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ABSTRACT 
 

STUDY OF PHOTO REACTION AT ATOMIC RESOLUTION IN A RHODOPSIN MIMIC  
AND  

STUDIES OF DOMAIN SWAPPING IN ILBP FAMILY MEMBERS 
 

By  
 

Nona Ehyaei 
 
Signal transduction usually involves the binding of signaling molecules, ligands to the receptors. 

Herein, we will explore signal transduction in vision, a family of GPCR, and, more specifically, 

its rhodopsin subfamily, which plays a crucial role in color vision and sensing. There have been 

many mutagenesis studies done using Raman spectroscopy, crystallography, and NMR to 

understand the mechanism of the wavelength regulation and the photoisomerization of rhodopsin 

proteins. Moreover, recent studies have successfully indicated the intermediates of rhodopsin's 

photocycle, using time-resolved experiments, femtosecond x-ray laser (x-ray free-electron laser, 

XFEL), and cryokinetic data. All of these studies demonstrate the different important biophysical 

characteristics of rhodopsin systems; however, they have some limitations. Rhodopsins are 

membrane proteins, and their expression, purification, mutagenesis, and crystallization are very 

challenging. Also, these proteins evolve a lot during evolution. As a result of environmental 

changes and developments during evolution, many amino acid residues in rhodopsins become 

conserved residues; therefore, it is hard to illustrate every single residue's effect on wavelength 

tuning through mutagenesis studies. Therefore, we use Cellular Retinoic Acid Binding Protein II 

(CRABPII) and Cellular Retinol Binding Protein II (CRBPII) as mimics to study rhodopsin 

systems. Their solubility, small size, substantial binding pocket and ease of crystallization makes 

them a great candidate for our purpose. By using high resolution X-ray crystallography and 

spectroscopy, we were successful in mimicking wavelength tuning as well as photoisomerization 



  
 

cycle in rhodopsin mimic templates. Another application of these templates is designing new 

fluorescent dyes. Many fluorophores have been designed based on hCRBPII template in 

collaboration with Prof. Borhan’s group to reach the FarRed-NearIR emission. We postulate 

mechanisms of these new fluorophores using our structural analysis.  

During our studies on hCRBPII, my lab-mates characterized the domain swapped dimer as a 

folding product for this protein. In domain swapping, two or more monomers exchange an identical 

part of their structures to form a dimer or higher-order oligomer. Almost all of the studies on DSD 

hCRBPII have been done through bacterial expression. To find out the physiological relevancy of 

this phenomenon, we tried to investigate the existence of the DSD form in mammalian expression. 

Also, Since the existence of domain swapping for hCRBPII is likely to have physiological 

importance, we investigate the mechanism of domain swap dimerization in the other members of 

iLBP family. We characterized the Domain swapped dimer for WT-human fatty acid binding 

protein 5 (hFABP5) bound to palmitic acid as a natural product during the E. coli expression. The 

existence of Domain swapping in FABP5 as another member of the iLBP family is another reason 

that indicates the formation of DSD as a natural kinetic product during the folding process, which 

may indicate a common folding pathway for these two proteins. 
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CHAPTER I: ROLE OF WATER 
MOLECULES IN WAVELENGTH 

TUNING OF HCRBPII 
 

I-1 INTRODUCTION 
 
I-1-1 Signal Transduction 

Signal transduction is a process in which chemical or physical signals lead to a following molecular 

event in cells, which is known as a signaling pathway. Proteins that are responsible for detecting 

these signals are receptors.1 Signal transduction usually involves the binding of signaling 

molecules, ligands to the receptors. Most of these ligands, such as growth factors, cytokines, and 

neurotransmitters, are soluble molecules that bind to cell surface receptors. However, some other 

ligands are soluble lipid molecules such as steroid hormones, since they need to cross the 

membrane and reach to nuclear receptors. Herein, we will explore more into signal transduction 

in vision, a family of GPCR, and, more specifically, its rhodopsin subfamily, which plays a crucial 

role in color vision and sensing.2 3 4 5 

I-1-2 Color Vision 

Color vision is the ability to recognize different wavelengths of light, and it is a multistep process. 

When light hits an object, some of it absorbed, and some of it reflected by the object. Light passes 

through the cornea, the other layer of the eye. Then the cornea bends the light through the pupil 

and lens. The lens focuses the light through the retina, which is a layer of nerve cells located in the 

back of the eye (Figure1-1). Finally, Photons of the light make electrical signals which travel from 

retina to the brain to form images that we see. As mentioned, the retina contains visual neural 
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cells.6  These photoreceptors are located in the Macula of the retina and categorized into two 

categories of Rods and Cones cells. Scientist estimates that we have 6 million Cones and 110 

million Rods in our retina. 7  

 

Figure I-1: Structure of human eye. 

Cones are activated in a bright environment and Rods are more sensitive and stimulated in darker 

environments. Cons contain three photopigments (Red, green, and Blue) activated in a different 

wavelength of visible light. Through activation of the Cons by visible light, Cons send a signal to 

the visual cortex; Our brain processed different colors depending on the number of Cons that were 

activated, the strengths of their signal, and our past visual experience with the objects. In the darker 

environments, if only the Rods are activated, we do not recognize the colors, and we usually see 

them as gray. When one or more of the Cons types are not functioning, colorblindness can happen.8  

I-1-3 Rods and Cones 

Up to now, we gained a general view of the color vision. How exactly photons of light converts to 

electrical signals in the retina. Let’s delve more deeply into the structure of Rods and Cones and 
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how the signaling happens through them. Rods and Cones are contained an outer and inner 

segments (Figure 1-2). 

 

Figure I-2: Schematic structure of Rod and Cone cells. 

The outer layer of these visual cells contains membrane proteins calls opsin. The combination of 

these proteins with their chromophore, retinal, is called rhodopsin (Figure I-3). The N terminus 

of rhodopsins are exposed to the extracellular surface, and the c terminus is located in the 

cytoplasmic region. The only pigment in Rod cells is Rod rhodopsin with an absorption 500nm. 

Cone cells contain three different rhodopsins: Blue (10%), green (30%), and Red (60%) 

Rhodopsin. The wavelength absorptions for these pigments in humans are 425nm, 530, and  

560nm, respectively. 9 4  
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Figure I-3: A) all-trans retinal B) retinal bound to bacteriorhodopsin. 

I-2 RHODOPSIN 

Rhodopsins are a large family of proteins, and they play a crucial role as ion channels, ion pumps, 

signaling, sensing, and vision. The two major categories of this family are microbial rhodopsin 

and animal rhodopsins.10 Microbial rhodopsins usually function as energy production and 

signaling. Biological functions of the microbial rhodopsins are illustrated (Figure I-4). 

 

Figure I-4: Biological functions of microbial rhodopsins as ion pumps, Ion channels and 

sensors.11  
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Animal rhodopsins are part of a larger family of Guanins nucleotide-binding protein-coupled 

receptors (GPCR) employed in color vision, sensing, and non-visiual transduction.12 13 Structures 

of rhodopsins are similar and have a seven transmembrane helix fold (Figure 1-3). Although the 

structures of microbial and animal rhodopsins are similar, they have little sequence similarity.14 

The first structure of visual rhodopsin was solved in 2000 by Palczewski at 2.8 Å resolution (PDB: 

1F88). In the structure, the chromophore, retinal, is bound through a covalent bond, Schiff Base, 

to Lys296 in the binding pocket of the protein. The chromophore is buried inside the binding 

pocket, and is parallel to the surface of the membrane, helping to absorb the maximum amount of 

light. Retinal has interaction with the residues of the binding pocket, and it is locked in that 

position. The visual phototransduction, conversion of the photon of the light to an electrical signal 

in the retina, occurs via rhodopsin proteins.15 George Wald elucidated this process, and he received 

a Noble Prize in 1967 for his great work in this area. The protein's ability to absorb light comes 

from the chromophore, retinal, inside the binding pocket of the protein, opsin. Retinal forms by 

the Cleavage of β-carotene (Figure I-5).16 17 18 Retinal bound via a covalent bond to the binding 

pocket of the protein. Retinal aldehyde makes a Schiff base to the Lys residue inside the binding 

pocket of the protein (Lys296), forming the retinylidene protein. The Schiff base can be 

protonated; delocalization of the charge along the polyene region leads to different absorption of 

the protein in the visible region (Figure 1-6).  
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Figure I-5: Retinal forms by the Cleavage of β-carotene. 

 

 

Figure I-6: Retinal makes Schiff base with lysine residue in rhodopsin. 

Exposure to visible light leads to the photoisomerization process in rhodopsin, which is the critical 

event in the sensing and vision process. In Animal rhodopsin, the chromophore that binds to the 

opsin is 11-cis retinal, and upon light absorption, it isomerizes to the most stable thermodynamic 

product, all trans-retinal. The thermodynamic product then hydrolyzes, leaves the binding pocket, 

and another 11-cis retinal will be substituted in the system. In microbial rhodopsin, the 

isomerization will be different. Retinal first bound through the all-trans-retinal to the lysine; after 
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light exposure, the chromophore isomerizes to the 13-cis isomeric form, and it will convert back 

to all-trans form through dark adaptation (Figure 1-7).  

 

Figure I-7: Isomerization of retinal in A) bacteriorhodopsin B) Microbial rhodopsin. 

This photoisomerization process happens in picoseconds. The conformational change of the 

chromophore causes the change in the transmembrane helices and leads to a phototransduction 

cascade. To elucidate intermediates of photoisomerization in rhodopsin proteins, and driving 

forces behind this process, many studies using structural biology and time-resolved spectroscopy 

have been done so far.18 I will explain the photoisomerization in Rhodopsin proteins and 

photoisomerization in our engineered proteins, in more detail in the next chapter. 

I-3 VISUAL PHOTOTRANSDUCTION CASCADE 

Charged ions passage through ion channels inside the cell. These channels are activated by the 

cyclic guanosine monophosphate (cGMP) in rods and cones.19 In the presence of cGMP, this influx 

of ions leads to the release of the neurotransmitter glutamate. In the phototransduction process, 

active rhodopsin state first binds to the GDP-bound transducin heterodimer and exchanges the 
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GDP for GTP transducin, which has three subunit α, β, γ.20 21  Subunit α dissociate from the other 

two subunits and binds to phosphodiesterase (PDE). This binding cause removing the γ inhibitory 

subunit of PDE to dissociate, making it activated. The activated PDE converts the cGMP to GMP, 

which leads to closing the ion channels. Each activated rhodopsin will convert 103 cGMP to GMP. 

Closing the ion channels and hyperpolarization of the membrane leads to lowering the release of 

glutamate. Decreasing the number of glutamates that are neurotransmitters leads to a signal for the 

presence of light. When activated rhodopsin becomes deactivated, cells return to their normal 

states. This phototransduction cascade is illustrated (Figure 1-8).22 

 

Figure I-8: Shows the three subunits of transducin and the dissociation. 

With the development of high-resolution Cryo-EM microscopy, the structure of the light-activated 

Rhodopsin-GT complex in the presence and absence of a G-protein-stabilizing nanobody has been 

obtained (Figure I-9) (Figure I-10).17 23 24 
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Figure I-9: Structure of the Rhodopsin-GT complex.23 

 

 

Figure I-10: Schematic structure of Rhodopsin-GT complex23. 



 

 10 

We now understand the color vision process and the critical role of neural vision cells and 

rhodopsin proteins. But, how exactly wavelength regulation happens in a color pigment like 

retinal? Understanding the wavelength regulation is essential to discover the mechanism and 

photophysics of rhodopsin proteins in vision. Furthermore, it helps us in designing new 

chromophores and fluorophores that I explain more in chapter III.  

I-4 WAVELENGTH TUNING IN RHODOPSINS 
 
Retinal binds through the covalent bond via the formation of an iminium Protonated Schiff Base 

(PSB). The absorption of free retinal is 380nm. The Absorption of the Schiff base when it is not 

protonated (SB) is 365nm, and when it is protonated (PSB) is 440nm in ethanol. However, 

different rhodopsins have different PSB absorptions depending on their protein environments.  The 

difference between absorption of PSB in protein compared to ethanol is called “opsin shift,” and 

it is used as a starting factor for the elucidation of wavelength tuning in rhodopsin proteins.25 26 27 

Wavelength regulation on rhodopsins has been studied for more than 50 years. Theories about 

wavelength regulation are mostly based on conformational changes and electrostatic interactions. 

The point charge theory is based on electrostatic interactions and explains the stabilizing of the 

positive charge of the iminium with negative charges or negative dipole moments.28 29 Point charge 

theory focused on the fact that in the conjugated system, the delocalization of charge leads to more 

red-shifted absorption. Therefore, a higher number of negative charges near the iminium, lead to 

stabilizing the positive charge and more blue-shifted spectra. In contrast, introducing negative 

charges near the end of the polyene region of the chromophore leads to delocalizing of the positive 

charge and more red-shifted spectra (Figure I-11).30 31 32 33 
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Figure I-11: Absorption of the protein depends on the position of the negative charge or 

negative dipole moments. 

 
In 1993, interactions of counterions with Protonated Schiff Base (PSB) were studied by Sheves 

and his coworkers. In their model for rhodopsin, they showed a significant red shift absorption by 

removing the counterions from the PSB region.34 They have demonstrated that changing the angles 

of counterions does not affect absorption; however, it can lead to different pKa environments for 

the chromophore. Since the counterion is the only negatively charged residue present in the 

chromophore's vicinity in both bacteriorhodopsin and bovine rhodopsin, the polarizability of the 

residues may play a role in the delocalization of the charge. In 1976, Mathies and Stryer 

demonstrated that permanent dipoles of the residues in the chromophore's vicinity could generate 

inducible dipole.35 Nakanishi and Honig proved the negative charges' presence as the reason for 

stabilizing the positive charge on the iminium. Further studies have been done by mutating the Glu 

and Asp residues buried in rhodopsin. Mutating the Glu111 to Gln 3.45 Å away from the PSB 

nitrogen leads to a blue-shifted absorption (380nm) and lowering the pKa by 6 units. Mutating this 

counterion to other residues leads to 30nm red-shifted absorption as a result of destabilizing the 
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positive charge. Other studies tried to study the difference between colored opsin.36 Nakanishi and 

Honig suggest that in bacteriorhodopsin, the point charge is on the ion ring; however, in bovine 

rhodopsin, the point charge is located in the middle of the polyene region. They explain the 

difference between the absorption of bacteriorhodopsin (560nm) and bovine rhodopsin (500nm) 

with their hypothesis. Electrostatic potential calculations have also been done to calculate the 

distribution of charge along the polyene for sensory rhodopsin II (SRII) 486 nm, bacteriorhodopsin 

(BR) 552 nm, and halorhodopsin (HR) 576 nm. These calculations demonstrate the negative dipole 

moments along the polyene (Figure I-12).  37 38 

 

Figure I-12: Electrostatic potential calculations for sensory rhodopsin II (SRII) 486 nm, 

bacteriorhodopsin (BR) 552 nm, and halorhodopsin (HR) 576 nm. 

Dr. Lee from Prof. Borhan’s group has done the same electrostatic potential calculations for 

Rhodopsin and three other colored opsins. These results also are consistent with the wavelength 

regulation concluded form before (Figure I-13).33 Further electrostatic potential calculations have 

been done for our designed rhodopsin template system which will be discussed in this chapter.  
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Figure I-13:Electrostatic potential calculations for Rhodopsin, blue, green and red opsin. 

Among bacterial rhodopsins, SRII is 60nm blue shifted (500nm) compare to others, 560-590nm. 

Comparison between these rhodopsins followed by mutational studies revealed some critical 

residues like Val108, Gly130 and Thr 204 (the equivalent residues in BR are Methionine, Serine 

and Ala) in the binding pocket, which are essential for these differences. Another critical factor 

affecting the blue-shifted spectra is conformational changes of some residues in the binding pocket 

of the protein. Removal of hydroxyl groups of Ser141 and Thr142 near the B-ionone ring, changing 

the conformation of Arg 72, and change in the retinal position are other factors reported to affect 

the different absorption of SRII (Figure I-14). 39   
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Figure I-14:Overlaid structures of the BR (CYAN - PDB ID: 1C3W) and SRII (Pink- PDB ID: 

1JGJ). 

Water molecules are another factor that play an essential role in wavelength tuning. Water 

molecules can stabilize the inactive and active states. The crystal structures of vertebrate active 

and inactivate state of rhodopsin have been obtained. Hydrogen bonds and water networks seem 

to stabilize the structures (Figure I-15). Water molecules are usually found in helices with 

irregularities with not enough hydrogen bonds.40 41 42 

 

Figure I-15: The water-mediated hydrogen networks in rhodopsin A) Ground state B) activated 

state.42 40 41 
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In the ground state and excited states of rhodopsin and bacteriorhodopsin, there are several highly 

ordered carboxyl side chains and water molecules that help to stabilize the positive charge on PSB. 

Upon the photoactivation process, these water molecules and polar residues change their 

arrangements, resulting in altering the speed of the isomerization process. The high-resolution 

structure of the ground state in bovine rhodopsin shows two water molecules near the PSB.43 44 

The calculations demonstrate that each of them can contribute to a 30nm shift in the absorption. 

Wat2b has a hydrogen bond with Glu113 and stabilizes the negative charge of the counterion. 

Water 2a has hydrogen bonds with Glu181 and Ser186, and this network is mediated by Cys187 

to Glu113 (Figure I-16). 44In Green and Red opsin, His 181 leads the chloride binding in the 

binding pocket.45 43 46 Wat2a and hydrogen binding with Glu181 probably substitute the role of 

histidine in bovine rhodopsin, and it affects wavelength tuning. Further mutation studies on Glu181 

show the outcome in the spectra of rhodopsin. 45  

 

Figure I-16: Wat 2a and Wat2b in the vicinity of the retinal in rhodopsin (PDB: 1L9H). 
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From the crystal structure of the activated state of rhodopsin, it can detect the change in the 

arrangement of the water molecules and polar residues. Wat2a also helps the switch of the counter 

anion from Glu113 to Glu181 (Figure I-17). 47 

 

Figure I-17: Glu181 plays as counterion in metaII rhodopsin (3PQR). 

In 2012, the role of the water networks further clarified by obtaining the structure of the active 

state of the rhodopsin. In the crystal structure, water molecules span from the binding pocket to 

the transmembrane side. Further, by developments in X-ray free-electron lasers (FELs) for serial 

femtosecond crystallography (SFX), and high brilliance synchrotrons for serial microsecond 

crystallography (SMX) help to better investigate the change in the water networks.48 49 Using these 

method helped to record the change in structure through photoactivation in short time shots. 

Differences between the ground state and activated stated maps could facilitate for getting insight 

upon the positions of water molecules. In the ground state of bacteriorhodopsin, there are three 

water molecules making hydrogen bonds with hydroxyl groups. 16ns snapshot structure after 
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activation of bacteriorhodopsin revealed the change in position of water molecules. The difference 

increases overtime among activation (Figure I-18)40 48. 

 

Figure I-18: Difference in electron density maps A) 16ns and B)290ns after activation, obtained 

by time- resolved room temperature crystallography. (positive density Blue and negative density 

Gold). Even in 16ns, there is gold negative density for water40240. 

Rhodopsins also are categorized by the stability of their active states to mono and bistable groups. 

For many years, squid rhodopsin structures as bistable rhodopsin and bovine rhodopsin as a stable 

mono group have been compared.50 Recently, the structure of another member of bistable 

rhodopsin, the jumping spider rhodopsin-1, bound to the inverse agonist 9-cis retinal have been 

found. This structure also revealed the highly ordered water networks in jumping spider rhodopsin-

1 from binding pocket to the transmembrane (Figure I-19).51 
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Figure I-19: Water network in binding site of jumping spider rhodopsin 1. 

Comparison between Bovine rhodopsin, squid rhodopsin, and jumping spider rhodopsin-1 

demonstrate the similarities between the water-mediated binding pocket of bovine rhodopsin and 

jumping spider rhodopsin-1 (Figure I-20).51 

 

Figure I-20: Comparisons of the retinal binding pockets between mono bovine rhodopsin. 

(1GZM)  and bistable Jumping spider rhodopsin 1 (6I9K) and squid rhodopsins(2Z93). 
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The chromophore's conformation and planarity is another factor that can have a significant impact 

on the wavelength regulation by changing the level of the delocalization of the π-electrons. The 

conformational theory is based on the effect of the protein environment in the trajectory of the 

chromophore. The conjugated system between double bonds and traveling the positive charge of 

the PSB along the polyene depends on the planarity of the chromophore. The binding cavity can 

keep the polyene in a plane and keep the conjugated system, or it can make it twisted. When the 

chromophore is twisted, the PSB positive charge cannot be delocalized along the polyene, and it 

will lead to blue-shifted spectra. Steric repulsion of methyl groups and hydrogens, which causes 

the twisting of the chromophore, can be affected by the position and confirmation of residues of 

the protein. Gas-phase absorption of the retinal n-butyl iminium shows the broad absorption from 

530nm to 610nm due to a change in B-ionone ring rotation, and the dihedral angle between the 

C5-C6 and C7-C8 double bonds of the chromophore. The difference between the absorption 6s-

trans and twisted 6s-cis analog is form 610 to 630nm (Figure I-21).29 

 

Figure I-21: The gas phase absorption of retinal n-butyl iminium PSB. 

For making the blue-shifted pigments of Channelrhodopsins (ChRs), the 6s-trans to 6s-cis retinal 

isomerization has been used. The crystal structure of C1C2 reveals the 6s-trans retinal in the 
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binding pocket with 476nm.52 The double mutant of this protein demonstrates the 6s-cis retinal 

conformer with a 22nm blue shift compared to the wild type. β-ionone is another part of the 

chromophore that has been studied for many years. In one study, the conformation of the β-ionone 

compares with the α-ionone and β-damascon (Figure I-22)53. The gas phase technique in 

combination with crystallography prove that the flatter potential energy surface of β-ionone ring 

makes it the most flexible structure for biological photoisomerization process. 54 

 

Figure I-22: β-ionone compares with the α-ionone and β-damascon structures. 

Other attempts have been made to make more red-shifted channelrhodopsins to use in 

optogenetics. Inserting an extra C=C bond to all-trans-retinal (3,4-didehydro-retinal), lead to more 

red-shifted spectra in this system (Figure I-23). 55 

 

Figure I-23: Structures and UV−vis absorption spectra of ATR and all-trans-retinal (3,4-

didehydro-retinal), and their analogue. 
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Other computational studies have been done to investigate the relationships between the amino 

acid sequence and conformational change of the chromophore with wavelength tuning.56 57 58 57 

Poisson–Boltzmann/quantum chemical (PBQC) and charge density coupling (CDC), combined 

with the methodology of quantum mechanical/molecular mechanical (MM modeling) of the side 

chains, were used to explain the tuning of the retinal chromophore in green and red rhodopsins.59 

60 61The correlation between electrostatic interactions and wavelength tuning from the 

computational analysis in these cases were consistent with experimental data. Machine learning 

techniques also have been used to find the correlation between amino acid sequences and 

absorption wavelengths for around 700 microbial rhodopsins and their variants.  Developing these 

techniques can help in predicting the absorptions and color tuning roles. 62 

I-5 WHY RHODOPSIN MIMIC SYSTEMS 
 
Rhodopsins are membrane proteins, and their expression, purification, mutagenesis, and 

crystallization are very challenging. As explained in the last part, there are many mutagenesis 

studies, physical studies like Raman spectroscopy, crystallography, and NMR have been done to 

understand the mechanism of the wavelength regulation and the photoisomerization of rhodopsin 

proteins.63 64 Moreover, recent studies successfully indicate the intermediates of rhodopsin's 

photocycle, using time-resolved experiments, femtosecond x-ray laser (x-ray free-electron laser, 

XFEL), and cryokinetic data. All of these studies demonstrate the different important biophysical 

characteristics of rhodopsin systems; however, they have some limitations. 52 65 66 These proteins 

evolve a lot during evolution. Visual pigments and their proteins are known as one of the most 

convenient systems to study evolutionary changes. The evolutionary scheme of rhodopsins is 

illustrated in (Figure 1-24).67 Visual rhodopsins are one of the earliest proteins known in the 

animal kingdom.  
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Figure I-24: The evolution of rhodopsins.67 

As a result of environmental changes and developments during evolution, many amino acid 

residues in rhodopsins become conserved residues; therefore, it is hard to illustrate every single 

residue's effect on wavelength tuning through mutagenesis studies. Using evolutionarily naive 

photoactive systems can help us understand the evolution of these proteins and understand the 

impact of every single residue in the photocycle. Using an evolutionary naive soluble protein with 

high mutagenesis tolerance can provide us with a better template to study the photocycle. Our 

group, in collaboration with prof. Babak Borhan's group found two proper rhodopsin mimic 

systems: Cellular Retinoic Acid Binding Protein II (CRABPII) and Cellular Retinol Binding 

Protein II (CRBPII). These proteins are from the intracellular lipid-binding protein family.68 69 33 

I-5-1 Using Intracellular Lipid Binding Proteins (ILBPs) as Rhodopsin mimics 

Intracellular lipid-binding proteins (iLBPs) are small (14-16kD) cytosolic proteins responsible for 

transporting various insoluble hydrophobic molecules, such as retinoids, retinal,  fatty acids, 

cholesterol, and hemes, inside cells.70 This family of proteins is in the cytosols of fish, birds, 
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amphibians, reptiles, and mammals.71 Many vital carrier proteins, such as retinol-binding proteins 

(RBP), cellular retinol-binding proteins (CRBP), cellular retinoic acid-binding proteins (RABP), 

and fatty acid-binding proteins (FABP) are part of this family. ILBPs are a subfamily of the 

lipocalin family.72 73All of the family members have similar structures, including ten β strands and 

two α helices located at the mouth of the internal binding cavity. The β-barrel plays as a binding 

pocket for the ligand, and it is a relatively large binding pocket compared to the size of the protein. 

The α helices play as a lid for isolating the hydrophobic ligand inside the binding pocket (Figure 

I-25). Although crystal structures of most proteins in this family are similar, they have very low 

sequence homology. 

 

Figure I-25: Structure of A-FABP5 a member of iLBP (PDB:3FR4). 10 beta strand with two 

alpha helixes as a lid.  

As discussed, we use Cellular Retinoic Acid Binding Protein II (CRABPII) and Cellular Retinol 

Binding Protein II (CRBPII) as templates for rhodopsin mimic systems.74 Their solubility, small 

size, substantial binding pocket and ease of crystallization, makes them a great candidate for our 

purpose.75  76 77 
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I-5-2 Human cellular retinoic acid binding protein II (hCRABPII) 

The first template that has been studied is human cellular retinoic acid binding protein II 

(hCRABPII). This protein has 137 residues. It binds to all-trans-retinoic acid and delivers this 

hydrophobic molecule to retinoic acid receptors (RARs) in the nucleus.78 Similar to rhodopsin, the 

chromophore designed to covalently attached to the Lys residue in the binding pocket. The first 

structure of this protein bound to all-trans-retinal was achieved by Dr. Soheila Vaezeslami, and 

also by Dr. Rafida Nossoni (Figure 1-26).   

 

Figure I-26: Structure of hCRABPII bound to retinal (PDB:2FR3). 

In collaboration with prof. Borhan’s group, this protein has been used in many studies, such as 

wavelength regulation, pH sensing, and fluorescence studies. They were successful in making a 

wavelength-tunable system from 480nm to 630nm absorption by changing the binding pocket of 

hCRABPII protein (Figure I-27). 79 
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Figure I-27: Reengineered hCRABPII protein retinal pigments ranging from 482nm to 630nm.80 

Moreover, My former lab mates, Dr. Meisam Nosrati and Dr. Alireza Ghanbarpour, were 

successful in characterizing photoisomerization in the hCRABPII system.81 82 One of our final 

goals was using this system for cell-based assays and in vivo studies. 83 Developing new 

fluorophores can help us to use this system in many applications, such as imaging studies that I 

will explain more in chapter III.84 However, trials for characterizing hCRABPII using fluorophores 

for in vivo studies were not successful. Therefore, our new studies mostly have been done in our 

second model, human cellular retinol-binding protein II. In the initiate CRABPII system, the 

ionone ring of the retinal was found to be water exposed. Therefore, we used our second template 

for wavelength regulation studies. In hCRBPII, the retinal buried in the binding pocket. 

I-5-3 Human cellular retinol binding protein II (hCRBPII) 

Human cellular retinol-binding protein II (hCRBPII) is another member of the iLBP family. 

hCRBPII binds to retinol and retinal with 10nM and 90nM dissociation constants, respectively. 

This protein is a small protein with 133 amino acids, and it is mostly found in the small intestine. 

It is responsible for the transport of retinol and retinal across enterocytes. Although the sequence 

identity between hCRBPII and hCRABPII is around 35%, their structures are similar, containing 

a ten strand β-barrel with two helixes. The binding pocket of hCRABPII is more wide and open 

compare to hCRBPII. Also, the binding pocket of hCRBPII is around 5 angstroms deeper than 
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hCRABPII. As a result, it helps the retinal to be wholly buried in the more enclosed binding pocket 

of hCRBPII.  Since the retinal is fully embedded in the hydrophobic binding site of hCRBPII with 

low dielectric constant, change in the absorption is mostly affected by the interaction of protein 

and chromophore. Therefore, hCRBPII is a great template to investigate the wavelength tuning. 

Like the rhodopsin and hCRABPII systems, the chromophore is bound covalently to a designed 

Lys residue in the binding pocket (Figure 1-28). 85 86 

 

Figure I-28: Q108K; K40L (KL) hCRBPII structure bound to retinal through lysine residue 

(PDB: 4EXZ).87 

I-6 WAVELENGTH REGULATION IN HCRBPII 
 
We have investigated the reasons behind wavelength tuning, using our templates, especially 

hCRBPII. Most of the initial experiments on wavelength regulation of hCRBPII have been done 

by Dr. Wenjing Wang from Prof. Borhan’s group and Dr. Rafida Nossoni from our laboratory. 

Here, I will summarize some of their important findings in the wavelength tuning of hCRBPII. As 



 

 27 

explained in their science paper, through a combination of mutations, they have successfully tuned 

the hCRBPII template from 425nm to 644nm (Figure I-29).87 88 80 

 

Figure I-29: Reengineered hCRBPII protein retinal pigments ranging from 425nm to 644nm. 

Unlike the absorption of SB, which is 360nm, the PSB absorption is not constant and depends on 

the delocalization of the positive charge on the polyene region. In this study, mutational analysis 

was explained based on the three regions on the chromophore (Figure I-30). 87 

 

Figure I-30: The three regions of the retinal in wavelength tuning study.87 

In hCRBPII, Q108K: K40L is the starting point since these mutations are essential for the proper 

binding of the retinal. By adding counterions next to the PSB (region III) and stabilizing the 

positive charge, the absorption blue shifted. Removing the counterions and water molecules in this 

region lead to red-shifted absorption. In the II and III regions, Thr51, Thr53, and Tyr19 were 

mutated. Combination of these mutations in Q108K:K40L:T51V:T53C: Y19W leads to a large 

bathochromic shift in the absorption. Unlike that expected, introducing of negative charge to the 
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ionone region (region I) did not result in red-shifted spectra. However, since the dielectric constant 

inside the binding pocket of the protein is lower than the aqueous environment, introducing the 

bulky hydrophobic residues in this region leads to the significant red-shifted spectra. In this region, 

mutating Arg58 located in the entrance of the binding pocket to an aromatic residue like Try 

inhibits the cavity's exposure to the bulk aqueous environment, resulting in the red-shifted spectra 

(Figure I-31). Introducing the R58W mutant lead to around a two-fold increase in red shifting 

absorption of internal mutants.  

 

Figure I-31: Shows important residues for wavelength tuning in the hCRBPII system.  

Another critical residue targeted for mutation was Gln4. As illustrated in (Figure I-32), Glutamine 

hydrogen bonds to an ordered water molecule proximal to the PSB. As a result of removing the 

water molecule by mutating the Glutamine, shifts the wavelength from 591nm in KL-

T51V:T53C:Y19W:R58W:T29L to 613nm. As reported in the science paper, unlike other mutants, 
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structures of variants lacking Gln4 also lack the ordered water molecule, and have a trans 

conformation of the Schiff base (Figure I-32). The explanation for the trans conformation was not 

apparent when the original paper was published. One of the goals of this thesis was to determine 

the true conformation of the Schiff base in these mutants when the Schiff base is formed and the 

spectra were measured. Chapter II of the thesis describes these results. We hypothesized that the 

positive charge on the cis PSB stabilized with Try106 through Pi-cation interaction and the water 

molecule. By removing the water molecule, the positive charge is not stable, and it will convert to 

trans form over time. 

 

Figure I-32: The overlaid structure of KL:T51V:T53C:R58W:Y19W:T29L (cyan, 591 nm) and of 

KL:T51V:T53C:R58W:Y19W:T29L:Q4R (green, 622 nm). 

Comparison of electrostatic calculations for KL and KL:T51V:T53C:R58W:Y19W:T29L:Q4R, 

the red-shifted hCRBPII variant, suggests the red shifting is caused by an equal distribution of the 

charge along the polyene (Figure I-33). 
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Figure I-33: Demonstrates electrostatic charge distribution on the surface of the retinal for 

Q108K:K40L mutant of hCRBPII on the left and 

Q108K:K40L:T51V:T53C:R58W:T29L:Y19W:Q4R on the right.87 

To produce the most bathochromically shifted pigment, another bulky residue was introduced in 

zone I. Introducing A33W to KL-T51V:T53C:Y19W:R58W:T29L: Q4R lead to most red shifted 

variant so far discovered, with an absorption of 644nm. The summary of absorption for a spectrum 

of hCRBPII variants is illustrated in (Figure I-34).87 88 

 

Figure I-34: Absorption spectra for hCRBPII mutants bound to retinal.87 88 
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Up to this point, we reviewed the initial work on wavelength tuning of hCRBPII. In the next part, 

I will discuss our recent discoveries of the key factors that affect the bathochromic shift of the 

system, especially the role of water molecules.  

I-7 ROLE OF WATER MOLECULES IN WAVELENGTH 
REGULATION OF HCRBPII 
 
I-7-1 Q108K; K40L as a reference 

As mentioned, we started with the KL template obtained by Dr. Meisam Nosrati and Dr. Zahra 

Nossoni.(Figure I-35) demonstrates the important residues and water molecules in KL structure 

that affect the wavelength tuning. 

 

Figure I-35: Water molecules and residues around the retinal (5 angestrom) that have effect on 

wavelengthtuning (PDB:4RUU).80 
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KL crystalized in the P1 space group, and it has two molecules in the asymmetric unit. 

Conformation and orientation of the Schiff base are different in these two molecules. In Molecule 

A, the retinal is ordered with reasonable electron density and shows a pi-cation interaction between 

the iminium nitrogen and Trp106. In Molecule B, only first five atoms are ordered, and the PSB 

is pointed toward to protein environment (Figure I-36). Also, comparison between two KL 

structures (pdb:4RUU and pdb:4EXZ) shows that the whole chromophore is rotated perpendicular. 

Since, the protein does not hold the chromophore in the distinct conformation, wavelength tuning 

is not driven by confirmation of the chromophore, but by electrostatics of proteins.  

 

Figure I-36: KL structure (PDB:4RUU)  A) mol A B)mol B. The relative orientation of Schiff 

base is different in the two molecules in the asymmetric unit.. 
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I-7-2 Introducing the negative counterions to the PSB region (Blue shifted 

spectra) 

To reach the blue-shifted spectra, negatively charged residues were added to the PSB region 

(Figure I-37). Similar to rhodopsin systems, by introducing new negative charges in the vicinity 

of the chromophore, the positive charge on the PSB becomes more localized, resulting in the more 

blue-shifted spectra.87 

 

Figure I-37: Schiff base region. 

The T51D mutation leads to lead to 32nm blue-shifted absorption spectra and. The domain 

swapped dimer structure of this mutant is obtained by Dr. Alireza Ghanbarpour and Dr. Meisam 

Nosrati. Glutamic acid is closer to the PSB of the chromophore compare to Thr51, and it leads to 

stabilizing the positive charge on PSB (Figure I-38).89 80 The conformation of the rest of the 

protein environment stays the same by T51D mutation. Introducing more negatively charged 

residue like L117E in this region also resulted in further blue shifting (Table I-1).  
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Figure I-38: Overlaid structures of KL (4RUU) with KL; T51D (6E5S). Most of the structures 

are similar, except the T51D is 1 angstrom closer to the PSB region. 

Table I-1: Comparison between the absorption of KL, Q10K;T51D, and Q108K;K40L;L117E. 

 

I-7-3 Removing water molecule 2 

As discussed for rhodopsin systems, change in the electrostatic interaction of the protein 

environment, as well as water network in the vicinity of the chromophore, affects the wavelength 
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tuning of the system.43 In an effort to reach more red-shifted spectra in the hCRBPII system, 

mutating both Thr51 and Thr53 resulted in a dramatic redshift by removing the water molecule 

between these two residues. Mutating Thr51 seems to have more effect in this absorption change. 

In KL: T53V structure, there is no significant change in the absorption and structure. However, 

KL: T51V resulted in removing the water molecule, and red-shifted spectra (Figure I-39).  

 

Figure I-39: A) water network between Thr53 and Thr51 in KL (PDB:4RUU). B) KLT51V 

(PDB:5FAZ), removal of water molecule. C) KLT53C, there is no change in water molecule. 
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I-7-4 Introducing the bulky hydrophobic residues in the ionone region 

As discussed before, to reach further red-shifted absorption, more negative charges were 

introduced in the vicinity of the ionone region of the chromophore to delocalize the positive charge 

of the PSB (Figure I-40). Unlike what expected, the resulted absorption was blue shifted.  

 

Figure I-40: Ionone region. 

The KL:R58E structure is illustrated in (Figure I-41). The absorption of this construct blue shifted 

to 500nm. The reason behind this effect might be the change in position of the residue which is 

more exposed to the solvent.  

 

Figure I-41: KL;R58E. Glu58 is immersed through the solvent. 
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However, introducing bulky hydrophobic residues like Phe, Tyr, or Trp in this position lead to a 

large redshift. In most of the structures without having 58 mutated to a hydrophobic residue, there 

is at least one water molecule near the ionone ring of the chromophore. For example, two water 

molecules near the ionone are observed in the KLT53C structure (Figure I-42). 87 

 

Figure I-42: KLT53C. There are two water molecules near to the ionone ring. 

By adding bulky hydrophobic residues to 58, especially 58W, no ordered water molecules are 

observed near the ionone ring (Figure I-43).  

 

Figure I-43: Overlaid structure of KLT53C and KL. Removal of water molecules near to the 

ionone ring by addition of R58W mutation. 
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Hydrophobicity of this region inhibits the exposure of the binding cavity to the solvent. This can 

help to increase the effect of electrostatic interactions in the binding pocket. Another residue in 

this region, which has a significant effect on the absorption is Ala33. Mutating this residue to bulky 

hydrophobic residues, especially tryptophan, resulted in increasing the hydrophobicity of the 

entrance of the binding pocket and red-shifted absorption. In most of the cases, large red shifts in 

the absorption are observed for the constructs with the present of R58W mutation.  

I-7-5 Mutating Gln4 (removing water molecule 1) 

Previously, we explained that mutating Gln4 resulted in removing the water molecule 1 from the 

vicinity of the Schiff base and leading to a red-shifted absorption. However, since all of the 

structures with this mutant gave a trans conformation (different than other crystals which have cis 

conformation), we could not explain the resulting change in spectra by removal the of the water 

molecule.87 The nitrogen of the Schiff base seems to have interaction with hydrophobic residues 

of the binding pocket. One of the examples is adding the Q4A mutant to KL; T51V;53C; R58W; 

T29L; Y19W lead to around 22nm red-shifted absorption. The color of the crystal, in this case, 

was light blue with trans conformation for the chromophore (Figure I-44). The hydrophobic 

residues around the Schiff base lead to lower pKa of the chromophore.  
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Figure I-44: Shows hydrophobic interactions with the nitrogen in all trans retinal bound to  

KLVCWLWQ4A hCRBPII. 

Further trials for obtaining the cis structure will be discussed in the next chapter. UV exposure to 

the crystal isomerizes the trans conformation to cis resulting in the dark blue crystal consistent 

with 612nm absorption. In this structure, the positive charge on the nitrogen of PSB is having a pi-

cation interaction with Trp106 leading to a higher pKa environment for the chromophore (Figure 

I-45).   
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Figure I-45: 15-cis retinal bound to KLVCWLWQ4A hCRBPII. Positive charge on cis iminium 

stablized through pi-cation interaction with Trp106.  

I-7-6 Removing the water network between Q38 and Q128 (Water 3 and 4)  

Gln38 and Gln128 are other residues that have an effect on the electrostatic interaction of the 

binding pocket. Gln38 and ln128 have hydrogen bonds with two water molecules (Figure 1-46). 

The existence of these water networks near to the end of polyene and ionone ring helps with the 

polarity at the end of the chromophore and helping on the delocalization of the charge on the 

polyene.87 Mutations of these residues lead to removing the water network leading to blue-shifted 

absorption spectra. As an example, the crystal structure of KL:T51V:R58Y:Y19W:Q38L construct 

demonstrates the removal of the water molecules leading to blue shifting compared to 

KL:T51V:R58Y: Y19W (Figure I-47). 
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Figure I-46: Hydrogen bonding between Gln38 and Gln128 and two water molecules in KL 

structure (PDB:4RUU). 

 

 

Figure I-47: Gln38-Gln128 Water molecules in the two chains of crystal structure of 

KL:T51V:R58Y:Y19W:Q38L (PDB: 



 

 42 

 
I-8 CONCLUSION 
 
Rhodopsins are photoreceptor systems and they have significant roles in living systems. These 

systems work based on the photo-isomerization of the retinal chromophore, concomitant changes 

in Schiff base pka and wavelength tuning. Our group was successful in mimicking wavelength 

tuning in a rhodopsin mimic template called hCRBPII. In this chapter, we confirmed the effect of 

the residues and water molecules in the vicinity of the chromophore on wavelength tuning of this 

template.  

I-9 EXPERIMENTAL 

I-9-1 Site-Directed Mutagenesis 

Please refer to Dr. Wenjing Wang’s thesis. 

I-9-2 Material and Methods: Protein Expression and Purification (bacterial 

expression) 

The hCRBPII gene was purchased from ATCC and cloned into the pET17b vector by Dr. Wenjing 

Wang. The NdeI and XhoI restriction enzyme used as a cutting site in the N- and C terminus of 

the vector. For the transformation step, 1 μL of the plasmid was transformed in 50 μL of E. 

coli DH5α competent cells from Novagen® company. The cells were incubated for 30 min in ice 

and heat-shocked at 42°C for 45 seconds, then 400 μL of Luria- Bertani broth was added, and the 

mixture was incubated at 37°C for two to three hours. After that, the cells were spread on an LB 

agar plate treated with ampicillin and incubated at 37°C for 16-20 hours. A single colony from the 
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plate was added to 10 mL of LB media contains 100 μg/mL ampicillin. The cell culture was grown 

for 12-16 hours at 37°C; then, the media were centrifuged at 14000 rpm for 1 min. DNA extraction 

and isolation from the cell pellet was done according to the manufacturer’s instructions from 

Promega Wizard and SV Miniprep (A1330) DNA purification kit. For protein expression, the 

construct was transformed into BL2 E. coli competent cells from Invitrogen company and spread 

on the plate treated with ampicillin. A single colony was picked from the plate and transferred into 

1L of LB media with ampicillin (100 mg/L) and incubated at 37°C until OD600 reached 0.7-1. 0. 

1 mM isopropyl β-D- 1 thiogalactopyranoside (IPTG) from Gold Biotechnology was induced to 

the cells, and the cells incubate overnight at 25°C in the shaker. The transfected cells were 

harvested by centrifugation at 5000 rpm for 20 min. The cells were resuspended in lysate buffer 

containing 10 mM Tris, 10 mM NaCl pH 8.0, 50mL. The suspended cells were lysed by sonication, 

and the lysed cells were centrifuged at 4°C in 14,000 rpm for 20 min. For purification, the solution 

of the protein passed through Q Sepharose Fast Flow resin (GE Health Sciences), and the bound 

protein was eluted with 10 mM Tris, 150 mM NaCl, pH 8.0. The purity of the elution was checked 

with SDS PAGE and the pure fractions desalted by dialysis against 10 mM Tris pH=8.0 buffer. 

The desalted mixture was then loaded on a 15Q anion exchange column (GE Health Sciences), 

using the program described in (Table I-2).88 86  
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Table I-2: Anion Exchange purification protocol for hCRBPII, adjusted with 50 mM Tris, pH 8 

buffer. The proteins elute between 4% -8 % 2M NaCl. 

 

I-9-3 Crystallization and refinement 

The concentrated, purified protein concentrated at 12-15 mg/ml and four equivalents of retinal 

added to the solution in the dark. The mixture sits at room temperature until maximum PSB 

formation, usually after 1-2 hours. Vapor diffusion crystallization was performed using a 24 well 

crystallization plate. The reservoir solution of 1 ml contains 25 % PEG 4000 and 0.1 M 

Ammonium Acetate and 0.1 M Sodium Acetate at pH range 4-4.8. Crystals usually appeared after 

1-2 days at room temperature. Crystals were flash-frozen in a solution containing 18-20 % glycerol 

and the mother liquor in the reservoir. Data collection was through the Advanced Photon Source 

(APS) at (Argonne National Laboratory IL) LS-CAT (sector 21-ID-D, beamline D, F, or G) using 

a MAR300 detector for G and F beamline and 1.00Å wavelength radiation at 100K. For 
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refinement, the diffraction data were indexed, processed, and scaled using the HKL2000 

program.15 The structure was obtained and solved by molecular replacement in PHASER in 

PHENIX and Q108K: K40L hCRBPII (PDB: 4AZR) as a search model. The electron density map 

was produced by PHENIX. Refinement followed by model rebuilding and water and ligand 

replacements in COOT. 90 91 92 

I-9-4 Tips for growing crystals from saturated solution 

The higher concentration of proteins can lead to a saturated mixture of the protein with oiling out 

after one day. Typically, in these situations, if the proteins aggregated, the addition of salt (such 

as NaCl) to the protein solution may help. Lowering the temperature or lowering the amount of 

precipitant may help to prevent the formation of oily drops. Also, this saturated solution (oily 

drops) may use as seed for the next trials. In hCRBPII crystals, I usually face this problem, forming 

oily drops instead of ordered crystals. In the hCRBPII case, spreading this oily drops after one day 

helps in forming well-ordered crystals. I was successful in growing different mutants of this protein 

bound to retinal and FR1 (Fluorophore explained in Chapter III) with this method (Figure I-48) 

(Table I-3, I-4, I-5, I-6, I-7). 
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Figure I-48: hCRBPII bound to retinal A) KL; T51V;53C; R58W; T29L; Y19W; Q4A B)KL; 

T51V; T53C. hCRBPII bound to FR-1 C) KL; T51V: T53S D) KL;T51V; T53S; R58W; 

T29L;Q38L; Q128L; Y19W. 
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Table I-3: X-ray crystallographic data and refinement statistics for KL; T53C hCRBPII bound to 

retinal. 
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Table I-4:X-ray crystallographic data and refinement statistics for KL; R58E hCRBPII bound to  

retinal. 
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Table I-5: X-ray crystallographic data and refinement statistics for KL; T51V hCRBPII bound to 

retinal. 
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Table I-6: X-ray crystallographic data and refinement statistics for KL; T51V;53C; R58W;  

T29L; Y19W; Q4A  hCRBPII bound to all trans retinal incubation in the dark. 
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Table I-7: X-ray crystallographic data and refinement statistics for  

KL;T51V;53C;R58W;T29L;Y19W;Q4A  hCRBPII bound to cis-retinal after UV irradiation. 
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CHAPTER II: ISOMERIZATION IN 
HCRBPII 

 
 
In the previous chapter, we learned about our two protein design templates. hCRABPII and 

hCRBPII, to study the rhodopsin systems.1 2 3 4 Mutational studies in the hCRBPII system helps 

us to understand the reasons behind the wavelength tuning.5 As we discussed, another important 

phenomena in photo cascade of the rhodopsin proteins is isomerization of a double bond in the 

chromophore. My former lab mates Dr. Meisam Nosrati and Dr. Alireza Ghanbarpour were 

successful to mimic the isomerization cascade of rhodopsins in the hCRABPII system.6 7 Recently, 

I detected the isomerization in the hCRBPII template as well, which helps us to find more 

information about the isomerization in these templates. In this chapter, we first review the 

photoisomerization in both animal and bacteriorhodopsin, also findings by my group about 

photoisomerization in hCRABPII system. Moreover, I will explain about the photoisomerization 

in hCRBPII system which was recently detected.  

II-1 PHOTOISOMERIZATION CYCLE IN ANIMAL 
RHODOPSIN 
 
After a photon of light hits rhodopsin, the chromophore goes through the multistep conformational 

changes that is illustrated in (Figure II-1).8 9 The isomerization from 11- cis (498nm) to all-trans 

happens in picoseconds in this photo cascade. Upon absorbing a photon of light, batho rhodopsin 

is the first stable intermediate (543nm), which was first determined in bovine rhodopsin. In this 

intermediate the conformation of the retinal changes from 11-cis to all trans retinal. The overall 

structure of the backbone of the opsin remain the same as the ground state. The subsequent 

intermediates are Lumi and Met I. Met I can further converts to Meta II, which can activate the G 

protein. 10 11 Activation of the G-protein leads to the signaling cascade. Formation of the Meta II 
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state leads to conformational change in the alpha-helixes in opsin. Meta II can generate free retinal 

or it can form the Meta III. Meta III is slower to form the free retinal compared to Meta II. 

Depending on the pH, it takes hours to minutes  for Meta III to release the free retinal.12 Rhodopsin 

is the first GPCR protein that crystallized in 2000 with 11-cis retinal in the binding pocket. 11 

years later, one of the final photo cascade products, protein bound to all-trans retinal in Meta II 

crystallized. 13  

 

Figure II-1: The photocycle in Bovine rhodopsin. The absorption wavelengths and lifetimes of 

the intermediates are given.13 
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Formation of the Meta II lead to conformational change in the helical structure of the opsin protein. 

One of the most significant conformational changes is in TM6 containing Trp265 (Figure 11-2). 

Beside the vision, circadian rhythm is also regulated by the retinal photo isomerization in a 

rhodopsin family member in ganglion cells of the retina. 

 

 

Figure II-2: Trp265 changes its position from ground state (Green) and excited state (Cyan) as 

retinal isomerizes in rhodopsin. 

II-2 PHOTOISOMERIZATION CYCLE IN MICROBIAL 
RHODOPSIN 
 
Photoisomerization in bacteriorhodopsin has been studied using NMR, Raman, FTIR, X-ray 

crystallography, cryo-EM, XFEL time-resolved crystallography, and theoretical calculations. The 

photocycle of bacteriorhodopsin, all-trans to 13-cis retinal isomerization, goes through multiple 

steps (Figure 11-3).9 14 15  Bacteriorhodopsin is one of the most well studied microbial rhodopsins. 

It acts as a unidirectional proton pump.16 17 18This system is similar to animal rhodopsin because 

it passes through a many fast multi step process. 19 
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Figure II-3: Photocycle in microbial rhodopsin. 

Two of these intermediates, O and K are red shifted, and the rest, L, M, and N are blue shifted. 

The isomerization first happens in the K intermediate, from all-trans retinal to 13-cis-15anti in 

500fs.20 After a microsecond, the retinal finds the planar conformation in the L intermediate to 

have hydrogen bonds with neighboring residues. Deprotonation happens in the M state which is 

significantly blue shifted. The M state first delivers the proton to the extracellular environment, 

and then faces to the intercellular space. Different studies confirm that the deprotonation happens 

through Asp96 and protonation happens through Asp85 in the M, N, and O states. Due to the fast 

kinetics of proton release from bacteriorhodopsin to the extracellular environment, there is uneven 

distribution of water network in bacteriorhodopsin system.21 22 There are 7 water molecules 
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through the extracellular side of the protein and two water molecules are toward the cytoplasmic 

side. The N intermediate generates the large conformational change of the backbone of the protein. 

The isomerization back to the all trans retinal happens in the O state. 23 24 9 New studies through 

x-ray free electron lasers (XFEL) demonstrate the rotation of the all trans conformation to 13-cis 

retinal over the course of a few hundred femtoseconds in bacteriorhodopsin (Figure II-4).15  

 

Figure II-4:Time-resolved serial crystallography resolves ultrafast atomic motions of retinal and 

shows the  rotation of the all trans conformation to 13-cis retinal over the course of a few hundred 

femtoseconds in bacteriorhodopsin.15 

II-3 PHOTOISOMERIZATION OF ALL TRANS TO 15-CIS IN 
HCRABPII 
 
In the first chapter, I mentioned the two templates that we use in our laboratory to mimic rhodopsin 

proteins. Studies on the photoisomerization of hCRABPII system was initiated by Dr. Tetyana 

Barbasova.3 During studies for the design of a colorimetric proteinaceous pH sensor using 

hCRABPII template, they were successful in altering the pka of the iminium species from 2.4 to 

8.1. During these studies, she observed the time‐dependent conversion of the PSB (λ max>450 nm) 
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to the Schiff base (SB, λ max=360 nm).3 Follow up studies have been done when my former lab 

mates tried to increase the pKa of retinal in hCRABPII by mutating residues of the binding pocket.3 

25 7 Experiments show that hCRABPII have lower pKas compared to hCRBPII protein. To increase 

the pKa of the hCRABPII protein, Dr. Meisam Nosrati compared the binding pocket of these two 

templates using the structures of hCRABPII and hCRBPII. He found that there are three Glu 

residues in the binding pocket of hCRBPII, leading to a more hydrophilic binding cavity, which 

are not conserved in hCRABPII protein. Another significant mutation in hCRBPII, leading to 

higher pKa, is mutating Arg58 to Tyrosine. This resulted in 

R111K:Y134F:T54V:R132Q:P39Q:R59Y (M1) hCRABPII mutant. Interestingly, acid-base 

titration of this mutant showed a broad peak from pH 4.3 to 10.5 for the chromophore.  Dr. Meisam 

Nosrati showed that this indicates the change in the environment of the iminium nitrogen. Solution 

data shows that the maximum PSB is formed after around 3 hours. The PSB, in this case, is not 

stable and convert to SB after about 24 hours (Figure II-5). The crystal structure of this mutant 

after around 24-hour incubation with retinal is consistent with the trans structure, which is 

presumed to be the thermodynamic product (PDB:4YBP).25 
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Figure II-5: Conversion of the PSB to SB overtime in M1 hCRABPII.7 25 

Crystallization immediately after the formation of the maximum PSB resulted in an ambiguous 

electron density, interpreted to be a mixture of cis and trans imine isomers. After a lot of efforts 

to accelerate the formation of PSB, Dr. Meisam Nosrati designed 

R111K:R134F:T54V:R132Q:P39Y: R59Y (M2) with the formation of the PSB in 20min. His 

crystallization trials after 20min and after 24-hour incubation with retinal lead to two different 

conformations, cis-PSB, and trans-SB, for the chromophore in the binding pocket (Figure II-6).  
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Figure II-6: Overlaid structures of 15-cis PSB and all-trans SB in 

R111K:R134F:T54V:R132Q:P39Y: R59Y (M2) hCRABPII.7 25 

These results suggest that the cis-PSB forms as a kinetic product. This mutant of hCRABPII has 

the characterization of isomerization similar to the rhodopsin system. In hCRABPII crystals 

isomerization of 15-cis-PSB to all-trans-retinal is detected in a single crystal. Also, the pKa 

titration  for this protein indicates two distinct pKa, 5.4 and 8.4, for the chromophore suggesting 

that the isomerization happens between two different pKa’s similar to the rhodopsin system. The 

reasons behind the change in the pKa are explained by the hydrophobicity of the environment near 

the iminium region. In all-trans-SB retinal, the imine is pointed toward the hydrophobic residues 

in the binding pocket, lowering the pKa. However, in the cis-iminium isomer, the positive charge 

of the iminium is stabilized with the W108 through a 𝜋𝜋-cation interaction (Figure 11-7). 
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Figure II-7: Overlaid structures of 15-cis PSB (pink)  and all-trans SB (green)  in 

R111K:R134F:T54V:R132Q:P39Y: R59Y (M2) hCRABPII. The trans isomer stabilized through 

the hydrophobic interactions. Cis iminium stabilized through the 𝜋𝜋-cation interaction with 

Trp108.7 

One of the most important characteristics of the rhodopsin system is their ability to photo-switch. 

In an effort to make the hCRABPII system photo switchable, the M2 mutant was incubated with 

retinal and after the formation of the maximum PSB, the complex was exposed to visible light. 

Exposure to visible light lead to conversion of PSB to SB relatively rapidly. After the conversion 

of the most of the PSB to SB, the complex was exposed to UV light, resulting in the reduction of 

the SB absorption and increasing the PSB peak. As measured by Dr. Nosrati, this conversion can 

be repeated for several cycles (Figure II-8).  
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Figure II-8: Reversible photocycle for R111K:R134F:T54V:R132Q:P39Y: R59Y (M2) 

hCRABPII. 

The same experiment has been done with a single crystal. Crystals were frozen before and after 

UV irradiation at pH 7.5, and they resulted in trans-SB and cis-PSB, respectively. The cycle is 

repeatable in crystals as well (Figure II-9).  

 

Figure II-9: Isomerization of hCRABPII system in crystal.7 

Overall, Dr. Nosrati was successful to make the first photo switchable template for rhodopsin in 

our group, using the hCRABPII template. His proposed mechanism for isomerization in this 
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system is illustrate in (Figure 11-10). Isomerization happens between two distinct pKa regimes in 

this system.  

 

Figure II-10: Isomerization of 15cis retinal to all trans retinal in hCRABPII system. 

Further computational studies have been done on this system using hybrid quantum mechanics/ 

molecular mechanics (QM/MM). This studies suggest that the photocycle on M2 construct of 

hCRABPII passes through several intermediates. Green light exposure on M2 15C-PSB, resulted 

in 13- cis,15-cis product, following by isomerization into 13-cis,15- trans and, finally, an all-trans 

retinal.26  

II-4 PHOTOISOMERIZATION OF THE 13-CIS TO ALL TRANS 

RETINAL IN HCRABPII (SIMILAR TO BACTERIAL 

RHODOPSIN) 

After the finding of the photo switchable property in the hCRABPII system, Dr. Alireza 

Ghanbarpour decided to mimic the photoisomerization of bacteriorhodopsin, 13-cis to all-trans 
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retinal, in this system (Figure II-11).27 6 His first trials using M1 construct to obtain the 13-cis 

retinal bound to hCRABPII were not successful. In order to make this system the same as 

bacteriorhodopsin, the 15-cis to all trans isomerization needed to be prevented. Also, the 

isomerization for C13-C14 double bond needs to be more favorable compare to the other double 

bond in the chromophore. By comparison to the bacteriorhodopsin protein, Dr. Ghanbarpour 

designed the L121 to aromatic residue to mimic the Trp86 steric interaction in the rhodopsin 

system. His efforts to crystalize M1-L121Y, M1-L121W, and M1-L121F was not successful; 

however the R111K:Y134F:T54V:R132Q:P39Q:R59Y:L121E (M1-L121E) variant, seems to 

prevent the imine isomerization. Structure of the M1-L121E bound to all trans retinal demonstrate 

the salt bridge between the trans iminium and Glu121.  

 

Figure II-11: Photoisomerization of 13-cis retinylidene to all trans retinylidene in microbial 

rhodopsin. 
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By adding L121E on M1 hCRABPII construct and increasing the pKa of chromophore, Dr. 

Ghanbarpour was successful to obtain the 13-cis-15-syn structure (PDB: 6MZQ, 6MOP) (Figure 

II-12). 6  

 

Figure II-12: Photoisomerization of 13-cis retinylidene to all trans retinylidene in hCRABPII 

system. 

II-5 ISOMERIZATION IS DETECTED IN HCRBPII 

II-5-1 Clues for isomerization in hCRBPII 

 
As explained before in the first Chapter, hCRBPII protein is bound to retinal via the Q108K: K40L 

(KL) double mutant by forming a Schiff base with Lys108.5 28 During our studies, this protein had 

been crystalized more than 40 times, and in most of these structures, retinal was bound through 

the cis-iminium to the protein. Since the crystallization condition for this protein is in pH 4, and 

this pH is much lower than pKa of the chromophore in solution, we expect to have a positive 

charge on the Schiff base (PSB). The cis isomer seems to be stabilized and trapped via a 𝜋𝜋-cation 

interaction (iminium-W106) and a water network between Q4 and iminium (Figure II-13). 29 30 5 
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Figure II-13: Positive charge on cis iminium stabilized through the water network with Gln4 

and 𝜋𝜋-cation interaction with Trp106 (PDB:4RUU). 

Interestingly, in contrast to the other variants, all the structures that have mutation of Gln4 show 

the electron density consistent with the trans-isomer for the chromophore and no electron density 

for the water molecule. We hypothesized that by removing the water molecule, the cis-iminium is 

no longer favored over the trans-isomer. The overlaid structures of mutants with Gln4 with the 

rest of the structures indicates the removal of one water molecule near to the PSB region (Figure 

II-14). We predicted that removing this water molecule in our system may lead to ease of the 

conformational change to the trans isomer. We hypothesized that the formation of trans iminium 

structures in Gln4 mutants is due to the thermal isomerization of chromophore as it happens in the 

rhodopsin systems and also as we discovered for hCRABPII system before. To verify our 
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hypothesis, Q10K;K40L;T51V;T53C;R58W;T29L;Y19W;Q4A mutant (M1:Q4A), which is one 

of the most red-shifted mutant of hCRBPII mutants, was investigated in this study. 

 

Figure II-14: The overlaid structure of KL:T51V:T53C:R58W:Y19W:T29L (cyan, 591 nm) and 

of KL:T51V:T53C:R58W:Y19W:T29L:Q4R (green, 622 nm). 

II-5-2 Photoisomerization on hCRBPII system was detected in solution 

 
The UV-visible spectroscopy has been done to detect the changes in the absorption of the two 

isomeric state 15-cis/all-trans iminium. The M1: Q4A mutant solution incubated with retinal for 

30min at pH 8 in the absence of visible light, and the UV measurement was done at physiological 

pH (Figure II-15). The 380nm absorption is related to the free retinal that shifted toward the 

360nm, which is the Schiff base's absorption. By bringing the pH down from 8 to 7.4, some PSB 

(612nm) will initially form (maximum at around 45min). The PSB is not stable, and it will convert 

back to SB overtime.  
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Figure II-15: UV measurement for M1;Q4A after incubation with retinal for 30min. The 

measurement has been done at pH 7.4. Maximum PSB in this pH (gray line). PSB is not stable 

and it converts back to SB (360nm) over time in presence of the visible light (or it can happen 

thermally) (green line). 

Since all of the crystal structures of hCRBPII were grown in pH 4, the UV spectroscopy has also 

been done at pH 4 to be consistent with structural analysis. Using pH4 also helped us to see the 

formation of PSB very clearly (Since the pKa after 30-hour incubation of protein with ligand was 

measured to be 7, and pH 4 is below this pKa). UV spectrum shows the maximum formation of 

PSB after 30min of bringing the solution down to pH4 in the absence of visible light (Figure II-

16). The 360nm peak is related to the absorption of the imine bond, and the more red-shifted 

absorption (612nm) is associated with Protonated Schiff Base (PSB). 
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Figure II-16: Formation of PSB after bringing the solution from pH8 down to pH4 in the 

absence of visible light. 

Interestingly, even at pH4, the PSB was not stable and converted to SB (λmax 360) thermally over 

24 hours in the absence of visible light (Figure II-17). As mentioned previously, by removing the 

Gln4 and removing the water molecule, we predict that the positive charge on the PSB is not stable 

because the retinal converts to the more stable thermodynamic product, all-trans imine. 
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Figure II-17: Thermal conversion of the PSB to SB overtime in pH4.  

To compare the rate of conversion of PSB to SB in visible light or in the absent of visible light 

(thermal conversion), we repeated this experiment by incubation of the solution in visible light. 

This leads to the loss of PSB and increasing the SB at a faster rate (Figure II-18). These results 

demonstrate that even in low pH (pH4), the PSB will convert to SB either thermally after around 

one day or by the presence of visible light after a couple of hours. As mentioned before, the first 

crystal obtained for this mutant (M1;Q4A) was consistent with all trans retinal conformation, 

which we believe is the thermodynamic product. Since, we incubated the solution and 

crystallization screen in the dark for a couple of days to get crystals, we predicted that this crystal 

is associated with the SB peak.  
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Figure II-18: Conversion of the PSB to SB in the presence of the visible light. Most of the PSB 

converts to SB after around 2 hours. 

To investigate our hypothesis, we needed to obtain the crystal structure of the kinetic product. 

Therefore, we need to find a way to reproduce the PSB peak again. After removing all of the PSB 

thermally in the solution in pH4, by UV irradiation (340-360nm) on the solution, we were able to 

convert the SB (λmax 360nm) to the PSB (λmax 612nm). The intensity of the SB was much lower 

than before, which was due to the conversion to the PSB and also possibly quenching the 

chromophore. The maximum PSB intensity was gained by  sinning UV light (360nm) for 30 

seconds on the solution, and the intensity of the PSB, in this case, was even higher than it was 

measured before as the Maximum PSB in pH 4 (Figure II-19). 
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Figure II-19: Conversion of the SB to PSB by shining 30s UV exposure. 

The PSB peak converts back to SB both thermally or by incubation in visible light, which 

demonstrates that we have a reversible photo switchable system (Figure II-20).  

 
Figure II-20: Reversible photoswitching system for M1; Q4A hCRBPII system. By UV exposure 

the SB converts to PSB (orange line). Visible light for 20min converts the PSB back to SB. 
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Longer exposure of the solution to the UV irradiation led to a decrease in the intensity of both SB 

and PSB peaks, which demonstrates the quenching of the chromophore (Figure II-21).  

 

Figure II-21: Longer exposure of the solution to UV light lead to quenching the chromophore. 

Based on the spectroscopic data, we hypothesized that the formation of trans iminium structures 

in M1; Q4 mutants is due to the thermal isomerization of chromophore as it happens in rhodopsin 

systems and also as we discovered for CRABPII system before.7 25 As we discussed previously, 

the reason behind this isomerization is changing in the pka environment for the chromophore.   

II-5-3 pKa measurements for M1:Q4A 

We detect a huge change in the pKa of these two forms of the complex. While the pKa of the the 

chromophore was measured to be 7 after the binding of the retinal to the protein (around 30min 

incubation of the protein with retinal), measuring the pKa after 24hours incubation of protein with 

the ligand, gives us the pKa around 3.3. Similar to Rhodopsin and CRABPII systems, 
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photoisomerization results in a large change in the pKa of iminium in these conformers. (pKa 7 

for PSB and pka=3.3 for the SB form) (Figure II-22). Based on these spectroscopic data, we 

assume that we have two distinct isomers that have been converted to each other, both thermally 

and photochemically.  

 

Figure II-22: A)pKa measurement for the chromophore after 30min incubation of the protein. 

pKa is around 7. B) pKa measurement after 24 hours incubation of the solution in pH 4.5. pKa is 

measured around 3.3. 

II-5-4 Photoisomerization on hCRBPII system was detected in crystals 

 
Based on the spectroscopic data, we hypothesized that the formation of trans iminium structures 

in M1;Q4 mutants is due to the photochemical isomerization of chromophore as it happens in 

rhodopsin systems and also as we discovered for CRABPII system before. In order to verify our 

hypothesis, change in the protonation state of the two photo isomers from high pka form (cis 

iminium (λmax 612nm)) to low pKa form (all-trans-retinal (λmax 360)) was obtained by high-

resolution X-ray crystallographic data for this mutant. As explained previously, growing the 
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crystals for this mutant lead to trans conformation for imine bond. We have tried to convert the 

trans to cis conformer by UV irradiation similar to what we expect from the solution data (Figure 

II-23). By exposing the crystal to the UV irradiation, we saw a huge change in the color of crystals.  

 

Figure II-23: UV exposure for 2min on M1;Q4A crystal. Crystal changed the color from the 

colorless to blue. 

The first trials, crystals after a short time UV exposure (less than 1 min UV exposure), demonstrate 

the mixture of cis and trans isomer for the Schiff base (mostly cis conformation). Also, a 

comparison between all-trans-retinal and these structures from irradiated crystals shows floppy in 

the position of Q38 in the binding pocket. After many trials, I was successful in trapping the 

structure of the kinetic product (Cis isoform) after 2min UV exposure. Overlaid structure of trans 

imine and cis iminium is illustrated in (Figure II-24). 
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Figure II-24: Conversion of all trans retinal to 15-cis retinal in a single crystal of the M1;Q4A. 

the overlaid structure of the trans and cis isoform demonstrate the change in the position of the 

Gln38. 

Change in the pKa environment can be explained by the crystal structures. In trans schiff base, the 

nitrogen is pointing toward the hydrophobic residues (low pKa). In cis protonated schiff base, the 

iminium is stablized by the W106 through a 𝜋𝜋-cation interaction (Figure II-25).  
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Figure II-25: A) Hydrophobic interaction of the nitrogen with surrounding residues in all trans 

retinal bound to M1;Q4A B) 𝜋𝜋-cation interaction of the cis iminium in M1;Q4A. 

I was successful to detect photoisomerization of retinal in hCRBPII protein (Figure II-26). 
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Figure II-26: Isomerization of all-trans retinal to 15 cis iminium in M1;Q4A hCRBPII. 

To make a reversible photo switchable cycle in a solid-state, we incubate the crystals in the dark 

for a couple of hours after UV exposure. As we expect from the solution data, the chromophore 

should have the trans conformation again. I detect the change in the color of crystals; However, 

Since many chromophores quench by the UV exposure, we could not reproduce a decent electron 

density for the cycle (Figure II-27).  

 

Figure II-27: Photocycle in M; Q4A crystals. 
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Up to this point we were able to catch two intermediates in the isomerization process of hCRBPII., 

which was similar to what Dr. Meisam Nosrati was detected in hCRABPII system, and we 

expected to happen (Figure II-28).  

 

Figure II-28: Detecting the two intermediates in the isomerization process of M1;Q4A. 

II-5-5 Detecting the potential third intermediate in the isomerization process 

Another interesting observation that I had during this project was that the formation of crystals in 

the dark and the visible light showed different colors. Crystals formed in the dark were light blue 

color, and after exposing them to light, they change their color to colorless/yellow (Figure II-29).  

 
Figure II-29: Crystal of M1;Q4A changes the color from blue to colorless by visible light. 
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Further, we show that the crystals which were grown in the light have the trans conformation, but 

with different water network surrounding the chromophore environment compare to the crystals 

grown in the dark. The only difference between these two structures is in 2 water molecules 

between Q38 and the chromophore (Figure II-30). 

 

Figure II-30: Removing the water molecules between Gln38 and chromophore by visible light 

exposure. 

Since the pKa of trans iminium is 3.3, in pH4, some of the molecules have PSB, and getting blue 

crystals was expected (It is possible that PSB trans and PSB cis have the same absorption). 

However, after exposing these crystals to visible light, they change their colors to yellow/colorless. 

A possible explanation for this behavior is that exposure to visible light leads to an environment 

with an even lower pKa (below 3.3), which leads to loss of all the PSB. Atomic resolution 

crystallography data demonstrate the same conformation for all the residues in the vicinity of the 

chromophore. The only difference is removal of two water molecules next to the Gln 38, which 

are far from the imine bond. The fact that changing the water network of the binding pocket can 

lead to two distinct pKa’s is very interesting and it may shows the third intermediate in the 
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isomerization process (Figure II-31). Solution data also shows the removal of almost all of the 

PSB after around three hour exposure to the visible light.  

 

Figure II-31: Formation of the blue crystal in the dark might be related to trans iminium 

intermediate. 

To investigate the effect of those two water molecules on the pKa of the trans form, we mutate  

Glutamine to a nonpolar residue, Leucine. By mutating Glutamine to a nonpolar residue, we expect 

to remove these two water molecules from the vicinity of the chromophore, and we can measure 

the pKa of the chromophore to see if it is lower than the pKa of the trans iminium that was 

measured before (pKa 3.3). I was successful in obtaining the crystal structure for this mutant, 

M1;Q4A;Q38L. As expected, the only difference between these two structures (M1;Q4A and 

M1;Q4A;Q38L) is these two water molecules and the rest of the structure is exactly the same 

(Figure II-32). From structural analysis, we predict that any change in pKa of this construct 

compare to M1;Q4A is because of removing these two water molecules.  
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Figure II-32: Overlaid structures of the M1;Q4A (green), with M1;Q4A;Q38L (blue). The only 

difference is removing the two water molecules near Gln38. 

At this point, we measured the pka for the chromophore in this mutant (M1;Q4A;Q38L). The pKa 

of this mutant was below 3.3 as we predict and from the structural analysis (Figure II-33). This 

data supports our hypothesis that the pKa can be lowered by removing the water molecules. 

 
Figure II-33: pKa measurement for chromophore in M1;Q4A;Q38. solution were bring down to 

pH 1.4. Lowering the pH lead to the aggregation of the protein. From the change in the 

absorption vs pH graph, it is clear that the pKa is lower than 3.3. 
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Overall, we have trapped three intermediates in this isomerization process (Figure II-34) 

 

Figure II-34: Three intermediates detected for isomerization of the 15cis to all trans retinal in 

M1;Q4A construct. 
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II-5-6 Investigate Photoisomerization in another mutant of hCRBPII: 

Q108K:K40L:T51V:T53C:R58W:Y19W:T29L:Q4R (M1;Q4R) 

M1:Q4R with 622nm absorption is one of the most red shifted mutants of hCRBPII. The crystal 

structure of this mutant with all trans retinal was determined by Dr. Zahra Nossoni.29 30 5 Since the 

Q4 is mutated, the water molecule between the Q4 and imine bond is removed, and we expected 

to detect photo switching similar to M1:Q4A. The photoisomerization cycle was detected for this 

mutant in solution (Figure II-35, II-36, II-37). The pKa is and it was measured by Dr. Wenjing 

Wang.  

 

 

Figure II-35: Formation of PSB after bringing the pH down to 4 for M1;Q4R construct. 

Maximum PSB formed after 46min (dark green line) pH4. 
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Figure II-36: Shinning UV light (orange, gray and yellow line) after reaching the maximum PSB 

in the pH4 (Blue line)  in M1;Q4R hCRBPII construct. The SB converts to PSB by UV 

exposure.(pH4).  

 

Figure II-37: Visible light exposure to the solution converts the PSB to SB in M1;Q4R hCRBPII 

(pH4). 
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II-5-7 Investigate Photoisomerization in another mutant of hCRBPII: 

(K40L:T51V:T53C:R58W:Y19W:T29L:Q4A:Q38L) 

After measuring the pka for the M1:Q4A:Q38L construct, we decided to perform photo switching 

experiments in this mutant as well. Binding the retinal to M1:Q4A:Q38L was very slow (around 

5 hours). Conversion of SB to PSB (λmax 533) detected also for M1:Q4A:Q38L mutant by UV 

exposure (Figure II-38 , Figure II-39). 

 
Figure II-38: UV exposure to the solution of M1;Q4A;Q38L convert the SB to PSB. 

Measurements are in pH4. 
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Figure II-39: Converting the PSB back to SB by visible light. (pH4). 

Also change in the color of the crystal by UV exposure was detected similar to M1;Q4A (Figure 

II-40).  

 

Figure II-40: UV exposure on the M1;Q4A;Q38L crystal. 
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Interestingly, structural analysis of M1:Q4A:Q38L mutant does not show the isomerization of 

chromophore. Both colorless and red crystal demonstrate the trans isoform for this mutant. (Figure 

II-41). The reason for changing the color in this crystal in not clear yet. 

 

Figure II-41: Crystal structure of M1;Q4A;Q38L A) before UV exposure  B)after UV exposure. 

Both structures have the all trans retinal conformation.  
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II-5-8 Photo switching experiment in the presence of Q4 in some different  

mutant of hCRBPII 

Photo switching experiments in solution have been done for retinal bound to some other constructs 

of hCRBPII such as Q108K:K40L and Q108L:K40L:T51V:T51S  both having a Gln4. As we 

expected photo switching was not observed in the presence of the Gln4 and the water molecule in 

these constructs, demonstrating the stabilization of the high pKa cis-imine by this interaction. 

II-6 CONCLUSION 
 
Based on the high-resolution X-ray crystallography and UV-vis spectroscopy, we demonstrated 

the photoisomerization of the retinal imine bond between two distinct pKa regimes using the high-

resolution X-ray crystallography in our engineered rhodopsin mimic system (hCRBPII). 

Interestingly, in this system, we also found out that we can change the pKa of the trans isoform by 

visible light exposure, which is most probably caused by changing the water network in the vicinity 

of the chromophore. The fact that water molecules far from the imine region could have a huge 

effect on the pKa of the imine is highly important in understanding the mechanism and nature of 

isomerization in the rhodopsin system. This designed reengineered hCRBPII as a photo switchable 

rhodopsin mimic can be used as a template for studying the photo physics of rhodopsin and 

designing photo switchable fluorescent protein tags. 

II-7 EXPERIMENTAL 
 
II-7-1 Site directed mutagenesis, protein expression and purification 

 
Site directed mutagenesis was performed by Prof. Wenjing Wang. Refer to her thesis for 

details.30  Protein expression and purification were performed identical as explained in chapter I.  
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II-7-2 UV-vis Measurements  

All of the UV-vis measurements have been done at the designated pH 4 using PBS buffer. 

Deprotonated imine peaks (SB) appear at ~ 360 nm. Peaks with Abs max > 450 nm are considered 

PSB peaks.  

II-7-3 pKa determinations  

pKa values are based on the plot of the absorbance change vs pH by using the curve fit as 

explained before. Absorbance change of PSB during the acidification is plotted against pH.  

 

ΔA= ΔA0 /(1+10[pH−pKa] ) 
 

Saturated citric acid was used for the acidification at first. For lower pH 6M HCl was used till 

complete SB to PSB conversion.  

II-7-4 Crystallization 

II-7-4-1 For growing crystals in the dark (Trans PSB) 

 
Four equivalents of the retinal dissolved in Ethanol added to the concentrated protein at 15mg/ml 

for 2hours in the dark. Vapor diffusion crystallization performed in the 24 well crystallization 

plates were performed as described in chapter I.  

II-7-4-2 For SB products 

Crystals grown in the presence of visible light. Crystals were frozen under the light of microscope 

as well.  
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II-7-4-3 UV irradiated crystals (PSB product) 

 
Crystals were UV irradiated with a handheld TLC UV lamp for 2-3min in the dark. UV irradiated 

M1:Q4A crystals became Blue (622nm), and M1:Q4A:Q38L crystals became red (533nm) color. 

The UV irradiated crystals were flash-frozen immediately under red microscope light in 12% PEG 

3350, 10% NaCl at pH = 4 and 20 % glycerol. The irradiated crystals were in the same space group 

(P1) as SB crystals (Table II-1, II-2, II-3, II-4, II-5). 
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Table II-1: X-ray crystallographic data and refinement statistics for M1: Q4A mutant bound to 

all trans retinal in absence of visible light. 
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Table II-2: X-ray crystallographic data and refinement statistics for M1;Q4A bound to all trans  

retinal in presence of visible light. 

 
 
 

 



 

 101 

Table II-3: X-ray crystallographic data and refinement statistics for M1:Q4A bound to 15 cis  

retinal after UV exposure. 
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Table II-4: X-ray crystallographic data and refinement statistics for M1;Q4A;Q38L bound to all 

trans retinal. 
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Table II-5: X-ray crystallographic data and refinement statistics for M1;Q4A;Q38L bound to all  

trans retinal after UV exposure. 
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CHAPTER III: STRUCTURE INSIGHTS 
FOR NEW FLUORESCENT PROTEIN 

TAGS 
 

Fluorescent proteins can help to visualize biological processes that happen in the living organism. 

By using fluorescent dyes or fluorescent proteins, scientists can analyze the location, interaction, 

and dynamics of proteins at the molecular level.1 2 3 In this chapter, we first review different types 

of fluorescent proteins and fluorescent dyes, followed by a discussion of their applications in 

bioimaging and biosensing.4 5  We further discuss some of our designed fluorescent protein tags 

in collaboration with Prof. Borhan’s group and our structural analysis.   

III-1 FLUORESCENT PROTEINS 

One of the most well-known tools for bioimaging is using the fluorescent protein. The most well-

known intrinsic fluorescent protein, a green fluorescent protein (GFP), was discovered in the 1960s 

from the Aequorea Victoria jellyfish by Shimomura.6 7 8 Further, Jellyfish GFP has been 

engineered to produce, blue, cyan, yellow and other emitting colors. Also, fluorescent proteins and 

non-fluorescent chromoproteins from other species have been identified that emit in the orange, 

red, and far-red spectral regions.9 10 All of the fluorescent proteins are around 25kD, and they 

believed to have the same fold, and similar mechanism of fluorophore formation.11 12 13 The crystal 

structure of GFP has 11 β-strands with a central α-helix in the middle of the β-barrel. Along the α-

helix, the 4-(p-hydroxy-benzylidene)-5-imidazolinone (p-HBI) chromophore forms via the 

cyclization of Ser65-Tyr66-Gly67 (Figure III-1).14 15 Based on the crystallographic data, through 

folding of the protein, the Gly67 amide nitrogen attacks the carbonyl carbon of the Ser65 and 
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forms the imidazoline-5-one intermediate by dehydration of the hemi-aminal. Further, the 

conjugated ring structure forms as a result of dehydrogenation of the Cα-Cβ bond of Tyr66.15 17 18  

 

Figure III-1: GFP structure (pdb:1ema). 

FP is so far exclusively Metazoan gene, and it has been identified in four different multicellular 

Cnidaria, Ctenophora, Arthropoda, and Chordata animals. GFP itself represents a small branch of 

Cnidaria.19 20 Most of the intrinsic FPs share a similar β-barrel structure containing the 

chromophore, and they use the same mechanism using the p-HBI scaffold to form the fluorophore. 

Some variations of these FPs have been developed via mutagenesis.21 Different fluorescence 

spectra depend on the molecular structure of the chromophore, and its interaction with the 

surrounding residues of the protein. Altering the hydrophobicity of side chains and the water 

network in the vicinity of the chromophore lead to formation of new artificial FPs with different 

spectroscopic behavior.12 22 23 Enhancement of the genetic variants of GFP leads to a broad range 
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of spectrum in the visible region. Different categories of fluorescent protein are blue FP (440-

470nm), Cyan (471-500nm), Green (501-520nm), Yellow (521-550nm), Orange (551-571nm), 

Red (576-610nm), and far-red (611-660nm). Current FPs span emission wavelengths ranging from 

442nm to 645nm (Figure III-2).9 Far-red and red fluorescent proteins are more favorable due to 

better tissue penetration and less damage to the cells.24 25 

 

Figure III-2: Shows some of the  fluorescent proteins with different emission wavelengths.26 

Some of this FPs have a large stock shift such as Sapphire, mKeima, LSS-mKate2, LSSmOrange, 

CyOFP1, Sandercyanin. More than 100nm difference between excitation and emission of the 

fluorophores is considered to be a large stoke shift (LSS).27 28 29 Another category of FP are 

photoactivatable FB such PA-GFP, PamKate. The fluorescence is turned on by an activation beam. 

30 31 In some FPs known as photoconvertible FPs, fluorescence wavelength can be irreversibly 

converted to another by a conversion beam such as mMaple, mEos2, Dendra2. Also, in some FPs 

like Padron, Dronpa, Dreiklang, and Kohinoor, fluorescence wavelengths can be reversibly 

switched between two distinct states.32 33 They called as reversibly photo switchable FPs (rsFBs). 

Multicolor labeling for imaging can be achieved using different LSS and photoswitchable 

fluorescent proteins.34 35 36 

III-2 APPLICATION OF FLUORESCENT IMAGING 
 
Fluorescent proteins have a variety of applications and they are mostly used in fluorescent 

bioimaging. They are used as an important tool to study cellular localization, protein trafficking, 
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protein-protein interaction, protein dynamics, gene expression, drug screening, signaling, etc for 

in vivo imaging.37 38 Maturation time, turnover rate, environmental sensitivity, blinking, and 

bleaching are important factors to choose the proper FP for the study.39 40 41 These photophysical 

properties bring variety of new applications in imaging studies. fluorescence recovery after 

photobleaching (FRAP), fluorescence loss in photobleaching (FLIP), and fluorescence localization 

after photobleaching (FLAP) are important methods that exploit photobleaching properties for FP 

migration in sample cells.42 43 Turnover is another photophysical property which is used to make 

Timer FPs.44  In this type of FP, the FPs initially emits at a specific wavelength and emission 

wavelength changes after a certain time. Förster resonance energy transfer (FRET) is another 

technique which is widely used for protein-protein interaction. This method is based on the energy 

transfer between two light sensitive molecules. In this technique, after the donor chromophore 

goes to its excitation state, it can transfer energy to the acceptor nearby (less than 10 Å) 

chromophore by dipole-dipole coupling. 45 43 46 Intramolecular FRET also can be used for detecting 

conformational changes as a result of protein-protein interaction. Another intramolecular FRET, 

like Cameleon for measuring intracellular Ca2+ and phosphorylation-sensitive FRET probes have 

been constructed as well (Figure III-3). 47 48 
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Figure III-3: a)intermolecular FRET b)intramolecular FRET for detecting conformational 

changes c) cameleon intramolecular FRET probe d) intramolecular phosphorylation-sensitive 

fret probes copied from ref.48   

Protein-protein interaction can be also measured based on fluorescence intensity fluctuation, or 

blinking. In fluorescence cross-correlation spectroscopy (FCCS), the cross-correlation fluctuation 

of the two FP emissions can be measured to study the interaction of protein-protein interaction. 

Unlike FRET, this method is less dependant on the distance and orientations of the targets. An 

expanded version of this method, photochromic stochastic optical fluctuation imaging (pcSOFI) 

was used for detection of the activity of Kinase A.49 Fluorescent-based biosensing is another 

application of this area. In this method, based on substrate-indicator recognition, fluorochromes 

are developed to respond to reaction based indicators, such as metals and redox and ions. Intra 

molecular charge transfer (ICT) is an example of these methods which interacts with analyte 

through electron donor acceptor part. Another example of biosensors, is cell membrane voltage 

sensing with fluorescent indicators. They are used mostly in neuron physiology for measuring ion 
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currents. Transmembrane adhesion receptors are another category of optical sensing for measuring 

the mechanical tension of the cell surface. Optical molecular imaging is a growing technique to 

use in tumor margin detection. Radiography, computed tomography (CT), magnetic resonance 

imaging (MRI) and positron emission tomography (PET) are common methods for cancer 

diagnosis. However, these methods cannot be used for an intraoperation. Surgeons use 

fluorescence molecular imaging (FMI)  for navigating the surgical target, and to evaluate the level 

of a malignancy of tumor (Figure III-4).50 51 52 Combination of intraoperative fluorescence-guided 

surgery (FGS) for tumor removal and radio and chemotherapy helps the survival rate of patients. 

Two fluorescent dyes, indocyanine green (ICG), and fluorescein sodium have recieved FDA 

approval.53  Most of the recent studies have focused on NIR-FGS. NIR-FGS are invisible and they 

do not interfere with appearance of target in surgical operations.54 Also, they are less harmful to 

cells. photosensitizing-based chromophore/fluorophore-assisted light inactivation (CALI/FALI)55 

and photodynamic/photothermal therapy (PDT/PTT) are the two multimodality fluorescence 

bioimaging techniques that are currently being studied in this field. 56 

 
Figure III-4 a) single SLN identification by intraoperative fluorescence imaging b) detection of 

lymph node by multispectral FMI system.50 
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Another new imaging agents are fluorescence polymer nano particles. They can enhance the 

brightness of imaging. The brightness of nanoparticles can be improved by increasing the number 

of particles. Due to the large size of nano particle dyes, they are usually more favorable in the 

whole animal labeling, coating, and sensing.57 58 

III-3 SYNTHETIC FLUOROCHROMES AND DYES 
 
Although fluorescent proteins have been used in a variety of applications, they have some 

limitations. Unlike GFP, most of the FPs form dimer, or higher order oligomers when they are 

fused to other proteins.10 59 Also, fluorescent proteins needs oxygen to form their chromophore 

and they can be used only in obligate anaerobes. Due to limitation of FPs, synthetic fluorochromes 

and dyes have also been developed. In extrinsic fluorescent proteins, an exogenous ligand 

(fluorophore) binds to the endogenous biomolecule. UnaG for example does not have any intrinsic 

fluorescence, the fluorescence is triggered by binding to bilirubin.60 Bacterial phytochromes 

photoreceptors (BphPs) binds to biliverdin IXα (BV) exhibit red-shifted NIR absorbance. BphPs 

bind BV in GAF domain followed by formation of a thioether bond with Cys12 in the PAS domain 

(Figure III-5).61 The engineered BphPs used for designing other fluorescent proteins. 62 63 
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Figure III-5: crystal structure of BphPs bound  to BY (pdb:3c2w).61 

One of the most developed methods to make extrinsic fluorescent proteins is a chemical-labeling 

system. In this method, a tag fused with a target protein covalently interacts with a small molecule 

that plays as fluorophore after the binding. Variety of NIR fluorescent tags have been developed 

using this method. SNAP-tag, CLIP-tag, Halo-Tags are some of the examples of enzymes that 

used as a tag to a target protein in this method. One of the limitations of this method is that this 

method needs sequential two-substrate enzymatic reactions.64 65 66 SNAP-tag is an engineered O6-

alkylguanine-DNA alkyl transferase that can catalyze the irreversible alkyl group transfer of O6-

alkylguanine- or O6-benzylguanine-DNA. In this method, the dye is attached to the O6-

benzylguanine substrate.67 68 CLlP-tag is engineered from the same enzyme, and uses O2-

benzylcytosine as a substrate69 (Figure III-6).  
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Figure III-6: Demonstrates the reaction of  snap-tag, and Clip-tag.poi (protein of interest).70  

Fluorogenic TMP-tag also developed based affinity-based ligand-protein interactions. Unlike the 

aforementioned covalently self-modified enzymatic tags , this tag was developed based on 

noncovalent binding affinity of trimethoprim (TMP) with E. coli dihydrofolate reductase.71 72 73  

Similar to site specific chemical labeling, biorthogonal reactions have been used for designing new 

dyes. In specific chemical labeling, the protein of interest is labeled with a protein (usually around 

200 amino acids) as tag. Due to the large size of the tag, the tag might interfere with the protein of 

interest. In contrast, instead of using a protein as a tag, the target protein is labeled with a functional 

groups.  Developing the smart azide probes using Staundinger Ligation and Diels-Alder 

Cycloadditions are some of the examples of these probes. These methods usually needs many 

washing steps to remove the excess free fluorochromes. One of the recent developments in this 

area is using the quencher conjugated with the fluorescent probe. By doing so, the fluorophore 

remains in the dark state until the dye binds to the target.Small protein tags is one of the category 

of fluorogenic proteins which used as alternative for intrinsic fluorescent protein. Fluorogen or 
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dye remains in the dark state till they bound to their protein target. Fluorogen-activating proteins 

(FAPs) are a category of these fluorogenic proteins. They are single chain antibodies that reacts to 

a fluorogen. Thiazole orange and malachite green are two examples of these flurogens (Figure 

III-7).74  Due to the free rotation of their aromatic rings, they do not have emissions in the solution. 

After binding to the FAPs, the molecules become stable in their fluorescent states and they become 

activated.  

 

Figure III-7: Malachite green (mg). 

Studies demonstrate great results for malachite green (MG) fluorogen. They are bright, wash-free 

labels with emission spectra in the far-red region. These properties make them favorable for 

imaging studies. FAP systems are used for multicolor imaging as well. 74 75 Photoactive yellow 

protein tags (PYPs) are another category of small protein tags. PYP tags are engineered from 

photoactive yellow protein. PYP is a small, 125 amino acid, cytosolic protein (Figure III-8). The 

probe is based on the mechanism of static quenching, and it does not have emission in absent of 

PYP.76  In the presence of PYP, the quencher (coumarin) dissociates from the fluorescent 

molecules. The coumarin based fluorophores usually have slow kinetics and they need wash steps. 

Therefore, some designed probes were based on 7-dimethylaminocoumarin thioester derivatives 

have been developed to improve the kinetics and removing the washing steps. PYP can be fused 

with nuclear localization signals (PYP-NLS) for cell imaging studies. 77 78 79 80  
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Figure III-8: Photoactive yellow protein tags (PYPs)  bound to 4- hydroxycinnamic acid 

(pdb:2phy).79 

Another small fluorescent protein is hCRABPII designed by collaboration between our lab and 

Prof. Borhan at Michigan State University. As explained in the previous chapter, we have used 

this system for many years to study wavelength tuning and isomerization similar to rhodopsin 

systems, also to design new fluorophores for imaging application.81 82 In CRABPII protein 

merocyanine binds to a lysine residue in the binding pocket (Figure III-9). Although this system 

has many advantageous such as high quantum yield, attempts to use this system for in vivo studies 

failed. Therefore, our new efforts for designing new dyes are based on the hCRBPII template. 

Many fluorophores have been designed based on hCRBPII by Prof. Borhan’s group. Among them, 

I had the opportunity to work with FR1, FR0-Malemide derivate, FR1-cyano, ThioFluor and Thio 

phenol chromophores.83 70 We will get into the details of each these chromophores in this chapter. 
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Figure III-9: Merocyanine retinal aldehyde (MCRA) bound to hCRABPII. 84 

Resolution and imaging depth are important factors in fluorescence imaging. By development of 

super-resolved fluorescence microscopy higher imaging resolutions are possible. NIR emissions 

still have the depth issue. Also, water and hemoglobin have the same absorptions in the visible and 

NIR regions. In the past decades there are many efforts in developing far-Red and NIR dyes with 

better depth and resolution. 85 86 87  

III-4 FR-1V DYE AND PHOTO SWITCHING MECHANISM 
 

Another Chromophore that I had the opportunity to work on is FR-1V made by Dr. Wei Sheng. In 

an effort to make NIR emission and a large Stokes shift he developed this dye. FR-1V makes a 

Schiff base with Lys108 in hCRBPII similar to retinal chromophore (Figure III-10). 70 
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Figure III-10: FR-1v bound to Lys108. 

To make this dyes useful for imaging studies, it needs to have low background for in vivo studies. 

Therefore, the emission of hCRBPII complex should be different than FR-1V bound to other non-

specific proteins. Since, emission of FR-1V-PSB (690nm) and FR-1V-SB (510nm) are relatively 

different in Ethanol, Dr. Wei Sheng tried to find a method to control the FR-1V complex 

exclusively as PSB with hCRBPII and SB with other proteins. One of the mechanisms for 

controlling the amount of the PSB/SB is isomerization, which was explained in the last chapter. In 

case of retinal bound to hCRABPII and hCRBPII systems, we can increase the PSB/SB by UV 

exposure. By the time of this study, only isomerization in hCRABPII system was discovered by 

Dr. Meisam Nosrati. Dr. Wei sheng tried the same procedure for isomerization of FR-1V bound 

to hCRBPII.92   He found several mutants that photo switch with this chromophore by UV exposure 

(Table III-1). Unfortunately, by the time of this study, none of these mutants were crystalized, 

and he published his results for two of these mutants, ps4 and ps9, by postulating the same 

mechanism as isomerization of hCRABPII system. 70 93  
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Table III-1:  Several mutants of hCRBPII that photo switch with this FR-1v by UV exposure. 

 

Absorption and emission spectra for ps4 is illustrated in (Figure III-11).  

 

Figure III-11: Absorption and emission for PS4 before (left) and after UV exposure (right). 

Absorption in dash line and emission solid line.70 93 

He explained his data and photo switching mechanism by referring to 15-cis to all-trans retinal 

isomerization in hCRABPII that was discovered by Dr. Meisam Nosrati (Figure III-12). 93 
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Figure III-12: Postulated mechanism for photoswitching in FR-1V bound to hCRBPII.70 

As explained in the last chapter, I discovered the isomerization for 15-cis to all-trans retinal in 

hCRBPII system in the absence of Gln4.  The isomerization mechanism was discovered using a 

single crystal for Q108K;K40L;T51V;T51C;R58W;T28L;Y19W;Q4A and following studies have 

been done also for Q108K;K40L;T51V;T51C;R58W;T28L;Y19W;Q4A;Q38L mutant.Since, I 

could crystallize these mutants with retinal, I decided to try them also for FR-1V fluorophore to 

find out the mechanism for photo switching in this dye. I was successful in crystallizing the 

Q108K;K40L;T51V;T51C;R58W;T28L;Y19W;Q4A;Q38L bound to FR-1V. Crystal was 

colorless, and by UV exposure it changed  to blue color, which shows a photo switching process 

(Figure III-13).  
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Figure III-13: UV exposure on Q108K;K40L;T51V;T51C;R58W;T28L;Y19W;Q4A;Q38L  

bound to FR-1v crystals lead to change in color of crystals. 

Crystals were solved in high resolution around 1.4 Å. Interestingly, there is no evidence of the 

isomerization. Both crystals before and after UV exposure have trans conformation. The only 

difference between these two crystals is moving the Trp58 after shinning the UV (Figure III-

14), (Figure III-15).  

 

Figure III-14: Crystals of Q108K;K40L;T51V;T51C;R58W;T28L;Y19W;Q4A;Q38L  bound to 

FR-1v before (left) and after UV exposure (left). 



 

 124 

 

Figure III-15: Overlaid crystals of Q108K;K40L;T51V;T51C;R58W;T28L;Y19W;Q4A;Q38L  

bound to FR-1v before (blue) and after UV exposure (yellow). The only difference is changing 

the conformation of Trp58. 

This observation lead us to think about another mechanism for photo switching other than 

isomerization, since the color change in crystals were clear. As mentioned, crystals of hCRBPII 

always grown and frozen in pH4. Therefore, the mechanism in pH 4 might be different than 

physiological pH. The absorption for this construct, 

Q108K;K40L;T51V;T51C;R58W;T28L;Y19W;Q4A;Q38L, bound to FR-1V in pH is illustrated 

(Figure III-16). At first, there is only SB peak observed with absorption around 380nm. UV 

exposure to this solution converts some of the SB to PSB (𝜆𝜆Rmax 630nm). The PSB is not stable and 

it will convert back to SB thermally.  
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Figure III-16: Absorption spectra for Q108K;K40L;T51V;T51C;R58W;T28L;Y19W;Q4A;Q38L 

bound to FR-1V in pH7.4. SB converts to PSB via UV exposure (left). PSB converts back to SB 

overtime thermally (right). 

As discussed, crystals were grown in pH 4. Therefore, I acidify the solution of the protein bound 

to chromophore. Interestingly, acidifying the solution leads to formation of two peaks around 

320nm and 340nm, and does not show any formation of PSB (𝜆𝜆Rmax 630nm) (Figure III-17). Our 

hypothesis is that the peaks around 340 are related to the double protonated form of the 

chromophore, when both nitrogens of the imine bond and Diethyl amine are protonated. The pKa 

is around 3.5 for this form.  
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Figure III-17: Acidifying solution of Q108K;K40L;T51V;T51C;R58W;T28L;Y19W;Q4A;Q38L 

bound to FR-1v leads to conversion to the SB (𝜆𝜆RMAX 380nm) to 320-340nm peak. The pka for this 

form measured to be around 3.5. 

Since the crystals are grown in pH4, I collected the absorption spectra in pH 4 as well. In pH4, 

there is mixture of the SB (𝜆𝜆Rmax 380nm) and 340nm and 320nm peaks. Shinning the UV light lead 

to form the PSB (𝜆𝜆Rmax 630nm), which is consistent with the color of crystal as blue. The PSB 

converts overtime to mostly 320nm and 340nm species (Figure III-18). The idea of the 340 peak 

to be related to double protonated form of the chromophore is consistent with our observation on 

the crystals. In the colorless crystal, Trp58 may have 𝜋𝜋-cation interaction with protonated diethyl 

amine. By UV exposure, and losing the proton, chromophore is in the PSB form, and no longer 

has the positive charge on the diethyl amine, and Trp58 no longer has the 𝜋𝜋-cation interaction and 

it rotate from the close interaction with diethyl amine (Figure III-18). 
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Figure III-18: Absorption spectra for Q108K;K40L;T51V;T51C;R58W;T28L;Y19W;Q4A;Q38L 

bound to FR-1v in pH4. SB and 320nm-340nm peaks converts to PSB via UV exposure (left). 

PSB converts back to mostly to 340-320nm peak overtime thermally (right). 

To only have 420nm-440nm peaks, I brought the pH down to 3.2. There is no SB peak observed 

in this pH. By UV exposure, the PSB forms, but not as much as at pH4. The PSB convert back to 

420nm-440nm peak very fast around 5 minutes (Figure III-19).  
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Figure III-19: Absorption spectra for Q108K;K40L;T51V;T51C;R58W;T28L;Y19W;Q4A;Q38L 

bound to FR-1v in pH3.2. 320nm-340nm peaks converts to PSB via UV exposure (left). PSB 

converts back to 340-320nm peak in around 5min thermally (right). 

The idea of only changing the position of one residue, in our case Trp58, leading to photo switching 

of the chromophore is pretty interesting and it can be used in designing new photo switchable 

fluorophores. I have tried to crystalize some other mutants like Q108K;K40L;T51V;T53S and 

Q108K;K40L;T51V;T53C that are photo switchable with FR-1V (Figure III-20).  
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Figure III-20: Conversion of SB to PSB via UV irradiation. A) for Q108K;K40L;T51V;T51C B) 

Q108K;K40L;T51V;T51S bound to FR-1V in pH4. 

I was successful in growing the crystals of Q108K;K40L;T51V;T53S bound to FR-1V. However, 

the color change in the crystals were not clear, via UV exposure, and there was not enough density 

for the chromophore in the binding pocket (Figure III-21). 
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Figure III-21: Crystals of Q108K:K40L;T51V;T53C before and after UV exposure. Density for 

the chromophore is not sufficient to predict the mechanism of photo switching. 

III-5 FR1V-⍺- CYANO 

FR1V-⍺- cyano is another photo switchable dye synthesized by Soham Maity (Figure III-22). 

FR1V-⍺- cyano was engineered based on fluorine-based aldehydic dye (FR-1V), which is 

explained in the last part.  

 

Figure III-22: FR1V-⍺- cyano structure. 
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The idea is that the chromophore binds to protein from two sides, making a Schiff base with 

Lys108 and sulfide bond with Cys 51. By UV exposure, the bond between Cys51 and Lys108 

breaks (Figure III-23).  

 

Figure III-23: UV elimination breaks the sulfide bond between the Cys51 and the chromophore. 

Absorption spectra for Q108K:K40E:T51C:T53S:R58L:Q38F:Q4F mutant bound to FR1V-⍺- 

cyano is illustrated (Figure III-24). By UV exposure, the sulfide bond breaks and converts to 

445nm which is the absorption of the imine bond. This process is reversible and the 445nm peaks 

convert to 330nm peaks in visible light, which shows the formation of the sulfide bond again.  

 

Figure III-24: UV exposure to the 330nm peak converts it to 445nm (left). The 445nm peak 

converts back to 330nm in the presence of visible light (right). 



 

 132 

I have tried many times to crystalized this mutant bound to FR1V-⍺- cyano. Unfortunately, the 

electron density for chromophore it was not complete in this crystals as it shows in (Figure III-

25). 

 

Figure III-25: Electron density for chromophore in Q108K:K40E:T51C:T53S:R58L:Q38F:Q4F 

construct (green). 

Further trials to fit the chromophore in the electron density demonstrates different binding as 

expected to Cys51 (Figure III-26). Overall, we cannot talk about binding of chromophore with 

certainty from this crystal data.  
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Figure III-26: Electron density for FR1V-⍺- cyano in 

Q108K:K40E:T51C:T53S:R58L:Q38F:Q4F construct. 

III-6 CONCLUSION 
 

Fluorescent protein tags have various applications specially in imaging studies. We used the 

hCRBPII templates for designing new fluorescent dyes. Our structural analysis and UV-

fluorescent measurements help us to postulate the mechanism for these new designed dyes.  

III-7 EXPERIMENTAL 
 

III-7-1 Site directed mutagenesis and protein expression 
 

For Site directed mutagenesis refer to Prof. Wenjing Wang’s thesis. Protein expression and 

purification were performed similar as explained in chapter I.  
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III-7-2 Crystallization 
 

Four equivalent of ligands (FR1, FR1-cyno, Thiophenol) in Ethanol added to the concentrated 

protein at 15mg/ml for 2hours in the dark. Vapor diffusion crystallization performed in the 24 well 

crystallization plates were performed as described in chapter I (Table III-2, III-3, III-4, III-5, III-

6, III-7, III-8).  
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Table III-2: X-ray crystallographic data and refinement statistics for m1:q4a:q38l bound to fr-

1v. 
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Table III-3: X-ray crystallographic data and refinement statistics for M1:Q4A:Q38L bound to 

fr-1v after UV exposure. 
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Table III-4: X-ray crystallographic data and refinement statistics for KLVS bound to FR-1v. 
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Table III-5: X-ray crystallographic data and refinement statistics for KLVS bound to FR-1v. 
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Table III-6: X-ray crystallographic data and refinement statistics for 

Q108K:K40E:T51C:T53S:R58L:Q38F:Q4F bound to FR-1cyno. 
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Table III-7: X-ray crystallographic data and refinement statistics for 

Q108K:K40L:T51V:T53S:R58H:Y19W:A33Y bound to Thiophenol. 

 

 

 



 

 141 

Table III-8: X-ray crystallographic data and refinement statistics for 

Q108K:K40L:T51V:T53S:R58H:F16Y:Y19W:A33H:L117C bound to thiophenol. 
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CHAPTER IV: DOMAIN SWAPPING IN 
HCRBPII (IN VIVO STUDIES) 

 
 
IV-1 DOMAIN SWAPPING 
 
During our studies on hCRBPII, my lab-mates characterized the domain swapped dimer as a 

folding product for this protein.1 2 3 4 5 In domain swapping two or more monomers exchange an 

identical part of their structures to form a dimer or higher-order oligomers (Figure IV-1.).6 The 

first evidence of domain swapping was discovered by Eisenberg and his group for the dimeric 

structure of diphtheria toxin. So far, domain swapping has been reported for more than 40 different 

cases. One of the first examples is Bovine pancreatic ribonuclease (RNase A), in which the N 

terminal fragments exchanged to form a domain swapped dimer (DSD).6 7 8 Domain swapping can 

be dynamic, where the barrier between monomer and DSD or oligomer is low, and it can be static, 

where the barrier is very high. The exchanged region can be very small, or it can be as large as 

half of a protein domain, even around 100 residues. In domain swapping, the exchanged loop 

between the swapped region in dimer is called the hinge region. The swapped region in most of 

the cases is either the N terminus or C terminus of the protein, but it can also be in the middle of 

the protein sequence like in blood coagulant factors IX/X-binding protein. In some DSD cases 

more than one region in a protein can swap.9 Domain swapping can exist in some proteins naturally 

as a folding product. In some DSD cases, domain swapping can be the consequence of unusual 

conditions like pH, temperature, and presence of denaturant. Domain swapping is responsible for 

the evolution of a number of large proteins. Also, it may lead to aggregation that might be reason 

for many diseases, such as Parkinson's disease, Alzheimer's disease, diabetes, and many others.10 

11       
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Figure IV-1: Demonstrates the concept of domain swapping. 

IV-2 DOMAIN SWAPPING IN HCRBPII 

As I explained before, Intracellular lipid binding proteins (iLBPs) are small cytosolic proteins 

responsible for transport of various insoluble hydrophobic molecules. All of the family members 

have similar structures including a ten stranded 𝛽𝛽 barrel and two alpha helices located at the mouth 

of the internal binding cavity playing as the entrance to the binding pocket of the protein. 15 

Structures of almost all of the members of the iLBP family have been reported, which including 

fatty acid binding proteins and retinoic acid binding proteins. 16 17 Most of the studies on the folding 

pathway of iLBPs have been carried out in the Gierasch lab. Their results which are mostly on 

human Cellular Retinoic acid binding protein I (hCRBPI), reports the early 𝛽𝛽 barrel formation in 
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the folding pathway of this protein.18 19 The formation of the 𝛽𝛽-barrel as a meta stable intermediate 

during the folding process of iLBPs prevent this family from having aggregation and amyloid 

formation. During the efforts for using hCRBPII as a rhodopsin mimic, my former lab mates 

reported the first DSD structure of this protein (Figure IV-2). 1    

 

Figure IV-2: Structure of domain swapped dimer for hCRBPII. 

The swapped region in pretty huge and it is around half of the protein. The exchanged region 

contains three 𝛽𝛽 strands with two alpha helixes. The existence of domain swapping for hCRBPII 

can be seen as a new folding product for the iLBP family, and it may change the previous concepts 

of folding for this family, like early formation of 𝛽𝛽 barrel. The existence of a domain swapped 

dimer for hCRBPII, has led our group to suggest a new folding pathway for this protein. Based on 

our structural work, we suggested at least one stable intermediate in the folding pathway of this 

protein. In our proposed mechanism, hCRBPII folds via an “open monomer” and both monomer 

and domain swapped dimer are derived from this intermediate. Our group predicted that the N- 

terminal and C-terminal halves of hCRBPII are capable of at least partially folding independently, 
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and make the “open monomer” as an intermediate. The monomer/dimer ratio as folding products 

would then depend on the relative rates of dimerization of the open monomers, versus rotation of 

the N and C termini together to form the “closed monomer” (Figure IV-3).  1  

 

Figure IV-3: Proposed folding pathway for hCRBPII. Open monomer is as an intermediate in 

the folding (PDB:4ZH6). Domain swapped dimer and monomer shows as folding products. 

Mutational studies on hCRBPII demonstrates the importance of some residues in formation of 

DSD. Studies show that with a single mutation, we can change the ratio of monomer and domain 

swapped dimer which are folding products in the folding pathway of this protein. 2 1 
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IV-3 INVESTIGATE THE FOLDING INTERMEDIATES OF 

HCRBPII (USING CD AND FLUORESCENCE SPECTROSCOPY) 

We decided to conduct the folding experiments to investigate our hypothesis about the open 

monomer as an intermediate. These experiments have been done by Dr. Zahra Assar and I, in 

collaboration with Prof. Lapidus group.5 As mentioned above, we suggested that the N terminus 

and C terminus fold independently, and they form the open monomer as an intermediate. One of 

the most important studies for detecting the intermediates is to detect the changes in the secondary 

and tertiary structure of the protein at different denaturant concentrations. In our experiments, we 

used different concentrations of Guanidium chloride as a denaturant to denature WT-hCRBPII. 

We monitored the changes in protein using Circular dichroism (CD) and fluorescence 

spectroscopy in each step (Figure IV-4). From the CD data, the ratio of α helix/beta-strand 

calculated in each step (220nm for 𝛽𝛽-strand and 222nm/208nm for α helixes). In 1 M concentration 

of Gu-HCl, around 30% of 𝛽𝛽 strands decreased compared to the native structure. However, α 

helixes seemed to be very more stable compared to 𝛽𝛽 strands, and only they started to decrease 

their intensities at 2M denaturant. At 4M denaturant, around 20% of α helixes has been lost. The 

concentration dependence might indicate the early association of dimer during the folding. Prof. 

Lisa Lapidus and her group tried to find the order of the folding using the ellipticity versus 

denaturant (from CD experiment). As we expected, the data did not fit the two-state model (N ⇄ 

U), indicating there are one or more intermediates in the folding pathway of this protein. More 

calculations need to be done to fit our data into the three-state or higher-order state model.20 Also, 

other experiments, especially H-D mass spectrometry could be used to identify the folding 

intermediate of the hCRBPII. 
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Figure IV-4:Unfolding spectra of the WT hCRBPII in presence of different concentration of Gu-

HCl. a and b) monitoring by CD measurements. c and d) Tryptophan fluorescent spectroscopy to 

study the intermediates in folding pathway of hCRBPII. Purple line in b and d demonstrates the 

third degree polynomial fit. 
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IV-4 IN VITRO REFOLDING EXPERIMENT TO INVESTIGATE 

THE EFFECT OF LIGAND BINDING ON THE FOLDING 

PATHWAY OF HCRBPII 

Many studies have been done to find the different factors that affect the formation of domain 

swapped dimer in hCRBPII. In our previous studies, my lab mates elucidated the effect of protein 

concentration on dimerization of this protein. In vitro refolding experiments for some mutations 

of hCRBPII indicate that concentrations of protein, affects the dimerization. By increasing the 

concentration of protein during the expression, the ratio of dimer to monomer will be increased.1 

One of the interesting factors that had not been studied on dimerization before I joined the lab, was 

the effect of ligand binding on dimerization. I performed the in vitro refolding experiment to 

investigate the effect of this factor. For this experiment, I chose the Q108K:T51D construct of 

hCRBPII, since the structure of both the Apo and Holo dimer of this mutation have been reported 

by our group. The ligand which is retinal, can make a Schiff base with Q108K as discussed in the 

last chapters. In the trials with 6 mg/ml of protein, the chromatogram of size exclusion 

chromatography showed more domain swapped dimer form for Holo form of the protein. (Figure 

IV-5). These results were reproducible, but since the concentration of soluble protein decreased 

significantly during the refolding experiment, it needs more investigation.  
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Figure IV-5: Chromatogram of size exclusion chromatography after conducting the refolding 

experiment in high concentration. The left figure is the chromatogram for refolding in the  

presence of ligand and the right one is the result of refolding in the absence of ligand. 

IV-5 STUDY THE OCCURRENCE OF DOMAIN SWAPPING BY 

MUTATIONAL ANALYSIS OF HCRBPII (PHASE 

RELATIONSHIP)  

Our group is successful in structure determination of many DSD hCRBPII variants. In all of these 

structures the loop between 𝛽𝛽 strand 3 and 4 in the monomer becomes straight in the DSD, 

resulting in a single 𝛽𝛽 strand stretching the length of the dimer. In the monomer structure, all of 

the odd residues in 𝛽𝛽 strand 3 and even residues of 𝛽𝛽 strand 4 are inside the binding pocket. 

However, in the dimer structure, since the 𝛽𝛽 strand 3 and 𝛽𝛽 strand 4 makes a single 𝛽𝛽 strand, the 

conformation of even residues of 𝛽𝛽 strand 4 should be toward the solvent this time (figure IV-6). 

This means that for the formation of an ideal single 𝛽𝛽 strand in the domain swapped dimer, the 

residues in the C terminal strand should “re-phase” and to put the even side chains in phase with 
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the odd numbered side chains of strand (red label in the figure V-6). In other words, all the 

hydrophilic residues that have interaction with solvent should turn toward the binding pock, and 

the hydrophobic residues should turn toward the solvent. Therefore, this process is not energy 

favorable and it may change the whole structure of the protein. Interestingly, in DSD structures, 

the 𝛽𝛽 strand is not formed in this way and it is not ideal strand. Instead of re-phasing all the residues 

in C terminal, two residues have the same conformation toward the binding pocket. The resulting  

strand is not the ideal 𝛽𝛽 strand since the side chains of two adjacent residues are on the same face 

of the strand, but is more energy favorable (Figure IV-6). 5 

 

Figure IV-6: The "phase problem" in domain swap dimerization. Top figure is for monomer 

hCRBPII. In the bottom of figure,  the ideal and actual 𝛽𝛽 strand in DSD form elucidated. 

As explained, quite a few studies have been done on domain swapping to investigate essential 

factors that can give rise to domain swapping. One of the most important ones was mutational 
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analysis. Mutational analysis on hCRBPII indicates that the presence of some hydrophobic 

residues in the vicinity of the binding pocket can increase the domain swapping for this protein. 

One of these mutants is Y60L and Y60W, which increases the dimer/monomer ratio significantly. 

The way that these mutants, solve the phase problem might be key to the domain swapping 

mechanism. Another important structural detail that we thought it might be important for domain 

swapping is the conformation of residue Y60 and D61. In all of the domain-swapped dimers of 

hCRBPII mutants, these two residues are pointed toward the solvent, which re-phase the strand, 

which is like residue 9 and 8 in schematic figure V-6. In wild type hCRBPII, which express as 

mostly monomer, residue Y60 is inside the binding pocket. This can be another significant factor 

in the mechanism for dimerization in hCRBPII. In the Y60W mutant of DSD hCRBPII, residue 

60 is perpendicular to the binding pocket, and this how it forms the 𝛽𝛽-strand in the DSD (Figure 

IV-7). 

 

Figure IV-7: Residues 56-63 in the B subunit of Y60W-Hcrbpii. 

To predict the occurrence of domain swapping by amino acid sequence, Dr. Zahra Assar-Nossoni 

and Alireza Ghanbarpour have carried out many mutations on hCRBPII (for example Y60L, 

Q108K:K40L: T51F, Q108K: T51D, E72A, and Q108K:K40L: T51W) and their relative 

orientations of amino acids have been studied by them (Figure IV-8).  
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Figure IV-8: Demonstrates the conformation of residues in different hCRBPII construct. O: out 

of the binding pocket, I: inside the binding pocket, S: toward the solvent. 

According to these data, these data, the significant hinge motion at Thr56, subsequent proper 

orientation of the N and C terminus for dimer formation, and reforming the connecting strand are 

required for domain swapping in hCRBPII. Other critical residues for domain swapping seem to 

be in position 58 and 59. The relative orientation of these two residues in the domain-swapped 

dimer is different from the monomer. To test the effect of Asparagine 59 on domain swapping, we 

made a single mutant N59L: hCRBPII construct. In the domain-swapped dimer, Asparagine 59 is 

toward the inside of the barrel. We hypothesized that by mutating this position to a more 

hydrophobic residue like Leucine, we could increase the dimerization. However, the expression of 

this protein at room temperature was low, and it was mostly monomer. The SDS PAGE shows a 

small band for our protein in 15kD (Figure IV-9). 



 

 161 

 
Figure IV-9: a) SEC chromatogram for hCRBPII N59L. b) SDS PAGE from fraction 14-22 of 

SEC. 

Another critical residue was Arginine 58. We made two different mutants to both hydrophobic and 

hydrophilic residues, R58L and R58Q, to elucidate the effect of this residue in domain swapping. 

However, in both cases, only monomer hCRBPII formed (Figure IV-10).  

 

Figure IV-10: Chromatogram of Source Q Size Exclusion chromatography  of a) R58L hCRBPII 

b) R58Q hCRBPII. 
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IV-6 EXPRESSION OF DSD HCRBPII IN MAMMALIAN CELLS  

IV-6-1 Expression of hCRBPII in Hela cells and detection using western 

blotting  

Highly purified and low-cost expression of the majority of recombinant proteins is done by using 

the bacterial expression systems. However, in most of the cases, expression in mammalian cells is 

still needed to evaluate the function and correct post-translational modifications for the proteins.21 

22Since most post translational modifications occur in the endoplasmic reticulum, mammalian 

expression allows for the highest level of post-translational processing and functional activity of 

the protein. This system is commonly used for the production of antibodies and therapeutic 

proteins to evaluate potential drug targets.23 24 Almost all of the studies on DSD hCRBPII have 

been done through bacterial expression. To find out the physiological relevancy of this 

phenomenon, I tried to investigate the existence of the DSD form in mammalian expression. Since 

we had higher information on domain swapping of hCRBPII, we used this protein as our first target 

for this study. Different eukaryotic expression systems are available for the expression of 

mammalian proteins that contain unique post-translational modifications. The most common 

methods currently include baculovirus expression vector systems and mammalian cell systems. 

HeLa cell line is one of the most common mammalian cells used for mammalian culture. HeLa 

cells are cervical cancer cells, and the name came from a first sample taken from a woman called 

Henrietta Lacks. The Hela genome was sequenced in 2013. These cells are the most commonly 

used human cell lines, which used for scientific research. They are one of the oldest human cell 

line and were used to test the first polio vaccine in the 1950s, test the infection of human cells by 

parvovirus in 1953, and also for testing the heptamethine dye IR-808, etc. 25 26  
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Figure IV-11: Multiphoton fluorescence image of HeLa cells with cytoskeletal microtubules 

(magenta) and DNA (cyan). 

One of the reasons for using HeLa cells in research studies is their fast proliferation. Moreover, 

they have an altered version of telomerase, which can prevent aging and cell death. However, the 

rapid adaptation of HeLa cells to grow in tissue culture plates cause them to be challenging to 

control. Through improper maintenance, HeLa cells can cause contamination and interfere with 

other cell cultures in the same laboratory (figure IV-11).27 After protein expression in mammalian 

cell culture, different analytical tools can be used to detect the target proteins. One of the analytical 

technique for detecting specific proteins from a complex mixture of proteins extracted from cells 

is western blotting.28 29 This method was first introduced by Towbin et al. in 1979. In western 

blotting, the mix of proteins from cell extract is separated by molecular weight, through SDS gel 

electrophoresis (SDS PAGE gel). Then, proteins are transferred from the SDS PAGE gel to a 

nitrocellulose or polyvinylidene difluoride (PVDF) membrane. The term "blotting" refers to this 

step, which means transferring protein samples from the SDS PAGE gel to a membrane. Further, 

the proteins can be detected by using the proper antibodies. Antibodies can be specific for each 

target protein, or in most cases, the antibodies can label specific protein tags (Figure IV-12). 



 

 164 

 

Figure IV-12: Schematic illustration of steps in western blotting. 

As we discussed, the existence of domain swapping in hCRBPII have huge effect on the folding 

pathway for iLBPs, and may lead to allosteric regulation for this protein. To check the 

physiological relevance of domain swapping in iLBPs, we decided to investigate the existence of 

domain swapping in hCRBPII using the HeLa cell line for mammalian expression and Western 

blotting for detection. I cloned the Q108K: T51D hCRBPII into Cytomegalovirus (CMV) vector 

with a flag tag on the N terminus of our target gene. Flag tag is a peptide tag that can help us to 

identify our target protein from other proteins from the extract by using a proper antibody. Q108K: 

T51D mutant of hCRBPII, was expressed as all DSD in bacterial expression. The aforementioned 

plasmid was used to for transfection of 6-well culture plates containing HeLa cells. The first three 

wells were as controls; the first well was blank without changing the media, the second was blank 

with changing the media through transfection and the third one was transfected with 350 ng of 

empty cmv-flag tag vector. The rest of the wells were transfected with different amounts of the 

target construct; 350 ng, 750 ng, 1050 ng of the target plasmid, respectively (Figure IV-13).  
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Figure IV-13: 6-well culture plate used for expression of hCRBPII. There is the same amount of 

HeLa cells in each well. 

To identify the hCRBPII from a mixture of proteins in the extracts, western blotting was done. The 

extract of each well was collected separately and 20 ng of each extract was run through SDS PAGE 

and transferred to the membrane. The membrane was soaked for 24 h with anti-flag tag antibody 

and 1 h with goat anti mouse hrp as a secondary antibody for detection of the target protein. The 

membrane exposed to the stain and developed on the film. Although the antibodies should just 

bind to the flag tagged protein, the exposed X-ray film ahows a lot of background (Figure IV-14).  



 

 166 

 

Figure IV-14:  Exposed x-ray film from the western blotting. Row 1, 2 and 3 extract from 

controls (cells without changing media, cells with changing the media in transfection). Row 4, 5, 

6 extract from transfection with hCRBPII plasmid (transfection with 350 ng of extract). 

Background maybe because of the high amount of extracts (20 ng), which loaded to the SDS PAGE 

gel. From the X-ray film from the western blotting, it can conclude that there is more of our target 

protein (15KD) in sample 5. 750ng of the plasmid transfected sample 5; therefore, we use the same 

amount of the plasmid (750ng) for our next transfection trials. For improving the background 

problem, increasing the specificity of the antibody to the flag tagged protein, we decided to lower 

the amount of extract that we inserted to SDS PAGE. In the second trial, 8 ng of the controls (one 

without the transfection and one transfected by empty pCMV-flag tag), 8 ng, 4 ng and 2 ng of the 

extract (transfected by plasmid) used in SDS PAGE. The first and secondary antibody reused from 

last time. Also, the membrane soaked for 1 h instead of 24 h with the first antibody. The results 

improved significantly, with substantially less background. These data demonstrate that by using 

around 4-8 ng of the extract and soaking 1h with the first antibody, we can improve the western 

blotting results (Figure IV-15). 
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Figure IV-15: Exposed x-ray  after  western blotting. Sample 1 and 2 are from 8 ng extract of 

control and 8ng extract of empty pCMV-flag tag vector. Sample 3,4 and 5 are from 8 ng,4 ng 

and 2 ng extract of infection with 750ng plasmid, respectively. 

IV-6-2 Investigate the size of hCRBPII in mammalian expression  

Our last experiments confirmed the expression of Q108K:T51D in HeLa cells. As explained 

before, the existence of domain swapping needs to be investigated in these expression trials. We 

need a way to compare the size of hCRBPII from the mammalian expression with monomer and 

dimer form from bacterial expression. The first solution was running a native gel instead of SDS 

PAGE; however, since the flag tag is highly negatively charged, we could not compare it with 

monomer and dimer in bacterial expression without the flag tag. Another solution was running size 

exclusion chromatography from the extract and running the western blot from the fractions of the 

SEC column. We first expressed monomer and dimer hCRBPII in bacteria and ran it through a 

superdex 75 size exclusion chromatography column, which was a different column than it used 

before. The monomer (Q108K: K40L: T51V hCRBPII mutant) came out at fractions 24, 25, and 
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26. The dimer (Q108K: T51D hCRBPII mutant) came out mostly in fractions 20 and 21 (Figure 

IV-16).  

 

Figure IV-16: Chromatogram of size exclusion chromatography. 1.5mg of domain swapped 

dimer hCRBPII (Q108K:T51D mutant) ran through the superdex 75. 

To run the Size exclusion chromatography from mammalian expression, more hCRBPII needs to 

expressed in HeLa cells. The level of expression of hCRBPII is low in HeLa cells. Therefore,  

another six-well culture plate was used to transfect by 750ng plasmid. The resulted extracts form 

the six wells of culture plate were around 0.5mg. It is essential to clarify that the amount of 

hCRBPII is much lower than 0.5 mg in the extract since we did not purify the extract. Purification 

with flag tag may interfere with the folding of the domain-swapped dimer; therefore, we decided 

to only use the size exclusion chromatography as a purification system for this experiment (Figure 

IV-17). 
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Figure IV-17: Chromatogram of size exclusion chromatography ( superdex 75) for 0.5 

mammalian expression extract. 

We used western blotting to clarify the factions with hCRBPII. Fractions 13-28 of size exclusion 

chromatography were concentrated and run through SDS PAGE gel, following with the western 

blotting. The x-ray film surprisingly demonstrates the 15KD band only in fraction 16 (Figure IV-

18). Fraction 16 could be a higher-order oligomer form for the hCRBPII, or it can be our target 

protein bound to another protein. In this experiment, we did not find any clue that demonstrates 

the formation of monomer hCRBPII. Several tests can be done to investigate the formation of DSD 

hCRBPII in mammalian cells. Flag tag can be cloned in monomer and dimer in bacterial expression 

to run the native gel for comparing with the mammalian extract. To have an easier purification, 

His-tag can be used instead of the flag-tag for purification with Ni-column. Also, using another 

expression system, such as a baculovirus expression system ( like SF9), may help for the level of 

expression. 
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Figure IV-18: X-ray film from western blotting for extract before running the SEC column and 

fraction 14- 20 after SEC column. 

IV-7 DOMAIN SWAPPING IN RETINOID BINDING PROTEIN 7 

AND FABP2 

 
We tried some other members of the iLBP family to investigate the domain swapping in them. 

Expression of Retinoid binding protein 7 does not show any formation of dimer or any oligomers.. 

Another member of the iLBP family which was very interesting to study domain swapping was 

FABP2. FABP2 has strong affinity to long chain fatty acids and may act as a lipid sensor. It also 

affects the cell growth and proliferation. In hCRBPII case, mutating tyrosine 60 to the hydrophobic 

residue Leucin lead to almost all domain swapped dimer. Sequence comparison between WT-

hCRBPII and WT-hFABP2 shows Isoleucine instead of Tyrosine in hCRBPII. Due to the high 

similarly in the hinge region, we hypothesized FABP2 has a better chance to have more domain 
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swapped dimer in the wild type. However, expression of FABP2 shows formation of exclusively 

monomer for this protein (Figure IV-19).  

 

Figure IV-19: Amino acid sequence alignment for hCRBPII and FABP2. The red box shows the 

amino acids in the hinge loop and its neighbor residues important in domain swapping. 

Other members of iLBP, such as FABP4 and FABP5 have been studied. I will discuss our 

studies in formation of domain swapped dimerization  FABP5 in the next chapter.  

IV-8 CONCLUSION 

We performed CD and fluorescence studies to investigate the folding intermediates in hCRBPII. 

According to our results, the folding of hCRBPII does not support the two state model; therefore, 

we can expect at least one folding intermediate during hCRBPII expression. More experiments, 

such as H-D mass spectrometry, needs to be done to investigate the folding intermediates. The 

phase relationship and effect of some residues for the formation of domain swapping in hCRBPII 

was tested. Moreover, experiments have been done to examine the expression of DSD hCRBPII 

in HeLa cells. The existence of DSD in the iLBP family during bacterial expression may have 

physiological relevance. Therefore, more experiments need to be done to confirm the formation of 

DSD in mammalian cells.  
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IV-9 EXPERIMENTAL  

Most of the experimental part was explained in my master thesis as well.30  

IV-9-1 Site directed mutagenesis 

For mutagenesis, we used the HCRBPII in the pET17b vector described following the Quick-

change Site-directed Mutagenesis Kit protocol from Agilent Technologies (Table IV-1).  

Table IV-1: PCR protocol for mutagenesis. 
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For transformation, The PCR product was transformed into 50 μL DH5alpha cells competent cells 

and grown on Luria-Bertani (LB)-agar plates treated with Ampicillin (75 g/mL) for 16-24h. after 

that, a single colony was picked from the plate and inoculated in 10 mL LB medium containing 

100mg/mL ampicillin and grown at 37°C while shaking, for 12-16 hours. Then, using the QIAGEN 

Miniprep DNA purification kit, we did DNA purification. MSU gene sequencing facility verified 

the construct by using T7 primer. 

IV-9-2 Primers  

T59LhCRBPII 

Forward: 5ʼ- CACATTCCGCTTATATGATGTGGATTTC-3ʼ  

Reverse: 5ʼ- CTAGTGGTTTTTGTCTTG -3ʼ  

R58L hCRBPII  

Forward: 5ʼ-TAGCACATTCTTAAACTATGATGTGGATTTC-3ʼ  

Reverse:5ʼ-GTGGTTTTTGTCTTGAAG-3ʼ 

R58Q hCRBPII  

Forward: 5’-TAGCACATTCCAAAACTATGATGTG-3’  

Reverse: 5’- GTGGTTTTTGTCTTGAAG-3’  

Q108K-hCRBPII  

Forward:5ʼ-CCGCGGCTGGAAGAAGTGGATTGAGGGGG-3ʼ  
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Reverse: 5ʼ-CCCCCTCAATCCACTTCTTCCAGCCGCGG-3ʼ  

K40L-hCRBPII  

Forward: 5ʼ-CTCACTCAGACGCTGGTTATTGATCAAGATGG -3ʼ  

Reverse: 5ʼ-CCATCTTGATCAATAACCAGCGTCTGAGTGAG-3ʼ  

T51D-hCRBPII  

Forward: 5’-GGTGATAACTTCAAGGATAAAACCACTAGCAC-3’  

Reverse: 5’-GTGCTAGTGGTTTTATCCTTGAAGTTATCACC-3’  

T51V-hCRBPII  

Forward: 5’-GGTGATAACTTCAAGGTAAAAACCACTAGCAC-3’  

Reverse: 5’-GTGCTAGTGGTTTTTACCTTGAAGTTATCACC-3’  

IV-9-3 In vitro refolding  

For initiating this experiment, the protein was expressed in E-coli at 16 ˚C for two days and 

purified using a fast Q column, ion-exchanged chromatography from GH Health Sciences, and 

size SEC column (Superdex S75 16/600 HiLoad column from GE healthcare company). 

Chromatogram of ion-exchanged and size exclusion chromatography shows mostly dimer 

formation for Q108K;T51D. After the purification step, most of the fractions that contain dimer of 

the protein were collected and concentrated to concentration 8 mg/𝜇𝜇L. Then, four equivalents of 

the ligand were added to half of the protein and incubated for a couple of hours at 4°C to make 
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sure that the ligand was bound to the protein. After that, 1mL of the protein solution from Apo and 

Holo form was inserted to 6 separate dialysis cassettes (3 of them used for the Holo form of the 

protein and the other ones used for Apo form) (Figure IV-20). Also, 2mL of 8M urea was added 

to each cassette; therefore, the concentration of the urea was 5.4 in each cassette, which is enough 

to unfold all of the protein. When the cassette became ready, they were put inside the folding 

buffer, and every hour the buffer was replaced with the new buffer. We exchanged the folding 

buffer seven times to make sure that most of the urea was removed from the solution of the protein. 

In the last step, we loaded the refolded protein to a size exclusion chromatography column 

(Superdex S75 16/600 HiLoad column from GE healthcare company).  

 

Figure IV-20: Dialysis cassettes uses for refolding experiments. 
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IV-9-4 Site directed mutagenesis (pCMV-Vector)  

The hCRBPII was cloned into pCMV-flag tag vector by using NotI and EcoRI cutting sites. The 

aforementioned construct was used for mutagenesis by using the Quick Change Site-directed 

Mutagenesis Kit protocol from Agilent Technologies company which was explained in chapter I.  

IV-9-5 Amino acid sequence of hCRBPII with flag tag in N terminus  

MDYKDDDDKLADRMTRDQNGTWEMESNENFEGYMKALDIDFATRKIAVRLTQTKVID 

QDGDNFKDKTTSTFRNYDVDFTVGVEFDEYTKSLDNRHVKALVTWEGDVLVCVQKGE 

KENRGWKKWIEGDKLYLELTCGDQVCRQVFKKK  

IV-9-6 Mammalian expression  

To perform transient transfection, all of these steps needed to be done in the laminar flow hood. 

2.5 mL HeLa cells (concentration 0.8×105) in DMEM were added to each well in a 6-well culture 

plate. The DMEM contained 5% FBS and Penicillin/Streptomycin (P/S). The plate mentioned 

above was incubated at 37 ̊C for 24h (cells should be 90% confluent at this time). The next step is 

preparing two solutions for transfection. 14mL polypropylene tubes were labeled for A and B 

solutions. 250𝜇𝜇L DMEM (without FBS and P/S) was added to each tube. 2.5 𝜇𝜇L Lipofectamine 

3000 reagent (Invitrogen) company were added to solution B tubes and incubated for 15 min. 

Meanwhile, 1𝜇𝜇L of P3000 (Invitrogen) company and appropriate amounts of DNA was added to 

solution A and incubated for 15min. Then, solution B was added to solution A and the mixture 

was incubated for another 15min. Meanwhile, the old media were removed from the wells from 

the culture plate, and the plates washed with 2mL PBS. We aspirated the PBS and 500𝜇𝜇L DMEM 
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without FBS, and P/S was added to each well. Each mixture of solution A/B added dropwise to 

each well accordingly, and the plate was incubated in 37 ̊C/5% CO2 for 5-7 hrs. The cells were 

harvested after 48 hrs. The media was removed from the wells. 1-1.5mL of PBS was added to each 

well, and the cells were scraped from the plate by scrapper. The mixture of cells with PBS was 

collected in Eppendorf tubes and spin for 7 min in 2000rpm. The PBS solution was removed from 

the cells. 50ML of the extraction buffer was added to the pellet and mixed well. Then, the mixtures 

were incubated in ice for 20 min and then spun for 13000rpm for 7min in the cold room. The 

supernatants (extract) were transferred to new tubes and were frozen in -80 ̊C. 
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CHAPTER V: DOMAIN SWAPPING OF 
FATTY ACID-BINDING PROTEIN 5 

(FABP5) 
 
The Existence of domain swapping for hCRBPII is likely to have physiological importance. 1 2 

Therefore, Investigating the mechanism of domain swap dimerization in the iLBP family is critical. 

We ask if other members of the iLBP family can have undergone domain swapping.3 Among 

another member of the iLBP family, Fatty acid-binding protein 5 (FABP5), was reported to form 

a very similar domain-swapped dimer (Figure V-1) bound to AEA (endocannabinoid 

anandamide).4 Although the sequence identity between hCRBPII and FABP5 is low, we decided 

to expand the research on domain swapping of FABP5 as well.  

V-1 FATTY ACID-BINDING PROTEINS (FABP) 

Fatty acid-binding proteins are a subfamily of iLBP that are responsible for the transport of fatty 

acids through the cell.5 FABPs are found in different parts of the body, and the nomenclature of 

them is based on the tissues in which they have been discovered. As explained in the first chapter, 

the structure of these proteins contains a 𝛽𝛽 barrel as well as two 𝛼𝛼 helixes that play as a lead for 

these proteins (Figure V-1). 6 7 8 

 
Figure V-1: Crystal structure of FABP4 (PDB;4NNS). 
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Fatty acid-binding protein 5 (FABP5) known as epidermal FABP5 is part of this family, and it is 

responsible for transferring the endocannabinoid anandamide (AEA) in the cytosol.9 10 This protein 

is found mostly in epidermal cells, brain, liver, kidney, lung, and adipose tissue. There are reported 

structures of Apo monomer FABP5, and monomer FABP5 bound to different ligands, including 

Linoleic acid and palmitic acid. (Figure V-2) (Figure V-3). 11 5 

 

Figure V-2: Structure of human hFABP5 in complex with Linoleic acid (PDB: 4LKT). 

 

 

Figure V-3: Structure of human hFABP5 in complex with palmitic acid (PDB: 1b56). 
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Sanson et al. reported domain swapping for FABP5. Before the first domain-swapped structure for 

FABP5 reported by this group, all the other structures for this protein had been reported to be 

monomers (Figure V-4).4 The domain-swapped dimer structure of FABP5, similar to hCRBPII 

case, also helps us to investigate the existence of domain swapping as a natural product for the 

iLBP family.  

 

 

Figure V-4: Structure of domain swapped dimer for FABP5 bound to 2-AG(4AZM).Two chains 

are in pink and green color. 

Sanson and his group demonstrate that the presence or absence of ligand does not affect the amount 

of dimer and monomer after expression. They suggested that conformational dynamics of FABP5 

protein lead to the existence of the domain swapped dimer structure. From our hCRBPII studies, 

we showed that in hCRBPII the dimer and monomer do not convert to each other. In other words, 

domain swapped dimer appears to be a kinetically trapped product during folding and that does 

not convert to monomer under normal conditions.1 Sanson and his group determined the structure 

FABP5 bound to the endocannabinoids anandamide (AEA) and 2-arachidonoylglycerol (2-AG) 

which is an inhibitor of AEA. (Figure V-5). 4 
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Figure V-5: Molecular structure of AEA and 2-AG. 

Overlay of these two structures is illustrated in (Figure V-6). The overlaid structures of  FABP5 

bound to AEA and 2-AG demonstrates a huge conformational change between these two 

structures. The conformational change between these two structures may have physiological 

relevant and it can lead to the allosteric regulation for this family of proteins.2 

 

Figure V-6: Overlaid structures of FABP5 bound to 2-AG(green), and FABP5 bound to  

AEA(orange). 
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We decided to investigate the existence of domain swapping during bacterial expression without 

the addition of any ligands. In our studies, folding and structure of the protein is not affected by 

any extrinsic factors, more importantly, ligand binding. 

V-2 APO MONOMER STRUCTURE OF FABP5  

Dr. Zahra Assar-Nossoni and I initiated the investigation on the domain swapping in hFABP5. We 

used size exclusion chromatography to separate the monomer from dimer, the same method we 

used for hCRBPII. In most of our trials, we got a large monomer peak and a very small shoulder 

peak for the dimer. However, in some of the trials, size exclusion chromatography for FABP5 

demonstrates different dimer to monomer ratios from each expression. The reason behind this 

difference in the monomer/dimer ratio is not apparent yet. In one of our first trials, we were able 

to produce a significant amount of dimer (dimer to monomer ratio around 30%), and we used SDS 

PAGE to characterized our purified protein on those monomer and dimer fractions (Figure V-7).  

 

Figure V-7: a) chromatogram of size exclusion chromatography. b) SDS PAGE of fractions 15 

to 22. Fractions 18, 19, 20 were mixed for putting the crystallization box. 
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We also tried to characterized monomer from dimer using native gel (in SEC, fraction 18, 19, 20, 

and 21 are expected to be our protein) and comparing it with the result with the monomer and 

dimer of hCRBPII. However, we were not able to say in which fractions we have dimer. We mixed 

fractions 18, 19, 20 that they were close to dimer size, and we set up the crystallization screen for 

them as explained in the experimental part. We were able to obtain crystals and determine the 

structure in the P212121 space group for this protein (Table V-1). However, unlike what we 

expected, the structure was apo monomer. The overlaid structure of this Apo monomer Fabp5 and 

past reported apo structure of FABP5 demonstrated conformational changes between residues 

mostly in the helices. (Figure V-8). 

 

Figure V-8: The overlaid structure of our apo monomer FABP5 in green (chain A green and 

chain B pink) vs reported apo monomer FABP5 in gray(PDB:4LKP). 
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V-3 DOMAIN SWAPPED DIMER STRUCTURES FOR FABP5 

BOUND TO PALMITIC ACID  

After many expression trials, we were successful to obtained dimer peak again. From our last 

experience, we expect to have mostly monomer in fraction 20 and maybe 20. Therefore, we 

concentrated fraction 18 of SEC separately and set up crystallization plate for it. Finally, we were 

able to solve the domain swapped dimer of hFABP5 in P6322 space group (Table V-2). Although 

the solved structure was domain swapped dimer as we expected, there was an extra electron density 

in the binding pocket of the protein. The continuous electron density in the binding pocket seems 

to be related to a fatty acid. Since we did not add any ligand during the expression of protein, we 

predicted that it might be one of the common fatty acids in E-Coli, BL21 cells. Therefore, we tried 

to fit various common fatty acids and ligands for hFABP5. We also tried to fit endocannabinoids 

anandamide (AEA) to illustrate the conformation and size of this fatty acid (Figure V- 9) 

 

Figure V-9: a) SEC for FABP5 b) crystal structure of FABP5 domain swapped dimer with AEA 

as a ligand in extra electron density. 
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After searching through common fatty acids in bacteria and trials for fitting them in the extra 

electron density, palmitic acid matched perfectly to the electron density. Palmitic acid has 16 

carbons and it is one of the most common fatty acids produced in bacteria. (Figure V-10).12  

 

Figure V-10: Structure of domain swapped dimer hFABP5 bound to palmitic acid. 

 
Formation of Domain swapped dimer during the expression without any other extrinsic factors 

might be a reason for the formation of DSD as a natural product of folding for this protein.  

V-4 EFFORTS FOR GROWING APO DSD HFABP5 CRYSTALS 
 
As mentioned, we tried to investigate the domain swapping without any external factors like 

ligands. At this point, we cannot be sure that Apo DSD of hFABP5 forms without the existence of 

the palmitic acid. Therefore, we expressed hFABP5 protein again to reproduce the dimer again 

and to remove the palmitic acid. This time we treated the dimer fraction, fraction 18 from the SEC 

column , with the lipidex column. Lipidex column is used for delipidating the non-specific lipids  

from the proteins. This resin contains many lipids, and based on the hydrophobic interactions, all 

free lipids should bind to the column. We used the lipidex column for removing the palmitic acid 
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from the binding pocket of hFABP5 protein. After crystallization screens, crystals were grown in 

a different condition in the C2221 space group (Table V-3). However, our new domain-swapped 

structure for hFABP5 showed the same extra electron density in the binding pocket as before, and 

it is probably palmitic acid again (Figure V-11).  

 

 

 

Figure V-11: Crystal structure of FABP5 with palmitic acid in the binding pocket. 
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Although these two DSD bound to palmitic acid grew in different conditions and one of them was 

treated with lipidex resin, palmitic acid has the same orientation in the binding pocket. The 

alignment between these two domain swapped structures shows mostly the same conformation for 

the residues except the residues in the hinge region (Figure V-12).  

 

Figure V-12:  Overlay of two FABP5 domain swapped structures bound to palmitic acid (first 

structure is in cyan and the most recent one is in orange). The arrows point to the hinge loops. 

V-5 INTERACTION OF PALMITIC ACID WITH HFABP5 

Interaction between the carboxylate of fatty acid to basic residues, also hydrophobic residues near 

to the C chain is shown in (Figure V-13). 
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Figure V-13: Interaction of palmitic acid in the binding pocket of hFABP5. 

The carboxylic group of the palmitic acid has interaction with Arg129, Tyr131, and Arg109 

(Figure V-14). 

 

Figure V-14: Interaction of hFABP5 with the carboxylic group of palmitic acid. 
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Refolding has been done to make sure the Domain swapped dimer is not the effect of ligand 

binding.  We assume after refolding and removing the hydrophobic interaction, the fatty acid is 

extracted from the substrate chamber of the protein and removed from the solution. SEC 

chromatography data and characterization through SDS PAGE gel shows the same ratio of 

monomer to dimer before and after the refolding experiment, which shows the formation of the 

apo Domain swapped dimer (Figure V-15). Unfortunately, crystallization trials for the dimer 

hFABP5 after refolding failed. Probably the DSD form of the protein maybe too flexible to form 

a crystal lattice without the ligand.   

 

Figure V-15: SEC chromatogram for WT hFABP5 before (Orange graph) and after refolding 

(Blue graph). Dimer/monomer ratio remain constant. 
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V-6 COMPARISON BETWEEN MONOMER AND DSD HFABP5 

IN COMPLEX WITH PALMITIC ACID  

The monomer structure of WT-hFABP5 bound to palmitic acid has been previously reported 

(PDB: 1b56). From our experiments, we hypothesize that palmitic acid has a more robust 

interaction with DSD compare to monomer. In our trials, we could find the structure of Apo 

monomer hFABP5. However, the palmitic acid in DSD seems to have strong interaction with 

residues of the binding pocket that even using the lipidex column could not remove fatty acid in 

this case. The overlaid structures of monomer hFABP5 and dimer hFABP5 bound to palmitic acid 

has been illustrated in (Figure V-16).   

 

Figure V-16: overlaid structure of WT monomer hFABP5 (pink) and DSD hFABP5 (cyan) 

bound to palmitic acid. 
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Most of the conformation is the same in monomer and DSD, except the residues in the hinge loop. 

However, the conformation of palmitic acid seems to be more linear shape, compare to the 

monomer case which is U shaped (Figure V-17). The conformation of palmitic acid seems to be 

more linear shape when I compared to the monomer case which is U shaped. It was reported that  

in the case of FABP5 bound to Linoleic acid, LA’s U-conformation correlates to its FABP5-

activating form, whereas the L-conformation represents a non-activating binding mode. The 

formation of the U-conformation in domain swapped dimer, may be related to activation of FABP5 

in DSD, similar to Linoleic acid case. 

 

Figure V-17: Palmitic acids in overlaid structure of WT monomer hFABP5 (pink) and DSD 

hFABP5 (cyan). 
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V-7 CONFORMATIONAL CHANGE BETWEEN HFABP5 DSD BOUND TO 

DIFFERENT LIGANDS 

As mentioned before, there is a huge conformational change between FABP5 domain-swapped 

structures bound with AEA and bound with 2-AG. The overlaid structures of hFABP5 domain-

swapped structure with palmitic acid with these two structures is illustrated in (Figure V-18).  

 

Figure V-18: Overlay between a) structures of DSD FABP5 binds to 2-AG (green) and FABP5 

binds to palmitic acid (blue) b) structures of DSD FABP5 binds to AEA (pink) and binds to 

palmitic acid (blue). 
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The relative orientation of the two domains in DSD hFABP5 bound to palmitic acid is more similar 

to AEA, which has a closer molecular structure compared to a 2-AG molecule. These results 

suggest the ligand binding affect the relative orientation of domains in the DSD, undergoing 

conformational change. The change in the relative orientation of two domains and the hinge loop 

may lead to allosteric regulation for this protein. In hCRBPII case, ligand biding lead to a huge 

conformation change in domain swapped dimer.2 

V-8 DETERMINATION OF MELTING POINT OF FABP5 BY 

USING THERMAL SHIFT ASSAY (TSA) 

Thermal shift assays (TSA) were utilized to characterize recombinant human WT-FABP5 

monomer and dimer biophysically.12 TSA is a method for determination of melting temperature 

(Tm) of proteins. In this method, a fluorophore binds nonspecifically to hydrophobic surfaces, and 

water strongly quenches the fluorescence.13 By unfolding the protein, the hydrophobic surface 

binds to the dye, and water molecules are excluded from the fluorophore; therefore, the 

fluorescence will increase. In this case, we can obtain a thermal melting curve, which shows the 

change of fluorescence by increasing the temperature for the protein, and Tm (midpoint of the 

stability curve) can be obtained from this curve.  In other words, this curve demonstrates the assay 

functions by protein denaturation over a temperature gradient, where during protein unfolding, 

exposed hydrophobic regions bind a dye and fluoresce due to solvent relaxation effects. In order 

to find the melting temperature of both FABP5 monomer and dimer, we expressed and purified 

the protein. After that we ran the SEC column for protein and fractions for both monomer (mostly 

fractions 21 22) and dimer (mostly fraction 18, 19) were collected and were sent to Dr. Zahra 
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Assar-Nossoni for TSA analysis in Cayman chemical company. The melting profile of WT-

FABP5 Monomer (fraction 21, 22 of SEC) displays a peak at 61-63°C (Figure V-19).  

 

Figure V-19: Thermal stability assay for monomer FABP5 (fraction 21 in blue and 22 in red). 

For fraction 18 and 19, displayed two major peaks (dRFU/dt vs. temperature), at 61C, 42C (Figure 

V-20). 

 

Figure V-20: Thermal stability assay for dimer FABP5 (fraction 18 in blue and 19 in red). 

From SEC and our structural analysis, we know that fractions 21 and 22 are monomer fractions, 

and fractions 18 and 19 might be the mixture of dimer and monomer. Therefore, the melting point 

for monomer form estimated as 61-63, and Domain swapped dimer from 42-43°C. Also, by 

comparing the intensity of the peaks in fraction 18 and 19, in fraction 18 there is more dimer, and 

less monomer compares to fraction 19.  
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V-9 STUDY THE OCCURRENCE OF DOMAIN SWAPPING BY 

MUTATIONAL ANALYSIS OF HUMAN FABP5 

Previous studies on domain swapping of hCRBPII demonstrates some important residues that can 

change the ratio of monomer and domain swapped dimers. One important residue in hCRBPII 

domain swapping is Tyr60, since mutation Y60L and Y60W were reported to increase the ratio of 

dimer to monomer significantly. Removing the hydrogen bond between Glu72 and Y60, it seems 

to be a reason for more DSD formation. In order to find important residues that affect the domain 

swapping of FABP5 project, we overlaid the structure of the monomer and dimer of hFABP5. 

Similar to hCRBPII case, we try to target hydrogen bonds for finding these residues. In the 

monomer of FABP5, there is a hydrogen via a bond through a water network between Thr64 and 

Thr57; however, in the dimer there is a hydrogen bond between the water network between Q65 

of one chain and T57 of the other chain (Figure V- 21).11 14 
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Figure V-21: a) Domain swapped dimer of FABP5 (PDB 4AZR), there is a hydrogen bond 

between Q65 and T57. b) monomer structure (purple, PDB ID 4LKP) Gln65 is pointing out of 

toward the solvent and T64 makes a hydrogen bond to Thr57 via water network. 

We hypothesized that by removing the hydrogen bond between Q65 with T57 in DSD, the 

formation of the monomer would be more probable. Therefore, we mutated glutamine to alanine, 

which is a small hydrophobic residue to remove the hydrogen bond. The chromatogram of size 

exclusion chromatography for this mutant demonstrates the same amount of dimer compare to the 

wild type FABP5, which was not as we predicted (Figure V-22). We could obtain small crystals 

of this mutant, but they did not diffract. Also, we made Q65W and Q65M mutations as well, which 

in both mutations, only the monomer form of FABP5, was expressed. In another trial, we also 

applied the phase relationship for hFABP5 to increase dimerization, and we have done different 
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mutations like T64L and T64E. However, our hypothesis seems not to work, and we obtained a 

monomer form by expressing these mutations (Figure V-23). 

 

Figure V-22: Shows SEC after expression of Q65A FABP5. 

 

 

Figure V-23:  a) Size exclusion chromatogram of Gln65 mutants of FABP5. b. SEC of T64 

mutants of FABP5 (Thr63E pink, T63L green). 
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As I mentioned, each expression trial for WT hFABP5 leads to a different level of expression of 

DSD. Therefore, it is essential to elucidate the reasons behind the various ratios of WT hFABP5 

dimer and monomer before further studies on mutational analysis. 

V-10 INVESTIGATE OF THE DETERMINANTS OF  

DIMER/MONOMER RATIO DURING THE EXPRESSION OF 

WT HFABP5 

Different LBs:  One hypothesis was that using different source of LB for expression. was premade 

LB broth containing casein digest peptone, sodium chloride, yeast and tris HCl. Also, we made 

LB broth by mixing the tryptone, sodium chloride and yeast extract. However, in both cases the 

results were the same.  

Changing IPTG and cell line: Changing the amount of IPTG and different cell line also did not 

enhance dimerization. The IPTG were added to the final concentration of 1mM, 0.5mM and 

0.25mM. The difference in these concentrations seems not to have an effect on increasing the 

dimer FABP5. Changing the Cell line from BL21*(DE3) to BL21(DE3)pLysS did not change the 

expression level of dimer.  

Effect of temperature: We also tried changing the temperature to increase the dimer ratio. We 

expressed FABP5 at 20°C and 25°C and also higher temperatures. However, the ratio of the dimer 

was low in both cases (figure V-24). Increasing the expression temperature to 37°C does not help 

dimerization.  
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Figure V-24: Chromatogram of SEC column after a) expression of FABP5 in 25°C. b) 

expression in 20°C. 

V-11 HFABP5 AS A NEW RHODOPSIN MIMIC SYSTEM 

After elucidation of DSD of hFABP5, we decided to use this protein as a new rhodopsin mimic 

template. This protein has completely different binding site compare to hCRBPII and hCRABPII 

and makes it valuable for screening fluorescent proteins. As explained before, hCRBPII 

crystallized in pH 4 to pH 5, which is below the physiological pH. Structural data for the hFABP5, 

which crystallized near the physiological pH, might be more accurate for analysis. Also, there are 

more reports for in vivo studies on hFABP5 compare to hCRBPII protein, which helps us in our 

in vivo studies for the designed protein fluorescent tags. 

Initial studies have been done to investigate the binding of WT-hFABP5 with retinal. Retinal 

incubated with the monomer hFABP5 for a couple of hours. Crystallization trials for the formation 

of crystals of hFABP5 bound to retinal failed.   
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We used our information on hCRBPII to make hFABP5 as a mimic rhodopsin system that can 

make a covalent bond with a retinal, Sequence alignment of WT-hFABP5 and WT-hCRBPII is 

shown in (Figure V-25). 

 

Figure V-25: Sequence alignment of WT-hFABP5 and WT-hCRBPII. 

 
Although the sequence identity is around 26%, the overall 3D structures of these two proteins, 

especially their binding sites, are similar. As discussed before, the Q108K mutation is essential for 

making the Schiff base with the retinal. By Overlaying the structure of monomer hFABP5 and 

monomer hCRBPII bound to retinal, we hypothesized that mutating the R109 to lysine might be a 

good starting point to try for making the Schiff base to retinal (Figure V-26). Absorption spectra 

does not show any evidence of formation of SB in R:109K:hFABP5 with retinal. Lys60 might be 

interfering with the binding the retinal inside the binding pocket. Unfortunately, the crystals 

formed from the R:109K:hFABP5 with retinal did not diffract. More studies should be done to 

find the best construct for making the SB of retinal in this protein.  
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Figure V-26: Overlaid structures of monomer Q108K:K40L:hCRBPII bound to retinal (PDB: 

4RUU) (Orange) with WT hFABP5 (Blue). Lys60 might interfere with binding the retinal in 

hFABP5. 

V-12 CONCLUSION 
 
We characterized the Domain swapped dimer for WT-hFABP5 bound to palmitic acid as a natural 

product during the E. coli expression. The existence of Domain swapping in FABP5 as another 

member of the iLBP family is another reason that indicates the formation of DSD as a natural 

kinetic product during the folding process, which may indicate a common folding pathway for 

these two proteins. Furthermore, the formation of this Domain swapped dimer lead to a 

conformation change in the portal region of the protein, which may lead to allosteric regulation for 

FABP5. 
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Also, since hFABP5 has a similar binding pocket as hCRBPII, and the crystallization pH is around 

the physiological pH, this protein can be a great target as a new rhodopsin mimic. 

V-13 EXPERIMENTAL 

Most of experimental part is the same as explained in my master thesis.14  

V-13-1 Site-Directed Mutagenesis  

The described FABP5 plasmid was ordered from IDT®. Then Dr. Zahra Assar-Nossoni cloned 

them into pET28a from Novagen company between BamHI and HindIII cut sites. His tag and 

thrombin cutting site were designed before the N terminus of the gene. The aforementioned 

construct was used for mutagenesis by using the Quick Change Site-directed Mutagenesis Kit 

protocol from Agilent Technologies company.  

V-13-2 Amino acid sequence of FABP5:  

HHHHHHSSGLVPRGSHMGSMGSHMATVQQLEGRWRLVDSKGFDEYMKELGVGIALR 

KMGAMAKPDCIITCDGKNLTIKTESTVKTTQFSCTLGEKFEETTADGRKTQTVCNFTDG 

ALVQHQEWDGKESTITRKLKDGKLVV ECVMNNVTCTRIYEKVE  

V-13-3 Primers  

T64A-FABP5  

Forward:5ʼ-CGTGAAGACGGCGCAGTTTTCAT-3ʼ  

Reverse: 5ʼ- GTCGATTCAGTTTTAATAGTTAAGGTTCTTA-3ʼ  



 

 207 

T60P-FABP5  

Forward:5ʼ-AACTGAATCGCCCGTGAAGACGA-3ʼ 

Reverse: 5ʼ- TTAATAGTTAAGTTCTTACCATCGC-3ʼ  

T64E-FABP5  

Forward:5’-CGTGAAGACGGAGCAGTTTTCATG-3’ 

Reverse:5’-GTCGATTCAGTTTTAATAGTTAAG-3’  

T64L-FABP5 

Forward:5’-CGTGGAGACGCTGCAGTTTTCATG- 3’  

Reverse: 5’- GTCGATTCAGTTTTAATAGTTAAG- 3’  

Q65W-FABP5  

Forward: 5’- GAAGACGACGTGGTTTTCATGCAC-3’  

Reverse: 5’-ACGGTCGATTCAGTTTTAATAG -3’  

Q65M-FABP5 

Forward: 5’-GAAGACGATGTTTTCATGCAC-3’  

Reverse: 5’-ACGGTCGATTCAGTTTTAATAG-3’  
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V-13-4 Protein Expression and Purification of FABP5  

We expressed proteins by using Escherichia coli BL21 cells and using the T7 expression system. 

After expressing the cells in LB media at OD600 of 0.4-0.7, the IPTG were added to a final 

concentration of 0.4 mM. Then, the mixture was incubated at both 20°C and 25°C for 20-24 h and 

cells were collected by centrifugation at 5000rpm at 4°C for 20 min after that. Cells were lysed 

using the FABP5 lysate buffer (20mM Tris pH 8.5, 200mM NaCl), by sonication on ice. Then by 

20 min centrifugation at 10,000rpm at 4°C, the supernatant was collected and loaded onto a Ni–

NTA column from GE healthcare company. After mixing and incubating the protein with the Ni 

resin, the wash buffers containing lysate buffer and 20 mM imidazole, 30mM imidazole and 50 

mM imidazole were added, respectively. The proteins were then eluted with buffer containing 100, 

150 and 200 mM imidazole. For removing the lipid from the protein (delipidation), we mixed 

Lipidex-5000 resin with our protein and the mixture was incubated for 1 hour at 37°C. In case of 

removing the 6 His tagged from the N terminus, the purified proteins were incubated with thrombin 

from GE Healthcare Life Sciences at 10 units per milligram of protein at 4°C overnight. Then the 

cleaved proteins were loaded onto an Ni–NTA columns and the cleaved proteins collected. The 

samples were concentrated to around 6-8mg/mL and 3mL of the concentrated protein were loaded 

onto our SEC column which was Superdex S75 16/600 HiLoad column from GE healthcare 

company and equilibrated with 1CV PBS pH 8.5. The peak fractions were collected and SDS 

PAGEs were run to check the purity of the protein. Then, purified proteins were concentrated to 

for crystallization.  
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V-13-5 Thermal shift assay (TSA) 

 
In order to find the melting temperature of both the hFABP5 monomer and dimer, we expressed 

and purified the protein. After that, we ran the SEC column for protein, and TSA analysis has done 

for fractions from the SEC. WT-FABP5 from each fraction at 0.5 mg/mL were mixed 1000:1 with 

Sypro Orange dye (Sigma Aldrich) and plated. Samples were processed using a BioRad CFX C100 

Touch qPCR and run using the FRET assay settings with a heating ramp of 0.3˚C/sec cycling from 

4˚C to 100˚C. The analysis was performed using the Bio-Rad CFX manager software (Version 

3.1, Bio-Rad). TSA data from the fraction 16-22 of SEC of WT hFABP5 has been shown in 

(Figure V-27). 
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Figure V-27: TSA data for fractions 16-22 of size exclusion chromatography for WT FABP5. 

Data demonstrates the gradual switch from 40 ˚C  to 65 ˚C. 
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Calculated melting points from the TSA data: 

Fraction 16: ~Tm=10C (aggregates), Tm=37C, you’ll start to see Monomer peak 

Fraction 17: ~Tm=30C, Tm=62C, observing Monomer peak 

Fraction 18 : ~Tm=10C, Tm=35C, Tm=64.5C, observing Monomer peak 

Fraction 19: ~Tm=35C, Tm=64.5C, observing Monomer peak 

Fraction 20: ~ Tm=30C, Tm=62.5C, observing more Monomer peak 

Fraction 21: Tm=60.5C, observing more Monomer peak 

Fraction 22: Tm=60.5C, observing more Monomer peak 

V-13-6 Crystallization and refinement  

V-13-6-1 Crystallization of Apo FABP5  

The concentrated Apo FABP5 with His tag was concentrated to 6 mg/mL in lysate buffer 

containing 20 mM Tris, 200 mM NaCl, pH = 8.5. We used hanging drop vapor diffusion method 

using 1 μL of protein solution, 1 μL of crystallization solution in the drop and 1 mL of 

crystallization solution in the reservoir for crystal grow. This protein crystallized in c. We collected 

our data at the Advanced Photon Source (APS) (Argonne National Laboratory IL) LS-CAT, 

(sector 21-ID-D, beamline F and G) using a MAR300 detector and 1.00Å wavelength radiation at 

100K. Using the HKL2000 software, the diffraction data were indexed, processed and scaled. The 

structure was solved by molecular replacement using PHASER in PHENIX and FABP5 (PDB: 

4AZR as a search mode. The electron density map was produced by REFMAC5 in the CCP4 

package or Phaser-MR in PHENIX.  Model rebuilding and water replacement were done using 

COOT program. The structures were refined using PHENIX program packages.15 16 17 18 
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V-13-6-2 Crystallization of FABP5 domain swapped dimer bound to palmitic 

acid (first structure)  

The concentrated FABP5 with His tag was concentrated to 7 mg/mL in lysate buffer containing 

20 mM Tris, 200 mM NaCl, pH = 8.5. We used hanging drop vapor diffusion method as mentioned 

in II-4-3-1 for crystal grow. This Holo protein binds to palmitic acid is crystallized in 25% PEG 

4000, 100 mM bis-tris pH 8.0. For Data collection and refinement please refer to II- 8-3-1.  

V-13-6-3 Crystallization of FABP5 domain swapped dimer bound to palmitic 

acid (second structure)  

The concentrated FABP5 with His tag was treated with lipidex column for 1 h in 37°C. Then the 

protein concentrated to 6 mg/mL in lysate buffer containing 20 mM Tris, 200 mM NaCl, pH = 8.5. 

We used mosquito® Robot from TTP labtech for crystal grow. The Holo protein binds to palmitic 

acid is crystallized in %20 PEG 2000, 0.2M Trimethylamine N-oxide dihydrate, 0.1 tris pH= 8.5 

which was different condition as before. For Data collection and refinement please refer to the first 

chapter (Table V-1, V-2, V-3). 
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Table V-1: Crystallographic data of FABP5 (pseudo monomer). 

 
  



 

 214 

Table V-2: Crystallographic data of FABP5 domain swapped dimer binds to palmitic acid (first  

structure). 
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Table V-3: Crystallographic data of FABP5 domain swapped dimer binds to palmitic acid. 
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