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ABSTRACT
DESIGN OF NOVEL PROTEIN/CHROMOPHORE COMPLEXES: SYNTHESIS
AND EVALUATION OF CHROMOPHORES, FLUOROPHORES, AND
ENGINEERING OF PROTEIN HOST SYSTEMS
By
Ipek Yapici

The field of protein engineering has undergone phenomenal growth from
its inception approximately 20 years ago. A wide variety of topics have been
addressed, including the construction of new protein folds, the introduction of
metal binding sites that are both structural and catalytic, the development of
novel enzymatic activity, and the creation and optimization of new ligand binding
sites. However, left behind has been the issue of protein/chromophore
interactions that regulate the spectroscopic properties of bound chromophores.
To understand the fundamental elements that contribute to spectral tuning of a
chromophore inside a protein cavity, we redesigned small cyctosolic human
proteins to fully encapsulate retinylidene based fluorescent and/or nonfluorescent
ligands, bound as a protonated Schiff base. Rational mutagenesis, designed with
the goal to alter the electrostatic environment within the binding pocket of the
host protein, enabled regulation of the absorption and emission spectra of the
protein/chromophores complexes.

An initial aim of this project was to reengineer Cellular Acid Binding
Protein 1l (CRABPII) into a fluorescent protein via coupling with a nonfluorescent

cyanine dye precursor. The designed precursor, merocyanine aldehyde, is



capable of binding to variety of CRABPIlI mutants, resulting in stable fluorescent
complexes. In the course of this study, it became evident that
CRABPII/merocyanine complexes demonstrate structural variety in terms of
ligand orientation and geometry that correlates well with the observed fluorescent

properties.

From the point of view of structural chemical biology, the next challenge in
the field would be to obtain detailed insights on wavelength changes with respect
to chromophore modifications. We have focused on coupling of the reengineered
hCRBPII rhodopsin mimics with different retinal analogs in order to systematically
study the role of structural variations of these ligands on spectral tuning of the
resultant pigments. Diverse sets of hCRBPII-retinoid complexes were evaluated
with respect to their photophysical properties in light of available high resolution
crystal structures. Given the results reported here, we highlight the significance of
ring methyl substituents in wavelength regulation, not only as a handle for
conformational issues, but also surprisingly as modulators for electrostatic

interactions.

In this report, we also aimed at designing a protein system that couples
with an azobenzene-based chromophore to respond to light stimulation. A
synthetic azo chomophore, Azo-AA, was tested with a variety of hCRBPII
mutants for affinity optimization. These protein/Azo-AA hybrids could be further
engineered for studying protein-protein interactions and generating a bio-

machinery for affinity-based protein separation methodology.
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Design of a PYP-Tag. a. The structure of the natural substrate of
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Figure 1-10: Crystal structures of wild type hCRBPIl and CRABPII. a. All-
trans-retinol bound wild type hCRBPII (PDB ID: 4QZT). b. Crystal
structure of wild type CRABPII bound to all-trans-retinoic acid
(PDB ID: 2FR3). c. Overlaid structures of hCRBPII (pink) and
CRABPII (blue) demonstrate the structural similarity between the
proteins. The bound ligands, retinol (magenta) and retinoic acid
(indigo) are shown as stick models..........uueeeeeiiiiiiiieis 18

Figure I-11: Characterization of cyanine dye precursor, merocyanine
aldehyde 1. a. Generic structure of a classical cyanine dye, in
dash box. b. Merocyanine aldehyde 1 binds to an active site
lysine residue to generate the red-shifted fluorescent cyanine
pigment, merocyanine-PSB 2. ¢. UV-vis spectra of 1 (orange),
Schiff base of 1 with n-butyl amine (blue), and the
corresponding protonated Schiff base of 1 upon acidification
(purple). All spectra are in phosphate buffer saline (PBS). d.
Absorption and emission spectra of 2 in PBS. The emission
spectrum is obtained with excitation at 565 nm and collected
from 575 nm to 800 nm. e. Absorption and emission spectra of 2
in ethanol. The emission spectrum is obtained under identical
SEttiNgS IN . e 20

Figure 1-12: Crystal structures of CRABPII rhodopsin mimics. a. The
structure of the first generation CRABPII KLE mutant bound to
all-trans-retinal (PDB ID: 2G7B). b. Crystal structure of CRABPII
KLE:R59W/C15 aldehyde complex (PDB ID: 3F8A). The shorter
chromophore is embedded in the protein binding pocket. c.
Crystal structure of a second generation of CRABPII variant

(CRABPII-an) bound to all-trans-retinal (PDB ID: 4I9S). The
ligand is fully encapsulated by the protein. d. Overlay of all three
crystal structures (CRABPII KLE/retinal in pink, CRABPII

KLE:R59W/C15 in green, and CRABPII-an/retinaI in dark blue)

illustrating the differences in the coverage of the bound ligand
by the protein scaffold ... 23

Figure 1-13: Spectroscopic data of KL/1 complex. a. Time course binding
scan of merocyanine aldehyde 1 (0.3 equivalents) with KL
mutant (20 uM). Absorption spectra were taken at 2 minutes
intervals. b. Absorption and emission spectra of KL/1 complex
(excitation at 565 nm). c. Base titration of KL/1 complex. Upon
addition of NaOH, the peak at 600 nm blue shifts to 425 nm. The
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pH values are indicated in the box on right. d. Absorbance of
KL/1 complex at 600 nm as a function of pH with an apparent

pKay of 9.6. e. Protonation of imine (merocyanine-SB) results in
merocyanine-PSB in CRABPII mutants yielding red-shifted
PIGIMENTS ...ttt e e e e e e e e e e e e e r e e e e e e e e e eaeeeeeeaas

Figure 1-14: Crystal strcture of KLE CRABPII bound to all-trans-retinal (PDB
ID: 2G7B). a. The residues that are in close contact with the
bound chromophore (in dark gray) are shown in sticks. Each
residue is highlighted with a different color. b. Exploded view of
the protein binding pocket showing the residues discussed in
TNE TEXT e ————————

Figure I-15: Crystal structure of KL/1 complex (1.7 A resolution, PDB ID:
4QGV). a. The geometry of the bound ligand (in stick model) is
shown. b. The overlay of crystal structures, KL/1 complex
(green) and KLE/retinal (pink, PDB ID: 2G7B) shows the distinct
trajectory for the bound chromophores. ¢. The enlarged image
of KL/1 binding pocket depicts the cis-imine and the interaction
with a water molecule (indicated by the red sphere). d. Retinal
forms a cis-iminium with R132K that is stabilized by a counter
anion, Glu121 residue. The crystallographic data shows that the
side chain of Glu121 adopts two conformations within the
DINAING CAVITY ...

Figure I-16: Twisted conformation of merocyanine PSB in KL-CRABPII
complex. a. The reaction of merocyanine aldehyde with an
active site Lys residue and subsequent binding geometry of the
bound ligand. Twist around the C3-C4 single bond results in the
s-cis conformation. b. The exploded view of KL/1 complex
demonstrates the twisted conformation of the bound ligand with

a dihedral angle 59.1°. The hydrophobic Leu121 resides 3.6 A
away from the indoline ring, providing hydrophobic packing
INTErACHIONS ...

Figure 1-17: Crystallographic data of KLE/1 and KLD/1 complexes. a. Crystal
structure of KLE/1 complex (1.5 A resolution, PDB ID: 4QGX).
b. Crystal structure of KLD/1 complex (1.8 A resolution, PDB ID:
4QGW). c. Overlaid structures of KLE/1 (cyan) and KLD/1 (dark
purple) complexes show the identical trajectory of the bound
ligand. d. The enlarged image of the bound chromophore in
CRABPII-KLE displays the twist about the C3-C4 single bond in
the s-cis conformation. Ser12 plays a role in stabilizing the
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iminium nitrogen via direct hydrogen bonding. e. Same
illustration of d for the KLD/1 compleX............uuuueiiiiiiiniiniiiiiiiieeeenas

Figure 1-18: KLE:R59W CRABPII mutant complexed with merocyanine
aldehyde 1. a. Crystal structure of KLE:R59W/1 complex (2.7 A
resolution, PDB ID: 3FEB). The bound ligand is shown in stick.
b. Overlay of all three crystal structures, KLE/retinal —pink (PDB
ID: 2G7B), wild type CRABPIl/retinoic acid — blue (PDB ID:
2FR3), KLE:R59W/1 — green, illustrates similar binding mode for
each chromophore. c. Base titration of KLE:R59W/1 complex.
The pH values are indicated in the box on right. d. Absorbance
of KLE:R59W/1 complex at 595 nm as a function of pH with an

apparent pKy of 10.5. e. The exploded view of the KLE:R59W/1
complex with L121E and R59W mutations..............ccooeeeeiiiiiiinnnnnnnn.

Figure 1-19: Kinetic analysis of KLE:R59W complexation with merocyanine
1. a. Time-course binding of KLE:R59W (100 nM) with 1 (1 — 5

uM) in PBS at 37 °C. b. kobs values at different merocyanine 1
2
concentrations show a linear relationship (R = 0.995), yielding

-1 -1
a ko (second-order rate constant) of 2350 M s . c.
Stoichiometric binding of KLE:R59W with 1 (5 yM each) in PBS

at 37 “C was followed at 616 nm with excitation at 565 nm over
30 minutes. Merocyanine 1 does not exhibit any fluorescence,
as illustrated in the plot..........ooo e

Figure 1-20: Measurements of KLE:R59W:L28W/1 complex in different pH
regimes. a. Base titration of KLE:R59W:L28W/1 complex with
addition of NaOH in PBS, pH values are indicated in the box. b.
UV-vis spectra of the KLE:R59W:L28W/1 complex monitored
after each addition of HCI. ¢. Total fluorescence of the complex
as fuNCtion Of PH......uuee s

Figure I-21: UV-vis spectra of CRABPII/1 pigments before and after
denaturation with SDS, demonstrating the effect of protein
environment on the absorption of the bound merocyanine
ligand. a. KLE:V76W:L28W mutant complexed with 1. The
native form (pink) has an absorption maximum at 571 nm while
the denaturation vyields a peak at 583 nm (blue). b.
KLE:R59W:L28W mutant complexed with 1. The native form
(pink) has an absorption maximum at 595 nm while the
denaturation causes a shift of the peak to 583 nm (blue). c.
Time-course binding of BSA (20 yM) with 0.3 equivalents of 1 in
PBS solution at room temperature. Merocyanine aldehyde 1
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reacts with Lys residues of BSA, yielding an absorption peak at
583 nm. The reaction time is indicated in the box. d. The
absorption of merocyanine-PSB 2 at 574 nm (Figure I-11a and
Figure I-11b) shifts in the presence of BSA to 583 nm. The
encapsulation of merocyanine-PSB 2 in binding sites of BSA
results in a slight red shift in the absorption maximum of the

chromophore, yielding an identical )\max that is observed inc. ...... 47

Figure 1-22: Analysis of merocyanine aldehyde 1 with BSA. a. The emission
spectrum of BSA/1 complex with excitation at 565 nm. b. The
overlaid UV-vis spectra of KLE:R59W/1 (blue) complex and
BSA/1 (pink) complex. The protein concentrations are 20 uM
with a 0.3 equivalents of merocyanine aldehyde 1. c¢. The
kinetics of PSB formation of KLE:R59W mutant and BSA with
merocyanine. The protein and the ligand concentrations are 5
UM in each case. The increase in fluorescence at 616 nm is
followed with excitation at 565 nm. KLE:R59W mutant rapidly
forms PSB within few minutes (blue) whereas BSA requires over
100 minutes to form a fully complete PSB (pink). d. The
fluorescence intensity fraction before (pink) and after (purple)
addition of KLE:R59W mutant into excess amount of BSA. The
ratios are indicated in parenthesis for each solution. ...................... 49

Figure 1-23: Bacterial cells expressing CRABPII mutants. a. CRABPII
mutants of KL, KLE:R59W, KLE:R59W:L28W, and mRFP from
left to right, respectively. Picture taken immediately after
addition of merocyanine aldehyde 1, after 1 min centrifugation at
5,000 rpm. No chromophore added to mRFP. b. The enlarged
IMAGE OF @. .. 52

Figure 1-24: Fluorescence visualization of E.coli cells, transformed with a
vector overexpressing CRABPIlI mutants. a. Imaging of KL/1
complex with 594 nm excitation and 615 nm long pass filter for
emission. Bottom shows the brightfield image overlaid with the
fluorescence of the complex. b. Detected fluorescence from
KLE:R59W:L28W/1 complex with the same settings mentioned
in a. ¢. Control panel (nontransformed cells) shows negligible
fluorescence after addition of merocyanine 1...............ccccvvviiveeeeeen. 51

Figure 1-25: Photobleaching of KLE:R59W:L28W/1, KLE:R59W/1, and
mRFP with laser light at 594 nm. Images were taken before (left
panel) and after (right panel) laser exposure. The dash circles
highlight the selected bacterial cells under laser. The scale bar
is 5 ym. a. Photobleaching of KLE:R59W:L28W/1 complex
formed in situ. b. Photobleaching of mRFP after its maturation in
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bacteria. ¢. Photobleaching of KLE:R59W/1 complex formed in
situ. d. Bleaching curves of each fluorescent protein with a
normalized intensity to 100 photons/sec of initial emission.............

Figure 1-26: Utilization of different constructs to visualize CRABPII/A

Figure II-1:

fluorescence in Hela cells. a. Imaging of the EGFP-
KLE:R59W:A32W fusion (PEGFP-C2 vector). b. Fluorescence
visualization of the KLE:R59W:A32W-ECFP construct (pECFP-
N1 vector). c. Attempts to image KLE:R59W:A32W (pECFP-N1
vector). d. Attempts to image pFlag tagged KLE:R59W
CRABRPII. All images are pseuodocolored. The scale bar is 20
MM fOr @ll IMAGES ..o

Molecular structure of rhodopsins. a. Crystal structures of
rhodopsins found in different organisms. The structures of
bacteriorhodopsin (blue, PDB ID: 1FBB), sensory rhodopsin |l
(pink, PDB ID: 1H68), bovine rhodopsin (green, PDB ID: 1F88)
and squid rhodopsin (purple, PDB ID: 2Z73) from left to right
respectively. Bacteriorhodopsin and sensory rhodopsin Il are
microbial opsins whereas bovine rhodopsin and squid rhodopsin
are isolated from the host animals. The bound chromophore is
shown as a stick model (lime color). b. Structure of retinals used
by opsins. Microbial opsins utilize all-trans-retinal (shown left
side of the dash line) as a light sensitive chromophore.
However, animal opsins preferentially bind 11-cis isomer of
retinal or its derivatives as chromophores. The numbering of
carbons is indicated iN red............ooooiiiiiiiiiiii s

Figure 1I-2: Solid state crystal structures of all-trans-retinal (top) and the 11-

Figure 1I-3:

cis-retinal (bo’[‘[om).60 The drawings on the right hand side
depicts the torsion along the chromophore (shown by blue
=T (01 PRSP

Crystal structures of chromophores found in bacteriorhodopsin
and bovine rhodopsin. a. The structure of all-trans-retinal bound
to bacteriorhodopsin as a protonated Schiff base (PDB ID:
1FBB). Chromophore adopts a 6-s-trans conformation around
the C6-C7 single bond. b. Crystal structure of bovine rhodopsin
(PDB ID: 1F88) shows the conformation of the bound ligand, 11-
cis-retinal, adopting a 6-s-cis and 12-s-frans conformation.
Drawings on the right hand side depict the carbon numbering
and highlight the torsions along the chromophore. Lysine
residues are shown in cyan while the chromophores are
indicated in pink for bothaand b. ...
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Figure Il-4: Structures of synthetic retinal analogs studied in

Figure II-5:

Figure 11-6:

bacteriorhodopsin. The AT values corresponding to each
bacteriorhodopsin/ligand are taken from literature reports. The
space filing depiction of the crystal structure of
bacteriorhodopsin (PDB ID: 1FBB) shows the residues (blue
spheres) around the bound all-trans-retinylidene ligand (red
sphere). The active site lysine residue is indicated in stick
representation (green). For the retinal analog F1, the absorption
maximum is averaged based on three different measurements
reported in literature. For more analog studies, see references
B9, 74 aNd 8O0....coeiiiiiiiiieii e

Structures of synthetic retinal chromophores studied in bovine

rhodopsin. The )\max values are obtained from literature reports
(as indicated in references). The space filling depiction of the
crystal structure of bovine rhodopsin (PDB ID: 1F88) shows the
residues (blue spheres) around the bound 11-cis-retinylidene
ligand (red sphere). The active site lysine residue is indicated in
stick representation (Qreen) .........ceeveeeeeeeeeii e

Experimentally measured gas phase absorption cross sections
of protonated Schiff bases (PSB) of retinal and retinal

analogs.103 a. PSB of all-trans-retinal with n-butyliminium of
retinal has two conformations about the C6-C7 single bond. The
recorded spectrum shows a broad peak extending from 530 nm
to 610 nm. These values are taken as reference wavelengths for
the planar 6-s-trans and twisted 6-s-cis conformations. b. The
absorption spectra of two analogs were superimposed over the
broad absorption of native retinal PSB (dashed line). The
absorption cross sections of 1,1-didemethyl and 5,6-dihydro
retinal protonated Schiff bases are shown in red and green,
FESPECHIVEIY ...t

Figure 1I-7: Structure of wild-type hCRBPII and KL mutant bound to all-trans-

retinal. a. Crystal structure of wild-type hCRBPII complexed with
all-trans-retinal (PDB ID: 4QYP). The residues, GIn108 and
K40L (in two conformations) are highlighted in stick model. b.
Crystal structure of hCRBPII KL mutant bound to all-trans-retinal
with a Schiff base linkage (PDB ID: 4EXZ). The installed
nucleophilic lysine, Q108K, and the mutated K40L position are
shown in sticks. €. The overlaid structures of a and b (wild-type
hCRBPIl/retinal - green, KL/retinal - pink) ........ccccveveeieiiiiiiiieeeneennnn.
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Figure 11-8:

Figure 11-9:

Figure 1I-10

Figure 1I-11

Crystal structure of KL/retinal complex (top) shows the residues
close to different locations of the bound chromophore. The
ligand is divided into three segments, indicated by blue dashed
lines. The table lists hCRBPII variants with different mutations
along the polyene and the corresponding absorption maximum .....

A comparison of the interacting water networks in hCRBPII
mutants. a. Crystal structure of
KL:T51V:T53C:Y19W:R59W:T29L hCRBPII (cyan, PDB ID:
4EFG) with highlighted residues to show the water network
extending to the iminium nitrogen. Water molecules are
indicated as red spheres. b. Crystal structure of
KL:T51V:T53C:Y19W:R59W:T29L:Q4A hCRBPII (pink, PDB ID:
4GKC). C. Crystal structure of
KL:T51V:T53C:Y19W:R59W:T29L:Q4R hCRBPII (yellow, PDB
ID: 4EEJ). The mutation of GIn4 results in the loss of an ordered
water molecule (W1) in structures of band c...........ccccoevvnnnnnnennn. 1

: UV-vis spectra of KL:T51V:T53A:Q4F hCRBPII complexed with

retinal and its derivatives. The change in absorbance is
monitored upon acidification of the protein-ligand solution (pH
values are indicated for each spectrum). The absorption of SB
and PSB peaks of the ligand bound protein are shown for all-
trans-retinal, DEHYDRO, GEMLESS, and 5DEM in a to d,
FESPECHIVEIY ... 1

: Highlighted interactions of glutamine residues in hCRBPII. a.
Crystal structure of wild type hCRBPII (PDB ID: 4QZT) showing
GIn38, GIn128 and Thr53 residues. The 2Fo-Fc electron density
map contoured at 1.0 sigma around the highlighted amino acids.
The water molecule is indicated by the red sphere. b. Structure
of KL:T53C depicts the conserved interaction between the
mentioned glutamine residues. c¢. Crystal structure of
KL:T51V:T53C reveals two conformations for the T53C side
chain; one hydrogen bonds with the side chain carbonyl of
GIn38. Two ordered water molecules assist the hydrogen
bonding between the amide moieties of glutamine residues. d.
Installation of the T53S mutation leads to a different
organization of GIn38. The alcohol moiety and the carbonyl of
the amide form a tight hydrogen bond and result in the expulsion
of the water-mediated interaction with GIn128. Noticeably, the
exact order of the side chain carbonyl and the amine moieties
participating in hydrogen bonding is not certain ................ccccc.... 1
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Figure 1I-12: Crystal structures of KL:T51V:T53S mutant with retinal and
synthetic analogs. The 2Fo-Fc electron density map contoured
at 1.0 sigma around the bound ligand and the active site Q108K
residue. The resolutions of the crystal structures are 1.5 A 1.6
A, 1.7 A, and 1.6 A from top to bottom structures, respectively.....112

Figure 1I-13: Comparison of crystal structures of retinal and 5DEM bound
KL:T51V:T53S hCRBPIl complexes. a. Overlaid crystal
structures indicate the rearranged (blue and red) versus
conserved (gray) regions in the protein fold. b. Expanded view
of protein cavity shows the planar geometry of the 5DEM
chromophore. ¢. Skewed 6-s-cis conformation of the bound
retinal is indicated in stick model. d. The structures of all-trans-
retinal (blue) and 5DEM (red) ligands are overlaid, highlighting
the geometrical differences of the chromophores. e. Space filling
model of retinal (blue) and nearby residues of GIn38 and Phe16
depicts the packing interactions around the ionone ring. f. Same
representation shown in e is illustrated for the 5DEM
ChIOMOPNOIE.. et eeeeees 115

Figure 1l-14: Side chain orientations of Arg58 mutations. a. lllustration of
different R58W rotomers in hCRBPII crystal structures. Overlaid
structures show the alternative conformations of the R58W
residue. b. Limited plasticity of the R58Y residue in different
crystal structures of hCRBPII mutants, adopting a conserved
orientation. ¢. Water mediated hydrogen bonding interactions
between R58Y and Thr29 residues. d. The installation of T29L
mutation removes the water mediated interactions seen in ¢, but
gains a hydrogen bond with a backbone carbonyl of T29L.. ......... 117

Figure 1I-15: Crystal structures of KL:T51V:Y19W:R58Y mutant with retinal
and synthetic analogs. The 2Fo-Fc electron density map
contoured at 1.0 sigma around the bound ligand and the
highlighted residues. The resolutions of the crystal structures
are 1.3 A, 1.5 A 16 A, and 1.5 A for all-trans-retinal,
DEHYDRO, 5DEM, and GEMLESS bound pigments (from a to
d), reSPECHIVEIY ... 124

Figure 1I-16: Overlaid crystal structures of retinal chromophores. a. Stick
model representations of RET, DEHYDRO, 5DEM, and
GEMLESS ligands (indigo, magenta, cyan, and yellow
respectively) in KL:T51V:Y19W:R58Y hCRBPII mutant. b. Side
chain conformations of the aromatic residues around the bound
ligand. Color assignments are the same as that indicated in a .....125
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Figure II-17: Packing interactions are shown with space filling model of the
chromophores and nearby aromatic residues for the structures
of RET, DEHYDRO, 5DEM, and GEMLESS bound
KL:T51V:Y19W:R58Y hCRBPIl mutant in a to d, respectively...... 127

Figure 11-18: Torsion about the C6-C7 bond observed with retinal and its
analogs in KL:T51V:Y19W:R58Y hCRBPII crystals. The torsion
angle () about a bond is defined as the angle made by the
projection of the C5-C6 double bond with respect to the C7-C8
olefinic bond. When viewed down the C6-C7 single bond,
positive angles (0 to + 1800) are for a clockwise rotation, as

shown in thefigure, while negative angles (0 to -180 ) are for a
counterclockwise rotation. Zero angle is defined for an eclipsed
position of the C5-C6 and C7-C6 double bonds in a 6-s-cis
(o70] 1011 2 1 1= PSP 129

Figure IlI-1: Physical features of the azobenzene molecule. a. Chemical
structures of trans and cis isomers of azobenzene. b.
Electrostatic potential of azo isomers shown in spacefilling
model (red-negative, blue-positive).19 c. UV-vis spectra of trans
and cis forms of azobenzene............cccoooveiiiiiiiiii 143

Figure 1ll-2: Schematic representation of cis-trans isomerization. a. Energy
diagram of azobenzene isomers. Molecular cross section for the

light absorption is indicated by ot (frans isomer) and oc (cis

isomer). ®cT (cis > trans), and ®Tc (trans > cis) are the
quantum efficiencies for each transition. b. Two proposed
mechanisms for the cis-trans isomerization. ..........ccccccoooovviinninn. 145

Figure llI-3: Chemical stuructures of azobenzene derivatives. a. Types of
azobenzene molecules based on their different substitutions. b.
Few examples of modified azobenzenes with the corresponding
absorption MaXima .......ccooviiiiiiie e 147

Figure lll-4: Chemical structures and photophysical properties of

azoheteroarenes. Each A2 value shows the n = 1" transition
of the azo dye. Thermal relaxation time and the half life-time for

cis > ftrans isomerization are indicated by T and Ty,
FESPECTHIVEIY. ... 148

Figure 1lI-5: Azobenzene-based protein photoswitches. a. General scheme
for a photoswitchable protein-chromophore system. b.
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Photoswitchable affinity purification by tagging the protein of
interest (POI, green star) with the photoactivatable protein tag.....153

Figure llI-6: Different substrate structures for a CRABPII. a. Structures of
native ligand (all-trans-retinoic acid) and synthetic ligands
(retinobenzoic acids). b. Crystal structure of Am80 (green)
bound CRABPII (PDB ID: 2CBR). The highlighted residues
(pink) are the important amino acids for the protein-ligand
interactions. ¢. Structure of the designed azo chromophore for a
photoswitchable SyStem. ... 155

Figure 1lI-7: Structural data of hCRBPII and its ligands. a. Structure of the
all-trans-retinol, native substrate of hCRBPII. b. Crystal structure
of all-trans-retinol (green) bound wild type hCRBPII (PDB ID:
4QZT). The highlighted residues (pink) are the important amino
acids for protein-ligand interactions. ¢. Structure of the designed
Azo-AA chromophore for a photoswitchable system..................... 157

Figure IlI-8: Characterization of Azo-AA. a. Cis-trans isomerization of Azo-
AA. b. UV-vis spectra of Azo-AA isomers in ethanol. ¢. Thermal
cis > trans relaxation monitored by UV-vis. Trans isomer (blue
absorption) was irradiated with UV light to yield the cis isomer
(orange absorption) and then kept at dark. Time laps between
each scan is 1.5 h. Black spectrum shows the final
measurement after 12 h. ... 159

Figure IlII-9: Binding analysis of Azo-AA to wild type hCRBPII. a.
Fluorescence quenching assay of hCRBPII with Azo-AA. b. UV-
vis spectrum of hCRBPII/Azo-AA complex after overnight
INCUDALION. ... e e e e e e e eeeeeeees 160

Figure 1lI-10: Crystal structure of the wild type hCRBPII complexed with
Azo-AA. a. The tertiary structure of hCRBPII protein (gray
cartoon) bound to Azo-AA (pink). The important residues are
highlighted (cyan sticks) inside the binding cavity. b. Expanded
view of the ligand binding site. Hyrogen bonding interactions
(water-mediated or direct) are indicated by dash lines between
the side chains of the amino acid residues (cyan) and the bound
chromophore (pink). The water molecules are shown as red
spheres (W1 and W2). c¢. Overlaid structure of the wild type
hCRBPIl/all-trans-retinol  (yellow, PDB ID: 4QZT) and
hCRBPII/Azo-AA (pink) COMPIEXES.......cccccverrriiiiiiiiiieeieieeea e e 161

Figure llI-11: lllustration of mutated residues discussed in the text. a. Stick
model of residues (purple) surrounding the Azo-AA ligand
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(cyan). b. The space filling depiction of a. ¢. Residues in close
proximity to the phenyl rings of the bound chromophore............... 163

Figure 1ll-12: Proposed sites for mutagenesis in hCRBPII/Azo-AA crystal
structure. a. The location of Arg58 and Leu77 residues on loops
connecting the B-strands. b. Expanded view of the binding site
to highlight the polar GIn residues. The water-mediated
hydrogen bonding interaction is shown by dash lines. The water
molecule is represented as red sphere...........ccccceeeeiiieeiiiiiiiiieeeennn, 166

Figure IV-1: Derivation of pKy values of protein-ligand protonated Schiff
bases. a. Base titration of CRABPII-KL/merocyanine complex.
The pH values are indicated in the box on the right. b.

Absorbance of KL/merocyanine complex at kmax (600 nm) as a
function of pH with an apparent pKj of 9.60. c. Base titration of

hCRBPII-KL:T53C/5DEM complex. d. The plot of A" (521
nm) as a function of pH results in a pK value of 7.80................... 185

Figure IV-2: Spectroscopic characterization of Oxazine-1 and Oxazine-170.
a. Absorption (pink) and emission (blue) spectra of Oxazine-1 in
ethanol. b. The plot shows the total fluorescence emission
(integrated area from 575 nm to 800 nm, excitation at 565 nm)
as a function of absorption at 565 nm. Slope of the line is
correlated to the quantum efficiency as described in the text. c.
Absorption (pink) and emission (blue) spectra of Oxazine-170 in
ethanol. d. Same analysis of b for the Oxazine-170 under
identical SEttNGS. ......uuiiiiiiiiiiiee e 187

Figure IV-3: Kinetic data of CRABPII mutants binding with merocyanine
aldehyde 1. Increase in PSB absorbances was monitored and
pseudo first order fit was applied to deduce the rate constants
for each mutants (a to d) as described in the text. .........cccvvveeeee. 190

Figure IV-4: Second-order rate equation applied for kinetic studies. ................ 193

Figure IV-5: Calculation of t1/2 from the second-order reaction rate. The plot

shows the second-order rate constant, mo, for PSB formation of
CRABPII-KLE:R59W mutant with merocyanine aldehyde 1.......... 194

Figure 1V-6: Comparison for rate of iminium formation between KLE:R59W
and BSA with merocyanine 1. a. Increase of fluorescence
intensity was followed upon addition of the merocyanine ligand
into the KLE:R59W mutant (purple plot) with an one to one ratio

XXiv



mixture. The orange plot shows the fluorescence intensity
increase for the BSA experiment under identical settings. b. The
rate of iminium formation was compared with the
BSA/merocyanine mixture when 10-fold excess of BSA was
[§ 7= o [ RERPPPPRRURRPI 195

Figure IV-7: Imaging KLE:R59W-merocyanine fluorescence in E. coli cells.
a. Control panel shows no fluorescence upon merocyanine
incubation with non-transformed BL21 E. coli cells. b. Overlay of
control fluorescence and bright field image. ¢. Red fluorescence
of KLE:R59W-CRABPII mutant complexed with merocyanine 1
at 594 nm excitation. d. Overlay of fluorescence and bright field
images of KLE:R59W/1 complex in E. COli. ..........cccccovvvciiieenennnns 198

Figure IV-8: Spectroscopic characterization of mRFP1. a. Absorption (pink)
and emission (blue) spectra of mRFP1 in PBS. b. The plot
shows the total fluorescence emission (integrated area from 575
nm to 800 nm, excitation at 565 nm) as a function of absorption
at 565 nm. Slope of the line is correlated to the quantum
EffICIBNCY ... 201

Figure IV-9: Analysis of affinity measurements of the hCRBPII mutants for

Azo-AA. a. The nonlinear square fit equation to calculate Ky

values. b. The curve fit of relative fluorescence versus
concentration of Azo-AA for the T53A hCRBPIl mutant (m4

represents the Ky value). ¢. Another example of affinity
measurement between Azo-AA and R58W:Q38V hCRBPII

Figure IV-10: Photos of different ptotein/ligand crystals under the beamline.
a. Single crystal of a hCRBPII mutant (KL:T51V:T53S)
complexed with GEMLESS chromophore. b. CRABPII-
KLE/merocyanine 1 crystal. ¢. Crystal photo of hCRBPII/Azo-
AA Crystal. ..o 208

Figure IV-11: Structures of olefinic compounds discussed in the text. ............. 225

Figure IV-12: X-ray crystal structure of compound IlI-4. a. The chemical
structure is shown in the dashed box and the carbons are
numbered as indicated. A single crystal of the all-trans isomer in
6-s-tfrans conformation is represented (hydrogens-white,
carbons-green, nitrogen-blue). b. The polyene chain displays a
planar geometry while the cyclohexene ring is slightly puckered. .227
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Figure IV-13: X-ray crystal structure of compound IlI-4. a. The chemical
structure is shown in the dashed box and the carbons are
numbered as indicated. A single crystal of the all-trans isomer in
6-s-tfrans conformation is represented (hydrogens-white,
carbons-green, nitrogen-blue). b. The polyene chain displays a
planar geometry while the cyclohexene ring is slightly puckered. .228

Figure IV-14: UV-vis spectra of compound I-1 (5DEM retinal aldehyde) in
EtNANOL.. ... 233

Figure IV-15: Characterization of compound II-1 (GEMLESS retinal
aldehyde). a. The structure of the GEMLESS retinal aldehyde.
b. UV-vis spectrum of the GEMLESS chromophore in ethanol
(orange-free aldehyde, blue-Schiff Base, pink-protonated Schiff
Base). c. Crystal structure of the GEMLESS chromophore is
represented by a stick model (hydrogens-white, carbons-green,
oxygen-red). d. Side view of the chromophore showing the
planar polyene backbone and the 6-s-tfrans ring-chain junction ....234

Figure 1V-16: Characterization of compound IlI-1 (CYCHXE retinal
aldehyde). a. The structure of the CYCHXE retinal aldehyde. b.
UV-vis spectrum of CYCHXE in ethanol (orange-free aldehyde,
blue-Schiff Base, pink-protonated Schiff Base). ¢. Crystal
structure of CYCHXE is represented by a stick model
(hydrogens-white, carbons-green, oxygen-red). d. Side view of
the chromophore showing the planar polyene backbone and the
6-S-trans ring-chain JuNCHioN. ... 236

Figure IV-17: Characterization of compound V-1 (CYCHXA retinal
aldehyde). a. The structure of the CYCHXA retinal aldehyde. b.
UV-vis spectrum of CYCHXA in ethanol (orange-free aldehyde,
blue-Schiff Base, pink-protonated Schiff Base). ¢. Crystal
structure of CYCHXA is represented by a stick model
(hydrogens-white, carbons-green, oxygen-red). d. Side view of
the chromophore showing the planar polyene backbone and the
chair form of a cyclohexyl riNg ... 237
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Symbols

ems

min

cm

mM

KEY TO SYMBOLS AND ABBREVIATIONS

Angstrom
Extinction Coefficient
Quantum Yield

Dihedral Angle
Thermal Relaxation
Chemical Shift
Refractive Index

Degree Celsius

Maximal Wavelength

Excitation Wavelength

Emission Wavelength

Hour
Minute
second
Centimeter
Molar
Millimolar

Micromolar
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nM Nanomolar

mg Milligram

Mg Microgram

ng Nanogram

mol Mole

mmol Millimole

pmol Picomole

kDa KiloDalton

rpm Rotations Per Minute
ppm Parts Per Million
Hz Hertz

MHz Megahertz

> Larger than

< Smaller than

Abbreviations of Amino Acids

Ala, A Alanine
Arg, R Arginine
Asn, N Asparagine
Asp, D Aspartate
Cys, C Cysteine
Gin, Q Glutamine

Glu, E Glutamic acid

XXiX



His, H
lle, |

Leu, L
Lys, K
Met, M
Phe, F
Pro, P
Ser, S
Thr, T
Trp, W
Tyr, Y

Val, V

Histidine
Isoleucine
Leucine
Lysine
Methionine
Phenylalanine
Proline
Serine
Threonine
Tryptophan
Tyrosine

Valine

Abbreviations of Nucleotide Bases

A

C

T

G

Adenine
Cytosine
Thymine

Guanine

All Other Abbreviations

CRABPII

hCRBPII

FAP

FP

Cellular Retinoic Acid Binding Protein Il
Human Cellular Retinol Binding Protein I
Fluorogen-Activated Peptide

Fluorescent Protein
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EGFP
mRFP
GPCR
7-T™M
BSA
iLBP
FABP
NIR-FPs
eDHFR
E. coli
PYP
POI

PDB ID

PKa

ko

obs

t1/2

n.d.

Enhanced Green Fluorescent Protein
Monomeric Red Fluorescent Protein
G-Protein Coupled Receptor
Seven-Transmembrane

Bovine Serum Albumin

Intracellular Lipid Binding Protein
Fatty Acid Binding Protein
Near-Infrared Fluorescent Proteins
Escherichia coli Dihydrofolate Reductase
Escherichia coli

Photoactive Yellow Protein

Protein Of Interest

Protein Date Bank Identification

Dissociation Constant

Inhibition Constant

Logarithmic Constant Of Acid Dissociation

Second-Order Rate Constant

Observed Rate Constant

Half-life Time

Not Determined
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p.b.
bp
RT
Rf
SB
PSB
NMR
PCR
Qy
TLC
APS
uv
UV-vis
WT

CVM
DNA
PBS
TMP

pCa
TO
MG

RET

Poor Binding

Base Pairs

Room Temperature
Retention Factor

Schiff Base

Protonated Schiff Base
Nuclear Magnetic Resonance
Polymerase Chain Reaction
Quantum Yield

Thin Layer Chromatography
Advanced Photon Source
Ultraviolet Light

Ultraviolet and Visible Light
Wild Type

Cytomegalovirus
Deoxyribonucleic Acid
Phosphate Buffered Saline

Trimethoprim

p-Coumaric Acid
Thiazole Orange
Malachite Green

All-trans-Retinal

DEHYDRO 3,4-Dehydro-Retinal
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5DEM

GEMLESS

CYCHXE

CYCHXA

Azo

Azo-AA

IPTG

SDS

PEG

BTP

Tac

TPA

EDC.HCI

HCI

NaOH

NaH

KH

DMF

DMSO

DCM

EtOH

THF

5-Demethyl-Retinal
1,1-Didemethyl-Retinal
Cyclohexene Retinal
Cyclohexane Retinal
Azobenzene
Azobenzene Allyl Alcohol
Isopropy! B-D-1-thiogalactopyranoside
Sodium Dodecyl Sulfate
Poly(ethylene glycol)
Bis-Tris Propane
Tacsimate

Tert-butyldimethylsilyl Protected Alcohol
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CHAPTER I: ENGINEERING OF CRABPII INTO A FLUORESCENT PROTEIN
VIA COUPLING WITH A PROFLUOROGENIC CYANINE ALDEHYDE
I.1 Current Approaches On Fluorescent Labeling Of Proteins

The development of fluorescent probes allows the investigation of various cellular
processes in terms of visualization and quantification. The discovery of an original green
fluorescent protein (GFP) back in the 1960s opened a new era in molecular biology in
which there is a continuing effort to develop new fluorescent labeling tags with altered
colors and improved properties.’? Basically, there are three main classes of fluorescent
probes that can be applied for tagging biomolecules; i) GFP and its variants are
bioluminescent proteins that autocatalyze chromophore formation within their structure
by using molecular oxygen, ii) near-infrared fluorescent proteins (NIR-FPs) derived from
bacterial phytochromes, and UnaG, isolated from Japanese freshwater eel, are
chemical-genetic fluorescent switches that can turn on upon complexation with
endogenous molecules, iii) site-specific chemical labeling systems are synthetic
fluorescent probes that require exogenous chromophores to couple with their acceptor
peptides.

The use of GFP and its many variants has the advantage of high labeling
specificity since they generate their fluorescent moiety autocatalytically with the aid of
molecular oxygen. The fluorescent moiety is formed via the chemical cyclization of three
amino acid residues followed by an oxidation within the p-barrel (Figure I-1).37
Noteworthy, the tolerance on substitutions both within and outside of the tripeptide

chromophore-forming moiety has led to create randomized libraries of the GFP gene



and resulted in a powerful palette of fluorescent proteins (FPs) with specialized spectral

properties. Changes of the tyrosine unit in the chromophore-forming tripeptide
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Figure I-1: Wild type GFP chromophore formation resulting from the
o o . . 65
spontaneous cyclization and oxidation of three consecutive residues (Ser -

66 . 67
Tyr -Gly ). Emissive state of the chromophore is shown in green. b. The

crystal structure of enhanced version of GFP (EGFP) with the mutation of

65 65 . .
Ser ~to Thr . The expanded view of a mature chromophore is shown on

right (PDB ID: 1EMA).



architecture to histidine, phenylalanine and tryptophan residues resulted in blue-shifted
FPs, whereas the extension of the conjugated system through elongation of the

chromophore structure provided more red-shifted pigments (Figure 1-2).2°
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Figure I-2: Diversity of chromophore compositions found in fluorescent proteins. The
spectral properties of chromophores are highlighted.

Unlike GFP-like proteins, UnaG and IRFPs are oxygen-independent fluorescent
sensors. These noncanonical fluorescent proteins rely upon the complexation of
endogenous cofactors that can be also added externally in order to suit the desired
application. UnaG isolated from Japanese freshwater eel belongs to fatty-acid-binding
protein (FABP) family which binds non-covalently and with its high specificity to bilirubin
(Figure 1-3a)."® Although bilirubin is a non-fluorescent molecule, its sequestration within

the deep UnaG binding pocket yields a bright green fluorescence at 527 nm with a



quantum efficiency of 0.51. This unique ligand-protein complex can be used as a
fluorogenic marker in living cells in which bilirubin is produced endogenously.
Alternatively, it can be applied as an inducible chemical-genetic fluorescent system in
various cell types where bilirubin is absent by supplying exogenous bilirubin.

Similar to UnaG, NIR-FPs such as IFP2.0, iRFP and Wi-Phy are proteins
developed from bacteriophytochromes, and function by incorporating biliverdin as their
endogenous chromophores for yielding fluorescent complexes (Figure 1-3b).""?° The
covalent attachment of biliverdin via a thioether linkage to a cysteine residue in the rigid
environment of the protein binding pocket yields fluorescent complexes which display
excitation and emission maxima in the near-infrared region (~ 700 nm). These
engineered phytochrome based proteins become a robust tool for deep in vivo and
whole-body imaging. Nevertheless, much more work will be necessary in order to
increase their quantum efficiency (~ 0.07), enhance brightness without the need for
external biliverdin addition, increase photostability and expand their spectral shifts.
Having such improved NIR-FPs could create new opportunities for labeling more than
one tissue or organ at a time.

Beside the GFP-like fluorescent proteins and endogenously inducible
noncanonical fluorescent proteins, there are many alternative approaches that allow
selective labeling of proteins based on smaller chemical compounds referred to as site-
specific chemical labeling systems.?®®* One of the distinct advantages of site-specific
chemical labeling is the freedom and the flexibility to use a wide repertoire of small

molecules with diverse spectral properties. In a general chemical labeling method, an



acceptor peptide moiety is fused with a protein of interest and a small fluorescent or
profluorogenic compound is introduced exogenously to find its target acceptor. There
are some different approaches beside the general chemical labeling method for

selective labeling like incorporation of unnatural amino acid acceptors in order to couple
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Figure I-3: Endogenous molecule-inducible fluorescence of noncanonical fluorescent
proteins. a. The chemical structure of bilirubin chromophore and the crystal structure
of wild type UnaG (PDB ID: 4I3B). The protein tertiary structure is shown in green
and the bound chromophore is shown as sticks in magenta. b. The chemical
structure of biliverdin ligand and the crystal structure of IFP2.0 (PDB ID: 4CQH). The
protein tertiary structure is shown in green and the bound chromophore is shown as
sticks in magenta.



with exogenous chromophores. However, in all cases, exogenous molecules are
conjugated to their acceptor via one of three mainly applied modes: an enzymatic
action, a direct affinity binding, or a bioorthogonal reaction. As anticipated, these small
probes should be cell permeable and be nontoxic to the cells.

A variety of site-specific chemical labeling methods have been utilized with the
assistance of enzymatic couplings [Halo-Tag,***” SNAP/CLIP-Tags,*®*® BL-Tag,***® as

examples] (Figure I-4). These enzymatic probes have attracted attention because they

: . o 3 6, 6 -1 -1
display fast labeling kinetics (rate constants, k ~ 10 — 10 M s ) and they allow for

time-controlled labeling strategies of target proteins. The exogenous ligands usually
contain a fluorescent module with desired spectral features and require a washing step
of the treated cells prior to microscopic analysis in order to eliminate unreacted
fluorescent probe and reduce the background fluorescence from unspecific binding.
However, it has been successfully shown that exogenous ligands can be designed with
a quencher moiety to mask the probe fluorescence prior to coupling to their enzyme.
Both SNAP-Tag and BL-Tag have utilized such fluorophore-quencher hybrid chemical
probes to allow cell imaging without the need of washing steps and to provide high
signal to noise ratio with a low background fluorescence (Figure I-5) 444830

Nonetheless, these probes require multi-step syntheses, limiting cell permeability due to

their bulky structures, and slow down the rate of labeling process.
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Figure I-4: General labeling mechanism of self-labeling enzymes. Enzyme tags are
shown in green cartoon with a fused protein of interest (POI) in gray. The fluorescent

module of the ligands is indicated in red a. The fluorescent OG-benznguanine
derivative reacts with SNAP-Tag and labels the protein. b. Halo-Tag reacts with
primary alkyl chlorides to form an irreversible ester linkage. ¢. BL-Tag opens up the
B-lactam of ampicillin based fluorescent probes and forms a stable covalent bond.
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Figure 1I-5: Structures and labeling mechanism of the fluorophore-quencher hybrid
chemical probes. Enzyme tags are shown in green cartoon with a fused protein of
interest (POI) in gray. The fluorescent module of the ligands is indicated in red, while
the quencher moiety is marked in blue. a. The installed quencher at C8 position of
guanine ring is eliminated upon coupling of SNAP-Tag with its substrate. The
resulting complex is fluorescent whereas the initial probe is a nonfluorescent
molecule. b. The nucleophilic hydroxyl group of the BL-Tag attacks the amide bond of
the B-lactam ring and discards the quencher moiety from the cephalosporin based
probe to yield a fluorescent complex.



Self-labeling enzymes like SNAP-Tag (20 kDa), CLIP-Tag (20 kDa) and Halo-Tag
(33 kDa) are large proteins and can cause potential problems in protein trafficking and
function. To overcome such concerns, alternate enzymatic peptide labeling methods
have been developed in which the enzyme (not fused with a protein of interest) plays a
secondary role in labeling the target protein. In these systems, an enzyme and a protein
of interest with a genetically encoded small peptide motif (13-15 amino acids) must be
expressed simultaneously in the cell. Assisted by association with the enzyme, the
exogenously added chromophore can be incorporated to the small peptide moiety that

is expressed as a part of protein of interest. Such systems include lipoic acid ligase

51-55 56-59 (

(LplA) or engineered version as fluorophore ligase and biotin ligase limited to
ex vivo imaging) require active site engineering of the enzymes for enabling
incorporation of different types of fluorophores and they demand multi-step labeling
protocols via bio-orthogonal reactions.

The second class of conjugation between the exogenous ligand and its acceptor
tag is based on a direct affinity binding in which the ligand can either form a covalent
bond with its acceptor after binding or it can be tightly held on to its acceptor
noncovalently with a high binding affinity. PYP-Tag (14 kDa) and TMP-Tag (18 kDa) are
good examples of the fluorescent probes where the ligand covalently binds to one of the
residues of its acceptor. Photoactive yellow protein (PYP) is a blue light receptor
isolated from purple eubacterium, Halorhodospira halophila having a p-coumaric acid

(pCA) as its chromophore (Figure 1-6a).°>%® Although the free chromophore, pCA,

absorbs at 284 nm in solution, the formation of the thioester bond between the pCA and



69 . . . : . : :
Cys  residue along with specific protein-chromophore interactions results in a strong

absorption in the visible region, exhibiting a yellow PYP-pCA complex ()\max = 446

nm).%*%® Recently, Kikuchi et al. has demonstrated that PYP can be developed into a
fluorescence tag with a novel design of fluorogenic ligands (Figure I-6b).°”®® The

authors used 7-dimethylaminocoumarin thioester derivates, which have low

p-coumaric acid

b.
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Figure 1-6: Design of a PYP-Tag. a. The structure of the natural substrate of PYP
and the crystal structure of its bound form. The protein tertiary structure is shown in
yellow (PDB ID: 2PHY) with its ligand indicated in a stick model. The dashed box
shows the binding mode of the ligand to PYP via a thioester linkage. b. The structure
of a TMBDMA ligand that shows minimal fluorescence in polar environment. Upon
transthioesterification, it covalently binds to PYP-Tag and vyields a fluorescent
complex.
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fluorescence in polar solvents (quantum efficiency ~ 0.02), but become fluorescent in
less polar environments like protein binding pockets. The subsequent efficient
transthioesterification between the nucleophilic cysteine residue of the PYP and the

designed ligand, TMBDMA, creates a low polar environment around the ligand yielding

b
a complex ()\a ° - 450 nm, )\ems = 487 nm) with quantum efficiency of 0.38 (Figure I-

6b).

Similar to the PYP-Tag, TMP-Tag was used as an alternative chemical tagging
system in which the ligand and the protein tag forms a stable covalent bond.®*”! The
design strategy is based on the high affinity interaction between Escherichia coli

dihydrofolate reductase (eDHFR) and trimethoprim (TMP), which is a strong inhibitor for

eDHFR (enzyme inhibition, Kj ~ 1 nM).”? The engineered analog of eDHFR:L28C and

synthetically designed acrylamide-TMP-fluorophore ligand can be covalently coupled via

o : . 28 . :
proximity induced Micheal reaction between the Cys ~ residue and the acrylamide

appendage. Since TMP displays high inhibition affinity only for eDHFR but not for
mammalian forms of the enzyme, TMP-Tag is well suited for mammalian cell imaging
with high selectivity (Figure 1-7).

Fluorogen activating proteins (FAPs) are noncovalent peptide based fluorescent
reporters. These FAPs are derived from libraries of human scFv’s through a yeast
display technology.””® They bind profluorogenic molecules such as thiazole orange
(TO) and malachite green (MG) with nanomolar affinity and generate fluorescence with

high levels of brightness.”*”>’” They have been applied in visualizing proteins on cell

11



surface and intracellular organelles.” 7787

FABs are a novel platform for fluorescent
tagging of proteins since they couple with nonfluorescent molecules and eliminate the
need of washing steps prior to imaging. However, their application and adaptability is
limited as a result of requiring molecular manipulation for a particular fluorogen chosen.
Additionally, they are mostly restricted to extracellular cell surface imaging or certain

compartments in which a non-reducing environment is necessary for their proper folding

(disulfide bond formation), stability and function. The current research with FAPs is

eDHFR:L28C T™MP

Figure 1-7: Schematic illustration of the proximity-induced Michael addition between
the nucleophilic thiol and the electrophilic acrylamide moiety of the acrylamide-TMP-
fluorophore conjugate. The tertiary structure of the eDHFR is shown in green (PDB
ID: 1RD7) and the thiol nucleophile of the cysteine at position 28 is indicated in
magenta. The TMP, fluorophore and the acrylamide sections of the ligand are
marked in blue, red and orange colors, respectively.
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followed on developing more libraries for optimizing their utility in intracellular milieu
(independence of disulfide bond formation) and for broadening the choice of fluorogenic

molecules with desired spectroscopic features.”®8%8

The aforementioned methods for coupling a protein with its ligand require
exogenous molecules either via enzyme assistance or a direct affinity binding. The third
method to be discussed is a bioorthogonal method, which also requires the addition of
an exogenous ligand. The ligand can be conjugated to the protein of interest in one of
two ways: first, a chemical recognition peptide motif is fused to a protein of interest and
the metal containing ligand is coupled with the peptide via metal-ligand chelation, and
secondly, a biosynthetic machinery modifies the protein of interest within the cell
environment to install a reactive bioorthogonal functional group that can react with the
exogenous ligand upon addition. The first method is a relatively simpler approach and
various small recognition peptide motifs can be added to the protein of interest as a

83-87

genetic fusion.®? Tetracysteine/biarsenical system, oligohistidine/nickel-complex

88-92 93-95

system, and oligoaspartate/zinc-complex system are examples of such
recognition mediated labeling in which the selectivity is achieved by the chemical
recognition between electron-rich peptide segments (6-10 amino acids) and electron-
deficient metal chelates (Figure 1-8). Various fluorescent dyes can be used to generate
a wide range of fluorophore-carrying metal complexes. However, the main problem with

these systems originates from the toxicity of the high dose of metal complexes and

13



nonspecific binding of them to similar or related sequence motifs on other proteins

within the cell environment.
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Figure 1-8: Strategies for the bioorthogonal recognition mediated chemical labeling of
proteins. Protein of interest (POI) is indicated in gray sphere with a sequence specific
small recognition peptide motif shown in magenta ellipsoid. The structures of
fluorophore-carrying metal complexes display the fluorophore moiety (in red) and the
metal center (in blue). a. Tetracysteine/biarsenical system. b. Oligohistidine/nickel-
complex system. ¢. Oligoaspartate/zinc-complex system.

14



In the second approach, the protein of interest must carry a bioorthogonal
functional group within its structure to chemically couple with the exogenous ligand. The
biosynthetic machinery in the cell should install this functional group either during
protein translation (via unnatural amino acids) or through a post-translational peptide
modification. The exogenous ligand having a complementary functional group should be
added to the cell to accomplish the labeling process. A large diversity of functional
groups have been used for bioorthogonal chemical labeling such as azides, alkynes,
nitrones, alkenes, ketones, aldehydes and aryl-tetrazines enabling multiple methods to

be used simultaneously for labeling different target proteins in the same biosystem.®?%®

100-104

% Staudinger ligations, alkyne-azide cycloadditions,”>'®*'"" and Diels-Alder

cycloadditions''# 1

are one of the few examples applied in selective labeling of proteins
and in vivo imaging (Figure 1-9). Advantages of these systems include the ability to
design fluorogenic reporters (wash free imaging) and the ability to incorporate only a

small functional group into protein of interest, which will not alter the structure and the

function dramatically. Nevertheless, these systems require biological methods to install

. : : : o 4 -1 -
functional groups into the target proteins and slow labeling kinetics (kup to 10 M s
1).98

Several methods have been developed over the years for specific protein
labeling based on a diverse array of chemistry on protein modification and small
molecules. Yet, the design of more probes and advanced imaging technologies is an

active ongoing research area, pushing both experimental and conceptual limitations in
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Figure 1-9: Bioorthogonal reactions with different functional groups. The
bioorthogonal functional group on protein of interest (POI, shown in gray sphere)
reacts with the exogenous molecule carrying a complementary functional group and a
fluorescent reporter represented as a red star. a. The Staudinger ligation of azides
and triarylphosphines. b. [3+2] cycloadditions of azides and alkynes to form triazoles.
Terminal alkynes require Cu(l) as a catalyst to achieve cycloaddition with azides
(top). Cyclooctynes react with azides under physiological conditions without Cu(l)
requirement via strain-promoted cycloaddition (bottom). c. Inverse-demand Diels-
Alder reaction of trans-cyclooctene and monoaryl tetrazine (top). Inverse-demand
Diels-Alder reaction of norbornene and monoaryl tetrazine (bottom).
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order to address more complex questions in biological systems. From the compilation of
recent advances in the use of fluorescence in molecular and cellular systems, one can
argue that the union of a genetically addressable system (biomolecules) with the
flexibility in attaining the desired spectroscopic characteristics (small molecules) would
provide fundamental avenues for improvement of protein fusion tags with increasingly
stringent and specialized properties. In this report, we introduced a fluorescent system
that not only requires the union of a molecule and a protein for ultimate flexibility (as
alluded to above), but also utilizes a nonfluorescent molecule that becomes fluorescent
only upon binding and reaction with the target protein. The initial foray, disclosed herein,
describes the pairing of a small dye precursor with sets of protein mutants, exhibiting

red shifted emission with high quantum efficiencies and brightness.

1.2 Choice Of Protein For Engineering A Fluorescent Tag

We have recently succeeded in designing protein-embedded chromophores to
control their absorptive properties by judicious manipulation of the protein architecture
surrounding the chromophore.''”'® This inspired us to consider a system that
combines the strengths of protein engineering and synthetically designed fluorogenic
molecules to provide a wide range of fluorescent complexes that specifically and
quantitatively label the target proteins. Our previous work has demonstrated that all-
trans-retinal, the vitamin A derivative, results in colored pigments upon complexation
with small cyctosolic proteins. The iminium-based complexation is achieved with the
electrophilic aldehyde moiety of the retinal and an active site nucleophilic lysine residue.

The studied proteins, human Cellular Retinol Binding Protein Il (hCRBPII) and human
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Cellular Retinoic Acid Binding Protein Il (CRABPII), are small cyctosolic proteins (~ 15
kDa) which belong to a family of intracellular lipid binding proteins (iLBPs). Similar to
other members of the iLBP superfamily, hCRBPIl and CRABPII have a common three-
dimensional clamshell structure composed of two orthogonal B-sheets (each includes

five antiparallel B-strands) and two a-helices.'®*'?® Both hCRBPII and CRABPII hold

Figure 1-10: Crystal structures of wild type hCRBPII and CRABPII. a. All-trans-retinol
bound wild type hCRBPII (PDB ID: 4QZT). b. Crystal structure of wild type CRABPII
bound to all-trans-retinoic acid (PDB ID: 2FR3). c¢. Overlaid structures of hCRBPII
(pink) and CRABPII (blue) demonstrate the structural similarity between the proteins.

The bound ligands, retinol (magenta) and retinoic acid (indigo) are shown as stick
models.

their natural ligands, retinol and retinoic acid respectively, in their hydrophobic central

cavity (Figure 1-10)."'7121123129 Thejr remarkable tolerance of mutational studies and
.3
robust B-barrel topology with a large binding cavity (~ 600 A") provided ideal

frameworks for applications in protein re-design.

Our former lab members, Dr. Wenjing Wang and Dr. Tetyana Berbasova have

engineered hCRBPII into a fluorescent tag and successfully demonstrated its utility in
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vivo imaging studies (unpublished data). This study focuses on the reengineering of the
CRABPII into a series of fluorescent proteins with expanded structural insights of
chromophore-protein interactions.

1.3 Design Of A Fluorogenic Cyanine Compound

As a choice of fluorophoric precursor, we focused on cyanine dyes that have
played a central role in spectroscopic applications related to molecular biology. In
comparison to common fluorescent molecules, cyanine dyes are mildly fluorescent in
solution, probably due to the their backbone flexibility.’**'3* However, their high
extinction coefficients, large absorption cross sections and innocuous nature in
biological systems make them one of the most commercialized fluorescent probes for
labeling strategies.'®>13%1%

Classical cyanine dyes are cationic molecules in which two heterocyclic rings are
joined together by a chain of conjugated polymethines (Figure I-11a). The heterocyclic
rings may be identical or different providing a ring with tertiary nitrogen and another ring
with quaternary nitrogen. Inspired by the cyanine dye architecture, the precursor
merocyanine aldehyde 1 is synthesized (Figure I-11b). This profluorogenic aldehyde
can form an iminium, Schiff base (SB), with primary amines such as n-butyl amine or an
active site lysine residue within a protein binding pocket. The subsequent protonation of
the merocyanine-SB yields a permanent resonating cation, resulting in a fluorophoric
entity (merocyanine-PSB, 2). This push pull system, which terminates at the nitrogen
atoms at the two ends of the polyene, leads to a bathochromically shifted chromophore

with an absorption profile distinct from its parent aldehyde.
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Figure I-11: Characterization of cyanine dye precursor, merocyanine aldehyde 1. a.
Generic structure of a classical cyanine dye, in dash box. b. Merocyanine aldehyde 1
binds to an active site lysine residue to generate the red-shifted fluorescent cyanine
pigment, merocyanine-PSB 2. ¢. UV-vis spectra of 1 (orange), Schiff base of 1 with
n-butyl amine (blue), and the corresponding protonated Schiff base of 1 upon
acidification (purple). All spectra are in phosphate buffer saline (PBS). d. Absorption
and emission spectra of 2 in PBS. The emission spectrum is obtained with excitation
at 565 nm and collected from 575 nm to 800 nm. e. Absorption and emission spectra
of 2 in ethanol. The emission spectrum is obtained under identical settings in d.

Merocyanine aldehyde 1 absorbs maximally at 492 nm in phosphate buffer saline
(PBS) while the corresponding SB (formed by reaction with n-butyl amine) blue shifts to
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425 nm (Figure I-11c). Acidification results in a large red shift in the UV-vis spectrum,

Lo abs .
consistent with the formation of the iminium (A = 574 nm). As expected, the resulting

merocyanine-PSB 2 becomes mildly fluorescent in PBS solution (quantum yield, ® = 4

%, )\ex = 565 nm, )\ems = 604 nm), a result of the two nitrogen atoms being in

conjugation through the polyene backbone. The change in solvent from PBS to ethanol

increases the quantum efficiency of merocyanine-PSB 2 by two fold (® = 8 %, N

565 nm, )\ems = 611 nm) exhibiting environmentally sensitive fluorescence properties

like other cyanine dyes (Figure I-11d and Figure I-11e)."3%3213 Additionally,
merocyanine-PSB 2 displays photophysical properties similar to sulfoindocyanines and
unsymmetrical imine-based trimethine and pentamethine cyanine dye analogs which
were reported previously. 3%

Merocyanine aldehyde 1 structurally mimics the retinylidene ligands that are
already shown to bind strongly to engineered CRABPII proteins. The synthesized
aldehyde has a polyene tail like retinal backbone and the indoline head group similar in
size to the ionone ring. Thus, it could easily couple with CRABPII proteins and form a
stable PSB. The merocyanine aldehyde 1 is additionally attractive for our studies
because the subsequent PSB formation of the aldehyde within the protein cavity would
result in distinct spectroscopic properties (in situ formation of a cyanine dye) compared

to the nonfluorescent free aldehyde allowing negligible background for imaging studies.

Furthermore, the sequestration of the bound ligand by the protein environment could
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rigidify the molecule, leading to enhancement of fluorescence, as it was observed for
many cyanine dyes in viscous solvents. This element gives an opportunity for us to
design the binding pocket of the protein in order to reduce motional freedom of the
bound ligand for further increase in fluorescence. Additionally, cyanine dyes display
environmentally sensitive fluorescence properties, which is also taken into account as a
second tunable element. In summary, we would pursue the study of
merocyanine/CRABPII fluorescent complexes by rigidifying the bound chromophore and
altering the electrostatic environment in protein cavity.
1.4 Complexation Of Merocyanine Aldehyde 1 With CRABPII Mutants And
Structure-Guided Mutagenesis

We have successfully demonstrated that CRABPII could be reengineered into
rhodopsin mimics capable of binding all-trans-retinal and C15 aldehyde (a shorter retinal
analog) to form PSBs via a lysine residue. The nucleophilic lysine was introduced at two
alternative positions within the protein cavity to generate two different generations of
CRABPII mimics. In the first generation, arginine 132 was mutated to a lysine residue
(as an active site lysine) and a second arginine residue at position 111 was changed
into a hydrophobic side chain, leucine. This design also required the installation of a
counter anion in order to obtain a stable PSB between the all-trans-retinal and the
engineered R132K:R111L:L121E (abbreviated as KLE) CRABPIlI protein under
physiological conditions.''®2%'2! The structural data of the first generation of CRABPII
mutants showed that the aldehyde end of the retinal was deeply buried within the

protein cavity, whereas the ionone ring of the chromophore was not encapsulated by the
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protein, yielding a solvent exposed protein-chromophore complex (Figure I-12a). The

resulting buffered chromophore with aqueous media was unresponsive to mutational

7
. C\P\L‘{K

Figure 1-12: Crystal structures of CRABPII rhodopsin mimics. a. The structure of
the first generation CRABPII KLE mutant bound to all-frans-retinal (PDB ID: 2G7B).
b. Crystal structure of CRABPII KLE:R59W/C15 aldehyde complex (PDB ID: 3F8A).
The shorter chromophore is embedded in the protein binding pocket. ¢. Crystal
d
structure of a second generation of CRABPII variant (CRABPII-2n ) bound to all-
trans-retinal (PDB ID: 419S). The ligand is fully encapsulated by the protein. d.
Overlay of all three crystal structures (CRABPII KLE/retinal in pink, CRABPII
KLE:R59W/C15 in green, and CRABPII-2nd/retinaI in dark blue) illustrating the
differences in the coverage of the bound ligand by the protein scaffold.
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changes of protein and not tunable in terms of absorptive characteristic. To address the
problem, a shorter retinal analog, C15 aldehyde was synthesized. This short
chromophore was complexed with CRABPIlI mutants to yield observable wavelength
regulation with point mutations (Figure 1-12b).'" As an alternate route, the second

generation of CRABPII rhodopsin mimic (CRABPII-Z”d) was designed in which an active

site lysine residue was placed deeper in the binding pocket of CRABPII. With this
approach, the chromophore binding and the subsequent PSB formation were
accomplished ~ 6 A deeper inside the protein cavity, resulting in a substantially
modulated absorption profile of the bound retinal (Figure I-12¢ and Figure I-12d)."""
Having in hand various CRABPII mutants, we have pursued the pairing of merocyanine
aldehyde 1 with the first generation of CRABPII rhodopsin mimics to study a system that
not only requires the union of a molecule and a protein for ultimate flexibility, but also
utilizes a nonfluorescent merocyanine precursor becoming fluorescent only upon
binding with the target protein.

From the simplest mutant to the more complex mutants, merocyanine aldehyde 1
was coupled with CRABPII variants to trigger the in situ formation of a cyanine dye.
Incubation of the ligand with CRABPII mutants generates pigments that exhibit
remarkable bathochromicity and narrow absorption bands (Table I-1). Time dependent
binding of the R132K:R111L (KL) mutant with merocyanine aldehyde 1 shows a clear
isosbestic point indicating homogenous formation of the PSB (Figure I-13a).

Subsequent addition of retinal does not displace the merocyanine from the binding site,

demonstrating that the covalent linkage between the merocyanine ligand and the protein
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Table I-1. Spectroscopic data of CRABPII mutants complexed with merocyanine 1.

Entry CRABPII Variants )‘abs /5.8ms nm) P%) ¢ (M.cm)-1
1 R132K:R111L (KL) 600 /617 18 111,700
2 R132K:R111L:L121E (KLE) 591 /612 33 93,200
3 R132K:R111L:L121D (KLD) 591/612 30 97,500
4 KL:R59W 602 /619 23 140,100
5 KL:R59Y 602 /617 14 n.d.

6 KLD:R59W 595/615 38 n.d.
7 KLE:R59W 595 /616 39 169,800
8 KLE:R59H 589 /615 30 124,600
9 KLE:R59Y 594 /615 32 n.d.
10 KLE:R59F 593 /613 37 160,800
11 KLE:R59L 594 /613 33 142,000
12 KLE:V76W 569 / 605 33 77,600
13 KLE:S37W 579 /609 30 96,500
14 KLE:I31W 582 /611 28 n.d.
15 KLE:L28W 581 /611 31 58,600
16 KLE:P39W 582 /619 17 n.d.
17 KLE:M123W 592 / 609 32 117,000
18 KLE:A32W 590 /614 31 104,300
19 KLE:V76W:S37W 569 /603 27 n.d.
20 KLE:V76W:L28W 571 /609 32 67,000
21 KLE:R59W:131W 595/615 39 n.d.
22 KLE:R59W:L28W 595 /619 38 158,400
23 KLE:R59W:M123W 595 /611 29 167,800
24 KLE:R59W:A32W 595 /617 39 142,900
25 KLE:R59W:L28W:I31W:A32W 597 /1 623 32 n.d.

® = quantum yield, € = extinction coefficient of the protein/1 complex, n.d. = not
determined

is stable. Excitation of the KL/1 complex at 565 nm yields a narrow emission spectrum

that peaks at 617 nm (Figure I-13b). Base titration of the iminium within the protein

cavity reveals a pKj of 9.6, well above the physiological range (Figure 1-13c). The high

pKa of the iminium helps the protein-chromophore complex to preserve its protonated

stage with a long wavelength absorption band. However, at elevated pH regimes, the
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iminium is deprotonated, giving rise to a short wavelength absorption at around 425 nm,

which is a typical consequence of deprotonation of cyanine dyes (Figure 1-13e).'442
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Figure 1-13: Spectroscopic data of KL/1 complex. a. Time course binding scan of
merocyanine aldehyde 1 (0.3 equivalents) with KL mutant (20 puM). Absorption
spectra were taken at 2 minutes intervals. b. Absorption and emission spectra of
KL/1 complex (excitation at 565 nm). ¢. Base titration of KL/1 complex. Upon addition
of NaOH, the peak at 600 nm blue shifts to 425 nm. The pH values are indicated in
the box on right. d. Absorbance of KL/1 complex at 600 nm as a function of pH with

an apparent pKy of 9.6. e. Protonation of imine (merocyanine-SB) results in
merocyanine-PSB in CRABPII mutants yielding red-shifted pigments.
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With a stable complex of merocyanine aldehyde 1 with the KL mutant in hand, we
explored the possibility to regulate the absorption and emission spectra of the complex
by using perviously established strategies in our lab. These include changing the
electrostatic environment along the chromophore, altering the interactions of the counter
anion for the PSB, and creating a more enclosed binding pocket for the bound ligand.
To begin with, the electrostatic environment in the vicinity of the PSB was altered by
introducing a negatively charged residue (glutamine) at position 121. The resulting
KL:L121E (referred as KLE) showed a slight hypsochromic shift in the absorption of the
protein-ligand complex (Table I-1, entry 2). This is due to stabilizing the cationic charge
on the iminum nitrogen atom and decreasing the charge distribution along the
chromophore (less delocalization). Similarly, installation of an aspartate residue as the
counter anion displayed similar photophysical characteristics as the KLE mutant (KLD,
entry 3, Table I-1). Although, we observed only small changes in absorption and
emission profile of the resulting mutants, both KLE and KLD complexes showed
improved fluorescence quantum yield in comparison with KL/1 complex (see further
discussion in Section 1-5.2).

We had showed that the effect of closing the binding cavity and creating a less
solvent accessible binding pocket is crucial in terms of enhancing protein-ligand
interactions. The embedded and completely encapsulated bound retinoids became
more sensitive towards small changes in protein environment and displayed significantly
tunable absorptive properties. This phenomenon could be specifically important for the

bound merocyanine dye because cyanine dyes exhibit environmentally sensitive
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fluorescence properties under different conditions such as different solvent polarity,
dielectric constant, ionic strength and viscosity. Previous reports have documented
decreased levels of fluorescence as a function of increasing solvent polarity and vice
versa.'®"" 132143144 15 3 similar fashion, isolation of the binding pocket from the aqueous
media could have a significant impact on merocyanine-CRABPII complexes, achieving
enhanced fluorescence properties. Therefore, we focus on introducing hydrophobic
residues at the entrance of the protein cavity. Arginine 59 (Arg59) located at the portal
of the binding site was changed to a number of different amino acids by using the KLE
mutant as a template. Spectroscopic analyses of these mutants showed little change in
the absorption and emission wavelength as well as in quantum yields. However, the
replacement with tryptophan and phenylalanine exhibited improved quantum efficiencies
(Table I-1, entries 6 to 11). It is possible that placement of a large hydrophobic aromatic
residue provides favorable interactions with the bound ligand and better encapsulates
the binding cavity, whereas more polar residues like histidine and tyrosine might retain
similar solvation around the chromophore neighborhood as the original arginine, yielding
comparable fluorescence properties. Furthermore, we observed the same improvement
in quantum yield with tryptophan installation in the KL double mutant while mutation to
tryrosine resulted in a decrease in quantum efficiency (KL:R59W vs KL:R59Y, see
Table I-1 entries 3 and 4). Interestingly, the mutants of R59W displayed significantly
increased extinction coefficients of the protein-ligand complexes, leading to high

fluorescence brightness (for examples see Table I-1 entry 1 vs 4, or 2 vs 7). Together
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these results indicate that the replacement of Arg59 with Trp is unique in improving

fluorophoric properties of the protein-chromophore complex.

f&v«f A 1 f‘Lg

A & Leu28 Pro39

Ag
Val’6 Met123

Figure I-14: Crystal strcture of KLE CRABPII bound to all-trans-retinal (PDB ID:
2G7B). a. The residues that are in close contact with the bound chromophore (in dark
gray) are shown in sticks. Each residue is highlighted with a different color. b.
Exploded view of the protein binding pocket showing the residues discussed in the
text.

Further improvements in the fluorescence properties of the merocyanine bound
CRABPII complexes were focused on rigidifiying the ligand through packing interactions
with large amino acid side chains. It has been shown that better chromophore packing
can lead to increased quantum efficiency of protein-bound fluorophores. Denaturation of
GFP resulted in a destruction of its fluorescence.'*'*® Additionally, synthetic analogs of
the GFP fluorophore are devoid of fluorescence, demonstrating that the rigidity of the
protein structure and tight packing of residues inside the binding cavity are crucial for its

high fluorescence quantum vyield."*"'*® As a result, filling the space around the bound

ligand is a suitable approach to constrain vibrational relaxations in order to reach

c3
enhanced fluorescence quantum efficiency. To this end, Trp with its large size (240 A
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149,150

.3 . :
average volume, 163 A van der Waals volume) and restricted rotomeric

flexibility'>'1%*

was installed at various positions in the binding cavity. It should be noted
that the indole ring of Trp is polarizable and has a significant dipole moment, and thus it
could influence the electrostatic environment of the bound ligand rather than having only
steric effects. Inspection of the crystal structure of KLE CRABPII mutant suggested four
positions, Leu28, lle31, Ala32, and Ser37, located on o-helix of the protein, to
investigate tighter packing via replacement by the voluminous residue Trp (Figure 1-14).
All four mutants formed a PSB upon binding to merocyanine aldehyde 1 (Table I-1,
entries 13-15, 18). Notably, mutants of KLE:L28W, KLE:I31W, and KLE:S37W gave
similar absorption/emission wavelengths with the bound chromophore, whereas
KLE:A32W exhibited a more red-shifted spectroscopic profile. Unfortunately, all of these

mutants gave similar quantum yields in comparison with KLE triple mutant (Table I-1,

entry 2), showing that the substitutions of Trp residues at the selected positions did not

Table I-2. Brightness of CRABPII/1 complexes and known red fluorescent proteins.

Fluorescent Protein )\abs”\ems(nm) D(%) ¢ (M.cm)-1 Brightness (%)

mKate2 588 / 633 40 62,500 100
mCardinal2 604 / 659 19 87,000 66

KL 600 /617 18 111,700 80

KLE 591 /612 33 93,200 123

KLD 591/612 30 97,500 117
KL:R59W 602 /619 23 140,100 129
KLE:R59W 595/616 39 169,800 265
KLE:R59W:L28W 595 /619 38 158,400 241
KLE:R59W:M123W 595 /611 29 167,800 194
KLE:R59W:A32W 595 /617 39 142,900 223

® = quantum yield, € = extinction coefficient of the protein/1 complex, brightness is

calculated as the product of Eand ®.
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result in an effective restricted environment for the bound ligand. Next, we constructed
mutants in which doubly installed Trp residues around the helical region were examined.
Since the R59W mutation caused an enhancement of the quantum yield, we combined
R59W along with the aforementioned mutants (Table I-1, entries 21, 22 and 24).
Sequential combinations of the R59W mutation with L28W, I31W and A32W gave
quantum efficiencies identical to KLE:R59W, suggesting that the Trp residue at R59 is
sufficient to provide a tighter fit for the indoline ring. Nevertheless, KLE mutants
including the R59W mutation exhibit large extinction coefficients and high quantum
yields with the brightness of the CRABPII complexes rivaling mKate2® and
mCardinal2®, two proteins with the brightest fluorescences known in this wavelength
regime (Table I-2).

Since attempts to put steric bulk on the helical region of the protein did not result
in enhanced fluorescence, we selected other positions closer to the interior of the
protein and proximal around the polyene tail of the chromophore (Figure I-14). Pro39,
Val76, and Met123 were exchanged with Trp residues to increase the steric bulk around
the bound ligand. Unfortunately, KLE:P39W mutant was sluggish to yield the PSB after
24 h. We also observed this effect when Phe15 was mutated into a Trp residue (data is
not shown). Presumably, placement of Trp residues at these positions blocks ligand
entry, preventing the aldehyde moiety from reaching the active site Lys residue.
Fortuitously however, in the case of KLE:V76W, we observed that merocyanine
aldehyde reacts rapidly with the nucleophilic Lys side chain with a nearly instantaneous

formation of the PSB (see further discussion in Section 1.6). It was interesting that the
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resulting KLE:V76W/1 complex showed blue-shifted absorption and emission spectra as
compared to other CRABPII/1 pigments (Table I-1, entry 12), and also as compared to
merocyanine-PSB 2 with n-butyl amine in PBS solution (Figure I-11¢). A blue shift was
also seen in other V76W containing mutants such as KLE:V76W:S37W and
KLE:V76W:L28W in which both parent pigments KLE:S37W and KLE:L28W display a
10 nm red-shifted spectrum before the installation of V76W (Table I-1, entries 13 vs 19,
and 15 vs 20). Another surprising observation was that these mutants have low
extinction coefficients upon coupling with the merocyanine aldehyde 1. The increased
rate of PSB formation, along with an observed blue shift of absorption and low extinction
coefficient for all V76W mutants may suggest that these mutants are structurally more
solvent accessible (ligand is buffered in aqueous media) and flexible to accommodate
the exogenously added chromophore. The substitution of Trp at Met123 (KLE:M123W)
did not cause any significant change in the spectroscopic profile of the protein-ligand
complex as compared to KLE mutant. Indeed, the addition of M123W mutation to
KLE:R59W resulted in decreased fluorescence (Table I-1, entry 23).
1.5 Crystallographic Data Of CRABPII/1 Fluorescent Complexes

In the course of this study, it became evident that single mutations of L121E,
L121D, and R59W were most effective in improving the fluorescent characteristics of KL
double mutant. In an effort to understand the effect of these mutations, structures of
several merocyanine bound CRABPII mutants were determined. The readily
crystalizable nature of these proteins was invaluable to provide clues for the observed

spectroscopic behavior that results from single mutation of key residues. As will be
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evident upon review of the data below, our studies indicate that the large binding cavity
and relative structural plasticity of CRABPII provides structural freedom for the bound
ligand to adopt various binding conformations that correlates well with the expected
fluorescent properties.

The crystals of KLE:R59W/1 complex and the structured refinements were
performed by Dr. Xiaofei Jia (Yale University). The crystals of KL/1, KLE/1 and KLD/1
complexes were determined by Meisam Nosrati and Ipek Yapici.

1.5.1 The Structure Of The KL/1 Complex

Our previous efforts in designing rhodopsin protein mimics were aided through
the acquisition of numerous crystal structures of CRABPII and hCRBPII bound retinoid-
protein complexes.''"121:123.129 Although rotameric differences were observed as a result
of different mutations, the bound chromophore was always found in the same location
within the binding pocket. Structures of merocyanine bound CRABPII complexes defied
this trend. In the KL/1 complex, the ligand follows a trajectory that is completely distinct
from previously seen ligand bound structures of CRABPII (Figure I-15). The overlay of
KL/1 structure with its retinal bound counterpart (KLE/retinal) shows that merocyanine
ligand does not follow the same trajectory as compared to retinal chromophore. With
retinal, the ionone ring is located near the mouth of the binding cavity, which is in
contrast to the indoline ring of the merocyanine. The indoline ring is tucked into a
hydrophobic pocket deep within, featuring significant hydrophobic interactions between
Leu121 and the heterocyclic ring (Figure I-16b). The merocyanine aldehyde 1 forms a

cis-imine with Lys132, similar to retinal, but the resulting PSB is stabilized by a water-
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mediated hydrogen bond to Ser12 instead of a direct hydrogen bond to a counter anion
(retinal iminium is stabilized by a Glu121 counter anion, see Figure I-15).

Close inspection of a bound ligand revealed that cyanine dye is severely twisted

about the C3-C4 single bond (dihedral angle Y = 59.1°), which adopts an s-cis

s 26A
L Y

: L121E

Figure I-15: Crystal structure of KL/1 complex (1.7 A resolution, PDB ID: 4QGV). a.
The geometry of the bound ligand (in stick model) is shown. b. The overlay of crystal
structures, KL/1 complex (green) and KLE/retinal (pink, PDB ID: 2G7B) shows the
distinct trajectory for the bound chromophores. ¢. The enlarged image of KL/1
binding pocket depicts the cis-imine and the interaction with a water molecule
(indicated by the red sphere). d. Retinal forms a cis-iminium with R132K that is
stabilized by a counter anion, Glu121 residue. The crystallographic data shows that
the side chain of Glu121 adopts two conformations within the binding cavity.
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conformation to accommodate the binding site (Figure I-16). As previously reported, a
twisted polyene backbone of the cyanine dyes provides an effective conduit for non-
radiative decay of the excited state, yielding a loss in their fluorescence quantum
efficiency.'*'%>"%” This happens due to the ability of cyanine dyes to dissipate the
absorbed energy by rotational freedom of their polymethine chain to adopt twisted
conformation that relaxes non-radiatively to the ground state. Nevertheless, this
deactivation pathway is impeded in viscous solvents or conformationally restrained
environment, leading to an increase in the radiative route. The twisted cyanine dye in
KL/1 complex indicated the fact that the large binding cavity of CRABPII-KL allows the
bound ligand to adopt various geometrical conformations, which can lead to the non-
radiative decay of the excited state of the KL/1 complex. It is therefore not surprising
that severely twisted KL/1 complex has a low quantum yield in comparison with other
CRABPII mutants (® = 18 %, Table I-1).
1.5.2 The Structure Of The KLE/1 And KLD/1 Complexes

A radical change in binding of merocyanine is observed upon altering the
electrostatic environment at position 121. Exchange of the hydrophobic Leu121 residue
with either Glu or Asp yields protein complexes with merocyanine aldehyde 1 that are
more fluorophoric than the KL/1 complex (Table I-1, entries 2 and 3). The structures of
KLE/1 and KLD/1 complexes show that the chromophore binds the active site Lys
residue from a trajectory pointing opposite to that observed in the KL/1 complex (Figure
I-17). As Figure I-16b illustrates, Leu121 has a tightly packed interaction with the

hydrophobic indoline ring of the merocyanine, lying within 3.6 A away. The electrostatic

35



change, as a result of L121E and L121D mutations, plausibly disturbs the hydrophobic
environment, leading to an alternate binding site, which is more energetically favorable.
In the new binding orientation, the heterocyclic ring of the ligand is projected out of the
B-barrel between strand 1 and helix 2, leaving it relatively exposed to the exterior of the
protein. Both KLE/1 and KLD/1 complexes showed that the merocyanine aldehyde 1

forms a trans-iminium with an active site Lys residue unlike that seen in KL/1 cis-

4 3
KL-CRABPII Vs
5 1 - y > “NH
i 0 U S / 5
/ 6 4 2 N —
merocyanine aldehyde 1
» R132K
b. P1=59.1°
-8
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)
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R132K
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Figure I-16: Twisted conformation of merocyanine PSB in KL-CRABPII complex. a.
The reaction of merocyanine aldehyde with an active site Lys residue and
subsequent binding geometry of the bound ligand. Twist around the C3-C4 single
bond results in the s-cis conformation. b. The exploded view of KL/1 complex
demonstrates the twisted conformation of the bound ligand with a dihedral angle

59.1". The hydrophobic Leu121 resides 3.6 A away from the indoline ring, providing
hydrophobic packing interactions.
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iminium complex. Also, the resulting PSBs are stabilized by direct hydrogen bonding
with a side chain of Ser12 rather than a water-mediated interaction (Figure I-17d and
Figure 1-17e). Notably, the chromophores in KLE and KLD complexes are more planar

in contrast to the KL/1 complex. Although, they adopt the s-cis confomation about C3-

C4, the dihedral angle is much more planar (Y2 = 13.9°, Y3 = 7.2 for KLE/A and KLD/1

e.

\ L121D
R132K R132K

Figure I-17: Crystallographic data of KLE/1 and KLD/1 complexes. a. Crystal
structure of KLE/1 complex (1.5 A resolution, PDB ID: 4QGX). b. Crystal structure of
KLD/1 complex (1.8 A resolution, PDB ID: 4QGW). c. Overlaid structures of KLE/1
(cyan) and KLD/1 (dark purple) complexes show the identical trajectory of the bound
ligand. d. The enlarged image of the bound chromophore in CRABPII-KLE displays
the twist about the C3-C4 single bond in the s-cis conformation. Ser12 plays a role in
stabilizing the iminium nitrogen via direct hydrogen bonding. e. Same illustration of d
for the KLD/1 complex.

37



complexes, respectively). As anticipated, the more planar KLE and KLD mutants
complexed with merocyanine aldehyde 1 have higher quantum yields than the severely
twisted KL/1 complex (Table I-1, entries 2 and 3 vs 1).
1.5.3 The Structure Of The KLE:R59W/1 Complex

The structure of the KLE:R59W/1 complex depicts the binding of the ligand in a
fashion similar to those previously observed with retinal and retinoic acid bound
CRABPII mutants. Mutation of both Arg59 to Trp and Leu121 to Glu results in ligand
binding mode in which the indoline ring points towards the mouth of the binding cavity
and the aldehyde end of the ligand is deeply buried in the interior of the protein. The
Schiff base between the active site Lys residue, R132K, and the merocyanine aldehyde
adopts a frans-imine geometry. The installed counter anion, Glu121, interacts with the

iminium via a water molecule that resides 3.6 A away from the nitrogen atom, yielding a

complex that exhibits a pK5 of 10.5 for the PSB (Figure 1-18). The conformation of the

chromophore is quite planar as the entire polymethine chain stays in an s-trans
conformation. Additionally, the chromophore is well packed within the binding cavity with
restricted ability to move, in contrast to the previous structures, where it either severely
deviates from planarity (in KL/1 complex), or is less well packed and more solvent
exposed (as in KLE/1 and KLD/1 complexes).

KLE:R59W mutant with merocyanine aldehyde 1 has superior fluorescent
characteristics as compared to other mutants investigated in our study. It is noteworthy
that the KLD:R59W mutant (replacement of Glu121 with Asp121) that results in similar

fluorophoric properties as KLE:R59W/1 complex, thus suggesting that the shorter Asp

38



c d.
06 4 pH values 0.5
0.5 A :8.58
3 8.81 = 041
S04 =
—10.16 )
3 g 037
503 —10.81 2
S —11.08 S 0.2 1
2 02 —11.62 s
Ke)
0.1 1 < 041
O ! i i i 0 T T T T T T T 1
300 400 500 600 700 85 9 95 10 105 11 115 12
Wavelength (nm) pH

R59W 3.7 A'.W

Figure I-18: KLE:R59W CRABPII mutant complexed with merocyanine aldehyde 1.
a. Crystal structure of KLE:R59W/1 complex (2.7 A resolution, PDB ID: 3FEB). The
bound ligand is shown in stick. b. Overlay of all three crystal structures, KLE/retinal —
pink (PDB ID: 2G7B), wild type CRABPIl/retinoic acid — blue (PDB ID: 2FR3),
KLE:R59W/1 — green, illustrates similar binding mode for each chromophore. c. Base
titration of KLE:R59W/1 complex. The pH values are indicated in the box on right. d.
Absorbance of KLE:R59W/1 complex at 595 nm as a function of pH with an apparent

pKa of 10.5. e. The exploded view of the KLE:R59W/1 complex with L121E and
R59W mutations.
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side chain is of sufficient length to maintain the interaction with the bound chromophore
without causing a significant change in ligand geometry (Table I-1, entry 6). The
fluorescent properties of these mutants could be the result of the following three major
factors; i) the relatively flat and well-packed conformation leads to maximal overlap of
the 1t system, ii) closure of the binding cavity with a large Trp residue further isolates the
binding pocket and could also exclude water molecules that otherwise might weaken
fluorescence through enhancing non-radiative decay of the excited state, iii) although
the crystal structure precludes -1t stacking between Trp59 and the indoline ring of the
bound ligand, its close proximity (3.6 A) could result in a favorable electrostatic
interaction that further rigidifies the cyanine chromophore.

Given all the structural information obtained, it would appear that mutation of both
Leu121 to Asp or Glu, and Arg59 to Trp, is required to achieve the more orthodox ligand
trajectory seen in KLE:R59W/1. As predicted from the crystal structures of KLE:R59W/1,
a favorable hydrophobic packing between Trp59 and the heterocyclic ring of the ligand
is gained with the R59W mutation. All in all, it seems that a combination of two
conditions is necessary with merocyanine as the ligand to adopt the planar and linear
geometry, “retinylidene-like binding trajectory”. First, an anionic residue is required at
position 121, which destabilizes the ligand conformation seen in KL, and provides a
water-mediated interaction with the iminium in KLE:R59W. Second, placement of the
Trp residue at position 59, which supports hydrophobic interactions with the
merocyanine ring, leads to the relatively well-packed, flat ligand conformation seen in

KLE:R59W/1 structure. As a result, these changes vyielded the highest extinction
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coefficient and quantum efficiency, since the chromophore is flattened and
conformationally restricted. Indeed, the mutants with the best fluorescent characteristics
invariably contain the mutations at both of these positions (Table I-1).
1.6 Kinetic Analyses Of PSB Formation Of CRABPII/1 Fluorescent Complexes

We proceeded to analyze the coupling efficiency of merocyanine aldehyde 1 with
CRABPII variants. Mutations that introduced bulky residues within the binding pocket,
as well as the altered binding modes of the ligand for some mutants could adversely
affect the kinetics of PSB formation. We were able to monitor PSB formation by UV-vis

spectroscopy since the absorption of the PSB (absorbing higher than 570 nm) is distinct

from the free merocyanine aldehyde 1 ()\abs = 492 nm). All CRABPII variants (20 M)
were coupled with 0.3 equivalents of merocyanine aldehyde 1 at 23 °C and the

formation of PSB was followed at the A™® of each CRABPII/ complex. Table I-3

depicts the rate of PSB formation of CRABPII mutants relative to KL double mutant. The
presence of Trp at position 59 decreased the rate of PSB formation for the
corresponding parent KL mutant (Table I-3, entry 2). However, installation of L121D or
L121E restores the original binding trajectory of the chromophore and accelerates
formation of the PSB. Notably, the kinetics of PSB formation of merocyanine aldehyde 1
with KLE:R59W mutant is about twice faster than the KL mutant (relative rate 1.8 vs 1).
The change of Glu121 into Asp121 hampers PSB formation and results in similar
kinetics observed in with the KL mutant (Table I-3, entries 5 vs 6). The observed rate
difference between Asp and Glu residues implies that the installed residues (Asp and

Glu) at position 121 might participate in acid catalysis in order to activate the aldehydic
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moiety for imine formation. Plausibly, the closer proximity of Glu side chain facilitates
the imine formation, causing a rate enhancement more effective than the Asp residue,

which perhaps stays far from the bound aldehyde.

Table I-3. Rate of complex formation for a variety of CRABPIlI mutants.

Entry CRABPII Variants Relative Rate
1 KL 1.000
2 KL:R59W 0.389
3 KLE 0.950
4 KLD 0.243
5 KLD:R59W 0.955
6 KLE:R59W 1.809
7 KLE:V76W 3.550
8 KLE:S37W 0.431
9 KLE:L28W 0.376

10 KLE:A32W 0.428
11 KLE:V76W:L28W 1.394
12 KLE:R59W:L28W 1.160
13 KLE:R59W:A32W 0.779

Most Trp mutations along the chromophore slowed down imine formation, thus
extending the time for full binding and complex maturation. This is presumably due to
the steric hindrance imposed by the bulky Trp residues that could interfere with the
ligand entry, or reduce accessibility to the active site Lys residue. An exception was the
incorporation of Trp at position 76, which led to an increase in the rate of PSB formation
(Table I-3, entries 7 and 11). CRABPII variants in combination with V76W mutation
showed remarkably faster reaction rates, yielding completely matured complexes within
few minutes at room temperature. To get more insights into the counter intuitive
observations with the V76W mutant (such as rate enhancement, blue shift in
absorption/emission spectra, and low extinction coefficients), we pursued crystallization
of the KLE:V76W mutant. Unfortunately, our attempts for crystallization of this mutant

were unsuccessful so little could be said about the subtle effects of Trp76 substitution in

42



the absence of structural information. However, the increased rate of PSB formation,
along with observed blue-shifted spectroscopic characteristics for all V76W mutants
may suggest that these mutants are structurally more flexible and solvent accessible.

To better benchmark the current system with existing methods, detailed kinetic
analysis was conducted to calculate the rate constant for CRABPII/1 complex formation.
Measurements of the rate constant and the order of the reaction were followed by

previously established protocols.®”'°® KLE:R59W (100 nM) was reacted with an excess

amount of merocyanine aldehyde 1 in PBS solution at 37 °C at different concentrations

(1 to 5 uM), and the increase of fluorescence intensity was monitored for each reaction
(Figure 1-19a). The second-order rate constant for the reaction of merocyanine 1 with
KLE:R59W was determined by plotting the pseudo first order rate constants against

merocyanine 1 concentration, leading to a linear fit (Figure 1-19b). The resultant slope

yields the second-order rate constant (ko = 2356 M'1s'1) for the complex formation. This
value is favorably comparable with other fast labeling methods such as PYP-Tag (k2 =
3950 M'1s'1),67 BGSBD/SNAP-Tag (ko ~ 7200 M'13'1),158 bioorthogonal reactions for
labeling proteins (ko ~ 10 ~10* M'1s'1),98 and enzymatic labeling techniques (ko ~ 10°
~ 10° M's7),®% Al of which have similar or faster kinetics. Half-life binding
measurements (t;2) were determined under stoichiometric conditions (5 uM KLE:R59W

and merocyanine aldehyde 1) in PSB solution at 37 °C. Noteworthy, KLE:R59W exhibits

1a remarkably short time of full complexation with merocyanine 1 and forms a mature
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complex within 7 minutes, (tj.2 = 39 s, Figure 1-19c), whereas monitoring the

nonfluorescent merocyanine aldehyde 1 in the absence of a protein did not result in any
increase in fluorescence under the same experimental condition.
1.7 Persistence Of Fluorescence Over A Broad PH Range

It is well known that cyanine dye variants can be modified to confer pH
responsive properties. When the indole nitrogen atoms (one or both) on a cyanine dye
are not alkylated, the dye exhibits sensitivity to pH changes.'*"*? In this type of non-N-
alkylated indolium structure, acidic environments cause protonation of the indoline
nitrogen atoms and preserve the highly fluorescent state of the dye with a long-
wavelength absorption band. However, these dyes become almost nonfluorescent

under elevated pH conditions with a newly emerged blue shifted absorption peak. As a
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Figure 1-19: Kinetic analysis of KLE:R59W complexation with merocyanine 1. a.
Time-course binding of KLE:R59W (100 nM) with 1 (1 — 5 yM) in PBS at 37 °C. b.

2
kobs values at different merocyanine 1 concentrations show a linear relationship (R

-1 -1
= 0.995), yielding a k2 (second-order rate constant) of 2350 M s . c. Stoichiometric

binding of KLE:R59W with 1 (5 yuM each) in PBS at 37 °C was followed at 616 nm

with excitation at 565 nm over 30 minutes. Merocyanine 1 does not exhibit any
fluorescence, as illustrated in the plot.
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result, depending on the protonation and deprotonation of the cyanine dye, fluorescence

can be reversibly tuned between a nonemissive state and an emissive state.

Since the fluorescence of the protein-bound merocyanine PSB depends on the
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Figure 1-20: Measurements of KLE:R59W:L28W/1 complex in different pH regimes.
a. Base titration of KLE:R59W:L28W/1 complex with addition of NaOH in PBS, pH
values are indicated in the box. b. UV-vis spectra of the KLE:R59W:L28W/1 complex

monitored after each addition of HCI. ¢. Total fluorescence of the complex as function
of pH.

protonation state of the chromophore, we investigated the pH dependence of
fluorescence for this system. Figure 1-20 depicts the UV-vis spectra of
KLE:R59W:L28W/1 complex titrated with NaOH. Basification of the solution does not
deprotonate the PSB until pH ~10; further addition of base gives rise to the absorption at
~ 425 nm (Schiff base absorption). During this process negligible fluorescence is lost up
to pH of 10.2. The absorption spectra reveal no change, indicating that the complex
maintains its tertiary structure even under highly basic condition (pH as high as 11). As
a control experiment, we conducted denaturation experiments with the addition of

detergent into CRABPII/1 complexes. We chose a Dblue-shifted mutant

b
(KLE:V76W:L28WA, A°>° = 571 nm) and also a red-shifted mutant
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b

(KLE:R59W:L28W/1, )\a ° 595 nm) in order to analyzed the spectroscopic properties

of the denatured analogs (Figure 1-21). Notably, the resultant denatured complexes
show an absorption band at 583 nm, resembling that of the iminium form of the
merocyanine aldehyde 1 with bovine serum albumin, BSA (see further discussion in
Section I-8). However, we did not observe this absorption band during our pH titrations,
supporting that the native fold of the complexes are preserved over a wide range of pH

regime.

Next, we investigated the stability of the CRABPII-merocyanine 1 complex under

highly acidic conditions. Lowering the pH to 2.2 resulted in a small increase in

absorption of the protein-chromophore complex with no change in N The slight

change in absorption could be due to protonation of residues close to the chromophore,

affecting protein-chromophore interactions. The increase of the solution acidity affects
the emissive state of the protein-chromophore complex slightly (Figure 1-20). Since
CRABPII-merocyanine variants retain most of their fluorescence, they may find
application for cellular imaging of acidic intracellular compartments without loss of

fluorescence or self-quenching issues.

1.8 The Specificity Of The Merocyanine Aldehyde 1
The selectivity of the merocyanine aldehyde 1 for CRABPII is crucial in order to

achieve specific labeling in a complex proteome. Since merocyanine 1 has a reactive
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Figure [1-21: UV-vis spectra of CRABPII/1 pigments before and after
denaturation with SDS, demonstrating the effect of protein environment on the
absorption of the bound merocyanine ligand. a. KLE:V76W:L28W mutant
complexed with 1. The native form (pink) has an absorption maximum at 571
nm while the denaturation yields a peak at 583 nm (blue). b. KLE:R59W:L28W
mutant complexed with 1. The native form (pink) has an absorption maximum at
595 nm while the denaturation causes a shift of the peak to 583 nm (blue). c.
Time-course binding of BSA (20 yM) with 0.3 equivalents of 1 in PBS solution at
room temperature. Merocyanine aldehyde 1 reacts with Lys residues of BSA,
yielding an absorption peak at 583 nm. The reaction time is indicated in the box.
d. The absorption of merocyanine-PSB 2 at 574 nm (Figure I-11a and Figure I-
11b) shifts in the presence of BSA to 583 nm. The encapsulation of
merocyanine-PSB 2 in binding sites of BSA results in a slight red shift in the

max
absorption maximum of the chromophore, yielding an identical A that is
observed in c.
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aldehydic moiety, it could react nonspecifically with off-target lysine residues of
endogenous proteins in the cell media. To test the reactivity of merocyanine 1 with other
lysine residues, BSA (lysine rich protein) was incubated with the merocyanine aldehyde
1 in PBS solution and the proceeding reaction was monitored by UV-vis spectroscopy.
Figure I-21c depicts that merocyanine ligand forms a PSB with BSA over nine hours at
room temperature, yielding an absorption peak at 583 nm. However, the resultant
BSA/1 complex displays much lower extinction coefficient in comparison to

KLE:R59W/1 complex under the same experimental conditions (Figure 1-22b).

Next, we measured the rate of PSB formation between the merocyanine
aldehyde 1 and BSA. Stoichiometric amounts of merocyanine 1 and BSA (5 yM each)
were mixed in PBS and formation of the PSB was monitored over time by increase of
fluorescence. Also, the time required for complete PSB formation of BSA/1 complex was
about two hours whereas KLE:R59W CRABPII mutant showed remarkably fast kinetics,
achieving a fully matured complex within 7 minutes (Figure 1-22¢ and Figure 1-19c).
Plausibly, this rapid coupling of merocyanine probe with CRABPII would lead to minimal
nonspecific binding of aldehyde 1 to off-target endogenous proteins in cells. The
selectivity of merocyanine 1 was further tested by using a higher excess of BSA to
better mimic competing binding of endogenous proteins in cells. First, the merocyanine
ligand was reacted with 10-fold excess of BSA in PBS solution and the kinetics of PSB
formation was followed by fluorescence spectroscopy. Then, the competition experiment
was carried out in which excess amount of BSA was mixed with the KLE:R59W mutant

(the ratio of BSA to KLE:R59W was 10:1) and PSB formation in the resulting mixture of
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protein solution was monitored upon ligand addition (the ratio of ligand to CRABPII

mutant was 1:1). As anticipated, the rate of the PSB formation was accelerated in the
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Figure 1-22: Analysis of merocyanine aldehyde 1 with BSA. a. The emission
spectrum of BSA/1 complex with excitation at 565 nm. b. The overlaid UV-vis
spectra of KLE:R59W/1 (blue) complex and BSA/1 (pink) complex. The protein
concentrations are 20 yM with a 0.3 equivalents of merocyanine aldehyde 1. c.
The kinetics of PSB formation of KLE:R59W mutant and BSA with merocyanine.
The protein and the ligand concentrations are 5 yM in each case. The increase in
fluorescence at 616 nm is followed with excitation at 565 nm. KLE:R59W mutant
rapidly forms PSB within few minutes (blue) whereas BSA requires over 100
minutes to form a fully complete PSB (pink). d. The fluorescence intensity fraction
before (pink) and after (purple) addition of KLE:R59W mutant into excess amount
of BSA. The ratios are indicated in parenthesis for each solution.
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presence of KLE:R59W mutant (Figure 1-22d) but it was slower in comparison with the
system where KLE:R59W mutant was mixed with stoichiometric amount of ligand in the

absence of the BSA.

1.9 Visualization Of The CRABPII/1 Fluorescent Complexes In Bacteria

In a proof-of-principle experiment to show feasibility for cellular work, CRABPII
mutants, KL (Table I-1, entry 1) and KLE:R59W:L28W (Table I-1, entry 22) expressed
in E. coli, were incubated with 1 and imaged. The choice of the latter two mutants was
based on their differing spectral characteristics. The bacterial cells readily uptake the
chromophore within a minute of addition, and instantly yield visibly colored CRABPII-
merocyanine adducts (Figure 1-23). Both CRABPII mutants exhibited intense
fluorescence with excitation at 594 nm. The control cells, which were not transformed
with the plasmid expressing CRABPII mutants, were devoid of non-specific fluorescence
after incubation with merocyanine aldehyde, demonstrating that background
fluorescence from the unbound chromophore is minimal (Figure 1-24). It should be
noted that images produced in Figure 1-24 required less than one minute of incubation

with the profluorogenic aldehyde 1.

High photostability is a desirable trait for a variety of fluorescent protein
applications. It is known that cyanine dyes are sensitive towards reactive oxygen
species and are not known to be particularly photostable.'*® Recently, there has been
work on synthesis of new cyanine dyes with improved photophysical characteristics in

160-162

order to address their weak photostability. To determine the photostability of

CRABPII/1 complexes, photobleaching assays in E. coli cells were performed and
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Figure 1-24: Fluorescence visualization of E.coli cells, transformed with a vector
overexpressing CRABPII mutants. a. Imaging of KL/1 complex with 594 nm excitation
and 615 nm long pass filter for emission. Bottom shows the brightfield image overlaid
with the fluorescence of the complex. b. Detected fluorescence from
KLE:R59W:L28W/1 complex with the same settings mentioned in a. ¢. Control panel
(nontransformed cells) shows negligible fluorescence after addition of merocyanine 1.

compared to a monomeric red fluorescent protein, mRFP, under identical experimental
conditions (Figure 1-25). The mutants KLE:R59W:L28W and KLE:R59W complexed
with merocyanine 1 showed faster photobleaching behavior as compared to mRFP.
Both mutants showed about 40% loss of fluorescence over 250 seconds of continuous

illumination while mRFP displayed about 20% loss during the same period.

All the imaging and phobleaching experiments were performed by Dr. Tetyana
Berbasova. The detailed experimental protocols are provided in Chapter IV-7.1 and IV-

8.
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Figure 1-23: Bacterial cells expressing CRABPII mutants. a. CRABPII mutants of
KL, KLE:R59W, KLE:R59W:L28W, and mRFP from left to right, respectively.
Picture taken immediately after addition of merocyanine aldehyde 1, after 1 min
centrifugation at 5,000 rom. No chromophore added to mRFP. b. The enlarged
image of a.

1.10 Visualization Of The CRABPII/1 Fluorescent Complexes In Mammalian Cell

In pursuit of application of CRABPII/1 system as a fluorescent reporter, CRABPII
gene was cloned into several mammalian cell expression vectors. To start with, a
construct of EGFP-CRABPII fusion was generated in pEGFP-C2 vector system with the
hope that both fluorescent reporters could be visulized simultaneously in transfected
cells. As previously reported by Dr. Tetyana Berbasova, the optimized merocyanine
aldehyde concentration (25 nM) was used for CRABPII labeling. Figure II-26a shows
that the green fluorescence of EGPF was observed upon with excitation at 488 nm
(505-530 band pass filter) in transfected cells. However, the CRABPII channel did not

show any fluorescence at 594 nm excitation (615 long pass filter), resulting in only
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Figure 1-25: Photobleaching of KLE:R59W:L28W/1, KLE:R59W/1, and mRFP with
laser light at 594 nm. Images were taken before (left panel) and after (right panel)
laser exposure. The dash circles highlight the selected bacterial cells under laser.
The scale bar is 5 ym. a. Photobleaching of KLE:R59W:L28W/1 complex formed in
situ. b. Photobleaching of mRFP after its maturation in bacteria. c. Photobleaching of
KLE:R59W/1 complex formed in situ. d. Bleaching curves of each fluorescent protein
with a normalized intensity to 100 photons/sec of initial emission.
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background fluorescence in Hela cells due to non-specific binding of merocyanine
aldehyde 1. Likewise, testing of the EGFP-CRABPII construct in U20S cells also fared
poorly in specific labeling. It could be possible that CRABPII protein disfavors N-
terminal tags, leading to incomplete folding upon expression. Thus, we sought to
change the fusion complex by using another vector system in which ECFP is positioned
at C-terminus of the CRABPII in fusion complex. Excitation at 458 nm laser produced
strong fluorescence of ECFP in the transfected cells, indicating the complete expression
of the fused proteins (Figure 11-26b). Disappointingly, no specific fluorescence was

detected at 594 nm excitation, where CRABPII mutant would be expressed and
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complexed with merocyanine aldehyde. The possible destabilization of the CRABPII/A
complex in the chimeric proteins led us to test the individually expressed CRABPII
mutants in imaging studies. First, a stop codon was introduced at the end of the
CRABPII gene in the previously used ECFP fusion template. As illustrated in Figure II-
26c, excitation at 458 nm laser led to the absent of ECFP fluorescence, as no
expression of ECFP was expected. On the other hand, intense red fluorescence was
seen with laser excitation at 594 nm, associated with the off-target labeling of
merocyanine aldehyde. The lack of a uniformly distributed fluorescence across the cells
indicated that the complex formation of CRABPII/1 is disfavored and is impractical for
mammalian cell imagining. Similarly, trials of individually expressed CRABPII mutants

failed to yield fluorescence in many other vectors and cell lines.

Since our previous lab members, Dr. Tetyana Berbasova and Dr. Wenjing Wang,
have successfully shown the application of CRBPII/1 systems in mammalian cells, we
did not pursue to rectify the problems of CRABPII/1 system in eukaryotic cell imaging.

All the imaging studies were carried by Dr. Tetyana Berbasova and Elizabeth Santos.

.11 Conclusion

In summary, we have engineered CRABPII into a fluorescent protein via coupling
with a nonfluorescent cyanine dye precursor. CRABPII/1 complexes demonstrated
structural variety in terms of ligand orientation and geometry that correlates well with the
observed fluorescent properties. Furthermore, it should be emphasized that engineered
CRABPII variants feature a modular design that can be easily adapted to new

fluorophores, spanning the entire visible—infrared spectral region. Our probe is
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Figure 1-26: Utilization of different constructs to visualize CRABPII/1 fluorescence in
Hela cells. a. Imaging of the EGFP-KLE:R59W:A32W fusion (PEGFP-C2 vector). b.
Fluorescence visualization of the KLE:R59W:A32W-ECFP construct (pECFP-N1
vector). ¢. Attempts to image KLE:R59W:A32W (pECFP-N1 vector). d. Attempts to

image pFlag tagged KLE:R59W CRABPII. All images are pseuodocolored. The scale
bar is 20 um for all images.



sufficiently selective to enable live E. coli cell imaging. The chromophore is readily cell-
permeable and well behaved in live bacteria, coupling with CRABPII variants
instantaneously, and fluoresces in bacterial cells within minutes of chromophore
addition. In addition, background fluorescence is minimal since the unbound aldehyde
form of the chromophore has significantly different spectral properties, as compared to
the covalently bound protonated Schiff base form that leads to red-shifted spectra in the
protein environment. However, CRABPII does not form a functional complex with

merocyanine 1 in eukaryotic cells, limiting the utility of the system in a broad application.
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CHAPTER II: ELUCIDATING THE ROLE OF ALL-TRANS-RETINAL RING
METHYL SUBSTITUENTS IN WAVELENGTH REGULATION
1.1 Overview Of Retinal Analogs Studied In Opsins

Membranes divide the biological cells into functional and structural
compartments or organelles. There are many proteins associated with
membranes (membrane proteins) enabling cells to communicate, receive signals,
sense their environments and transport various substances across their
membranes. These membrane bound proteins are part of diverse sets of protein
families such as receptors, transporters, ion channels, pumps and proteins
responsible for enzymatic activity or structural features."* A fascinating subclass
of membrane bound proteins is the light absorbing or transducing proteins being
able to function as a result of light absorption. Photosystems (light-harvesting
complexes during photosynthesis), and opsins (light-transducing receptor
proteins) are examples of such membrane proteins that capture and utilize the
light in various cellular processes.”® The latter protein family is divided into two
different subfamilies: i) animal opsins or type Il opsins present in higher
eukaryotic organisms (vertebrates and invertebrates) and ii) microbial opsins or
type | opsins found in prokaryotes, algae and fungi.®'’ Although each opsin
family serves distinct function in the host organisms, both share a common
molecular protein structure (seven transmembrane helices, 7-TM helices) and
require the incorporation of a light sensitive small molecule within their protein

structure for light sensitivity (Figure llI-1a). This small ligand is covalently
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attached to the protein via a lysine residue as a protonated Schiff base in the
binding pocket. All microbial opsins utilize all-trans-retinal as the light sensitive
ligand whereas the chromophore in animal opsins could be either 11-cis-retinal,
3,4-dehydroretinal, 3-hydroxyretinal or 4-hydroxyretinal (Figure Il-1b).%1013.14.16.18
11-cis-Retinal is the most commonly encountered chromophore in vertebrates
and invertebrates, while other derivatives of retinal described above are present
in sea animals, insects and molluscs.

The combination of different opsins with analogs of retinal isomers
enables organisms to sense light at various wavelengths. Additionally, the
absorbance maxima of the opsin-ligand complex could be further tuned by
installing changes near the chromophore. To be able to answer the questions

|19-31

concerning the spectral tuning of opsins, numerous experimenta and

theoretical studies®*** have been carried out over the years (as summarized in

excellent reviews®'24°49)

. Broadly, two major factors are involved in spectral
tuning; i) electrostatic interactions of the chromophore with the protein [partial
charges or polarities along the chromophore, dispersion interactions due to
nearby aromatic residues, counterion balancing effects], and ii) changes in
chromophore conformation as a results of steric interactions with the protein
binding pocket. These mechanisms could be combined and play a role in
destabilization or stabilization of either excited electronic state or ground state of

the bound ligand to result in a change of its absorption maxima. The electrostatic

interaction between the protein and the chromophore is extensively investigated.
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Figure II-1: Molecular structure of rhodopsins. a. Crystal structures of rhodopsins
found in different organisms. The structures of bacteriorhodopsin (blue, PDB ID:
1FBB), sensory rhodopsin Il (pink, PDB ID: 1H68), bovine rhodopsin (green, PDB
ID: 1F88) and squid rhodopsin (purple, PDB ID: 2Z73) from left to right
respectively. Bacteriorhodopsin and sensory rhodopsin Il are microbial opsins
whereas bovine rhodopsin and squid rhodopsin are isolated from the host
animals. The bound chromophore is shown as a stick model (lime color). b.
Structure of retinals used by opsins. Microbial opsins utilize all-frans-retinal
(shown left side of the dash line) as a light sensitive chromophore. However,
animal opsins preferentially bind 11-cis isomer of retinal or its derivatives as
chromophores. The numbering of carbons is indicated in red.

Various mutagenesis studies along with the available crystal structures have led
to compelling theories for the spectral tuning mechanism of opsins. Recently, we
have also demonstrated that our rationally engineered rhodopsin mimics are an

ideal platform to understand the effects of different protein environments on the

74



wavelength regulation of the bound ligand. Satisfyingly, our mimics regulated the
absorption maximum of all-trans-retinal over 200 nm (425 nm to 644 nm) across
the visible spectrum, yielding “redder than the red rhodopsin pigments”.*"*"

As a second important factor in spectral tuning of opsins, the effect of
conformational changes of the bound chromophore within the protein cavity has
been investigated. This phenomenon was firstly introduced by Blatz and Liebman
and was named as the “twist mechanism”.®®> They proposed that as the
chromophore is co-planarized, the better overlapping of the m-system could be
achieved resulting in a bathochromic shift in the absorption maximum. In other
words, if a chromophore is twisted or distorted, then the degree of r-conjugation
is decreased, inducing a blue shift in the spectrum. By systematically studying
several conjugated polyenes, the enhancement in absorption of retinal vinylogs
(polyenic cations) is predicted to be 62 nm per double bond addition in solution.
Nevertheless, this prediction does not account for the protein environment.
Indeed, the substitution of 11-cis-retinal with a 3,4-dehydro-11-cis-retinal in

Table II-1. Absorption maxima of visual opsins from different species with 11-
cis-retinal and 3,4-dehydro-11-cis-retinal.

Species x"‘f"‘ (nm) AT (hm)  AA(nm)
11-cis-retinal 3,4-dehydro-11-cis-retinal

Cattle (rod) 498 517 19
Goldfish (red cone) 579 625 46
Goldfish (green cone) 509 537 28
Goldfish (blue cone) 441 452 11
Goldfish (rod) 499 522 23
Chicken 562 620 58

Values were obtained by regeneration studies. Protein was identical for both
chromophores.
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various animal opsins results in different enhancement of absorption maxima
(Table 11-1).°*°” Notably, the predicted increase in absorption as a result of each
double bond addition was in close agreement with only chicken visual opsin
(iodopsin), yielding a 58 nm red shift in the absorption maxima. However, binding

of 3,4-dehydro-11-cis-retinal with other visual opsins did not correlate well with

.. . .Mmax . . : ,
the expected shift in A of each pigment in comparison with the values

obtained with 11-cis-retinal. Although protein environments are identical for both
ligands (presumably having same electrostatic and conformational features for
both ligands), different degree of delocalization of the m-system along the bound
ligand in red-absorbing pigments versus blue pigments could be considered as a
possible source of absorption changes. Thus, association of 3,4-dehydro-11-cis-
retinal with red-absorbing pigments such as goldfish red-cone or chicken
iodopsin results in a large wavelength shift since the m-electrons are highly
delocalized in those pigments and exhibit less bond alterations. On the other
hand, 3,4-dehydro-11-cis-retinal bound to blue-absorbing pigments (rods, blue

and green cones) shows small wavelength shifts due to the less delocalized m-

system (weak dependence of )\max on increase of double bonds in the polyene
chain).>%°8%

It is well known that retinal is not a planar molecule and it is twisted about

the single bonds to alleviate steric hindrance due to C5-CH3/H8 and C13-

CH3/H10 (in case of 11-cis isomer) interactions. Crystal structures of both
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12-s-cis

11-cis-retinal !
Figure II-2: Solid state crystal structures of all-trans-retinal (top) and the 11-cis-

retinal (bot’[om).60 The drawings on the right hand side depicts the torsion along
the chromophore (shown by blue arrows).

isomers of retinal show that the ring-chain junction around the C6-C7 single bond

adopts a 6-s-cis conformation with 59 and 40 torsion angles for all-frans-retinal

and 11-cis-retinal, respectively.®®®? Furthermore, there is a 39 torsion about the

C12-C13 bond of the 11-cis-retinal in order to relief the steric hindrance of
H10/H14 in 12-s-cis conformation (Figure 1I-2). It is worth mentioning that the
binding of retinal aldehyde to opsin protein induces conformational changes on
the retinal structure. The crystal structures of microbial opsins such as
bacteriorhodpsin and sensory rhodospsin |l revealed that the conformation
around the C6-C7 single bond is 6-s-frans for the covalently attached all-trans-
retinylidene chromophore, which is in a completely planarized geometry unlike
that of seen in the solid state crystal structure of all-trans-retinal (Figure 1I-2 top
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versus Figure II-3a).>%*%* |nspection of bovine rhodopsin and squid rhodopsin

crystal structures also exposes the structural changes on the bound ligand in

7S Lys 216 |
| g Lys 216
E P Z Z AL

Lys 296

Figure II-3: Crystal structures of chromophores found in bacteriorhodopsin and
bovine rhodopsin. a. The structure of all-trans-retinal bound to bacteriorhodopsin
as a protonated Schiff base (PDB ID: 1FBB). Chromophore adopts a 6-s-tfrans
conformation around the C6-C7 single bond. b. Crystal structure of bovine
rhodopsin (PDB ID: 1F88) shows the conformation of the bound ligand, 11-cis-
retinal, adopting a 6-s-cis and 12-s-frans conformation. Drawings on the right
hand side depict the carbon numbering and highlight the torsions along the
chromophore. Lysine residues are shown in cyan while the chromophores are
indicated in pink for both a and b.

comparison with its solid state form.®®®® Surprisingly, the 11-cis-retinylidene
ligand adopts a 12-s-trans conformation in bovine rhodopsin, yielding virtually a
planar geometry along the polyene chain (Figure II-2 bottom versus Figure II-

3b). On the contrary, the ring-chain junction of the bound chromophore retains
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the 6-s-cis conformation, but in a severely distorted geometry (torsion angle ~

o

59 ). This highlights that both microbial opsins and visual rhodopsins retains the

planarity of the polyene chain, however but they twist the B-ionone ring ( with
respect to the poylene backbone (about the C6-C7 single bond). Since microbial
opsins favor the 6-s-trans conformation while visual rhodopsins produce a
skewed 6-s-cis geometry, microbial opsins usually yield more red-shifted
pigments with a better conjugation as compared to the visual rhodopsins. This
was also proposed to be the possible distinction between the cone pigments (red,
green, blue). It was suggested that the chromophore in red and green cone
pigments is more planar, whereas the twist angle about the C6-C7 bond is larger
in blue cones.**®” Unfortunately, the crystal structures of cone pigments have not
been obtained yet to be able to dissect the conformational differentiations of the
chromophores and interpret the relevant spectroscopic data.

One possible approach to understanding the conformational impact on
spectral tuning of opsins is to modify the chromophore structure and
systematically study the wavelength changes with respect to the modifications.
Many artificial pigments based on synthetic retinal analogs have been
extensively applied in an effort to elucidate the structure and function of
bacteriorhodopsin and bovine rhodopsin. Figure ll-4 depicts a few examples of
all-trans-retinal derivatives that were coupled with the bacteriorhodopsin in order
to investigate the photophysical properties of the resulting artificial pigments.?>%®

8 Removal of the methyl groups from the B-ionone ring of the native
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chromophore (Figure II-4, A1) yields artificial pigments absorbing at shorter
wavelengths (see results for analogs B1 to E1). This actually contradicts with the
predictions in which chromophores having less steric hindrance at the ring-chain
junction provide more planar conformations with a better t-electron
delocalization. Indeed, these synthetic retinal aldehydes display red-shifted
absorption maxima in solution in comparison with all-trans-retinal. However,
binding of these analogs to the bacteriorhodopsin cause hypsochromic shifts in
spectra, suggesting that the presence of the B-ionone ring along with the methyl
substituents is crucial in order to restrict the degree of motion and full
encapsulation of the ligand by the protein binding pocket (see the packed
chromophore in Figure lI-4). Namely, one could expect that chromophores
devoid of the ring or its substituents exhibit a structural flexibility and a bond
alteration in the binding cavity where more room is available for the reduced size
of the chromophores. Perhaps, that is why the synthetic chromophore, E1, shows
the largest blue shift as compared to other analogs (B1 to D1) due to
deplanarization of its last double bond from the rest of the poylene chain. Further
support of this idea comes from the analogs in which the ring double bond is
saturated. Analogs F1, G1 (with reduced C5-C6 double bond), and N1 (without
the ring moiety) generate pigments, displaying similar absorption maxima. Since
there is no olefinic double bond associated with a head group of the chromohore,
the presence or the absence of the ring moiety along with its substituents does

not have a role on wavelength regulation and the degree of freedom around the
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ring-chain junction does not account for spectral tuning. In such pigments, only

the conformation along the polyene backbone dictates the spectral changes. All

Residues around the [3-ionone ring Residues along the polyene

Lys 216

Chromophore AM3X (nm) Ref. Chromophore AM3X (nm) Ref.
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Figure llI-4: Structures of synthetic retinal analogs studied in bacteriorhodopsin.

The )\max values corresponding to each bacteriorhodopsin/ligand are taken from
literature reports. The space filling depiction of the crystal structure of
bacteriorhodopsin (PDB ID: 1FBB) shows the residues (blue spheres) around the
bound all-trans-retinylidene ligand (red sphere). The active site lysine residue is
indicated in stick representation (green). For the retinal analog F1, the absorption
maximum is averaged based on three different measurements reported in
literature. For more analog studies, see references 69, 74 and 80.

81



three analogs (F1, G1, and N1) have a uniform olefinic chain and that is why it is
not surprising to observe similar absorption regimes for the resulting artificial
pigments. The synthesis of retinal derivatives with locked polyenes (structures
are not shown here) has been also reported by Albeck et al.®*®* It was shown
that the artificial pigments formed from these retinal analogs have about the
same spectral shifts in comparison with the all-trans-retinal, implying that there is
no conformational restrictions along the olefinic chain of the chromophore in
bacteriorhodopsin. This was then confirmed by the crystal structure of the
bacterioprhodopsin in which the bound ligand is fully planarized within the binding
pocket (Figure ll-3a and Figure 11-4).

As it is mentioned earlier, all-tfrans-retinal adopts a distorted 6-s-cis

conformation about the C6-C7 single bond in both solid state (Figure 11-2)%%?

and in solution® with twist angles of 59 and ~ 30 respectively. Furthermore, the

C6-C7 bond of retinal protonated Schiff base favors the twisted s-cis
conformation in methanol solution,®® whereas the protonated retinylidene iminium
bound to bacteriorhodopsin is found to be in a 6-s-frans conformation without any
torsions.®* In order to understand the spectral contribution from conformational
twists of retinal in the protein, ring locked retinal analogs were synthesized and
spectroscopically analyzed both in solution and in the protein environment. By
taking the assumption that these analogs are planar, both in solution and in
protein bound states, the resulting red shift upon binding to a protein is due to the

electrostatic interactions and not ring-chain planarization. Thus, the difference in
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absorption of these analogs in comparison to the native chromophore, all-trans-
retinal, could be interpreted as the influence of conformational changes on
spectral tuning. Van der Steen and coworkers used the “ring locked” retinal

analogs, 11 and J1 (Figure 1I-4), and calculated the contribution of the C6-C7

-1
planarization to the opsin shift as 1300 cm (Table 1I-2). On the other hand,

Iwasa and his colleagues synthesized the 6-s-cis “fixed” retinals, which have a
five membered ring fusion with varying positions of gem-dimethyl groups on the

ring (Figure 1I-4 K1, L1 and M1). Their study indicated that a C6-C7 bond

-1
planarization (skewed 6-s-cis = planar 6-s-cis) accounts for ~ 2330 cm  opsin

shift (the number is averaged by all three analog measurements). This value is

larger than the previously proposed value by Van der Steen (skewed 6-s-cis >

Table II-2. Absorption maxima of retinal analogs, their PSB’s and artificial bac-
teriorhodopsin pigments.

Retinal 2™ (nm) 2™ (im) A" (nm) OPsin Shift  AOpsin Shift

Analog  Aldehyde PSB in protein (cm 1) (cm 1)
A1 380 440 568 5100 0
J1 400 465 572 3800 1300
§ 415 485 596 3800 1300
K1 425 502 594 3100 2000
L1 425 503 574 2500 2600
M1 425 504 584 2700 2400

Absorption maxima of aldehydes and protonated n-butylamine Schiff bases
(PSB) were measured in methanol. Opsin shift is the difference in wavenumbers

between the A"« value of the PSB of the analog and that of the resulting
artificial bacteriorhodopsin pigment. The contribution for planarization of the ring
with the polyene to the total opsin shift (AOpsin Shift) is calculated by taking the
difference of opsin shifts of all-trans-retinal (A1) and each retinal analog.
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, -1 .
planar 6-s-cis or 6-s-trans, 1300 cm ) and could be considered as a more

accurate estimation since the five-membered fixed analogs display better
planarity than the six-membered locked forms.

Similar to artificial bacteriorhodopsin studies with synthetic retinal
derivatives, studies with retinal analogs and bovine rhodopsin were instrumental
to understand the structural changes that influence spectroscopic properties of
the pigment.®”"284879 Changes of the methyl substituents on the B-ionone ring
of 11-cis-retinal (Figure II-5, A2) did not give rise to significant shifts in
absorption maxima of the resultant pigments (see results for analogs; B2, C2,
F2) but highlighted that the presence of these substituents is essential for a
successful complexation of the ligand with the bovine rhodopsin (analog E2 fails
in pigment formation). Although synthetic retinals with modified B-ionone ring
caused minimal changes in absorption maxima of artificial rhodopsins (+ 3 nm on
average), the isomeric analogs of these retinals coupled with bacteriorhodopsin
yielded pronounced blue shifts (+ 25 nm on average, Figure 1l-4 see analogs A1
to E1). The reason for the observed difference between these two proteins is due
to the twist angle of the C6-C7 bond for their bound ligands. The crystal structure
of bacteriorhodopsin shows that the C6-C7 torsion is almost zero for bound all-
trans-retinal, proving a fully conjugated r-system along the chromophore. On the
other hand, B-ionone ring of 11-cis-retinal is severely distorted in bovine
rhodopsin, resulting in weak participation of the ring double bond with the

delocalized m-electron system along the polyene (Figure 1I-3). As anticipated, the
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Figure II-5: Structures of synthetic retinal chromophores studied in bovine

rhodopsin. The )\max values are obtained from literature reports (as indicated in
references). The space filling depiction of the crystal structure of bovine
rhodopsin (PDB ID: 1F88) shows the residues (blue spheres) around the bound
11-cis-retinylidene ligand (red sphere). The active site lysine residue is indicated
in stick representation (green).
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structural changes on the ring moiety of the 11-cis-retinal does not cause
significant spectral shifts for rhodopsin pigments. However, the same
modifications for all-trans-retinal strongly influence the absorptive properties of
the corresponding artificial bacteriorhodopsin complexes, because even the slight
geometrical variations about the C6-C7 bond would be enough to destroy the
fully conjugated r-system. In fact, the same phenomenon was observed with 5,6-
dihydro retinal analogs. The coupling of 5,6-dihydro all-frans-retinal with
bacteriorhodopsin leads to ~100 nm hypsochromic shift in the absorption
spectrum (Figure 1l-4, F1), but this shift is about three fold less for bovine
rhodopsin (Figure I1I-5, G2). Not surprisingly, 3,4-dehydro retinal analogs
afforded red-shifted pigments in both bacteriorhodopsin and bovine opsin.
Unexpectedly, the enhancement effect in bovine rhodopsin is similar to that seen
in bacteriohodopsin. From these facts, it could be concluded that the sensitivity of
absorption maxima of artificial pigments with respect to modifications on the B-
ionone ring of the ligands is strongly dependent on the C6-C7 torsion. Less
torsion around the C6-C7 single bond results in better conjugation in which the
absorption maxima of the protein/ligand complex is more susceptible to structural
changes of the ring.

For further investigation of the chromophore conformation around the
ionone ring, different C6-C7 single bond locked bicyclic retinals were tested with
bovine rhodopsin (Figure II-5, L2-N2). Opsin shifts of those artificial pigments

were found to be smaller than that of rhodopsin/11-cis-retinal complex (Table II-
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3). This was also observed in bacteriorhodopsin studies of Van der Steen and
Iwasa, supporting that a part of the opsin shift originates from the coplanarization
of the ligand in the protein binding site. However, neither form of the 11-cis-
retinylidene is planar about the C6-C7 bond (in bovine crystal structure and in

Table 1I-3. Absorption maxima of retinal analogs, their PSB’s and artificial bovi-
ne rhodopsin pigments.

Retinal 3™ (nm) 2™ (im) A" (nm) Opsin Shift  AOpsin Shift

Analog  Aldehyde PSB in protein (cm 1) (cm 1)
A2 380 440 498 2650 0
L2 416 496 546 1850 800
M2 422 506 539 1210 1440
N2 405 495 545 1850 800

Absorption maxima of aldehydes and protonated n-butylamine Schiff bases
(PSB) were measured in ethanol (PSB of L2 in methanol). Opsin shift is the

difference in wavenumbers between the A" value of the PSB of the analog
and that of the resulting artificial bovine opsin pigment. The contribution for
planarization of the ring with the polyene to the total opsin shift (AOpsin Shift) is
calculated by taking the difference of opsin shifts of 11-cis-retinal (A2) and each
retinal analog.

solution), thus it is hard to estimate the relative contribution to the opsin shift from
of conformational events. Moreover, CD spectral measurements of bicyclic 11-
cis-retinal analogs (Figure 1I-5, L2-N2) suggest that these ligands are still twisted
around their C8-C9 single bond within the protein binding pocket.?**®

Finally, it is also important to clarify the steric interactions that originate
from the 11Z-double bond of the chromophore in rhodopsin. The 11-cis-fixed

retinal analog (Figure II-5, 12) was synthesized by Ito et al. and coupled with

. . . . . max .
bovine rhodopsin. The resultant pigment absorbs at identical A of the native

rhodopsin, indicating that the conformation about the C12-C13 or C10-C11 single
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bonds of the chromophore does not adopt a significant twist in the protein binding
pocket.®® Further support is provided by the artificial pigments derived from
analogs of J2 and K2. These pigments also yield opsin shifts close to that of the
native rhodopsin, implying that the chromophore is not necessarily distorted
along the polyene region. Indeed, the resolved crystal structure of bovine
rhodopsin verified the latter assumptions. The 11-cis-retinylidene ligand was

found in a linear conformation along the “polyene tail” (Figure 1I-3b) but slightly

twisted about the C12-C13 single bond (torsion angle ~24°).

It should be noted that the absorption properties of synthetic retinal
analogs are not only useful for artificial opsin studies, but also could be utilized
directly for gas phase investigations in which the intrinsic properties of the
chromophores are revealed in the absence of protein environment or solvent
effects. Recently, the gas phase absorption spectrum of the protonated Schiff
base of n-butyliminium of retinal was obtained, showing that the molecule has an
intrinsic absorption shoulder at 610 nm."°%2 This value is referred as an upper
limit of the absorption of the chromophore where there are no interactions
between the molecule and the solvents or any counteranions. The authors
suggest a new definition of the opsin shift by using experimentally obtained gas
phase absorption value (unbiased absorption reference). It was proposed that the
opsin causes a blue shift in the absorption maximum of the protonated Schiff
base of retinal via numerous interactions such as hydrogen bonding, dispersion

interactions, Coulomb interactions and conformational changes. Furthermore,
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Rajput et al. applied an improved experimental approach in order to obtain high-

resolution gas phase absorption spectrum of retinal PSB.'®® Figure 1I-6a shows

that the absorption spectrum of retinal PSB is a broad peak with a )\max range

from 530 nm to 610 nm. To assess the local structures of the recorded spectrum,
the absorption profiles of two synthetic retinal chromophores were also
measured. Both analogs of 5,6-dihydro and 1,1-didemethyl retinal protonated

Schiff bases display clear peaks. As anticipated, the 5,6-dihydro analog absorbs

at the blue edge of the spectrum with a )\max of 525 nm, whereas the 1,1-

didemethyl retinal PSB has a peak at 618 nm (Figure 1I-6b). This chromophore is
more red-shifted because of its fully conjugated m-system in the 6-s-frans
conformation. The overlay of experimentally obtained gas phase spectra of
retinal PSB with these analogs suggest that the B-ionone ring of retinal PSB is
able to explore different rotations about the C6-C7 single bond and spans all
possible values from highly twisted to fully planar conformations. This implies that

new reference wavelengths for the unbiased absorption of two retinal PSB

conformers are with )\max values of 530 nm (6-s-cis) and 610 nm (6-s-trans),

respectively. Notably, both reports show the reference value of 610 nm as an
upper limit of the retinal PSB, claiming that no retinal binding protein absorbs
redder than this value. However, this statement is highly questionable, as our
CRBPIl and CRABPII rhodopsin mimics display highly red-shifted pigments

(higher than 610 nm, up to 646 nm) upon forming a retinal PSB.***'
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The investigations of several synthetic retinal analogs in different
environments (in solution, bound to proteins and gas phase) have clearly shown

the importance of conformational changes for spectral regulation.
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Figure II-6: Experimentally measured gas phase absorption cross sections of

protonated Schiff bases (PSB) of retinal and retinal analogs.103 a. PSB of all-
trans-retinal with n-butyliminium of retinal has two conformations about the C6-C7
single bond. The recorded spectrum shows a broad peak extending from 530 nm
to 610 nm. These values are taken as reference wavelengths for the planar 6-s-
trans and twisted 6-s-cis conformations. b. The absorption spectra of two analogs
were superimposed over the broad absorption of native retinal PSB (dashed line).
The absorption cross sections of 1,1-didemethyl and 5,6-dihydro retinal
protonated Schiff bases are shown in red and green, respectively.
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Crystallographic data on microbial opsins and animal visual rhodopsins has
greatly contributed to a better understanding of the physical interactions of these
proteins with their native retinal ligands. However, structural information remains
elusive for the opsins complexed with other retinal analogs. Also, the paucity of
the methods to access high resolution structural data for rhodopsins limits
research in this field. From the point of view of structural chemical biology, the
next challenging frontier in the field would be to obtain a detailed insight on
wavelength changes with respect to chromophore modifications. Thus, a suitable
platform in which covalent modulations of the chromophoric molecules could be
analyzed both spectroscopically and structurally within their interacting protein
partners is a worthwhile endeavor. Our lab recently had the occasion to engineer
a small cytosolic protein, hCRBPII into rhodopsin mimics. Our rationally designed
hCRBPII rhodopsin mimics have enjoyed the great success in recapitulating
wavelength regulation observed with retinal bound opsin proteins. These mimics
suffice to serve as testing grounds for many retinal derivatives, aiding in the
generation of new artificial pigments and, providing crystallographic data of
diverse sets of protein-ligand complexes. In this study, we have focused on
coupling of the reengineered hCRBPII rhodopsin mimics with different retinal
analogs in order to systematically study the role of structural variations of these

ligands on spectral tuning of the resultant pigments.
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1.2 Previous Study In HCRBPII Rhodopsin Mimics

Our former lab member Dr. Wenjing Wang has demonstrated that all-
trans-retinal results in colored pigments upon complexation with engineered
hCRBPII rhodopsin mimics.>’ The iminium-based complexation was achieved
from the reaction of retinal with an active site nucleophilic lysine residue. With the

aid of the wild-type hCRBPII crystal structure, the position of Glu108 was chosen

b.
<j /” Lys40
39A"
Q108K
GIn108

K40L

A

Figure II-7: Structure of wild-type hCRBPII and KL mutant bound to all-trans-
retinal. a. Crystal structure of wild-type hCRBPIlI complexed with all-frans-retinal
(PDB ID: 4QYP). The residues, GIn108 and K40L (in two conformations) are
highlighted in stick model. b. Crystal structure of hCRBPII KL mutant bound to all-
trans-retinal with a Schiff base linkage (PDB ID: 4EXZ). The installed nucleophilic
lysine, Q108K, and the mutated K40L position are shown in sticks. €. The overlaid
structures of a and b (wild-type hCRBPIl/retinal - green, KL/retinal - pink)
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as the site to install the nucleophilic lysine residue. A second mutation, K40L,
was necessary in order to provide an ideal protein partner for retinal with an
efficient protonation of the in situ formed Schiff base (Figure 1I-7). The resultant

Q108K:K40L mutant (KL) showed high affinity towards all-trans-retinal and

successfully formed a stable PSB, yielding a KL/retinal complex with a )\max of

508 nm at physiological pH. The readily crystalizable nature of the hCRBPII
protein was invaluable to obtain structural data on protein-ligand conjugates.
Inspection of the crystal structure of KL/retinal complex highlighted the key
residues around the bound chromophore that could be mutated into different
amino acids to change the electrostatic environment of the protein binding pocket
(Figure 11-8). By dividing the chromophore environment into three segments, the
modifications to amino acid residues in each zone were examined. At the onset,
changes to zone | (ionone ring end) required installation of hydrophobic aromatic
residues to embed the chromophore within the binding pocket and also to
enclose the binding cavity from the aqueous environment. The mutations of
A33W and R58W were crucial to reduce the solvent exposure of the bound
chromophore for enhancing its sensitivity towards further changes in the binding
site. Isolation of the protein interior from the bulk medium greatly promoted
conjugation of the positive charge along the bound chromophore in an
environment of low dielectric constant. On the other hand, changes to amino
acids in zone Il (middle of the polyene chain) did not cause significant shift in the

absorption of the bound ligand. Several mutations were examined in place of
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Thr53 and Tyr19, but the resultant pigments exhibited about 10 nm spectral shifts
in their absorption maxima. Finally, modifications to zone Ill (PSB region)
substantially affected the absorptive properties of the bound cationic
chromophore. As anticipated, installation of negative polarities around the
iminium yielded hypsochromically shifted spectra in pigments as a result of
localized charge at PSB region, decreasing the mi-electron conjugation. Therefore,
mutations of T51D, L117E, and K40S resulted in significantly blue-shifted
hCRBPIl/retinal complexes (Figure 1I-8, M1, M2 and M3). Bathochromic shift, on
the other hand, was obtained by reversal of polarity on these residues. The
isosteric replacement of Thr51 with a neutral hydrophobic residue, valine, led to a
red shift in absorption of the bound retinal (M5, and other T51V containing
mutants in the list). By removal of the polarity around the PSB region, the positive
charge on nitrogen atom was destabilized, yielding an even distribution of the
partial charge along the entire ligand. Similarly, disruption of a water network
residing around the PSB, which was seen in all hCRBPIl/retinal complexes,
helped to remove any further polar environment in zone Ill to reach the most
bathochromically shifted pigments. This water network originated from Thr1 to
GIn4 and extended to the iminium nitrogen. By mutating the GiIn4 residue, the
effect of the water network in stabilization of the positive charge at iminium was
abolished, resulting in highly conjugated chromophoric systems (M9, and other
variants with Q4 mutations). The combination of the all critical point mutations

yielded “super-red” shifted pigments absorbing over 600 nm in the visible
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Entry hCRBPII Mutant AT (nm)

M1 Q108K:T51D:L117E 425
M2 Q108K:T51D 474
M3 Q108K:K40S 482
M4 Q108K:K40L 508
M5 Q108K:K40L:T51V 533
M6 Q108K:K40L:T51V:T53C 539
M7 Q108K:K40L:T51V:R59W 570
M8 Q108K:K40L:T51V:Y19W:R59W 577
M9 Q108K:K40L:T51V:Y19W:R59W:Q4W 593
M10 Q108K:K40L:T51V:T53C:Y19W:R59W:Q4W 613
M11 Q108K:K40L:T51V:T53C:Y19W:R59W:Q4R 622
M12 Q108K:K40L:T51V:T53C:Y19W:R59W:Q4R:A33W 644

Figure II-8: Crystal structure of KL/retinal complex (top) shows the residues
close to different locations of the bound chromophore. The ligand is divided into
three segments, indicated by blue dashed lines. The table lists hCRBPII variants

with different mutations along the polyene and the corresponding absorption
maximum.
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spectrum. Obtaining crystal structures of such red-shifted pigments revealed that
the ligand is fully encapsulated within the protein cavity and isolated from the bulk
medium. Additionally, structures of the most red-shifted mutants showed almost
coplanar geometry about the C6-C7 single bond, yielding maximally conjugated
m-electron system. Therefore, extreme red shifts were accomplished by the
uniform distribution of the charge along the bound ligand within an isolated
protein environment.

In conclusion, rationally designed hCRBPII rhodopsin mimics enabled us
to recapitulate the wavelength regulation observed with retinal bound opsin
proteins. These mimics are applicable for systematically studying the correlation
between structure and spectroscopic properties of protein-ligand complexes.
Finally, it is important to emphasize that the availability of the crystal structures of
engineered hCRBPII mutants is crucial for further optimization of protein-ligand
interactions with desired spectroscopic characteristics.

I.3 Mechanistic Studies Of Wavelength Tuning In HCRBPIl Rhodopsin
Mimics With Different Retinal Analogs

Having several hCRBPIl mutants in hand, we initiated a study to test
diverse sets of retinoid ligands in order to evaluate their photophysical properties.
Based on previously obtained crystal structures of the hCRBPIl mutants with all-
trans-retinal, we observed that the planarity along the polyene backbone of the
chromophore is preserved in the protein cavity. However, different hCRBPII

variants could lead to conformational variations about the C6-C7 bond. In the
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present coarse-grained study, retinal analogs with modified ionone rings were
screened to elucidate geometrical alterations as a function of observed
wavelength of absorption. Commercially available all-trans-retinal and trans-3-
dehydro-retinal were purchased from Sigma Aldrich and Toronto Research
Chemicals, respectively. Synthetic procedures to obtain other retinal analogs
used in this study are described in Chapter IV.13.2. In order to simplify the name
of the protein-ligand complexes, each retinoid aldehyde was abbreviated as
follows; i) all-frans-retinal, RET, ii) 3,4-dehydro-retinal, DEHYDRUO, iii) 5-demethyl
retinal, 5SDEM, iv) 1,1-didemethyl retinal, GEMLESS, v) cyclohexene retinal,
CYCHXE, vi) cyclohexane retinal, CYCHXA.

Before complexation of retinal aldehydes with hCRBPII rhodopsin mimics,
spectroscopic properties of these compounds were analyzed in ethanol solution.
Table -4 lists wavelengths for each chromophore in aldehyde, Schiff base, and
the corresponding protonated Schiff base form. It is not surprising that the
GEMLESS chromophore exhibits the most bathochromic shift. It was previously
calculated that the energy difference between the optimized conformers (twisted
6-s-cis and planar 6-s-trans) is 3.8 Kcal/mol, in favor of the fully planar 6-s-trans
conformer.’® Thus, the coplanarity of the chromophore provides a strong
conjugation along the chromophore, yielding a red-shifted spectrum. Analogs of
DEHYDRO and CYCHXE shows similar absorptive properties. Although

DEHYDRO chromophore has an additional double bond in the ring moiety, it

adopts a twisted conformation to alleviate steric hindrance due to C5-CH3/H8
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interaction (same phenomenon is observed for retinal). Predictably, the bare
cyclohexene ring does not suffer from steric strain and provides a better

conjugated system. That is presumably why the twisted DEHYDRO analog and

the planar CYCHXE chromophore have close kmax values in solution.

Substitution of the gem-dimethyl group on the cyclohexene ring at C1 possibly
disturbs the planar geometry of the chromophore, thereby resulting in a blue shift
in the absorption maximum of the 5DEM analog. However, the 5DEM

chromophore still remains red-shifted as compared to retinal due to the absence

of the unfavored C5-CH3/H8 interaction. Lastly, removal of the ring double bond

changes the X of CYCHXE from 396 nm to 367 nm (wavelength difference is

29 nm), which is in agreement with tWoodward-Fieser prediction.

In order to elucidate the photophysical characteristics of the
aforementioned retinal analogs in protein environments, we have followed
previously applied systematic mutagenesis of hCRBPII. Our initial study of
hCRBPII mutants with all-trans-retinal revealed that electrostatic changes close
to the middle of the polyene chain does not have a significant impact on spectral
tuning of the chromophore (~ 10 nm wavelength shifts). On the other hand, high
sensitivity towards electrostatic modulations near the PSB region was seen for
the all-trans-retinylidene chromophore. To examine behavior of retinal derivatives
faced with similar electrostatic changes, a series of hCRBPIl mutants were

designed and coupled with retinal aldehydes. Our studies commenced with the
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evaluation of a set of residues close to the middle of the polyene chain. Using the
KL double mutant as a template, Thr53 was changed into neutral residues such
as alanine, leucine, valine and serine. These changes foreseeably afforded
pigments absorbing at similar wavelengths for each chromophore. The five
hCRBPII mutants (varying residues at position 53) altered the spectra up to 10
nm with the ligand series (Table II-5). However, comparison between the

pigments generated with all-trans-retinal and the analogs hinted at the order of

conjugation for covalently bound chromophores. The differences in }\max of

Table lI-4. Absorption maxima of retinal analogs, their Schiff bases (SB) with
n-butylamine and protonated forms (PSB).

-1 ma
Retinal Analog € (M.cm)™™  AM&(nm)  AME(nm) AMEX (nm)

Aldehyde Aldehyde SB PSB

RET Mo 48000 380 365 444
DEHYDRO Mo 36500 398 376 463
GEMLESS NN 64000 404 379 478
5DEM Mo 47800 388 368 453
CYCHXE NN 66800 396 374 466
CYCHXA O/M So 40900 367 349 428

Absorption maxima of aldehydes, SBs and PSBs were measured in ethanol.

Protonation of SB was performed by addition of 37% aqueous HCI solution. €
is an extinction coefficient of the chromophore in ethanol.
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retinal and the dehydro aldehyde in KL double mutant to KL:T53S (mutants from
left to right in Table II-5) are 33, 34, 39, 37, and 32, nm respectively. The
average enhancement with an additional double bond in the B-ionone ring seems
to be 35 nm in these mutant series. Noteworthy, similar bathochromic shift is
seen in protein/GEMLESS pigments. Removal of gem-dimethyl groups leads to
the coplanar arrangement about the C6-C7 bond, resulting in maximal
conjugation. Analysis of 5DEM hCRBPII complexes exhibits red-shifted spectra
in comparison with the all-trans-retinal bound mutants but the resultant red shifts
(~ 13 nm) remain smaller than the GEMLESS analog. This is perhaps due to the
slightly deviated 5-desmehtyl ionone ring moiety in 6-s-cis conformation as
opposed to a fully planar 6-s-trans geometry that is favored with the 1,1-
didemethyl ring. These findings indicate that in the presence of the protein
environment, modified retinal substrates are sufficiently well differentiated
conformationally to allow for distinct absorption profiles.

Table 1I-5. Complexation of retinal and retinal analogs with hCRBPII mutants
having Thr53 mutation.

Ligand KL KL:T53A KL:T53L KL:T53V KL:T53S A\

RET 508 512 496 501 504 0
DEHYDRO 541 546 535 538 536 35
GEMLESS 537 539 534 534 540 33

5DEM 518 520 517 517 515 13

Ligands (0.4 to 0.6 equivalents) were incubated with 20 uM of hCRBPII
mutants in phosphate buffer saline (PBS) at room temperature. The
absorption maximum of each protein-ligand complex is reported in nm. AA is

max . . .
calculated based on the average A difference between retinal and retinal

analogs. For example, the }\max differences between retinal and dehydro
retinal are 33, 34, 39, 37, and 32 nanometers for the mutants from left to
right, respectively. The average of these values is 35 nm.
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In pursuit of electrostatic modulations around the PSB region, Thr51 was
replaced with a hydrophobic valine residue in the hope that decreasing the
negative polarity near the iminium leads a red shift in absorption. Luckily, the
resultant hCRBPII proteins with T51V mutation showed high binding affinity
towards the retinoid ligands and formed stable colored pigments (Table 1I-6). In
all of these instances, mutants carrying valine at position 51 afforded
bathochromically shifted complexes, similar to the results with all-trans-retinal

(KL versus KL:T51V mutant). In contrast to the spectra resulting from

Table II-6. The effect of T51V substitution on the absorption of hCRBPII-retinal
analog complexes.

Position

Ligand 51 KL KL:T53A KL:T53L KL:T53V KL:T53S A\
T 508 512 496 501 504

RET Vv 538 536 ~512 ~519 533 29
T 541 546 535 538 536

DEHYDRO Vv 575 582 563 570 582 35
T 537 539 534 534 540

GEMLESS Vv 557 564 557 560 569 25
T 518 520 517 517 515

SDEM V 537 545 546 542 541 25

Ligands (0.4 to 0.6 equivalents) were incubated with 20 uM of hCRBPII mutants in

PBS at room temperature. The absorption maximum of each protein-ligand

max
complex is reported in nm. AA is calculated based on the average A

difference before (black) and after T51V (red) mutation. The average AA value is
calculated by excluding the KL:T51V:T53L and KL:T51V:T53V data (italic red) as
mentioned in the text.

complexation with DEHYRDO, GEMLESS and 5DEM ligands, all-trans-retinal
yielded an asymmetric absorption band when bound to KL:T51V:T53V and

KL:T51V:T53L, suggesting an overlap of multiple peaks. Deviation from the
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symmetry is more pronounced in case of T53L in which different rotameric forms
of the leucine side chain could presumably causes changes to the absorption
profile of the bound ligand. The enhancement induced by T51V mutation for each
chromophore appeared to be consistent as the largest red shift is observed in the
DEHYDRO bound pigments (average of 35 nm increase). Specifically, the
installation of T51V into the KL:T53S mutant remarkably shifts the absorption by
46 nm for the DEHYDRO bound protein, whereas the same change only results
in ~29 nm red shift in other three ligands, as shown in Table 1I-6 (KL:T53S

versus KL:T51V:T53S).

Table II-7. Comparison of absorption maxima of all-trans-retinal and its ana-
Iogs bound to hCRBPII mutants.

Ligand KL:T51V  KL:T51V:T53A KL:T51V:T53S AL
RET 538 536 533 0
DEHYDRO 575 582 582 44
GEMLESS 557 564 569 28
5DEM 537 545 541 5

Ligands (0.4 to 0.6 equivalents) were incubated with 20 uM of hCRBPII
mutants in PBS at room temperature. The absorption maximum of each
protein-ligand complex is reported in nm. AA is calculated based on the

average )\max difference between retinal and retinal analogs.

Further analysis of the KL:T51V:T53X (X=T,A,L,V, and S) hCRBPII series
reveals that the increase of hydrophobicity around the PSB results in perturbation
of conjugation in the bound ligands. As highlighted in Table II-5, the average
enhancement of an additional double bond in the (-ionone ring is ~35 nm in
those mutant series (RET versus DEHYDRO). Nevertheless, this effect is

increased to 44 nm in the presence of T51V mutation (Table 1I-7, RET versus
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DEHYDRO). In sharp contrast, the average )\max difference between all-trans-

retinal and the other two analogs, 5DEM and GEMLESS, was not increased in
the presence of T51V mutation (AA values in Table II-5 versus Table 1I-7). To
illustrate, 5DEM displays ~13 nm red-shifted spectra in KL:T53X hCRBPII series
(X=T,A,L,V, and S) as compared to all-trans-retinal, however the observed red
shift is about half of that (~5 nm) when T51V is introduced. Likewise, the red shift
accounting for the hCRBPII-KL:T53X/GEMLESS complexes as compared to all-
trans-retinal bound equivalents decrease from 33 nm to 28 nm upon T51V

replacement. This shows that the increase of hydrophobicity around the PSB

(with T51V mutation) also influences the relative )\max difference between the

retinal and the retinal analogs.

While a substantial red shift was achieved by installation of T51V
mutation, further reduction of the polar environment close to the PSB would
require the disruption of the water network residing around this region. As
described in our previous design of hCRBPIl rhodopsin mimics, this water
network was observed in many crystal structures and involves conserved sets of
amino acid residues (Figure 11-9). The first water molecule (W1 in Figure 1I-9a) in
the network hydrogen bonds to the iminium nitrogen and to the carbonyl of Gin4,
contributing to stabilization of the positive charge on the iminium. On the other
hand, the second water molecule (W2) makes hydrogen bonds with the main

chain carbonyls of Thr1 and Asp91 along with the amide nitrogen of lle110. This
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Figure 1I-9: A comparison of the interacting water networks in hCRBPII mutants.
a. Crystal structure of KL:T51V:T53C:Y19W:R59W:T29L hCRBPII (cyan, PDB ID:
4EFG) with highlighted residues to show the water network extending to the
iminium nitrogen. Water molecules are indicated as red spheres. b. Crystal
structure of KL:T51V:T53C:Y19W:R59W:T29L:Q4A hCRBPII (pink, PDB ID:
4GKC). c. Crystal structure of KL:T51V:T53C:Y19W:R59W:T29L:Q4R hCRBPII
(yellow, PDB ID: 4EEJ). The mutation of GIn4 results in the loss of an ordered
water molecule (W1) in structures of b and c.
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network, assisted by W2, orients the side chain of GIn4 side chain. Mutations of
GIn4 (to Phe, Ala, Trp, Leu, Asn, and Thr) had a dramatic effect on the
spectroscopic behavior of hCRBPIl/retinal complexes, putatively as a result of in
the loss of the ordered water molecule (W1) that destabilizes the protonation of
iminium nitrogen. All of the GIn4 variants afforded red-shifted retinylidene bound
protein complexes indicating an enhanced distribution of resonating charge along
the polyene. Satisfyingly, obtaining crystallographic data provided detailed
structural information about these mutants. Close inspection of the crystal
structures of hCRBPII variants incorporating Q4A and Q4R replacements show
that the absence of the W1 leads to a configurational change of the resultant
iminium geometry. While hCRBPIl complexes with all-trans-retinal favor the cis-
iminium geometry in the presence of an ordered W1 molecule as shown in
Figure II-9a, trans-imine geometry is adopted in all GIn4 modified mutants
(Figure 1I-9b and c). Although, the effect of this configurational change is not
clear on wavelength regulation, displacement of the GiIn4 is crucial to improve the
conjugation along the polyene.

The generality of the effect of GIn4 mutation was also investigated with

synthetic retinal analogs bound to Q4F modified hCRBPII mutants. The resultant

complexes yielded iminiums with low pK5 as compared to the parent mutants. As

examples, the UV-vis spectra of KL:T51V:T53A:Q4F hCRBPII are illusrated in
Figure 1I-10 for each retinal analog. Although the amount of protonated Schiff

base is lower as compared to Schiff base, acidification of the protein solution
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facilitates the protonation of the imine nitrogen and increases the absorbance of

the PSB peak. Likewise, other Q4F mutants (Table 1I-8) also fared poorly in

formation of abundant PSB peak at physiological pH. Depressed pKy of the

iminium in such complexes is presumably the result of poor stabilization of the

charge in the absence of the water network (W1 in Figure 11-9). But despite the

lowered pKj, installation of Q4F remarkably induces a red shift in the resultant

protein-ligand complexes. Table 1I-8 lists the change in absorption as a result of
the Q4F substitution for each chromophoric system. Protein complexes
generated by the DEHYDRO ligand exhibit the most bathochromic shift in the
presence of Phe4 similar to that seen with T51V mutated pigments (Table II-6).

Obviously, both GIn4 and Thr51 residues, located around the iminium, strong

Table 1I-8. The effect of Q4F substitution on absorption of hCRBPII-retinal analog

complexes.
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Ligands (0.4 to 0.6 equivalents) were incubated with 20 uM of hCRBPII mutants in
PBS at room temperature. The absorption maximum of each protein-ligand
complex is reported in nm. KLV stands for the KL:T51V hCRBPII mutant. AA is

calculated based on the average AT difference before (black) and after Q4F
(red) mutation. The average AA value is calculated by excluding the KL:T51V:T53L
and KL:T51V:T53V data (italic black) as mentioned in the text.
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Figure 1I-10: UV-vis spectra of KL:T51V:T53A:Q4F hCRBPII complexed with
retinal and its derivatives. The change in absorbance is monitored upon
acidification of the protein-ligand solution (pH values are indicated for each
spectrum). The absorption of SB and PSB peaks of the ligand bound protein
are shown for all-trans-retinal, DEHYDRO, GEMLESS, and 5DEM in a to d,
respectively.

effects on charge stabilization. Removal of these elements results in insufficient
support to localize the positive charge on the iminium nitrogen and promotes
charge distribution along the ligand. One would expect the largest bathochromic

shift for chromophores in which the structure is more conjugated, thus allowing a
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better propagation of the cationic charge. As such, it is not surprising that
hCRBPII/DEHYDRO complexes, having a highly conjugated ligand, display the
greatest sensitivity towards mutational changes. Additionally, comparison of the
synthetic retinal analogs with all-trans-retinal provides further evidence for fact
that the DEHYDRO ligand has an exceptionally high degree of charge
delocalization, yielding the most red-shifted pigments amongst all the ligands

(Table 11-9). It should be also emphasized that Table 1I-7 and Table 1I-9 highlight

the consistent order of )\max differences between all-trans-retinal and its

analogs. Seemingly, these sets of mutants (KLV:T53X and KLV:Q4F:T53X
series) share similar binding modes for the associated ligands and only vary with

respect to electrostatic environments.

Table 1I-9. Comparisons of absorption maxima of all-trans-retinal and its analogs
in T51V and Q4F mutated hCRBPII variants.

KLV: KLV:T53A: KLV:T53L: KLV:T53V: KLV:T53S:

Ligand  q4F Q4F Q4F Q4F s BA
RET 569 571 567 567 567 0
DEHYDRO 610 622 614 614 622 48
GEMLESS 580 591 586 585 594 19
5DEM 562 575 575 569 569 2

Ligands (0.4 to 0.6 equivalents) were incubated with 20 uM of hCRBPIl mutants in

PBS at room temperature. The absorption maximum of each protein-ligand

max
complex is reported in nm. AA is calculated based on the average A

difference between retinal and retinal analogs. KL:T51V hCRBPII is abbreviated
as KLV.

1.4 Crystal Structures Of KL:T51V:T53S HCRBPII With Retinoids
In order to understand the structural elements that lead to the

spectroscopic characteristics observed with our protein-ligand complexes, we
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resorted to co-crystallize retinal and its derivatives with hCRBPII rhodopsin
mimics. To this end, KL:T51V:T53S hCRBPII mutant yielded single crystals
under optimized conditions with all four retinoid ligands. The crystal structure of
KL:T51V:T53S/all-trans-retinal complex was obtained by Dr. Zahra Nossoni while
the other sets of crystals with synthetic retinal analogs were collected
collaboratively by Meisam Nosrati and Ipek Yapici. Close inspection of
KL:T51V:T53S protein structure revealed a distinct reorganization of the T53S
side chain with a nearby residue of GIn38 (Figure 1l-11). This arrangement has
not been seen for other hCRBPII crystal structures, making the KL:T51V:T53S
variant unique in its tertiary scaffold. In regular hCRBPII structures, a well-
organized water mediated hydrogen bonding interaction between the GIn38 and
the GIn128 side chains helps to position these amide residues in the protein
cavity. As shown in Figure ll-11, two glutamine side chains interact with each
other via a water mediated hydrogen bond in the wild type hCRBPII. Likewise,
KL:T53C and KL:T51V:T53C hCRBPII variants (Dr. Zahra Nossoni’'s data)
exhibits the conserved interaction between GIn38 and GIn128 residues where
two amide groups face to each other and form a bridge through the ordered
water molecules (Figure 1lI-11¢c and 11d). Nonetheless, this favored interaction is
suppressed when threonine is replaced with a serine residue at position 53. The
newly installed Ser53 residue establishes tight hydrogen bonding interactions
with the side chain carbonyl group of GIn38, making the amide moiety adopt a

different trajectory as opposed to its original arrangement. Consequently, the
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Figure II-11: Highlighted interactions of glutamine residues in hCRBPII. a.
Crystal structure of wild type hCRBPII (PDB ID: 4QZT) showing GiIn38, GIn128
and Thr53 residues. The 2Fo-Fc electron density map contoured at 1.0 sigma
around the highlighted amino acids. The water molecule is indicated by the red
sphere. b. Structure of KL:T53C depicts the conserved interaction between the
mentioned glutamine residues. c. Crystal structure of KL:T51V:T53C reveals
two conformations for the T53C side chain; one hydrogen bonds with the side
chain carbonyl of GIn38. Two ordered water molecules assist the hydrogen
bonding between the amide moieties of glutamine residues. d. Installation of the
T53S mutation leads to a different organization of GIn38. The alcohol moiety
and the carbonyl of the amide form a tight hydrogen bond and result in the
expulsion of the water-mediated interaction with GIn128. Noticeably, the exact
order of the side chain carbonyl and the amine moieties participating in
hydrogen bonding is not certain.
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water-mediated interaction between GIn38 and GIn128 is disturbed, resulting in
loss of ordered water molecules as evident from the crystal structure.

Analysis of KL:T51V:T53S/retinoid complexes enabled us to identify
structural features of significance for the bound ligands. Although the electron
density of the protein scaffold is well defined for all KL:T51V:T53S complexes, it
is unfortunate that poor densities are seen for the DEHYDRO and the GEMLESS
ligands (Figure 1I-12). Despite clear evidence for the ligand occupying the
binding pockets, we are unable to make judgments about the specific orientations
of the ring moieties or the torsion angles for those ligand structures. Satisfyingly,
all-frans-retinal and 5DEM chromophores display sufficient electron density for
determining the conformations of their bound states. An overlay of retinal and
5DEM bound KL:T51V:T53S crystal structures revealed the flexibility of the
binding pocket of the hCRBPII scaffold. As the tertiary folding features of the
protein remain equivalent for both protein-ligand complexes, the mouth of the
cavity consisting of two loops and the a-helicies displays considerable plasticity
(see Figure lI-13a red and blue locations). Further investigation into the binding
site of the pigments highlights the distinct conformational preferences of the two

ligands. Predictably, 5DEM chromophore adopts a 6-s-cis conformation about the
C6-C7 single bond, having a slight torsion angle, )1 = 24" (Figure 11-13b). In
sharp contrast, the same mutant yields a skewed 6-s-cis conformation for the
bound all-trans-retinal with torsion angles departing significantly from planarity.
As anticipated, the greater steric demand of the C5-CH3 group in the retinal
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Crystal structures of KL:T51V:T53S mutant with retinal and synthetic

analogs. The 2Fo-Fc electron density map contoured at 1.0 sigma around the
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ionone ring about the C6-
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alleviates repulsive intramolecular contacts, and also causes a movement in the
chromophore position within the binding site (Figure 11-13d).

Structural analysis of the KL:T51V:T53S pigments suggests multiple
possible mechanisms for the observed absorption characteristics. One important
factor to consider is the electrostatic environment around the bound
chromophore. The presence of polarizable groups or local polarities can lead to a
change in the charge distribution across the polyene. In crystal structure of
KL:T51V:T53S/5DEM complex, the ring moiety is tightly against GIn38 and
Phe16 (Figure II-13f). The polar GIn38 side chain makes close contact with the
C5 of the chromophore (3.4 A away), and possibly stabilizes the delocalized
positive charge on the ring double bond. However, the twisted ring arrangement
of the all-trans-retinal increases the space between the GIn38 side chain and the
chromophore (4.2 A to C8 and C5 carbons), where a putative partial positive
charge resonating from the iminium would be anticipated (Figure Il-13e). This
presumably results in a weak stabilization of the cationic chromophore and allows

even distribution of the positive charge.

The PSB of retinal absorbs at 444 nm in solution while the subsequent
. . - max _ _
pigment with KL:T51V:T53S exhibits a A of 533 nm (AN =89 nm, opsin shift
-1
is 3761 cm ). On the other hand, the absorption maximum of the PSB of 5DEM

chromophore is 453 nm and the resultant KL:T51V:T53S complex shows an

-1
absorption maximum at 541 nm (AA = 88 nm, opsin shift is 3591 cm ). Another
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key factor to take into account is the planarity of the chromophore m-system.
Considering the fact that some part of an opsin shift is arising from the
planarization, one would expect to see a smaller opsin shift for the 5DEM
chromophore due to its higher planarity in solution as opposed to all-trans-retinal.
However, the crystal structure of the KL:T51V:T53S/RET complex reveals that
the double bond at the ionone ring is almost out of conjugation relative to the
polyene chain of the retinal (Figure II-13c). Therefore, it is hard to consider the
chromophore planarization as a contributing factor in the observed opsin shift for
all-trans-retinal. Namely, the major component of the induced red shift in retinal
absorption should be the changes in electrostatic environment around the ligand
inside the protein cavity. Likewise, the observed opsin shift of 5DEM would be
considered as the result of electrostatic interactions because the chromophore
possesses a planar conformation both in solution and in protein cavity (Figure Il-
13b). Consequently, it is not surprising that the difference in the opsin shifts of
5DEM and retinal, bound to the same mutant, is small since they did not display
substantial conformational changes from the solution to the protein binding

pocket.

I.5 Elucidating The Effect Of Arg58 Mutation

As stated earlier, embedding and encapsulation of the ligand is necessary
in order to reach super red-shifted protein/chromophore systems. Prior studies
have shown that two key amino acids (Arg58 and Ala33), residing at the mouth of

the binding cavity must be changed into hydrophobic aromatic residues in order
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Gin 38 Gin 38 y 4.4 A

Phe 16 Phe 16
Figure II-13: Comparison of crystal structures of retinal and 5DEM bound

KL:T51V:T53S hCRBPIlI complexes. a. Overlaid crystal structures indicate the
rearranged (blue and red) versus conserved (gray) regions in the protein fold. b.
Expanded view of protein cavity shows the planar geometry of the 5DEM
chromophore. ¢. Skewed 6-s-cis conformation of the bound retinal is indicated in
stick model. d. The structures of all-frans-retinal (blue) and 5DEM (red) ligands
are overlaid, highlighting the geometrical differences of the chromophores. e.
Space filling model of retinal (blue) and nearby residues of GIn38 and Phe16
depicts the packing interactions around the ionone ring. f. Same representation
shown in e is illustrated for the 5SDEM chromophore.
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to isolate the bound chromophore from the bulk aqueous media. It was found that
the combination of R58W and A33W mutations has the greatest impact on
sequestering the binding pocket, resulting in larger red shifts in spectrum of the
all-trans-retinal. Several crystal structures of hCRBPII variants that incorporate
R58F, R58Y and R58W mutations were previously collected and analyzed with
respect to the side chain motions of the installed aromatic residues and their
ability to enclose the ligand binding site. Collected structural information revealed
that the flexibility of the loop region allows different rotameric forms to of the
Trp58 and Phe58 side chains. However, a conserved motif in terms of the side
chain conformation was seen in many cases with the Tyr58 mutation (Figure II-
14b). The phenolic group makes a water-mediated hydrogen bond with the side
chain hydroxyl of the Thr29 and stabilizes the location of the aromatic Tyr residue
(Figure 1I-14c). In hCBRPII structures with T29L, there is a direct hydrogen bond
observed in between the phenolic group and the backbone carbonyl of Leu29.
(Figure II-14d). Having this structural information in hand, we initiated our
investigations with enclosed and sequestered binding pocket (R58Y mutants)
with synthetic retinals. In this manner, little or no conformational issues would be
anticipated for the R58Y replacement and direct electrostatic changes projected
on the bound chromophores could be examined. At the outset, the effect of the
R58Y mutation was tested on KL:T51V:T53X (X=T, A, L, V, and S) series of
hCRBPII. Similar to previously obtained results from the hCRBPIl/retinal

complexes, the substitution of Arg58 with Tyr substantially shifts the spectra of
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all-frans-retinylidene chromophore to longer wavelengths. As summarized in
Table 1I-10, the absorption maxima of each protein-retinal complex is red-shifted
~37 nm as a result of the R58Y mutation. Notably, DEHYDRO bound hCRBPII
pigments exhibit the same magnitude of red shifting in absorption, showing that
both chromophores respond in a similar fashion to the change of Arg58. These

findings fit well with the previously proposed hypothesis emphasizing that the

a. b. )
R58W ;g\ R58Y :
3 g ﬁr
& T29
c d.
R58Y \ R58Y
3.0A
) oo .QW
o ' .
40A,° ¢ 3.3A
P ]
&
T29

Figure lI-14: Side chain orientations of Arg58 mutations. a. lllustration of different
R58W rotomers in hCRBPII crystal structures. Overlaid structures show the
alternative conformations of the R58W residue. b. Limited plasticity of the R58Y
residue in different crystal structures of hCRBPII mutants, adopting a conserved
orientation. ¢. Water mediated hydrogen bonding interactions between R58Y and
Thr29 residues. d. The installation of T29L mutation removes the water mediated
interactions seen in ¢, but gains a hydrogen bond with a backbone carbonyl! of
T29L.
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embedded chromophore in an isolated protein binding pocket displays an
enhanced charge distribution and a bathochromically shifted absorption profile. In
sharp contrast, our new findings from the two other analogs, 5DEM and
GEMLESS, are not consistent with the suggested mechanism. The
enhancement, as a result of the R58Y substitution is small in GEMLESS bound
proteins, while a subtle hypsochromic shift is seen for most cases with
hCRBPII/S5SDEM complexes. If the major role of the aromatic residues placed
instead of Arg58 is to enclose the binding pocket and create a buffer-isolated
environment around the ligand, one could argue that the overall impact should be
comparable for all bound chromophores regardless of their ring modifications.
Nevertheless, upon inspection of the data, it becomes apparent that the R58Y

mutation does not always leads a red shift in absorption of the bound ligands.

Table 1I-10. The effect of R58Y substitution on the absorption of hCRBPII-retinal
analog complexes.

Position KLV: KLV: KLV: KLV:

Ligand 58 KV 1s3a Ts3L  Tsav Tsas AN
w0 mom ew o ow o
oo T2 o m
wsss [ m wm
o 0w s we s

Ligands (0.4 to 0.6 equivalents) were incubated with 20 uM of hCRBPII mutants in
PBS at room temperature. The absorption maximum of each protein-ligand
complex is reported in nm. KLV is abbreviated for KL:T51V hCRBPII mutant. AA is

calculated based on the average )\max difference before (black) and after R58Y

(red) mutation. The average AA value is calculated by excluding the KL:T51V:T53L
and KL:T51V:T53V data (italic black).
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Further support for the latter statement has also come from the studies on
hCRBPII mutants R58Y was tested in combination with Q4F mutation. In these
protein series, the R58Y mutation yields red-shifted spectra for the DEHYDRO
and the all-frans-retinal bound pigments (with almost same bathochromic shift),
but fails to the same for the GEMLESS and 5DEM ligands. It is surprising that
chromophores, which lack methyl substituents on the ring, show distinct
absorptive properties than the ones having a canonical ionone ring in their

structures.

In order to answer why the R58Y mutation has differential effects on the
absorption of ligands as a function of the methyl substituents, several factors
should be considered. To start with, both CYCHXE and CYCHXA were coupled
with the hCRBPII mutants listed in Table 1I-10 and Table-11 in order to verify the

role of encapsulation of the ligand in a closed cavity. Noticeably, these two

Table lI-11. The effect of R58Y substitution on the absorption of hCRBPII-retinal
analog complexes.

Position KLV: KLVA: KLVL: KLVV: KLVS:

Ligand 58 QIF  QAF  QaF  QaF  QaF A
o 1omomEE
DEHYDRO U 3 g s cas s 2
GEMLESS  \ o) dor s ser o
o 0 ® omomom o=m

Ligands (0.4 to 0.6 equivalents) were incubated with 20 uM of hCRBPII mutants in
PBS at room temperature. The absorption maximum of each protein-ligand
complex is reported in nm. KLVX is abbreviated forKL:T51V:T53X hCRBPII
mutants, where X can be T,A,L,V, and S. A\ is calculated based on the average

}\max difference before (black) and after R58Y (red) mutation.
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chromophores have no methyl groups on the ring and only differ in the number of
double bonds. As both ligands share similar isosteric interactions, the
subsequent effect of the R58Y mutation on the absorption spectra would be
attributed to the direct consequence of the polarity changes in the binding pocket.
Surprisingly, however, spectral analysis of CYCHXE and CYCHXA bound
hCRBPIlI mutants revealed that there is not much wavelength modulation that
could be achieved by the R58Y mutation (Table 1I-12). In most cases, the change
in the absorption maximum stays within few nanometers, implying that the
installation of aromatic residues at the mouth of the protein cavity does not serve
as a key element to facilitate charge distribution across the bound ligand.
Howbeit these results contradict prior work in which aromatic amino acids
substituted for Arg58 bathochromically shift the absorption maxima of all-trans-
retinal bound pigments. In like manner, hCRBPII/DEHYDRO complexes also
exhibit red-shifted spectra as a result of the R58Y mutation (Table I1I-10 and
Table 1I-11). In these retinyl chromophores, a B-ionone ring has three methyl
substituents that are influenced by the R58Y mutation in a manner that red shifts
the wavelength. It is intriguing to consider factors that might dictate this unique
interaction. There are certainly a large number of specific interaction that can be
proposed in this context. One plausible model is that the wavelength is varied by
the regulation of flexibility around the ring. The R58Y mutation could lead to
protein structural changes that restrict motion of the ligand due to interactions

between the three methyl groups in the (-ionone ring and the surrounding
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residues. The afforded rigidity could orient the chromohore for better charge
delocalization. Yet, chromophores lacking ring methyl substituents would be able
to fall into the available space in the protein binding pocket, exploring structural
freedom as a result of less steric constraints. Thus, presence of the large
aromatic amino acids at Arg58 would presumably be less effective in rigidifying
the more flexible chromophores, leading to subtle changes in wavelength. A

second type of model can involve specific electrostatic interactions between the

Table lI-12. Spectral analysis of CYCHXE and CYCHXA bound hCRBPII comp-

lexes.
Ligand P°§g'°" KLV KLVA  KLVL KLVV KLVS A\
R 543 546 546 544 548
CYCHXE Y 544 552 540 547 552 2
R 494 496 494 493 496
CYCHXA Y 489 493 488 493 491 2
KLV: KLVA: KLVL: KLVV: KLVS:
Q4F Q4F Q4F Q4F Q4F
R 565 570 572 569 571
CYCHXE Y 560 570 567 564 566 4
R 510 514 512 510 512
CYCHXA Y 499 505 500 504 501 -10

Ligands (0.4 equivalents) were incubated with 20 uM of hCRBPII mutants in PBS
at room temperature. The absorption maximum of each protein-ligand complex is
reported in nm. KLVX is abbreviated for KL:T51V:T53X hCRBPII mutants where X

can be T,AL,V, and S. AA is calculated based on the average )\max difference
before (black) and after R58Y (red) mutation.

chromophore and the side chain of R58Y. It is likely that the installation of R58Y
residue in close proximity of the [(-ionone ring creates strong hydrophobic-
hydrophobic contacts between the three methyl groups and the aromatic ring. On

the other hand, the chromophores having less methyl substituents perhaps are
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not as tightly embedded in the protein as the ones with a canonical B-ionone ring.
This packing organization could be a direct manifestation of the hydrophobic-
hydrophobic interactions. Simply stated, our present study through site-directed
mutagenesis highlights the significance of ring methyl substituents in wavelength
regulation. However, at this point the major contributing factors (sterics or
electrostatics) in wavelength modulation of R58Y-hCRBPII variants is not clear.
Moreover, the inability to regulate the wavelength with chromophores that lack

the methyl groups in the ring remains a mystery.

1.6 Structural Analysis On R58Y-hCRBPII Retinoid Pigments

Next, we crystallize a series of hCRBPIlI mutants that contained the R58Y
mutation bound to the synthetic retinals. Our initial crystallization attempt was
with KL:T51V:T53S:R58Y hCRBPII mutant that led to several crystals under
previously established crystallization conditions. Subsequent refinement of the
data obtained from these crystals did not show an ordered conformation for the
bound ligands, mostly yielding poor electron density for the chromophores (data
not shown). We then focused on crystallizing of KL:T51V:Y19W:R58Y hCRBPII
with the retinal analogs since we already had good structural data with this
mutant complexed with all-trans-retinal (obtained and solved by Dr. Zahra
Nossoni and Meisam Nosrati). Using the KL:T51V:Y19W:R58Y mutant, we have
successfully crystallized and solved the structures of three retinal analogs
(DEHYDRO, GEMLESS, and 5DEM) that were previously unattainable. As

discussed earlier (Section 11.2), changes in Try19 do not have a significant
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influence on wavelength regulation of the bound all-trans-retinylidene
chromophore. This was also tested on modified retinals in presence and
absence of the R58Y mutation (Table 1I-13). Predictably, substitution of Try19
with a Trp residue had little effect on absorption maxima of the pigments (~ 4

nm), which is consistent being in line with the previously obtained data.

Table 1I-13. The effect of R58Y substitution on the absorption of hCRBPII
retinal analog complexes.

Ligand Position 58 KLV KLV:YiOW A
w7 = ®
DEHYDRO 3 ggg ggz 28
GEMLESS y o o 10
o 0w Em
S
cova T B m

Ligands (0.4 to 0.6 equivalents) were incubated with 20 uM of hCRBPII
mutants in PBS at room temperature. The absorption maximum of each
protein-ligand complex is reported in nm. KLV is abbreviated for KL:T51V

hCRBPII mutant. AA is calculated based on the average )\max difference
before (black) and after R58Y (red) mutation.

Gratifyingly, all chromophore bound structures of KL:T51V:Y19W:R58Y
hCRBPII protein provided a well-defined electron density map of the ligand
(Figure 11-15). Close inspection of the active sites revealed that there are a few
noticeable differences between the RET/DEHYDRO complexes versus

GEMLESS/5DEM bound pigments. Despite the fact that all four ligands occupy
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the same binding space, retinal and DEHYDRO chromophores reside slightly
closer to the mouth of the cavity, whereas GEMLESS and 5DEM analogs are
located more towards the interior of the protein binding pocket (Figure ll-16a).
Indeed, the closer proximity of retinal and the DEHYDRO ligands to the protein
mouth could be result of better hydrophobic-hydrophobic contact with the
aromatic R58Y side chain as compared to the GEMLESS and the 5DEM

chromophores. Furthermore, two additional aromatic residues, Phe16 and

N
Figure 11-15: Crystal structures of KL:T51V:Y19W:R58Y mutant with retinal and
synthetic analogs. The 2Fo-Fc electron density map contoured at 1.0 sigma
around the bound ligand and the highlighted residues. The resolutions of the
crystal structures are 1.3 A, 1.5 A, 1.6 A, and 1.5 A for all-trans-retinal,
DEHYDRO, 5DEM, and GEMLESS bound pigments (from a to d), respectively.
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R58Y

Figure 11-16: Overlaid crystal structures of retinal chromophores. a. Stick model
representations of RET, DEHYDRO, 5DEM, and GEMLESS ligands (indigo,
magenta, cyan, and yellow respectively) in KL:T51V:Y19W:R58Y hCRBPII
mutant. b. Side chain conformations of the aromatic residues around the bound
ligand. Color assignments are the same as that indicated in a.

Trp19, in close proximity to the ring moieties of the bound ligands show little side
chain movement. Side chain conformations of Phe16 and Trp19 residues are well
aligned in the RET and DEHYDRO structures. Conversely, both residues display
a sideways-tilted orientation in the other two crystal structures where the tilting is
more pronounced for the Phe16 residue (Figure II-16b). Plausibly, these

aromatic residues are important in providing tighter packing around the ring
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moieties and also to provide optimal hydrophobic environments.

The data in Table 1I-14 maps out the opsin shift as a function of ionone
ring modifications. As anticipated, CYCHXA comprising of four double bonds and
a bare cyclohexane ring exhibits the smallest opsin shift upon binding to hCRBPII
mutant. Owing to the large dependence on the nature of the ring structure and
the spectral shifts of the pigments studied, the opsin shift of CYCHXA serves as
a reference point for the study of spectral contribution of modified ionone rings to

the total opsin shift. Also, binding of CYCHXE with hCRBPIlI mutants red shifts

the A" about 50 nm as compared to CYCHXA. The opsin shift for both ligands

however, is similar. This is reasonable because both ligands share common ring
substitutions, and when complexed with the same hCRBPII mutant, they are

subjected to equivalent electrostatic environment.

In its complex with KL:T51V:Y19W:R58Y hCRBPII, all-trans-retinal
displays an absorption band peaking at 565 nm, which is close to the AT of the

GEMLESS bound complex. However, the same protein environment imposes
much larger opsin shift on the retinal chromophore in comparison with the
GEMLESS ligand. The dilemma of these findings is exemplified by the fact that
the two chromophoric systems yield pigments absorbing closely, yet their
calculated opsin shifts differ significantly. A possible explanation for this could be
the planarization of the ring and the chain segments. If the GEMLESS

chromophore exists in an identical conformation in free solution as in the protein
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bound form, then the resulting opsin shift accounts for only electrostatic
interactions between the protein and its ligand. On the other hand, conformation
of retinal could be different in free versus bound state. In such a case the induced
opsin shift would be a combination of electrostatic interactions and
conformational changes. It has been shown previously that the all-trans-
retinylidene iminium favors a twisted 6-s-cis conformation in solution.?® In the

protein bound state, an equivalent conformer for retinal was observed (Figure II-

a. b.
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Figure II-17: Packing interactions are shown with space filling model of the
chromophores and nearby aromatic residues for the structures of RET,
DEHYDRO, 5DEM, and GEMLESS bound KL:T51V:Y19W:R58Y hCRBPII
mutant in a to d, respectively.
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18), revealing little to no change in the C6-C7 torsion. In this respect,
planarization of the ring and polyene segments can be excluded from the
calculated opsin shift for retinal. Likewise, the GEMLESS chromophore displays
similar conformations in the protein binding pocket as in free solution (predicted
by computational calculations) or in solid state crystal (Chapter IV, Figure IV-15).
In all cases, the GEMLESS chromophore adopts the 6-s-frans conformation,
leading to minimal conformational effects on the resulting opsin shift. From the
latter experimental observations, it appears that the main contributor to the opsin

shift for these chromophores is the result of electrostatic interactions between the

Table II-14. Opsin shifts of retinal chromophores in KL:T51V:Y19W:R58Y
hCRBPII mutant.

, max (nm) 5 max (nm) Opsin Shift AOpsin Shift

Ligand - -1
PSB in protein (cm ) (cm )
RET 444 565 4823 1784
DEHYDRO 463 604 5042 2003
GEMLESS 478 569 3346 307
5DEM 453 544 3693 654
CYCHXE 466 545 3111 72
CYCHXA 428 492 3039 0

Absorption maxima of protonated n-butylamine Schiff bases (PSB) were
measured in ethanol. Opsin shift is the difference in wavenumbers between

the A" value of the PSB of the analog and that of the resulting hCRBPII
pigment. The contribution of ring modifications to the total opsin shift
(AOpsin Shift) is calculated by taking the difference of opsin shifts of
hCRBPII/CYCHXA pigment and other pigments.

protein and its cognate ligand. This accentuates the fact that the relationship

between the protein-ligand pair leading to a higher opsin shift is exceptionally

fortified with the methyl substituents.
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With regards to the ionone ring substituents, the trend in opsin shift can be
summarized in Table II-14. It should be emphasized, however, that the observed
trend is only apparent when aromatic residues are substituted for Arg58.
Unfortunately, it is difficult to understand how the aromatic substitutions stimulate

larger red shifts with chromophores that contain more methyl groups on the

RETINAL DEHYDRO

Py =63 /

clockwise rotation

5DEM GEMLESS

r’;// Pz=16"

Figure 1I-18: Torsion about the C6-C7 bond observed with retinal and its analogs
in KL:T51V:Y19W:R58Y hCRBPII crystals. The torsion angle () about a bond is

defined as the angle made by the projection of the C5-C6 double bond with
respect to the C7-C8 olefinic bond. When viewed down the C6-C7 single bond,

o
positive angles (0 to + 180 ) are for a clockwise rotation, as shown in thefigure,

while negative angles (0 to -180 ) are for a counterclockwise rotation. Zero angle

is defined for an eclipsed position of the C5-C6 and C7-C6 double bonds in a 6-s-
cis conformer.
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ionone ring. Herein, our results have been essentially discussed in terms of
reorientation of the ligands with the binding pocket, however, as pointed to
previously, the influence of hydrophobic contacts around the chromophores could
also be an important consideration.

11.7 Conclusion

The structure of retinal and related compounds is of interest because of
the importance of these small molecules in molecular biology, particularly in the
area of photosensitive opsin pigments. Several derivatives of retinal
chromophore (naturally existing or synthetically modified analogs) have been
studied with the hope to understand the physical and spectroscopic properties of
the opsin proteins. In this coarse-grained study, we have concentrated on the
latter aspect by utilizing our rationally designed hCRBPII rhodopsin mimics. With
systematic approach to investigate protein-ligand interaction, we have shown that
our mimics suffice to serve as testing grounds in which covalent modifications of
the chromophoric molecules could be analyzed both spectroscopically and
structurally within their interacting protein partners. We have evaluated diverse
sets of hCRBPII-retinoid complexes with respect to their photophysical properties
with the available high resolution crystal structures. Given the results reported
here, we highlight the significance of ring methyl substituents in wavelength
regulation not only as a handle for conformational issues, but also surprisingly as
modulators for electrostatic interactions. From the experimental observations, it is

clear that a single mutation, R58Y, was needed to extract differential response
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from the modified chromophores, leading to the observed spectral shifts. These
findings have led us to question our previous proposed mode of action for Arg58
mutants, where bathochromic shifts were attributed solely due encapsulating and
sequestering of the chromophore within the protein binding pocket. We suggest
that further insight by considering the electrostatic perturbations and steric

consideration of the key factors.
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CHAPTER Ill: DE NOVO DESIGN OF A PHOTOACTIVATABLE PROTEIN
SYSTEM BY USING A SYNTHETIC ANALOG OF AZOBENZENE
lll.1 Photophysical Features Of Azo-chromophores

The synthesis and the development of azobenzene based compounds
dates back to 1800s. Peter Griess, a German chemist, synthesized the first azo
compound-Aniline yellow in 1858 and since then an enormous variety of azo
compounds have been produced. The main structural feature of azo compounds
is that they contain an azo moiety (-N=N-), which conjugates two aromatic ring
systems. These compounds possess bright colors (particularly orange, yellow
and red), making them one of the most used organic chromophores for
coloring/dyeing industry.' Beside their robust and stable chemical structure, one
of the most fascinating properties of these chromophores is the reversible
photoisomerization of the azo bond.>* The first discovery of the isomerization of
the azo bond was reported by Hartley in 1937 where he carefully extracted and
analyzed the cis-form of the azobenzene.®

The photoisomerization of azobenzene is readily induced by light
excitation. The trans isomer shows an intense peak in the UV region (~ 320 nm),
associated with the 1 & 1* transition, and a weak absorption band near 440 nm,
corresponding to the n - 1" transition (Figure IlI-1). UV-irradiation of the trans
isomer triggers the photoisomerization and results in increasing of the cis-isomer.

This leads to a substantial decrease in the intensity of the UV absorption band

since the cis-isomer exhibits a bent conformation with its phenyl rings (~55°),
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Figure llI-1: Physical features of the azobenzene molecule. a. Chemical
structures of frans and cis isomers of azobenzene. b. Electrostatic potential

of azo isomers shown in spacefilling model (red-negative, blue-positive). 9 C.
UV-vis spectra of trans and cis forms of azobenzene.

weakening the Tt orbital conjugation.® On the other hand, the cis-isomer has a

stronger n & 1" absorption peak as compared to that of seen in a trans-isomer.
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Regeneration of the trans-isomer could be achieved by irradiation at 450 nm or
thermal relaxation of the cis-azobenzene (trans-isomer is about 12 Kcal/mol more
stable than the cis-isomer).>” However, it should be noted that the absorption
profiles of the two isomers substantially overlap and, thus, it is not possible to
generate exclusively one isomer over the other by light irradiation. In other words,
light irradiation creates a photostationary state in which trans isomerization to cis
and cis isomerization to trans take place simultaneously. The quantum efficiency
of the isomerization for the trans - cis conversion was calculated to be 0.40
(upon irradiation with UV light) whereas the reverse photoconversion, cis >
trans, was found to be more effective with 0.53 quantum efficiency (when excited
at 290 nm).® Since trans-isomer is energetically more stable than the cis form,
the thermal relaxation of the cis = trans process effectively yields the trans
isomer (>99.9%).%’

The mechanism of cis-trans isomerization has attracted much attention for
many years but it is still debated (Figure 1lI-2).**' Two possible mechanisms
were postulated to explain the azo bond isomerization; i) rotation or torsion

around the N-N bond with a disruption of the double bond,'"'?

and ii) via an
inversion with a hybridized transition state.”®> However, a different isomerization
pathway was proposed recently in which mixed mechanisms can take place. In
this scenario, “concerted inversion”, both -C-N=N- bonds bend in the same

4,8,14,1
d. ,8,14,15

molecular plane to flatten the -CNNC- bon It is noteworthy that the

isomerization processes occurs on a picosecond time scale but the kinetics of
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thermal isomerization of cis to trans isomer are varied, depend on the structure,

and can take from seconds to a few days.'®"®

It is well known that different substituents on the phenyl rings alter the
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Figure llI-2: Schematic representation of cis-trans isomerization. a. Energy
diagram of azobenzene isomers. Molecular cross section for the light absorption

is indicated by oT (trans isomer) and oc (cis isomer). ®cT (cis = trans), and

dT1c (trans - cis) are the quantum efficiencies for each transition. b. Two
proposed mechanisms for the cis-trans isomerization.
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spectroscopic properties of the azo compounds. Depending on the electronic
features of the substituents, azobenzene based photochromic systems can be
classified in three categories: i) azobenzenes having no polar substitutions, ii)
aminobenzenes with an electron donating group installed at the para position,
and iii) pseudo-stilbenes with push-pull configuration (Figure IlI-3a).?° The
absorption profile of “azobenzenes” is similar to the unsubstituted azobenzene
counterpart. However, installation of amino groups at the ortho and para
positions induces a significant red shift in the spectrum. Moreover, push-pull
azobenzenes (pseudo-stilbenes) can display further red shift, with absorption

3,16,18-22

bands in the visible region. Figure IlI-3b depicts some of the

functionalized azobenzene derivatives with corresponding absorption maxima.?*
26

The effect of substituents also influences the rate of thermal cis = trans
relaxation. Even though the mechanism of isomerization still under investigation,
it is clear that an increase of dipole character along the chromophore facilitates
the thermal relaxation. In these systems, enhanced resonance over the molecule
significantly increases the single bond character in the azo moiety, and thus
lowers the activation barrier for thermal isomerization. Therefore, it is not
surprising that push-pull azobenzene based photochromic systems have the
shortest life-time for the cis-isomers. Additionally, there are studies showing that

the rates could be solvent and pH dependent. In general, the increase of solvent
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polarity and low pH regimes (protonation of the azo moiety) enhance thermal

relaxation rates.'®?"®’
" & & al
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Figure IllI-3: Chemical stuructures of azobenzene derivatives. a. Types of

azobenzene molecules based on their different substitutions. b. Few examples
of modified azobenzenes with the corresponding absorption maxima.
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Recent work has shown that new azo compounds can be synthesized
such that a variety of heterocyclic moieties is attached to the azo bond. These
compounds exhibit remarkable photostability and different cis - trans
conversions rates. The latter property of the azo switch is highly important for its
utility and application. In cases of fast photoswitching systems, it is desirable to
have a rapid thermal relaxation (cis = trans) rates to regenerate the initial state
of the system without the need for a second irradiation. Recently, Garcia-Amoros

and coworkers synthesized a series of photoactive azoderivatives that display
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Figure |IlI-4: Chemical structures and photophysical properties of

azoheteroarenes. Each A" value shows the n > T* transition of the azo
dye. Thermal relaxation time and the half life-time for cis & trans isomerization

are indicated by T and T1/2, respectively.
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ultrafast photoswitching kinetics of isomerization.** Compound A, a
benzothiazolium azophenolic salt, can be irradiated with a green laser at 532 nm
to trigger a frans > cis conversion in 5 ns. Furthermore, without a need for a
second illumination, the photogenerated cis isomer thermally switches back to
the stable trans form with a life-time of 55 ns, highlighting that a full switching
cycle could be completed on a nanosecond timescale. These benzothiazolium
salts are the fastest reported azo switches so far. Another class of azo salts was
reported for its fast cis - trans isomerization kinetics. Azopyridinium salts
contain a pyridinic cation, which is used as an electron withdrawing group to
generate a strong push-pull system (compound B in Figure lI-4).*® This feature
allows a large red shift in the 1 = 1* transition, absorbing around 410 nm, which
overlaps with the n = 1 electronic transition. The resultant red shift is attributed
to the strong charge transfer from the alkoxy group to the positively charged
nitrogen atom of the pyridinium ring. This strong electron transfer also promotes
a partial breaking of the -N=N- bond, thereby lowering the energy barrier for the
rotation around the azo moiety to recover the more stable frans isomer. It is also
important to mention that the incorporation of heterocycles not only affects the
kinetics of isomerization processes, but also induces different spectroscopic
properties. To illustrate, compound C exhibits a photochromic behavior in which
isomerization of cis > trans (or vice versa) results in a color change.®*

Although short life-times of the cis isomer could be beneficial for rapid and

complete resetting of the switch, one might prefer to maintain the on/off state of
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the photoswitch over a longer time frame. In this scenario, a long-lived cis state
requires a slow cis > trans thermal relaxation. Typical life-times for the cis
isomers of azobenzenes (Figure llI-3a, no polar substitutions) are on the orders
of hours. Howbeit, this is not considered long for compounds to be treated as a
stable two state system. Therefore, considerable effort has been directed at the
development of new azo chromophores for elongating the life-time of the cis
isomer. Nishimura et al. found that ortho-alkylation of aromatic rings slows down
the cis = trans thermal isomerization. This was attributed to the increase in steric
demand between the ortho substituents and the orbitals of nitrogen atoms
undergoing inversion. It was also proposed that ortho groups could form either a
hydrophobic cage around the azo moiety to stabilize the cis structure or create a
local non-polar environment to destabilize the polar transition state during the cis
> trans isomerization.®**® Beside incorporations of ortho substituents, recent
reports showed that five membered arylazopyrazoles offer substantial thermal
stability of the cis isomers, thereby providing fully controllable photoswitching
systems.®”* Compound D (Figure Ill-4) is converted into its cis isomer with a
high efficiency (>98%) when excited with a broad band 330-400 nm light source.
The resultant cis species possesses a thermal half-life of near 1000 days, which
is considered to be one of the slowest azo switches reported to date. In sharp
contrast to classical azobenzenes, these arylazopyrazoles show faster thermal
relaxation times in the presence of ortho substituents. This raises questions

about the proposed mechanisms for the thermal isomerization of azoarenes.>**!
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Lastly, numerous macrocyclic azobenzene compounds have been also
synthesized. These molecules have high cis stability and elongated life-times (up
to six years), as a result of conformational strain experience during the
isomerization process.*?*

Azobenzene switches have been intensively investigated ever since the
discovery of their photoswitching properties. Their photochemistry has not only
illuminated several fundamental aspects of photochemistry, but also offered
practical applicability in different fields of science and industry. These switches
have been integrated in a wide range of applications such as optical-switches,
surface patterning and artificial bio-mimics (summarized by number of excellent

16.19.20.46-51 - gpacifically, tools based on azobenzene photochromic

reviews).
systems have become widely appreciated in molecular biology. Since light can
be localized in time and space, it is a powerful and ideal tool to trigger a variety of
cellular processes. The union of robust and tunable photoisomerization of azo
switches with the high temporal and spatial precision of light is a promising
avenue for development of artificial biomolecules with light-controlled function. In
this report, we aimed at designing a protein system that couples with an
azobenzene-based chromophore to respond to light stimulation. Such photo-
controlled protein-small molecule hybrids could be useful in studying protein-

protein interactions and generating a bio-machinery for affinity-based protein

separation methodology.
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lll.2 Design Of A Photoactivatable Protein System

Protein engineering is a broad area in which the design of new proteins
with specialized functions could be achieved via many different engineering
methods. Rational design (site-directed mutagenesis) and evolutionary systems
(random mutagenesis and selection) are examples of effective protein
engineering approaches to develop new proteins or enzymes with desired
properties. Inspired by several applicable protein engineering approaches, our
research group has initiated the design of photoactivatable protein systems by
using small cytosolic lipid binding proteins and azobenzene-based photochromic
molecules as the protein-binding partners. Our goal mainly focuses on finding a
protein-chromophore complex that can respond to different wavelengths of light
such that the interaction between the protein and its chromophore could be
controlled. As illustrated in Figure Ill-5a, we are interested in finding protein
scaffolds that show high binding affinity to the trans isomer of azobenzene moiety
but disfavor the binding of the cis isomer. The interaction between the protein
and its ligand would be controlled by light irradiation as trans azobenzene readily
isomerizes to the cis form upon illumination. Such a photo-controlled protein-
small molecule hybrid could be useful in developing a photoswitchable protein
affinity purification system (Figure llI-5b). In this purification method, the protein
of interest could be fused to the photoactivable protein tag and purified over a
solid support. First, the solid surface is chemically modified to immobilize azo

molecules (frans isomer at initial stage) and then treated with a mixture of
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Figure IlI-5: Azobenzene-based protein photoswitches. a. General scheme for a
photoswitchable protein-chromophore system. b. Photoswitchable affinity

purification by tagging the protein of interest (POI, green star) with the
photoactivatable protein tag.

proteins. As protein of interest stays intact on the solid surface with the help of
the protein tag (having a high binding affinity to the trans azo molecule), the other

undesired proteins will be washed out. Once the solid surface is UV irradiated,
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frans -> cis isomerization ensues and results in the elution of the protein tag
together with the protein of interest. Lastly, the cis isomer of the azo molecules
could be converted back to the frans form by either visible light irradiation or
through thermal relaxation, regenerating the solid support for purification runs.
Noticeably, the eluted protein of interest can be cleaved from its tag by a number
of imbedded protease sequences. This purification technique allows isolation of
proteins without the need for chemical eluents and time consuming clean up
procedures such as dialysis or gel filtration.
lll.2.1 Previous Design Work For Photoswitchable Proteins

It is critical to choose an appropriate protein platform to design an effective
and robust photoactivatable protein system. As described earlier, Cellular
Retinoic Acid Binding Protein Il (CRABPII) and Cellular Retinol Binding Protein
(CRBPII) have remarkable tolerance to mutations with a robust B-barrel topology
that provides a large binding cavity. These proteins provide an ideal framework
for applications in protein re-design, particularly engineering of rhodopsin mimics.
Therefore, we have taken an approach to engineer these two protein systems in
a manner to endow them with light-controlled function. At the outset, we have
chosen CRABPII as a suitable protein platform (project initiated by Dr. Wenjing
Wang). It was previously shown that CRABPII could accommodate a variety of
carboxylic acid derivatives within its binding pocket (Figure 1lI-6).>2 Crystal
structures reveal that the key interactions between the carboxylic acid moiety of

the ligands and the P2-myelin motif (Arg-Try-Arg triad)*® are conserved in all the
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structures. This data suggests that an azobenzene switch with a benzoic acid
moiety could be a good ligand candidate for the CRABPII scaffold. To that end,
we synthesized several derivatives of azobenzene-based carboxylic acids (see
an example in Figure Ill-6¢) in order to evaluate their binding affinity with
CRABPII. Initial measurements showed that azo-carboxylic acid derivatives
display moderate binding affinity to wild type CRABPII, with micro molar range of

dissociation constants. Although the affinity of CRABPII to azo derivatives was

All-trans-retinoic acid Am80 TTNPB

Try 134 HoN
Yy ¢ —
Arg 132 g7 P o' O_Q_N‘N—@—{H

Azo-carboxylic acid

<

Tﬁ Arg 111

Figure 1lI-6: Different substrate structures for a CRABPII. a. Structures of native
ligand (all-trans-retinoic acid) and synthetic ligands (retinobenzoic acids). b.
Crystal structure of Am80 (green) bound CRABPII (PDB ID: 2CBR). The
highlighted residues (pink) are the important amino acids for the protein-ligand
interactions. ¢. Structure of the designed azo chromophore for a photoswitchable
system.
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not poor, we proceeded with further affinity maturations via randomized CRABPII
libraries utilizing phage display technology. Disappointingly, we had several
issues during the biopanning of the constructed phage libraries, and we were
unsuccessful in obtaining consistent and reproducible results. Furthermore, the
failure of CRABPII-merocyanine 1 system in vivo studies (discussed in Chapter [)
led to doubts of its feasibility and/or stability as a scaffold for phage display
screening. As a result, we charged the direction of the project and decided to
continue with hCRBPII as a protein platform.

lll.2.2 Rational Design Of HCRBPII Into A Photoswitchable Protein

Disappointing results with engineering a photoswitchable CRABPII system
via phage display led us to take another approach with a different protein. As
mentioned earlier, hCRBPII has the same structural robustness and adaptable
binding site similar to the CRABPII. Additionally, it exhibits consistency in its
characteristic properties (expression, folding and recognition of its ligand) both in
vitro and in vivo conditions. In this respect, it is reasonable to choose hCRBPII as
a candidate for protein engineering.

Despite the fact that phage display is a widely used technique in the field
of protein engineering, we faced several optimization problems. Also, we
severely suffered from contamination of the library with the wild type phage. As a
result, we decided to apply a rational design strategy in the hope that an optimum
protein-chromophore interaction could be established. Similar to our previous

approach with CRABPII, we structurally designed the azobenzene-based
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chromophore that would show some structural similarity to the native substrate of
the wild type hCRBPII. Inspection of the crystal structure of holo hCRBPIl was
invaluable to see the necessary elements of interaction between the protein and
its cognitive ligand. It is important to mention that the hydrophobicity of the
hCRBPII binding pocket is one of the most critical driving forces for its ligand as
all-frans-retinol is a small hydrophobic molecule. Furthermore, there are two
critical residues, GIn108 and Lys40, assisting all-trans-retinol to interact with the
protein via hydrogen bonding (Figure IlI-7). These residues form strong
hydrogen bonding interactions with the hydroxyl moiety of the ligand in which the

ligand adopts a favorable conformation within the protein binding cavity.

All-trans-retinol

o]

O)LO/\/\/OH
A N"N

o Z

Azobenzene Allyl Alcohol
(Azo-AA)
Figure IlI-7: Structural data of hCRBPII and its ligands. a. Structure of the all-
trans-retinol, native substrate of hCRBPII. b. Crystal structure of all-trans-retinol
(green) bound wild type hCRBPII (PDB ID: 4QZT). The highlighted residues
(pink) are the important amino acids for protein-ligand interactions. ¢. Structure
of the designed Azo-AA chromophore for a photoswitchable system.
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In the light of the available structural data, we considered an azobenzene
derivative appended with an allylic alcohol as a reasonable mimic of the native
chromophore to initiate a rational design strategy. Moreover, the azobenzene
core provides an ideal hydrophobic segment for driving the association of the
ligand with its protein partner. We were able to synthesize the designed
azobenzene allyl alcohol ligand (Azo-AA) in a quick fashion and good yield (see
details in Chapter 1V.13.6). The UV-vis spectrum of Azo-AA shows two
characteristics absorption bands for both isomers. The thermodynamically stable

trans isomer exhibits an intense peak corresponding to the 1t - 1* transition with

a )\max of 360 nm and a small peak at around 420 nm associated with the n >

transition (Figure 1lI-8). Upon UV light exposure, Azo-AA readily isomerizes to
the cis form and displays a more pronounced absorption peak of the n - 1
transition. Next, we evaluated the dark isomerization of the cis product. After
populating the cis isomer of Azo-AA by UV light, the solution was kept in the dark
and scanned by UV-vis spectrometer every 1.5 h. As anticipated, the cis product
shows thermal relaxation, yielding the thermodynamically favored trans form in
solution (60% of the cis species generates the trans product over 12 h).
lll.3 Crystal Structure Of Azo-AA Bound Wild Type HCRBPII

With an efficient azobenzene photochromic switch in hand, an effort was
made to generate stable protein-chromophore complex through a rational design.
However, a solid rational design approach requires tentative structural

information about the protein of interest with the target chromophore. In this
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respect, we first focused on co-crystallization of Azo-AA with wild type hCRBPII.

Our initial affinity measurement revealed that Azo-AA has a a Kq of 1.42 uM with

wild type hCRBPII (Figure IlI-9). Subsequently, freshly expressed wild type
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Figure llI-8: Characterization of Azo-AA. a. Cis-trans isomerization of Azo-AA.
b. UV-vis spectra of Azo-AA isomers in ethanol. ¢. Thermal cis - trans
relaxation monitored by UV-vis. Trans isomer (blue absorption) was irradiated
with UV light to yield the cis isomer (orange absorption) and then kept at dark.

Time laps between each scan is 1.5 h. Black spectrum shows the final
measurement after 12 h.
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protein (~12 mg/mL) was incubated with an excess amount of Azo-AA (4
equivalents) at room temperature over 12 h and subjected to hanging drop
crystallization method. Luckily, we were able to obtain several single
hCRBPII/Azo-AA crystals (Figure 1V-10c) and collect diffraction data. Meisam
Nosrati refined the crystallographic data in which four protein molecules per

asymmetric unit were found by molecular replacement. Although not all the
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Figure IlI-9: Binding analysis of Azo-AA to wild type hCRBPII. a. Fluorescence
quenching assay of hCRBPII with Azo-AA. b. UV-vis spectrum of hCRBPII/Azo-
AA complex after overnight incubation.

chains displayed an occupied protein cavity, chain C provided a reasonable
electron density for the Azo-AA in the ligand binding site. Analysis of the crystal
structure of the complex demonstrated that the trans isomer of the Azo-AA
chromophore is fully encapsulated by the protein, similar to that seen with the
native substrate bound (all-frans-retinol) (Figure 1lI-10). The second phenyl ring
of the Azo-AA, which is substituted with the methoxide group, occupied the same
location as the 3-ionone ring of retinol (see overlaid structures in Figure 11I-10c).
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Furthermore, the allylic alcohol moiety of the azo chromophore adopts a
conformation that enables it to interact with GIn108 and Lys40 residues much like

that observed retinol bound structure (Figure 1lI-7b and Figure IlI-10c). We also

Gin 108

Gin 97

& 3

Try 19
| Lys 40
g
Gin 108 ,

Figure 11I-10: Crystal structure of the wild type hCRBPII complexed with Azo-
AA. a. The tertiary structure of hCRBPII protein (gray cartoon) bound to Azo-
AA (pink). The important residues are highlighted (cyan sticks) inside the
binding cavity. b. Expanded view of the ligand binding site. Hyrogen bonding
interactions (water-mediated or direct) are indicated by dash lines between the
side chains of the amino acid residues (cyan) and the bound chromophore
(pink). The water molecules are shown as red spheres (W1 and W2). c.
Overlaid structure of the wild type hCRBPIl/all-trans-retinol (yellow, PDB ID:
4QZT) and hCRBPII/Azo-AA (pink) complexes.
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noticed that the carbonyl of the ester group participates in water-mediated
hydrogen bonding interactions with the binding cavity residues. The small water
network that includes the side chains of GIn97 and Try19 further fortifies the
interaction between the azo chromophore and the protein. However, the binding
affinity of Azo-AA with hCRBPII protein is in the micro molar range, which is not
considered as a tight protein-ligand pair. Therefore, it is desirable to apply a
rational design strategy, with available crystallographic data, to maximize the
interaction of the protein with its ligand partner.
lll.4 Structure Guided Mutagenesis In HCRBPII

In pursuit of developing the hCRBPII/Azo-AA system as a robust
photoactivatable protein tag, several point mutations were applied to increase its
affinity for the Azo-AA ligand. At the outset, seven amino acid residues residing
at different zones of the chromophore were targeted (Figure 1ll-11). As discussed
above, the alcohol and ester moieties of the Azo-AA are important to form
hydrogen bonding interactions with the surrounding residues. Switching
hydrophobic interactions to hydrogen bonding interactions could be a good
strategy to introduce new hydrogen bonds between the chromophore and the
protein, providing a strong source of specificity. Therefore, we focused on
identifying hydrophobic residues in close proximity to the bound ligand. We
noticed that two hydrophobic residues, Leu117 and Leu119 could be good
candidates for installing polar amino acids, which can act as hydrogen donors or

acceptors. From this perspective, the mutations of L117E and L119E were tested
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to study the change in binding affinity of the resultant protein variants.

Nevertheless, both L117E and L119E mutations resulted in destabilizing the
complex formation, increasing the Kg from 1.42 uM (wild type hCRBPII) to 2.15
uM and 4.54 uM, respectively. Despite being within hydrogen bonding distance

of the chromophore, these mutations might be destabilizing due to the

unfavorable packing.

Arg 58

E Thr 51 H, Try60 Thr53
Thr 53 l

Z Leu 117

Leu 119 Leu 119

3.4 A

Ala 33

Figure llI-11: lllustration of mutated residues discussed in the text. a. Stick
model of residues (purple) surrounding the Azo-AA ligand (cyan). b. The
space filling depiction of a. ¢. Residues in close proximity to the phenyl rings of
the bound chromophore.
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The initial failure of the design strategy relying on creating buried
hydrogen bonding interactions led us to reverse our approach. We aimed to
make use of polar to non-polar swaps in order to provide a suitable hydrophobic
binding pocket for the accommodated chromophore. Our previous study in
wavelength regulation of retinal-based ligands indicated that replacing threonine
residues with hydrophobic amino acids could strongly change the polarity of the
binding pocket, resulting in a substantial shift in the absorption spectrum of
bound retinylidene chromophores. Consequently, two threonine residues, Thr51
and Thr53, in close proximity to the Azo-AA were identified and mutated to non-

polar residues. For both T51V and T53A mutations, we observed an increase in

binding affinity (hCRBPII-T51V Kg = 0.71 uM, hCRBPII-T53A Kg = 1.09 uM).

Although the change in binding affinity was not substantial, these results were

encouraging with respect to a single point mutation at the binding cavity.

To further tune the polarity of the binding site and to find more favorable
contacts between the protein and the bound ligand, a series of hydrophobic
aromatic substitutions were made. The hope was to promote rt-stacking
interactions between aromatic amino acids and the bound chromophore and/or
contribute to the hydrophobicity of the protein interior. To start with, Tyr60
residing 3.6 A away from the first aromatic ring of the Azo-AA was replaced with
a Trp residue in the hope that a large surface of the Trp might result in a strong
n-stacking interaction with the ligand (Figure lll-11¢). However, Y60W weakened

binding affinity by ~6-fold in comparison to the wild type protein. Next, the
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residues close to the second phenyl ring (methoxide substituted) of the azo
chromophore were targeted. Similar to Y60W, A33W mutation did not stabilize

the protein-chromophore interaction, resulting in a significant loss in binding

affinity (hCRBPII-A33W Kq =16 uM). In sharp contrast to the aforementioned

Y60W and A33W results, R58W provided a better protein-ligand pair with a Ky

value of 0.79 uM. It is interesting that the R58W mutation was critically important
in our previous wavelength regulation studies. As discussed earlier (Chapter 1),
this residue is highly effective in red shifting the absorption profiles of retinylidene
ligands, particularly all-trans-retinal and 3-dehydro-retinal, by sequestering the
protein cavity and forming strong hydrophobic interactions with the chromophore
head groups. It is worth mentioning that similar factors could play a role in the

increased binding affinity.

lll.4.1 Addition Of Affinity Enhancing Mutations In HCRBPII-R58W Scaffold
Because the addition of R58W mutation was a promising head for creating
a stable protein-ligand pair, we tested if we could make further optimizations by
including additional mutations to the hCRBPII-R58W scaffold. Similar to the
Arg58 residue, Leu77 is another amino acid that resides at the mouth of the
binding cavity, making close contact with the Azo-AA ligand (Figure llI-12a). It
seemed reasonable that introducing an aromatic side chain at position 77 could
give similar results obtained with R58W. Therefore, we constructed two mutants,

L77F and L77W, of the hCRBPII-R58W variant, expecting an increase in binding
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specificity. However, both double mutants failed in providing higher affinities than
the parent R58W construct (Table llI-1, entries 3 and 4). Perhaps, installation of
large aromatic residues results in unfavorable steric congestion.

Another well-known strategy for redesigning binding specificities is to
modify the complementary shape of the ligand-protein interface via the “bump
and hole” strategy.”**® In this design, accommodation of the target ligand can be
modulated by pruning back or filling space with neighboring residues. To
illustrate, if the ligand is too large to fit within the binding site of the wild type
protein, then creating a hole is an appropriate approach to enlarge the ligand
binding cavity. On the other hand, smaller ligands can be tightly packet within the
active site of the protein by filling the space (creating bumps) with larger amino
acid substitutions. Since Azo-AA occupies larger surface area in comparison

with the natural substrate of hCRBPII, carving the binding cavity could provide a

Arg 58 Arg 58 L
o ’/ Leu 77
h%\

4.3 A Gin 38

GlIn 128

Figure IlI-12: Proposed sites for mutagenesis in hCRBPII/Azo-AA crystal
structure. a. The location of Arg58 and Leu77 residues on loops connecting
the B-strands. b. Expanded view of the binding site to highlight the polar Gin
residues. The water-mediated hydrogen bonding interaction is shown by dash
lines. The water molecule is represented as red sphere.
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favorable ligand-protein interface. Applying this approach, we focused on pruning
back residues around the ligand interface to create an open space that can allow
deeper binding of the chromophore. At the outset, we screened a series hCRBPII
variants in which the Leu residues at positions of 117 and 119 were replaced with
smaller amino acid side chains such as Val and Ser (Table llI-1, entries 6-9).
Once again it was observed that polar replacements at these positions are not
favorable and dramatically destabilize complex formation. However, non-polar to
non-polar swaps by smaller residues slightly improved the chromophore
association with the protein. Following with the same approach, the residues

found in the middle zone of the bound ligand were also substituted with non-polar

Table llI-1. Binding affinity measurements of hCRBPII mutants to Azo-AA.

Entry hCRBPII Variants Kq Values
1 Wild Type 1.42 uM
2 R58W 0.79 uM
3 R58W:L77F 3.67 uM
4 R58W:L77W 2.23 uM
5 R58W:F16W p.b.

6 R58W:L117S p.b.

7 R58W:L117V 0.11 uM
8 R58W:L117S:L119S p.b.

9 R58W:L117V:L119V 1.64 uM
10 R58W:Q128L 0.65 uM
11 R58W:Q128V 0.51 uM
12 R58W:Q38L 0.94 uM
13 R58W:Q38V 99.16 nM
14 R58W:Q38V:Q128V 4.74 uM
15 R58W:Q38V:L117V 0.58 uM
16 R58W:Q38V:L117V:L119V 1.68 uM
17 R58W:Q38V:T51A:T53A 0.61 uM
18 R58W:Q38V:T51G:T53S 4.45 uM

p.b. = poor binding
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groups. We exchanged two GIn residues residing near the azobenzene core with
hydrophobic amino acids, Leu and Val (Figure Ill-12b). It was exciting that we
obtained one of the best experimental results with these substitutions.
Particularly, the combination of R58W and Q38V resulted in a large increase in

binding affinity, providing an 8-fold improvement (Table Ill-1, entries 2 versus

13). This double mutant lowered the Kq value from 1.42 uM (wild type) to ~100

nM, providing a stabilized protein-ligand complex. Having a stronger binder in
hand, we further investigated the additive effects of other point mutations that
resulted in enhanced binding specificity. The combinations of numerous point
mutations were tested, including Leu117, Thr51, and Thr53 together with the
aforementioned R58W:Q38V double mutation. Unfortunately, we did not observe
any improvement in the binding affinity (Table IlI-1, entries 14 to 18).
lI.5 Conclusion And Future Work

Creating an optimal protein-ligand pair is challenging because there are
several interactions that require optimization simultaneously to dramatically
improve the specificity of the protein to its cognitive ligand. These interactions
such as salt bridges, hydrogen bonds, Van der Waals contacts, hydrophobic-
hydrophobic and dipole interactions do not only change the binding energies but
also determine the geometry and the orientation of the ligand within the binding
site. This means that optimizing one interaction could conflict with optimizing
others and thus could be unpredictable. Herein, we demonstrate our preliminary

results in design of a photoactivatable protein switch by using an azobenzene-
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based chromophoric system. Despite screening a small set of protein variants,
we were able to obtain a single protein mutant that shows favorable interactions
with the synthetic azo ligand. Amongst the applied strategies, we observed that
the swap of hydrophobic for polar interactions gave better results in enhanced
binding affinity. However, we are well aware of the fact that more mutants should
be screened to find tight binders for the trans isomer, while showing poor affinity
for the cis form. A future project could apply different strategies for identifying
more diverse sets of protein mutants with the desired characteristics. Genetic
screening is one approach to test large libraries of protein mutants (via
installation of random mutations) but requires intense experimental work.
Alternatively, structure-based molecular modeling has become a widely used
method to predict and also design protein-protein or protein-ligand interfaces.
The computational approach can allow quick and accurate predictions and avoid
overwhelming experimental protocols. Therefore, a computational design method
could be a proper choice for future endeavors, especially with the readily

crystallizable nature of the hCRBPII scaffold.
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CHAPTER IV: MATERIALS AND METHODS
IV.1 Mutagenesis Of HCRBPII And CRABPII

Mutagenesis of all CRABPII and hCRBPII proteins was performed with the
PET17b-hCRABPIl and PET17b-hCRBPII vector, as described below. The
polymerase chain reaction (PCR) was done according to specified PCR

conditions (Table IV-1). The primers used for the mutations were ordered from

Integrated DNA Technologies, having a range of melting point between 52 oC to

66 OC (depending on primer sequence). PCR products were subjected to Dpn |

(New England BioLabs®) digestion in order to destroy the original template DNA.

Dpn | restriction enzyme (12 units) was added to 30 uL of PCR sample and the

reaction mixture was incubated at 37 C for 1 h. The resulting mixture was

transformed to XL-1 Blue super (Novagen®) competent cells for DNA
amplification and purification.
XL-1 Blue competent cells (100 uL) thawed on ice and 7 uL of PCR

product was added to the cells. After incubation on ice for 30 min, the cells were

heat-shocked at 42 oC for 45 seconds and were gently spread on LB agar plate

containing ampicillin (100 ug/mL) and tetracycline (7.5 ug/mL) and incubated at

37 “Cfor121to0 16 h.

A single colony was picked from the agar plate and inoculated in 15 mL of

LB solution containing ampicillin (100 ug/mL) and tetracycline (7.5 ug/mL). The
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cell culture was grown at 37 OC for 12 to 16 h and the cells were harvested via

centrifucation at 13000 rpm for 1 min. DNA isolation was performed by using
Promega Wizard® Plus SV Miniprep (A1330) DNA purification kit according to
the manufacturers’ directions, with the exception of using 50 uL of Nuclease-Free

water for DNA elution instead of the recommended 100 uL. DNA concentration

was measured by using the Thermo Scientific NanoDropTIVI 1000

Spectrophotometer. The average DNA concentration in a 50 uL solution was 120

Table IV-1. PCR condition and protocol.

Total Reaction Volume 50 pL
Template (DNA
plasmid) 100 ng (xpL)
Primer forward 20 pmol (y
pL)
Primer reverse 20 pmol (z
pL)
dNTP 1L
DMSO 5uL
10x pfu buffer 5uL
Pfu Turbo 1L
(DNApolymerase ) H
DI water 38-(x+y+2)
uL
PCR program
1x 94 °C 3 min
94 °C 20 sec
[o) .
20x temperature ?;-5 C lower than primer 50 sec
melting temperature
72°C 4 min
1x 72 °C 8 min
1x 10 °C 5 min
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ng/uL. A sample containing at least 700 ng of DNA was transferred into another
eppendorf tube and sequenced by The Research Technology Support Facility at
Michigan State University. A primer corresponding to the T7 promoter was used
for sequencing.

IV.2 Protein Expression And Purification Of HCRBPIl And HCRABPII

The target gene (100 ng of DNA for 100 uL of cells) was transformed into

BL21(DE3) pLysS (Invitrogen TM) E. coli competent cells for protein expression. A

protocol similar to that described for transformation of PCR products was used.

The only difference was that after heat-shock at 42 OC, the cell solution was

spread directly onto an LB plate with ampicilin (100 ug/mL) and
chloroamphenicol (170 ug/mL) antibiotics.

In order to grow a cell culture, a single colony was used from the agar
plate to inoculate 1 L of modified Luria Broth* with ampicillin (100 ug/mL) and
chloroamphenicol (170 ug/mL). The modified-LB solution contains: Tryptone (10

g), yeast extract (8 g), NaCl (5 g ) and 1 L of dH-O (sterilized by autoclave). The

cell culture was grown at 37 oC while shaking for 6 to 9 h. The overexpression

was induced by the addition of 1 mL of 1 M IPTG solution into 1 L cell culture

(overall concentration 1.0 mM. The culture was shaken at 23 oC for 12t0 18 h at

220 rpm. In order to scale up protein expression, a second IPTG induction was
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applied by addition of 0.5 mL of 1 M IPTG solution into the same 1 L cell culture

after 12 h together with 200 mL of autoclaved modified-LB solution.

The cells, from the culture shaken at 23 c’C for up to 18 h, were harvested

at4 oC by centrifugation for 12 min at 5000 rpm. The supernatant was discarded

and the cells were resuspended in 50 mL of Tris buffer (10 mM Tris-HCI,

pH=8.0), lysed by sonication (Power 60%, 1 min x 3), treated with DNAase (300

units/ 50 mL suspension) and MgClo (0.12 mmol/ 50 mL suspension) and

centrifuged at 16 oC (5000 rpm, 20 min).

The protein was purified by ion exchange chromatography using Q

SepharoseTM, Fast Flow resin (column diameter: ~4 cm; height: ~10 cm) at 4 oC.

The FastQ column was pre-washed twice with 100 mL of a solution containing 2
M NaCl and 10 mM Tris*HCI, pH=8.0, and then equilibrated with 200 mL of Tris
buffer (10 mM Tris*HCI, pH=8.0). The cell supernatant was then loaded onto the
column, the column was washed with 40 mL of Tris buffer, and the protein was
eluted with 45 mL of the elution buffer (10 mM TrissHCI, 200 mM NacCl, pH=8.0).
The eluent was desalted using an ultrafiltration cell under nitrogen pressure (~20
psi) equipped with a 10,000 MW cut-off membrane (ultrafiltration membrane,
regenerated cellulose, filter code: YM10, diameter 63.5 mm, NMWL: 10,000).
The protein was first concentrated to ~25 mL and then diluted to 160 mL with Tris

buffer (10 mM Tris*HCI, pH=8.0). The resulting diluted solution was then re-
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concentrated to ~25 mL. Further purification was performed with Fast Protein
Liquid Chromatography (Biologic Duo Flow, Biorad) as described in Table IV-2.

Most of the CRABPII and hCRBPII variants were collected between 4% to 15%

elution.
Table IV-2. FPLC protocol.

Description Parameters
1. | Isocratic Flow pH=8.1, 0% B 10.00 mL, 3.00 mL/min
2. Load Sample Dynamic Loop ‘Volume of protein’ mL, 2.0 mL/min
3. | Isocratic Flow pH=8.1, 0% B 10.00 mL, 3.0 mL/min
4. | Linear Gradient | pH=8.1,0—4% B 10.00 mL, 3.00 mL/min
5. | Isocratic Flow pH=8.1, 4% B 20.00 mL, 3.00 mL/min
6. | Linear Gradient | pH=8.1,4—8% B 10.00 mL, 3.00 mL/min
7. | Linear Gradient | pH=8.1, 8% B 20.00 mL, 3.00 mL/min
8. | Linear Gradient | pH=8.1,8—15% B 10.00 mL, 3.00 mL/min
9. | Linear Gradient | pH=8.1, 15% B 15.00 mL, 3.00 mL/min
10. | Isocratic Flow pH=8.1, 15—75% B | 10.00 mL, 3.00 mL/min
11. | Isocratic Flow pH=8.1, 100% B 20.00 mL, 3.00 mL/min
12. | Isocratic Flow pH=8.1, 0% B 30.00 mL, 3.00 mL/min
13. | End protocol

IV.3 Protein Characterization

Spectroscopic characterizations of purified proteins were carried out using
a Cary 300 UV-Vis spectrophotometer and a Cary 5000 UV-Vis-NIR
spectrophotometer (Agilent Varian Instruments). Fluorescent experiments were
performed with a Fluorolog 3 spectrafluorimeter (Horiba Scientific).
IV.3.1 Extinction Coefficient Determination And Yield Calculation

The extinction coefficients of the proteins, measured at 280 nm, were

determined according to the method described by Gill and Vonhippel.! The
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. o .. Theo | . :
theoretical extinction coefficient (€ ) is calculated based on the following

equation:

Th
e'"% = 5690x + 1280y + 1207

where x, y and z are the number of Trp, Tyr and Cys residues, respectively, in
the protein. The coefficients for x, y, and z are the extinction coefficients of these

Trp Ty

11 11
residues determined previously (E " =5690 M cm , € r=1280M cm

Cy

1 -1
€ - 120 M cm ). The concentration of the protein was measured in 6 M-

guanidine HCI (denaturing solution) solution following Beer’s Law:

280 Denatured Th
Abs enature — b eo

where b is the cuvette path length and c is the concentration of the protein. The

280 Native . :
absorbance value (Abs ) at the same concentration of protein was

measured in phosphate buffered saline, PBS, (0.24 g KHoPOg4, 1.45 g NagHPO4,

0.8 g NaCl, 0.2 g KCI, pH=7.3, total volume 1 L) under identical settings. In this

Exp )

way, the experimental extinction coefficient (€ of the protein can be derived:

Exp s 280 Native s 280 Denatured_ _ Theo

€ (Ab / Ab ).€

The yield of protein expression was calculated by measuring the absorbance

value in PBS at 280 nm. The protein concentration was diluted by half (500 uL of
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native buffer, PBS, mixed with 500 uL of protein solution) and the following
calculations were applied:

s 280 Native , _Exp

c =2(Ab /€ ) andyield (g) = c.V.Mw

where c is the concentration of protein solution (mol/L), V is the volume of protein

solution (L) and Myy is the molecular weight of the protein (g/mol).

Table IV-3. Extinction coefficient of the hCRBPIlI mutants.

hCRBPII € hCRBPII €
Variants Variants

Q108K:K40L (KL) 27,800 WILD TYPE (WT) 28,900
KL:T53A 27,260 L117E 27,640
KL:T53V 27,900 L119E 27,450
KL:T53L 27,990 R58W 33,320
KL:T53S 27,200 R58W:L117S 34,770
KL:T51V (KLV) 27,800 R58W:L117V 31,410
KLV:T53A 27,520 R58W:L117S:L119S 33,770
KLV:T53V 24,850 R58W:L117V:L119V 33,930
KLV:T53L 25,640 T53A 28,090
KLV:T53S 27,200 T51V 28,260
KLV:Q4F 28,060 A33S 28,720
KLV:T53A:Q4F 27,440 A33W 35,670
KLV:T53V:Q4F 30,260 Y60W (monomer) 36,030
KLV:T53L:Q4F 27,800 R58W:L77F 29,450
KLV:T53S:Q4F 27,710 R58W:L77W 32,170
KLV:R58Y 28,800 R58W:L77A 33,930
KLV:T53A:R58Y 26,800 R58W:F16W 40,740
KLV:T53V:R58Y 32,570 R58W:Q128L 31,980
KLV:T53L:R58Y 30,790 R58W:Q128V 31,180
KLV:T53S:R58Y 29,780 R58W:Q38L 33,540
KLV:R58Y:Q4F 28,890 R58W:Q38V 34,200
KLV:T53A:R58Y:Q4F 27,530 R58W:Q38V:Q128L 27,190
KLV:T53V:R58Y:Q4F 28,070 R58W:Q38V:Q128V 38,470
KLV:T53L:R58Y:Q4F 27,990 | R58W:Q38V:L117V:L119V 43,370
KLV:T53S:R58Y:Q4F 27,230 R58W:Q38V:T51A:T53A 41,630
KLV:Y19W 32,500 R58W:Q38V:T51G:T53S 35,640
KLV:Y19W:R58Y 32,800 R58W:Q38V:L117V 28,200

€ = extinction coefficient of the protein at 280 nm in units of (M.cm)
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Table IV-4. Extinction coefficient of the CRABPII mutants.

CRABPII Variants g (M.cm)-1
R132K:R111L (KL) 20,072
R132K:R111L:L121E (KLE) 17,400
R132K:R111L:L121D (KLD) 20,450
KL:R59W 25,980
KL:R59Y 22,140
KLD:R59W 25,990
KLE:R59W 24,500
KLE:R59H 20,200
KLE:R59Y 21,950
KLE:R59F 20,100
KLE:R59L 19,650
KLE:V76W 24,840
KLE:S37W 23,530
KLE:I31W 23,440
KLE:L28W 23,350
KLE:P39W 25,980
KLE:M123W 25,150
KLE:A32W 24,140
KLE:V76W:S37W 28,900
KLE:V76W:L28W 30,840
KLE:R59W:I31W 31,250
KLE:R59W:L28W 27,190
KLE:R59W:M123W 31,960
KLE:R59W:A32W 29,250
KLE:R59W:L28W:I31W:A32W 39,700
KL:L121Y 20,860
KL:L121Y:R59W 26,130
KL:Y134F 20,530
KLE:L19R 20,320
KLE:L19R:R59W 25,270
KLE:T56L 19,950
KLE:T56W 20,570
KLE:R59W:F15W 24,420
KLE:T56W:F15W 28,290
KLE:R59W:T56W 30,860
KLE:R59W:T56L 25,030
KLE:R59W:T56W:F15W 30,340
KLE:R59W:A32W:I131W 41,600
KLE:M123W:A32W 30,700

Mutants below the red line were not involved in Chapter |
discussions.
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The typical yield for CRABPII and hCRBPIlI mutants is ~40 mg/L of
modified Luria Broth.
IV.3.2 Acid Dissociation Constant Measurements Of Protonated Schiff

Bases

For pKy (acid dissociation constant) measurements, protein (20 uM in

PBS) was incubated with ligand (0.3 to 0.5 equivalents) at room temperature till

full PSB formation. The UV spectrum and the pH of the solution were recorded

after addition of each portion of 5 M NaOH solution. The kmax of the protein-

ligand complex versus pH was plotted (see examples in Figure IV-1). A

S d .
polynomial fit of the data (3r power) was applied and the pK5 value was
calculated when the second derivative of the equation was set to zero.
3 2
y=M3X +MaoX +M{X+ Mg
2
y’=3M3X + 2MaoX + M1
y” = 6M3X + 2M»o

If y’=0 then pKz (X) =- [M2 / 3M3]

IV.4 Denaturation Studies Of CRABPII Mutants
We carried denaturation studies only on CRABPII proteins in order to study
the protein specificity towards the merocyanine ligand. CRABPII mutants (4 uM)

were incubated with 0.2 equivalents of merocyanine aldehyde 1 in PBS at room
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Figure IV-1: Derivation of pKy values of protein-ligand protonated Schiff
bases. a. Base titration of CRABPII-KL/merocyanine complex. The pH values
are indicated in the box on the right. b. Absorbance of KL/merocyanine

complex at }\max (600 nm) as a function of pH with an apparent pK5 of 9.60. c.

Base titration of hCRBPII-KL:T53C/5DEM complex. d. The plot of & (521

nm) as a function of pH results in a pK value of 7.80.

temperature. Once the CRABPII/merocyanine complex formation was complete,

5 uL of 0.2 M SDS solution was added to the protein complex. UV-vis spectra

were taken before and after SDS treatment. Since denatured proteins no longer

encapsulate the covalently bound ligand (lose tertiary structure), the maximum

absorption of the resulting water exposed ligand shifts from the wavelength

native to the complex to 584 nm (Figure I-21a and b). The latter observed }\max
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corresponds exactly to that observed for merocyanine-iminium in PBS buffer with
the 20 uM of BSA (Figure I-21¢ and d).
IV.5 Quantum Yield Measurements and Brightness Calculations of

CRABPII/Merocyanine Complexes
All quantum vyields (®) were determined by comparing the integrated area

of the corrected emission spectra for each CRABPII/merocyanine complex with
the corresponding integrated area obtained from a solution of fluorescent
standards Oxazine-170 (purchased from across organics, lot# A0098689) or
Oxazine-1 (purchased from Exciton, lot# 26424). Integrals at various
concentrations were plotted against the absorbance obtained at the wavelength
corresponding to the excitation wavelength and the slope of the curve obtained
for protein-merocyanine complexes was compared to the slope of the curves
found for reference fluorophores (Figure IV-2). We kept all the absorbance
values at excitation wavelength under 0.1 absorbance unit. All samples were

excited at 565 nm and the emission was collected from 575 nm to 800 nm.

Temperature was set to 22 C and kept constant with a temperature controller

during measurements. The absolute quantum yields for reference fluorophores
were taken to be 0.579 for Oxazine-170 and 0.141 for Oxazine-1 in ethanol.?
Quantum vyield calculations were corrected for the refractive index difference
between ethanol (n=1.36) and PBS (n=1.33). To calculate the quantum yield of

CRABPII/merocyanine complexes, we applied the following equation:
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ST ST 2

Oy = PgT (GradX/Grad ).(nx/n )

Where the subscripts ST and X denote standard and test respectively, ®

is the fluorescence quantum yield, Grad is the gradient from the plot of integrated

fluorescence intensity versus absorbance, and n the refractive index of the

solvent.
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7
2 05 646 nm 667 nm r5.810 b.
3 .
504 m § 210°
8 3.867 10 3 2
3031 2 5
S = 3
2024 5) - 9
g 119331073 g 110 ,
'_
<014 , y = 4.6395E'%X + 1.0617E®
R’ =0.997
0 T T T T T O O T T 1
500 550 600 650 700 750 800 0 0.02 0.04 0.06
Wavelength (nm) Absorbance at 565 nm
c d Oxazine-170 Standard Curve
*  Abs/Ems Spectra of Oxazine-170 - 1.210"-
0.3 627 nm 645 nm 2.6 10°
(0] .
—_ [&] ¢
3 m S 810°
8021 +1.73310° 2. 3
8 @, o K
5 S E '
£ 9 - 9
20.14 18.667 107 & g 4107 . )
2 P " y=2.100E x +5.391E
R® =0.999
0 T T T T T 0 O T T 1
500 550 600 650 700 750 800 0 0.02 0.04 0.06
Wavelength (nm) Absorbance at 565 nm

Figure IV-2: Spectroscopic characterization of Oxazine-1 and Oxazine-170. a.
Absorption (pink) and emission (blue) spectra of Oxazine-1 in ethanol. b. The
plot shows the total fluorescence emission (integrated area from 575 nm to 800
nm, excitation at 565 nm) as a function of absorption at 565 nm. Slope of the
line is correlated to the quantum efficiency as described in the text. c.
Absorption (pink) and emission (blue) spectra of Oxazine-170 in ethanol. d.
Same analysis of b for the Oxazine-170 under identical settings.
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The extinction coefficient of merocyanine aldehyde 1 was measured by

1 -1
UV-vis spectroscopy and found to be 77,000 M cm . Protein solutions (10 uM
in PBS) were incubated with merocyanine aldehyde (0.8 mM stock solution in
EtOH) to a final concentration of 2 uM. The solution was kept at room

temperature for 1.5 h by which time maximum PSB absorbance is achieved. The

absorbance value of each CRABPII/merocyanine complex was recorded at the

, max _— - : . o
corresponding A and the extinction coefficient was determined via application

of the Beer’s law:

Table IV-5. Brightness calculations for CRABPII mutants complexed with
merocyanine 1.

Fluorescent

1 Brightness Brightness

Protein ©(%) € (Mem) (o, mKate2) (% EGFP)
mKate2 40 62,500 100 74
mRFP 27 50,000 54 40
R132K:R111L (KL) 18 111,700 80 60
KL:L121E (KLE) 33 93,200 123 91
KL:L121D (KLD) 30 97,500 117 87
KL:R59W 23 140,100 129 95
KLE:R59W 39 169,800 265 196
KLE-V76W 33 77,600 102 76
KLE:S37W 30 96,500 116 87
KLE:L28W 31 58,600 73 54
KLE-A32W 31 104,300 129 96
KLE:V76W:L28W 32 67,000 86 63
KLE:REOW:L28W 38 158,400 241 178
KLE:-RSOW:A32W 39 142,900 223 165

® = quantum yield, € = extinction coefficient of the fluorescent proteins and
CRABPII/A complexes.

SCRABPII/Mero s CRABPII/Mero

Ab

e CRABPII/Mero SCRABPII/Mero

6, -1 -1
(Ab /2x106)M cm
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where b is the cuvette path length (1 cm), ¢ is the concentration of

: CRABPII/Mero .
CRABPII/merocyanine complex (2 uM), and Abs ero is the absorbance

value of PSB at A of CRABPII/merocyanine complex.

. CRABPII/Mero
Brightness was calculated as the product of € and the

fluorescence quantum yield (®) of each CRABPII/merocyanine pigment and was

compared to known fluorescent proteins such as mKate2, mRFP, mCardinal2
and EGFP (Table I-2 and Table IV-5).3*

IV.6 Kinetic Measurements

IV.6.1 Determination Of Relative Rates Of CRABPII Mutants Binding With

Merocyanine Aldehyde 1

Kinetic measurements were performed at 23 C, with the aid of a

temperature controller for the UV-vis spectrophotometer. The protein (20 uM in

PBS) was mixed with merocyanine aldehyde 1 (0.3 equivalents) and the increase

in absorbance of each CRABPII mutant at their respective )\max was recorded at

0.5 second intervals for 80 min to 180 min. The data was fit to an exponential rise

(pseudo first order) with KaleidaGraph 4.1.3 using the following equation:
A= Ap (1- exp(-kt)) +
where A is the absorbance value at each recorded time-point, Apis the final

absorbance value after the complex formation is complete, k is the rate constant,
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t is time after addition, A is the recorded absorbance, and c is a free constant,
which accounts for the time delay from merocyanine 1 addition to the point when
recording was started. This equation was rewritten in KaleidaGraph in the
following format;

y = m1(1-exp(-m2.m0))+m3
where the calculated value of m2 is the rate constant (see Figure IV-3 for
examples). The rate constant of CRABPII KL mutant was taken as a reference

(rate = 1) to calculate the relative rates of other CRABPII series. The data is

Rate of PSB Formation of KL Rate of PSB Formation of KL:R59W
a. 4. b.
0.5 -
£ £
o 031 o 0.4
8 y = m1*(1-exp(-m2*m0))+m3 8
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g 0.2 - mi [ 0.32361 | 0.00023608 3 Value Error
= m2 [0.083216| 0.00010363 £ o2 mi | 0.48531| 5.7948e-5
¥e) m3 |0.016461 | 0.00024267 o U= mg gg?ggfi 2;2§§e§
Q 0.1 Chisq| 0.24117 NA 3 mo e 22dre
3 ap 2 01 Chisq| 0.060131 NA
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Figure IV-3: Kinetic data of CRABPII mutants binding with merocyanine
aldehyde 1. Increase in PSB absorbances was monitored and pseudo first
order fit was applied to deduce the rate constants for each mutants (a to d) as
described in the text.
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shown in Chapter |, Table I-3.
IV.6.2 Determination Of Second-Order Rate Constant for KLE:R59W
Binding with Merocyanine Aldehyde 1

Measurement of the second order rate constant for the complexation of
KLE:R59W with merocyanine 1 followed previously established protocols.>®
Fluorescence measurements were performed on a FluoroLog 3 instrument,

equipped with a temperature controller (Horiba Jobin Yvon). KLE:R59W (100 nM)

was reacted with an excess amount of merocyanine 1 in PBS buffer (37 oC), at

different concentrations (1 to 5 uM), and the increase of fluorescence intensity
was monitored for each reaction. The fluorescence intensity of the samples was
collected at 0.5 second intervals, with excitation at 565 nm (1 nm slit width) and
emission at 616 nm (12 nm slit width). The raw fluorescence intensity data were

converted into complexation fraction by following equation:

[complexation fraction] = (Ft — Fg) / (Fmax — Fo)

where Ft, Fg, and Fqax are the observed, initial, and maximum fluorescence

intensities, respectively. Since the reaction conditions lead to pseudo-first order
kinetics [merocyanine1] >> [protein], the data at each merocyanine concentration

was fit to a first-order kinetic equation as follows:

b
[complexation fraction] = 1 — exp(-kO St)

The latter equation was rewritten in KaleidaGraph as shown below:
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y = m1(1-exp(-m2m0))+m3

. . obs
where the calculated value of m2 is the pseudo-first-order rate constant (k).

obs . ,
The calculated k for each reaction was plotted vs. the merocyanine

concentration, leading to a linear fit (Figure 1-19). The resultant slope yields the
second-order rate constant (ko) for the complex formation:

b
ko °_ ko [merocyanine 1]

IV.6.3 Determination Of Half Life of Complexation of KLE:R59W with
Merocyanine Aldehyde 1

Half-life binding measurements (t72) were determined under
stoichiometric conditions (5 uM KLE:R59W and merocyanine) in PBS buffer at 37

c’C. The increase in fluorescence intensity, indicative of binding and PSB

formation, was recorded at 0.5 second intervals, with excitation at 565 nm (1 nm
slit width) and emission at 616 nm (12 nm slit width). The data was fit to a
second-order rate equation derived as shown in Figure IV-4. In this figure, C is
directly proportional to fluorescence intensity (cps), plotted vs. time (s). The
maximum fluorescence intensity is adjusted to 5 pM, which is the final

concentration of the complex, in order to fit the data shown below (Figure IV-5).

From the plot (t71/2) was calculated for a second-order reaction where t1o =

. -6
1/ko.[concentration]. Therefore, t1/2 = 1/5160.8[5x10 ] = 39 seconds.
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A+B->C A = CRABPII, B = Merocyaninel, C = Complex

d[C]
dt

= ko[A][B]

[Ag] = [By] = 5x1 0® M initial concentrations of reactants

as the reaction continues, both A and B get consumed simultaneously in order to form a
complex, C

[A]=[B] =[5x107® - C]

el 5x106 - 2
dt

L = k2 dt

[5x10°6 - C]2

_dier - _ ko dt
6 _ o2

[5x10°6 - C]
1

————— =Kot +m where mis a constant

[5x10© - C]

C=5x106 - —
B [kot + m]

The equation is rewriten in KaleidaGraph;
1

[m2.m0 + M4 ]

y=mg3 -

where mg = 5x10°6 mo = ko, mg =t and my=1 whichis a constant

Figure IV-4: Second-order rate equation applied for kinetic studies.
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Figure IV-5: Calculation of t7/2 from the second-order reaction rate. The plot

shows the second-order rate constant, mo, for PSB formation of CRABPII-
KLE:R59W mutant with merocyanine aldehyde 1.

IV.6.4 Rate Comparison For Iminium Formation Between KLE:R59W Versus
BSA

Combination of the high affinity binding of hydrophobic, retinal-like
molecules, and the active site Lys residue engineered within the CRABPII
mutants, leads to a higher rate of iminium formation with the target proteins as
compared to non-specific binding with other proteins. This is demonstrated
below (Figure IV-6 and also Figure I-22¢), where upon incubation of

merocyanine 1 (5 uM) with BSA (5 uM) in comparison to KLE:R59W (5 uM) in
PBS (37 oC), the latter achieves 7% of the fluorescence output as compared to

the former within the first minute of the reaction (excitation, 565 nm, 1 nm slit
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width; emission 616 nm, 12 nm slit width, data was recorded at 0.5 second
intervals). During the same time period (1 min), KLE:R59W has reached over
66% of its total fluorescence output, clearly indicating the higher level of
specificity for binding merocyanine 1. The higher specificity for binding
KLE:R59W is maintained even at much higher BSA concentration (10-fold

excess) as illustrated in Figure IV-6.

a. 15107 - b. 15107 -

1107 1 1107 1

510° 1 510° 1

KLE:R59W/1 (1:1)

Fluorescence Intensity (cps)
Fluorescence Intensity (cps)

KLE:R59W/1 (1:1)

0 250 500 750 1000 0 250 500 750 1000
Time (s) Time (s)

Figure IV-6: Comparison for rate of iminium formation between KLE:R59W
and BSA with merocyanine 1. a. Increase of fluorescence intensity was
followed upon addition of the merocyanine ligand into the KLE:R59W mutant
(purple plot) with an one to one ratio mixture. The orange plot shows the
fluorescence intensity increase for the BSA experiment under identical
settings. b. The rate of iminium formation was compared with the
BSA/merocyanine mixture when 10-fold excess of BSA was used.

IV.7 Live Cell imaging In Bacteria

BL21(DE3) pLysS (Invitrogen TM) were transformed with 100 ng of plasmid

DNA expressing CRABPII variants under the T7 promoter. Cells were plated,
grown overnight and single colonies were used for inoculation of 2 mL of Luria

Broth for 6 h containing ampicillin and chloroamphenicol (ampicilin 100 ug/mL
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and chloroamphenicol 170 ug/mL). Expression was induced with IPTG (final
concentration 1 mM) and the culture was shaken at room temperature overnight.
For control experiment, 5 mL of competent BL21(DE3) pLysS cells were

inoculated in 2 mL Luria Broth containing chloroamphenicol (170 ug/mL) and the

culture was shaken at 37 oC for 6 h.

The cultures were heated to 37 oC for 10 min and merocyanine aldehyde,

at a final concentration of 1 mM, was added to the pre-warmed cultures. The
cells were immediately harvested by centrifugation at 5,000 rpm for 1 min and the

supernatant was discarded. The pellets were washed three times with PBS

(preheated to 37 c,C) followed by 1 min centrifugation. After the last wash the

cells were resuspended in PBS and plated on a glass coverslip. In order to stop

bacteria from floating, the coverslip was heated to 40 oC for 1 min and covered

with no.1 cover glass. Confocal imaging was performed using a Zeiss 510 Meta
FCS inverted microscope with a 63x oil immersed objective. The sample was
placed with the cover glass facing objective and imaged with a 594 nm laser and
a 615 nm long pass filter corresponding to the CRABPII/merocyanine complexes
absorbance and emission. Kalman averaging 8 was applied during imaging. All
the images have pseudo color. Figure 1-24 depicts images from E. coli cells
incubated with merocyanine 1.

IV.7.1 Live Cell Imaging Of Basal Expression Of CRABPII Mutant In Bacteria
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In the previous example expression of the CRABPII mutants in E. coli was
induced with the strong T7 promoter, leading to high expression yields of the
target protein. In order to illustrate the feasibility of visualizing low expressed
CRABPII protein, we resorted to investigate basal, uninduced, E. coli systems
that have low yields of the CRABPII mutants as a result of leaky expression.

BL21(DE3) pLysS were transformed with 100 ng of plasmid DNA expressing
CRABPII KLE:R59W variants under the T7 promoter. Cells were plated, grown
overnight and single colonies were used for inoculation of 10 mL of Luria Broth
for 6 h containing ampicillin and chloroamphenicol (ampicilin 100 ug/mL and
chloroamphenicol 170 ug/mL). The culture was cooled down to room temperature
and shaken for additional 8 h. Same protocol was followed for control experiment
in which 5 uL of competent BL21(DE3) pLysS cells were inoculated in 10 mL
Luria Broth containing chloroamphenicol (170 ug/mL).

Merocyanine aldehyde, at a final concentration of 1 uM, was added to 1 mL
of grown cultures and the cells were immediately harvested by centrifugation at

5,000 rpm for 1 min and the supernatant was discarded. The pellets were

washed three times with PBS (preheated to 37 oC) followed by 1 min

centrifugation. The cells were resuspended in PBS and a small sample was

plated on a glass coverslip. The sample was covered with no.1 cover glass and

heated to 40 oC for a minute to fix the bacterial cells. Confocal imaging was

performed as described in the previous section. The lack of observable
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fluorescence in Figure IV-7 is again illustrative of insignificant background signal
arising from nonspecific binding. On the other hand, bright red fluorescence is

observed for basal expression of KLE:R59W.

Figure IV-7: Imaging KLE:R59W-merocyanine fluorescence in E. coli cells. a.
Control panel shows no fluorescence upon merocyanine incubation with non-
transformed BL21 E. coli cells. b. Overlay of control fluorescence and bright
field image. c. Red fluorescence of KLE:R59W-CRABPII mutant complexed
with merocyanine 1 at 594 nm excitation. d. Overlay of fluorescence and bright
field images of KLE:R59W/1 complex in E. col.
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IV.8 Photobleaching Experiment Of CRABPII/Merocyanine Adducts In
Bacteria

Laser scanning confocal microscopy (LSCM) photobleaching experiments
were conducted with BL21(DE3) pLysS cells after expressing CRABPII mutants
and labeling with merocyanine. Cells expressing mRFP with no additional
labeling were used for control experiment. The glass coverslips were prepared as
described above. Photobleaching was performed using a 63x oil immersion
objective (Zeiss 510 Meta FCS). Laser line HeNe594 was adjusted to 100% of
output power (2.0 mW). Detector gain and amplifier offset were brought to
maximum (1250 and 0.5, respectively). Selected frame size had 1024x1024
pixels and 5x digital zoom. The number of collected frames for each experiment
was 200. A single cell having approximately the same dimensions and intensity
under the fixed instrument settings was chosen for photobleaching assays.
Fluorescence using the 594 nm laser was recorded with a 488/594 main dichroic
mirror, 545 nm dichroic beam splitter and 615 nm longpass barrier filter. To
produce comparable bleaching curves, we simply scale the raw time coordinates
to normalize the intensity to 100 photons/sec of initial emission. The results are
illustrated in Figure 1-25.
IV.9 Expression and Characterization Of Monomeric Red Fluorescent
Protein 1

We cloned and expressed monomeric red fluorescent protein 1 (mRFP1)

as a control of our quantum yield measurements.
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The plasmid mRFP-Rab5 containing the mRFP1 sequence was obtained
from Addgene (plasmid #14437).” This plasmid was used as a template for PCR
amplification with the following primers:

Forward-Ndel- (5-CCG GTC GCC CAT ATG GCC TCC TCC-3’)
Reverse-Xhol- (5'-GAG ATC TGA GTA CTT CTC GAG GGC GCC GGT G-3))

The amplified DNA fragment was digested with Ndel and Xhol (New
England Biolabs), and cloned into PET22b expression vector (Novagen),
resulting in the plasmid PET22b-mRFP1-His6. The mRFP1 gene was sequenced
by the first tier/DMSO sequencing method and the results were identical to those
reported by Campbell et al® The expression of mRFP1 was carried with the
same procedures as described above for CRABPII mutants.
1V.9.1 Protein Isolation And Purification Of MRFP1

The protein isolation and purification were performed as described

previously, with modifications.? Cells, harvested from culture, were centrifuged at

4 c’C for 12 min at 5,000 rpm. The supernatant was discarded and the bacterial

pellet was resuspended in 50 mM KHoPQOg4, pH 8.0, and 0.02% sodium azide

(buffer A). The resulting suspension was ultrasonicated (Power 60%, 1 min x 3)
and centrifuged at 5000 rpm for 20 min. The following steps were carried under

red light to prevent photobleaching of the protein.

2
The supernatant was applied to a Ni+ -chelating Sepharose Fast Flow

column and incubated for 15 min at 4 oC. The beads were washed with 40 mL of
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buffer A. The protein was eluted with 50 mL of elution buffer containing 250 mM
of imidazole, 20 mM of Tris, pH=8.0. Buffer exchange was performed by an
ultrafiltration cell under the nitrogen pressure (~20 psi) equipped with a 10,000
MW cutoff filter (regenerated cellulose, filter code: YM10, diameter 63.5 mm,
NMWL: 10,000). The protein was first concentrated to ~25 mL and then diluted to

160 mL with Tris buffer (10 mM Tris*HCI, pH=8.0). The resulting dilute solution

was concentrated back to ~25 mL. Protein was stored at 4 oC in a sterilized tube

covered with aluminum foil.
1V.9.2 Quantum Yield Determination Of MRFP1

Quantum yield of mRFP1 was measured under identical conditions with
CRABPII variants. As described above, the excitation wavelength was set to 565

nm and the emission spectrum was collected between 575 nm to 800 nm. The

a. .
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Figure 1V-8: Spectroscopic characterization of mRFP1. a. Absorption (pink) and
emission (blue) spectra of mRFP1 in PBS. b. The plot shows the total
fluorescence emission (integrated area from 575 nm to 800 nm, excitation at
565 nm) as a function of absorption at 565 nm. Slope of the line is correlated to
the quantum efficiency.
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quantum vyield was calculated as 27.2% based on comparison with standards,
which is in agreement with published data (Figure 1V-8).°
IV.10 Cloning Of CRABPII Gene Into Mammalian Expression Vectors

In order to carry out live cell imaging in eukaryotic cells, we cloned
CRABPIl gene in different mammalian expression vectors, under the
cytomegalovirus (CMV) promoter. The construction of EGFP-CRABPII
(KLE:R59W:A32W) fusion was performed in the pEGFP-C2 vector which was a
generous gift from Prof. Wiliam Henry (Associate Chairperson, MSU,
Biochemistry and Molecular Biology). The CRABPIlI gene was amplified and
cloned after the EGFP gene by using the forward and reverse primers as
indicated below:

Forward-Xhol- (5-CCC TCG AGG CCA AAC TTC TCT GGC AAC TGG AAA
ATC-3)

Reverse-Hindlll- (5-GCA GAA TTC GAA GCT TCA CTC TCG GAC GTA GAC
TTT GGT GCA CAC-3)

The second construct that tested in eukaryotic cell imaging was achieved
by cloning the CRABPII gene into the pECFP-N1 (so called ECFP-GalT) vector
(Addgene plasmid #11937)."° Xhol and BamHI restriction sites were chosen for
cutting out the GalT segment and inserting the CRABPII gene (KLE:R59W:A32W
mutant) upstream of the ECFP. The following primers were used to amplify and

clone the CRABPII gene:
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Forward-Xhol- (5- GGA GAT ATT CTC GAG CTC GCC ACC ATG CCA AAC
TTC TCT GGC AAC TGG AAA ATC-3))

Reverse-BamHI- (5°- GTC ATT TGG ATC CCG TCC CTC TCG GAC GTA GAC
CTT GGT-3)

In this construct, CRABPII-ECFP fusion was expressed in mammalian
cells and the bright fluorescence of ECFP was visualized via confocal microscopy
(Figure 1-26b). In order to generate non-tagged CRBAPII protein, we introduced
a stop codon (TGA) at the end of CRABPII, preventing the translation of the

ECFP protein. This was done by a PCR method as described above (Table IV-

1), but setting the elongation (extension) time for 5.5 min at 72 oC. The primers

used for the PCR method are shown below:
Forward primer (5’-C GTC CGA GAG TGA CGG GAT CCA CCG-3)
Reverse primer (5-CGG TGG ATC CCG TCA CTC TCG GAC G-3’)

Lastly, we utilized the pFlag-CVM2 vector (obtained from Addgene but
currently not available) to carry out further imaging experiments in mammalian
cells. The CRABPII-KLE:R59W mutant gene amplified with the corresponding
primers (illustrated below) and the resultant cDNA was cloned downstream of the
Flag epitope sequence into the Hindlll and EcoRl sites of the pFlag CVM2 vector.
Forward-Hindlll- (5-GAT ATA AAG CTT CCA AAC TTC TCT GGC-3))
Reverse-EcoRI- (5-CT GCA GAATTC TCA CTC TCG GAC G-3)

All the plasmids with the designed constructs were sequenced by the MSU

gene sequencing facility. The corresponding sequencing primers (45 pmol) were
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added to the DNA samples before submission; the sequence of the primers is

shown below:

Sequencing of pFlag-CRABPII gene (5-GGG AGG TCT ATA TAA GCA GAG

CTC G-3))

Sequencing of genes under CVM promoter (5-GGT CTA TAT AAG CAG AGC

TGG TTT AG -3))

All the imaging studies were carried by Dr. Tetyana Berbasova and Ms.
Elizabeth Santos. Detailed protocols were provided in Dr. Tetyana Berbasova’s

dissertation.

IV.10.1 General Cloning Protocol

All PCR amplifications of the target genes were performed according to
specified PCR conditions (Table IV-1), save that the extension times were
changed based on the size of the targets gene (1 min per 1000 bp) instead of the
4 min extension time. To ensure high yield of the amplified gene (insert), we set
up four or five PCR tubes. The resultant PCR products were combined and
subjected to agarose gel electrophoresis (1% agarose, 2 ug/mL of ethidium
bromide, 150V, 15 min). The gene fragment was visualized under UV hand lamp
and cut out for further purification. Wizard® SV Gel and PCR Clean-Up System
(Promega) was used to purify and isolate the amplified fragment by following the

kit instructions. It is important to mention that better quality and yield of DNA was

obtained when Zymo-SpinTNI IC spin columns used.
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The purified insert and the cloning vector were digested with proper
restriction enzymes. The restriction enzymes were supplied from (New England
BioLabs®) along with the CutSmart buffer. It is important to note that longer
incubation times in 1.5X CutSmart buffer can increase the efficiency of the
digestion process. The resultant digested samples were purified by agarose gel
electrophoresis by following the same protocol described above. The final
purified cut insert and vector fragments were ligated via T4 DNA Ligase (New
England BioLabs®). It is suggested to set up different insert to vector ratios in a
order to optimize the ligation reaction. The best results were usually obtained in
3:1 ratio (insert:vector) of ligation solution in a 1.5X ligation buffer at room
temperature for 2 h. Ligated products were transformed to XL-1 Blue super
(Novagen®) competent cells for DNA amplification and purification (see Section

IV-1 for further DNA isolation protocols).

IV.11 Determination Of Dissociation Constant For HCRBPIl Mutants With
Azobenzene Allyl Alcohol

The affinity of hCRBPIlI mutants for azobenzene allyl alcohol (Azo-AA)
was measured via fluorescence quenching assay which was previously
established by Wang and Cogan et al."*'? Briefly, 20 uM of hCRBPII sample was
prepared in 3 mL of PBS solution and transferred into a clean fluorescence

cuvette. The concentration of the stock Azo-AA (in absolute ethanol) was

-1
determined by UV-vis, using the molar extinction coefficient of 29,530 M cm .
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The concentration of the stock solution was prepared to be around 1 mM in order
to minimize the addition of a high volume of ethanol solution during the
fluorescence titration. The protein sample was excited at 280 nm (slit width of 1
nm) and the fluorescence emission was recorded from 345 nm to 355 nm (slit
width of 12 nm). This was repeated three times until a stable emission intensity at
350 nm was reached. Azo-AA was added to the cuvette at varying equivalents

from the stock solution and fluorescence intensity at 350 nm was recorded for

each chromophore addition at 23 C. The titration was complete when there was

no observable quenching of fluorescence upon addition of the chromophore. The
data were analyzed by nonlinear square fit of the equation shown in Figure IV-9.
IV.12 Crystallization of HCRBPII And CRABPII Mutants

Except the azobenzene allyl alcohol, the light sensitive polyenes were

dissolved in ethanol, stored at -80 C, and protected from light in a covered vial.

The stock solution of azobenzene allyl alcohol was freshly prepared right after

crystallization from the solid compound and kept at 4°C. All the protein/ligand

complex formation was achieved via addition of the ligand solution (up to 4
equivalents) to the concentrated protein solution (~ 20 mg/mL for CRABPII, ~ 12
mg/mL for hCRBPII). It is important to keep the ethanolic ligand solution less than
10% in the concentrated protein solution in order to prevent protein precipitation.
For the crystallization of CRABPII variants, the protein/merocyanine 1 sample

was incubated at room temprature in the dark for 1 h to reach complete PSB
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formation. However, hCRBPII mutants were incubated with their cognitive ligands

between 5 h to 12 h before setting up crystal boxes. All crystals were grown by

a.
Fo_, Fp . P+ Ar+ Ky -J(Pt+At+Kd)2-4P,A,
—_—=14+—-1).
Fr Ff 2P;
where F is observed fluorescence,
Fp is the fluorescence of the bound hCRBPII,
Fis the fluorescence of the free hCRBPII,
P;is the total hCRBPII concentration,
A; is the total azobenzene allyl alcohol concentration (this is variable),
Kqis the dissociation constant.
The equation is rewriten in KaleidaGraph;
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y =1+m2-1
4x107°
b. c
9 1.1 y=1”*((m2'1\);;?£00002+”;?'r5r g 1.2+ y = T+T7((m2-1)7(0.000002+m0...
S Ik m2 0.48777| 0.015243 & 1l Value Error
Q 094 m4 | 1.0928e-6| 1.3936e-7 S m2 0.26839 0.0133
3 Chisq| 0.0025962 NA 0 m4 | 9.9161e-8| 3.0278e-8
s 084 R| 099612 NA 5 0.84 Chisq| 0.0072626 NA
= = R 0.99542 NA
i 0.7 L 06.
2 064 >
T 0.5 § 044
[0
x 04 . . : . T 02 : , : ,
0 310° 610° 910° 1.210° 0 310° 610° 910° 1.210°
Concentration of Azo-AA (M) Concentration of Azo-AA (M)

Figure IV-9: Analysis of affinity measurements of the hCRBPII mutants for

Azo-AA. a. The nonlinear square fit equation to calculate Kq values. b. The
curve fit of relative fluorescence versus concentration of Azo-AA for the T53A

hCRBPII mutant (m4 represents the K4 value). c¢. Another example of affinity
measurement between Azo-AA and R58W:Q38V hCRBPII mutant.
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hanging drop vapor diffussion (at 4 oC for CRABPII/merocyanine 1 complexes,

23 oC for hCRBPIl/ligand complexes) with the drop containing an equal mixture

of crystallization and complex solution. Crystallizations were set up under red
light, and the boxes were kept in the dark for the polyene chromophores. Crystals
appear within 3-4 days and grow to their maximum size in two weeks (Figure V-
10). In case of hCRBPII/Azo-AA complex, crystals appeared within 12 h and
were collected immediately. Crystals were briefly soaked in a cryoprotectant
solution containing the mother liquor and 20% glycerol and flash frozen in liquid
nitrogen under red light.

Diffraction data were collected at the Advanced Photon Source (APS)

Figure IV-10: Photos of different ptotein/ligand crystals under the beamline. a.
Single crystal of a hCRBPII mutant (KL:T51V:T53S) complexed with
GEMLESS chromophore. b. CRABPII-KLE/merocyanine 1 crystal. ¢. Crystal
photo of hCRBPII/Azo-AA crystal.
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(Argonne IL) at the LSCAT (sector 21) using 1.00 A wavelength radiation at 100
K. Data reduction and scaling were performed using the HKL2000 program
package.'® The structures were determined using the Molecular Replacement
program in the CCP4 program suite, and refined using the CCP4 and PHENIX
program packages.'*'® Several cycles of refinement, model adjustment and
placement of ordered water molecules were performed for each structure. All
model building and placement of water molecules were preformed using COOT

(0.6.1)."” The chromophore was manually fitted in the electron density near the

end of the refinement.

Table IV-6. CRABPII/merocyanine 1 crystallization box conditions.

500uL PEG | 500uL PEG 500uL PEG 500uL PEG 600uL PEG
200uL Salt-1 | 200uL Salt-2 | 83uL Tac-5 83uL Tac-6 100uL BTP-2
200uL HoO | 200uL H20O 100uL BTP-1 | 100uL BTP-2 | 100uL Salt-3
100uL BTP-1 | 100uL BTP-2 | 317uL H20 317uL H20 200uL H20
600uL PEG | 500uL PEG 500uL PEG 500uL PEG 500uL PEG
100uL BTP-1 | 100uL BTP-2 | 100uL BTP-1 | 100uL BTP-1 | 100uL BTP-3
100uL Salt-3 | 100uL Salt-3 | 100uL Salt-3 | 100uL Salt-3 | 100uL Salt-3
200uL H2O | 300uL H20 300uL H20 300uL H20 300uL H20

PEG = 40% Poly(ethylene glycol) 3350

Salt-1 = 1M Sodium Malonate pH=5.5
Salt-2 = 1M Sodium Malonate pH=6.5
Salt-3 = 2M Sodium Fluoride

Tac-5 = 24% (v/v) Tacsimate pH=5.0
Tac-6 = 24% (v/v) Tacsimate pH=6.0

BTP-1 = 1M Bis-Tris Propane pH= 5.5
BTP-2 = 1M Bis-Tris Propane pH= 6.5
BTP-3 = 1M Bis-Tris Propane pH= 7.0
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Although CRABPII and hCRBPIl share high structural similarity,
crystallization of these proteins requires different conditions. The hCRBPII
crystals were obtained in conditions that were previously established by Prof.
James Geiger. The best hCRBPII crystals were grown by mixing 1 uL of reservoir
solution (30-35% PEG 4000, 0.1 M sodium acetate [pH 4.6-4.8], and 0.1 M
ammonium acetate) with 1 uL of hCRBPIl/ligand complex. On the other hand,
CRABPII/merocyanine 1 complexes were crystallized in conditions as outlined in
Table IV-6.

IV.13 Experimental Procedures For Synthesis Of Chromophores
IV.13.1 Synthesis Of Merocyanine Aldehyde 1

The synthesis of ethyl phosphonate, compound 3 and Fisher’s base

( 1. NaH, THF,
\ o) 0 C > RT, 1h
(OJ) > s
P\)\JCN 2.
3 N 2
\
4
65% vyield

1. DIBAL-H, DCM,
RT, 5h

2.10% HCI

45% yield

Scheme IV-1: Synthesis of merocyanine aldehyde 1.
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aldehyde, compound 4 were described previously.'®? Both compound 3 and 4
can also be purchased from Sigma Aldrich (cas number: 87549-50-6 and 84-83-

3, respectively). All the syntheses shown in Scheme IV-1 were performed under

red light and the products were stored at -20 oC, under an atmosphere of

nitrogen gas.

Synthesis of compound 2: NaH (60% by weight, 0.65 g suspension

containing 0.39 g NaH, 1.62 mmol) was placed in a dry 100 mL round bottom
flask. Hexane (~15 mL) was added and the mixture was stirred briefly, the solid
particles were allowed to settle. The solvent-oil solution was removed with a
glass pipette. Washing was performed twice. The round bottom flask was then
capped and purged with nitrogen. The washed NaH was resuspended in

anhydrous THF (35 mL). The stabilized nitrile ylide 3 (0.3 g, 1.39 mmol) was

added to the NaH/THF suspension at 0 oC with vigorous stirring during 5 min.

The reaction mixture was left stirring in the ice-bath for 10 min and then slowly
warmed to room temperature (RT) for an hour. Fisher’s base aldehyde, 4, (0.23
g, 1.16 mmol) was added dropwise during 5 min. Once the addition of the
aldehyde was completed, the reaction was kept under nitrogen atmosphere and
was left stirring for 8 h.

Work up: Brine solution was added to reaction mixture and the resulting
aqueous layer was extracted three times with diethyl ether. Organic layers were

combined and washed with deionized water. The combined organic phase was
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dried over anhydrous NasSO4. The solvent was removed under reduced

pressure to yield an oily mixture. Purification was performed with a 0.1%
triethylamine basified silica gel column with 20% ethyl acetate/hexane mixture to
yield the conjugated nitrile 2 as a mixture of two isomers (0.2 g overall yield,

65%).

1H NMR (500 MHz, CDCI3) for all-trans isomer o [ppm] = 1.56 (s, 6 H), 2.19 (d, J
= 0.5 Hz, 3 H), 3.12 (s, 3 H), 4.97 (s, 1 H), 5.32 (d, J= 13.0 Hz, 1 H), 6.04 (d, J =
14.0 Hz, 1 H), 6.63 (d, J = 7.9 Hz, 1 H), 6.86 (td, =75 Hz, 2J=09 Hz, 1 H),
7.12 (dd, 1J= 7.3 Hz, 2J= 1.0 Hz, 1 H), 7.15 (dd, 1J= 14.5 Hz, 2J= 12.0 Hz, 1

1 2
H), 8 7.17 (td, J=7.7Hz, “J=1.2Hz, 1 H).

13
C NMR (125 MHz, CDClg) for all-trans isomer 6 [ppm] = 16.7, 28.5, 29.1, 45.9,

91.3, 95.5, 106.3, 119.6, 120.2, 121.6, 123.2, 127.9, 133.1, 138.9, 144.7, 157.5,
160.8.

Synthesis of merocyanine aldehyde 1. Compound 2 (0.15 g, 0.57 mmol)

was dissolved in dry dichloromethane (25 mL) in a 200 mL round bottom flask. A
1 M solution of DIBAL-H (2.27 mL, 2.27 mmol) in hexane was added over 15 min
and kept stirring for 5 h. The reaction was quenched with 10% HCI and the pH of
the organic layer was monitored not to go below pH 4.0. The resultant aqueous

and organic layers were vigorously stirred for 5 min at room temperature.
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Work up: The organic and aqueous layers were separated and the

aqueous layer was extracted with dichloromethane, twice. The combined organic

layers were dried over anhydrous NasSO4. The solvent was removed under

reduced pressure to yield a dark oily mixture. Further purification was performed
by 0.1% triethylamine basified silica gel with a stepwise elution column
chromatography. The solvent polarity was slowly increased from 5% ethyl
acetate/hexane mixture to 20% ethyl acetate/hexane mixture during
chromatography. The fractions containing merocyanine aldehyde were collected

and the solvent was removed under reduced pressure to yield merocyanine

1
aldehyde, 1, as a red solid (68.3 mg, 45% yield). H NMR analysis indicates a 3:1

ratio of E:Z olefinic isomers (double bond directly conjugated to the aldehyde).

1
H NMR (500 MHz, CDCI3) for all-trans isomer 6 [ppm] = 1.56 (s, 6 H), 2.3 (s, 3

H), 3.15 (s, 3 H), 5.43 (d, J=12.0 Hz, 1 H), 5.89 (d, J= 8.5 Hz, 1 H), 6.11 (d, J =

15.0 Hz, 1 H), 6.66 (d, J=8.0 Hz, 1 H), 6.88 (t, J=7.5 Hz, 1 H), 7.14 (d, J= 7.5
Hz, 1 H), 7.18, (t, J=7.5 Hz, 1 H), 7.38 (da, 1J = 14.0 Hz, 2J= 12.0 Hz, 1 H),
10.02 (d, J=8.0 Hz, 1 H).

13C NMR (125 MHz, CDCI3) for all-trans isomer & [ppm] = 13.2, 28.5, 29.2, 46.0,

96.4, 106.5, 120.4, 121.6, 125.5, 126.2, 127.9, 133.7, 138.8, 144.6, 156.4, 161.2,

190.6.

HRMS analysis (ESI): Calculated for C1gH2oNO: 268.1701; Found: 268.1694
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[M+H]+. UV-vis spectrum of merocyanine aldehyde 1 is illustrated in Chapter I,

1 -1
Figure I-11 (extinction coefficient: 77,000 M cm at 492 nm).

IV.13.2 Synthesis Of Artificial Retinal Compounds
All the retinal analog syntheses were achieved by following four

consecutive steps shown in Scheme IV-2. All the steps were performed under

red light and the products were stored at -80 OC, under an atmosphere of argon

STEP 1

( 1. NaH, THF,
\ o 0 C>RT, 1h \)\JCN
O.P' )\P,CN > Ring
o> X 2. 0 moiety
3 Ring H
moiety
STEP 2

H
1. DIBAL-H, DCM )\H"\
N CN ’ ’ ] N l\
moiety 5 10% HCI moiety

STEP 3 ( 1. NaH, THF,
N o 0 C > RT, 1h s ON
(O
P AXsCN
(6]
3
STEP 4
1. DIBAL-H, DCM, H
Ao RT, 5h S

Ring
moiety

2.10% HCI

Scheme IV-2: Four-step synthesis of artificial retinal analogs.
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gas. Ring moieties with the appended aldehyde were pre-synthesized for the
5DEM and GEMLESS chromophores prior to Scheme 1V-2 protocol. However,
the head groups for the CYCHXE and CYCHXA ligands were purchased from
Sigma Aldrich. The cas numbers for 1-cyclohexene-1-carboxaldehyde and
cyclohexanecarboxaldehyde are 1192-88-7 and 2043-61-0, respectively.

General procedure for Step 1 and Step 3: NaH (60% by weight, 1.4

equivalents) was placed in a dry 100 mL round bottom flask. Hexane (~10 to 15
mL) was added and the mixture was stirred briefly, the solid particles were
allowed to settle. The solvent-oil solution was removed with a glass pipette.
Washing was performed twice. The round bottom flask was then capped and
purged with nitrogen. The washed NaH was resuspended in anhydrous THF (20

to 40 mL). The stabilized nitrile ylide 3 (1.2 equivalents) was added to the

NaH/THF suspension at 0 oC with vigorous stirring during 5 min. The reaction

mixture was left stirring in an ice-bath for 10 min and then slowly warmed to room
temperature (RT) for an hour. The aldehyde moiety (1 equivalent) was added
dropwise during 5 min. Once the addition of the aldehyde was completed, the
reaction was kept under nitrogen atmosphere and was left stirring for 6 to 8 h.
Work up: Brine solution was added to reaction mixture and the resulting
aqueous layer was extracted three times with diethyl ether. Organic layers were

combined and washed with deionized water. The combined organic phase was

dried over anhydrous NasSO4. The solvent was removed under reduced
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pressure to yield an oily mixture. Purification was performed with a 0.1%
triethylamine basified silica gel column with 15% ethyl acetate/hexane mixture.
The fractions containing the final conjugated nitrile were collected and the solvent
was removed under reduced pressure. The yields obtained from these reactions
range from 50% to 90% in which step 3 usually results in lower vyield in
comparison with step 1.

General procedure for Step 2 and Step 4: Conjugated nitrile (1 equivalent)

was dissolved in dry dichloromethane (20 to 25 mL) in a 200 mL round bottom
flask. A 1 M solution of DIBAL-H (3.5 equivalents) in hexane was added over 15
min to the reaction solution and then, it was kept stirring for additional 5 to 6 h at
room temperature. The reaction was quenched with 10% HCI solution. Usually
quenching of excess DIBAL-H results in particle formation in the reaction mixture
but it is important to dissolve these solid particles in order to achieve higher
yields and have an easier purification. This can be achieved by the addition of a
little excess of HCI solution, save that the pH of the organic layer was monitored,
with a pH paper, not to go below pH 4.0. The resultant aqueous and organic
layers were vigorously stirred for 5 min at room temperature.

Work up: The organic and aqueous layers were separated and the

aqueous layer was extracted with dichloromethane, twice. The combined organic

layers were dried over anhydrous NasSO4. The solvent was removed under

reduced pressure and further purification was performed with a 0.1%

triethylamine basified silica gel column chromatography. The solvent polarity was
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slowly increased from 5% ethyl acetate/hexane mixture to 20% ethyl
acetate/hexane mixture during chromatography. The fractions containing the
conjugated aldeyhde were collected and the solvent was removed under reduced
pressure. The yields obtained from these reactions range from 60% to 85%.

All proton and carbon NMR data and other spectroscopic details of the
synthesized compound will be described in Section IV.13.5.
IV.13.3 Synthesis Of 5DEM Chromophore Ring Moiety

The synthesis of the 5DEM ring moiety, compound I-5, was achieved by
following the protocol which was reported by Kurth and Beard (Scheme 1V-3).2'
Synthesis of compound I-5 was also reported by other groups with different
22,23

routes.

Synthesis of 2,2-dimethyicyclohexanone, I-7: Compound I-7 is a

commercially available molecule but conversion of 2-methylcyclohexanone (1-8)
to 2,2-dimethylcyclohexanone (I-7) was carried out according to published

HN 0O

HN - §—< >—
0 0
é/ 1. KH, THF, RT, 1h |9
> >
2. CHgl, 0 "C >=RT, 12h Ethanol, RT, 12h K\/j \©\

1-8 65% crude vyield -7 92% yield

1. n-BuLi, TMEDA,

H O o o
NNeg -78 C,1h »10 C,1.5h
o ; - H
2.DMF, 0 C >»RT, 2h
3. NH4Cl aquous

-6 I-5
85% yield

Scheme IV-3: Synthesis of 5DEM chromophore ring moiety (compound I-5).
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procedures.?*

Potassium hyride was obtained as a dispersion in mineral oil containing
30% KH by weight. KH/mineral oil suspension (7.93 g, 0.059 mol) was placed in
a dry 200 mL round bottom flask. Mixture was allowed to settle and the oil was
removed with the glass pipette. Rinsing with a hexane solution was used for
further cleaning. Hexane (~ 20 mL) was added and the mixture was stirred
briefly, then allowed to settle. The solvent-oil solution was removed with a glass
pipette. Washing was performed three times. A round bottom flask was then
capped and purged with Nitrogen. KH solid was resuspended in distilled THF (40
mL). The 2-methylcyclohexanone (6 mL, 0.049 mol) was added to the KH/THF
suspension at room temperature with vigorous stirring during 20 min. The

reaction was left stirring at room temperature for 1 h (monitored by TLC). The

reaction was cooled down 0 oC in an ice bath and methyl iodide (3.39 mL, 0.054

mol) was added dropwise during 15 min. Once the addition of methyl iodide was
complete, the reaction was brought to room temperature and left stirring

overnight.

Work up: The reaction mixture was filtered through a celite pad eluting
with diethyl ether. The organic layer was washed with deionized water and dried
over anhydrous sodium sulfate. Removal of solvent by rotovap gave an oily crude
compound I-7, which includes 87% of 2,2-dimethylcyclohexanone as a

thermodynamic product (65% crude yield).
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;
H-NMR (500 MHz, CDCl3) & [ppm] = 1.09 (s, 6 H), 1.62 - 1.82 (m, 6 H), 2.37 (4,

J=6.5Hz, 2 H).

Synthesis of hydrazone, 1-6: p-Tolylsulfonyl hydrazine 19 (1.17 g, 6.28

mmol) and 2,2-dimethylcyclohexanone (I-7, 1.5 mL from crude) were added to a
small round bottom flask and stirred together under nitrogen atmosphere. Ethanol
(5 mL) was added in one portion. The mixture was gently heated until the solids
were completely dissolved. The solution was allowed to cool to room
temperature, and left stirring for overnight.

Work up: Ethanol was evaporated and the white precipitate was
suspended in cold hexane (50 mL). Solid particles crashed out and were allowed
to settle in the fridge for 1 hour. The solvent was pipetted out and the white
hydrazone crystals (1.7 g, 5.77 mmol) were dried under vacuum (92% yield
according to hydrazine).

The above synthetic procedure was taken from Kurth et al.*’

'H NMR (500 MHz, CDCl3) & [ppm] = 1.02 (s, 6 H), 1.44 (t. J = 5.5 Hz, 2 H), 1.55

(m, 4 H),218 (t, J=6.0 Hz, 2 H), 2.41 (s, 3 H), ~ 7.0 (broad s, N-H), 7.27 (d, J =

8.0 Hz, 2 H), 7.82 (d, J = 8.0 Hz, 2H).

;
3C NMR (125 MHz, CDCl3) & [ppm] = 21.3, 21.6, 23.0, 26.1, 26.8, 39.2, 40.8,

128.2, 129.2, 129.2, 129.9, 135.2, 143.7, 166.7.

Melting point: 125 - 130 C
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Synthesis of 5DEM ring moiety, I-5: An ovendried, two-necked 100-mL

round-bottom flask was charged with dry TMEDA (11 mL, 0.0734 mol), n-

butyllithium in hexanes (16.3 mL, 1.126 M, 0.0184 mol) and was cooled to -78

c’C. The solid hydrazine 1-6 (1.5 g, 5.1 mmol) was added over a period of 20 min,
and the resulting mixture was stirred at -78 oC for an additional 1 h. The red
solution was warmed to 10 oC and kept stirred during 1.5 h at this temperature.

The solution was cooled to 0 oC and dry dimethylformamide (4 mL, 0.051 mol)

was added over 10 min. The solution was stirred for 2 h at room temperature.
Work up: The reaction mixture was poured into water and then ether was

added. The organic layer was washed with 5% aqueous copper sulfate solution

and brine (2 times) and dried (NasSO4). The solvent was removed under

reduced pressure to yield a yellow oil. The product was purified using silica-gel
column with 10% ethyl acetate/hexane, yielding 0.6 g of product (4.35 mmol,
85% yield). It is important to take the resultant aldehyde to the next step as soon
as possible due to its instability even at low temperatures (fast oxidation to a

carboxylic acid).

;
H NMR (500 MHz, CDCl3) & [ppm] = 1.18 (s, 6 H), 1.43 - 1.47 (m, 2 H), 1.58 -

1.64 (m, 2 H), 2.25-2.31 (m, 2 H), 6.67 (t, J= 3.8 Hz, 1 H), 9.31 (s, 1H).

13
C NMR (125 MHz, CDCI3) 8 [ppm] = 18.3, 27.1, 27.3, 32.4, 39.6, 148.6, 153.0,
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194.8.
IV.13.4 Synthesis Of GEMLESS Chromophore Ring Moiety
The synthesis of GEMLESS chromophore ring moiety (compound II-5)

was carried out according to the synthetic scheme shown below.

o) Ho ~~OH O’B

(0]
é PBrg, DMF ,CHCl3, Oﬁ PTSA (cat.), benzene (j(‘\o
> P -
0°C>RT, 10h Br 4 4 Br

4 A molecular sieves

11-9 11-8 reflux, 8h -7
42% vyield 65% vyield
O
} 1. t-BuLi, THF, -78 C 1.5h ’B THF, HoO, PTSA (cat.)
B
" 2.CHgl,-78° C> -30 C, 5h 75 °C, 7h
-7 1-6 I-5
99% crude vyield 99% vield
from crude

Scheme IV-4: Synthesis of GEMLESS chromophore ring moiety (compound II-5).

Synthesis of 2-bromo,1-cyclohexene carbaldehyde, Il-8: Chloroform (50

mL, 2 days incubated with activated 4A molecular sieves) and distilled DMF (11.7

mL, 152.7 mmol) were added to an oven dried 500 mL of round bottom flask and

the mixture was cooled down to 0 c’C in an ice bath. PBr3 (13.8 mL, 137.6 mmol)
was added dropwise to the reaction mixture over 15 min. The resulting solution
(whitish suspension) was stirred for 1 h before the addition of cyclohexanone (ll-

9) (5 g, 50.9 mmol). The reaction mixture turned into a bright red clear solution

and was stirred overnight at room temperature.
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Work up: The reaction was cooled down and neutralized with solid

NaHCOs3 on ice bath to a pH between 6.0-7.0. The resultant orange mixture was
transferred to a 1 L extraction funnel and was washed with water (250 mL) and

dichloromethane (250 mL). The water layer was extracted twice with

dichloromethane. The combined organic layers were washed with brine solution
(300 mL), dried over anhydrous NasSO4 and concentrated under reduced
pressure. The residue was purified by elution through a short silica column with

10% ethyl acetate/hexane to afford 2-bromo,1-cyclohexene carbaldehyde as an

oil (4 g, 21.16 mmol, 42% yield).

The above synthetic procedure was taken from Lin et al.®

;
H NMR (500 MHz, CDCl3) & [ppm] = 1.64 - 1.69 (m, 2 H), 1.72 - 1.77 (m, 2 H),
2.24 - 2.28 (m, 2 H), 2.71 - 2.74 (m, 2 H), 10.00 (s, 1H).
;
3C-NMR (125 MHz, CDCl3) & [ppm] = 21.1, 24.2, 24.9, 38.8, 135.3, 143.5,

193.7.

Synthesis of compound II-7: 2-Bromocyclohex-1-ene-1-carbaldehyde II-8

(4 g, 0.021 mol), ethylene glycol (3.3 g, 0.053 mol) and catalytic amount of para-
toluene sulfonic acid, PTSA, (200 mg, 1.06 mmol) were added to benzene (15
mL). Activated molecular sieves were added to the solution. Using a Dean Stark

apparatus, the reaction mixture was refluxed for 8 h.

222



Work up: After being cooled to room temperature, the mixture was filtered

over celite and washed with dichloromethane. The organic phase was wash with

brine, dried over anhydrous NapSO4, and concentrated under reduced pressure.

The residue was purified by elution through a short silica column with 10% ethyl

acetate/hexane to afford the protected aldeyhde (3.207 g, 0.013 mol, 65% yield).
Note that, this product is not stable. It can be stored at -80 oC for only couple of
days.

T NMR (500 MHz, CDCI3) & [ppm] = 1.62 - 1.71 (m, 4 H), 2.13 - 2.16 (m, 2 H),

2.29 - 2.52 (m, 2 H), 3.88 - 4.02 (m, 4 H), 5.73 (s, 1H).

Synthesis of compound 1I-6: Acetal-protected aldehyde, II-7, (3.207 g, 0.013 mol)

was dissolved in dry THF (35 mL), and the resulting solution was cooled down to

-78 OC. tert-Butyl lithium in pentane, (16.8 mL, 1.7 M, 0.0286 mol) was added

dropwise to the reaction mixture. The reaction mixture was kept at -78 C for 1.5

h while stirring. Formation of the organolithium intermediate was observed as

white particles. lodomethane (CHgl) (3.3 mL, 7.381 g, 0.052 mol) was added

dropwise to the reaction. The reaction was warmed to -30 C and kept at this

temperature for 5 h.
Work up: The reaction was quenched with the addition of brine and

extracted with diethyl ether (twice). The organic layer was dried over anhydrous
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NapSO4, and concentrated under reduced pressure. Compound II-6 was not

purified further and the crude product (2.3 g) was carried out to the next step.

T NMR (500 MHz, CDCI3) & [ppm] = 1.56 - 1.58 (m, 4 H), 1.71 (s, 3 H), 1.94 -
1.98 (m, 2 H), 1.99 -2.03 (m, 2 H), 3.86 - 3.99 (m, 4 H), 5.62 (s, 1H).

18c-NMR (125 MHz, CDCI3) & [ppm] = 18.6, 21.9, 22.5, 22.8, 32.5, 65.2, 101.5,

126.9, 135.4.

Synthesis of GEMLESS ring moiety, lI-5: The crude lI-6 from the previous

step (2.3 g) was dissolved in THF (25 mL). Catalytic amount of para-toluene

sulfonic acid, PTSA, (100 mg, 0.52 mmol) together with water (10 mL) was added

into the reaction mixture and was stirred at 75 C for 7 h.

Work up: The reaction was cooled down to room temperature and was

extracted with brine and dichloromethane. The final aldehyde was obtained from

the organic layer, dried over NapSO4, and concentrated under reduced pressure.

The oily product was carried out to next step without further purification.

TH-NMR (500 MHz, CDCI3) & [ppm] = 1.56 - 1.62 (m, 4H), 2.11 (s, 3H), 2.14 -
2.21 (m, 4H), 10.13 (s, 1H).

18c-NMR (125 MHz, CDCI3) & [ppm] = 18.3, 21.7, 22.0, 22.2, 34.2, 133.8, 156.1,

191.0.

The analytical data are in agreement with the previously reported in literature.?®%’
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IV.13.5 Spectroscopic Data Of Polyenic Compounds
As illustrated in Scheme 1V-2, all the retinal analogs were synthesized via
four consecutive steps. Below, spectroscopic data for the polyenic compounds

(shown in Figure IV-11) are provided below.

I-4 -4 -4 V-4
é/\)\t’%o NN @/\)\M"% XY
-3 11-3 -3 V-3
é/\)\ﬁ\)\g CN é/\/K/J\)\,J CN
I-2 -2
@/\)\F\)\NCN (j/\)\f\)\ﬂc'\‘
-2 V-2
MO Mo
I-1 -1
@/\)\/\/KAO Mo
-1 V-1

Figure IV-11: Structures of olefinic compounds discussed in the text.

Compound I-4: This compound was obtained as an oily yellow product

with a distinct citrus fruit smell and showed a mixture of isomers at C10 (double
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bond directly conjugated to the nitrile). The all-trans isomer was the major

1
product with a ratio of 3:1. H NMR data is reported individually for the E and Z

isomers while the carbon NMR peaks are reported together.
1

H NMR (500 MHz, CDCI3) for all-trans isomer 6 [ppm] = 1.05 (s, 6 H), 1.45 -
1.49 (m, 2H),1.55-1.61 (m,2H),2.05-2.12 (m, 2 H), 2.15 (d, J= 1.2 Hz, 3 H),

5.15 (s, 1H), 5.94 (t, J = 4.2 Hz, 1 H), 6.38 (d, J = 16.0 Hz, 1 H), 6.52 (d, J= 16.0

Hz, 1 H).
1
H NMR (500 MHz, CDCI3) for 10-Z isomer o [ppm] = 1.07 (s, 6 H), 1.45 - 1.50

(m, 2 H), 1.55 - 1.63 (m, 2 H), 2.05 - 2.11 (m, 2 H), 2.15 (d, J = 0.9 Hz, 3 H), 5.05
(s, 1H), 6.04 (t, J= 4.2 Hz, 1 H), 6.56 (d, J = 16.5 Hz, 1 H), 6.91 (d, J = 15.5 Hz,

1 H).
1
3C NMR (125 MHz, CDClI3g) for mixture of isomers o [ppm] = 14.11, 16.62,

18.79, 19.41, 22.68, 26.53, 28.45, 28.48, 29.35, 29.68, 30.29, 31.92, 33.38,
33.41, 39.19, 39.24, 94.93, 96.36, 118.10, 125.07, 127.47, 127.68, 128.17,

136.52, 137.13, 143.13, 156.81, 157.33.

Compound II-4: This compound was obtained as an oily needle shaped
yellow crystals. Similar to compound I-4, a mixture of isomers was isolated after
purification with a 5:1 ratio of E:Z olefinic isomers (double bond directly
conjugated to the nitrile). Dr. Richard Staples was able to extract a single crystal

to provide crystallographic X-ray data of the all-trans isomer (Figure IV-12).
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1
H NMR (500 MHz, CDCl3) for all-trans isomer 8 [ppm] = 1.57 - 1.67 (m, 4 H),

1.84 (s, 3 H), 2.10 - 2.14 (m, 4 H), 2.18 (s, 3 H), 5.15 (s, 1H), 6.18 (d, J = 16.5

Hz, 1 H), 7.04 (d, J = 16.0 Hz, 1 H).

1
H NMR (500 MHz, CDClI3) for 10-Z isomer 6 [ppm] = 1.57 - 1.69 (m, 4 H), 2.03

(s, 3 H), 2.11 - 2.14 (m, 4 H), 2.15 (s, 3 H), 5.04 (s, 1H), 6.69 (d, J = 16.0 Hz, 1

H), 7.09 (d, J = 15.5 Hz, 1 H).

1
3C NMR (125 MHz, CDCI3) for all-trans isomer & [ppm] = 16.65, 19.66, 22.51,

22.58, 25.29, 33.49, 95.84, 118.32, 124.93, 127.63, 134.43, 140.47, 157.87.

1
3C NMR (125 MHz, CDCI3) for 10-Z isomer 8 [ppm] = 16.62, 19.48, 22.17,

22.55, 25.35, 33.58, 94.50, 122.33, 124.68, 128.04, 134.90, 139.69, 157.26.

Figure IV-12: X-ray crystal structure of compound ll-4. a. The chemical
structure is shown in the dashed box and the carbons are numbered as
indicated. A single crystal of the all-frans isomer in 6-s-trans conformation is
represented (hydrogens-white, carbons-green, nitrogen-blue). b. The polyene
chain displays a planar geometry while the cyclohexene ring is slightly
puckered.
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Compound Ill-4: Compound II-4 and compound IlI-4 exhibits similar

physical properties. Compound lll-4 was also obtained as oily needle shaped
yellow crystals as a mixture of isomers (3:1 ratio of E:Z olefinic isomers). The

crystallographic X-ray data of the all-frans isomer is shown in Figure 1V-13.

1
H NMR (500 MHz, CDClg3) for all-trans isomer 8 [ppm] = 1.57 - 1.62 (m, 2 H),

1.64 - 1.70 (m, 2 H), 2.11 - 2.14 (m, 2 H), 2.15 (s, 3 H), 2.16 - 2.2 (m, 2 H), 5.15
(s, 1H), 6.00 (t, J = 4.0 Hz, 1 H), 6.14 (d, J = 16.5 Hz, 1 H), 6.52 (d, J = 16.0 Hz,

1 H).
1
H NMR (500 MHz, CDCl3) for 10-Zisomer 6 [ppm] = 1.57 - 1.62 (m, 2 H), 1.64 -

1.70 (m, 2 H), 2.11 - 2.14 (m, 2 H), 2.00 (d, J = 1.5 Hz, 3 H), 2.16 - 2.2 (m, 2 H),

5.05 (s, 1H), 6.00 (¢, J=4.0 Hz, 1 H), 6.55 (d, J=16.0 Hz, 1 H), 6.65 (d, J=16.0

Figure IV-13: X-ray crystal structure of compound Ill-4. a. The chemical
structure is shown in the dashed box and the carbons are numbered as
indicated. A single crystal of the all-trans isomer in 6-s-trans conformation is
represented (hydrogens-white, carbons-green, nitrogen-blue). b. The
polyene chain displays a planar geometry while the cyclohexene ring is
slightly puckered.
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Hz, 1 H).

1

3C NMR (125 MHz, CDCI3) for all-trans isomer & [ppm] = 16.59, 19.42, 22.13,
24.26, 26.35, 96.18, 118.17, 124.62, 135.31, 136.05, 139.68, 157.42.

1
3C NMR (125 MHz, CDCI3) for 10-Z isomer 8 [ppm] = 16.59, 19.42, 22.16,

24.31, 26.41, 33.58, 94.87, 117.29, 122.03, 135.71, 136.20, 140.25, 156.84.

Compound 1V-4. Compound IV-4 was obtained as a colorless oil after

purification. The ratio of the E:Z isomers was determined to be 2:1 based on
proton NMR. Due to overlapping peaks, we were not able to assign the individual

NMR signals for each isomer.

1
H NMR (500 MHz, CDCI3) for mixture of isomers 6 [ppm] =1.06 - 1.19 (m), 1.23

-1.31 (m), 1.64 - 1.67 (m), 1.70 -1.75 (m), 1.96 (s, CH3-Z isomer), 2.11 (s, CH3-

E isomer), 5.04 (s, C10-H, Z isomer), 5.10 (s, C10-H, E isomer), 5.99 - 6.09
(overlapped doublets for C7-C8 protons), 6.60 (d, J = 15.5 Hz, C7-H or C8-H, Z

isomer).

1
3C NMR (125 MHz, CDClI3g) for mixture of isomers o [ppm] = 16.68, 19.46,

25.77, 25.91, 32.39, 41.11, 41.26, 94.75, 96.06, 117.11, 117.94, 125.60, 128.09,
145.01, 145.77, 156.99, 157.54.

Compound I-3: This compound was obtained as a dark oily material,

showing a mixture of isomers with a 3:1 ratio of E:Z olefinic compounds (double

bond directly conjugated to the aldehyde, C10). The E/Z stereochemistry of the
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C9-C10 double bond was verified by nOE and for the rest of the products it was

assumed that the same selectivity was maintained.
1

H NMR (500 MHz, CDCI3) for all-trans isomer 6 [ppm] = 1.08 (s, 6 H), 1.47 -
1.50 (m, 2 H), 1.57 - 1.62 (m, 2 H), 2.09 - 2.12 (m, 2 H), 2.26 (s, 3 H), 5.94 (d, J =

8.5 Hz, 1H), 6.00 (f, J = 4.0 Hz, 1 H), 6.46 (d, J=16.0 Hz, 1 H), 6.70 (d, J=15.5

Hz, 1 H), 10.09 (d, J= 8.5 Hz, 1 H).
1

H NMR (500 MHz, CDCI3) for 10-Z isomer o [ppm] = 1.08 (s, 6 H), 1.47 - 1.50
(m, 2 H),1.57 - 1.62 (m, 2 H), 2.08 (s, 3 H), 2.09 - 2.12 (m, 2 H), 5.82 (d, J= 8.0

Hz, 1H), 6.00 (¢, J= 4.0 Hz, 1 H), 6.60 (d, J=15.5 Hz, 1 H), 7.36 (d, J= 16 Hz, 1

H), 10.2 (d, J=8.0 Hz, 1 H).
1

3C NMR (125 MHz, CDClI3g) for mixture of isomers & [ppm] = 13.07, 18.83,
26.56, 26.59, 28.52, 28.53, 30.30, 33.46, 39.23, 127.66, 127.69, 128.93, 130.64,

143.42, 155.13, 190.11, 191.30.

Compound 1I-3: Compound 1I-3 was purified as a dark oily mixture

containing 12:1 ratio of E:Zisomers. As a result of the high E:Zisomeric ratio, the

13
abundance of C for the 10-Zisomer is low and not detectable.

1
H NMR (500 MHz, CDCl3) for all-trans isomer 8 [ppm] = 1.58 - 1.66 (m, 4 H),

1.86 (s, 3H), 2.11 - 2.18 (m, 4 H), 2.39 (s, 3 H), 5.96 (d, J = 8.0 Hz, 1 H), 6.25 (d,

J=16.0Hz, 1 H), 7.24 (d, J=15.5Hz, 1 H), 10.07 (d, J= 7.5 Hz, 1 H).
1
H NMR (500 MHz, CDCI3) for 10-Z isomer 6 [ppm] = 1.58 - 1.66 (m, 4 H), 1.86
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(s, 3 H), 2.11 - 2.18 (m, 4 H), 2.26 (s, 3 H), 5.81 (d, J = 8.0 Hz, 1 H), 6.70 (d, J =

15.5 Hz, 1 H), 7.25 (d, J = 15.5 Hz, 1 H), 10.18 (d, J= 8.0 Hz, 1 H).

1
3C NMR (125 MHz, CDCI3) for all-trans isomer & [ppm] = 13.04, 19.63, 22.44,

22.51, 25.26, 33.48, 127.79, 128.05, 128.56, 134.33, 140.53, 155.93, 191.07.

Compound IlI-3: This compound was obtained as a oily solid material with

an E:Zratio of 3:1.

1
H NMR (500 MHz, CDClg3) for all-trans isomer 8 [ppm] = 1.57 - 1.62 (m, 2 H),

1.66 - 1.71 (m, 2 H), 2.16 - 2.20 (m, 4 H), 2.26 (d, J = 1.0 Hz, 3 H), 5.94 (d, J =
8.0 Hz, 1 H), 6.03 (t, J= 3.0 Hz, 1 H), 6.21 (d, J= 15.5 Hz, 1 H), 6.70 (d, J = 16.0

Hz, 1 H), 10.08 (d, J=8.0 Hz, 1 H).
1
H NMR (500 MHz, CDCl3) for 10-Zisomer 6 [ppm] = 1.57 - 1.62 (m, 2 H), 1.66 -

1.71 (m, 2 H), 2.08 (d, J = 1.5 Hz, 3 H), 2.16 - 2.20 (m, 4 H), 5.82 (d, J = 8.0 Hz,
1 H), 6.03 (t, J=3.0 Hz, 1 H), 6.60 (d, J = 15.5 Hz, 1 H), 7.12 (d, J = 15.5 Hz, 1

H), 10.18 (d, J=8.0 Hz, 1 H).
1

3C NMR (125 MHz, CDCI3) for all-trans isomer & [ppm] = 13.03, 21.26, 22.18,
24.34, 26.43, 127.65, 128.97, 135.81, 136.08, 139.66, 155.38, 191.18.

1
3C NMR (125 MHz, CDCl3) for 10-Z isomer & [ppm] = only following distinct

peaks are noticeable; 119.50, 127.56, 136.25, 140.69, 155.32, 190.06.

Compound 1V-3: This compound was obtained as an oily solid material

y
with an E:Z ratio of 2.3:1.0. Most of the H NMR signals overlap with each other;
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therefore, it is not possible to report the individual NMR data for each isomer.

1
H NMR (500 MHz, CDClg3) for mixture of isomers 6 [ppm] = 1.08 - 1.32 (m), 1.65
-1.69 (m), 1.73 - 1.76 (m), 2.03 (d, J = 1.5 Hz, CH3-Z isomer), 2.08 - 2.14 (m,

1H), 2.22 (d, J = 1.5 Hz, CH3-E isomer), 5.79 (d, J = 8.0 Hz, C10-H, Z isomer),

5.87 (d, J=8.5 Hz, C10-H, E isomer), 6.07 - 6.22 (overlapped doublets for C7-C8
protons), 7.01 (d, J = 16.0 Hz, C7-H or C8-H, Z isomer), 10.08 (d, J = 8.5 Hz,

C10-H, Eisomer), 10.15 (d, J= 8.5 Hz, C10-H, Zisomer).

1
3C NMR (125 MHz, CDClI3g) for mixture of isomers & [ppm] = 13.07, 21.42,

25.78, 25.80, 25.95, 32.44, 41.41, 41.65, 122.93, 127.50, 128.54, 131.02,
145.02, 145.08, 155.31, 155.49, 190.29, 191.49.

All elongated nitriles, compounds I-2, lI-2, lll-2 and IV-2, were isolated as
a mixture of different isomeric forms. The reactions were monitored by thin layer
chromatography (TLC) to reach completion. Additionally, these compounds have
distinct citrus fruit smell, which is different than the starting aldehyde. Since NMR
data is complicated due to the presence of different isomeric forms, the
spectroscopic information of these compounds is not reported here. More
detailed information for the following products is provided below.

Compound I-1 (5DEM retinal aldehyde): All-trans isomer of 5DEM

aldehyde was purified as an oily needle shaped yellow crystals. Unfortunately,

crystals were too small to obtain X-ray crystallographic data.
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1
H NMR (500 MHz, CDCI3) for all-trans isomer & [ppm] = 1.07 (s, 6H), 1.46 - 1.49

(m, 2H), 1.56 - 1.61 (m, 2H), 1.98 (s, 3H), 2.08 (g, J = 5.5 Hz, 2H), 2.30 (s, 3H),
5.89 (t, J = 4.2 Hz, 1H), 5.95 (d, J = 8.5 Hz, 1H), 6.20 (d, J = 11.0 Hz, 1H), 6.34
(d, J=15.5 Hz, 1H), 6.35 (d, J = 15.0 Hz, 1H), 6.46 (d, J = 16.0 Hz, 1H), 7.1 (dd,

J=11.0, 15.0 Hz, 1H), 10.08 (d, J = 8.5 Hz, 1H).

1
3C NMR (125 MHz, CDCI3) for all-trans isomer & [ppm] = 13.10, 13.15, 18.99,

26.54, 28.60, 30.30, 33.52, 39.37, 124.61, 129.03, 129.80, 130.63, 132.00,
132.51, 134.55, 141.32, 143.91, 154.79, 191.11.

The UV-vis spectrum of the final 5DEM aldehyde was taken in ethanol
(Figure 1V-14). The free aldehyde absorbs maximally at 388 nm while the

following Schiff base formed with n-butylamine results in a blue shift, showing a
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Figure IV-14: UV-vis spectra of compound I-1 (5DEM retinal aldehyde) in ethanol.
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AT Value of 368 nm. Acidification of the Schiff base with 37% HCI solution

yields the iminium (A" of 5SDEM-PSB = 453 nm).

Compound IHI-1 (GEMLESS retinal aldehyde): All-trans isomer of

GEMLESS aldehyde was purified as an oily needle shaped yellow crystal. X-ray
crystallographic data was obtained by Dr. Richard Staples, revealing that the
ring-polyene junction also favors a 6-s-trans conformation in the solid state,
which was calculated to be the energetically more stable conformer in solution
(Figure 1V-15).%® The UV-vis spectrum of the GEMLESS aldehyde is also shown

in Figure 1V-15.
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Figure IV-15: Characterization of compound II-1 (GEMLESS retinal aldehyde). a.
The structure of the GEMLESS retinal aldehyde. b. UV-vis spectrum of the
GEMLESS chromophore in ethanol (orange-free aldehyde, blue-Schiff Base, pink-
protonated Schiff Base). ¢. Crystal structure of the GEMLESS chromophore is
represented by a stick model (hydrogens-white, carbons-green, oxygen-red). d.
Side view of the chromophore showing the planar polyene backbone and the 6-s-
trans ring-chain junction.
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1
H NMR (500 MHz, CDClg3) for all-trans isomer & [ppm] = 1.56 - 1.61 (m, 2H),

1.62 - 1.67 (m, 2H), 1.83 (s, 3H), 2.02 (s, 3H), 2.09 - 2.13 (m, 2H), 2.16 - 2.20 (m,
2H), 2.30 (d, J = 1.0 Hz, 3H), 5.95 (d, J = 8.0 Hz, 1H), 6.23 (d, J = 11.5 Hz, 1H),
6.27 (d, J = 16.0 Hz, 1H), 6.34 (d, J = 15.5 Hz, 1H), 6.88 (d, J = 16.0 Hz, 1H),

7.12 (dd, J=15.0 Hz, 11.5 Hz, 1H), 10.08 (d, J = 8.5 Hz, 1H).
13

C NMR (125 MHz, CDCI3) for all-trans isomer & [ppm] = 13.11, 13.16, 19.62,
22.75, 22.83, 25.48, 33.43, 128.28, 128.91, 129.26, 129.49, 129.79, 132.65,

134.26, 136.58, 141.92, 154.84, 191.06.

Compound llI-1 (CYCHXE retinal aldehyde): Similar to compound IlI-1,

CYCHXE was also obtained as an oily needle shaped yellow crystals. Figure V-

16 depicts the solid state crystal structure of the CYCHXE retinal aldehyde.

1
H NMR (500 MHz, CDCIg) for all-trans isomer & [ppm] = 1.57 - 1.62 (m, 2H),

1.66 - 1.70 (m, 2H), 1.99 (s, 3H), 2.15 - 2.19 (m, 4H), 2.30 (d, J = 0.5 Hz, 3H),
5.88 (d, J = 4.5 Hz, 1H), 5.95 (d, J = 8.0 Hz, 1H), 6.21 (d, J = 11.5 Hz, 1H), 6.23
(d, J = 15.5 Hz, 1H), 6.34 (d, J = 15.5 Hz, 1H), 6.39 (d, J = 16.0 Hz, 1H), 7.10

(dd, J=14.5Hz, 11.0 Hz, 1H), 10.08 (d, J = 8.0 Hz, 1H).
13

C NMR (125 MHz, CDCI3) for all-trans isomer & [ppm] = 13.08, 13.10, 22.41,
24.50, 26.30, 128.99, 129.15, 129.93, 132.33, 132.54, 134.36, 134.39, 136.08,

141.35, 154.80, 191.08.

Compound IV-1 (CYCHXA retinal aldehyde): All-trans isomer of the
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compound IV-1 was purified as oily needle shaped yellow crystals.

b. CYCHXE-SB d.
09 4 374 CYCHXE-PSB
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Figure IV-16: Characterization of compound IlI-1 (CYCHXE retinal aldehyde). a.
The structure of the CYCHXE retinal aldehyde. b. UV-vis spectrum of CYCHXE in
ethanol (orange-free aldehyde, blue-Schiff Base, pink-protonated Schiff Base). c.
Crystal structure of CYCHXE is represented by a stick model (hydrogens-white,
carbons-green, oxygen-red). d. Side view of the chromophore showing the planar
polyene backbone and the 6-s-trans ring-chain junction.

1
H NMR (500 MHz, CDCl3) for mixture of isomers 8 [ppm] = 1.08 - 1.28 (m, 5H),

1.63 - 1.73 (m, 5H), 1.93 (s, 3H), 2.02 - 2.08 (m, 1H), 2.29 (s, 3H), 5.80 (dd, J =
15.5 Hz, 6.5 Hz, 1H), 5.94 (d, J = 8.5 Hz, 1H), 6.10 (d, J = 16.0 Hz, 1H), 6.11 (d,
J=12.0 Hz, 1H), 6.32 (d, J = 15.0 Hz, 1H), 7.08 (dd, J = 15.0 Hz, 11.0 Hz, 1H),

10.08 (d, J = 8.5 Hz, 1H).

13
C NMR (125 MHz, CDCI3) for mixture of isomers & [ppm] = 13.09, 13.18,

25.97, 26.08, 32.93, 41.31, 128.73, 128.96, 131.89, 132.57, 134.29, 139.13,
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141.19, 154.88, 191.15.

349  ,,5  CYCHXA-SB
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Figure IV-17: Characterization of compound IV-1 (CYCHXA retinal aldehyde).
a. The structure of the CYCHXA retinal aldehyde. b. UV-vis spectrum of
CYCHXA in ethanol (orange-free aldehyde, blue-Schiff Base, pink-protonated
Schiff Base). €. Crystal structure of CYCHXA is represented by a stick model
(hydrogens-white, carbons-green, oxygen-red). d. Side view of the chromophore
showing the planar polyene backbone and the chair form of a cyclohexyl ring.

IV.13.6 Synthesis Of Azobenzene Allyl Alcohol

The synthesis of azobenzene allyl alcohol (Azo-AA) was carried out as

illustrated in Scheme IV-5.

Synthesis of compound Azo-2: The synthesis of Azo-1 was described

previously by Dr. Wenjing Wang in her dissertation. Azo-1 (500 mg, 2.06 mmol)

was dissolved in dry DMF (20 mL) together with 2.5 equivalents of KoCO3 (0.71

g, 5.16 mmol). The resulting mixture was vigorously stirred at room temperature
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Scheme IV-5: Synthetic protocol of azobenzene allyl alcohol (Azo-AA).

for 20 min under inert atmosphere. Dimethyl sulfate, (MeO)2S0O»2, (0.78 g, 6.19

mmol) was added, to the solution and was stirred at room temperature. The
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reaction was monitored by TLC until it was complete (12 h). The reaction

required addition of another portions of KoCO3 (2.5 equivalents) and

(Me0)2S02, (2.5 equivalents) to achieve complete dimethylation. Otherwise,

undesired mono-methylated side product (methyl ester with free phenol) was
seen in the reaction mixture.
Work up: The reaction mixture was quenched with 1 M of aqueous HCI

solution, extracted into dichloromethane, washed with water and dried over

anhydrous NasSOg4. The mixture was transferred into a round bottom flask and

the solvent was removed under vacuum to give a dark orange solid. The crude

solid product was not purified further and carried to next step (quantitative crude

yield). The NMR data were in agreement with the previous report.?

Retention Factor, Rf, (30% ethyl acetate/hexane) = 0.69

Melting point: 165 - 169 C

TH NMR (500 MHz, DMSO-d°) & [ppm] = 3.88 (s, 3H), 3.89 (s, 3H), 7.16 (d, J =

9.0 Hz, 2H), 7.94 (d, J = 8.0 Hz, 2H), 7.95 (d, J = 8.5 Hz, 2H), 8.14 (d, J = 8.5 Hz,

2H).
13 6
C-NMR (125 MHz, DMSO-d") & [ppm] = 52.39, 55.76, 114.79, 122.39, 125.08,

130.50, 130.88, 146.22, 154.62, 162.70, 165.68.
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Synthesis of compound Azo-3: Hydrolysis of Azo-2 (250 mg, 0.92 mmol)

was performed in a mixture of aqueous NaOH solution (4 M) and THF. The

reaction mixture was refluxed at 80 c’C for 12 h.

Work up: The reaction mixture was quenched with 1 M of aqueous HCI

solution, extracted into dichloromethane, washed with water and dried over
anhydrous NasSQO4. The organic solvent was removed under vacuum to yield a
solid orange residue. The residue was loaded on a silica column, packed with
30% ethyl acetate/hexane solvent system. After 50 mL of 30% ethyl
acetate/hexane, the eluent was changed to dichloromethane and then gradually
to dichloromethane:methanol mixture (1:1). The fractions containing the Azo-3
were combined and concentrated under reduced pressure to yield an orange
solid (80% yield).

Rf (30% ethyl acetate/hexane) = 0.25 (smeared spot)

Melting point: 245 - 250 e

;
H NMR (500 MHz, DMSO-d®) & [ppm] = 3.88 (s, 3H), 7.16 (d. J = 8.5 Hz, 2H),

7.904 (d, J = 8.0 Hz, 2H), 7.94 (d, J = 9.0 Hz, 2H), 8.11 (d, J = 8.5 Hz, 2H), 13.19

(broad s, 1H)

13
C-NMR (125 MHz, DMSO-d®) & [ppm] = 55.75, 114.76, 122.17, 124.98,

130.54, 132.150, 146.23, 154.44, 162.55, 166.76.

Synthesis of compound Azo-4: TPA tert-Butyldimethylsilyl protected
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alcohol was previously synthesized by Mr. Calvin Grant. The esterification of
TPA and Azo-3 was achieved via EDC.HCI coupling based on the protocol,
which was established in Prof. Tepe’s lab at MSU (procedure was adapted from
Dr. Nicole Hewlett and Mr. Jake Ludwig). Azo-3 (80 mg, 0.31 mmol) was added
to dichloromethane, mixed with 1.5 equivalents of 1-ethyl-3-(3-
dimethylaminopropyl)carbodiimide hydrochloride (71 mg, 0.46 mmol), and 0.3
equivalents of 4-dimethylaminopyridine (11 mg, 0.09 mmol) and stirred for 10 min
at room temperature. When all the solids were homogeneously dissolved in
DCM, TPA (125 mg, 0.62 mmol) was added to the reaction mixture and
vigorously stirred under inert atmosphere. Reaction was monitored by TLC until it
was complete (3 h).

Work up: The reaction was quenched with saturated sodium bicarbonate

solution, and extraction was performed with DCM twice. The combined organic

layers were dried over anhydrous NasSQOg4, and concentrated under reduced

pressure. Following elution through a short silica column (20% ethyl
acetate/hexane) the Azo-4 was isolated as a bright orange solid (65% yield).

Rf (30% ethyl acetate/hexane) = 0.65

TH NMR (500 MHz, DMSO-d®) & [ppm] = 0.05 (s, 6H), 0.087 (s, 9H), 3.88 (s, 3H),

4.19 (m, 2H), 4.84 (dd, J = 6.0 Hz, J =1.0 Hz, 2H), 5.87 - 5.93 (m, 1H), 5.98 (ddd,
J=155Hz, J=4.5Hz, J= 4.5 Hz, 1H), 7.16 (d, J = 9.0 Hz, 2H), 7.94 (d, J= 8.5

Hz, 2H), 7.95 (d, J = 9.0 Hz, 2H), 8.15 (d, J = 9.0 Hz, 2H).
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13 6
C-NMR (125 MHz, DMSO-d") o [ppm] = -5.32, -5.28, 25.79, 55.75, 62.25,

64.79, 114.78, 122.42, 123.19, 125.09, 130.50, 130.91, 134.21, 146.22, 154.66,
162.69, 164.89.

Synthesis of azobenzene allyl alcohol (Azo-AA): Azo-4 (85 mg, 0.19

mmol) was dissolved in methanol (10 mL) and the mixture stirred at room
temperature for a couple minutes. Addition of 3 drops of concentrated HCI to the
solution facilitates the deprotection of the tert-butyldimethylsilyl group, TBDMS, in
25 min.

Work up: Methanol was removed under reduced pressure and the

resulting residue was dissolved in dichloromethane, washed with brine, and dried

over anhydrous NasSQOy4. Bright orange solid product was obtained upon removal

of solvent under reduced pressure with in quantitative yield (62.9 g).

Rf (30% ethyl acetate/hexane) = 0.23

Melting point: 109 - 113 "C

;
H NMR (500 MHz, DMSO-d°) & [oppm] = 3.88 (s, 3H), 3.99 (m, 2H), 4.84 (dd, J =

6.0 Hz, J =1.0 Hz, 2H), 5.84 - 5.90 (m, 1H), 5.99 (ddd, J = 15.0 Hz, J = 4.5 Hz, J
= 4.5 Hz, 1H), 7.17 (d, J = 9.0 Hz, 2H), 7.94 (d, J = 8.5 Hz, 2H), 7.95 (d, J= 9.5

Hz, 2H), 8.15 (d, J = 8.5 Hz, 2H).

13 6
C-NMR (125 MHz, DMSO-d") & [ppm] = 55.77, 60.58, 65.01, 114.79, 122.44,

122.74, 125.09, 130.53, 130.96, 135.71, 146.23, 154.65, 162.70, 164.92.
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