negatively cooperative binding,
and subsequent fast chemoselective reaction kinetics with Lys-
15 (recall the 10 min incubation period before addition of
urea). The negatively cooperative binding minimizes the
fraction of unconjugated TTR tetramer by minimizing the
fraction of TTR subunits having two covalently attached ligands
at a concentration of 1.8 yM. In other words, the negatively
cooperative binding maximizes the TTR tetramer population
having at least one covalent kinetic stabilizer attached.

Evaluation of the Selectivity of Modification of WT-
TTR by Covalent Kinetic Stabilizer 4 in Human Blood
Plasma. To demonstrate how selective the binding and
subsequent chemoselective reaction between 4 and TTR is in
human plasma, its ability to covalently modify TTR in human
plasma was investigated by quantitative immunoblotting to
determine the total TTR concentration in blood plasma and by
HPLC to determine the fraction of TTR—(4),<, conjugate
formed. The total WT-TTR tetramer concentration in human
plasma was established to be ~5.18 & 0.34 uM (i.e., 20.88 uM
TTR monomer; 0.29 + 0.02 mg/mL) (Figure 6a). To quantify
the amount of TTR subunits labeled by covalent kinetic
stabilizer 4 in human plasma, we monitored the fluorescence
signal of the conjugate using RP-HPLC coupled to a
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Figure 6. Selectivity and yield of TTR—(4),<, conjugate formation in
human plasma. (a) The concentration of total TTR in human plasma
was assessed by quantitative immunoblotting using an immunoblotting
standard curve generated from recombinant WT-TTR. (b) The
concentration of TTR—4 conjugate formed upon reaction of 4 (20 or
40 yM) with TTR in human plasma was quantified by RP-HPLC
employing fluorescence detection (4., = 395 nm) and a standard
curve generated by the reaction between 4 and recombinant TTR
(Figure S7). The percentages of modified TTR subunits in human
plasma were calculated and summarized; 50% is the maximum, as only
two of the four subunits in the tetramer can be covalently modified by
4.

fluorescence detector (FL-RP-HPLC). A standard curve of
labeled WT-TTR—(4),<, was first generated by FL-RP-HPLC
by correlating the amount of labeled TTR injected on the
HPLC column with the fluorescence signal peak area (Figure
S7). The candidate covalent kinetic stabilizer 4 was
subsequently incubated with plasma at two different concen-
trations, 20 and 40 xM (30 min, 37 °C). The TTR subunits in
plasma modified by 4 were quantified by integration of the RP-
HPLC fluorescence peak area and calculation of the
concentration from the standard curve (Figures 6b and S7).
We observed that 3.6 uM monomeric TTR (0.05 mg/mL) and
5.76 uM monomeric TTR (0.08 mg/mL) were labeled when
using 20 and 40 uM 4, respectively, resulting in modification
efficiencies of 17% and 28%, respectively, corresponding to
covalent modification of 34% and 56% of the tetramers by 4.
Thus, a higher concentration of covalent kinetic stabilizer
improves the modification efficiency (Figure 6b, lower panel).
Since analogues of 4 have yet to be prepared to enhance the

binding affinity and thus lower K, it appears that the enhanced
electrophilicity of the vinyl sulfonamide can result in a relatively
selective and efficient covalent kinetic stabilizer to label TTR in
human plasma at the concentrations employed as a result of its
fast kinetics (kiem)- The fact that 4 is a very selective covalent
modifier of TTR in E. coli lysate (see below) supports our
hypothesis that we have not yet made enough analogues of 4 to
improve the binding selectivity and thus achieve selective TTR
conjugate formation in human plasma.

We further probed why increasing the amount of 4 did not
result in reaction with two of the four TTR subunits in human
plasma by hypothesizing that 4 could potentially react with
endogenous thiol groups of small molecules and proteins
because of its intrinsic reactivity as a Michael acceptor. To
scrutinize this hypothesis, we first evaluated the selectivity of 4
for labeling of TTR in the presence of glutathione (GSH) in
buffer, by monitoring the inherent fluorescence of the
conjugate formed from the reaction between TTR and 4 (see
below for more details). Compound 4 remains dark when its
carbon—carbon double bond is reduced (see below for more
details). If 4 were to react efficiently with GSH, a decreased rate
of TTR conjugate formation and a decreased final fluorescence
amplitude would be observed. However, neither was observed
in presence of 10 uM GSH in nitrogen-purged buffer, which is
3-fold higher than the reported mean concentration of GSH in
human plasma (Figure $8).%® Thus, a GSH reaction with 4 is
likely not responsible for diminishing the efficiency of TTR—4
conjugate formation in human plasma.

An alternative explanation for the inefficient labeling of TTR
by 4 in human plasma is that 4 reacts with additional
protein(s). We performed SDS-PAGE of human plasma treated
with 4 and imaged the gel using a fluorescence scanner. A
significant off-target band was observed in addition to the TTR
conjugate band, indicating that the inefficiency of TTR labeling
by 4 is due in large part to the labeling of another plasma
protein (Figure S9). The additional protein that reacts with 4
appears to be albumin. The albumin concentration in human
plasma is an order of magnitude higher than the concentration
of TTR. We hypothesize that through synthesis of analogues of
4 and structure-activity relationship studies to improve K; it is
likely that the selectivity of TTR conjugate formation in human
plasma could be improved.

Evaluation of the Mechanism of the Fluorogenicity of
Compound 4. We have a strong interest in creating
“fluorogenic TTR covalent modifiers”, small molecules that
remain dark after TTR bindin§ and become fluorescent only
upon reaction with TTR>***** We intend to use these
fluorogenic compounds as TTR foldin§ sensors and ultimately
for cellular imaging applications,®”*® as described previ-
ously.”>** Thus, we examined the fluorogenicity of compound
4 and its origins as well as its conjugation selectivity in samples
other than human plasma wherein the selectivity needs to be
improved.

To test whether 4 is a fluorogenic compoun we
recorded its fluorescence emission spectra without or with
added WT- or KISA-TTR (Figure 7a). No emission was
observed from compound 4 alone in buffer or when 4 was
bound to K1SA-TTR. In striking contrast, incubation of 4 with
WT-TTR for 3 min afforded a conjugate exhibiting maximal
emission at 39S nm (excitation at 327 nm). Moreover, the
intensity of the fluorescence observed at 3 min depended on
the amount of 4 added to WT-TTR. The generation of
fluorescence appears to require the reaction of 4 with the Lys-

23,24,
d,3 4,35
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Figure 7. Probing the mechanism of the fluorogenicity of 4. (a)
Fluorescence emission spectra of 4 alone, after binding to K15A-TTR,
and after binding to and undergoing a conjugation reaction with WT-
TTR at 37 °C in PBS buffer for 3 min. 4, = 327 nm; emission 4, =
395 nm. (b) Overlay of the conjugation time courses derived from
reaction of WT-TTR (3.6 uM) with 4 (7.2 uM) at 37 °C assessed by
HPLC conjugate peak area (black symbols and curve) and the
emergence of conjugate fluorescence in a fluorometer when WI-TTR
(3.6 uM) was incubated with 4 at 37 °C in buffer (red trace).

1S residue of TTR, suggesting that the TTR—4 conjugation
reaction is critical for the emergence of fluorescence. The time
course of TTR—4 conjugation monitored by RP-HPLC and the
fluorescence emission per unit time at 395 nm in a fluorescence
spectrometer were nearly identical (Figure 7b), providing
additional evidence that covalent conjugation is required for the
emergence of fluorescence. Taken together, the data show that
4 is a fluorogenic small molecule, in that fluorescence emerges
only when 4 reacts with WI-TTR.

To further probe the origins of the fluorogenicity, we
synthesized compound § (Table 1), an analogue of 4 that is
incapable of reacting with WT-TTR and simulates the reduced
Michael addition product. We measured the quantum yields of
compounds 4 and $ in different solvents in an effort to
determine the potential role of the reduction of the double

bond (covalent modification) in switching on the environ-
mentally sensitive fluorescence. As shown in Table 3 and Figure

Table 3. Quantum Yields of 4 and S under Identical
Incubation Conditions”

quantum yield TTR buffer benzene
4 78 + 1% 0 0
S 32 + 4% 0 15 + 2%

“See Experimental Methods.

S10, compound 4 featuring a vinyl sulfonamide functional
group is dark in both polar solvents (buffer) and nonpolar
solvents (benzene), suggesting that its fluorescence is likely
quenched by photoisomerization of the double bound
comprising the vinyl sulfonamide substituent.*' ~*® Compound
S, mimicking the conjugate addition product, exhibited no
fluorescence in buffer but afforded weak fluorescence (®=15%)
in benzene, indicating that it is an environmentally sensitive
fluorophore, likely because of the loss of vinyl sulfonamide
photoisomerization mentioned above. Binding of $ in the
hydrophobic T,-binding pocket of WT-TTR doubled the
fluorescence intensity (® = 32%), but the intensity was still not
comparable to that of the WT-TTR conjugate derived from 4
(@ = 78%), indicating that the binding environments of the
chromophores in the TTR:5 complex and the WT-TTR
conjugate derived from 4 are not equivalent. Taken together, all
lines of evidence support the hypothesis that covalent
modification of TTR by 4 converts a dark compound (4)
into an environmentally sensitive fluorophore, leading to
conjugate fluorescence due to the placement of the
chromophore in the hydrophobic TTR binding pocket.
Importantly, the chemoselective reaction between TTR and 4
acts as a fluorogenic switch to eliminate photoisomerization of
the stilbene double bond, which is an established mechanism of
nonradiative energy dissipation.‘”_46

Evaluation of the Kinetics of the Conjugation
Reaction by Fluorescence. Having established that 4 is a
fluorogenic TTR covalent modifier, we further demonstrated
that the conjugate fluorescence doubles when two rather than
one of TTR’s two binding sites are covalently occupied (Figure
S11). We took advantage of this linearity to quantify the
kinetics of the covalent modification of TTR by 4 in buffer.
Using a fixed concentration of 4 (0.2 pM) and variable
concentrations of TTR to ensure that the TTR binding pockets
would be in excess (0.25, 1, 2, 4, 15, and 18.5 uM TTR binding
pockets; i.e., twice the TTR tetramer concentration employed),
we examined the time-dependent emergence of fluorescence
upon mixing of 4 and WT-TTR in buffer. In all cases, the
emergence of fluorescence over time exhibited single-
exponential kinetics, allowing for calculation of the observed
rate constant (k) at each TTR binding pocket concentration
(Figure S12). Fitting the plot of ky,y versus TTR binding
pocket concentration to a hyperbolic model yielded a maximum
rate of conjugation (kgen) of 0.28 min~" and a concentration of
4 yielding a half-maximal rate of conjugation (K;) of 1.2 uM
(Figure 8), consistent with the conjugation kinetics measured
by FL-RP-HPLC or by conjugate fluorescence assessed in a
fluorescence spectrometer (Figure 7b).

The TTR Conjugation Selectivity of 4 Is Sufficient To
Quantify the TTR Concentration in E. coli Lysate Using a
Fluorescence Plate Reader. The conjugate resulting from
the reaction between 4 and TTR exhibits the highest
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Figure 8. Kinetics of labeling of WT-TTR by compound 4 derived
from the emergence of conjugate fluorescence in PBS buffer.
Compound 4 (0.2 M) was added to increasing concentrations of
WT-TTR (1 uM WT-TTR tetramer is equivalent to 2 M binding
pockets) in PBS buffer at 25 °C. Individual kg values at the different
concentrations (Figure S12) were then fitted to the Michaelis—
Menten equation. kg, is the maximum rate of conjugation that is
achieved at an infinite concentration of 4, and K is the concentration
of 4 that yields a half-maximal rate of conjugation.

fluorescence emission intensity observed to date, 4-fold higher
than the TTR conjugate derived from 6 and 5-fold higher than
the TTR conjugate derived from 7 (Figure 9). The fact that the
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Figure 9. The conjugate derived from the reaction between compound
4 and WT-TTR exhibits the highest fluorescence intensity of any WT-
TTR conjugate prepared to date. Fluorescence emission spectra of the
conjugates derived from the reactions of 4, 6, and 7 with WT-TTR at
37 °C in PBS bufter for 18 h are shown. For 4, 4., = 327 nm and
emission A, = 395 nm. For 6, 1., = 328 nm and emission 4, = 430
nm. For 7, A, = 365 nm and emission 4., = 520 nm.

TTR conjugate derived from 4 exhibits a quantum yield of 78%
and a higher fluorescence intensity than all of the previously
reported TTR fluorogenic probes affords us an opportunity to
quantify the concentration of native tetrameric TTR in a
complex cellular context.

To determine whether 4 is capable of quantifying the TTR
concentration in a complex cellular context, we first scrutinized
its conjugation selectivity by following the fluorescence after
mixing of E. coli K12 cell lysate with 4 in the absence of TTR.
Notably, compound 4 exhibited no measurable background

fluorescence upon addition of 4 (20 uM) into E. coli lysate for a
period of SO min (Figure 10a, red curve labeled 0 yuM TTR).
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Figure 10. The selectivity of conjugate formation resulting from the
reaction between WT-TTR and 4 is sufficient to quantify the TTR
concentration in E. coli lysate by fluorescence employing a fluorescence
plate reader. (a) The time courses of fluorescent conjugate formation
in PBS buffer and in E. coli lysate were identical, except at the highest
concentration of TTR used; at this concentration, the number of TTR
binding sites was nearly equal to the concentration of 4 employed, and
the rate was only slightly higher in buffer. The amplitudes of the
fluorescence at the end of the conjugation reaction were identical in E.
coli lysate and in PBS buffer at all concentrations employed. The
indicated concentration of tetrameric TTR was added to E. coli lysate
or buffer, and subsequently 20 uM 4 was added at 25 °C for the
indicated time course. (b) Quantification of the fluorescence intensity
averaged over the time course from 30 to SO min in E. coli lysate (in
red) correlates well with the intensity averaged over the time course
from 30 to SO min in buffer (in black), indicating that 4 is selective
enough to probe the concentration of TTR in E. coli lysate. The error
bars reflect the standard deviations for three biological replicates of
this experiment.

However, addition of known TTR concentrations into E. coli
lysate followed by treatment with 4 (20 uM) afforded
fluorescence amplitudes and kinetic profiles (Figure 10a, red
curves) nearly identical to those resulting from addition of
known concentrations of recombinant TTR into buffer treated
with 20 M 4 (Figure 10a, black curves). The efficiency and
accuracy of TTR quantification was not diminished in E. coli
lysate relative to buffer, even when the stoichiometry of TTR
(equivalent to 14.4 uM binding pockets) approached that of 4
(20 uM) (a TTR binding pocket:4 stoichiometry of 1:1.38;
Figure 10a, cf. black and red curves at 7.2 uM TTR). The fact
that TTR quantification in lysate by fluorescence correlates well
with the TTR standards in buffer (Figure 10b) indicates that 4
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is a selective fluorogenic probe that reports on the
concentration of native tetrameric TTR in E. coli lysates.
Lastly, we examined the reaction selectivity of 4 toward the E.
coli proteome in lysate by SDS-PAGE. Unlike the situation with
TTR in human plasma, where 4 reacts with TTR and
apparently also with albumin (Figure S9), no significant off-
target band (Figure S13, lane S) was observed when lysate
without TTR was incubated with 4 (40 uM). In contrast, added
TTR (3.6 uM) was efficiently labeled by 4 (Figure S13, lane 6).
Although 4 harbors a reactive electrophile, the kg, of 4
coupled with its superior binding selectivity in E. coli lysate
relative to human plasma allows compound 4 to selectively
quantify the concentration of TTR in E. coli lysate. The
fluorogenicity of 4 coupled with its brightness enabled the
concentration of folded and properly assembled TTR to be
quantified in E. coli lysate using a fluorescence plate reader.

B CONCLUSIONS

In summary, we have outlined the strategy used to generate a
traceless fluorogenic covalent kinetic stabilizer of TTR. This
molecule was shown to be chemoselective toward reaction with
the pK,-perturbed Lys-15 e-amino group of TTR, exhibiting
fast reaction kinetics in vitro and in E. coli lysate. Covalent
modification by the kinetic stabilizer 2 or 4 also inhibits
dissociation of the TTR tetramer, preventing aggregation in
vitro. In addition, the selectivity and efficiency of 4 for
modifying TTR in human plasma is good, although this
selectivity needs to be improved by additional medicinal
chemistry efforts to evolve 4 into a drug candidate for use in
human plasma. Fluorogenic compound 4 very efficiently forms
a conjugate with native tetrameric TTR in in E. coli lysate,
allowing for rigorous quantification of TTR in this complex
biological fluid. In view of the fact that the E. coli proteome and
human plasma are both made up of ~4000 proteins, it stands to
reason that with future structure—activity relationship studies it
will be possible to transform 4 into a TTR-specific fluorogenic
probe to efficiently quantify TTR in human plasma.
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