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ABSTRACT

ENGINEERING OF THE SMALL CYTOSOLIC RETINOID BINDING PROTEINS
INTO PH-SENSING PROBES AND NOVEL FLUORESCENT PROTEIN TAGS

By
Tetyana Berbasova

Reprogramming the biological systems to perform a process other than
that dictated by nature illustrates the power of the modern synthetic biology.
Protein engineering represents one of the research areas in this field. Crystal
structure guided mutagenesis studies allow for a rational protein redesign.
Utilizing this de novo approach, Cellular Retinoic Acid Binding Protein I
(CRABPII) has been reengineered into a Schiff base forming protein. The reaction
is performed deep inside the protein cavity and fascilitates a complete ligand
closure from the aqueous media.

An initial aim of this project was to design a functioning rhodopsin mimic
from CRABPII for the wavelength regulation studies. The strategy combined the
principles we learned in the earlier work on CRABPII and human Cellular Retinol
Binding Protein Il (hCRBPII). The rational modifications of the CRABPII binding
cavity provides the effective charge delocalization along the protein-embedded all-
trans-retinal-PSB that leads to the regulation of absorption. Reengineered
CRABPII is capable of spanning the visible spectrum in the range of 474 — 640

nm. Additionally, CRABPIlI mutants exhibit an extraordinary range of the iminium

pKa values, ranging from 1.8 to 8.1. The latter phenomena allowed for the

chromophoric pH-probe design utilizing the protein-bound chromophoric aldehyde,



an isoform of Vitamin A. Moreover, the fusion of the two selected pigments
provides a ratiometric protein based pH-sensor.

The aldehydes other than retinal might yield alternative pH-sensing ligands
with the engineered CRABPII and hCRBPIl mutants. With fluorescence being the
most widely used detection method in biology, fluorescent and fluorogenic retinal
analogs are the primary targets in the ligand redesign. Synthetic julolidine retinal
analog meets most of the criteria for an effective fluorogenic probe with pH-
sensing properties upon PSB formation. In the protein-bound form this
chromophore accounts for the imine-iminium equilibrium with changes in
fluorescence intensity. Only iminium yields a light emitting pigment. Moreover, the
wavelength shift in response to the pH changes provided the platform for a single
protein ratiometric pH-probe design. This pH-dependent shift of absorption is a
result of the more effective charge delocalization along the chromophore after
protonation of the anionic carboxylate residue in the iminium region.

Merocyanine retinal analog shows bright fluorescence and penetrates cells
easily. These are valuable criteria for live-cell imaging applications. Optimization
of the reaction half-life between hCRBPII mutants and merocyanine retinal analog
provided an hCRBPII-tag with instantaneous red fluorescence. Designed method
comprises a unique fluorescence recovery after the photobleaching when the cells

are treated again with merocyanine.
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CHAPTER |: DESIGN OF PH-SENSING AND FLUORESCENT PROBES: AN OVERVIEW
1.1 Importance of pH in biological systems

A number of critical biological processes are governed by both the inter-
and intra-cellular pH of the cytosol and extracellular milieu. These include cell
metabolism and growth, ion current through ion channels, the endocytic

3 and cellular contraction in

pathway,! synaptic transmission in neurons,®
muscles,* to name a few. Acidity also plays an integral role in viral pathogenesis,
as observed in the low pH endosome activation of viral membrane fusion
factors.>® Several studies have shown a correlation between low pH and both
tumor invasion and metastasis.”’' Many of the genes that are up-regulated in
hypoxia and correlate with increased metastatic capacity are also up-regulated
by low pH."? Additionally, the different cellular compartments have distinct pH
values, from highly acidic (pH < 4.5 in late endosomes) to moderately basic (pH >

8 in mitochondria) contributing to the optimal operation of individual metabolic

pathways.'®

Many reports in recent years have focused on investigating the
relationship between pH and cancer. It is already well established that tumor cells

have a reversed pH gradient across the cell membrane compared to normal

cells. They have more alkaline intracellular pH (pHj) compared to extracellular pH

(pHe). This phenomena creates a tumor specific metabolic microenvironment,



important for tissue development and tumor growth. The reversed pH gradient

increases with disease progression.**

Tumor cells secrete protons and acidify their environment through

membrane-based ion regulators such as Na*/H* exchangers (NHE) and

monocarboxylate transporters (MCT). Controlled expression of these genes has
revealed that the reversed pH gradient is apparent during the earliest steps of

tumor development, favoring cell survival.'

Moreover, recent reports suggest
that protons diffuse from the proximal tumor microenvironment into adjacent

normal tissue with further remodeling and invasion.®

One of the underlying causes of tumor acidosis is a high rate of glycolysis,
leading to lactic acid production and glucose uptake.'® Glycolysis provides the
cell with energy in the form of two molecules of ATP from each molecule of
glucose. Presently, up-regulated expression of glycolytic enzymes is a known
indicator of tumor aggressiveness. Because cancer develops and expands
rapidly, the supporting blood vessels are often limited and disorganized. This
leads to a condition of oxygen deficiency in the tumor tissue known as hypoxia.
Additionally, perturbation of the mitochondrial respiration and regular pathway of
ATP production is observed, which forces the cells to increase glycolysis."”
Hypoxia, together with acidosis, are two factors always associated with malignant

cells despite the oncogene mutation present.®



Tumor acidosis is commonly linked to multidrug resistance in anticancer
therapy, cell migration (responsible for tumor distribution) and the inhibition of the
natural pathway for damaged cells degradation (by natural killer (NK) cells and
cytotoxic T lymphocytes).” This intrinsic property of tumor cells is being more
widely targeted for drug delivery in chemotherapy. Hence, the necessity for highly
accurate pH measurement is critical. This would allow for the building of pH
specific systems for drug release or drug delivery. Currently, acid-dependent
drug release and nanoparticle disassembly are among the most promising

strategies.'9?°

Besides being a hallmark of various cancers there are other acidity related
pathological processes that occur in humans. It has been recently suggested that
chirality of amyloid fibrils can change based on pH: “normal”’ or left-handed
assembly were formed at pH 2 and higher, while more acidic conditions led to
reverse chirality of aggregates.?’ The fibril morphology is linked to cell toxicity

and, therefore, acidity can play a vital role in amyloid-associated diseases.

Many proteins can undergo conformational changes with pH perturbation.
The presence of titratable protons in amino acid side chains is the main origin of
such changes. Protonation and deprotonation events can influence enzymatic
activity, modify affinity to substrate, influence protein-protein interactions, and
cause protein diffusion or aggregation.?® The key factors underlying such global

changes are the hydrogen bonding networks and/or salt bridges. The naturally

occurring amino acids have side chain pKg values in the biologically relevant pH



range: acidic (aspartate and glutamate, ~4), neutral (histidine, ~6.5) and basic
(lysine and arginine, ~10). Therefore, changes in pH are directly reflected in the
protonation ability of these residues and the subsequent interactions they are

involved in.

For example, most of the hydrolases contain a histidine residue as a part

of their catalytic triad. Protonation of the histidine, with a pKy ~6.5, will have a

dramatic effect on its catalytic ability after acidification. A classical example of
pH-dependent allosteric regulation is oxygen binding by hemoglobin, which is
controlled by an aspartate-histidine interaction.”® In this case, even a slight
change to higher pH breaks the salt bridge and destabilizes the hemoglobin
quaternary structure. This leads to oxygen release due to lower affinity after pH-
dependent conformational change. Another example of a pH-dependent process
is invasion of a host cell by influenza virus, in which a viral protein
(haemagglutinine) undergoes a major rearrangement in tertiary structure to

facilitate the fusion of viral and host membranes.?*

This has led to an increased interest in accurate pH measurements in
tissues and inside living cells. Among the most common methods of pH
determination are NMR, fluorescence spectroscopy and invasive measurements
with microelectrodes. Fluorescence-based methods are relatively easier to

perform. They have high sensitivity and fluorophore delivery is most often



nondestructive to the cells. For this reason, in vivo pH sensors have attracted

substantial attention.

For the most part, small organic molecules and nanoparticles are used as
general pH-indicators and as intracellular pH sensors.?® Specific localization in
cellular compartments and potential toxicity with these agents, however, is hard
to control, plan, or predict, in particular for live-cell imaging applications. It is also
particularly important to be able to localize these sensors, as different cellular
domains and organelles are known to have variable pH ranges. Alternatively,
DNA-encoded protein-based probes do not have the latter disadvantages, but
have the potential to be superior agents for pH sensing applications. Genetic
triggers for the production of these probes afford temporal control, while their

ability to target specific locales provides spatial resolution.

Ideally, pH sensing systems should be independent of probe concentration
for accurate measurements that are not altered by intensity output. A general
solution to this problem is the use of ratiometric probes, that enable concentration
independent pH determinations. This is most often accomplished by having
differential absorption of two sensors at the same pH. Protein-based ratiometric

pH probes combine all of the aforementioned desirable characteristics.
1.2. Small molecules for intracellular pH determination.

In general an effective pH indicator requires the presence of titratable

protons in the desired pH ranges that cause a significant change in spectroscopic



properties. Most often this is achieved by the introduction of ionizable groups on

fluorescent molecules. Another approach involves a change in the structure of

Phenolphthaleln Fluorescein
HO HO
g sves CL O
C02 002
lorl K @: 079
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Figure I-1: Structures of phenolphthalein indicator, fluorescein fluorophore and
the most widely used intracellular pH-sensors BCECF and SNARF. lonizable

with pH group is circled blue.
indicator. For example, the ring opening of phenolphthalein at basic pH leads

spectroscopic changes. Various types of small molecule based intracellular pH
indicators were reviewed in detail by Han and Burgess in early 2010.%° The
review also summarizes the practical application and limitations for each group of

compounds. In this section, the most widely used representatives from each



family of pH sensitive molecules are highlighted. Also reports published after

2010, with unique approach to pH-sensor design, are described.

The most widely used intracellular pH indicator is 2',7'-bis-(2-

carboxyethyl)-5-carboxyfluorescein (BCECF). Its cell-permeable form is protected

by intracellular cleavable acetoxylmethyl ester (AM) (Figure 1-1).%°% With a pKga

of 7.0 this molecule is suitable for most biologically relevant measurements.
Additionally, the presence of charged groups keeps it from leaking out of the cell
through the hydrophobic membrane. Moreover, the absorption profile of BCECF
changes significantly with pH, which allows its use as a dual excitation probe, for
ratiometric measurements, independent of concentration. In this approach,
fluorescence intensity ratios, corresponding to excitation at 440 nm and 490 nm,

are measured and fit to a standard curve for pH determination.?®

The second most widely used chromophore is carboxy-
seminaphtorhodamine fluorophore C.SNARF-1 (Figure I-1). Similar to BCECF, it
can be protected by a cleavable acetoxylmethyl (AM) ester, to increase cell

permeability. During AM hydrolysis inside the cell, the phenolphthalein-like ring

closed form opens to a carboxylate. C.SNARF-1 with pKy 7.5, was used for

accurate pH determination in the cytosol, mitochondria and nucleus, by the
emission ratio from excitations at 580 nm and 640 nm.**® A longer excitation
wavelength, compared to BCECF, aids in reducing cell damage and minimizes

autofluorescence. The introduction of fluorine groups onto SNARF decreases the



pKa of the probe (Figure 1-1).%° The shared mechanism of structural response to

a change in pH, for both BCEDF and C.SNARF-1, is due to the phenolate
formation from the phenolic form at higher pH, which proceed with a red-shift in
absorption/emission spectra, and an increase in fluorescence intensity. However,
because most of the pathological conditions are acidic, it would be ideal to design
a system that elicits a response upon acidification rather than basification.

a.
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CypHer 5, pK, 6.1

Tpy-Cy, pK,; 7.1
-1, pK, 6.8

Figure 1-2: Structures of pH-sensitive cyanine dyes. Cyanine core is red,
titratable groups are blue.

Both BCECF and SNARF share the same fluorescein core (Figure I-1).
Fluorescein and its analogs have high quantum yield, good photostability and

tolerate a variety of attached moieties.?®

Cyanine dyes (Figure I-2) constitute another family of fluorophores that
show pH-sensitivity. Characteristic features of this family are large extinction
coefficients and red-shifted spectra, with some approaching the near-infrared

(NIR) region.



Most of the fluorescent cyanine dyes contain a nitrogen-locked indoline
ring, creating a resonating positive charge along the polyene. The non-N-
alkylated indoline has an amine on one side and imine on the other.*® The
resonating positive charge appears after protonation of the imine under acidic

conditions. This is reflected in the increased fluorescence and bathochromic shift

in Amax. These properties were successfully utilized to design pH sensors with a

cyanine core. A commercially available dye of this kind is called CypHer 5

(Figure 1-2a).>”*° It absorbs at 650 nm after protonation, and 450-520 nm in the
basic form. Its pKg, 6.1, allows for the monitoring of receptor internalization in the

endosomes.*®

Another common modification to the cyanine dye is an additional amine
group on the polyene chain, while keeping the N-alkylated indoline I-1*' (Figure
I-2b). In such a case, the protonated form provides the positive charge in the
middle of the resonating polyene, which extends conjugation and causes the red-
shift. The advantage of aminocyanines is a strong fluorescent signal, both before
and after protonation of the amine, because the main cyanine core is constantly

positively charged. This has led to the construction of dual excitation ratiometric
pH probe with NIR fluorescence and pKg values 5.1-8.7, based on the amine
titration.*’

Another type of pH-sensitive cyanine probes consists of a cyanine

fluorophore and a nitrogen containing chromophore, attached to the middle of the



polyene chain. Such an assembly provides the donor/acceptor mechanism for

Forster resonance energy transfer (FRET) or for photoinduced electron transfer

(PeT). Tpy-Cy (Figure 1-2¢) is an example of pH sensor with pKg near neutral,*?

that proceeds through a PeT quenching mechanism. Protonation of the
terpyridine chromophore changes the absorption profile of this modulator.
Subsequently, quenching through PeT, is interrupted. Thus, the cyanine dye
becomes fluorescent. The dye has shown utility for accurate pH determination in

living cells, in the pH range between 6.7 and 7.9.%

Figure 1-3: Structure and chemical response to hydroxide of TPE-Cy dye.
Absorption/emission profile changes based on conjugation.

In addition to sensing the proton by direct protonation/deprotonation
events, some cyanine dyes are highly susceptible to nucleophilic addition.
Essentially the iminium can accept a hydroxide ion and break the conjugation of
the chromophore. As a result, the less conjugated chromophore has much more
blue-shifted excitation and emission wavelengths. This property of cyanine was
used to design TPE-Cy*® (Figure I-3). After reaction with hydroxide, changes not

only in wavelength were observed, but also the molecule polarity and extent of
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aggregation were shown to affect fluorescence intensity. In this way the single
molecule probe responds differently in each pH range: (1) it fluoresces at 630 nm
if pH < 5, (2) it has a gradual loss of red intensity at pH 5-9, due to deprotonation
of the sulfonic acid, with increased hydrophilicity and perturbed aggregation, (3) it
fluoresces at 480 nm if pH > 10. Such a unique design of combined reactivity and
polarity, provided a probe active over the full pH range of 1-14. TPE-Cy has
been used in dual color imaging and “blue-to-red” ratio detection, for accurate pH

measurements in live HelLa cells.**

N
L=
S
BA, pK, 1.35

Figure 1-4: Structure of benzothiazole aniline fluorophore for sensing low pH.

In a recent report, the intramolecular charge transfer in semi-cyanine was
exploited as a pH indicator of extreme acidity (Figure 1-4).** The design included
a combination of a benzothiazolphenyl fluorophore and aniline, linked through a

triple bond. The resulting 4-((4-(benzothiazol-2-yl)phenyl)ethynyl)aniline (BA) had
a fluorescence (Amax = 400 nm) increase upon acidification from pH 4.35 to 0.30.
The quantum vyield was 12% at pH 0.5 or below. Interestingly, BA in the amine

form exhibited a significant emission wavelength shift from 447 nm in toluene to

562 nm in DMF.

Another group of pH-sensitive fluorophores is known by the name

”»

T .
“LysoSensors These molecules were prepared as pH-sensors with

fluorescence increase after protonation. They most often localize in the lysosome
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because it is an acidic compartment in the cell. However, if other areas have
similar acidity then LysoSensors will also fluoresce in those locations. These
compounds do not share any specific structural features but typically the
protonation of the nitrogen leads to increase in fluorescence. For example, the

dye, known as LysoSensor Green or DND-189 (Figure I-5), has no fluorescence
at the pH above its pKy. However, it fluoresces with a quantum yield of 0.48 after

acidification.*¢*”

Probably the most unique and widely used dye of this kind is

LysoSens.orTNI Yellow/Blue, also called DND-160 (Figure I-5). It is an oxazole

probe (Dapoxyl family of fluorophores), conjugated with pyridine that can undergo
protonation. It has a pH-dependent spectral shift of emission wavelength from

464 nm to 542 nm after acidification with no difference in quantum yield between
two forms (~0.4). Having a pKa of approximately 4.5, it has been used for dual

emission imaging of lysosomal pH. This dye has good cell permeability and

MoK
&S Oy

z

N
| 0-Y
HN\/\N/\ 7\
K/O =N
DND-189, pK, 5.2 DND-160, pK, 4.5
-NH* -N/NH*
Abs.: 443 nm Abs.: 329/385 nm
Em.:505 nm Em.:464/542 nm

Figure I-5: LysoSensor dyes with pH-sensitive properties.
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photostability. However, relatively short excitation wavelength (365 nm) leads to

significant autofluorescence and cell damage.*®*°

The last class of pH-sensitive fluorescent molecules is derived from boron-
dipyrromethene (BODIPY), as a fluorescent core, decorated by additional
subunits that quench fluorescence in response to pH changes (Figure 1-6). The
BODIPY core itself does not have any group that responds to protonation.
However, synthesis of this chromophore family is highly efficient, making it
relatively easy to achieve a longer wavelength by increasing conjugation.
Additionally, it has high photostability and quantum efficiency. Hence, the

modification of the BODIPY dyes for pH determination with orthogonal quencher

OH
Cl

= A A
>\/N.B,N§<
Fa
I-2, pK, 7.5
-OH/O-
®: 0.09/0.0007 ®: 0.8/0.6

Abs.: 505/502 nm Abs.: 500 nm Abs.: 560/547 nm Abs.: 597/552 nm *
Em.: 521/519 nm Em.: 513 nm Em.: 567/590 nm Em.: 562/562+605 nm

CHj,

H ©
R = *8H I-6a, pK; 5.0 17, pH 0.5-13.1 I-8, pH 2.5-11.5
R=H 16b

Figure 1-6: Fluorescent pH-sensors based on BODIPY dyes. BODIPY core is
highlighted red, pH-sensing moiety is highlighted blue.
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has sparked interest. In such a case, the wavelengths of absorption and
emission do not change significantly. However, fluorescence intensity and,
therefore, quantum yield and brightness increase if quenching is interrupted.

58 59-60

Hydroxyls (I-2)°” and amines (I-3) were introduced as titratable groups on

quenchers for BODIPY dyes (Figure I-6). In the case of compound I-2, a 130

times fluorescence increase was recorded during acidification.

A pH-responsive moiety can be introduced as a part of extended

conjugation. In this instant, acidity promotes a response in wavelength, rather
than emission intensity. In this way, an imidazole ring that exhibits dual pKg
character was introduced to BODIPY through a double bond, as shown in I-4

(Figure 1-6). The probe responded with a pKg of 6.0 for a protonated imidazole

and another pKy, approximately 14.0, for the anionic imidazole.®’ Interestingly,

protonation of the tertiary amine, conjugated to the BODIPY core through

aromatic ring I-5, showed a response in the pH range 0.4—4.4.2

An extraordinary approach was presented by acidity-sensing aldehyde
conjugated with BODIPY core I-6a (Figure 1-6).°> Typically, one considers
hydroxyl, amine and carboxylate groups for pH-sensing, while an aldehyde is not
a prime candidate during the design process. However, comparison of molecule

I-6a with the respective analog I-6b, free from aldehyde, showed different

chemical shifts in 19F NMR and 11B NMR. This suggested that there is an
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interaction between the fluorine atom and aldehyde that activates the carbonyl for
reaction with hydroxide. Indeed, 1-6 exhibited strong green fluorescence at acidic
pH, while this fluorescence faded after reaching pH 8.0. There are two suggested
mechanisms for the observed proton sensing: (1) protonation of the carbonyl,
and as a result decreased PeT quenching between carbonyl and BODIPY, or (2)
hemiacetal anion formation at high pH, decreasing the conjugation by one

carbonyl, and thus reducing green fluorescence.

S
H® HO
== ~
BODIPY -7, pH 0.5-13.1

— LUMO

T .. PeT T
A
— Lumo % HOMO
_1_ 4_} PeT
% HOMO

Excited Excited
BODIPY 8-HQ BODIPY 8-HQ

Figure I-7: Mechanism of PeT quenching in I-7.

The first example of an ‘ON-OFF-ON’ type of fluorescent pH sensor came
from Jiang’s lab and utilized a 8-hydroxyquinoline substitution pattern as a
quencher I-7 (Figure 1-6), that has two ranges for titration: one between pH 0.5

and 6.8, due to protonation of the pyridyl, and one between pH 6.8 and 13.1, due

15



to deprotonation of —OH.%* This unique design with the incorporation of both a
weak acid and a weak base into a quencher allowed observation of a
fluorescence response in the full pH range. From the crystal structure it was
established that hydroxyquinoline is twisted out of conjugation from BODIPY
core. The mechanism of quenching was validated by density functional theory
calculations, that revealed two different pathways of PeT quenching (Figure 1-7).
With pyridyl protonation, electron transfer is occuring from the excited state
BODIPY to the lowest unoccupied molecular orbital (LUMO) of hydroxyquinoline,
leading to donor-excited PeT. Additionally, the alkoxide form has PeT from the
highest occupied molecular orbital (HOMO) of hydroxyquinoline to the excited
state  BODIPY. Since hydroxyquinoline participates only in fluorescence

quenching, BODIPY wavelength does not change the pH, in either direction.

A fascinating example of pH probe design, based on BODIPY dye, was
developed using calix[4]arene as a PeT quencher.®® This system actually
originated from the tight binding between calix[nJarene derivatives and metal
ions, even at a low concentration of analyte. Calix[4]arene is the most popular
building block for host-guest chemistry among all calixarenes, because of its
ability to adjust its conical conformation.®® This conformation is altered during the
complexation with a metal. Hence, molecule I-8 was expected to be a promising

metal sensor after further modifications on orthogonal calix[4]arene. However,

the authors observed by 1H NMR all of the phenolic protons coming at a single

chemical shift suggesting fast proton exchange. Titration from pH 2.53 to 11.54 of
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I-8 in water solution showed a constant decrease in fluorescence over the full
range. Years later this probe was utilized for sensing the intracellular pH changes

during early cell apoptosis.®’

Since many of the described probes work through ON-OFF fluorescent
signal, the perceived OFF state could be the result of the lack of fluorophore at

(O\/\ O/\/O\/\ O/\n,OH
(0]

488 nm 511 nm
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Figure 1-8: Structure of energy transfer cassette 1-9 and two-color probe 1-10
that fluoresce red and/or green in response to pH.
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the targeted location. To address this point the Burgess lab designed an efficient
energy transfer cassette 1-9 that fluoresces regardless of its protonation state
(Figure 1-8).°® The probe I-9 consists of two fluorescent modules with short and
long wavelength as the energy donor and acceptor, respectively. Two xanthane

chromophores with short wavelength have pH dependent green fluorescence

(®(O /OH)=0.97/0.4), which is absorbed by BODIPY dye leading to red

fluorescence. According to this strategy, after excitation at 488 nm, the probe
constantly emits at 600 nm with pH-dependent intensity. However, whether it
emits green depends on pH. The fluorescence ratio obtained from red and green
channels allowed for the accurate pH determination of cytosol (7.4) and
endosomes (5.4) in monkey kidney COS-7 cells. In a follow up study, the same
lab used a non-ionizable fluorophore as a donor, to confirm that the recorded pH
originates from the xanthane molecules and not elsewhere.®®

\\\ \
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LysoTracker Green or DND-26

Figure I-9: Chemical structure of Lyso-Tracker Green with fluorophore in
green and weak base in blue.

The two-color probe I-10 (Figure 1-8) that responds to acid and base with
different colors was designed simply by linking two pH-sensitive dyes of different
wavelengths.”® Both dyes respond to pH changes by ring opening and closing

mechanism. However, fluorescein lights up green at high pH, while rhodamine
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lights up red at low pH. The resulting chameleon dye allows the pH to be

accurately recorded over a wide range (4—11) using a ratiometric curve.

As mentioned above the BODIPY dyes themselves have no pH dependent
properties. And interestingly, BODIPY dyes are often used as lysosome staining
reagents. These dyes are called LysoTrackers (Figure 1-9). As oppose to
LysoSensors, they accumulate in acidic compartment providing a fluorescent
signal based on localization instead of ON-OFF emission. Such compounds
include quaternary amines with relatively hydrophobic alkane tails as part of the
structure.”"”? The lipophilic weak base penetrates biomembranes, but gets
protonated only in acidic compartments. It becomes less hydrophobic and is
retained because it is unable to dissociate out of the membrane. Therefore, the

dye accumulates in the lysosomes, the most acidic compartment in the cell.

.3 Genetically encoded pH sensors from the green fluorescent protein
(GFP) family.

Specific localization in cellular compartments and potential toxicity with
small molecule based pH indicators, is hard to control, plan, or predict, in
particular for live-cell imaging applications. Alternatively, DNA-encoded protein-
based probes do not have the latter disadvantages. They could yield superior
agents for pH sensing applications. Genetic triggers for the production of these
probes affords temporal control, while their ability to target specific locales

provides spatial resolution.
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The wild type green fluorescent protein (GFP) was isolated from jellyfish
Aequorea victoria.”? The parameters that control fluorescence, along with the
mechanism of chromophore maturation, have been investigated for the past 40
years.”*’® Since its discovery a number of dynamic processes were imaged with
GFP.” Directed evolution methods has led to the engineering of probes of

various colors and sensing abilities.”” "

? 0
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HO &

GFP chromophore

Figure I-10: Crystal structure of green fluorescent protein (GFP) and the
chemical structure of its chromophore.

The proton sensing character of the GFP family comes from the pKj of the

p-hydroxybenzilydeneimidazolidinone chromophore covered inside the cylindrical
beta barrel structure (Figure 1-10).”” The chromophore is formed through an
autocatalytic cyclization of pre-arranged three consecutive amino acids followed
by oxidation with molecular oxygen (Figure I-11). The autocatalysed
chromophore formation is the most prominent advantage of GFP family because

no exogenous reagent is required to generate fluorescent signal. Fluorescence of
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GFP depends on the rigidity of the encapsulated chromophore and the anion
formation, usually through excited state proton transfer (ESPT). The phenolate
form has different spectroscopic properties, as compared to phenolic form. This

is the foundation of the pH sensor development.”®

}NH HO NH
HO ~ HO »
Figure I-11: Autocatalytic chromophore formation in GFP family and

protonation/deprotonation event. Chemical structure of fluorescent form is
highlighted green.

All pH-sensitive GFP variants can be subdivided into three groups.” The
first group is based on emission intensity, which functions well as probes for
monitoring pH fluctuations inside the cell. The second group has dual excitation
and/or emission profiles that have been successfully implemented as ratiometric
pH probes. The third group consists of protein fusion chimeras that gain the new
acid/base sensitive character upon altering the protein construct. Nevertheless,
all GFP-derived probes work based on a protonation/deprotonation event of the
hydroxyl group. The spectroscopic properties of the probe vary based on the
chromophore’s structure or its interactions with the protein environment (Figure I-

12).
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The pioneering results on GFP-based pH sensors came the same year
from three different groups. Interestingly, pH dependent fluorescence of wild-type
GFP had already been observed 15 years prior to the first pH-sensing report.”®
Kneen and co-workers ® were the first ones to describe four different mutants of
GFP with a consistent increase in emission, as a function of pH. The wavelength
of the mutants did not change but the intensity of absorbance at 490 nm and
emission at 510 nm both gradually decreased with acidification. At the same

time, a new peak with absorbance at 390 nm and a weak emission at 450 nm

grew. The pKj values of 4.8, 5.9, 6.0 and 6.1 were recorded for different mutants,

spanning the majority of the physiologically relevant pH range. The shape of the

titration curves indicated the involvement of only one proton in the titrated range.

The mutant with pK5; 6.0 was successfully localized in the cytosol of LLC-PK1

cells and the mitochondria, Golgi and endoplasmic reticulum of CHO cells. In
cytosol, mitochondria and Golgi pH values were measured as 7.4, >7.5 and 6.6,
respectively. The pH changes in the endoplasmic reticulum were monitored, but
not accurately measured. Because the intensity-based method does not account
for protein concentration or photobleaching, it required an in situ standard
calibration curve, constructed via cell perfusion with ionophores and buffers of
known pH.

A month later the Tsien lab reported a blue-shifted GFP variant: enhanced

cyan fluorescent protein (ECFP) with an apparent pKgy value of 6.4.8" ECFP

22



localization in the Golgi of HelLa cells indicated a pH of 6.58. Although it was a
different mutant of GFP, compared to the one reported by Kneen et al., the
method employed the same strategy providing a comparable outcome. Ideally,
pH-sensing systems should be independent of probe concentration, to allow for
accurate measurements that are not skewed by changes in the intensity of the
observed signal. A general solution to this problem is the use of ratiometric

probes that enable concentration independent pH determinations.
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GFP chromophore GFP chromophore YFP chromophore mKeima chromophore
(weak fluorescence) (strong fluorescence)

hexhem=~400/>500 "M Aex/hem=~490/>515 M  Agx/hem=~515/~530 nM  Aex/Aem=585/610 nm

Figure I-12: Chemical structures of chromophores from GFP family utilized as
pH sensors.

The breakthrough in the area came two months later, when Miesenbdck et
al? reported the discovery of GFP mutants known as “pHluorin” series. The
manuscript described two proteins, each with unique spectra: ratiometric pHIuorin

and ecliptic pHluorin. Ratiometric pHluorin works by using concentration

independent emission ratios at 410 nm and 470 nm (Ra10/470), because both

protonated and unprotonated species are fluorescent. This approach requires the
in vitro construction of a calibration curve. The ratio from an experimental pH
determination is subsequently fitted to the curve. The working range for an
accurate pH determination is 5.5-7.5, as determined from the standard curve.

Determined pH values with compartment-targeted ratiometric pHluorin in HelLa
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cells yielded a pH of 7.5 on the cell surface, a pH of 5.51+0.66 in endosomes and
a pH of 6.21+0.39 in the Golgi.

As opposed to ratiometric pHluorin, ecliptic pHIuorin is in the dark state at
a pH below 6. This property made it suitable for visualizing secretion and
synaptic transmission. Synaptic vesicles are acidic (pH ~5.0), while vesicle
fusion with plasma membrane in neurons causes an instantaneous rise in the pH
to approximately 7.4. Therefore, synaptic vesicles expressing ecliptic pHluorin
are non-fluorescent in the resting state but are highly fluorescent after initiating a
secretory response. The places with elevated fluorescence were slowly diffusing
into the cytosol at different time frames of the experiment, as expected in
exocytosis. Recorded images at different time lapses had both “on” and “off”
spots, indicating vesicle fusion, as well as retrieval. More recently, a report
showed the optimization of a ratiometric pHluorin into pHluorin2, with enhanced
emission and expression, achieved through mammalianized and folding-induced
mutations.®

Four ratiometric fluorescent indicators with dual emission using single

excitation wavelength, were reported as deGFP.%® The pKj values ranging 6.8—

8.0 would be suitable for pH measurements close to neutrality. Although the
protein is visible in two channels if expressed in PS120 cells, the usefulness of
deGFP as a proton sensor in the live-cell imaging has not been demonstrated as

t.83

of yet.” Nevertheless, it is a unique example of a single excitation dual emission

protein. It has become a platform for other FP design and has been studied
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extensively computationally.®*® An accepted mechanism of GFP fluorescence is
based on excited state proton transfer (ESPT) that gives green emission after
deprotonation in the excited state (Figure 1-13). As determined from crystal
structures of deGFP mutant at pH 9.0 and pH 5.0, the chromophore in acidic
conditions does not contain the hydrogen bond network that facilitates ESPT.
Different efficiency of ESPT leads to fluorescence of both the protonated (460

nm) and deprotonated (515 nm) states, as a function of pH with single excitation
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Figure 1-13: Excited state proton transfer (ESPT) mechanism for GFP
chromophore.
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(400 nm).

An example of the dual excitation/dual emission probe from the GFP

I.86

family is EZGFP reported by Bizzarri et al.™ This GFP mutant has a single

absorption peak at pH <5 (430 nm). After basification two peaks (400 nm and

515 nm) were observed. Upon estimating different excitation wavelengths and

observing various emission ranges, it was established that EzGFP works best
with two selective channels. One ratiometric curve can be obtained using Aex1 =
458 nm and Aex2 = 488 nm with the same band pass filter (BP) 500-600 nm that
gives a pKy of 6.9. Another ratiometric curve is generated using one excitation
wavelength Aex = 458 nm and two band pass filters (475-525 nm and 515-600

nm), yielding a pKa of 7.5. This system has dual control over pH determination. It

was used for observing changes in the pH during cell mitosis in CHO cells.

However, a substantial limitation of this GFP is that EZGFP spectroscopic profile

depends on the concentration of chloride ions. The same lab moved towards the

development of E1G|FP,87 with lower sensitivity to chloride ions. The key step of

protein design involved mutagenesis of the residues in the chloride binding site

into bulky space filling amino acids.

There are other non-ratiometric intensity-based pH-dependent probes

from the GFP family called mCitrine,®® mtAlpHi,?® Clover® and mWasabi®' with
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respective pKa values of 5.7, 8.5, 6.2 and 6.5. Officially, mCitrine and Clover
were not utilized for measuring pH in the cell or intracellular compartments but

their pKy values of 5.7 and 6.2, respectively, show potential application in the

field. Sensor mtAlpHi has a high pKj relative to other FP. It is a suitable probe for

mitochondrial pH determination.?® The main advantages of mWasabi, over other

indicators, are a narrow excitation peak and high quantum yield (0.8).*"

A ratiometric indicator, with similar characteristics to the ratiometric
pHluorin was isolated from the orange seapen Ptilosarcus gurneyi and named Pt-
GFP.%? Advantageously, this indicator has a broader pH range and higher
fluorescence ratio. It was used for imaging pH response to anoxia and salt-stress

in plants.

SypHer is a pH-sensitive protein with the highest pKj value (8.7) from the

entire GFP family.?® Its ratiometric properties are based on dual excitation (400
nm and 490 nm) and single emission (535 nm). This permitted an accurate pH
determination in mitochondria of HelLa cells, in response to calcium ions. The
dynamic measurements of pH changes provided the evidence that calcium ions

uptake and efflux in mitochondria is anticipated by a pH gradient.

Many red-shifted proteins from the GFP family (Aex >550 nm, Aem >570

nm) have pKj values in the appropriate range for proton sensing. For example,
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mKate, mKate2, mRuby2 and mTangerine have pKj values 6.2, 5.4, 5.3 and 5.7,

respectively.®**® However, not many of them were investigated as pH sensors in

live cells. Recently, pHTomato with pKy 7.8 was used to monitor synaptic

activity.®> Combined with GFP-based calcium indicator pHTomato was used for
dual color imaging of spatially resolved presynaptic and postsynaptic neurons. It
was shown useful as a red-colored probe for exocytosis. Moreover, combined
with optogenetic photostimulating tools, based on channelrhodopsin systems
(blue light absorbing ChR2 and green light absorbing VChR1), pHluorine and
pHTomato showed individual responses to the light of specific wavelengths. Co-
expression of fusion proteins ChR2-pHIuorin and VChR1-pHTomato in neurons
provided a direct control and readout of neuronal activity triggered by blue and
green light, respectively. This was the first example of multiplex control and

tracking of distinct circuit pathways.

Thus far, the only ratiometric red fluorescent protein that has been
identified, is pHRed derived from mKeima.®’ It is a pH probe with dual excitation

(440 nm and 585 nm) and single emission (610 nm). Spectroscopic

characterization of pHRed revealed a pKj of 6.9 and pH-dependent fluorescence
lifetime of the sensor. The latter property was used in fluorescence lifetime
imaging microscopy (FLIM) for determination of intracellular pH in Neuron2A

cells. It has also been applied in simultaneously recording pH and sensing

adenosine triphosphate (ATP) in the dual color imaging with green fluorescent
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Perceval (GFP-derived ATP sensor). In the same study, researchers showed that
the 440 nm absorbing form of purified pHRed can be excited with two-photon
excitation, at a single wavelength of 860 nm. This has the potential to become a

new tool for imaging thick tissues.

The last subgroup of genetically encoded pH sensors from the GFP family
consists of fusion proteins that aim for a better and more reliable ratiometric
response. Usually, at least one of the proteins is a pH-sensitive variant with non-
ratiometric properties, while the other one serves as a reference point. Genetic

fusion of two proteins ensures an equal expression of both reporters.

The first example of fusion protein constructs employed pH-insensitive

GFP mutant (GFPyy: Aex=380 nm, Aem=509 nm) as a reference and pH-

sensitive GFP or yellow fluorescent protein (YFP) as a reporter.® The two

probes, with green and yellow emission, were named GFpH and YFpH. They

reflect the chosen sensor protein and pH-sensitive character (corresponding pKgy

6.1 and 6.5). GFpH functions as a dual excitation single emission probe, while

YFpH has single excitation but dual emission profile. YFpH undergoes pH-

dependent FRET from GFPyy (emits at 509 nm) to YFP that is typically excited

with 514 nm. The designed fusion proteins have shown utility in cytosol of various

cell lines.
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Another example of a fusion for FRET, utilized a well-established donor-
acceptor pair: cyan fluorescent protein (CFP) and YFP.*® Chimeras produced in
the described work have a general name pHlameleon. Three mutants of YFP

were fused with CFP and relative fluorescent intensities were plotted as a

function of pH. The products had pKg values 4.1, 5.8 and 8.3, determined from

the FRET ratio. pHlameleons worked well for imaging cytosolic acidification upon

lysosomal disruption in breast cancer MCF7 cell line.

A notable example of dual fusion utilized for pH determination in plant cells
is dubbed pHusion.'® It was constructed from enhanced green fluorescent
protein (EGFP) and monomeric red fluorescent protein (mRFP). The fundamental
concept of this design relies on the unique spectroscopic properties of each
reporter. They are well separated and can be employed in two-track imaging.
EGFP and mRFP have an excitation and emission wavelength over 100 nm apart

that avoids spectral overlap. The fluorescent signals obtained from each track are

subdivided at a titrated pH range giving a pKy 6.0. The probe responded well in

the whole plant, including roots. It was possible to follow the apoplastic and
cytosolic pH homeostasis upon external pH changes.

The only ratiometric bioluminescent sensor is pHlash.'®' It is also a
representative of the fused donor-acceptor pair. However, the donor generates
light from luciferase. Fusion of Renilla luciferase to the pH independent FP,

Venus, utilizes bioluminescence resonance energy transfer (BRET). This probe
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does not require excitation by a separate light source. Instead the light comes
from the enzyme-catalyzed oxidation of coelenterazine to coelenteramide
(Figure 1-14), which is pH dependent. In this way, excitation of pH-independent
Venus depends on pH-dependent chemiluminescence coming from the fused
luciferase enzyme. The pH-sensitive nature of the light source was only an
observation. The explanation might be in the altered hydrogen-bonding network
in the enzymatic reaction. Alternatively, the protonation/deprotonation of the
substrate may alter the affinity to the enzyme. In principal, the 475 nm light from
reaction excites Venus. The BRET ratio of emission signals at 525 nm to 475 nm
is used to generate a concentration independent ratiometric curve. Unfortunately,
the data obtained from isolated pHlash and fusion expressed in live yeast cells
showed differences in titration ratios. More importantly, the luminescence signal

(475 nm) decreased significantly after 20 min of reaction time. Nevertheless, the

o) OH OH
(0]
N. NH luciferase N NH
|| 7? g
N N
H (o]} CO,
HO light HO
coelenterazine coelenteramide
BRET
—_—
Luciferase Venus

Figure I-14: Design of pHlash from Luciferase-Venus fusion. pH-dependent
chemiluminescence of Luciferase is used to excite pH-independent Venus.
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approach to create pHlash was different from anything else described in the
literature thus far. After further optimization of this recently reported fusion
protein, it might find utility as a working pH sensor.

Professor Bencina recently published a review article on pH determination
in cellular organelles using GFP mutants.”® Proteins were targeted to different
cellular organelles in mammalian cells, plants, yeast and bacteria. Determined
pH values closely matched previously reported ones obtained with
microelectrodes, SNARF and BCECF. However, the void in the area remains the

determination of pH in lysosomes. The problem is, that GFP probes have

relatively high pKa values, while the pH in the lysosomes is around 5 (in some

cases reported <4). Dim fluorescence of the protonated form is another issue in
acidic environment. The probes with reverse effect of fluorescence (bright after
protonation) would be ideal for this purpose. However, the nature of the
fluorophore as a proton acceptor needs to be modified for best outcome.

1.4 Other pH-sensors targetable to specific organelle.

The determination of pH with small molecules has been described many
times. However, localization of the probe is always an issue if it is not targeted to
specific organelles. Even commercially available tracker dyes give reliable
localization only for the first few minutes. After some time they tend to translocate
to other places in the living cell. Furthermore, the tracking systems are
associated with staining of the whole compartment rather than trafficking specific

proteins. Genetically encoded sensor fusions with the protein of interest solve the
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localization problem. However, measuring the levels of acidity with the GFP
family is not easy due to the dark state of the probe at low pH and a lot of
background from autofluorescence. Therefore, specific localization of an acid-
sensitive probe is one of the challenging tasks in the area. This section focuses

on recent approaches addressing this problem.

KETWWETWWTEWSQPKKKRKV-NH

¢ ¢ ~SH

Hydrophobic region + Positive anchor =
Amphiphilic peptide Pep-1

Figure I-15: Amphiphilic peptide Pep-1 that mediates protein delivery inside
the cell via association with negatively charged membrane followed by
penetration through hydrophobic lipid bilayer.

Many reports describe targeting of small molecule fluorescent sensors into
the lysosomes. However, in most cases, it is not clear if the probe goes to the
lysosome because of some structural features, or if it goes everywhere in the
cell, but becomes visible only in lysosomes because of its acidic pH. Usually, the
lysosomal localization is confirmed by co-staining with LysoTracker at a different
color. If colocolization is achieved, it becomes a fluorescent probe for detection of
lysosomal pH. For example, the dye I-10 (Figure 1-8) fluoresces red in
lysosomes, while compartment with green fluorescence did not correspond to
any tested tracker. The determined pH in lysosomes from the ratiometric curve
for untreated Hela cells was 5.7+0.2, while for N-acetylcystein or hydrogen
peroxide treated cells were 4.9+0.1 and 6.6+0.4, respectively.

An out-of-the-box approach for specific pH-sensor delivery was described

for molecule 1-9 (Figure 1-8). Normally, exogenously added proteins are delivered
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to endosomes. However, the Burgess lab discovered that amphiphilic peptide
Pep-1 (Figure 1-15) mediated protein delivery proceeds in a temperature
dependent manner. Briefly, the energy transfer cassette I-9 was conjugated with
bovine serum albumin (BSA). The BSA-I-9 conjugate was added with Pep-1 to
COS-7 cells at 37 °C and at 4 °C. Fluorescence localized in endosomes under
warm conditions, while it was diffused in the cytosol for cold incubated samples.
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Figure I-16: Design of a ratiometric pH-sensor with lysosomal targeting.

More rationally designed lysosomal targeting utilizes a LysoTracker-like
motif, as mentioned for the LysoTracker Green in Figure 1-9. For instance, in a
recent report quinoline dye was derivatized with a lysosomal pH sensor.'% At

first, the authors prepared an amido-quinoline probe with dual emission

ratiometric character (pKa=4.2). Then, the probe was decorated with a lysosomal

anchor (dimethyethylamine moiety). The final probe, named PQ-Lyso (Figure I-
16), facilitated pH measurements in lysosomes, in response to various
exogenous factors.

Suppressed fluorescence of aggregated dyes, via self-quenching, can be
reversed with pH. In this way, a dimer with an acid labile hydrazone linker was

used to determine the areas of high acidity in cells and tissues.'® The strategy is
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shown in Figure I-17a. The covalent dimer of the cyanine dye is converted into

near infrared fluorescent monomer during acid-mediated hydrolysis of hydrazone.
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Figure 1-17: Acid-promoted fluorescence without direct protonation of
chromophore. a. Acid-catalyzed cleavage of quenched dimer. b. Acidity driven
nanoparticle formation.

An example of acid-dependent fluorescence increase with sharp transition
was made from the combination of pH-independent fluorescent dye and a
nanoparticle platform (Figure 1-17b).'** Typically, the working range of sensors is
>2 pH units. The larger this range, the harder it is to determine pH accurately. But
the nanotunable method is more sensitive because it depends on the particle
disassembly, instead of the protonation event. As a result, the self-quenching

process is interrupted and emission is activated with a sharp transition (<0.5 pH
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units). Although this approach does not utilize specific targeting, fluorescence
activation is mostly seen at peri-nuclear regions.

It was described many times that small molecules can be targeted to a
specific area, using a rational design of the agent or as an outcome of random
discovery. However, as mentioned above, all of these methods are limited to the
short-term measurements and not applicable for trafficking a specific protein of
interest. The first example of a genetically encoded pH sensor, other than from
the GFP family, utilized a receptor-mediated targeting method.'® The strategy
included intracellular expression of single chain antibody that recognizes 4-
ethoxymethylene-2-phenyl-2-oxazoline-5-one (phOx) followed by cell staining
with a phOx-fluorescein conjugate (Figure 1-18). Genetic targeting of this
antibody to the lumen of the Golgi gave an accurate pH determination
(6.25+0.06) using fluorescein in ratio imaging microscopy. Interestingly, this

method reported, in early 1999 by Verkman lab, pioneered a more recent high-
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Figure 1-18: Specific labeling of genetically encoded receptor protein based on
high affinity binding to its ligand conjugated with pH-sensitive fluorescein.
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impact work on a new series of genetically encoded protein tags. It combines a
natural recognition unit attached to the fluorescent molecule (Halo-Tag, SNAP-
Tag, CLIP-Tag, TMP-Tag etc), none of which were used as pH-sensors yet.
However, there was an example of pH determination, utilizing picomolar affinity
between avidin and biotin by localizing avidin in selected compartments and

labeling it with the biotin-fluorescein conjugate (Figure 1-18).'%°
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Figure 1-19: Design of FRET-based pH-sensor using genetically encoded
fluorogen-activating peptide (FAP). FRET takes place only after FAP binds TO
while pHsensitive cyanine dye always responds to protonation.

A more recent report on tracking surface proteins through endocytosis
utilized genetically encoded fluorogen-activating peptide combined with the pH-
sensing cyanine dye.'”” The fluorogen-activating peptide (FAP) is a single chain
antibody randomly selected from a large library by screening for enhanced
fluorescence of thiazol orange (TO).'® Fluorescence increased about 2,600-fold
because of restricted rapid rotation around the single bond of TO after binding to

FAP. The method of imaging the endocytosis used FRET between a TO-
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derivative (activated by FAP) and a pH-sensitive cyanine dye (Figure 1-19). FAP

fused to adrenergic receptor became a useful tool for dynamic analysis of

endosomal trafficking through the cellular membrane and exhibited drug-
dependent pH fluctuations in vesicles.
a. b.
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Figure 1-20: Solvatochromic fluorophore as a pH-sensor. a. Conformational
change of HdeA protein at different pH. b. Chemical structures of fluorophore
and unnatural amino acid for ‘click’.

Yang and co-workers presented a different approach to genetically
encoded pH-sensing.'® Their system responds to pH with a significant
conformational change of the labeled protein instead of direct proton abstraction
from a reporter molecule. The protein HdeA from highly acid resistant bacterial
strains was characterized previously as an acid-protecting chaperone essential
for bacteria to survive in the acidic environment of the stomach. At normal pH
HdeA is a dimer with a hydrophobic region at the interface. However, at pH <3 it
is a monomer capable of binding hydrophobic substrate. A solvatochromic
fluorophore was used as an alternative substrate. The fluorophore normally

fluoresces green in hydrophobic environment, but emits weak red light in
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aqueous solution. To incorporate the fluorophore into the protein they used
bioothogonal alkyne-azide ligation (Figure 1-20). An azide-containing unnatural
amino acid was introduced into HdeA, via amber mutation. The probe proved
useful for sensing high acidity in E. coli and mammalian cells. However, its broad
application is questionable due to high cost and low efficiency of protein
expression with unnatural amino acids.

As surmised in this chapter, currently genetically encoded visualization of
acidic processes is indeed a challenging task. Many research groups interested
in bioorganic chemistry have attempted to develop tools to address this problem.
Future solutions would combine the following: 1) the genetically encoded probe
needs to be visible at low pH; 2) the protonation/deprotonation event should be
reversible and concentration independent; 3) the library of probes needs to
account for various pH ranges, including highly acidic ones; and 4) the method
should be efficient and widely applicable.

1.5 Retinal and rhodopsin as an inspiration for pH-sensing.

Iminium-containing fluorophores would be interesting to examine in pH-

sensing. An iminium has a broad range of pKgy, with representative compounds
going as low as 5. Protonation of the imine dramatically changes the electron-
withdrawing nature of the substituent and subsequently, is expected to trigger a

shift in the spectroscopic properties of the fluorophore. Unfortunately, the iminium

can easily hydrolyze to the amine and aldehyde, which makes its use in pH-
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sensing relatively challenging. Nevertheless, there are a few reports on steady
imine/iminium titrations in the presence of iminium-stabilizing functional groups.

The iminium of retinal, the aldehyde form of vitamin A (Figure 1-21), can
be highly chromophoric, compared to free aldehyde or its imine.'’® The color of
retinal-PSB (and subsequently the wavelength of light it absorbs) strongly
depends on its environment and is capable of covering the full visible spectra
(absorbance range 420 nm—640 nm).""" Retinylidene-PSB plays a crucial role in
color vision by absorbing specific wavelength of light. There are four proteins in
the human eye that bind retinal as an iminium or protonated Schiff base (PSB)
and become capable of absorbing light. These proteins are known as
rhodopsins. They belong to the G-protein coupled receptors (GPCR) that activate
the signal transduction in response to a particular event.''?

Rhodopsin  absorbs the light and subsequently undergoes a
conformational change that is critical to increase its affinity to a-transducin.''#"'*
After a-transducin is bound to rhodopsin, it exchanges guanidine diphosphate

(GDP) into guanidine triphosphate (GTP), which triggers dissociation from the

other two transducing subunits. This sequence of events activates
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Figure 1-21: Chemical structures of retinal isomers and the wavelengths for
aldehyde, imine and iminium.
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phosphodiesterase to hydrolyze cyclic guanosine monophosphate (cGMP) to
guanosine monophosphate (GMP). A decreased concentration of cGMP causes

hyperpolarization in photoreceptor cells and creates the signal.
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Figure 1-22: Crystal structure of bovine rhodopsin and chemical structures of
identified intermediates during photoisomerization of retinal. In crystal structure
two helices were hidden to highlight bound retinal (magenta).

The crucial conformational change of rhodopsin is completed by
photoisomerization of 11-cis- to all-trans-retinal-PSB (Figure 1-22).""? This
reaction has multiple intermediates, some of which have even been crystalized.
Interestingly, one of the intermediates, metarhodopsin Il, is in the deprotonated
form. After isomerization, the protein loses its affinity for the ligand and all-trans-

retinal dissociates out. Ligand-free rhodopsin changes to a conformation capable

41



of binding 11-cis-retinal again and participate in a new cycle, while the 11-cis-
retinal is regenerated through an enzymatic pathway.
Blue, green and red rhodopsins are named according to the wavelength of

light each of them absorbs."'? There is also rod rhodopsin, responsible for dim
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Figure 1-23: Proton motion in channelrhodopsin. a. Isomerization of retinal. b.
Crystal structure of channelrhodopsin. If using bacteriorhodopsin numbering
Glu162 and Asp292 would be Asp85 and Asp212, respectively.

vision. Besides visual rhodopsins there are other pigments constructed from
retinal and its isomers. Archael channelrhodopsin works as a light-gated proton
pump that provides controlled motion of flagella to drive microalgae towards or
away from light.""*"'® Briefly, it binds all-trans-retinal as PSB, which isomerizes to
13-cis-retinal-PSB after absorbing a photon of light (Figure 1-23).""° As opposed
to the visual pigments retinal does not dissociate out of the channelrhodopsin but

isomerizes back to the initial all-tfrans form. Isomerization triggers the iminium
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region to move. As a result, it transfers the proton from PSB to Glu162
(channelrhodopsin numbering). This proton motion was recently proposed based
on the crystal structure of channelrhodopsin.'"”

Not so long ago channelrhodopsins were engineered into optogenetic
tools to control the activity of neurons.'’*'"® Engineered channelrhodpsin
absorbs at 480 nm that allows the initiation of the proton pump with blue light. It is
a genetically encoded non-destructive method to create a difference in proton
concentration on two sides of the cell membrane. Simply put, blue light irradiation
of cells expressing channelrhodopsin causes depolarization and neuronal firing.
In essence, the rapidly emerging area of optogenetic tools, represented by
channelrhodopsins, composes the proton sensing machinery controlled by light.
Therefore, the deprotonation ability of retinylidene is encouraging to investigate
for pH-sensing.

Moreover, fluorescence of the retinal-PSB was recently investigated in
proton dependent voltage sensing.'’® ''® For this purpose the Cohen lab used
mutants of proteorhodopsin, a proton pump from bacteria in oceanic surface
waters. At normal pH, proteorhodopsin works similar to channelrhodopsin:
isomerization from all-trans- to 13-cis-retinal triggers the proton transport. An
engineered mutant for proton sensing showed pH-dependent fluorescence for the
protonated state and also had no light-induced proton pumping activity. Weak
fluorescence of the retinal-iminium was seven times higher, compared to the

imine form. The probe was named proteorhodopsin optical proton sensor
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(PROPS).""® An advantage of this probe is that no additional compound needs to
be added exogeneously. Cells already contain retinal since it is one of the
essential vitamins and the chromophore in PROPS is reconstituted from an
inherently existing chromophore. “ON-OFF” fluorescence of PROPS was
compared to pHIluorin and showed opposite characteristics in the acidic and
basic conditions.

The probe was developed as a voltage sensor accounting for the
following: a change in the membrane potential causes the rearrangement of
protons near the PSB of PROPS, and subsequently, alters the acid-base
equilibrium. However, making a general pH-sensor out of PROPS would be

difficult due to solubility issues because proteorhodopsin is a membrane bound

protein. Additionally, the pKa of PROPS is 9.6, which is far from the physiological

range. Also, the fluorescence of retinylidene in PROPS is dim with brightness
500 times lower than GFP. On the other hand, an encouraging fact is that
recently, this system was reengineered into a brighter version, with fluorescence

only ~50 times lower than GFP."?*"! |t makes retinal binding proteins attractive
targets for design of novel pH-sensors. However, the high pKy of the PSB and

the solubility of rhodopsins remain to be addressed.

During many decades of rhodopsin research the pKy of retinylidene-PSB

has been investigated thoroughly. The values for different rhodopsins vary from

~9 to ~16, while the pKy of retinylidene-PSB with butylamine is 7.2 in
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PBS/methanol (ratio 1:1).%” 22125 126 \Metarhodopsin Il is in Schiff base (SB) form
at physiological pH (Figure 1-24).'*” Experiments with model compounds and

protein mutagenesis provided enough evidence that a counteranion is a key

factor that stabilizes the positive charge on the PSB and increases its pKg. The

crystal structures of squid rhodopsin'®® and bacteriorhodopsin'®® with lower pKg

values revealed the absence of a regular carboxylate counterion in direct

interaction with PSB (Figure 1-24).

pKg ~16 pKg4 ~9

SB pKg ~13

Figure 1-24: Retinal-PSB and counterion interactions in crystal structures of a.
bovine rhodopsin resting state, b. squid rhodopsin, ¢. metarhodopsin Il and d.
bacteriorhodopsin.

In order to estimate the pKy of bovine rhodopsin, Steinberg and co-

workers used fluorinated retinal analogs with an inherently lower pKa.'® Initial

efforts of pKy determination with retinal were unsuccessful because the protein
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loses its structure at pH >11. The retinal analog I-13 had a pKg of PSB 5.5 units

lower than the 11-cis-retinal-PSB formed with n-butylamine (Figure [-25).

Comparison of I-11 and 1-12 showed no impact on the pKj regardless of the

double bond geometry. The PSB pKj of I-13 in bovine rhodopsin was determined

to be 10.2. The natural pigment has a pKj of ~16 if the difference between two
chromophores is simply added to the obtained value.

There are many possible solutions to modulate the pKy of rhodopsin.
However, the protein solubility of the membrane bound rhodopsins would be hard
to address. Moreover, investigating the factors that control pKy would require

high resolution crystal structures, a challenging experiment for any GPCR.
Instead of optimizing rhodopsin, alternative protein systems can be investigated.

Having a handful of proteins engineered to form PSB with all-trans-retinal, we

aimed to produce a new series of mutants with wide range of pKj values.

FaC™

11-cis-retinal-PSB I-11 1-12 1-13
pKq 7.2 pKgy 5.0 pKg 5.0 pK4 1.8

Figure I-25: Retinal analogs with lower pK5 of PSB compared to 11-cis-retinal.
The pKy values were measured with n-butylamine in 1:1 ethanol-water

solution using HCI for pH-titrations. The pKg of the PSB formed with bovine
rhodopsin bound to I-13 was 10.2.
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1.6 Conclusions and significance

As detailed in this chapter, accurately determining the pH in living cells is
an important and challenging task. Yet none of the existing systems provide a
solution for routine use. pH-sensing molecules are problematic for targeting to
specific location. Even if this is achieved, temporal relocation is another obstacle
to overcome. Genetically encoded pH-sensors from the GFP family can be easily
targeted to different organelles. However, imaging very acidic or an oxygen-free
environment becomes a problem due to the nature of GFP. Other genetically
encoded proton-sensing methods have their drawbacks, such as cell permeability
of the labeling reagent, possibility for ratiometric measurements, availability of the
expression platform or bright fluorescence of the indicator. There is much room

for improvement, the following thesis describes our efforts in this regard.
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CHAPTER Il: REENGINEERING OF CELLULAR RETINOIC AcID BINDING PROTEIN
(CRABPII) INTO A PH-RESPONSIVE COLORIMETRIC PROBE
II.1 Introduction

Cellular Retinoic Acid Binding Protein Il (CRABPII) belongs to the family of
intracellular lipid binding proteins (iLBPs), which have the main function to
solubilize and transport hydrophobic molecules in the organism. CRABPII binds
and regulates the intracellular concentrations of all-trans-retinoic acid (RA) II-1
(Figure Il-1a), a metabolite of Vitamin A.' After binding, it not only solubilizes RA,
but also transports it from the cytosol to the nucleus of the cell as confirmed by
CRABPII nuclear localization studies.®® After getting inside the nucleus it
transfers RA to the retinoic acid receptor (RAR), which is involved in
transcriptional activity of specific genes. CRABPII is a chaperone because it
participates in gene regulation through RAR.? Like other iLBPs it has two o-

helices and two five-stranded p-sheets (Figure Il-1b).*> CRABPII binds RA with

high affinity, Kg = 2 nM.° Detailed analysis of the CRABPII crystal structure

reveals the presence of hydrophobic residues along the polyene and a tight
hydrogen bonding network with RA’s carboxylate (Figure llI-1c), leading to the
observed high affinity for binding. By itself CRABPII is an ideal platform for
mutagenesis studies because it is a structurally robust protein, and it contains
only a few highly conserved amino acids among the iLBP family. With the last
two facts in mind our lab initiated the reengineering of CRABPII into a rhodopsin

mimic.”® In order to build a rhodopsin mimic the initial goal is to promote the
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reaction between the aldehyde group of retinal and the amine group of a lysine
residue to form an iminium bond. During CRABPII reengineering, this step
involved a ligand switch from the non-covalently bound carboxylic acid to an
aldehyde, which forms iminium bond with a properly positioned lysine residue
(Figure II-2a).

In the first generation rhodopsin mimic, the protonated Schiff base (PSB)

O
MOH

all-trans-retinoic acid (RA)

-1
T54
c. V58
RA
\ A35 R111
V76
A36 Y134
A32
V24 R132
L19 F15
L18

Figure lI-1: Crystal structure of WT-CRABPII (PDB ID: 2FR3). a. The chemical
structure of CRABPII native ligand all-trans-retinoic acid (RA); b. The tertiary
structure of CRABPII bound with RA; ¢. The residues around RA (hydrophobic
yellow, hydrophilic green).
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was formed through an engineered R132K residue, as confirmed by the crystal
structure of the R132K:R111L:L121E triple mutant (Figure I1I-2b).2 The
carboxylate L121E was introduced as a counterion stabilizing the positive charge
on the PSB (Figure lI-2c), while the R111L mutation allowed the ligand to adopt
the proper Burgi-Dunitz trajectory for the Lys132 nucleophilic attack to occur. The
final CRABPII-R132K:R111L:R121E (CRABPII-KLE) triple mutant bound retinal
as PSB with dissociation constant of 1 nM but, unfortunately, it was not capable

of modulating the wavelength regardless of mutations at residue Arg59 (435 —

) @)
iiEIin/Lk/&Q/JQV)LH

all-trans-retinal (Rt)
-2

|

\\\\QH
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"

all-trans-retinal-PSB
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Y134

2.8 A
2.6 A

R111L

all-trans-retinal-PSB L121E
R132K

Figure II-2: Crystal structure of CRABPII-R132K:R111L:L121E (PDB ID:
2G7B). a. The chemical reaction between all-trans-retinal and engineered
CRABRPII; b. The tertiary structure of CRABPII-R132K:R111L:L121E covalently
bound with Rt; ¢. The residues involved in successful engineering of CRABPII
into a first generation rhodopsin mimic.
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450 nm).° This failure was attributed to the partial exposure of the chromophore
to the highly polar aqueous media, identified from close examination of the
crystal structure. If this hypothesis is true, encapsulation of chromophore inside
the protein cavity is expected to solve the problem and result in wavelength
regulation. The modest wavelength regulation (398 — 424 nm or 1190 — 2731
cm™) was demonstrated with the two double bonds shorter C15-retinal analog
(Figure 1I-3a).” When bound to the first generation CRABPII mutants the C15-

retinal analog is fully embedded by the protein as evident from the crystal

a.

0
é\A\)WK)LH

all-trans-retinal (Rt)
1l-2

C15-retinal analog
R59W

R59

Figure II-3: Comparison of CRABPII mutants binding full-length retinal and
C15-retinal analog. a. Chemical structures of all-trans-retinal and all-trans-
C15-retinal analog. b. Overlayed crystal structures of CRABPII mutants
covalently bound with retinal (yellow, PDB ID: 2G7B) and C15-retinal analog
(red, PDB ID: 3F8A). The C15-retinal analog is deeper inside the protein cavity
as opposed to retinal. ¢. Location of the residue R59W to the C15-retinal
analog. d. Location of the residue R59 relative to the full-length retinal.
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structure (Figure II-3b). Because of this encapsulation, the chromophore
responds well when residue Arg59 is mutated into amino acids of different

polarity, and the wavelength can be regulated (Figures II-3¢c and I1I-3d).

b.  425nm 644 nm

Figure II-4: Wavelength regulation in hCRBPIlI mutants. a. Overlayed crystal
structures of hCRBPII-Q108K:K40L:T51V: T53C:R58W:T29L:Y19W:Q4A
hepta mutant (protein yellow, retinal red; PDB ID: 4GKC) and CRABPII-KLE
mutant (protein grey, retinal blue) covalently bound with retinal. b. Visual
depiction of the wavelength regulation from 425 nm to 644 nm for protein-
embedded retinal.

Furthermore, the wavelength regulation of the full-length retinal
chromophore was achieved with an alternate protein system that would better
sequester the bound ligand. Another representative from the iLBP family,’®"
human Cellular Retinol Binding Protein Il (hCRBPIIl), was reengineered into a
rhodopsin mimic with a binding site placed about 6 A deeper as compared to the

first generation CRABPII (Figure ll-4a). A series of hCRBPII mutants provided

extraordinary tuning of the protein-embedded all-trans-retinal absorption ranging
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from 425 to 644 nm (Figure Il-4b),'? surpassing the predicted limit for the

retinylidene Amax.'>'* The uniform distribution of electrostatic field around the

protein-embedded chromophore in combination with the lack of a counterion was
the crucial step towards designing the most red-shifted pigments. Isolating the
retinyledene from the bulk medium by enclosing the binding cavity with large
hydrophobic amino acids proved to be necessary for the final push in
bathochromic shift. On the other hand, localized negative electrostatic potential
projected on the retinylidene from the surrounding amino acids gave consistent
blue-shift in wavelength among various hCRBPII mutants.®

Since encapsulating the bound chromophore was proven essential for
wavelength regulation, and in an attempt to verify our hypothesis, the original
protein, CRABPII, was revisited and second generation CRABPII mutants were
designed. The goal was to reengineer the protein binding cavity to bind retinal
further within the pocket, similar to hCRBPII, and examine the principles
discovered for wavelength tuning previously. This chapter describes our
approach of reengineering the CRABPII binding site, followed by probing the

wavelength regulation mechanism. After the initial goal was achieved an inspiring

observation led to a new direction of this project: the pKy values of the PSB

provide an ideal platform for a novel protein-based pH-probe design. This
approach was utilized to build an absorbance based ratiometric pH-sensor, which

allows for an accurate pH determination. Although absorbance based sensors
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have limited practical application, this proof-of-principle study introduces a new
class of protein based pH-probes.
1.2 Overview of the CRABPII interactions with retinoic acid and retinal

In order to propose the strategy for CRABPII reengineering it is essential
to understand the ligand/protein interactions described for this protein earlier. As
briefly mentioned in the previous section, CRABPII binds RA through a tight
hydrogen bonding network.” As evident from the wild-type-CRABPII (WT-
CRABPII) crystal structure, the main players of this network are direct
interactions of Arg132 and Tyr134 with one of the oxygen atoms of RA and a
water mediated hydrogen bonding network from Arg111 and Thr54 to the other

oxygen of the native ligand (Figure lI-5a). Interestingly, the last binding motif was

a R132 c
28 A
o4 i Y134 V\w
3.0A 29 A
T54 R111
b d
R132K
3.2A Y134F . 42A Y134
26A <=\,
. A W2 29 A
ogh 282~ )
~ 28A . R111
35A
T54 R111 E73 ) W109
3.0A

Figure II-5: Interactions of CRABPII with RA. a. The residues of WT-CRABPII
involved in binding with RA. b. Crystal structure of CRABPII-R132K:Y134F
(KF) bound with RA (PDB ID: 2G78). ¢. Overlayed crystal structures of WT-
CRABPII and KF double mutant. d. Spatial arrangement of R111 enforced by
W109 and E73.
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observed in the crystal structures of CRABPII-R132K:Y134F double mutant
(Figures II-5b and 11-6a).%% '

The distances from Arg132 and from the critical water molecule to their
respective oxygen atoms of RA in WT-CRABPII are almost the same (2.8 and 2.6
A, respectively, Figure lI-5a). However, Arg132 has two possible conformations
in the crystal structure as oppose to the rest of the critical residues. Moreover,
comparison of WT-CRABPII and CRABPII-R132K:Y134F crystal structures
bound with RA identified that Arg111, Thr54 and organized water molecules, W1
and W2, align perfectly between two mutants (Figure 1I-5¢). To probe the role of
Arg132 in RA binding this residue was mutated into R132K, R132L and R132M,
however, the drop in RA binding affinity was not as dramatic as expected.®
Subsequently, analysis of Tyr134 revealed that the hydroxyl group of the tyrosine
also does not contribute much to the binding affinity. Finally, the double mutant
CRABPII-R132K:Y134F was crystallized with RA (Figure II-5b). Despite two

mutations at the binding site the water-mediated interactions between RA,

a. R132K b.
77T 146° 0O
S | TN A107°
Y134F 3.8A C&) |
70°> H
. = R111 i
. ~3A
S 28A Nu
T54

Figure 11-6: Burgi-Dunitz trajectory. a. Crystal structure of CRABPII-
R132K:Y134F mutant bound with Rt: no iminium bond formation due to
unfavorable interactions (PDB ID: 2G79). b. Classical Burgi-Dunitz trajectory.
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Arg111 and Thr54 where in the same conformation as in WT (Figure lI-5¢).
Interestingly, the distance between the carboxylate of RA and R132K was 3.2 A
(Figure 11-5b). All of these studies suggest that the interactions of RA with
Arg132 and Tyr134 are relatively flexible and the residues Arg111 and Thr54
contribute the most to the binding affinity (Table 1I-1).

Exploring the latter statement CRABPII-R132K:Y134F mutant was
subjected to mutagenesis with R111L and T54V. As expected, both mutations
introduced individually and in combination, dramatically reduced affinity of RA to
CRABPII (Table 1I-1). Furthermore, other residues interacting with Arg111 proved
to be important for locking the necessary orientation for high affinity to RA. For
example, Trp109 was proposed to participate in m-cation interaction with Arg111
(Figure l11-5d). But at the same time Trp109 has interactions with Glu73 and
therefore mutations of Glu73 has an impact on affinity (Table II-1).°

All of the analysis surmised above provided the unprecedented evidence

Table II-1. Binding of all-trans-retinoic acid to CRABPII mutants.

Entry Mutant Ky

1 WT-CRABPII 2+1.2

2 R132K 65+14
3 R132K:Y134F 100+7.1
4 R132K:R111L 736114
5 R132K:Y134F:R111L 1000+28
6 R132K:Y134F:T54V 565+79
7 R132K:Y134F:R111L:T54V  900+64
8 R132K:W109L 3196252
9 R132K:E73A 564456

70



that Arg111 is one of the most (if not the most) crucial residues in RA binding.
This led to the R111L mutation during the first generation rhodopsin mimic
design, which improved PSB formation with retinal by removing the undesired
water mediated interaction between Arg111 and the carbonyl oxygen of Rt. When
the retinal is trapped by an ordered water molecule into unfavourable
confirmation, it is unable to undergo nucleophilic attack from the lysine R132K, as
evident from the crystal structure of the CRABPII-R132K:Y134F double mutant
that failed to form a Schiff base (Figure II-6a). Ideally, the Burgi-Dunitz distance

is within 3 A, in order to be in proximity for a new bond formation, and an attack

angle close to 107° in order to avoid repulsion with the m-orbital of the carbonyl,

but still provide a significant overlap between the nitrogen lone pair and the
antibonding orbital of the carbonyl (Figure Il-6a).'"'®

Ironically, Arg111 became the first target to introduce a nucleophilic lysine
for engineering the deeper binding site in CRABPII-R111K. The main reason is
that an analogous mutation, Q108K, proved to work as a nucleophilic lysine for
PSB formation during the engineering of human Cellular Retinol Binding Protein Il
(hCRBPII) into a rhodopsin mimic.'?
1.3 Identification of the residues for a new retinal binding site placed deep
in the CRABPII cavity

Detailed analysis and in silico modeling of the CRABPII binding pocket

identified three amino acids placed deep within the binding pocket to cover the

full-length chromophore. Putative mutations included R111K, 152K and 163K
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because they are located over 10 A deeper as compared to R132K (Figure II-
7a). Each of the proposed mutants individually introduced in WT-CRABPII crystal
structure was used to build docking models with retinal. The models provided a
better estimate about the special arrangement of all-trans-retinal relative to
lysine. For this purpose each of the highlighted residues was introduced in the
apo-WT-CRABPII crystal structure (PDB ID: 2FS6). Removal of the water
molecules was necessary to provide more space for the ligand to accommodate
itself in the binding cavity. The apo-WT-CRABPII crystal structure was used to
generate models because it is slightly more opened than any holo-CRABPII
structure and might be more flexible in modeling the ligand binding.*® % The
energy-minimized all-frans-retinal with locked geometry along the polyene was
used as the ligand. With these settings the docking model of CRABPII with retinal
would have higher probability to accommodate the ligand, however it did not
account for the possible lysine side chain movement.

a. o 130° 3.1A

163K

; R111K

R132K
R111K

Figure 1I-7: Detecting the new CRABPII binding site. a. Model of the possible
nucleophiles in CRABPII deeper pocket and their location relative to the
original R132K. b. Docking model of CRABPII-R111K mutant with Rt. c.
Overlay of the crystal structure for hCRBPII-Q108K:K40L (blue) with model of
CRABPII-R111K (green). Alignment of R111K and Q108K is shown in stick.
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In silico modelling of CRABPII-R111K with Rt suggested the optimum

geometry for the putative nucleophilic attack: 3.1 A distance to the carbonyl

carbon with dihedral angle 130° (Figure 1I-7b). But more importantly, the residue

R111K aligned with reactive lysine of hCRBPII-Q108K:K40L mutant. At the time
when this project was initiated, our lab was already aware of PSB formation with
hCRBPII-Q108K:K40L and it inspired us to go after the equivalent residue
(Arg111 in CRABPII is analogous to QIn108 in hCRBPII) in CRABPII for placing

the reactive lysine (Figure II-7c).
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Figure II-8: Choosing a nucleophilic lysine for the new CRABPII binding site.
a. Interactions between 152 and 163 leads to protein instability if either one is
mutated into polar lysine. b. Overlay of the CRABPII-R111K model (green)
and hCRBPII-Q108K:K40L (blue) crystal structure highlighting the difference
between 152 and T51 in respective proteins. ¢. UV-vis of CRABPII-R111K with
0.2 equivalent of retinal over 6 h. d. Reductive amination test of CRABPII-
R111K with Rt. There is no peak at M+268 corresponding to adduct formation.
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All three identified residues 152K, 163K and R111K were targeted for
mutagenesis in WT-CRABPII. Unfortunately, only the R111K single mutant could

be expressed, purified in significant quantity (20 mg/L) and survived without

precipitation for multiple days at 4 °C. The reason for the folding and solubility

problem for the 152K and I63K mutants could be the hydrophobic interactions
between residues of the neighboring p-sheets (Figure 1l-8a). Both 163 and 152
are situated in anti-parallel p-sheets keeping the main chain amide bonds within
2.9 A from one another. At the same time the isoleucine side chains provides
hydrophobic packing. Hypothetically, mutagenesis of either one of them into a
polar amino acid would result in a disturbed interaction and subsequently in the
observed poor protein folding and stability.

Expressed and purified CRABPII-R111K single mutant was incubated with
retinal for up to 6 h, however, no peak indicative of PSB formation was

recognized from UV-vis. In fact, the spectrum showed only retinal degradation

over the time of the experiment (Figure 1I-8¢). Mass spectrometry (ES+) verified

that no covalent bond was formed. The same mutant was incubated with one
equivalent of retinal for 24 h and subsequently subjected to reductive ammination

conditions, which would reduce the imine double bond and therefore trap the

adduct irreversibly. The product of NaCNBH3-treated CRABPII/Rt complex was

analysed by Q-Tof ES" but only the mass corresponding to the protein peak and

not a reductively aminated adduct was evident from the acquired data (Figure II-
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8d). Thus, it was confirmed that R111K single mutant formed neither imine nor
iminium with Rt.

Comparison of the CRABPII-R111K model and hCRBPII-Q108K:K40L
crystal structure showed that similarly to hydrophobic K40L rationally designed in
hCRBPII, CRABPII already has V41 at the corresponding residue. The difference
was found at T51 and 152 residues in hCRBPIl and CRABPII, respectively
(Figure 1I-8b). The hydroxyl group of threonine could hypothetically activate the
carbonyl of the Rt for nucleophilic attack from the lysine in hCRBPII. To probe if
this difference has a role in PSB formation the 152T mutation was attempted in
CRABPII-R111K despite the fact that 152K significantly decreased protein
stability before. The CRABPII-R111K:I52T double mutant was expressed in much
smaller amounts (1.4 mg/L) and it precipitated during 3 h, while measuring UV-
vis with Rt. Moreover, parallel with this study, it was found that in hCRBPII-
Q108K:K40L:T51V mutant the PSB formation with retinal is not inhibited and, in
fact, T51V mutation makes the protein expression level higher. Thus, the
hydrophobic residue at 52 in CRABPII is actually better for protein stability and it
is not the right place to promote reaction between the protein and chromophore.
Therefore, further CRABPII mutagenesis at the residue 152 was purposely
omitted.

Il.4. Reengineering of the CRABPII binding pocket
Additional insight for the deeper CRABPII binding site design came from

previous work from our lab.® '® Evoking the story about CRABPII-R132K:Y134F
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double mutant binding with retinal without covalent bond formation, we proposed
a hypothesis for the failed SB/PSB formation between CRABPII-R111K and Rt.

The R111K mutation did not dramatically change the nature of the binding pocket

because at physiological pH both lysine and arginine are positively charged (pKga

10.5 and 12.5, respectively) (Figure II-9a). The R111K mutation could still
accommodate the previously described ordered water molecule between the
hydrophilic residues and Rt despite the fact that lysine is shorter than arginine
and retinal is less polar than retinoic acid (Figure 1I-9b). The trapped Rt at the
original binding site would not be able to slide down the protein cavity at the new
binding site. The hydrophilic nature of the protein pocket would not accomodate
Rt because of two reasons: (1) the interactions between the carbonyl group of
retinal and the polar amino acids in the original location and (2) the presence of
hydrophilic amino acids known to interact directly with the carboxylate of retinoic
acid, which would not interact favorably with a hydrophobic polyene.

In an attempt to test the effect of the hydrophobic environment on SB
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Figure 1I-9: Hypothetical interactions between R111K and Rt. a. Overlay of the
WT-CRABPII (green) with CRABPII-R111K (magenta) highlighting the
distance to an ordered water from R111K. b. Possible mode of binding
CRABPII-R111K with Rt.
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formation in a completely new binding site, we decided to replace all polar
residues known to interact with the native ligand with hydrophobic ones. As
mentioned before, positively charged R132 is a crucial residue for retinoic acid
binding to CRABPII. Therefore, it was the first candidate to undergo

mutagenesis. Double mutant R111K:R132K as described before® binds Rt to

yield a complex with a Amax = 460 nm (Table II-2, entry 4). The absorption
wavelength was similar to that observed in R132K:R111L:L121E (Table II-2,
entry 1) suggesting the PSB formation through R132K. To eliminate this

possibility as a negative artifact, R111K:R132L mutant was made. Gratifyingly,

introduction of R132L resulted in a protein competent for PSB formation (Table

lI-2, entry 3). Reductive amination of the SB followed by Q-Tof Es’ analysis

indicates that CRABPII-R111K:R132L forms SB with retinal. However, PSB
formation was not complete, even at pH of 5.0. Deconvolution of the UV-vis

spectrum of the SB/PSB mixture reveals a significantly red-shifted 527 nm

Table II-2. Binding of all-trans-retinal to selected CRABPII mutants.

A Red.
Entry Mutant (rr:rﬁ))( Kg A,
1 R132K:R111L:L121E 449 145 yes
2 R111K 385 460+34  no
3 R111K:R132L 527 6315 yes
4 R111K:R132K 468  73x12  yes
5 R111L:R132K 408  567+36  yes
6 R111K:R132L:Y134F 525  54+13  yes
7 R111L:R132L:Y134F 406 742 no
8 R111K:R132L:Y134F:T54V 534 59 yes
a

Deconvolution was applied.
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absorbance for the PSB. Figure lI-10a provides an overlay of the recorded UV-
vis peak and its deconvolution (PeakFit v4.12) for the CRABPII-R111K:R132L
double mutant which was incubated with retinal for 12 h at room temperature at
pH=5. The deconvolution was performed using Gaussian distribution to three
peaks because after 12 h of incubation retinal could non-specifically bind to the
lysines on the protein surface while the acidic pH would lead to PSB formation
absorbing at 440 nm in PBS buffer. Lowering the pH did not lead to any
observable change in PSB formation. The peak at 527 nm indicates PSB
formation for this double mutant. Reductive amination (Figure 1I-10b) for the
same double mutant shows a retinal adduct (M+268) peak, which confirms SB
formation. Since R132L was determined to be important to promote SB formation
it was maintained in most of the following mutants.

It is interesting to note that for the successful reengineering of the previous

series of mutants (R132K series) a similar replacement was required but in a
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Figure 1I-10: CRABPII- R111K:R132L binding with Rt. a. UV-vis after 12 h at

pH 5 and deconvolution data. b. Q-Tof ES" data of reductively aminated
complex.
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reverse manner (R132K:R111L) in order to remove the ordered water molecule
and improve PSB formation (Table II-2, entry 5). Based on previous results
(Table 1I-2, entry 4) we also know that the double mutant R132K:R111K can bind
retinal as a SB. To evaluate the role and importance of each of these lysines the

double mutants R111K:R132K and R111L:R132K were directly compared. The
chromophore binding (Kq) was estimated using tryptophan fluorescence

quenching. This method is based on the measurement of tryptophan emission at
350 nm which would be quenched by absorbance of any chromophore with UV-
vis peak at this wavelength. Rt and Rt-SB absorb at 380 nm and 365 nm,
respectively, which can be an effective quencher for tryptophan emission. The
amount of fluorescence quenching is expected to be different based on the

tryptophan location relative to the chromophore (Figure lI-11a). As depicted in
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Figure 1I-11: Dissecting the nucleophilic lysine in SB formation with Rt inside
R111K:R132K. a. Overlayed SB-Rt through R132K (cyan) and through R111K
(red) with all tryptophan residues highlighted based on R132K:R111L:L121E
crystal structure and R111K model. b. Tryptophan fluorescence quenching of
the three depicted mutants.
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Figure 1l-11, decrease in the relative fluorescence intensity for R111K:R132K is
similar to the one observed for R111L:R132K, and distinct from R111K:R132L
which suggests binding through original R132K in R132K:R111K mutant (Figure
lI-11b). Because there is a possibility that R132 or R132K could interact with the
carbonyl of Rt, and thus, not allow binding to R111K, R132 was mutated to non-

interacting amino acids for the following studies.
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Figure II-12: Spectroscopic properties of R111K:R132L:Y134F:T54V binding
with Rt. a. UV-vis at pH 7.3 indicates SB formation after 30 min but not PSB.
b. UV-vis at pH 5.0. ¢. Reductive amination test indicate that most protein
forms covalent bond with one equivalent of Rt.
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The next polar residue, Y134, was also suggested to participate in the
activation of Rt for nucleophilic attack by R132K. In an attempt to redirect binding
to R111K we replaced Y134 with phenylalanine resulting in the triple mutant
R111K:R132L:Y134F (Table II-2, entry 6). The latter mutant gives clear
absorption maxima without deconvolution at pH 5.0 and exhibits improved
binding affinity to Rt. To prove that iminium forms through R111K the nucleophilic
lysine was removed (R111L). The control mutant R111L:R132L:Y134F failed to
form an SB or PSB at any pH (Table 1I-2, entry 7). The red-shift of the non-

covalently bound Rt relative to its free form (406 nm versus 380 nm, respectively)

and high affinity of the mutant to the ligand (Kq = 7 + 2 nM) were the result of

tuned hydrophobicity in the binding cavity. The Amax of the non-covalently bound

Rt is 406 nm, which is consistent with the wavelength observed in the PSB
forming mutants at 0 min after addition of Rt (Figure Il-12a and b).

Finally, removal of the last polar amino acid, T54, involved in retinoic acid
binding gave tetra mutant R111K:R132L:Y134F:T54V, with significantly improved
binding affinity to Rt (Table 1I-2, entry 8). Moreover, it caused a 9 nm red-shift as

compared to the parent triple mutant supporting the previously derived

Figure 1I-13: Protein sequence alignment of WT-hCRBPII (top line) and WT-
CRABPII (bottom line).
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hypothesis that more electrostatically neutral protein environment provides not
only improved ligand-protein interactions but also the bathochromic shift of the
CRABPII bound retinylidene. The tetra mutant formed no PSB at pH 7.3 (Figure
lI-12a), however, SB formation was evident from a 38 nm blue-shift 30 min after
incubation with the chromophore as compared to the non-covalently bound Rt

when it was just added to the mutant. The PSB formation was clearly observed

during UV-vis measurement at pH 5.2 (Figure lI-12b) indicating that the pKg of

the PSB in CRABPII-R111K:R132L:Y134F:T54V was lower than physiological
pH. Most of the protein was converted into covalently bound complex after 24 h
incubation with 1 equivalent of ligand, based on reductive amination results
(Figure II-12c).

The R111K:R132L:Y134F:T54V-CRABPII tetra mutant (KLFV), exhibiting
high retinal affinity and PSB absorption at 534 nm (Table 1, entry 5), was chosen
as the parent protein for further mutagenesis to produce blue- and red-shifted
pigments. The overall strategy for producing the most bathochromically shifted
pigments was borrowed from hCRBPII studies: (1) the binding pocket must be
isolated as much as possible from the aqueous media; (2) the protonation of the
Schiff base must be stabilized in the absence of a directly interacting
counteranion; (3) appropriate amino acids along the length of the polyene must
be positioned to project a uniform and relatively neutral electrostatic field, leading
to maximal conjugation of the resonating positive charge. It is important to

mention that the same strategy does not imply repeating identical mutations as
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those in hCRBPIl because WT-hCRBPIl and WT-CRABPII have only 38%
sequence identity if aligned in BLAST (Figure 1I-13). The fact that a clear PSB
peak was obtained in citric acid buffer at pH 5.0 led to all further wavelength
regulation studies in this acidic buffer for CRABPII studies that were built with the
new deeper binding pocket.
I.5. Wavelength regulation with CRABPIlI mutants bound to retinal under
acidic conditions.

We began by enclosing the binding cavity to isolate the Rt within the
CRABPII binding pocket from the bulk medium and thus enhance the effect of
amino acid mutations in maximizing the bathochromic shift. To this end, Arg59,

located at the mouth of the binding cavity, was changed to a number of different

Table II-3. Screening the influence of amino acids at the residue R59.

Entry CRABPII mutant Amax  Protein ghift
(nm) (nm)
1 R111K:R132L:Y134F:T54V 534 0
2 R111K:R132L:Y134F:.T54V:R59M 540 6
3 R111K:R132L:Y134F:T54V:R59L 545 11
4 R111K:R132L:Y134F:T54V:R59I 547 13
5 R111K:R132L:Y134F:T54V:R59T 546 12
6 R111K:R132L:Y134F:T54V:R59N 555 21
7 R111K:R132L:Y134F:T54V:R59D 555 21
8 R111K:R132L:Y134F:T54V:R59Q 551 17
9 R111K:R132L:Y134F:T54V:R59E 554 20
10 R111K:R132L:Y134F:T54V:R59F 564 30
11 R111K:R132L:Y134F:T54V:R59W 556 22
12 R111K:R132L:Y134F:T54V:R59Y 561 27

aProtein shift with reference to R111K:R132L:Y134F:T54V.
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amino acids. Any amino acid in place of R59 caused the red-shift of the pigment
as one would expect with removal of the positively charged arginine at the f-
ionone ring region (Table 1I-3). The residues with small or hydrophobic side
chains gave only 6-13 nm shift (entries 2-5) presumably because they cannot
effectively encapsulate Rt. Placement of carboxylates or amides of both sizes
(aspartate, asparagine, glutamate, glutamine) provided about the same 17-21 nm
shifts (entries 6-9) pointing to the fact that a switch from the positive charge to the
negative or partially negative in the p-ionone ring region slightly helped to
promote charge delocalization along the polyene lowering the HOMO/LUMO gap
of the retinylidene. As expected, the largest red-shifts, 22-30 nm, were observed
with large hydrophobic residues (R59F, R59W and R59Y), because the large
aromatic amino acids better shield the protein cavity from the bulk medium
(entries 10-12). The latter observation was in agreement with our previous

hypothesis derived from the data with hCRBPIl mutants.

3A

Figure II-14: Crystal structure of CRABPII-R111K:R132L:Y134F:T54V:R59W
(protein green, retinal red) aligned with R132K:R111L:L121E (protein grey,
retinal blue).
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Mr. Meisam Nosrati (Professor Jim Geiger’s lab, MSU) was able to obtain
the crystal structures of CRABPII-R111K:R132L:Y134F:T54V:R59W bound with
retinal at 2.6 A resolution. Based on this crystal structure there are no doubts left
about SB/PSB formation through R111K in the new binding site. Furthermore,
having a crystal structure to plan the next mutations greatly facilitated further
study of retinylidene wavelength regulation with CRABPII (Figure 1I-14). As
shown in Figure lI-14, the chromophore is located approximately 6 A deeper
inside the protein cavity relative to the first-generation CRABPII
(R132K:R111L:L121E-CRABPII). The structure also illustrates that the loop
containing amino acids S55-T60 has moved substantially (~3 A), creating a more
open, solvent-accessible binding cavity (Figure 1l-14). To further seal this portal,
small residues around the opening were mutated into large aromatic amino acids
providing an additional shield from the bulk medium. The ‘leak’ was identified at
A32 and A36 positions that can potentially be mutated into larger hydrophobic
residues (Figure ll-15a). Table II-4 summarizes the various combinations of
mutation of these two amino acids and their effect on the wavelength of the
resulting pigment. Replacing either of these alanines with tyrosine using the
R111K:R132L:Y134F:T54V:R59Y template did not show any significant change
in wavelength (entries 2 and 3). But replacing both of them simultaneously leads
to an additional 13 nm bathochromic shift in
R111K:R132L:Y134F:T54V:R59Y:A32Y:A36Y hepta mutant (entry 4). In silico

modeling of this mutant predicted effective packing and encapsulation of the

85



bound retinal and as a result this mutant is red-shifted (Figure II-15b).
Interestingly, A32W in combination with A36Y gives much less of a bathochromic
shift than A32W alone: 7 nm versus 30 nm for respective hepta and hexa-
mutants (entries 5 and 6). This comparison suggested that if too many bulky
amino acids are placed at once it might lead to steric clashing which can either
change the position of the chromophore or result in a less effective closure of the
cavity.

In a parallel study, CRABPII pigments with A32 and A36 mutations added
to the R111K:R132L:Y134F:T54V:R59W template showed even more
pronounced effect of the chromophore encapsulation as one would expect for a
more bulky R59W compared to R59Y. Replacing both alanines at once with two
tryptophans or two tyrosines resulted in 19 nm and 23 nm red-shift, respectively
(entries 8 and 9). However, in this case the most significant bathochromic shift,
33 nm and 54 nm, came from single point mutations A32Y and A32W,
respectively (entries 10 and 11).

a.

R59Y

Figure II-15: Identifying the place to enclose the CRABPII cavity. a. Solvent
exposed retinal out of the protein surface in R111K:R132L:Y134F:T54V:R59W
mutant; Ala32 and Ala36 highlighted in purple; R59W highlighted in green. b.
Model of A32Y and A36Y mutations in addition to R59Y.

86



The crystal structure of R111K:R132L:Y134F:T54V:R59W:A32W bound
with Rt was determined at 2.6 A resolution (Meisam Nosrati, James Geiger’s Lab,
MSU) and the chromophore exposure was compared to the
R111K:R132L:Y134F:T54V:R59W penta mutant. The chromophore appears to

occupy the same position in both mutants. Figure II-16 shows that the protein

R59W

A32W

Figure 1I-16: Crystal structures before and after A32W mutation. a. Alignment
of two CRABPII crystal strutures: R111K:R132L:Y134F:T54V:R59W (protein
yellow, retinal red) and R111K:R132L:Y134F:T54V:R59W:A32W (protein
cyan, retinal blue). b. Shielding retinylidene before (left) and after (right)
A32W.
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surface covers the Rt much more effectively in the presence of A32W. It clearly
illustrates that both tryptophan residues contribute to encapsulation of the bound
chromophore from the bulk medium, leading to the large observed bathochromic
shift. The difference of 54 nm shift between R111K:R132L:Y134F:T54V:R59W
and R111K:R132L:Y134F:T54V:R59W:A32W mutants is the most pronounced
red-shift obtained by one point mutation during the wavelength regulation studies
and it clearly indicates the importance of enclosing the protein binding cavity, as
was hypothesized earlier with the hCRBPII mutants. It is important to note, that
only the wavelength regulation previously probed with equivalent two mutations
in hCRBPII (A33W and R58W) (Dr. Wenjing Wang, Babak Borhan’s lab, MSU)

was successfully translated into CRABPII mutants (A32W and R59W).

Table II-4. Influence of A32 and A36 mutations on binding with 0.5 equiv Rt.

Entry CRABPII mutant ();1 '“r‘r’l") Protzar:nm)s hift
1 R111K:R132L:Y134F:T54V:R59Y 561 0?
2 R111K:R132L:Y134F:T54V:R59Y:A32Y 562 1
3 R111K:R132L:Y134F:T54V:R59Y:A36Y 563 2
4 R111K:R132L:Y134F:T54V:R59Y:A32Y:A36Y 574 13
5 R111K:R132L:Y134F:T54V:R59Y:A32W:A36Y 568 7
6 R111K:R132L:Y134F:T54V:R59Y:A32W 591 30
7 R111K:R132L:Y134F:T54V:R59W 556 Ob
8 R111K:R132L:Y134F:T54V:R59W:A32W:A36W 575 19
9 R111K:R132L:Y134F:T54V:R59W:A32Y:A36Y 579 23
10 R111K:R132L:Y134F:T54V:R59W:A32Y 589 33
11 R111K:R132L:Y134F:T54V:R59W:A32W 610 54

aProtein shift with reference to R111K:R132L:Y134F:T54V:R59Y. bProtein shift
with reference to R111K:R132L:Y134F:T54V:R59W.
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The crystal structure of R111K:R132L:Y134F:T54V:R59W:A32W that
absorbs at 610 nm revealed that the retinylidene could be covered even more
effectively. In an attempt to address this issue a series of mutants aimed to
sequester the chromophore from the solvent was generated using the
R111K:R132L:Y134F:T54V:R59W:A32W template (Table II-5). Amino acids

surrounding the entrance of the binding cavity were identified from the crystal

Table II-5. Screening amino acids capable of enclosing the binding cavity.

A Protein
Entry CRABPII mutant (n";;") Shifta
(nm)

1 R111K:R132L:Y134F:T54V:R50W:A32W 610 0

2 R111K:R132L:Y134F:T54V:R5QW:A32W:G78W 595 15
3 R111K:R132L:Y134F:T54V:R50W:A32W:Q74W 607 3

4  R111K:R132L:Y134F:T54V:R5OW:A32W:V58W 598 12
5 R111K:R132L:Y134F:T54V:R5QW:A32W:P30W 603 7

6 R111K:R132L:Y134F:T54V:R5QW:A32W:A36W 575 35
7 R111K:R132L:Y134F:T54V:R59W:A32W:A36T 605 5

8 R111K:R132L:Y134F:T54V:R50W:A32W:A35W 610 0

9 R111K:R132L:Y134F:T54V:R59W:A32W:A35F 610 0
10 R111K:R132L:Y134F:T54V:R59W:A32W:T56W 532 78
11 R111K:R132L:Y134F:T54V:R59W:A32W:T56Y 520 -90
12 R111K:R132L:Y134F:T54V:R59W:A32W:T56Q 590 20
13 R111K:R132L:Y134F:T54V:R59W:A32W:V76W 608 2
14 R111K:R132L:Y134F:T54V:R50W:A32W:V76F 610 0
15 R111K:R132L:Y134F:T54V:R50W:A32W:Q45F 601 9
16 R111K:R132L:Y134F:T54V: "°AA"®:R50W:A32W" _

not isolated

17 R111K:R132L:Y134F:T54V:R59W:A32W:V24W

aProtein shift with reference to R111K:R132L:Y134F:T54V:R59W:A32W.
bBetween residues 75 and 76 two alanines were introduced.
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structure (Figure 1I-17). Counter-intuitively, the large hydrophobic tryptophan with
G78W, Q74W, V58W and P39W mutations gave moderate blue-shift of 3-15 nm
(entries 2-5) and V24W placed between two a-helixes was not isolated (entry 17).
If the effect of AS6W would be compared to R111K:R132L:Y134F:T54V:R59W:
A32W instead of R111K:R132L:Y134F:T54V:R59W (Table I1I-5) the observed 35
nm blue-shift is in agreement with the general trend in wavelength shift and
presumably can be attributed to an increased amount of steric clashing between
the residues that lead to opening of the protein cavity instead of enclosing it
(Table 1I-5, entry 6). To probe if ASB6W opened the binding pocket due to its large
size, the A36T mutation was introduced. Threonine is similar in size to alanine as
compared to tryptophan, and therefore, the wavelength is expected to become
comparable to parent hexa-mutant, R111K:R132L:Y134F:T54V:R59W:A32W.
Indeed, hepta-mutant with A36T absorbed at 605 nm, 5 nm blue-shift, as
opposed to the hepta-mutant with A36W, 35 nm blue-shift (Table II-5, entries 6
and 7).

Next the influence of the aromatic amino acids facing the protein surface
was probed by tryptophan and phenylalanine mutations at A35. Hypothetically, if
large aromatic amino acids play any other role besides encapsulation of the
chromophore, it should be reflected in the wavelength of CRABPII pigments with
A35F or A35W mutations because this residue is relatively close to the Rt.

However, the A35 side chain points outside the binding cavity. As expected, both
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A35W and A35F are pointing outside the chromophore and result in identical
wavelengths as the CRABPII mutant with the original A35 (entries 8 and 9).

A puzzling result was obtained for T56 mutants. Aromatic residues aimed
to close the binding pocket gave 78 nm and 90 nm blue-shift for T56W and T56Y,
respectively, while only 20 nm blue-shift was observed for T56Q mutation (entries
10-12). According to the Pymol generated model, T56W and T56Y residues clash
into the chromophore, while T56Q does not. The protein can accommodate such
large residues and still restore Rt binding in two ways: (1) the chromophore
moves from its regular location and changes its electrostatic surrounding; or (2)
the p-ionone ring can rotate along C6-C7 bond to provide more space for the

aromatic amino acid by adjusting the 6-s-cis conformation of Rt. The second

a b.
A35
P39
V58
V76  T75
A36 T56
R59W
V76 Q74 c.
A32W
Q45
V24 G78

Figure 1I-17: The residues that potentially can encapsulate the chromophore
in addition to R59W and A32W (retinal magenta). a. View from the f-ionone
ring side. b. Location of the loop containing T75-V76 relative to the cut-off. c.
View from the PSB side.
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suggestion would be more logical since the previous work from Garavelli’s lab
provided computational evidence, supported with experimental results that such
conformational change costs 80 nm difference between 6-s-cis and 6-s-tfrans
forms.'® Unfortunately, further analysis of the spectroscopic behavior for these
mutants is difficult because of the absence of any crystal data.

One of the major structural differences between CRABPII and hCRBPII is
the size of the loop containing amino acids T75:V76:D77:G78 (CRABPII
numbering). In hCRBPII this loop contains two extra amino acids (lysine and
serine), which naturally provides better Rt isolation (T74:K75:876:L77:D78:N79)
(Figure 1I-13 and II-17b). To address this issue V76 was mutated into tryptophan
and phenylalanine, which did not influence the wavelength (entries 13 and 14).
Furthermore, addition of two flexible amino acids between T75 and V76 was
attempted to mimic hCRBPII loop. Two alanines were the residues of choice

because alanine is a small and flexible residue. However, even addition of only

two alanines between residues 75 and 76 (in Table II-5 referred as 75AA76) did

not give enough of soluble protein to characterize its binding with Rt (entry 16).
Finally, looking at the bound ligand from the other side of CRABPII (away
from the two helices) identified a possibility to cap the protein from this end as
well. An effort to close the cavity from this side was made with the Q45F mutation
(Figure 1I-17¢), which gave 9 nm blue-shift (entry 15).
Having in hand two crystal structures of CRABPII mutants, screening of

other amino acids along the polyene chain and their influence on spectroscopic
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Table 11-6. Screening of amino acids along the polyene for red-shifted mutants.

Entry

© 00 N O 0o A~ W0 N =
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25

CRABPIl mutant

R111K:R132L:Y134F:T54V
R111K:R132L:Y134F:T54V:F15Y
R111K:R132L:Y134F:T54V:L19W
R111K:R132L:Y134F:T54V:R59W
R111K:R132L:Y134F:T54V:R59W:F15Y
R111K:R132L:Y134F:T54V:R59W:L19W
R111K:R132L:Y134F:T54V:R59Y:A32Y:A36Y
R111K:R132L:Y134F:T54V:R59Y:A32Y:A36Y:L19W
R111K:R132L:Y134F:T54V:R59Y:A32Y:A36Y:MO3L
R111K:R132L:Y134F:T54V:R59Y:A32Y:A36Y:M123L
R111K:R132L:Y134F:T54V:R59Y:A32Y:A36Y:E73A
R111K:R132L:Y134F:T54V:R59W:A32W
R111K:R132L:Y134F:T54V:R59W:A32W:F15D
R111K:R132L:Y134F:T54V:R59W:A32W:F15Y
R111K:R132L:Y134F:T54V:R59W:A32W:L19W
R111K:R132L:Y134F:T54V:R59W:A32W:M9O3L
R111K:R132L:Y134F:T54V:R59W:A32W:M9O3F
R111K:R132L:Y134F:T54V:R59W:A32W:M123L
R111K:R132L:Y134F:T54V:R59W:A32W:E73A
R111K:R132L:Y134F:T54V:R59W:A32W:K38D
R111K:R132L:Y134F:T54C:R59W:A32W
R111K:R132L:Y134F:T54F:R59W:A32W
R111K:R132Q:Y134F:T54V:R59W:A32W
R111K:R132E:Y134F:T54V:R59W:A32W
R111K:R132Y:Y134F:T54V:R59W:A32W

)\max
(nm)

534
546
556
556
557
568
574
574
578
578
586
610
520
595
588
616
618
614
620
610
605
603
618
625
619

Protein Shift
(nm)

Oa

12
22

aProtein shift with reference to R111K:R132L:Y134F:T54V. bProtein shift with
reference to R111K:R132L:Y134F:T54V:R59W. CProtein shift with reference to

R111K:R132L:Y134F:T54V:R59Y:A32Y:A36Y. OIProtein shift with reference to
R111K:R132L:Y134F:T54V:R59W:A32W.
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properties of the pigment was initiated. For this purpose four parent mutants were
chosen as templates to study the effect of amino acids nearby the polyene chain
(Figure 11-18). At first, two amino acids F15 and L19 were mutated into tyrosine
and tryptophan, respectively, mainly because of availability of these primers in
the library among screened mutations for the wavelength regulation studies with
the first generation CRABPII mutants (in addition to all R59 mutants described
above). In the shortest parent mutant R111K:R132L:Y134F:T54V mutations
F15Y and L19W individually caused a red-shift, 12 and 22 nm, respectively
(Table 11-6, entries 1-3). However, if added to the
R111K:R132L:Y134F:T54V:R59W template, the shift was less significant (Table
II-6, entries 4-6). Disappointingly, the same two mutations did not have any
influence on wavelength in the R111K:R132L:Y134F:T54V:R59Y:A32Y:A36Y
series (Table I1I-6, entries 7-9) and actually caused a blue-shift in the
R111K:R132L:Y134F:T54V:R59W:A32W series (Table 1I-6, entries 13-15).
Probably in the shorter series these two mutations act as a cavity cap to some
extend. Since no red-shift in the longer series was observed, the spectroscopic
investigation for combination of these mutations was omitted.

Next, inspiration for further red-shift was gained from the hCRBPII crystal

structure alignment with CRABPII. Superimposed structures of hCRBPII-

Q108K:K40L:T51V:T53C:R58W:T29L:Y19W:Q4A mutant (Amax=613 nm)'? and

CRABPII-R111K:R132L:Y134F:T54V:R59W mutant identified residues L93 and

L119 in hCRBPII equivalent to M93 and M123 in CRABPII (Figure 1I-19). Both
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M9I3L and M123L caused a 4 nm red-shift in
R111K:R132L:Y134F:T54V:R59Y:A32Y:A36Y series (Table 1I-6, entries 10 and
11) and 6 nm and 4 nm, respectively, in the
R111K:R132L:Y134F:T54V:R59W:A32W series (Table II-6, entries 16 and 18).
The reason is not exactly clear since both methionine and leucine are
hydrophobic amino acids, but M93L and M123L in the CRABPII binding pocket
led to additional bathochromic shift. The test for increased hydrophobic packing
was made with the even larger MO3F mutation, which caused even slightly larger
red-shift (Table 1I-6, entry 17).

The next mutation, E73A, arose from the hypothesis about interactions
between W109 and E73° (Figure 1I-5d) near the iminium when retinal is bound
through R111K (Figure II-18). Being 7.2 A away from the PSB, E73 has

hydrogen bonding interactions with indole nitrogen of W109, which positions

S12
K38
F15 R132L
M123 R111K
L19
M3
R59W o4V W109
E73

Figure 1I-18: The residues around Rt described in Table II-5.
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W109 in the geometry suitable for n-cation interaction with PSB. E73A mutation
might remove the negative electrostatic potential projected from the m-cloud on
the PSB region and as a result, may cause the red-shift of the complex. To test
the influence of such interaction mutating W109 would be ideal. However, W109
mutants (W109F, W109Y, W109L, W109Q and W109A) were not expressed as
soluble proteins. The next approach would be to make W109 less polarized
through mutagenesis at E73, which is placed more that 7 A from the
chromophore and more than 9 A from the PSB region. If E73 does not polarize
W109, the removal of the carboxylate should not have any effect on the
wavelength since it is too far away. The E73A mutation resulted in a
bathochromic shift (Table 1I-6, entries 11 and 19) as compared to the
corresponding proteins with E73 (Table II-6, entries 7 and 12). This result
supports the theory that polarized tryptophan 109 affects the wavelength. To
prove that there is no effect on spectroscopic properties from amino acids placed
more than 7 A away from the chromophore, K38D mutant was prepared. The
K38D mutation, which represents the switch in polarity about 7 A away from the

B-ionone ring, did not change the protein absorption (Table 1I-6, entry 20).

T53C  T54V
R111K
Q108K
R132L
Q128 M123 M93
L119 L93

Figure 1I-19: Alignment of CRABPII (cyan, Rt blue) and hCRBPII (grey, Rt red)
bound to Rt as PSB.
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Since recreating the hCRBPII environment within the CRABPII cavity
(M93L, M123L) resulted in a bathochromic shift, other hCRBPII mimicking
residues were also introduced (Figure 1I-19). However, the results were not
always consistent between the two proteins. For example, the T53C mutation
consistently resulted in a red-shift within the hCRBPII series. When the
equivalent mutation (T54C) was applied to the CRABPII mutants, a 5 nm blue-
shift was observed (Table II-6, entry 21). Residue T54 is in the middle of the
polyene chain and mutation in this region of Rt-PSB were shown important for
spectral tuning. For instance, W265Y mutation in bovine rhodopsin leads to a 10
nm blue-shift.?! To further red-shifted CRABPII pigments, the T54F mutation was
introduced, placing a phenylalanine in the middle of the polyene. However, the
pigment blue-shifted 8 nm (Table 1I-6, entry 22).

Next, we reevaluated the importance of R132L mutations, located 5.5 A
away from the middle of polyene. During CRABPII reengineering the strategy
was to mutate R132 into a hydrophobic leucine to allow the Rt to slip down the
binding cavity towards R111K. Comparison of hCRBPII-
Q108K:K40L:T51V:T53C:R58W:T29L:Y19W:Q4A and CRABPII-
R111K:R132L:Y134F:T54V:R59W mutants (Figure 1I-19) showed that equivalent
residue to R132L in CRABPII was Q128 in hCRBPII. R132Q mutation caused a
red-shift as compared to R132L. However, the shift was not as dramatic as that
in the hCRBPII case, where Q108K:K40L:T51V:T53C:R58W:T29L:Y19W:

absorbs at 590 nm while Q108K:K40L:T51V:T53C:R58W:T29L:Y19W:

97



Table 1I-7. Combining the amino acids for super-red CRABPII pigments.

Entry CRABPII mutant ();‘ '“nf"‘)
1 R111K:R132L:Y134F:T54V:R59W:A32W:E73A 620
2 R111K:R132L:Y134F:T54V:R59W:A32W:E73A:M9O3L 626
3 R111K:R132Q:Y134F:T54V:R59W:A32W:E73A:M93L 630
4 R111K:R132L:Y134F:T54V:R59W:A32W:E73A:M93L:S12D 640
5 R111K:R132L:Y134F:T54V:R59W:A32W:E73A:M93L:S12D:M123L 641
6 R111K:R132E:Y134F:T54V:R59W:A32W:E73A:M93L:S12D 640
7 R111K:R132Q:Y134F:T54V:R59W:A32W:E73A:M93L:S12D 640

has Amax = 532 nm (Dr. Wenjing Wang PhD thesis). Moreover, as opposed to the

hCRBPII case, where Q128E mutant blue-shifts 20 nm
(Q108K:K40L:T51V:T53C:R58W: , 585 nm vs Q108K:K40L:T51V:T53C:
R58W: , 555 nm) (Dr. Wenjing Wang PhD thesis), R132E mutation in
CRABPII produced a 7 nm red-shift when compared to R132Q and a 15 nm red-
shift compared to R132L (Table II-6, entry 24). The aromatic R132Y mutation
caused almost the same effect as R132Q (Table 1I-6, entry 25).

Finally, the residues providing the red-shifted variants in the different

series were combined for the final push towards super-red CRABPII pigments.

Combination of E73A with MO3L and R132Q gave a mutant with Amnax=630 nm in

citric acid buffer at pH 5.0 (Table II-7, entries 1-3). Interestingly, the most red-
shifted CRABPII mutant was recorded with the S12D mutation placed about 9 A

from the B-ionone ring region (Table II-7, entry 4). However, further addition of
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the residues previously contributing to the red-shift did not show any additive
effect to surpass 640 nm (Table 1I-7, entries 5-7).

In general, there was no enhancement effect of red-shifting mutations after
enclosing the CRABPII cavity with Rt, opposite to what occurred with the
previously reported hCRBPII pigments. Moreover, most mutations previously
reported to contribute to the wavelength shift were found to bring an opposite
effect on the spectroscopic properties: (a) mutations F16Y, R58E, E72L, Q128E
all resulted in blue-shift when applied to hCRBPII while the equivalent mutations
F15Y (only in short series), R59E, E73A and R132E caused a red-shift in
CRABPII series; (b) T53C and T54C had exactly opposite effect in the two
systems; (c) as compared to the highly red-shifting Q4F and T51V mutations in
hCRBPIlI, CRABPII has already F3 and 152 as part of its natural sequence.
Overall, only R59W and A32W showed the same tendency in the wavelength
regulation of CRABPIlI as R58W and A33W in hCRBPII, with A32W contributing
much more than A33W (54 nm vs 22 nm, respectively). The wavelength shift is
more pronounced in CRABPII because naturally the CRABPII cavity is more
open than that of hCRBPII. The next step towards super-red-shifted pigments
follows the same strategy in CRABPII as in hCRBPII: overall neutral polarity
needs to be projected on the surface of chromophore.’ Although the strategy is
the same, the actual mutations leading to the red-shift were different.

On the other hand, if a blue-shift is desired one could achieve it in the

reverse manner by localizing more negative electrostatic potential close to the
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PSB. The surrounding of PSB consists of four hydrophobic amino acids: V41, 152,

W109 and L121. Three out of these four residues are structurally crucial for a

good protein expression (152 and W109 mutants from the studies above, V41

mutants from Dr. King Sing S. Lee studies). Additionally, based on previous work

Entry

© 00 N o 0o~ WO N =

—
- O

12
13
14
15
16
17

Table II-8. Screening L121 mutants with anticipated blue-shift.

CRABPIl mutant

R111K:R132L:Y134F:T54V
R111K:R132L:Y134F:T54V:L121D
R111K:R132L:Y134F:T54V:L121N
R111K:R132L:Y134F:T54V:L121Q
R111K:R132L:Y134F:T54V:L121Y
R111K:R132L:Y134F:T54V:R59W
R111K:R132L:Y134F:T54V:R59W:L121Q
R111K:R132L:Y134F:T54V:R59W:L121Y
R111K:R132L:Y134F:T54V:R59Y:A32W
R111K:R132L:Y134F:T54V:R59Y:A32W:L121Q
R111K:R132L:Y134F:T54V:R59Y:A32W:L121Y
R111K:R132L:Y134F:T54V:R59W:A32W
R111K:R132L:Y134F:T54V:R59W:A32W:L121Q
R111K:R132L:Y134F:T54V:R59W:A32W:L121Y
R111K:R132L:Y134F:T54V:R59W:A32W:E73A:M93L

)\max

(nm)
534
474
482
492
510
556
510
504
591
538
529
610
545
541
626

R111K:R132L:Y134F:T54V:R59W:A32W:E73A:M93L:L121Q 560
R111K:R132L:Y134F:T54V:R59W:A32W:E73A:M93L:L121Y 530

Protein
Shift
(nm)

aProtein shift with reference to R111K:R132L:Y134F:T54V. bProtein shift with
reference to R111K:R132L:Y134F:T54V:R59W. CProtein shift with reference to

R111K:R132L:Y134F:T54V:R59Y:A32W. dProtein shift  with

R111K:R132L:Y134F:T54V:R59W:A32W. °Protein shift
R111K:R132L:Y134F:T54V:R59W:A32W:E73A:M93L.
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with CRABPII, L121 (4 A from PSB) can be easily mutated into a number of
amino acids of various polarities. Therefore, the main way to get to blue-shifted
mutants is to replace L121. At first L121 was mutated into glutamate (L121E)
because in the first generation CRABPII mutants same L121E played the role of
the counterion and was the most blue-shifted pigment one as compared to
shorter aspartate (L121D) or less polar glutamine (L121Q). Upon the L121E
mutation a clear shift was observed from 400 nm to 365 nm, indicative of retinal-
SB formation (Figure 11-20). Unexpectedly, further acidification of

R111K:R132L:Y134F:T54V:L121E/Rt complex to lower pH gave no indicative

PSB peak in UV-vis suggesting an unusually low pKg of the iminium. That is

especially strange since one would imagine that a carboxylate in the PSB region
would act as a counteranion." 2?2 However, for a counterion to be effective, it
should be positioned in an appropriate geometry to create an interaction with the

proton of the iminium. Presumably, L121E mutation does not provide such

0.3 0.3-
pH 7.3 pH 52 —O0min ——56 min
—8 min ——64 min
—72 min
,-'/'_',
~ ~ 024 ——40 min — 96 min
S =1 ——48 min
8 8
(%2} (%2}
Q Qo
< < 0.1
0 : : . 0 : . .
400 500 600 400 500 600
Wavelength (nm) Wavelength (nm)

Figure 11-20: UV-vis of R111K:R132L:Y134F:T54V:L121E mutant binding with
Rt over time at two pH values. Neither pH gave rise to an observable PSB but
clear SB formation was seen.
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interaction leading to SB formation only. Nevertheless, the fast imine formation
between the polyenic aldehyde and the amine of lysine was noted at this point
(Figure 11-20) and carried on as an inspiration for fast PSB-forming protein
design essential for successful site-specific labeling, as described in Chapter 4.
Mutations L121D, L121N, L121Q and L121Y near the iminium nitrogen all

gave detectable blue-shifted PSB peaks, though L121D mutant required

acidification to pH 3 for Amax detection. As one would expect L121D carboxylate

caused the strongest blue-shift (60 nm), whereas the amide resulted in smaller
protein shifts (L121N and L121Q, 52-42 nm) and the aromatic hydroxyl even
smaller (L121Y, 24 nm) (Table II-8, entries 1-5). The last two amino acids
L121Q and L121Y where screened in the different series of CRABPII mutants to
evaluate if the contributions from these polarity changes are consistent among
the pigments. Notably, the blue-shift resulting from the L121Q consistently
increased in mutants of longer series (Table II-8, entries 4, 7, 10, 13 and 16).

Interestingly, L121Y showed even stronger hypsochromic enhancement effect

1.2

] 474 nm 640 nm

%

0

Normalized Abs.

480 540 600 660
Wavelength (nm)

Figure 1I-21: Overlaid UV-vis of CRABPIl mutants bound to Rt. All spectra
were acquired at pH 5.2 and normalized to 1.
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than L121Q (Table II-8, entries 5, 8, 11, 14 and 17).

This enhancement effect is more pronounced in the presence of the
residues that enclose the cavity better. Although the enhancement effect was
observed for hCRBPII mutants with enclosed chromophore, the spectral shift of
enhancement contradicts the data collected for the two systems: enhancement
effect in hCRBPII pigments was recorded for the red-shifting mutations.

The normalized UV-vis spectra of some CRABPII mutants bound to the
all-trans-retinal depict the overall range of absorption for a single chromophore
dictated by the protein environment (Figure 1I-21). Although the range 474-640
nm for CRABPII pigments is shorter than previously collected for hCRBPII (425-
644 nm), the general trend of the wavelength tuning can be recapitulated from
one system into another.

I1.6. pH-dependent properties of CRABPII mutants.

The initial goal of CRABPII second generation mutants was to
demonstrate wavelength regulation in a protein system that had failed to regulate
the wavelength of a bound retinylidene before. This mission was successfully
accomplished following principles derived from studies using hCRBPII, with one

significant difference between two systems: in general CRABPII mutants had

remarkably lower pKy values (range between 1.8 and 8.1) as compared to

hCRBPII mutants (range between 6.5 and 11.2)."? In addition, the presence of a
counteranion (L121E and L121D) was expected to result in hypsochromic shift

while also stabilizing the PSB.® However, upon addition of these carboxylates the
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pKa of the formed PSB was significantly depressed. This drastically different

feature of CRABPII second generation mutants as compared to all the rest of the

protein systems we engineered so far was used to design a novel protein-based

pH-indicator. For this purpose it was crucial to understand the pKj regulation of

the iminium inside the CRABPII mutants and design the experiments where the

protein-chromophore pigments could function as reporters of acidity. We

therefore set out to determine factors that drive the pKy changes of CRABPII

mutants used for wavelength regulation studies and generate pigments that

would respond and change color in the physiologically relevant pH regime.

The pKay of the retinylidene would dictate the amount of SB and PSB

observed at any specific pH value. The protonated form of the retinylidene (PSB)

has a broad range of light absorptivity (Amax = 420 nm) dictating the observed

color, while the deprotonated form (SB) absorbs consistently at the same Amax

outside the visible spectrum (~365 nm) (Figure 11-23).2* This property is used as

a 0.5 b 0.5

W
ot
04-pKay -
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J Abs at 350 nm
0zl Abs at 550 nm PKaz
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*,

Figure II-22: Time-dependent PSB formation followed by deprotonation. a.
UV-vis at different time points of experiment. b. Plotting SB and PSB in time
indicating points of two states.
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a rationale for a colorimetric proton sensor design. Moreover, the retinylidene
protonation/deprotonation event is utilized by nature in bacteriorhodopsin proton
pumps, where isomerization from all-trans- to a 13-cis-retinylidene double bond

triggers the water mediated proton movement from Asp96 to Asp85.%°?° For this

process to work, the iminium pKy should be higher than the physiological pH in

order to provide pH-independent and exclusively light driven proton movement

across the membrane.? Indeed, while the retilylidene pKj in solution is 7.2 (Rt +

n-butylamine in methanol/water),* this value in rhodopsins rises higher than 9

and in the visual pigments it surpasses 16.2> 2% 283935 Thg protein environment

dictates these remarkably high pKg values through different mechanism: (1)

iminium needs a properly placed counteranion or long-range interactions with a
counteranion mediated by water or polar amino acids; (2) the orientation is
important for the interacting polar residues that stabilize the iminium. For the
purpose of pH-sensor design, we envisioned a protein—-iminium system that is
already devoid of a stabilizing counteranion. That, in combination with the

increased hydrophobicity in the PSB region should lead to a decrease of the

retinylidene pK,. Since the physiologically relevant pH regime is between pH 4

and 8, the reporters of acidity should function in this pH zone.

ﬁﬁ(\)\/\)\AER - | X \)\AN’R

PSB, Amax >420 nm SB, Amax ~360 nm

Figure 11-23: Iminium deprotonation and respective Amax Of two states: PSB vs
SB.
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It is important to note that a lot of mutants described in the previous
section exhibit gradual PSB loss and SB increase over time at pH of 5.2 as
depicted for R111K:R132L:Y134F:T54V:R59W in Figure 1I-22. Although an
interesting property by itself, this time-dependent deprotonation event is

unacceptable for a pH-sensor, since the initially colored complexes with PSB

(initial form with pKg1) loses color because of some unknown secondary acid-

base reaction and became non-colored (time-matured form with pKg2). To avoid

complication, while developing a pH-sensor, we chose only CRABPII/Rt

complexes with steady pKa values over time. Overall it appears that the PSB

stability depends on mutation at position L121 and A32. All of such mutants are
summarized in Table II-9.

At a first glance there is no reasonable correlation between the overall

polarity of the binding pocket and the observed changes in the pKy of the iminium

because the presence of aspartate or glutamate residues anywhere in the protein

binding cavity seem to decrease pKj values, although one might had expected a

reverse effect (Table 1I-9, entries 1, 5, 9, 12 and 22). However, among entries

17-21 there is a reasonable trend with lower pKy values correlating with the

increased hydrophobicity of the residues. For example, the change from

glutamine to tyrosine at residue 132 (~5.5 A from polyene) drops the iminium pKg

by 0.6 units and from tyrosine to leucine by another 0.5 (Table 1I-9, entries 17-
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Table 1I-9. pKj values for CRABPII mutants.

Entry CRABPII mutant pKa Amaxa
(nm)
1 R111K:R132L:Y134F:T54V:L121D 3.0 474
2 R111K:R132L:Y134F:T54V:L121N 4.2 482
3 R111K:R132L:Y134F:T54V:L121Q 5.3 492
4  R111K:R132L:Y134F:T54V:L121Y 4.8/2.6b 500
5 R111K:R132L:Y134F:T54V:L121D:R59W 3.9 480
6 R111K:R132L:Y134F:T54V:L121Q:R59W 4.4 505
7  R111K:R132L:Y134F:T54V:L121Y:R59W 2.8 504
8 R111K:R132L:Y134F:T54V:R59W 6.6/2.5° 543
9 R111K:R132L:Y134F:T54V:L121D:R59Y:A32Y:A36Y 10_1/2_8b 470
10 R111K:R132L:Y134F:T54V:L121Q:R59Y:A32Y:A36Y 5.7 510
11 R111K:R132L:Y134F:T54V:L121Q:R59W:A32Y:A36Y 5.6 510
12 R111K:R132L:Y134F:T54V:L121D:R59W:A32W 2.9 480
13  R111K:R132L:Y134F:T54V:L121Q:R59W:A32W 5.8 545
14  R111K:R132L:Y134F:T54V:L121Q:R59Y:A32W 5.9 538
15 R111K:R132L:Y134F:T54V:L121Y:R59W:A32W 5_1/2_5b 530
16 R111K:R132L:Y134F:T54V:L121Y:R59Y:A32W 5.1 529
17  R111K:R132Q:Y134F:T54V:R59W:A32W 8.1 618
18  R111K:R132Y:Y134F:T54V:R59W:A32W 7.5 619
19  R111K:R132L:Y134F:T54V:R59W:A32W 7.0 610
20 R111K:R132L:Y134F:T54V:R59W:A32W:E73A 2.4 606
21 R111K:R132Q:Y134F:T54V:R59W:A32W:M9O3L:E73A 2.6 607
22 R111K:R132E:Y134F.T54V:R59W:A32W:M93L:E73A:S12D 1.8 610
23 R111K:R132L:Y134F:T54V:L121Q:R59W:A32W:M9O3L:E73A 4.1 538
24 R111K:R132L:Y134F:T54V:L121Q:R59W:A32W:M9O3L:E73A:S12D 4.1 560
25 R111K:R132L:Y134F:T54V:L121Y:R59W:A32W:M93L:E73A 3.0 530

a)\max correspond to the spectra at the most acidic form during pH titration (pH is 1-2
units below pKj). bBoth pKa values come from single acid-base titration suggesting the

presence of species with two pKg values simultaneously. “Two pKa values correspond
to two time-dependent forms: one after 10 min and other after 2 h of incubation with Rt.
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19). The single mutation E73A, ~9 A away from the iminium nitrogen drops the

pKa by 4.4 units (entry 20) suggesting that overall polarity rather than direct

counterion interaction contribute to the acidity of the PSB.

However, the rest of the mutants that gave a large working range of pKay

values were difficult to rationalize solely based on changes in polarity of the

binding pocket. Besides the counter-intuitive impact of carboxylates L121D,
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Figure 1I-24: Two pH titrations of the same R111K:R132L:Y134F:T54V:R59W
mutant after a. 10 min and b. 2 h of incubation with retinal at pH 5. Two states

of CRABPII/Rt complex give two different pKy values for kinetic and
thermodynamic product.
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R132E, S12D, there was no general trend between pKj values of L121Q and

L121Y mutations. For instance, from entry 3 to entry 6 the pKy drops, as one

would expect for a less polar environment (R59W). However from entry 6 to
entries 10 and 14 it increases, although after the A32Y:A36Y and A32W

mutations the overall chromophore surrounding is more electrostatically neutral.

The latter observations, namely, no general trend for the retinylidene pKgy

changes among most mutants with a physical parameter, remained puzzling until
a crystal structure for mutant R111K:R132L:Y134F:T54V:R59W (entry 8) was
obtained. Out of all the mutants with time-dependent PSB loss, this mutant

behaved well during pH-titrations of both form, enabling the determination of

pKay and pKas. Upon incubation with retinal, the PSB was fully formed within 10
min (Amax = 556 nm), with a measured pKa1 of 6.6 (Figure llI-24a). The time-

dependent reduction in the intensity of PSB correlated well with the increasing

143 L119 143 L119
L121
| A L121
B8 50 [34A AT E73 o8 A
e hv R111K
W109 W109
Cc95 C95

Figure 11-25: Two proposed inter-convertible states of kinetic and
thermodynamic complex forms based on energy minimized model (top) and
crystal structure (bottom) of the same R111K:R132L:Y134F:T54V:R59W
mutant.
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amount of SB (365 nm), and no complex degradation or free form of Rt (380 nm)
was observed (Figure 11-22b). Within 2 h the conversion was complete, with no
apparent PSB present based on UV-vis analysis. Acidification of the mature
protein complex did recover the PSB absorption (543 nm), clearly indicating that
the protein was not denatured (Figure II-24b). Although the wavelength had
blue-shifted slightly (13 nm), it does indicate that the overall polarity of the

binding pocket had not changed dramatically. Interestingly, titration of the time-

matured protein complex gives a pKa2 value of 2.5 (entry 8), over four units lower

than the initial pKa1. Since the pKga2 is lower than the pH of the solution, for time-

dependent UV-vis measurements (pH = 5.2) it explains the gradual loss of the
PSB peak as depicted in Figure 11-22.

The slow change in the PSB of R111K:R132L:Y134F:T54V:R59W/Rt
complex can only result from local changes in protein environment that
destabilized the iminium. The acid-base reactions are fast, and thus the
deprotonation event proceeding over 2 h is a result of changes to the
chromophore/protein interaction. This is either a result of changes in the structure

of the protein, the conformation of the chromophore, or both. Most likely, since

the greatest effect is seen in the pKy of the iminium, this effect is closely related

to the interaction of the PSB with its protein environment. This could arise from
the geometric isomerization of the iminium (cis to trans), presumably from an

initially observed kinetic product to a more thermodynamically stable state, that
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greatly alters the interaction of the iminium nitrogen with its surroundings (Figure
1I-26). Since the crystallographic data obtained for this mutant was generated

from a crystal growing for about a week, the structure would correspond to the

thermodynamically stable state with an apparent pKao.

Comparison of the iminium region in two CRABPII crystal structures
suggested a plausible explanation for the two forms of the mutant. The data for
R111K:R132L:Y134F:T54V:R59W bound to Rt exhibit electron density of
sufficient quality to enable assignment of the iminium as trans. The immediate

environment of the imine is lined with hydrophobic residues (lle43, Leu119, and

Leu121), thus leading to the low pKy (Figure 1I-25). On the other hand, the

crystal structure of R111K:R132L:Y134F:T54V:R59W:A32W hexa-mutant with

constant high pKy over time (7.0) shows large electron density in iminium region

where either cis or trans double bond can be built with equal certainty suggesting
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Figure 1I-26: Data supporting two isomeric iminium forms of
R111K:R132L:Y134F:T54V:R59W:A32W mutant by a. incomplete PSB
formation regardless of pH and by electron density maps refined in b. trans-
and ¢. cis-iminium forms.
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a mixture of both forms (Figure 1I-26b and 1I-26¢). The last suggestion is also
supported by the acid titration data with incomplete conversion from SB to PSB
even at a very acidic pH (Figure 1I-26a). The putative cis iminium of both mutants

would orient the proton in a position that would allow for st-cation stabilization via

Trp109 (Figure 11-25 and 1I-26b) and lead to higher pKg of 6.6 for the kinetic form

of penta and 7.0 for the hexa-mutant. In fact, this interaction has been indicated
previously as a dominant factor in stabilizing the cis-iminium with hCRBPII
mutants. In such a scenario, the hypothetical kinetic product of
R111K:R132L:Y134F:T54V:R59W penta mutant, the cis-iminium, when
interacting with Trp109, would lose the cationic stabilization upon isomerization to
the thermodynamically more stable trans-imine. If true, the isomerization reaction
should be temperature and light dependent (Figure I1I-25). The secondary
deprotonation event was monitored by UV-vis cycles over time as the
measurement of putative cis-iminium/trans-imine isomerization reaction at four
different temperatures (4 °C, 16 °C, 23 °C and 37 °C) and, as expected, the
reaction slowed down at colder temperatures and was accelerated with heat
(Figure 11-27). On the other hand, UV light irradiation (band pass filter 340—-380
nm, SB peak ~365 nm) for 5 min of the time-matured complex (presumably trans-
imine) recovered the PSB peak. Conversely, exposure to green light (band pass
filter 500-600 nm, PSB peak ~550 nm) of the UV-recovered PSB (presumably
cis-iminium) gave conversion to SB within 12 min as compared to thermal

reaction that took 2 h. Remarkably, this seesaw-like motion showed reversibility
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in up to 7 cycles (Figure 11-28). Such an unexpected light controlled SB/PSB
interconversion is a new discovery in protein photochemistry and this property
has high potential to find a utility as a photoswitchable protein quencher or in
artificial proton pump design. All together these results (temperature and light
dependent inter-conversion of SB and PSB and crystallographic data of two
mutants) support the imine isomerization hypothesis. However, more conclusive
support of imine isomerization theory would come from crystallographic data for

two separate forms of the same mutant, which is now under detailed investigation
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Figure 1I-27: Formation and loss of PSB (red) and gradual increase of SB

(blue) over time for

R111K:R132L:Y134F:T54V:R59W mutant showing

temperature dependent effect on kinetic and thermodynamic product of the

reaction.

113



by Meisam Nosrati (Professor James Geiger’s lab, MSU).
Interestingly, two CRABPII pigments different only in E73A mutation,

R111K:R132L:Y134F:T54V:R59W:A32W and R111K:R132L:Y134F:T54V:R59W:

A32W:E73A, showed 4.4 units decrease in pKy value. Since E73 hydrogen

bonds with indole nitrogen of W109 (Figure 1I-25), the E73A mutation causes
more than just a polarity change in the protein cavity. In the absence of E73,

W109 adopts a nonproductive orientation for n-cation interaction with the PSB.

Thus, the pKj of the trans- isomer, surrounded by hydrophobic amino acids, is

depressed.

On the basis of the latter rationale, we suggest that the higher pKjy

variants in Table 1I-9 correspond to the cis-iminium isomers that are capable of

stabilizing the PSB by the protein surroundings. Conversely, the low pKg mutants

putatively adopt the structure of the trans- isomer that places the imine in an
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Figure 11-28: Reversible light irradiation test and UV-vis measurement of
R111K:R132L:Y134F:T54V:R59W mutant with filter BP 360/45 (‘U-360’) for
SB and BP 526/53 (‘VG-9’) for PSB.
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environment that is devoid of cation-stabilizing elements. The suggestion, that
both isomeric species can be present at once, is also supported by pH titrations
of R111KIR132L:Y134F:T54V: L121Y and R111K:R132L:Y134F:T54V:

R59W:A32W:L121Y mutants (Table 1I-9, entries 4 and 15); both of the mutants
show two separate pKy values during the same titration (Figure 11-29). Two

values from the same titration for the last two mutants are comparable to those
calculated for kinetic and thermodynamic forms of R111K:R132L:Y134F:T54V:
R59W (kinetic ~5 and thermodynamic ~2.5).

Although it is not possible to extend this analysis with absolute certainty to
all the protein/Rt complexes, the pigments with stable pKy can be split into two
categories: (1) those exhibiting high pKj locked in a non-isomerizable cis-iminium

conformation with A32W (3.2 A from the B-ionone ring) holding the chromophore

from any movement when the protein cavity is enclosed, and (2) those forming

R111K:R132L:Y134F:T54V:L121Y R111K:R132L:Y134F:T54V:
L121Y:R59W:A32W
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Figure 11-29: Acid titrations of two depicted CRABPII mutants containing
L121Y fitting a two pKj curve.
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directly low pKgy trans-iminum bond with the help from polar group of L121D,

L121N, L121Q and in some cases L121Y mutants. Since L121Y is the least polar

of the four it could adopt both conformations. For mutants with a pathway for

isomerization, we observe a time-dependent change in the iminium pKj.

Alterations that lead to changes in overall polarity within each isomeric regime

could also further affect the pKy, a combination of which provides a rich series of

mutant proteins that exhibit a range of pKj values, extending from 8.1 to 1.8. On

the other hand, electrostatic perturbations along the polyene that govern the

overall absorption of the bound chromophore (as discussed earlier) provide a

series of proteins that are variant not only in the pKy of the PSB but also in their

absorption maximum (Table II-8). This unique combination lends itself to the

potential use of these protein complexes as chromophoric pH sensors.

A B C D E F G H

pH72 29 72 44 6.0 20 70 35 72 42 80 60 90 6.0 72 20

482nm 492nm 504nm 538nm 560nm 610nm 616 nm 630 nm

Figure 11-30: Colorimetric pH-response of the CRABPII mutants: all solutions
are pale yellow at basic pH but produce various colors at acidic pH based on

pKa and wavelength. Mutants: A. R111K:R132L:Y134F:T54V:L121N; B.
R111K:R132L:Y134F:T54V:L121Q; C. R111K:R132L:Y134F:T54V:L121Y:
R59W; D. R111K:R132L:Y134F:T54V:L121Q:R59Y:A32W; E. R111K:R132L:
Y134F:T54V:L121Q:R59W:A32W:E73A:M93L; F. R111K:R132L:Y134F:T54V:
R59W:A32W; G. R111K:R132Q:Y134F:T54V:R59W:A32W; H. R111K:R132Q:
Y134F:T54V:R59W:A32W:E73A:M9O3L.
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Figure 11-30 illustrates the visual response to pH of some CRABPII

mutants in their SB and PSB states. As mentioned earlier, the SB for each

mutant absorbs in the same region corresponding to pale yellow color (~365 nm)

due to the absence of a resonating positive charge. The protonated states

(PSBs), however, absorb at various wavelengths, depending on the effective

distribution of the cationic charge along the length of the retinylidene. This is a

clear demonstration of the ‘on’ color state of each mutant at the appropriate pH,

dictated by the pKgy of the particular pigment. This library of CRABPII mutants
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Figure 1I-31: Stability assays for R111K:R132Q:Y134F:T54V:R59W:A32W:
E73A:M93L mutant estimated from CD spectra of f-sheet (218 nm). a. Spectra
of the mutant titrated between pH 7.3 and 0.7 and b. Elipticity value plotted vs
pH. c. Spectra of the mutant heated between 30 °C and 90 °C and d. Elipticity
value plotted vs temperature for two indicted mutants for comparison.
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provides the choice of various mutants, depending on the desired wavelength

regime and the pKg of the complex.

From the list of proteins potentially applicable as colorimetric pH sensors,
the R111K:R132Q:Y134F:T54V:R59W:A32W:M93L:E73A CRABPII mutant bears
special mention because of its representative protein stability at low pH (this

mutant shows utility as a pH sensor in the next section). Exhibiting an apparent

pKa of 2.6 (Table 1I-8, entry 21), titration to pH 1.6 proceeds without denaturation

of the protein (Figure II-31a and IlI-31b). This CRABP/Rt complex is highly
colored (green) at pH 2 (Figure 1I-30), indicating that the protein is properly
folded, because denatured protein bound with retinylidene would absorb at ~440
nm, corresponding to the characteristic wavelength of retinal-PSB. Also, the
circular dichroic spectra (CD) show little change during acid titration (Figure lI-
31b), further suggesting that the protein retains its native p-sheet folding pattern.
Significant changes in the CD spectra are detectable only at pH 0.7 being
associated with protein precipitation. We also tested the thermal stability of the
protein, which did not lose its tertiary structure until heated to 90 °C incubated
with 0.07% detergent (Figure 1I-31c). The CRABPII-R111K:R132L:Y134F triple
mutant denatures at 60 °C with the same amount of detergent (Figure 1I-31d).
This extreme acid and heat stability is most likely due to enhanced hydrophobic
packing in the binding cavity. The stability of acid- and heat- resistant proteins,

typically found in acidophilic organisms or in extreme thermophiles, is usually
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attributed to increased hydrogen bonding networks and salt bridge interactions,
which is in clear contrast to the case reported here.
I.7. Building a ratiometric pH sensor out of two CRABPII mutants.

Genetically encoded pH sensors are of particular interest in the biological
world. Practical pH sensors in biology are strongly fluorescent since inherently
weak fluorescence cannot overcome issues with low sensitivity especially in the
less abundant cellular compartments. The general principle of pH sensitivity
described herein with the chromophoric protein systems can be extended to
fluorescent systems that have an exchangeable iminium proton. The data below
represents the proof-of-principle strategy in the development of CRABPII mutants
as ratiometric pH sensors.

Design of a ratiometric system requires the presence of two
spectroscopically differential states for a chromophore at different pH. One can
suggest that having different SB and PSB peaks would be enough to build a

ratiometric pH probe responding directly to the protonation/deprotonation

7\‘max1a pKa1 15

505 nm 607 nm
pKy=4.4 pK,=2.6

0.5

}\max2’ pKa2

400 500 600 700
Wavelength (nm)
Figure 11-32: Principle of building two protein fusion with Amax separated by

>100 nm and pKj over two units apart.
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phenomenon. Unfortunately, the peak corresponding to SB (~365 nm) would be
oversaturated with the excess amount of all-frans-retinal either due to the
presence of free form of the chromophore (380 nm) or because of non-specific
SB formation with other free amines (~365 nm regardless of environment). Thus,
to obtain two different absorption peaks with no overlap in SB region we

envisioned a protein fusion constructed from two CRABPII mutants each with

distinct Amax and pKa (Figure 1I-32). Because both mutants have unique

absorptions upon protonation of the Schiff base and distinct pKy values the

intensity of absorbance with respect to protonation for each at the same pH
would be different. A fusion construct of the two colorimetric proteins would

ensure equal expression of each. The two reporters would be chosen based on

the approximate pH of the system under investigation. The pKy of the two

proteins must be close enough such that in the pH region of interest both proteins
respond colorimetrically to the pH change. In this manner, the ratio of two
absorptions at specific wavelengths can be correlated to a standard curve.

The criteria for choosing two proteins for the pH responding pair are: (1)
pKa ~2 units apart; (2) Amax of absorption >100 nm apart; and (3) similar affinity
for retinal. The chosen pair (R111K:R132L:Y134F:T54V:L121Q:R59W hexa-

mutant; pKg 4.4, Amax 505 nm, Kg 18 nM, and R111K:R132Q:Y134F:T54V:

R59W:A32W:M93L:E73A octa-mutant; pKg 2.6, Amax 607 nm, Kq 35 nM) meet
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Figure 1I-33. The pH titrations of 1:1 hexa:octa-mutants at different

concentration: a. 40 uM, b. 30 uM, ¢. 20 uM, d. 15 uM and e. 10 uM. f. The
graph of the absorption ratios (480/650) at indicated concentration vs the pH
defines the working range of the two-protein ratiometric pH-probe (working
range is pH 2-4 with inflection point at 3.0).
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all the criteria. The first test of the concept was performed with purified proteins
that were mixed together at equal ratios (both mutants, at five different
concentrations, from 10 to 40 uM, were independently preincubated with 2 equiv
of retinal). The protein pair in citric acid buffer was titrated with a strong acid, and
UV-vis spectra were recorded (Figure lI-33a—e). The ratiometric standard curve
was generated by plotting the 480/650 nm absorption ratio as a function of the
pH, yielding the plot depicted in Figure 11-33f. The overlap of the data collected at

five different concentrations clearly illustrates the concentration-independent

a.

octa- octa-
mutant mutant
- ET-Blue2 L
1 hexa- pEI-Ele hexa-
mutant mutant
6xHis
L = Linker: L = Linker:
REF (Arg-Glu-Phe) GGNSVQARLQDVDGTIDTRSKL
REFGGSGGRS d. 5
c FGTGGTG 1 Vv _ o
. —with precipitate
—precipitate removed
8 1)
8
<
oLl

260 390 520 650

Wavelength (nm)
Figure 11-34: Design of expression vector for two protein fusion. a. Fusion of
octa- and hexa-mutants in pET17b vector with three different linkers (bold: the
best working linker). b. Fusion of the same two mutants in pET-Blue2 vector
with a much longer linker and a 6xHis-Tag. ¢. Amount of protein precipitate
and non-colored supernatant of the fusion bound to retinal expressed and
purified from pET-Blue2. d. Spectra of the fusion bound to retinal expressed
and purified from pET17b-REF plasmid before and after spinning down the
precipitate.
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nature of the method.

Building the concentration independent pH-titration curve with the
separate pigments in equimolar ratio prompted the construct shown in Figure lI-
34, with the sequence for one protein following the other. All the CRABPII
mutants described thus far are cloned into the pET-17b vector and purified by
anion exchange chromatography. We initiated cloning of two mutants in the same
pET-17b vector (Figure 1I-34a) and in parallel into pET-Blue2 with a 6xHis-Tag
sequence (Figure 1I-43b) to ensure reliable purification of at least one of them.
The common feature among these constructs is the N-terminal location of the
octa-mutant followed by a linker and the hexa-mutant.

The clone of two mutants in pET-Blue2 vector was constructed through
two sets of cutting sites: at first the octa-mutant was cloned between Ncol and
EcoRl cutting sites of the original vector and after a DNA sequence analysis the
hexa-mutant was cloned between Hindlll and Xhol cutting sites of the resulting
plasmid. The frame was ensured by the proper primer design with addition of two
base pairs to EcoRI-CRABPII reverse primer. The final linker had 22 amino acids
in length between the two mutants (the amino acid sequence is
GGNSVQARLQDVDGTIDTRSKL (Figure 11-34b). Although long and relatively
flexible, this linker contains multiple charged groups (in bold letters) that can
potentially perturb protein folding and interfere with the SB formation (for example,

non-specific SB with lysines from linker). Expression of protein fusion from this
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construct was not high yielding and the Rt binding assay caused complete
precipitation within 3 h (Figure 11-34c).

The gene fusion designed in pET-17b vector was slightly different and in
essence more successful. The plasmid already containing the octa-mutant was
used as a template. Since there is only ribosomal binding site upstream and
multiple cutting sites downstream of the CRABPII gene sequence in pET-17b, the

gene encoding hexa-mutant was inserted at the C-terminus. At first, removal of
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Figure 1I-35: Building the standard curve from the two protein fusion incubated
with two equivalents of retinal. a. Acid titration and UV-vis spectra of 58 uM
complex at each pH. b. Acid titration and UV-vis spectra of 19 uM complex at
each pH. ¢. Standard curve from two titrations. d. Spectra of the citric acid
solution of known pH 3.3 and the value of ratio.
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the TGA stop-codon in octa-mutant gene sequence with one round of PCR
provided the DNA template suitable for hexa-mutant insertion. After that, the
hexa-mutant was inserted between EcoRIl and Xhol cutting sites with EcoRI-
CRABPII forward primers coding for various linkers and Xhol-CRABPII reverse
primer introducing the stop codon. The simplest linkers mounted from mutation of
the TGA stop codon into CGA and EcoRl cutting site (GAATTC) had three amino
acid sequence Arg-Glu-Phe, R-E-F. In a parallel study, two other linkers were
constructed: REFGGSGGRS and FGTGGTG. Since the sequence of CRABPII
ends up with R136:E137 amino acids itself, the last linker was designed by
shifting the RE part from the linker to CRABPII (removal of extra Arg-Glu) to
provide a non-charged flexible linker. Expression and purification of all three
constructs was comparable, but surprisingly binding with retinal gave the least
protein precipitation for a construct with the simplest REF linker.

The isolated protein was incubated with 2 equiv of retinal at room
temperature in a citrate buffer (10 mM, pH = 5), yielding the spectrum in Figure
1I-35d. The small amount of precipitate was separated by centrifugation. Acid

titration of the fusion protein complexed with Rt from pH ~5 to ~1, at two dilutions

(58 and 19 pM), gives similar UV-vis spectra as dictated by the pKj of the two

iminium protons bound to each half of the fusion protein. Initially, the absorption

with highest intensity was at 510 nm (due to maximum absorption of hexa-mutant

which has higher pKg) but gradually shifted to longer wavelengths as a result of

absorbance overlap between hexa- and octa-mutants (Figure 1I-35a-b). The final
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ratiometric scatter plots at two concentrations have practically overlapping ratios
between pH 2 and 4, the working pH range for the chosen protein pairs (Figure
1I-35¢). The standard curve was utilized to measure the pH of known buffer
solutions to within +0.2 pH units (3.3 measured with a pH meter compared to 3.5
expected from the ratiometric probe) (Figure 1I-35d). The working range of the

probe is identified from the ratiometric scatter plots and in this example, the

working pH range is between 2 and 4: octa-mutant with pK5 2.6 responds to pH

changes between 2 and 4, hexa-mutant with pKy 4.4 responds to pH changes

between 3.4 and 5.4. The importance of a fused construct is clear by comparison
of experiments with premixed protein solutions and with expressed protein fusion.
Although the working range is the same, the ratio values for the fusion are
different from the ratio obtained from the experiment with two proteins expressed
individually. The latter system illustrates a proof-of-principle example of a
ratiometric pH sensor that functions with the same chromophore, yet the
chromophore not only absorbs at different wavelengths but also changes color at
different pH values. Extension of this methodology into a system capable of in
vivo applications with fluorescent chromophores has a great potential to
introduce the absolutely novel genetically encoded pH-sensing probes, which will
be discussed in details in Chapter 5.
1.8 Conclusion and significance.

An initial goal of this project to redesign the CRABPII binding cavity and

perform the wavelength regulation with full length all-frans-retinal was achieved.
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It was necessary to remove the interactions involved in retinoic acid binding to
CRABPII in order to get the chromophore to form a SB. The wavelength
regulation recipe was inspired by hCRBPII system but not using mutations at the

identical residues. In addition to the wavelength regulation pH-dependent

behavior of the several mutants was noticed, while the measured iminium pKgy

values appeared to span between 1.8 and 8.1 units covering the physiologically
important pH range and beyond. The concentration independent system was
build from fusion of two selected mutants each with unique spectroscopic
properties. Importance of the linker length between two mutants was also
investigated giving the priority to the shortest one. Solution of known pH was
estimated using standard curve built from the ratio of absorbances and the value
within 0.2 units error was determined.

The next step in pH-sensor development would be to make it into an
application-oriented probe. Fluorescence-based methods find much broader use
in live organisms than the absorbance-based techniques. Even though the
fluorescence from retinal has some limited potential with modern microscopy,
fluorescent retinal analogs would provide a better choice as chromophores for
developing pH-probe. Moreover, the fluorophore can be designed for optimal light
penetration through the tissue.

Additionally, while investigating the pH dependent properties of CRABPII

mutants, the time-dependent change of the pKy values was observed in most of

the pigments generated with Rt. This was attributed to the putative iminium

127



isomerization from the cis- form with high pKy to the thermodynamically more
preferable trans- isomer with low pKj. All pigments with such properties exhibited
pKa values higher than 6 for the putative kinetic product and lower than 3 for the
thermodynamic product. Interestingly, the low pKy form can be converted into a

high pKa form by irradiation with light at 365 nm, matching the SB wavelength of

absorption. The pigments of this kind can be presented as a new class of light-
switchable proteins. One of the potential applications of this system would be a
quencher system for known fluorescent proteins. Especially attractive is that all
components can be genetically encoded without addition of unnatural

chromophores because of availability of retinal in living organisms. However,

additional studies on the mechanism of the observed pKy changes are essential

to support the hypothesis of iminium isomerization. Protein crystallography and

15N NMR studies might provide some insight on the mechanism of the

interconversion.

Another area to explore would be the exceptional heat and acid stability of
the CRABPII-R111K:R132Q:Y134F:T54V:R59W:A32W:E73A:M93L  mutant.
From the first glance, the hydrophobic packing seems to play a crucial role in the
observed phenomena. However, comparison of its crystal structure with the less
stable mutant from the shorter series might provide an insight on the mechanism.

Stability studies of the intermediate mutants might help to understand the factors
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that contribute to the observed effect. Finally, crystallization of this mutant at pH <
2 and > 5 would be of particular interest to probe structural differences that could
shed light on the stability of the proteins.

1.9 Materials and Methods.

Fluorescence spectra were recorded using a Fluorolog®-3
spectrofluorometer (HORIBA, Ltd.). UV-vis spectra were recorded with a Cary
300 Bio WinUV, Varian spectrophotometer. All-trans-retinal was purchased from
Sigma-Aldrich, and was used as received. The dissociation constant K, for
protein/retinal binding was determined by fluorescence titration as previously
reported.

Site-derected mutagenesis. The CRABPII-pET17b plasmid described
before® was used for mutagenesis following QuickChange Site-directed
Mutagenesis Kit protocol (Agilent Technologies). PCR conditions for amplification

of mutants are specified below:

Total Reaction Volume 50 uL
Template (DNA plasmid) 70 ng (x ul)

Primer forward 20 pmol (y ul)
Primer reverse 20 pmol (z )

dNTP 1L

10x pfu buffer 5uL

Pfu Turbo (DNApolymerase ) 1uL
DI water 50-x-y-z-7 pL
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PCR program

1x 95 °C 4 min
95 °C 30 sec
temperature 3-5 °C lower than primer melting
20x 1 min
temperature
72°C 4 min 30 sec
1x 72 °C 10 min
1x 25°C 10 min

20 units of Dpn | restriction enzyme (New England BioLabs®) were added
to the PCR reaction for DNA template digestion and the reaction mixture was
incubated at 37 °C for 1 h. The resulting mixture was transformed into competent
cells for DNA amplification and purification.

List of primers:

R111K

Forward: 5-CCCAAGACCTCGTGGACCAAAGAACTGACCAACGATGGG-3
Reverse: 5-CCCATCGTTGGTCAGTTCTTTGGTCCACGAGGTCTTGGG-3’
R132L:Y134F

Forward: 5-GTGCACCCTGGTCTACGTCCGAGAG-3’

Reverse: 5-CTCTCGGACGTAGACCAGGGTGCAC-3’

R132Q:Y134F

Forward: 5- GTTGTGTGCACCCAGGTCTTCGTCCG-3’

Reverse: 5-CGGACGAAGACCTGGGTGCACACAAC-3’
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R132Y:Y134F

Forward: 5- GTTGTGTGCACCTACGTCTTCGTCCG-3’

Reverse: 5-CGGACGAAGACGTCGGTGCACACAAC-3’

R132E:Y134F

Forward: 5- GTTGTGTGCACCGAGGTCTTCGTCCG-3’

Reverse: 5-CGGACGAAGACCTCGGTGCACACAAC-3

T54V

Forward: 5-CTACATCAAAGTCTCCACCACCGTGCG -3’

Reverse: 5- CGCACGGTGGTGGAGACTTTGATGTAG -3’

T54C

Forward: 5- GGAGACACTTTCTACATCAAATGCTCC -3’

Reverse: 5'- GGAGCATTTGATGTAGAAAGTGTCTCC -3’

T54F

Forward: 5-GACACTTTCTACATCAAATTCTCC-3’

Reverse: 5'- GGAGAATTTGATGTAGAAAGTGTC -3’

L121E

Forward: 5-GATGGGGAACTGATCGAGACCATGACGGCGGATGAC -3’
Reverse: 5'-GTCATCCGCCGTCATGGTCTCGATCAGTTCCCCATC -3’
L121D

Forward: 5-GGGGAACTGATCGACACCATGACGGCG -3’

Reverse: 5-CGCCGTCATGGTGTCGATCAGTTCCCC -3’
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L121N

Forward:

Reverse:

L121Q

Forward:

Reverse:

L121Y

Forward:

Reverse:

R59D

Forward:

Reverse:

R59N

Forward:

Reverse:

R59Q

Forward:

Reverse:

R59E

Forward:

Reverse:

5’-GAACTGATCAACACCATGACG -3’

5-CGTCATGGTGTTGATCAGTTC -3’

5’-GAACTGATCCAGACCATGACG -3’

5-CGTCATGGTCTGGATCAGTTC -3’

5’-GAACTGATCTACACCATGACG -3’

5-CGTCATGGTGTAGATCAGTTC -3’

5’-CCTCCACCACCGTGGACACCACAGAG-3’

5-CTCTGTGGTGTCCACGGTGGTGGAGG-3’

5-ACCGTGAATACCACAGAGATTAACTTC -3’

5'- GAAGTTAATCTCTGTGGTATTCACGGT -3

5’-CCTCCACCACCGTGCAGACCACAGAG-3’

5-CTCTGTGGTCTGCACGGTGGTGGAGG-3’

5’- CCTCCACCACCGTGGAGACCACAGAG -3’

5- CTCTGTGGTCTCCACGGTGGTGGAGG -3’
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R59I

Forward:

Reverse:

R59L

Forward:

Reverse:

R59F

Forward:

Reverse:

R59Y

Forward:

Reverse:

R59W

Forward:

Reverse:

A32Y

Forward:

Reverse:

A32W

Forward:

Reverse:

5’-CCACCGTGATCACCACAGAGATTAAC-3

5-GTTAATCTCTGTGGTGATCACGGTGG-3

5’- CCTCCACCACCGTGTTGACCACAGAG -3’

5’- CTCTGTGGTCAACACGGTGGTGGAGG -3’

5’- CCTCCACCACCGTGTTCACCACAGAG -3’

5- CTCTGTGGTGAACACGGTGGTGGAGG -3’

5’- CCTCCACCACCGTGTACACCACAGAG -3’

5- CTCTGTGGTGTACACGGTGGTGGAGG -3’

5’- CCTCCACCACCGTGTGGACCACAGAG -3’

5- CTCTGTGGTCCACACGGTGGTGGAGG -3’

5-GAGGAAGATTTATGTGGCTGC-3’

5-GCAGCCACATAAATCTTCCTC-3’

5-GTGATGCTGAGGAAGATTTGGGTGGCTGC-3

5’-GCAGCCACCCAAATCTTCCTCAGCATCAC-3’
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A36Y

Forward: 5-GTGGCTGCATACTCCAAGCC-3’

Reverse: 5-GGCTTGGAGTATGCAGCCAC-3’

A32Y:A36Y

Forward: 5-GGAAGATTTATGTGGCTGCATATTCCAAGCC-3’
Reverse: 5-GGCTTGGAATATGCAGCCACATAAATCTTCC-3
F15Y

Forward: 5’-CGGAAAACTACGAGGAATTGC -3’

Reverse: 5- GCAATTCCTCGTAGTTTTCCG -3’

F15D

Forward: 5’-CGGAAAACGACGAGGAATTGC -3’

Reverse: 5- GCAATTCCTCGTCGTTTTCCG -3’

L19wW

Forward: 5’- CGAGGAATTGTGGAAAGTGCTGGGG-3’
Reverse: 5’- CCCCAGCACTTTCCACAATTCCTCG -3’

V24w

Forward: 5-GTGCTGGGGTGGAATGTGATG -3’

Reverse: 5- CATCACATTCCACCCCAGCAC -3’

A35W

Forward: 5-GTGGCTTGGGCGTCCAAGCC -3’

Reverse: 5- GGCTTGGACGCCCAAGCCAC -3’
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A35F

Forward: 5-GTGGCTTTCGCGTCCAAGCC -3’
Reverse: 5'- GGCTTGGACGCGAAAGCCAC -3’

A36W

Forward: 5-GTGGCTGCATGGTCCAAGCC -3’
Reverse: 5- GGCTTGGACCATGCAGCCAC -3’

A36T

Forward: 5-GTGGCTGCAACGTCCAAGCC -3’
Reverse: 5- GGCTTGGACGTTGCAGCCAC -3’

K38D

Forward: 5- GCAGCGTCCGAGCCAGCAGTGG-3’
Reverse: 5'- CCACTGCTGGCTCGGACGCTGC -3’
P39wW

Forward: 5- GCGTCCAAGTGGGCAGTGGAG-3’
Reverse: 5'- CTCCACTGCCCACTTGGACGC -3’

Q45F

Forward: 5- GTGGAGATCAAATTCGAGGGAGACAC-3’
Reverse: 5'- GTGTCTCCCTCGAATTTGATCTCCAC -3’
T54V:T56W

Forward: 5’- GACACTTTCTACATCAAAGTCTCCTGGACC-3’

Reverse: 5- GGTCCAGGAGACTTTGATGTAGAAAGTGTC -3’
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T54V:T56Q

Forward: 5’- GACACTTTCTACATCAAAGTCTCCCAGACC-3’
Reverse: 5- GGTCTGGGAGACTTTGATGTAGAAAGTGTC -3’
T54V:T56Y

Forward: 5- CTTTCTACATCAAAGTCTCCTACACC-3’
Reverse: 5- GGTGTAGGAGACTTTGATGTAGAAAG -3’
V58W:R59W

Forward: 5-CCACCACCTGGTGGACCACAGAGATTAAC -3’
Reverse: 5- GTTAATCTCTGTGGTCCACCAGGTGGTGG -3’
G74W

Forward: 5’- GGGGAGGAGTTTGAGGAGTGGAC-3’
Reverse: 5- GTCCACTCCTCAAACTCCTCCCC -3’

V76W

Forward: 5- GGAGCAGACTTGGGATGGGAGG-3’

Reverse: 5- CCTCCCATCCCAAGTCTGCTCC -3’

V76F

Forward: 5- GGAGCAGACTTTCGATGGGAGG-3’

Reverse: 5- CCTCCCATCGAAAGTCTGCTCC -3’

Q78w

Forward: 5- GACTGTGGATTGGAGGCCCTG-3’

Reverse: 5- CAGGGCCTCCAATCCACAGTC -3’
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75 A A76

Forward:

Reverse:

M9I3L

Forward:

Reverse:

M93F

Forward:

Reverse:

M123L

Forward:

Reverse:

E73A

Forward:

Reverse:

S12D

Forward:

Reverse:

5’- GAGGAGCAGACTGCCGCCGTGGATGGGAGG-3’

5’- CCTCCCATCCACGGCGGCAGTCTGCTCCTC -3’

5-GAGAATAAACTGGTCTGTGAG-3

5-CTCACAGACCAGTTTATTCTC-3

5-GAGAATAAATTCGTCTGTGAGC-3’

5-GCTCACAGACGAATTTATTCTC-3

5-GATCCTGACCCTGACGGCGG -3’

5’- CCGCCGTCAGGGTCAGGATC -3’

5-GGAGTTTGAGGCGCAGACTGTGG-3

5’-CCACAGTCTGCGCCTCAAACTCC-3’

5’-CTGGAAAATCATCCGAGATGAAAACTTCGAG-3

5-CTCGAAGTTTTCATCTCGGATGATTTTCCAG-3’

endCRABPIInoSt

Forward:

Reverse:

5-CCGAGAGCGAGAGTTCTGC-3’

5’- GCAGAACTCTCGCTCTCGG -3
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Ncol_CRABP_for

5’-CGCCATGGCACCAAACTTCTCTGGCAACTGG-3
EcoRI_CRABP_rev

5-CCGAATTCCCTCCCTCTCGGACGAAGAC-3

CRABP Hindlll (for)

5-GCAAGCTTCCAAACTTCTCTGGCAACTGG-3

CRABP Xhol (rev)

5-GCTCGAGTCCCTCTCGGACGAAGAC-3

EcoRI-CRABP (for)

5-CCGAATTCATGCCAAACTTCTC-3

EcoRI-GGSGGRS-CRABP (for)
5-CCGAATTCGGTGGTAGTGGTGGTAGAAGTATGCCAAACTTCTCTGGC-3
EcoRI-GTGGTG-CRABP (for)
5-CCGAATTCGGTACTGGTGGTACTGGTATGCCAAACTTCTCTGGC-3
CRABP Xhol St (rev)

5’- GGCTCGAGTCACTCTCGGACGAAGAC-3’

The PCR products (10 uL) were transformed into E. coli XL-1 blue

competent cells (Novagen®, 100 uL) and grown on Luria-Bertani (LB)-agar

plates supplemented with antibiotics (tetracycline: 7.5 pyg/mL; ampicillin: 100

pg/mL) at 37 °C for 18 hours. A single colony was inoculated in LB medium (15

mL) containing 7.5 pg/mL tetracycline and 100 pyg/mL ampicillin and incubated at

37 °C while shaking, for 10 hours. DNA purification was performed using
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Promega Wizard® Plus SV Miniprep DNA purification kit (A1330) following the
suggested protocols. The average isolated plasmid DNA concentration was 200
ng/uL in 50 uL solution. The plasmid DNA concentration was calculated using
Nanodrop (Thermo Scientific). The DNA sequence was verified by the MSU gene
sequencing facility with the T7 primer as the initial probe.

Protein Expression and Purification of CRABPII/pET-17b Mutants. The
target gene was transformed into E. coli BL21(DE3)pLysS competent cells (100
ng of DNA, for 100 pL of cell solution) following standard protocols and the cells
were grown on Luria-Bertani (LB)-agar plates supplemented with antibiotics
(chloramphenicol: 27 ug/mL; ampicillin: 100 yg/mL) at 37 °C for 12 hours. A
single colony was used to inoculate LB medium (10 mL) containing 27 ug/mL
chloramphenicol and 100 pyg/mL ampicillin and was incubated at 37 °C, while
shaking overnight. The grown culture was inoculated into 1 L of LB containing 27
pg/mL chloramphenicol and 100 pyg/mL ampicillin and was grown at 37 °C while
shaking for an additional 6 hours. The expression was induced with addition of
isopropyl-p-D-thiogalactopyranoside (IPTG, Gold Biotechnology, 1 mM) and the
culture was shaken at 20 °C for 36 h. The cells were harvested by centrifugation
(5000 rpm, 10 min, 4 °C) and resuspended in Tris-binding buffer (10 mM Tris,
pH=8.0, 50 mL). The cells were lysed by sonication (Biologics, Inc, power 60%, 3
x 1.5 min). The solution was spun down (5000 rpm, 30 min, 4 °C) and the
supernatant was loaded on a FastQ anion exchange column pre equilibrated with

Tris-binding buffer (10 mM Tris, pH = 8.0, 100 mL). The column was washed
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twice with Tris-binding buffer (2 x 200 mL) and the protein was eluted with Tris-
elution buffer (10 mM Tris, 200 mM sodium chloride, pH = 8.0, 100 mL). The
eluent was buffer exchanged with Tris-binding buffer using an ultrafiltration cell
under nitrogen pressure (~20 psi) (Millipore™, regenerated cellulose membrane
YM10, NMWL.: 10,000). The desired protein was further purified using a BioLogic
DuoFlow system (BioRad) equipped with a 15Q anion exchange column,

according to the following protocol:

Description Parameters
Isocratic Flow pH=8.1, 0% 2M NaCl 10.00 ml, 3.00 ml/min
Linear Gradient pH=8.1, 0—4% 2M NaCl 20.00 ml, 3.00 ml/min
Isocratic Flow pH=8.1, 4% 2M NaCl 20.00 ml, 3.00 ml/min
Linear Gradient pH=8.1, 4—8% 2M NaCl 10.00 ml, 3.00 ml/min
Isocratic Flow pH=8.1, 8% 2M NaCl 20.00 ml, 3.00 ml/min

The above protocol was optimized for CRABPII mutants. The buffer used
is 50 mM Tris, pH is adjusted automatically. The proteins elute with 4% 2M NacCl.

The absorption extinction coefficients (¢) for CRABPII mutants were
determined according to the method described by Gill and von Hippel.*°

General Procedure for Reductive Amination of the Protein/Retinal
Complex and Q-TOF ES* Analysis. Reductive amination of the CRABPII-retinal
complexes non-reversibly traps the protein/chromophore complex. In addition to

the protein peak (M), an adduct peak (M+268) is observed if the protein is

reductively aminated with retinal in the presence of the reducing reagent
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(NaCNBHg). During initial reengineering efforts the first four proteins in Table 2
were subjected to reductive amination conditions, verifying SB formation. Only
CRABPII-R111K failed to produce the desired M+268 peak.

Briefly, 40-100 uM of CRABPII protein in citric acid buffer (1 mL 0.1 M,
pH=5.2) was incubated with 1 equivalent of retinal for 6 h. NaCNBH3; (50 uL of 5
M water solution) was added to the latter solution while stirring for an additional 3
h. The reaction was quickly desalted using FastQ resin and concentrated back to
1 mL with a 3 KDa cut off filter. The adduct was subjected to electrospray MS
with desalting column using the protocol below.

The Q-TOF ES+ protocol description

A, % B, % Time, min
95 5 1.00
30 70 2.50
30 70 4.50
95 5 4.51
95 5 5.00

Solvent A: water + 0.1% formic acid,

Solvent B: acetonitrile.

UV-vis Measurements. The CRABPII-PSB formation (Amax >440 nm) was
followed by UV-vis in phosphate buffer (4 mM NaH.PO., 16 mM NaxHPO,4, 150
mM NaCl, pH=7.3) or in citric acid buffer (50 mM citric acid, pH=5.2). pH was

verified every time before recording the spectrum. The experiment was
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performed with final protein concentration of 40-80 yM, and 0.5 equivalents of
retinal were added (from a stock solution of 1 mM in ethanol) at pH 7.3 or 5.2.
Peaks with Amax >450 nm are considered PSB peaks, while deprotonated imine
peaks (SB) appear at ~360 nm. Non-covalently bound retinal absorbs at ~380

nm.

PSB pKa Determination for CRABPII-retinal Complexes. For the pK,

determination we monitored the PSB peak with UV-vis at different pH with
acidification/basification. Retinal (0.5 equiv) was added to CRABPII mutants and
incubated until Schiff base formation was complete (verified by UV-vis). The
solution was acidified with hydrochloric acid (6 M, ~1 uL) for mutants with low
pKa or basified with sodium hydroxide solution (4 M, ~1 pL) for mutants with high
pKa. The corresponding UV-vis spectra are provided. The pK, value was
determined based on the plot of the absorbance change vs the pH, applying the

curve fit as described previously for bacteriorhodopsin pK, determination.?®

_AA
an ="/ (1 + 10[PH-pKal)

The two parameters are: AA,, the total absorbance change of PSB during each
acidification in comparison to the most basic point during titration and pKj, the

midpoint of titration.

Time-dependent Changes in pKa. Time-dependent PSB behavior of the

CRABPII mutants was monitored with UV-vis over time at indicated temperature.

UV-vis in citric acid buffer (0.2 M citric acid, pH=5.2) was recorded from 800 nm
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to 200 nm, every 2 min until the amplitude of the PSB peak remained constant.
For each experiment, 1 mL of protein (15 uM) in citrate buffer was pre-incubated
at each temperature for 5 min and then degassed. The recording of data started
immediately after addition of 0.5 equiv (7.5 uM) of retinal to the protein solution
and continued until PSB (Amax >450 nm) remained constant. The absorption of
SB (360 nm) and PSB (>450 nm) vs time was plotted, with the first time point
adjusted to the UV-vis scanning speed (for example, if the PSB peak data at 556
nm is necessary to plot over time it takes 0.4 min to reach 556 nm from 800 nm
with the scanning speed 600 nm/min). Incubation of the solution at 4 °C reduced
the rate of protein chromophore rearrangement from high pK, to low pK, form.
Thus measurements of the high pK, for the penta-mutant was performed at 4 °C.

Titration of equimolar mixture of two selected mutants bound with retinal.
Two selected CRABPII mutants (R111K:R132L:Y134F:T54V:L121Q:R59W and
R111K:R132Q:Y134F:T54V:R59W:A32W:M93L:E73A at same concentration (60
uM) were separately pre-incubated with retinal (1 equivalent) until SB formation
was complete. The two pigment solutions were combined in a 1:1 ratio and
diluted subsequently to different concentrations: 40 uM, 30 uM, 20 uM, 15 uM
and 10 uM. The mixtures were titrated with acid while recording the UV-vis for
each new pH value. The ratio between two peaks was calculated at different
wavelengths and was plotted as a function of the pH. The ratio of absorbances at
480 nm/650 nm was found to give the best ratiometric curve, consistent for all

protein concentrations.
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Titration of two selected fusion mutants bound with retinal. The fusion of
two selected CRABPII mutants with REF linker in pET17b was generated as
described above. The protein was expressed and purified as previously
described for other CRABPII mutants that expressed as a single protein in
pET17b vector. Only modification was in salt concentration (10 mM Tris, 300 mM
sodium chloride, pH = 8.0, 100 mL) for protein elution. The protocol for BioLogic

DuoFlow system equipped with a 15Q anion exchange column was optimized

accordingly:
Description Parameters
Isocratic Flow pH=8.1, 0% 2M NaCl 10.00 ml, 3.00 ml/min
Linear Gradient pH=8.1, 0—4% 2M NaCl 10.00 ml, 3.00 ml/min
Isocratic Flow pH=8.1, 4% 2M NaCl 20.00 ml, 3.00 ml/min
Linear Gradient pH=8.1, 4—8% 2M NaCl 10.00 ml, 3.00 ml/min
Isocratic Flow pH=8.1, 8% 2M NaCl 20.00 ml, 3.00 ml/min
Linear Gradient pH=8.1, 8—15% 2M NaCl 20.00 ml, 3.00 ml/min
Isocratic Flow pH=8.1, 15% 2M NaCl 20.00 ml, 3.00 ml/min

The protein elutes with 15% 2M NaCl. The purified protein was subjected
to Q-TOF ES* to confirm expression of the fused mutant.
The isolated protein was concentrated to 50 uM and was incubated with 100 uM
retinal for 5 h at room temperature (50 mM citric acid, pH=5.2) to generate the
mature pH-sensor. Different concentrations of the final pigment was titrated from

pH of 5 to 1.5 at different dilutions leading to a ratiometric standard curve.
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Molecular Modeling. Docking of retinal was performed using
AutoDockTools 4.2.1. Macromolecule model was generated from the crystal
structure of WT-CRABPII (PDB: 2FS6) with removed water molecules, ligand
retinal was generated in Spartan 08 using B3LYP/6-31G* basis set. Docking was
performed into CRABPII-R111K, CRABPII-I63K, CRABPT-I52K, CRABPII-L119K
and CRABPII-M93K models.

Molecular modeling was performed on a SGI workstation (octane 2) using
the software package Insightll. Crystal structure of
R111K:R132L:Y134F:T54V:R59W-CRABPII mutant complexed with retinal
refined with the trans-imine geometry was used as a template to build the cis-
imine geometry. The model was heated to 300 K and energy minimized with

1000 iterations using cvff force field.
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CHAPTER Ill: SYNTHESIS OF FLUORESCENT RETINAL ANALOGS AS ALTERNATIVE
LIGANDS FOR ENGINEERED PROTEINS
lll.1 Introduction

Site-specific protein modifications have shown great utility in modern
chemical biology." Recently, a great number of versatile protein labeling
techniques have been developed. Typically, the protein used for site-specific
labeling is engineered from an enzyme with well-known function and high
specificity. The inherent enzymatic activity of the protein is suppressed by
mutagenesis and labeling is achieved by the addition of a fluorescent molecule
with a binding domain from the natural substrate (alkyl halide for Halo-Tag,
benzylguanine for SNAP-Tag, benzylcytosine for CLIP-Tag, trimethoprim for
TMP-Tag, etc.).”” In an alternative approach, the short peptide can be labeled
with a substrate-fluorophore conjugate, assisted by the engineered enzyme
(formyl glycine generating enzyme, transglutaminase, biotin ligase, lipoic acid
ligase, farnesyl transferase, etc.).>'® A common approach is to redesign the
substrate with an appropriate reporter unit, such that its binding affinity to the
enzyme and subsequent enzymatic reaction is retained in a single turnover
manner, and thus covalently attaching the reporter unit to the protein (Figure Ill-
1). The most common reporter unit is a fluorophore that allows direct imaging
with high sensitivity. The linker length between the two units often affects protein
affinity, solubility and cell penetration. The linker is incorporated into the molecule

(usually in the form of a length-adjustable polyether) or it is formed via common

151



bioorthogonal reactions between the recognition unit and the reporter unit. Such
reactions include the alkyne-azide ‘click’ chemistry, Staudinger ligation, inverse-
demand Diels-Alder reaction, oxanobornadiene cycloaddition, Pictet-Spengler
reaction and other rapidly emerging biocompatible synthetic methods.''"* - 141

A plethora of commercially available fluorophores exists for protein
labeling, with several recent reports detailing molecules with improved
spectroscopic profiles.'®2° In general, fluorophores can be divided into groups
based on their core structures. These include xanthanes, coumarins,

fluoresceins, rhodamines, BODIPY dyes and cyanines, among others.?® To avoid

= recognition unit

N:Iinker
O = reporter unit
if = protein of interest

= protein for site-specific labeling

N”NH,

SNAP-Tag Halo-Tag

Figure llI-1: Typical strategy of the site-specific protein labeling highlighting
each unit of designed labeling reagent and two examples of such reagent with
parts of the molecule colored identical to the representation.
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a constitutively ‘on’ fluorescence that arises from non-specific fluorophore
incorporation, a masking cargo is employed usually in the form of quenchers or
intracellular cleavable protecting groups. More recently described reports utilize
environment-sensitive fluorophores with spectroscopic properties (excitation and
emission wavelength, quantum efficiency, extinction coefficient, etc.) that differ
significantly inside and outside the protein cavity.

For the past ten years our lab has been actively working on the
development of a site-specific protein labeling method.?”® In our approach, all of
the units discussed above are incorporated into one small molecule, where the
protein specific substrate is also a chromophore. Iminium formation between the
aldehyde based chromophore and a reactive lysine residue in the protein cavity
leads to fluorescence ‘turn on’ (Figure 1lI-2). The by-product of this reaction, a
molecule of water, renders this method highly benign. Specificity arises from the
high affinity of the hydrophobic polyene chain for the lipophilic protein pocket,
observed in engineered CRABPII and CRBPII that bind all-frans-retinal as the

Protonated Schiff Base (PSB). In addition to the dual role of the polyene,

----------- ,A)\/CHO

:':Conjugation
é(\)WK/CHO EDG L HaNN

all-frans-retinal
LeenTTTT ‘~/\ A N/\
* Fluorophore B

EDG”

Figure llI-2: Site-specific labeling of rhodopsin mimics. a. Structure of all-
trans-retinal recognition unit highlighted in red. b. Design of alternative ligands
that fluoresce upon PSB formation.
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conversion of the aldehyde to an iminium in retinal (and its analogs) dramatically
changes its spectroscopic properties. The extended conjugation of this polyene
lowers the HOMO/LUMO gap, leading to a more red-shifted chromophore. The
iminium, with its own distinct spectroscopic profile, is the only fluorescent species
observed in imaging experiments, because the aldehyde and imine are non-
emissive.

Synthetic chromophores bearing a conjugated aldehyde with a 3-methyl

group belong to the family of retinoids.>* Synthetic retinoids have been used in

wavelength and pKa regulation studies®® and photo-affinity labeling of

rhodopsin,® and also in the search for the therapeutics.>* Synthesis of retinoids
is complicated by the sensitivity of these compounds to various factors, such as
light and heat. Moreover, even if conjugated double bonds are prepared in a
highly stereoselective manner, they can still undergo isomerization if not handled
carefully.®® Nevertheless, the synthesis of retinoids can be accomplished via
multiple pathways using reported protocols.

Merocyanine retinal analogs have been studied for the wavelength
regulation of bacteriorhodopsin.?” After PSB formation these compounds display
a bathochromic shift of over 100 nm, with an increase in extinction coefficient.
These compounds, owing to their resonating positive charge within a strong
push-pull system, have the potential to become fluorescent in the PSB form. The

possible fluorogenic character of the merocyanine retinal analogs in CRABPII
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and hCRBPII mutants lend to the idea that merocyanine retinal analogs can be
used in protein labeling efforts.

A number of available mutants in our lab were evaluated for PSB
formation with fluorogenic retinal analogs. A quick screen of candidates from
various CRABPIlI and hCRBPII series aimed for a system with the following
properties: fast reaction time, high quantum efficiency, red-shifted spectra of
excitation/emission and stability of the complex. Access to high-resolution crystal
structures should be considered for further protein and/or ligand optimization.

The first potentially fluorescent retinal analog synthesized in our lab was
merocyanine retinal analog (MCRA) (Figure 11I-3).*® The same compound was
previously described in wavelength regulation studies upon binding to
bacteriorhodopsin.®” The fluorescent properties of MCRA-PSB were elucidated
for the first time in our lab, unveiling their high quantum yields and extinction
coefficients only after reaction with the protein (Figure IlI-3) (Dr. Kin Sing

Stephen Lee, Dr. Wenjing Wang and Ipek Yapici, Professor Babak Borhan’s lab,
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Figure IlI-3: Labeling of designed proteins with MCRA. a. Reaction that
triggers fluorescence ‘turn-on’ (recognition unit red, fluorophore green). b.
Fluorescence enhancement of protein bound dye relative to PSB with n-butyl

amine.
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MSU).

The MCRA-PSB protein complexes absorbed between 565 nm and 605
nm. Even more fascinating is that emission of MCRA-PSB inside the protein is
five times higher, as compared to the free amine in solution (Figure 1lI-3b). The
latter finding was expected to suppress the signal from any non-specific labeling
with free intracellular amines.

Moreover, MCRA is small compared to other protein labeling reagents,
which might be helpful for the chromophore delivery into the cell. The absence of
toxic additives and by-products of the reaction (iminium formation gives
elimination of water only) are among other notable advantages of this method.

Finally, if the wavelength of MCRA-protein complex is significantly red-
shiffed compared to the MCRA-butylamine conjugate, the non-specific
fluorescence of PSB with intracellular amines can be eliminated. Taking into
account the wavelength regulation studies with retinal, this approach seems as a
plausible way to avoid background fluorescence.

Selected CRABPII mutants were successfully imaged in live E. coli cells,
while hCRBPII showed utility in HeLa and U20S cells (detailed discussion in
Chapter 4). However, MCRA binds as a PSB to both the specifically engineered
CRABPII and hCRBPII mutants and free amines, as observed in images.

To understand the nature of non-specific reactivity, in vitro binding was
measured between MCRA and Bovine Serum Albumin (BSA), a protein standard

often used in biochemical assays. BSA is a plasma protein, and doesn’t bind
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retinal or its analogs. However, it has multiple hydrophobic binding sites for
various metabolites, which makes BSA suitable for control experiments for non-
specific reactivity. In fact, the absorption/emission spectra and reaction rate of
MCRA-BSA complex were comparable with some tested CRABPIlI and CRBPII
mutants. The study of non-specific binding can be approached in two ways: via
synthesis of alternative ligands that bind our target proteins specifically
(described in this Chapter) or by further protein engineering leading to mutants
that bind our fluorophores specifically (described in Chapter 4).

In addition to the specificity issues encountered during in vivo protein
labeling, MCRA is not the ideal ligand for fluorescent pH-sensor design. The
mutant with one of the lowest iminium pK, values for Rt-PSB (CRABPII-
R111K:R132Q:Y134F:T54V:R59W:A32W:E73A:M93L, pK,=2.6) has a pK, of 8.6
in the MCRA-PSB (Figure IlI-4). Because the physiologically relevant pH range

is below 8, MCRA-PSB does not meet this requirement.
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Figure lll-4: Base titration of CRABPII-R111K:R132Q:Y134F:T54V:R59W:
A32W:M93L:E73A mutant bound with MCRA.
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The latter concerns about MCRA as a fluorogenic ligand led to the
synthesis of a suitable retinal analog for a PSB-forming protein. In this chapter,
synthetic approaches toward alternative fluorescent retinal analogs are
described. Also an alternative electrophilic trapping in the tandem aza-Payne-
like/hydroamination methodology was inspired by an observation during the
synthesis of one of the fluorophores with the properties of a Michael acceptor.
The synthetic methodology developed the construction of the hexahydrofuro[2,3-
Clpyrrole core in one step, from alkyne-containing aziridinol and
benzylidenemalononitriles.

lll.2 Synthesis of julolidine-containing retinal analogs

Several known fluorophores with high quantum efficiencies contain a
tertiary nitrogen in their core. The lone pair of the tertiary amine can participate in
conjugation with electron withdrawing groups located on the other end of the
molecule, which results in an extended conjugation. If the tertiary amine is in the
ring-locked form, the lone pair has a better chance to align with the x* of the
nearby double bond, therefore enhancing delocalization. In this respect, julolidine
with a ring-locked nitrogen (Figure 1lI-5) is a good candidate to replace the (-

ionone ring in a fluorescent retinal analog.

\COH HOC ~CN o COH
N N 00 N N S CN
\N@

Julolidine DCVJ ccwvd

Comarin 343 Rhodamine 101
D=63% ®=100%

Figure IlI-5: Structures of known fluorophores with julolidine nucleus.
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Usually julolidine-containing fluorophores have high quantum vyield, @,
(Figure llI-5) and in some cases display solvatochromic absorption/emission
profiles.®® Moreover, the remarkable viscosity-dependent fluorescence of two
julolidine chromophores was the main factor that caught our attention.
Commercially available molecules, 9-(2-carboxy-2-cyanovinyl)-julolidine (CCVJ)
and 9-(2,2-dicyanovinyl)-julolidine (DCVJ), show increased fluorescence intensity
in more viscous solutions.**** Molecules of this kind are called molecular rotors
because their intrinsic fluorescence depends on rotation of the vinyl group in and
out of the plane of julolidine.* With an increased viscosity, this rotation becomes
less fluent, which leads to increased fluorescence.

POCI5, DMF cHo  CHCN, NaOH

SUCN
80 °C, 2 h 85°C, 2 h (
N E—— > N
88% yield 99% yield
i1 M1-2 -3
1. DIBAL, THF
NON T 280 0°C, 10 h X-CHO
>
N 2. Si0,, H,0, RT NK
12h
-3 50% yield -4
P(OEt); g0 OEt  NaH, THF P(OEt)s EtO o
Cl 150°C,6h %P=O chloroacetone ~ §! 150°C, 6h  EtO-P*
T — > \ oy ———
CN  g859% yield CN 82% yield 80% yield ZCN
-5 11-6 -7 -8
1. DIBAL, THF
NaH, THF 78100 °C
lll-4 -
47% yield 2. S0y H,0
RT, 12 h
111-9 3% yield 1I-10

Scheme llI-1: Synthesis of julolidine retinal analog I1I-10.
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Hypothetically, the rotation along the C-C bond would be even more
restricted inside the rigid protein cavity, where formation of the iminium may lead
to an even more enhanced fluorescence. Findings from Armitage lab have
already described an increase in emission intensity of the nitrile-containing
cyanine dyes inside the protein.?* *® However, in the reported work the protein
was selected from a library of random antibodies and labeling was successful
only on the yeast surface.

Julolidine retinal analogs substituted with a nitrile group were targeted for
synthesis. Additionally, julolidine retinal analogs without a nitrile were
synthesized. The synthesis of nitrile-free chromophores is more trivial with
repetitive sequences of Horner-Wadwords-Emmons (HWE) olefination and
diisobutylaluminum hydride (DIBAL) reduction of the corresponding nitriles.*’

Aldehyde IlI-2 was synthesized from commercially available julolidine IlI-1

through the Vilsmeier-Haack reaction in 88% vyield.*® Subsequently, it was

0.2 1.6
—KLFV 720-755 nm
——aldehyde —KLFV:R59W
427 nm —SB 1o ——KLFV:R59Y:A32W
—PSB 7 ——KLFV:R59W:A32W:F15D
. 456 nm _ —KLFVWW:E73A:M93L:S12D
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Figure llI-6: UV-vis spectra of llI-10 as an aldehyde, SB and PSB with n-
butylamine (top) and normalized spectra of the CRABPII mutants bound to Ill-
10 (bottom).
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converted quantitatively into the nitrile lll-3 by refluxing in acetonitrile in the
presence of NaOH. The DIBAL reduction of this nitrile 1lI-3 followed by work-up
with wet silica provided aldehyde IlI-4 in 50% vyield.

The synthesis of ylide IlI-8 was completed in three steps from
chloroacetonitrile Il-5 according to a reported protocol.*” Phosphonate IlI-6 was
prepared via an Arbuzov reaction, as shown in Scheme II-1. HWE reaction of lll-
6 with chloroacetone yielded IlI-7. This was further converted to the final ylide Ill-
8 via another Arbuzov reaction, leading to a mixture of two isomers in a ratio 4:3.

In the next step, aldehyde IlI-4 and phosphonate 1lI-8 were converted into
nitrile lI-9 under HWE conditions. The mixture of isomers was subjected to
DIBAL reduction and hydrolyzed to provide julolidine retinal analog IlI-10.

Absorption spectra of synthesized analog lll-10 and six selected CRABPII
mutants, bound with lll-10, are depicted in Figure 1ll-6. The wavelength range for
the PSB of IlI-10 with selected proteins was 720-755 nm, which is modest
compared to the range observed for the Rt-PSB with the same mutants (474-640
nm, Figure II-22 in Chapter 2). Additionally, excitation beyond 633 nm is not
compatible with the lasers currently used for fluorescent microscopy. Analog of
the chromophore with one less double bond was hypothesized to be more useful

in this respect.

NaH, THF DIBAL

CHO " 8 2h NN ON _o%Cz2h NN EHO
N then
52% Rochelle salt
-2 -1 65% Ii-12

Scheme llI-2: Synthesis of julolidine retinal analog IlI-12.
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As depicted in Scheme IlI-2, the same julolidine aldehyde Ill-2 was
directly subjected to olefination with vylide 1I-8, vyielding nitrile 1lI-11.
Recrystallization of the crude product from ethanol gave pure all-frans isomer as
a bright yellow solid. DIBAL reduction of the all-trans- chromophore for 2 h
followed up by mild work-up with Rochelle’s salt gave good yield for the product.
However, the final aldehyde IlI-12 was still obtained as the mixture of two
isomers, in the ratio 10:3.

Compound 1lI-12 was tested with a number of CRABPII and hCRBPII
mutants. Detailed results of further protein engineering data are described in
Chapter 5.

lll.3 Synthetic approach to 2-cyano-julolidine retinal analog.

Among all possible ligands capable of PSB formation with our mutants, the
main target was julolidine retinal analog with an additional nitrile group in
conjugation with the aromatic ring. The challenging part of this synthesis is that
the usual sequence of olefination and reduction would not be chemoselective in
the presence of two nitriles. Previously published reports on CN-containing
molecular rotors were not from the retinal analog family. However, synthetic

protocols successfully employed aldol-type condensations. To prepare the CN-

Stille coupling —, B
-16
N CN p— —
N
-13 IHl-14 BU3SnWOH
n-15

Figure 1lI-7: Retrosynthetic analysis of 1ll-13 via Pd-catalyzed cross-coupling.
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julolidine retinal analog, such as IlI-13, an alternative synthetic method had to be
considered.

Initial synthetic strategies to access analog IlI-13 relied on a variety of
palladium-catalyzed Stille coupling methods between a vinyl halide and a vinyl
stannane.”*® As the bond forming reaction, the Stille coupling was chosen
because of having multiple protocols optimized for polyene synthesis.®"** The
retrosynthetic analysis is depicted in Figure IlI-7, in which two synthons, lll-15
and llI-16, would provide alcohol llI-14. Subsequently, oxidation of 1ll-14 would
lead to the targeted aldehyde lll-13. The synthesis of the prerequisite vinyl
tributyltin Il-15 was reported from enynol Ill-17.>

As depicted in Scheme 11I-3 dibromination of 1lI-3, followed by treatment
with base gave the desired vinyl bromide llI-16 in 56% vyield (two isomers 5:3).
Treatment of enynol llI-17 with tributyltin hydride provided the vinyl stannane IllI-
15 but in much lower yield than the reported protocol.>® After the bromide 1ll-16
was recovered under additive-free reaction conditions, the Stille coupling was
attempted with moderate heating in the presence of CsF.>* The reaction

proceeded with complete bromide consumption within 2 h. However, the reaction

1 Br2 CH20|2
Pd(PPh3),
90 m|n SN s+ e ——— w14
Br DMF
. Et3N N — :
RT, 16 h Entry Additive Time Temperature Result
-3 6% -16
1 None 10h 80°C n.r2
BusSnH 2 CsF,Cul 3h 80 °C c.mpP
OH " PdCI,(PPhy) OH 3 CsFCul 3h 45°C cm.
/\) —> B Sn/\)%) 4 CsF,Cul 1h 45°C c.m.
THF u ) .
m-17 RT, 1.5 h n-15 aNo reaction. PComplex mixture.

28%
Scheme llI-3: Synthesis of 1lI-14.
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gave a complex mixture of products. Crude NMR analysis did not reveal any
trace of the desired product.

An alternative approach to access the same analog llI-13 was inspired by
the chemistry of Zincke aldehydes.>>*® Generally, Zincke aldehydes are prepared
from a pyridinium salt and secondary amine, as depicted for picolinium ll-18 and
dimethylamine in Scheme 1lI-4.°"°® However, there was no report on successful
pyridinium opening with nucleophiles other than secondary amines. Our
approach utilized a Morita-Baylis-Hillman zwitterionic intermediate as a
nucleophile generated from nitrile 1lI-3 (Scheme I1lI-4). If successful, it would
become a one step procedure to the final chromophore with an opportunity to

extend the methodology.
The required pyridinium salt was prepared by SNAr reaction between 4-

picoline and 2,4-dinitrochlorobenzene.* The pyridinium opening with zwitterionic
enolate was evaluated in the presence of various amine bases (Scheme IlI-4).

Unfortunately, conditions leading to the desired product were not found.

®
NR3
x-CN CN N \)\,CHO
NRj3 © -18 CN
N —>»| N — "N
-3 m-13
Toluene, RT
-3 + 1-18 ——  »11I-13
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oN~ o thenNa
O.N Cl —>Me2NWO 1 DABCO 2d n.r@
2 DBU 2d n.r
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NO, 4 DABCO 10d n.r.
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Scheme llI-4: Synthesis of lll-13 via stabilized anion addition to Zincke salt.
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An alternate approach to obtain analog IlI-20 (Scheme IlI-5) utilized an
addition/elimination protocol known to work for C-C bond formation between
enolates and vinyl iodide lI-19.%° An attempt was made to form the zwitterionic
aza-enolate, which would participate in the conjugate addition with vinyl iodide Ill-
19, to give the intermediate 1lI-21. Subsequent elimination of ammonium salt was
expected to yield the desired product IlI-20. Disappointingly, multiple attempts
failed to isolate the chromophore.

Formation of the zwitterionic nucleophile from the vinyl cyanide 1lI-3 might
be unlikely because of the electron-rich character of the double bond that is
conjugated with the tertiary amine. Therefore, the synthesis of IlI-20 was
attempted starting from julolidine aldehyde 1lI-2. Ylide IlI-22 was anticipated from
the reaction of cyanomethylphosphonate IlI-6 and vinyl iodide lll-19. First, the

phosphoylide IlI-6 was reacted with the vinyl iodide llI-19 until vinyl iodide was

consumed, as evident from TLC and ES" analysis (m/z 297 amu corresponding

to sodium salt was observed, Scheme IlI-5). Aldehyde IlI-2 was then added in

situ to the reaction mixture. Unfortunately, after work-up only nitrile 1lI-3 was

®
e Ra | CO,Et
40°C A
N . NR3 = COzEt 6 CN 2

|
n-3
'S COEt n-21 1-20
n-19 HNR3
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(Et0)2F>j NaH, THF (EtO)zP X COEt s¢ (jgj/
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Scheme IlI-5: Two routes towards synthesis of 1l1-20.
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isolated, the result of HWE of IlI-2 with lll-6. Attempts to synthesize and isolate
the corresponding ylide IlI-22 were unsuccessful.

Another route involved the formation of 1lI-23, hypothetically convertible
into aldehyde 1lI-24, with commercially available ylide IlI-25. Compound IlI-21 can
be synthesized in two ways (Scheme IlI-6). DIBAL reduction of dicyanide with
0.5 equivalents of reducing agent gave three different products from TLC.
However, only IlI-23 was isolated in 25% yield. Formylation of the double bond,
starting from nitrile lll-3, with the Vilsmeier-Haack reagent proceeded exclusively
to aldehyde 11l-23. Both reactions gave the product with identical NMR spectra for
a single isomer. Disappointingly, reaction between the aldehyde 1lI-23 and the
stabilized ylide IlI-25 had no conversion even after 2 days, while multiple
attempts of HWE olefination with 1lI-6 gave a complex mixture of undefined
products, with no recovery of the starting materials.

This could be due to the presence of multiple electrophilic centers in the
molecule llI-23. While the aldehyde carbon is electrophilic, the presence of two
electron withdrawing groups makes lll-23 also a Michael acceptor. This has also

been suggested previously, where molecules with a similar substitution pattern

CHO 1. CH,(CN),
2. DIBAL
N — CHO
25% vyield >
over 2 steps CHO PhgP X CHO

-2 = ll-25

~CN -23 1-24
DMF, POCIj )CN
N 89% (EtO) ?I(Io;P

» Complex mixture

Scheme llI-6: Synthetic approach to llI-24.
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prefer to undergo 1,4- over 1,2-addition even with strong nucleophiles, such as
Grignard reagents.®'®® Although this approach did not find utility for the synthesis
of the desired fluorophore, it inspired a methodology described later in this
chapter.

Although not a targeted chromophore, aldehyde IlI-23 might have some
potential to bind to the PSB-forming mutants, while being less reactive with BSA
or butyl amine (Figure lll-8a and IlI-8b, respectively). RandomLy selected

mutants from each series were screened for PSB formation with aldehyde 111-23.
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Figure IlI-8: Binding of 1lI-23 with a. n-butyl amine (in ethanol); b. bovine
serum albumin, BSA; ¢. CRABPII-R132K:R111L:L121E:R59W:A32W mutant
and d. acid titration of the complex from c.
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One of the mutants from the CRABPII first generation series (more exposed
binding cavity) showed evidence for SB/PSB formation after 12 h of incubation at
room temperature (Figure IllI-8c). It is not surprising that only the CRABPII
mutant with more accessible nucleophilic lysine, R132K, is capable of the bond
formation rather than any other CRABPII or CRBPII mutant with a deeper binding
cavity. The large julolidine group might be too bulky to get into the rigid protein
cavity. Even though bond formation for CRABPII-
R132K:R111L:L121E:R59W:A32W mutant was clearly evident from UV-vis, it
formed only a small amount of PSB, relative to SB, even after acidification to pH
2 (Figure 111-8d).

The final approach taken to synthesize the desired molecule was inspired
by a formylation reaction on the double bond, instead of the julolidine aromatic
ring. The vinylogous Friedel-Crafts acylation of cyano julolidine IlI-3 provided a

significant amount of methylketone 11l-26. Ketone IlI-26 was subjected to the

formylation reaction with POCI3/DMF mixture. Because chlorine and methyl
groups have similar Van der Waals radii (1.8 A and 2.0 A, respectively), both are
expected to bind equally well to the designed retinal binding proteins. The

product llI-27 can be considered as a retinal analog (CI-CJRA) and it became the

targeted molecule to be tested for PSB formation (Figure 11I-9). Unfortunately,

( O accl, Al g POCIs DMF
—_— —_—
CN
N CH20|2 N rt, 2h
t, 3h 14%

-3 45% 111-26

CI-CJRA
Scheme llI-7: Synthesis of chloro-cyano-julolidine retinal analog (CI-CJRA).
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binding of CI-CJRA with a series of mutants proceeded only to form SB (Amax =

470 nm) and not the PSB (Amax > 605 nm). In the mutants capable of PSB

formation, the peak was completely converted to SB over time.
In addition to this, recent reports on spectroscopic properties of a similar
fluorophore (a-CN-TO) mentioned the two-fold drop in extinction coefficient,

compared to initial thiazol orange (TO) (Figure IlI-10).?> The MCRA-PSB

complexed with proteins have extinction coefficients of ~150,000 M'1-cm'1.
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Figure 111-9: UV-vis spectra of CI-CJRA as an aldehyde, SB and PSB with n-
butylamine (top) and binding spectra of the highlighted hCRBPII mutants

(each 2 min).
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Considering the approximations by Armitage and coworker, the cyano substituted

MCRA would have a substantially reduced ¢, predicted to be half of MCRA
(~75,000 M-cm'”. Even so, this would still yield sufficient brightness
(multiplication of quantum vyield and extinction coefficient). However, the

synthesized julolidine retinal analog IlI-12 has a significantly lower extinction

coefficient than MCRA-PSB (Figure 11I-9). If the structure lll-12 contained a

cyanide substitution, the ¢ for its PSB would be ~23,000 M -em™. This

prediction suggests the formation of a dim complex with CRABPII and hCRBPII

mutants.
The disappointingly low pKj values for 11I-23-PSB and IlI-27-PSB with the

tested mutants and prediction about extinction coefficient curtailed further
attempts to synthesize cyano-julolidine retinal analogs. In the future, one might
promote the protonation in the protein cavity by rational protein engineering. In

such a scenario, non-specific binding would be in the SB form, having very
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Figure 1lI-10: Difference of extinction coefficient in the dyes with and without
cyanide and the values for synthetic compounds.
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different spectroscopic properties. Subsequently, only the engineered protein
would form the PSB with a unique excitation wavelength. Additionally, CI-CJRA
has two reactive sites: an aldehyde for SB/PSB formation and chlorinated carbon
that can undergo Michael addition with concomitant elimination. Michael addition
in biology is well-known and usually occurs via the reaction of cysteine as a
nucleophile. In addition to an increased specificity, it would give an irreversibly

trapped adduct, beneficial for complex stability. Furthermore, eliminating the

electron-withdrawing -Cl will presumably increase the pKy of the PSB leading to

an increased amount of iminium. If successful, this approach can reduce the

background fluorescence in multiple ways: lower the pKa of PSB for non-specific

binding, non-fluorescent state of any chromophore-PSB other than in CRABPII or
hCRBPII binding pocket and enhanced specificity to the protein controlled by
dual reactivity.
.4 Synthesis of merocyanine retinal analog and methyl ketone
merocyanine retinal analog

Merocyanine retinal analog 11I-30 (MCRA) was previously synthesized and
tested with the first generation CRABPII mutants by Dr. Kin Sing Stephen Lee
(Babak Borhan’s lab, MSU). Since then, hundreds of CRABPII and CRBPII
mutants have been screened in PSB formation and fluorescence with MCRA.
The project was extended further to live-cell imaging experiments. Availability of
MCRA limits all ongoing experiments, including crystallographic analysis of holo-

mutants, so, more chromophore was synthesized. We also wanted to evaluate a
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related chromophore, methyl ketone merocyanine retinal analog IlI-31
(mkMCRA), prepared through a common intermediate nitrile 1ll-29. The methyl
ketone IlI-31 should be less reactive than the aldehyde IlI-30 during iminium
formation. Additionally, it is possible to reengineer the PSB forming mutants to
perform a much faster reaction that outcompetes non-specific iminium formation
in vivo. The synthesis of nitrile Ill-29 was achieved in one step from the
corresponding aldehyde 1lI-28 and the ylide IlI-8. Reduction of the nitrile 111-29
with DIBAL gave MCRA, while methylation with methyllithium provided mkMCRA
as a mixture of two isomers (3:4) (Scheme IlI-8).

Isolated mkMCRA was enough for preliminary tests of specificity in binding
with the engineered proteins. Selected mutants from the CRABPII and hCRBPII
series of rhodopsin mimics were incubated with mkMCRA. In parallel, mkMCRA
was evaluated in binding with n-butylamine, followed by acidification to PSB. The
latter reaction displayed no indicative change in the absorption spectra even after
12 h, while MCRA requires only 50 min to reach complete PSB formation (Figure
lll-11a and 11b). This data confirms the significantly suppressed reactivity of the

modified chromophore, which is a strong advantage to outcompete the non-
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Scheme IlI-8: Synthesis of merocyanine retinal analog (MCRA) and methyl
ketone merocyanine retinal analog (MkMCRA).
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specific PSB formation.

Selected mutants for initial screening of the specific reaction were

CRABPII-R111K:R132L:Y134F:T54V:R59W:L121D and CRBPII-Q108K:K40L:
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Figure Ill-11: Comparison in reactivity of MCRA and mkMCRA. a-b. Reaction
with n-butyl amine in ethanol for MCRA (a) and mkMCRA (b). c-d. Reaction
with CRABPII-R111K:R132L:Y134F:T54V:R59W:L121D for MCRA (c) and

mkMCRA (d). e-f.

Reaction of CRBPII-Q108K:K40L:T51V:T53C:R58W:

T29L:A33W:Q4F:L117E with MCRA (e) and mkMCRA (f).
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T51V:T53C:R58W:T29L:A33W:Q4F:L117E. These two proteins were compared
in iminium formation with both MCRA and mkMCRA. Both proteins form PSB with
MCRA within two minutes of incubation at room temperature. However, mkMCRA
gave the peak corresponding to PSB only after 2 h (Figure IlI-11). Ideally,
observed reactivity inside the mutants compared to no imine formation with n-
butylamine is a promising starting point to enhance the specificity of protein
labeling. But further protein/ligand optimization would be essential to accelerate
the binding process.

Before taking any steps towards engineering the protein for efficient
mkMCRA binding, this ligand should be evaluated in its ability to penetrate and
stain live cells alone. A concentration identical to the optimal MCRA loading and
the minimum time for PSB formation were utilized in this experiment. The non-
transfected cervical cancer cells, HelLa, were incubated with 0.25 uM of
mkMCRA for 20 h and then washed with PBS buffer. Imaging was performed on

a two-track laser scanning confocal microscope, where the first track

Figure IlI-12: Confocal images of live Hela cells stained with mkMCRA for 20
h. a. Imaging of unbound mkMCRA (laser 488 nm, filter BP 505-525 nm). b.
Imaging of mMKMCRA-PSB (laser 594 nm, filter LP 615 nm). ¢. Overlaid (a) and
(b) has no matching localization. Scale bar, 20 uM.
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corresponded to the free ketone (488 nm laser, 505-525 nm BP filter) and the
second track was set to the expected mkMCRA-PSB spectroscopic profile (594
nm laser, 615 nm LP filter). Disappointingly, non-transfected cells showed
fluorescence in both tracks (Figure IllI-12), even though mkMCRA had no
reactivity with n-butylamine during the same time period in vitro.

This experiment eliminated the need for further optimization of the
mkMCRA/protein complex. On the bright side, this test allowed us to explore
further ligand optimization. The ideal ligand should react fast with the specifically
engineered protein to allow short incubation time, but at the same time it should
react slowly with all other intracellular amines. Probably, some functional group
with a reactivity between aldehyde and methyl ketone would be a reasonable
option. Among the possible chromophore modifications could include: less
reactive aldehydes, similar to formylacrylonitrile llI-23, aldehydes with two
reactive centers, like in formylchromones, or more reactive ketones, for example
fluoromethyl ketone.

.5 Formation of the hexahydrofuro[2,3-c]pyrrole using electrophilic trap
in the aza-Payne tandem Cyclization/Hydroammination

This project was bourne out from the observations of reactivity of the
formylacrylonitrile 111-23 and related compounds. To our surmise, the aldehyde
moiety in lll-23 resisted prototypical chemical transformations. As evident from
the literature, similar motifs prefer to undergo 1,4-addition in the presence of

various nucleophiles. This observation inspired an extension of one of the
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methodologies developed previously in our lab, a Tandem Aza-Payne/
Hydroamination.®*®°
As shown in Figure IlI-13, a tandem aza-Payne/hydroamination reaction

typically yields densely decorated pyrrolidines with defined relative

stereochemistry translated from the starting aziridinol.®® If CO> traps the alkoxide,

the furnished carbonate anion opens the aziridine ring.** The hypothetical
cascade for the new methodology involves the oxa-Michael addition of an

aziridinol anion to the electrophile, with subsequent aziridine opening via an

Previous work on pyrrolidines

PG PG
R N N OH CO, PG H
1 - e 0
— Ry A R ’g
R20 Ra ' R,0™0
n-32
¢¢ ﬂbase fﬁ
PG.\© PG‘N o° o=tio PG ey
3
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! ‘0 Ro R, \(O
n-33 O
Putative pathway with Michael acceptor
i PG PG.
. PG o° RS/QEWG PG‘N)” Ry NC [ Path 4 "N
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P A 1 © > >
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I1I-33 I1I-34 EWG Ry G Rs
Path B 4; H-35

Figure IlI-13: Tandem aza-Payne/hydroamination reaction (aza-
Payne/hydroamination steps red, electrophilic trap green). Dashed box:
trapping a latent nucleophile as Michael acceptor by alkoxide intermediate.
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enolate intermediate IlI-34 (Figure I1lI-13, dashed box). Although the aza-
Payne/hydroamination pathway is a highly efficient process, the aziridine-based
alkoxide IlI-33 outcompetes the intramolecular reaction at high concentration of
soluble electrophile. This counterintuitive selectivity is possible because of the
formation the thermodynamically more stable five-membered ring, compared to
the strained epoxide. In such a case, the C-C bond formation during aziridine
opening would be irreversible and would furnish a tetrahydrofurane ring.
Furthermore, this intermediate can undergo protonation to yield a pendant
tosylamine 1lI-35 (Path A) or it can exhibit a contemporaneous hydroamination to
l1I-36 (Path B). This reaction provides a new robust pathway to highly substituted
tetrahydrofurans or hexahydrofuro[2,3-c]pyrrole core.

The possibility of accessing the hexahydrofuro[2,3-c]pyrrole core 11I-36
was readily tested by treatment of aziridinol lI-37 with commercially available
trans--methyl-g-nitro styrene 1lI-38. Aziridinol 1I-37, procured from Kumar

Ashtekar (Babak Borhan’s lab, MSU) (a precursor for the total synthesis of

Ts
Ts TBSO
n OH .
TBSO_ . - NO> NaH (4 equiv), DMF>
\\ 0°Ctort,3h O.N
n-37 111-38 96%
dr.=2:3
11-36
X-NO2 <:] - NO2 xCN
o O =0
l-40 I1I-38 oy

Scheme I1lI-9: Use of trans-pB-methyl-p-nitro styrene as a latent nucleophile in
tandem aza-Payne/hydroamination protocol and potentially better Michael
acceptors based on the diastereoselectivity outcome.
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Salinosporamide A) was used as a substrate to test this reaction.

The reaction conditions were minimally modified, as compared to the

previous report with CO2 as a latent nucleophile. Only the TBAF additive was

eliminated, as the free alcohol was utilized. To ensure that the intermolecular
trapping of nitrostyrene IlI-38 outcompetes the intramolecular aza-Payne
rearranagement, aziridinol 11I-37 was added slowly to the reaction mixtute.
Considering formation of two new stereogenic carbons, C2 and C3, there are four

possible diastereomers. Fortuitously, the product 1lI-39 was obtained as a mixture

of only two diastereomers (ratio 3:2, 1H NMR). It suggested that stereoselectivity

of at least one stereocenter was substrate controlled.

When the resonance-stabilized anion intermediate IlI-37a (Figure 11l-13) is
formed, the free rotation along C2-C3 bond might epimerize the stereogenic
center C3 before the first cyclization. This suggests that a stereocenter at C2

should be controlled by aziridinol 11I-37 and racemization at C3. Based on the

Table IlI-1: Reaction conditions for $-nitrostyrene 111-40.

'\ OH s
TBSO._ /QV\\ _ M40 . TBSO™\N
N DMF ~
conditions o
-37 -43
-42
Entry (2:]'&3) Additives Time Temperature Result?
1 3 NaH (4 equiv) 3h 0°Ctort 11-43
2 3 NaH (4 equiv) 3h -50to0°Ctort 1lI-43
3 5 NaH (4 equiv) 3h 0°Ctort -37
4 3 EtsN (20 equiv) 18 h rt n-37

@From TLC and crude NMR compared to known I-37 and 111-43
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suggested hypothesis, an enolizable C3 might lead to a single diastereomer,
under the reaction conditions giving a thermodynamic product. Thus, nitrostyrene
llI-40 as an electrophile was tested next. Also a strong Michael acceptor 1ll-41,
with no preference for stereoselectivity at C3 was studied.

Unfortunately, nitrostyrene IlI-40 did not give the expected product under
attempted conditions. Either starting material or the cis-fused 3-5 ring system lll-
43, was obtained as a result of the intramolecular reaction (Table lll-1). Because
no nitrostyrene IlI-40 was observed in crude NMR, it presumably decomposes
spontaneously under reaction conditions and therefore does not yield the desired
product.

On the other hand, 2-benzylidenemalononitrile 1lI-41 (Table 1lI-2) gave
complete reaction conversion to the desired product. Detailed characterization of
the isolated compound identified the tetrahydrofuran IlI-44 as a single
diastereomer (Table II-2, entry 1) formed via Path A (Figure IlI-13). Attempts to
decrease the equivalents of electrophile led to the epoxyenamine lll-43 over
conjugate addition (Table II-2, entries 2 and 3). However, consecutive attempts
to reproduce the same results gave lll-43 in minor quantities (Table 1I-2, entry 4).
Interestingly, a trace amount of benzaldehyde was also isolated. Inconsistency
was attributed to the possible varying amounts of water that could get into the
mixture during the reaction set-up. The main disadvantage in such a case is
hydroxide from NaH that could trigger the retro-aldol reaction upon adding to the

electrophile.®®®” Therefore, decomposition of the electrophile led to the formation
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Table llI-2: Reaction conditions for 2-benzylidenemalononitrile.
Ts TBSO Ts

NH
- TBSO N
TS, OH Hii-a1 /)/\): =z
N conditions ~ NC
TBSO > o NG
X o 0]
\ O C tort "|_43

3h Ph

1-37 Ts 11-44

TBSO™\-N

NC /™

NC” )0

Ph
11-45
li-41 " Ratios?
Entr : Conditions t,°C
Y (equiv) (N-37A1-43/11-44M11-45)
1 3 NaH (4 equiv), DMF 023 0/0/100/0
2 2 NaH (4 equiv), DMF 023 0/100/0/0
3 1 NaH (4 equiv), DMF 023 0/100/0/0
453 NaH (4 equiv), DMF 023 0/33/67/0
5 3 NaHMDS (5 equiv), DMF  0-23 100/0/0/0
6 3 LHMDS (5 equiv), DMF  0—23 100/0/0/0
7 3 NaHMDS (5 equiv), DMF  0-23--60° n.d.d

8 3 LiHMDS (5 equiv), DMF  0—>23—60°¢  0/100/0/0
9¢ 3  NaH (10 equiv), DMF 023 0/0/100/0
10 3 NaH (10 equiv), DMSO 023 0/100/0/0
11 3 NaH (10 equiv), THF 023 0/100/0/0

?Ratios determined from 'H NMR of crude. °lrreproducible duplicate of entry 1.
°Reaction was heated at 60 °C for an additional 2 h after bringing it slowly to rt
during 3 h. “Not determined as no distinct peaks in NMR were observed. °NaH
is added as a slurry in DMF via dropwise (entries 9-11). Reaction yields for (e)
were 70% from two separate replicates compared to 45% obtained in entry 1.
of benzaldehyde. The latter also explains the fact that nitrostyrene IlI-40 was
consumed without participating in the reaction (summarized in Table llI-1).
In order to form an alkoxide that immediately traps the Michael acceptor in
the intermolecular reaction, the base needs to be added into the reaction mixture
slowly. Since solid sodium hydride is hard to add slowly, other soluble bases

were used in the reaction after premixing the aziridinol llI-37 and electrophile IllI-

41. Surprisingly, use of NaHMDS and LiIHMDS at room temperature led to the
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recovery of unreacted alcohol that otherwise delivered tetrahydrofuran Ill-44 or
pyrrolidine 1lI-43 with NaH as a base (Table II-2, entries 5 and 6). Heating the
reaction with LIHMDS gave pyrrolidine as a result of an intramolecular reaction
(Table 11-2, entry 8), but the reaction was sluggish with NaHMDS (Table 11-2,
entry 7). Because NaH worked earlier but inconsistently, the base in form of a
suspension of NaH in DMF was added slowly into the reaction mixture under
inert conditions to furnish lll-44. This reaction was reproducible in terms of yields
and stereoselectivity (Table 112, entry 9). Although hydroamination did not
proceed under the described conditions, the desired intermolecular reaction
proceeded to the highly decorated tetrahydrofurane ring. The influence of solvent
was further probed with the same base, but only pyrrolidine 1ll-43 was isolated if
the reaction was completed in DMSO or THF (Table 1I-2, entries 10 and 11).
Reproducible conditions obtained with a NaH slurry were maintained to
explore the substrate scope of the reaction. As summarized in Table IlI-3,
various types of substitutions on the benzylidenemalononitrile gave different
products. Electrophiles with electron donating groups on the benzene ring
delivered hexahydrofuro[2,3-c]pyrroles at a temperature that otherwise furnished
tetrahydrofuran with 11I-41 (Table I1lI-3, entries 1-4 compared to entry 5).
Interestingly, p-bromo-benzylidenemalononitrile underwent only aza-Payne-
reaction, without the concomitant hydroamination, similar to the reaction with Ill-
41 at room temperature (Table IlI-3, entry 6). To probe whether the

hydroamination step can be suppressed in case of electron rich substrates, p-
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methoxy-benzylidenemalononitrile was subjected to the same reaction at -5 °C.
This reaction proceeded for a longer time, but only monocyclized product A was
isolated (Table -3, entry 7). In order to promote the hydroamination in
substrates that are not electronically rich, the reactions were performed at slightly
elevated temperatures. Interestingly, electron deficient substrates underwent
monocyclization to vyield the substituted tetrahydrofuran A, while neutral
substrates afforded hexahydrofuro[2,3-c]pyrroles B (Table 1lI-3, entries 8-11).
Heating to an ambiguous temperature furnished some amount of the
hexahydrofuropyrrole B for p-chloro-benzylidenemalononitrile 1lI-52, while p-

bromo-benzylidenemalononitrile 11l-53 still proceeded without hydroamination to

Table IlI-3: Substrate scope and reaction outcome based on electrophile.

Ts TBSO Ts Ts
nOH  NaH, DMF NH N
TBSO__<Y — _ 1090
N bL°C NC AT NC T~
A~_CN  NC C
I1I-37 R © NC” y-O
CN R R
A B
Entry R t, °C Product Yield, %

1 p-NMey-CeHy (I1-46)  0—23 B (IlI-58) 50
2 p-OMe-CgH, (II-47)  0—23 B (I1-59) 84
3 0-OMe-CgH, (I1l-48) 0—23 B (I1-60) 84
4 a-naphtyl (I1-49) 0—23 B (IlI-61) 71
5 Ph (I-41) 0—23 A (II1-44) 70
6 p-Br-CgH, (1I-53) 023 A (II1-57) 71
7 p-OMe-CgH 4 -10—-52 A (lll-54) 34
8 Ph 0—-23—35P B (I1-45) 84
9 p-CHz-CgHy4 (I1-51) 0—23—>35¢ B (IlI-63) 94
10 p-Cl-CgH, (IN-52) 0—23—-40 A (I1-56) 82
11 p-Br-CqH, 0—>23-40 A 39
12 p-Cl-CgH4 0—23—>70d A/B (1llI-56/111-64) 42/25
13 pBr-CqH, 0—23-70 A 94

®Reaction continued for 12 h. bAfter 3 h stirring on ice and at rt reaction was

heated at specified temperature for additional 2 h (entries 8-13). “Atter
bringing reaction slowly to rt during 3 h there were two spots on TLC; heating

for additional 2 h converted everything to one product. dFrom crude NMR the
ratio of A to B was 5:4.
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A (Table IlI-3, entries 12-13). The observed results were correlated with Hammet

o-values for para- substituents to elucidate the influence of the electronics of the

aromatic substituents at the reacting atoms in the transition states (op-c1=0.227,

Gp-Br=0-232)- Considering that p-bromo-benzene is slightly more electron

deficient than the corresponding chloro-analog, the isolation of some
hydroaminated product only in the second case was reasonable (Table IlI-3,
entry 12).

To our delight, the crystal structures of cis-fused 5-5 ring systems with
neutral phenyl, electron rich N,N-dimethyl- and electron deficient chloro-benzene
were obtained. This provided an unequivocal determination of the
stereochemistry at C-2 of the tetrahydrofuran. Additionally, it confirmed the
retention of stereochemistry from the starting aziridinol, despite the fact that C-C
bond is formed at the quaternary carbon. Moreover, changes in the distance
between electron deficient tosyl amide and newly introduced aromatic substituent
(Figure 1lI-14) explains the factors driving the temperature dependent

hydroamination of electronically different substrates.

37A 40A 45 A

Figure llI-14: Comparison of the crystal structures of hexahydrofuro[2,3-
clpyrroles with a. N,N-dimethylphenyl, b. phenyl and c. chlorophenyl
substituted THF-ring.
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The putative m-mt interactions existing between the aromatic nuclei may
restrict the conformational freedom and orient the N-Ts anion in a seemingly
better arrangement to ensue the desired 5-exo-dig ring closure. These n-n
interactions may be weaker in the absence of electron donating groups on the
aromatic nucleus (phenyl) or may even be less favorable in case of electron
withdrawing groups (p-chloro) (Figure Illl-14). Hence, heating is necessary to
overcome the barrier for hydroamination where the aromatic groups lack
electron-donating substituents. The extent of heating during the reaction is
dictated by the electronic nature of the substrate: more electron-withdrawing the
substituent, higher the temperature.

To verify this hypothesis, we probed the transition states for three

electronically biased substrates- a. p-OMe-CgHs- substituted, b. phenyl

© o
0.9
'S
Yo
0]
NC R
CN
TT-TC no m-m
Ts
TBSO TBSO TBSO
NC y no -1t no m-7t o
~ no m-m
NC $ O 2.1 kcal/mol 1.8 kcal/mol 1.6 kcal/mol

@ -7 TT-TT -7
MeO 11.5 keal/mol H 11.7 keal/mol C'
11.2 kecal/mol
before before before
hydroamination hydroamination hydroamination

Figure IlI-15: B3LYP/6-31G* calculations of the transition states.
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substituted, and, c. p-CI-CgH4- substituted malononitriles. The transition states for
hydroamination of these substrates were evaluated by DFT calculations at the
B3LYP/6-31G* level of theory (by Kumar Ashtekar, Professor Babak Borhan’s
Lab, MSU). As depicted in Figure llI-15, the transition states that involve the w-nt-
interactions are energetically more favorable among all three substrates.
Furthermore, the strength of these interactions is in accordance to the electronic
nature of the aromatic nucleus. For a relative comparison of the individual
barriers for hydroamination, the transition states must be probed with an
appropriate solvation model. These calculations are a part of ongoing studies.

It is important to mention that proportional scale up of the reaction did not
yield the same products. The optimized conditions were established with 0.02
mmol of aziridinol in 0.01 M DMF. Reported yields are based on isolated
products. These reactions are reproducible at a small scale, however a scale-up
to 0.1 mmol of aziridinol resulted in the mixture of three products corresponding
to tetrahydrofurane, 5-5 and 3-5 ring systems. The problems with reaction scale-
up could be attributed to the mechanical delivery of non-homogeneous NaH/DMF
slurry, which may cause high local concentration of base leading to non-
uniformity in the temperature gradient. Addressing this problem needs further
optimization in terms of the rate of addition of the NaH/DMF slurry.

To expand the scope of this reaction, several aziridinols with different
electronic and steric profiles need to be examined in this tandem Michael

addition/aza-Payne/hydroamination. Moreover, since aziridinols are prepared by
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Grignard reaction with ethynylmagnesium bromide, which yields the putative
alkoxide intermediate, a ‘One-Pot protocol may be developed wherein the
electrophile can be delivered after complete consumption of the aziridinal
followed by a gradual increase in the reaction temperature. Additionally, the
investigated reaction is an intriguing case study for computational analysis of
experimental data from the intermolecular reaction with concomitant substrate
controlled second cyclization.
lll.6 Conclusions and significance

In summary, various synthetic routes to diverse chromophores were
described, in which a few were successfully accomplished and carried forward to
biological investigations. The originally targeted cyano julolidine retinal analogs
were synthesized in two forms. However, iminium protonation inside the protein
was challenging. This study provided chromophores with new routes of potential
ways to decrease the non-specific binding. Exploring the secondary interactions
between the protein and the chromophore might improve specificity of the

labeling reaction. Decreasing the carbonyl reactivity is another potential way to

inhibit the non-specific iminium fomation. Finally, the low pKj value of the probe-

PSB with the random intracellular amines is another plausible approach, because

of the possibility to cut-off the non-specific SB spectra from the specific PSB.
Misleading reactivity of the synthesized chromophore led to a new reaction

discovery, with substrate controlled formation of hexahydrofuro[2,3-c]pyrrole core

using oxa-Michael addition in the modified tandem aza-Payne/hydroamination.
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Although it is not related to the protein engineering and live-cell imaging, the
outcome of this methodology becomes quite interesting from both a synthetic and
computational standpoint. To improve this methodology for large scale synthesis
the choice of base for an alkoxide formation should be explored. Interestingly,
this kind of 5-5 bicyclic ring fusion has some similarity to Salinosporomide A after
its covalent binding to and inhibition of the proteasome. The biological evaluation
of the synthesized compounds should be persued. Additionally, the same type of
the Michael acceptors can be examined as an electrophilic trap in the related
transformation between aziridinal and activated alkene in the Baylis-Hillman
reaction described by Dr. Aman Kulshretha (MSU, Professor Borhan’s Lab).

lll.7. Materials and methods.

All the glassware was flame-dried or oven-dried dried prior to use.
Air/moisture sensitive experiments were performed under an inert atmosphere of
dry Nitrogen unless indicated otherwise. Commercially available chemicals were
used as received. Julolidine hydrobromide was dissolved in water, basified with
NaOH to pH 10 and extracted with EtOAc to get julolidine just prior to use.
Malononitrile was refluxed with activated carbon in diethyl ether, filtered while hot
thru celite and left for re-crystallization from diethyl ether prior to use. Commercial

grade solvents were used for routine purposes without further purification. DMF

was distilled under vacuum over NasSQOy4, and stored over 4 A molecular sieves

covered with aluminum foil. NMR spectra were obtained using either 500 MHz

Varian or 600 MHz Inova NMR spectrometer. Column chromatography was
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performed using Silicycle (40 — 60 mu) silica gel. Pre-coated silica gel 60 F254
plates were used for analytical TLC and visualized using UV light/p-
anisaldehyde/PMA as the stain. High-resolution mass spectra (HRMS) were
taken on a Waters GCT Premier GC/TOF MS. All compounds with more than one
double bond attached to aromatic ring were prepared in the dark room under red
light and such compounds and intermediates were stored at -20 °C or -80 °C.
Synthesis of lll-2. Round bottom flask (25 mL) was filled with dry DMF
(0.8 mL) and brought to 0 °C. Phosphoryl chloride (0.16 mL, 1.78 mmol) was
added dropwise to the ice-cold vigorously stirring dry DMF. After 30 min solution
of julolidine (0.364 g, 1.78 mmol) in DMF (0.32 mL) was added and the resulting
mixture was heated to 80 °C for two hours. The solution was poured on the ice
and neutralized to pH 6-8 by addition of saturated sodium acetate and left at
room temperature overnight. The desired aldehyde precipitated as a light brown
solid. The solid julolidine aldehyde was filtered, washed with water and left under

vacuum for 24 h. Yield 0.355 g (88%). Melting temperature: 77-78 °C. Spectral

data: "H NMR (500 MHz, CDCls): & 1.92-1.96 (m, J = 6.0 Hz, 4H), 2.75 (t, J = 6.0

Hz, 4H), 3.27 (t, J = 6 Hz, 4H), 7.27 (s, 2H), 9.58 (s, 1H). '°C-NMR (125 MHz,

CDCls): 6 21.3, 27.6, 50.0, 120.3, 124.1, 129.4, 147.8, 190.1 ppm.

Synthesis of IlI-3. A round bottom flask (10 mL) charged with potassium
hydroxide (84 mg, 1.5 mmol) and acetonitrile (3 mL) was refluxed for 30 min.
Then solution of julolidine aldehyde 1lI-2 (100 mg, 0.5 mmol) in acetonitrile (0.5

mL) was added at once. The reaction was refluxed for 1 h and the hot solution
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was poured on ice. The mixture was then extracted with ethyl acetate (3x10 mL),
washed with brine and dried over sodium sulfate. After removal of solvent, pure

cyano vinyl julolidine 1lI-3 was obtained (112 mg, 99%) as bright yellow crystals
(m. pt. = 131-132 °C). Spectral data: 1H NMR (500 MHz, CDCl3): 6 1.86—-1.91 (m,
J=6.5Hz, 4H), 2.65(t, J = 6 Hz, 4H), 3.17 (t, J = 6.5 Hz, 4H), 5.40 (d, J = 8.0 Hz,
1H), 6.80 (s, 2H), 7.19 (d, J = 8.0 Hz, 1H) ppm. '°C NMR (125 MHz, CDCls): &

21.4, 27.6, 49.8, 87.8, 120.2, 120.4, 120.9, 126.6, 145.3, 150.8 ppm. HRMS

(ESI) (m/z): [M+H]" calculated for [C15H17N2]" 225.1392, found 225.1395.

Synthesis of IlI-4. A flame dried 100 mL round bottom flask was charged
with lI-3 (250 mg, 1.11 mmol) and dissolved in 50 mL of dry THF. Solution was
stirred over dry ice/acetone bath at -78 °C for 20 min followed by dropwise
addition of DIBAL (1.33 mL of 2.5 M solution in toluene, 3.33 mmol). The reaction
mixture was warmed to 0 °C and left stirring for 10 h. Subsequently a
homogeneous mixture of water absorbed on silica was added and stirring was

continued overnight at room temperature. Unreacted water was absorbed by

MgSOQO4, the solids were removed by filtration and washed twice with ether.

Rotary evaporation of solvents yielded a dark oily material. The product was

purified by flash chromatography (silica gel basified with 0.1% triethyl amine,

EtOAc/hexane in ratio 1:1) to give 125 mg (50%) of lll-4. Spectral data: 1H NMR

(500 MHz, CDCls): 6 1.93—1.96 (m, J = 6.5 Hz, 4H), 2.73 (t, J = 6.5 Hz, 4 H), 3.24

(t, J = 6.5 Hz, 4H), 6.70 (dd, J = 8.0, J = 16 Hz, 1H), 6.99 (s, 2 H), 7.24 (d, J =
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16.0 Hz, 1H), 9.52 (d, J = 8.0 Hz, 1H) ppm: '°C-NMR (125 MHz, CDCls): & 21.5,

27.7,49.7, 87.8, 120.8, 121.0, 122.8, 128.2, 154.3, 193.6 ppm.

Synthesis of llI-6. The premixed triethyl phosphite (21.98 g, 0.13 mol)
and chloroacetonitrile (10 g, 0.132 mol) were heated at reflux for 6 h (180 °C,
sand bath). The reaction was brought to room temperature and the main
byproduct, chloroethane, was removed under vacuum. The crude oil was

subjected to distillation under reduced pressure for purification. The isolated yield

of the transparent oil llI-6 was 20 g (85%). Spectral data: 1H NMR (500 MHz,

CDCls): & 1.26-1.30 (m, 6 H), 2.79-2.83 (dd, J = 21.0 Hz, J = 1.2 Hz, 2 H), 4.12—
415 (m, J=6.5 Hz, 4 H) ppm; '°C-NMR (125 MHz, CDCls): & 16.03 (d, J = 6.5

Hz), 16.1 (d, J = 143.0 Hz), 63.62 (d, J = 6.5 Hz), 112.5 (d, J = 12.0 Hz) ppm.
Synthesis of llI-7. Solid NaH (0.316 g, 60% in mineral oil, 7.9 mmol) was
transferred at once into the flask with anhydrous THF on ice bath. The mixture
was stirred for 10 min and cyanomethylphosphonate -6 (1.4 g, 7.9 mmol)
dissolved in 3.5 mL THF was added via syringe during 10 min. When solution
turned yellow (around 1 h) the chloroacetone was added dropwise to the freshly
generated phosphanate anion and was vigorously stirred at room temperature for
6 h. Formation of diethyl phosphate at the bottom of the flask indicated that the
reaction was successful. Addition of water dissolved the precipitate and

quenched the reaction. This mixture was extracted with diethyl ether, washed

with brine and dried over NaoSOg4. Purification was done using distillation at 70
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°C/ 30 mbar. Yield: 0.75 g (82%). The E:Z ratio 2:1 was assigned based on the

previously reported spectra.’® Spectral data for E/Z mixture: TH NVR (500 MHz,
CDCly): 6 2.05 (d, J = 1.7 Hz, 3H, 2.14 (d, J = 1.0 Hz, 3H), 4.06 (t, J = 0.5 Hz,
DH), 4.26 (s, 2H), 5.28 (s, 1H), 5.50 (dd, J = 2.4, 1.2 Hz, 1H) ppm. '°C-NMR (125

MHz, CDCl3): 6 18.9, 20.9, 44.2, 46.8, 98.7, 99.0, 115.1, 115.9, 157.8, 158.1
ppm.

Synthesis of IlI-8. The protocol is identical to the synthesis of IlI-6 with
modification in the purification step, which was done using distillation at 180

°C/30 mbar. Yield: 1.13 g (80%). The E:Z ratio 4:3 was assigned based on

previously reported spectra.®® Spectral data for E/Z mixture: TH NVR (500 MHz,

CDCly): & 1.23-1.33 (m, 12H), 2.06-2.07 (m, 3H), 2.16—2.17 (m, 3H), 2.68 (dd, J

= 23.5 Hz, 2H), 2.94 (d, J = 23.5 Hz, 2H), 4.07—4.15 (m, 8H), 5.24 (d, J = 5.5 Hz,
1H), 5.26 (s, 1H) ppm. °C-NMR (125 MHz, CDCls): 6 16.3-16.4 (m), 22.4 (d, J =

3.5 Hz), 24.3 (d, J = 2.0 Hz), 34.8 (d, J = 135.0 Hz), 36.5 (d, J = 137.0 Hz), 62.5
(t, J= 5.5 Hz), 98.9 (d, J = 12.5 Hz), 99.3 (d, J = 12.5 Hz), 116.3 (d, J = 5.5 Hz),
155.4-155.8 (m, J = 12.5 Hz) ppm.

Synthesis of llI-9. In a 100 mL round bottom flask under the nitrogen NaH
(25 mg, 60% in mineral oil, 0.602 mmol) was added at once to 40 mL the ice-cold
dry THF. Phosphonate llI-8 (132 mg, 0.602 mmol) was added slowly using a
syringe and the reaction mixture was left stirring on ice for 1 h. The solution of

vinyl julolidine aldehyde IlI-4 (115 mg, 0.506 mmol) in THF (10 mL) was added
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dropwise to the reaction mixture. Stirring at room temperature was continued for
6 h (monitored by TLC). The reaction was quenched by addition of brine (20 mL)
and the aqueous layer was extracted three times with diethyl ether, dried over
NaSO, and filtered. Purification of the crude was performed by column
chromatography (silica gel basified with 0.1% triethyl amine, 1:3 ethyl

acetate/hexane; R¢= 0.6) to furnish nitrile llI-9 (70 mg, 47%) as red crystals (two
isomers 7:1, m. pt. = 147-157 °C). Spectral data for both isomers: 1H NMR (500
MHz, CDCl3): 6 1.92-1.97 (m, J = 6.5 Hz, 8H), 2.02 (t, J=1.2 Hz, 3H), 2.17 (s,

3H), 2.71-2.74 (m, J = 6.5 Hz, 8H), 3.04-3.06 (i, J = 6.5 Hz, 4H), 3.17-3.19 (t, J

— 6.5 Hz, 4H), 4.99 (s, 1H), 5.11 (s, 1H), 6.24 (d, J = 16.0 Hz, 1H), 6.56-6.60 (m,
3H), 6.66-6.76 (m, 4H), 6.87 (s, 2H), 6.89 (s, 2H) ppm; °C-NMR (125 MHz,
CDCly): 5 16.6, 21.8, 27.7, 49.9, 50.2 93.6, 95.1, 118.5, 121.2, 122.8, 123.7, 126,

127, 128, 137, 138, 143, 157 ppm. MS (ESIl) (m/z): [M+H]+ calculated for

[C20H23N2]+ 291.1861, found 291.3744.

Synthesis of IlI-10. Nitrile llI-9 (70 mg, 0.24 mmol) dissolved in dry THF
(20 mL) and brought to -78 °C was treated with DIBAL (0.3 mL of 2.5 M solution
in toluene, 0.75 mmol) and left stirring for 10 h after warming it to 0 °C. After the
starting material was consumed, the imine was hydrolyzed with a heterogeneous

mixture of water absorbed on silica gel with vigorous stirring overnight at room

temperature. After drying the mixture by addition of MgSQO4, all solids were

filtered and thoroughly washed with diethyl ether. Evaporation of organic solvents
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in vacuo gave a dark solid. At first product was purified by column
chromatography (silica gel basified with 0.1% triethyl amine, ethyl
acetate/hexane, 1:1 (R=0.556) and then by HPLC (Zorbax Rx-SIL, 4.6 mm x 25
cm, ethyl acetate/hexane, 3:10, flow rate 2 mL/min, UV detector 440 nm).

Aldehyde llI-10 was isolated as an oily mixture of isomers (2 mg, 3%). Spectral
data for two major isomers (ratio 10:3): 1H NMR (500 MHz, CDCl3): 6 1.93—-1.96
(m, J=6.5 Hz, 8H), 2.11 (t, J = 1.2 Hz, 3H), 2.28 (s, 3H), 2.72 (t, J = 6.5 Hz, 4H),
3.18 (t, J = 6.5 Hz, 4H), 5.78 (d, J = 8.0 Hz, 1 H), 5.93 (d, J = 8.0 Hz, 1H), 6.33
(d, J = 23.5 Hz, 1H), 6.59-6.66 (m, 3H), 6.85-6.87 (m, 2H), 6.88 (s, 2H), 6.90 (s,
2H), 10.06 (d, J = 8.5 Hz, 1H), 10.18 (d, J = 8.5 Hz, 1H) ppm; '°C-NMR (150
MHz, CDCl3): 6 13.0, 21.8, 27.7, 49.9, 121.2, 123.1, 128.7, 126.1, 128.2, 132.0,

138.0, 138.7, 138.9, 143.6, 155.3, 191.0 ppm. UV-vis (ethanol): Amax = 460 nm.

HRMS (ESI) (m/z): [M+H]* calculated for [C20H24NO]" 294.1858, found
294.1858.

Synthesis of lll-11. To a solution of NaH (120 mg, 60% in mineral oil, 3
mmol) in dry THF (60 mL) ylide 1lI-8 (597 mg, 2.75 mmol) was added within 10
min at 0 °C. The reaction was warmed to room temperature and solution of
julolidine aldehyde 1lI-2 (502 mg, 2.5 mmol) in THF (5 mL) was added slowly.
Reaction continued for additional 1 h, after that brine (20 mL) was added and the
aqueous layer was extracted three times with diethyl ether and dried over

anhydrous sodium sulfate. After rotary evaporation of the organic solvent the
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crude mixture was dissolved in 5 mL of ethanol, heated on steam bath and left for

recrystallization at -20 °C, overnight. Pure all-trans-isomer crystallized as a

yellow solid (8340 mg, 52%, m. pt. = 122 -125 °C). Spectral data: 1H NMR (500

MHz, CDCls): 6 1.93 (m, 4H), 2.20 (s, 3H), 2.72 (t, J = 6.5 Hz, 4H), 3.19 (t, J= 6.5

Hz, 4H), 5.13 (s, 1H), 6.57 (d, J = 16.0 Hz, 1H), 6.72 (d, J = 16.0 Hz, 1H), 6.90 (s,
1H): > C-NMR (125 MHz, CDCls): & 16.6, 21.9, 27.7, 49.9, 94.2, 118.8, 121.2,

122.5, 122.6, 126.5, 136.7, 144.0, 157.6. HRMS (ESI) (m/z): [M+H]* calculated
for [C18H21N2]* 265.1705, found 265.1707.

Synthesis of llI-12. Nitrile 1lI-11 (132 mg, 0.5 mmol) was dissolved in dry
dichloromethane (2 mL) and chilled to 0 °C. Solution of DIBAL (1.5 mL, 1M
solution in hexane, 1.5 mmol) was added dropwise via syringe while stirring on
an ice bath. Reaction was left stirring at room temperature for 2 h and TLC
verified consumption of the starting material. Reaction was quenched on ice at
first with ethyl acetate (10 drops) and then with saturated Rochelle’s salt (2 mL).
After vigorous stirring for 30 min at room temperature two distinct layers were
formed. Reaction was diluted with ethyl acetate (2 mL) and the organic layer was
separated from solution of Rochelle salt. The aqueous layer was extracted three
times with ethyl acetate (2 mL) and combined organic layers were dried over
anhydrous sodium sulfate, filtered and evaporated under reduced pressure.
Purification was performed by flash column chromatography (1:4 EtOAc:Hexane)

to yield aldehyde 1ll-12 (86 mg, 65%) as an inseparable mixture of two isomers in

ratio 10:3. Spectral data for major isomer: 1H NMR (500 MHz, CDCl3) 6 1.95 (m,
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4H), 2.31 (s, 3H), 2.72 (m, 4H), 3.19 (m, 4H), 5.98 (d, J = 8.0 Hz, 1H), 6.64 (d, J
=16.0 Hz, 1H), 6.64 (d, J=16.0 Hz, 1H), 6.91 (d, J = 16.0 Hz, 1H), 6.94 (s, 2H),
10.07 (d, J = 8.0 Hz, 1H); minor isomer 6 1.95 (m, 4H), 2.13 (s, 3H), 2.72 (m,

4H), 5.78 (d, J = 8.0 Hz, 1H), 6.82 (d, J = 15.5 Hz, 1H), 6.95 (s, 2H), 7.58 (d, J =
15.5 Hz, 1H), 10.26 (d, J = 8.0 Hz, 1H); both isomers '°C-NMR (125 MHz,

CDClg): 612.9, 14.1, 21.2, 21.6, 21.9, 27.6, 27.8, 49.8, 49.9, 117.4, 121.1, 1211,

121.2, 122.8, 125.3, 126.1, 126.6, 126.7, 127.6, 136.8, 137.8, 144.0, 155.6,

155.9, 189.8, 190.8. UV-vis (ethanol): Amax = 445 nm, € = 30,000 M'cm™. HRMS

(ESI) (m/2): [M+H]" calculated for [C18H22NO] " 268.1701, found 268.1699.
Synthesis of llI-15. (If trans-3-methyl-2-penten-4-ynol was yellow, it was
distilled before reaction, 95 °C/40 mbar). Oven dried 50 mL round bottom flask
with a stir bar was purged with argon and charged with trans-3-methyl-2-penten-
4-ynol lI-17 (288 mg, 3 mmol), bis(triphenylphosphine) palladium(ll) chloride (42
mg, 0.06 mmol) and dry THF (9 mL). The mixture was degassed (liquid nitrogen
freeze followed by vacuum, three times) and warmed to 0 °C. Tributyltin hydride
(1050 mg, 3.6 mmol) was added dropwise within 5 min and the reaction was
warmed to room temperature. Consumption of lll-17 was monitored by TLC (1:3
EtOAc:Hexane, Rf=0.63). After 1.5 h, the reaction was quenched with water,
extracted with diethyl ether (25 mL x 3) and combined organics were dried over
sodium sulfate. Solvent was removed on a rotary evaporator and the crude was

purified by column chromatography (1:4 EtOAc:Hexane). After purification, 250
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mg (28%) of hydrostannylated alcohol IlI-15 was isolated as a transparent oil,
which turned yellowish under vacuum within 1 h. Spectral data:*® TH.NMR (300
MHz, CDCl3) 6 0.85 (m, 15H), 1.30 (m, 7H), 1.48 (m, 6H), 1.77 (s, 3H), 4.29 (d,
2H, J= 6.9 Hz), 5.63 (t, 1H, J = 6.9 Hz), 6.23 (d, 1H, J = 19.2 Hz), 6.53 (d, 1H, J

=19.2 Hz).

Synthesis of 1lI-16. Solution of vinyl cyanide llI-3 (20 mg, 0.089 mmol) in

dry CH2Clo (5 mL) was treated with Bro (4.6 ul, 14.28 mg, 0.089 mmol) while

stirring on dry ice/acetone bath. Reaction continued at the same temperature for

1 h followed by dropwise addition of dry EtsN (13.5 ul, 10 mg, 0.1 mmol). The

solution was brought to room temperature and left stirring overnight. Unreacted

bromine was removed by quenching the reaction with saturated NasS>03. The

organic layer was separated from water, washed with brine and dried over

sodium sulfate. The solvent was removed by rotary evaporation and crude

compound was purified by column chromatography (2:3 EtOAc:Hexane, Ri=0.5).

The red crystals of vinyl bromide IlI-16 were isolated as a mixture of two isomers

5:3 (15 mg, 56%, m. pt. = 131-132 °C). Spectral data for both isomers: 1H NMR
(500 MHz, CDCl3) 6 1.94 (m, 8H), 2.71 (m, 8H), 3.23 (m, 8H), 7.15 (s, 2H), 7.20
(s, 2H), 7.30 (s, 1H), 7.33 (s, 1H); '°C-NMR (125 MHz, CDCls): & 21.3, 27.6,

27.7,49.9, 117.6, 119.4, 120.4, 120.8, 128.2, 130.0, 144.9, 145.4, 149.0. HRMS

(ESI) (m/z): [M+H]" calculated for [C15H16N2Br]" 303.0497, found 303.0493.
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Synthesis of IlI-18. Solution of 4-methylpyridine (500 mg, 5.37 mmol) in
acetone (5 mL) was treated with 2,4-dinitrochlorobenzene (1091 mg, 5.37 mmol)
in a single portion. The mixture was heated to reflux for 12 h, cooled, and the
solvent was removed in vacuo. The solid residue was filtered and washed
several times with hexanes to afford 1580 mg of N-(2,4-dinitrophenyl)-4-
methylpyridinium chloride (llI-18) as a purple tar (99%). Previously published
spectral data matched in chemical shifts with the one obtained herein, with the

exception of the proton at 8.26 ppm, which was assigned as 1H, although it is

2H.>° Spectral data: "H NMR (500 MHz, DMSO): 6 2.77 (s, 3H), 8.26 (d, J = 6.5,

2H). 8.38 (d, J = 8.5, 1H), 8.94 (dd, J = 8.5, 2.5, 1H), 9.10 (d, J = 2.5, 1H), 9.21
(d, J=8.5, 2H).

Synthesis of IlII-19. Sodium iodide (2 g, 13.34 mmol) was added to a
solution of ethyl propyolate (600 mg, 6.12 mmol) in acetic acid (3 mL) and the
mixture was heated to 70 °C for 12 h. The reaction was diluted with ether (3 mL)
followed by addition of 1N NaOH (10 mL). The aqueous layer was separated and
extracted three times with ether. Combined organic layers were washed with
brine and dried over sodium sulfate. After solvent evaporation, 1383 mg (100%)
iodoacrylate IlI-19 was isolated as a transparent oil. Due to the sensitivity of the
compound, it was stored under argon at -20 °C. In case when it turned yellow or

brown it was washed with 1 M sodium bisulfate and purity was verified by NMR.

Spectral data:®* "H NMR (500 MHz, CDCl3) 6 1.29 (m, 3H), 4.22 (m, 2H), 6.86
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(m, 1H), 7.41 (m, 1H); '"°C-NMR (125 MHz, CDCls): & 14.1, 60.7, 94.6, 129.9,

164.5.

Synthesis of IlI-23. Protocol 1. Julolidine methylenemalononitrile for
reduction was prepared using condensation between julolidine aldehyde I1lI-2
(201 mg, 1.0 mmol) and malononitrile (66 mg, 1.0 mmol) in ethanol with a drop of
triethylamine. Condensation proceeded for 10 min and was subsequently filtered,
washed with ethanol and dried under vacuum for 1 h. The resultant dicyanide
(249 mg, 1.0 mmol) was dissolved in dry dichloromethane (2 mL) and cooled to -
78 °C. Solution of DIBAL (0.5 mL of 1 M solution in hexane, 0.5 mmol) was
added slowly via syringe, the flask was placed on ice bath and left stirring for 1 h.
The reaction was quenched with Rochelle’s salt and extracted with
dichloromethane. After rotary evaporation the crude mixture was purified by
column chromatography (1:1 EtOAc:Hexane) to yield 60 mg (25%) of pure
aldehyde IlI-23 as a single isomer (red crystals).

Protocol 2. Flame dried flask charged with DMF (0.4 mL) was kept on ice
bath for 10 min. Phosphorus oxychloride (0.1 mL or 160 mg, 1 mmol) was added
and the reaction was stirred at 0 °C for 10 min. Solution of cyano julolidine 1lI-3
(22 mg, 0.1 mmol) in DMF (0.1 mL) was added at once and the reaction was
heated to 60 °C for 2 h. The mixture was poured on ice, basified to pH 10,
extracted with ethyl acetate, dried over sodium sulfate and evaporated in vacuo.

Crude compound was purified by flash chromatography (1:2 EtOAc:Hexane

basified with 1% Et3N, Rf= 0.16) to yield 22 mg of cyano julolidine aldehyde lll-
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23 (89%, m. pt. = 144-146 °C). Spectral data: 1H NMR (500 MHz, CDCl3) 6 1.94
(p, J=6.5Hz, 4H), 2.72 (t, J = 6.5 Hz, 4H), 3.34 (t, J = 6.5 Hz, 4H), 7.45 (s, 1H),

7.48 (s, 2H), 9.35 (s, 1H); '°C NMR (125 MHz, CDCls): & 20.9, 27.4, 50.3, 102.0,

116.9, 118.4, 121.1, 132.1, 148.8, 157.4, 187.8. UV-vis (ethanol): Amax = 480

nm. HRMS (ESI) (m/z): [M+H]" calculated for [C16H17N20]" 253.1341, found

253.1343.

Synthesis of methyl ketone IlI-26. To a suspension of AICI3 (198 mg,

1.5 mmol) in dry CH2Cl2 (3 mL) was added acetylchloride (117 mg or 0.1 mL, 1.5
mmol) at 0 °C. After 10 min the solution became yellow and julolidine llI-3

dissolved in CH2Clo (1 mL) was added dropwise. Reaction continued for 3 h at

room temperature and quenched by pouring on ice. The product was extracted
with ethyl acetate (10 mL) twice, aqueous layer was basified to pH 10 and
extracted one more time with ethyl acetate (10 mL). Combined organic layers

were dried over sodium sulfate and evaporated. Crude compound was purified by
column chromatography (1:4 EtOAc:Hexane basified with 1% EtgN, Rs=0.25) to
yield 120 mg (45%) of red solid 11I-26. Note: there was another distinct by-product

on TLC (yellow, R=0.75), however, it was not isolated in detectable amount.

Spectral data of 1-26: 'H NMR (500 MHz, CDCls) & 1.94 (p, J = 6.5 Hz, 4H), 2.46

(s, 3H), 2.72 (t, J = 6.5 Hz, 4H), 3.32 (t, J = 6.5 Hz, 4H), 7.51 (s, 2H), 7.87 (s,
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1H); "SC-NMR (125 MHz, CDCls): & 21.0, 27.5, 27.8, 50.2, 99.4, 118.3, 120.2,

120.9, 132.2, 148.1, 152.6, 192.4. HRMS (ESI) (m/z): [M+H]+ calculated for

[C17H18N20]" 267.1497, found 267.1500.

Synthesis of 3-chloro-4-cyano-5-julolidine retinal analog (CI-CJRA)
ll-27. Flame dried flask with DMF (2 mL) was kept on ice bath for 10 min.
Phosphorus oxychloride (690 mg or 0.42 mL, 4.5 mmol) was added and the
reaction was stirred at 0 °C for 10 min. Solution of ketone 1lI-23 (120 mg, 0.45
mmol) in DMF (2 mL) was added slowly while stirring on ice and reaction
continued at room temperature for 2 h. The mixture was poured on ice, basified
to pH 10, extracted with ethyl acetate, dried over sodium sulfate and evaporated

under vacuum. The crude compound was purifies by column chromatography

(1:19>1:9>1:4 EtOAc:Hexane basified with 1% Et3N) four times (last time with

HPLC grade solvents) to yield 25 mg of chloro cyano julolidine aldehyde CI-

CJRA (14%). Note: there were three distinct spots on TLC after reaction and
isolated spot with R¢=0.35 in 1:4 EtOAc:Hexane colored purple on TLC without
staining corresponding to the assigned product; two other products were not
isolated in pure form for structure determination. Spectral data: 1H NMR (500
MHz, CDCls) 6 1.95 (p, J = 6.5 Hz, 4H), 2.73 (t, J = 6.5 Hz, 4H), 3.32 (t, J = 6.5
Hz, 4H), 6.66 (d, J = 7.2 Hz, 1H), 7.49 (s, 2H), 7.71 (s, 1H), 10.14 (d, J = 7.2 Hz,

1H); "°C-NMR (125 MHz, CDCls): 6 21.1, 27.6, 50.2, 97.2, 117.0, 118.9, 121.1,
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122.5, 131.5, 147.6, 148.6, 148.7, 190.6. UV-vis (ethanol): Amax = 505 nm, € =

30,800 M x cm™". HRMS (ESI) (m/z): [M+H]" calculated for [C18H18N20CH "

313.1108, found 313.1107.

Synthesis of IlI-29 was the same as preparation of lll-11. Used were
aldehyde 11I-35 (1020 mg, 5.07 mmol), NaH (243 mg 60% in mineral oil, 6.09
mmol), phosphonate llI-8 (1321 mg, 6.09 mmol) and THF (40 mL). The crude
was purified via column chromatography (1:4 EtOAc:Hexane) and nitrile 111-34

was isolated as an oily mixture of two isomers in ratio of 4:3 (454 mg, 34%).
Spectral data for both isomers: 1H NMR (500 MHz, CDCl3) 6 1.56 (s, 6H), 1.56
(s, 6H), 2.04 (s, 3H), 2.19 (s, 3H), 3.12 (s, 3H), 3.14 (s, 3H), 4.82 (s, 1H), 4.97 (s,

1H), 5.32 (d, J = 12.5 Hz, 1H), 5.43 (d, J = 12.5 Hz, 1H), 6.03 (d, J = 15.5 Hz,

1H), 6.54 (d, J = 15.5 Hz, 1H), 6.39 (M, 2H), 6.86 (m, 2H), 7.12-7.18 (m, 6H);
13C.NMR (125 MHz, CDCls): 6 16.6, 19.5, 28.5, 29.1, 29.2, 45.9, 89.7, 91.3,

95.5, 95.8, 106.3, 106.4, 119.5, 120.17, 120.22, 121.1, 121.5, 121.6, 123.3,
127.9, 133.1, 133.6, 138.7, 144.7, 156.9, 157.5, 160.8.

Synthesis of merocyanine retinal analog (MCRA) IlI-30. The same
protocol for the preparation of llI-12 was used for the synthesis of 11I-30. Nitrile 1ll-

29 (80 mg, 0.3 mmol), DIBAL (0.9 mL, 1M solution in hexane, 0.9 mmol) and

CH2Cl2 (4 mL) were the amounts used in this reaction. The final product was

isolated as a red oil, which turns into a red solid during storage at -78 °C (48 mg,
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59%). Spectral data: 1H NMR (500 MHz, CDCl3) 6 1.58 (s, 6H), 2.31 (s, 3H), 3.16

(s, 3H), 5.42 (d, J=12.0 Hz, 1H), 5.89 (d, J = 8.5 Hz, 1H), 6.12 (d, J = 15.5 Hz,
1H), 6.66 (d, J = 8.5 Hz, 1H), 6.88 (t, J = 8.5 Hz, 1H), 7.13-7.19 (m, 3H), 7.38
(dd, J=12.0 Hz, 15.5 Hz 1H), 10.02 (d, J = 8.5 Hz, 1H).

Synthesis of the methyl ketone merocyanine retinal analog

(mkMCRA) 1lI-31. A flame dried 25 mL round-bottom flask was placed on ice

bath and charged with dry ether (3 mL) and CH3Li (2.5 mL, 1.6 M solution in

ether, 3.9 mmol). Solution of nitrile 11l-29 (344 mg, 1.3 mmol) in ether (3 mL) was
added slowly at 0 °C. After complete consumption of llI-29 from TLC (30 min) the
reaction was quenched with a few drops of ethyl acetate, methanol, and then ice-
cold 1N HCI (3 mL dropwise) while stirring on ice. After vigorous stirring for an
additional 1 h the aqueous layer was separated from the organics and was
extracted with ether (3 x 5 mL). Combined organic layers were dried over sodium
sulfate and evaporated. The crude was purified by column chromatography (1:4
EtOAc:Hexane) to give an inseparable mixture of two isomers mkMCRA in ratio
3:4 (25 mg, 7%). Note: when 1.0 equiv of methyllithium was used in the first

attempt to synthesize mkMCRA 75% of starting nitrile 11I-29 was recovered and

no mkMCRA was isolated. Spectral data for both isomers: 1H NMR (500 MHz,

CDCls) 8 1.56 (s, 6H)/1.57 (s, 6H), 2.05 (s, 3H)/2.16 (s, 3H), 2.18 (s, 3H)/2.35 (s,
3H), 3.13 (s, 3+3H), 5.39 (d, J = 12.0 Hz, 1H)/5.51 (d, J = 12.0 Hz, 1H), 5.83 (s,

1H)/6.02 (s, 1H), 6.00 (d, J = 15.5 Hz, 1H), 6.62 (d, J = 8.0 Hz, 2H), 6.85 (m, 2H),
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7.11-7.17 (m, 4H), 7.28 (d, J = 15.5 Hz, 1H), 7.31 (d, J = 15.5 Hz, 1H), 7.65 (d, J
= 15.5 Hz, 1H); '°C-NMR (125 MHz, CDCl3): 6 14.1, 14.3, 21.1, 22.7, 24.4, 28.5,

28.6, 29.1, 29.4, 29.7, 30.2, 31.9, 32.0, 45.8, 96.3, 97.3, 106.3, 119.9, 120.0,

120.3, 121.6, 122.4, 122.6, 127.4, 127.8, 133.3, 135.2, 138.9, 144.9, 150.9,

152.9, 159.8, 160.2, 198.0, 198.5. UV-vis (ethanol): Amax = 460 nm, € = 30,500

M'cm™. HRMS (ESI) (m/z): [M+H]* calculated for [C19H24NO]* 282.1858, found
282.18609.

Synthesis of 11I-36. Flame dried 3 mL vial with a stir bar was loaded with
NaH (2 mg, 60% in mineral oil 0.08 mmol) and methylnitrocinnamate (13 mg,
0.06 mmol). The solids were purged with argon and dissolved in dry DMF (0.4
mL). Aziridinol 11I-37 (8.2 mg, 0.02 mmol) in DMF (0.1 mL) was added at 0 °C via
syringe during 5 min. Reaction continued on ice slowly melting to room

temperature over 1 h and then for an additional 2 h at room temperature. The

reaction was quenched with saturated NH4ClI (1 mL), extracted with ethyl acetate

(3 x 2 mL) and dried over anhydrous sodium sulfate. The crude product was
purified by column chromatography (5:95 EtOAc:Hexane) and isolated as yellow

oil (11 mg, 96%). The mixture of two diastereomers (ratio 3:2 from NMR) could
not be separated by HPLC. Spectral data for major diastereomer: 1H NMR (500
MHz, CDCls) 6 0.03 (s, 3H), 0.05 (s, 3H), 0.86 (s, 9H), 1.21 (s, 3H), 1.28 (s, 3H),

2.34 (s, 3H), 3.51 (dd, J = 4.0 Hz, 9.8 Hz, 2H), 4.01 (dd, J = 4.0 Hz, 9.8 Hz, 1H),

5.18 (t, J = 2.0 Hz, 1H), 5.40 (s, 1H) 5.59 (s, 1H), 5.70 (s, 1H), 7.19 (3.51 (d, J =
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8.5 Hz, 2H), 7.25-7.33 (m, 5H), 7.86 (d, J = 8.5 Hz, 2H); Spectral data for minor
diastereomer: 6 0.01 (s, 3H), 0.03 (s, 3H), 0.86 (s, 9H), 1.33 (s, 3H), 1.37 (s, 3H),
2.37 (s, 3H), 3.31 (dd, J = 4.0 Hz, 9.8 Hz, 2H), 3.93 (dd, J = 4.0 Hz, 9.8 Hz, 1H),

5.36 (t, J= 2.5 Hz, 1H), 5.41 (s, 1H) 5.58 (s, 1H), 6.04 (s, 1H), 7.14 (3.51 (d, J =
8.5 Hz, 2H), 7.25-7.33 (m, 5H), 7.87 (d, J = 8.5 Hz, 2H); '°C-NMR for both (125

MHz, CDCl3): 6 -5.7/-5.5, 12.6/12.8, 18.1/18.2, 21.5/21.6, 21.8/22.0, 25.7,
46.8/47.2, 53.9, 56.8, 59.9/60.0, 80.1/80.2, 84.8/85.8, 94.8/96.1, 111.3/111.8,
126.1/126.2, 127.7/127.8, 128.4/128.5, 129.3/129.4, 135.2/136.1, 136.7/137.0,
144.1/144.2, 149.5/150.2. HRMS (ESI) (m/z): [M+H]* calculated for

[C29H41N206SSI]" 573.2455, found 573.2455.

Table IlI-4: Structures of the compounds synthesized and characterized.

TBSO Ts Ts
NH TBSO N
R RN oS oS
CN NC\_0 Nogh e
R R
pNMe,-CeH,  1ll-46 N/A IIl-58
p-OMe-CeH -47 Il-54 II1-59
0-OMe-CqH, IIl-48 N/A I11-60
a-naphtyl -49 N/A -1
Ph -41 -44 -45
p-CHg-CeHy -51 N/A IN1-63
p-Cl-CeH N-52 II1-56 IIl-64
p-Br-CeH, Nl-53 N-57 N/A

N/A - not applicable
General method for preparation of aromatic methylenemalononitriles

llI-41 and llI-46-111-53. An aromatic aldehyde (5 mmol) and freshly re-crystallized
malononitrile (330 mg, 5 mmol) were dissolved in ethanol (5 mL). After addition of
three drops of triethylamine a precipitate is formed immediately. Condensation

continued for 1 h and the product was filtered and washed with ice-cold ethanol.
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After drying the solid in vacuum corresponding benzylidenemalononitriles were
isolated in pure form in quantitative yields. Note 1: if reaction with p-
chlorobenzaldehyde and p-bromobenzaldehyde proceeded longer than 1 h the
product started decomposing by turning brown and dissolving in ethanol. Note 2:
electron deficient benzaldehydes (p-cyanobenzaldehyde and p-
nitrobenzaldehyde) did not give the corresponding benzylidenemalononitriles with
this protocol. Note 3: if the reaction was done with not freshly purified

malononitrile the yields and purity of products decreased significantly.

lll-46. Spectral data: 'H NMR (500 MHz, CDCls) & 3.12 (s, 6H), 6.67 (d, J

= 9.5 Hz, 2H), 7.43 (s, 1H), 7.78 (d, J = 9.5 Hz, 2H); '°C-NMR (125 MHz, CDCly):
540.1,111.6, 114.9, 115.9, 119.3, 133.8, 154.2, 158.1.

lI-47. Spectral data: 1H NMR (500 MHz, CDClIs) 6 3.90 (s, 3H), 6.99 (d, J

= 8.5 Hz, 2H), 7.63 (s, 1H), 7.88 (d, J = 8.5 Hz, 2H): ' °C-NMR (125 MHz, CDCls):
555.8,78.7, 113.3, 114.4, 115.1, 124.0, 133.4, 158.8, 164.8.

11l-48. Spectral data: 1H NMR (500 MHz, CDClIs) 6 3.91 (s, 3H), 6.97 (d, J
= 8.5 Hz, 1H), 7.06 (t, J = 8.5 Hz, 1H), 7.56 (t, J = 8.5 Hz, 1H), 8.16 (d, J = 8.5
Hz, 1H), 8.29 (s, 1H): °C-NMR (125 MHz, CDCl): 6 55.9, 81.5, 111.5, 113.0,
114.3,120.2, 121.2, 128.9, 136.5, 154.5, 158.9.

IlI-49. Spectral data: 'H NMR (500 MHz, CDCls) §7.59 (d, J = 7.5 Hz, 1H),

7.61(t, J=7.5Hz, 1H), 7.66 (t, J = 8.5 Hz, 1H), 7.93 (d, J = 8.5 Hz, 1H), 8.08 (d,

205



J =75 Hz, 1H), 8.25 (d, J = 7.5 Hz, 1H), 8.62 (s, 1H); "°C-NMR (125 MHz,

CDClg): 6 85.1, 112.5, 113.7, 122.3, 125.3, 127.2, 127.5, 128.4, 128.5, 129.4,

131.0, 133.5, 134.9, 157.6.

lll-41. Spectral data: 1H NMR (500 MHz, CDCl3) 6 7.53 (t, J = 7.5 Hz, 2H),
7.62 (t, J = 7.5 Hz, 1H), 7.76 (s, 1H), 7.89 (d, J = 7.5 Hz, 2H): "°C-NMR (125
MHz, CDCls): 682.9, 112.5, 113.7, 129.6, 130.7, 130.9, 134.6, 159.9.

llI-51. Spectral data: 1H NMR (500 MHz, CDCls) 6 2.44 (s, 3H), 7.32 (d, J

— 7.5 Hz, 2H), 7.70 (s, 1H), 7.79 (d, J = 7.5 Hz, 2H): '°C-NMR (125 MHz, CDCly):
522.0,81.2,112.8, 114.0, 128.4, 130.3, 130.9, 146.3, 159.7.

ll-52. Spectral data: 'H NMR (500 MHz, CDCls) 87.50 (d, J = 7.5 Hz, 2H),

7.71 (s, 1H), 7.83 (d, J = 7.5 Hz, 2H); '°C-NMR (125 MHz, CDCly): 5 83.4, 112.3,
113.4, 129.3, 130.1, 131.8, 141.2, 158.2.

IlI-53. Spectral data: 'H NMR (500 MHz, CDCls) §7.67 (d, J = 8.0 Hz, 2H),

7.69 (s, 1H), 7.75 (d, J = 8.0 Hz, 2H); ' °C-NMR (125 MHz, CDCly): 6 83.6, 112.3,

113.4,129.7, 129.9, 131.8, 133.1, 158.4.

General method for aza-Payne cyclization and temperature/substrate
dependent hydroamination (compounds IlI-44, I1lI-45, 1lI-54-111-64). Flame
dried 3 mL vial with a stir bar was loaded with aziridinol 11I-37 (8.2 mg, 0.02

mmol) and corresponding benzylidenemalononitrile, 1ll-41 or 111-46-111-53 (0.06

206



mmol). The solids were purged with argon and dissolved in dry DMF (0.2 mL).
After 10 min of stirring, a suspension of NaH (5 mg, 60% in mineral oil 0.2 mmol)
in DMF (0.3 mL) was added dropwise at 0 °C via syringe during 5 min. Reaction
continued on ice slowly melting to room temperature over 1 h and then for an
additional 2 h at room temperature. If the reaction required additional heat, the

vial containing the mixture was transferred to an oil bath at specific temperature

for another 2 h. The reaction was quenched with saturated NH4Cl (1 mL),

extracted with ethyl acetate (3 x 2 mL) and dried over anhydrous sodium sulfate.
The crude product was purified by column chromatography (EtOAc:Hexane) with

solvent polarity dictated by the compound.

lll-54. Isolated 4 mg, 34%. Spectral data: 1H NMR (500 MHz, CDCl3) 6

0.14 (d, J = 2.5 Hz, 6H), 0.93 (s, 9H), 1.49 (s, 3H), 2.4 (s, 3H), 2.67 (d, J = 2.5 Hz,
1H), 3.77 (s, 3H), 3.77 (m, 1H), 4.52 (m, 2H), 4.86 (d, J = 2.5 Hz, 1H), 5.73 (s,

1H), 6.88 (d, J = 7.5 Hz, 2H), 7.32 (d, J = 7.5 Hz, 2H), 7.35 (d, J = 7.5 Hz, 2H),
7.69 (d, J = 77.5 Hz, 2H), 9.52 (s, 1H); '°C-NMR (125 MHz, CDCls): & -5.6, 18.2,
21.7,25.9, 31.5, 34.6, 55.2, 62.1, 62.7, 65.3, 74.3, 78.4, 79.4, 85.3, 114.0, 127.4,

127.7, 128.2, 130.3, 132.6, 146.1, 159.6, 159.9. HRMS (ESI) (m/z): [M+H]"

calculated for [C31H40N305SSi]" 594.2458, found 594.2459.

llI-44. After column chromatography (5:95 EtOAc:Hexane) compound was

purified by HPLC. Isolated 8 mg, 70%. Spectral data: 1H NMR (500 MHz, CDCl5)
00.09 (d, J=4.5Hz, 6H), 0.94 (s, 9H), 1.49 (s, 3H), 2.37 (s, 3H), 2.68 (d, J=4.5
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Hz, 1H), 3.78 (dd, J = 6.5 Hz, 9 Hz, 1H), 4.49-4.88 (m, 2H), 4.88 (d, J = 2.0 Hz,

1H), 5.78 (s, 1H), 7.30-7.37 (m, 5H), 7.45 (d, J = 8.0 Hz, 2H), 7.70 (d, J = 8.0 Hz,
2H), 9.53 (s, 1H): '°C-NMR (125 MHz, CDCls): & -5.6, 18.3, 21.7, 24.9, 31.6,
55.9, 62.1, 62.7, 65.4, 74.5, 78.4, 79.4, 85.3, 113.9, 126.3, 127.4, 128.6, 128.8,
129.6, 130.3, 132.7, 136.2, 146.1, 159.5. HRMS (ESI) (m/z): [M+H]" calculated
for [C30H38N304SSi] " 564.2352, found 564.2352.

llI-56. Isolated 9 mg (82%) if heated at 40 °C for additional 2 h. Isolated 5

mg (42%) if heated at 70 °C for additional 2 h. Spectral data: 1H NMR (500 MHz,

CDCl3) 80.14 (d, J = 3.5 Hz, 6H), 0.93 (s, 9H), 1.46 (s, 3H), 2.03 (s, 3H), 2.69 (d,
J=1.5Hz, 1H), 3.78 (dd, J = 6.5 Hz, 8.5 Hz, 1H), 4.47-4.51 (m, 2H), 4.87 (d, J =

1.5 Hz, 1H), 5.74 (s, 1H), 7.33 (d, J = 8.5 Hz, 4H), 7.39 (d, J = 8.5 Hz, 2H), 7.69
(d, J = 8.5 Hz, 2H), 9.52 (s, 1H): '°C-NMR (125 MHz, CDCly): 6 -5.6, 18.2, 21.7,
25.0, 25.9, 55.9, 62.1, 62.6, 65.3, 74.5, 78.2, 79.6, 84.6, 113.7, 127.4, 127.6,

128.9, 130.3, 134.7, 134.8, 146.2, 159.3. HRMS (ESI) (m/z): [M+H]" calculated

for [C30H37N304SCISi] " 598.1963, found 598.1962.

llI-57. Isolated 9 mg (71%) if no additional heat applied. Isolated 5 mg

(39%) if heated at 40 °C for additional 2 h. Isolated 12 mg (94%) if heated at 70

°C for additional 2 h. Spectral data: 1H NMR (500 MHz, CDCl3) 60.14 (d, J=3.5

Hz, 6H), 0.93 (s, 9H), 1.45 (s, 3H), 2.39 (s, 3H), 2.69 (d, J = 2.4 Hz, 1H), 3.79

(dd, J = 6.5 Hz, 9 Hz, 1H), 4.48-4.52 (m, 2H), 4.87 (d, J = 2.4 Hz, 1H), 5.73 (s,
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1H), 7.33 (d, J = 8.5 Hz, 4H), 7.48 (d, J = 8.5 Hz, 2H), 7.69 (d, J = 8.5 Hz, 2H),
9.52 (s, 1H); '°C-NMR (125 MHz, CDCly): & -5.5, 18.3, 21.7, 25.0, 25.9, 55.9,

62.1, 62.7, 65.4, 74.6, 78.2, 79.6, 84.6, 113.7, 122.9, 127.4, 127.9, 130.3, 131.8,
132.7, 183.1, 135.3, 146.2, 159.3. HRMS (ESI) (m/z): [M+H]+ calculated for

[C30H37N304SBrSi]" 642.1457, found 642.1458.

llI-568. After column chromatography IlI-58 was isolated as inseparable

mixture with N,N-dimethylbenzaldehyde (retro-aldol product). To remove it the
mixture was dissolved in methanol and treated with aqueous NaHSO3 for 1 h.
After extraction with ethyl acetate pure IlI-58 was isolated (6 mg, 50%) as a
yellow oil. The product was dissolved in CH2Clo and covered with a thin layer of
hexane, yielding yellow crystals after 5 days at 0 °C (m. pt. = 128-129 °C).
Crystal structure of llI-58 was solved by Dr. Richard Staples. Spectral data: 1H
NMR (500 MHz, CDCl3) §0.13 (d, J = 2.5 Hz, 6H), 0.90 (s, 9H), 1.71 (s, 3H), 2.30

(s, 3H), 2.94 (s, 6H), 3.87 (s, 1H), 4.08-4.10 (m, 2H), 4.31 (dd, J = 4.5 Hz, 3 Hz,

1H), 4.61 (s, 1H), 4.76 (s, 1H), 5.36 (s, 1H), 6.61 (d, J = 8.5 Hz, 2H), 6.94 (d, J =
8.5 Hz, 2H), 7.28 (d, J = 8.5 Hz, 2H), 7.89 (d, J = 8.5 Hz, 2H); '°C-NMR (125

MHz, CDCls): 6 -5.6, 18.2, 21.6, 25.9, 40.2, 54.5, 56.7, 63.6, 68.0, 77.2, 84.7,

90.9, 98.7, 111.7, 112.8, 119.0, 127.1, 128.0, 129.8, 134.9, 142.6, 145.2, 151.4.

HRMS (ESI) (m/z): [M+H] " calculated for [C32H43N404SSi]” 607.2774, found

607.2775.
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1I-59. After column chromatography 11I-59 was isolated as transparent oil
(10 mg, 84%). Spectral data: 1H NMR (500 MHz, CDCl3) 6 0.13 (d, J = 2.5 Hz,
6H), 0.91 (s, 9H), 1.71 (s, 3H), 2.26 (s, 3H), 3.79 (s, 3H), 3.87 (s, 1H), 4.07-4.10

(m, 2H), 4.29 (dd, J = 5.5 Hz, 2.5 Hz, 1H), 4.62 (s, 1H), 4.78 (s, 1H), 5.39 (s, 1H),

6.85 (d, J = 8.5 Hz, 2H), 7.03 (d, J = 8.5 Hz, 2H), 7.26 (d, J = 8.5 Hz, 2H), 7.88
(d, J = 8.5 Hz, 2H); '°C-NMR (125 MHz, CDCly): & -5.6, 18.1, 21.5, 25.9, 54.4,
55.3, 56.9, 63.6, 67.9, 84.0, 91.1, 99.2, 111.5, 112.6, 113.9, 124.2, 127.4, 128.0,
129.8, 134.9, 142.5, 145.2, 160.8. HRMS (ESI) (m/z): [M+H]+ calculated for
[C31H40N3O5SSi] ™ 594.2458, found 594.2458.

1I-60. After column chromatography 1l1-60 was isolated as transparent oil
(10 mg, 84%). Spectral data: 1H NMR (500 MHz, CDCl3) 6 0.11 (d, J = 4 Hz, 6H),
0.88 (s, 9H), 1.65 (s, 3H), 2.24 (s, 3H), 3.84 (s, 3H), 3.99 (dd, J = 11.5 Hz, 1.5
Hz, 1H), 4.19 (dd, J = 11 Hz, 3.5 Hz, 1H), 4.54 (dd, J = 3.5 Hz, 1.5 Hz, 1H), 4.63

(s, 1H), 4.73 (s, 1H), 4.87 (s, 1H), 5.09 (s, 1H), 6.87 (d, J = 7.5 Hz, 2H), 6.97 (t, J

= 7.5 Hz, 1H), 7.21 (d, J = 8.0 Hz, 2H), 7.33 (t, J = 8.0 Hz, 1H), 7.40 (d, J = 8.0
Hz, 1H), 7.91 (d, J = 8.0 Hz, 2H): '°C-NMR (125 MHz, CDCls): & -5.8, -5.6, 18.1,

18.5, 21.5, 25.8, 52.1, 54.5, 57.3, 63.0, 67.0, 79.9, 90.1, 95.7, 109.9, 111.6,

111.9, 113.2, 120.7, 122.3, 126.8, 128.1, 129.5, 130.6, 135.3, 135.9, 142.0,

144.6, 155.9. HRMS (ESI) (m/z): [M+H]+ calculated for [C31H40N30588i]+

594.2458, found 594.2458.
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llI-61. After column chromatography it was isolated as yellow oil (11 mg,

71%). Spectral data: 1H NMR (500 MHz, CDCl3) 6 0.15 (s, 6H), 0.92 (s, 9H), 1.75
(s, 3H), 2.08 (s, 3H), 4.07 (dd, J = 11.5 Hz, 2.5 Hz, 1H), 4.22 (dd, J = 11.5 Hz,
3.5 Hz, 1H), 4.55 (dd, J = 3.5 Hz, 2.5 Hz, 1H), 4.75 (s, 1H), 4.84 (s, 1H), 5.25 (s,
1H), 5.30 (s, 1H), 7.23 (d, J = 8.5 Hz, 2H), 7-48-7.54 (m, 4H), 7.71 (d, J = 8.5 Hz,
1H), 7.86 (d, J = 8.5 Hz, 2H), 7.99 (d, J = 8.5 Hz, 2H), 7.91 (d, J = 8.5 Hz, 2H);

3C_.NMR (125 MHz, CDCls): 6 -5.7, -5.6, 18.1, 18.6, 21.3, 25.8, 53.0, 57.7, 63.3,

68.2, 80.5, 90.6, 96.9, 111.4, 113.0, 122.6, 125.1, 125.6, 126.0, 126.4, 128.1,

128.5, 129.0, 129.8, 130.5, 133.5, 135.3, 142.1, 155.0. HRMS (ESI) (m/2):

[M+H]+ calculated for [Cs4H4oN304SSi]+ 614.2509, found 614.2510.

I11-45. Reaction was heated at 35 °C for an additional 2 h. After column
chromatography 1llI-45 was isolated as a transparent oil (8 mg, 71%), which

formed white crystals after storage (m. pt. = 106-107 °C). Crystal structure of lll-
45 was solved by Dr. Richard Staples. Spectral data: 1H NMR (500 MHz, CDCl5)
0 0.14 (d, J = 2.5 Hz, 6H), 0.91 (s, 9H), 1.72 (s, 3H), 2.21 (s, 3H), 3.90 (s, 1H),

4.09-4.13 (m, 2H), 4.30 (dd, J = 5.5 Hz, 2.5 Hz, 1H), 4.64 (s, 1H), 4.80 (s, 1H),

5.41 (s, 1H), 7.10 (d, J = 8.5 Hz, 2H), 7.25 (d, J = 8.5 Hz, 2H), 7.32-7.37 (m, 3H),
7.88 (d, J = 8.5 Hz, 2H): '°C-NMR (125 MHz, CDCly): & -5.6, 18.1, 21.4, 25.9,

541, 57.1, 63.6, 67.9, 84.0, 91.2, 99.4, 111.3, 112.5, 125.9, 128.0, 128.6, 129.8,
132.4, 134.9, 142.4, 145.3. HRMS (ESI) (m/z): [M+H]" calculated for

[C30H38N304SSi]" 564.2352, found 564.2352.
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l11-63. After column chromatography it was isolated as a transparent oil (11
mg, 94%). Spectral data: 1H NMR (500 MHz, CDCl3) 6 0.13 (d, J = 2.5 Hz, 6H),
0.90 (s, 9H), 1.71 (s, 3H), 2.24 (s, 3H), 2.33 (s, 3H), 3.87 (s, 1H), 4.08-4.12 (m,

2H), 4.31 (dd, J = 3.5 Hz, 2.5 Hz, 1H), 4.64 (s, 1H), 4.78 (s, 1H), 5.34 (s, 1H),

6.98 (d, J = 8.5 Hz, 2H), 7.14 (d, J = 8.5 Hz, 2H), 7.25 (d, J = 8.5 Hz, 2H), 7.88
(d, J = 8.5 Hz, 2H); '°C-NMR (125 MHz, CDCly): & -5.6, 18.1, 21.3, 21.5, 25.9,
54.2, 56.9, 63.6, 67.9, 84.0, 91.1, 99.0, 111.4, 112.6, 125.8, 127.8, 128.0, 129.3,

129.7, 129.8, 134.8, 139.9, 142.4, 145.3. HRMS (ESI) (m/z): [M+H]" calculated

for [C31H40N304SSi] " 578.2509, found 578.2508.

lll-64. Reaction was heated at 70 °C for an additional 2 h, yielding I111-56
and Il1-64 in a ratio 5:4 from crude NMR. After column chromatography IlI-56 was
isolated pure (5 mg, 42%) and IlI-64 was isolated with 17% of monocyclized
product (4 mg of 83% pure, 25% yield). Isolated 1ll-64 crystallized as a white solid

(m. pt. = 138-139 °C) from methanol/dichloromethane 1:1. Crystal structure of Ill-

64 was solved by Dr. Richard Staples. Spectral data: 1H NMR (500 MHz, CDCl5)

50.14 (d, J = 3.5 Hz, 6H), 0.90 (s, 9H), 1.71 (s, 3H), 2.24 (s, 3H), 3.85 (s, 1H),
4.04-4.13 (m, 2H), 4.28 (d, J = 3.5 Hz, 1H), 4.64 (s, 1H), 4.80 (s, 1H), 5.41 (s,

1H), 7.05 (d, J = 8.5 Hz, 2H), 7.26 (d, J = 8.5 Hz, 2H), 7.33 (d, J = 8.5 Hz, 2H),
787 (d, J = 85 Hz, 2H). HRMS (ESI) (m/z): [M+H]+ calculated for

[C30H37N304SCISi] " 598.1963, found 598.1963.
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CHAPTER IV: REENGINEERING OF HUMAN CELLULAR RETINOL BINDING PROTEIN
(HCRBPII) INTO AN INSTANTANEOUSLY FLUORESCENT PROTEIN TAG
IV.1 Currently used protein tags

Site-specific protein modifications have great utility in modern chemical
biology. Tagging a protein of interest with a short peptide or an additional protein
is commonly used as a purification technique and as a detection method. The
most common of the latter are fluorescent proteins (FP), which are perhaps the
most useful imaging tool in biology. Besides FP variants, site-specific labeling of
a fusion tag used is a rapidly growing research area. These tools are commonly
used where FP fail to deliver. The labeling methods compatible with biological
conditions include bioorthogonal ligations, where non-native functional groups
exhibit selective reactivity (Staudinger ligation," alkyne-azide ‘click’ chemistry,?
inverse-demand Diels-Alder reactions,® oxanobornadiene cycloaddition,* Pictet-
Spengler reaction®).

Another strategy to label specific proteins evolved from the re-design of
the native ligand.®'® This strategy requires the conjugate of the natural ligand
with a fluorophore. Selective binding of this conjugate to the protein is facilitated
by its natural affinity. The tags developed according to this strategy include Halo-
tag, TMP-tag, SNAP-tag, CLIP-tag, among others.® This labeling strategy
requires the conjugate to be in the constantly fluorescent state. The exogenously
added conjugate, which binds to the protein tag, does not exclusively reach its

destination. Thus, fluorescence is observed at different intracellular locations.
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Washing the live cells multiple times with buffer, combined with prolonged
incubation time without the labeling reagent, most often allows the elimination of
all non-specifically trapped chromophore. However, these steps delay the
detection time, which limits the application in real-time imaging.

One of the most effective ways to remove non-specific fluorescence is to
provide a quencher that is released upon protein labeling."” A highly effective
approach for the wash-free SNAP-tag modification was realized by the
introduction of a QSY-7 quencher in proximity of a cyanine fluorophore (Figure
IV-1)."2 The overall size of the exogenously added molecule significantly
increased, which required additional reagents to enable cell membrane
penetration. Gratifyingly, the cell surface expression of SNAP in HEK293 cells
was successfully visualized after 30 min via wash-free fluorescence imaging.

Among the ways to approach wash-free labeling is to supply the cells with
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Figure IV-1: The labeling reagent for a wash-free SNAP-tag.
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an environment sensitive (solvatochromic) fluorophore.”®™ In this way, the
labeling reagent would have significantly different spectroscopic properties inside
of a hydrophobic protein or membrane, as compared to highly polar aqueous
solution. For example, the PYP-tag labeling with 7-dimethylaminocoumarine
proceeds through the transthioesterification with Cys69 (Figure 1V-2)."® This
reaction eliminates the quenching moiety, but the cross-reactivity with other thiols
is still a potential problem. The environment-sensitive nature of 7-
dimethylaminocoumarin solves the cross-reactivity issue. It exhibits enhanced
fluorescence inside of the hydrophobic PYP-tag cavity. The authors were able to
manipulate the rate of the transthioesterification as well. This tag is the fastest
imaging method reported thus far, showing nucleus staining within 6 min of
addition of the dye.

Recently, the Johnsson lab described the utility of solvatochromic Nile Red
in the SNAP-tag labeling of the cell surface. The authors utilize the enhanced
fluorescence of Nile Red in the hydrophobic environment of the plasma
membrane, which was directed to the membrane via a chemical linker to SNAP-
tag. In this approach, the high affinity of the conjugate to SNAP-tag successfully

competes with the non-specific staining of the plasma membrane with Nile Red.
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Figure IV-2: The labeling the wash-free PYP-tag.
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The utility of molecular rotors with enhanced fluorescence in the planar
state is another method to improve signal-to-noise ratio. This method is most
commonly utilized for imaging RNA and DNA, making the fluorophores more
planar when trapped between grooves. For example, when Thiazol Orange
intercalates with DNA, its fluorescence goes up by 550 fold and when Malachite
Green binds to a specific RNA aptamer enhancement is 2360 fold (Figure V-

3)."® However, the most notable example is the RNA imaging method with GFP-

like chromophores from Jeffrey’s lab (Figure IV-3).'¢8
o
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Figure IV-3: Fluorescent rotors.
Not surprisingly, in the area of alternative imaging methods, the most ideal

tool would avoid exogenous addition of a labeling reagent and utilize the
metabolites already existing in cells. The Cohan lab was able to apply the dim
fluorescence of retinal in imaging HEK293 cells. However, this technique is highly
demanding to microscope settings.'® Chlorophyl! fluorescence was successfully
utilized in the imaging of plants, but the method is most useful for studies of
photosynthetic activity.?® By far the most prominent example of this kind is a
bilirubin binding protein extracted from eel muscles.?-22 The latter protein, UnaG,
binds the breakdown product of heme, bilirubin, and ‘turns-on’ fluorescence in

response (Figure IV-4). UnaG has sequence and structure similarity with the
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fatty acid binding proteins (FABP). For instance, it shares 56% homology with
human brain FABP. The crystal structure revealed a compact ligand-protein
complex,?? which is the reason for its highly enhanced fluorescence. UnaG has
the potential to become a novel fluorescent sensor of bilirubin since it is a
metabolite associated with proper liver function and human waste.

The isolation of UnaG as a FABP-related fluorescent protein aligns well
with the direction we took for a fluorescent tag design. The protein folding is
similar between CRABPII, hCRBPII and UnaG. In our approach, fluorescence is
a result of site-specific protein labeling achieved via addition of a small, non-
fluorescent molecule to a reengineered CRABPII or hCRBPII protein host.
Covalent bond formation converts two non-fluorescent species into a fluorescent
tag. The event of iminium formation in the earlier systems is the platform for this

design.

The natural function of CRABPIlI and hCRBPII is to carry an insoluble
hydrophobic compound to its destination in the cell. Both systems are small,

cytosolic proteins. They are robust to mutagenesis and their targeted expression

bilirubin

Figure IV-4: Structure of UnaG bound with bilirubin.
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is not expected to interfere with the cellular machinery. However, CRABPII was
reported to have more function than just a carrier protein. For example, it has
been shown to participate in ligand transfer to a transcription factor. This might
limit the use of CRABPII as a reporter tag of the protein of interest (POI).

Therefore, an alternative approach with hCRBPII as a tag is advantageous.

Iminium formation is a reversible reaction, which excludes it from the
primary choices of stable conjugates in biology. An alpha-effect is often used in
the bioorthogonal ligation to increase the nucleophilicity of the amine. The
iminium bond, formed via lysine, cannot be trapped irreversibly. However, the
high affinity of a lipophilic molecule to the hydrophobic protein cavity can stabilize
the complex. Finally, the properly engineered acidic sites inside CRABPII or
hCRBPII can speed up the reaction, because iminium formation is often an acid

catalyzed process.

IV.2 Role of carboxylate residues in the rate of imine and iminium
formation inside CRABPII

During CRABPII reengineering, it was observed that a L121 mutation to
carboxylic acid, in proximity of PSB region, could influence the rate of the
reaction. As described in Chapter Il, the PSB formation with retinal was
unsuccessful for the R111K:R132L:Y134F:T54V:L121E mutant even in acidic
buffer. However, the peak corresponding to SB formation was observed at 365
nm. The time needed to reach SB maximum for R111K:R132L:Y134F:T54V and

R111K:R132L:Y134F:T54V:L121E mutants strongly depends on pH (Figure IV-
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5). For instance, the tetra-mutant forms SB significantly faster under acidic

conditions (t1/2 = 18.9 min at pH 5.0 versus t1/2 = 83.5 min at pH 7.3). On the

other hand, reaction with the penta-mutant containing L121E takes place faster at

normal pH (t1/2 = 14.4 min at pH 5.0 versus t1/2 = 3.3 min at pH 7.3).

This observation in general can be attributed to acid catalysis during
iminium formation. Considering this chemical reaction in general, it is well known
that a catalytic proton source accelerates imine formation. Kinetic data for
R111K:R132L:Y134F:T54V tetra-mutant in acidic and normal buffer is consistent
with the proposed acid-catalyzed reaction. On the contrary, the penta-mutant,
R111K:R132L:Y134F:T54V:L121E, contains a carboxylic acid residue, L121E,
near the reactive lysine inside of the protein pocket (see crystal structure in
Figure IV-5). At normal pH, this could be the proton source that activates the
carbonyl of retinal for nucleophilic attack with lysine. However, under acidic
conditions, the lysine might be protonated as well, which would make it less

nucleophilic. Interestingly, the catalysis provided by L121E is more efficient as

A b
0% =z = N4\/ = = Z
~
Amax = 380 nm Amax = 365 nm
a.

CRABPIl mutant pH=5.0 pH=7.3

KLFV* 189  83.5min
KLFV:L121E 14.4 min 3.3 min

. . L121
KLFV:L121D 8.6 min 8.0 min

*R111K:R132L:Y134F:T54V

Figure IV-5: Influence of L121E and L121D mutation on the half-life of imine
formation between CRABPII mutants and Rt at acidic and normal pH and

location of L121 to Rt-PSB.
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compared to altering the pH of the solution (Figure IV-5). The role of L121E
mutation in the protein can be to: 1) activate the aldehyde in proximity of
nucleophilic lysine or 2) protonate the tetrahedral intermediate, formed after the

first step, essential for water elimination (Figure 1V-6).

This mechanism is in agreement with a report on accelerated hydrazone
formation, if the carboxylic acid is part of one of the substrates.?>** Briefly, the
reaction rate between an aldehyde and a hydrazine increased in the presence of
an acidic substituent on either reagent (Figure IV-7). Moreover, the strength of
the acid showed a direct correlation to the rate of the reaction. The rate was the
highest if acid was a part of the hydrazine, because it became not only a proton
donor but also a factor that brought two substrates in close proximity for the

reaction to occur.

In addition to the R111K:R132L:Y134F:T54V:.L121E  mutant,

R111K:R132L:Y134F:T54V:L121D was also investigated for SB formation in a

time-dependent manner (Figure IV-5). The pKgy value for glutamic acid is 4.25

and aspartic acid is 3.86. Inside the hydrophobic protein environment these

values could change significantly, however, the overall trend might be the same.

g\NHz ;\LNH
éi\q¢L\¢25 HO,L\¢J\52%

H H

e ¢
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Figure IV-6: Two possible mechanisms of reaction catalysis by L121E.
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It is reasonable to expect that a slightly more acidic and smaller residue might
have a different impact on the rate of the reaction rate. Consistent with previous
data R111K:R132L:Y134F:T54V:L121D mutant forms SB faster than
R111K:R132L:Y134F:T54V:L121E, but interestingly, pH does not have a

significant impact on the reaction (Figure IV-5).

The reaction acceleration between CRABPII mutants and retinal was an
inspiring observation into the regulation of the rate for PSB formation in general.
As described in Chapter lll, merocyanine retinal analog (MCRA) was extensively
studied in our lab in previous years. However, on average, completion of the
reaction takes ~20 min in the CRABPII-R132K:R111L:L121E series (Dr. Kin Sing
Stephen Lee and Ipek Yapici, Professor Babak Borhan’s lab, MSU) and ~60 min
for the hCRBPII-Q108K:K40L:T51V series (Dr. Wenjing Wang, Professor Babak
Borhan’s lab, MSU) to complete. To understand the factors that control the rate
of the reaction would be beneficial for further rate optimization. Moreover,
screening the second generation CRABPII mutants for PSB formation with MCRA

pH7.4
r-CHO + RayNH; —RineN R
H
H

R4 Ro k (min") R4 Ro k (min")

0.036 )

Figure IV-7: Impact of intramolecular acid catalysis on the hydrazone
formation.
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Table IV-1. Binding of MCRA to selected CRABPII mutants.

Entry CRABPII mutant ka?ﬁ?})em QY, % k(min")
1 KLFV® 594/615 17 0.018
2 KLFV:L121D 592/619 17  0.208
3 KLFV:R59W 596/619 16  0.011
4 KLFV:R5QW:L121D 600/629 18  1.785
5 KLFV:R59Y:A32Y:A36Y 595/617 6  0.011
6 KLFV:R5QY:A32Y:A36Y:L121D  595/623 15  0.237
7 KLFV:R59Y:A32W 595/615 8  0.032
8 KLFV:R59Y:A32W:L121D 605/628 31  2.006
9 KLFV:R59W:A32W 598/617 4  0.027
10 KLFV:R59W:A32W:L121D 604/629 20  1.856

®KLFV is CRABPII-R111K:R132L:Y134F:T54V.
would be of additional interest because of its exceptional pH-sensitive properties

based on the data collected with Rt (Chapter ll).

Since the L121D mutation was able to accelerate the reaction independent
of pH, CRABPII mutants with L121E and L121D were compared in reactivity with
MCRA. The L121D mutation also had an impact on quantum yield (QY), but the
wavelengths of absorption and emission were not influenced significantly (Table
IV-1). In all examples, the L121D mutation accelerated the reaction rate for PSB
formation. The smallest impact was in the shortest series, which had a 11-fold
increase in rate (Table IV-1, entries 1 and 2). The most significant enhancement,
a 162-fold increase, was found when L121D mutation was introduced to the
R111K:R132L:Y134F:T54V:R59W template (Table IV-1, entries 3 and 4).
Interestingly, mutants with A32Y and A32W mutations had quantum yields close

to the value of MCRA-PSB with butylamine, which mimics non-specific binding
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R111K:R132L:Y134F:T54V:R59Y:A32W:L121D
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Figure IV-8: UV-vis and pKj curve fit as a function of pH of two indicated
CRABPII mutants bound with MCRA.

(Table IV-1, entries 5, 7 and 9). If the L121D mutation was introduced in these

series, bright fluorescence was restored (Table IV-1, entries 6, 8 and 10).

As mentioned in Chapter Il, the L121D mutation counter-intuitively drops

the pKa value of the PSB with retinal. At the same time, the pKy values for

MCRA-PSB in all mutants examined are significantly higher than for the same

mutants with retinal. For example, the CRABPII-
R111K:R132Q:Y134F:T54V:R59W:A32W:M9O3L:E73A mutant has a pKg of 2.6

with retinal (Chapter Il, Table 1I-6) but 8.6 with MCRA (Chapter Ill, Figure 1lI-4).
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In an attempt to investigate MCRA-CRABPII as a fluorescent reporter of acidity,

the pKy values were measured for two mutants. Figure IV-8 shows pH titrations

of R111K:R132L:Y134F:T54V:R59Y:A32W:L121D and

R111K:R132L:Y134F:T54V:R59W:A32W:L121D mutants with pKy values

measured as 7.8 and 7.6, respectively. Those are the lowest numbers for MCRA-

PSB to date reported in our lab. The pKy values are at the high end of the

physiologically relevant pH range, which makes them potentially applicable as

fluorescent pH-sensors.

IV.3 Live-cell imaging studies of CRABPII mutants labeled with MCRA
Among the tested CRABPII mutants, R111K:R132L:Y134F:T54V:R59Y:
A32W:L121D exhibits the highest rate of reaction with MCRA and the highest
quantum vyield. Additionally, this hepta-mutant can be expressed in good
quantities compared to all CRABPII mutants (up to 20 mg/L) and can be stored
without precipitation. Considering these observations, this mutant was chosen for
expression in eukaryotic cells and live-cell imaging. The gene was amplified and
cloned after enhanced green fluorescent protein (EGFP) in the pEGFP-C2 vector,
under the cytomegalovirus (CMV) promoter (Figure [V-9a). Most known
eukaryotic cells are infected with cytomegalovirus and therefore the CMV
promoter allows steady expression. Expression of the protein fusion EGFP-
CRABPII permits simultaneous dual color imaging of a known fluorescent protein

and the CRABPII-MCRA. From the palette of all fluorescent proteins, EGFP was
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chosen for the fluorescence comparison because its optimal excitation

wavelength is over 100 nm away from CRABPII-MCRA complex. This would

eliminate the two signals from overlapping (Aex/Aem: 488/507 and 594/628).

Ultimately, triple fusion, EGFP-CRABPII-RB, was created to demonstrate
CRABPII labeling as a fluorescent tag of POI. CRABPII was fused between two
functional proteins: 28 kDa enhanced green fluorescent protein (EGFP) at the N-
terminus and 110 kDa retinoblastoma protein (RB) at the C-terminus (Figure IV-
9b). This construct was also created because a similar fusion with hCRBPII,
instead of CRABPII, previously showed successful imaging of hCRBPII labeled
with MCRA in live cells (Dr. Wenjing Wang, Professor Babak Borhan’s lab, MSU).
As another control, the same construct was prepared, except with a stop codon

after the CRABPII gene sequence (named EGFP-CRABPIIst-RB in Figure IV-9c).

RB is a tumor suppressor protein that prevents the cell from replicating
damaged DNA.? Because of its function to bind the transcription factor E2F, it
has a sequence of amino acids close to its C-terminus that localizes RB in the
nucleus. Many cancerous cells have dysfunctional mutations in the RB sequence

that allows damaged cells to continue proliferation. Osteosarcoma (U20S) is one

a. b. EGFP c.
cMv  EGFP EGFP
MV =54 CRABPI CMV =~ CcRaBPII
CRABPII > >
PEGFP-C2 PEGFP-C2 PEGFP-C2 TGA
8.5kb
5.5kb mB -

Figure 1V-9: DNA plasmids for EGFP-CRABPII fusion expression under CMV
promoter.
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of the cell lines with RB in its dysfunctional form. Visualization of active RB
protein under continuously operating promoter in U20S or any other cells of this
kind is of particular interest because RB inhibits cell replication between G1 and
S phase ensuring the single life cycle of the transfected population. In case of
EGFP-CRABPII-RB triple fusion, if EGFP fluorescence is localized in the nucleus

because of RB, CRABPII is certainly translated.

The Nanoduice transfection of U20S cells with each described gene gave

the steady EGFP signal at the expected location after 36 h. Subsequently, the

EGFP-CRABPII-RB EGFP-CRABPIIst-RB EGFP-CRABPII EGFP-CRABPII*

Figure IV-10: Confocal images of labeled of EGFP-CRABPII fusion proteins
with MCRA in live U20S cells irradiated at 488 nm (line a.), 594 nm (line b.)
and both 488 nm and 594 nm (line ¢.). EGFP-CRABPII* was imaged without
degradation after wash. All other images are taken after 4 h of degradation
after MCRA. Scale bar, 50 uM (line a.).
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cells were treated with MCRA at an overall concentration of 0.25 uM for 2 h and
then incubated for degradation of the excessive chromophore for the next 4 h.
Unfortunately, the labeling of either of the fusions expressed in live cells was
unsuccessful (Figure IV-10), while the same labeling conditions worked before
for the same hCRBPII constructs (Dr. Wenjing Wang, Professor Babak Borhan’s
lab, MSU). Various optimization attempts involved modifications in: concentration
(5 uM, 1 uM, 0.5 uM), incubation time (1 h, 30 min, 10 min, 1 min) and the
wash/degradation period (4 h, 2 h, 1 h and no wash). None of these conditions
gave evidence for the co-localization of EGFP and MCRA labeled CRABPII

mutant.

A possible explanation for the unsuccessful CRABPII utility as an imaging
tool might be related to its natural function. Reports from the Noy lab provide
substantial evidence that CRABPII transfers retinoic acid to the retinoic acid
receptor (RAR) through protein-protein interaction.?*® Although CRABPII hepta-
mutant does not favor retinoic acid binding, the native residues on the protein
surface remain capable of interactions with RAR. CRABPII hepta-mutant might
be loaded with the intracellular retinal or retinoic acid that promotes association
of CRABPII and RAR and makes the ligand exchange impossible. It is also
possible that the mutant itself has interactions with RAR, that encloses the
binding cavity and prevents binding of any ligand. Finally, the inconsistency

between the data with protein purified from E. coli and with CRABPII imaging with
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MCRA in live U20S cells could be related to protein folding differences in

prokaryotic and eukaryotic systems.

IV.4 CRABPIl-inspired hCRBPIl reengineering into a fast PSB-forming
protein

Facing the problem of in vivo CRABPII labeling, even after designing a
fast binding bright mutant in vitro, has potentially three solutions. From one side,
if the surface residues of CRABPII that are suggested to participate in
interactions with RAR are mutated, the new protein would be free from other
functions besides MCRA binding. The second approach involves choosing a cell
line deficient in CRABPII and/or RAR. Finally, changing the protein from retinoic
acid chaperone (CRABPII) to hCRBPII, which has already been shown to work,
has the potential to yield an efficient protein labeling method. We took the third

approach, choosing to optimize the already existing hCRBPII mutants in reaction

with MCRA.
a b.
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Figure IV-11: Kinetics of MCRA-PSB formation and reaction half-lives with
indicated hCRBPII mutants at RT (a.) and 37 °C (b.)
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Optimization started with the hCRBPII-Q108K:K40L:T51V:R58F mutant as
a template that was previously optimized for imaging (Dr. Wenjing Wang,
Professor Babak Borhan’s lab, MSU). In short, the Q108K:K40L:T51V:R58F
mutant has high quantum efficiency and brightness (Table IV-2, entry 1). In vitro
PSB formation with MCRA proceeds in 4 h at room temperature (RT) and 2 h at
37 °C. The optimal in vivo labeling of this mutant in U20S cells (37 °C) takes 2 h.
This is followed by thorough washing and 6-8 h of additional chromophore-free

incubation at 37 °C.

An equivalent residue to L121 in CRABPIl is L117 in hCRBPIL.
Investigation into the impact of two anionic residues, mutations L117D and
L117E were investigated with Q108K:K40L:T51V:R58F as the starting template.
The rate of the reaction for both penta-mutants was four times faster as
compared to the parent tetra-mutant (Table IV-2, entries 1-3). The PSB formation
was completed within 1 h at RT with a reaction half-life of ~17 min (Figure IV-
11a), while at physiological temperature (37 °C) half labeled complex was

obtained in 8 min (Figure IV-11b).
Table IV-2. Binding of MCRA to selected hCRBPII mutants.

Entry hCRBPII Mutant Mapsiem QY )
(nm) 7o
1 Q108K:K40LT51V:R58F 603/623 36 0.011
2 Q108K:K40LT51V:R58F:L117D 596/617 30 0.042
3 Q108K:K40LT51V:R58F:L117E 593/615 36 0.040
Q108K:K40L:T51V:T53C:R58W:T29L:
4 A33W:Q4F 600/629 19 0.222
5 Q108K:K40L:T51V:T53C:R58W:T29L: 500/613 30 5095

A33W:Q4F:L117D
Q108K:K40L:T51V:T53C:R58W:T29L:

A33W:Q4F:L117E 590/611 37 2.744
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The penta-mutant with L117E has a slightly higher quantum yield than with
L117D (Table IV-2, entries 2 and 3). Therefore, the L117E mutation was used to
test the influence of rate on hCRBPII labeling in live cells. In vitro kinetic data for
PSB formation suggests that incubation at 37 °C can be decreased from 2 h to
20-30 min (Figure IV-11b) to achieve maximum specific labeling and less non-

specific labeling in live cells. The L117E mutation was introduced into the plasmid

containing EGFP and hCRBPII-Q108K:K40L:T51V:R58F (CRBPkLvF) fusion

proteins. Both constructs (CRBPkLvF and CRBPkLvF:L117E) were transiently

transfected into U20S cells for comparison of labeling efficiency with shorter
incubation time. The cells expressing the fusion proteins were treated with 0.25

uM MCRA for 20 min at 37 °C, washed with warm PBS buffer and incubated for

CRBPKLVF CRBPKLVF:L117E

Figure IV-12: Confocal images of indicated EGFP-CRBPII constructs in U20S
cells incubated for 20 min with 0.25 uM MCRA and washed for 2 h. Line (a.)
excited at 488 nm; line (b.) excited at 594 nm. Scale bar, 20 uM.
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an additional 2 h. This additional incubation is necessary to degrade any

chromophore trapped non-specifically in the intracellular compartments.

As expected, the shorter incubation time was not enough to achieve

efficient labeling of the slower binding CRBPkvF. Fortuitously, reaction with the

faster binding protein gave much brighter fluorescence within the same
incubation time (Figure 1V-12). However, 20 min incubation with MCRA was also
enough time for the chromophore to bind to intracellular amines as a PSB and
fluoresce in undesired locations. Since the reaction proceeded for a shorter time
period, the degradation step could be also decreased from 6-8 h to 2 h because

less MCRA is trapped non-specifically.

Shorter incubation and degradation times are encouraging for the fast PSB
forming proteins as functional fluorescent tags. However, the incubation time is
still relatively long, yielding significant background fluorescence. To estimate the

rate of PSB formation with non-specific protein, we collected the kinetic data with

t1 /2=36 min
5
8
S
c
o 054
o
©
®
%)
Q
<
0 T T T T 1
0 60 120 180 240 300
Time (min)

Figure IV-13: Kinetic data of PSB formation between MCRA and BSA.
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native bovine serum albumin (BSA). Surprisingly, the PSB formation between

MCRA and BSA was faster than between MCRA and CRBPkvF initially used in

imaging. In fact, the reaction half-life with BSA at RT was 36 min (Figure 1V-13),
and even shorter at 37 °C. This explains the significant background fluorescence

observed after only 20 min incubation of live cells with MCRA.

Considering the BSA kinetic date, the specific reaction of MCRA with
hCRBPII mutants should be complete within minutes to overcome non-specific
reactivity. The data obtained with CRABPII-
R111K:R132L:Y134F:T54V:R59Y:A32W:L121D meets this requirement, having a
reaction half-life of 20 sec (Table IV-1, entry 8). Therefore, our strategy was to

alter the hCRBPII binding pocket to more closely resemble that of the CRABPII

R59W
V41 T54V

F3

152

A32W L28
L121D

L18

Figure IV-14: Overlayed crystal structures of CRABPII-R111K:R132L:Y134F:
T54V:R59W:A32W:L121D (blue) bound with MCRA (magenta) and hCRBPII-
Q108K:K40L:T51V:T53C:R58W:T29L:Y19W:A32W (yellow) bound with retinal
(not shown).
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fast binders. We were fortunate to obtain a crystal structure of CRABPII-
R111K:R132L:Y134F:T54V:R59W:A32W:L121D, bound with MCRA (Figure IV-
14). This mutant has a reaction half-life of 22 sec (Table IV-1, entry 10).
Comparison of its crystal structure with hCRBPII-
Q108K:K40L:T51V:T53C:R58W:T29L:Y19W:A33W mutant (PDB ID: 4EDE)
showed major differences at residues Q4, Y19W and L117 (hCRBPII numbering).
From these observations, hCRBPII-Q108K:K40L:T51V:T53C:R58W:T29L.:
Q4F:A33W mutant (Dr. Wenjing Wang, Professor Babak Borhan’s lab, MSU) was
chosen as a template to introduce L117D and L117E mutations (Table V-2,

entries 4-6). The template itself showed much faster PSB formation, as

compared to the previously used CRBPkLyvF. However, the quantum yield was

low (Table IV-2, entries 1 and 4). Both nona-mutants had an even more
accelerated reaction as compared to parent octa-mutant. Interestingly, in the
longer series, L117E showed faster rate and higher quantum efficiency than
L117D (Table IV-2, entries 5 and 6). A reaction half-life of 15 sec at RT was
maintained for hCRBPII-Q108K:K40L:T51V:T53C:R58W:T29L:Q4F:A33W:L117E

nona-mutant (CRBPnona).

Table IV-3. Influence of T53V and R58Y mutations on hCRBPII binding to MCRA.

Entry hCRBPII Mutant Mapsiem QY )
(nm) 7o
Q108K:K40L:T51V:T53V:R58W:T29L:
1 A33W:Q4F 605/625 17 0.071
5 Q108K:K40L:T51V:T53V:R58W:T29L: 593/613 30 0.26

A33W:Q4F:L117E
Q108K:K40L:T51V:T53C:R58Y:T29L:
A33W:Q4F
Q108K:K40L:T51V:T53C:R58Y:T29L:

4 A33W:Q4F:L117E 595/619 20 0.46
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Since the fastest PSB-forming CRABPII mutant contained R59Y and T54V
residues (CRABPII numbering), equivalent mutations were also investigated in
the hCRBPII system (Table IV-3). Counterintuitively, both T53V and R58Y

mutations decreased the reaction rate. Moreover, the quantum efficiencies were

significantly worse than for CRBPnhona. On the positive side, the most red-shifted

mutant bound with MCRA was discovered. Q108K:K40L:T51V:T53C:R58Y:

T29L:A33W:Q4F forms MCRA-PSB with its absorption Amax at 610 nm and

emission at 630 nm (Table IV-3, entry 3).

IV.5 Building DNA plasmids of hCRBPII fused to localization peptides and
proteins for imaging in intracellular compartments

Showing that a hCRBPII mutant can be successfully fused between two
other proteins (EGFP and RB) without perturbing their individual functions was an
important milestone in the imaging experiments. The follow-up experiment
involved the use of hCRBPII for imaging, without EGFP fluorescence, as a
control. To address this point, Dr. Wenjing Wang cloned hCRBPII-
Q108K:K40L:T51V:R58F in place of EGFP for imaging. Unfortunately, no red
fluorescence was observed in the cytosol after MCRA addition. This could be

attributed either to a protein expression problem or to ligand binding.

Aiming to demonstrate the use of hCRBPII without EGFP, we decided to
switch the vector from EGFP-C2 to another that is unrelated to the FP family, but

applicable for eukaryotic cell expression. The hypothesis was that hCRBPII might
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need a well-folding protein or peptide in the N-terminus in order to have steady
expression. We used the pFLAG-CMV2 vector for cloning hCRBPII mutants after
the FLAG epitope tag (DYKDDDDK). In addition, FLAG-tag can also be used for
staining with fluorescent antibodies during Western blot or Immunostaining

experiments to confirm protein expression, even if labeling fails.
The plasmids previously validated for expression in the most widely used

HelLa cells were used. The amyloid-1p was replaced with CRBPnona using the

a.
CMV FLAG CMV FLAG CMV

FLAG

pFLAG-CMV2
5.5 kb

pFLAG-CMV2] ‘?

pFLAG-CMV2]
‘? 5.5 kb CAAX

5.5 kb NLS

NLS = (PKKKRKV)3 CAAX = LNPPDESGPGCMSCKCVLS (1)
GKKKKKKSKTKCVIM (2)

b.
' FLAG CMV F'-/é%BP
Y. CRBPnona N nona
PFLAG-CMV2 Linker PFLAG-CMv2)||  Linker
6.5 kb 7.5kb
Rabs p-actin
S Linker = GGSSRA (1)
Linker PKKKRKV%%I\#?_ g ; e aSShA
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¢ cMmV d. cM
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Figure IV-15: Plasmid maps designed and cloned for expression and
localization of hCRBPII mutant in eukaryotic cells; a. Localization with short
peptides in pFLAG-CMV2 vector, b. Localization with proteins in pFLAG-
CMV2 vector, ¢. Localization with mitochondrial peptide in pCMV-Tag4 vector
and d. Localization with Golgi-associated protein in pECFP-N1 vector.
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plasmid pFLAG-CMV2-AML1B*" (Addgene#: 12504). In parallel, CRBPpnona With

nuclear localization peptide (NLS) was generated from three sequential repeats
of PKKKRKYV peptide (Figure IV-15a).%? This final 21 amino acid peptide placed
at the C-terminus of any protein is known to transport the expressed fusion into
the nucleus by importin a. The final protein localization is estimated to be 95% in

the nucleous of Hela cells.

Another short localization peptide, analogous to the NLS signal, was
placed in the same expression vector. The plasma membrane localization
peptide, known as the CAAX motif, requires the crucial cysteine. This signal is
derived from the Ras protein and the membrane localization is achieved through
farnesylation of cysteine that ends up being associated with the membrane, due
to its Iipophilicity.33 Various sequences of the CAAX motif were utilized in different

reports, but the common sequence requires cysteine (C) followed by two aliphatic
amino acids (AA) and one variable (X). Two CRBPpona-CAAX fusions were

prepared for  comparison of membrane localization efficiency:

LNPPDESGPGCMSCKCVLS* and GKKKKKKSKTKCVIM (Figure 1V-15a).

Besides expression with short peptides, the usefulness of the hCRBPII-tag

method was confirmed by tracking the protein of interest (POI). For this purpose,

we fused CRBPpong with Rab5 (25 kDa), a GTPase compartmentalized in the

35-36 37

membrane of early endosomes. Its functions include regulation of the

membrane transport, motility and intracellular distribution of early endosomes. To
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construct the vector containing CRBPpona-Rab5 fusion, Rab5 was amplified from

mRFP-Rab5* plasmid (Addgene#: 14437) and cloned into the C-terminus of

CRBPnona in the same pFLAG-CMV2 vector. Two types of fusion were prepared,

with longer linkers between hCRBPII and Rab5: PKKKRKVGSNS, and shorter,

PEFT (Figure IV-15b), respectively.

As another POI, p-actin (42 kDa) was cloned in the same fusion order and
in the same vector. The gene encoding the p-actin sequence was amplified from
the Lap2-B-actin fusion (Addgene#: 34839) previously described by Ting’s lab in

imaging engineered lipoic acid ligase as a fluorophore ligase.** The linkers

between CRBPnona and p-actin were GGSSRA (same as in Lap2-p-actin),

PKKKRKVGSNS (same as in CRBPpona-Rab5) and GAAGGSSNS (Figure IV-
15b).

The broad application of new imaging tools depends on how general the
proposed system behaves. One of the important points to consider is the
evidence of the hCRBPII-tag working at either end of the POI. Because the
pFLAG-CMV2 vector has the FLAG-tag before the multicloning cutting site,
alternative vectors should be used. We chose pCMV-Tag4, previously described
as pCMV-Tag4-hL3BMBTL2 (Addgene#: 28232) (study on malignant brain tumor
(MBT) protein that binds methylated histone residues).®® This vector has the
FLAG-tag after the multicloning cutting site useful for expression control, similar

to pFLAG-CMV2. Gene sequences for the short localization peptides can be
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introduced at the N-terminus of CRBPnhona, Wwhen generating an insert during the

PCR amplification. The mitochondrial localization peptide (mito), the same as in
the commercially available EGFP vectors
(MSVLTPLLLRGLTGSARRLPVPRAKIHSL)* was introduced with two rounds of

PCR. The clones constructed had short and flexible linkers between the peptide

CRBPnona: GSG and SGAAAGGSQ (Figure IV-15c¢).

Finally, the gene fusion constructs with amino acids 1-60 of human §-1,4-
galactosyltransferase (GalT) were prepared from GalT-ECFP plasmid (Addgene#:
11937).*° GalT transports the overall expressed chimera into the Golgi of live
cells. This protein is always placed at the N-terminus of the fluorescent reporter

to preserve its function. For the imaging experiments, the ECFP gene was

replaced with the CRBPnona sequence with PRARDPGGSG and PRARDP

linkers between GalT and hCRBPII for comparison (Figure 1V-15d).
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Figure IV-16: Spectroscopic profile and kinetic data for CRBPnona Wwith
MCRA.
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IV.6 Live-cell imaging of labeled hCRBPIl with laser scanning confocal

microscopy

Having in hand the CRBPpona protein with a 15 sec half-life for in vitro

reaction with MCRA, fast labeling was tested in the live HelLa (cervical cancer)

cells. An excitation wavelength of 594 nm was used with emission long pass filter

at 615 nm in order to match the spectroscopic profile of MCRA-CRBPnona

(Figure 1V-16). Initially, we had to decide on the incubation and wash time for the
nona mutant expressed in the cytosol. The reaction is complete within 1 min at
23 °C (Figure IV-16). Thus, addition of MCRA to the cells for 1 min should be
long enough. The previously used concentration (0.25 uM) was used, followed by
wash and imaging after 0 min, 30 min and 60 min. There was no significant
difference in background fluorescence among images acquired at the different

time points after the wash step (Figure IV-17).

For an equivalent comparison of CRBPnong with CRBPkLvE the latter

mutant was cloned into the same vector, pFLAG-CMV2, with cytosolic distribution

and nuclear localization. In contrast to the fast binding mutant, the slowly reacting

CRBPkLVF expressed in the cytosol, does not light up with the same efficiency
after 1 min incubation with MCRA. The background fluorescence intensity directly
after washing is almost the same as that of specifically labeled cells (Figure V-

18a). Additional incubation time leads to degradation of the non-specifically

trapped MCRA within 30 min (Figure IV-18b), which is not significantly different
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from the degradation observed for 60 min (Figure IV-18c). However,
fluorescence intensity for all of these images is much weaker, as compared to the
same set of pictures acquired with the fast binding nona-mutant (Figure 1V-17).

Next, we compared the labeling efficiency of these two hCRBPII mutants

localized in the nucleus using the NLS signal peptide. The fast binding CRBPnona

mutant localized in the nucleus has fluorescence as strong as the one localized
in cytosol after 1 min incubation with chromophore (Figure 1V-19a). Although, in
this case, MCRA needs to penetrate not only the cellular membrane, but also

enter the nucleus before forming the PSB with hCRBPII. In contrast, the slow

reaction between MCRA and CRBPk| vF directly reflects in its poor imaging data.

Figure IV-17: Comparison of CRBPnpona staining with MCRA in cytosol of
Hela cells after 1 min incubation and wash followed by degradation for a. O
min, b. 30 min, ¢. 60 min. Overlay with DIC image is provided below the
confocal image. Scale bar, 20 um.

248



Hardly any fluorescence was noticed in the nucleus after the cells were supplied

with MCRA for 1 min (Figure IV-19b). In fact, the HelLa cells expressing

CRBPkLvF and HelLa cells not transfected had analogous images under the

described conditions that were ideal for fast reacting hCRBPII.

To determine the minimum necessary time from chromophore addition to
imaging, we added MCRA to the cells transfected with CRBPpona-NLS plasmid
directly on the confocal imaging platform and washed the excess (Figure 1V-20).

Since the focus should be at the same spot before and after labeling, it is hard to

predict if the selected area contains expressed CRBPnhona. Therefore, the images

were first taken at random areas of the transfected cells, and luckily, in five

Figure IV-18: Staining CRBPkLyvF with MCRA in cytosol after 1 min incubation
and wash followed by degradation for 0 min (a.), 30 min (b.) and 60 min (c.).
Overlay with DIC image is provided below confocal image. Scale bar, 20 um.
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attempts, the proper images were collected. As shown in Figure IV-20 before
MCRA addition, the cells did not fluoresce under 594 nm laser light (long pass
filter 615 nm). Subsequently, MCRA (250 nM) in PBS buffer, warmed to 37 °C,
was added to the cells and washed after 10 sec with chromophore-free PBS
buffer. Immediately following this, three pictures were acquired, one minute apart
for comparison. Confocal images acquired 1 min (right after washing), 2 min and
3 min after wash did not show a significant difference in labeling efficiency or
signal-to-noise ratio (Figure 1V-20). This experiment proved that MCRA readily

penetrates the cell and nuclear membrane and binds to hCRBPII mutant within

CRBPnona-NLS CRBPKLVE-NLS no transfection

Figure IV-19: Confocal images of specified HelLa cells after labeling with
MCRA for 1 min and washed with PBS buffer. Excitation, 594 nm. Overlay with
DIC image is provided below the confocal image. Scale bar, 20 um.
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seconds. It is clear evidence that the complex of MCRA and CRBPnpona can be

visualized immediately following chromophore addition in abundant cellular

compartments, represented here by the nucleus of HelLa cells.

Next, CRBPnona localization in the plasma membrane of HelLa cells was

tested in confocal imaging. Two plasmids were constructed: CRBPnona-CAAX-(1)

and CRBPnona-CAAX-(2) (Figure IV-15). The only difference is the amino acid

sequence of the farnesylation peptide, LNPPDESGPGCMSCKCVLS and
GKKKKKKSKTKCVIM, respectively. The localization pattern was also correlated

to EGFP-CAAX (CAAX: GKKKKKKSKTKCVIM) fluorescence in HelLa cells that

does not require exogenously added chromophore. In contrast to CRBPnona-NLS,

both CRBPona-CAAX fusion proteins required an additional 2 h degradation of

Figure IV-20: Confocal images of CRBPnhona-NLS expressed in HelLa cells
directly on inverted objective before and after addition of MCRA for 10 sec as
shown on bottom photo. Overlay with DIC image is provided below confocal
image. Scale bar, 20 um.
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the excess chromophore in order to distinguish between specific and non-specific
fluorescence. The construct CRBPpona-CAAX-(2) had more membrane-like
distribution and it correlated better to the EGFP-CAAX pattern in HelLa cells than
the CRBPnhona-CAAX-(1) (Figure 1V-21). Experiments completed 48 h and 24 h

after transfection showed that the fusion is localized in the membrane better after

24 h.

Ultimately, we showed the usefulness of hCRBPII-tag technology in
tracking a protein of interest. As described in the previous section, CRBPnona
was fused with Rab5 and p-actin. The localization of red fluorescence from
CRBPnhona-Rab5 was identical to mRFP-Rab5 (Figure 1V-22). Additionally, the

pattern was similar to the previously published data for mRFP-Rab5 in HelLa cells.
Since Rab5 regulates the attachment of the early endosomes to the microtubules,
the images had some tubulin-like fluorescent pattern that was also consistent
with images of mRFP-Rab5, as a positive control. The latter fusion does not rely
on external chromophore addition to fluoresce under 594 nm excitation laser, and

hence, it is a positive control for solely protein distribution in the cell.

On the down side, multiple attempts to image the CRBPpona-p-actin

protein fusion, after MCRA addition was unsuccessful, regardless of the linker

size or the chromophore incubation time. Also Mito-CRBPnona and GalT-

CRBPnona with fusion at the N-terminus of hCRBPII appeared exactly like

252



CRBPnona-CAAX-(1) CRBPnona-CAAX-(2) EGFP-CAAX-(2)

Figure IV-21: Confocal images of CRBPnona and EGFP localized in the
plasma membrane of HelLa cells with two types of farnesylation peptides. Blue
line separates the data from two experiments (48 h and 24 h). Overlay with
DIC image is provided below the confocal image. Scale bar, 20 um.
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untransfected HelLa cells after incubation with MCRA (Figure 1V-24). This data
can suggest two possibilities: 1) the protein fusion is not expressed properly, or 2)
the localized protein fusion has a difficult time binding MCRA in the targeted
compartment. To understand the origin of the labeling problem we designed
another control experiment, where the FLAG-tag of this fusion was stained with

the fluorescent antibody that binds the FLAG sequence, anti-FLAG-

AlexaFluor488. None of the CRBPpona-p-actin (FLAG in N-terminus) and Mito-

CRBPnona (FLAG in C-terminus) constructs showed positive staining with the

antibody. In contrast, CRBPona-NLS (FLAG in N-terminus) fusion that always

works in labeling reaction showed no issues in giving fluorescence from the

mRFP-Rab5 CRBPnhona-Rab5

Figure IV-22: Confocal images of mRFP and CRBPpona localized in the
endosomes of Hela cells using Rab5. Overlay with DIC image is provided
below the confocal image. Scale bar, 20 um.
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nucleus, after staining with the same antibody, under identical conditions (Figure

IV-23). This data suggested that the problem is with the expression of
CRBPnona-p-actin and Mito-CRBPnona in HelLa cells, rather than the labeling
reaction or chromophore delivery.

GalT constructs had no FLAG-tag sequence to perform this control
experiment. Therefore, localization and labeling of CRBPpona in the Golgi

remained inconclusive. The difficulty in distinguishing specific Golgi labeling and
non-specific MCRA distribution is that the expected fluorescence of the Golgi
looks similar to the non-specific binding of the chromophore (one set of the

representative images is in Figure 1V-24). This experiment proves that

Figure IV-23: Confocal images of fixed HelLa cells after expression of
CRBPnona-NLS and staining with anti-FLAG-AlexaFluor488. Scale bar, 20 um.
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alternative chromophores other than MCRA with significantly lower background

fluorescence are necessary for a more reliable imaging with hCRBPII-tag.

However, control data on labeling and colocalization of GalT-CRBPnona-EGFP

and GalT-EGFP-CRBPnona proteins are still necessary to confirm successful

expression of the full-length fusion in order to understand if expression or

reaction is a problem.

All the images described up to this point were collected using HelLa cells,
because it is the most widely used cell line in imaging, and many images for

fluorescence comparison and trouble shooting are available. Besides Hela cells

we briefly tested expression and labeling efficiency of CRBPpona-NLS and

CRBPnhona-CAAX in osteosarcoma cells (U20S), monkey kidney fibroblast-like

no transfection MitO'CRBPnona GalT'CRBPnona GalT-ECFP

Figure IV-24: Confocal images of HelLa cells with highlighted constructs.
Imaging of ECFP: excitation 594 nm, emission band pass filter 475-525 nm.
Overlay with DIC image is provided below confocal image. Scale bar, 20 um.
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cells (COS-7) and kidney embryonic cells (HEK293). Both U20S and COS-7
cells readily uptake MCRA under the same conditions as HelLa (1 min incubation,
PBS wash and immediate imaging), providing nuclear localization with red
fluorescence. Unfortunately, red fluorescence was observed in other intracellular
areas (Figure 1V-25). Interestingly, HEK293 cells had less background
fluorescence than Hela cells and a better localization pattern, under the same

conditions for both constructs (Figure 1V-25).

However, HEK293 cells tend to detach from the plate and an additional
coating with fibronectin was essential to keep the cells on the imaging slide.

Fibronectin is a glycoprotein that binds the extracellular components like collagen

CRBPnona-NLS CRBPnona-CAAX

Figure IV-25: Confocal images of CRBPnona localized in indicated cell lines
after 1 min MCRA addition, wash and direct imaging. Scale bar, 20 um.
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and fibrin, therefore, facilitating better eukaryotic cell attachment. Even when the
slide is coated with fibronectin, extra care should be taken during wash steps
after adding transfection reagents and chromophore. It is also important to note
that sometimes the red fluorescence comes from the coated plate with fibronectin
where no cells are attached. It is likely that, the surface lysine residues of
fibronectin are capable of binding MCRA that leads to fluorescence. If a better
method is found to attach the HEK293 cells, it will be preferable to use HEK293

cells in imaging experiments.

IV.7 Control experiments of hCRBPII labeling system

If one expects to introduce hCRBPII mutant as a fluorescent protein tag, a
few standard control experiments should be performed. Non-specific red
fluorescence observed after MCRA addition to non-transfected cells originates
from PSB formation of the fluorogenic MCRA with available amines. MCRA-PSB

is the only fluorescent species observed with an excitation wavelength at 594 nm,

because MCRA-SB and free MCRA absorb more than 100 nm away (Amax = 425

nm and Amax = 492 nm, respectively). Besides MCRA, natural porphyrins can

absorb in the same wavelength regime. However, the red fluorescence from

untreated cells is not nearly as bright.

Because of the non-specific reactivity in some intracellular compartments,
one needs to identify the origin of this red fluorescence. Traditionally, this is done

through colocalization experiments with fluorescent compounds designed to go to
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specific organelles. These compounds are known as trackers and sensor dyes.
Many of them are commercially available (see Chapter | for description). They
work based on the change in the protonation state, dictated by the pH difference
in the cytosol and the specific organelle. This pH change triggers different events
in two types of dyes: the trackers change membrane permeability, and the
sensors change their spectroscopic properties. Localization of these dyes is
temporary in live cells. Thus, delayed imaging may give inaccurate results. When
choosing a dye for a colocalization experiment, one should avoid spectral overlap

of the tracker or sensor and the chromophore under investigation.

LysoTracker Green and MitoTracker Green were chosen for colocalization
with MCRA in non-transfected HelLa cells. To define the nucleus of the stained
cells, Hoechst 33342 was also added. Colocalization between LysoTracker and
MCRA-PSB was greater as compared to MitoTracker and MCRA-PSB (Figure
IV-26); Pearson’s coefficients were 0.64 and 0.45, respectively. This suggested
that MCRA-PSB is generated in lysosomes, which is consistent with iminium
formation in acidic media. Moreover, lysosomal localization of MCRA-PSB is
consistent with the mode of function for lysotracker. Neutral MCRA easily
penetrates the lysosomal membrane, but does not dissociate out after amine

and/or iminium protonation.

Cytotoxicity studies of any new labeling reagent are also important, since
the externally added compounds might lead to cell death and false results.

Moreover, MCRA is an aldehyde, a functional group that is often used in protein
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MitoTracker LysoTracker

405+488+594 nm 488+594 nm 594 nm 488 nm

scatter plot

Figure IV-26: Confocal images and colocalization scatter plots of HelLa cells
coincubated with MCRA and MitoTracker Green or LysoTracker Green. See
Materials and methods for details. Scale bar, 20 um.
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crosslinking and cell preservation. We did not observe any adverse effects at the
MCRA concentration used for imaging studies described above. Nevertheless,
the cell viability assay of MCRA was conducted to demonstrate the broad

applicability of the designed system.

To address this point, we used the MTT assay, a colorimetric test for cell
viability. Briefly, healthy cells contain NAD(P)H oxidoreductases that effectively
reduce the tetrazolium MTT dye to formazan. It triggers the progression of purple
color that can be quantified with UV-vis. The more alive cells that are present in
solution, the higher absorbance intensity of the purple dye is observed. The
measurements acquired at various concentrations of a test compound, with

constant amount of MTT, are normalized to a negative control with MTT dye.

The MTT assay revealed that over 94% of the Hela cells survived a
MCRA concentration range of 0.1-1 uM (Figure IV-27). Increasing the

chromophore concentration caused an increased cell death, with only 7% of the

working range
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Figure IV-27: Viability of HelLa cells >94% at the working concentration range
of MCRA from MTT assay.
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cells remaining alive at MCRA concentration of 50 uM. MCRA concentrations

kept below 1 uM are advisable to retain highest cell viability.

To obtain the optimal molarity for visualization, three concentrations of

MCRA were tested in HelLa cells for CRBPnong labeling (Figure 1V-28). The laser

power and gain/amplifier offset were set to the same parameters so an unlabeled
comparison could be made. The lowest concentration, 125 nM, gave significantly
lower background fluorescence. However, the visual intensity of the labeled
protein was slightly lower than in the two other experiments. The background
fluorescence was much higher after reaction with 500 nM, as MCRA compared to

250 nM. Therefore, 250 nM concentration of MCRA gives the best signal-to-noise

125 nM 250 nM 500 nM

Figure IV-28: Confocal images of CRBPnhona expressed in cytosol of HelLa
cells incubated at indicated MCRA concentration for 1 min. Overlay with DIC
image is provided below the confocal image. Scale bar, 20 um.
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ratio after one minute of reaction (Figure 1V-28).

Prolonged imaging of cells might interfere with interpretation of results,
especially when cells are imaged at room temperature, while their ideal growth
temperature is 37 °C. If no protein trafficking is required and one can capture the

specific process for later visualization, the imaging of fixed cells can be

Pseudocolored green signal
corresponds to the fluorescent anti-
FLAG labeling. Arrow indicates the cell

with successfully labeled CRBPpona-
NLS (nucleus, fixed HeLa cells)

Pseudocolored red signal corresponds
to the MCRA labeling. Arrow indicates
the spot where MCRA would become
the most fluorescent in case of
successful labeling reaction.

Overlay of two top images and DIC.

Figure 1V-29: Confocal images of fixed HelLa cells transfected with

CRBPnona-NLS and incubated with anti-FLAG (green) and MCRA (red). Scale
bar, 20 um.
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considered. Fixation is the process of mechanical preservation of the cells. Fixed
cells look the same as live ones. But all biochemical transformations are
terminated. There are many protocols for cell fixation. For example,
formaldehyde fixation is often recommended to preserve the tissue that contains
fluorescent proteins. On the other hand, if lysine reactivity needs to be preserved
for the next experiment one would avoid formaldehyde fixation because it

crosslinks most intracellular amines.

After trying various protocols, the methanol fixation was found to be the

most effective. In two individual experiments, MCRA was incubated with HelLa

cells expressing CRBPnhona-NLS for 1 min, before and after fixation. In both

cases, the cells were also costained with the fluorescent FLAG-recognizing
antibody for control of the protein expression and localization. If cells were
labeled after MCRA addition, all red fluorescence corresponding to MCRA-PSB
disappeared (data not shown). However, when cells were incubated with MCRA
after fixation, excessive amount of background was observed that showed no

colocolization with green fluorescence from anti-FLAG (Figure 1V-29).

It is possible that the MCRA, soluble in methanol, was simply washed out
in the first case. If this is true, an optimized formaldehyde fixation may work better
for the fixed-cell imaging of protein with MCRA. In the second experiment,
membrane permeability might be perturbed with methanol and, consequently, the
chromophore may penetrate directly through the pores in the membrane, instead

of endocytosis. The latter suggestion is even more convincing as evident by the
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non-specific red fluorescence being distributed all over the cells, while before it

had a specific dot-like pattern.

To reach through the nucleus and other

organelles, MCRA has to penetrate multiple membranes. This was not occurring

in live cells. Although the experiment was unsuccessful for the fixed-cell specific

CRBPpona-MCRA mRFP CRBPona-MCRA
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Figure IV-30: Photobleaching experiments of CRBPpona bound with MCRA
and mRFP in comparison. Data sets collected for CRBPpona-NLS and mRFP-
NLS in HeLa and CRBPpona and mRFP in E. coli. See Main text and Materials

and methods for details.



labeling, it suggested some insight to the mechanism of chromophore penetration

in the live-cell experiments.

Finally, one should always check the photostability of the newly developed
fluorescent probe, relative to a known standard. The photobleaching data for
CRBPnhona Was acquired in two separate experiments, using HelLa and E. coli
expression platform. The bleaching time was compared to mRFP that absorbs in
a similar wavelength regime. For experiments in eukaryotic cells, both proteins

were targeted to the nucleus to provide a more consistent area for

photobleaching. Continuous irradiation at maximum laser power (594 nm, 2.0

mW) for 150 seconds photo-bleached CRBPpona-MCRA with emission

decreasing to 20% from the original one (Figure 1V-30). At identical conditions

mRFP sustained more than 95% of its original fluorescence. Experiments in E.

coli showed faster decay for CRBPnona-MCRA fluorescence than for mRFP.

However, fluorescence of CRBPnona-MCRA decayed only to 50% as opposed to
80% of mRFP (Figure 1V-30).

IV.8 Photobleaching and unique recovery of hCRBPII fluorescence

The general advantages of any labeling reaction with a fluorophore in
comparison to the GFP family of proteins would be valid for h(CRBPII-tag. These
claims usually include oxygen-free expression, small protein size, possibility for

multiple color variants with one protein and no protein toxicity if overexpressed in
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the live cells. Compared to other methods, our labeling reagent is much smaller

in size and can easily penetrate inside the cell without additives.

before bleaching after bleaching fluorescence recovery

before bleaching after bleaching fluorescence recovery

Figure IV-31: Photobleaching and fluorescence recovery experiments with

second aliquot of MCRA added to HelLa cells expressing CRBPnona-NLS. Two
experiments utilized different magnification. After 1 min of recovery the DIC
image was not acquired in order to get an image after 2 min (one image
recording takes 1 min using the same confocal settings). Scale bars, 20 um.
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Searching for one unique application of the designed labeling system, we

focused on the most distinctive advantages of hCRBPII-tag relative to the other

labeling methods. The rapid binding of MCRA to CRBPphong might find many

applications. As an example, if fluorescence should be switched on at a specific
time point, this system shows potential. One might also find a positive outcome in
reversibility of iminium formation. For example, if two ligands of significantly
different affinities are capable of binding to hCRBPIlI mutant, a ligand exchange
might be possible. If photobleaching of MCRA proceeds with the same

mechanism as the cyanine dyes, singlet oxygen would oxidize MCRA. The

Successfully labeled cell

Cell nucleus after
photobleaching

Confocal images of the
same photobleached cell
without new MCRA addition
after 1 min and 5 min.

Figure IV-32: Confocal images before and after photobleaching followed by
no fluorescence recovery without new addition of MCRA (HeLa cells).
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photobleached product is more hydrophilic,*’ and thus the likelihood of it staying
in the hydrophobic hCRBPII cavity would be unlikely. Therefore, MCRA might

outcompete the PSB of the photo-product.

We combined both of the described advantages and utilized them to make
a probe with unique fluorescence recovery. All fluorophores tend to undergo
photobleaching, although with different rates. In the case of fluorescent protein
tags, this photobleaching event would be irreversible regardless of the
fluorophore source. Most of the fluorescent proteins from the GFP family cannot
be recovered. There are only a few exceptions of photoswitchable probes that
can switch on and off under light irradiation of a precise wavelength. Protein
systems, such as TMP-tag, SNAP-tag, Halo-tag, which operate based on the
site-specific labeling, always employ an irreversible reaction. Therefore, if the
fluorophore is bleached, the new round of protein expression and labeling would

be required.

The cyanine dyes are not among the fluorophores that show outstanding
photostability. They often suffer from singlet oxygen degradation, induced by the
strong light irradiation. Cyanine dye formation inside the protein is novel, but the
data suggest a relatively low photostability of the probe. It is likely that after
photobleching the degraded product dissociates out of the protein binding pocket,
because of the low affinity to the protein. Therefore, a new equivalent of MCRA

can bind to the same protein again and recover the red fluorescence.
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This experiment was conducted in HelLa cells with CRBPnpona-NLS fusion

(Figure 1IV-31). The cells were labeled and visualized the same as before (first
column). Subsequently, the nucleus of selected cells was photobleached to the
dark state and imaged again (second column). Irradiation time depends on
selected area and initial signal intensity, and thus duration of photobleaching is
not the same for all experiments. Following photobleaching, the cells were
supplied with 250 nM of MCRA, in warm PBS, for 10 sec and then washed with
warm chromophore-free PBS once. Imaging data after 1 min and 2 min from
recovery appeared the same. Control experiment without new MCRA addition
after photobleaching did not show fluorescence recovery even after 5 min

(Figure 1V-32).

After successful fluorescence recovery, we hypothesized that it might be
possible to cycle this process multiple times. Three rounds of photobleaching and
recovery are summarized in Figure 1V-33. This worked as expected, with most of
the signal recovered. Unfortunately, multiple additions of the fluorophore led to an
increase in background fluorescence. Moreover, the cells started shrinking,
suggesting that the increased stress was detrimental to cell viability (Figure IV-

33, round 3).
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Figure IV-33: Confocal images of three rounds of photobleaching and
fluorescence recovery by addition of 0.25 uM MCRA to HelLa cells expressing

CRBPnhona-NLS. One “round” includes photobleaching and 1 min recovery. For
details see Main text and Materials and methods. Scale bar, 10 um.
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IV.9 Conclusion and significance

In summary, a full set of optimized experiments of a protein tag with red
fluorescence based on hCRBPII labeling with MCRA has been presented. This
method requires less than a minute to complete the labeling reaction and ‘lights
up’ immediately after MCRA addition. This is the fastest protein labeling method
reported to date. It potentially can be used for tracking proteins with a short life-
time or for the imaging of fast protein expression induced by an exogenous factor.
In control experiments we optimized the chromophore addition and concentration
to achieve the lowest background fluorescence. We compared the non-specific
fluorescence with the known localization dyes to understand the origin of the
background signal, showing that most of the non-specific fluorescence is due to
accumulation of the fluorophore in the lysosome. Toxicity of MCRA is negligible
at working concentrations. Although MCRA bound hCRBPII tags photobleach
faster than mRFP under extreme conditions, they are photostable to normal
imaging conditions. However, the photobleached pigment was capable of binding
another molecule of MCRA, which restored fluorescence, thus providing a unique
property not shared with other fluorescent tags. This probe can be recovered and
imaged immediately multiple times, and might find utility in imaging systems that

would benefit from defining a fluorescent ‘pulse’.
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IV.10 Materials and methods:

The hCRBPII mutants were obtained from previously cloned plasmids in
pET17b. CRABPII and hCRBPII mutants were obtained according to the same
protocol described in Chapter II. Primers for hCRBPII mutagenesis were:

L117E
5-CAAGCTGTACGAGGAGCTGACC-3!'
5-GGTCAGCTCCTCGTACAGCTTG-3'
L117D
5-CAAGCTGTACGACGAGCTGACC-3'
5-GGTCAGCTCGTCGTACAGCTTG-3'
R58Y
5-CTAGCACATTCTACAACTATGATGTG-3'
5-CACATCATAGTTGTAGAATGTGCTAG-3'
T51V:T53V

5’-CAAGGTAAAAGTCACTAGCACATTC-3

5-GAATGTGCTAGTGACTTTTACCTTG-3

Preparation of other plasmids. All restriction sites for cloning were chosen
with sticky ends (Hindlll, BamHI, EcoRI, Xhol, Notl). For all PCR amplifications
described herein Phusion High-Fidelity DNA polymerase was used according to

the protocol:
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Total Reaction Volume 50 uL

Template (DNA plasmid) 100 ng (x ul)

Primer forward 50 pmol (y ul)
Primer reverse 50 pmol (z ul)
dNTP 1L
5x pfu buffer 10 yL
Phusion (DNApolymerase) 0.5uL
DI water 50-x-y-z-7 pL

PCR program

1x 98 °C 30 sec

98 °C 10 sec

35x 52 °C 20 sec
72 °C 15 sec per kb

1x 72°C 10 min

1x 4°C 10 min

The DNA fragment of hCRBPII mutants, p-actin or Rab5 were amplified by
PCR with appropriate primers. NLS and CAAX sequences required two rounds of
PCR amplification with annealing complimentary oligos. For example, the method
of annealing the complementary oligos was used for cloning hCRBPII-NLS into
pFLAG-CMV2 vector. The primers in the first PCR were:

hCRBPII_Hindlll _for
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5-GCAAGCTTACGAGGGACTTCAATGGAACC-3

NLS1_hCRBPII_rev
5-CTTCTTGGGGTCCACCTTCCTCTTCTTCTTGGGGTCAGCCCTGCTCTT
CTTTTTGAACAC-3

Amplified and purified fragment was used in the second PCR as a template with
primers:

hCRBPII_Hindlll_for

5-GCAAGCTTACGAGGGACTTCAATGGAACC-3

EcoRI_NLS2 _rev
5-GAATTCACACCTTCCTCTTCTTCTTGGGGTCCACCTTCCTCTTCTTCTTG
GGGTCCAC-3

where the underlined sequence represents restriction sites, grey sequence is
complimentary to hCRBPII gene and blue sequence is complimentary between
two primers.

The final fragment was purified by Wizard® SV Gel and PCR Clean-Up
System (Promega) from 1% agarose gel in amount of 20-50 ng/uL. The fragment
was digested with proper enzymes and ligated to a similarly prepared plasmid
(50 ng/uL). Ligation between insert fragment and plasmid was performed with 30
ng of plasmid and 90 ng of insert using using T4 DNA Ligase (New England
BioLabs). Ligated product was transformed into E. coli XL-1 blue competent cells
and grown on LB-agar plates supplemented with antibiotics at 37 °C for 18 hours.

Colonies (4-8) were inoculated in LB medium (15 mL) and incubated at 37 °C
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while shaking, for 10 hours. DNA purification was performed using Promega
Wizard® Plus SV Miniprep DNA purification kit following the suggested protocol.
The DNA sequence was verified with the corresponding sequencing primers (for
example, plasmids in pFLAG-CMV2 with seq_pFlag-CMV2 primer, 30 pmol) by
the MSU gene sequencing facility.

Cloning primers:
CRABPII_Xhol _for
5’-CCCTCGAGGCCAAACTTCTCTGGCAACTGGAAAATC-3
CRABPII_Hindlll_rev_RB
5-GGAAGCTTCCCTCTCGGACGAAGACAAGGGTGCACAC-3
CRABPII_Hindlll_rev_noRB
5-GGAAGCTTCACTCTCGGACGAAGACAAGGGTGCACAC-3
hCRBPII_Hindlll _for
5-GCAAGCTTACGAGGGACTTCAATGGAACC-3’
hCRBPII_EcoRI _rev_Stop
5-CCGAATTCTCACTTCTTTTTGAACAC-3

hCRBPII_EcoRI _rev(1NLS) (no localization)

5-CCGAATTCTAGCCTACTTTTCTTTTTTTTTTGGGCTTCTTTTTGAACACTT
GACGGC-3

NLS1_hCRBPIl_rev
5-CTTCTTGGGGTCCACCTTCCTCTTCTTCTTGGGGTCAGCCCTGCTCTT

CTTTTTGAACAC-3
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EcoRI_NLS2 _rev
5-GAATTCACACCTTCCTCTTCTTCTTGGGGTCCACCTTCCTCTTCTTCTTG
GGGTCCAC-3

CAAX1_hCRBPII_rev(1)
5-CACTCTCATCAGGAGGGTTCAGCTTCTTCTTTTTGAACAC-3
EcoRI_CAAX2_rev(1)
5’-GAATTCACAGGAGAGCACACACTTGCAGCTCATGCAGCCGGGGCCAC
TCTCATCAG-3’

CAAX1_hCRBPII_rev(2)

5-CTTTTTACCCTTCTTTTTGAACACTTGACGG-3

EcoRI_CAAX2_rev(2)

5-CCGAATTCTACATAATTACACACTTTGTCTTTGACTTCTTTTTCTTCTTTT
TACCCTT-3

hCRBPII_EcoRlI _rev_noStop

5-CCGAATTCCGACTTCTTTTTGAACAC-3
CRBP_PKKKRKVGSNS_Rab5(for) (for PCR to align the fusion after cloning
hCRBPII-1NLS-stop-Rab5)
5’-CAAAAAGAAGGCCAAAACAAAAACAAAAGGAGGCGGAATTCCGATGGC-3

CRBP_PKKKRKVGSNS_Rab5(rev)

5-GCCATCGGAATTCCGCCTCCTTTTGTTTTTGTTTTGGCCTTCTTTTTG-3’
hCRBPII_EcoRI _rev_GAAGGSS

5’-CGGAATTCGAGCTGCCTCCTGCAGCTCCCTTCTTTTTGAAC-3
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Rab5(for)EcoRI (amplified from the sequence aligned up to EcoRl)
5-CGGAATTCCGATGGCTAG-3’

Rab5(rev)BamHI

5-CGGGATCCTCAGTTACTACAACACTG-3

B-actin(for)EcoRlI

5-CCGAATTCCATGGATGATGATATC-3

p-actin(rev)BamHI

5-CCGGATCCCTAGAAGCATTTGC-3

Mito1_CRBP(for)
5-CGGCGGCTCCCAGTGCCGCGCGCCAAGATCCATTCGTTGATGACGAGGG
AC-3’

Mito1GGS_CRBP(for)
5-CGGCGGCTCCCAGTGCCGCGCGCCAAGATCCATTCGTTGGGTTCCGGT
ATGACGAGGGAC-3’

BamHI_Mito2(for)
5-GGATCCATGTCCGTCCTGACGCCGCTGCTGCTGCGGGGCTTGACAGGCT
CGGCCCGGCGG-3
Mito1_SGAAAGGSQ_CRBP(for) (amplified from SGAAAGGSQ_CRBP)
5-CAGGCTCGGCCCGGCGGCTCCCAGTGCCGCGCGCCAAGATCCATTCGT
TGTCCGGAGCCG-3’

BamHI_kozakMito2(for)

5’-GGATCCCTCGCCACCATGTCCGTCCTGACGCCGCTGCTGCTGCGGGGCT
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TGACAGGCTCG-3’
hCRBPII_Xhol_rev_noStop

5-GCTCGAGCTTCTTTTTGAACAC-3

BamHI_CRBP_GalT(for)
5-CGGGATCCAATGACGAGGGACTTCAATGG-3
BamHI_CRBP_GGSG_GalT(for)
5-CGGGATCCAGGGGGTTCCGGTATGACGAGGGACTTC-3
Notl_CRBP_GalT(rev)
5-CCGCGGCCGCTCACTTCTTTTTGAACACTTGAC-8
mRFP(for)Hindlll
5-GACGACAAGCTTATGGCCTCCTCC-3’
NLS1-mRFP(rev) (for second round of PCR EcoRI_NLS2 _rev was used)
5-CTTCTTGGGGTCCACCTTCCTCTTCTTCTTGGGGTCAGCCCTGCTGGCGC
CGGTGGAGTG-3’

Sequencing primers:
PEGFP_seq(for) (sequencing of any plasmid with EGFP/ECFP/EYFP region)
5-GAGTTCGTGACCGCCGCCGGGATC-3’
seq_pFlag-CMV2 (sequencing of any plasmid in pFLAG-CMV2)

5-GGGAGGTCTATATAAGCAGAGCTCG-3’

CMVend_seq (sequencing of any plasmid with CMV promoter region)

5-GGTCTATATAAGCAGAGCTGGTTTAG-3
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seq_Tag4(for) (sequencing of any plasmid in pCMV-Tag4)
5’-CCCTCACTAAAGGGAACAAAAGCTG-3’

Kinetic measurements were acquired using UV-vis absorbance at 600 nm
for MCRA-PSB or at 355 nm for Rt-SB. All experiments were carried at 23 °C
unless otherwise noted (temperature controller). The protein and chromophore
concentrations were consistent among all experiments. In general, protein (20
uM in PBS buffer, 20 mM pH 7.3 or in citric acid buffer, 100 mM pH 5.0, as per
description in text) and MCRA (10 uM in ethanol) were mixed and the spectrum
was recorded immediately (1 point per 0.5 sec). Collected data points were
processed as a scatter plot in KaleidaGraph 4.1.3 and fitted to the first-order
reaction kinetics. The data points were fitted to equation:

A=Ax(1—e )+,

where Ay is the final absorbance value after the complex formation is complete; A
is absorbance value at each recorded time-point; k is the rate constant; tis each
time point when Ay is acquired; and c is a free constant that accounts for the time
delay from MCRA addition to the first data point. Since the molar absorptivity and
the length of the cuvette are constant throughout the measurement, the
concentration is proportional to absorption according to the Beer-Lambert law.
Therefore, absorbance is directly used in the equation.

Quantum yield measurements. The quantum yields were determined by
comparing the proportional gradients of the unknown sample and known

standard using the following equation:
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where “grad” is equal to the slope of a plot relating the integrated emission (y
axis) to the absorbance (x axis) using a minimum of three different
concentrations per sample; and n is the refractive index of the solvent used for

the fluorescence readings.

In all experiments three or four concentrations of sample were prepared by
dilution of the most concentrated one (1 mL for UV-vis and 3 mL for
fluorescence). The absorption of the most concentrated sample should not
exceed 0.1 at 565 nm. Fluorescence and absorbance spectra were acquired in
parallel. All emission spectra were excited at 565 nm and collected from 575 nm
to 800 nm. An integrated emission curve was plotted against absorption value at
565 nm. The data points were fitted to a linear equation and the slope was used
in equation described above. Dyes Oxazine-170 and Oxazine-1 dissolved in
ethanol were used as fluorescent standards. PBS buffer (20 mM, pH = 7.3) was
used for dilution of protein samples. The temperature was maintained 23 °C
throughout the experiments.

Mammalian cell culture. All cells (HeLa, U20S, HEK293, COS-7) were
cultured in Dulbecco’s modified Eagle medium (DMEM, Sigma-Aldrich)
supplemented with 10% fetal bovine serum (FBS, BioWest) and 1x Penicillin-

Streptomycin-Glutamine (PSG, GIBCO). The tissue cultures were maintained at

37 °C under 5% CO2, 10% O2 and 70% H20O atmosphere. For imaging the cells
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were plated on the sterile 8-well ibiTreat u-Slide (ibidi) in serum-free and
antibiotic-free colorless 1640-RPMI medium. The slide can be reused multiple
times without coating by thorough wash with bleach, water and ethanol followed
by UV-light sterilization.

Transfection protocol and labeling reaction. The cells were washed with

warm PBS buffer and transfected with expression plasmids (300-500 ng per 1.0

cm2 well) using NanodJuice Transfection Kit and serum-free/antibiotic-free DMEM

(optimized reaction conditions: NanodJuice Core Transfection Reagent 0.1 ul,
NanodJuice Transfection Booster 0.2 uL, DMEM 10 ul, plasmid 1 ug). After
transfection (24-48 h) the cells were incubated with 250 nM MCRA in warm
serum-free/antibiotic-free DMEM or Dulbecco’s PBS (Sigma-Aldrich) for 1 min.
The media was removed and the cells were washed twice with warm PBS and
supplied with colorless 1640-RPMI medium. Each experiment had its own
degradation time if necessary, specified in figures.

Confocal imaging. Cell microscopy was performed using inverted laser
scanning confocal microscope (LSM510Meta, Carl Zeiss, Jena, Germany)
equipped with diode, argon and HeNe lasers. Either 40x or 63x oil-immersed
objective was used. MCRA-PSB/mRFP (594 nm excitation, 594 nm primary
dichroic, 545 nm secondary  dichroic, >615 nm emission),
EGFP/LysoTracker/MitoTracker (488 nm excitation, 488 nm primary dichroic, 490
nm secondary dichroic, 505-530 nm emission), ECFP (458 nm excitation, 458 nm

primary dichroic, 545 nm secondary dichroic, 475-525 nm emission), Hoechst
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33342 (405 nm excitation, 405 nm primary dichroic, 545 nm secondary dichroic,
>475 nm emission) and DIC images were collected and analyzed using Axiovert
200M software. Kalman averaging 8 was applied in all confocal images.
Fluorescence in each experiment was normalized to the same intensity adjusting

the gain and amplifier offset. All the images have pseudocolor.

Photobleaching. For photobleaching experiments HeNe laser power was

set to 100% (2.0 mW). The same area was chosen for mRFP and CRBPngna

irradiation in both eukaryotic (HeLa) and prokaryotic (BL21(DE3)pLysS) cells.
Collected datasets were normalized to 100% by emission intensity, and decay
scatter plots were generated in KaleidaGraph. In photobleaching and
fluorescence recovery experiments the slide was fixed to the confocal stage by
scotch tape to avoid movement during wash.

Colocalization experiments of MCRA-PSB with LysoTracker Green and
MitoTracker Green. The mounted HelLa cells were supplied with the following
mixtures: for lysosomal comparison 200 uL DMEM, LysoTracker Green 50 nM,
Hoechst 33342 1 ug/mL and MCRA 250 nM, for mitochondrial comparison 200
uL DMEM, MitoTracker Green 50 nM, Hoechst 33342 1 ug/mL and MCRA 250
nM. The mixtures were incubated for 5 min at 37 °C. The colorless medium was
changed once and the cells were subjected for imaging immediately.

Methanol fixation. HeLa cells were plated on sterile 6-well plate with glass
slides placed at the bottom (single use only). Transfection with selected plasmids

was done 48 h prior to experiment. Methanol (12 mL) was cooled to -20 °C in a

283



freezer for 1 h. The cells were treated with methanol (2 mL per well or as needed
to cover the glass slide) at -20 °C freezer for 20 min. After that the cells were
washed three times with PBS buffer (sterile Dulbecco’s PBS, Sigma-Aldrich) and
rehydrated with ice-cold Dulbecco’s PBS buffer supplied with 10% glycerol (20
min at 4 °C, 2 mL per well). Fixed and rehydrated cells can be treated as needed
(for Immunofluorescence see protocol below; for fixed cell imaging of labeled
hCRBPII the cells were supplied with 125 nM MCRA in ice cold PBS for 1 min in
amount 2 mL per well and washed three times with chromophore-free PBS). The
fixed cells can be stored as long as needed at 4 °C (the longest time tried for this
study was 2 weeks) only if the glass slide is under PBS buffer.
Immunofluorescence. HelLa cells were plated on 6-well plate with glass
slides placed at the bottom. Transfection with selected plasmids containing
FLAG-tag was done 48 h prior to experiment (for details see Transfection
protocol). The cells were fixed with methanol at -20 °C for 20 min (for details see
Methanol fixation). Fixed and rehydrated cells were permeabilized with Tween-20
(0.2% by volume in Dulbecco’s PBS, 2 mL per well) for 2 h at 4 °C. Detergent
was removed by thorough wash with Dulbecco’s PBS (as needed to eliminate
soapy character, usually three time) and the cells were incubated with blocking
solution overnight at 4 °C (dry milk dissolved in Dulbecco’s PBS, 10% by weight).
Blocking reagent was removed and the cells were washed with ice-cold PBS.
After that the cells were treated with FLAG antibody conjugated with Alexa Fluor

488 for 1.5 h at 4 °C. For each FLAG-tag staining experiment three
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concentrations of antibody were tested in three separate wells because binding
efficiency strongly depends on protein expression levels (dilutions 1:400, 1:200
and 1:100 antibody to PBS, 0.5 mL each). The cells were washed and kept in
PBS at 4 °C, protected from light, until imaging.

Cytotoxicity of labeling reaction. HeLa cells were analyzed in 96-well
plates using MTT*? assay with Adriamycin as a positive control and ethanol as a
negative control. Ethanol was also a solvent for Adriamycin and MCRA. Six
concentrations of MCRA ranging between 50 uM and 50 nM were added to the
cells in serum-free/antibiotic-free DMEM for 24 h at 37 °C. Absorbance at 550 nm
was recorded using BioRad plate reader. The average of four data sets for each

concentration was calculated.

Binding control of isolated EGFP-CRBPpona with MCRA. When working

with the protein fusion it is important to remember that the rate of the reaction

inside the protein can be sufficiently influenced by the designed construct.

Therefore, we did a test experiment with isolated EGFP-CRBPpong from bacterial

expression. EGFP-CRBPnhona was cloned into pET22b vector for bacterial

expression and His-Tag at C-terminus. Insert fragment was amplified in two
rounds of PCR: 1) EGFP was amplified with forward

GGCATATGACGAGGGACCAG and reverse CCGGACTTGTACAGC primers,

CRBPnona was amplified with forward

GCTGTACAAGTCCGGAGCCGCTGCAGGAGGCAGCCAAATGACGAGGTTC
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and reverse GCTCGAGCTTCTTTTTGAACAC primers; 2) purified products from
(1) were combined and amplified with the same EGFP forward primer and CRBP
reverse primer to generate the fused insert. The final amplification was ligated
between Ndel and Xhol cutting sites of pET22b vector. The protein was
expressed in BL21 cells at 23 °C for 12 h and purified on Ni-column. The final
fusion of EGFP and hCRBPIlI mutant was incubated with 0.5 equiv of MCRA.
Although the isolated hCRBPIl nona-mutant binds within 1 min at room
temperature, it takes 10 min for the fusion of the same mutant with EGFP to form

PSB with MCRA.

0.3- ——EGFP-CRBPnona
——EGFP-CRBPnona+mero 0 min
——EGFP-CRBPnona+mero 2 min
——EGFP-CRBPnona+mero 4 min

__ 024 —EGFP-CRBPnona+mero 8 min
>
S
) 593 nm
o)
<< 0.1
&
0l N
450 500 550 600 650

Wavelength (nm)

Figure 1V-34: Binding of the purified EGFP-CRBPnpgona-6His fusion with MCRA.
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CHAPTER V: REENGINEERING OF HCRBPII INTO A FLUORESCENT PH-PROBE
V.1 CRABPII mutants coupled with Julolidine Retinal Analog Ill-12

Engineered CRABPII mutants, displaying a pH-dependent color change,
inspired the design of a genetically encoded pH-sensor. In this system the
equilibrium between colored and colorless states is controlled by the retinylidene-
PSB deprotonation. This phenomenon led to the development of a novel
colorimetric pH-sensitive system, based on the CRABPII/chromophore complex.
Furthermore, the proper choice of two mutants allowed for the development of a
concentration-independent system, based on the ratio of absorbances.' However,
fluorescence-based pH-probes find more applications.

Fluorescence is one of the most sensitive detection methods. Although
retinal fluorescence was exploited in imaging of a single HEK293 cell, it is far
from being a universal tool in confocal microscopy.z'3 Its limited application is
attributed to its dim emission as a result of its low quantum yield. If one wants to
design a pH-sensor for broad use, a strong emission signal should be one of the
primary considerations.

Considering the latter, we decided to switch from the chromophoric ligand,
retinal, to potentially fluorescent retinal analogs. As described in Chapter IV, our

attempt to use MCRA was not successful as a pH-sensitive chromophore due to

its high pKj. Julolidine retinal analog (JRA) llI-12 (synthesis described in Chapter

[ll) was hypothesized to suit this purpose with utility in pH-sensing application
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because of weaker push-pull nature due to the nitrogen conjugation through the
aromatic ring.

The spectroscopic characterization of JRA and its imine/iminium forms are
summarized in Figure V-1. The chromophore absorbs at 446 nm in ethanol.

After SB formation with butylamine is completed the peak blue-shifts to 408 nm.

Acidification with HCI gives JRA-PSB with Amax at 570 nm. The shift of 162 nm

in absorption wavelength is more significant for the protonation event, as

compared to the 75 nm shift observed with retinal. This complex has a Stokes

shift of 95 nm (Amax = 665 nm) in ethanolic solution (excitation at 565 nm). A

quantum yield of 0.3% was determined for JRA-PSB in ethanol (excited at 565
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Figure V-1: Chemical structure and spectroscopic properties of julolidine
retinal analog (JRA) in ethanol.
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nm, using Oxazine 1 as a standard). Low quantum efficiency of the iminium with
butylamine should lead to a low background fluorescence when incubated with
cells labeling reactions.

Among CRABPII mutants in the library, the first one tested was
R111K:R132L:Y134F:T54V:R59Y:A32W:L121D hepta-mutant because it had

already been cloned into the vector for eukaryotic cell expression. Additionally,

this mutant has one of the lowest pKy values for the PSB with all-trans-retinal

and MCRA, suggesting that the imine may not be protonated at neutral pH.
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Figure V-2: Spectroscopic characterization of complex between JRA and
CRABPII-R111K:R132L:Y134F:T54V:R59Y:A32W:L121D.
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JRA and hepta-mutant complexation led to only a small amount of PSB,

with the dominant peak corresponding to the SB. An acid-base titration of this

mutant bound with JRA gave an iminium pKg of 5.9 (Figure V-2). The most

prominent response during the titration was found to occur in the physiologically
relevant pH range, 5.0-7.0. An increasing absorbance intensity at 630 nm, in
response to acidification, was observed in the proportionally elevated emission at
664 nm. The quantum yield of this mutant was 12% (excited at 565 nm, using
Oxazine 1 as a standard). PSB formation was completed within 2 min at RT in
phosphate buffer, similar to the reaction of the same mutant with MCRA.

This spectroscopic data suggests that JRA is an ideal candidate for
observing pH changes. Especially attractive was the 10-fold fluorescence
increase in response to acidification, that is unlike any other genetically encoded

fluorescent pH-probe. Very likely, screening of other mutants would provide more

candidates of different wavelength, pKy and quantum efficiencies. This would

allow for a ratiometric pH-sensor design using a two-protein fusion strategy.

Absorbance after irradition Emission after irradition
with UV light (365 nm) with UV light (365 nm)
(exciation 630 nm)
0.2 —O0min —~ 210"
——5min 8
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Figure V-3: Light irradiation of JRA and CRABPII complex.
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However, CRABPII labeling in eukaryotic cells was found to be problematic with

no observable fluorescence indicative of a successful reaction. Therefore, we

turned to the hCRBPII system for optimization of the pKa, applying the principles

we learned about pKj regulation with all-trans-retinal and JRA in CRABPII.

Another notable discovery was observed during analysis of the CRABPII
hepta-mutant bound with JRA. Irradiation of the matured complex, with UV light
of 360 + 20 nm, increased the amount of PSB without altering the wavelength
(Figure V-3). Notably, the wavelength of light during irradiation did not
correspond to any form of the chromophore (aldehyde, SB or PSB, see Figure V-
1). The intensity change was also reflected in fluorescence. However, the

process was not reversible with red light (LP 600 nm).

V.2 Mutagenesis of hCRBPII aimed to decrease iminum pKj

Our study in understanding the factors that control the pKy of the PSB in

CRABPII mutants bound with all-trans-retinal, led to two important observations.

Firstly, hydrophobicity of the binding cavity is unlikely to favor the protonated

state leading to the low pKy values observed. Secondly, based on our

spectroscopic data in combination with crystallographic analysis, the environment
of the PSB region can be strongly influenced by the geometry of the iminium."
Before applying these two principles with the hCRBPII system with a new

ligand, it is essential to understand if the julolidine retinal analog behaves similar

to Rt. As such, the pKj of JRA-PSB in existing hCRBPII mutants were measured
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and compared to Rt-PSB. For this purpose, we selected two hCRBPII* mutants

that showed the lowest pKa values with retinal:
Q108K:K40L:T51V:T53C:R58W:T29L:Y19W:Q4W:F16W, pK; = 6.0, and
Q108K:K40L:T51V:T53C:R58W:T29L:Y19W:Q4W:Q128E, pKy = 6.1 (Dr.

Wenjing Wang, Professor Babak Borhan’s lab, MSU). Similarly, both complexes

with JRA showed pKj values of 6.8 and 6.4, respectively (Table V-1, entries 1

and 2). Another mutant, with less acidic Rt-PSB, was also chosen for pH-titration.

Table V-1. Mutants of hCRBPII designed to decrease the pK, of JRA-PSB.
a

Entry hCRBPII Mutant Amax— gy @
(nm)
1 Q108K:K40L:T51V:T53C:R58W:T29L:Y19W:Q4W:F16W 665 6.8
(588) (6.0)
2  Q108K:K40L:T51V:T53C:R58W:T29L:Y19W:Q4W:Q128E (Sgg) (g:;l)
646 8.8
3 Q108K:K40L:T51V:R58F: (561) (8.7)
4 Q108K:K40L:T51V:R58F:L117E 585 9.8
5 Q108K:K40L:T51V:R58F:L117E:Q4F 594 10.4
6 Q108K:K40L:T51V:R58F:L117E:Q4F:W106F 600 9.6
7 Q108K:K40L:T51V:R58F:L117E:Q4F:Q128E 604 9.2
8 Q108K:K40L:T51V:R58F:L117E:Q4F:Q38E 621 8.4
9 Q108K:K40L:T51V:R58F:L117E:Q4F:Q38A 624 7.8
10 Q108K:K40L:T51V:R58F:L117E:Q4F:Q38F 636 7.9
11 Q108K:K40L:T51V:R58F:L117E:Q4F:Q38A:Q128E 615 9.7
12 Q108K:K40L:T51V:R58F:L117E:Q4F:Q38A:Q128L 645 5.8
13 Q108K:K40L:T51V:R58F:L117E:Q4F:Q38F:Q128L 642 7.6

14 Q108K:K40L:T51V:T53C:R58W:T29L:A33W:Q4F:L117D 565 10.6
15 Q108K:K40L:T51V:T53C:R58W:T29L:A33W:Q4F:L117E 595 10.6

®The Amax and the pKj values in parenthesis are for the mutant bound with all-trans-
retinal.
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The Q108K:K40L:T51V:R58F tetra-mutant complexed with retinal (pKgy of 8.7)
was chosen because it displays a pKy value similar to that of most retinal-

hCRBPII mutants.* JRA-PSB of this tetra-mutant gave a pKy of 8.8 (Table V-1,

entry 3). At the same time, the wavelength regulation of these three mutants
displayed the same trend as the Rt-PSB, although more red-shifted.
The spectroscopic data for these three hCRBPII mutants suggests that

JRA might behave similarly to retinal in the protein pocket. Additionally, the
principles learned during Rt-PSB pKj regulation might be applicable in the case
of using JRA as a ligand. We focused on the Q108K:K40L:T51V:R58F tetra-

mutant as a template to study the pKjy regulation of JRA-PSB, because it

demonstrated a stable pKy with Rt-PSB over the time of experiment as opposed

to the other two mutants. This eliminates the putative time-dependent

conformational change of the bound ligand and provides data exclusively on the

pKa of the complex in one conformation. Moreover, if this project was extended

to live-cell pH determination, this mutant would be easier to apply because it has
already been cloned into the proper expression vectors.

Q108K:K40L:T51V:R58F tetra-mutant also gave a well-diffracting crystal
bound with JRA (Meisam Nosrati, Professor Geiger’s Lab, MSU). The location of
JRA in the hCRBPII mutant was similar to retinal (Figure V-4). Both

chromophores adopt a cis-iminium geometry, highlighted by water-mediated
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interactions with Q4. Because JRA is significantly shorter than retinal, it is not
surprising that the R58F residue rotated inside the cavity to better enclose it.
Interestingly, two highly ordered water molecules, Wat1 and Wat2, found in most
crystal structures of hCRBPII mutants, were absent in the JRA-hCRBPII structure
(Figure V-4). Cyclohexane ring of julolidine occupied this space. This means that

the effect of amino acid polarity projected onto JRA, but not polarized water

molecules, is solely responsible for pKgy changes, because the water molecules
are absent.
Using the Q108K:K40L:T51V:R58F tetra-mutant as a template, the L117E

mutation was introduced (for location of L117 see Figure V-5a and V-5b). As one

would expect, a carboxylate in the PSB region effectively stabilized the positive

charge, increasing the pKg to 9.8 (Table V-1, entry 4). Next, we wanted to alter

the protonation of the iminium by removal of water-mediated interactions with Q4

(for location of Q4 see Figure V-5). The Q4F mutation was chosen due to high

protein expression levels. Interestingly, the pKa of the PSB in the hexa-mutant

R58F

Wat 1\ Wat2

Q38
Q128

Figure V-4: Crystal structures of hCRBPII-Q108K:K40L:T51V:R58F mutant
bound with JRA (magenta) and all-trans-retinal (blue).
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increased to 10.4 (Table V-1, entry 4). It is possible that the Q4F mutation
changed the iminium geometry making the interaction between PSB and L117E
more favorable. Previously, we had already observed the trans-imine geometry in
hCRBPII mutants containing Q4R, Q4A and Q4H mutations, when bound with all-

trans-retinal (Figure V-5b). Therefore, it would be reasonable to expect the trans-

iminium bond for the complex of JRA and hexa-mutant. The Amax values

corresponding to tetra-, penta- and hexa-mutants (Table V-1, entries 3-5) were in

W106
Q108K
R58F
Q4
L117
F16 Q128
Q38
b. c. W106
W106
25A  28A
Q108K
Q4A
Q108K
Q4
L117 L117

Figure V-5: a. Crystal structures of hCRBPII-Q108K:K40L:T51V:R58F mutant
bound with JRA, b. The same crystal structure zoomed on the water-mediated
interactions between GIn4 and PSB, c¢. Crystal structure of hCRBPII-
Q108K:K40L:T51V:T53C:R58W:T29L:Y19W:Q4A mutant bound with Rt.
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agreement with the wavelength regulation theory. If the positive charge is more
distributed then a more red-shifted wavelength is anticipated.
Previously, based on the crystal structures, we hypothesized that W106 in

hCRBPII and W109 in CRABPII could participate in n-cation interactions that lead

to a higher pKy of the complex" ° (see Figure V-5b for location of W106 in

hCRBPII relative to JRA-PSB). Removal of the polarizable tryptophan would
provide a good control experiment for its impact on protonation. Mutations at
W109 to Ala, Phe, Tyr, GIn and Leu in CRABPII resulted in insoluble protein
expression (see Chapter Il for details). However, the equivalent W106F mutation
in hCRBPII was not detrimental to protein stability.

Q108K:K40L:T51V:R58F:L117E:Q4F:W106F hepta-mutant was expressed in
~40 mg/L. As expected, the pKy of this mutant decreased to 9.6 (Table V-1,
entry 6).

After studying mutations in the iminium region, we focused on the residues
near the julolidine group. As mentioned above, one of the julolidine rings

occupied the space, that otherwise was filled with two water molecules trapped

between Q38 and Q128. Mutations at either of these residues were detrimental
for the high pKj of Rt-PSB in earlier work (Dr. Wenjing Wang, Professor Borhan’s
Lab, MSU). In targeting a decreased pKy of JRA-PSB in the hCRBPII series, two

residues, Q38 and Q128, were mutated. Introduced individually, Q128E and

Q38E decrease the pKg from 10.4 (Table V-1, entry 5) to 9.2 and 8.4 (Table V-1,
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entries 7 and 8), respectively. Placing hydrophobic residues Q38A and Q38F
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Figure V-6: pH-titrations of hCRBPII-Q108K:K40L:T51V:R58F:L117E:Q4F:
Q38A:Q128L mutant bound with JRA, (a.), Rt (b.) and MCRA (c.).
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decreased the pKg even further to 7.8 and 7.9 (Table V-1, entries 9 and 10),

respectively. The mutation Q128E combined with Q38A restored the pKj to 9.7

(Table V-1, entry 11), but Q38A:Q128L yielded a pKj of 5.8, the lowest pKj; for a

JRA-PSB (Figure V-6a) among all tested mutants (Table V-1, entry 12).

Interestingly, combination of Q128L and the large hydrophobic residue Q38F
yielded a pKj value of 7.6, almost two units higher than Q38A:Q128L. (Table V-1,
entry 13).

One of the octa-mutants, Q108K:K40L:T51V:R58F:L117E:Q4F:Q38A:

Q128L, was also used to measure the pKy with all-frans-retinal and MCRA,

exhibiting pKy values of 4.8 and 7.6, respectively (Figure V-6a and V-6b).

Consistent with the data for JRA-PSB, these were the lowest pKy values among

all tested hCRBPIl mutants for each corresponding ligand. Interestingly,

comparison of hCRBPIl and CRABPII mutants displaying similar pKa values

among all three ligands allowed for the identification of three pairs of residues
similar in size and polarity at equivalent positions: Q4F and F3, Q38A and P39,
Q128L and R132L (for comparison in size see the model of hCRBPII with Q4F,
Q38A and Q128L and the crystal structure of CRABPII-
R111K:R132L:Y134F:T54V:R59W Figure V-7).

Additionally, the wavelength regulation between Q38 and Q128 mutants

showed also a distinguishable trend. Acidic residues, Q38E and Q128E, both
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triggered a red-shift from 594 nm to 621 nm and 604 nm, respectively (Table V-1,
entries 7 and 8). Most probably, the carboxylate in proximity of the ring-locked
tertiary amine can promote positive charge delocalization from the PSB.
Furthermore, hydrophobic residues Q38A and Q38F gave a more significant red-
shift, 624 nm and 636 nm, respectively (Table V-1, entries 9 and 10). Combining
Q38A:Q128L and Q38F:Q128L yielded an even more pronounced bathochromic
shif to ~645 nm (Table V-1, entries 12 and 13). The
Q108K:K40L:T51V:R58F:L117E:Q4F:Q38A:Q128E  octa-mutant  displayed
absorbance maxima at 615 nm (Table V-1, entry 11), with an absoption value
between the hepta-mutants with only Q38A (624 nm) or Q128E (604 nm)
mutations. The wavelength shift ‘recipe’ for JRA-PSB is consistent with Rt-PSB:
an overall neutral protein environment that leads to a more effective charge

distribution across the chromophore, leading to the red-shift.
Finally, we measured the pK; of JRA-PSB in two nona-mutants that react

rapidly with MCRA, Q108K:K40L:T51V:T53C:R58W:T29L:A33W:Q4F:L117D and

Q4F/F3  Q108K/R111K

Q128L/R132L
Q38A/P39
Figure V-7: Alignment of CRABPII crystal structure and hCRBPIl model
highlighting equivalent Q4F, Q38A and Q128L mutations (hCRBPII
numbering).
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Q108K:K40L:T51V:T53C:R58W:T29L:A33W:Q4F:L117E. As expected, both
mutants gave a pKy similar to that of Q108K:K40L:T51V:R58F:L117E:Q4F
because of the presence of both Q4F and carboxylate at L117 (Table V-1,

entries 14 and 15). Counter-intuitively, the shorter side chain, L117D, gave a pKjy

value identical to that of L117E. The Amax of the nona-mutant with L117D was

the most blue-shifted among all hCRBPIlI mutants, surpassing the Amax of JRA-

PSB with butylamine by 5 nm.
V.3 Role of L117E residue as a second titratable proton
An exciting observation was made during the UV-vis measurements of

JRA bound to Q108K:K40L:T51V:R58F:L117E. The absorbance spectra of the

penta-mutant had two distinct Amax’s at pH 5.0 and at pH 8.0; the shift was

observed during the titration from pH 5.0 to pH 8.0 (Figure V-8). However, the

tetra-mutant without the L117E residue, Q108K:K40L:T51V:R58F, displayed a

Q108K:K40L:T51V:R58F:L117E Q108K:K40L:T51V:R58F
1.2 H 8.0 1.5,
—pH8. —pH 10.24
615 nm —pH 10.00 644 nm
—pH7.0 121 —pH9.63
0.9 ——pH 8.96
_ —pH5.0 . ——pH 8.50
5 s 094 —pH7.84
3 064 581 nm 5
@ @ —pH 6.42
2 2 0.6
0.3
7 0.3
0 T T T d O—
500 550 600 650 700
Wavelength (nm) Wavelength (nm)

Figure V-8: Response to the pH changes in the Amax of two JRA-bound
proteins different only in L117E mutation.
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single Amax at 644 nm in titration from pH 5.6 to pH 10.2 (Figure V-8). Hence,

the origin of the pH-dependent wavelength shift was hypothesized to arise
because of the L117E carboxylate residue and its protonation state.

Interestingly, the L117 residue is located 4.4 A away from the double bond
in the iminium region, as determined by the crystal structure of the tetra-mutant
(Figure V-9a). Having a carboxylate in the iminium region of the penta-mutant

localizes the positive charge on the PSB, leading to a blue-shifted complex with

Amax at 581 nm at pH 7.3. This is a 63 nm blue-shift in comparison to

Q108K:K40L:T51V:R58F tetra-mutant at the same pH (Figure V-8). Acidification
of the penta-mutant JRA-PSB results in the protonation of the carboxylate at
residue L117E, which leads to the less stabilized positive charge in the iminium

region (Figure V-9b). The latter phenomenon affects the wavelength of the

protein-chromophore complex by red-shifting the Amax to 615 nm. This is in

YK/\ ’C:i)4\/ =
H
more © N

localized :Fo
581 nm

4.4 A ﬂ o+
L117

D7 i

H
less N
HO

localized JO
615 nm

Figure V-9: a. Crystal structure of Q108K:K40L:T51V:R58F tetra-mutant
highlighting the L117 residue and its distance to JRA; b. Putative mechanism
of the red-shift in response to protonation of the nearby amino acid.
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agreement with the mechanism that was previously proposed for the wavelength
regulation of retinylidene: a more neutral electrostatic environment around the
chromophore provides a more red-shifted Rt-PSB.

The pH-induced wavelength shift inspired the design of a novel pH-sensor.

A single protein/chromophore complex displayed two Amax values more than 30

nm apart, dependent on the pH. This also allowed for the excitation at two distinct
wavelengths. The emission spectra at two excitation wavelengths, at varying pH,
can be integrated to develop a ratiometric curve as a function of pH. If the titration
curve is indeed concentration independent, this approach will be advantageous

over others because both pH-dependent forms correspond to the same

chromophore, JRA-PSB. An intrinsically high pKg value of the iminium is key to

avoiding loss of protonation and thus its color, while the acidic residue is titrated.
This approach is highly advantageous over currently used genetically encoded
pH-sensors because of the small size of the ratiometric probe (133 amino acids)
and strong fluorescence of both pH-dependent forms.
V.4 Single protein ratiometric pH probes: in vitro characterization

Design of a single protein ratiometric pH-sensor involves the introduction
of a second titratable proton in the form of an ionizable amino acid in the
proximity of JRA-PSB. The protonation/deprotonation event of this titratable
residue can influence the electrostatic environment projected onto the
chromophore, thus, promoting the pH-dependent wavelength shift. While a

carboxylate in the PSB region displayed this phenomena, we should not be
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limited to only altering residues in this chromophore zone. Based on our previous

work with all-frans-retinal as a ligand, any zone along the chromophore can lead

to a wavelength shift, induced by the projected electrostatic potential onto the

chromophore.

Taking this into account, it was hypothesized that placing amino acids with

either a positively charged protonated side chain or a negatively charged

deprotonated residue could provide pH-dependent wavelength regulation. In such

a scenario, we can consider placing two charged residues simultaneously at the

ends of the chromophore. The proper combination of multiple charged residues

Table V-2. hCRBPII mutants that show a pH-dependent wavelength shift with JRA.

Entry

Do O © N oA WD =

14

hCRBPII Mutant™

KLV:R58F:L117E
KLV:R58F:L117E:Q4F
KLV:R58F:L117E:Q4F:W106F
KLV:R58F:L117E:Q4F:E72W
KLV:R58F:L117E:Q4F:W106F:E72W
KLV:R58F:L117E:Q4F:Q128E
KLV:R58F:L117E:Q4F:Q38E
KLV:R58F:L117E:Q4F:Q38A
KLV:R58F:L117E:Q4F:Q38F
KLV:R58F:L117E:Q4F:Q38A:Q128E
KLV:R58F
KLV:T53C:R58W:T29L:A33W:Q4F:L117D
KLV:T53C:R58W:T29L:A33W:Q4F:L117E
KLV:R58F:L117E:Q4A

b
Amax

(nm)
581

594
598
618
599
594
619
584
635
603
644
555
594
595

C
7\max

(nm)
615
630
644
652
639
636
651

624
643
633
644
630
630
630

pH°

7-9
6-8
4.5-7

f
n.r.

3-8
5-8
4-6
7-9
n.r.
6-8
n.r.
6-8
6-8
5-10

ER.°

4.05
3.07
1.89
n.r.
1.80
1.97
1.16
n.d.?
n.r.
1.40
n.r.
5.56
2.12
2.89

aKLV, Q108K:K40L:T51V. bkmax of absorbance at basic pH. Ckmax of absorbance at
acidic pH. de range of different ratios of emission, excited at 594 nm and at 633

nm. *The highest ratio of two collected emission spectra achieved with excitation

wavelengths at 594 nm and at 633 nm. fn.r., non-ratiometric emission during pH

titration. gn.d., not determined.
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along the JRA-PSB might allow for a more substantial change in the UV-vis

between the two forms, yielding better spectral resolution. Alternatively, it can

also provide pH probes of various working ranges based on the pKj value of the

side chain.
Searching for other hCRBPII mutants displaying a pH-dependent
wavelength shift, we focused on using a secondary titratable proton in the form of

a carboxylate near the chromophore. One of the main criteria was a relatively

high pKy value of the iminium. Screened mutants are summarized in Table V-2.

On average, the wavelength shift was around 30 nm between acidic and basic
solutions of the protein-JRA complex. A control experiment using the mutant
without the carboxylate residue showed a constant UV-vis spectrum over the
entire titrated range (Table V-2, entry 11). The W106F mutation surprisingly
enhanced the wavelength shift between the two forms, from 36 nm to 46 nm
(Table V-2, compare entries 2 and 3) and from 34 nm to 40 nm (Table V-2,
compare entries 4 and 5). One of the mutants with two carboxylate residues at
opposite ends of the protein-bound chromophore,
Q108K:K40L:T51V:R58F:L117E:Q4F:Q128E displayed an enhanced wavelength
shift during pH-titration of 42 nm (Table V-2, entry 6). However, two of the tested
mutants of this kind displayed a shift similar to that with the single carboxylate, 32
nm and 30 nm (Table V-2, entries 7 and 10). Interestingly, the more hydrophobic
mutants with Q38A and Q38F gave opposite results (Table V-2, entries 8 and 9).

When the first mutant gave an enhanced shift of 40 nm, the second mutant
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shifted only 8 nm over the entire pH range. The most interesting result was

obtained for the protein containing a L117D mutation rather than L117E: the Amax

was shifted 75 nm during the titration from pH 5 to pH 8, as opposed to 36 nm for

L117E (Table V-2, entries 12 and 13).

Having in hand a set of mutants capable of a pH-dependent wavelength

shift, we compared the fluorescence ratios of the two forms. We used two
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Figure V-10: Ratiometric pH response of the Q108K:K40L:T51V:R58F:
L117E:Q4F hexa-mutant. During acidification fluorescence intensity of Aem1

decreases but Aem2 increases. The ratio of two integrated emissions as a

function of pH gives sigmoidal pKj curve with a working pH range 6-8.
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excitation wavelengths that covered a common range between all tested
complexes and that was compatible with settings available on the laser scanning
confocal microscope aiming, for future application in vivo.

The typical spectroscopic behavior of these mutants is summarized in

Figure V-10. Emission at each pH point was recorded after excitation at
hex1=594 nm (Aem1=600—800 nm) and at Aex2=633 nm (Aem2=640-800 nm).
The emission spectra were integrated and the ratio, Aem1/Aem2, was plotted as a
function of pH. Interestingly, pH-titration influenced only the absorption, but not
the emission Amax. Gratifyingly, most of the tested mutants had a standard curve
with a sigmoidal shape, similar to a typical pKa curve (Table V-2, mutants with

‘n.r.’ did not provide sigmoidal curves).
After evaluating the ratiometric nature of the fluorescent complexes, we

looked at the difference in the working pH ranges among the tested hCRBPII

UV-vis Standard curve
0.3 6- . o
—PHB8.05  Apax =630 nm the highest emmision

—pH 6.54 5. ratio: 5.56 :
024 —pH36 4 :
5, s
< max = 555 nm 55 31 pHrange:6-8 E
o] © ,
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Figure V-11: UV-vis spectra during pH titration of the
Q108K:K40L:T51V:T53C:R58W:T29L:A33W:L117D:Q4F nona-mutant and
ratiometric emission based standard curve.

311



mutants (Table V-2, column pH). An example of a pH-range determination is
highlighted on the sigmoidal curve in Figure V-10 (dashed lines). While all the
mutants showed a shift in absorption during titration, the working pH ranges were
different. We were able to obtain the mutants that work at acidic pH values
(Table V-2, entries 3, 5 and 7), neutral pH values (Table V-2, entries 2, 6, 10, 12
and 13), and basic pH values (Table V-2, entries 1 and 8).

Besides having a working range, a good pH probe should exhibit a high
ratio value to develop a reliable standard curve for a more accurate pH
determination. As one would expect, the mutant with the highest wavelength shift,
75 nm, gave the highest ratio of the two fluorescent forms, 5.56, because of the
pronounced separation between the two excitation peaks (Table V-2, entry 12
and Figure V-11). Additionally, a relatively high ratio was obtained for
Q108K:K40L:T51V:R58F:L117E  and  Q108K:K40L:T51V:R58F:L117E:Q4F

mutants bound with JRA, 4.05 and 3.07, respectively (Table V-2, entries 1 and 2).

Q108K:K40L:T51V:R58F:L117E:Q4F Q108K:K40L:T51V:RE8F:L117E:Q4A

pH pH

Figure V-12: Standard curves of the highlighted hCRBPII mutants bound with
JRA.

312



These results make these mutants the top candidates for in vivo pH
determination.

It is important to mention that none of the hCRBPII proteins with the Q4F
mutation gave quality crystals with any of the ligands. However, the Q4F
mutation does provide excitation maxima more compatible with confocal
experiments. Because the Q108K:K40L:T51V:T53C: R58W:T29L:Y19W:Q4A
mutant had already been crystallized with all-trans-retinal, we prepared and
evaluated a pH-sensor candidate containing the Q4A mutation. Mutant
Q108K:K40L:T51V:R58F:L117E:Q4A had almost the same UV-vis spectra as
Q108K:K40L:T51V:R58F:L117E:Q4F (Table V-2, entries 2 and 14). However,
ratiometric fluorescence measurements gave a line rather than a sigmoidal curve,
over a pH range 5 to 9 (Figure V-12). While this mutant showed the expected
pH dependent wavelength shift and was expected to yield good crystals, crystals
of sufficient quality for analysis were not obtained (Camille Watson, Professor
Geiger’s Lab, MSU).

V.5 Fluorescence of hCRBPIlI complexes with JRA

The quantum efficiency of the emission-based probe dictates the
brightness of the “glowing” complex. Based on our work with MCRA as a ligand,
the cyanine dye formed with the protein can have a high quantum yield with
emission in the red region of the spectrum. JRA-PSB can also be considered a
type of cyanine dye, with a resonating positive charge between the two nitrogen

lone pairs. However, JRA-PSB requires disruption of aromaticity in order to
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resonate, providing a significant difference between the spectroscopic properties
of MCRA and JRA after PSB formation.

For example, the wavelength regulation of MCRA-PSB did not surpass 40

Table V-3. Quantum yields of hCRBPIl mutants bound with JRA.
a b c

Entry hCRBPII Mutant Amax  hem @
(nm)  (nm) (%)

1 KLV:T53C:R58W:T29L:A33W:Q4F:L117D 565 660 18
2 KLV:R58F:L117E 581 657 14
3 KLV:R58F:L117E:Q4F 594 664 10
4 KLV:T53C:R58W:T29L:A33W:Q4F:L117E 594 666 10
5 KLV:R58F:L117E:Q4A 595 665 7
6 KLV:R58F 644 675 6

axmax of absorbance in the PBS buffer, pH=7.3. bxmax of emission at the same

pH. “Quantum yields calculated using 565 nm excitation based and Oxazine 1
as a standard.

nm in all three series of PSB-forming mutants (two CRABPII binding pockets and
hCRBPII). But JRA-PSB showed a more significant wavelength regulation, over
100 nm, among the tested hCRBPIlI mutants (Figure V-13). The absorbance
range of JRA-PSB was smaller, 105 nm, in comparison to retinal bound proteins,
221 nm, suggesting that the lone pair of the tertiary amine was participating in
resonance, but not as efficiently as in MCRA. In any case, the ability to regulate
the wavelength of JRA-PSB in hCRBPII mutants permits the observation of pH-
dependent wavelength shift.

Although absorption was regulated in the range of 555-665 nm, emission
maxima spanned from 657 to 675 nm (Figure V-13). Even the direction of the

shift was not consistent between absorbance and fluorescence. In some cases, a
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red-shifted absorbance corresponded to a blue-shifted fluorescence, and vice
versa (Table V-3, entries 1 and 2).

A similar phenomenon was previously observed with the Rt-PSB in
hCRBPIl mutants,* as well as with the photoactive yellow protein.® The latter
study suggested that the width of the excited state surface is different between

mutants. This influences the probability of transition between vibrational energy

levels.*®
15 UV-vis 15. Fluorescence (Agx=565 nm)
| Amax = 565-665 nm 5 Amax = 657-675 nm
3 14 2 1
< 1S
° w
8 3
© N
S ©
o 0.5 £ 0.5
p4 o
> z
0 / T T T 1 0 T T T T 1
500 550 600 650 700 600 630 660 690 720 750
Wavelength (nm) Wavelength (nm)

Figure V-13: UV-vis and fluorescence spectra of hCRBPII mutants bound with
JRA selected from Tables V-1-V-3. All spectra were acquired in PBS buffer,
pH=73

Interestingly, the quantum yields of various mutants showed a diminished

quantum efficiency with an increased Amax Of absorption. With that said, the most

blue-shifted mutant had the highest quantum yield, 18% (Table V-3, entry 1).

Alternatively, the lowest quantum yield, 6%, was found for the most red-shifted

complex (Amax = 644 nm, Table V-3, entry 6). Determination of quantum yields

with even more red-shifted mutants gave inconsistent results, probably due to the
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absorbance value being almost 0 at 565 nm. However, both mutants showed a
significantly increased quantum yield as compared to JRA-PSB with butylamine,
0.3% (Figure V-1).
V.6 Attempted in vivo imaging of hCRBPII mutants with JRA

Based on the collected in vitro data, Q108K:K40L:T51V:T53C:R58W:
T29L:A33W:Q4F:L117D nona-mutant would be an ideal candidate to evaluate for
in vivo pH-sensing. Mutation L117D was introduced into the existing plasmid
(PCMV2-FLAG without localization) with
Q108K:K40L:T51V:T53C:R58W:T29L:A33W:Q4F:L117E nona-mutant for live-
cell imaging in the cytosol. However, HelLa cells transfected with the plasmid
containing the latter h(CRBPII mutant did not show any cytosolic distribution of the
fluorescent JRA-PSB. Imaging was performed with 543 nm, 594 nm and 633 nm

lasers and emission was collected using a long pass filters of 615 nm and 635

nm.
0.5, 1.2
0.41 o
_ L 08
5 0.3 g
© T}
b B
2 0.2 —
< 5 0.4
Ke]
<
0.1
O T T T 1 0 ; T 1
300 400 500 600 700 0 20 40 60
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Figure V-14: Kinetic data of CRBPnong binding with JRA in PBS buffer, pH =
7.3.
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Subsequently, Q108K:K40L:T51V:T53C:R58W:T29L:A33W:Q4F:L117E

mutant (CRBPnhona) Was used, as it had already worked with MCRA. Additionally,

JRA with this mutant provided good characteristics for a potential pH-sensor:
good quantum yield for JRA-PSB, pH-dependent wavelength shift (two excitation

wavelengths) and matching available confocal lasers. The maximum ratiometric

488 nm 594 nm overlay

Hela + JRA HelLa + MCRA

HEK293 + JRA

Figure V-15: Confocal images of EGFP-CRBPnona fusion labeled with MCRA
and JRA. The last column is an overlay of first two columns and DIC. Watch
the images from left to right. Scale bar, 20 um.
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response was 2.12, which is good enough for initial testing.

One potential problem in imaging JRA-PSB bound protein is its emission
wavelength, ~665 nm; this is at the edge of the visible spectrum and the human
eye may have difficulties observing its fluorescence, especially if the brightness is

low. For easy determination of the fluorescence area, we prepared the fusion

594 nm/LP615 nm 633 nm/LP635 nm 633 nm + DIC

CRBPnona'NLS, exp. 1 CRBPnona'CytO

CRBPnona'NLS, exp. 2

Figure V-16: Confocal images of CRBPpona in the cytosol and in the nucleus
of U20S cells labeled with JRA, 10 uM. Experiment in the nucleus was
repeated twice, indicated as “exp. 1” and “exp. 2”. For details see Main text
and Materials and Methods. Follow images from left to right. Scale bar, 20 um.
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construct of EGFP-CRBPpong in the pFLAG-CMV2 vector. Screening as a

positive control, MCRA was used as a control fluorophore. The same construct
was evaluated for its reactivity with JRA at a chromophore concentration of 10
uM. The incubation time was 20 min to match the JRA binding time to this mutant
(Figure V-14). Unfortunately, only EGFP emission was observed, while JRA
fluorescence was not visible (Figure V-15). In a parallel control experiment
employing MCRA, the cytosol of transfected HelLa cells was highly fluorescent in
both imaging tracks corresponding to EGFP and MCRA-PSB. An experiment with
HEK293 cells instead of HeLa showed no sign of the evenly distributed specific
red fluorescence after JRA incubation (Figure V-15).

Changing the cell line to U20S showed potential in solving the non-

specific binding problem. At a high concentration of JRA (10 uM) the CRBPnona

and CRBPnhona-NLS constructs showed the expected signal (Figure V-15). The

cells with evenly distributed fluorescence in the cytosol and nucleus were clearly
different from the non-transfected cells. The experiment proved reproducible
under the same conditions (Figure V-16).

It is important to note that the observed fluorescence was invisible when
viewed through the oculars of the microscope. Selected spots were successfully
found only through the PMT-detector with the laser power set to 30% (MCRA

requires 10% power of the same laser). The dim fluorescence of JRA-PSB in

CRBPnona (¢ = 46,000 M x cm™", QY = 10 %) relative to MCRA-PSB (¢ =
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Figure V-17: Chemical structures of the known lysosomal fluorophores and
their similarity with designed ligands. Tertiary amines are highlighted blue.

160,000 M x cm'1, QY = 37 %) can explain the reason that successful imaging
required increased laser power.

Due to the low signal-to-noise shown in Figure V-16 (for imaging
attributed to the non-specific reaction of the JRA) additional optimization was
essential. Various adjustments to the initial protocol did not yield optimal imaging
conditions. The following is an extremely brief summary of the optimization
experiments undertaken. Decreasing the amount of the chromophore (5 uM, 2.5
uM and 1.25 uM) gave only non-specific fluorescence when imaged immediately.
No fluorescence was observed after 3 h of additional JRA-free incubation at the
same concentrations. Repeating the initial conditions (10 uM), but with additional
JRA-free degradation time (1-5 h) resulted in a loss of specifically labeled cells.

From the observed confocal images, it appears that JRA localizes and
undergoes PSB formation in some specific intracellular compartment. The high

concentration of the chromophore (10 uM) can oversaturate the compartment,
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which triggers further JRA distribution. Subsequently, if JRA escaped from the
compartment into the cytosol, it may bind with CRBPona and ‘light-up’.

In fact, this mechanism would match the proposed pathway for
LysoTracker localization into the lysosomes via protonation of the amine group
(see Chapter 1). Taking this into account it is hypothesized that the tertiary amine
of synthetic fluorophores can act in the same manner, undergoing protonation in
acidic pH (Figure V-17). The chromophore might penetrate the cell through
endocytosis and accumulate in the lysosomal vesicles. PSB formation in these

vesicles would lead to observed background fluorescence.

If the amine gets protonated inside the lysosomes, its pKg should be

around 5. The pKy of an amine on an aromatic ring can vary between 4 and 8,

depending on the substituents. Both JRA and MCRA are aromatic tertiary amines.
However, MCRA showed the possibility of traveling to various locations in the cell
as opposed to JRA.
V.7 Conclusions and significance

A fluorescent pH-dependent protein probe was developed using julolidine
retinal analog as a fluorogenic ligand. The probe functions based on fluorophore
protonation/deprotonation event with fluorescence ‘turn-on’ under acidic
conditions. Alternatively, an approach, that avoids changes in the chromophore
protonation state, was also developed. The latter works based on the excitation

wavelength change due to the protonation state of a nearby acidic amino acid,
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which changes the electrostatic potential projected on the chromophore. As a
result, this probe is constantly fluorescent regardless of pH. Gratifyingly, two
excitation wavelength give consistant change in emission ratio as a function of
pH. This phenomenon leads to a ratiometric pH-probe.

The julolidine-based system did not function well in live-cell imaging
experiments. One of the ways to overcome this problem is to adjust chromophore
delivery. For instance, it might be possible to promote chromophore penetration
into the cytosol through the cellular membrane. This is possible to achieve at
different incubation temperatures or in the presence of additives. Additives can
either permeabilize the membrane or form micelles that would facilitate the
chromophore delivery. However, any of these methods would have substantial
limitations in developing a general application for JRA. Most likely, design of
different fluorescent ligands would be more advantageous in imaging and in pH-

sensing. For instance, amine-based fluorogenic compounds should have

substantially low pKg value to avoid its protonation and undesired localization in

the intracellular compartments. Alternatively, amine-based probes can be simply
avoided.
V.8 Materials and methods

Designed hCRBPII mutants were obtained from the previously described
plasmid in pET17b. Mutations were made according to the protocol described in

Chapter Il for CRABPII. Primers for mutagenesis were the following:
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L117E

5'-CAAGCTGTACGAGGAGCTGACC-3'
5-GGTCAGCTCCTCGTACAGCTTG-3'

L117D

5'-CAAGCTGTACGACGAGCTGACC-3'
5-GGTCAGCTCGTCGTACAGCTTG-3'
Q108K:W106F

5'- GAACCGCGGCTTCAAGAAGTGG-3'

5'- CCACTTCTTGAAGCCGCGGTTC-3'
Q128E

5'- CAGGTGTGCCGTGAGGTGTTCAAAAAG-3'
5- CTTTTTGAACACCTCACGGCACACCTG-3'
Q128L
5-CAGGTGTGCCGTCTGGTGTTCAAAAAG-3'
5-CTTTTTGAACACCAGACGGCACACCTG-3'
K40L:Q38E
5-CGTCTCACTGAGACGCTGGTTATTG-3'
5'-CAATAACCAGCGTCTCAGTGAGACG-3'
K40L:Q38A

5'- CGTCTCACTGCGACGCTGGTTATTG -3'

5'- CAATAACCAGCGTCGCAGTGAGACG -3'
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K40L:Q38F
5-CAAGCTGTACTTCGAGCTGACC-3'
5-GGTCAGCTCGAAGTACAGCTTG-3'
Q4A
5-GACGAGGGACGCGAATGGAACC-3'
5-GGTTCCATTCGCGTCCCTCGTC-3'
Q4F
5-GACGAGGGACTTCAATGGAACC-3'
5-GGTTCCATTGAAGTCCCTCGTC-3'
E72W
5-GTAGAGTTTGACTGGTACACAAAGAGC-3'
5-GCTCTTTGTGTACCAGTCAAACTCTAC-3'
UV-vis pH-titrations. The protein in PBS buffer (pH = 7.3) was incubated
with 0.5 equivalents of JRA until PSB formation was completed (20 min — 5 h

time specific for each mutant). The concentration of JRA was verified based on

the absorbance value and extinction coefficient in ethanol (¢=30,000 M'1cm'1,

Chapter lll). The solution was acidified with citric acid buffer to a pH of ~5 and
then titrated with 2 M NaOH. UV-vis measurements were collected at each pH

point. The titration was continued until the PSB was converted to SB.

Absorbance values at the Amax were plotted as a function of pH. The obtained

scatter plot was fitted to a sigmoidal curve for pKy determination, using the same

324



equation as in Chapter II.

In the case of evaluating the pH-dependent UV-vis shift, the complex was
first basified to a pH of 8-9 and titrated with HCI until the peaks started
overlapping.

Fluorescence pH-titrations. The proteins with a pH-dependent UV-vis shift
were evaluated for ratiometric emission using a Fluorolog-3 fluorimeter. A
solution of protein-JRA complex in PBS buffer (3 mL with absorbance no more
than 0.2) was titrated from pH ~8 and to pH ~4 using 1 M citric acid buffer (pH =
3.5). At each pH point spectra were collected: one excited at 594 nm and one
excited at 633 nm. The first emission was collected from 600 nm to 800 nm and
the second emission was collected from 640 nm to 800 nm. The final peaks were
integrated and divided. The obtained ratio was plotted as a function of pH and

fitted to the following equation:

FR
FR, = max/(1 + 10pH-PKa) + FR,in

where FR is a ratio of integrated emission spectra excited at 594 nm and at 633
nm. The derivation is as follows:
Assuming the wavelength shift is purely a result of carboxylate titration, we
can estimate the next equilibrium:
-COO + H* == -COOH

594 nm 633 nm
We are using the ratio of carboxylate to carboxylic acid, therefore:

[-C007]

pH :pKa+—[—COOH]
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The highest fluorescence ratio, FRmax, corresponds to maximum
carboxylate ([-COO ]>>[-COOH]). When glutamate is converted to glutamic acid

the ratio of emissions changes, with respect to pH, giving FRx. At each pH point

the ratio of concentrations is:

[-C00™] FRyu, — FR,

[—~COOH] FR,

Placing this ratio into the Henderson-Hasselbalch equation yielding the

following equation:

B FR,,4 — FR,
pH = pKa + FR.
Solving this equation for FRy yields:

FR
FRx = max/(l + 10pH—pKa)

The latter equation needs to be adjusted for the minimal fluorescence ratio,

FRmin, because FRy is never reaches 0. Therefore, FRmijn is subtracted from

FRx.

Quantum yield measurements. The quantum yields were determined using
a linear fit as described in Chapter IV.

Mammalian cell culture and transfection protocol. All cells were cultured
and transfected with the gene of interest according to the protocol described in

Chapter IV.
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Labeling reaction. Two days after transfection the cells were incubated
with 10 uM JRA, that was dissolved in supplements-free DMEM, for 20 min at
37 °C. The media was removed and the cells were washed twice with warm PBS
and supplied with colorless 1640-RPMI medium. Imaging was performed within
the next 20 min.

Confocal imaging. Cell microscopy was performed using inverted laser
scanning confocal microscope (LSM510Meta, Carl Zeiss, Jena, Germany)
equipped with diode, argon and HeNe lasers. Oil-immersed objective (40x) was
used. JRA-PSB was imaged using two tracks: 1) 594 nm excitation, 594 nm
primary dichroic, 545 nm secondary dichroic, >615 nm emission, and 2) 633 nm
excitation, 633 nm primary dichroic, 545 nm secondary dichroic, >635 nm
emission. Both lasers required 30% power in order to observe the signal. EGFP
was imaged using the same parameters as in Chapter IV. All images were
analyzed using Axiovert 200M software. Kalman averaging 8 was applied in all
confocal images. Fluorescence in each experiment was normalized to the same

intensity adjusting the gain and amplifier offset. All the images are pseudocolored.
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