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Peptide conformations are pivotal for biomolecular interactions that determine to a 

great deal biofunctional activities. State-of-the-art experiments provide limited insight 

into molecular scale aspects of the weak interactions of these soft and complex 

macromolecules. This molecular dynamic simulation project utilizes microscopic data 

of directed evolution selected solid binding peptides to provide a fundamental 

understanding of the relationship between sequence, peptide structure and interfacial 

assembly on inorganic surfaces, such as graphene. Specifically, we use enhanced 

sampling computational methodologies to identify dominant structures of two 

peptides with similar sequence. With these dominant structures, we can identify the 

most stable peptide conformations on the mentioned inorganic substrate surfaces with 

relative orientational relationships and interactions that provide us with the necessary 

input to predict the patterning structure of single peptide phases, as well as immiscible 
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phase mixtures. 
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Chapter 1. INTRODUCTION 

Since the discovery of graphene, an atomically thin sheet of sp2 hybridized carbon1, 

two-dimensional conducting materials have become of prominent interest for 

advanced bioelectronic and biomedical applications2 such as diagnostics, drug 

delivery, and imaging. They possess exceptional electronic properties and are well 

suited for the development of highly sensitive and selective biosensors when paired 

with biomolecular adlayers3. Additionally, the molecular structure of the bio-nano 

interface is the key to define biodevice functionality. For instance, specific binding 

orientation provides signal transduction across the surface, while different orientations 

will block pathways and reduce the efficiency of the transduction. By manipulating 

the biomolecular orientation, conformation, and assembly structure of the adlayer, 

device functionality and performance can be fine-tuned4.  

A promising method to control molecular structure of the bioelectronic interfaces is 

self-assembly, which harnesses solid-binding peptides to self-assemble into ordered 

nanostructures. Christopher R. So et al. have discovered peptide assembly process on 

pyrolytic graphite5. The assembly mechanism can be separated into two sections, as 

shown in Figure 1. One is surface aggregation, which includes peptide binding and 

diffusion. The other is densification and ordering, involving self-assembly process.  
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Figure 1. Schematics of the peptide self-assembly process on graphene: (i) 

aggregation involving binding, diffusion, and clustering processes and (ii) ordering 

involving self-assembly. 

 

Polypeptides investigated in our group were GrBP5, selected combinatorically from 

millions of polypeptides for their relative binding strength to a wide variety of 

inorganic materials. For highly oriented pyrolytic graphite (HOPG), we found the 

wild-type sequence IMVTESSDYSSY (dubbed GrBP5-WT) one of the strongest 

binders of HOPG with a binding affinity and conformity that leads to organized self-

assembly, as shown in Table 1. Inspired by this finding, we have exhaustively studied 

the mechanisms for conformationally mediated self-assembly of GrBP5-WT and its 

mutants, GrBP5-M26 to explore the effect of increased aromatic content, and, SS-

GrBP5, which was chosen to explore assembly variations with only subtle chemical 
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differences7. Based on our scanning force microscopy (SFM) studies, we found that 

GrBP5-WT and SS-GrBP5 exhibit distinctly different self-assembly structures, Figure 

2. Based on its amino-acid sequence, SS-GrBP5 is more hydrophilic than GrBP5-WT 

while maintaining the amphiphilicity of GrBP5-WT. SFM scans, Figure 2, reveal 

similarly ordered, long nanowire-like self-assembly structures for both GrBP5-WT 

and SS-GrBP5 on HOPG. 

Recently, the fabrication of binary assembled peptide has been attempted8. Two 

sequence differing peptides which can form ordered surface structures allow tuned 

mixed surface assembly with designed functionality9. As illustrated with GrBP5-WT 

and SS-GrBP5 peptides, Figure 2), one can infer that the wealth of peptide sequence 

space allows for the facile implementation of a great multitude of substrate and 

process tailored biomolecular self-assembly systems. As the co-organization of 

disparate materials into hierarchically assembled constructs is key to developing 

functional nano- and biotechnologies, it is only prudent to investigate co-assembly of 

peptides that have shown to be individually good assemblers for a chosen substrate. 

For that reason, we investigated the 50:50 mixture of GrBP5-WT and SS-GrBP5, and 

found them to co-assemble, Figure 2, however, revealing assembly patterns of distinct 

differences compared to the individual phase assemblies (Figure 2). The nanowires in 

the mixture are visibly shorter and narrower than that in the single phases. Our group 
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member, Jorgenson, T. D., has observed that GrBP5-WT and SS-GrBP5 are 

immiscible and grow their long-range ordered structures competitively in the binary 

mixture10. We assume that these distinctions in structures result from different 

intermolecular interactions.  

 

 

Figure 2. Self-assembled structure resulting from 2 μM (a) GrBP5-WT, (b) SS-

GrBP5, and (c) 50:50 mixture of GrBP5-WT and SS-GrBP5 incubated on HOPG 

for 2 hours. All images are the same scale. 

 

Table 1. Chemical information of GrBP5-WT and SS-GrBP5.  

Name Sequence MW GRAVY 

GrBP5-WT IMVTESSDYSSY 1381.5 -.242 

SS-GrBP5 SSIMVTESSDYSSY 1555.6 -.321 

The molecular weight (MW) in Daltons and the grand-average hydropathy (GRAVY). Color coding 

of the peptide sequence is as follows: green, hydrophobic; red, negatively charged; orange, 

hydrophilic; and blue, aromatic. 

 

While the experimental study provides great insight into the binary peptide assembly 

of GrBP5-WT and SS-GrBP5, it leaves open details about the molecular co-

arrangement that is essential to understand the interplay between substrate atomistic 

structure, peptide sequences and conformations for given solution and thermodynamic 
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properties.  

These open questions set the preamble for this thesis that is set out to investigate 

theoretically, based on molecular dynamic simulation, the molecular arrangement of 

the two identified polypeptides on graphene. We chose graphene over HOPG for 

reason of strong similarity regarding the surface atomistic structure, simplicity, as 

well as, its potential as extraordinary electronic material in the field of bioelectronics. 

Towards an improved understanding of the molecular self-assembly arrangement of 

GrBP5-WT and SS-GrBP5, we thoroughly investigate the molecular alignment of the 

peptides in both single phases, in correlation with the experimental SFM results. 

Specifically, we first determine the most preponderant peptide conformation in the 

solvent, then find the most likely orientation of the peptides in regards of graphene, 

followed by exploring the intermolecular interactions between peptides while binding, 

and consequently, determine the most likely angular relative arrangement of the 

peptides with the graphene lattice. Lastly, we explore the molecular assembly pattern 

that yields the angular relationships of the nanowire structures of the phase assemblies. 

The tools used for these tasks are enhanced conformational sampling for determining 

the most dominant peptide conformation, classical molecular dynamics (MD) 

simulation of single peptide system for proposing the most likely orientation of 

peptides, and classical MD simulation of duo-peptides system for investigating the 
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intermolecular interactions between peptides. 

Enhanced conformational sampling techniques are used explore the vast 

conformational space of a physical or chemical complex system. Thereby, 

metadynamics (MetaD)11 is one of the most notable enhanced conformational 

sampling methods employed in computational physics, chemistry and biology. In 

MetaD, Gaussian potentials are added to the free-energy landscape repeatedly during 

the molecular dynamics simulation. The bias potential at time t is12: 

𝑉(𝑠, 𝑡) =  𝜔 𝑒𝑥𝑝 [− ∑
(𝑠𝛼 − 𝑠𝛼(𝑡))

2

2𝜎𝛼
2

𝑁𝐶𝑉

𝛼=1

] (1. 1) 

𝜔 =
𝑤𝐺

𝜏𝐺
(1. 2) 

where 𝜎  is the preassigned Gaussian width, 𝜔  is the deposition rate, 𝑤𝐺  is the 

preassigned Gaussian height, and 𝜏𝐺  is the Gaussian deposit stride. When the bias 

potential is scaled down by a factor of 𝑒
−

𝑉(𝑠(𝑡),𝑡)

𝑘𝐵∆𝑇 , equation 1.1 can be modified to: 

𝑉(𝑠, 𝑡) =  𝜔 𝑒𝑥𝑝 [−
𝑉(𝑠(𝑡),𝑡)

𝑘𝐵∆𝑇
] 𝑒𝑥𝑝 [− ∑

(𝑠𝛼−𝑠𝛼(𝑡))
2

2𝜎𝛼
2

𝑁𝐶𝑉
𝛼=1 ] (1. 3)  

where 𝑘𝐵  is the Boltzmann constant, ∆𝑇  is an input parameter measured in 

temperature units. In equation 1.3, the bias potential is evaluated at the same point 

where the Gaussian is centered. Hence, the simulated system can spend more time on 

deeper wells and less time on the border of the explored region. This modified method 

is known as well-tempered metadynamics (WTMetaD)13,14. In MetaD, these added 

Gaussians discourage the system from revisiting visited configurations in the 
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collective variable (CV) space. Thus, the simulated system can be pushed toward 

every metastable state in the free-energy landscape, determining the most stable 

conformation. With the most stable conformation as the starting point, classical MD 

simulation can be performed to estimate further peptide properties. 

In light of what was said above, and discussed in greater detail in the following 

chapters, we begin our computation with sampling the peptide conformational space 

to acquire a valid starting point for MD simulations. In the literature, rigorous GrBP5-

WT adsorption sampling has been performed using statistical analysis15. With 

WTMetaD sampling method, we investigate with high efficiency the most prominent 

peptide conformations in solution for the two peptides. Furthermore, to improve our 

understanding of the intricacy of the protein conformations in solution, small 

sequence differences and self-assembly behaviors, we examine two specific peptide 

properties, namely, the orientation and conformation. First, we determine the peptides’ 

preferred orientations16 with respect to graphene via classical MD simulations. 

Second, we investigated the stability of stable conformations of graphene-binding 

peptides using change of center of mass of peptides with time17 and root mean square 

difference (RMSD) of atomic positions18,19. The experimental methodologies that 

were used in this thesis are described in greater detail in Chapter 2. The results and 

discussion follow in Chapter 3. Chapter 4 will summarize this work and provide and 
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outlook on how to proceed based on the findings in this thesis.  
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Chapter 2. EXPERIMENTAL METHODS 

2.1 Computational system 

All simulations were performed via the GROMACS software20, PLUMED plugin21, 

CHARMM27 force field22 for the peptides and buffering ions, and the TIP3P model23 

for water. Protein Data Bank (PDB) files were built through UCSF Chimera24. A 

graphene sheet is constructed to be 46 × 55 Å2  using the built-in Nanostructures 

generator. All simulations were performed at 295 K, pH 7 and used right-angle 

parallelepiped simulation boxes with periodic boundary conditions. Integration was 

done using a Verlet algorithm25. Energy minimization of vacuum structure was done 

using a steepest descent algorithm for 5000 steps. After that, solvent was added to the 

peptide-graphene system followed by counterions addition which makes the net 

charge of the system neutral. The solvated system was relaxed again by performing 

5000 iterations of steepest descent algorithm. The system was then equilibrated using 

NVT ensemble (constant number of particles, volume, and temperature) for 2.5 ps 

with the velocity rescaling thermostat26 and time step of 2 fs followed by MD 

simulation.  
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2.1.1 WTMetaD simulation 

WTMetaD simulations were performed using only radius of gyration of peptide as a 

collective variable. The peptide structure was oriented 10 Å  above the graphene 

surface. The distance between the graphene sheet and the periodic boundary was 5 Å  

in the z-direction. WTMetaD simulations ran until convergence, which is 400 ns for 

WT and 300 ns for SS-GrBP5. A Gaussian is deposited every 500 time steps in 

WTMetaD. The Gaussian hill’s height and width is set to 2.0 kJ/mol and 0.01 nm 

respectively, whereas the biasfactor is set to 10.  

2.1.2 Classical MD simulation 

After WTMetaD reached convergence, the most stable adsorbed conformation on 

graphene was extracted and used as the starting point for classical MD simulations of 

single peptide system. The most dominant adsorbed structure obtained from single 

peptide simulation was then combined and applied to classical MD simulations of 

duo-peptides system. All classical MD simulations ran 100 ns. 
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2.2 Clustering algorithm 

2.2.1 Gromos clustering algorithm 

In WTMetaD simulations, we clustered peptide structures using the Gromos 

clustering algorithm27 with a backbone RMSD cutoff of 2.0 Å . The Gromos algorithm 

takes a structure with the most neighbors within the given cutoff value as a cluster and 

identifies the center structure of each cluster. When the largest cluster is identified, it 

is eliminated from the pool of clusters. The process is repeated until all structures are 

distributed into clusters.  

2.2.2 Ensemble clustering algorithm 

For classical MD simulations, we applied an ensemble clustering algorithm using 

UCSF Chimera28. The ensemble clustering algorithm calculates RMSD by pairwise 

superposition of all structures. It merges two nearest clusters into a single cluster until 

reaching the minimum value of the penalty function, which is the cutoff point. Once 

the cutoff value is determined, it identifies the structure closest to the cluster centroid 

as the representative structure. 
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Chapter 3. RESULTS AND DISCUSSION 

3.1 Conformational sampling 

To identify representative conformation of both peptides as our starting point for 

classical MD simulation, we performed WTMetaD simulations using radius of 

gyration of both peptides as a collective variable. Because Gaussian potential was 

added to the energy landscape of the system repeatedly during the simulation, we had 

to determine when the WTMetaD simulations were converged. After WTMetaD 

simulations achieved convergence, we could extract the most stable adsorbed 

conformations for both peptides to run classical MD simulations. 

3.1.1 Convergence analysis 

When the system explores the full energy landscape, the change of free energy of 

adsorbed state approaches the value of thermal fluctuation as time evolves. In order to 

determine convergence of WTMetaD simulations, we calculated range of free 

energies for the last 10% of total simulation time. When WTMetaD simulations 

reached convergence, the range of free energies should be within the value of thermal 

energy kBT (2.45 kJ/mol). Figure 3 shows free energy of adsorption as a function of 

simulation time for both peptides. As shown in Figure 3, range of free energies for the 
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last 10% of total simulation is 2.06 kJ/mol for GrBP5-WT. The range is close to the 

value of thermal energy, meaning it could just achieve convergence. On the other 

hand, in Figure 3, range of free energies for the last 10% of total simulation is 0.29 

kJ/mol for SS-GrBP5. The range is apparently smaller than the value of thermal 

energy, showing the simulation is not influenced by thermal effect greatly. Finally, the 

total simulation time for WT is 400 ns, and that for SS is 300 ns. We then clustered 

simulation results using the built-in Gromos clustering algorithm in the GROMACS. 

 

 

Figure 3. Time series of the free energy of adsorbed state at 295K, showing the 

convergence of (a) GrBP5-WT (b) SS-GrBP5. Insets show range of free energies for 

the last 10% of total simulation time. 

 

3.1.2 Reweighted clustering analysis 

Since both metadynamics simulations are converged, we can plot the free energy as a 

function of the collective variable, which is here the radius of gyration, as shown in 

Figure 4, and identify the most stable conformations for two peptides respectively. We 

observe that there are three evident wells for both peptides, implying that both 
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peptides have three stable states. Theoretically, among these stable states, the most 

stable one should have the lowest free energy in the energy landscape, which is 

denoted by the black line in Figure 4.  

For both peptides, we first clustered the conformational space to carry out a 

reweighted clustering analysis. The clusters with the lowest free energy in their 

adsorbed states are identified. Within these clusters, we then determined the 

representative peptide conformations. Clusters were identified for both peptides 

(Number of clusters: GrBP5-WT: 1378; SS-GrBP5: 1307) as shown in Appendix 2. 

GrBP5-WT having more clusters than SS-GrBP5 shows that GrBP5-WT is more 

flexible than SS-GrBP5. We computed free energies as a function of cluster index 

instead of radius of gyration of peptides so we could decide the cluster with the lowest 

free energy among all clusters. Figure 5 provides the free energy of each cluster for 

both peptides. As the cluster index increases, the number of structures within each 

cluster decreases. In Figure 5, we can identify the most stable conformations for 

GrBP5-WT in cluster number 23, whilst in Figure 5, the most stable conformations 

for SS-GrBP5 are found in cluster number 1. We extracted representative 

conformations of the two clusters and computed the radius of gyration of them, which 

are highlighted with orange lines in Figure 4. Clearly, the representative conformation 

with the lowest free energy (yellow line) is highly close to the stable conformation in 
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theory (black line) for both peptides, suggesting the two conformations we obtained 

are the most stable ones. Figure 6 shows the most stable conformation for both 

peptides separately. Subsequently, we chose these two conformations as the starting 

point for classical MD simulations of single peptides to visit all possible peptide 

conformations. 

 

 

Figure 4. Free energy as a function of radius of gyration for (a) GrBP5-WT (b) SS-

GrBP5. Black line: theoretically stable conformation; Orange line: stable 

conformation of the cluster with the lowest free energy. 

 

 

Figure 5. Free energy of (a) GrBP5-WT (b) SS-GrBP5 for each cluster index. Free 

energies were computed from metadynamics (MetaD). 
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Figure 6. The most stable conformations for GrBP5-WT and SS-GrBP5. 

 

3.2 Single-peptide system 

We ran 100 ns classical MD simulations of single peptide systems for both peptides. 

Then, we clustered them using the built-in ensemble cluster method on Chimera to 

obtain peptide properties such as the dominant structures and peptide orientations. 

The information obtained from single peptide MD, was then used to investigate same 

peptide pairs (GrBP5-WT and SS-GrBP5). We further investigated peptide-peptide 

interactions from classical MD simulations of duo-peptides system. 

3.2.1 Stability analysis 

The time trajectory of RMSD illustrates the peptide structure deviation from a 

reference structure over time. Figure 7 shows time series of RMSD of atomic 

positions relative to the most stable structures for both peptides. Backbone RMSD for 

both peptides increases drastically at the beginning and keeps fluctuating in the 

classical MD simulation. That is, as soon as the simulations begin, the most stable 

structures of both peptides start undergoing conformational changes. More dramatic, 
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as shown in Figure 7, the RMSD value of GrBP5-WT has a violent fluctuation for the 

first 10 ns, indicating that the starting conformation of GrBP5-WT simulation is not 

steady. We will discuss the unsteady conformation in terms of convergence of GrBP5-

WT WTMetaD in greater detail later in the outlook section of Chapter 4. 

 

 

Figure 7. Backbone root-mean-square deviation (RMSD) of atomic positions relative 

to the structure present in the minimized and equilibrated system: (a) GrBP5-WT (b) 

SS-GrBP5. 

 

3.2.2 Orientation analysis 

The molecular orientation of the single peptides in respect to the atomistic structure of 

the graphene substrate is one of the pivotal parameters for the self-assembly 

organization into organized domains. In Figure 8, two graphene directions are 

highlighted, namely the zig-zag and the armchair direction. The nanowire-like 

orientations of the domains identified in the SFM plots of Figure 2 for GrBP5-WT 

and SS-GrBP5 are found to divert by 1° ± 7° and 22° ± 6° from the zig-zag direction, 
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respectively.  While GrBP5-WT nanowires assemble very closely along the zig-zag 

direction, SS-GrBP5 wires are more closely aligned, with a 8° ± 6° offset angle, to the 

armchair direction. As the two peptides showed excellent co-assembly in the 50:50 

mixture, Fig. 2c, and the finding that each assembly domain is pure (i.e., mixing does 

not occur on a molecular level29), the molecular orientation of the single molecules 

(GrBP5-WT and SS-GrBP5) prescribe the complementary molecular assembly 

directions of the two phase domains on graphene. 

 

 

Figure 8. Nanowire-like domain orientations (blue) of GrBP5-WT and SS-GrBP5 

contrasted to the zig-zag vector of graphene. 

 

We set out to investigate the peptide orientations from a molecular perspective using 

classical MD simulations. By employing the ensemble clustering algorithm on UCSF 
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Chimera, we identified the average representative structures of the first two clusters 

for both peptides, as depicted in Figure 9. We then chose the long axis in the peptides, 

which is the N-C bond, to determine the peptide orientations with respect to the zig-

zag vector of graphene, as revealed in Figure 9. The angle between the GrBP5-WT 

molecule and zig-zag vector of graphene is 37.9°  for cluster 1, and 42.4°  for the 

cluster 2, as indicated in Figure 9. On the other hand, the angle between the SS-

GrBP5 molecule and zig-zag vector of graphene is 51.3° for cluster 1, and 39.5° for 

the cluster 2, as shown in Figure 9. Table 1 provides an orientation comparison 

between the SFM experiment and our simulation. As the N-C bond orientation was 

arbitrarily chosen to express the molecular orientation on the substrate, we cannot 

directly compare the experimental angles of the domains with the angles obtained 

from the molecular energy optimization presented in Figure 9.  

To explore how our MD simulation fits the experimental domain structure, we 

inspected packing structures starting with surveying the periodic unit cell. We 

computed the average periodic unit length (5 nm) and width (5 nm) within peptide 

assembly from the SS-GrBP5 fast-Fourier Transform (FFT) filtered friction plot 

against nanowire distances, as shown in Figure 10. Using average structures of cluster 

1 of both peptides, the most likely periodic unit cell structure for GrBP5-WT, based 

on aromatic-aromatic (yellow box) and hydrophobic (green box) interactions, and for 
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SS-GrBP5, based on aromatic-aromatic (yellow box) and hydrophilic (red box) 

interactions, and for the 50:50 mixture, based on aromatic-aromatic (yellow box), 

hydrophilic (red box) and hydrophobic (green box) interactions, were obtained, Figure 

11. According to the peptide self-assembled structures (Figure 2) and the periodic 

units in Fig. 10, we provide in Figure 12 a conceivable patterning structures over an 

extended area (100 nm × 25 nm) for GrBP5-WT, SS-GrBP5. Considering that the 

50:50 mixture of SS-GrBP5 and GrBP5-WT is immiscible on a molecular level, we 

present in Figure 13, a phase mixing pattern that matches the experimental data, while 

keeping the molecular orientations and unit cell structures intact. As we will discuss in 

the Chapter 4, the periodic units within these structures will require future multi-

peptides simulations. 
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Figure 9. The orientation of N-C bond of the first two clusters with respect to the zig-

zag direction of graphene: (a) GrBP5-WT (b) SS-GrBP5; (c) GrBP5-WT average 

structures of cluster 1 and cluster 2 (d) SS-GrBP5 average structures of cluster 1 and 

cluster 2. 

 

Table 2. Orientation comparison between experiment and simulation 

 GrBP5-WT 
(deg) 

SS-GrBP5 
(deg) 

Difference 

Experiment 1 +/- 7 22 +/- 6 23 +/- 13 

Simulation 
 (cluster 1) 

37.9 51.3 13.4 

 

 
Figure 10. SS-GrBP5 FFT filtered friction as a function of distance (a) along 

nanowires (b) between nanowires. The distance between dashed lines corresponds to 

the average periodic unit length (width) within the peptide assembly. 
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Figure 11. Proposed periodic unit of (a) GrBP5-WT (b) SS-GrBP5 (c) 50:50 mixture 

of SS-GrBP5 and GrBP5-WT within peptide assembly on graphene. Boxes show 

interactions between adjacent amino acids. Color coding of boxes is as follow: yellow: 

aromatic-aromatic interaction; green: hydrophobic interaction; red: hydrophilic 

interaction. 

 

 
Figure 12. Proposed patterning structures of (a) GrBP5-WT (b) SS-GrBP5. 
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Figure 13. (a) AFM image (b) proposed patterning structure of co-assembly of SS-

GrBP5 and GrBP5-WT. 

 

3.3 Duo-peptides system 

To investigate the interaction between peptides, we constructed three kinds of duo-

peptides system, (1) GrBP5-WT and GrBP5-WT (WT-WT); (2) SS-GrBP5 and SS-

GrBP5 (SS-SS); (3) SS-GrBP5 and GrBP5-WT (SS-WT), using structures of cluster 1 

obtained from single peptide system, and then ran 100 ns classical MD simulations of 

duo-peptides system. 

3.3.1 Intermolecular interaction analysis 

We computed distance between center of mass (COM) of peptides in the duo-peptides 

system to identify interaction between peptides during the classical MD simulation, as 

shown in Figure 14. In Figure 14, the distance between COM of SS-SS illustrates a 
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small fluctuation around 10 ns and the range from 60 ns to 80 ns (shown in the red 

boxes), indicating SS-SS interacts with each other while binding with the graphene 

substrate.  
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Figure 14. Distance between COMs in duo-peptides system: (a) WT-WT (b) SS-SS (c) 

SS-WT. Red squares show the area with small fluctuations. 

 

Also, there are two small fluctuations for WT-WT around 30 ns and 60 ns (shown in 

the red box) in Figure 14, showing the WT-WT system exists intermolecular 
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interactions. Comparing the COMs of the mixture to that of the single peptide system, 

there are always large fluctuations in the distance between COM of SS-WT during the 

whole simulations (Figure 14), suggesting the interactions between SS and WT are 

not obvious. The inconspicuous intermolecular interactions between the mixture 

indicate GrBP5-WT does not interact with SS-GrBP5 in the mixture. It implies 

interactions between WT-WT and between SS-SS are much stronger than interactions 

between WT-SS in the proposed patterning structure of mixture (Figure 12). Thus, the 

self-assembly process in the mixture can be divided into two parts, GrBP5-WT self-

assembly and SS-GrBP5 self-assembly. These two assembly processes grow their own 

ordered structures competitively, supporting the shorter and narrower assembly 

structures of the SS-WT mixture (Figure 2c). 
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Chapter 4. CONCLUSION AND OUTLOOK 

Motivated by experimental observations of different peptide conformations resulting 

from similar peptide sequence, we set out to investigate on a molecular scale of 

peptide properties and interactions between peptides. To summarize, we first used 

well-tempered metadynamics (WTMetaD) to enhance the conformation sampling of 

our simulations. We then applied the Gromos clustering algorithm to WTmetaD 

simulation data and demonstrated the peptide conformations of the most stable cluster 

for GrBP5-WT (WT) and SS-GrBP5 (SS). These most stable conformations were the 

starting point for classical molecular dynamics (MD) simulations of single peptide 

system. In the single peptide system, the varying values of RMSD of atomic positions 

during classical MD simulations mean that the two conformations we extracted from 

WTMetaD were unstable. We later clustered single peptide simulation data, chose 

structures of the first two clusters, and showed orientations of these structures with 

respect to zig-zag vector of graphene. The angle difference between WT and SS from 

experiments is 23° ± 13° , and that from simulations is 13.4° . Combining friction 

images (Figure 10) and average structures of cluster 1, where most conformations are 

(Figure 9), we proposed periodic units for WT, SS, and 50:50 mixture of SS and WT 

(Figure 11). Based on peptide self-assembled structures (Figure 2), nanowire 
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orientations (Figure 8), and the proposed periodic units (Figure 11), we offered 

patterning structures for WT, SS and the mixture (Figure 12 and Figure 13). After that, 

we created duo-peptides system using the structures of cluster 1 acquired from single 

peptide system. To determine intermolecular interactions, we computed distance 

between center of mass (COM) of peptides in the duo-peptides system. For WT-WT 

and SS-SS, small fluctuations in distance between COMs at certain range of 

simulation time indicate there are interactions between the same peptides. However, 

the distance between COMs for SS-WT fluctuates widely over the course of the 

simulation, suggesting there is no apparent interaction between WT and SS. The 

unnoticeable intermolecular interactions between the mixture indicate the two self-

assembly peptides grow their own ordered structures competitively in the mixture, as 

depicted in Figure 13, supporting the shorter and narrower assembly structures of the 

SS-WT mixture (Figure 2). According to the results of duo-peptides system 

simulations, we will further create the contact map to identify interactions between 

amino acid residues30 in the future. Also, since the time trajectory of RMSD shows the 

GrBP5-WT conformation, we acquired from WTMetaD is unsteady, we will extend 

WTMetaD simulations to sample the whole CV space to obtain the most stable 

peptide conformations. In addition, to further distinguish interactions between WT-

WT, SS-SS, and SS-WT while binding with graphene concurrently, we will run 
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classical MD simulations of multi-peptides using the periodic unit (Figure 11) within 

our proposed patterning structures (Figure 12 and Figure 13). 
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APPENDIX 1 

Briefly outlined here is the metadynamic simulation approach using the GROMACS 

package and PLUMED plugin. For more information about specific options, refer to 

the respective documentation at https://manual.gromacs.org/documentation and  

https://www.plumed.org/doc. 

 

Software download link: 

(1) GROMACS: https://manual.gromacs.org/documentation. 

(2) PLUMED: https://www.plumed.org/download. 

 

Step 1: Set up a peptide graphene system. 

Create peptide.gro and peptide.top files using CHARMM27 force field and TIP3P 

water model.  

gmx pdb2gmx -f peptide.pdb -o peptide.gro -p peptide.top -ignh 

The two files only contain information about the peptide. Graphene information has to 

be added. For .top file, add graphene topology to the .top file. 

#include “./charmm27_iff.ff/gra_iff_lg.itp” 

Also, add graphene to the molecules present. 

GRA  1 

For .gro file, specify the location within the box of the peptide and graphene. 

gmx editconf -f peptide.gro -o peptide_new.pdb -box 4.67307 5.53800 3.00 -center 

2.336535 2.769 1.50 

gmx editconf -f gra_iff.gro -o gra_new.pdb -box 4.67307 5.53800 3.00 -center 

2.336535 2.769 0.50 

Concatenate the two new .pdb file and then reconvert to a .gro file. 

gmx editconf -f peptide_gra.pdb -o peptide_gra.gro -box 4.67307 5.538 3.00 -noc 

Step 2: Energy minimization of vacuum system. 

To ensure that there is no steric clashed or inappropriate geometry, we perform an 

energy minimization on the structure. 

gmx grompp -v -f minim.mdp -c peptide_gra.gro -r peptide_gra.gro -p 

peptide_gra.top -o pepgra-EM-vac.tpr 

gmx mdrun -v -deffnm pepgra-EM-vac -c pepgra-EM-vac.gro 

Step 3: Solvent and counterions addition. 

Add solvent to the peptide-graphene system. 

https://manual.gromacs.org/documentation
https://www.plumed.org/doc
https://manual.gromacs.org/documentation
https://www.plumed.org/download
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gmx solvate -cp pepgra_EM_vac.gro -cs spc216.gro -p peptide_gra.top -o 

pepgra_sol.gro 

Add counterions to make the solvated system neutral. 

gmx grompp -f ions.mdp -c pepgra_sol.gro -r pepgra_sol.gro  

-p peptide_gra.top -o ions.tpr 

gmx genion -s ions.tpr -o pepgra_sol_ions.gro -p peptide_gra.top -pname NA -nname 

CL -neutral 

Step 4: Energy minimization of solvated system. 

Implement an energy minimization on the solvated system. 

gmx grompp -v -f minim.mdp –c pepgra_sol_ions.gro -r pepgra_sol_ions.gro -p 

peptide_gra.top -o pepgra-EM-sol.tpr 

gmx mdrun -v -deffnm pepgra-EM-sol -c pepgra-EM-sol.gro 

Step 5: Relaxation of solvent. 

Relax the solvent to assure the solvent configuration matches the peptide. 

gmx grompp -v -f pr.mdp -c pepgra-EM-sol.gro -r pepgra-EM-sol.gro -p 

peptide_gra.top -o pepgra-PR.tpr 

gmx mdrun -v -deffnm pepgra-PR -c pepgra-PR.gro 

Step 6: Temperature coupling (NVT ensemble). 

Conduct equilibration under NVT ensemble. 

gmx grompp -v -f nvt.mdp -c pepgra-PR.gro -r pepgra-PR.gro -p peptide_gra.top -o 

pepgra-NVT.tpr 

gmx mdrun -v -deffnm pepgra-NVT -c pepgra-NVT.gro 

Step 7: Metadynamics (Skip the step if run the classical MD simulation) 

Generate .dat file using PLUMED commands to run metadynamics simulation. The 

following screenshot shows an example .dat file. For different peptides, these 

parameters must be changed. 

 

Step 8: MD Simulation of equilibrated system. 

Start the MD simulation. 
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gmx grompp -v -f md.mdp -c pepgra-NVT.gro -r pepgra-NVT.gro -p peptide_gra.top -

o topol.tpr 

gmx mdrun -plumed strongwall.dat -v 
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APPENDIX 2 

Parameters used to run MD simulations: 

1. minim.mdp 

 
 

2. ions.mdp 
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3. pr.mdp 

 

 

 

4. nvt.mdp 
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5. md.mdp 

 

 

 

Clustering algorithm: 
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1. Gromos clustering algorithm 

Backbone RMSD cutoff: 2.0 Å  

Number of clusters: 1378 (WT); 1307 (SS) 

Number of structures: 80001 (WT); 60001 (SS) 

Number of structures in 1st cluster: 2530 (WT); 3346 (SS) 

2. Ensemble clustering algorithm 

Number of clusters: 43 (WT); 39 (SS) 

Number of structures: 299 (WT); 299 (SS) 

Number of structures in 1st cluster: 50 (WT); 60 (SS) 
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APPENDIX 3 

Some alternative proposed periodic units and patterning structures are listed in Figure 

15 and Figure 16. In Figure 15, we don’t prefer this GrBP5-WT periodic unit because 

the interaction between amino acid in the left molecule and amino acid in the right 

molecule is not obvious. The proposed SS-GrBP5 periodic unit in Figure 16 is less 

preferred because its distances between amino acids are longer than those found in 

Figure 11, suggesting weaker hydrophilic and aromatic-aromatic interactions. 

 

 

Figure 15. Alternative proposed (a) periodic unit (b) patterning structure of GrBP5-

WT. 

 

 

Figure 16. Alternative proposed (a) periodic unit (b) patterning structure of SS-GrBP5. 

 


