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ABSTRACT

Modern fluorescence imaging technologies such as super-resolution microscopies require
novel fluorescent labeling tags possessing nonconventional optical features, including light
controlled turn-on/off of the fluorescence. Our previous reports have demonstrated the ability to
engineer hCRBPII to bind a myriad of fluorescent dyes and tune their optical properties. Based on
these earlier reports, the goal of this PhD research was to find novel photo-controlled pathways for
fluorescence activation of hCRBPII bound fluorophore.

In the past two decades, tremendous effort has been invested in the optimization and
derivatization of GFP-like fluorescent proteins (FPs). This includes the discovery of
photoactivable fluorescent protein (PAFP) variants that becomes fluorescent or change color when
they are triggered with light. In contrast to the conventional fluorescent protein, which is
permanently fluorescent, photoactive proteins becomes fluorescent only at the site of interest. In
this context, fusion protein which uses synthetic dyes for its optical phenomena provide a broader
chemical space for tailoring desired optic features including spectral wavelengths, brightness,
stability, and many more photophysical and/or photochemical functionalities.

To achieve light controlled fluorescence activation, two different strategies have been
applied here- 1) a cysteine residue containing a sulfur was engineered inside hCRBPII, which can
participate in a reversible addition with the fluorophore. Utilizing spectroscopic analyses along
with X-ray crystallographic studies, we demonstrated that conjugation via Michael addition of a
cysteine with a coumarin analog that creates a non-fluorescent complex. UV illumination reverses
the conjugation, yielding a fluorescent species, presumably through a retro-Michael process. This
series of events can be repeated between a bound and non-bound form of the cysteine reversibly,

resulting in the ON-OFF control of fluorescence. The details of the mechanism of photoswitching



were illuminated by recapitulation of the process in light irradiated single crystals, confirming the
mechanism at atomic resolution. (2) a light induced double proton transfer that results in switching
between two spectrally different states of the hCRBPII bound fluorophore. Through spectroscopic
and high-resolution structural data, we showed that the protein can be engineered to support
selective protonation of the chromophore’s aryl amine instead of its imine even at low pH.
However, the UV absorbing ammonium ion can be reversibly deprotonated, yielding a highly red-
shifted fluorophore upon exposure to UV light. Structural data before and after UV irradiation
shows that the light triggered event alters the protein’s interaction with the fluorophore, correlating
with the spectral change.

The last major endeavor was to develop fluorene based fluorescent dyes with improved
optical properties. We have previously reported two fluorene-based dyes, FRO and FR1V, for
fluorescence imaging of the live cells. In this study, effort was made to engineer the dye skeleton
to minimize different non-radiating pathways based on literature studies. Spectral data of the new
derivatives were collected in different solvents and compared with the previous dyes. We have
also been able to demonstrate members of the dyes with red-shifted absorption and emission, high

fluorescence QY and improved water solubility.
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Chapter I: Methods employed for fluorescent labelling of protein of interest: A

brief overview

.1  Fluorescent protein in the area of bioimaging

Florescence imaging is an indispensable tool in biological discovery."'! The field was
greatly enriched from the discovery of green fluorescence protein (GFP) from jellyfish Aequorea
Victoria and subsequent use as an in vivo tag for labelling biological samples.'>*2 In the last three
decades since GFP was cloned in 1992, the biological research community has witnessed a
tremendous success, which was recognized by the Nobel Prize in Chemistry in 2008, jointly
awarded to Osamu Shimomura, Martin Chalfie, and Roger Y. Tsien. GFP can be genetically
encoded to allow for visualization of a protein of interest (POI), and thus has become extremely
important in the field of cell biology. The discovery has resulted in the development of other
fluorescent proteins (FPs) with a wide array of colors. Most of these FPs share a common structure,
containing a 11-stranded B-barrel with a single a-helix at the center of the barrel.1*° The
chromophore 4-(p-hydroxy-benzylidene)-5-imidazolinone (p-HBI) forms inside this hydrophobic
core via the cyclization of Ser65-Tyr66-Gly67.2%2! The most widely accepted mechanism involves
— 1) initial attack of the Gly67 amide nitrogen to the carbonyl carbon of Ser65, 2) dehydration of
hemiaminal to form a imidazolin-5-one intermediate and 3) dehydrogenation of the C,-Cp bond of
Tyr66 by molecular oxygen, yielding the fully conjugated ring structure. It is important to note
that upon denaturation, GFP becomes nonfluorescent, but upon refolding it regains its fluorescence
(Figure 1).22%

Other than Aequorea Victoria, there are FPs from other animal species including jellyfishes,

coral polyps, comb jellies, crustaceans and lancelets with colors covering the entire visible



spectrum.?6-31 FPs are generally categorized based on excitation and emission wavelengths, UV
FPs (Aex < 380 Nm, Aem < 450 nm, e.g., Sirius),*? Blue FPs (Aex : 380 ~ 400 nm, Aem ~ 450 nm, e.g.,
Azurite, EBFP2, TagBFP, etc.),%*3% Cyan FPs (lex ~ 430 nm, Aem: 470 ~ 490 nm, e.g., ECFP,
mTurquoise, Cerulean, etc.);?236-38 Green FPs (Aex: 480 ~ 510 nm, Aem: 500 ~ 520 nm, e.g., EGFP,
mEmerald, TagGFP2, TurboGFP, etc.),%3%-4! Yellow FPs (Aex: 510 ~ 530 nm, Aem ~ 540 nm, e.g.,
EYFP, Venus, mPapayal, etc.),2%42-4 Orange FPs (dex ~ 550 nm, Aem ~ 560 nm, e.g., mOrange,
mKO, etc.),*>*® Red FPs (dex: 550 ~ 580 nm, Aem 580~ 610 nm, e.g., TagRFP, mRuby, mCherry,
mScarlet, etc.);*"*° Far-red FPs (Aex: 590 ~ 610 nm, Aem: 630 ~ 670 nm, e.g., mKate2, mRaspberry,
mNeptune, NirFP, etc.);%° and Near-infrared (NIR) FPs (Aex: 680 ~ 700 nm, Aem > 680 nm, e.g.
iFP2.0, iRFP720, GAF-FP, etc.).51:52

The optical property of each FP depends on two predominant factors including a) structural

modification of the chromophore and b) specific interaction with the surrounding residues
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Figure 1. a) The p-barrel structure of GFP, containing the chromophore, embedded in the
hydrophobic pocket. b) The proposed pathway of maturation of GFP chromophore involving
folding of the protein, followed by cyclization and oxidation.

enclosing the chromophore. Example of the first type is the spectrally red-shifted FP, DsRed which
involves an extra oxidation step to form the chromophore.>354 A neutral blue-emitting intermediate

from cyclization and dehydration of the tripeptide can be oxidized by molecular oxygen at the Ca-

N bond of residue 65 thus extending the conjugation of the five-membered imidazolinone ring to



an acylimine group instead of the phenolic Tyr66 (Figure 2). The role of the protein environment
can be observed in the wild type GFP, where the chromophore p-HBI can experience two
ionization states based on the interaction with the nearby amino acid residues. In its neutral state,

the Tyr66 of the chromophore remains as the protonated form that maximally absorbs at 396 nm
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Figure 2. The structural variation in the chromophore backboﬁséﬁi(:esults in the difference in the
optical properties. Elongation of conjugation results in red-shifted absorption in DsRed than GFP.
(Figure 3). On the other hand, the same hydroxyl group can undergo a proton transfer to form the
corresponding phenolate upon photoexcitation, with a red-shifted absorption (475 nm).*81° The
pKa of the hydroxyl group reduces upon photoexcitation which enables proton transfer via a buried
water and Ser205 and Glu222 while the charge on the phenolate is stabilized by the Thr203. This
process is refereed as excited state proton transfer (ESPT) as it requires photoexcitation of the
protein at 400 nm.>>" As FPs can be genetically attached to the protein of interest (POI), they
have found tremendous applications in molecular and cell biology. For example, FPs can be used
for labelling nucleic acids (i.e., DNA and RNASs), organelles, cells and even whole organism for

whole body imaging.2>1858-61 \ith the wide choice of colors, multicolor labelling can be

achievable with spectrally resolved excitation and emission wavelengths.®? Such imaging tools are



invaluable to study subcellular localization, visualizing the protein-protein interactions and

monitor gene expression. Out of all the FPs, red variants are of particular importance as the
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Figure 3. a) Proton shuttle in GFP depicting the role of protein environment surrounding the
chromophore b) Absorbance spectra of protonated and deprotonated species which has same
emission spectra due to excited state proton transfer (ESPT).
emission channel has lower signal from the cellular autofluorescence.6:4561.63-67 |n addition, longer
wavelengths allow greater tissue penetrability and less damage to protein and DNA components.
While naturally found FPs like GFP and its analogues have been used for plethora of
applications, they have their limitation. As discussed earlier, maturation of the chromophores in
these proteins requires molecular oxygen, thus they are not useful for anaerobic conditions.?” In
addition to that, some FPs have a tendency to aggregate, forming dimers, tetramers or other
oligomers. Although extensive efforts have led the development of monomeric FPs, their large

size and intrinsic oligomerizing nature has affected the function and distribution of POI.%8
Recently, Landgraf et al. observed that fused FPs will also cause the mislocalization of POIs.5°
.2 Photoactivable fluorescent proteins (PAFPS)

In line with developing several variants of FPs, photoactivable fluorescent proteins (PAFP)
have become popular as they can be activated to fluoresce only at the site of interest. In contrast

to conventional FPs, which permanently fluorescent, photoactive proteins becomes fluorescent or



change color when they are triggered with light.”%’! These systems have found utility in super-
resolution microscopy techniques such as reversibly saturable optical fluorescence transition
(RESOLFT) imaging, photoactivated localization microscopy (PALM) and stochastic optical
reconstruction microscopy (STORM).”>7® With these advanced techniques, the limit of
fluorescence microscopy has reached 200 nm to as small as 30-40 nm. Over twenty different
varieties of PAFPs have so far been discovered. These include irreversibly photoconvertible
proteins that undergo an irreversible photoconversion from the nonfluorescent (OFF) to a
fluorescent state (ON) or from one fluorescent color to another.5! In addition to these, there are
several reversibly photoswitchable FPs that can be repeatedly photoswitched between ON and
OFF states.® Within these classes, individual PAFPs can be further differentiated based on
particular optical and biochemical characteristics (Table 1). These include their brightness level,
oligomeric state, contrast ratio, rate of spontaneous conversion into an activated state and rate of
photobleaching. The specific combination of these characteristics exhibited by a particular PAFP
makes it more or less suitable for various types of applications in diffraction-limited and super-
resolution imaging.

The brightness of a PAFP after it has been photoactivated is the product of the activated
chromophore’s extinction coefficient (¢, Mcm™) and quantum yield (®). In general, the brightest
PAFP is most useful for all applications because brighter molecules emit more photons and thereby
are easier to image. Additionally, contrast ratio of a PAFP is the ratio of its fluorescence before
and after photoactivation. Variability in contrast ratios among PAFPs is largely due to differences
in their spontaneous photoconversion in the absence of controlled activation, which increases the

background fluorescence during imaging. For this reason, a PAFP with high contrast ratio is best



for most imaging purposes. Photoactivated PAFPs undergo photobleaching during imaging, which

limits how long their signals can be observed. In most diffraction-limited imaging applications the

Table 1. Different photoactivable proteins with their ON state properties, adapted from reference’’

Proteins Aexlnm  Aem/nm  brightness  Oligomeric state  Contrast
Photoconvertible, OFF to ON

PAGFP 504 517 13,750 monomer 70
PAmMCherryl 564 595 8,280 monomer 4000
Photoconvertible, wavelength shift

PS-CFP2 490 511 10,810 monomer >2000
Kaede 572 582 19,900 tetramer 2000
KikGR 583 593 21,200 tetramer >2000
mKikGR 580 591 17,650 monomer NR
Dendra2 553 573 19,250 tetramer 300
EsoFP 571 581 22,600 monomer NR
mMEo0s2 573 584 30,300 tetramer NR
Photoswitchable

Dronpa 503 518 80,800 monomer NR
rsFastime 496 518 30,100 monomer 70
Padron 396 522 27,500 monomer 140
KFP1 580 600 4,100 tetramer >30
rsCherry 572 610 1,600 monomer 7
rsCherryRev 572 608 420 monomer 20

less photobleaching the better. By contrast, in single molecule super-resolution imaging, because

localized molecules must be bleached before others can be photoactivated, a balance between rate

of photobleaching and photoactivation is desirable.

1.2.1 Photoconvertible proteins

PAFPs in this class photoconvert from one fluorescence emission bandwidth to another.

Proteins in this class include EosFP, Kaede, KikGR and Dendra2 are derived from stony corals,

and contain a chromophore that initially emits green fluorescence.”®®! Irradiation with UV light

causes irreversible peptide cleavage near the chromophore, leading to the extension of the electron

conjugation system that results in a new red-shifted emission (Figure 4a).828% One of the best

overall performers among the green to red PAFP is EosFP.8 It has high brightness, good contrast



ratio and has been engineered into a monomeric form suitable for live cell imaging (e.g.

mEosFP,dEosFP and tdEosFP). EosFP has the highest photon output of all known
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Figure 4. Representative of photoactivable fluorescent proteins a) Kaede, a photoconvertible
protein, changes color from green to red upon activation with blue light b) Dronpa,
photoswitchable protein, switches between a fluorescent state and a dark state with activation of
blue and green light.

photoconvertible FPs, confirmed by its frequent use in single molecule super-resolution
imaging.2+® The simultaneous decrease of green fluorescence and increase of red emission upon
photoactivation of EosFP can be further exploited in a ratiometric analysis using two-channel
detection. Two-color, diffraction-limited imaging with EosFP is also possible by co-expressing it
with a fusion protein containing EGFP.8 After Eos-FP is photoconverted to red, each protein is
visibly distinct and can be imaged over time.

Kaede is another green-to-red PAFP, which is brightest in its green state, roughly
equivalent to the originally published EosFP variants.”® KikGR was engineered from a non-
photoactivatable FP based on the Kaede structure, but like Kaede is tetrameric and is unsuitable
for fusion protein studies because of the possibility of mistargeting/aggregation.” Fortunately, a
monomeric version of KikGR has been recently developed and successfully used in both
diffraction-limited and superresolution imaging.8” Dendra2, another green fluorescent variant, is

monomeric and gives a 4500-fold increase in the red-to-green ratio after photoconversion.® PS-

CFP2 is a photoswitchable cyan FP that photoconverts from cyan to green upon irradiation at 405



nm.88 The cyan fluorescence observed before photoconversion makes it easy to find regions for
selective illumination. The green-to-cyan ratio after activation is >2000-fold, producing good
contrast that is similar to other photoconversion proteins. In addition, PS-CFP2 is monomeric so
it is useful as a fusion protein tag. PS-CFP2 has been used in two-color, super-resolution
experiments with EosFP because of its higher photon output than PA-GFP.8°
1.2.2 Reversibly switchable fluorescent proteins

The other class of PAFPs are reversibly photoswitchable fluorescent proteins with
ON/OFF switching which include FP595, Dronpa and its variants, red reversible PA-Cherry
molecules (rsCherry and rsCherryRev), Kindling-FP, Iris-FP, DsRed timer and monomeric blue-
to-red timers.”®9-97 These PAFPs are characterized by their ability to be repeatedly photoswitched
between two states using light of two distinct wavelengths. Dronpa, one of the best known PAFPs,
initially fluoresces green.® Prolonged or intense irradiation with 470-510 nm light causes
switching to a non-fluorescent state. On the other hand, it can be reversibly activated back to its
green, fluorescent form by irradiation at 400 nm light. This activation/ quenching cycle can be
repeated many times in a single cell expressing this protein (Figure 4b). Dronpa’s large extinction
coefficient and quantum yield make it the brightest of any PAFP.”” A variant of Dronpa, called
Padron, displays the opposite photoswitching as it remains OFF in the resting state and can be
activated with blue light.®® The rsCherry and rsCherryRev, monomeric variant of mCherry, have
relatively high background fluorescence.®31% However, with high single molecule brightness and
red emitting ON state they are good potential partners with the green PAFPs for two-color imaging.
In the case of Kindling-FP, low intensity green or yellow light results in transient red fluorescence,
termed kindling, which slowly decays back to a non-fluorescent state.®* Intense blue light can be

used to immediately quench the red fluorescence, whereas high intensity green illumination results



in irreversible photoconversion to the red state. The ON/OFF switching capability of the reversibly
photoswitchable fluorescent proteins has been utilized in a variety of ways for spatiotemporal
tracking of molecules within cell.

1.3 Site-specific chemical labelling

Due to limitations of naturally occurring FPs and their variants, a great deal of research has
been devoted to developing alternatives. A major effort has focused on site-specific chemical
labelling where extrinsically non-fluorescent protein becomes fluorescent upon addition of a
ligand. This can be used as a fluorescent tag for visualization and understanding the function of
POI. The biggest advantage in comparison to naturally occurring FPs is the flexibility of choosing
fluorophores with desired optical properties.?:-19 The idea of labelling proteins spurred from the
fact that cell uses protein post-translational modification to expand structural and functional
diversity.1% In this context, several self-labelling enzymes have been developed to bind with
substrates.15-109 Representative self-labelling enzyme tags are SNAP-tag, CLIP-tag, Halo Tag and
tetra-cysteine tags (Figure 5).

SNAP-tag is a self-labelling protein tag that is engineered from the human suicide protein
O8-alkylguanine-DNA alkyl-transferase (WAGT) which can specially bind with O%-benzylguanine
(BG) derivatives.'%-114 Similar to SNAP, a CLIP-tag reacts irreversibly with a O2-benzylcytosine
(BC) derivatives. In combination with SNAP-tag, CLIP-tag is used for simultaneous labelling of
POl with different fluorescent probes.t10115-117 |n addition to this, 2,4-diamino-5-(3,4,5-
trimethoxybenzyl) pyrimidine (trimethoprim or TMP) tag is popularly used, which involves an
engineered E. Coli dihydrofolate reductase (eDHFR) and trimethoprim-fused fluorophores. 118119

The probes are reported to show fast kinetics with high binding affinity (in nM).11%-12



HALO-tag is a bacterial haloalkane dehalogenase enzyme and is a suicidal covalent

ligand-binding protein similar to SNAP and CLIP-tags. As shown in Figure 5, the enzyme is

equipped with a nucleophilic Asp106 residue which undergoes esterification with fluorophore
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Figure 5. Self-lablelling proteln tags: a) SNAP-tag. b) CLIP-tag ¢) eDHFR-tag d) Halo-Tag.

conjugated alkyl-halide ligand.*?? The hydrolysis of the ester and subsequent release of the enzyme

in the wild-type protein is prevented by incorporation of H272P mutation.'?® As opposed to the

enzymatic labelling as discussed before, short peptide sequences are also developed for covalent

binding with fluorescent probes. The sequences are genetically introduced to the target protein and

10



generally contains cysteine residues such as Cys-Cys-Xaa-Cys-Cys where Xaa is the amino acids

other than cysteine.'?*1% Example of probes include fluorescein arsenical hairpin binder (FIAsH)
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Figure 6. Labelling approaches with short peptides a) FIAsh with tetra-cysteine b) bis-boronic
acid RhoBo with tetra-serine and c¢) bismaleimide coumarin Y C20 with vicinal di-cysteine motif.
and the more red-shifted analog resofurin arsenical hairpin binder (ReAsH). These probes carry a
biarsenical binding motif for selective covalent labelling with the short peptide in the live cell as
described by Tsein and coworkers.124126

Covalent labelling methods discussed above represent a powerful approach for labelling
proteins and the study of cellular processes. Major limitation of these approaches is the drawback
associated with the addition of external fluorescent ligand. As these can be fluorescent in both non-

bound and in the non-specific bonded form, the addition of the ligand result in excessive

background emission. Thus, in most cases a stringent washing step is required to enhance signal
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to noise ratio. In addition to the complexity of the process, this increases the time for data

acquisition and hampers real time monitoring of fluorescence signal.

1.3.1 Fluorogenic probes

Fluorogens are fluorescence generating dyes that are dark until constrained, bound or
activated, ensuring that unreacted dye produces a minimal background signal. Fluorescence is
produced only when the dye is bound or modified by the target, providing temporal control of the
signal based on addition of the dye. Spatial control of the signal is achieved by fusing the activating
protein to a specific protein or peptide that targets an organelle. Two well-known examples of
fluorogens are thiazole orange and malachite green (Figure 7a). These dyes are essentially
nonfluorescent in solution, as a result of the free rotations of aromatic rings, which lead to
nonradiative decay of the excited states. The rotation around the single bond is constrained upon
binding with the target and thus fluorescence is “activated.”

In pioneering studies conducted by Waggoner and coworkers, human single-chain
antibodies (scFvs) were developed as a fluorogenic activating protein (FAP) through yeast surface
display. scFVs bind with thiazole orange with nanomolar affinity and provide a report of protein
location and abundance with both temporal and spatial control.*?” Additionally, FAPs derived from
malachite green are highly fluorogenic and emit in the far-red spectral region and display low
nonspecific labeling in living cells.*?’

Another well-known example of FAP is the photoactive yellow protein (PYP)-tag,
developed by Kikuchi and co-workers (Figure 7).12 PYP is a 14-kDa, water-soluble protein
derived from purple bacteria, which naturally binds to the CoA thioester of 4-hydroxycinnamic
acid through trans-thioesterification with Cys69. The natural ligand can be modified to a structural

analog, 4-hydroxycoumarin or 4-aminocoumarin with high binding affinity. Free ligand can
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associate in polar environment resulting in the quenching of fluorescence. Fluorescence is turned
ON after trans-thioesterification with the PYP protein that breaks the association. Alternatively,

the PYP ligand can simultaneously be linked to a quencher and an emitter to realize the same

\/
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Figure 7. Fluorogenic tags: a) Chemical structure of Malachite green and thiazole orange b)
schematic showing the reaction between PYP tag and the aminocoumarin dye.

function.?8-130 pKa modulation of the thioester leaving group together with charge optimization

surrounding the binding cavity has further improved the kinetics of conjugation.t31.132

1.4 Preliminary work towards the hCRBPII-based fluorescent tag

Our group has previously reported on the wavelength regulation of all-trans-retinal when
bound to type Il human cellular retinoid binding protein (NCRBPII).133 Al trans retinal, containing
an aldehyde group is complexed with hCRBPII through imine formation with lysine 108. The
complex can be protonated under physiological pH to form an iminium protonated Schiff base,
PSB. Interestingly, the absorption wavelength of this retinylidene PSB can be tuned from 425 nm
to 644 nm by mutating key residues in the binding pocket, shown in Figure 8. The ligand-protein

interactions that result in spanning of the absorption are attributed to the collective effect of
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electrostatic perturbation and steric restraints. The tight binding pocket also provides highly

ordered water molecules to facilitate specific hydrogen-bonding networks that further manipulate

Lysine 108
MO y—» Mﬁ/\\
H

Figure 8. X-Ray crysfg;r;;ilrjegzalre of all trans retinal bound hCRreL;irI]:y’I;dle.nlzgfl'Bhe aldehyde functionality
of the retinal reacts with the lysine 108 to form iminium. Highlighted residues were mutated to
tune the absorption spectra of the bound chromophore.

the ligand-protein interaction. Additionally, hCRBPII has high tolerance for mutations without
sacrificing its shape or folding.'** Hence, hCRBPII can serve as a robust platform to design novel
fluorescent complexes by replacing all-trans-retinal with different synthetic dyes. hCRBPII has
certain advantages over FPs and previously discussed protein-based tags. It is a relatively small
protein with 133 amino acids (15 KDa). As synthetic fluorescent ligand will be used, it would not
be oxygen dependent unlike GFP and its analogous. In addition, as shown in the case of retinal,
optical properties of the hCRBPII/fluorophore can also be tuned through engineering the binding
cavity of the protein.

As a proof of concept, the merocyanine based aldehydic dye MCRA was synthesized and

conjugated with hCRBPII.:%> Structurally, MCRA is a donor-acceptor (D-A) based fluorescent
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dye with a polyene chain, much like all-trans retinal (Figure 9). MCRA binds to selective
hCRBPII mutants through formation of an iminium/PSB. Hence this can be considered as an in-

situ formation of a cyanine dye (like Cy5) as it contains two nitrogen atoms connected through a

NH;
hCRBPII Ly<108 hCRBPIVMCRA
Abs dmax
603 nm /i Em humax
{1 623 nm
MCRA B
1 Abs kg, 492 nm oy 1
8% Zm
- 33
85 3z
4= 53
25 58
<E 2
0 0

460 560 ﬁ:ltm 700
Wavelength (nm)

Figure 9. Structure of MCRA and its schematic PSB formation with active lysine 108 of hCRBPII.
The absorption and emission spectra of hNCRBPII complexed with MCRA. Picture is copied from
reference.®

penta-methyne chain.'®® The use of these complexes as potential fluorescent imaging tags was
demonstrated by fluorescence imaging with both E. coli and mammalian cells. With extensive
protein engineering, the binding time of MCRA to hCRBPII mutants can be shortened to less than
1 minute. Imaging of subcellular compartments such as nuclei and cytosol have been realized by
targeting the hCRBPII mutant with signaling peptides such as the nucleus-localizing sequence

(NES) and the nucleus- exclusion sequence (NES). It was also observed that the binding rate and

pKa can be manipulated by rational mutagenesis of h\CRBPI1.1%
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Chapter Il: Light Controlled Reversible Michael Addition of Cysteine: A New

Tool for Dynamic Site-Specific Labeling of Proteins

In chapter I, 1 have described the broad scope of available FPs including photoactivable FPs
(PAFPs), which becomes fluorescent or change color when triggered with light. These become
useful in several super-resolution microscopy techniques, which has changed the limit of
fluorescence imaging from 200 nm to as small as 30-40 nm. Despite the success of these FPs, they
are inherently limited in their spectral window of emission as the fluorophore is innately formed.
In addition to that, the requirement of molecular oxygen in fluorophore maturation limits their use
in anaerobic experimental settings as discussed in Section 1.1. Alternative approaches to FPs is
site-specific chemical labelling where a tag is developed by conjugating a non-fluorescent protein
with a fluorescent ligand.! Use of self-labelling enzymes and engineered short peptides have
enabled covalent conjugation of a broad array of fluorescent dyes with desired optical properties.
Among different modalities, cysteine-based thiol conjugation has been widely used for labelling
due to its relatively high nucleophilicity and its relatively low natural occurrence in protein
sequences.? Commonly used approaches for the derivatization of cysteines are trans
thioesterification (e.g. PYP), S-alkylation (e.g. SNAP, CLIP), and Michael addition (e.g. TMP-
acrylamide, maleimide containing dyes).3>® Utilizing these chemical approaches, fluorescent
molecules such as, BODIPY,? fluorescein,* cyanine,® and coumarin®® based dyes have been
conjugated with protein targets. Most systems, however, exhibit irreversible binding, where the
fluorescent probes permanently bind with the protein tag. A more versatile system would toggle
on-demand between non-fluorescent (OFF) and fluorescent (ON) states using an external stimulus.

In this context, stimuli responsive probes offer enhanced spatial and temporal resolution, and hence
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provide an additional level of control for the system of interest.>1’ Light offers several advantages
over other forms of stimuli since it can be delivered with high spatiotemporal precision through
control of wavelength, intensity, and irradiation time.'8%° In particular, photoswitchable synthetic
dyes provide a unique opportunity to achieve selective ON/OFF of fluorescence. One such
example is the photoswitchability of carbocyanine dyes (Cy5) with thiols, which can be toggled

between a fluorescent (ON) and a dark (OFF) state (Figure 0).2%2! These systems can be
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Figure 10. Light controlled reversible Michael addition of thiols with a Cy5 photoswitch.

cycled hundreds of times, yielding thousands of detected photons per switching cycle.?° Dempsey
et. al. unveiled that under illumination of red light, Cy5 reacts covalently with the externally added
thiol via Michael addition to form a non-fluorescent adduct (OFF state). This was reversed by
illuminating the conjugated sample with ultraviolet light. The latter observation piqued our interest
to investigate the potential light controlled reversible covalent chemistry between a fluorescent
dye and a judiciously placed cysteine residue in a protein host. Recent studies have highlighted the
value for a reversibly photoswitchable fluorescent system that can transit between two optical
states for live cell super-resolution microscopies (e.g., RESOLFT, psSIM, STORM, PALM),
information storage, and optical control of protein activity.?23 Thus, a probe that can reversibly
label a protein target and can switch between a fluorescent OFF and ON state could have important

implications in bioconjugation.
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11.1 Choice of fluorophore for photochemical reversibility of C-S bond

As discussed in Section 1.4, our group has developed a synthetic fluorescent protein using
the intracellular lipid binding family of proteins (iLBP), namely human cellular retinol binding
protein 11 (h\CRBPII) and fluorescent ligand MCRA.?* This protein was engineered to have an
active site lysine residue that can react with an aldehydic dye to form protonated (PSB) or neutral
(SB) Schiff base. One such example is FR1V, a fluorene-based dye, developed by Dr. Wei Sheng

from our group (Figure).?* FR1V, a bright fluorescent dye, possess an aldehyde functional

. n EB%NHH2 (
* N\ t
O 7,2addition (N O'O N\ \"Bu

FR1V FR1V-SB
retro-
"Bu Knoevenagel
n-BuNH, N
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intermediate- 1

Figure 11. The reaction of n-butylamine with of FR1V and FR1V-cyano in ethanol.

group that can be used for binding with the hCRBPII. Additionally, the dye possesses a vinyl group
for red shift of the absorption and emission. We speculated that incorporation of an electron
withdrawing group (like -CN) at the a-carbon can make the g-carbon sufficiently electron deficient
for a possible center of nucleophilic addition. An additional nucleophilic amino acid such as
cysteine can be used for the secondary addition with the vinyl group. Such addition will disrupt
the conjugation of the fluorophore resulting large change in optical properties. Further, like Cy5
dye, we hoped photoactivation of the complex will drive the reverse reaction though disruption of
the bond.

To study the effect of a strong electron withdrawing group at the a-carbon with respect to

the aldehyde, | synthesized FR1V-cyano and its reactivity was compared with previously
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developed FR1V. First, we used n-butylamine which can act as a surrogate for the engineered
lysine residue of hCRBPII. As previously observed, with addition of excess n-butylamine in
ethanolic solution of FR1V, the corresponding imine or SB was formed via 1,2 addition. However,
with FR1V-cyano, an imine corresponding to the aldehyde was not observed, rather product FRO-
SB was formed with the loss of a three carbon fragment. We believe the reaction passes through
intermediate 1, which is the result of both 1,2- and 1,4 additions (Michael addition) of n-
butylamine with FR1V-cyano. The resulting intermediate undergoes retro-Knoevenagel type
reaction to form FRO-SB. The difference in nature of the product between FR1V-cyano and FR1V
indicates incorporation of a strong electron withdrawing group like nitrile results a Michael
addition with the p-carbon in addition to the nucleophilic addition with the aldehyde.
11.1.1 Formation of cysteine linkage in hCRBPII/FR1V-cyano

With the solution results in hand, we proceeded to study the binding of FR1V-cyano with
an engineered protein. For this purpose, we used hCRBPII, which has been extensively studied by
our research group for various ligands including the previously mentioned FR1V.?425 From our
efforts in engineering hCRBPII, we recognized the 108 position is ideally suited for the active site
lysine residue (Q108K), while K40E, T53A, R58L, Q38F, and Q4F mutations were either required
to facilitate the formation of requisite SB/PSB or protein expression. Upon incubation of the
mutant M1(Q108K:K40E:T53A:R58L:Q38F:Q4F) with FR1V-cyano the absorption maximum
corresponding to the free ligand (540 nm) disappears with the concomitant formation of SB with
blue shifted peak for the product (445 nm) (Figurel2a). This result indicates even though FR1V-
M2 cyano shows both 1,2 and 1,4 addition with n-butylamine in organic solvent, it is limited to
just 1,2-addition with a protein carrying Q108K as the nucleophile. This opens the scope to further

engineering of the protein to incorporate an additional nucleophilic site for secondary addition
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with FR1V-cyano. We screened several hCRBPII mutants separately containing cysteine such as

T51C, T53C, L119C, L117C of which T51C exhibits the fastest rate of reaction with ligand.
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Figure 12. a) Formation of imine between M1(Q108K:K40E:T53A:R58L:Q38F:Q4F) and FR1V-
cyano (scanned after every 10 minutes after addition) b) absorption and emission spectra of the
product.

Additionally, T53S mutation was instrumental to increase the rate of reaction with the protein.
Resulting mutant (Q108K:K40E: T51C:T53S:R58L:Q38F:Q4F) binds with FR1V-cyano yielding

two different products based on the absence/presence of ambient light (Figure). In the absence
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Figure 13. a) Formation of PS*? (via 1,2 addition) and PS3% (via both 1,2 and 1,4-additon) for
M2/FR1V-cyano in dark and presence of daylight respectively.

of light, the yellow-colored complex absorbs at 450 nm much like M1/FR1V-cyano and is referred
to as PS*® for further discussion. The spectroscopic properties of PS* are similar with that of
M1/FR1V-cyano, indicates possible formation of a SB (Figure and Figure). In contrast, under

ambient light, the ligand binds with M2 to form a different species with absorption and emission
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maxima at 330 and 380 nm, respectively (Figure ). This complex is referred as PS%°as it displays
absorption maxima at 330 nm. Intuitively, this large blue shift of absorption and emission (PS3%°

compared to PS*?) indicates possible disruption of conjugation within the

a) b)
0.3- ~1x10° 0.4~ ~3x10°
330 870 516
450

- - 3
s 500 S 3 S
3 s 3 5
< T < 620 T

0 T T T T 0 0 T T T T 0

300 400 500 600 700 800 300 400 500 600 700 800

Wavelength (nm) Wavelength (nm)

Figure 14. Comparison of absorption and emission spectra of a) PS3¥and b) PS*° of M2/FR1V-
cyano.

chromophore. This is presumably the consequence of cysteine addition with the chromophore,
possibly through Michael addition with the g-carbon with respect to the imine. To verify, we
compared the spectral data of the PS33° with model compounds and N-alkyl-FR-bromo and FR1V-
cyano-acetal (Figure ). Michael addition of cysteine with the g-carbon of the ligand would lead to
the optical properties similar to N-alkyl-FR-bromo and 1,2-addition would lead to optical
properties similar to FR1V-cyano-acetal as they have similar degree of undisrupted conjugation.
Comparison of absorption between PS33 with those of the model compounds illustrates that it is
possibly a mixture of both 1,2 and 1,4 cysteine addition product. We hypothesized a highly electron
withdrawing nitrile group not only increased the reactivity of the S-carbon but also the aldehyde

group in FR1V-cyano. This increased reactivity resulted in the formation of a mixture of products.
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11.1.2 Photoswitchability between PS33 and PS#°
Next, we examined if PS%0 and PS*? are interconvertible through reversibility of the
cysteine linkage. Gratifyingly, Illumination of visible light (LP 400 nm) for 4 min partially transfer

the PS*0 state to PS3%, In addition, illumination of UV light (BP 300-400) for 20 s leads to the
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Figure 15. a) Structure of N-alkyl-FR-bromo and FR1V-cyano-acetal. Absorption and emission
spectrum of b) N-alkyl-FR-bromo and c¢) FR1V-cyano-acetal.

restoration of PS*, as evident from the change in absorption and emission spectrum. We believe
this is caused by the retro-Michael addition of the C-S linkage which results in the restoration of
the conjugation. This set of results is interesting as it indicates reversibility of the cysteine linkage.
Dr. Nona Ehyaei from Professor James H. Geiger’s lab has repeatedly attempted to obtain the
crystal structure of M2/FR1V-cyano for structural evidence of this phenomena. Although PS3%
crystalized several times, X-Ray diffraction data did not provide any conclusive evidence about
the binding due to poor electron density of the ligand. We believe this might result from presence
of mixture of products, which results in ambiguous electron density around the binding site of the
protein. In fact, we observed spectroscopic evidence of a mixed population for PS3% as discussed
in the previous section. In addition, photoswitchability between these two states by repeated use

of UV and visible light cannot be performed due to unusually high photodegradation of the
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complex. Hence, we looked for an alternative fluorescent dye that could display similar dual

binding like FR1V-cyano, but with less reactivity and increased photostability.

11.2 Modification of the dye to improve the optical properties

An extensive literature research led to the selection of CM1V, a fluorescent dye belonging
to the coumarin family with conjugated polyene backbone and strong intramolecular charge
transfer (ICT) (Figure ).52627 It is a bifunctional fluorescent molecule because of its ability to react
either at the electrophilic double bond or the aldehyde. The electron withdrawing ability of the
lactone renders the vinyl group electron deficient for covalent addition of a nucleophile. Various
chemosensors have taken advantage of changes in optical properties by disrupting the conjugation
of the polyene.?” Michael addition of biological thiols (e.g. cysteine, homocysteine and
glutathione) to dyes, structurally analogues to CM1V has been previously reported, and thus we

surmised its suitability as a ligand for labelling hCRBP11.26:28-32

11.2.1 Reversibility of thiol in organic solvent

Prior to in vitro studies, the photochemical reversibility of the C-S bond with CM1V was
examined in organic solvents. f-Mercaptoethanol (#-ME) was used as a surrogate for the active
site cysteine residue. The requisite CM1V-imine/CM1V-SB (obtained from the reaction of CM1V
and n-butylamine) was used to mimic the imine/iminium formed with the engineered lysine residue
in the binding pocket of hCRBPII (Figure ). Addition of excess f-ME to CM1V-SB leads to the
formation of thioether linkages at both C1and Cs. 'H-NMR analysis confirmed the production of
the mixture of the mono adduct (AD-1) and the bis-addition product (AD-2) (ratio of AD-1 and
AD-2 is 1:1 after 5 mins and 1:4.5 after 20 mins (Figure ). Controlling the stoichiometry of f-ME
to obtain the mono-addition product was not fruitful, presumably because of competing reactivities

at Ci1 and Cs. In addition, the reaction was significantly slower with addition of 1 equiv. of thiol,
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requiring excess to drive the transformation to completion. Nevertheless, as depicted in Figure ,
the resultant thioether-CM1V conjugate leads to a truncation in conjugation, which as expected
exhibits a blue shifted absorption (Aabs = 390 nm) in comparison to CM1V-SB (Aabs= 432 nm) and

CM1V-PSB (Aabs= 510 nm). The Michael addition reaction was tested with both
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Figure 16. a) Structure of CM1V contains two reactive sites, an aldehyde and electrophilic double
bond. Reaction of the aldehyde with an amine form either CM1V-SB or CM1V-PSB. b)
Absorption c¢) emission spectra of CM1V-aldehyde, SB and PSB in acetonitrile.

Wavelength (nm)

CM1V-SB and CM1V-PSB, independently. Surprisingly, full conjugation of CM1V-PSB
required an excess of f-ME as observed from UV-vis analysis (Figure ). This is in contrast to the
expected reactivity since the PSB is a better nucleophile acceptor and thus should possess higher
reactivity as compared to the corresponding SB. We postulate that this is due to the diminished
reactivity of f-ME in the acidic environment (depressed nucleophilicity), which was required to
form the PSB. It is noteworthy that the use of excess f-ME (>103 equiv) in basic environment is
reported for the optimal photoswitching of cyanine dyes.?® Nonetheless, the room temperature

stable thioether conjugates photochemically revert back to the parent CM1V-PSB with UV
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irradiation (BP300-400 nm) (Figure ). The resulting PSB absorbs in the visible region with a

significant red shift (>130 nm) from the initial complexes AD-1 and AD-2. Hence, this
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Figure 17. Study of the reaction between CM1V-SB and -ME (30 eq) in CD3CN using *H-NMR
a) CM1V-SB only b) mixture of starting SB and the products (AD-1 and AD-2) after 5 mins c)
AD-1 and AD-2 after 20 mins.

describes a photoactivable system, as it displays changes in the spectral properties upon exposure
to a specific wavelength of light. Although 1,2 and 1,4 attack of CM1V-SB/CM1V-PSB with -

ME is observed in solution, we surmised selective Michael addition (Cs attack) inside an

appropriate protein cavity via the incorporation of a single cysteine residue.
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11.2.2 Formation of cysteine linkage in hCRBPI1/CM1V

Next, our efforts were directed towards the design of a protein host capable of

recapitulating the results observed with CM1V-SB/CM1V-PSB and f-ME in acetonitrile. First,

an appropriate hCRBPII mutant was required to bind and react with CM1V to form the requisite
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Figure 18. a) Excess addition of p-mercaptoethanol (f-ME) to CM1V-SB/PSB leads to the
covalent complexes AD-1 and AD-2 b) Change of absorption with addition of f-ME for CM1V-
SB and ¢) CM1V-PSB.

SB/PSB. M1 (Q108K:K40E:T53A:R58L:Q38F:Q4F), previously used for FR1V-cyano, was first

tested with CM1V. Despite rapid binding of the dye, the complex does not display formation of

PSB, probably because of the low pKa of the imine. PSB, being a red shifted species, would be

ideal for further study as it would spectrally distinct than for any other protein bound complexes.

Previous study from the group has observed incorporation of a leucine instead of Lys40 increases

the pKa of the imine, yielding the protonated species at physiological pH. Resulting mutant M3
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(Q108K:K40L:T53A:R58L:Q38F:Q4F) binds with CM1V producing a mixture of PSB (Aaps = 550

nm) and the SB (Aabs = 430 nm) at pH 7.2 (Figure ). The assignment of the peaks was based
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Figure 19. a) AD-1 and AD-2 can be reverted to the starting PSB with UV irradiation b) Emission
spectrum of thiol bound species (AD-1 and AD-2) and PSB.

on the observed absorptions of the CM1V SB/PSB complex formed with n-butylamine in
acetonitrile (Figure ). It is worth noting that the PSB formed with M3 shows a clear bathochromic

shift (~40 nm) as compared to that in acetonitrile highlighting the effect of the
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Figure 20. a) Absorption spectrum of M3/CM1V exhibits the formation of SB (425 nm) and PSB
(550 nm) at physiological pH. b) The pKa of M3/CM1V iminium is 7.1, thus explaining the
presence of SB and PSB at physiological pH. c) Crystal structure of the complex, showing the
conjugation of the fluorophore with the protein through an imine bond. The highlighted residues
were targeted to incorporate cysteine, required for the dynamic covalent conjugation.

protein environment on its absorption. The presence of both species at physiological pH suggests

a pKa of the iminium close to the pH of the solution. In fact, the pKa of the M3/CM1V complex
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was measured to be 7.1 (Figure ). Note that an additional control element available with hCRBPII
is the ability to alter the pKa of the fluorophore/protein complex with the appropriate mutations of
residues that line the binding pocket.?#3® Fortunately, we obtained the crystal structure of
M3/CM1V complex which clearly showed the orientation of the ligand inside the binding pocket,
identifying nearby amino acid residues within 10 A of Cs that could be altered to cysteine. As

depicted in Figure , M3 binds CM1V to form a cis-iminium. The stabilization
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Figure 21. a) The steps of dual binding for M4/CM1V: SB formation is followed by the addition
of cysteine b) Change of absorption spectrum with the addition of CM1V (10uM) with M4
(20uM), at 25 °C showing the large blue shift within 1h c) the reaction can be slowed by lowering
the temperature to 4 °C, showing the formation intermediate at Amax= 415 nm, close to the
absorption of SB of M3/CM1V (Amax= 425 nm).

of the iminium arises from the m-cation interaction of Trp106, positioned 3.6 A away. Residues
L117,L119, Y106, Y60, K40, T51, and T53 were mutated separately to cysteine and the resulting
proteins were conjugated with CM1V. Among these mutants T51C exhibited the fastest rate of

binding with complete conversion to the product within in six hours much like M2/FR1V-cyano.

Shown in Figure , the time-course UV-vis spectra indicate the diminution of the free aldehyde
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with increasing conjugate formation (Amax = 395 nm) upon incubation of CM1V with M4
(Q108K:K40L:T51C:T53A:R58L:Q38F:Q4F) at room temperature. The time-dependent blue
shift in absorption is indicative of the reduction in conjugation, putatively as a result of the Michael
addition of the cysteine residue at position 51 with the polyene. The conjugate is stable for a day
at room temperature.

The M4/CM1V-Cs1 complex was also crystallized, with a clear electron density map
consistent with the formation of a thioether linkage via the Michael addition of T51C with the Cs

of the bound ligand (Figure ). The overlap of the M3/CM1V and M4/CM1V-Csz structures
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Figure 22. a) Crystal structure of the M4/CM1V-PSB reveals the release of Cys51 residue after
photoirradiation, b) Its overlay with the structure obtained before photoirradiation illustrates the
movement of the chromophore.

reveal a large conformational change of the fluorophore upon covalent attachment (Figure ). In
the new binding orientation, the ligand is forced deeper into the cavity (Cs has moved by 5.1 A).
Additionally, the chromophore adopts a more twisted conformation to accommodate dual binding
with Lys108 and Cys51. As expected, thioether formation changes the hybridization of Cs
(sp>—>sp?), short-circuiting conjugation of the coumarin unit and the imine that results in the

observed blue shifted absorption. It is worth noting the absence of C-S linkage with C1 unlike that

observed with CM1V and p-ME in acetonitrile. (AD-2, Figure ). To probe the sequence of
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transformations (imine formation vs. Michael addition), complexation of M4 with CM1V was
followed spectroscopically at 4 °C to reduce the rate of reaction. The time course study
demonstrates the concomitant decrease in the absorption of free CM1V (460 nm), with the
appearance of an intermediate peak at 415 nm (Figure ). The absorption maximum of this
intermediate complex matches well with the M3/CM1V-SB that was incapable of Michael
addition (lacking the reactive Cys residue). Hence, SB formation (reaction of Lys108 with the
aldehyde to generate the imine) presumably is followed by the Michael addition. Likely, this first
step helps to orient the olefin such that the cysteine residue in close proximity can engage in the
requisite Michael addition, even in the absence of forming the more reactive iminium.
11.2.3 Photoactivation of hCRBPII/CM1V through dissociation of cysteine linkage

Having established that CM1V undergoes facile Michael addition with Cys51 of M4, we
next investigated the photodissociation of the thioether linkage, similar to that observed with the
model compound in acetonitrile. Hence, the protein-fluorophore complex (M4/CM1V-Cs1) was
illuminated with UV light (BP300-400 nm) for 1 minute. As illustrated in Figure , the
photoirradiation results in shifting of the absorption from 390 nm to 415 nm, indicating the
formation of the fully conjugated SB. This was the first indication that the photodissociation of the
C-S bond is possible inside the protein cavity. The bond cleavage is reversible, as the fully
conjugated SB, formed after illumination, thermally reverted to the initial state within an hour.
Photoirradiation of the M4/CM1V-Cs: complex incubated in an acidic buffer (pH = 4.0) promotes
the cleavage of the thioether linkage, leading to the formation of the fully conjugated PSB as
apparent by its red-shifted absorption (Aabs = 550 nm, Figure ). In contrast to the SB, the newly

generated PSB does not convert back via Michael addition. Although surprising, since the PSB is
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a more electrophilic system, the lack of reactivity might be related to an unproductive

conformation of the fluorophore in its protonated state. We have previously observed large
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Figure 23. a) UV photoirradiation of the M4/CM1V-C51 complex (in blue) at pH 7.2 leads to the
formation of CM1V-SB (in green), which reverts to the initial complex within 1 h (in orange); b)
Acidification of the M4/CM1V-C51 complex (blue), presumably leads to the protonation of the
imine as the major populated constituent (cyan). UV photoirradiation of the latter solution
generates CM1VPSB (red) as evident by the large change in absorption; c) Crystal structure of the
M4/CM1V-PSB reveals the release of Cysb1 residue after photoirradiation. Its overlay with the
structure obtained before photoirradiation illustrates the movement of the chromophore.

conformational changes of bound ligands upon protonation of the imine.243334 |t is also possible

that under acidic conditions, the nucleophilicity of Cys51 is attenuated to a degree that hinders

addition to the polyene. In fact, this was observed in our earlier studies where p-ME was less
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reactive with the CM1V-PSB, presumably due to the increased acidity of the solution that was

required to generate the PSB.
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Figure 24. a) Normalized absorption and emission spectrum of M4/CM1V OFF state and b) ON
state.

With crystals of the M4/CM1V-Csi complex in hand, we explored the potential to promote
the bond cleavage in the solid state. Crystals of the M4/CM1V-Cs1 complex, incubated in pH 7.2
and 4.0 buffers, were irradiated with UV light (380 nm) for 5 minutes and were subsequently
frozen in liquid nitrogen within 30 seconds of irradiation. The electron density of photoirradiated
crystals incubated at pH 7.2 showed no evidence of bond cleavage. This is either because the
cleavage in the solid state does not occur, or that the rebinding of the thiolate with the photo-
dissociated ligand in the crystal is fast and thus cannot be trapped. The results from irradiation of
crystals incubated at pH of 4.0 support the latter supposition. Photoirradiated crystals in the acidic
media yield structures that lack electron density for the thioether linkage, clearly demonstrating
the dissociation of C-S bond (Figure ). The red color crystal indicates the presence of the
anticipated chromophore as a PSB (red-shifted). The movement of chromophore under
photoirradiation can be observed from the overlayed crystal structures of bound and unbound

forms despite the proximity between the reactive Cys51 and the Cs of CM1V (3.0 A).
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Nevertheless, M4/CM1V-Cs: acts as a photoactivable system, as UV exposure switches the OFF

state (Aabsem = 390/465 nm) to the ON state (Aabsiem = 550/580 nm) (Figure ).
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Figure 25. Determination of pKa for M4/CM1V: a) titration of complex in PBS buffer b) The plot
of pH versus absorbance derived from the data in panel a, fitted to the Henderson-Hasselbalch
equation, revealing a pKa of 5.2.

11.2.4 Photoactivation of nCRBPII/CML1V to form PSB at pH 7.2

The M4/CM1V-Cs1 complex provided proof-of-principle that an active site thiol (Cys51)
can engage in Michael addition reaction, and the retro-Michael reaction can be triggered with the
appropriate wavelength of light. Nonetheless, a system with practical use would benefit from a
large change in absorption upon ‘ON/OFF’ transition, especially at a physiologically relevant pH.
The low pKa of the imine formed in the M4/CM1V complex (pKa = 5.2,) leads to the blue-shifted
SB under photo illumination at pH 7.2. To generate a system that would lead to a large shift in
absorption, the ground state complex should support the formation of a PSB at physiological pH.
Additionally, we would expect an accelerated rate for the Michael addition with the more
electrophilic polyene that terminates with the iminium. Note that this scenario is distinctly different
from the PSB generated with the M4/CM1V complex, where the thiol seemed unreactive to
engage in the Michael addition. In the case above, the PSB was generated by acidifying the

medium, potentially attenuating the reactivity of the cysteine residue, while in this case, we desire
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a protein with a higher iminium pKa such that it is protonated at physiological pH. Observation of

the M4/CM1V-Cs structure showed that Phe4 was well situated to increase the pKa of the SB if
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Figure 26. Time course study of M5/CM1V binding: Upon incubation of CM1V (15 uM) with
M5 (30 uM), cysteine bound complex at Amax= 390 nm was observed. A non-interconvertible PSB
was also observed at Amax= 550 nm.

appropriately mutated (Figure ). Prior work in hCRBPII engineering efforts had also shown that
hydrophilic residues at position 4 resulted in higher pKa Schiff bases.®® As predicted, re-
introduction of the wild-type GIn4 to generate M5 (Q108K:K40L:T51C:T53A:R58L:Q38F:Q4)
led to a protein host capable of generating the PSB upon incubation of CM1V at physiological pH.
The putative PSB absorbs at 550 nm, which over time reduced in intensity, presumably as a result
of Cysb1 Michael addition that interrupts the fully conjugated system (Figure ). The mature
M5/CM1V-Cs1 complex exhibits two peaks (550 nm and 390 nm), apparently due to incomplete
conversion to the Michael adduct. Irradiation of the M5/CM1V-Cs: complex with UV light (BP
300-400 nm) for 1 minute led to a substantial increase in the PSB absorption (550 nm), likely
because of the retro-Michael reaction that liberates the fully conjugated PSB complex. During this
process, the absorption was increased by 2.8-fold, while the fluorescence observed at 580 nm was
enhanced by more than 2-fold (Figure ). The system turns ‘OFF’ within 10 minutes in the dark as

evident by the decay in the PSB absorption with a half-life (ti2) of 2.8 minutes at room
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temperature. The decay could be accelerated by irradiation with visible light (LP500 nm) with an

apparent half-life of 1.9 minutes.
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Figure 27. a) Photoswitching of M5/CM1V-Cs; at physiological pH illustrates the reversibility of
the cysteine linkage. Unlike photo-induced cleavage of the C-S bond of M4/CM1V-Cs; at acidic
conditions, the M5/CM1V PSB reverts to the initial cysteine bound complex (M5/CM1V-Csa); b)
Photoexcitation (BP300-400 nm) of M5/CM1V-Cs; leads to a 2.8x increase in absorption, along
with a 2.3x increase in the fluorescence (excited at the PSB absorption, 550 nm; c¢) Decay of the
PSB as observed via its absorption through thermal (red) and continuous irradiation (LP500 nm,
blue); d) Iterative Michael and retro-Michael addition of Cys51 with the M5/CM1V complex is
observed with sequential photoirradiation (BP300-400 nm for 1 min, and LP500 nm for 5 min).The
change of absorption is denoted by the dashed blue line, while the change in emission is
highlighted with the solid red line.

Crystals of the M5/CM1V complex were informative in understanding the system (Figure
). The crystals were deeply red colored, consistent with the presence of a PSB. Efforts at
conversion between the PSB and the covalently bonded cysteine adduct at pH 7, however, were

unsuccessful in the crystalline form. The PSB is in the cis iminium conformation, making a cation-
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7 interaction with Trp106, similar to that seen in the M3 variant. The distance between the Cys51

sulfur atom and Cs of CM1V is 7.0 A, much too long for a covalent bond to be formed. This leads
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Figure 28. a) X-Ray crystal structure of M5/CM1V representing the non-interconverting PSB
where the reactive cysteine is far away from the Cs of the ligand. b) Overlay of M5/CM1V and
UV-irradiated M4/CML1V crystal structures, depicting the role of Q4 in forming a PSB which is
interconvertible with cysteine bound form.
us to conclude that the spectroscopically observed mixture (550 and 390 nm absorptions) in the
resting state of the M5/CM1V complex were due to two conformations that ultimately has a
bearing on the reactivity of the conjugated polyene with the active-site Cys residue. One
conformation is competent for photoswitching between a visible light absorbing conjugated form
and the covalently bound Cys51 UV absorbing form, while the other is in a conformation
consistent with a stable conjugated PSB. The form of the M5/CM1V complex that crystallizes is
clearly the non-interconverting permanently conjugated PSB, absorbing at 550 nm. The
conformation that interconverts is presumably similar to that seen in the M4/CM1V structure,
where the imine points to residue 4 (in this case Phe4) in the visible light absorbing PSB form.
Iterative ON/OFF switching, critical for certain imaging applications, was conducted to

probe the stability and resistivity of the complex. As depicted in Figure , the conversion between

the cysteine bound (OFF state) and non-bound form (ON state) was performed repeatedly using
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UV (BP 300-400 nm) and visible light (LP500 nm) irradiation. The M5/CM1V-Cs1 complex
showed good fatigue resistance, with minimal loss in fluorescence signal upon each ON/OFF
cycle. This indicates robustness of the process where the cysteine residue adds reversibly to the
fluorophore and undergoes switchability. Analogous to M4/CM1V-Csi, the switchability of
M5/CM1V-Cs: does not occur at acidic pH as the photo illumination leads to formation of stable
PSB. However, at physiological pH, cysteine rebinds after photodissociation in both cases. Note
that the photo illumination of M4/CM1V-Cs: leads to a SB whereas M5/CM1V-Cs: generates a
PSB at the same pH. In total, the data suggests that cysteine addition is dependent on the pH of the
solution regardless of the reactivity of the imine. Thus, the lack of photoswitching at acidic pH is
most probably the result of attenuated reactivity of Cys51 even in the presence of the highly
reactive iminium. Nonetheless, as the reactivity of cysteine can be finely tuned inside a protein
cavity, the photoswitchability of hCRBPII/CM1V complex can be performed by near
stoichiometric addition of protein to the fluorophore. Moreover, the switchability is maintained in
presence of oxygen, and thus can be useful for imaging under aerobic condition.
11.3 Conclusion and outlook

To the best of our knowledge, we illustrate the first example of a reversible site-specific
labelling of a protein with a fluorophore that employs dynamic covalent chemistry of a cysteine
residue. The regulation of protein microenvironment by rational mutagenesis yields a
photoactivatable protein/fluorophore complex with large shift in absorption at physiological pH.
Moreover, the conjugation can be cycled between a cysteine bound and non-bound form
repetitively, making it a photoswitchable system. Structural evidence thus far indicates a process
involving a Michael type addition reaction of a nucleophilic cysteine residing the binding pocket

of the host protein with an electrophilic double bond. The relatively weaker carbon-sulfur bond is
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broken under photo irradiation to liberate the cysteine reside to form the fully conjugated polyene
through a retro-Michael process. This approach utilizes the reactivity of an o,p-unsaturated
aldehyde-based dye, and thus opens the door for expanding the methodology by exploring a broad
range of intramolecular charge transfer (ICT) dyes with a similar functional handle for imaging
purposes.
11.4 Experimental Section
11.4.1 Site-directed mutagenesis

All site directed mutagenesis were performed in the pET-17b vector containing hCRBPII-
Q108K:K40L:T53A:R58L:Q38F:Q4F cloned between Ndel and Xhol.® Site directed mutagenesis
was performed using polymerase chain reaction (PCR), with the following program (Table 2):

Table 2. PCR cycling conditions for site-directed mutagenesis

PCR Program Time (min)
1X 94 °C 3:00

94 °C 0:20
20X 3to5°C below Tm 0:55

72°C 3:30
1X 72 °C 10:00
1X 4°C 5:00
Reactant Volume
DNA template 70 ng (x pL)
Forward primer 20 pmol (y L)
Reverse Primer 20 pmol (z pL)
10 mM dNTP 1uL
50 mM MgCl: 1L
DMSO 5uL
10X Cloned Pfu Reaction buffer 5uL
Pfu Turbo DNA  polymerase 1 pL
(2.5U/uL)
Nuclease free water (50-x-y-z-7) uL

The primers used for the site directed mutagenesis were purchased from Integrated DNA

Technology (IDT), with melting temperature (Tm) from 55 °C to 65 °C. The crude PCR product
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was digested with 20 units of Dpnl enzyme (New England Biolabs) for 1 h at 37 °C. The digested
product was then transformed into E. coli XL-1 Blue competent cells (Agilent) for 30 min on ice
and then coated on LB-Amp/Tet agar plate. After incubation at 37 °C for 16 h, a single colony was
cultured in LB media with antibiotics (100 pg/mL ampicillin and 12.5 pg/mL tetracycline) for 12
h. DNA purification was performed using Wizard Plus SV miniprep DNA purification system
(Promega). The concentration of the isolated DNA was measured using Nanodrop® and sequenced
at the Research Technology Support Facility at Michigan State University using a primer

corresponding to the T7 promoter of the pET-17b plasmid.

11.4.2 Protein expression and purification

hCRBPIlI mutants in pET-17b vector were expressed in E. Coli BL21(DE3)pLyS
competent cells (Promega). The target gene (100 ng of DNA for 50 pL of cell solution) was added
to the cells on ice for 30 min and spread over LB-Amp/Chl agar plate. The plate was incubated at
37 °C for approximately 12 h and a single colony was picked to grow in a 1 L terrific broth (TB)
media supplemented with antibiotics (100 pg/mL ampicillin and 27 pg/mL chloramphenicol). The
cells were cultured for 8-10 h at 37 °C until the optical density (OD) reached approximately 1.
Subsequently, isopropyl- s-D-thiogalactopyranoside (IPTG, Gold Biotechnology) was added to
the culture at a final concentration of 1.0 mM and shaken at 37 °C for additional 16-20 h. The cells
were then harvested by centrifugation (3000 rpm, 15 min, 4 °C), resuspended in Tris buffer (10
mM Tris, pH 7.8-8, 50 mL), lysed with ultrasonic homogenizer (Biologics, Inc, power 60%, 3
min), added with 500U of DNase | (recombinant, Roche Diagnostics) and kept at RT for 10 min.
The solution was then centrifuged (3000 rpm, 40 min, 4 °C) to separate the pellet. The supernatant
was loaded onto a FastQ anion exchange column (resin from GE Healthcare), equilibrated with

Tris buffer (10 mM Tris, pH 7.8-8). The resin was subsequently washed with Tris buffer (2X50
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mL) and eluted with Tris-elution buffer (10 mM Tris, 200 mM NaCl, pH 7.8-8.0, 50 mL). The
eluent was desalted using Amicon® Ultra-15 Centrifugal Filter Units (MW cut-off: 10K), and
further purified with a FPLC (NGC chromatography system, Biorad), equipped with a Source 15Q
column (Q Sepharose Fast Flow, GE Healthcare) anion exchange resin using 50 mM Tris-HClI
(solution A) and 2 M NaCl (solution B) at pH 8.1. All protein samples were collected with 4% of
solution B and concentrated using Amicon Ultracentrifugation filter (MW cut-off: 10K) to a final
volume of 1 mL. The sample (1 mL) was then loaded to size exclusion chromatography (Superdex
120 16/600 GL column, GE Healthcare) for further purification using a buffer containing solution
A and 20% of solution B. Collected protein sample was concentrated (conc. 100-200 uM) and
stored at 4 °C for optical studies.
11.4.3 Determination of extinction coefficient of protein

UV-vis spectra were measured with a Cary 300 Bio WinUV, Varian spectrophotometer
using 1 cm, 1.0 mL quartz microcuvettes (Starna Cells). The extinction coefficients of the
hCRBPII mutants were measured following the method described by Gill and von Hippel.3® The
theoretical extinction coefficient (etneo) is calculated using following equation:

ctheo= @ X eTrpt b X eTyr+ C X &cys

where a, b and c are the number of tryptophan, tyrosine, and cysteine residues in the protein,
respectively. ¢ used for tryptophan, tyrosine, and cysteine are 5690 M-1cm, 1280 M-1cm and 120
M-tcm, respectively. The absorbance of each protein was measured at 280 nm in 2XPBS and 6M
guanidine hydrochloride solution. The absorbance value was used to calculate the experimental ¢

using the following equation:

A ti
6exp = —nauve X gtheo

Adenaturating
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Table 3. The values of the extinction coefficients

Mutants Proteins gexp (M1cmt)
M1 Q108K:K40E: T53A:R58L:Q38F:Q4F 27,681
M2 Q108K:K40E:T51C:T53S:R58L:Q38F.Q4F 28,634
M3 Q108K:K40L:T53A:R58L:Q38F.Q4F 28,000
M4 Q108K:K40L:T51C:T53A:R58L:Q38F.Q4F 28,600
M5 Q108K:K40L:. T51C:T53A:R58L:Q38F.Q4 28, 520

11.4.4 UV-Vis measurement of hCRBPII/dye

For UV-vis measurement, a stock solution protein (100-200 uM) was prepared by
concentrating the purified protein, collected from size-exclusion chromatography. In addition, a
stock solution of dye (10 mM) was prepared in acetonitrile. For complex formation, 10-30 uM of
protein was incubated with respective dyes (5-15 uM, 0.5 equiv with respect to the protein) in PBS
(pH 7.2) at room temperature, unless otherwise mentioned. The binding was followed by the

disappearance of the dye and concomitant formation of complex.

11.4.5 pKa measurements of hCRBPII/CM1V

For pKa measurement of M3/CM1V, complex was prepared by incubating M3 (20 puM)
and CM1V (10 uM) PBS (pH 7.2) at RT. Titration was performed with acid (1 M citric acid
solution), or base (1 M NaOH) and the absorption spectra was recorded. Absorbance at the Amax of
550 nm was plotted as a function of pH of the solution. A curve fit to the following modified

Henderson-Hassebalch equation was applied to determine the pKa.

_ Ao
" 1+10PH-PKa

+ constant

where Ao is the absorbance of the maximum PSB and the pKa is the mid-point of the titration. A
constant is included for the zero absorbance of the deprotonated PSB.

For pKa measurement of M4/CM1V, first a cysteine bound complex (M4/CM1V-Cs1) was

prepared by incubating M4 (30 uM) and CM1V (15 uM) PBS (pH 7.2) at RT. Then M4/CM1V-
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SB was formed by photo activation of the complex with UV (discussed in section H) and gradually
acidified to form the M4/CM1V-PSB. Absorbance at the Amax 0f 550 nm was plotted as a function
of pH of the solution and pKa was as described for the M3/CM1V complex. All pH values were
recorded with an accumet® Basic pH meter (Fisher Scientific) equipped with a PerpHect®

ROSS® Micro Combination pH electrode (Thermo Scientific Orion).

11.4.6 Fluorescence measurements
Fluorescence spectra were recorded using a Fluorolog-3 spectrofluorometer (HORIBA,
Ltd.) witha 1 cm, 3.5 mL quartz cuvette or 1 cm, 1.0 mL quartz microcuvette (Starna Cells). An

entrance slit of 1 nm and exit slit of 12 nm was used for all measurements.

11.4.7 Photo-irradiations

Photo-irradiation of protein complexes in solution was performed with a Hg(Xe) Arc lamp
(Oriel Instrument) attenuated with two neutral-density filters (Edmund Optics Inc.).?* For
photoactivation of UV absorbing complexes, solution was illuminated with a 300-400 bandpass
filter (Edmund Optics Inc.) at a desired pH (pH 7.2/4.2). Photoswitching between UV and visible
absorbing complexes was performed with the use of both a 300-400 bandpass filter (1 min) and
500 nm long pass filter (5 min).

For measuring the half-life of thermal decay, the M5/CM1V-Cs1 was first illuminated for
1 min and absorbance was followed at 550 nm over time. On the other hand, the rate of
photochemical decay was measured under constant irradiation through a 500 nm long pass filter
and intermittent collection of the absorbance at 550 nm. The half-life of decay was calculated by

fitting the values with a mono-exponential decay function.
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Table 4. Structural data of hCRBPII-CM1V complexes

M1 M2 before UV M2 after UV M3
Wavelength 1.1272 A 1.1272 A 1.1272 A 1.54184 A
Resolution Range 29.71 - 142 3363 - 1689 3349 - 1601 1759 - 15
(1.471-1.42) (1.749 - 1.689) (1.658 - 1.601) (1.554 - 1.5)
Space group Cl21 Cl21 Cl22 Cc123
a (A) 29.612 29.613 29.698 28.71
b (A) 67.106 67.25 66.972 66.42
¢ (A) 63.903 63.687 63.817 63.98
a(°) 90 90 90 90
b (°) 90.108 92.275 92.102 91.16
v (®) 90 90 90 90
Molecules per
Asymmetric Unit ! ! 1 1
Total reflections 468357 470858 622275 15176
Unique Reflection 22948 (2284) 13067 (1152) 14890 (1476) 14242
Multiplicity 6.4 9.8 6.6 2

Completeness (%)

Average I/s

Rmeas (%)
Rpim (%)
Reflections
in refinement

Reflections
for Riree
Rwork (%)
Rfree (%)

used

used

97.28 (96.21)

22949

3.6
1.4

22934 (2283)

1987 (201)

22.61
22.85

RMSD from ideal values

Bond Angle

Bond Length (A)
Average B factor
Number of water
molecules

PDB IDs

1.045
0.013
2151

53
8D6N

93.01 (81.70)

13067

4.1
1.3

13058 (1152)

1296 (117)

22.09
27.16

1.71
0.022
46.95

94
8D6L

90.18 (88.56)

33704

8.0
3.4

14878 (1471)

1468 (147)

20.37
26.21

1.84
0.048
35.42

77
8D6H

94.20 (82.71)

17103
3.5
2.2
18241 (1603)

1807 (152)

22.87
27.98

1.38
1.6
26.59

76
8DB2
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11.4.8 Protein Crystallization and data collection

Pure protein samples were concentrated to 7-10 mg/mL using Amicon® Ultra centrifugal
units (5 mL, 10 kDa cutoff), and approximately 4 equivalents of CM1V were added and the
solution was allowed to incubate overnight at RT. Crystallization was done by vapor diffusion
using 24 well plates (Hampton Research) with 1 mL reservoir volume. For each well, 1 uL of
protein was added to 1 uL of well solution. Crystals typically appeared within 1-3 days in well
Table 4 List of crystallographic data solutions containing 25-40% PEG 4000, 0.1 M ammonium
acetate, and 0.1 M sodium acetate with a pH range of 4.0 to 4.8. All UV irradiation studies were
done using a TLC hand lamp. Crystals were flash frozen in a solution containing the mother liquor
and 30% glycerol. Diffraction data was collected at the Advanced Photon Source (APS) (Argonne
IL) LS-CAT, (sector 21-1D-D,F, and G) at 1.00 A wavelength radiation at 100 K, using either an
Eiger 9M, MAR300 or MAR350 detector. Data reduction and scaling were performed using the
HKL2000 program package.®” All structures were solved by Molecular Replacement using
PHASER and refined using the PHENIX program package.®3 Three cycles of refinement were
implemented for each run. Placement of the CM1V ligand and all ordered water molecules was

done using COOT (0.8.9.1).4°

11.4.9 Synthesis of FR1V-cyano-acetal

( NaOCHj (4.2M) el
@ equw 6 .
<N 0.0 + N )\/ DCM RT 24h < 0°C, 30 mins < O

(1.3 equiv)
FRO FR1V-cyano-acetal FR1V-cyano

In a mixture of FRO (76 mg, 0.26 mmol) and 3,3-dimethoxypropanenitrile (39 mg, 0.34
mmol) in dichloromethane (0.5 mL), NaOMe solution (4.5M, 4.5 mL) was added dropwise over
10 minutes and stirred at room temperature for 24h. Complete consumption of starting material

was confirmed by TLC (20:80 ethyl acetate and hexane). The reaction mixture was then extracted
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with dichloromethane twice and organic layer was dried through anhydrous sodium sulfate.
Finally, dichloromethane was removed in vacuo and purified by preparative TLC using 20% ethyl
acetate in hexane to afford FR1V-cyano-acetal as orange solid (91 mg, 0.23 mmol, yield 90%).
IH NMR (500 MHz, CDCl3) & 7.93 (d, J = 1.6 Hz, 1H), 7.71 (dd, J = 8.0, 1.7 Hz, 1H), 7.57 (dd, J
= 8.2, 5.0 Hz, 2H), 7.34 (s, 1H), 6.70-6.66 (m, 2H), 5.05 (d, J = 1.1 Hz, 1H), 3.44 (m, 10H), 1.49
(s, 6H), 1.23 (t, J = 7.1 Hz, 6H).23C NMR (125 MHz, CDCls) & 156.90, 153.29, 148.70, 146.41,
143.65, 129.80, 129.20, 125.92, 123.12, 122.02, 118.51, 117.92, 110.88, 105.58, 105.38, 101.72,
53.36, 53.24, 46.87, 44.84, 29.85, 27.47, 12.76. TOF MS ES*(C2sH30N202): Calc. [M+H]*:
390.231; found: 391.236.

11.4.10 Synthesis of FR1V-cyano*

HCI (6 N, 2 mL) was dropwise added to FR1V-cyano-acetal (72 mg, 0.18 mmol) and
stirred for 30 mins at 0 °C. Reaction mixture was then extracted with ethyl acetate twice from
water and washed with brine and finally with water. The organic layer was dried over anhydrous
sodium sulfate and concentrated in vacuo to give red solid as crude product. The crude was purified
through flash chromatography using 20% ethyl acetate in hexane to afford FR1V-cyano as red
solid (53 mg, 0.15 mmol, yield 85%). *H NMR (500 MHz, CDCl3) & 9.57 (s, 1H), 8.04 (s, 1H),
7.88 (dd, J=8.5, 1.6 Hz, 1H), 7.88 (s, 1H), 7.63 (d, J = 8.2 Hz, 2H), 6.69 (d, J = 8.5 Hz, 2H), 3.47
(q, J = 7.1 Hz, 4H), 1.50 (s, 6H), 1.24 (t, 6H).33C NMR & (125 MHz, CDCls): 187.61, 159.42,
158.11, 153.78, 149.68, 147.81, 133.25, 127.91, 125.06, 124.88, 123.11, 118.85, 115.59, 111.20,

108.42, 104.99, 46.87, 44.92, 27.33, 12.74. Calculated Mass Co3H24N20: 344.189, [M+H]* =

345.205.
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11.4.11 Synthesis of CM1V

o
PPN Br
1. CHo(COLEY),, o @PPhg
piperidine, DMF s NaOH NN ~o
dry EtOH L POCI3 dryaDCM |\
OH N (0] (0]
2. AcOH, HCI y'eld ope: ~ozna K
0" H two steps: yield: 60% Cm1v

50%

Compounds 1 and 2 were synthesized following previous literature reported procedures.?®
For synthesis of CM1V, compound 2 (73 mg, 0.34 mmol, 1 equiv), ((1,3-dioxolan-2-
yl)methyl)triphenylphosphonium bromide (175 mg, 0.41 mmol, 1.2 equiv.) were dissolved in dry
dichloromethane (5 mL) and stirred for 30 min. Powdered NaOH (15 mg, 0.38 mmol, 1.1 equiv)
was added to the mixture and stirred until the spot for the starting material disappeared on TLC
(30% ethyl acetate in hexane). Concentrated HCI (1 mL) was added and stirred at RT for 30 min.
Subsequently, deionized water (10 mL) and dichloromethane (10 mL) were added, and the organic
layer was separated and dried over anhydrous Na2SOa4. After concentrating under reduced pressure,
the product was purified using flash chromatography on silica gel column with a mixture of ethyl
acetate in hexane (10-50%) affording compound CM1V as a salmon pink solid (55 mg, 0.20 mmol,
yield 60%). The 'H and *3C of the pure compound match with the compound prepared previously.*?
IH NMR (500 MHz, DMSO-ds) § = 9.58 (d, J=8.0 Hz, 1H), 8.34 (s, 1H), 7.57 — 7.48 (m, 2H), 6.93
(dd, J=15.7 Hz, 8.0 Hz, 1H), 6.79 (dd, J=9.0 Hz, 2.5 Hz, 1H), 6.58 (d, J=2.4 Hz, 1H), 3.48 (q,
J=7.0 Hz, 4H), 1.14 (t, J=7.0 Hz, 6H). 3C NMR (125 MHz, DMSO-ds)  194.91, 159.93, 157.18,

152.68, 148.86, 146.55, 131.51, 128.22, 112.96, 110.48, 108.65, 96.65, 44.83, 12.82.

11.4.12 Synthesis of SB and PSB with n-butylamine
For synthesis of SB, respective dyes (~1 mg) were dissolved in ethanol (0.25 mL) and n-
butylamine (~20 pL, 50 equiv) and stirred until the bright color of the aldehyde completely

disappeared (~30 min). Subsequently, solvent was completely evaporated under N2 flow, and the
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material was redissolved in acetonitrile to make stock of respective SB (10 mM). To collect the
absorption spectrum, 1 pL of the stock was dissolved in acetonitrile (1 mL). Acidification of the
solution with 1 mM camphor sulfonic acid (10 pL) in DMSO resulted in the formation of PSB.
11.4.13 Studying the formation of AD-1 and AD-2

To study the formation of AD-1 and AD-2 by NMR, the 1.1 mg (0.0041 mmol, 1 equiv) of
CM1V-SB was dissolved in CD3CN and A-ME (8.6 uL, 0.12 mmol, 30 equiv) was added. *H NMR
spectrum of the mixture was collected every 5 minutes until all the starting SB is consumed (after
20 mins). With lower equivalent of f-ME, a single product could not be obtained, and the reaction
becomes slower. For UV-vis study, a solution of CM1V-SB was prepared in acetonitrile (10 uM)
and p-ME was gradually added, and the absorption spectrum was collected after each addition.
Alternatively, CM1V-PSB was first formed with addition of CSA (5 puL of 1 mM solution in
DMSO) to CM1V-SB (5 uM) and then -ME was mixed until the absorption for PSB disappears
with concomitant formation absorption maximum around 390 nm. CM1V-PSB requires a larger
excess of f-ME for the reaction to be complete, possibly because of the lower reactivity of f-ME

under acidic condition required to form PSB.
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Chapter 111: Deciphering the Mechanism of NIR Emitting hCRBPII/FR1V

Based Photoswitchable Protein

Reversibly photoswitchable fluorescent probes are a class of fluorescent molecules that can
transit between two different optical states when triggered by light.1? Because of the ability to
switch, they become useful in live cell super-resolution microscopies (e.g., RESOLFT, psSIM,
STORM, PALM), information storage and optical control of protein activity.3” This is largely

because of the availability of several reversibly switchable fluorescent proteins (RSFPs) with
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Figure 28. Proposed mechanism for the cis—trans isomerization of the chromophore in Dronpa.
Bright and dark states correspond to the cis and trans forms of the chromophore, respectively. The
two forms are determined by the pKadifference in the acid-base equilibrium. In Dronpa, the cis
form is anionic and bright.

broad range of emission. The switchability of these RSFPs arises from the photoinduced reaction
of the chromophore inside the protein. Out of different RSFPs, Dronpa, which was engineered
from Pectiniidae coral FP, has gained popularity and has led to important improvements in
superresolution imaging.? Dronpa can exist in two different states- an anionic form having

absorption maximum at 503 nm and emission maximum at 513 nm (ON state) (Figure ).2° The

other form is neutral, absorbs at 390 nm, but does not show significant fluorescence (OFF state).
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Several experimental and computational studies were performed to understand the mechanism of
the photoswitching and to improve its optical properties. These studies revealed an ultrafast
photoinduced cis-trans isomerization of the chromophore that is followed by a rapid ground-state
proton transfer (GSPT).8 The structural reorganization of the chromophore and the amino acid
residues inside the protein cavity is believed to be responsible for the difference in the pKa of the
two conformations. In the cis form, intramolecular charge transfer (ICT) from the electron
donating alkoxide to the electron withdrawing amide group leads to fluorescence. But the ICT
property of the chromophore weakens when the alkoxide is protonated in the trans form and the
molecule becomes non-fluorescent. However, this stable neutral trans form can be converted to
the unstable cis form with irradiation at 405 nm. Reversely, the neutral form can be brought back
upon laser excitation at 488 nm. Reversible switching with high fatigue resistance and good on-
off contrast ratio makes Dronpa one of best photoswitchable proteins.? Several mutants of Dronpa
such as PDMI-4, Dronpa-2, Dronpa-3, rsFastLime and bsDronpa were later evolved with different
photoswitching kinetics.!'2 Padron, another mutant that displays baseline OFF state can be
switched ON by light, opposite to the original Dronpa.? In recent years, Mut2Q, EYQ1, rsEGFP
and mGeos were reported to exhibit different switching speed, maturation, stability and
localization precision potential, serving as potential candidates to replace Dronpa in various
biological applications.4-16

Despite the availability of several RSFPs, there is a growing interest in developing novel
RSFP that can emit in the far-red/NIR. These are of particular importance as the emission channel
has lower signal from the cellular autofluorescence.'’?* In addition, longer wavelengths allow
greater tissue penetrability and less damage to protein and DNA components of the cells. For

example, to expand the spectral window of RSFPs several proteins such as cyan-emitting mTFP1
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and red photoswitchable FPs rsCherry, rsCherryRev, rsTagRFP and mApple were generated after
Dronpa. Our group has recently developed a synthetic photoswitchable fluorescent protein, named
CrimFluors (CF), which emits in NIR region with emission maximum close to 700 nm.?® No
oxygen dependency, small size, fast labelling kinetics and rapid ON-OFF switching are hallmarks

of CF, which makes it complementary to the naturally occurring Dronpa and its variants.

I11.1 Preliminary work towards hCRBPII based photoswitchable proteins

Previous work from our research group has focused on the development of soluble, easily
manipulated rhodopsin mimics derived from the reengineering of cellular retinoid binding proteins
namely human cellular retinoic acid binding protein Il (hCRABPII) and human cellular retinol

binding protein Il (NnCRBPII).%62" As described in previous studies by Nosrati et al, a number of
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Figure 29. a) UV spectrum of hCRBPII/retinal after 3.5 h and 24 h of addition of retinal to the
protein. b) Overlayed crystal structures of cis-PSB (blue) and trans-SB (green), revealing the
difference that corelates the changes in the pKa. The pictures were copied from reference 26

hCRABPII variants exhibited changes in the protonation state of retinylidene bound protein,
namely an initially observed pigmented protein-chromophore complex reverts to a colorless state
in time (Figure a).%6 X-ray crystallography and UV vis spectroscopy disclosed imine bond
isomerization from 15-cis to 15-anti is responsible for this change. The initial kinetically formed
15-cis isomer orients the imine nitrogen atom in a polar environment that supports a high pKa
regime, and thus yields a protonated Schiff base (PSB) that is a colored pigment. Time-dependent

15-cis to 15-trans imine isomerization yields a thermodynamic product that places the nitrogen
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atom in a low pKa regime, leading to the unprotonated Schiff base (SB) that is colorless.

Additionally, green and UV light irradiation interconverts between the PSB and SB, respectively,

RiK RiK
PSB, Amax > 440 nm SB, Amax ~ 360 nm
heat or .
green light Uglsl(')ght
(~550 nm) ~300 nm
® low pK,
X \N/\/R111K - N S N \N/\/R111K
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Figure 30. Thermodynamic and light-induced cis, trans-retinal iminium isomerization in
hCRABPII protein.

in solution and crystalline states (Figure ). The light driven isomerization and consequent
formation of two optical states set a robust platform to design photoswitchable fluorescent protein.
In fact, previous work by Dr. Wei Sheng showed this can be accomplished with a fluorescent dye
(e.g., FR1V).% Additionally, using human cellular retinol binding protein Il (h\CRBPII) in place
of hCRABPII, a synthetic photoswitchable protein was used for in-vivo fluorescence imaging.?®
111.1.1 FR1V, a NIR emitting fluorescent dye

FR1V, a fluorene based highly conjugated dye with emission maximum deep in the red
region of spectrum.?® FRO, a precursor of FR1V is reported as a fluorescent scaffold with its high
quantum yield and relatively high extinction coefficient.?®2° It has a diethylamino group as a strong
electron donor, and a formyl group as a strong electron acceptor, spaced by a 9,9-dimethylfluorenyl
fragment. In the nomenclature of FR1V, “1V” is used to denote presence of a vinyl group which
is installed between the aldehyde and the fluorenyl scaffold to extend the conjugation from FRO.
To mimic the formation of SB and PSB in hCRBPII and study the optical properties, n-butylamine

was used as a surrogate of the active lysine residue (Figure ). The SB corresponding to FR1V can
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be synthesized by excess addition of n-butylamine in a protic solvent like ethanol. The resulting
FR1V-SB exhibits hypsochromic shifts in both absorption and emission compared to FR1V due
to decreased electron withdrawing ability. In contrast, the absorption and emission maximum
dramatically red-shifted upon protonation of the amine. In fact, the PSB is even more
bathochromically shifted than the free aldehyde. As shown in Figure 30, the aldehyde, SB and
PSB emits at maximum of 630, 510 and 709 nm, respectively. This sets the background for NIR

fluorescence imaging by forming the PSB between hCRBPII and FR1V.
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Figure 31. a) Synthesis of SB and PSB from FR1V using n-butylamine. b) Absorption and
emission spectrum of FR1V aldehyde, SB and PSB in ethanol.

111.1.2 NIR emitting hCRBPII/FR1V fluorescent tag

As seen from the solution study, the emission spectra of SB and PSB are distinct. Thus,

with the selection of a proper dichroic mirror in the microscope, SB can appear as fluorescence
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OFF and PSB can appear as ON. Based on this idea, a suitable hCRBPII/FR1V complex was

selected by site directed mutagenesis of the residues in the binding cavity of the protein. Previous
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Figure 32. Absorption and emission spectra of the two photoswitching states of psHex/FR1V
complex. OFF state: the colorless thermal equilibrated state after binding. ON state: the blue-
colored state after UV irradiation. The equilibrium illustrates the reversible switching under
different conditions.

experience of working with hCRBPII has shown the Q108K and K40L mutations are key for the
formation of SB/PSB, with Lys108 as the anchor for covalent linkage. In addition to that, T51V,
T53S/C, Y19W were seen to be critical for the photoswitching event of the complex. psHex
(Q108K:K40L:T51V:T53S:Y19W:R58Y) is one such representative hCRBPII mutant which
binds with FR1V to form two photoswitchable optical states- OFF (Aabsem = 378/445 nm) and ON
state (Aabsem = 600/685 nm) (Figure ). Similar to hCRABPII/retinal, a 5-second UV irradiation
(using a ~ 365 nm handset or a Xenon lamp equipped with BP 300-400 nm band filter) can switch
the thermal OFF state to a kinetic ON state. On the other hand, ON-to-OFF switching can be
driven either by a thermal process (30 min at room temperature in dark) or a photochemical process

(10 min irradiation with yellow light, LP 500 nm). The two states can be interconverted repeatedly

by UV and yellow light irradiation with good fatigue resistance. This light-triggered OFF-to-ON
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switchability enables spatiotemporal control of activation for the NIR fluorescence of imaging of

the complex. In addition to psHex, the protein was further engineered to suppress the
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Figure 33. Absorption and emission spectra of the two photoswitching states of psNona/FR1V.
The thermally equilibrated OFF state does not display any residual PSB unlike psHex/FR1V. The

image is copied from reference. 2°

residual PSB in the resting state, as this could reduce the contrast between OFF and ON state

(Figure ). Incorporation of hydrophobic residues such as T29L, Q38L and Q128L serves this

purpose, without sacrificing red-shifted absorption and emission maxima (Figure ). Resulting

mutant psNona (psHex- T29L:Q38L:Q128L) binds with FR1V with negligible PSB in the OFF

state. In addition, psNona/FR1V displays 6-fold increase in the in vitro ON to OFF switching

(Table ). As photoswitching event to form PSB only happens inside the engineered protein, non-

specifically bound fluorophore does not interfere with the image. This led to background free no

wash cell imaging in the NIR.

Table 5. Optical properties of h\CRBPII/FR1V variants

OFF state ON state
Mutant Aabs Aem  Aabs  Aem ON/OFF time
psHex Q108K:K40L: T51V:T53S: 378 445 600 686 7.4
Y19W:R58Y
psNona psHex: R58W:T29L: Q38L:Q128L. 382 440 604 684 1.2
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111.1.3 Structural study to understand the photoswitching mechanism (at pH 7.2)

The success of hCRBPII/FR1V as a synthetic photoswitchable protein inspired us to study
the underlying mechanism in more detail. Note that for h\CRBPII/FR1V, no structural evidence of
the two optical states was achieved and a pathway like hCRABPII/retinal is proposed. This resulted
from the numerous unfruitful attempts to crystalize psHex/FRIV and psNona/FR1V.?® Hence, we
searched for alternative hCRBPII variants which were readily crystallizable, giving well-ordered
density for the fluorophore and exhibit photoswitching behavior in both solution and crystal. This
would not only elucidate the switching pathway but may further help to improve the optical
properties of photoswitchable states. Based on our experience on crystalizing several hCRBPII
variants, we found the Q128L mutation (in psNona) to be problematic for both protein stability
and crystallization. Additionally, Y19W was usually helpful in both crystallization and in
stabilizing the conformation of the chromophore in the binding pocket. Further, we obtained a
large number of high-resolution structures containing the T53C, Q38L and Q4A mutations. These
observations led us to the M1 variant
(Q108K:K40L:T51V:T53C:Y19W:T29L:R58Y:Q38L:Q4A), which we successfully studied both
in solution and in the crystalline state upon complexation with FR1V. As shown in Figure , UV-
vis spectra taken over a period of twelve hours after addition of FRIV to M1 show conversion of
the free aldehyde (absorbing at 440 nm) to the SB (absorbing at 380 nm), indicating binding of the
aldehyde to form a SB, with no evidence of PSB formation. Note that, in addition to a slower
binding rate compared to psHex/psNona, the complex does not show any evidence of PSB
formation during the initial binding. Irradiation of the resulting complex with UV light (BP300-
400 nm) light results in a reduction of the SB absorbance with a concomitant increase in

absorbance at 598 nm, consistent with absorbance of a protein bound PSB (Figure ). However,
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substantial SB absorption remains, even after irradiation for 2 full minutes, indicating either

incomplete photoswitching or a PSB with a pKa too low to be completely protonated at pH
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Figure 34. a) Time course of binding of M1 (20 uM) and FR1V (10 uM) in PBS buffer (pH 7.2)
over time, incubated at 25 °C. b) X-Ray crystal structure of M1/FR1V at pH 7.2 depicting the
trans-imine, pointing towards hydrophobic residues.

of 7.2. Efforts to measure the pKa of this SB were thwarted by the relatively rapid thermal loss of
the PSB. Nonetheless, the data supports a photoswitching mechanism involving the conversion of
the SB from a lower to higher pKa environment, analogous to that seen for psHex and psNona.?®
In collaboration with Ms. Courtney R. Bringham from Professor James H. Geiger’s lab, we were
successful to crystalize the mutant and study the crystal at pH 7.2. The colorless crystal of
M1/FR1V shows a trans-SB isomer of the bound FR1V analogous to the thermodynamically
stable retinal complex with hCRABPII. The imine in this isomer is surrounded by hydrophobic
residues (K40L, L115, 142, Q4A) that lead to a suppressed pKa, resulting in the formation of SB
at physiological pH. With this structure in hand, efforts were made to photoirradiate the crystals
with UV and subsequently freeze under liquid N2 for further study using X-ray diffraction. As
shown in Figure a, the UV-irradiated structure reveals a cis geometry with the imine projecting
towards Trp106. The measured distance between the imine nitrogen atom and tryptophan is 3.5 A,
indicating a m-cation interaction. The biggest difference between the two structures before and

after the UV irradiation is the movement of the chromophore as shown in Figure b. Note that for
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hCRABPII/retinal, despite the change in the trajectory of R111K, no such chromophore movement
was observed (Figure b). This large conformational change of chromophore can contribute to the

incomplete photoswitching of M1/FR1V.
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Figure 35. a) UV irradiation (BP300-400 nm) of M1/FR1V-SB results in the formation to PSB at
pH 7.2; the conversion was incomplete even after irradiation of 2 mins b) X-Ray crystal structure
UV-irradiated crystal, depicting a cis geometry of the imine, weekly stabilized by Trp106. c) the
overlayed crystal structure before and after UV irradiation displays the isomerization process along
with the flipping of the chromophore inside the hCRBPII binding pocket.

I11.2 Discovery of a new optical state of M1/FR1V at pH 2.8 (PS3%)

Structural analysis of M1/FR1V crystal shows a trans-SB is formed inside hydrophobic
pocket of the protein. Next, we titrated this species in an effort to measure its pKa but were met
with a surprise in this experiment. Instead of the complete conversion of SB to a red-shifted PSB,
absorbing at 598 nm, we instead witnessed the loss of the SB correlated with an increase in a blue-
shifted absorbance at 325 and 345 nm (Figure ). This state is labelled as PS%?*for further discussion
because of its maximum absorbance at 325 nm. This large blue shift of absorption is suggesting
the loss of conjugation in the chromophore, possibly due to protonation of the electron donating
amine unit. To understand this phenomenon, a parallel study with FR1V in organic solvent was
performed where the compound was acidified to protonate the amine. As shown in Figure , the

free aldehyde FR1V absorbs at 420 nm. Upon acidification the absorption is blue shifted by 95
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nm presumably as a result of protonation of the amine, with maximum of absorption at 320 nm.
The similarity of absorption of PS®% and protonated FR1V indicate the generation of an
ammonium inside the protein.

a) 05,325

b)
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Figure 36. Titration of M1/FR1V-SB with gradual addition of acid leads to the formation of blue-
shifted species PS®% without the formation of PSB. b) the X-Ray crystal structure of M1/FR1V at
pH 3.0 indicates formation of an ammonium ion, stabilized by the hydrogen bonded network of
three nearby water molecules.

The acidification data of M1/FR1V is surprising as the pKa of PSB is expected to be higher
than that of an ammonium, where the values for these groups in solution are typically around 8
and 5, respectively. To verify, FR1V-SB was acidified gradually in ethanol (Figure ). As
expected, it first leads to protonation of the imine, followed by the protonation of amine, evident
from the absorption spectra. The absorption maximum of the protonated FR1V is approximately
50 nm blue-shifted as compared to that of the doubly protonated FR1V-SB. Although protonation
of the amine leads to a hypsochromic shift in both compounds, the effect is less in case of FR1V-
PSB due to presence of a stronger electron withdrawing group on the other end.

To understand the anomalous protonation of the fluorophore inside protein in comparison to

the organic solvent, M1/FR1V was crystalized at pH 3.0. As expected, the crystals were colorless.

The X-Ray diffraction data shows evidence for the ammonium that is embedded in a hydrophilic
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cavity and hydrogen bonded with a Ser55 through a network of water molecules (Figure ). The

protonation is also possibly facilitated by the presence of a nearby hydrophilic tyrosine residue.
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Figure 37. Monitoring the protonation of a) FR1V and b) FR1V-SB (with n-butylamine) by
absorption spectra. The protonation was performed by gradual acidification of the respective
compound in ethanol by addition of 1M camphor sulfonic acid (CSA).

Note that, no such evidence of protonation is observed when the M1/FR1V is crystalized at pH of

7.2. On the other hand, the SB as a trans isomer is surrounded by hydrophobic residues that does

not favor protonation even at a lower pH. In addition to that, formation of ammonium and

consequent strong electron withdrawing effect further disfavors the protonation of the imine.

I11.2.1 Discovery of a new photoswitching pathway at pH 2.8

We next explored potential photoswitching of the system at lower pH. As shown in Figure

a, irradiation of PS3?> with UV light (BP 300-400 nm) results in a reduction of the 325 and 345
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nm absorptions correlated with the appearance of an absorbance at 590 nm, consistent with the
absorbance the FR1V-PSB. This seems to indicate a process where UV light irradiation propels a
change in the pKa of the diethylamine moiety, resulting in the loss of the proton. This solution
result is supported by the aqua color of the photoirradiated crystals, consistent with PSB formation.
The X-ray diffraction data of PS3? displays no movement of the chromophore or isomerization
with the photoirradiation of the crystal. However, three critical water molecules, responsible for
the hydrogen bonding with the ammonium ion disappeared. This further supports the loss of proton
and consequent color change of the crystal during the photoirradiation. Despite the lack of
movement of the chromophore, overlayed crystal before and after UV irradiation shows Leu38 has
rotated away from the amine, possibly altering the environment. Additionally, a slight
conformational change of R58Y was observed. The mechanism of this side chain movement is
unclear, but one possibility is that the photoinduced motion of the chromophore induces the
conformational change of the side chain. Upon absorption of photon, the excited chromophore can
experience higher vibrational actively which increases the motion of the bonds. This increased
movement can impact nearby amino acid residues, which can respond by rearrangement to a state
that would allow the chromophore to escape the excitation by continuous irradiation. Presence of
an aromatic amino acid residue, capable of absorbing the photon in the range (BP300-400), can
potentially participate in the process, as well.

It is important to point out that the motion is only for the side chain, not the main chain.
Nonetheless, the mechanism of photoactivation at pH 3.0 is distinct from the one at pH 7.2 despite
the fact that both processes lead to FR1V-PSB as the end product. As the proton loss happens upon
UV exposure, the ammonium ion can be considered as a photoacid. Similarly, the imine acts as a

photobase as it is protonated upon exposure to light. A fluorophore that is bound with hCRBPII
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and can participate as a photoacid and a photobase simultaneously was previously observed from

the study our group with another fluorophore. This phenomenon is referred as double excited state
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Figure 38. a) Photoirradiation of the PS325 with UV (BP300-400 nm, 20s) leads to the formation
of PSB with absorption maximum at 590 nm. b) Structure of the UV-irradiated crystal does not
display a hydrogen bonded network of water molecules, indicating loss of the proton from the
ammonium ion. c¢) Overlayed crystal structure shows minimal change in the conformation of the
chromophore before and after irradiation. However, residues such as Q38L and R58Y display
conformational change.

proton transfer (double-ESPT). In M1/FR1V this results in a large change in the absorption spectra
(>250 nm), hence it can be called as a photoactivable system. Several proteins (e.g. PAGFP,
PAmcherryl, CFP, Dendra2, EosFP) and organic dyes (e.g., rhodamine, DMNB, DCDHF) are
reported to exhibit photoactivation and are used for super- resolution imaging protocols such as
STORM, STED and PALM.%3931 Through a double ESPT, M1/FR1V represents a mechanically

distinct photoactivable system.
111.2.2 Photoswitchability with both R58W and R58F

M1/FR1V complex provided proof-of-principle that through engineering the protein
cavity, the pKa of the chromophore can be influenced, resulting in a protonation state that is not

obtainable with free chromophore in organic solvents. Next, we explored the role of the side chain
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on the photoswitching of the chromophore at pH 3. We hypothesized, Tyr58 being close to the
chromophore, can influence the pKa of the ammonium. Hence, two mutants were prepared with
other aromatic side chains. We have previously observed spectral property of the protein-bound
chromophore can be greatly impacted by changes to Arg58 as it resides at the opening of the
protein cavity. Large aromatic residues such as tryptophan can isolate the protein interior from the
outside medium and influence the polarity of the protein cavity. As an example, absorption of
hCRBPII/retinal was seen to red shift by 50 nm with incorporation of R58W.32 We hypothesized

a similar spectral shift can also be obtained with hCRBPII/FR1V.
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Figure 39. a) Time course study of the binding of M2 (20 uM) with FR1V (10 uM), displaying
the complex formation within 12h. b) Titration of M2/FR1V-SB also results in the formation of
PS3% similar to M1/FR1V with blue-shifted absorption. ¢) X-ray crystal structure of the
M2/FR1V at pH 3.0 display formation of ammonium which is stabilized by the nearby aromatic
residue Trp58 through a cation-r interaction.

Mutant M2 (Q108K:K40L: T51V:T53C: Y19W:T29L: R58W:Q38L:Q4A) with Trp58
binds with FR1V within 12 h, forming SB with absorption maximum at 380 nm (Figure ). Similar
to M1/FR1V, titration of the complex does not result in the formation of PSB, rather forms the

PS325 which fully forms at pH 2.7. This shows that the Trp58 is equally effective towards selective

protonation of amine. Photoirradiation of the solution leads to the formation of PSB with
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absorption maximum at 630 nm. Note that the absorption maximum of M2/FR1V-PSB is 40 nm
red-shifted than M1/FR1V-PSB, displaying the role of Trp58 protein environments.

With a red-shifted PSB, the photoirradiation results in a change of the absorption by 305
nm (Figure a). Further, M2/FR1V-PSB emits in NIR region of spectrum with emission maximum
at 700 nm. Fluorescence spectra of M2/FR1V, before and after UV irradiation show a change in
emission by 240 nm consistent with the switch in absorption, demonstrating the protein complex

to be a photoswitchable fluorescent protein at pH 3.0 (Figure b).
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Figure 40. a) Photoirradiation of M2/FR1V-PS3% results in the formation of PSB similar to
M1/FR1V. However, the PSB is red shifted compared to M1/FR1V, with maximum of absorption
at 630 nm. b) Fluorescence spectra of PS®% and PSB, displaying the mega-shift of emission
corresponding to the absorption spectra. The PSB emits at NIR region with maximum at 700 nm.

Overlay of M2/FR1V pre- and post-UV irradiated structures show a similar conformation
of the chromophore, but with a conformational movement of Trp58 sidechain (Figure a). In both
cases the chromophore is bound with the protein through a trans imine. The most significant
difference is in the position of the tryptophan ring close to the diethylamine moiety of ligand, well
positioned to make a cation-mr interaction (consistent with an ammonium ion). In contrast, in the
UV irradiated structure, the tryptophan ring is flipped away from the diethylamine, which breaks
the cation-m interaction. This conformational change of Trp58 possibly involves coupling with the

vibrational states of chromophore, brought on by photon absorption. The conclusion we draw from
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these observations are that the cation-m interaction, fostered by the “flipped in” conformation of
Trp58, leads to the UV absorbing PSS, UV light irradiation results in the “flipped out”
conformation, which disfavor the ammonium ion and produces the visible light absorbing PSB.

Unlike M1/FR1V, no water molecules capable of hydrogen bonding with the positively charged
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Figure 41. a) X-Ray of crystal structure of M2/FR1V at pH 3.0 after UV irradiation. The
chromophore shows no conformational change and remain connected with the protein through a
trans-imine bond. 6b) Overlayed crystal structure of M2/FR1V before and after UV highlights the
movement of Trp58 side chain.

' Q108K

chromophore was observed. Further, photoswitching was observed with phenylalanine (R58F) in
place of tryptophan. As shown in Figure , the observed M3 (Q108K:K40L:
T51V:T53C:Y19W:T29L:R58F:Q38L:Q4A) can similarly bind with FR1V to form M3/FR1V-
SB, which on acidification results in PS3%, In contrast to M1 and M2, M3/FR1V forms a
significant amount of PSB upon acidification. Nonetheless, UV excitation of PS3?° results in the
formation of more PSB, albeit with slight redshift. To this end, we were interested to see if

photoswitching of PS3? to PSB at pH 3.0 is possible with a non-aromatic amino acid at position
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58. Hence, M4 (Q108K:K40L: T51V:T53C:Y19W:T29L:R58A:Q38L:Q4A) with R58A mutation

was studied with FR1V. As shown in Figure , acidification of M4/FR1V-SB similarly

0.4-325 0.5
2) g5 b) 380 0
325
0.4 0.3
-~ El El
> 0.3] . 8
8 W 0.2 2 0.25
2 g <
< 0.2] 610
\ 0.1
0.1
N 0 T T T T 1 0 T T T T 1
0 : ——— i 300 400 500 600 700 800 300 400 500 600 700 800
300 400 500 600 700 800 Wavelength (nm) Wavelength (nm)

Wavelength (nm)

Figure 42. a) Time course study of the binding of M3 (20 uM) with FR1V (10 uM), displaying
the complex formation within 12h. b) Titration of M3/FR1V-SB also results in the formation of
PS325 similar to M1-M2/FR1V with blue-shifted absorption. ¢) Photoirradiation of M3/FR1V-
PS325 results in the formation of PSB.

shows formation of PS®% upon acidification to pH 3. However, unlike M1-M3, even with
prolonged exposure to UV, the visible light absorbing PSB is not formed. This is interesting as it

shows despite formation of PS32° with both aromatic and non-aromatic residues, the
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Figure 43. a) Time course study of the binding of M4 (20 uM) with FR1V (10 uM), displaying
the complex formation within 12h. b) Titration of M4/FR1V-SB also results in the formation of
PS325 similar to M1-M3/FR1V with blue-shifted absorption. ¢) Photoirradiation of solution does
not result in the formation of any PSB unlike M1-M3.
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photoswitching occurs only with the former. This supports our previous hypothesis that the
photoinduced movement of the chromophore is associated with the motion of UV absorbing
aromatic residues like tyrosine, tryptophan and phenyl alanine. This overall movement results in
decreased stability of the ammonium compared to the unirradiated structure and loss of the proton
to from the amine. The conformational movement of tyrosine and tryptophan residue in M1/FR1V
and M2/FR1V supports this idea. It is of note, residues around the imine bond were kept same in
all the hCRBPII mutants. This finely tuned hydrophobic environment only supports the
protonation of the imine upon deprotonation of the ammonium with the UV irradiation.
111.2.3 Photoswitchable property of M2/FR1V

M2/FR1V, exhibiting the most red-shifted PSB of the series, was further studied to see if
the photoactivable behavior at pH 3.0 is reversible. For this purpose, PS%?° was irradiated with UV

for 30 sec and the absorption was monitored over time. The absorption of the PSB drops in the
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Figure 44. Decay of the M2/FR1V-PSB after initial UV irradiation at a) pH 7.2 and b) pH 2.7.
The half-life (t12), measured from fitting the decay curve is 22.6 and 1.9 min respectively. The
variation in the ti2 also indicates difference the pathway of decay. c¢) Sequential UV irradiation
change PS3% to PSB several times but with significant photobleaching.

dark within 10 min with a half-life of (ti2) of 1.9 min at room temperature. It is important to note

that, PSB formed at pH 7.2 decays at a slower rate with (t12) of 22.6 min. Although the end product

is same at both pHs, the noticeably altered ti2 value at pH 2.7 potentially indicates a different
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pathway of switching, correlating with previous data in solution and crystal. Nonetheless,
photoswitching between the PS3?° and PSB can be repeatedly performed with UV (BP 300-400
nm, 20 s) and dark (5 min). This result is interesting as it depicts the conformational change of
Trp58 can be reversible. However, a rapid photodegradation of PS3?° was observed with repeated
UV irradiation. This likely results from the photobleaching of both the chromophore and the
tryptophan residue. Nonetheless, with a large shift of the spectrum and unique pathway of
photoswitching, M2/FR1V sets the stage for further study.
111.3 Conclusions and outlook

Herein we have described a system that exhibits two distinct photoswitching processes, one
at neutral pH and one at acidic pH. We were able to elucidate the two distinct mechanisms involved
in these processes by irradiating single crystals and observing, at atomic resolution, the
photoswitching process. The neutral pH switch involves imine cis- to trans- isomerization, where
the SB switches from a cation-m tryptophan interaction to an almost exclusively hydrophobic
environment, similar to that seen in the rhodopsin family members and in our own rhodopsin
mimics?6:3%-35, In contrast, the low pH photoswitch mechanism does not involve a
photoisomerization, conformational or even orientational change of the protein-imbedded
chromophore. Instead, photoswitching is caused by interaction of the aromatic residue with the
protonated diethylamine on the opposite end of the chromophore. Photoswitching is therefore
caused exclusively by motions in the surrounding protein environment, not in the chromophore or
fluorophore itself. This creates the opportunity to reimagine the design of photoswitchable systems
that do not require any photoreaction by the fluorophore but can be designed purely by
manipulation of the protein structure. Further, this shows how a photoactive system can be used to

probe dynamic changes in a protein electrostatic environment, leading to large dynamic changes
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in the pKa of groups imbedded in the protein environment. Indeed, it has been appreciated that

protein environments are responsible for massive changes in the pKa of important reactive

moieties; we now see how relatively subtle changes in structure can make these large changes

dynamic, possibly driving chemical reactivity inside protein binding cavities.

111.4 Experimental Section

111.4.1 Site-directed mutagenesis

All site directed mutagenesis were performed in the pET-17b vector containing hCRBPII-

Q108K:K40L:T53A:R58L:Q38F:Q4F cloned between Ndel and Xhol.% Site directed mutagenesis

was performed using polymerase chain reaction (PCR), with the following program (Table 6):

Table 6. PCR cycling conditions for site-directed mutagenesis

PCR Program Time (min)
1X 94 °C 3:00

94 °C 0:20
20X 3105 °C below Tm 0:55

72 °C 3:30
1X 72 °C 10:00
1X 4°C 5:00
Reactant Volume
DNA template 70 ng (X pL)

Forward primer
Reverse Primer
10 mM dNTP
50 mM MgCl:
DMSO

10X Cloned Pfu Reaction buffer

Pfu  Turbo
(2.5U/uL)

DNA

Nuclease free water

polymerase

20 pmol (y L)
20 pmol (z pL)
1uL
1puL
5L
S5 pL
1puL

(50-x-y-z-7) uL

The primers used for the site directed mutagenesis were purchased from Integrated DNA

Technology (IDT), with melting temperature (Tm) from 55 °C to 65 °C. The crude PCR product
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was digested with 20 units of Dpnl enzyme (New England Biolabs) for 1h at 37 °C. The digested
product was then transformed into E. coli XL-1 Blue competent cells (Agilent) for 30 min on ice
and then coated on LB-Amp/Tet agar plate. After incubation at 37 °C for 16 h, a single colony was
cultured in LB media with antibiotics (100 pg/mL ampicillin and 12.5 pg/mL tetracycline) for 12
h. DNA purification was performed using Wizard Plus SV miniprep DNA purification system
(Promega). The concentration of the isolated DNA was measured using Nanodrop® and sequenced
at the Research Technology Support Facility at Michigan State University using a primer
corresponding to the T7 promoter of the pET-17b plasmid.
M2 was used as template DNA for all mutation studies and the primers used where mutations are
shown in bold.
R58A forward: 5’-CTAGCACATTCGCGAACTATGATGTG-3,
R58A reverse: 5’-CACATCATAGTTCGCGAATGTGCTAG-3,
R58F forward: 5’-CTAGCACATTCTTCAACTATGATGTG-3,
R58F reverse: 5’-CACATCATAGTTGAAGAATGTGCTAG-3,
R58Y forward: 5’-CTAGCACATTCTACAACTATGATGAG-3’,
R58Y reverse: 5’-CTCATCATAGTTGTAGAATGTGCTAG-3".
111.4.2 Protein expression and purification

hCRBPIl mutants in pET-17b vector were expressed in E. Coli BL21(DE3)pLyS
competent cells (Promega). The target gene (100 ng of DNA for 50 pL of cell solution) was added
to the cells on ice for 30 min and spread over LB-Amp/Chl agar plate. The plate was incubated at
37 °C for approximately 12 h and a single colony was picked to grow in a 1 L terrific broth (TB)
media supplemented with antibiotics (100 pg/mL ampicillin and 27 pg/mL chloramphenicol). The

cells were cultured for 8-10 h at 37 °C until the optical density (OD) reached approximately 1.
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Subsequently, isopropyl- s-D-thiogalactopyranoside (IPTG, Gold Biotechnology) was added to
the culture at a final concentration of 1.0 mM and shaken at 37 °C for additional 16-20 h. The cells
were then harvested by centrifugation (3000 rpm, 15 min, 4 °C), resuspended in Tris buffer (10
mM Tris, pH 7.8-8, 50 mL), lysed with ultrasonic homogenizer (Biologics, Inc, power 60%, 3
min), added with 500U of DNase | (recombinant, Roche Diagnostics) and kept at RT for 10 min.
The solution was then centrifuged (3000 rpm, 40 min, 4 °C) to separate the pellet. The supernatant
was loaded onto a FastQ anion exchange column (resin from GE Healthcare), equilibrated with
Tris buffer (10 mM Tris, pH 7.8-8). The resin was subsequently washed with Tris buffer (2X50
mL) and eluted with Tris-elution buffer (10 mM Tris, 200 mM NaCl, pH 7.8-8.0, 50 mL). The
eluent was desalted using Amicon® Ultra-15 Centrifugal Filter Units (MW cut-off: 10K), and
further purified with a FPLC (NGC chromatography system, Biorad), equipped with a Source 15Q
column (Q Sepharose Fast Flow, GE Healthcare) anion exchange resin using 50 mM Tris-HCI
(solution A) and 2 M NaCl (solution B) at pH 8.1. All protein samples were collected with 4% of
solution B and concentrated using Amicon Ultracentrifugation filter (MW cut-off: 10K) to a final
volume of 1 mL. The sample (1 mL) was then loaded to size exclusion chromatography (Superdex
120 16/600 GL column, GE Healthcare) for further purification using a buffer containing solution
A and 20% of solution B. Collected protein sample was concentrated (conc. 100-200 uM) and
stored at 4 °C for optical studies.
111.4.3 Determination of extinction coefficient of protein

UV-vis spectra were measured with a Cary 300 Bio WinUV, Varian spectrophotometer
using 1 cm, 1.0 mL quartz microcuvettes (Starna Cells). The extinction coefficients of the
hCRBPII mutants were measured following the method described by Gill and von Hippel.3” The

theoretical extinction coefficient (etheo) is calculated using following equation:
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ctheo= @ X eTrpt b X eTyr+ C X &cys
where a, b and c are the number of tryptophan, tyrosine, and cysteine residues in the protein,
respectively. ¢ used for tryptophan, tyrosine, and cysteine are 5690 M-tcm-t, 1280 M-'cm and 120
M-tcm, respectively. The absorbance of each protein was measured at 280 nm in 2XPBS and 6M
guanidine hydrochloride solution. The absorbance value was used to calculate the experimental ¢

using the following equation:

— Anative
Eexp = —2— X gtheo
Adenaturating

Table 7. The values of the extinction coefficients

Mutants Proteins gexp (M1cm™)
M1 Q108K:K40L: T51V:T53C: Y19W:T29L: R58Y:Q38L:Q4A 35,780
M2 Q108K:K40L:T51V:T53C:Y19W:T29L: R58W:Q38L:Q4A 36,220
M3 Q108K:K40L: T51V:T53C: Y19W:T29L: R58F:Q38L:Q4A 34,680
M4 Q108K:K40L: T51V:T53C: Y19W:T29L: R58A:Q38L:Q4A 34,500

111.4.4 UV/Vis study of M1-M4/FR1V:

hCRBPII mutant was incubated with FR1V in PBS buffer (pH 7.2) with final concentration
of protein 20 uM and 0.5 equivalent of chromophore. The binding was monitored using UV -vis
spectroscopy at 23 °C. The pH of the solution was verified each time after the addition of
components and spectra was recorded immediately after the addition of chromophore. For in vitro
photoconversion study, samples in PBS were illuminated with an Hg(Xe) Arc lamp (Oriel®
Instruments) attenuated with one neutral density filter (Edmund Optics Inc.) Illumination using
UV 300-400 nm bandpass filter leads to conversion of PS3?° protonated species to PSB within a

timescale of 20 s.
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111.4.5 Acidification of the complex and determination of pKa

The solution containing the hCRBPII mutant and FR1V was left to bind until the
chromophore is fully bound. SB and PSB peaks were assigned based on the wavelength of the
absorption. Next the solution was acidified from pH 7.3 to pH 2.7 by gradual addition of citric acid
(1 M). Absorption spectra of the solution was collected at different pHs and continued until the
absorption for SB completely disappears leading to the gradual formation of PS3?° or formation of
PSB followed by PS%25, Absorption maxima of the double protonated species was plotted as a

function of pH. The scatter plot was fitted to a sigmoidal curve to determine the pKa using equation

A= ‘o

=— 20 4
— oo, T constant

where Ao is the absorbance of the maximum PS3?® and the pKa is the mid-point of the titration. A

constant is included for the zero absorbance of the deprotonated PSB.
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Chapter 1V: Rational Design of Fluorene Dyes: Synthesis and Structure-

Photophysical Relationship

New fluorescent dyes are of high demand because of their application in several areas
including biomolecular labeling and as environmental indicators 1> Among them, many are donor-
acceptor (D-A) dyes, which can be identified by the presence of an electron-donating and electron-
withdrawing group (EDG and EWG) at two ends of the molecules, connected with a conjugated
backbone.®” Under photoexcitation, this system undergoes intramolecular charge transfer (ICT),
making them highly colored.2 Among different D-A dyes, environmentally sensitive dyes are of
special interest as they exhibit strong change in the dipole moment upon electronic excitation. As
the energy of the excited state can vary depending on the polarity of the medium, their emission
properties are largely dependent on the solvent used. Due to this sensitivity towards the polarity,
they are also referred as solvatochromic dyes.®!% Example of such dyes include dansyl derivatives,
Prodan, Anthradan, Dapoxyl, dimethylaminophthalimide (DMAP), NileRed, and fluorene based
dyes.!! Due to their sensitivity to the local environment, these dyes have found a number of
applications for monitoring protein and DNA interactions and probing biophysical properties of
biomembranes.*>1> A successful fluorescent probe for such applications should exhibit high
extinction coefficient and fluorescence quantum yield (QY). The product of these two determines
the absolute brightness, high value of which is the overarching goal for a fluorescent probe.
However, many of the dyes mentioned above are limited, often because of low fluorescence
quantum yield in polar solvents. Along the charge transfer coordinate, the larger momentum
change is usually correlated to a longer timescale that may allow for more non-radiative decay

pathways to occur and lead to lower QYs. Hence, rational molecular engineering of fluorophores,
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based on understanding the working mechanism is crucial to yield novel fluorophores with
superior brightness.
IVV.1 Current approaches to minimize the non-radiating decay pathways

In recent years, a great deal of effort has led to the development of more effective
fluorophores with improved fluorescence QY for application in biological research and
photocatalysis.'® Previous studies have indicated that the mechanism that governs non-radiative
decay and affects the QY of dyes include formation of twisted intramolecular charge transfer
(TICT) state, internal conversion to lower energy non-emissive exited state, aggregation,

intermolecular hydrogen bonding, and heat loss to the solvent upon intramolecular charge

D-A dyes
S, ; +
R v R o |ntra’Tc_>.Ig~c_l.J-I~a‘1r rotation
,N@EWG - e N:@;EWG
R = ICT state
nitrogen TICT state

acceptor charge transfer state

donor
geometry

relaxation

absorption
emission

Figure 45. a) Formation of charge transfer state in donor (D) acceptor (A) dyes b) intramolecular
rotation of the single bond can form a lower energy twisted intramolecular charge transfer state
(TICT). Formation of such TICT can result rapid non-radiative decay. Image is copied from
referencel’

transfer.'820 Assuming, the donor and acceptor moieties are in the same plane in the ground state,
excitation could result in an intramolecular charge transfer from the donor to acceptor. Subsequent
relaxation in the excited state is achieved by rotation around the single bond connecting the donor
and acceptor, yielding a perpendicular conformation, known as TICT state (Figure ). Previous
studies indicated presence of TICT state in the Rhodamine dyes can significantly increase the non-

radiative decay, causing the decrease in QY.?%?? It is also suggested the reactivity of the TICT state

is significantly high, increasing photodegradability.'® A strongly polar medium like water can
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stabilize the charge separated TICT state. Dyes often have higher propensity to form the TICT

state in aqueous solution, thereby resulting in moderate to low QY. Hence, a significant effort was

Lavis (2015)
Foley (2008) X = 0, CMe, and SiMe, Xu (2016)

Xiao (2019) Guo (2020)
R=H, Me X = 0, CMe, and SiMe, and POPh

O = electron withdrawing group

Figure 46. a) Strategies to inhibit the formation of TICT state b) gas phase calculation of ionization
potential (IP) of different donor groups. Values in Figure b is adapted from ref .23

focused on modifications of the structure of existing dyes to reduce the possibility of TICT state.

Table highlights some of the structural engineering of well-known rhodamine, fluorescein and
coumarin based fluorescent dyes. One of the early methods to inhibit TICT includes rigidification
of the dialkylamino donor by forming a ring structure .>* As shown in

Table , compound 1b with cyclic amine donor displays an enhanced QY compared to linear
counterpart la. the More recently, Foley et al. demonstrates incorporation of 7-
azabicyclo[2.2.1]heptane enhances the QY of rhodamine based compounds (Figure ).
Alternatively Lavis and co-workers showed replacement of N,N-dimethylamino substituent with
an azetidine ring is effective in suppressing the TICT (Figure and Table 8, entry 1c-1k).% Later,
Xu and co-workers disclosed similar effect can also be achieved with substitution of aziridine.?® It
was further realized that the basic principle to prevent the formation of TICT state is improving
the ionization potential IP) of the amino auxochrome. With a geometrically constrained azacyclic

substituents (e.g. 7- azabicyclo[2.2.1]heptane, azetidine, and aziridine), rise in the IP results from
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the increase in the s- character of the nitrogen lone pair.?® Using this principle, a number of recent
studies were focused

Table 8. Reported structural modification of dyes and comparison of QY with parent compounds
in ethanol and water.

-1 R
Entry  Structure Solvents ?r?:;) ?r’:% f)(M LI
asoop
1a24 7 . EtOH 543 563 111,000 0.70
1b EtOH 568 590 95,000  0.98
RN (o} o \
N
Lo 99® RZN-C ; Lo S8 56 a0 a2
CO,H
1d O RN =Ny 519 546 59,000 0.85
R,N o NHR, \
® N
le O / Roll= T 606 626 121,000 0.52
1f o, RN—E\N H20
O MN= 0 608 631 99,000 0.67
_ RN o ORZN”"L; 372 470 18,000 0.19
1)
1k _ E\ H20
CHy  RaN= Ny 354 467 15,000  0.96
N
o RoN= N 548 571 78,000  0.47
1g27 RoN O (0] ‘ NHR, H_\’\?
1h N2 =k, HO 524 552 87,000 0.93
1li O CO. N\®
= 526 557 87,000 0.92
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(on improving the QY of existing dyes. Xiao and co-workers have shown that replacing the
dimehtylamino group with a quaternary piperazine moiety is effective in enhancing the brightness
(Figure 46 and Table 8, entry 1g-1i).2” A positively charged quaternary ammonium ion reduces

the electron withdrawing ability of the amino group inductively (-1 effect) and thereby

C-N bond solvent
twisted rotation reorientation
intramolecular external
EC inhibition by solvent shielding charge transf/\ — ’\convmion
* M : EQ)

\ hv \ o 2 Alr

) N@EWG —>/0 ® N:@:EWG @ non-radiative g non-radiative
>—/ >—/ 5 decay S g decay

R > S

R
R = NMe,, OMe, SME |
Zhang (2020) /\/\

Figure 47. a) Possible shielding effect of a s-carbonyl on the an:;ne group can reduce the solvent
induced quenching. b) presence of solvent induced quenching pathway, also known as external
conversion (EC).
destabilize the TICT state and increase the energy barrier to enter such a state. This idea is further
extended by incorporating a strong electron withdrawing sulfone functionality to improve the IP
values of amino auxochromes. Figure shows a comparison of the IP values for different amine
donors calculated in gas phase. As can be seen, similar to sulfone; a phosphine group is also
effective in reducing TICT. It is of note, IP values for both sulfone and phosphine are not only
higher than their open chain diethylamine analogue but also the aziridine donor, previously seen
to be effective in increasing the QY. Consistent with the enhancement in QY, the fluorescence
lifetime (t) of these derivatives also showed a similar increasing trend.? It is important to mention
most of these studies are limited to rhodamine, carbo-rhodamine, silicon-rhodamine coumarin
derivatives.

Despite significant progress in studying TICT, its presence is poorly understood in case of

solvatochromic dyes. Such dyes are highly fluorescent in non-polar mediums, but the florescence

QY drastically reduces in protic solvent such as ethanol.?® Even more dramatically, QY is
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practically negligible in agueous medium for most dyes. However, there are only a few studies
aiming to improve the QY of these dyes. In fact, current literature provides conflicting evidence
about the existence of TICT state in solvatochromic dyes. For example, Abelt’s group studied
several different rigidified versions of a prodan dye and compared its optical properties with the
open chain analogue. Although the derivatives hold the solvatochromic features of the parent

Table 9. Effect of the structural modification to suppress the solvent induced quenching

Aabs  Aemi € M

Entry Structure Solvents (hm)  (nm) rom-Y) ()
0g?® OO /,L\; EtOH 367 449 20,880 0.84
b B H20 372 467 16,380 0.21
Lo 3 EtOH 363 440 12,680 0.95
TN H20 367 455 11,970 0.98

\

¢ N EtOH 360 491 17,920 0.71
o " o 356 526 5190 025
I EtOH 356 485 15,400 0.82
N H0 360 514 14,390 0.76

prodan, none show any improvement in the fluorescence QY.?° Hence, a planar ICT state is
proposed as the excited state. However, theoretical, and experimental study by Liu et. al. proposed
a possibility of TICT state and an enhanced QY is shown for azetidinyl, and pyrrolidine substituted
prodan compound.®® Nonetheless, it is important to mention excited state phenomena such as
fluorescence is affected not only by the structure of the molecules, but also the surrounding
medium. Thus, consideration of one factor like rotation of single bonds and hence formation TICT
state is often not enough to describe the fluorescence properties.

As discussed earlier, interaction with solvents can also induce non-radiative pathways,
known as external conversion (EC) (Figure ).?® Additionally, an intermolecular hydrogen bond

interaction in protic solvents can lead to rapid non-radiative decay. We previously discussed a
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possible role of the positively charged methyl-piperazine unit has on suppressing the TICT. In
addition to that, such functionality is also believed to reduce non-radiative decays by hydrogen
bonding. Xin et al. reports installation of a polar functional group at the g-position relative to the
nitrogen donor is effective in shielding the amino auxochrome from solvent interactions, and
thereby attenuates the influence of solvent dependent quenching pathways (Table 9).28 It is also
proposed that the carbonyl functionality can inhibit the formation of TICT by increasing the
rotational barrier of the donating group. Example of fluorophores that were studied includes
coumarin and prodan derivatives. It was also observed that fg-esters and thioesters are more
effective in increasing the brightness than amides.

Table 10. Reported fluorene-based dyes with their optical properties in protic mediums.

Anbs Aemi e M
(nm)  (nm) lem?)

0.33
3a! */4 EtOH 395 554 43,000
( O MeOH 396 570 - 0.19

FRO

3b 0.0 o EtOH 383 536 ] 0.47

Entry  Structure Solvents (0

¢ MeOH 384 555 0.35
3c% fne M EtOH 388 562 35500 g
22' Pl Q'O RZNfN\; EtOH 380 572 36,000 .,
A== EtOH 342 522 24000 oo
RzNz/hf H20 386 624 35500 .,
3f
H20 377 621 36,000
3 RoN :E\N\ , 005
3% 0.0 RN =0
an =, H2O 345 555 24000 4
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V.2 Structural modification of fluorene dyes to improve QY

In the previous section, different strategies to improve the QY of fluorescent dyes were
discussed. These studies sparsely describe solvatochromic dyes despite their importance as
environmentally sensitive probes. Fluorene based dyes are analogous to the well-known prodan
derivatives but with remarkable improvement of optical properties including red-shifted emission,
enhanced brightness and photostability.3* As first reported in 2009, fluorene dyes undergo a large
change in the diploe moment from ground to excited state, making them sensitive towards solvent
polarity.®! Despite their large Stoke’s shift, these dyes display negligible fluorescence QY in protic
solvents (Table 10). Shaya et. al developed a series of fluorene-based dyes with different
heterocyclic amines as the donor unit including the aziridine and azetidine (Table 10, entry 3c-
3h).32 However, the QY of these derivatives remain insignificant in aqueous medium, similar to
the dimethylamine donor. We wondered if other strategies such a rigidification of the structure or
introduction of a negative inductive group is effective in improving the QY. In addition, such
studies may also help to understand the nature of the dye’s excited state.

To examine the effect of rigidification of structure on the optical properties of fluorene
dyes, we designed and synthesized six fluorene derivatives 4-9 (Figure ). As previously observed,

a dialkylamine is effective as a strong EDG and to maintain good solubility of the

oot qvassi
Ot Bt ot

7

Figure 48. Structures of fluorene derivatives 4 -9.
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compound in organic solvents. A ketone functional moiety is introduced as a uniform EWG. In
compound 5, the rotation of the diethylamine group is prevented by locking it in a cyclic structure.
On the other hand, conformation of the carbonyl group is restricted in compound 6. We surmised
comparing the optical properties of 4-6 will be useful in understanding the effect of the
rigidification on structure. Additionally, to test the effect of positively charged ammonium ion and
a p-carbonyl substituent on fluorene derivatives, we synthesized compounds 7-9. As reported this

functionality is either effective in suppressing TICT formation or solvent induced quenching.

CH3COCI (1.5 equiv.

1. "BulLi (3 equiv.) : )
( THF, -78 °C, ( AICI3C§;1 eC(?uw.), ( o
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' RT for 3h,
10 1 4
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Figure 49. Steps for synthesis of 4-6.
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IVV.3 Synthesis of fluorene dyes 4-9

Synthesis of 4 started from 10 which was obtained from a previously developed method
(Figure ).3! Subsequently debromination was accomplished by metal-halogen exchange, followed
by incorporation of the carbonyl using Friedel-Craft acetylation. For synthesizing compound 5, a
vicinal dihalide was used to alkylate and cyclize the amine, yielding 13. Further acetylation was
accomplished following similar procedure as that for compound 4. Synthesis of compound 6 was
performed first by introducing a cyclopentane ring, followed by nitration of fluorene core structure.
A carbonyl group was introduced at a later stage by oxidizing compound 18 with chromium

trioxide. Introduction of the cyclopentane ring was not successful with amine

CH3COCI (1.5 equiv.)

AICI3 (4 equiv.)
Pd OAc), N/\\ CH,Cl, - Q
Br \\/N
tBuONa 0°C, 1h, then
RT for 3h,

BINAP, toluene
15 100 °C, 12h Yield: 50% 7

Yield: 85%

camphor sulfonic acid
1M in DMSO H\N/\\

e
polar solvent \ O O

0:300 zHO Me,S. BH,
D e D e :
60 °C, 2h "60°C, 16h

12

CH3COCI (1.5 equiv.)
1. "BuLi (3 equiv.) H }OEt AICl; (4 equiv.)
THF, -78 °C, v . BrCH,CO,Et CH,Cl,
20 mins N e, N =) -
— = > Ft K,COs, DMF gt/ 0°C, 1h, then
2. H,0 (excess), 80 °C, 4h RT for 3h,
-78 °C to RT 24 25 Yield over three steps: 50%

o]

S

9

[0}

Figure 50. Steps for synthesis of 7-9.
functionalized fluorene due to decreased reactivity of the compound under acidic condition. A
methyl-piperazine donor unit on the fluorene is installed by Pd-catalyzed C-N cross coupling

method to synthesize 7 (Figure ). Acidification of the solution of compound 7 in polar protic
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Figure 51. Normalized absorption and emission spectra in various solvents for a) 4, b) 5 and c) 6.
solvents result in formation of compound 8 through selective protonation of aliphatic amine.
Lastly, synthesis of 9 was accomplished first through mono-alkylation of the amine through
acylation and borane reduction (Figure ). The mono-ethylamine was subjected to further
alkylation with ethyl bromoacetate to introduce the g-carbonyl on the amine group (compound

25). Acetylation of compound 25 was performed as the last step similar to the other previously
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discussed derivatives. All compounds are bright yellow/orange in color except 7 which is pale

yellow, both as solid and solution.
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Figure 52. Normalized absorption and fluorescence spectra in various solvents for a) 7, b) 8 and

c)9.

104



V.4 Optical properties

IV.4.1 Absorption and emission:

Optical properties of synthesized fluorene derivatives 4-9 were studied in different organic

solvents as shown in Figure and Figure and respective values are summarized in Table . All six

dyes absorb in the UV, displaying a larger Stoke’s shift in polar solvents (122-171 nm in ethanol)

compared to non-polar solvents (30-79 nm in toluene). Incorporation of extra ring in 5 and 6 shifts

the absorption to longer wavelengths as compared to 4 in accordance with the increased inductive

effect of the alkyl groups. On the other hand, compounds 7-9 show a significant hypsochromic

shift in the absorption. The hypsochromic shift can be explained by the decreased

Table 11. Comparison of spectral properties of fluorene-based dyes 4-9 in different solvents

4 5 6
e M1cm?) 23,500 24,600 18,400
Anbs  Aemi AL )] Anbs  Aemi AL )] Anbs Aemi AA ()]
Toluene 384 424 40 075 [391 467 76 075 [391 427 36 081
Et20 375 436 61 0.70 (384 4/0 8 0.78 |[383 435 52 0.78
DCM 385 474 89 087 [398 506 108 0.82 [393 466 73 0.90
Acetone 379 479 90 082 |390 506 116 0.70 |388 467 79 0.82
DMSO 387 502 115 094 [400 532 132 0.84 |[397 489 92 0.96
Ethanol 385 537 152 0.79 [ 397 571 174 052 |39 518 122 0.85
Methanol 386 554 168 0.63 |397 590 193 032 |39 532 136 0.80
H20 - - - - - - - - 394 553 159 0.18
7 8 9
e Mcm?) 21,000 23,152 22,500
Anbs  Aemi AL D Anbs  Aemi AL D Anbs Aemi AA b

Toluene 357 436 79 0.66 |- - - - 372 422 50 0.36
Et.O 352 430 78 054 |- - - - 364 421 57 032
DCM 359 476 117 0.90 |- - - - 371 457 86 0.95
Acetone 355 480 125 0.22 |- - - - 369 467 98 0.85
DMSO 364 503 139 0.14 |- - - - 376 497 121 1.00
Ethanol 354 525 171 0.21 [ 340 499 159 045 |[372 521 149 0.82
Methanol 353 537 184 0.10 [ 345 516 171 042 |[371 534 163 0.75
H20 - - - - 340 549 209 043 |376 558 182 0.39

electron donating ability due to increased s-character of the nitrogen lone pair in such cyclic

amines.* In addition, the steric factor may also contribute by rotating the nitrogen atom out of the
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plane of the conjugated backbone. With the presence of an ammonium ion, compound 8 displays
the most blue-shifted absorption and emission. This indicates a strong negative inductive effect (-
I) of the positively charged ammonium ion on the charge redistribution of the fluorene derivatives.
It is worth noting that 8 only can be generated in protic solvents, hence optical properties in other
solvents are not reported. Among all the fluorene derivatives synthesized, compound 5 displays
most red-shifted absorption with a dramatic Stoke’s shift in protic solvents such as ethanol. Molar
absorptivity or molar extinction coefficient is a measure of how strongly a compound absorbs
photons at a wavelength and is an intrinsic property of the molecule. Compound 5 displays the
highest molar absorptivity (24,600 M-lcm™ in ethanol), presumably because of its increased
surface area due to the rigidification.

Similar to absorption, emission maximum for all the dyes shift to lower energy going from
most apolar aprotic solvents to polar protic solvents. In fact, such variation in the emission
maximum is common to other solvatochromic dyes due to their sensitivity to the surrounding
environments. The magnitude of the fluorescence solvatochromism is determined by the degree of
charge transfer in the excited state, which can be quantified by Reichardt’s Et(30) scale of
polarity.® This ET(30) parameter is broadly a measure of the solvent polarity, but it also reflects
the hydrogen-bonding ability of the solvents. Figure plots the emission maxima vs the Reichardt
Et(30) parameter for five derivatives 4-7 and 9. As can be seen, the maximum wavelength of
emission energy increases linearly with increasing polarity of the solvents. The slopes of these
best-fit lines indicate the sensitivity of the dyes to polarity, follows the order: 7>5>6>9>4. The
strong positive solvatochromism of the dyes emissions emphasizes the large ICT character of their

excited states. Due to optical values in a limited number of solvents, 5 is not considered for
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comparison with other compounds. To summarize, all the newly synthesized fluorene-based dyes
retain the solvatochromic nature despite the structural modification.

QY for compounds 4-9 collected in different solvents, are higher in non-polar solvents but
markedly decreased in protic mediums (Table ). This is generally true for solvatochromic dyes
displaying a large ICT character in the excited states. QY of rigidified amine derivative 5 is
comparable to the open chain analogue 4 in most non-polar and polar solvents. However, it is

significantly reduced in protic mediums, with sharp decline in going from ethanol to methanol.
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Figure 53. a) Plot of emission maxima versus solvents polarity. The Et30 values for toluene,
diethyl ether, dichloromethane, acetone, dimethyl sulfoxide, ethanol, methanol, water is 33.9, 36.0,
400.7, 40.9, 45.1, 51.9, 55.4, 63.1.R? values for the best-fit lines are 0.99, 0.99, 0.99, 0.97 and 0.98
respectively. b). Emission spectrum of 4 in a solvent mixture with varying ratio of ethanol and
glycerol.

This result shows despite the red-shifted absorption and emission, the restriction of the C-N bond
rotation does not suppress the non-radiative decay. Similarly, QYs of 6 are comparable to 4 in all
organic solvents but with slightly increased values in protic mediums. Of note, the emission
maximum of 6 is blue shifted compared to 4 in most solvents. Interestingly, molecule 6 exhibits
fluorescence in the aqueous medium which is uncommon to fluorene dyes. This might be
associated with the increased solubility of the compound in aqueous medium. To elucidate the

relationship between QY and possible formation of TICT in protic mediums, we measured the

fluorescence intensities of 4 in ethanol-glycerol mixtures of varying volume ratios (100:0 to 50:50)
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(Figure b). Glycerol being a viscous medium, would reduce the rotational movement, hence
suppress the formation TICT.% In other word, the emission intensity of a dye possessing TICT
would increase in glycerol rich medium. As can be seen from Figure b, the fluorescence intensity
of 4 does not show any noticeable change with increasing amount of glycerol in the mixture. This
result indicates likelihood of planar ICT state for the fluorene-based dyes in the protic mediums.
In fact, no or marginal increase of QY of the constrained fluorene derivative 5 and 6 compared to
4, supports this idea. Nevertheless, large polarity of these dyes in the excited state can result in the
augmented ability for hydrogen bonding. This can result in increased non-radiative decay in polar
mediums and can reduce the QY.

The QY of other fluorene derivatives 7-9 are also measured in different solvents. Among
them, 7 is weakly fluorescent in most solvents, especially in polar mediums. Despite the blue-
shifted emission, the decreased QY may arise because of the weakly donating amine similar to
other heterocyclic amine substituted fluorene dyes. In addition to this, the presence of aliphatic
amine on the methyl-piperazine unit can act as quencher through photoinduced electron transfer
(PeT). Interestingly, with protonation of that amine, QY increased by almost 2-4-fold as can be
seen for 8. Strong fluorescence quenching for 7 and significant increase of fluorescence upon
protonation (compound 9) opens the opportunities of developing turn-on fluorescence sensor.
Notably, the fluorescence QY of 8 is remarkably high in aqueous medium, despite the relatively
lower value in other protic solvents compared to 4. Lastly, as shown in Table , compound 9
maintains a relatively high QY even in all protic mediums. To the best of our knowledge, 8 and 9
report one of the highest fluorescence quantum yields achieved to date for the fluorene derivatives
in agueous medium. As discussed earlier, dyes can display an enhanced QY through shielding the

amino auxochrome from solvent-induced quenching. Thus, the increased QY for 8 and 9 may
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result from such shielding effect of the positively charged methyl piperazine or S-ester substituent.
Additionally, both these derivatives maintain large Stoke’s shift similar to 4, making them
promising candidates for fluorescence imaging.
IV.5 Aldehyde as an electron withdrawing unit

As discussed earlier, an aldehyde functionality is instrumental for the design of our
fluorescent dyes for rapid binding with engineered hCRBPII mutants. The aldehyde can react with
the lysine group to form an imine/iminium, and thus, covalently binds the protein. Based on our
discussion of fluorene derivatives 4-9, we have seen compound 5 with the most red-shifted
emission and 8 with high QY in agueous medium. Hence, we choose these two scaffolds for further
engineering of the dyes. Both these D-A dyes contain an acetyl group as an electron withdrawing
group, which is not suitable for binding with hCRBPII. Hence, we synthesized two aldehyde-based
dyes 26 and 27, containing a cyclic amine and methyl piperazine as electron donating unit (Figure
). Compound 27 can be protonated in aqueous medium to form 28, which is expected to show a
large increase in QY as observed with its ketone analogue (compound 8). Previously, our group

5 0.0 cHO CHO \N\/\\\/NCHO X%N@NCHO

FRO 26
Figure 54. Fluorene derivatives with aldehyde as electron withdrawing group

has synthesized and studied the photophysical properties of FRO, an aldehyde containing dye with
diethylamine as the electron donor. Hence, FRO can be used as a reference for comparing the
optical properties with compound 26-28.
IVV.5.1 Synthesis and optical properties of aldehyde analogues

Figure shows the steps for the synthesis of compounds 26-28. Compound 13 was

previously used as a precursor for synthesizing 5 and is also used for synthesizing 26. An aldehyde
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functional group was introduced by metal-halogen exchange of the bromide in 13 with n-BuLi,

which was subsequently formylated with DMF. For the synthesis of 27, the aldehyde functional

nBuLi (3 equiv.)
THF, 78 °C, CHO

HN N—
Cl,CHOCHg Pdg(OAc)z N ~
Br O'O LBF O'O CHO —— > \\/N O CHO
[
DCM, 0 °C, 2h BuONa
15 60% 29 BINAP, toluene o7
100 °C, 12h

50%

csA
1M in DMSO EN@\\N . oo
—_— >
EtOH v O
28

Figure 55. Steps to synthesize aldehyde containing fluorene dyes 26 -28.
group was introduced onto the 15 by Fridel-Crafts reaction using zirconium tetrachloride.
Subsequently, Buchwald—Hartwig amination of 29 with N-methylpiperazine leads to 27, following

the protocol developed by Shaya et. al.3> Compound 26 is bright orange whereas 27 is pale yellow

a) 1. b) 1.

—FRO
—26
—27
—28

Normalized Abs.
Normalized F.I.

0 r T ? ¥ r ; 0 T T : )
300 350 400 450 500 550 600 400 500 600 700 800
Wavelength (nm) Wavelength (nm)

Figure 56. Normalized absorption and fluorescence spectra of FRO and 26-28 in ethanol.

in color.

Optical properties of compounds 26-28 were measured in ethanol and compared with
parent compound FRO. As can be seen from Figure and Table , compound 26 with rigidified
amine displays the most red-shifted absorption and emission among all the aldehyde-based

fluorene derivatives. Additionally, stronger electron withdrawing effect of the aldehyde further red
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shifts (by 11 nm) the absorption and emission when compared to the ketone analogue 5. The
maximum of absorption of 26 lies in the visible spectrum, matching the argon laser line. In
contrast, incorporation of methyl-piperazine as an electron donating unit in 27 results in large
hypsochromic shift (32 nm) of absorption as compared to FRO. Protonation of the methyl-
Table 12. Comparison of spectral properties of fluorene-based dyes FRO, 26-28

FRO 26 27 28

Aabs  Aemi @ Aabs  Aemi @ AAbs Aemi @ Aabs  AEmi @
Ethanol | 396 556 0.66 |408 585 0.36 | 364 540 0.10 [ 348 520 0.40

piperazine (compound 28) further blue-shifted the absorption. The QY of the rigidified FRO
derivative 26 is unusually low in ethanol albeit large, red-shifted emission spectrum than FRO.
This shows rigidification of C-N does not improve the QY and further support a possible existence
of planar ICT state in these derivatives. Compared to other members, compound 27 was

characterized by reduced QY which increases with protonation of the amine (compound 28).

For FRO and 26

n-BuNH, 1 mM CSA
RoN . CHO ——» (excess) RoN |n EtOH RaN 0.0 \N,nBu
EtOH “EoH °N

FRO-PSB or 26-PSB

n-BuNH, 1 ‘mM CSA H
\N/\\ (excess) \N/\\ inEOH "\ 2™
CHO _ &xcess) — N @
Bu  EtOH \\/ N-"Bu
EtOH H

28-PSB
Figure 57. Synthesis of imine (SB) and iminium (PSB) using n-butylamine.

To mimic the active site lysine group of protein, n-butylamine was used as surrogate to
form an imine (SB) upon reaction with aldehyde-based dyes 26-28 (Figure ). Resulting imine can
be protonated to form iminium (PSB) and its optical properties can be studied. Previous study from
our group has shown the positively charged iminium is a strongly electron withdrawing unit that
results in large red shift of absorption and emission compared to both free aldehyde and SB.33-3¢

Similar effect on optical properties is also observed upon binding of the dye with hCRBPII
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mutants. Previously, FR1V, a homologue of FRO was used with hCRBPII as a NIR emitting
fluorescent tag with emission around 680 nm.2> Despite the success as a highly red-shifted imaging
tag, the QY of the complex tends to be low (QY: 0.13-0.16). Hence, study of QY of PSB of FRO
and the newly engineered dye 26 and 28 in solution can be useful to design a brighter fluorescent
tag.

As shown in Figure and Table , emission of 26-PSB is red-shifted by 30 nm compared to
the analogous FRO, reaching to the NIR region of visible spectrum. As biological samples have

minimal interference in the NIR region of spectrum, such a dye can be useful for

a) 1, by 1q
— FRO-PSB
—26-PSB
g —28PSB =
2 E
© ©
é
2 2
0 T T T T 1 0 T T 1
300 400 500 600 700 800 500 600 700 800
Wavelength (nm) Wavelength (nm)

Figure 58. Normalized absorption and fluorescence spectra of PSB corresponding to FRO, 26 and
28.

fluorescence imaging. Interestingly, despite the red-shift of emission, QY 26-PSB is higher than
FRO-PSB unlike their aldehyde counterpart. Selective protonation of the imine to form 28-PSB
was not fruitful as it also results in protonation of amine of methyl-piperazine. (Figure ).
Gratifyingly, QY of the resulting PSB has doubled compared to the parent compound FRO,
highlighting the role of the positively charged ammonium ion on the electron donating amine
group. In addition, 28-PSB displays the largest Stoke’s shift among all dyes examined. This is

important as it can reduce self-quenching of the dye and increase the depth of the fluorescence

imaging.
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Table 13. Comparison of spectral properties of PSB for FRO, 26-28
FRO-PSB 26-PSB 28-PSB

)Labs )»em AL D )\.abs )»em AA ()] )Labs )Lem AA D
Ethanol |487 631 144 0.23 |514 671 157 0.30 |418 596 178 0.47

V.6 Conclusion and Future Scope

A number of fluorene-based dyes were synthesized, and optical properties were compared,
focusing on the fluorescence QY. Despite different structural modifications, newly designed dyes
display solvatochromic behavior similar to their parent dyes. Rigidification of the dye through
restricting the single bond rotation did not significantly impact the QY in most examples.
Additional experiment on fluorescence behavior in ethanol-glycerol mixture cast doubt on the
presence of a TICT state in fluorene-based dyes. Incorporation of a positively charged methyl-
piperazine or S-ester substituent on the amino auxochrome improved the QY, especially in protic
mediums including water. It can be postulated that these substitutions are effective in reducing the
solvent induced quenching of highly polar excited state of these solvatochromic dyes. Compound
26 and 28 with superior QY can be used for conjugating with hCRBPII for imaging tag.
Additionally different spacer group can be incorporated between the fluorene core and the
aldehyde to further shift the spectrum. Finally, with week fluorescence of 27 and selective
protonation of the methyl-piperazine inside the protein, the dye can be used for fluorogenic

labelling of hCRBPII.
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IVV.7 Experimental Section
4 o Synthesis of 1-(7-(diethylamino)-9,9-dimethyl-9H-fluoren-2-yl)ethan-1-
(” . solved |
. one (4): 10 (500 mg, 1.5 mmol, 1 equiv.) was dissolved in dry THF (5 mL)
and the solution was cooled down to -78 °C under argon atmosphere. n-Buli (2.5 M in hexane, 1.7
mL, 3 equiv.) was added to the resulting solution dropwise and stirred for 20 min at that
temperature. Then of water (1 mL) was added dropwise at -78 °C and the temperature was raised
to RT. The organic layer was extracted with ethyl acetate three times, dried over anhydrous sodium
sulphate and concentrated. The dried crude of 11 was directly used for the next reaction.
Compound 11 (457 mg, 1.7 mmol, 1 equiv.) was dissolved in dry CH2Cl2 in (20 mL) and the
solution was cooled to 0 °C under argon atmosphere. Anhydrous aluminum chloride (0.9 g, 6.9
mmol, 4 equiv.) was added to at once, followed by dropwise addition of acetyl chloride (0.18 mL,
2.6 mmol, 1.5 equiv.) in 30 min. The reaction was run at 0 °C for 1 h and subsequently at RT for
3 h. The reaction mixture was then slowly poured into a saturated sodium bicarbonate solution
(200 mL). After extraction with dichloromethane (100 mL x 2), the organic layer was dried with
anhydrous Na2SOa4. The crude product was purified by column chromatography on silica gel
eluting with ethyl acetate/hexane (20%) to provide the bright fluorescent product 4 (253 mg, 0.83
mmol, yield over two steps: 55%). *H NMR (500 MHz, CDCls) 6 7.99 — 7.95 (m, 1H), 7.90 (dd, J
= 8.0, 1.7 Hz, 1H), 7.60 (d, J = 8.4 Hz, 1H), 7.57 (dd, J = 8.0, 0.6 Hz, 1H), 6.74 — 6.58 (m, 2H),
345 (g, J = 7.1 Hz, 4H), 2.63 (s, 3H), 1.49 (s, 6H), 1.23 (t, J = 7.1 Hz, 6H). TOF

MS ES*(C21H2sNO): Calc. [M+H]*: 308.201; found: 308.202.

Synthesis  of  11-bromo-13,13-dimethyl-2,3,5,6,7,13-hexahydro-1H-

N 0.0 Br

13 indeno[2,1-flpyrido[3,2,1-ijJquinoline (13)%’: Starting amine 12 (200 mg, 0.7
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mmol, 1 equiv.), 1-bromo-3-chloropropane (0.6 mL), Na2CO3 (297 mg, 2.8 mmol, 4 equiv.) and 4
A MS (50 mg) was added to a 50 mL flask and heated with vigorous stirring under argon
atmosphere by gradual increase of temperature (70 °C/1 h, 100 °C /2 h, 160 °C/12 h). The resulting
mixture was then cooled down to RT and dissolved in dichloromethane after distilling off excess
1-bromo-3-chloropropane. The crude solution in dichloromethane was extracted with water two
times, dried with sodium sulphate, concentrated, and washed with hot MeOH three times. Pure
product was obtained as a brown solid (50 mg, 0.14 mmol, yield 20%). Spectral data: *H NMR
(500 MHz, CDCls) § 7.40 (s, 1H), 7.33 (m, 2H), 7.15 (s, 1H), 3.20 (q, J = 6.5 Hz, 4H), 3.01 (t, J =
6.4 Hz, 2H), 2.83 (t, J = 6.5 Hz, 2H), 2.01 (dt, J = 18.1, 6.1 Hz, 4H), 1.55 (s, 6H). 13C NMR (125
MHz, CDCls) 6 155.67, 148.01, 143.19, 138.87, 129.73, 126.73, 125.26, 120.80, 119.28, 118.73,
118.50, 118.27, 50.79, 50.08, 48.21, 28.43, 25.12, 24.35, 22.12, 21.89. TOF MS ES*(C21H22BrN):

Calc. [M+H]*: 368.101; found: 368.0974.

o Synthesis of 1-(13,13-dimethyl-2,3,5,6,7,13-hexahydro-1H-indeno[2,1-
ol ST
5 flpyrido[3,2,1-ijJquinolin-11-yl)ethan-1-one (5): Compound 13 (500 mg,

1.4 mmol, 1 equiv) was dissolved in dry THF (5 mL) and the solution was cooled down to -78 °C
under argon atmosphere. n-Buli (2.5 M in hexane, 1.7 mL, 3 equiv) was added to the resulting
solution dropwise and stirred for 20 minutes at that temperature. Then water (1 mL) was added
dropwise at -78 °C and temperature was raised to RT. The organic layer was extracted with ethyl
acetate three times, dried over sodium sulphate and concentrated. The dried crude 14 was directly
used for the next reaction. Compound 14 (498 mg, 1.7 mmol, 1 equiv) was dissolved in dry CH2Cl:

(20 mL), and the solution was cooled to 0 °C under argon atmosphere. Then anhydrous aluminum

chloride (0.9 g, 6.9 mmol, 4 equiv) was added to at once, followed by dropwise addition of acetyl
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chloride (0.18 mL, 2.6 mmol, 1.5 equiv) in 30 min. The reaction was run at 0 °C for 1 h and
subsequently at RT for 3 h. The reaction mixture was then slowly poured into a saturated sodium
bicarbonate solution (200 mL). After extraction with dichloromethane (100 mL x 2), the organic
layer was dried with anhydrous Na2SOs. The crude product was purified by column
chromatography on silica gel eluting with ethyl acetate/hexane (20%) to provide the bright
fluorescent product 5 (232 mg, 0.7 mmol, yield over two steps: 50%). *H NMR (500 MHz, CDCls)
§7.93 (s, 1H), 7.86 (dd, J = 8, 1.5 Hz, 1H), 7.49 (d, J = 8 Hz, 1H), 7.24 (s, 1H), 3.24 (dt, J = 8.4,
5.5 Hz, 4H), 3.03 (t, J = 6.4 Hz, 2H), 2.84 (t, J = 6.4 Hz, 2H), 2.62 (s, 3H), 2.01 (dt, J = 19.1, 5.9
Hz, 4H), 1.60 (s, 6H). 33C NMR (125 MHz, CDCl3) : 197.83, 153.60, 149.89, 145.18, 143.99,
133.83, 128.55, 126.11, 121.54, 120.85, 119.73, 118.24, 117.27, 50.71, 50.02, 47.98, 28.44, 26.65,

25.01, 24.29, 21.95, 21.71. TOF MS ES*(C2sH2sNO): Calc. [M+H]*: 332.201; found: 332.203,

Synthesis of 3,3,9,9-tetramethyl-7-nitro-3,9-

O.N

.O. ’ dihydrocyclopenta[b]fluoren-1(2H)-one (19): To a THF solution (4 mL) of
* 15 (200 mg, 0.74 mmol, 1.0 equiv) was slowly added n-BuL.i in hexane (0.44
mL, 1.1 mmol, 1.5 equiv) at -78 °C. After the mixture was stirred at -78 °C for 1.5 h, TMEDA
(0.17 mL, 1.1 mmol, 1.5 equiv) was added. The mixture was further stirred for 10 min at -78 °C,
3,3 dimethylbromobutanne (0.13 mL, 1.1 mmol, 1.5 equiv) was slowly added to the mixture at -
78 °C. The mixture was allowed to warm to RT and was further stirred for 12 h. The reaction was
quenched with H20 and extracted with ethyl acetate. The combined organic layer was washed with
saturated NaCl and dried over Na2SOa4. The solvent was removed under reduced pressure to afford

the crude product, 16. Without further purification, crude was used for next step. A mixture of the

crude 16 and Amberlyst 15 (200mg) in methylcyclohexane (5 mL) was heated to reflux for 7 h.
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The reaction mixture was cooled to room temperature and Amberlyst 15 was removed by filtration.
The filtrate was evaporated under reduced pressure to afford crude product, 17. Without further
purification, compound 17 was utilized for the next step. The crude was mixed with 2 mL of acetic
acid and of acetic anhydride each and the mixture was cooled to -10 °C. Then HNO3 (65%, 0.5
mL) was added in portions over 30 min and reaction were monitored afterward with TLC. After
the reaction was completed (~30 min), it was quenched by addition of ice-cold water. The
compound was extracted with ethyl acetate, dried over anhydrous Na2SOa4 and concentrated under
reduced pressure to give the crude product 18, which was directly used for next reaction. To a
CH2Cl2 (2 mL) solution of crude, 18 (100 mg, 0.33 mmol) was added chromium (V1) oxide (17mg,
0.17 mmol, 0.5 equiv) at room temperature. To the mixture was added dropwise 70% aqueous t-
butyl hydroperoxide solution (2.0 mL, 6.6 mmol, 20 equiv) at room temperature, and the mixture
was further stirred for 1 d. The reaction was quenched with saturated Na2SOz3 aqueous solution,
and the mixture was further stirred for 30 min with saturated NaHCO3 aqueous solution. Solid was
removed by filtration and the filtrate was extracted with CH2Cl2 twice. The combined organic layer
was washed with saturated NaCl solution twice and dried over Na2SOa. The solvent was removed
under reduced pressure to afford the crude product, compound 19 which was purified by silica-gel
column chromatography (hexane: ethyl acetate = 4:1) to obtain as yellow powder (24 mg, 0.074
mmol, yield 10% over four steps). Spectral data: *H NMR (500 MHz, chloroform-d) 6 8.33 - 8.27
(m, 2H), 7.94 (d, J = 8.2 Hz, 1H), 7.89 (d, J = 0.9 Hz, 1H), 7.80 (d, J = 0.9 Hz, 1H), 2.69 (s, 2H),
1.56 (s, 6H), 1.51 (s, 6H) 23C NMR (125 MHz, CDCls) § 205.47, 163.98, 156.08, 154.66, 148.16,
144.07,143.81, 136.12, 123.42, 121.43, 118.57, 117.75, 116.16, 53.47, 47.14, 38.58, 30.22, 26.86.

TOF MS AP*(C20H1sNO3): Calc. [M+H]*: 322.144; found: 322.148.
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4 Synthesis of 7-(diethylamino)-3,3,9,9-tetramethyl-3,9-
(N O.O. dihydrocyclopenta[b]fluoren-1(2H)-one (6): To a solution of 19 (50 mg
0.16 mmsol, 1 equiv) in 50% acetic acid (5 mL) and ethanol (3 mL) at 90 °C, iron powder (90 mg,
1.6 mmol, 10 equiv) was added and kept at that temperature for 1 h under inert atmosphere. TLC
was checked after 3 h, which shows complete consumption of starting material. Reaction was
neutralized with saturated aqueous solution of NaHCO3 (30 mL) and extracted with CH2Cl: twice.
The combined organic layer was washed with saturated NaCl solution twice and dried over
anhydrous Na2SQOa4. The solvent was removed under reduced pressure to afford the crude product
20, which was directly used for next reaction. A mixture of crude 20 (36 mg, 0.12 mmol), ethyl
iodide (56 mg, 0.36 mmol, 3 equiv), potassium carbonate (50 mg, 0.48 mmol, 4 equiv), 4 A MS
(50 mg) in DMF (4 mL) was heated at 80 °C for 5 h under inert atmosphere. The resulting crude
was poured into water and extracted with ethyl acetate. The organic phase was combined and dried
and concentrated under reduced pressure. The crude was purified by flash chromatography with
20% ethyl acetate in hexane to afford a greenish-yellow solid as 6 (19 mg, 0.056 mmol, yield 35%
over two steps). Spectral data: *H NMR (500 MHz, CDCls) § 7.65 (d, J = 0.8 Hz, 1H), 7.64 (dd, J
= 8.1, 0.9 Hz, 1H), 7.56 (d, J = 0.8 Hz, 1H), 6.68 (m, 2H), 3.46 (g, J = 7.1 Hz, 4H), 2.64 (s, 2H),
1.48 (d, J = 1.7 Hz, 12H), 1.24 (t, J = 7.0 Hz, 6H). 13C NMR (125 MHz, CDCls) 5 205.46, 164.66,
157.49, 152.68, 149.03, 148.02, 132.35, 125.35, 122.41, 116.76, 112.07, 110.88, 105.12, 53.59,
46.20, 44.70, 38.33, 30.20, 27.52, 12.63. TOF MS ES*(C24H29NO): Calc. [M+H]*: 348.232;
found: 348.236.

s Synthesis of 1-(9,9-dimethyl-9H-fluoren-2-yl)-4-methylpiperazine (21):

OO

21 A solution of ‘BuONa (160 mg, 1.7 mmol, 1.2 equiv), Pd(OAc)2 (16 mg, 0.07
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mmol, 5 mol%) and BINAP (87 mg, 0.14 mmol, 10 mol%) in dry toluene (10 mL) was stirred for
15 min under argon. Subsequently, 15 (380 mg, 1.39 mmol, 1 equiv) and the 1-methylpiperazine
(170 mg, 1.7 mmol, 1.2 equiv) dissolved in toluene (1 mL) were added. The mixture was heated
to 100 °C in an oil bath overnight. The reaction was monitored by TLC (10% ethylacetate in
hexane) until complete conversion of starting material (12 h). The resulting mixture was cooled to
room temperature, diluted with CH2Cl2 (20 mL) and filtered over a pad of Celite. The solvents
were removed under reduced pressure to get a yellow solid (348 mg, 1.19 mmol, yield: 85%). 'H
NMR (500 MHz, CDCls) 6 7.65 — 7.56 (m, 2H), 7.43 — 7.36 (m, 1H), 7.31 (td, J = 7.4, 1.2 Hz,
1H), 7.24 (td, J = 7.4, 1.2 Hz, 1H), 7.03 (d, J = 2.3 Hz, 1H), 6.92 (dd, J = 8.3, 2.3 Hz, 1H), 3.37 —
3.20 (m, 4H), 2.68 — 2.50 (m, 4H), 2.39 (s, 3H), 1.49 (s, 6H). 3C NMR (125 MHz, CDCls)
0:154.98,153.17,151.22,139.40, 131.34, 126.90, 125.88, 122.38, 120.59, 119.07, 114.85, 110.59,
55.25, 49.59, 46.83, 46.21, 27.44. TOF MS ES*(C20H24N2): Calc. [M+H]*: 293.201; found:

293.201.

v o Synthesis of 1-(9,9-dimethyl-7-(4-methylpiperazin-1-yl)-9H-fluoren-

N O'

7 2-yl)ethan-1-one (7): Compound 21 (250 mg, 0.86 mmol, 1 equiv.) was
dissolved in of dry CH2Cl2 (5 mL) and the solution was cooled to 0 °C under argon atmosphere.
Then anhydrous aluminum chloride (454 mg, 3.4 mmol, 4 equiv.) was added to at once, followed
by dropwise addition of acetyl chloride (0.092 mL, 1.3 mmol, 1.5 equiv.) in 30 min. The reaction
was run at 0 °C for 1 h and subsequently at RT for 3 h. The reaction mixture was then slowly
poured into a saturated sodium bicarbonate solution (100 mL). After extracted twice with

dichloromethane (50 mL x 2), the organic layer was dried with anhydrous Na2SO4. The crude

product was purified by preparative TLC plate eluting with MeOH (2%) in CH2Cl2 with EtsN
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(0.1%) to provide bright fluorescent product (78 mg, 0.23 mmol, yield: 26%). *H NMR (500 MHz,
Chloroform-d) & 8.00 (d, J = 1.6 Hz, 1H), 7.93 (dd, J = 8.0, 1.6 Hz, 1H), 7.65 (dd, J = 8.1, 6.8 Hz,
2H), 7.00 (d, J = 2.3 Hz, 1H), 6.94 (dd, J = 8.5, 2.3 Hz, 1H), 3.33 (t, J = 5.0 Hz, 4H), 2.64 (s, 3H),
2.62 (t, J= 5.0 Hz, 4H), 2.38 (s, 3H), 1.49 (s, 6H). 3C NMR (125 MHz, CDCl3) 8: 197.92, 156.49,
153.30, 152.15, 144.55, 134.70, 129.48, 128.50, 122.10, 121.79, 118.57, 114.82, 109.91, 55.10,
49.05, 46.93, 46.19, 27.21, 26.74. TOF MS ES*(C22H2sNO): Calc. [M+H]*: 335.212; found:
335.210.

Synthesis of 22 and 23 was accomplished following Dr. Wei Sheng’s thesis (page 253)

0 Synthesis of ethyl N-(7-acetyl-9,9-dimethyl-9H-fluoren-2-yl)-N-

QLOEt
O

e O'O ethylglycinate (9): Compound 23 (290 mg, 0.92 mmol, 1 equiv) was
? dissolved in dry THF (5 mL) and the solution was cooled down to -78 °C

under argon atmosphere. n-Buli (2.5 M in hexane, 1.5 mL, 4 equiv) was added to the resulting
solution dropwise and stirred for 20 min at that temperature. Then water (1 mL) was added
dropwise at -78 °C and temperature was raised to RT. The organic layer was extracted with ethyl
acetate three times, dried over anhydrous sodium sulphate and concentrated. The dried crude 24
was directly used for the next reaction. Crude 24 (218 mg, 0.92 mmol, 1 equiv) was dissolved in
dry DMF (5 mL) and added with potassium carbonate (381 mg, 2.76 mmol, 3 equiv) and ethyl 2-
bromoacetate (0.22 mL, 2 mmol, 2.2 equiv) and heated to 80 °C for 4 h. The organic layer was
extracted with DCM, dried with anhydrous Na2SOa, concentrated to get crude 25 which was used
for next step without any further purification. Crude 25 was used for acetylation following the

same procedure as 4 and 5 to produce 9 (168.1 mg, 0.46 mmol, yield over three steps: 50%).

Spectral data: *H NMR (500 MHz, CDClz) & 7.97 (d, J = 1.6 Hz, 1H), 7.90 (dd, J = 7.9, 1.6 Hz,
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1H), 7.60 (dd, J = 9.7, 8.2 Hz, 2H), 6.68 (d, J = 2.4 Hz, 1H), 6.64 (dd, J = 8.5, 2.4 Hz, 1H), 4.22
(d, J = 7.2 Hz, 2H), 4.10 (s, 2H), 3.56 (q, J = 7.2 Hz, 2H), 2.63 (s, 3H), 1.47 (s, 6H), 1.38 — 1.18
(m, 6H). 3C NMR (125 MHz, cdcls) § 197.96, 171.09, 156.91, 152.93, 148.75, 144.96, 134.20,
128.56, 127.10, 122.12, 122.01, 118.06, 111.24, 105.88, 63.85, 61.71, 61.13, 52.65, 46.80, 46.58,

14.29, 14.08, 12.45. TOF MS ES*(C23H27NOs3): Calc. [M+H]*: 366.206; found: 366.207.

Synthesis of 13,13-dimethyl-2,3,5,6,7,13-hexahydro-1H-indeno[2,1-

N 0.0 cHO

26

flpyrido[3,2,1-ijJquinoline-11-carbaldehyde (26): Compound 13 (500 mg,
1.4 mmol, 1 equiv) was dissolved in dry THF (30 mL) and the solution was cooled down to -78
°C under argon atmosphere. n-Buli (2.5 M in hexane, 2.2 mL, 4 equiv) was added to the resulting
solution dropwise and stirred for 45 min at that temperature. Then dry DMF (2.7 mL, 25 equiv)
was added, stirred for 2 h at -78 °C and at RT for another 12 h. The reaction was quenched with
water (10 mL), extracted with ethyl acetate three times, organic layer was dried over sodium
sulphate and concentrated. The resulting crude was washed with hot MeOH three times and finally
dried to get pure compound 26 as yellow fluorescent solid. (222 mg, 0.7 mmol, yield 50%).
Spectral data: *H NMR (500 MHz, CDCls) 8: 9.95 (s, 1H), 7.81 (d, J = 1.0 Hz, 1H), 7.73 (dd, J =
8Hz, 1.0 Hz, 1H), 7.56 (d, J = 8 Hz, 1H), 7.25 (s, 1H), 3.22-3.26 (M, 4H), 3.03 (t, J = 6.4 Hz, 2H),
2.84 (t,J = 6.5 Hz, 2H), 2.10 — 1.88 (m, 4H), 1.59 (s, 6H). 13C NMR (125 MHz, CDCl3) &: 192.01,
154.03, 150.13, 146.78, 144.29, 131.16, 126.99, 125.76, 122.00, 120.95, 119.97, 118.13, 117.67,
50.69, 50.00, 47.86, 28.43, 24.94, 24.24, 21.87, 21.62. TOF MS ES*(C22H23NO): Calc. [M+H]*:

318.185; found: 318.183.

121



. O .O ” Synthesis of 7-bromo-9,9-dimethyl-9H-fluorene-2-carbaldehyde (29):

29 CI2CHOCHs (35 mg, 0.3 mmol, 1.5 equiv) was added dropwise to a stirred
solution of 15 (54 mg, 0.2 mmol, 1 equiv) and ZrCls (70 mg, 0.3 mmol, 1.5 equiv) in dry CH2Cl2
(5 mL) at 0 °C under argon. The reaction mixture was stirred for 2 h at 0 °C and then and poured
into an ice-water bath (15 mL). The phases were separated, and the aqueous phase was extracted
thrice with CHCIs (3 x 5ml). The combined extracts were washed with water and saturated aqg.
NaHCOs solution, dried over anhydrous Na2SO4 and concentrated in vacuo. The crude product
was purified by flash chromatography on silica gel eluted with a mixture of hexane and ethyl
acetate (10%) to afford the product 29 (54 mg, 60%) as a bright-yellow solid. Spectral data: *H
NMR (500 MHz, CDCls) & 10.06 (s, 1H), 7.97 — 7.94 (m, 1H), 7.87 (dd, J = 7.8, 1.4 Hz, 1H), 7.83
(dd, J=7.5, 0.5 Hz, 1H), 7.66 (d, J = 8.1 Hz, 1H), 7.62 (d, J = 1.7 Hz, 1H), 7.52 (dd, J = 8.0, 1.8
Hz, 1H), 1.52 (s, 6H). 1*C NMR (125 MHz, CDCls) § 192.04, 156.86, 153.92, 144.48, 136.66,

135.78, 130.67, 130.61, 126.51, 123.09, 122.54, 120.39, 47.23, 26.78. TOF MS AP*(CsH13BrO):

Calc. [M+H]*: 301.023; found: 301.022.

a Synthesis of 9,9-dimethyl-7-(4-methylpiperazin-1-yl)-9H-fluorene-

N O O CHO

27

equiv.), Pd(OAc)2 (0.78 mg, 0.0035 mmol, 5 mol%) and BINAP (4.35 mg, 0.007 mmol, 10 mol%)

2-carbaldehyde (27): A solution of ‘BuONa (8.1 mg, 0.084 mmol, 1.2

in dry toluene (5 mL) was stirred for 15 min under argon. Subsequently, compound 29 (20 mg,
0.07 mmol, 1 equiv) and the 1-methylpiperazine (8.4 mg, 0.084 mmol, 1.2 equiv.) dissolved in
toluene (1 mL) were added. The mixture was heated to 100 °C in an oil bath overnight (12h). The
resulting mixture was cooled to room temperature, diluted with CH2Cl2 (20 mL) and filtered over

a pad of Celite. The solvents were removed under reduced pressure, and the residue was purified
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by preparative TLC plate using MeOH (2%) in CH2Cl: to give the desired product as bright yellow
solid (13.4 mg, 0.042 mmol, yield: 50%). *H NMR (500 MHz, CDCl3) § 10.01 (s, 1H), 7.91 (d, J
= 0.9 Hz, 1H), 7.82 (dd, J = 7.8, 1.5 Hz, 1H), 7.72 (dd, J = 7.7, 0.6 Hz, 1H), 7.68 (d, J = 8.4 Hz,
1H), 7.00 (d, J = 2.3 Hz, 1H), 6.95 (dd, J = 8.5, 2.3 Hz, 1H), 3.39 — 3.30 (M, 4H), 2.64 (t, J = 5.1
Hz, 4H), 2.40 (s, 3H), 1.50 (s, 6H). 3C NMR (125 MHz, CDCls) & **C NMR (125 MHz, CDCls)
0192.12,156.77,153.79, 151.77, 145.85, 134.44, 130.98, 127.14, 122.69, 122.16, 119.20, 115.58,
110.34, 54.54, 48.26, 46.93, 45.26, 27.12. TOF MS ES*(C21:H21N20): Calc. [M+H]*: 321.197;

found: 321.193.
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Figure 60. 3C spectrum of compound 13.
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