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ABSTRACT 

 

DOMAIN SWAPPING IN THE ILBP FAMILY 

 

By 

 

Nona Ehyaei 

 
Intracellular lipid binding proteins (iLBPs) are small soluble proteins in cytosol responsible 

for transport of different insoluble hydrophobic molecules. Members of this family have relatively 

the same structures including ten stranded beta barrel and two alpha helices located at the mouth 

of the internal binding cavity like a cap for binding pocket of these proteins. Studies that have been 

done on folding pathway of iLBP reports the early beta barrel formation in the folding pathway 

for this family of proteins.  

Human cellular retinol binding protein II (CRBPII) is a member of the iLBP family and is 

responsible for transport of retinal and our group have been using this protein in an effort to create 

rhodopsin mimics to create Schiff base with retinal. During studies on hCRBPII for protein design, 

my former lab mates discovered a domain swapped dimer for this protein. Domain swapping is a 

process by which two or more monomers exchange an identical part of their structures to form 

dimer or higher order oligomers. The swapped region in this protein is three beta strands with two 

alpha helixes which is about half of the protein.  

Surprisingly, mutational studies on hCRBPII have shown that with single mutation, we can 

change the ratio of monomer and domain swapped dimer which are folding products in folding 

pathway of this protein. We tried to find the effect of different residues on domain using our 

strategy called “Phase-problem”. Existence of domain swapping for hCRBPII, can have 

physiological relevant and may affect the folding pass way for this family of proteins.  



In the meanwhile, another member of the iLBP family, Fatty acid binding protein 5 

(FABP5), has reported to have a very similar domain swapped dimer. This protein is found mostly 

in epidermal cells, but also in other tissues, such as brain, liver, kidney, lung, and adipose tissue. 

Existence of domain swapping in Holo FABP5 is very interesting for us, since this protein is in 

the same family as hCRBPII and we are interested to investigate on the structure of Apo FABP5. 

In the course of these studies, we resolved two domain swapped structures of FABP5 bind to 

palmitic acid and studied the melting points of monomer and dimer FABP5 relative to each other.  

Existence of domain swapping for hCRBPII and FABP5 may lead to allosteric regulation, 

also huge effect on the folding passway for this family of proteins. Previously, all studies in our 

lab for domain swapping was through bacterial expression, however, in order to check the 

physiological relevance of this phenomena we made studies on mammalian expression of 

hCRBPII. We successfully expressed this protein in HeLa cells and got closer to find the size of 

this protein in mammalian expression by using size exclusion chromatography and western 

blotting.  
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Chapter I: Study of domain swapping on Human cellular retinol binding protein II 

(hCRBPII). 

I-1 introduction 

Domain swapping is a process by which two or more monomers exchange an identical part 

of their structures to form dimer or higher order oligomers1 (figure I-1.). The first evidence of 

domain swapping was seen for RNase A and it was first  discovered by Eisenberg and his group 

for diphteria toxin.2 3 4 So far, domain swapping has been reported for 40 different proteins. This 

process can be dynamic, where the barrier between monomer and domain swapped dimer or 

oligomer is low and it can be static, where the barrier is very high.5 6 The swapped region can be 

very small or it can be as large as large as half of a protein domain. In domain swapping, the only 

difference between monomer and dimer is called the hinge region.2 7 The exchanged 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. Domain swapping can exist in some proteins naturally, but 

sometimes it can be the consequence of unusual conditions like pH, temprature and prescence of 

denaturant. Domain swapping is responsible for evolution of a number of large proteins.6 8 Also, 

it may lead to aggregation that is implicated for many diseases, such as Parkinson’s disease, 

Alzheimer disease, diabetes and many others.4 9 10    

 

 

 

 

 

 

 

 

 
Figure I- 1. Shows the concept of domain swapping 
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Intracellular lipid binding proteins (iLBPs) are small cytosolic proteins responsible for 

transport of various insoluble hydrophobic molecules, such as retinoids and fatty acids, inside 

cells.11 12 ILBPs are a subfamily of the lipocallin family. All of the family members have similar 

structures including a ten stranded beta barrel and two alpha helices located at the mouth of the 

internal binding cavity (figure I-2). Structures of almost all of the members of the iLBP family 

have been reported which include fatty acid binding proteins and retinoic acid binding proteins.12 

13 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 I (hCRBPI), reports the 

early beta barrel formation in the folding pathway of this protein. The formation of the beta barrel 

as a meta stable intermediate during the folding process of iLBPs prevent this family from having 

aggregation and amyloid formation.14 

 

 

 

 

 

 

 

 

 

Figure I- 2. 10 antiparallel beta strands capped with two alpha helixes 

Human cellular retinol binding protein II (CRBPII) is a member of the iLBP family and is 

responsible for transport of retinal through the cytosol of the cell.12 Having a large binding cavity 

and being resilient to mutation make this protein a very interesting target for protein design 

applications.5 15 Our group has been using this protein in an effort to create rhodopsin 



 3 

mimics.16,17,18 Over 400 different mutations for hCRBPII have been studied in our group and in 

collaboration with Prof. Borhan’s group to study protein chromophore interactions. In the process 

of using hCRBPII for protein design, my former lab colligues discovered a domain swapped dimer 

for this protein5 (figure I-3). The swapped region in this protein is three beta strands with two 

alpha helixes which is about half of the protein. The existence of domain swapping for hCRBPII 

can be a biologically relevant fold for the iLBP family, since it provides more binding sites for the 

protein. 

 

Figure I- 3. Structure of domain swapped dimer for hCRBPII 

Surprisingly, mutational studies on hCRBPII have shown that with single mutation, we can 

change the ratio of monomer and domain swapped dimer which are folding products in the folding 

pathway of this protein. The existence of a domain swapped dimer for hCRBPII, has led us to 

suggest a new folding pathway for this protein.19 5 20 In our hypothesis based on our structural 

work, we predict 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. 5 21 22 (figure I-4). Our lab suggested that the 

N- terminal and C-terminal halves of hCRBPII are capable of at least partially folding 

independently, and make the “open monomer”. The dimer/monomer ratio would then depend on 
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the relative rates of dimerization of the open monomers, versus rotation of the N and C termini 

together to form the “closed monomer”. 5  

 

Figure I- 4. Proposed folding path way for hCRBPII. Open monomer is shown in the middle of the figure.  

I-2 Phase relationship and study the occurrence of domain swapping by mutational 

analysis of hCRBPII. 

 Structure determination on hCRBPII dimer varients shows that in all cases in domain 

swapping of hCRBPII the loop between beta strand 3 and 4 in the monomer become straight, 

resulting in a single beta strand stretching the length of the dimer. However, it results in a “phase 

problem”. In the monomer structure, all of the odd residues in beta strand 3 and even residues of 

beta strand 4 are inside the binding pocket. However, in the dimer structure, since the beta strand 

3 and beta strand 4 makes a single beta strand, the conformation of even residues of beta strand 4 

should be toward the solvent this time (figure 1-5). 

Figure I- 5. The "phase problem" in domain swap dimerization.  Top figure is for monomer and bottom one is for 

dimer. 
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 This means that for the formation of this single beta strand in the domain swapped dimer, the C 

terminal strand should re-phase and put the even side chains in phase with the odd numbered side 

chains of strand.  

Different studies have been done on domain swapping and suggest some factors that can 

give rise to domain swapping. For instance, a study on hCRBPII indicates that precense of some 

hydrophobic residues inside the binding pocket can increase the domain swapping for this protein.3 

The way that mutant (for example, Y60L and Y60W which make dimers) solve the phase problem 

might be key to the domain swapping mechanism. 

Figure I- 6. Residues 56-63 in the B subunit of Y60W-hCRBPII 

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 

(figure I-6). However, in wild type hCRBPII which gave mostly monomer, residue Y60 is inside 

the binding pocket. This can be another significant factor in the mechanism for dimerization in 

hCRBPII.5,12 

In order 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 
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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 I-7). 

 
 

Figure I- 7. Relative orientation of angles in different mutant of hCRBPII.  I: Inside; O: Outside; S: Neither Inside 

or Outside, but Solvent exposed; L: loop 

 These data showed us the large 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 important residues for domain swapping are in position 58 and 59, since the relative 

orientation of these two residues in the domain swapped dimer are different from the monomer. In 

order to test the effect of residue 59 on domain swapping, we made hCRBPII N59L mutant. In the 

domain swapped dimer this residue is toward the inside of the barrel and we thought by mutating 

this position to a more hydrophobic residue, we can increase the dimerization. However, 

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 I-8). 
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Figure I- 8. a) SEC chromatogram for hCRBPII N59L. b) SDS PAGE from fraction 14-22 of SEC. 

Another important residue was Arg58. We made R58L and R58Q to see the result after 

mutating this residue to both hydrophobic and hydrophilic residues. However, both results show 

just monomer protein for this mutant. (figure I-9). 

 
 

Figure I- 9. SEC chromatogram of a) R58L hCRBPII b) R58Q hCRBPII  
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I-3 Conduct an in vitro refolding experiment to investigate the effect of ligand binding on 

the folding pathway of human cellular retinol binding protein II. 

Previously, the effect of protein concentration has been studied in our group. In vitro 

refolding experiments for some mutations of hCRBPII indicates that in higher concentrations of 

protein, the ratio of dimer to monomer will be increased.5 However, the effect of ligand binding 

by using in vitro refolding has never been studied in this protein. For this experiment, the mutation 

Q108K:T51D was chosen, since the structure of both the Apo and Holo dimer of this mutation 

have been reported by our group and the ligand, which is retinal, can make Schiff base with 

Q108K. Chromatogram of size exclusion chromatography showed more dimer form for Holo form 

of the protein. Also, in high concentration of the protein, the amount of the monomer was still very 

high. (figure I- 10). The concentration was 6 mg/mL for both before the start of experiment. 

 

Figure I- 10. Chromatogram of size exclusion chromatography after conducting the refolding experiment in high 

concentration. The left figure is the chromatogram for refolding with presence of ligand and the right one is for Apo 

form of the protein. 

These results were reproducible, but since the concentration of protein changed 

significantly after refolding with ligand, it needs more investigation.  
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1-4 Experimental 

I-4-1 Site directed mutagenesis 

For mutagenesis, we used the HCRBPII in pET17b vector described following the Quick-change 

Site-directed Mutagenesis Kit protocol from Agilent Technologies (Table I-1).  

Table I- 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. 

  

Primers  

T59L hCRBPII 

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: 5’-CCGCGGCTGGAAGAAGTGGATTGAGGGGG-3’  

Reverse: 5’-CCCCCTCAATCCACTTCTTCCAGCCGCGG-3’  

K40L hCRBPII 

Forward: 5’-CTCACTCAGACGCTGGTTATTGATCAAGATGG -3’  
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Reverse: 5’-CCATCTTGATCAATAACCAGCGTCTGAGTGAG-3’  

T51D hCRBPII 

Forward: 5’-GGTGATAACTTCAAGGATAAAACCACTAGCAC-3’  

Reverse: 5’-GTGCTAGTGGTTTTATCCTTGAAGTTATCACC-3’  

 

I-4-2 Material and Method: Protein Expression and Purification  

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

Wenjing Wang. The NdeI and XhoI restriction enzyme was used as cutting site in the N- and C 

terminus of the vector. For 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 were 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 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 
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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. 

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. 
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I-4-3 In vitro refolding 

For initiating this experiment this protein was expressed in E-coli at 16ºC for two days and 

purified by using fast Q column, ion exchanged chromatography from GH Health Sciences and 

size SEC column which was Superdex S75 16/600 HiLoad column from GE healthcare company. 

Chromatogram of ion exchanged and size exclusion chromatography shows mostly dimer form for 

this protein. After the purification step, most of the fractions that contains dimer of the protein was 

collected and concentrated to concentration 8 mg/ML. 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 sure that the ligand 

was bound to the protein. After that, 1mL of the protein solution from Apo and Holo form were 

inserted to 6 separate dialysis cassettes (3 of them used for Holo form of the protein and the other 

ones used for Apo form).  Also, 2mL of 8M urea was added to each cassette; Therefore, of the 

concentration of the urea was 5.4 in each caset with is enough to unfold all of the protein. When 

the caset 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 for seven times to make sure that 

most of the urea was removed from the solution of the protein. In the last step, we added the 

solution of the protein to the size exclusion chromatography.  
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Chapter II: Domain swapping of Fatty acid binding protein 5 (FABP5) 

II-1 Introduction 

 The finding of domain swapping for hCRBPII has led us to ask if other members of the 

iLBP family can have undergo domain swapping. Meanwhile, another member of the iLBP family, 

Fatty acid binding protein 5 (FABP5), was reported to produce a very similar domain swapped 

dimerv (figure II-1).1 Interestingly, the sequence identity between hCRBPII and FABP5 is low. 

Existence of a domain swapped dimer in different members of the iLBP family is likely to have 

physiological importance; Therefore, investigating the mechanism of domain swap dimerization 

in FABP5 is also critical for us.2,3,4 

 Fatty acid binding proteins are a subfamily of iLBPs that are responsible for transport of 

fatty acids through the cell.5,6,7 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. Among the 

members of the FABP family, fatty acid binding protein 5 (FABP5) is found mostly in epidermal 

cells, but also in other tissues, such as brain, liver, kidney, lung, and adipose tissue.5,8,9 Recently, 

domain swapping has been reported for FABP5.1 

 

 

 

 

 

 

Figure II- 1. Structure of domain swapped dimer for FABP5 bound to 2-arachidonoylglycerol.  
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The existence of domain swapping in FABP5 is very interesting for us, since this protein is in the 

same family as hCRBPII.  

Before the first domain swapped structure for human and mouse FABP5 which is reported 

by Sanson et al, all the other structures for this protein had been reported as monomer. Since the 

presence or absence of ligand does not affect the amount of dimer and monomer after expression, 

Sanson and his group suggested that mouse and human FABP5 protein structures may not be stable 

and demonstrate conformational dynamics. However, from our data, we know that in hCRBPII the 

dimer and monomer do not convert to each other under normal conditions and the dimer appears 

to be a kinetically trapped product that does not readily convert to monomer at room temprature.10 

Sanson and his group got the structure FABP5 binds to endocannabinoids anandamide 

(AEA) and 2-arachidonoylglycerol (2-AG) (figure II-2). 

 

 
 

Figure II- 2. a) structure of AEA and 2-AG b) structure of human FABP5 bound to AEA. 
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Overlay of these two structures shows huge conformational change (figure II-3). 

 

 

 
 

 
Figure II- 3. Overlay of FABP5 bound to AEA (in green) and binds to 2-AG (in orange) 

As we found out domain swapping for hCRBPII, we are interested in investigating the 

structure of Apo FABP5. By having a structure of Apo FABP5 we can compare the conformation 

of the residues in this structure with the Holo forms. In this case, if any conformational change is 

detected, it may have physiological relevant and it can lead to the allosteric regulation for this 

family of proteins.2,3,4 

II-2 Monomer structure of FABP5 

In order to investigate domain swapping in hFABP5, Dr. Zahra Assar Nossoni and I studeid 

domain swapping in the Apo protein. Since the size of the hCRBPII is similar to that of FABP5 

(15 KD), we used chromatogram of the hCRBPII to see in which fractions dimer and monomer 

comes out of the column. Surprisingly, the chromatogram of the size exclusion chromatography 

for FABP5 showed different results in each time that we expressed the protein. Most of the times 
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after expression, we got a very large monomer peak and very small peaks for the dimer and higher 

oligomers. However, one time we were able to get a significant amount of dimer after purification 

(The reason for getting different results for expression is not clear yet.) After that, we used SDS 

PAGE to make sure that we had our purified protein on those fractions (figure II-4). We also ran 

a native gel from fractions 18 19 20 21 and we tried to compare the result with the monomer and 

dimer of hCRBPII; however, we were not able to say in which fractions we have just dimer. 

Therefore, we mixed fractions 18, 19, 20 that we thought we had dimer and put the crystallization 

box for them. We were able to obtain crystals that diffracted and determine the structure in 

P212121 space group (Table II-1). However, it was not the domain swapped dimer as we 

expected, instead it was two monomers per asymmetric unit. The structure of the Apo monomer 

Fabp5 that we got has a different conformation compared to monomer structures that have been 

reported before and it has been discussed in part II-4.11 

 

 
 

Figure II- 4. 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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II-3 Domain Swapped dimer structures for FABP5 bound to palmitic acid  

we expressed hFABP5 multiple times and one time we obtained dimer peak again. This 

time we had enough protein in each fraction; therefore, we concentrated fraction 18 separately and 

put separate crystallization box for that. Surprisingly, this time we observed an electron density 

for hinge loop and the structure was domain swapped dimer in P6322 space group (Table II-2). 

However, we saw an extra electron density in the binding pocket of the protein when we were 

trying to solve the structure. The electron density seems to be for a fatty acid and since we did not 

add any ligand, we predicted that it should be one of the fatty acids in E-Coli BL21 cells. Therefore, 

we overlaid various fatty acids in this electron density, such as endocannabinoids anandamide 

(AEA) that can bind to hFABP5 to get information about the conformation and size of this fatty 

acid (figure 11-5). 

 

 
Figure II- 5. 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 overlying different ligands, Palmitic acid was matched to our electron density. 

Palmitic acid has 16 carbons in its formula and it is one of the most common fatty acids produced 

in bacteria (figure II-6).12 

 
 

Figure II- 6. structure of FABP5 with palmitic acid in the extra electron density. 

We expressed FABP5 protein multiple times and obtained again. This time we treated the 

dimer fraction from SEC column with lipidex column. Lipidex resin contains many lipids and 

based on the hydrophobic interactions any lipids should binds to the resin.  Delipidation by lipidex 

resin is for removing all the non-specific lipids from the protein. Therefore, we used it to remove 

the palmitic acid from the binding pocket of our protein. However, our new domain swapped 

structure for FABP5 showed the same extra electron density in the binding pocket as before and it 

is probably palmitic acid again (figure II-7). The aforementioned crystal is in theC2221 space 

group (Table II-3). 
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Figure II- 7. Second crystal structure of FABP5 with palmitic acid in the binding pocket. 

 

 Surprisingly, the alignment between these two domain swapped structures shows different 

conformation in hinge region (figure II-8). 

 
 

Figure II- 8. 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. 

II-4 Conformational change between FABP5 domain swapped structures. 

 As mentioned before, there is a huge conformational change between FABP5 domain 

swapped structures bound with AEA and nound with 2-AG. We overlaid also our FABP5 domain 
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swapped structure with palmitic acid with these two structures and we saw conformational change 

between these structures. The relative orientation of two domains are more similar in AEA and 

palmitic acid case, since both of them have more similar structures compare to 2-AG (figure II-

9). These results suggest the domain swapped dimer structure to be sensitive to ligand binding, 

undergoing conformational change. The change in relative orientation of two domains and hinge 

loop may lead to allosteric regulation for this protein. 

  

 
Figure II- 9. Overlay between a) structures of FABP5 binds to 2-AG (orange) and FABP5 binds to palmitic acid 

(blue) b) structures of FABP5 binds to AEA (green) and binds to palmitic acid (blue).  

II-5 Determination of melting point of FABP5 by using Thermal Shift Assay (TSA)  

 TSA is a proper method for determination of melting temperature (Tm ) of proteins. In this 

method, a fluorophore binds nonspecifically to hydrophobic surfaces and water strongly quenches 
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the assorted fluorescence. 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 thermal melting curve which shows the change of florescence by 

increasing the temperature for the protein, and Tm (midpoint of the stability curve) can be obtained 

from this curve.13,14 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 Assar-Nossoni for TSA analysis in Cayman chemical company. The 

melting point for fraction 21 and 22 were 63.3°C and 61.2°C respectively (figure II-10). 

Surprisingly, for dimer, two melting points were reported for each fraction. For fraction 18 they 

were 42.5°C and 63.5°C and for fraction 19 they were 43°C and 65°C (figure II-11). 

 

 
 

Figure II- 10. Thermal stability assay for monomer FABP5 (fraction 21 in blue and 22 in red). 

 
 

Figure II- 11. Thermal stability assay for dimer FABP5 (fraction 18 in blue and 19 in red). 
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Based on TSA profile of dimer fractions, we speculated that the 1st peak suggests 

dissociation of monomer molecules within dimers (half of dimer) and the 2nd peak might be related 

to the stability of each monomer (similar Tm for them, between 63-65 °C). Another explanation 

can be with the effect of ligand binding. If the dimer fractions are a mixture of Apo and Holo, then 

bound form (Holo) may have higher melting temperature. In order to examine our suggestion, we 

should express more dimer of this protein first. Then we can heat the dimer to 42°C and run SEC 

column to see if we have monomer or not. Also, we can saturate the dimer with ligand and measure 

the meting point.  

II-6 Study the occurrence of domain swapping by mutational analysis of human FABP5.  

Investigating domain swapping in amino acid sequence of hCRBPII indicates some 

important residues which can increase the ratio of dimerization significantly. One of these residues 

is Tyr60, since mutation Y60L and Y60W were reported to increase the ratio of dimer to monomer. 

The reason for more dimerization for these mutations seems to be cause by removal of the 

hydrogen bond between Glu72 and Y60L. Here, in our FABP5 project, we are looking for 

mutations that can increase the ratio of dimerization of this protein. In order to do this, we 

compared the structure of the monomer and dimer of hFABP5. In the monomer, there is a hydrogen 

via a bond through water network between T64 and T57; 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 II-

12).11 
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Figure II- 12. 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 thought that by removing the hydrogen bond between Q65 with T57 in dimer, the 

formation of the monomer would be more probable because mutated glutamine to alanine which 

is a small hydrophobic residue. The chromatogram of size exclusion chromatography shows that 

in mutant Q65A we will obtained about the same amount of dimer compare to the wild type FABP5 

which was not as we predicted (figure II-13). 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 

the monomer form of FABP5 was only expressed. We also applied the phase relationship for 

FABP5 to increase dimerization and we have done different mutations like T64L and T64E; 

however, our hypothesis seems not to be right and we obtained monomer form by expressing these 

mutations (figure II-14). 
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Figure II- 13. Shows SEC after expression of Q65A FABP5. 

 

Figure II- 14. a) Size exclusion chromatogram of Gln65 mutants of FABP5. b. SEC of T64 mutants of FABP5 

(Thr63E pink, T63L green). 

II-7 Investigate the reasons behind the dimer expression 

 In order to get the structure of Apo FABP5 domain swapped dimer, we investigated the 

reasons behind the different expression levels of dimer and monomer in different trials. Since the 
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expression process was the same every time, we were suspicious that different colonies may make 

different amounts of domain swapped dimer each time. We thought colonies which make more 

dimer may have mutations in the sequence. In this case, we thought if we got dimer from that 

expression, we could do DNA purification and check for sequencing to see if our protein were 

mutated. Therefore, we collected a small portion of the E. Coli cells before adding the IPTG at 

OD600 and we did DNA purification. The sequence was exactly the same as before and there was 

no mutation in the sequence.   

Another suggestion to get more dimer was changing the media. In this case, we used the 

premade LB broth containing casein digest peptone, sodium chloride, yeast and tris HCl. Also, we 

made LB broth by mixing the trypton, sodium chloride and yeast extract. However, in both cases 

the results were the same.  

Changing the amount of IPTG 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. 

We also tried changing the temperature to increase the dimer ratio. We expressed FABP5 

at 20°C and 25°C. However, the ratio of the dimer was low in both cases (figure II-15). Increasing 

the expression temperature to 37°C does not help dimerization. 
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Figure II- 15. Chromatogram of SEC column after a) expression of FABP5 in 25°C. b) expression in 20°C.  

We asked Sanson and his group to send us their construct for FABP5. It seems that they 

got the dimer every time that they expressed the FABP5. We amplified their construct and did the 

protein blast with our sequence to compare their sequence with ours (figure II-16). There were 

two differences in these two constructs. There is a mutation on residue 61 (Leu to Val) and there 

are extra residues before the N terminus of our construct. In our construct for FABP5 residue 61 

is Val and this residue is Leu in homo sapiens species.1 

 
Figure II- 16. Blast between FABP5 from Sanson group (the top sequence) and our construct (the blew sequence) 

the arrows show differences.  
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We expressed their construct at 25°C. The level of expression was low, but the dimer ratio 

changed significantly compare to the expression with our construct (figure II-17). 

 

 
Figure II- 17. Chromatogram of SEC column after expression of FABP5 in 25°. 

 This result was very interesting for us and we plan to mutate the new construct to L61V 

human FABP5 to see if this mutation affects dimerization or not.   
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II-8 Experimental  

II-8-1 Site-Directed Mutagenesis  

The described FABP5 plasmid were ordered from IDT®. Then Dr. Zahra Assar-Nossoni 

cloned them into pET28a vector 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 which was explained in chapter I. 

Amino acid sequence of FABP5:  

HHHHHHSSGLVPRGSHMGSMGSHMATVQQLEGRWRLVDSKGFDEYMKELGVGIALR

KMGAMAKPDCIITCDGKNLTIKTESTVKTTQFSCTLGEKFEETTADGRKTQTVCNFTDG

ALVQHQEWDGKESTITRKLKDGKLVV ECVMNNVTCTRIYEKVE  

Primers 

T64A-FABP5  

Forward: 5ʼ- CGTGAAGACGGCGCAGTTTTCAT-3ʼ  

Reverse: 5ʼ- GTCGATTCAGTTTTAATAGTTAAGGTTCTTA-3ʼ  

T60P-FABP5   

Forward: 5ʼ- AACTGAATCGCCCGTGAAGACGA -3ʼ  

Reverse: 5ʼ- TTAATAGTTAAGTTCTTACCATCGC-3ʼ  
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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’  

II-8-2 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 20°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. 
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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 were 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. 

II-8-3 Crystallization and refinement 

II-8-3-1 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 
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100K. Using the HKL2000 software, the diffraction data were indexed, processed and scaled.15 

The structure was solved by molecular replacement using PHASER in PHENIX and FABP5 (PDB: 

4AZR as a search mode.16 The electron density map was produced by REFMAC5 in the CCP4 

package or Phaser-MR in PHENIX.17,18,19 Model rebuilding and water replacement were done 

using COOT program.23 The structures were refined using PHENIX program packages.  

II-8-3-2 crystallization of FABP5 domain swapped dimer binds 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. 

II-8-3-3 Crystallization of FABP5 domain swapped dimer binds 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 II-8-3-1.  
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Table II- 1. Crystallographic data of FABP5 (pseudo monomer).  
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Table II- 2. Crystallographic data of FABP5 domain swapped dimer binds to palmitic acid (first structure). 
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Table II- 3. Crystallographic data of FABP5 domain swapped dimer binds to palmitic acid. 
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Chapter III: Mammalian expression of hCRBPII 

III-1 Introduction 

III-1-1 Mammalian expression  

Highly purified and low-cost expression of the majority of recombinant protein for 

biophysical studies can be achieved by bacterial expression. Although many mammalian proteins 

have been produced in bacteria, yeast, or insect cells, expression in mammalian cells is still needed 

to investigate the function and right posttranslational modifications for these proteins. Mammalian 

expression is used for studying the function of a particular protein in physiologically relevant 

environment. This expression method allows for the highest level of posttranslational processing 

and functional activity of the protein. This system is commonly used for the production of 

antibodies and therapeutic proteins. 1,2,3 

III-1-2 HeLa cells 

Many eukaryotic expression systems are available for expression of mammalian proteins 

including those that contain unique post-translational modifications. The most common methods 

currently include yeast, baculovirus expression vector systems and mammalian cell systems. One 

of the most common mammalian cells used for mammalian culture is HeLa cells. HeLa cell are 

cervical cancer cells which come from a sample taken from a woman called Henrietta Lacks. These 

cells are the oldest and most commonly used human cell line which is used for scientific research. 

For instance, they were used to test the first polio vaccine in the 1950s, test the infection of human 

cells by parvo virus in 1953, and also for testing the heptamethine dye IR-808 and etc. The genome 

of Hela cells was sequenced in 2013. These cells can proliferate rapidly, even faster than cancer 

cells. They have an altered version of telomerase, which can prevent aging and cell death. The 
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adaptation of HeLa cells to grow in tissue culture plates make them difficult to control and through 

the improper maintenance, they can lead to contamination and interfere with other cell cultures in 

the same laboratory (figure III-1).4,5,6,7 

 

Figure III- 1. Multiphoton fluorescence image of HeLa cells with cytoskeletal microtubules (magenta) and DNA 

(cyan). 

III-1-3 Western blotting as a way for detecting protein expression in mammalian cells. 

 Western blotting is an analytical technique for detecting specific proteins from a complex 

mixture of proteins extracted from cells. This method was introduced by Towbin, et al. in 1979  

 In this technique, an extract from cells which is a mixture of proteins is separated by molecular 

weight, through addition of sodium dodecyl sulfate and gel electrophoresis (SDS PAGE gel). Then 

samples from a gel are transferred to a nitrocellulose or polyvinylidene difluoride (PVDF) 

membrane. The term "blotting" refers to this step which means transferring biological samples 

from a gel to a membrane. For detection of proteins, the membrane is then incubated with label 

antibodies specific to the protein of interest. The target protein can be identified by the specificity 

of the antibody-antigen interaction. 8,9,10,11 
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III-1-4 Study Physiological relevance of Domain swapping 

 The existence of domain swapping for hCRBPII and FABP5 may lead to allosteric 

regulation, also huge effect on the folding pathway for this family of proteins. Previously, all 

studies in our lab for domain swapping was through bacterial expression, however, in order to 

check the physiological relevance of this phenomena we decided to investigate the existence of 

domain swapping in mammalian cell line. Since we had higher information on domain swapping 

of hCRBPII, we used this protein as our first target for this study.12 Most post translational 

modifications occur in endoplasmic reticulum where there are enzymes that facilitates proper 

folding for proteins.13 Therefore, mammalian expression of hCRBPII can help us through studying 

the folding pathway for this protein.  

III-2 Mammalian expression and western blotting of hCRBPII 

For mammalian expression and detection of our target protein, we used a HeLa cell line 

and western blotting, respectively. We cloned hCRBPII into CMV(cytomegalovirus) 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. We used Q108K-

T51D mutation of hCRBPII, because this variant gave virtually all the domain swapped dimer 

form of the protein in bacterial expression. After preparation of the aforementioned plasmid, we 

prepared 6 well culture plate of HeLa cells and did transfection step. For transfection, we had to 

try different concentrations from the construct to find the best concentration. 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 amount of the target 
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construct; 350 ng, 750 ng, 1050 ng of the target plasmid, respectively. After this step, for 

identifying the hCRBPII from a mixture of proteins in the extracts, western blotting was done. For 

western blotting, the extract of each well was collected separately and 20ng 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. Although we thought the antibodies should just bind to our flag tagged protein, 

the exposed X-ray film shows many other proteins after developing. This may be because of the 

high amount of extracts (20 ng) which was load to the gel. The bands in 15 KD seems to be our 

target protein. The 15KD light bands in sample 2 and 3 (the extracts from control samples which 

were without our target plasmid) probably were because of contamination with sample 4 (20Mg 

of transfected extract) (figure III-2). 

 

 

Figure III- 2. Exposed x-ray film from the western blotting. Row 1, 2 and 3 are extracts from controls (cells without 

changing media, cells with changing the media in transfection, transfection with 350 ng of empty cmv-flag tag 

vector, respectively). sample 4,5 and 6 

 The X-ray film from the western blotting shows darker 15KD band in sample 5 which was 

transfected by 750ng of the plasmid; Therefore, we decided to use the same amount of the plasmid 
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(750ng) for our next transfections in each well. For improving the results of western blotting and 

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. This time 8Mg of the controls (one without the 

transfection and one transfected by empty pCMV-flag tag), 8Mg,4Mg and 2Mg of the extract 

transfected by plasmid were used in SDS PAGE. Also, the first and secondary antibody were 

reused from last time and the membrane soaked for 1 h instead of 24 h with first antibody. The 

results showed substantially less background. These data showed us that by using around 4-8Mg 

of the extract and soaking 1h with first anti body, we can improve the western blotting results 

(figure III-3). 

 

Figure III- 3. Exposed x-ray film from western blotting.  Sample 1 and 2 are from 8Mg extract of control and 8Mg 

extract of empty pCMV-flag tag vector. Sample 3,4 and 5 are from 8Mg,4Mg and 2Mg extract of infection with 

750ng plasmid, respectively. 

III-3 Investigate the size of hCRBPII in mammalian expression 

Through our last data, we found out the expression of hCRBPII in mammalian cell. But in 

order to check the existence of domain swapping, we needed a way to detect the folded form of 

protein. We were looking to compare the hCRBPII in mammalian expression to monomer and 
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dimer form from bacterial expression. The first solution was running a native gel instead of SDS 

PAGE; however, flag tag is negatively charged and even if the protein folded in domain swapped 

dimer form, we could not compare it with dimer without flag tag. Another solution for detecting  

the dimer was running the size exclusion chromatography from the extract and running the western 

blot of the fractions from the column. By western blotting, we were able to find the fractions in 

which the protein came out and then check if they were the same as the fractions for the domain 

swapped dimer of hCRBPII. We tried the second way. We first expressed monomer and dimer 

hCRBPII in bacteria and ran it through a superdex 75 size exclusion chromatography column 

which is a different column that used is last chapters. The monomer (Q108k: K40L: T51V 

hCRBPII) came out at fractions 24,25 and 26. The dimer (Q108K: T51DhCRBPII) came out 

mostly at fractions 20 and 21 (figure III-4). 

 

Figure III- 4. Chromatogram of size exclusion chromatography for 1.5mg of domain swapped dimer Q108K:T51D 

hCRBPII. 

 Since the amount of protein in each fraction is very low as a result of dilution in size 

exclusion chromatography column, we had to express more proteins in mammalian cells. So 
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another 6 well culture plate were transfected by 750ng plasmid for each well. The resulted extracts 

(0.5 mg) from the 6 wells of culture plate were mixed and run through size exclusion 

chromatography column (figure III-5). 

 

 

Figure III- 5. Chromatogram of size exclusion chromatography for 0.5mg extract from transfection by 750ng 

plasmid in 6 well culture plates. 

  Fractions 13-28 from size exclusion chromatography were concentrated and run through 

SDS PAGE. The western blot data surprisingly shows the 15KD band only in fraction 16 (figure 

III-6). This can be a higher order oligomer form for the hCRBPII or it can be our target protein 

bound to another protein. In order to find more information, first, we have to run ladder through 

the size exclusion chromatography to find the exact size for fraction16. Also, we will clone the 

flag tag to the N termini of hCRBPII gene in our bacterial construct (vector pET 17b). In this way, 

both of proteins from mammalian and bacterial expression have flag tag and we are able to 

compare the results from native gel. 
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Figure III- 6. Exposed x-ray film from western blotting for extract before running the SEC column and fraction 14-

20 after SEC column. 

III-4 Experimental 

III-4-1 Site directed mutagenesis  

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. 

Amino acid sequence of hCRBPII with flag tag in N terminus 

MDYKDDDDKLADRMTRDQNGTWEMESNENFEGYMKALDIDFATRKIAVRLTQTKVID

QDGDNFKDKTTSTFRNYDVDFTVGVEFDEYTKSLDNRHVKALVTWEGDVLVCVQKGE

KENRGWKKWIEGDKLYLELTCGDQVCRQVFKKK 
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Primers 

Q108K-hCRBPII  

Forward: 5ʼ-CCGCGGCTGGAAGAAGTGGATTGAGGGGG -3ʼ  

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’  

III-4-2 Mammalian expression 

In order to do transient transfection, all of these steps needed to be done in culture room. 

2.5 mL HeLa cells (concentration 0.8× 105) in DMEM were added to each well in 6 well culture 

plate. The DMEM contained 5% FBS and Penicillin/Streptomycin (P/S). After that, the 

aforementioned plate 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. 250ML DMEM (without FBS and P/S) were added to each tube. 2.5ML 
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Lipofectamine 3000 reagent from Invitrogen company were added to solution B tubes and 

incubated for 15 min. Meanwhile, 1ML of P3000 from Invitrogen company and appropriate 

amounts of DNA as explained in part III-2 were added to solution A tubes 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 culture plate and the plates washed 

with 2mL PBS. We aspirated the PBS and 500ML DMEM without FBS and P/S were added to 

each well. Each mixture of solution A/B were added drop wise 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 scrapped 

from the plate by scrapper. The mixture of cells with PBS were collected in Eppendorf tubes and 

spin for 7 min in 2000rpm. The PBS solution were removed from the cells. 50ML of the extraction 

buffer were added to pellet and mixed well. Then, the mixtures were incubated in ice for 20 min 

and then spin for 13000rpm for 7min in cold room. The supernatants (extract) were transferred to 

new tubes and were frozen in -80 ˚C.  
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