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Abstract

We seek fluorogenic small molecules that generate a fluorescent conjugate signal if and only if
they react with a given protein-of-interest (i.e., small molecules for which non-covalent binding to
the protein-of-interest is insufficient to generate fluorescence). Consequently, it is the new
chemical entity afforded by the generally irreversible reaction between the small molecule and the
protein-of-interest that enables the energy of an electron occupying the lowest unoccupied
molecular orbital (LUMO) of the chromophore to be given off as a photon instead of being
dissipated by non-radiative mechanisms in complex biological environments. This category of
fluorogenic small molecules is created by starting with environmentally sensitive fluorophores that
are modified by an essential functional group that efficiently quenches the fluorescence until a
chemoselective reaction between that functional group and the protein-of-interest occurs, yielding
the fluorescent conjugate. Fluorogenic small molecules are envisioned to be useful for a wide
variety of applications, including live cell imaging without the requirement for washing steps and
pulse-chase kinetic analyses of protein synthesis, trafficking, degradation, etc.

Introduction

The environmental sensitivity of fluorescence, combined with the ability to monitor changes
in fluorescence with both spatial and temporal resolution, has led to its widespread use in the
imaging of biological systems®. Fluorescence research initially focused on organic small
molecule fluorophores in an attempt to understand the physical-chemical underpinnings of
the phenomenon.2-5 Subsequently, numerous small molecule fluorophore applications were
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developed based on this mechanistic information.26-10 A significant advance in the area of
biological imaging came with the discovery of green fluorescent protein (GFP) and its
analogs, which allowed one to genetically encode fluorescent tags as fusion proteins with a
protein-of-interest.11-13 The ease of employing GFPs and analogous proteins for biological
imaging brought fluorescence imaging to the scientific masses. Efforts to develop novel
small molecule fluorescent chromophores have continued in parallel.4:6:7:14-16 The
development of protein tags that react with these small molecule fluorophores has
diversified the fluorescence spectrum available for biological imaging and expanded the
possible applications, including super-resolution microscopy imaging.1’-2% These small
molecule fluorophores are generally fluorescent before and after reaction with the protein
tag,17:18:26 which is problematic for use in some applications—exceptions will be discussed
later.27-30

Our objective is to create a range of fluorogenic small molecules that only display
fluorescence upon reaction with the protein or protein tag of interest.21:22 One key
advantage of this approach is that the chromophore can be tuned through chemical
modification to create a molecule with appropriate photophysical properties, e.g., desirable
excitation/emission spectra, resistance to photobleaching, blinking properties, etc.2122 A
chemoselective reaction between the fluorogenic small molecule and the protein-of-interest
allows for the post-translational regulation of fluorescence, which is useful for pulse-chase
kinetic analysis and the like where probe washout steps using conventional non-fluorogenic
probes are too slow. By mixing and matching genetically encoded protein binding site
functionality and geometry with small molecule regulated fluorescence, a high level of
control can be achieved for a plethora of applications.

Environmentally-sensitive fluorophores are a category of molecules whose properties
(excitation and emission wavelengths, fluorescence lifetimes, quantum yields, changes in
dipole moments upon excitation etc.) are highly dependent on their
microenvironment.14:31-37 The natural amino acid tryptophan is a classic example of an
environmentally-sensitive fluorophore.38:39 The fluorescence associated with the indole side
chain is red shifted in the denatured state of a protein, owing to water binding to and
stabilization of the excited state, and blue shifted when it is positioned in the hydrophobic
core of the protein in the folded state, owing to excited state destabilization (Figure 1).4041
The fluorescence intensity of Trp, while sensitive to its environment, is not easily predicted.
Chemists have made numerous environmentally-sensitive fluorophores over the past 50
years with more predictable intensity changes.#2 Examples include the fluorophore 1,1'-
bis(4-anilino)naphthalene-5,5'-disulfonate (ANS) that exhibits a very low quantum yield in
aqueous solutions and a high quantum yield and a blue-shifted fluorescence when the
chromophore is bound in the hydrophobic core of a partially folded protein.*3 The advantage
of using environmentally-sensitive fluorophores as a starting point for the creation of
fluorogenic small molecules is that both the small molecule (as described two paragraphs
below) as well as the protein binding pocket can be modified to ensure that binding alone
does not result in fluorescence.

So-called push-pull fluorophores are a sub-category of environmentally-sensitive
fluorophores.36:37:44-52 They feature an electron donating substituent (typically a hydroxyl,
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methoxy, or amino group) and an electron accepting substituent (often an ester, nitrile,
carbonyl group, sulfonamide etc.) in remote positions on the chromophore. As a
consequence of intramolecular charge transfer in the excited state upon absorption of a
photon (Sg—S1), there is a large increase in the dipole moment of these molecules (Figure
2). Following relaxation to S;5° resulting from polarization of solvent molecules, there is a
decrease in the energy of the excited state and a red shift in the emission spectrum. The red
shift tends to be most striking in protic solvents, where additional hydrogen bond formation
further decreases the energy of S15°IV. Most solvatochromic or environmentally-sensitive
fluorophores exhibit very poor fluorescence properties in water (high polarity, strong
hydrogen bonding capacity) and therefore are dark until they encounter a protein with a
complementary binding site. Thus, these push-pull fluorophores can be used as the basis of
fluorogenic small molecules, and of course the binding site can be tuned to maximize the red
shift and potentially other photophysical properties, which is useful for biological imaging.

The key to rendering environmentally-sensitive fluorophores fluorogenic is to modify the
chromophore with a substituent or functional group that very efficiently quenches their
fluorescence (even when bound to the protein-of-interest) until that functional group reacts
with a protein-of-interest. The functional group employed is envisioned to be converted
from an efficient fluorescence quencher (efficiently dissipates the energy of the absorbed
photon through internal conversion, or an analogous process) into a functional group that no
longer quenches fluorescence as efficiently, as a consequence of a chemoselective chemical
reaction with the protein-of-interest. Our laboratory has now created fluorogenic small
molecules that bind to and chemoselectively react with specific proteins-of-interest using
this strategy.2122 We need to discover more functional groups that are quenchers of
fluorescence and that are switchable into non-quenchers after chemoselective protein
reactions, and better understand their mechanism(s) of action. The dissociation constant of
the fluorogenic small molecule (Kp) and the conjugation rate constant (Keonjugation) together
dictate how selectively a fluorescent conjugate can be created in the context of a complex
biological environment. The binding selectivity of fluorogenic molecules need not be
exceptional, as long as the chemoselectivity of conjugate formation is very high.

The selectivity of fluorescent conjugate formation can easily be assessed by treating a cell
lysate or a complex biological fluid lacking the protein-of-interest with the fluorogenic small
molecule. Fluorogenic small molecules exhibiting high binding selectivity to the protein-of-
interest and a highly chemoselective reaction with the protein-of-interest will exhibit very
low background fluorescence when analyzed by microscopic imaging and/or after gel
electrophoresis of the complex sample visualized employing a fluorescence gel scanner.
Then the analogous experiment is done as a function of adding a known concentration of the
protein-of-interest and the fluorogenic small molecule to discern the fluorescence signal-to-
background ratio in that particular biological sample.

Herein using both the stilbene and 2,5-diaryl-1,3,4-oxadiazole chromophores (Figure 3), we
will explain what we know and what we would like to learn about two fluorogenic small
molecules that covalently modify the protein transthyretin.
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Transthyretin (TTR) is a 55-kDa homotetrameric protein composed of four 127-amino-acid
B-sheet rich subunits (Figure 4).53 TTR is secreted from the liver and the choroid plexus into
the blood and the cerebrospinal fluid (CSF) respectively.>* TTR transports both the thyroid
hormone thyroxine (T,4) and holo-retinol binding protein.®® In the blood, more than 99% of
the T4 binding sites are unoccupied because of the presence of two major T, carrier proteins,
thyroid binding globulin and albumin.>6

The energetically weaker dimer-dimer interface of TTR, bisected by the crystallographic C,
or Z axis, creates two T4 binding pockets (Figure 4A). Each T4 binding site is characterized
by a series of symmetric hydrophobic depressions referred to as halogen binding pockets
(HBPs), wherein the iodine atoms of T4 reside (Figure 4B).23 While the T, binding site is
predominantly hydrophobic, there are threonine and serine residues at the base of the pocket
available for hydrogen bonding. At the periphery of the T4 binding site, there is a pair of
lysine and glutamic acid residues that participate in salt bridges and H-bonding with water
(Figure 4C).53 Recently, our laboratory conducted studies to systematically optimize the
structures of ligands that bind to TTR.57-61 Using this experience in TTR ligand design,
both of the aforementioned chromophores which complement the T, binding site structure
were modified using a variety of substituents to permit selective binding and chemoselective

reactivity towards the pK,-perturbed Lys15 to render these molecules fluorogenic (Figure
4C) 212262

Stilbene chromophores

We first describe stilbene 1 (Figure 5A) that binds selectively to TTR in complex biological
environments and remains dark until it undergoes a chemoselective reaction with the pKj-
perturbed Lys15 s-amino group of TTR to create a bright blue fluorescent conjugate, as
described previously.2! Stilbene 1 is nonfluorescent in aqueous buffers (Figure 5B) and
exhibits low background fluorescence in cell lysates lacking TTR, as previously described,
in spite of 1 almost certainly binding to at least some proteins in the proteome.2! This is a
highly desirable property for the type of fluorogenic molecules we seek. Moreover, when 1
is incubated with a Lys15Ala mutant of TTR, i.e., a variant lacking the required nucleophile
for conjugation, the complex between 1 and TTR remains non-fluorescent, as previously
reported.?!

Stilbene 1 is clearly a solvatochromic or environmentally-sensitive fluorophore in that it
fluoresces in organic solvents of low polarity (e.g., toluene, chloroform, dioxane), but
becomes “dark” as the polarity and hydrogen-bond-donor strength of the solvent increases
(e.g., when 1 is dissolved in ethanol, acetone, water) (Figure 6A). The TTR binding pocket
(Figure 4) is not sufficiently hydrophobic on its own to cause 1 to become fluorescent, that
is, binding of 1to TTR does not create a fluorescent complex. A chemoselective reaction
with TTR is required to afford a fluorescent conjugate, as previously reported.2! It appears
that the thioester functional group is able to efficiently quench fluorescence before it is
converted to an amide linkage. The chemoselective transformation of the thioester to an
amide by Lys15 attack seems to be critical for rendering the conjugate fluorescent.?1
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The chromophore in 1 is a stilbene (Figures 3 and 5). Upon promotion of an electron from
the highest occupied molecular orbital (HOMO) to the lowest unoccupied molecular orbital
(LUMO) of most stilbenes, a singlet excited state is formed that repopulates the ground state
by isomerization to afford cis and trans isomers, with some fluorescence emission depending
upon the exact structure (Figure 7). Stilbene 1 does not appear to photoisomerize in aqueous
buffer after 10 sec of irradiation, as published previously, for reasons we do not fully
understand. It appears that the presence of the thioester allows the stilbene to dissipate
energy by a non-radiative, non-isomerization mechanism.?!

The lack of fluorescence when 1 is non-covalently bound to Lys15Ala TTR suggests that its
thioester functionality along with the surrounding microenvironment of the Lys15Ala TTR
binding site (Figure 4) very efficiently quenches its fluorescence.2! However upon binding
of 1 to wild type (WT) TTR, the pK,-perturbed Lys15 s-amino group attacks the carbonyl
group of the thioester to form an amide bond. The resulting conjugate exhibits bright blue
fluorescence, largely because the thioester functional group is converted into an amide bond,
covalently linking the stilbene chromophore to TTR.2! Converting the thioester in 1to a
propyl amide renders the molecule weakly fluorescent in aqueous buffer. Upon binding to
WT and Lys15Ala TTR the non-covalent complex between the propyl amide derived from 1
exhibits a blue shift and a large increase in fluorescence quantum yield, as previously
published,2! supporting the hypothesis that the conjugation chemistry is the fluorogenic
switch.

The stilbene tethered to TTR by an amide bond makes non-covalent interactions (both
hydrophobic and electrostatic) with the T, binding pocket of WT TTR (Figure 8, to be
described in more detail below) in such a fashion that the perpendicular singlet excited state
(Figure 7) cannot form to any appreciable extent; thus precluding cis-trans double bond
isomerization as a means of energy dissipation from the excited state. While TTR can bind
two aromatic rings connected by a linker up to 40° out of coplanarity in the ground state,
there is no evidence in the over 100 crystal structures reported to date that aromatic rings
can be bound in a perpendicular orientation.5”:61 1t would likely be even more difficult to
bind the aromatic rings substantially out of plane after amide bond tethering of the stilbene
chromophore derived from 1 to TTR. That the roughly trans singlet excited state
conformation of the stilbene is the only energetically accessible conformation of the
chromophore in the covalent conjugate (Figure 7) likely explains why the fluorescence
quantum yield goes from ~0 to 0.27 upon conjugate formation.2!

The sulfur atom in the leaving group of 1 appears to be the dominant quencher of
fluorescence (cf. compounds 1 and 1b in Figure 5B). A comparison between compound 1
and its ester analog 1b (Figure 5A), also an environmentally-sensitive fluorophore (Figure
6B), indicates the much stronger quenching capacity of the sulfur atom vs. an oxygen atom,
even in hydrophobic solvents. This observation is further supported by the fact that
compound 1b exhibits a fluorescence signal when bound to Lys15Ala TTR as reported
previously.2!

Stilbene fluorescence can be quenched in trans by the addition of mM concentrations of
thiophenol, as reported previously,?! or by S-ethyl benzothioate (Figure S1), supporting the
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hypothesis that the sulfur atom in the thioester of 1 plays a key role in quenching, as is also
the case in thioamides.83 However, the precise explanation for how the thioester functional
group quenches stilbene fluorophore fluorescence, and how general this effect is, remains
unclear and merits further investigation. It seems likely that the application of theoretical/
computational chemistry will be required in order to better understand the mechanism of
fluorescence quenching and inhibition of photoisomerization.

Herein we report the crystal structure of the conjugate resulting from the reaction between 1
and WT TTR at 1.50 A resolution, as well as the non-covalent complex between 1a (Figure
5, results from hydrolysis of 1) and WT TTR at 1.16 A resolution (Figure 8 and Table S2).
The conjugate crystal structure not only further substantiates the chemoselective chemical
modification of TTR by 1, but also provides additional insight into the mechanism of the
fluorogenicity by comparing the conjugate to the complex between WT TTR and la.

The 3,5-dimethyl-4-hydroxyphenyl substructures in the conjugate between 1 and TTR and
in the TTRe1a complex occupy the inner T4 binding cavity of TTR (Figures 8B and C,
respectively), consistent with the preferred binding orientation of noncovalent stilbenes
harboring this substructure.5”:61 The methyl substituents reside in the two symmetry-related
halogen binding pockets (HPBs) 3 and 3’. The 4-OH substituent on the aryl ring in the inner
T, binding cavity makes bridging hydrogen bonds with the Ser117 and Ser117’ side chains
of adjacent TTR subunits (Figures 8B and C). The trans—CH=CH- linker is placed into the
hydrophobic environment of HBP 2 and 2’ which orients the other aromatic ring occupying
the outer T, binding cavity into HBP 1 and 1”.57

The placement of the thioester functional group at the 3-position on the aromatic ring
occupying the outer T4 binding site enables the pK;-perturbed e-amino group of Lys15 (the
nucleophile) to approach the carbonyl at the Biirgi-Dunitz angle®* facilitating amide bond
conjugation, as discussed previously in the case of phenyl esters.52 Amide bond conjugation
orders the ordinarily flexible Lys15 side chain and the stilbene substructure of 1 such that
their B-values (34.0 A2) approach those of the protein (24.2 A2). This data is consistent with
the stilbene chromophore being rigidly held in the inner and outer T, binding pockets, which
could influence the fluorescent quantum yield. The carboxylate group of 1a makes a hon-
covalent interaction with the e-amino group of Lys15 through bridging water molecules, as
has been observed with other carboxylate containing compounds, including the regulatory
agency approved TTR kinetic stabilizer drug tafamidis,5%:66 which prevents TTR
aggregation by preventing tetramer dissociation.

Interestingly, a comparison of the stilbene chromophore orientation in the conjugate and the
TTRela complex shows the chromophore to be oriented in the T4 binding pocket almost
identically (Figure 8 and Figure S2). This provides further evidence that the fluorogenic
properties of 1 are likely due to the loss of the quenching thiophenol ester group and not a
consequence of conformational alterations, although this assumes the noncovalent complex
between 1 and TTR positions the chromophore identically as well. Differential solvation
could also contribute, which cannot be discerned from the structure, thus the importance of
quantum mechanical calculations to understand this result. Further analysis of the electron
density maps and consideration of the mass spectrometry data indicate that none of the other
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seven lysine residues in TTR were modified by 1, consistent with the high chemoselectivity
of such covalent modifiers.2

Since there are two T4 binding sites in each TTR tetramer interconverted by a C, axis
perpendicular to the crystallographic two-fold axis (x-axis, Figure 4A), it is important to
understand what happens to the fluorescence of the conjugate afforded after TTR reacts with
0.5, 1, or 2 equivalents of 1.57 Here we report that the intensity of the fluorescence conjugate
signal scales linearly with the chemical yield of the conjugate as discerned by HPLC. The
fluorescence intensity doubles as the concentration of the conjugate doubles, resulting from
the incubation of 1 with WT TTR for 24 h (Figure 9). Addition of more than 2 equivalents
of 1 does not further increase the fluorescence of the conjugate, as would be expected based
on the chemoselectivity of 1, i.e., that 1 does not react with the other Lys residues in TTR.

2,5-diaryl-1,3,4-oxadiazole chromophores

We next assessed whether we could create another fluorogenic small molecule TTR
covalent modifier using a different chromophore and employing a distinct functional group,
albeit one comprising a sulfur atom, to achieve fluorescence quenching until the functional
group undergoes reaction with Lys15 of TTR. The 1,3,4-oxadiazole chromophores
substituted with aryl rings at the 2 and 5 positions were conceived of by structure-based
design to complement the shape of the two thyroid hormone binding sites in TTR, Figures 3
and 4.22 The aryl ring substituted at the 2 position of the 1,3,4-oxadiazole harbors a meta-
sulfonyl fluoride substituent that was hoped to efficiently quench the fluorescence of the
non-covalent complex between 2 and TTR, Figure 10A. The aryl ring attached at the 5
position of the 1,3,4-oxadiazole is substituted at the meta or meta and para positions with
substituents that bind strongly to the inner binding site of TTR and thus enhance binding
selectivity by lowering the Kp.22 Attack of the pK,-perturbed Lys15 e-amino group on the
sulfur atom to form a sulfonamide covalent link to TTR by the displacement of fluoride
apparently relieves efficient fluorescence quenching, thereby affording a fluorescent
conjugate, as previously reported.22

Homologs 2, 3 and 4 (Figure 10A) functionalized with a para-hydroxyl group in the aryl
ring attached at the 5 position of the 1,3,4-oxadiazole reacted with TTR via their sulfonyl
fluoride functional group to form covalent fluorescent conjugates exhibiting an average
Stokes shift of 160 nm, as previously reported.22 The auxochromic OH substituent on the
ring occupying the inner binding pocket of TTR and the electrophilic sulfonyl substituent on
the ring occupying the outer TTR binding pocket exemplify a classic push-pull fluorophore,
molecules generally exhibiting large Stokes shifts.6

It was previously reported that the rate of emergence of fluorescence upon incubation of 2
with TTR directly correlates with the rate of conjugate formation, as determined by HPLC
analysis, suggesting that a chemoselective reaction between 2 and TTR is required for
fluorescence.22 The sulfonyl fluoride reacts with TTR =2 20x faster than the thioester
described above, and modifies TTR =~ 1400x faster than the hydrolysis of 2, as previously
reported.?2 Thus the chemoselective reaction with TTR seems to be key to the fluorogenic
properties of 2.
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Sulfonyl fluorides, unlike sulfonyl chlorides, are relatively inert towards hydrolysis or other
reactions in aqueous buffers until they are protein bound.22:68:69 Protein binding activates
the sulfonyl fluoride functional group through H-bonding to the fluoride component of the
sulfonyl fluoride and possibly by protein H-bond donor interactions with the sulfonyl
oxygen substructures.22

While compound 2 exhibited no fluorescence in buffer (Figure 10B), it exhibited weak blue-
shifted fluorescence when bound to Lys15Ala TTR, unlike the situation with 1, which
remained dark under these conditions. While 2 could exhibit weak environmentally-sensitive
fluorescence when bound to WT TTR, this binding-associated fluorescence is not observed
in the previously published time courses of 2 reacting with WT TTR;22 if it were,
fluorescence would be observed in the period required for binding, which is very fast.
Collectively, these observations suggest that covalent conjugation through sulfonamide
tethering is required to achieve the 12.5 fold more intense red-shifted fluorescence with WT
TTR, but not with Lys15Ala TTR where binding seems to be sufficient to achieve weak
fluorescence probably because the Lys15Ala binding site is not hydrophilic enough to
achieve complete fluorescence quenching. These previously published observations support
the hypothesis that both the quenching functional group and the exact protein micro-
environment determine whether fluorophore 2 remains dark after binding and prior to its
chemoselective reaction with WT TTR.22 This hypothesis is consistent with the fact that
synthesis of an N-methyl sulfonamide derivative of 2, compound 2a (Figure 10A), is
sufficient to afford the intense red-shifted fluorescence simply by binding WT or Lys15Ala
TTR as previously reported.22 Exactly how covalent reaction with sulfonyl fluoride renders
the conjugate fluorescent should be revealed by future theoretical/computational studies.

It is important to understand what happens to the fluorescence of the conjugate afforded
after WT TTR reacts with 0.5, 1, or 2 equivalents of 2. Here we report that like the situation
with fluorogenic small molecule 1, the fluorescence intensity of the conjugate signal scales
linearly with the chemical yield of the conjugate formed from the reaction of 2 with WT
TTR up to occupancy of one of the two thyroid hormone binding sites, as discerned by
HPLC (Figure 10C). In contrast to the situation with fluorogenic small molecule 1, the
reaction of fluorogenic compound 2 with the second thyroid hormone binding site of WT
TTR does not increase the fluorescence intensity of the bis-conjugate further (Figure 10C).
The apparent lack of fluorescence from occupancy of the second binding site of WT TTR by
the chromophore derived from 2 may be caused by the established difference in structure
between the allosterically connected sites in TTR.7%.71 In other words, when 2 reacts with
the low affinity TTR binding site after reacting with the high affinity TTR binding site, the
chromophore derived from 2 in the low affinity site cannot adopt the necessary
conformation to exhibit fluorescence (almost all TTR ligands bind negatively cooperatively
to TTR).61.72 Another possible, but less likely, explanation is that occupancy of both sites
fortuitously affords half the fluorescence intensity per bound ligand of the occupancy of one
site.
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Other strategies to create fluorogenic molecules by way of chemoselective
reactions with proteins based on intramolecular quenching of fluorophores

In addition to the concepts that we have discussed above to create fluorogenic small
molecules for TTR, we would like to review other general strategies for creating fluorogenic
small molecules that undergo a chemoselective reaction with a protein-of-interest to create a
fluorescent conjugate. This category of small molecule fluorophores is kept in the “off” state
via intramolecular self-quenching of the fluorophore through aromatic—aromatic interactions
or Forster resonance energy transfer mechanism (FRET) (Figure 11). The fluorogenic
molecule is switched “on” by protein binding to one of the aromatic components or via
protein binding followed by a chemoselective reaction with the protein-of-interest (Figure
11).

In one scenario, the aromatic quencher (Q)—aromatic fluorophore (F) intramolecular static
fluorescence quenching mechanism mediated by the formation of a dark ground-state
aromatic Q-aromatic F interaction is taken advantage of (Figure 11).73-75 Protein binding to
one of the aromatic components of this dark complex between fluorophore and
intramolecular quencher relieves quenching and allows the fluorophore to fluoresce.”®77 In
this scenario, the spacer between Q and F has to be optimized to achieve a predominant
intramolecular aromatic Q—aromatic F closed conformation with an appropriate open
conformation population to allow protein binding. A strategy to render such a bis-aromatic
small molecule fluorogenic is to modify the aromatic F with a substituent or functional
group that very efficiently quenches its fluorescence until that functional group reacts with a
protein-of-interest.

In the second scenario, a dynamic quenching mechanism, usually FRET, keeps the bis-
aromatic molecule dark in the absence of binding to and reacting with a protein-of-interest
(Figure 12).27-2% The designed fluorogenic small molecule consists of three components: a
fluorophore, a spacer and a quencher. The absorption spectrum of the quencher substantially
overlaps with the emission spectrum of the fluorophore and therefore quenches its
fluorescence by intramolecular FRET, leading to a nonradiative energy transfer. Upon
binding to and chemoselectively reacting with a protein-of-interest, the quencher is
displaced as a leaving group by a chemical reaction, generating a fluorescent conjugate
covalently modified by the fluorophore. This strategy has been successfully employed in the
design of the fluorogenic versions of protein-based chemical tags for biological imaging
applications.27-30

Conclusion

Creating fluorogenic small molecules that chemoselectively react with a given protein and
only then become fluorescent is highly desirable. Much research needs to be done in the
future if we are to fully realize the promise of such molecules as fluorescence probes for live
organism biological imaging. We need to discover more functional groups that are
quenchers of fluorescence before chemoselective protein reactions, but not afterwards, and
better understand their mechanism of action by recruiting theoretical chemists. We also need
to work on chromophore development so as to get the longest excitation and emission
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wavelengths from small drug-like molecules that selectively bind a given protein and exhibit
high quantum yields after the quenching functional group is modified or displaced by a
chemoselective protein conjugation reaction.

Materials and Methods

Fluorimetric Assay with Recombinant Wild-Type Transthyretin

The covalent TTR modifiers (5 pL, 0.36 mM, 0.72 mM, 1.44 mM, 2.88 mM solution in
DMSO, final concentration 1.8 uM, 3.6 UM, 7.2 uM, 14.4 uM respectively) were added to
WT-TTR homotetramer (1 mL, 0.2 mg/mL, 3.6 uM solution in 10 mM phosphate, 100 mM
KCI, and 1 mM EDTA, pH 7.0) in a microfuge tube. The samples were vortexed and
incubated at 25 °C. After 24 h, the fluorescence changes were monitored using a Varian
Cary 50 spectrofluorometer at 25 °C in a 1-cm path length quartz cell. The excitation slit
was set at 5 nm, and the emission slit was set at 5 nm. Emission spectra were collected from
340 nm to 650 nm for compound 1 and from 390 to 700 nm for compound 2, using the
excitation wavelengths: 328 nm for compound 1 and 365 nm for compound 2.

Fluorimetric Assay of Compounds in Solvents with Variable Polarity

Compounds 1 and 1b (5 L, 1.44 mM solution in DMSO, final concentration 7.2 uM) were
dissolved in solvents (1 mL) with variable polarity (toluene, chloroform, dioxane, acetone,
ethanol, water) in a microfuge tube. The samples were vortexed. The fluorescence changes
were monitored using a Varian Cary 50 spectrofluorometer at 25 °C in a 1-cm path length
quartz cell. The excitation slit was set at 5 nm, and the emission slit was set at 5 nm.
Emission spectra were collected from 320 nm to 650 nm, using the appropriate excitation
wavelengths.

Crystallization and Structure Solution of Transthyretin Ligand Complexes

WT TTR protein was concentrated to 6 mg/mL in 10 mM sodium phosphate buffer and 100
mM KCI (pH 7.6) and co-crystallized at room temperature with a 5 molar excess of 1 or the
hydrolyzed acid analog using the vapor-diffusion sitting drop method. The crystals were
grown from 1.395 M sodium citrate, 3.5% v/v glycerol at pH 5.5 and cryo-protected with
10% v/v glycerol. Data were collected at beam-lines 12-2 at the Stanford Synchrotron
Radiation Lightsource (SSRL) at a wavelength of 0.9795 A. All diffraction data were
indexed, integrated, and scaled using XDS in space group P2;212 with two subunits
observed per asymmetric unit. The ligand and modified lysine-ligand coordinates and
restraints files were generated using JLigand.”8 The covalently modified lysine residue was
assigned an occupancy of 0.5 to account for the position on the incident 2-fold symmetry
axis, leaving an unmodified lysine as an alternate conformation (z- or C2). Further model
building and refinement was completed using Coot’® and Refmac.8? Hydrogens were added
during refinement, and anisotropic B-values were calculated. Final models were validated
using the JCSG quality control server incorporating Molprobity,82 ADIT (http://rcsb-
deposit.rutgers.edu/validate) WHATIF,82 Resolve,®3 and Procheck.84 Data collection and
refinement statistics are displayed in Table S2.
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Protein Data Bank Accession Codes

Atomic coordinates and structure factors for TTR in complex with 1a ((E)-3-
(dimethylamino)-5-(4-hydroxy-3,5-dimethylstyryl)benzoic acid) and for the conjugate
resulting from the reaction between TTR and two equivalents of 1 have been deposited in
the Protein Data Bank (www.pdb.org) and are available under the accession codes 4L1T and
4L1S, respectively.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Increasing hydrophobicity of the environment
harboring the indole aromatic ring
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Figure 1.
The indole aromatic side chain of tryptophan is a good example of an environmentally-

sensitive fluorophore, one that exhibits a difference between the dipole moment of the
ground and electronic excited states. Thus, its emission maximum wavelength is
environment sensitive. When placed in the hydrophobic environment of a folded
hypothetical protein, the indole ring often emits around 330 nm (although the emission can
be blue shifted to as far as 308 nm) owing to a relatively destabilized excited state free
energy. Upon chaotrope-mediated hypothetical protein denaturation, a red-shifted indole
ring fluorescence emission spectrum is generally observed, owing to the ability of water to
lower the excited state free energy, relative to the higher electronic excited state free energy
of the indole placed in the hydrophobic core of a protein.
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Figure2.
Origin of solvatochromism or environment-sensitive fluorescence resulting from the

interaction of Sy with its surrounding environment, which controls the energy of the solvent-
relaxed electronic excited state or LUMO. Figure adapted from36:37.
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STILBENE CHROMOPHORE 2,5-DIARYL-1,3,4-OXADIAZOLE CHROMOPHORE

Figure 3.
Backbone structure of chromophores that can be further modified to selectively bind to and

then react with transthyretin, while exhibiting the photophysical properties of interest.
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Glu54'

Lys15'

Figure4.
Structure of homotetrameric WT-TTR with a focus on the T4 binding pocket and pKj-

perturbed Lys15 and 15’ residues. (A) Crystal structure of WT-TTR in complex with T4
(PDB accession code 2ROX53)(B) Close-up view of one of the two identical T, binding
sites showing a ribbon depicted tetramer (colored by chain) with a “Connelly” molecular
surface applied to residues within 8 A of T, (hydrophobic = grey, 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 Leu110/110’. HBPs 2 and 2’ are made
up by the side chains of Leu110/110’, 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’. These figures were generated using the program MOE
(2011.10), Chemical Computing Group, Montreal, Canada. (C) Schematic representation of
the T4 binding pocket and the amino acids that are targeted by the substituted (R = CH3 or
Cl) aryl ring A connected by linker X (stilbene or 1,3,4-oxadiazole ring linker) to aryl ring B
that contains an electrophile Y (sulfonyl fluoride or fluorophenol thioester) for attack by the
pKg-perturbed nucleophilic e-amino group of Lys15.
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Figure5.
(A) Structures of stilbene chromophores 1, 1a, 1b that bind to or bind to and then react with

WT TTR to form fluorescent conjugates, together with their excitation and emission maxima
when bound to or after reaction with TTR. (B) Fluorescence emission spectra of stilbenes 1,
laandlb (7.2 uM) in phosphate buffer and when bound to or after reaction with WT TTR
(3.6 uM).
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Fluorescence emission spectra of compound 1 (A) and compound 1b (B) (7.2 uM) in
solvents of variable polarity. See also Table S1.

Biopolymers. Author manuscript; available in PMC 2015 May 01.



1duosnue Joyny vd-HIN 1duosnue N JoyINy Vd-HIN

1duosnue Joyiny vd-HIN

Baranczak et al. Page 21

Perpendicular Excited State
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Energy
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Dihedral Angle

Figure7.
Structures and energetics associated with stilbene photochemistry and photophysics. Access

to the perpendicular singlet excited state conformation is required for the transto cis
photoisomerization of stilbenes. When stilbenes are bound to or tethered to TTR (red curve),
the perpendicular singlet excited state and the cissinglet excited state are strongly
destabilized by the constraints imposed by the TTR binding site. Figure adapted from21,
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Figure8.
Crystal structures of the TTR ligand complex with 1a and the TTR conjugate resulting from

the reaction between TTR and 1. (A) Quaternary structure of the fluorescent conjugate
resulting from the reaction between TTR and 1, shown as a ribbon representation with
monomers colored individually. (PDB accession code 4L1S) (B) Close up view of the T4
pocket depicting the substructure of 1 covalently attached to the Lys15 residue via an amide
bond. (C) Close up view of the T4 pocket showing 1a in complex with TTR. (PDB
accession code 4L1T). A Connolly molecular surface was applied to residues within 10 A of
ligand in the T4 binding pocket depicting a hydrophobic surface as gray and a polar surface
as purple. HBPs 3 and 3’ are composed of the methyl and methylene groups of S117/117/,
T119/119’, and L110/110’. HBPs 2 and 2’ are made up by the side chains of L110/110’,
A109/109’, K15/15’, and L17/17’. The outermost HBPs 1 and 1’ are lined by the methyl and
methylene groups of K15/15’, A108/108’, and T106/106’.
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Figure9.
Fluorescence emission spectra resulting from increasing concentrations of compound 1

reacting with WT TTR (3.6 uM) in 10mM phosphate buffer pH 7.0.
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Figure 10.
(A) Structures of 2,5-bisaryl-1,3,4-oxadiazole chromophores that bind to and then react with

TTR to form fluorescent conjugates, together with the excitation and emission maxima of
the conjugates. (B) Fluorescence emission spectra resulting from compound 2 alone or after
reacting with WT TTR (3.6 uM) or K15A TTR in 10 mM phosphate buffer pH 7.0. (C)
Fluorescence emission spectra resulting from increasing concentrations of compound 2
reacting with WT TTR (3.6 uM) in 10 mM phosphate buffer pH 7.0.
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Figure11.

Small molecule fluorophores are kept in their “off” state via intramolecular quenching of the
fluorophore through intramolecular aromatic—aromatic interactions or FRET and switched
“on” by protein binding to one of the aromatic components or via protein binding followed
by a chemoselective reaction with one of the aromatic components. Figure adapted from8®.
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Figure12.
FRET self-quenching and induction of fluorogenicity by a chemoselective reaction with a

protein-of-interest. Upon binding to and chemoselectively reacting with a protein-of-interest,
the quencher is displaced by a chemical reaction as a leaving group, generating a covalent
fluorescent conjugate. Figure adapted from8.
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