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ABSTRACT 

 

 Elastin-like polypeptides (ELPs) consist of simple pentapeptide repeats which 

can be easily modified by substituting various amino acid residues to control its 

properties. This provides an ideal platform for studying hydrophobic collapse and 

secondary/tertiary structure formation. In this thesis, the collapse process of ELP was 

studied with differential scanning calorimetry (DSC). In DSC thermal cycling, a clear 

conformational transition was observed. Also, a transiently stable state of ELP V5-120 

was noted and it was found that the formation of this state was related to temperature, 

ramping rate and stabilization time. To explain this, a conformational redistribution 

model is proposed in which there are two conformations in the ELP solution below its 

transition temperature. However, after the system is heated up and cooled back down, 

one of the conformations remains the same while the other one changes to two new 

conformations. After the conformational distribution is done, the ELP stays in a 

transiently stable state before gradually shifting back to the original, pre-heat-treatment 

state. Bi-Gaussian fitting was used to fit DSC response curve and monitor the changes of 

the different conformations in the system. The influence of ramping rate on the process 

of conformational redistribution was explained through the equilibration time at each 

temperature point through heating and cooling. Overall, the ELP V5-120 system is in a 

dynamic conformational equilibrium, and the equilibration time is much longer than 

earlier expectations.  
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CHAPTER I  

INTRODUCTION  

Objective 

 Over many decades, numerous studies have been carried out on the folding of 

proteins to their native functional states: investigating folding mechanisms
1-4

, 

energetics
5,6

, and intermediates
2,7,8

. Currently, energy landscapes are used to describe 

how unfolded polypeptides search down funnel-like energy profiles towards their native 

structures
7
. Each polypeptide has a specific energy funnel and local minima, where the 

polypeptide may get trapped and form partially folded structures, which can lead to 

misfolding or aggregation. Some typical methods used to probe the folding mechanism 

involve utilizing mutants of native proteins
9,10

, focusing on denatured states
11-13

, 

studying osmolyte effects
14-16

, and using simple model peptides
17,18

. Elastin-like 

polypeptides (ELPs) are a type of model peptides commonly used to study protein 

folding behavior. They are believed to undergo reversible transitions during heating and 

cooling
19

. In this thesis, differential scanning calorimetry is used to study the thermal 

transition of ELP V5-120 and elucidate the collapse mechanism. 

 

Elastin-like Polypeptides 

Elastin-like polypeptides (ELPs) are a class of polypeptides that are inspired by 

the amino acid sequence of the natural protein elastin.  They are composed of the 

repeating pentapeptide sequence Valine-Proline-Glycine-X-Glycine (VPGXG, where X 

is any amino acid except Proline)
20

. ELPs are highly soluble in water, but they become a 
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turbid colloidal suspension upon heating. The transition temperature of this process is 

usually referred to as lower critical solution temperature (LCST)
21

. The LCST for a 

given ELP is highly reproducible and is shown to be dependent on a number of factors 

such as concentration
22

, addition of cosolutes or salts to the solution
21,23,24

, pH and 

temperature
25

. Most experiments in this thesis were conducted using ELP V5-120, which 

has 120 repeat units of VPGVG with a total molecular weight around 50,000 Daltons. 

The LCST of the V5-120 was measured with an Optimelt MPA100 (Stanford Research 

Systems, Sunnyvale, CA) at a concentration of 6.4 mg/mL at a ramp rate of 0.5 °C/min.  

The LCST was found to be 29.18 ± 0.01 °C.  

 

ELP Conformations and Detection Methods 

 Although the collapsed ELPs’ structure remains unclear, it is believed to contain 

type II β-turn, β-spiral or β-sheet structures
26-28

. The Cremer group has performed 

circular dichroism (CD) and ATR/FTIR measurements to investigate the ELPs’ 

structures. In CD spectra, ELPs with hydrophobic or polar side chains all show a 

negative peak at 225 nm and a small positive peak around 212 nm, which indicate type II 

β-turn structure. There is also a negative peak at 198 nm resulting from random coil 

structure
29

. In the amide I region (around 1600 cm
-1

 to 1700 cm
-1

), FTIR spectroscopy of 

ELPs shows a peak with shoulders that can be assigned to three peaks near 1619, 1663 

and 1644 cm
-1

. The first two peaks are considered to come from β-turn and β-

aggregation, and the last, central peak arises from random coil structure
29

. In a solid-

state NMR study of (VPGVG)3, the measurements of C―H and C―N distance between 
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the two Valine residues of the central pentapeptide and also its torsion angles indicate a 

coexistence of two conformations in this short ELP: 35% type II β-turn and 65% 

distorted β-strand.
28

 It is believed that the conformational shift between these two 

structures explains the mechanism of elasticity, and that water plays an important role in 

facilitating the breaking and formation of hydrogen bonds during the equilibration
28

. In 

this thesis, DSC was used to monitor the conformational shifts of ELP V5-120 and see 

how ramping rate and waiting time affect the process. CD measurements were also 

applied to confirm the secondary structures of polypeptides. Through these 

measurements, it was found that ELP conformations are concentration dependent. 
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CHAPTER II 

OBSERVATION OF ELP CONFORMATIONAL CHANGES 

Introduction 

ELPs are known to collapse and form a cloudy solution upon heating
30,31

. If the 

collapsed ELPs contain secondary structures like type II β-turn, β spiral or distorted β-

sheet as mentioned earlier, and the ELPs in solution below LCST are mostly random 

coils, this conformational transition should be observable by DSC. Studies show that 

ELP conformations will revert without much hysteresis upon fast heating
27

,  however, 

aqueous two phase system formation may hinder this process if the solution temperature 

is cycled slowly enough. In this thesis, 0.5 degree per minutes (dpm) and 0.15 dpm 

ramping rates are used for DSC thermal scans to observe how heat capacity changes 

with temperature. Circular dichroism was also used to observe the structure of ELP V5-

120 at various concentrations. 

 

Experimental Procedures 

The ELP V5-120 used herein was expressed in BLR(DE3) E. coli competent cells 

according to standard procedures
21,29

. All plasmids were obtained from the Chilkoti 

Group at Duke University. The plasmids with the desired DNA sequence were incubated 

on ice with E. coli cells for two minutes, and then transferred for electroporation. 

Immediately after electroporation, autoclaved TB media with ampicillin was added and 

the whole solution was incubated for an hour at 37 °C in a shaker. The incubated cells 

were then spread on agar plates to form a thin layer and left at 37 °C for 12 – 15 hours 
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with gentle shaking to grow cultures. A single culture was picked and rinsed with media 

before transferring to the culture flask and incubating at 37 °C overnight. The brown 

solution obtained through DNA expression was the stock culture and was used for ELP 

expression. 

To express ELP, the stock solution was centrifuged first to separate cells from 

the stock media. The cells were then dissolved into fresh autoclaved media and allowed 

to grow for 24 hours. The solution was centrifuged and the cells were dissolved in cold 

phosphate buffer solution (PBS). This solution was sonicated to lyse the cells and 

centrifuged twice. Polyethylemine was added to the solution to remove insoluble DNA 

and RNA. 2 M sodium chloride was then added to the supernatant and the mixture was 

incubated at 50 °C for one hour until it turned cloudy. The solution was centrifuged 

again and the collected pellets were stored on ice. The pellets were then dissolved in 

cold PBS and underwent thermal cycling at 4 °C and 90 °C three times for further 

purification. The absorbance of the resulting solution was measured at 280 nm by 

UV/Vis to verify the concentration. The extinction coefficient of ELP is 5690 M
-1 

cm
-1

. 

The solution was then dialyzed in 18 MΩ water for 3 days and stored at 4 °C. 

 DSC measurements were run with a VP-DSC MicroCalorimeter (MicroCal, 

LLC, Northampton, MA). All samples were degassed with a ThermoVac (MicroCal, 

LLC, Northampton, MA) for 10 minutes at 15 °C. ELP concentration was 6.4 mg/mL 

(0.128 mM) unless other specified. The sample volume was 500  L. Before each 

measurement, the sample and control cell were held at 15 °C for an hour to equilibrate 

the temperature. The scan range is from 15 °C to 45 °C. A wider range (4 °C to 60 °C) 
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was also studied and showed results very similar to the shorter range ones. Thus, the 

shorter range measurements are exclusively addressed herein. Thermal scans consisted 

of an upward ramping from 15 °C to 45 °C first and then a downward ramping from 45 

°C to 15 °C without a waiting period between the two halves of the cycle. Most 

measurements were done for more than ten cycles continuously to observe ELP’s 

thermal behavior. All the DSC figures enclosed show the upward temperature sweep and 

are labeled by the number of the cycle. For example, No. 11 means the upward 

temperature sweep of the 11
th

 scan after ten completed full cycles. When studying the 

stability of ELP V5-120’s transient states, 13 scans for each sample were run varying the 

waiting time preceding the 13
th

 upward sweep for each measurement. The deviation of 

eight parallel scans was 0.2 °C for the peak position and 3.9 kcal mol
-1

 °C
-1

 for peak 

height. 

 The CD measurements were performed with an AVIV model 202SF circular 

dichroism spectrometer (Aviv Instruments, Lakewood, NJ). Spectra were measured in 1 

nm steps from 180 to 250 nm with 20 s averaging times. Samples were put in a cuvette 

with a 1 cm path length at concentrations of 0.032, 0.1 and 0.32 mg/mL. Higher 

concentrations caused significant interference in spectra due to the opacity of the 

collapsed ELP, therefore, the samples were only run under 25 °C. 
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Figure 1. DSC thermal cycling with ELP V5-120 in water 
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Results and Discussion 

 Figure 1 above shows the heat capacity change during the upward temperature 

sweeps of the first 10 thermal cycles in the system of ELP V5-120 in pure water with the 

ramp rate of 0.5 dpm. 

It is clearly seen from the DSC plots that there are two transitions during the 

heating of aqueous ELP V5-120 solution. The peak around 30°C decreases and shifts 

right to about 33 °C while a new peak rises up around 28°C. It is believed that this new 

peak results from a transiently stable ELP state that consisted of a new conformational 

distribution and that this new peak dominates after approximately 10 thermal cycles.  

 If there was a conformational shift when the sample was heated up, it would 

shift back after cooling. To test if the new peak appearing from the second cycle onward 

was a result of insufficient equilibration time, the latent time between the first and 

second cycles was varied. After the sample was cooled down to 15 °C at the end of the 

first cycle, the system was held for 0, 6, 12, 48 and 84 hours and then run for the second 

thermal cycle. The results are shown below in Figure 2. 
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Figure 2. Second up-scans of ELP V5-120 in water with various waiting times 

  

 

It is clearly seen that as the waiting time was increased, the new peak diminished 

and the original peak reverted to its original height and position. Therefore, these 

conformational changes are reversible. To better estimate the stability of the transiently 

stable state, the thermal cycle was run 12 times, until the new peak dominated the graph. 

The 13
th

 cycle was then run after 24 (black), 48 (red) and 120 (blue) hours. Results are 

shown below in Figure 3: 
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Figure 3. ELP V5-120 thermal scans with various waiting time before the 13th scan 

  

 

It can be seen from the graph that as the waiting time increased; the peak shifted 

to higher temperatures and looked more similar to the original scans. It is reasonable to 

assume that after waiting for an even longer time, the ELP would move back to the 

original state before thermal cycling. 

 The ramping rate was also varied to see how time dependent this transition was. 

Thermal cycles were run with the same ELP at 0.15 dpm and compared to the results run 

at 0.5 dpm. It turned out the second thermal scan in the slow ramping rate behaved very 
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similarly to the ninth thermal scan of the fast ramping rate. The two curves were shown 

in Figure 4. 
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CHAPTER III 

STUDY OF ELP CONFORMATIONAL CHANGES 

Introduction 

Before we analyze the relation of the thermal scan curve and ELP states 

transition, it is important to deconvolute the peaks first. Bi-Gaussian fitting was used for 

the curves since the peaks showed two distinct peak widths for left and right sides. Also 

bi-Gaussian fitting is widely used in various fields, such as gas chromatography
32

, 

mutational protein stability distribution
33

 and proton transfer in membrane proteins
34

. 

The fitting equation is shown in the equation below
35

. 

       
    (

    
  

)
 

 (    ) 

       
    (

    
  

)
 

 (    ) 

 In this equation,    is the baseline,   is the peak height,    is the peak position, 

   and    are the widths of the left and right side of the fitting peak. This equation was 

used to fit the first ten thermal scans and it emerged that the first scan could be fit into 

two peaks and the rest of the scans could be fit into three peaks. Peak position and height 

are listed in Table 1 and the fitting graphs are in the appendix. 
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Table 1. Parameters of the fitting of DSC thermal scans 

Heating 

Cycle # 

Area 1 

% 

Peak 1 

Position 

°C 

Area 2  

% 

Peak 2 

Position 

°C 

Area 3 

% 

Peak 3 

Position 

°C 

1
st
  N/A N/A 78.5 29.7 21.5 34.5 

2
nd

  23.5 27.8 61.4 30.3 15.0 34.5 

3
rd

  46.8 28.0 39.0 30.7 14.1 34.5 

4
th

  50.6 28.0 34.6 31.4 14.9 34.6 

5
th

  58.3 28.0 26.5 32.0 15.2 34.8 

6
th

  64.9 27.9 21.7 32.5 13.4 34.9 

7
th

  63.3 27.9 19.0 32.7 17.7 34.5 

8
th

  65.5 27.9 17.5 32.7 17.0 34.3 

9
th

  67.2 27.9 17.5 32.7 15.2 34.5 

10
th

  71.2 27.9 15.9 32.9 12.9 34.6 

 

 

 In the table, Peak 1, 2 and 3 refer to the peaks from left to right in the graph. 

Area % is the percentage of the area between the peak and baseline in the whole fitting 

range, and peak position is the temperature where the peak's maximum value is. It can be 

seen that, the first and third peaks remain in the same position while the second one 

moves to higher temperatures. For the area percentages, the first peak rises up and the 

second peak sinks down. The percentage of the third peak remains around 15.7%. 
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Hypothesized Theory 

 According to the peak analyses, there should be two states of ELP before the 

thermal sweep and three states after it undergoes thermal cycling. Each thermal 

treatment shifts the ELP to the new state a little more until it dominates the ELP’s 

conformation in the solution. It is believed that random coil/strand and β-

turn/aggregation structures exist in the system as discussed earlier
28,29

 which may 

correspond to the two states in the beginning. The new state shows up from the second 

scan onward and is believed to be self-aggregated ELP molecules. The Peak 2 data show 

that the loose strand or coil structure decreases with each subsequent thermal cycle. The 

position of Peak 2 also shifts to the right, which indicates there may be structure 

rearrangement during the process. The position and area percentage of Peak 3 remains 

about the same, so this tight turn/aggregation structure is very stable and does not change 

through heat treatment. Overall, the ELP strands intertwine together and form visible 

aggregation above the LCST; when they cool down, the intermolecular forces decrease 

and the ELP molecules separate, thus the solution turns clear again; however, individual 

ELP molecules may still be self-aggregated and need a long time to revert to lower 

energy conformations. Because the thermal cycles are run continuously, those molecules 

remain in the transient conformations during the next thermal cycle, and the appearance 

and dominance of Peak 1 are observed. At the end of the continuous thermal cycles, the 

majority of ELP has adopted the self-aggregated conformation and the whole system is 

in the transient state.  The whole experiment proves that ELP collapse is a reversible 
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process; however, this process is more complicated and takes place more slowly than 

previously thought. 

 

Results and Discussion 

 To better discuss the results, the positions and areas of the peaks are shown 

below in Figures 5 and 6. 
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Figure 5.  Changes of peak positions of ELP V5-120 during thermal cycling 
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Figure 6. Changes of areas of ELP V5-120 during thermal cycling 

 

 

 It is clearly seen from the graphs that Peak 1’s position remains the same while 

the area percentage increases, which indicates the accumulation of a new self-aggregated 

state; Peak 2’s position moves to a higher temperature but the area percentage decreases, 

which suggests that the loose coil structure has changed to a tighter or more tangled 

structure, and a portion of it has changed conformation entirely and contributes to the 

structure of Peak 1; Peak 3’s position and area percentage both remain the same during 

heat treatment, it is believed that the tight structure here is thermally stable and does not 
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change during collapse. These results match well with the theory that the ELP system 

has coexisting conformations and those conformations are redistributed and finally form 

the transiently stable state after thermal treatment. 

 Figures 2 and 3 demonstrate that these conformationally redistributed processes 

are reversible either in the middle or near the end of the processes. Figure 2 shows that if 

the ELP system is left to sit after one thermal cycle, it gradually changes back to the 

original state before thermal cycling. Compared to the trials without a waiting period, the 

second heating scan after waiting 6 hours shows a shift to higher temperature for both 

peaks. For longer waiting times, the shoulder peak shifts from left to right as can be seen 

in the 12, 48 and 84 hours trials. Although in the 84 hour trial the second heating scan 

did not completely revert to the original position, it is reasonable to assume that if the 

waiting time is long enough, it will eventually return to the same state as before the first 

cycle. This demonstrates that the conformational change in ELP collapse upon heating is 

time dependent and the equilibration time is much longer than expected.  

Figure 3 shows that after the transiently stable state dominates the ELP 

conformation, the redistribution process will still cause the ELP to revert back to the 

original state. It can be seen that as the waiting time is increased from 24 hours to 120 

hours, the peak shifts right and the height rises. The peak also becomes narrower and 

looks more similar to the original scan. This result also shows that the reverse process 

slows asymptotically as it approaches the original state. An estimation is that the time for 

total recovery would be approximately one month.  
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The different ramping rates also show that the conformational redistribution 

process is temperature and time related. In the 0.15 dpm scan, at each temperature point, 

the ELP is held above the LCST long enough to form the hypothesized self-aggregated 

structure, however, when it is cooled down, the time is not long enough to untangle 

those aggregations, so it takes fewer thermal cycles to achieve the same transiently 

stable state. As shown in figure 4, the second thermal scan of 0.15 dpm rate showes a 

result similar to the ninth thermal scan at the 0.5 dpm rate. 
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CHAPTER IV 

CONCLUSION 

 In summary, the ELP V5-120 system was studied by DSC and it was found that 

different conformations coexist in the system and they are redistributed during thermal 

treatment. This process is reversible, and temperature and time dependent. The 

reversibility shows up both in the middle and end of the process. The ELP stays in a 

transiently stable state after continuous heating and cooling cycles. In this state, the ELP 

conformational distribution was different from the original ELP solution stored below 

LCST. It also showed that ELP collapse and its reverse process take place on a much 

longer time scale than earlier studies have indicated. 
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