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nucleo-cytoplasmic shuttling of their ligands85,86,60, which are found within the binding pocket of 

L-FABP and the ligand binding domain of PPARα. As PPAR LBD is sufficient for interacting 

with the FABP39,87, most of the proposed research focuses only the interaction between the PPAR 

LBD and FABP. 
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3.3.3. Delipidation of the PPAR𝛾 LBD 

The purified PPAR𝛾 was incubated with apoAFABP which had been fully delipidated by Lipidex-

5000 and then separated in a Supedex 75 gel-filtration column. The delipidated samples were 

denatured and launched to the ESI-MS to measure the released amount of OLA and thus estimate 

the proportion of PPAR𝛾 in the apo form. The results are shown in Figure 27.  

According to Figure 27, 97% of PPAR 𝛾 is in apo form. This indicates that the OLA can transfer 

from PPAR𝛾 to AFABP by incubating and separating using a in the methods of gel filtration 

column. However, the biological expectation is that the ligand transfers from AFABP to PPARγ. 

More experiments and results will be discussed in later section 3.6.4. In addition, negative-mode 

ESI-MS is shown be an effective way to measure the OLA amount. 

Since the ligand removal is based on GF chromatography, each cycle of purification result in loss 

of protein. The yield was about 60 mg per 1 L of LB medium. 
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Figure 27 Histogram of OLA amount from each 3𝜇M protein sample measured by ESI-MS. 

PPAR𝛾_non, the PPAR𝛾 without any delipidating treatment; PPAR_2nd, the PPAR 𝛾 after 

twice incubated and separated with apoAFABP; PPAR_3rd, the PPARg after three times 

incubated and separated with apoAFABP; AFABP_1st, the AFABP incubated and 

separated from PPAR_non; AFABP_2nd, the AFABP incubated and separated from 

PPAR_1st, AFABP_3rd, the AFABP incubated and separated from PPAR_2nd. 
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3.6.2. Fluorescence titration to obtain the relative protein-ligand binding affinities  

In order to obtain the relative binding affinities of the protein-ligand complexes based on the 

protein-DAUDA experiments, the ligand-bound percentages were calculated by using the formula 

shown below. The percentage values are plotted on decimal and logarithmic scales shown in Figure 

32 A2&B2 and A3&B3.  

Ligand bound % = 
(𝑠𝑙𝑜𝑡 𝑖𝑛𝑡𝑒𝑛𝑠𝑖𝑡𝑦−𝑖𝑛𝑖𝑡𝑖𝑎𝑙 𝑖𝑛𝑡𝑒𝑛𝑠𝑖𝑡𝑦 𝑤𝑖𝑡ℎ𝑜𝑢𝑡 𝑙𝑖𝑔𝑎𝑛𝑑)

𝑖𝑛𝑖𝑡𝑖𝑎𝑙 𝑖𝑛𝑡𝑒𝑛𝑠𝑖𝑡𝑦 𝑤𝑖𝑡ℎ𝑜𝑢𝑡 𝑙𝑖𝑔𝑎𝑛𝑑
 × 100 % 

By fitting each curve from Figure 32 A2&B2 to the Michaelis-Menten equation, the IC50 
52 is 

obtained and shown in Figure 33. It is observed that there is a trend that both AFABP and PPARγ 

binds the OLA tighter than LOLA. These fluorescence results are promising but preliminary in 

nature. Optimization is required in order to obtain better accuracy and reproducibility.   
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Figure 33 IC50 values by fitting the curves from Figure 32 A2 and B2 to the Mechaelis-Menten 

equation.A: IC50 values of AFABP bound LOLA (dark green) or OLA (dark red). A: IC50 

values of PPARγ bound LOLA (dark green) or OLA (dark red). 
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Figure 34 1H-15N TROSY-HSQC NMR of AFABP titrated by PPARγ. A: overlay of spectra of 

apo15N AFABP titrated by 1-6 fold molar ratio of apoPPARγ; B: overlay of spectra from 

apo15N AFABP titrated by 1-6 fold molar ratio of holo-oleate-PPARγ; C: overlay of spectra 

from apo15N AFABP titrated by 1-6 fold molar ratio of holo-linoleate-PPARγ. 
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3.6.6. Ligand transfer between the AFABP and PPARγ 

In section 3.3.3 we demonstrated that most PPARγ-bound oleate (>97%) can transfer from holo-

oleate-PPARγ to apo-AFABP by simply mixing and separating by three successive GF column 

elutions. This results indicates that oleate binds to AFABP more tightly than PPARγ under our 

experimental conditions, although it is opposite to the biological direction. However, during the 

holo-AFABP_apo-PPARγ titrations it was noticed that as the apo-PPARγ was added, some apo-

AFABP peaks appeared (Figure 34). The holo- and apo-proportion could be calculated based on 

their peak intensities, since the ligand binding is in the slow exchange rate. The results are shown 

in Figure 41. According to the histogram, when holo-AFABP was mixed with apo-PPARγ at molar 

ratio 1:1, about 3.9% or 9.1% AFABP-bound ligand (linoleate or oleate) transferred to PPARγ. As 

the molar ratio reached 1:4, about 10.1% or 15.7% AFABP-bound ligand (linoleate or oleate) 

transferred to PPARγ. Although it has been reported that the AFABP level in healthy men/women 

ranges 0.64~1.36 𝜇M / 0.84~1.87 𝜇M106, and 0.9~1.63 𝜇M / 1.27~1.93 𝜇M in Type 2 diabetic 

groups, the corresponding PPARγ has not been reported yet.  

Based on the experiments of PPARγ delipidation and AFABP_PPARγ titrations, we find that the 

AFABP binds the ligands (oleate and linoleate) much tighter than does PPARγ. In another words, 

most of the ligand would bind AFABP first, which is opposite to the biological expectation. 

Nonetheless we also observed that about 3.9-9.1% (3.7-8.6 𝜇M) ligand was able to transfer from 

AFABP (95 𝜇M) to PPARγ (95 𝜇M). This finding suggests that a low level of bound ligand could 

be present and sufficient to activate PPARγ function in gene transcription. In fact, it has been 

reported that the PPARγ transactivation EC50 values are at about 0.01-1.0 𝜇M range,107 suggesting 

that PPARγ transactivation does not require a large amount of ligand to be transferred. In last 

paragraph, it is mentioned that in serum, the AFABP concentration is about ~1 𝜇M. It is not known 
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that the AFABP concentration in nucleus. Assuming that the AFABP concentration is similar and 

10% is transferred, which is about 0.1 𝜇M, then the ligand will fall into the PPARγ transactivation 

EC50 (0.01-1.0 𝜇M) range which is enough for the PPARγ to initiate its biological function. 

Interestingly, as discussed above, the most perturbed area is located within the portal region which 

also includes the NLS sequence. According to prior reports, there is an NLS sequence existing in 

a 3-D fold mapping to the helix-loop-helix region, which is part of the AFABP portal area. The 

sidechains of K21, R30 and R31 form a functional NLS by shifting their orientation to bind 

different ligands25. The non-activating ligands protrude from the portal and prevent the helical cap 

closure, while activating ligands favor an alternative homodimer to promote the exposure of the 

NLS and facilitate transfer of AFABP to the nucleus. This consideration can also explain how the 

PPARγ obtains the activating ligand (LOLA) even though OLA has greater a greater binding 

preference. Since the non-activating ligands will be blocked by the nuclear membrane, the 

activating ligands will become predominant in the nucleus.  

In this project, only oleate and linoleate have been studied. Other ligands (neutral fatty acids or 

synthetic agonists such as Rosiglitazone, thiazolidinediones and Troglitazone) could also be of 

interest, because PPARγ might specifically bind such ligands much more tightly.  

AFABP is a critical lipid carrier that delivers lipids to many proteins in various organelles. It has 

been well established that AFABP associates with Hormone-sensitive Lipase (HSL)108. This 

research found that association to the HSL requires a bound ligand and that the interface is located 

at helix αI, which is part of the portal region. The AFABP delivers the ligand to the activated and 

phosphorylated HSL to inhibit its function to facilitate a feedback inhibition. Thus, study of the 

interaction between AFABP and HSL could inform investigation of the interaction between 

AFABP and PPARγ. 
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Figure 41 Bars plot showing estimation of the transferred ligand proportion by measuring the 

remaining holo-AFABP and apo-AFABP proportions. The mean values were calculated by 

averaging peak intensities of 7 residues (N=7). Left, remaining holo-AFABP peak intensity 

proportions at each titrating increment. Right, the newly appeared apo-AFABP peak intensity 

proportions at each titrating increment. Blue bars, titration of holo-oleate-AFABP by apo-

PPARγ. Magenta bars, titration of holo-linoleate-AFABP by apo-PPARγ. 
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3.7. Conclusions 

In this project, the interaction sites of AFABP with PPARγ have been studied primarily by NMR 

titration in the presence of different ligands. The most perturbed area is located in the portal region. 

This could indicate that AFABP transfers the ligand to PPARγ through interactions of that region. 

The corresponding PPARγ interaction sites remain undetermined, requiring future assignment of  

the 15N PPARγ amide NH resonances and titration by unlabeled AFABP.  

By calculating the chemical shift perturbation, Kd for the protein-protein complex was estimated. 

The binding interaction is weak (average Kd ~500 𝜇M). Several residues e.g. V23, V32 and G34 

behaved anomalously. For instance, in the holo-OLA-AFABP_apoPPARγ titration, the average 

Kd is 641 𝜇M. The Kds estimated by V23, V32 and G34 are about ~100 𝜇M. It is of interest to 

discover that these residues are mostly perturbed and located at the portal area of the AFABP. This 

might be a sign that these residues are critical for the protein-protein interaction. In order to obtain 

more definitive information, a chemical shift perturbation study of the PPARγ interaction site and 

a possible NOE determination of spatial proximities would be useful.  

It was surprising to discover that the oleate ligand binds the AFABP more tightly than PPARγ, 

since the physiological expectation is ligand transfer directly from AFABP to PPARγ in the 

nucleus. The previous delipidation result for PPARγ proves that AFABP binds the OLA more 

tightly than PPARγ. The NMR titration confirms this result. Although the fluorescence assay has 

not yet provided a specific protein-ligand binding constant, it is clear that the OLA preferentially 

binds AFABP when PPARγ is also present. 

Although OLA preferentially binds the AFABP, our evidence shows that the ligand can transfer 

from holo-AFABP to the apoPPARγ site (10% when holo-AFABP: apoPPARγ = 1) in micromolar 
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level. According to previous studies, ligand present in the nanonolar range can initiate the function 

of the PPARγ. Thus a possible model suggests that in the nucleus, most of the PPARγ stays in the 

apo form; once the AFABP-bound ligand enters into the nucleus, a portion of the ligand transfers 

to the PPARγ. The total amount of holo-PPARγ is evidently large enough to initiate the regulating 

function of the related gene transcription. Validation of this proposal will require more 

experiments and supporting results. 

The differential impact on protein-protein interaction from various ligands has been primarily 

studied by comparing the PPARγ-induced chemical shift perturbation without ligands and in the 

presence of OLA-bound and LOLA-bound AFABP. Overall, the perturbed areas are all at the 

portal region. Nonetheless, several residues exhibit variable perturbations depending on titration. 

It is inconclusive that whether the interaction is ligand independent, but there are several important 

residues e.g. Arg-106 which stabilizes the OLA binding is significantly perturbed in the holo-

OLA-AFABP_apoPPARγ titration rather than the other two titrations. In future more ligands are 

should be incorporated in the protein-protein titration in order to obtain comprehensive knowledge 

on this interaction. 

In this project, the protocols for PPARγ preparation and delipidiation have been improved. 

However, these protocols were not successful for PPAR𝛼 preparation, although they share similar 

secondary structure and biological function. The main problem has been the precipitation of 

PPAR𝛼 after tag removal. The PPAR𝛼 is not quite stable and soluble without the tag and fusion 

protein. Different cell lines and tags are being tried by Stark Lab members. The delipidation of 

LFABP had not been solved when this thesis was written, but Stark Lab members are now able to 

delipidate the protein with the help of 1-butanol. Finally, difficulties were encountered in digestion 

of the TEV protease engineered between our target and fusion protein during FABP purification. 



92 
 

Evidently it is realized that the removed linker (histidine tag and NusA fusion protein) still 

competes protease with the uncleaved proteins. By using a 10 kDa Amicon filter, it was possible 

to remove the histidine tag and NusA fusion protein linker immediately to avoid competition with 

the protease for the uncleaved protein. Together, these technical advances offer an encouraging 

prospectus for broader investigations of FABP-PPAR interactions at the molecular level and hope 

for better understanding of metabolic signaling in mammalian cells. 
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