
ABSTRACT 

ZHAO, BINWU. Investigation of Elastin-like Polypeptide Lower Critical Solution 
Temperature Behavior and Fibril Formation of Silk-inspired Polypeptide Using Molecular 
Dynamics Simulations. (Under the direction of Dr. Carol K. Hall). 
 

Artificial polymer-like polypeptides containing certain motifs derived from natural 

protein can exhibit unique functional behaviors. Silk-inspired polypeptides with the motif 

((Gly-Ala)mGlyXaa)n occurring in silk have a strong tendency to self-assemble and form 

filaments. Elastin-like polypeptides (ELPs) with the motif (Val-Pro-Gly-Xaa-Gly)n where 

Xaa is a guest residue occur in hydrophobic domains of tropoelastin and are reported to have 

lower critical solution temperature (LCST) behavior. The aims of this work are twofold: the 

first is to elucidate the detailed structure of fibrils formed by silk-inspired polypeptides and 

examine the folding mechanism by which fibrils form; the second is to understand the 

physical origin of ELP’s LCST behavior and predict their phase diagrams. Both conventional 

molecular dynamics simulations (cMD) and accelerated molecular dynamics (aMD) 

simulations with atomistic resolution are used to study these problems. 

Our first study reveals that the filament formed by silk-inspired polypeptides is a 

stack of molecules in β roll structures with their hydrophobic side chains buried inside 

(hydrophobic core), contradicting the β roll structure proposed previously with hydrophobic 

side chains pointing outwards (hydrophobic shell). Ground states analysis demonstrates that a 

stack of molecules in the hydrophobic core structure is more energetically favorable than a 

stack of molecules in the hydrophobic shell structure. The core structure predicted by our 

simulations agrees well with NMR studies in that it possesses type II β turns, but the shell 

structure does not.  



In our second study, aMD simulations are used to investigate the unfolding of a stack 

of two β roll molecules (GAGAGAGQ)10, to shed light on the folding mechanism by which 

silk-inspired polypeptides form fibrils and to identify the dominant forces that keep the 

polypeptide in a β roll configuration. Our study shows that a molecule in a stack of two β roll 

molecules unfolds in a step-wise fashion and mainly from the C terminal. The bottom 

template is found to play an important role in stabilizing the β roll structure of the molecule 

on top. Lateral hydrogen bonds are the dominant forces in stabilizing the β roll structure. 

Finally, an intermediate structure was found, suggesting the self-healing ability of the β roll 

stack. 

In our third study of ELP’s LCST behavior, we find evidence for property changes 

associated with LCST behavior in a single molecule, although LCSTs are generally 

considered evidence for collective behavior. This was accomplished by performing long 

cMD simulations on ELP (VPGVG)n sequences for four different length peptides over a wide 

range of temperatures. The dependence of the transition temperatures of ELPs on their 

lengths obtained from simulations agrees well with experiment in that both have the same 

power law exponents. We also find that the tendency for pentamers (VPGVG) in ELPs of all 

lengths to lose H-bonds with water or to gain H-bonds with themselves as temperature rises 

is independent of the length of the chain in which they are embedded.  

 In our fourth study, we used statistical associating fluid theory (SAFT) to predict the 

phase diagrams of ELP (VPGVG)n sequences. The phase diagrams from SAFT match those 

measured in experiments at low concentrations. The full phase diagrams of ELPs resemble 

those that belong to type IV, V, and VI, but more likely type VI because type VI is often 

related to the existence of hydrogen bonds. LCST behavior ceases when the ELP chain 



length n < 2. The LCSTs of ELPs of different lengths have a linear correlation with the 

pressure. The predicted dependence of the LCSTs of ELPs on their lengths can be described 

with a power law function. The T-x diagram goes from type VI to type II/III/IV as the 

hydrogen bonding strengths decrease.  
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CHAPTER 1 

Motivation and Overview 
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1.1 Motivation 

	 Artificial polymer-like polypeptides containing naturally occurring motifs exhibit 

unique functional properties1-3. Silk-inspired polypeptides containing the (GAGAGAGX)n 

motif from bombyx Mori silk show a strong tendency to self-assemble and are observed to 

form filament structures4. When conjugated with long random-coil polypeptides at both ends, 

(GAGAGAGX)48, with X = E or X = H, folded and slowly formed a quaternary structure: a 

micron-sized filament with a ribbon-shaped core containing the silk-like block, and a water-

rich corona containing the random coil block5. A study with an uncharged variant X = Q also 

showed a strong self-assembling tendency; when conjugated with a cationic binding block 

and a random coil, it assembled with DNA in a manner reminiscent of rod-like viruses6. 

Therefore, silk-inspired polypeptides can potentially be used in gene delivery as the carrier. 

Other studies have shown that silk-inspired polypeptides can be made into supramolecular 

nanotapes7 and pH-responsive gels8, suggesting that silk-inspired polypeptide has the 

potential to be used in biomaterial applications. 

 Elucidation of the detailed structure of the filaments formed by silk-inspired 

polypeptides might help us better design sequences that can form the desired filaments. So 

far, the detailed structure of the filaments formed by silk-inspired polypeptides has not been 

very well understood. From CD spectra, it is deduced that the silk blocks indeed fold into a 

regular secondary structure, but that they only do so once they attach to the growing end of a 

filament5. The thickness and width of the core, as obtained from SAXS data, seems to be 

compatible with some sort of solenoid configuration. The detailed structure of the filaments 
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formed by silk-inspired polypeptides was predicted to be a stack of many molecules in β roll 

configuration. The β roll conformation consists of two oppositely oriented β sheets connected 

via β turns, with hydrophobic side chains pointing outwards9 (hydrophobic shell). However, 

most β helical structures possess a hydrophobic core10. Therefore, a revisit of this matter is 

necessary. 

 Understanding the mechanism by which fibrils form is of interest to us because it 

could help us better produce the fibrils. Two different mechanisms have been proposed 

regarding the folding and docking of silk-inspired polypeptides. The first mechanism, the 

“template folding” (TF) mechanism, was deduced from the CD spectra of a sequence, 

(GAGAGAGE); it suggests that the peptide adopts a β roll configuration only when it is 

attached to the growing end of a filament5. The second mechanism, “solution folding” (SF), 

proposed by Schor et al.11, is based on atomistic molecular dynamics simulation on the same 

sequence, (GAGAGAGE); it suggests that the molecule attains a β roll configuration before 

it docks to the growing end of a filament via Glu-Glu side chain interactions. However, the 

second mechanism was proposed assuming that the structure of the silk-inspired polypeptide 

has a hydrophobic shell. As we mentioned earlier, another structure containing a hydrophobic 

core is also probable. Therefore, the folding pathway of the hydrophobic core structure still 

remains unknown. 

 Another type of artificial polymer-like polypeptide, Elastin-like polypeptides (ELPs) 

with the (VPGXG)n motif , where X , the guest residue, can be any amino acid except 

proline, is derived from the hydrophobic domain of tropoelastin, elastin’s precursor12. ELPs 

have lower critical solution temperature (LCST) transition behavior. This means they are 
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soluble in water when the temperature is below the transition temperature (Tt) and insoluble 

when the temperature is above a transition temperature, resulting in a peptide-rich phase and 

a peptide-poor phase13-15. The transition temperature (Tt) of ELPs can be controlled via 

external physiochemical means such as changes in pressure16,17, salt concentration18-22, and 

pH23,24. The transition temperature of ELPs also depends on their chain lengths25,26, and the 

identity and composition of the guest residues12, which can be precisely controlled27,28. The 

LCST behavior of ELPs as well as their low toxicity makes them good candidates for 

biomedical applications, such as molecular switches29,30, tissue engineering scaffolds31-33, 

purification tools for recombinant protein expression34-36 and drug delivery carriers37-42.  

 One goal of this study is to predict the full phase diagrams of ELPs. The full phase 

diagrams of ELPs have never been predicted and the global minimum of the transition 

temperature, i.e. the LCST, of an ELP of any length, has not been found. In fact, the full 

phase diagrams for aqueous systems of chains of amino acids of any type have not been 

described before. Although numerous experiments and simulations have determined the 

transition temperatures (Tt) of ELPs with different sequences at different concentrations, the 

LCST of ELPs, meaning the lowest transition temperature (Tt) at which the phases don’t mix, 

has never been revealed. This is because the LCSTs of ELPs are located at much higher ELP 

concentrations than those used in previous investigations. No systematic experimental studies 

have been conducted to find the LCSTs of ELPs and the cost of performing computer 

simulations on multiple chain systems is too high given the length of ELPs. Therefore, the 

phase diagrams of ELPs over a wide range of ELP concentrations are also of great interest 
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and an investigation of ELP-water mixtures with a much higher ELP concentration than the 

ones used in previous studies is needed. 

Besides predicting the full phase diagrams of ELPs, we also want to identify the 

phase diagram types. Phase diagrams can be categorized into six different types as described 

by Grey and Gubbins 43. Phase diagrams of types IV, V, and VI all exhibit a liquid-liquid 

phase separation region with a lower critical end point. Type IV phase diagrams also have a 

liquid-liquid phase separation region with an upper critical end point at low temperature, 

different than in types V and VI. Both type IV and type V phase diagrams have a region 

where the liquid-liquid phase separation transitions smoothly into a gas-liquid phase 

separation region at high temperature and pressure. Type VI phase behavior is often related 

to the existence of directional forces and has a liquid-liquid close-loop on the T-x phase 

diagram.  

Elucidation of the physical origins of LCST behavior in ELPs and the length 

dependence of the transition would enable us to better control the thermal properties of ELPs, 

meaning we could create ELPs with desired transition temperatures, and hence desired 

transport phenomena, biodegradation capability, etc. However, systematic approaches to 

understanding the physical origins of LCST behavior of ELPs are still lacking. The 

consensus regarding the explanation for LCST behavior has been that the LCST behavior for 

polymer solutions is a consequence of compressibility differences between solute and solvent 

which gets accentuated as the solute lengthens. This is often related to type IV phase 

behavior. In contrast, the LCST behavior for smaller molecules is due to the existence of 

directional forces, such as hydrogen bonding force44-46. This is often related to type VI phase 
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behavior. Most statistical mechanics models only focus on one case or the other. However, in 

the system of ELPs, both effects might be operating. Hence the study of ELP phase behavior, 

can serve as a framework for unifying the two descriptions. Our previous study showed that 

the LCST behavior of ELPs is attributable to directional forces in the solution, i.e., hydrogen 

bonds between peptide and water as well as between peptide and peptide47. It found evidence 

that the hydration properties of ELPs, i.e. the number of hydrogen bonds formed between 

peptide and water and the number of water molecules within the first hydration shell of the 

peptide, undergo an abrupt change, as temperature goes from below Tt to above Tt. We want 

to explore not only hydrogen bonding effects, but also compressibility effects associated with 

varying the ELP lengths.  

 

1.2 Overview 

 In this section, we provide a summary of chapters 2 to 6. Each chapter has its own 

literature review and references. 

In chapter 2 we investigate the detailed filament structure formed by silk-inspired 

polypeptides with the motif, (GAGAGAGX), which is derived from the bombyx Mori silk. 

The structure of (GAGAGAGX)m filaments has been proposed to be a stack of molecules in 

a β roll configuration with all the hydrophobic side chains pointing outwards (hydrophobic 

shell). However, we found another possible configuration, a β roll with its hydrophobic side 

chains buried inside (hydrophobic core), that is more energetically favorable. This is 

concluded by performing both ground states analysis and conventional explicit-solvent 
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atomistic molecular dynamics simulations on a single molecule and on two-molecule stacks 

of silk-inspired sequence (GAGAGAGQ)10. Ground states analysis has shown that a stack of 

β roll molecules with the hydrophobic core is more energetically favorable than those with 

the hydrophobic shell. Simulations containing a single molecule with hydrophobic core or 

hydrophobic shell configuration have shown that a molecule with a hydrophobic shell 

conformation tends to rotate its strands, breaking in-plane hydrogen bonds and forming out-

of-plane hydrogen bonds, while a molecule with a hydrophobic core conformation stays in 

the β roll configuration. The hydrophobic core structure has type II β turns in agreement with 

solid-state NMR experiments on a similar sequence (GA)15 but the hydrophobic shell 

structure does not. The stack of two molecules with hydrophobic core configuration is also 

observed to have more intra-molecular hydrogen bonds and more hydrogen bonds between 

stack and water than the stack of two molecules with hydrophobic shell configuration. 

Finally, we found that once a single molecule is in a stack, it has more intra-molecular 

hydrogen bonds than when it is not in a stack. This suggests the importance of stacking in 

stabilizing the configurations of a β roll molecule. 

 In chapter 3, we study the mechanism by which fibrils consisting of silk-inspired 

polypeptides form and identify the dominant forces that keep the β roll configurations for 

each molecule in the fibril. Accelerated molecular dynamics (aMD) simulations with explicit 

solvent are used to investigate the unfolding process of a stack of two β roll molecules, 

(GAGAGAGQ)10. Our simulations reveal that a molecule in a stack of two β roll molecules 

unfolds in a step-wise fashion and unfolds mainly from the C terminal. We also demonstrate 

the importance of the bottom template in stabilizing the β roll configuration of the molecule 
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on top. The bottom template strengthens the hydrogen bonds in the top molecule within the 

layer that is in contact with the template. Lateral hydrogen bonds between neighboring β 

strands provide the dominant forces in maintaining the β roll configuration; the vertical 

hydrogen bonds within each β turn are much weaker than the lateral hydrogen bonds. An 

intermediate structure is also found containing a β hairpin structure and an anti-parallel β 

sheet consisting of strands from the top and the bottom molecules, revealing the self-healing 

ability of the β roll stack. 

 In chapter 4, we elucidate the physical origin of the lower critical solution 

temperature (LCST) behavior for elastin-like polypeptides (ELPs). Conventional atomistic 

explicit-solvent molecular dynamics simulations are performed on a single ELP molecule 

with sequence, (VPGVG)n, for four different lengths n = 3.5, 10, 18 and 30, over a wide 

range of temperatures, from 285 K to 490 K. An abrupt transition is found in the hydration 

properties of ELP, i.e. the number of hydrogen bonds formed between peptide and water and 

the number of water molecules within the first hydration shell of the peptide as temperature 

rises from below the transition temperature to above the transition temperature. This is 

evidence for LCST behavior in a single molecule, although LCSTs are generally considered 

as collective behavior among a number of molecules. The dependence of the transition 

temperatures found in our simulations on the lengths of ELPs agrees well with experiments 

in that both possess the same power law exponents. Our simulations also reveal that the 

pentamer, VPGVG, in ELPs with different lengths, loses ~ 1 hydrogen bond between peptide 

and water and gains ~ 0.2 hydrogen bond between peptide and peptide. This tendency to lose 
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or gain hydrogen bonds does not depend on the length of the chain in which pentamers are 

embedded.  

 In Chapter 5, we predict the phase diagrams of ELP (VPGVG)n sequences using 

statistical associating fluid theory for potentials of variable range (SAFT-VR). Dispersion 

potentials are presented by a single square well in SAFT-VR. We use a single bead to 

represent a water molecule and each amino acid in the ELPs. Hydrogen bonding sites are 

specified according to the number of hydrogen bond donors and acceptors on each water 

molecule and amino acid. The parameters are extracted from atomistic simulations, or kept 

the same as those in SAFT-VR, or estimated from parameters used in other SAFT-based 

investigations. Using a length-dependent unlike interaction parameter k12, we are able to 

match the phase diagrams generated from SAFT to the ones measured in experiments at very 

low ELP mass fraction region. The full phase diagrams of ELPs resemble those that belong 

to type IV, V, and VI, but more likely type VI because type VI is often related to the 

existence of hydrogen bonds. The LCST of ELPs decreases as the chain length of ELPs 

increases. LCST behavior ceases when the ELP chain length n is less than 2, i.e. shorter than 

(VPGVG)2. The LCSTs of ELPs of different lengths increase as the pressure increases and 

have a linear correlation with the pressure. The predicted dependence of the LCSTs of ELPs 

on their lengths can be described with a power law function. Finally, we found that as the 

peptide-peptide and peptide-water hydrogen bonding strengths become weaker, the liquid-

liquid immiscibility region of the T-x expands and move down to a lower temperature. The 

T-x diagram goes from type VI to type II/III/IV as the hydrogen bonding strengths decrease. 
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 Chapter 6 describes future work on investigating the fibrils formed by silk-inspired 

polypeptides at different pH as well as on investigating the effect of having a flanking 

random coil domain on fibril formation of silk-inspired polypeptides. In chapter 6, we have 

also described Future work on investigating the LCST behavior of ELPs at different 

conditions, such as pressures, salt concentrations and pH values. Coarse graining ELPs to 

explore systems at larger length scales as well as using SAFT to explore transitions from 

LCST to UCST are also proposed. 

 

1.3 Publications 

Chapters 2-5 are based on the following publications: 

Chapter 2: Zhao, B.; Cohen Stuart, M. A.; Hall, C. K. Dock 'N Roll: Folding of a Silk-

Inspired Polypeptide Into an Amyloid-Like Beta Solenoid. Soft Matter 2016, 12, 3721–3729. 

Chapter 3: Zhao, B.; Cohen Stuart, M. A.; Hall, C. K. Stability, Unfolding, and Self-healing 

of Beta-Solenoid Structures Formed by a Silk-like Polypeptide: an Accelerated Molecular 

Dynamics study. Submitted to Soft Matter, 2016. 

Chapter 4: Zhao, B.; Li, N. K.; Yingling, Y. G.; Hall, C. K. LCST Behavior Is Manifested in 

a Single Molecule: Elastin-Like Polypeptide (VPGVG)n. Biomacromolecules 2016, 17, 111–

118. 

Chapter 5: Zhao, B.; Benner, S.; Hall, C. K. Predicting Global Phase Diagrams of ELP 

(VPGVG) Sequences Using Statistical Associating Fluid Theory (SAFT). In preparation, 

2016  
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CHAPTER 2 

Dock ’n Roll: Folding of a Silk-Inspired Polypeptide into an Amyloid-like Beta Solenoid 

Chapter 2 is essentially a manuscript by Binwu Zhao, Martien A. Cohen Stuart, and Carol K. 
Hall published on Soft Matter. 
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Abstract 

 Polypeptides containing the motif ((GA)mGX)n occur in silk (we refer to them as 

‘silk-like’) and have a strong tendency to self-assemble. For example, polypeptides 

containing (GAGAGAGX)n, where X = G or H have been observed to form filaments; 

similar sequences but with X = Q have been used in the design of coat proteins (capsids) for 

artificial viruses. The structure of the (GAGAGAGX)m filaments has been proposed to be a 

stack of peptides in a β roll structure with the hydrophobic side chains pointing outwards 

(hydrophobic shell). Another possible configuration, a β roll or β solenoid structure which 

has its hydrophobic side chains buried inside (hydrophobic core) was, however, overlooked. 

We perform ground state analysis as well as atomic-level molecular dynamics simulations, 

both on single molecules and on two-molecule stacks of the silk-inspired sequence 

(GAGAGAGQ)10, to decide whether the hydrophobic core or the hydrophobic shell 

configuration is the most stable one. We find that a stack of two hydrophobic core molecules 

is energetically more favorable than a stack of two shell molecules. A shell molecule initially 
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placed in a perfect β roll structure tends to rotate its strands, breaking in-plane hydrogen 

bonds and forming out-of-plane hydrogen bonds, while a core molecule stays in the β roll 

structure. The hydrophobic shell structure has type II’ β turns whereas the core configuration 

has type II β turns; only the latter secondary structure agrees well with solid-state NMR 

experiments on a similar sequence (GA)15. We also observe that the core stack has a higher 

number of intra-molecular hydrogen bonds and a higher number of hydrogen bonds between 

stack and water than the shell stack. Hence, we conclude that the hydrophobic core 

configuration is the most likely structure. In the stacked state, each peptide has more intra-

molecular hydrogen bonds than a single folded molecule, which suggests that stacking 

provides the extra stability needed for molecules to reach the folded state. 
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2.1 Introduction 

 A growing number of proteins and other polypeptides are recognized as having 

the propensity to form filaments with a cross-beta structure. These include the now 

well-known pathogenic amyloids 1, such as Aβ(1-42) and amylin which stack along an 

axis to form protofilaments 2 containing two β sheets connected by turns 3, and 

functional amyloids such as curli which stack to form solenoid-like structures 4. Other 

examples of polypeptides that form filaments include α-synuclein which has a 

superpleated β-structure 5, antifreeze protein which has a β-roll structure 6 and 

membrane protein 7 which has a β-barrel structure, etc. All of these structures have a 

“β-strand-turn-β-strand” motif (we call it β arch) 8 in which two strands are connected 

by an appropriate turn and then interact via their side chains instead of their 

backbones. When molecules with β arch structures stack axially, they form two 

parallel β sheets with a hydrophobic interior. In this structure, which is found, e.g., in 

Aβ (1-42) 2, side chain-side chain interaction and backbone-backbone hydrogen 

bonding find an ideal compromise.  

 A related class of secondary structures is beta solenoids 9, such as the β-roll and 

the β-helix. Sequences with these structures tend to wind their chains into solenoidal 

structures with a fixed degree of periodicity. The repeating unit of a β solenoid is a 

structure containing 2 or more β strands connected by turns. At first sight, silks (from 

insects and spiders) may seem to be in a different class; however, these materials also 

feature pairs of beta sheets with a hydrophobic core. Stacks of these pairs form the 
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crystallites that give silk its strength and toughness. An example is the bombyx Mori 

silk sequence involved in beta sheet formation: the hexapeptide GAGAGAGS 10.  

 One of us recently investigated a variant of this bombyx Mori silk sequence, 

namely the ‘silk-like’ repeated sequence (GAGAGAGX)n, where X is a hydrophilic 

residue and n is the number of octapeptide repeats. This sequence, with X = glutamic 

acid, was introduced by Tirrell et al 11, and found to be reasonably soluble in basic 

solutions, but to form crystalline precipitates at low pH where the glutamic moiety is 

largely protonated and uncharged. When we conjugated long random-coil 

polypeptides to both ends of (GAGAGAGX)48, with X = E or X = H, we found that 

these molecules, when in uncharged form, folded and slowly formed a quaternary 

structure: a micron sized filament with a ribbon-shaped core containing the silk-like 

block, and a water-rich corona containing the random coil block 12. From CD spectra 

we deduced that the silk blocks indeed fold into a regular secondary structure, but that 

they only do so once they attach to the growing end of a filament 12. The thickness and 

width of the core, as obtained from SAXS data, would seem compatible with some 

sort of solenoid configuration. We also studied an uncharged variant with X = Q, 

which also showed a strong self-assembling tendency; when conjugated with a 

cationic binding block and a random coil, it assembled with DNA in a manner 

reminiscent of rod-like viruses 13.  

 The detailed secondary structure of the silk block (GAGAGAGX)n in the 

filament still remains elusive. Schor et al. 14 used Replica Exchange Molecular 

Dynamics simulations to investigate the structure of a silk block with sequence 
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(GAGAGAGE)n. They predicted that the structure of the silk block is a β-roll 

configuration with hydrophobic side chains pointing outwards; this configuration has 

dimensions consistent with the ribbon dimensions as obtained from SAXS data 15.  

 A typical β roll structure could arise by winding (GAGAGAGX) beta strands 

into a flat spiral (see Figure 2.1), with the polar X residues occupying the turns and the 

flat parts forming hydrogen-bonded beta sheets, from which the alanine methyl groups 

would stick out normal to the plane of the sheet. The winding can be done in two 

different ways, namely with the alanine methyl groups pointing out of the spiral or 

into the spiral. We shall refer to these as the ‘hydrophobic shell’ and ‘hydrophobic 

core’ structures, respectively. The hydrophobic shell structure would have an obvious 

propensity to stack on account of its exposed hydrophobic side chains; this would be 

consistent with the formation of filaments as found experimentally. However, the 

hydrophobic core structure might be intrinsically more stable on its own and could 

possibly stack by hydrogen bonding. Hence, there is no strong a priori argument in 

favour of either of the two. Yet, in Schor et al.’s previous study 14, the authors 

discarded the hydrophobic core structure on the grounds that it would probably have 

an unfavourable turn structure; they did not underpin this assumption with 

simulations. We consider this issue therefore as unsolved and revisit it here, studying 

both candidate structures in more detail, and comparing them. We are motivated by 

the fact that hydrophobic side chains tend to be buried within solenoid-like structures, 

rather than the opposite; many types of β solenoids indeed have a hydrophobic core, 

e.g., the amyloid fibrils of the HET-s (218-289) prion 16. 
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 The central questions in the present paper are: (i) what are the stabilities of the 

hydrophobic core and hydrophilic shell secondary structures, and (ii) which of those 

structures corresponds to the global free energy minimum. The remainder of the paper is 

organized as follows. First we introduce the β roll structure in detail and compare the 

sequence and structural difference between the roll structures with hydrophobic core and 

hydrophobic shell. Then we carry out a ground state analysis of the potential energies of both 

core and shell stacks, assuming each molecule in the stack is forming a perfect β roll 

structure with the maximum possible number of hydrogen bonds and hydrophobic contacts. 

Finally, we present and analyze results from our atomistic explicit-solvent molecular 

dynamics simulations regarding secondary structures, hydrogen bonding behavior, and 

internal potential energies of both single-chain and stacked double-chain systems. 

2.2 Results and Discussion 

2.2.1 Shell and core structures both have β roll backbone but different alanine side 

chain directions  

 For the sequence (GAGAGAGQ)10 we constructed the hydrophobic core structure 

from the PDB structure for the silk block (2SLK) 17 containing (GAGAGA). We obtained the 

hydrophobic shell structure from Schor et al. and used it as the initial configuration for our 

simulations 14. Both the hydrophobic shell and the hydrophobic core structures have the β roll 

backbone shown in Figure 2.1. A typical β roll structure has two flat surfaces containing 

parallel β sheets that are connected by β turns; it is left-handed starting from the N terminus. 

Since both the core and shell structures have a β-roll backbone, the difference between the 
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two structures resides in the directionalities of the alanine side chains as shown on the left 

panel of Figure 2.2. For the hydrophobic core structure, all of the hydrophobic side chains lie 

inside the roll, while for the shell structure, they lie on the surface of the roll. 

 Two things are worth noticing in Figure 2.2 for both core and shell structures. First, 

the alanine (methyl group) side chains on strands in a surface align perpendicular to the 

direction of the β sheets (Figs 2A and 2B), and second, the alanine side chains in the core 

structure emanating from the top surface interdigitate with those emanating from the bottom 

surface as shown in Figure 2.2 A and Figure 2.2 C. The side view of the shell structure 

(Figure 2.2 B) shows that if a molecule in that structure has another molecule stacked on top 

of it, the hydrophobic side chains between them will interdigitate in the same way as they do 

in the single molecule core structure. This interdigitation in both the core and shell structures 

of the β roll also occurs for the (GAGAGA) blocks in silk, as is seen in the crystal structure 

(2SLK) 17. Figure 2.1 indicates that the shell and core structures have very similar 

dimensions to each other. These are consistent with the dimensions observed in experiment 

(the distance between the turns on the left and the right sides of the roll is around 2.8 nm in 

Figure 2.2 A and Figure 2.2 B) 15. To determine which structure is the more probable, we 

next look in detail at the dihedral angles for both structures. 

 
2.2.2 Core structure has type II β turns that match NMR observations 

 Since the directions of the alanine side chains in the core and shell structures are 

opposite, the dihedral angles of the residues，especially the ones on the turns, have to be 

different, because they govern the orientation of the alanine side chains on the strand. After 
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the construction of turns to obtain β rolls, as described above, we simulated both a single 

shell and a single core molecule in explicit solvent to relax the structures, and then 

investigated the secondary structure propensities of the residues in these two structures. 

Simulation details can be found in the methods section. The ‘secondary structure propensity’ 

(defined as the percentage of the time during which a residue belongs to a particular 

secondary structure) of all the amino residues in both structures is shown in Figure 2.3. 

 For these data, we used the last 20 ns of the entire 50 ns simulation. We 

consider only two possible types of secondary structures here: parallel β sheet and β 

turn. The β turns always contain four amino acid residues labeled i, i+1, i+2 and i+3. 

The different types of β turns are distinguished by the (φ, ψ) dihedral angles for 

residues i+1 and i+2. Therefore, when calculating the propensity for β turns, we only 

consider residues i+1 and i+2. 

 As we can see from Figure 2.3, the core structure (Figure 2.3A) has its turn (pink) on 

the adjacent Q and G, but the shell structure (Figure 2.3B) has its turn on the adjacent G and 

Q. We also observe that the turn in the core structure is more stable than the turn in the shell 

structure because the propensity for a turn at Q-G is close to 1.0 in the core structure, but the 

propensity for a turn at the G in G-Q is only around 0.6 in the shell structure. Moreover, we 

find that the G in the G-Q turn of the shell structure has a propensity to form partly parallel β 

sheets and partly β turns. Not only does the β turn have different locations in the sequence, 

the locations for the parallel β strands on the core and shell structures are also different. 

Strands with parallel β sheet structure in the core structure lie at residues G-A-G-A and the 
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turns lie at residues G-Q-G-A, while in the shell structure the strands with parallel β sheet 

structure lie at residues A-G-A-G and the turns lie at residues A-G-Q-G. 

 The secondary structure propensity in Figure 2.3 tells us the locations of the 

turns, but not their types. Identifying the type of β turn is useful because different 

types of β turns possess very different (φ, ψ) dihedral angles at residues i+1 and i+2, 

and these can be determined in experiments through solid-state NMR experiments 

such as those conducted by Gullion et al 18. Therefore, we specifically calculated the 

(φ, ψ) angles of the residues in the Q-G turn of the core structure and in the G-Q turn 

of the shell structure; we show these in the Ramachandran plots in Figure 2.4. We can 

see from the left panel in Figure 2.4, that for core structures the turn residue Q (i+1) 

has its (φ, ψ) angle at ~ (-60, 133), and the turn residue G (i+2) has its (φ, ψ) angle at 

~ (70,10). This is a typical type II β turn as described by Rose et al. 19. This finding is 

consistent with a solid state NMR study conducted by Gullion et al. 18 on the silk 

mimic sequence (GA)15, where it was found that the turn occurs right in the middle of 

the sequence and is a type II β turn consisting of residues G (14th), A(15th), G(16th) 

and A(17th). The A (15th) residue on their sequence has a (φ, ψ) angle of around (-63, 

140) which closely matches our (φ, ψ) angle of Q (-60, 133). Theoretical studies on 

the neighbor-dependent Ramachadran probability distributions of a series of amino 

acids 20 also reported that a Q followed by a G has a higher probability to be in the 

region around (-60, 130) as occurs in the Ramachadran plot of the core structure than 

in the region around (-130,30) as occurs in the Ramachadran plot of the shell 

structure.  
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 In our shell structure (Fig 4B), we see that the residue i+1 has a high intensity 

region at ~(60, -120) and the residue i+2 has a high intensity region at ~(-110, 0). This 

is close to a type II’ β turn 21, which is different from the type II β turn reported by 

Gullion et al. 18 for the poplypeptide with sequence (GA)15. 

 
2.2.3 Ground state analysis shows that the core stack has a lower potential energy than 

the shell stack 

 We use ground state analysis to compare approximate potential energies 

between a stack of N molecules in the core structure and a stack of N molecules in the 

shell structure. To get an estimate of the potential energy, we simply take the two 

configurations as constructed, and calculate the number of hydrogen bonds and the 

number of sidechain-sidechain hydrophobic interaction contacts. Each molecule in the 

stack has n repeating octamers GAGAGAGQ.  

 First we calculate the hydrogen-bonding energy. Contributions to the number 

of hydrogen bonds come from the main chain, partly from beta sheets and partly from 

turns. Since glutamines are always aligned on the turn of the β roll structure for both 

shell and core structures, we neglect the interactions between glutamine side chains. 

Each GAGA strand contributes 4 hydrogen bonds, except when it has neighboring 

strands on only one side. Each turn contributes one internal hydrogen bond, and one 

hydrogen bond with the next molecule in the stack. Correcting for residues at the ends, 

the turn and sheet contributions sum up to 6n – 12 + (N – 1)(n – 2) hydrogen bonds, 

for both the core and the shell configuration (see Appendix for a more extensive 
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account). Hence, at this level of approximation, there is no difference between the 

number of hydrogen bonds in the core stack and in the shell configuration.  

 There is a finite difference between the hydrophobic interaction energy between in 

the core and shell stacks. If we count the number of neighbors that alanine side chains have 

on different strands or molecules, (hence, we ignore neighbors on the same chain) we find 

zero for a single molecule in the shell configuration, and 5n – 5 for the hydrophobic core. 

However, when we stack N molecules, each interface between two shell-type molecules 

contributes the same number of hydrophobic interactions; there are N – 1 such interfaces in 

the stack. Hence the stack of the hydrophobic core structure has 5n – 5 hydrophobic contacts 

more than that of the hydrophilic core structure, and is therefore, at this level of 

approximation, the more favorable one. This is not surprising as it lacks the two hydrophobic 

faces at both ends of the stack, which have a higher free energy because of hydrophobic 

hydration. 

 
2.2.4 Other properties also show that the core structure is more energetically favorable 

than the shell structure 

	 Based on the ground states analysis, we conclude that from a crude and purely 

energetic viewpoint (i.e., neglecting thermal motion) we should expect the core 

structure to be the more stable one. In the present section, we challenge that 

expectation by means of atomistic MD simulations, using explicit solvent. We first 

consider single molecules, starting from nearly perfect shell and core structures, 

respectively.  
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 We begin by examining the number of hydrogen bonds as a function of simulation 

time. Hydrogen bonds were defined to occur when residues satisfied certain distance and 

angle criteria: the distance had to be within a cut-off of 3.5 Å, and the angle had to be lower 

than a cut-off of 30º. In Figure 2.5A, we plot the time-dependent number of hydrogen bonds 

formed in the top and bottom planes and in 5B the number of hydrogen bonds formed 

between the top and bottom planes for both core (red) and shell (black) structures. 

	 For the core structure, the number of in-plane H-bonds is stable over the entire 

simulation (Figure 2.5A). In contrast, the number of in-plane H-bonds for the shell 

structure increases somewhat after ~ 9 ns, stays constant for a short time and then 

abruptly decreases at 18ns, reaching a plateau which continues until the end of the 

simulation. We also notice that the number of in-plane H-bonds for the core structure 

is always higher than that for the shell structure. This indicates that the core structure 

conformation is better able to maintain the initially-constructed β roll structure than 

the shell structure.  

 As shown in Figure 2.5B, the number of out-of-plane H-bonds (between the top and 

bottom planes) for the core structure remains stable and lower than that for the shell structure 

over the entire simulation. The number of out-of-plane H-bonds for the shell structure 

increases until ~ 18 ns (Figure 2.5B), where the in-plane H-bonds break (Figure 2.5A). The 

right side of Figure 2.6 shows three representative shell structures associated with the three 

distinct time periods 0-9 ns, 9-18 ns and 18-50 ns. The structure is initially not well ordered. 

It becomes more of a standard β roll after 9 ns, causing the peptide to have more in-plane H-
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bonds than it had before 9ns. However, after 18 ns, the β strands start to rotate and form out-

of-plane H-bonds, at the expense of in-plane H-bonds.  

 The hydration of the β strand backbone atoms in the core and shell structures was 

analyzed in an effort to learn why it is harder for the shell structure to maintain the standard β 

roll conformation and, hence, why the shell structure rotates its β strands. In Figure 2.6A, we 

plot the solvent accessible surface area (SASA) of the β strand backbone atoms in both the 

core (red) and shell (black) structures versus simulation time. There is a sharp increase in the 

SASA of the β strand backbone atoms for the shell structure after ~18 ns. This signifies that 

after 18 ns the β strand backbone atoms in the shell structure get more exposed to water, as it 

adopts a more favorable conformation. We therefore also plot the number of hydrogen bonds 

between the β strand backbone atoms and water molecules versus simulation time for both 

core and shell structures (Figure 2.6B). The shell structures exhibits three distinct behaviors 

over time. Initially, there are many bonds with solvent. The number of hydrogen bonds then 

decreases dramatically at ~ 9 ns as the shell structure adopts a more standard β roll structure 

with more hydrogen in-plane bonds than the structure before 9ns. The number of hydrogen 

bonds subsequently increases at 18 ns when the β strands rotate, meaning that the backbone 

atoms on the β strands in the shell structure get more exposed to water after 18 ns.  

 We also consider the energy of a dimer, i.e., a stack of two molecules. Table 1 lists 

(1) the internal energies of the two stacks, Epeptide-peptide, (2) the interaction energies between 

the peptides in each stack and surrounding water molecules, Epeptide-water, and (3) their sum. 

The internal energy includes both bonded and non-bonded energies. We see that the internal 

energy of the core stack is 135.79 kcal/mol higher than that of the shell stack. The difference 
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mainly comes from the energy associated with dihedral angles; the core structure with type II 

β turns has a higher dihedral angle energy than the shell structure with type II’ β turns. This 

was apparently suspected by the authors of ref. 14, which made them decide not to consider 

the core structure any further. However, the interaction energy between the peptides in the 

core stack and water is 256.81 kcal/mol lower than that between the peptides in the shell 

stack and water. The peptides in the core stack have more interactions with water molecules 

than in the shell stack because their hydrophobic side chains are buried inside, leaving all of 

the backbone atoms exposed to water molecules. Finally, it is worth noting that the sum of 

the internal energy of the stacked peptides and the interaction energy between the peptides in 

the stack and water for the core stack is 121.02 kcal/mol lower than that for the shell stack, 

which means that the core stack is indeed more stable than the shell stack. 

 The stack of peptides in the core structure has more internal hydrogen bonds and 

more hydrogen bonds with water than that in shell structure. As shown in Table 2, the core 

stack has on average 5.73 more internal hydrogen bonds than the shell stack. In addition, the 

core stack has 12.98 more hydrogen bonds with water than the shell stack, which indicates 

that the core stack is better hydrated and is more stable in a water environment than the shell 

stack. 

 The number of intramolecular hydrogen bonds for a single peptide increases when it 

is stacked with another peptide. In Table 3, the number of hydrogen bonds of a single peptide 

when it is in a stack and when it is not in a stack are calculated for both core and shell 

structure. We find that peptides have ~ 6 more hydrogen bonds when they are in a stack than 
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when they are not. This indicates that the stacking has a stabilizing effect on the structure of 

each individual peptide in the stack. 

 

2.3 Conclusions 

 The silk-like peptide (GAGAGAGX)n has been found in experiments to form 

fibrils by stacking one on top of another. The basic unit for these structures has been 

proposed to be a single peptide in a β roll structure with all hydrophobic side chains 

pointing out of the roll, what we called a hydrophobic shell structure. However, since 

most β solenoid peptides possess a hydrophobic core, i.e., the hydrophobic side chains 

lie inside the solenoid, we revisit this problem here. We construct a new type of β roll 

structure with the same dimensions as the hydrophobic shell structure, but with 

hydrophobic side chains pointing into the roll, what we call the hydrophobic core 

structure. We then compare the stability of these two structures using ground state 

analysis and atomistic molecular dynamics simulations and find that the core structure 

is a more probable structure than the shell structure. 

 By comparing secondary structures and Ramachandran plots, we find that 

peptides in the hydrophobic shell structure have type II’ β turns comprised of A-G-Q-

G while peptides in the hydrophobic core have type II β turns comprised of G-Q-G-A. 

Our finding of type II β turns in the hydrophobic core structure matches well with a 

solid state NMR study 18 conducted on sequence (GA)15 which found a type II β turn 
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in the middle of the sequence. Moreover, theoretical predictions20 also support type II 

β turn for the sequence Q-G.  

 We conducted a ground state analysis in which each peptide was assumed to be 

in a perfect β roll structure. The ground state analysis suggested that the hydrophobic 

core stack is more stable than the hydrophobic shell stack and that the difference 

becomes larger as the peptides get longer. Interestingly, the relative stability of the 

core stack compared to the shell stack was independent of the number N of molecules 

in the stack, since it mainly comes from the fact that a stack of shell structure features 

two unfavorable hydrophobic faces, one at either end.  

 Atomistic simulations of single peptide molecules with core and shell 

structures show that the hydrophobic shell structure is less stable than the core 

structure. During the simulation, a molecule in the shell structure tends to rotate its β 

strands to form hydrogen bonds between top and bottom layers, which then enhances 

exposure of their backbones to water. In contrast, a single molecule in the 

hydrophobic core structure remains stable in the system throughout the simulation. 

Further simulations of two stacked peptides in both core and shell structures reveal 

that the core stack has lower interaction energy with water than the shell stack. We 

also observe that the core stack has a higher number of intra-molecular hydrogen 

bonds and a higher number of hydrogen bonds between stack and water than the shell 

stack. Moreover, each peptide in the stack has more intra-molecular hydrogen bonds 

than when isolated. The stacking of peptides clearly helps to stabilize the folded 

structure. This is probably relevant for the mechanism by which the molecules change 
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configuration from a less ordered state in solution to a more ordered one in the stack; 

it seems likely that this occurs in contact with a folded molecule sitting at the 

(growing) end of a stack of pre-folded molecules, i.e., the roll forms after docking.  

 In summary, we reported here that the hydrophobic core structure is more probable 

than the shell structure for the silk-like sequence (GAGAGAGX). This was accomplished 

through comprehensive analyses of simulations of a single (GAGAGAGQ)10 molecule and a 

stack of two (GAGAGAGQ)10 in both the hydrophobic core and hydrophobic shell structure. 

In the future, we plan to investigate the mechanism by which the peptide docks onto the 

template and folds on top of it using a combination of molecular dynamics simulation and 

accelerated molecular dynamics. 

 
2.4 Method 

2.4.1 Simulation details  

We performed explicit-solvent, atomistic molecular dynamics simulations on 

(GAGAGAGQ)10 using Amber 12 with the ff12SB force field 22. The PDB for the initial 

configuration of the hydrophobic shell structure was provided by the Bolhuis 14 group. The 

initial configuration for the hydrophobic core structure was constructed using the 2SLK silk 

block in the pdb bank [16]. The β strands in the silk block, AGAGAG, form three layers of 

anti-parallel β sheets as shown in Figure 2.7. 

	 The initial configuration for the hydrophobic core structure was created by 

placing the bottom two layers of the silk block next to each other since these have all 

the hydrophobic side chains between them. The strands in one layer are then 
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connected with the strands going in the opposite direction in the other layer via turns 

that contain the missing residues G-Q-G-A, leading to a single β roll structure with the 

sequence (GAGAGAGQ)10. The peptide was solvated in a box with explicit TIP3P 

water molecules 23. The initial configurations for the two-molecule stack were made 

by stacking the peptides on top of each other. All the simulations were conducted at 

300 K. 

 Each simulation consists of the following steps. A 10,000-step solvent minimization 

was performed using the steepest descent method with the peptide constrained by a force of 

200 kcal/mol. The system was then gradually heated over 10 ps to 300 K with all the atoms 

in the peptide restrained via a force of 200 kcal/mol. A short 40 ps NPT ensemble MD run 

was performed with the peptide restrained by a force of 200 kcal/mol, after which another 

10,000-step minimization was conducted with a 25 kcal/mol restraint, followed by another 20 

ps NPT ensemble MD run via a force of 25 kcal/mol. Next another 10,000-step 

unconstrained minimization was performed, after which there was a reheating over 40ps at a 

constant volume to 300K. Finally, an NPT ensemble MD run was performed to ensure 

uniform solvent density. The simulation temperature was maintained by using Berendsen 

thermostat 24. Partial mesh Ewald (PME) summation 25 was used to calculate the long-ranged 

electrostatic interactions and a 9 Å cut-off radius and a 1E-5 tolerance for the Ewald 

convergence were used to calculate the non-bonded interaction. The SHAKE algorithm 26 

was used to constrain bonds involving hydrogen atoms. The run times for the simulations 

were 50 ns for systems with single peptide, and 180 ns for systems with stacked peptides. 

The last 20 ns of the trajectories from simulations with a single molecule and the last 30 ns of 
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the trajectories from simulations with stacked peptides were considered for statistical 

analysis. Ambertools, VMD, NAMD and in-house scripts were used for statistical analysis. 

Secondary structures were determined using the DSSP algorithm 27, which has been widely 

used as a standard method for assigning secondary structures to amino acids. 

 
2.4.2 Detailed ground state analysis  

 Let εHB denote the energy for a single hydrogen bond. In a perfect hydrophobic 

core β roll structure, each octamer consists of a β strand (G-A-G-A) that can form a β 

sheet via hydrogen bonding with its neighboring strand and a β turn (G-Q-G-A) that 

can connect two consecutive β strands. In a perfect roll, each β strand (G-A-G-A) can 

form 8 hydrogen bonds through N-H and C=O groups with its neighbors on both sides, 

except for the 4 strands at both terminals which only have neighboring strands on one 

side. So the total number of hydrogen bonds contributed by strands with neighboring 

strands on both sides is (8(n-4))/2=4(n-4). (It is divided by two because each 

hydrogen bond is counted twice.) The number of hydrogen bonds contributed by 

strands with a neighboring strand on only one side is 4*4/2=8. Adding these two 

numbers together and multiplying by εHB gives us the hydrogen bonding energy 

contributed by the β sheets, 4(n-2)εHB.  

 Next we calculate the hydrogen-bonding energy contributed by the β turns in 

the core structure. Since there are n octamers, the number of β turns should be n-1. 

Each β turn has a hydrogen bond within the turn between residue i and i+4, so the 

number of hydrogen bonds inside the β turns is n-1. Each β turn can also form 
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hydrogen bonds with its neighboring turns on both sides, except for the 4 turns at the 

terminals. The number of hydrogen bonds formed between turns and their neighbors 

on both sides is 2(n-1-4)/2=n-5. Additionally, the number of hydrogen bonds formed 

between the 4 turns at each terminal and their neighbor on just one side is 4/2=2. Thus 

the total number of hydrogen bonds formed by β turns is (n-1)+(n-5)+2=2n-4. Thus in 

a perfect β roll with n octamers, the hydrogen bonding energy contributed by β turns is 

(2n-4)εΗB. Therefore the hydrogen bonding energy of a perfect hydrophobic core β roll 

structure, EHB, is  

𝐸!" = 4 𝑛−2 𝜀!" + 2𝑛−4 𝜀!" = 6𝑛−12 𝜀!"           (1) 

 The hydrophobic interaction is calculated as follows. εAA denotes the 

interaction energy between an alanine hydrophobic side chain and its closest alanine 

side chain neighbor on the other plane. For the hydrophobic energy in the hydrophobic 

core structure, we need to consider three types of hydrophobic side chains, those that 

have four neighbors, those that have two neighbors and those that have one neighbor. 

We ignore interactions between alanine side chains on the same plane, because these 

interactions are the same in both the core or shell structures. Each repeating unit has 

two alanine residues in the β strand segment and one alanine residue in the β turn 

segment. So a roll structure with n octamers has a total number of 3n alanine residues. 

Alanine side chains in the β strand segment (except for the one at each terminal) have 

4 neighbors, so the number of side chains that have four neighbors is 2(n-2). Thus the 

total number of interactions attributed to side chains with 4 neighbors is 4[2(n-

2)]/2=4(n-2). As shown in Figure 2.2 (C), alanine side chains with just 1 neighbor are 
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located at the upper left and the lower right, so there are 2 of them. Thus the total 

number of interactions contributed by side chains with 1 neighbor is 2*1/2=1. If we 

subtract the number of side chains with 4 neighbors and the number of side chains 

with 1 neighbor from the total number of side chains, we get the number of alanine 

side chains that have 2 neighbors, which is 3n-2(n-2)-2=n+2. It follows that the total 

number of interactions contributed by side chains with 2 neighbors is 2(n+2)/2=n+2. 

The hydrophobic interaction energy of a perfect hydrophobic core β roll structure, EHP, 

is 

𝐸!" = 4 𝑛−2 +1+ (𝑛+2) ∗ 𝜀!" = 5𝑛−5 ∗ 𝜀!"    (2) 

Interactions also occur between neighboring molecules when they form a stack of n 

molecules. No hydrophobic interactions occur within the interface between two molecules of 

hydrophobic core β roll structure, because all the hydrophobic side chains are buried within 

the β roll structure. However, each β turn has an N-H and a C=O group pointing out of the 

turn structure, which enables the two molecules to form hydrogen bonds on both sides 

through the turns. As is shown in Figure 2.8, a β roll structure with 10 octamers can form 8 

hydrogen bonds with its nearest molecules when stacking. Therefore, a β roll structure with n 

octamers can form n-2 hydrogen bonds with its neighboring molecule within their interface. 

A stack of N molecules with the core structure has (N-1) interfaces. The interaction energy 

between N hydrophobic core molecules at the interface, 𝐸!"#$%&'($!"#$ , is 

𝐸!"#$%&'($!"#$ = 𝑁 − 1 𝑛 − 2 ∗ 𝜀!"                       (3) 
	 For a stack of N molecules in the core structure, the total potential energy of the 

stack Ecore-stack consists of the internal energy (hydrogen bonding and hydrophobic 
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interaction energy) EHB+EHP within each molecule, and the interaction energy 

𝐸!"#$%&'($!"#$  at the interfaces between the neighboring molecules. Ecore-stack has the 

following form, 

𝐸!"#$!!"#$% =𝑁 𝐸!" +𝐸!" + 𝐸!"#$%&'($!"#$                 (4) 

By plugging equation (1), (2) and (3) into equation (4), we arrive at the final 

expression for the total potential energy of a stack consists of n molecules with perfect 

hydrophobic core β roll structures, Ecore-stack, as  

𝐸!"#$!!"#$% = 𝑛 6𝑛−12 𝜀!" + (5𝑛−5)𝜀!" + 𝑁−1 𝑛−2 𝜀!"     (5) 

The energy Eshell-stack of a stack of molecules with hydrophobic shell structures can be 

derived by following the same steps as for Ecore-stack. In a perfect hydrophobic shell β 

roll structure, each repeating unit consists of β strand (A-G-A-G) that can form β 

sheets via hydrogen bonding with its neighboring strands. The strands are connected 

with β turns (A-G-Q-G). Even though a hydrophobic shell molecule has its β strands 

and β turns at a slightly different position, it still has the same number of backbone 

hydrogen bonds as a hydrophobic core molecule. Thus the hydrogen bonding energy 

in a single hydrophobic shell molecule, EHB, is the same as in equation (1).  

 The hydrophobic shell structure has all of its hydrophobic side chains pointing 

out, so there are no interactions between hydrophobic side chains on the different 

planes within a single molecule. Thus the hydrophobic interaction energy between 

these side chains is zero. The hydrophobic interaction of a hydrophobic shell structure 

only occurs when one molecule stacks with another molecule. Therefore, the total 

energy of a stack of N molecules with perfect hydrophobic shell β roll structure, Eshell-
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stack, consists of the internal energy of each molecule, EHB, and the interaction energy 

of the interfaces between neighboring molecules, 𝐸!"#$%&'($!!!"" , 

𝐸!!!""!!"#$% =𝑁𝐸!" +𝐸!"#$%&'($!!!""                (6) 

The interface between two hydrophobic shell molecules comprises both hydrogen 

bonding interactions and hydrophobic interactions. The hydrogen bonding interactions 

at the interface between two shell molecules is the same as that between two core 

molecules, and can be expressed, as in equation (3), as 𝑁−1 𝑛−2 𝜀!"for a stack 

of N molecules with (N-1) interfaces. Hydrophobic interactions between side chains at 

the interface between two shell molecules have the same expression as equation (2). 

Therefore, the hydrophobic energy at interfaces for a stack of N molecules should be 

(N-1)(5n-5)εAA. Thus the interaction energy between two shell molecules at the 

interface, 𝐸!"#$%&'($!!!"" , is 

𝐸!"#$%&'($!!!"" = 𝑁−1 𝑛−2 𝜀!" + 𝑁−1 5𝑛−5 𝜀!!   (7) 

By plugging equation (1) and (7) in equation (6), we get the final expression for the 

total potential energy of a stack consisting N molecules with perfect hydrophobic shell 

β roll structures, Eshell-stack as 

𝐸!!!""!!"#$% =𝑁 6𝑛−12 𝜀!" + 𝑁−1 (5𝑛−5)𝜀!" + 𝑁−1 𝑛−2 𝜀!"       (8) 

Finally, we subtract Eshell-stack from Ecore-stack to get the energy difference between the 

two types of stacked structures, as shown in the following equation  

𝛥= 𝐸!"#$!!"#$% −𝐸!!!""!!"#$% = 5𝑛−5 𝜀!" < 0       (9) 
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Since εΑA is less than zero, Δ is also less than zero, which means that the core stack has a 

lower potential energy than the shell stack. The value of Δ depends linearly on the number of 

octamers n. 
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Figure 2.1. A typical representation of the β roll structure consisting of parallel β sheets (in 
green) both in the top and bottom layers connected by the β turns (in pink). The β roll 
structure has a left-handedness from N terminal to C terminal. Three consecutive strands are 
labeled as i, i+1 and i+2; strands i and i+2 are on top, strand i+1 is at bottom. 
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Figure 2.2. A typical representation of the β roll structure consisting of parallel β sheets (in 
green) both in the top and bottom layers connected by the β turns (in pink). The β roll 
structure has a left-handedness from N terminal to C terminal. Three consecutive strands are 
labeled as i, i+1 and i+2; strands i and i+2 are on top, strand i+1 is at bottom. 
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Figure 2.3. Secondary structure propensity versus residue of (A) core and (B) shell structures. 
Parallel β sheets are in olive and β turns are in pink. Different positions of turns are squared 
with dashed red line. 
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Figure 2.4. Ramachandran plot for the Q-G turn in core structure (A) and G-Q turn in shell 
structure (B). Different types of β turns are labeled as type II β turns for core structure and 
type II’ β turns for shell structure. Insets are the molecular structures of both turns, carbon 
atoms are in cyan, nitrogen in blue, oxygen in red and hydrogen in white. The different 
between the atomic arrangements of the two turns are circled in red. 
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Figure 2.5. (A) Number of hydrogen bonds in top and bottom planes versus time and (B) 
number of hydrogen bonds between top and bottom planes (B) versus time. Number of 
hydrogen bonds for core structure is in red, for shell structure is in black. Shell structure in 
different forms are shown on the right, it does not form a perfect β roll before 9ns, from 9ns 
to 18ns, shell structure is in a β roll with flat β strands, after 18ns, β strands start to rotate, 
blue dashed lines indicate 9 ns and 18 ns separately. Turn structure is in pink, β bridge is in 
tan and β sheet is in green. 
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Figure 2.6. Solvent accessible surface area of the backbone of β strands (A) versus time and 
the number of H-bonds between backbone of β strands and water (B) versus time for both 
core (red) and shell (black) structures. 
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Figure 2.7. 2SLK silk block structure from the pdb bank. 
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Figure 2.8. Both core and shell stacks have hydrogen bonds between the two molecules in 
the interface on both sides of the β roll structure. Carbon is in cyan, oxgen is in red and 
hydrogen is in white. Both the N-H and C=O group belongs to the residues in β turns. 
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Table 2.1. Internal energy of the stack, Epeptide-peptide, and potential energy between stack 
and water, Epeptide-water, for core and shell stacks. Internal energy includes bonded (bond, 
angle and dihedral) and nonbonded (VdW and ELE) energies. The difference between the 
potential energy of the core stack and the shell stack is Ecore-Eshell. 

 
 
  

Potential Energy 
(kcal/mol) Ecore Eshell Ecore - Eshell 

Epeptide-peptide -247.44±0.72 -383.23±0.83 135.79 

Epeptide-water -2193.40±1.19 -1936.58±1.34 -256.81 

Sum -2440.84 -2319.81 -121.02 
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Table 2.2. Number of H-bonds within the stack Npeptide-peptide, and between stack and water 
Npeptide-water for both the core and shell stacks. The difference between the number of H-bonds 
in the core and shell stack structures is Ncore-Nstack. 

 
 
  

Number of H-bonds Ncore Nshell Ncore - Nshell 

Npeptide-peptide 72.42±0.11 66.69±0.11 5.73 

Npeptide-water 141.34±0.14 128.37±0.14 12.98 

Sum 213.42 195.06 18.71 



 

57 

Table 2.3. The number of intramolecular hydrogen bonds within a single peptide when it is 
not in a stack, Nsingle-peptide and when it is in a stack, Nstacked-peptide and their difference, Nstacked-

peptide - Nsingle-peptide. 
 

  
 core shell 

Nsingle-peptide 27.57±0.07 24.74±0.06 

Nstacked-peptide 34.05±0.08 31.00±0.05 

Nstacked-peptide - Nsingle-peptide 6.48 6.26 
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CHAPTER 3 

Stability, unfolding, and self-healing of beta-solenoid structures formed by a silk-like 

polypeptide: an Accelerated Molecular Dynamics study 

Chapter 3 is essentially a manuscript by Binwu Zhao, Martien A. Cohen Stuart, and Carol K. 
Hall submitted to Biomacromolecules. 
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Stability, unfolding, and self-healing of beta-solenoid structures 
formed by a silk-like polypeptide: an Accelerated Molecular 

Dynamics study 

Binwu Zhao†, Martien A. Cohen Stuart‡, and Carol K. Hall*† 

†Department of Chemical and Biomolecular Engineering, North Carolina State University, 
Raleigh, North Carolina 27606, United States 

‡Laboratory of Physical Chemistry & Colloid Science, PO Box 8083, Wageningen 
University, NL, 6700 EK, The Netherlands 

Abstract 

The β roll molecules with sequence (GAGAGAGQ)10 stack via hydrogen bonding to form 

fibrils which have been themselves been used to make viral capsids of DNA strands, 

supramolecular nanotapes and pH-responsive gels. Accelerated molecular dynamics (aMD) 

simulations are used to investigate the unfolding of a stack of two β roll molecules, 

(GAGAGAGQ)10, to shed light on the folding mechanism by which silk-inspired 

polypeptides form fibrils and to identify the dominant forces that keep the silk-inspired 

polypeptide in a β roll configuration. Our study shows that a molecule in a stack of two β roll 

molecules unfolds in a step-wise fashion mainly from the C terminal. The bottom template is 

found to play an important role in stabilizing the β roll structure of the molecule on top by 

strengthening the hydrogen bonds in the layer that it contacts. Vertical hydrogen bonds 

within the β roll structure are considerably weaker than lateral hydrogen bonds, signifying 

the importance of lateral hydrogen bonds in stabilizing the β roll structure. Finally, an 

intermediate structure was found containing a β hairpin and an anti-parallel β sheet consisting 



 

60 

of strands from the top and bottom molecules, revealing the self-healing ability of the β roll 

stack.   
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3.1 Introduction 

 An increasing number of functional proteins are reported to have β solenoid structure, 

such as antifreeze protein 1-3, curli 4, and carbonic anhydrase enzyme 5. Formed by winding 

the peptide chain in a left-handed or right-handed fashion, a β solenoid structure usually has a 

repeat unit consisting of 2, 3, or 4 β strands that are connected by turns6. Each of these 

strands form parallel β sheets with their neighboring strands. As a result, a β solenoid 

structure usually has two parallel β sheets with the strands facing in different directions. The 

interior of β solenoid structures contains apolar amino acid side chains that are tightly 

packed6, sometimes even interdigitated7, resulting in a predominately hydrophobic core 

structure. 

 Polypeptides in β solenoid structures have been used as building blocks of fibrils via 

controlled self-assembly in biomaterials applications. They have been used to create viral 

capsids of DNA strands8, supramolecular nanotapes9 and pH-responsive gels10, which find 

biomedical application as matrix for human cells11 , Beta solenoids (for short: beta rolls) can 

form fibrillar structures via two different mechanisms: end-to-end assembly where the 

terminals are covalently attached to each other, creating a very long β solenoid, or sheet-to-

sheet assembly where the sheets associate physically resulting in a stack. Peralta et al. 12 used 

the former type of self-assembly to generate micron length amyloid fibrils from spruce 

budworm antifreeze protein, a modified β solenoid protein. Beun et al. used the latter type of 

self-assembly to produced fibrils made of stacks of pH-responsive silk-collagen-like triblocks 

13. 
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 According to experimental reports, the dimensions of fibrils consisting of stacks of 

Bombyx Mori silk-inspired polypeptides with a sequence of (GAGAGAGX)n, where A and G 

stand for alanine and glycine, respectively, X is a polar residue and n is the number of 

repeating units 13 are consistent with β-solenoid structures stacked on top of each other 14. To 

obtain a better understanding of the detailed structure of these fibrils, we recently 

investigated the β-solenoid structure formed by (GAGAGAGQ)10 via conventional molecular 

dynamics (cMD) simulations and found that the most probable structure formed by this 

sequence is a β-roll structure, with all the hydrophobic alanine side chains pointing inward, 

as shown in Figure 3.1 7. This structure was found to be more stable than a structure reported 

earlier by Schor et al. where all the hydrophobic alanine side chains pointed outwards 14. 

Now that the ‘ground state’ structure of the building block in the filament has been 

determined, we wish to find out how initially disordered polypeptides fold into the β-roll 

structure and assemble to form the filament. 

 Two different mechanisms have been proposed regarding the folding and docking of 

silk-inspired polypeptides. The first mechanism, the “template folding” (TF) mechanism, was 

deduced from the temporal evolution of CD spectra when the polypeptide (GAGAGAGE)n 

formed fibrils 13; according to TF the peptide starts to fold into a β roll structure once it 

attaches to the growing end of a pre-existing filament. The experimental growth rate of 

filaments is very low (one molecule-per-second) and the fibril formation is irreversible. The 

second mechanism, “solution folding” (SF), proposed by Schor et al. 15, is based on atomistic 

simulations, also for (GAGAGAGE) ; it claims that a polypeptide first folds in solution into a 

β-roll structure before it docks to the growing end of a fibril via Glu-Glu side chain 



 

63 

interactions. Both mechanisms showed up in replica exchange Monte Carlo simulations 

carried out by Ni et al. 16, of the folding pathways of silk-inspired polypeptides with 

sequence [EIAIAIAR]12 (I is isoleucin and R is ). They found that at low temperature the 

polypeptide folds into a β-roll configuration before docking to another molecule, but at high 

temperature it folds after docking to another molecule. It is important to point out here that 

the folding pathways proposed by Schor et al. 15 and by Ni et al 16 are based on the β-roll 

structure predicted by Schor et al. 14, which has all the alanine side chains pointing outwards 

from the β-roll. However, as mentioned earlier, our recent study 7 found that the β-roll 

structure formed by the silk-inspired polypeptide (GAGAGAGQ)10 has a higher probability 

to have a hydrophobic core than a hydrophobic shell, i.e. all the alanine side chains should 

point inwards rather than outwards. Therefore, the folding pathway of the more probable 

hydrophobic core structure still remains elusive. 

 We use an enhanced sampling method, accelerated molecular dynamics (aMD), to 

study the unfolding behavior of a two-molecule β roll stack. We choose this method because 

conventional molecular dynamics (cMD) simulations of the folding of a peptide into a β roll 

are too slow. This is understandable: the experimental time scale, corresponding to the 

addition of a single molecule to the growing end of a fibrils, is thought to take about a second 

13 which is order of magnitudes away from time scales reached in MD simulations. 

Accelerated molecular dynamics (aMD) has been used on many different oligo- and 

polypeptides, including alanine dipeptide17, bovine pancreatic trypsin inhibitor (BPT1) 18, G-

protein coupled receptors 19, and streptavidin-biotin complex 20. One of the advantages of 

aMD compared to other enhanced sampling methods is that it does not require pre-defined 
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reaction coordinates. This allows to explore a broad range of hypothetical kinetic pathways 

than would otherwise be possible. In aMD simulations of proteins, boost potentials are added 

to the potential energy; for proteins one can choose to boost either the total potential energy 

of the system, or the dihedral energy, or both. The boost potential is only added to potentials 

below a pre-defined threshold energy; for energies above that level the original shape is 

retained. AMD makes barrier crossing between low energy states easier and therefore 

provides access to regions of conformational space that are unreachable in cMD simulations. 

 The aim of our study was to elucidate the folding mechanism of silk-inspired 

polypeptide, as well to identify the dominant forces that maintain the β roll configuration. As 

there is no unambiguous way to choose a representative starting configuration, we decided to 

focus on unfolding rather than folding, which should gives us clues as to the likelyness of 

hypothetical folding pathways. To this end, we simulate a stack of two molecules having 

sequence (GAGAGAGQ)10, each folded into a β roll with a hydrophobic core (Figure 3.1) 

and in explicit solvent. AMD is used to study the unfolding behavior of one of the β roll 

structures at systematically increased values for the threshold. We first study the system with 

a stack of two β roll molecules, using the lowest threshold. Then we simulate a system with a 

partially-fixed bottom template and a relatively high threshold; this enables us to observe the 

unfolding behavior of a single molecule on top of the template, and also gives us information 

about which forces are most important in maintaining the β roll structure. Finally, we 

challenge the system with partially-fixed bottom template by a further increase of the 

threshold to gain a better picture of the intermediate structures that form on the entire 

unfolding pathway.  
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 The major findings in this paper are the following. First, we find that in the system 

without fixed atoms the molecules unfold in a step-wise fashion, and both molecules unfold 

completely by the end of the simulation. The unfolding is initiated mainly from the C 

terminal. Second, in the stack with a partially-fixed bottom template the top molecule has 

more difficulty unfolding than the molecules in the stack without any fixed atoms, indicating 

the importance of the template in stabilizing the folded structure of a β roll molecule in a 

stack. Third, there is a hierarchy of hydrogen bond strengths. Lateral hydrogen bonds formed 

between β strands within the β sheets in a β roll structure are stronger than the vertical 

hydrogen bonds within the β turns; H bonds are weaker when they are closer to the sides of 

the β turns. The lateral hydrogen bonds within the bottom layer in the top β roll molecule are 

stronger than those in the top layer, which suggests that the bottom template strengthens the 

hydrogen bonds within the β sheet that it contacts. As the aMD threshold on a system with 

partially fixed bottom template is further increased, we find that the β roll on top tends to 

form hydrogen bonds with the bottom template to resist leaving it, revealing a “self-healing” 

property, which helps explain the toughness of the fibrils formed in the experiment. 

 

3.2 Methods 

3.2.1 Conventional molecular dynamic  

 In our previous paper7, we performed conventional explicit-solvent atomistic 

molecular dynamics simulations on a stack of two β roll molecules with a sequence 

(GAGAGAGQ)10 using Amber 12 and the ff12SB force field. The simulation details can be 
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found in our previous paper7. The last 50 ns of those trajectories were used to calculate the 

time averages of the total potential energy of the system as well as the dihedral energy of the 

peptides.  

3.2.2 General form of accelerated molecular dynamic 

 The general principles of aMD are as follows. A boost potential ΔV(r) is added to the 

original potential energy surface of the system when the system’s potential energy is lower 

than a predefined threshold energy, E 21, as shown in Figure 3.2.  

V *(r) =V (r)+ΔV (r),    V (r)< E,  

V *(r) =V (r),    V (r) ≥ E,   (1) 

where V*(r) is the modified (boosted) potential energy, V(r) is the original potential energy 

(which could be the total potential energy of the system or the dihedral energy of the 

polypeptide) and r is a positional degree of freedom or a torsional degree of freedom, etc. 

The general form of the boost potential, ΔV(r) is given by the equation below: 

        (2) 

where α is the acceleration factor. The acceleration factor is a parameter that governs the size 

of the boost. As it gets smaller, the energy surface becomes flatter, thus improving the 

likelihood of transitions between low energy states. The gist of the method therefore is that 

the global pattern of the potential energy is maintained, but barriers become smaller, 

allowing easier passage. 

 

ΔV (r) = (E −V (r))
2

α +E −V (r)



 

67 

3.2.3 Dual-boost accelerated molecular dynamics 

 Dual-boost aMD simulations are performed in our investigation, which means boost 

potential energies are added to both the total potential energy of the system and to the 

dihedral energy of the polypeptides. The total potential energy of the system Vtotal (r) consists 

of the dihedral energy Vdihedral(r) and the non-dihedral energy Vnon-dihedral(r) as shown below,  

Vtotal (r) =Vnon−dihedral (r)+Vdihedral (r)   (3). 

In a dual boost aMD simulation, a boost potential ΔVdihedral(r) is first added to the dihedral 

energy of the peptide as in eqn. 4 below,  

Vdihedral
* (r) =Vdihedral (r)+ΔVdihedral (r)   (4) 

where Vdihedral
* (r) is the modified dihedral energy of the peptide. Then a boost potential 

ΔVtotal(r) is added to the total potential energy of the system as shown in eqn. 5 below, 

Vtotal
* (r) = {Vnon−dihedral (r)+Vdihedral

* (r)}+ΔVtotal (r)   (5) 

where Vtotal
* (r) is the modified total potential energy and ΔVtotal(r) is the boost potential 

energy added to the total potential energy of the system, Vtotal(r). 

 The equations used to calculate the boost potential of the total potential energy of the 

system Vtotal (r) and the boost potential of the dihedral energy Vdihedral(r) are  

ΔVtotal (r) =
(Etotal −Vtotal (r))

2

αtotal +Etotal −Vtotal (r)

ΔVdihedral (r) =
(Edihedral −Vdihedral (r))

2

αdihedral +Edihedral −Vdihedral (r)

 (6) 
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where Etotal and Edihedral are the thresholds for the total energy and dihedral energy, and αtotal 

and αdihedral are the acceleration factors for the total potential energy and dihedral energy. 

Note that these equations are of the same form as eqn. 2. 

 The pre-defined thresholds, Etotal and Edihedral, and the acceleration factors, αtotal and 

αdihedral, for the two types of boosts are calculated as below, 

Edihedral =Vavg_dihedral +3.5×Nres,  αdihedral = 3.5×Nres / 5  

Etotal =Vavg_ total + n×αtotal,     (n=1, 2, 3…) (7) 

where Vavg_dihed and Vavg_total are time averages of the dihedral energy and total potential 

energy obtained from conventional molecular dynamics (cMD). These are calculated only 

once, before running the aMD simulations, to generate the value of thresholds. The 

parameters Nres and Natoms are the number of polypeptide residues and the number of atoms in 

the system, respectively; n in eqn. 7 is an integer that determines the magnitude of the 

threshold as a multiple of the acceleration factor. 

 Consequently, there are only four input parameters in an aMD simulation: Edihedral, 

αdihedral, Etotal and αtotal. All the other parameters are calculated based on these four values. 

Sometimes we increase the threshold of the total potential, Etotal, by making the value of n in 

eqn. 7 larger, to let the system access more conformational space. Increasing the threshold of 

the total potential energy enables more energy minima to lie below the threshold and have 

boost potentials added to them. As shown in Figure 3.2, the third free energy minimum from 

the left does not get an added boost potential when the threshold is E. When the threshold to 

is increased to E’, the third minimum falls below the threshold, so a boost potential is added 

αtotal = 0.2×Natoms
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to it. This facilitates the transition between the second and the third minima. We used 

different threshold energies in different sets of simulations in our investigation, so the value 

of n in eqn. 7 varies from simulation to simulation.  

 

3.2.4. AMD simulation of the β roll stack  

 We ran three types of aMD simulations on the stack of two β roll molecules 

(GAGAGAGQ)10 shown in Figure 3.1. The first type of simulation uses the lowest threshold 

potential energy with n=1 in eqn. 7. This type of simulation is performed for 100 ns. The 

second and the third type of simulations use increased threshold potential energies with n=2 

and 2.5, respectively and are performed for 300 ns each. During the first type of simulation, 

no atoms are fixed. However, during the second and the third types of simulations, 10 Cα 

atoms in the glycine (G) residues at the bottom of the β turns on both sides of the β roll 

molecule are spatially fixed to maintain the bottom template’s β roll configuration, as shown 

in Figure 3.3. These atoms are restrained with a force of 10 kcal/mol, and were chosen to 

mimic the presence of a substrate. In experiment, a substrate is used to grow fibrils; the 

fibrils are found to grow perpendicular to the substrate 16,22. Fixing specific atoms in the 

bottom β roll molecule helps maintain the bottom molecule in a β roll configuration, while 

allowing some flexibility to the chain. The simulation times, as well as the number of 

acceleration factors added to the average system’s total potential energy for different types of 

simulations are summarized in Table 1. 
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3.2.5. Free energy calculation 

 Hydrogen bonds play a very important role in keeping the folded and stacked 

structure together. We therefore pay specific battention to the strength of these bonds, by 

calculating potential of mean force (PMF) profiles. Potential mean force (PMF), used 

synonymously in the literature to indicate a free energy profile, examines the change of a 

system’s free energy as a function of some specific reaction coordinate, such as the lateral 

distance between the hydrogen bonding sites on two neighboring β strands or the vertical 

distance between hydrogen bonding sites within a β turn structure or between the two 

stacking molecules. In this work we take as our reaction coordinates the distances between 

the important hydrogen bonded atoms pairs. The strength of the hydrogen bonds can be 

gleaned from the height of the first peak in these PMF profiles. The dominant forces 

controlling docking and folding of the β roll can then be determined by comparing the 

strengths of these hydrogen bonds. Usually, the free energy profiles generated from the aMD 

simulations need to be reweighted using the Boltzmann factor for the boost potential 17. 

However, given the large size of our system, there is a large noise associated with 

reweighting the free energy profile. Therefore, and since we use the profiles only for 

comparative purposes, unweighted PMF profiles are presented in this paper. A similar 

approach was used in a study of the free energy landscape of large systems of G-protein 

coupled receptors19 by Miao et al.  

 The unweighted potential of mean force or interaction free energy F(Aj) is calculated 

as function of the distance Aj between hydrogen-bonded partners, for different atoms pairs. 

The relevant equation is F(Aj) = -kBTlnp(Aj), where p (Aj) signifies the probability of finding 
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the atoms pairs within Aj (distances are divided into a number of equally distributed bins 

with index j)), kB is the Boltzmann constant, and T is the temperature of the system. 

 

3.2.6 Unfolding Order Parameter 

 In order to characterize the state of molecules with respect to folding, an unfolding 

order parameter, , is needed which somehow measures departures of the β roll from its ideal 

structure. We here define Ω as the number of amino acids that are at an approriate distance to 

the neighbor they would have in an ideal β roll structure, i.e., by counting pairs of residues i 

and i+16, that are within a distance of 4.0 to 6.0 angstroms of each other. This typical range 

has been inferred from cMD simulations during which the molecules retain their β roll 

structure; Ω is set to 1 if a pair of nearest neighboring amino acids has a distance between 4.0 

and 6.0 angstroms and 0 otherwise. When the (GAGAGAGQ)10 peptide (which has a total of 

80 residues) is in a perfect β roll structure there are 64 pairs (i , i + 16), so that the maximum 

value of Ω is 64.  

 

3.3 Results and Discussion 

3.3.1 Molecules in β roll structure unfold in a step-wise fashion  

 We begin by describing our aMD simulation results on the stack of two β roll 

molecules with sequence, (GAGAGAGQ)10, without fixed atoms, and at the lowest threshold 

as characterized by n=1 in eqn 7.  



 

72 

 In Figure 3.4, the order parameter of the top molecule, Ω, which measures the 

departure of the β roll from its ideal structure, is plotted against the simulation time, 

revealing the striking result that molecules in the β roll structure unfold in a step-wise 

fashion. In cMD simulations, Ω for the top molecule remains roughly constant around 62±2, 

indicating that the molecule stays in the β roll structure throughout the entire simulation. In 

contrast, in aMD it decreases in a step-wise fashion and eventually reaches zero. Roughly, 

five different plateaus can be discerned in the plot: 1 - 28 ns (Ω = 52), 32 - 48 ns (Ω = 38), 52 

- 66 ns (Ω = 30), 70 - 74 ns (Ω = 24), and 78 - 90 ns (Ω = 2). The representative structures 

corresponding to the different states shown in Figure 3.4 were calculated via clustering 

analysis. The step-wise unfolding of the β roll structure agrees well with single-molecule 

force spectroscopy (SMFS) measurements by Sapra et al. on the unfolding pathways of β-

barrel-forming membrane proteins, OmpG 23. By mechanically pulling on a single atom at 

one end of OmpG they found that each β hairpin of the OmpG β barrel unfolded either 

individually, or cooperatively with an adjacent β hairpin, causing the OmpG protein to unfold 

in a step-wise fashion. 

 The unfolding pathway of the top molecule in the stack as revealed by aMD 

simulation can be described as follows. The molecule starts from a perfect β roll structure 

(see Figure 3.4 (a) with a Ω of ~ 62 and then reaches its first plateau which lasts from 1 ns to 

around 28 ns. The representative structure generated from clustering analysis is shown in 

Figure 3.4 (b) with one strand lifted off from N terminal. By 28 ns, another strand from the C 

terminal starts to come off the β roll structure as shown in Figure 3.4 (c). This is a transient 

state because the order parameter quickly moves to the second plateau that lasts from around 
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32 ns to 58 ns. The representative structures that occur during this plateau are shown in 

Figures 3.4 (d), (e) and (f). The majority of structures that occur during this plateau have one 

strand off of the C terminal and two strands off of the N terminal as in Figure 3.4 (d) and (f). 

The second strand from the N terminal goes back to the β roll structure for a short period of 

time within this plateau, from around 41 ns to 44 ns, as shown in Figure 3.4 (e). After 52 ns, 

the order parameter reaches another plateau, with Ω ~ 30, during which the third strand peels 

off of the β roll from the C terminal as shown in Figure 3.4 (g). This strand goes back to the 

roll structure for a short period of time as shown in Figure 3.4 (h), and then quickly comes 

off the β roll together with the fourth strand from the C terminal at around 70 ns, as shown in 

Figure 3.4 (i). After that, there are only five strands left in the β roll structure, which is not 

enough to maintain the configuration. Starting at 73 ns, the molecule collapses quickly and 

becomes a random coil structure. 

 The β roll molecules thus appear to unfold in an asymmetric fashion, namely mainly 

from the C terminal, as evidenced by the unfolding pathway just described. This finding 

agrees well with a report by Alsteens et. al based on a steered molecular dynamics (sMD) 

simulation study in which a prototypic TpsA protein, FHA 24 unfolds mainly from the C 

terminal. In addition, our simulation suggests that a β roll configuration needs to have a 

nucleus of a certain size to maintain its structure: the sequence (GAGAGAGQ)10 needs to 

have at least half of its strands , 5 strands , in a β roll structure, in order to maintain the β roll 

configuration. With less folded strands, it collapses and forms an amorphous configuration. 
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3.3.2 Partially Fixed Bottom Template Helps Stabilize the β Roll Structure on Top of it  

 AMD simulations are then performed on systems containing a stack of 

(GAGAGAGQ)10 β roll molecules with a partially-fixed bottom template at the threshold 

potential energy with n=2 in eqn. 7. By having a partially-fixed bottom template (as defined 

above), molecules in the stack do not unfold simultaneously and their unfolded strands do not 

entangle with each other. Thus we observe the unfolding behavior of just the molecule on 

top.  

 Figure 3.5, shows the final structures in the three different types of simulations that 

we ran. The first type of simulation uses the lowest threshold with n=1 in eqn. 7 and does not 

have any atoms fixed. As a result, both molecules in the stack unfold completely after 100 ns 

as seen in Figure 3.4, and repeated in Figure 3.5 (A). The second type of simulation is 

performed on a system that contains a partially-fixed bottom template and uses an 

intermediate threshold with n=2 in eqn. 7. As shown in Figure 3.5 (B), the final structure of 

the top molecule in the stack has three unfolded strands: one off at the N terminus, and two 

off at the C terminus. The third type of simulation is again for a system with partially-fixed 

bottom template, and uses the highest threshold with n=2.5. Now, five strands unfold from 

the top β roll molecule, as seen in Figure 3.5 (C). This molecule does not unfold completely 

even after 300 ns of aMD simulations with an increased threshold, in stark contrast to the 

behavior observed in the system without partially fixed template, where the chain collapses 

quickly when there are only 5 strands left in the β roll. These observations once again 

underline the importance of having a partially fixed bottom template to stabilize the top β roll 

structure. 
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3.3.3 Lateral hydrogen bonding is stronger than vertical hydrogen bonding  

 To identify the dominant forces in the β roll structure, we plot, in Figure 3.7 and 

Figure 3.8, hydrogen bond PMFs versus distance, for selected hydrogen bonding atom pairs 

as indicated in Figure 3.6. Hydrogen bonds in a β roll configuration are categorized as being 

either lateral or vertical; lateral hydrogen bonds refer to the ones formed between the 

neighboring β strands in a single β sheet, or between neighboring β turns, and vertical 

hydrogen bonds refer to the ones between atoms in the top and bottom of a single β turn, or 

between atoms in the β turns of top and bottom molecules. All the free energy profiles in 

Figure 3.7 (lateral H bonds) and Figure 3.8 (vertical H bonds) are calculated with three 

different bin sizes, resulting in three curves for each plot. These curves match well with each 

other, indicating that we have enough samples for the calculation. 

 The free energies associated with the hydrogen bonded atom pairs have global 

minima at ~ 1.9 angstroms, indicating that these atoms prefer to stay within the hydrogen 

bonding distance. This reveals that the original β roll structure, in which all these atoms can 

form hydrogen bonds is more stable than the unfolded structure, where only few H bonds are 

possible. The hydrogen bonding strengths are taken to be the values of the free energy at the 

first peak in the free energy versus distance curves. The strengths of the different hydrogen 

bonds versus distance are plotted for different hydrogen bonded residue pairs in Figure 3.9. 

 Figure 3.9 shows the hydrogen bonding strengths for the lateral hydrogen bonds 

between the β strands (green), lateral hydrogen bond between β turns (pink), vertical 

hydrogen bonds within β turns (blue) and vertical hydrogen bond between the turns in top 
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and bottom molecules (yellow). The first 3 bars represent the strengths of the lateral 

hydrogen bonds between the neighboring β strands in the top layer of the β roll structure as 

shown in Figure 3.6. The strengths of the lateral hydrogen bonds along the β strands in both 

the top and bottom layers of the β roll molecule are weaker when the hydrogen bonds are 

closer to the β turns: we can see that the hydrogen bonds formed close to the β turns, between 

residues 51-68 and between residues 53-70, have a lower strength than the hydrogen bonds 

formed in the middle of the β strand, between residues 53-68. The strength of the lateral 

hydrogen bond formed between residues 56-73, indicated by the height of the 4th bar, is 

weaker than the lateral hydrogen bonds within the bottom layer but stronger than the lateral 

hydrogen bonds within the top layer of the top β roll molecule. Something similar is 

observed for the hydrogen bonds between neighboring β strands in the bottom layer of the β 

roll structure; see the he strengths of these hydrogen bonds corresponding to the 5th, 6th and 

7th bars in Figure 3.9. Again we see that the hydrogen bonds close to the turns, between 

residues 76-59 and between residues 78-61, have lower hydrogen bonding strengths than the 

pair in the middle, between residues 76-61. This might be because the β turn structures in a β 

roll molecule are more flexible than the β strand structures, thus causing the lateral hydrogen 

bonds close to the turns to be less stable than those in the middle of the strands.  

 The lateral hydrogen bonds in the lower layer of the β roll structure are clearly 

stronger than those in the upper layer of the β roll structure. As seen in Figure 3.9, the 5th, 

6th and 7th bars representing the hydrogen bonding strength in the bottom layer of the β roll, 

are higher than the first three bars representing the hydrogen bonding strength in the top layer 

of the β roll. This is likely a consequence of the bottom layer in the top molecule being in 
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direct contact with the bottom template. The effect of stacking on the stability of the roll was 

investigated in our previous study 7; there we found that stacking helps stabilize the β roll 

structure by increasing the number of intra-molecular hydrogen bonds in each β roll molecule. 

Here we see that in terms of bond energies that conclusion is confirmed.  

 The vertical hydrogen bonds are usually weaker than the lateral hydrogen bonds. This 

can be observed by comparing the heights of the first 7 bars which represent the strengths of 

the lateral hydrogen bonds with the heights of the last 3 bars which represent the strengths of 

the vertical hydrogen bonds in Figure 3.9. The two blue bars in Figure 3.9, which represent 

hydrogen bonds within the β turns, are considerably shorter than the first 7 bars representing 

the lateral hydrogen bonds. This signifies that lateral hydrogen bonds play a more important 

roll than vertical hydrogen bonds in keeping the molecule in a β roll configuration. The 

height of the yellow bar , which represents the average strength of the hydrogen bond 

between the top and bottom molecules (there is one such bond per strand), is slightly lower 

than that of the first three bars, indicating that the hydrogen bonds between the two 

molecules are almost as strong as the lateral hydrogen bonds between the β strands in the 

upper layer of the top molecule. This suggests that the hydrogen bonds between the two 

molecules also play a significant role in maintaining the β roll structure of the top molecule. 

Hence, for unfolding an entire top strand, there is a free energy penalty of about 6-7 kcal/mol, 

whereas for unfolding a bottom strand, the free energy penalty is 10-11 kcal/mol. Therefore, 

one expects that states with an odd number of folded strands are more stable than those with 

an even number. This is consistent with the observation that unfolding occurs in steps 
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between such odd-numbered states (1 off → 3 off , → 5 off), and suggests that reverse 

folding pathway also occurs along odd numbered folds (5 on → 7 on, → 9 on). 

 
3.3.4 Highest threshold simulations reveal other potential structures and self-healing 

ability.  

 In the simulation with the highest threshold energy, where n=2.5 in eqn. 7, and a 

partially-fixed bottom template, a new intermediate structure shows up. It contains a β 

hairpin structure and an anti-parallel β sheet formed by strands from the top and bottom 

molecules a. Figure 3.10 (A) shows the free energy versus the distance between the hydrogen 

on GLN (residue 24) and the oxygen on ALA (residue 26). Two minima are identified in the 

plot, a local minimum at short distance (a) and a global minimum further out (b). The 

intermediate structure associated with the local minimum is shown in Figure 3.10 (B) and its 

side view is shown in Figure 3.10 (C). The structure associated with the global minimum is a 

distorted β roll structure as shown in Figure 3.10 (D). The potential well of the intermediate 

structure is located at ~ 2 angstroms, indicating that a hydrogen bond forms between the 

hydrogen on GLN (residue 24) and the oxygen on ALA (residue 26), which means residue 

24, 25 and 26 have formed a three-amino-acid turn. Strands 3 and 4 form an antiparallel β 

sheet structure. Taken together, the turn and the antiparallel structures are essentially a 

typical β hairpin structure. Another anti-parallel β sheet is formed between strand 2 in the top 

molecule and the silver strand in the bottom molecule. A side view of this structure is seen in 

Figure 3.10 (C) and shows how strands 2 and 3 traverse the interface between the two 

molecules. The reason this structure forms is that the first strand from the N terminal in the 



 

79 

bottom template is not fixed and breaks loose. This provides enough room for the second and 

third strands of the top molecule to reach down one layer, forming β sheets with the strand in 

the bottom template.  

 The anti-parallel β sheet formed by strands from the top and bottom molecules in the 

intermediate structure is of particular interest to us as this configuration could potentially 

inhibit the unfolding process. In a long fibril with many molecules, the molecules in a β roll 

structure will probably not always stack as perfectly as in our starting configuration, meaning 

that strands from some molecules could potentially form β sheets with their folded neighbors, 

thus preventing the unfolding process. We call this a self-healing ability because it seems to 

hinder the β roll molecule from completely unwrapping; it might be one reason why the 

fibrils observed in the experiments are very strong. 

 Considering the results obtained here with respect to unfolding, we tentatively 

propose a hypothetical folding pathway; we emphasize that this is highly speculative and 

should not be considered as a conclusion supported by the simulation data obtained here, but 

rather as a direction for further studies. The folding process most likely starts with docking of 

a disordered silk-like (GAGAGAGX)n domain on a prefolded molecule acting as template. 

This consistent with the observation that the template provides stability to the folded roll, and 

with the experimental fact that secondary structure develops in parallel with fibril growth. 

The disordered domain has to remain long enough in the docked state to allow for nucleation 

of a minimal folded part, e.g., a 5-stranded β solenoid. This step has a very low probability 

and is therefore likely to be rate-determining, accounting for the very low growth rates 

observed experimentally11. Moreover, it also would explain why silk-like domains of higher 
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n, which are likely to have longer residence times and and a higher nucleation probability, 

tend to give faster growth25. Once nucleation has occurred, the remainder of the silk-like 

domain can fold to form the complete β solenoid. 

 

3.4 Conclusions 

 We used accelerated molecular dynamics (aMD) simulations to investigate the 

unfolding of a stack of two β roll molecules, (GAGAGAGQ)10. Our goal was to to identify 

the dominant forces that keep the silk-inspired polypeptide in a β roll configuration, to 

investigate the unfolding mechanism of silk-inspired polypeptides, and, if possible, develop a 

hypothetical folding pathway. 

 By comparing the unfolding order parameter, Ω, versus simulation time between 

cMD and aMD, we found that a molecule in a stack of two β roll molecules unfolds in a step-

wise fashion, i.e. one β strand in the β roll molecule at a time, which agrees well with the 

experimental study on transmembrane β-barrel protein OmpG by Sapra et al. 23. We also 

found that it unfolds mainly from the C terminal, which matches with the simulation study on 

a prototypic TpsA protein, FHA by Alsteens et. al 24.  

 The bottom template is found to play an important role in stabilizing the β roll 

structure of the molecule on top. This was concluded by comparing the final structure in 

three sets of simulations with systematically increased threshold energies. At the lowest 

threshold energy, both molecules unfold and have a random coil structure by the end of the 

simulation for systems without any fixed atoms. When the bottom template is partially fixed, 
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the top molecule is unable to unfold completely, even by the end of 300 ns simulations, 

indicating the significance of the bottom template in stabilizing the molecule on top of it.  

 We further elucidate how the bottom template stabilizes the top β role molecule by 

quantifying the strengths of the various intra and inter molecular hydrogen bonds. The lateral 

hydrogen bonds in the lower layer of the top molecule are stronger than those in its upper 

layer, indicating that the bottom template strengthens the hydrogen bonds in the lower layer 

of the top molecule. We further confirm the stabilizing effect of the bottom template reported 

in our previous investigation, in which we concluded that the bottom template induces more 

intramolecular hydrogen bonds in the top molecule when it docks on to the bottom template7. 

We also found that the lateral hydrogen bonds between the β strands in a β roll configuration 

become weaker as they get close to the β turns. This is due to the fact that the β turn structure 

is more flexible than the β sheet structure in the β roll molecule. Vertical hydrogen bonds 

within the β roll structure are considerably weaker than lateral hydrogen bonds, signifying 

the importance of lateral hydrogen bonds in stabilizing the β roll structure. 

 Finally, an intermediate structure was found containing a β hairpin and an anti-

parallel β sheet formed by strands from the top and bottom molecules, revealing the self-

healing ability of the β roll stack. The β hairpin structures can form fibrils by themselves as 

reported by other studies22,23 in which β hairpins first stack by hydrophobic interactions and 

then assemble via hydrogen bonds. Here we found β hairpins in the stack of two silk-inspired 

molecules, indicating that these β hairpins may also play a role in stabilizing silk-inpired 

fibrils with many molecules. Such β sheets formed between pairs of molecules, an inter-

protein β sheet structure, were also reported by Razzokov et al., who studied a sequence 
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similar to ours, (GAGAGAGE)5, using replica exchange molecular dynamics26. Overall, the 

strength of the fibril of β roll molecules comes not only from the stability of each individual 

molecule, but also from the cooperative effect provided by the anti-parallel β sheet structures 

formed by strands from the top and bottom molecules. Our results led us to tentatively 

propose a hypothetical folding pathway that is consistent with the experimental results.  
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Figure 3.1. Top view (A) and a side view (B) of the two-molecule β roll stack. A typical β 
roll structure has two oppositely oriented β sheets (in green) that are connected by β turns (in 
pink) and a hydrophobic core with its hydrophobic side chains (as shown in B) buried in the 
roll. 
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Figure 3.2. Graph of V(r) versus r showing a low threshold potential energy, E, (black 
horizontal line) and a high threshold potential energy, E’, (blue horizontal line). In an aMD 
simulation, a boost ΔV(r) is added to the original potential energy landscape V(r) when the 
system potential or the dihedral energy is lower than the predefined threshold E, resulting in 
the boosted potential energy, V*(r) (dashed red line). Regions of the potential energy curve 
that are above the threshold energy maintain their original form. If the threshold energy is 
increased to E’, a larger boost potential energy, ΔV’(r) is added to the original free energy. In 
that case another free energy minimum goes below the new threshold, E’, resulting in a boost 
potential added to that region. The shape of the energy surface and the position of the energy 
minimum remain the same after adding the boost. 
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Figure 3.3. Illustration of fixed atoms in the bottom β roll molecule with sequence 
(GAGAGAGQ)10 in both normal view (A) and side view (B). The fixed atoms (cyan beads) 
are the Cα atoms on the glycine residues on each side of the β roll below the β turns (in pink). 
The parallel β sheets are in green and random structures are in white. 
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Figure 3.4. Order parameter, Ω, of the top molecule in the stack of two β roll molecules is 
plotted against simulation time. The Ω of the top molecule in the cMD simulations (in blue) 
remains at around 62, and the Ω of the top molecule in the aMD simulations (in black) 
decreases in a step-wise fashion. The order parameter, Ω, at different stages of the aMD are 
labeled from a to j. The representative structures of each stage generated from clustering 
analysis are shown below the plot, with β sheets in green, β turns in pink and random coil 
structures in white. The bottom molecule is silver with a transparent representation. 
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Figure 3.5. The final structures from the three different sets of simulations on systems 
containing (A) a two-molecule stack of β roll structures without fixed atoms at lowest 
threshold, (B) a two-molecule stack of β roll molecules with partially fixed bottom template 
and intermediate threshold, and (C) a two-molecules stack of β roll molecules with partially 
fixed bottom template and highest threshold. The bottom template is colored gray and is 
transparent. Random coil structures are in white, β turns are in pink and β sheets are in green.  
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Figure 3.6. Illustration of lateral H-bonds and vertical H-bonds in the stack of two β roll 
molecules. showing β strands ( green) and β turns ( pink) involved in the H-bonding 
calculation. Lateral H-bonds (blue dashed line) are between β sheets and between β turns. 
Vertical H-bonds (red dash-dot line) are within β turns or between a turn in the top molecule 
and a turn in the bottom molecule.  
  



 

93 

 

Figure 3.7. Free energies plotted against the distance between the lateral hydrogen bonded 
atom pairs shown in Figure 3.6 (blue dashed line) from aMD simulations. Three different bin 
sizes are shown in these plots.   
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Figure 3.8. Free energies versus the distance between the vertical hydrogen bonded atoms 
pairs shown in Figure 3.6 (red dash-dot line).  
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Figure 3.9. Hydrogen bonding strengths obtained from free energy profiles versus different 
hydrogen bonded residue pairs. Lateral H-bonds between strands (green) and lateral H-bonds 
between turns (pink), vertical H-bonds within the turns ( blue) and vertical H-bond between 
the two molecules (yellow). 
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Figure 3.10. The free energy associated with hydrogen atom on GLN and the oxygen atom 
on ALA is plotted against the distance between the two atoms (A). Two minima are 
identified, a local minimum, a, and a global minimum, b. An intermediate structure (B) and 
its side view (C) correspond to the free energy local minimum a. A distorted β roll structure 
associated with the global minimum of free energy, b, is shown as (D). 
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Table 3.1. Simulation lengths and threshold energies for the three different types of 
accelerated MD simulations (aMD). 
 
Systems Simulation Length (ns) Thresholds used in aMD 

characterized by na 

Two-molecule β roll stack 100 Threshold with n=1 

Two-molecule β roll stack with fixed atoms 300 Threshold with n=2 

Two-molecule β roll stack with fixed atoms 300 Threshold with n=2.5 

aThe number of acceleration factors , αtotal, included in the threshold in equation 3. 
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CHAPTER 4 

LCST Behavior is Manifested in a Single Molecule: Elastin-like polypeptide (VPGVG)n 

Chapter 4 is essentially a manuscript by Binwu Zhao, Nan K. Li, Yaroslava G. Yingling, and 
Carol K. Hall published on Biomacromolecules 
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Abstract  

 The physical origin of the lower critical solution temperature (LCST) behavior of a 

variety of fluids, including elastin-like polypeptides (ELPs), has been studied for the past few 

decades. As is the case for polymer solutions, LCST behavior of ELPs is invariably reported 

for large systems of molecules and is considered evidence for collective behavior. In 

contrast, we find evidence for properties changes associated with LCST behavior in a single 

molecule by performing long atomic-level molecular dynamics simulation on the ELP 

sequences (Val-Pro-Gly-Val-Gly)n for four different length peptides over a wide range of 

temperatures. We observe a sharp transition in the number of hydrogen bonds between 

peptide and water and in the number of water molecules within the first hydration shell as 

temperature rises; this is used to locate the transition temperature. The dependence of the 

transition temperatures of ELPs on their lengths agrees well with experiments in that both 

have the same power law exponents. Our simulations reveal that the tendency for pentamers 
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(VPGVG) in ELPs of all lengths to lose H-bonds with water or to gain H-bonds with 

themselves as temperature rises is independent of the length of the chain in which they are 

embedded. Thus, the transition temperature of ELPs in pure water is determined by two 

factors: the hydrogen bonding tendency of the pentamers and the number of pentamers per 

ELP. Moreover, the hydrogen bonding tendency of pentamers depends only on their 

sequences, not on the ELP chain length.  
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4.1 Introduction 

 Elastin-like polypeptides (ELPs) are artificial polypeptides having sequences derived 

from the hydrophobic domains of tropoelastin, elastin’s precursor. ELPs consist of a 

pentapeptide repeat, Val-Pro-Gly-Xaa-Gly, where Xaa, the guest residue, can be any natural 

amino acid except proline.1 ELPs exhibit lower critical solution temperature (LCST) 

transition behavior, which means they are soluble in aqueous solutions when the system 

temperature is below the LCST and insoluble when the temperature is above the LCST, 

resulting in a polymer-rich phase and a polymer-poor phase2-4. The transition temperature 

(Tt) of ELPs depends not only on the solution composition (the lowest value being the LCST) 

but also on their properties such as chain length5, and the identity and composition of the 

guest residues6, which can be precisely controlled7,8. The transition temperature of ELPs can 

be modified by physiochemical means such as changes in pressure9,10, salt concentration11-15 

and pH16,17, etc. All these stimuli-responsive features as well as their low toxicity compared 

to other polymers make ELPs potential candidates in biological applications, such as drug 

delivery carriers18-21, molecular switches22,23, tissue engineering scaffolds24-26 and 

purification tools for recombinant protein expression27-29.  

 The physical origin of LCST behavior and its dependence on chain length have been 

the subject of numerous studies over the last few decades. For polymers such as poly-

(ethylene oxide) (PEO)30,31 and poly(N-isopropylacrylamide) (PNIPAM)32,33, the transition 

temperature Tt decreases as chain length increases; LCST behavior is not observed when 

chain length is too short. Theory-based studies of the length dependence of LCSTs for model 



 

102 

polymers also indicate that polymers with chain lengths of seven segments or more exhibit 

LCST behavior but those with less do not34. The consensus regarding the explanation for 

LCST behavior has been that LCST behavior for polymer solutions is a consequence of 

compressibility differences between solute and solvent which get accentuated as the solute 

lengthens, but that LCST behavior for smaller molecules is due to the existence of directional 

forces35,36. ELPs fall in between these two cases, they are relatively long and they do 

experience directional interactions. 

 Systematic approaches to understanding the physical origins of LCST behavior in 

ELPs and the length dependence of the transition temperature are still lacking. Elucidation of 

these matters would enable us to gain better control of the thermal properties of ELPs, 

meaning we could create ELPs with desired transition temperatures, and hence desired 

transport phenomena and biodegradation capability, etc. Although the LCST behavior of 

ELP has been mainly attributed to hydrophobic effects37, Cho et al. found that hydrogen 

bonding also plays an important role in stabilizing the collapsed state of ELP in heavy water 

D2O38. Ma et al.39 found a change of slope for (VPGVG)3 at around 30 °C in the NMR 

relaxation time of the ELP heating curve which was proposed to correlate to the inverse 

temperature transition. Zeeshan et al.40 compared the conformational difference between 

cyclic (VPGVG)3 and linear GVG(VPGVG)2 ELP sequences and reported a decrease in the 

global minimum of the CD spectra with increasing temperature, which they regarded as 

evidence of ELPs inverse temperature transition. Meyer et al5 conducted experiments on 

[ViAjGk]n, sequences consisting of a total number of n pentamers, Val-Pro-Gly-Xaa-Gly, 

where Xaa = V for i pentamers, A for j pentamers and G for k pentamers in each repeating 
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unit to quantify the effect of chain length on the transition temperature, Tt, and reported that 

Tt ∝ (length)-1 at constant ELP concentration. Hest et al.41 measured the Tt of ELP sequences 

[ViLjGk]n with different molecular weights and showed that Tt decreases with increasing 

chain length, which agrees with Meyer et al. 5 and is the same trend as for PNIPAM32,33. 

Based on these trends one would expect that the short ELP sequences such (VPGVG)3 should 

have a much higher transition temperature than the 30 °C reported by Ma et al.39. Nicolini et 

al.9 reported that a short sequence, GVG(VPGVG), had an inverse transition temperature 

around 36 °C in D2O using FTIR measurements; however, the use of D2O as a solvent could 

affect the LCST behavior as reported by Cho et al.38 In contrast Nuhn and Klok42 

investigated the effects of chain length on ELP sequences based on the GVGVP motif and 

observed that the LCST value decreases as the chain length increases which is in agreement 

with Meyer et al.5 and Hest et al.41 observations. However, they did not observe an LCST of 

(GVGVP)n sequence when the chain length was less than 4. Overall, while the longer ELP 

chains clearly exhibit length-dependent transition temperatures, the existence of LCST for 

ELPs shorter than n = 4 remains a controversy.  

 Molecular dynamics (MD) simulations have been performed to elucidate the 

temperature-induced conformational changes of ELP sequences of different chain lengths. 

Rousseau et al.43 proposed that the LCST of GVG(VPGVG) is between 313 K and 333 K, 

which was based on observations that while the extended structural conformations 

predominate at all temperatures some compact structures are observed at high temperatures. 

In 20ns simulations of (VPGVG)3 and (LGGVG)3, and 4ns simulations of (VPGVG)7 and 

(LGGVG)7, Huang et al.44 observed that the trends in the number of peptide-peptide 
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hydrogen bonds and the number of peptide-water hydrogen bonds changed as the 

temperature increased which they attributed to an inverse temperature transition. Ma et al.39 

performed 4 ns MD simulations on (VPGVG)3 and reported that the number of water 

molecules around putative deuterium-labeled sites in their experimental study changes as 

temperature increases. They attributed this to a folding transition at a temperature of around 

30 °C, meaning that the structure becomes more ordered when the temperature is higher than 

the transition temperature and more flexible at temperatures lower than the transition 

temperature. However, very long simulations (up to 350 ns) by Krukau et al. 45 conducted on 

GVG(VPGVG)3 challenged the observation of an inverse temperature transition for such 

short chains. . They showed that this ELP is highly flexible at high temperatures and 

becomes more rigid at low temperatures, which is the opposite of what Huang et al. 

concluded. Thus, the existence of a transition temperature for short ELPs is still uncertain.  

 MD simulations of longer chains, which are well known to have LCSTs, are able to 

shine more light on the origin of inverse transition temperature in ELPs. Simulations of a 

much longer chain (VPGVG)18 by Li et al.46 did not find evidence for a particular transition 

temperature perhaps because their simulation at 10 ns, was not very long; being limited by 

the computational power at that time. In a previous paper, Li et al.47 reported MD simulations 

results for (VPGVG)18, and found Tt for a single peptide to be between 330 K and 335 K 

based on analysis of hydration water properties. The results from that paper demonstrated 

that the LCST phenomenon originates from an abrupt change in the hydration properties of 

ELP peptides as temperature rises. These results inspired us to perform explicit solvent 
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atomistic molecular dynamics simulations of (VPGVG) ELPs of different lengths to see if 

these hydration property changes were general and how they depend on chain lengths.  

 In this study, we simulate ELPs of four different lengths: (GVG)(VPGVG)3, 

(VPGVG)10, (VPGVG)18 and (VPGVG)30 using atomistic, explicit-solvent MD simulations 

over a wide range of temperatures from 285 K to 490 K. Our motivation is not only to 

pinpoint the length dependence of the LCST behavior of ELPs, but also to use this study as a 

vehicle to better understand the origin of their LCST behavior and to get a full picture of 

what drives LCST phenomenon on a molecular level. Here, we report a comprehensive 

investigation of temperature and length dependent properties of ELP which shows that a 

single ELP molecule also exhibits behavior related to LCSTs. Two factors determine the 

transition temperature behavior of ELPs, the hydrogen bonding tendency of the individual 

pentamers and the number of pentamers in the ELP. Moreover, the hydrogen bonding 

tendency of each pentamer depends only on its sequence, not on the length of the chain in 

which it is embedded. 

 

4.2 Material and Methods 

4.2.1 ELP simulations with single chain  

 We performed explicit-solvent, atomistic simulations on (GVG)(VPGVG)3, 

(VPGVG)10, (VPGVG)18, (VPGVG)30 using Amber 11 with ff99SB force 48. Urry’s β spiral 

model 49 was used as the initial configuration for peptides of all lengths. The peptide was first 

solvated in the box with explicit TIP3P water molecules 50. Based on our experience in a 
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previous study 47 on (VPGVG)18, we chose to conduct our simulations over a wide range of 

temperatures: 290 K-490 K for (GVG)(VPGVG)3, 300 K-375 K for (VPGVG)10, 290 K-350 

K for (VPGVG)18 and 285 K-350 K for (VPGVG)30. The simulation procedures described 

below were applied to peptides of all different lengths. 

 Each simulation contained the following stages. First, a 10,000-step solvent 

minimization was performed using the steepest descent method with the peptide restrained 

via a force of 200 kcal/mol. Then the system was gradually heated over 10 ps to a target 

temperature with the peptide restrained via a force of 200 kcal/mol, after which a short 40ps 

NPT ensemble MD run was conducted, again with the peptide constrained via a force of 200 

kcal/mol. This was followed by another 10,000-step energy minimization process with a 25 

kcal/mol restraint. Subsequently another 20 ps NPT ensemble MD run was performed with a 

force of 25 kcal/mol. Then another 10,000-step unconstrained minimization was performed 

followed by a reheating over 40 ps of the system at a constant volume to the target 

temperature. Finally, an NPT ensemble MD run was performed to ensure uniform solvent 

density. The Berendsen thermostat 51 was used to maintain the simulation temperature. 

Partial mesh Ewald (PME) 52 summation was used to calculate the long-ranged electrostatic 

interactions and a 9 Å cut-off radius and a 1E-5 tolerance for the Ewald convergence were 

used to calculate the non-bonded interaction. The SHAKE 53 algorithm was used to constrain 

bonds involving hydrogen atoms. The run times for the simulations were 50 ns for 

(GVG)(VPGVG)3, 60 ns for (VPGVG)10, 70 ns for (VPGVG)18 and 160 ns for (VPGVG)30. 

The convergence was confirmed by the data presented in the Supporting Information (Figure 
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4.7). The last 30-40 ns of the trajectories from each case were considered for statistical 

analysis. Ambertools, VMD, NAMD and in-house scripts were used for statistical analysis. 

 

4.2.2 Hydrogen bonding analysis  

 The hydrogen bonding analysis was performed with a distance cut-off of 3.5 Å and an 

angle cut-off of 30°. The number of water molecules in the first hydration shell of the peptide 

backbone, Nw, was determined by counting the number of water molecules within 2.43 Å of 

the peptide. This distance corresponded to the first minimum in the radial distribution 

function (RDF) between the oxygen atoms on the water molecules and the backbone atoms 

on the peptide (see Figure 4.8).  

4.2.3 Secondary structure analysis and interaction energy calculation  

 Secondary structures were determined using the DSSP algorithm 54, which has been 

widely used as a standard method for assigning secondary structures to amino acids. In our 

study we only considered β turn and β strand structures including parallel, anti-parallel and β 

bridge structures. The β turn structure was defined to be a turn-like structure formed by 

residue i and i+n where (n = 3, 4, 5). Interaction energies between peptide and water, and 

between peptide and peptide, were calculated with NAMD. These include only Van der 

Waals (VdW) and electrostatic (ELE) energies. 
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4.3 Results 

4.3.1 LCST transition is exhibited by a single chain based on analysis of hydration 

properties 

 We analyzed the number of hydrogen bonds (H-bonds) between peptide and water, 

Npw, versus the number of water molecules within the first hydration shell of the peptide 

backbone, Nw (Figure 4.1). The criteria for calculating these two parameters are described in 

the materials and methods section. The length of each ELP sequence, L, is defined to be the 

number of pentamers in each sequence, e.g. (VPGVG)30 has length, L = 30, and 

(GVG)(VPGVG)3 has length, L = 3.5.  

 The overall trend of the data in Npw-Nw space is that as temperature rises, both Npw 

and Nw decrease, indicating less peptide-water interactions. We also observed that for 

peptides with length L=30, the data points in Npw-Nw space are grouped into two distinct 

clusters as seen in Figure 4.1A, indicating a clear temperature-induced transition in the 

hydration properties for a single peptide. This suggests that a single ELP (VPGVG)n 

molecule exhibits an LCST-type transition temperature (Tt) at the points in Npw-Nw between 

two temperature-based clusters. Thus the transition temperature for (VPGVG)30 is 307.5±2.5 

K, Tt for (VPGVG)18 is 332.5±2.5 K, and Tt for (VPGVG)10 is 345±5 K. As we can see from 

Figure 4.1, the separation between the two clusters diminishes as chain length decreases; 

there is no transition when the chain length is too short (L=3.5). This decrease in Tt with 

increasing chain length is the same as that observed in experiments conducted by Meyer et 

al.5, who found that Tt for ELP sequence (VPGVG)n decreases as chain length increases. 
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Meanwhile, our finding that very short ELPs don’t exhibit LCST transitions is supported by 

experimental observations by Nuhn et al.42 who found that ELP sequence (GVGVP) does not 

have an LCST transition temperature when the chain length is shorter than 4 (L<4). 

 

4.3.2 Transition temperatures from simulations and experiments have the same power 

law dependence on length  

 The transition temperature versus chain length data observed in our simulations can 

be compared with experimental data by fitting both sets to power law expressions as shown 

in Figure 4.2. Experimental data on Tt vs. L was obtained from Meyer et al.5 for a series of 

ELP (VPGVG)n sequences with an ELP concentration of 25 µM in phosphate buffered saline 

solution. Fitting their experimental and our simulation Tt values with a power law function Tt 

= c*(length)ν yields very similar values for the exponents for the two curves: ν = -0.65 for 

simulation and ν = -0.63 for experiment. There is a shift in the temperatures of the two fitted 

curves, which could be because of several reasons: the simulations are performed in pure 

water whereas the experiments were conducted in PBS solutions with different types of salt; 

there is a difference in ELP concentration between experiment and simulations; the predicted 

temperatures can be affected by the heating rate or the properties of the water model used in 

simulations. 

 Thus, we see that even though the simulations were performed on a single peptide 

molecule and experiments were performed on multi-peptide systems, there is quantitative 

agreement on the length dependence of Tt between experiments and simulations. This lends 

support to our hypothesis that LCST behavior is reflected in the behavior of a single 
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molecule, meaning that LCST behavior is not only a collective behavior of many molecules, 

but also an intrinsic property within a single peptide. 

 

4.3.3 The hydrogen bonding tendency of each pentamer depends only on the sequence, 

not on the ELP chain length for (VPGVG) sequences 

 Figure 4.3A shows the number of H-bonds between peptide and water, Npw, versus 

temperature. We can see that Npw decreases as temperature increases for ELPs of all lengths, 

indicating that the attraction between peptide and water weakens as temperature increases. 

The slopes of the linear fits to these curves for each length become more negative as the 

chain length increases. Thus, the number of H-bonds between chain and water for the longer 

chains decreases faster as temperature rises than for the shorter chains. One explanation for 

this is that the longer the chain is, the larger its solvent accessible surface area is, and, hence, 

the more water molecules it has in its hydration shell. Therefore, compared to the shorter 

chains, the longer chains have more water molecules to lose from their hydration shells as 

temperature increases, meaning less water will be available to hydrogen bond with the 

peptide. 

 To learn if and how the hydrogen bonding capability of a VPGVG pentamer depends 

on the length of the chain, we divided the slope of the temperature dependent number of 

hydrogen bonds between peptide and water (Npw) by the number of pentamers, which is 

(dNpw(L)/dT)/L. In the inset of Figure 4.3(A) we plotted (dNpw(L)/dT)/L versus chain 

length L and show that  
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dN!" L
dT

1
L ≡

dn!" L
dT = constant          1  

where npw(L) is defined to be Npw(L)/L. Equation 1 shows that each VPGVG pentamer 

loses the same number of H-bonds with water as temperature increases, and that this is 

independent of the ELP chain length. It could be that the temperature-dependent H-bonding 

pattern of ELP with water depends only on the sequence of its basic building block and not 

on the overall length of the chain. Given the connection between Npw and the transition 

temperature, the transition temperatures of ELPs of each length could be associated with a 

collective behavior of all the pentamers within a single chain. 

 Figure 4.3B shows the number of H-bonds between peptide and peptide, Npp, versus 

temperature. We can see that Npp increases as temperature increases for L=18 and 30, 

signifying a stronger intra-molecular attraction for those lengths when temperature rises. 

However, when L≤10，the peptide-peptide hydrogen bonding seems to be independent of 

chain length. This is because a short chain is much more flexible than longer ones, which 

makes it harder to retain peptide-peptide hydrogen bonds. Reference to the inset graph in 

Figure 4.3(B) and using an analysis similar to that used above, we conclude that  

                           
dN!!(L)
dT

1
L ≡

dn!!(L)
dT = constant           (2) 

where npp is the number of intra-molecular hydrogen bonds per pentamer, npp(L)=Npp(L)/L. 

This indicates that each pentamer’s tendency to form peptide-peptide hydrogen bonds as 

temperature increases is approximately the same no matter what the chain length is.  

 Figure 4.4A shows Δnpw, the difference between npwabove (the average of npw over all 

temperatures above Tt), and npwbelow (the average of npw over all temperatures below Tt) per 
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pentamer for all chain lengths. The negative value for Δnpw, -0.93 (in triangles) indicates that 

a pentamer will lose approximately 0.93 peptide-water H-bonds when temperature rises from 

below to above Tt. Similarly the positive value for Δnpp, 0.13 (in squares) indicates that a 

pentamer will gain approximately 0.13 peptide-peptide H-bonds when temperature rises from 

below to above Tt. Our finding that |Δnpw|>|Δnpp| might be because the chain becomes more 

compact as temperature rises from below Tt to above Tt, thus the hydrophobic side-chains 

have more contacts with each other within the peptide. This makes peptide-peptide hydrogen 

bonds harder to form; therefore the increase in npp is not as big as the decrease in npw. 

 In Figure 4.4B, we present a schematic representation of the configurations adopted 

by ELP (VPGVG) at temperatures below and above the transition temperature. When T<Tt, 

the chain is more extended and relaxed and has more peptide-water H-bonds (green) and less 

peptide-peptide H-bonds (magenta) than when T > Tt. 

 

4.3.4 The ELP’s other general properties exhibit transition behavior 

 Table 1 presents the values of a number of properties per pentamer calculated during 

the simulations for peptides of lengths L = 10, 18 and 30. We do not include 

(GVG)(VPGVG)3 since we didn’t observe a transition for that length in our Npw-Nw analysis. 

The table has three sections from top to bottom: average values of properties over all 

temperatures below Tt, average values of properties over all temperatures above Tt, and their 

differences. The last line in the third section contains the average of the differences over all 

lengths.  
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 The solvent accessible surface area (SASA) per pentamer (second column) decreases 

as chain length becomes larger both below Tt and above Tt. This implies that as chain length 

becomes longer, each pentamer will have less opportunity to contact water molecules. This is 

consistent with the values for the interaction energy between hydrophobic side chains per 

pentamer (third column), Ehp/penta. As chain length increases, the interaction energy between 

hydrophobic side chains per pentamer increases with temperature both below Tt and above 

Tt, indicating that the pentamer becomes more hydrophobic. As for the difference between 

the SASA above and below Tt, there is a small increase in SASA as temperature rises from 

below to above Tt for peptides with L=10 (∆=11.63) and a large decrease in SASA for 

peptides with L=18 (∆=-30.80) and 30 (∆=-23.82). The small increase in SASA at L=10 

might be because the small peptide’s structure fluctuates more at high temperatures than that 

of longer peptides. In other words it does not stay as compact as longer peptides do when 

T>Tt, thus the SASA when T>Tt appears to be a little bit higher than when T<Tt. 

 We examined how the numbers of β turns and β strands change with temperature 

below Tt and above Tt. The percentages of β turns per pentamer for chains of different 

lengths below Tt and above Tt (fourth column of the first two sections) decrease as chain 

length increases, indicating that longer chains adopt less β turn structure than shorter ones. 

The percentages of β strands per pentamer (fifth column) also decrease as chain length 

increases, indicating that the chain is getting less ordered as it become longer. However, the 

percentage of β strands per pentamer increases as temperature goes from below Tt to above 

Tt, i.e. Δβstrands/penta > 0 implying that the chain is more ordered above Tt than below Tt. 

Meanwhile, Δβstrands/penta also decreases as chain length increases, signifying that it is more 
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difficult for longer chains to form a more ordered structure as temperature goes from below 

Tt to above Tt than for shorter chains. We examined how the numbers of β turns and β 

strands change with temperature below Tt and above Tt. The percentages of β turns per 

pentamer for chains of different lengths below Tt and above Tt (fourth column of the first two 

sections) decrease as chain length increases, indicating that longer chains adopt less β turn 

structure than shorter ones. The percentages of β strands per pentamer (fifth column) also 

decrease as chain length increases, indicating that the chain is getting less ordered as it 

become longer. However, the percentage of β strands per pentamer increases as temperature 

goes from below Tt to above Tt, i.e. Δβstrands/penta > 0 implying that the chain is more 

ordered above Tt than below Tt. Meanwhile, Δβstrands/penta also decreases as chain length 

increases, signifying that it is more difficult for longer chains to form a more ordered 

structure as temperature goes from below Tt to above Tt than for shorter chains. We compare 

the highest intensity regions on the Ramachandran plot for Val1, Pro2, Gly3, Val4, and Gly5 

on ELPs with lengths L=10, 18 and 30 (Figure 4.5). We find that the location of high 

intensity peaks in the Ramachandran plot have a similar pattern at high and low temperatures 

for all ELPs in this study and are independent of length. At low temperature, Pro2 adopts (-

75°, 150°), Gly3 adopts (83°, 2°) and Gly5 adopts (80°, 0°), which is indicative of Pro2, 

Gly3 and Gly5 adopting type II β turn conformation. Val1 adopts (-130°, 150°) and Val4 

adopts 4 regions (with φ around 130° or 90° and ψ around 150° or -5°), which signifies that 

Val1 and Val4 adopt β strand conformations. At high temperature new regions appear for all 

five residues. Pro2 adopts (-65°, -23°) and Gly3 adopts (-70°, -9°) which is indicative of Pro2 

and Gly3 adopting type I β turn. Val1 adopts (-70°, 140°) and Gly5 adopts (-88°, 148°), 



 

115 

which indicates that Val1 adopts more of a β turn and Gly5 adopts more extended structure 

than at low temperature. At high temperature Val4 has a higher intensity of φ angles of -130° 

than at low temperature, which shows that Val4 adopts more β strand structure than at low 

temperature. Our previous study on (VPGVG)18
47 indicated that the simulation-based 

prediction of the most probable regions on the Ramachandran plot for the different amino 

acid residues agrees well with the SS-NMR studies on (VPGVG)3
55 and 

[(VPGVG)4(VVPGKG)39]56 conducted by Hong et al. and the SS-NMR data for 

(VPGVG)6
57 investigated by Ohgo et al. Thus, the observed most probable regions in 

Ramachandran plot, which are independent of length in our simulations, are in agreement 

with experiments.  

 The values of the interaction energies between pentamer and water (Epw/penta) and 

within peptides (Epp/penta) are shown in the sixth column and seventh columns in Table 1. 

The interaction energies (which include the van der Waals (VdW) and electrostatic (ELE) 

energies) between peptide and water increase (become less negative) as chain length 

increases both below and above Tt. As was the case for the SASA, the reason behind this is 

that as the chain lengthens, more pentamers are buried inside the compact structure, so there 

is less area accessible forsolvent in vicinity of the peptide. This makes for less interaction 

opportunities between peptide and water, which leads to an increase in the peptide-water 

interaction energy. The differences between Epw/penta as temperature increases from below 

to above Tt, ΔEpw/penta, are all positive (fifth column of the third section), meaning that there 

are less interactions between water and peptide as temperatures rises from below to above Tt. 

The difference between Epp as temperature goes from below to above Tt, ΔEpp/penta, for 
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L=18 and 30 reveals that the peptide interacts with itself more as temperature rises from 

below to above Tt. This is also consistent with our result on intra-peptide hydrogen bonding.  

 We investigated the size distribution of the largest water clusters among the 400 

water molecules closest to the peptide (see Figure 4.6). The water cluster is defined to be a 

collection of water molecules that are connected with each other through hydrogen bonding 

but not with peptide. The distributions for all lengths had larger average water network sizes 

and were broader at lower temperatures than at high temperatures, meaning more water 

molecules experience directional forces at low temperatures than at high temperatures. Thus, 

the hydration water is more ordered at lower temperatures than at higher temperatures.  

4.4 Discussion 

 The LCST behavior of ELPs is invariably reported for multiple-chain systems and is 

considered evidence for collective behavior, but we find evidence for property changes 

associated with LCST behavior in a single molecule. A clear transition with temperature is 

observed in ELPs’ hydration properties, more specifically the number of H-bonds between 

peptide and water and the number of water molecules within the first hydration shell of the 

peptide backbone. While LCST behavior is certainly a collective phenomenon and the Tt 

does depend on peptide concentration, our study shows that the seeds for LCST behavior, 

that is the competition between water-water, peptide-water and peptide-peptide interactions, 

are evident at the single molecule level. 

 We systematically investigated the length dependence of LCST behavior of ELPs 

based on the pentamer unit VPGVG for four different lengths (L = 3.5, 10, 18 and 30) by 



 

117 

analyzing their hydration and structure over long molecular dynamics simulations 

trajectories. A clear gap is evident in the space spanned by the number of peptide-water 

hydrogen bonds (Npw) and the number of water molecules within the first hydration shell of 

the peptide backbone (Nw) for all lengths but L = 3.5. This gap, which we identify with the 

LCST transition, was observed by us previously in simulations of L=18 by Li et al 47. We 

confirm this observation here for two other chain lengths. Thus it appears that a single ELP 

molecule (VPGVG)n exhibits a LCST-type transition behavior. Our finding that chain 

(GVG)(VPGVG)3 does not display this behavior is consistent with experimental results on 

very short ELPs but contrary to simulation observations on GVG(VPGVG)43 and 

(GVG)(VPGVG)3 45, which might be related to the length of the simulations.  

 Our simulation results agree well with experimental results regarding the trend in the 

transition temperature with chain length. When the Tt versus length curves are fit to a simple 

power law, the exponents from simulations and experiments are remarkably close. The 

different prefactors of the two curves can be explained by a difference in the conditions at 

which the simulations and experiments are conducted. We have a single molecule in our 

system, which means that the concentration in our system is infinitely low compared to that 

in experiments; in addition our system has zero salt concentration, which might also have an 

effect on the prefactor.  

 Our inability to observe a clear transition with temperature for the shortest peptide 

chain, (GVG)(VPGVG)3 is not surprising. Conflicting results have been reported regarding 

the existence of an LCST for short ELP chains; these may be because the investigators all 

considered different system conditions. Nuhn et al. 42 investigated ELPs of several lengths 
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with the repeating unit (GVGVP) in aqueous NaCl solutions containing 10 mg/mL peptide 

and did not find an LCST for peptides shorter than or equal to (GVGVP)3. The LCST of 

(GVGVP)4 determined by extrapolation of the LCSTs at different salt concentration to zero-

salt concentration is approximately 151 °C, which is quite close to what we get from 

extrapolating our fitted power law function for (GVG)(VPGVG)3. In a simulation study on a 

single chain GVG(VPGVG) 43, Rousseau et al. claimed that the LCST they found was 

approximately 60 °C, a value outside the range of the experimental values. In a much longer 

simulation on GVG(VPGVG)3 45, Krukau et al. reported that the transition temperature of 

this sequence to be 310 K based on analysis of Rg and the size distribution of the hydration 

shell. However, there was no abrupt change in this value as the temperature rose from below 

to above Tt.  

 The observed hydration behavior of ELPs show that as temperature increases, less H-

bonds are formed between peptide and water (Npw), while more H-bonds are formed within 

the peptide itself (Npp). This indicates that water tends to avoid the peptide and the peptide 

tends to interact more with itself as temperature increases.  

 We found that the changes with temperature in the number of H-bonds per pentamer 

between peptide and water and within the peptide did not depend on chain length. Therefore, 

the ability of one pentamer to gain H-bonds between peptide and peptide or to lose H-bonds 

between peptide and water as temperature increases depends only on the sequence not on the 

length of the peptide in which it is embedded. We further investigated the loss and gain of H-

bonds by a single pentamer when temperature rises from below to above Tt, and found that 
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there is close to one H-bond between pentamer and water lost and 0.13 H-bond within 

peptide gained.  

 The percentages of the various secondary structures were calculated. The results 

suggested that the peptide becomes more ordered when temperature rises from below to 

above Tt. Meanwhile, it is harder for the longer chains to be as ordered as the shorter ones 

based on our observation. Peptides became more hydrophobic upon heating according to our 

SASA analysis, which is consistent with our previous investigation 47 for the single chain 

(VPGVG)18. Moreover, the interaction energy analysis indicated that there are less peptide-

water interactions and more peptide-peptide interactions as temperature rises from below to 

above Tt. 

 
4.5 Conclusion 

 There are three major findings in this paper. First, the LCST behavior of ELP 

molecules originates from directional forces, hydrogen bonding; there is no indication that 

the compressibility effects associated with polymer-like behavior contributes to LCST, even 

though some of these chains are rather long (up to 150 amino acids). Second we find strong 

evidence for an abrupt change in ELP properties associated with an LCST-type transition 

temperature in a single molecule; this is a surprise since LCST behavior of ELPs is 

invariably reported for multiple-chain systems and is considered evidence for collective 

behavior. While LCST behavior is certainly a collective phenomenon and the Tt do depend 

on peptide concentration, our study shows that the seeds for LCST behavior, that is the 

competition between water-peptide and peptide-peptide interactions, are evident at the single 
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molecule level. A clear transition with temperature is observed in the ELPs’ hydration 

properties, more specifically the number of H-bonds between peptide and water and the 

number of water molecules within the first hydration shell of the peptide backbone. A third 

finding is that the tendencies of each pentamer within an ELP to form water-peptide and 

peptide-peptide hydrogen bonds as temperature increases is independent of the ELP length.  
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Figure 4.1. Number of hydrogen bonds between peptide and water, Npw, versus number of 
water molecules within the first hydration shell of peptide backbone, Nw. (A) (VPGVG)30, the 
points are grouped into two separate clusters suggesting that Tt is between 305 K and 310 K. 
(B) (VPGVG)18 with Tt between 330 K and 335 K . (C) (VPGVG)10 with Tt between 340 K 
and 350 K also has two distinct clusters. (D) GVG(VPGVG)3 does not have distinct clusters. 
Clusters below Tt are colored red, clusters above Tt are colored blue. The standard deviation 
is based on the time average of each simulation. 
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Figure 4.2. Transition temperature versus chain length from experiment (blue squares) and 
simulation (red triangles) based on Npw-Nw analysis. Both data sets are fitted with power 
function Tt = c*(Length)ν . The coefficient from experiments is Ce = 473.81, and from 
simulations is Cs = 354.93. The exponent from experiments is -0.63, and from simulations is 
-0.65. The simulation Tt value for (GVG)(VPGVG)3 (blue empty square), 157 ˚C, is obtained 
by extrapolating the fitted power function to the length 3.5. 
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Figure 4.3. Number of H-bonds between (A) peptide and water, Npw, and (B) peptide and 
peptide, Npp, versus temperature. Slopes of linear fit of all the curves are shown next to each 
curve. Inset graphs depict the average values of the slope per pentamer for different lengths. 
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Figure 4.4. (A) Difference between the average of npw or npp over all the temperatures above 
Tt and the average of npw or npp over all the temperatures below Tt for each pentamer, Δnpw = 
npwabove-npwbelow, Δnpp= nppabove-nppbelow. (B) Schematic representation of the configurations of ELP 
at temperatures (a) below Tt and (b) above Tt. The peptide backbone is grey, peptide-water 
H-bonds are green and peptide-peptide H-bonds are magenta. Water molecules are 
represented by 3 circles; circles in red are oxygen atoms and in blue are hydrogen atoms. 
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Table 4.1. Summarizing properties of ELPs at lengths (L=10, 18 and 30) averaged over 
temperatures below Tt, above Tt and the difference between them. 
 

Length SASA
penta

!
 Ehp

penta

!

 
%βturn
penta

!

 
%βstrand
penta

!

 
Epw
penta

!

 
Epp
penta

!

 
Npp
penta

!

 
Npw
penta

!

 

General properties of ELP below Tt 

10 345.47 160.98 1.78 0.74 -96.32 -58.42 0.84 6.22 

18 295.69 168.28 1 0.47 -85.04 -57.84 1.07 7.37 

30 280.34 180.54 0.67 0.24 -81.82 -59.6 0.81 5.98 

General properties of ELP above Tt 

10 357.1 157.13 1.79 1.05 -92.83 -56.58 0.82 5.46 

18 264.9 183.53 1.03 0.61 -73.06 -61.84 1.32 6.22 

30 256.51 190.79 0.56 0.35 -70.87 -62.13 0.96 5.11 

Δ = Propertiesabove-Propertiesbelow 

10 11.63 -3.85 0.02 0.31 3.49 1.84 -
0.02 -0.76 

18 -30.8 15.25 0.03 0.14 11.98 -4.00 0.25 -1.15 

30 -23.82 10.26 -0.11 0.11 10.95 -2.52 0.15 -0.86 

Average Δ -14.33 7.22 -0.02 0.19 8.81 -1.56 0.12 -0.93 

The table has four sections: properties below Tt, above Tt , property changes in going from 
below to above Tt , and the average values of the changes. aSolvent accessible surface area 
per pentamer (SASA/penta); binteraction energy between hydrophobic non-backbone atoms 
within peptide per pentamer (Ehp/penta), c,dpercentage of β turn and β strand structure 
(%βturn/penta, %βstrand/penta); e,finteraction energy between peptide and water per pentamer 
(Epw/penta) and interaction energy within peptide per pentamer (Epp/penta); g,hnumber of 
hydrogen bonds within peptide per pentamer (Npp/penta) and number of hydrogen bonds 
between peptide and water per pentamer (Npw/penta).  
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4.8 Supporting Information 

 
Figure 4.5. Ramachandran plot showing peak values for ELP (VPGVG)n of 3 different 
lengths, L=10, 18, 30 at temperature (a) T<Tt and (b) T>Tt. Each region has been circled with 
colors corresponding to residues on different positions. Ramachandran plots of L=10 and 30 
have the same intensity change as (VPGVG)18 in previous report by Li (39). 
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Figure 4.6. Probability distribution of the size Nmax of the largest water network around ELP 
(VPGVG) of three lengths L=(a) 10, (b) 18 and (c) 30. In each figure, three representative 
temperatures are included, a low temperature, an intermediate temperature and a high 
temperature. 
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Figure 4.7. Time autocorrelation function of peptide backbone Cα-Cα bond unit vectors out 
of plane. Relaxation time of peptide backbone vectors can be estimated from time 
autocorrelation profile for (A) (GVG)(VPGVG)3, (B) (VPGVG)10, (C) (VPGVG)18 and (D) 
(VPGVG)30 when it first reaches zero. The releaxation time is less than 35 ns for ELP 
(VPGVG)n of all lengths. 
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A  
(VPGVG)3: 290 K, 300 K, 305 K, 310 K, 320 K. 
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(VPGVG)3: 325 K, 340 K, 350 K, 375 K, 400 K. 
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(VPGVG)3: 450 K, 470 K, 490 K. 
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B 
(VPGVG)10: 300 K, 305 K, 310 K, 320 K, 325 K.  
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(VPGVG)10: 335 K, 340 K, 350 K, 360 K, 375 K.  
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C 
(VPGVG)18: 290 K, 300 K, 305 K, 310 K, 320 K. 
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 (VPGVG)18: 325 K, 330 K, 335 K, 340 K, 350 K. 
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D 
(VPGVG)30: 285 K, 300 K, 305 K, 310 K, 320 K. 
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 (VPGVG)30: 325 K, 335 K, 350 K. 
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Figure 4.8. Radial distribution function of oxygen atoms in water molecules around atoms in 
peptide of different lengths: (a) (GVG)(VPGVG)3 (b) (VPGVG)10 (c) (VPGVG)18 (d) 
(VPGVG)30. The position of the first minimum that each curve reaches are approximately the 
same for all lengths around 2.45 Å, water molecules within this distance to peptide backbone 
atoms are in the first hydration layer, and are used for hydration analysis. 
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Figure 4.9. Secondary structure formation as a function of temperature for turn and β-strand 
structures at different time intervals for (A) (VPGVG)10 (B) (VPGVG)18 and (C) (VPGVG)30.  
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A (VPGVG)10 
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B (VPGVG)18: 
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C (VPGVG)30 
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Figure 4.10. Number of water molecules in the hydration shell of (VPGVG)30 versus 
temperature. 
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Table 4.2. Hydrogen-bonding lifetime for GVG(VPGVG)3, (VPGVG)10, (VPGVG)18 and 
(VPGVG)30 based on two types of hydrogen bonding pairs: N-H group with water and C=O 
group with water at a low temperature (below Tt) and a high temperature (above Tt) 

  

 (GVG)(VPGVG)3 (VPGVG)10 (VPGVG)18 (VPGVG)30 
 NH-wat CO-wat NH-wat CO-wat NH-wat CO-wat NH-wat CO-wat 

Low T 2.21±0.41 6.50±1.35 2.50±0.65 6.15±1.88 2.41±0.77 5.70±1.51 2.27±0.77 5.88±2.28 
High T 1.46±0.08 2.19±0.21 1.87±0.14 3.39±0.49 2.01±0.47 3.57±0.84 2.05±0.42 3.61±0.85 
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CHAPTER 5 

Predicting Phase Diagrams of ELP (VPGVG) Sequences Using Statistical Associating 

Fluid Theory (SAFT) 

Chapter 5 is a manuscript by Binwu Zhao, Steve Benner, Tom Lindeboom, Amparo Galindo, 
George Jackson and Carol K. Hall, in preparation. 
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Abstract 

 Statistical associating fluid theory for potentials of variable range (SAFT-VR) with a 

single square well potential function is used in this paper to predictfull phase diagrams, 

identify the types of phase diagrams, and explain the physical origin of the lower critical 

solution temperature (LCST) behavior of elastin-like polypeptides (ELPs). The SAFT 

parameters are calculated from atomistic simulations, kept the same as in SAFT – VR, or 

equated to parameters from other SAFT-based investigations. Temperature-composition 

phase diagrams of ELP (VPGVG)n sequences in aqueous solution are plotted for n=1 to 300 

and the LCSTs are found. The phase diagrams from SAFT calculations at very low 

concentrations match those measured in experiments. The full phase diagrams of the ELPs 

resemble those of types IV, V and VI, however they are most likely to be type VI which is 

often related to directional forces such as hydrogen bonds. The LCSTs of ELPs decrease as 

the chain length increases and exhibit a power-law dependence on length. LCST behavior 
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ceases when the ELP chain length becomes shorter than (VPGVG)2. The LCSTs of ELPs of 

different lengths increase as the pressure increases and have a linear correlation with the 

pressure. As peptide-peptide and peptide-water hydrogen bonding strengths become weaker, 

the liquid-liquid immiscibility region of the T-x is found to expand, move to lower 

temperatures, and eventually disappear. The T-x diagram goes from type VI to another type 

as the hydrogen bonding strengths become weaker. 
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5.1 Introduction 

 Elastin-like polypeptides (ELPs) are artificial polymer-like polypeptides that contain 

the motif (Val-Pro-Gly-Xaa-Gly)n, where Xaa is a guest residue that can be any amino acid 

except proline and n is the number of pentamer repeats along the chain 1. This unique motif is 

derived from the hydrophobic domain of tropolelastin, elastin’s precursor. ELPs exhibit 

lower critical solution temperature (LCST) behavior 2,3 which means that they are insoluble 

in water when the temperature is above a transition temperature (Tt) resulting in a peptide-

rich phase and a peptide-poor phase, and soluble otherwise 4. The transition temperature of 

ELPs depends on their molecular weight 5-8, and the identity 1 and composition 2 of the guest 

residues, all of which can be precisely controlled 9,10. The transition temperature (Tt) of ELPs 

can also be controlled by varying external conditions such salt concentration 11-14, pressure 

15,16, and pH 17,18. This unique functional feature of ELPs makes them ideal candidates for 

biomedical applications, such as thermoresponsive gels 19, recombinant protein purification 

20-22, drug delivery carriers 23-28, and tissue engineering scaffolds 29,30. 

 One goal of this study is to predict the full phase diagrams of ELPs. The full phase 

diagrams of ELPs have never been predicted and the global minimum of the transition 

temperature, i.e. the LCST, of an ELP of any length, has not been found. In fact, the full 

phase diagrams for aqueous systems of chains of amino acids of any type have not been 

described before. Even though the transition temperatures of ELPs at different conditions 

have been extensively reported 8,31,32, the concentrations of ELPs considered were very 

low33,34, well below the concentration at which the LCST is located. Therefore, to draw the 



 

158 

full phase diagram of ELPs, an investigation of ELP-water mixtures with a much higher ELP 

concentration than the ones used in previous studies is needed.  

 Not only do we want to draw the full phase diagrams of ELPs, we want to identify the 

phase diagram types. As described by Grey and Gubbins 35, phase diagrams can be 

categorized into six different types. Phase diagrams of types IV, V, and VI all exhibit a 

liquid-liquid immiscibility region with a lower critical end point. Type IV phase diagrams 

also have a liquid-liquid immiscibility region with an upper critical end point at low 

temperature, which is different than in types V and VI. In both type IV and type V phase 

diagrams, there is a region where the liquid-liquid phase separation transitions smoothly into 

a gas-liquid phase separation region at high temperature and pressure. Type VI phase 

behavior is always related to the existence of directional forces and has a liquid-liquid close-

loop on the T-x phase diagram.  

 Another goal of this study is to understand the physical origin of the LCST behavior. 

The consensus regarding the LCST behavior for polymer solutions has been that the LCST 

behavior is a consequence of the compressibility differences between solute and solvent 36,37, 

which get accentuated as the solute gets longer. This is often related to type IV phase 

behavior. In contrast, the LCST behavior for low molecular weight mixtures is often 

regarded as due to the existence of directional forces, such as hydrogen bonds. This is often 

related to type VI phase behavior. Most statistical mechanics models only focus on one case 

or the other. In this study we consider a model system, ELPs, where both effects are 

operating. Hence the study of ELP phase behavior, can serve as a framework for unifying the 

two descriptions. Our previous study showed that the LCST behavior of ELPs is attributable 
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to directional forces in the solution, i.e., hydrogen bonds between peptide and water as well 

as between peptide and peptide38. It found evidence that the hydration properties of ELPs, i.e. 

the number of hydrogen bonds formed between peptide and water and the number of water 

molecules within the first hydration shell of the peptide, undergo an abrupt change, as 

temperature goes from below Tt to above Tt. In this study, we explore not only hydrogen 

bonding effects, but also compressibility effects associated with varying the ELP lengths. 

 Statistical associating fluid theory (SAFT) has successfully predicted the LCST 

behavior and phase diagrams of both a hypothetical polymer-water system 39 and a real PEG-

water system 40. Paricaud et al. 39 used SAFT to investigate the liquid-liquid immiscibility 

and the LCST behavior of polymer solutions. They first looked at a system of hard spheres 

(to mimic water) and hard sphere chains (to mimic polymer) and found no evidence for 

liquid-liquid separations regardless of the length of the polymer. When they incorporated 

attractive forces into the model, they did observe liquid-liquid phase separation, but only 

when the polymer was seven segments or longer. The addition of directional forces to the 

system gave rise to LCST and closed-loop behavior, making the mechanism very different 

from that of polymer solutions. Clark et al. 40 studied the closed-loop LCST behavior of 

poly(ethylene glycol) (PEG) in water solutions. In this model, both dispersion forces and 

hydrogen bonding forces were taken into account, resulting in excellent agreement with the 

phase behavior from experiments. The closed-loop immiscibility that they found diminishes 

as the pressure increases and finally disappears when the pressure is higher than a critical 

value. 
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 In this paper, we apply statistical associating fluid theory for potentials of variable 

range (SAFT-VR) 40 to the ELP-water binary mixture system in an effort to predict the phase 

diagrams of ELP (VPGVG)n sequences of different lengths, n. We chose to use SAFT-VR 

because it has been used successfully by others to predict the LCST behavior of PEG – water 

mixtures 40. Dispersion potentials are represented by a single square well in SAFT-VR. The 

parameters are either calculated from atomistic simulations, kept the same as in SAFT – VR, 

or equated to parameters from PC-SAFT41 and RP-SAFT42. We predict the phase diagrams 

for binary mixtures of ELP (VPGVG)n and water for n = 1 to 300 at all ELP mass fractions 

from 0 to 1. As a result, we find the LCSTs of ELP (VPGVG)n sequences of different lengths 

in aqueous solutions. The phase diagrams from SAFT calculations match those measured in 

experiments by Meyer et al. 8 at low concentrations. The full phase diagrams of ELPs 

resemble those that belong to type IV, V, and VI, but more likely type VI because type VI is 

often related to the existence of hydrogen bonds. The LCSTs of ELPs decrease as the chain 

length increases. LCST behavior ceases when the ELP chain length n is less than 2, i.e. 

shorter than (VPGVG)2. The LCSTs of ELPs of different lengths increase as the pressure 

increases and have a linear correlation with the pressure. The predicted dependence of the 

LCSTs of ELPs on their lengths can be described with a power law function. Finally, we find 

that as the peptide-peptide and peptide-water hydrogen bonding strengths become weaker, 

the liquid-liquid immiscibility region of the T-x expands, moves to lower temperatures, and 

eventually disappears. The T-x diagram goes from type VI to type II/III/IV as the hydrogen 

bonding strengths decrease. 
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5.2 Models and Methods  

 The input parameters for SAFT calculations are divided into two categories. The first 

contains the dispersion energies and includes each sphere’s hard-core diameter (σ) and the 

depth (ε) and range (λ) of its square well. The second contains the hydrogen bonding 

energies and includes the hydrogen bonding interaction energy (εΗΒ) and the cut-off radius 

(rHB) for hydrogen bonds.  

The parameters for the SAFT calculations are obtained in a number of ways. The 

parameters for water (both dispersion forces and hydrogen bonding strength) are the same as 

those used in the Clark et al. 40 PEG-water investigation. The parameters for peptide-peptide 

dispersion forces are generated from the trajectories of an explicit-solvent atomistic 

simulation of 16 (VPGVG) chains. A modified iterative Boltzmann inversion scheme is used 

to match the radial distribution function from the coarse-grained simulation to that from the 

atomistic simulation. The parameters for peptide-water dispersion forces (unlike interactions) 

are calculated using a combining rule with an unlike interaction parameter, k12. The peptide-

water hydrogen bonding strengths are calculated from the trajectories of atomistic 

simulations using the method of Chandler and Luzar43. In this method, measurements of the 

hydrogen bonding kinetics are used to determine the hydrogen bond lifetime; the hydrogen 

bonding energy is then calculated by assuming that HB breakage is an Eyring process. The 

Chandler and Luzar method cannot be used to estimate the peptide-peptide hydrogen bonding 

strength because the peptide tends to aggregate in the simulation causing inaccurate results. 

Instead the peptide-peptide hydrogen bonding strength is estimated based on values from 
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other SAFT-based investigations of peptide-water systems by Cameretti et al. 41 and Seyfi et 

al. 42. Below we give detailed descriptions of the SAFT models for water and peptide and of 

the methods used to estimate the various parameters.  

 

5.2.1 Water 

SAFT-VR represents water (component 1) with the Wertheim water model 40 as 

shown in Figure 1. Each water molecule is represented by a single square-well sphere with a 

core diameter of σ11, a square well depth of ε11 and square well range of λ11. There are four 

off-center hydrogen bonding sites on one water molecule, two e sites and two H sites. The 

two e sites represent the electron lone pairs on the oxygen atom in a water molecule; the two 

H sites represent hydrogen atoms in a water molecule. Only e-H hydrogen bonds are 

considered in the calculation; multiple hydrogen bonds at a given site are not allowed. The 

cut-off distance for hydrogen bonds, , and the hydrogen bonding strength, , are the 

same as in SAFT-VR by Clark et al40. Values of these parameters are listed in Table 5.1. 

 

5.2.2 Elastin-like Polypeptides (ELPs) 

 The ELP (VPGVG)n chain (component 2) is modeled as a chain of uniformly-sized 

square well spheres with each sphere representing an amino acid. The hydrogen bonded sites 

on each sphere are explicitly represented as e and H, with e standing for the electronegative 

lone pairs on the oxygen atoms of the backbone C=O group and H standing for the hydrogen 

atoms on the backbone N-H group. Hydrogen bonding sites on the amino acids at each 

terminal, e* and H*, are treated slightly differently in terms of the hydrogen bonding 

rc,11,eH
HB ε11,eH

HB
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interaction energy with water molecules. In the body of the peptide chain, valine and glycine 

have two e sites and one H site, and proline has two e sites but no H site. At the N terminal, 

valine has 2 e* sites and two H* site. At the C terminal, glycine has 3 e* sites and 2 H* sites. 

The hard-core diameter, the square well depth, and the square well range are represented by 

σ22, and λ22, respectively. Peptide-peptide hydrogen bonds all have the same energy, , 

and cut off . 

The values for the dispersion force parameters between amino acid beads are 

generated based on data obtained from the atomistic simulations on a system containing 16 

(VPGVG) chains at 300 K and 6053 water molecules. Simulation details are summarized 

below. Explicit-solvent, atomistic simulation was performed on a system containing 16 

(VPGVG) peptide molecules using GROMACS 5.1.2 with Amber 99SB force field. The 

peptides are initially in linear extended conformations. These 16 molecules were first 

solvated in the box with 6053 SPC/E water molecules with a buffer of 12 Angstroms. The 

simulation was performed at 300 K. The simulation contains the following stages: first, a 

50,000-step minimization was performed on the system using the steepest descent algorithm. 

Subsequently, a short 100 ps NVT ensemble MD run was conducted to achieve target 

temperature 300 K. Then an NPT ensemble MD run was performed on the system using the 

Berendsen thermostat 1 to maintain the simulation temperature. Partial mesh Ewald (PME) 2 

summation was used to calculate the long-ranged electrostatic interactions. The SHAKE 3 

algorithm was used to constrain bonds involving hydrogen atoms. The run time for 

simulations was 100 ns. The HB dynamics analysis was performed using GROMACS 5.1.2. 

ε22 ε22,eH
HB

rc,22,eH
HB
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The first 20 ns of the simulation were discarded, leaving last 80 ns for analysis. The 

trajectory of the simulation was saved every 100 fs.  

We coarse-grain the VPGVG sequence into five sites, one for each amino acid. Each 

coarse-grained amino acid has the same σ22, λ22, and ε22 values, but its mass is the sum of the 

masses of the atoms in that particular amino acid. We used the average atomistic radial 

distribution function, g(r), between each amino acid pair, i.e. between valine and glycine, 

valine and proline, proline and glycine, to calculate the σ22, λ22, and ε22 values. The value of 

σ22 is taken to be the first value of r in the radial distribution function at which the value of 

g(r) is greater than or equal to one. The range of the square well, λ22, was taken to be 1.5 to 

best represent the width of the g(r) peak. This is smaller than the largest value that SAFT 

allows, which is 1.8. The interaction energy between the coarse-grained sites was developed 

using an iterative procedure that matches the radial distribution function from the coarse-

grained simulation to that from the atomistic simulation. This method has been modified for 

application to coarse grained square-well/square-shoulder potentials, and is presented in 

detail in previous work by Benner and Hall 44. The value of ε22 is initially set to zero, and the 

depth of the square-well/square-shoulder is adjusted until the coarse-grained simulation 

results in a radial distribution function that matches the atomistic radial distribution function 

within the region between σ22 and λ22. The values of the parameters σ22, λ22, and ε22 are 

shown in the first three columns in Table 5.2. 

We estimated the values for the hydrogen bonding strengths between amino acid pairs, 

ε22,eH
HB / k  by borrowing parameter values from peptide-water PC-SAFT (Cameretti et al.41) 

and RP-SAFT (Seyfi et al. 42) investigations and then scaling these values to be consistent 
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with the SAFT-VR parameters of Clark et al 40. (Although we initially tried to extract the 

peptide-peptide parameters from our atomistic simulations using Chandler and Luzar’s 

method 43 as we did for the peptide-water interactions, the chains tended to aggregate during 

the simulations, resulting in unrealistically high values of the hydrogen bonding strengths). 

The value of the hydrogen bonding strength between peptide and peptide,ε22,eH
HB / k , in the PC-

SAFT investigation by Cameretti et al. is 1457 K. To find a value of ε22,eH
HB / k  that is 

consistent with SAFT – VR parameters, we multiply the Cameretti et al. PC-SAFT value by 

the ratio, Rpc of the water-water hydrogen bonding strengths in SAFT-VR by Clark et al. 40 to 

that in PC-SAFT by Cameretti et al. 41 (2425.6714 K) is,  

Rpc =
1400.00
2425.6714

= 0.577       (1) 

to obtain ε22,eH
HB−PC / k  = 1457 K * 0.577 = 840 K. The value of the hydrogen bonding strength 

between peptide and peptide in the RP-SAFT investigation by Seyfi et al. is 838.9 K. 

Similarly, the ratio, Rrp of the water-water hydrogen bonding strengths in SAFT-VR by Clark 

et al. 40 to that in RP-SAFT by Seyfi et al. 42 (~1597.7621K) is,  

Rrp =
1400.00
1597.7621

= 0.87       (2) 

By scaling the peptide-peptide hydrogen bonding strength obtained from RP-SAFT with Rrp, 

we get a value ε22,eH
HB−RP / k  = 838.9 K * 0.87 = 729 K. Therefore, we get a rough range of 

hydrogen bonding strengths between amino acid pairs ε22,eH
HB / k  that is between 729 K and 

840 K. In our actual calculation, ε22,eH
HB / k  was further optimized to become 800 K to give a 
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better fit to the experimental results for the T-x diagram for (VPGVG)30 in the low 

concentration region by Meyer et al 8. The value of ε22,eH
HB / k  can be found in Table 5.2. 

 

5.2.3 Water-peptide Interaction 

 Besides the pure component parameters, unlike dispersion parameters also need to be 

specified in order to calculate the phase diagrams of binary mixtures. The unlike diameter is 

calculated by, σ12=(σ11+σ22)/2. Τhe unlike water-ELP square well dispersive attractive 

interaction energy is given by ε12=(1-k12)(ε11ε22)1/2, where k12 is a parameter used to adjust the 

unlike interaction energy between water and ELPs to achieve better liquid-liquid equilibrium 

data. Τhe range of unlike water-ELPs square well dispersive attractive interaction energy is 

λ12=(λ11σ11+λ22σ22)/2σ12. The unlike interaction parameter, k12, is optimized by matching the 

SAFT (VPGVG)30 T-x phase diagram to that measured in experiments by Meyer et al.8, 

resulting in a k12 for (VPGVG)30 equal to -0.367. Then k12 is further optimized for the various 

length ELPs by matching the T-x diagrams from SAFT calculation to those measured in 

experiments using a length dependent k12, 

k12 = −0.367+ 0.001× (
n−30
30

)
     

(3) 

Therefore, k12 is -0.367 for (VPGVG)30, -0.366 for (VPGVG)60, -0.365 for (VPGVG)90, and -

0.364 for (VPGVG)120. 

Hydrogen bonding parameters between peptide body and water and between peptide 

terminal and water also need to be specified. In the SAFT calculation, the hydrogen bonding 

strength between peptide body and water, ε12,eH
HB / k , and between the peptide terminals and 
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water, ε12,(eH )*
HB / k  , are estimated from atomistic simulation and then scaled to make them 

consistent with SAFT-VR by Clark et al. 40. The value of the hydrogen bonding strength 

between water and water in atomistic simulation is 998 K, so the ratio, Rsimulation of the water-

water hydrogen bonding strengths in SAFT-VR by Clark et al. 40 to that estimated from 

simulation is, 

   Rsimulation =
1400.00
998

=1.4   (4) 

. By scaling the water-peptide body hydrogen bonding strength obtained from atomistic 

simulation with Rsimulation, we get a value ε12,eH
HB / k ~1490.68 K. By scaling the water-peptide 

ends hydrogen bonding strength obtained from atomistic simulation with Rsimulation, we get a 

value ε12,(eH )*
HB / k ~1653.14 K. These values are listed in Table 5.3. 

 

5.3 Preliminary Results and Discussion 

5.3.1 T-x diagrams from calculations of SAFT match experimental observations 

 T-x diagrams and lower critical solution temperatures (LCSTs) for (VPGVG)n of four 

different lengths, n=30, 60, 90, and 120, are generated from the SAFT calculations as shown 

in Figure 5.3. The LCSTs for ELPs of all lengths are located at the same ELP mass fractions 

~ 0.89, a mass fraction that is much larger than those considered in previous 

investigations6,8,31. As seen in Figure 5.4, an enlarged view of the LCST region on the T-x 

diagrams for ELPs of all four lengths, the LCST for ELPs get lower as the chain length of the 

ELPs gets longer. This is consistent with previous reports on LCST systems containing PEG 
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and water40, poly(N-isopropylacrylamide) (PNIPAM)5,45 and water, and PEO and water46,47. 

In all of these studies, the LCST of the polymers decreases as their chain length gets longer. 

The LCSTs of the ELPs of different lengths are 195.3 K for (VPGVG)30, 191.7 K for 

(VPGVG)60, 190.1 K for (VPGVG)90, and 189.1 K for (VPGVG)120, all of which are lower 

than the freezing point of water, 273.15K. There are several possible explanations for this. 

First our unlike interaction parameter k12 which was determined by comparing the transition 

temperature of (VPGVG)30 at very low ELP mass fraction with that measured in 

experiments, may be incorrect. Our assumption that the salt concentration in SAFT is zero 

could cause errors since the experiments were conducted in phosphate-buffered saline (PBS) 

buffer, which contains salt, and other components (the most common composition of PBS is 

8.0 g/L of NaCl, 0.2 g/L of KCl, 1.42 g/L of Na2HPO4, and 0.24 g/L of KH2PO4). It also may 

be that this is truly the temperature where the LCST is located. In that case the liquid-liquid 

behavior would likely be metastable compared to a transition to a solid phase. In fact one 

would expect solid phases to appear at such low temperatures in experiments. 

 The T-x diagrams of ELP (VPGVG)n sequences for all four lengths n=30, 60, 90, and 

120 calculated from SAFT match well with those obtained from experiments at low ELP 

mass fraction region (from 0.0 to 0.05) as seen in Figure 5.5. The only discrepancy between 

the LCST from SAFT and from experiment is at very low mass fractions ~ 0.002 for ELPs of 

all lengths where the LCST from SAFT is a little higher than that from experiments. The 

length dependent k12 described by eqn. 3 works well, giving good agreement between the T-x 

diagrams from SAFT and from experiments. 
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Full phase diagrams including the liquid-liquid phase separation region and gas-liquid 

phase separation region are also of interest to us because they can tell us what type of phase 

diagram is occurring. In some cases, the gas-liquid region flows smoothly into liquid-liquid 

region, such as occurs in the high pressure portion of type V phase diagrams and high 

pressure high temperature portions of type IV phase diagram. Full T-x phase diagrams of 

ELP (VPGVG)n sequences of various lengths, n = 10, 30, 60, and 300 are shown in Figure 

5.6. As can be seen in Figure 5.6, the gas-liquid region extends to higher temperatures as the 

chain lengths of ELPs gets longer. The dew point curves of ELPs get closer together as the 

chain length gets longer. This type of phase diagram resembles the type V phase diagram 35, 

in which liquid-liquid and gas-liquid phase separation regions are indistinguishable at high 

pressure. The phase diagram shown in Figure 5.6 also resembles the high temperature and 

high pressure part of type IV phase diagram 48, in which liquid-liquid region flows smoothly 

into the gas-liquid phase separation regions. However, type IV phase diagrams possess a 

liquid-liquid phase separation region with an upper critical end point at low temperature, 

which is not observed in our case. This might also be a type VI phase diagram 35 with a really 

wide liquid-liquid phase separation region that spans from mass fraction of 0 to 1. This is 

quite likely since type VI phase diagrams are often related to systems with directional forces, 

such as hydrogen bonds. 

 

5.3.2 The LCST behavior of ELPs ceases when the chain length is too short 

 We have also calculated T-x diagrams of ELP (VPGVG)n sequences for some very 

short chains. We find that LCST behavior ceases when the chain length is too short, n<2. 
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Figures 5.7 (A) to Figure 5.7 (D) show the T-x diagrams for ELP (VPGVG)n sequences with 

n=1, 2, 3, and 5. Since our SAFT code cannot show a portion of the low concentration 

region, we present a schematic of the T-x diagrams for ELPs of short length in Figure 5.7 

(E). This shows a three phase line at ~ 373 K. The phase diagram shown in Figure 5.7 (E) 

resembles those found in types IV, V, and VI 35. However, it is very unlikely a type IV, 

because type IV usually has a liquid-liquid phase separation region at low temperature with 

an upper critical end point.  

 The liquid-liquid immiscibility region shrinks as described before, as the ELP chain 

length gets shorter. It disappears when the ELP chain length goes from n=2 (10 amino acids, 

Figure 5.7 A) to n=1 (5 amino acids, Figure 5.7 A), which means that the critical number of 

amino acids in an ELP chain below which the LCST behavior ceases is between 5 and 10. 

This is consistent with the Paricaud et al. 39 SAFT study of LCST behavior on model 

polymer solutions. They reported that the LCST behavior ceases when the number of the 

monomers in the polymer is less than or equal to 7, which falls in the 5 to 10 region that we 

found. However, our critical number of amino acids (between 5 and 10) is a little different 

than that reported by Nuhn and Klok 34 who did not observe an LCST for (GVGVP)n 

sequences when the chain length was less than 4 (20 amino acids in the chain). This can be 

explained by taking a closer look at the T-x diagrams at low ELP mass fraction shown in 

Figure 5.7. As seen in the panels in Figure 5.7, as the chain length of the ELPs gets shorter, 

the left-most edge of the liquid-liquid phase boundary moves to higher ELP mass fractions. 

Experiments are always conducted at very low ELP mass fractions, lower than 0.05. As a 

result, it could be hard to measure the LCSTs of ELPs when the chain lengths of ELPs are 
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shorter than n=5 (25 amino acid residues), thus explaining the observations by Nuhn and 

Klok34.  

 

5.3.3 The LCSTs of ELP (VPGVG) sequences have a linear correlation with pressure 

 The LCSTs of ELPs predicted by SAFT are found to increase when the pressure of 

the systems gets larger as shown in Figure 5.8. The L-L immiscibility phase boundaries of 

the (VPGVG)30-water systems are plotted at pressures from 0.1 Mpa to 150 Mpa in Figure 

5.8. As the pressure increases, the entire L-L phase boundary shrinks and shifts upwards to a 

higher temperature, indicating that L-L phase separation becomes harder to achieve as 

pressure gets larger. The diagram also indicates that a higher mass fraction of ELP is needed 

at high pressure to have a L-L phase separation at the same temperature. It also suggests that 

the transition temperature of ELPs gets higher as the pressure increases for an ELP at a fixed 

mass fraction. The T-x diagrams of ELPs (VPGVG)n sequences with n = 60, 90, and 120 also 

exhibit the same type of dependence on pressure. These diagrams can be found in the 

supporting information.  

 The LCSTs of ELPs predicted by SAFT of all lengths considered have a linear 

correlation with pressure as seen in Figure 5.9. The LCSTs of ELP (VPGVG)n sequences at 

n=30, 60, 90 and 120 are plotted against the system pressure from 0.1 Mpa to 150 Mpa. The 

LCSTs of the ELP at each length are fitted by a linear equation with an R2 ~ 0.998, LCST(P) 

= 0.29*P+LCST(0), where P represents the pressure and LCST(0) = 196.13, 192.33, 190.53 

and 189.55 for n = 30, 60, 90 and 120, respectively. This linearity of the LCST on pressure 

agrees well with that observed for binary polymer blends of polystyrene (PS) and poly(vinyl 
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methyl ether) PVME 49 as well as polyacrylaminds (PNIPAAM) and water 50. This suggests 

that the ELP-water systems behave very much like binary polymer-water mixtures. 

 
5.3.4 The dependence of the LCSTs of ELPs on their lengths obeys a power law  

 The LCSTs calculated from SAFT have a power law dependence on their length as 

seen in Figure 5.10. The values of LCSTs fitted against the chain length using LCST = 

211.36*n^(-0.023) have an R2=0.989. This is different than the length dependence of the 

transition temperatures (Tt) of ELPs at very low mole fractions ~25 µM reported 

experimentally by Meyer et al. 8and also found in our simulations 7 where the power law 

function, Tt (°C) = constant*n^(-0.64±0.1), or equivalently Tt (K) = constant*n^(-0.081±0.1). 

However, this is expected because both experiments and simulations are focusing on a 

system with very low ELP mass fraction and the transition temperature is much higher than 

the LCSTs of ELPs. The transition temperatures of ELPs of different lengths at ~25 µM 

(value chosen to be the same as experiments) calculated from SAFT are also plotted against 

the ELP lengths and subsequently fitted with a power law function, Tt(K) = constant*n^(-

0.04), as shown in Figure 5.11.  

  

5.3.5 The changes of liquid-liquid immiscibility region with hydrogen bonding strength  

 It is of interest to explore what kinds of phase diagrams occur as we change the 

strength of the hydrogen bonds. Here we decrease both the peptide-peptide and peptide-water 

hydrogen bonds simultaneously by multiplying them by a value less or equal to 1.0 to 

observe how the T-x phase diagram of (VPGVG)30 changes. The factors by which we 
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multiply the hydrogen bond values are referred to as yHB for short where y is the value of 

the multiplier. The results for factors less then 1 (0.6HB, 0.8HB, 0.9HB, and 1.0HB) are 

shown in Figure 5.12 (A); the liquid-liquid immiscibility region expands and moves to lower 

temperatures as the peptide-peptide and peptide-water hydrogen bonding strengths decreases. 

As can be seen in Figure 5.12 (A), the liquid-liquid immiscibility region expands as the 

hydrogen bonding strengths goes from 1.0 HB to 0.9 HB. As the hydrogen bonding strengths 

further decreases to 0.8 HB, the LCST gets below 100 K and disappears. Moreover, as we 

can see, when hydrogen bonding strengths is 0.6 HB, the liquid-liquid curve breaks up and 

(VPGVG)30 does not exhibit an LCST behavior any more.  

 The liquid-liquid immiscibility region shrinks and moves up to higher temperatures as 

the peptide-peptide and peptide-water hydrogen bonding strengths increase as shown in 

Figure 5.12 (B) for 1.0HB, 1.05HB, 1.07HB and 1.2HB. The liquid-liquid immiscibility 

region shrinks as the hydrogen bonding strengths goes from 1.0 HB to 1.07 HB. As the 

hydrogen bonding strengths further increases to 1.2 HB, the liquid-liquid immiscibility 

region disappear, leaving only the gas-liquid phase separation region on the T-x diagram.  

 Tentatively, we think that the T-x diagram goes from a type VI 35 phase diagram to a 

type II/III/IV phase diagram when the hydrogen bonding strengths goes from 1.0 HB to 0.6 

HB. At this point, we cannot really say what type of diagram occurs when the hydrogen 

bonding strengths is 0.6 HB. However, we do know that varying the strength of hydrogen 

bond causes the T-x diagram to go from type VI to another type.  
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5.4 Conclusions 

 Statistical associating fluid theory (SAFT) is used to predict the phase diagrams of 

ELP (VPGVG)n sequences at four different lengths with n=30, 60, 90, and 120. A molecular 

model of the mixture is developed taking into account the water-water, water-peptide, and 

peptide- peptide dispersion forces and hydrogen bonding strengths. The parameters between 

water and water (both the dispersion forces and the hydrogen bonding strengths) are the same 

as those used in the investigation of PEG-water systems by Clark et al 40. The peptide-peptide 

dispersion forces are calculated from atomistic simulation using a modified iterative 

Boltzmann inversion method appropriate to square well/ square shoulder potentials. The 

unlike interactions between peptide and water are adjusted using a length-dependent unlike 

interaction parameter k12 by matching the T-x diagram to that measured in experiments on 

ELP (VPGVG)n at n = 30, 60, 90, and 120. The hydrogen bonding strengths between peptide 

and water are calculated from atomistic simulation using Chandler and Luzar’s method 43 and 

are subsequently scaled to be consistent with that used in the investigation by Clark et al 40. 

The hydrogen bonding strength between peptide and peptide are estimated by borrowing 

parameter values from peptide-water PC-SAFT (Cameretti et al.41) and RP-SAFT (Seyfi et al. 

42 ) investigations and then scaling these values to be consistent with SAFT-VR by Clark et al 

40. 

The lower critical solution temperatures (LCSTs) of ELPs for all four lengths are 

predicted. They are found to decrease as the chain length of ELPs gets longer, agreeing with 

the trends for other LCST systems, such as PEG-water 40 and PNIPAAM-water 50. The T-x 
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diagrams calculated from SAFT match well with those measured in experiments 8 at very low 

mass fraction regions for ELP (VPGVG)n sequences at four different lengths with n=30, 60, 

90, and 120. The full phase diagrams of ELPs resemble those of types IV, V, and VI, but 

most likely type VI. The LCSTs of ELPs at different lengths depend on both the pressure of 

the system and the ELP lengths. The LCSTs of ELPs are found to linearly increase as the 

pressure of the system gets larger, similar to the phase behavior of other binary polymer 

blends, such as polystyrene (PS) and poly(vinyl methyl ether) PVME 49 and Poly(N-

isopropylacrylamide) (PNIPAAM) and water. The LCST behavior of ELPs ceases when the 

chain length is too short, i.e. shorter than (VPGVG)2. The LCSTs of ELPs also depend on the 

ELP sequence length obeying a power law function which agrees with our previous findings 

using explicit-solvent atomistic simulations even though that simulation study was on a 

single molecule7. Finally, we found that by decreasing the hydrogen bonding strengths, the 

T-x diagram can go from type VI to another type.  
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Figure 5.1. Model of water used in the SAFT calculations. A water molecule is represented 
by a square-well sphere with four hydrogen bonding sites, two type e and two type H. Sites 
of type e represent the electron lone pairs on the oxygen atom in a water molecule; sites of 
type H represent the hydrogen atoms in a water molecule. Only e-H hydrogen bonding is 
considered, multiple bonding at a given site is forbidden. 
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Figure 5.2. Model of ELP (VPGVG) sequence used in SAFT calculation. All amino acids in 
the molecule with sequence (VPGVG)n are represented by square well spheres of the same 
size. Hydrogen bonding sites are assigned to each sphere based on the number of donors and 
acceptors on each amino acid. In the body of the polypeptide, valine and glycine both have 2 
e sites and 1 H site; proline has only 2 e sites. Valine at the N terminal has 2 e* and 2 H* 
sites; glycine at the C terminal has three e* and 2 H* sites.  
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Figure 5.3. The T-x diagrams of ELP (VPGVG)n sequences for four different lengths, n=30, 
60, 90, and 120. The lowest point of each curve is the LCST. The LCST appears at an ELP 
mass fraction ~ 0.89 in solution. 
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Figure 5.4. An enlarged view of the LCST region on T-x diagrams for ELPs in all lengths. 
The LCST is located at approximately the same ELP mass fraction for all lengths.  
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Figure 5.5. Comparison between T-x diagrams calculated from SAFT and T-x diagrams 
measured in experiments8 at very low mass fraction of ELPs. SAFT predictions (empty 
symbols), (VPGVG)30 (black squares), (VPGVG)60 (red circles), (VPGVG)90 (blue triangles), 
and (VPGVG)120 (pink diamonds), experiments (filled symbols).  
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Figure 5.6. The T-x diagrams for ELP (VPGVG)n at lengths, n=10, 30, 60, and 300.  
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Figure 5.7. The T-x diagrams for ELP (VPGVG)n at lengths, n=1 (A), 2 (B), 3 (C), 5 (D) and 
a schematic of T-x diagrams for ELPs of short length (E). 
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Figure 5.8. T-x diagrams of (VPGVG)30 at different pressure from 0.1 Mpa to 150 Mpa. 
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Figure 5.9. LCSTs of ELPs predicted by SAFT plotted against the different system pressure. 
The LCST values (filled symbols), (VPGVG)30 (black squares), (VPGVG)60 (red circles), 
(VPGVG)90 (blue triangles), and (VPGVG)120 (pink diamonds). Dashed lines are the linearly 
fitted lines for ELPs of each length. 
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Figure 5.10. The LCSTs of ELP (VPGVG)n at lengths n=30, 60, 90, and 120 calculated from 
SAFT plotted against their lengths (red squares) at 0.1 Mpa pressure. The fitted equation 
(dashed line) has an R2 of 0.989. 
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Figure 5.11. The transition temperatures of ELP (VPGVG)n sequences at lengths n=20, 30, 
60, 90, and 120 calculated from SAFT plotted against their lengths (red squares) at 0.1 Mpa 
pressure at very low concentration ~25µM. The fitted equation (dashed line) has an R2 of 
0.978. 
  



 

194 

A 

 

B 

 

 

Figure 5.12. T-x diagrams for (VPGVG)30 at hydrogen bonding strengths less than or equal 
to the hydrogen bonding strengths described in the method section (A); at hydrogen bonding 
strengths greater than or equal to the hydrogen bonding strengths described in the method 
section (B). Gas-liquid phase separation region and liquid-liquid immiscibility region are 
indicated by the dashed line. 
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Table 5.1. Pure Component Parameters for Water Model a 

σ11/Å  λ11  Å 

3.03420 250.000 1.78890 1400.00 2.10822 

a Parameters in the first three columns characterize the dispersion forces of the water model: 
the diameter of the spherical core, σ11, the square well depth, ε11, and the range of the square 
well, λ11. Parameters in the last two columns describe the water-water hydrogen bonding 
strength,  and the cut-off distance for the water-water hydrogen bonds . 
  

(ε11 / k) /K (ε11,eH
HB / k) /K rc,11,eH

HB /

ε11,eH
HB rc,11,eH

HB
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Table 5.2. Pure Component Parameters for ELP Model b 

σ22/Å  λ22  Å 

4.295 187.5 1.5 800 3.2 

b Parameters in the first three columns characterize the dispersion forces of ELP model, 
which are the diameter of the spherical core, σ22, the square well depth, ε22, and the range of 
the square well, λ22. Parameters in the last two columns describe the strength of the peptide-
peptide hydrogen bonds, , and the range of the hydrogen bonds, . 
  

(ε22 / k) /K (ε22,eH
HB / k) /K rc,22,eH

HB /

ε22,eH
HB rc,22,eH

HB
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Table 5.3. Unlike (peptide-water) Interaction Parameters c 

k12/Å  Å  Å 

 Eqn. 3  1490.68 2.188 1653.14 2.188 

c Parameters characterizing the unlike interactions between peptide and water are the 
dispersion coefficient, k12, the hydrogen bonds between site e and site H, , the range of 

the hydrogen bonds formed between site e and H, , the strength of the hydrogen bonds 
between e*-H or e-H*, , and the range of the hydrogen bonds between e*-H or e-H*, 

. 

  

(ε12,eH
HB / k) /K rc,12,eH

HB / (ε12,(eH )*
HB / k) /K rc,12,(eH )*

HB /

ε12,eH
HB

rc,12,eH
HB

ε12,(eH )*
HB

rc,12,(eH )*
HB
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5.7 Supporting Information 

 

Figure 5.13. T-x diagrams of (VPGVG)60 at different pressures from 0.1 Mpa to 150 Mpa. 
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Figure 5.14. T-x diagrams of (VPGVG)90 at different pressures from 0.1 Mpa to 150 Mpa. 
  



 

200 

 
Figure 5.15. T-x diagrams of (VPGVG)120 at different pressures from 0.1 Mpa to 150 Mpa. 
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Parameters for SAFT-VR Calculations 

Water-Water Dispersion Forces 

Table 5.4. Summary of water-water dispersion force parameters calculated by different 
routes. 

 σ11/Å  λ11 Ratio(Clark/other) 

Clark et al. 3.03420 250.000 1.78890  
Interactive Boltzmann Inversion 2.585 Not sensitive 1.785  
Single step Boltzmann Inversion User defined 300.0 User defined 0.8333 
Seyfi et al. 2.8499 322.0942 N/A 0.7764 
Cameretti et al. 2.796 353.9449 N/A 0.7063 

 
  

(ε11 / k) /K
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Figure 5.16. Comparison between water-water radial distribution functions g(r) calculated 
from atomistic simulation (black), DMD simulations using hard sphere water model (red), 
and DMD simulations using single square well water model with well depth of -1.0 (ε/k ~ 
300 K).  
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Peptide-Peptide Dispersion Forces 

Table 5.5. Summary of peptide-peptide dispersion forces calculated by different routes. 
 σ22/Å  λ22 Ratio(Clark/other) After Scaling 

Interactive Boltzmann Inversion 4.295 187.5 1.5  187.5 

Single step Boltzmann Inversion User defined 350.07 User defined 0.8333 290.6 
Seyfi et al. a N/A 322.73 N/A 0.7764 250 
Cameretti et al. b N/A 401.6 N/A 0.7063 280 

a The value from Seyfi et al. is calculated by taking a weighted average of the 
dispersion forces of different amino acids based on the proportion of the amino acids in the 
(VPGVG)n sequence. Weighted average = 0.4*331.596 (glycine)+0.2*327.692 
(proline)+0.4*311.376 (valine) = 322.73 

b The value from Cameretti et al. is calculated by taking a weighted average of the 
dispersion forces of different amino acids based on the proportion of the amino acids in the 
(VPGVG)n sequence. Weighted average = 0.4*320 (glycine)+0.2*341.739 
(proline)+0.4*513.124 (valine) = 401.6 K. 
  

(ε22 / k) /K

(ε22 / k) /K

(ε22 / k) /K
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Figure 5.17. Comparison between peptide-peptide radial distribution functions g(r) 
calculated from atomistic simulation (black) and DMD simulations using single square well 
peptide model. The well depth  after iterative procedure is 187.5 K.  
  

(ε22 / k) /K
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Water-Water hydrogen bonding strengths 

Table 5.6. Summary of water-water hydrogen bonding strengths calculated by different 
routes. 

 

 

 

 

 

  

Source  R (Clarks/other) 

Clark et al.  1400.00  

Atomistic Chandler & 
Luzar 

998 1.4 (R) 

Seyfi et al. 1597.7621 0.87 (Rrp) 

Cameretti et al. 2425.6714 0.577 (Rpc) 

(ε11,eH
HB / k) /K
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Peptide-Peptide Hydrogen Bonding Strength 

Table 5.7. Summary for peptide-peptide hydrogen bonding strengths calculated by different 
sources. 

 

 

 

 

 

 

a The ε22
HB / k value from Seyfi et al. is calculated by taking a weighted average of the 

hydrogen bonding forces of different amino acids based on the proportion of the amino acids 
in the (VPGVG)n sequence. ε22

HB−Seyfi / k  = 745.312(glycine)*0.4 + 
1033.332(proline)*0.2+835.34(valine)*0.4 = 838.9272 

b The ε22
HB / k value from Cameretti et al. is calculated by taking a weighted average of the 

dispersion forces of different amino acids based on the proportion of the amino acids in the 
(VPGVG)n sequence. ε22

HB−Cameretti / k  = 1539 (glycine)*0.4+3447 (proline)*0.2+2203 
(valine)*0.4 = 2186 K. Cameretti et al.’s model has ~ 2 hydrogen bonding sites, our model 
has 3. So ε22

HB−Cameretti / k  = 2186*2/3 = 1457 K. 

Source ε22
HB / k  Ratio (Clarks/**) After Scaling 

Clark et al. N/A   

Atomistic Chandler & 

Luzar 
N/A 1.4  

Seyfi et al.a 838.9272 0.87 729 

Cameretti et al. b 1457 0.577 840 
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Peptide-Water Hydrogen Bonding Strength 

Table 5.8. Summary of peptide-water hydrogen bonding strengths calculated by different 
routes. 

 

 

 
 

 
  

Source ε12
HB / k  Ratio (Clarks/other) After Scaling 

Atomistic Chandler& 
Luzar (peptide body-

water) 

1064.77 1.4 1490.68 

Atomistic Chandler& 
Luzar (peptide body-

water) 

1180.81 1.4 1653.14 
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CHAPTER 6 

Conclusions and Future Work 
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6.1 Conclusions 

 In the preceding chapters, we explored the unique phase behaviors of two artificial 

polymer-like polypeptides containing naturally occurring motifs, i.e. elastin-like polypeptides 

(ELPs) and silk-inspired polypeptides. In our first theme, we investigated the stability of 

proposed structures for silk-inspired polypeptides and determined the most probable β roll 

structure for silk-inspired polypeptides. Furthermore, we examined how the stack of silk-

inspired polypeptide unfolds and tentatively proposed a hypothetical folding pathway. In our 

second theme, we investigated the physical origin of the lower critical solution temperature 

(LCST) behavior of ELPs with the sequence of (VPGVG)n. Then we used statistical 

associating fluid theory (SAFT) to draw the phase diagram of ELPs for the purpose of 

finding the true LCSTs of ELPs and identifying the type of phase diagram that ELPs exhibit. 

The major findings from each chapter are summarized below. 

Theme 1 

 Chapter 2. In this chapter, we examined the detailed structure of silk-inspired 

polypeptides with a sequence (GAGAGAGQ)10. A new β roll structure with the hydrophobic 

core is proposed and compared with a previously proposed structure, a β roll structure with a 

hydrophobic shell, via both ground states analysis and atomistic explicit solvent molecular 

dynamics simulation. Our ground states analysis showed that a stack of molecules with 

hydrophobic core configuration is more energetically favorable than a stack of molecules 

with hydrophobic shell configuration. Simulations on systems containing a single molecule 

with hydrophobic core or hydrophobic shell configurations reveal that the core structure is 
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more favorable energetically than the shell structure in that the molecule with hydrophobic 

shell configuration tends to rotate its strands exposing its backbones while the core molecule 

stays in a perfect β roll structure. Moreover, the core molecule contains type II β turns that 

agree well with the solid-state NMR findings on a very similar sequence (GA)15, however, 

the shell molecule does not. Furthermore, the stack of molecules with hydrophobic core 

configuration is observed to have a higher number of intra-molecular hydrogen bonds and a 

higher number of hydrogen bonds between stack and water than those in a stack of molecules 

with hydrophobic shell configuration. Finally, each molecule in the stack has more intra-

molecular hydrogen bonds than when isolated. The stacking of peptides helps stabilize the 

folded structure. 

 Chapter 3. The folding mechanism for the silk-inspired polypeptides and the 

dominant forces (such as hydrogen bonds) in the fibrils formed by the peptides are 

investigated by studying the unfolding behavior of a stack of β roll molecules using atomistic 

accelerated molecular dynamics (aMD) simulation on systems with or without fixed atoms. 

First, we find that the molecules in the system without fixed atoms unfold completely in a 

step-wise fashion under the lowest threshold and that they unfold mainly from the C terminal. 

Second, the molecule on top of the stack cannot unfold completely when the bottom 

molecule is partially fixed under an intermediate threshold, indicating the importance of the 

template in stabilizing the folded structure of a β roll molecule in a stack. Third, lateral 

hydrogen bonds within the bottom layer of the top molecule are stronger than the lateral 

hydrogen bonds within the top layer of the top molecule, signifying that hydrogen bonds are 

strengthened when they are in the layer that contacts the bottom template. As the aMD 
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threshold on the system with partially fixed bottom template is further increased, we find that 

the strands in the β roll molecule on top of the stack tend to form β sheets with other strands 

in both the top molecule and the bottom template. This reveals a “self-healing” property, 

which helps explain the toughness of the fibrils formed in the experiment. 

 

Theme 2 

 Chapter 4. Three major findings are reported and discussed in this chapter. First, we 

find that the LCST behavior of ELP molecules originates from directional forces, in our case, 

hydrogen bonding. The consensus regarding LCST behavior in polymers is that LCST 

behavior is caused by the difference between the compressibility factors of polymer and 

water. We find that this is not the case for ELPs, even though some of the chains we study 

are rather long (150 amino acids). Second, we observe an abrupt change in the hydration 

properties of ELPs of a single molecule associated with a transition temperature. The 

transition temperatures are found in the phase behaviors of a single ELP molecule, though 

LCST behavior is usually regarded as a collective behavior and reported for many systems 

containing multiple chains. Our study shows that the seeds for LCST behaviors of single ELP 

molecules are the competition between water-peptide and peptide-peptide interactions. This 

is identified by a clear transition with temperature in the ELP’s hydration properties, more 

specifically the number of H-bonds between peptide and water and the number of water 

molecules within the first hydration shell of the peptide backbone. Our third finding is that 

each pentamer in the ELP molecule loses ~ 1 hydrogen bond with water and gains ~ 0.2 

hydrogen bond with other pentamers when the temperature rises from below the transition 
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temperature to above the transition temperature. This behavior does not depend on the length 

of the ELPs that each pentamer is embedded in.  

 Chapter 5. In this chapter, we showed preliminary results on using SAFT-VR to 

draw the phase diagram of ELPs in different lengths. Two categories of parameters, 

dispersion force parameters between the same species and hydrogen bonding strength 

parameters between the same species or two different species, are first calculated from 

atomistic simulations, or kept the same as those in SAFT-VR, or estimated from parameters 

used in other SAFT-based investigations. These parameters are then rescaled based on the 

SAFT-VR parameters for water for use in the SAFT calculation. These parameters are then 

optimized based on experimental observations of the transition temperatures of ELPs. For the 

first time, we extend the phase diagrams of ELPs to a much higher ELP concentration and 

locate the LCST of ELPs. By using a length dependent unlike interaction parameter, k12, the 

phase diagrams generated from SAFT have a good agreement with phase diagrams measured 

in experiments at very low ELP mass fraction region. The full phase diagrams of ELPs 

resemble those that belong to type IV, V, and VI, but more likely type VI because type VI is 

often related to the existence of hydrogen bonds. The LCST of ELP (VPGVG) sequences 

slightly decreases as the chain length of ELPs increases. The LCST behavior ceases when the 

ELP chain length n is less than 2, i.e. shorter than (VPGVG)2. The LCSTs of ELPs of 

different lengths increase as the pressure increases and have a linear correlation with the 

pressure. The predicted dependence of the LCSTs of ELPs on their lengths can be described 

with a power law function. Finally, we found that as the peptide-peptide and peptide-water 

hydrogen bonding strengths become weaker, the liquid-liquid immiscibility region of the T-x 
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expands, moves down to a lower temperature, and eventually disappears. The T-x diagram 

goes from type VI to type II/III/IV as the hydrogen bonding strengths decrease. 

 

6.2 Future Recommendations 

 In this dissertation, we have examined two themes, the physical origin of LCST 

behavior of ELPs and the fibril formation by silk-inspired polypeptides. The scope of these 

two themes can be expanded. My recommendations for further research are summarized 

below. 

6.2.1. Exploring Structures of Fibrils Formed by Charged Silk-inspired Polypeptides at 

Different pH 

 In this thesis, we used uncharged sequence (GAGAGAGQ)n to study the detailed 

structure and folding pathways of silk-inspired polypeptides at neutral pH. Experiments using 

charged sequences (GAGAGAGH)n have shown that the fibril formation can be controlled by 

manipulating the pH. The mechanisms behind this on-and-off pH-controlled behavior still 

remain elusive. We will attempt to use both conventional molecular dynamics (cMD) 

simulations and accelerated molecular dynamics (aMD) simulations to investigate how 

changes in pH might affect the structure and the hydration properties of the charged 

sequences. Simulations will be conducted on stacks of molecules at different pH values using 

Amber 14 that is implemented with CpHMD method specifically for explicit-solvent 

constant pH MD simulations 1. Secondary structures, hydration properties, as well as 



 

215 

interaction energies between water and peptide and between peptide and peptide will be 

examined.  

 

6.2.2. Investigating the Effect of Having a Flanking Random Coil Domain on Fibril 

Formation of Silk-inspired Polypeptide 

 Fibrils are based on the stacking of the folded silk-like (GAGAGAGQ)n domains, but 

the molecules considered in experiments often contain a long random-coil flanking sequence 

“C”: (GAGAGAGX)n-C 2. One might think that the C domain would somehow hamper the 

docking and folding, so shortening it or chopping it off would speed up fibril formation. 

However, when the C domain becomes shorter, fibrils are increasingly replaced by small 

clusters, which are probably less well ordered. When the C domain is removed entirely, or 

shortened to 1/6 of its original length, no more fibrils appear (from unpublished work). We 

intend to run simulations on stacks of molecules with both a silk domain and a random coil 

domain to investigate this unique behavior. We will start with a stack of two molecules with 

one of them having the random coil block and see what difference it makes compared with 

our previous simulations on stacks of molecules. Then we will systematically increase the 

length of the random coil block to investigate its effect on the stability of the stack. The 

secondary structure, hydration properties, as well as energetics with be examined to identify 

the impact that the random coil block has on the formation of the fibril. 
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6.2.3 Investigation of the LCST Behavior of ELPs at Different Conditions 

 The transition temperature of ELPs can be modified by many physiochemical means, 

such as changes in pressure, salt concentration, and pH. In chapter 2, we investigated the 

LCST behavior of ELP (VPGVG) sequence in the absence of salt; this might be the reason 

for the difference between the simulation and experimental values of the transition 

temperatures of ELPs in different lengths. By studying the phase behavior of ELPs under 

different conditions, we might be able to determine how the structure and the hydration 

properties of ELPs change with different conditions, thus eventually helping to better design 

ELP sequences with targeted transition temperatures. We will run simulations of ELP 

(VPGVG) sequences at different conditions, i.e., pressures, salt concentrations and pH values, 

over a wide range of temperatures, to observe how the hydration properties of ELPs 

(hydrogen bonding between water and peptide as well as between peptide and peptide) 

change at different conditions. Other properties will also be examined, such as the secondary 

structure of ELPs, the solvent accessible surface area (SASA), the structure of the hydrogen-

bonded water network, etc.  

 

6.2.4 Coarse Graining ELPs to Explore Systems at Larger Length Scales 

 A single ELP molecule at temperatures higher than transition temperature is found to 

collapse with more exposed hydrophobic side chains than at temperatures lower than 

transition temperature in our simulations. In a system with multiple chains, there might be a 

competition between the collapse of a single molecule and the aggregation of many 

molecules, resulting in an aggregation pathway that might be different at different conditions. 
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Coarse graining the ELPs based on our atomistic simulations will help us better explore 

systems with multiple chains. The backbone atoms of each amino acid will be coarse grained 

into three large spheres like the set up in PRIME 20 developed by the Hall lab. The side 

chains of each amino acid will be represented by a different number of beads based on the 

size of their side chains. The continuous potential between each bead will be generated via 

interactive Boltzmann inversion (IBI) and hydrogen bonding strengths will also be specified. 

Simulations will be run on systems containing water and multiple ELP (VPGVG)n chains to 

explore the aggregation pathways.  

 

6.2.5 Using SAFT to Explore Transitions from LCST to UCST 

 ELPs are a unique type of polypeptide that exhibits the LCST behavior. However, 

there are many other polypeptides that exhibit the UCST behavior. In our current study using 

SAFT to predict the phase diagrams of ELPs, we are able to predict the LCSTs for ELP 

(VPGVG) sequences of different lengths. Our next step is to understand the connections 

between the LCST behavior and the UCST behavior and to explore the transitions from the 

LCST behavior to the UCST behavior. This can be investigated by systematically changing 

several important parameters one at a time, parameters like peptide length, dispersion 

energies between peptide beads, unlike interaction parameter k12, hydrogen bonding strengths 

between peptide and peptide and between peptide and water, and the number of hydrogen 

bonding sites on peptide beads. We can then observe what effect each parameter has on the 

phase diagrams and identify the parameter or parameters that have the strongest effect on 

changing the phase diagram from LCST to UCST.  
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