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Probing nano-patterned peptide self-organisation at the aqueous 
graphene interface†  

Zak E. Hughes and Tiffany R. Walsh*
 

The peptide sequence GrBP5, IMVTESSDYSSY, is found experimentally to bind to graphene, and ex situ atomic force 

microscopy indicates the formation of an ordered over-layer on graphite. However, under aqueous conditions neither the 

molecular conformations of the adsorbed peptide chains, nor the molecular-level spatial ordering of the over-layer, has 

been directly resolved. Here, we use advanced molecular dynamics simulations of GrBP5, and related mutant sequences, 

to elucidate the adsorbed structures of both the peptide and the adsorbed peptide over-layer at the aqueous graphene 

interface. In agreement with a previous hypothesis, we find GrBP5 binds at the aqueous graphene interface chiefly via the 

tyrosine-rich C-terminal region. Our simulations of the adsorbed peptide over-layers reveal that the peptide chains form 

an aggregate that does not evolve further into ordered patterns. Instead, we find that the inter-chain interactions are 

driven by hydrogen bonding and charge–charge interactions that are not sufficiently specific to support pattern formation. 

Overall, we suggest that the experimentally-observed over-layer pattern may be due to the drying of the sample, and may 

not be prevalent at the solvated interface. However, our simulations indicate sequence modifications of GrBP5 to promote 

over-layer ordering under aqueous conditions.ext goes here. The abstract should be a single paragraph that summarises 

the content of the article 

Introduction 

The growth and organisation of hard biological tissues may be 

directed by the spontaneous ordering of soft materials at the 

hard–soft interface.
1,2

 Peptides adsorbed on solid surfaces may 

also be capable of delivering this type of soft pattern 

formation,
3,4

 and promise a range of biotechnology 

applications, including bio-sensing, drug-delivery, and tissue 

engineering.
5
 Graphene is an ideal substrate for exploring this 

phenomenon. This requires peptide sequences capable of both 

recognizing graphene
6–8 

and self-organizing into 

supramolecular structures at the aqueous interface. Initial 

efforts to determine the molecular-level factors that influence 

this pattern formation process are promising
9–12

 but presently 

lack the molecular level information required to rationally 

guide their design. 

The dodecapeptide GrBP5 (IMVTESSDYSSY), herein 

referred to as GrBP5-WT, is a graphite binding peptide 

sequence.
9–12

 Above a critical surface concentration this 

sequence self assembles at graphite/graphene interfaces.
9–12

 

This is attributed to the presence of three proposed sub-

domains; the N-terminal hydrophobic subdomain SD1 (IMV-), 

the hydrophilic central subdomain SD2 (-TESSD-), and the C-

terminal subdomain SD3 (-YSSY) which is also hydrophilic and 

contains aromatic residues. This segmentation of the physio-

chemical properties of the sequence may confer an 

amphiphilic character. 

Using atomic force microscopy (AFM) on freeze-dried 

samples, So et al. investigated the structural evolution of the 

graphite-adsorbed GrBP5-WT at different surface coverages.
9
 

The adsorbed peptide chains aggregated and, for a surface 

coverage of ∼60% or more, a self-ordered 2D nanostructure 

displaying six-fold symmetry was reported. A schematic 

overview of the previously-proposed mechanism of structural 

evolution for the peptide over-layer is provided in Fig. 1. 

Briefly, So et al. proposed adsorption to the graphite/graphene 

interface to primarily initiate via SD3 due to π–π interactions 

between Tyr and the graphite/graphene substrate. Once 

adsorbed, SD3 was suggested to facilitate aggregation of the 

adsorbed peptide chains into a disordered assembly. The 

hydrophobic and hydrophilic sub-domains (SD1 and SD2 

respectively) were suggested to subsequently direct the lateral 

assembly of aggregate into an ordered pattern on graphite. 

However, due to the challenges of in situ AFM measurements 

under aqueous conditions, So et al. characterized the 

structural evolution of the peptide over-layers using ex situ 

samples that were flash-frozen and then freeze-dried. 

Therefore, it is not known if these self-assembled soft-

patterned interfaces are stable under aqueous conditions. 

So et al. also approximated the binding affinity of the 

GrBP5 sequence by measuring the fractional surface coverage 

of the dried samples as a function of peptide concentration. 
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While this is a reasonable first approximation that has been 

extensively used in past studies, currently it is acknowledged 

that factors other than the binding affinity of the peptide could 

affect this degree of surface coverage. Extrapolations of 

surface coverage to the peptide-surface binding affinity should 

therefore be viewed with caution. As part of a wider 

exploration of peptide-surface adsorption and assembly, So et 

al. also investigated the adsorption and assembly of a range of 

GrBP5 mutant sequences, using AFM.
9
 

These mutant studies sought to elucidate the effect of 

changing a single sub-domain within the sequence (Table 1). In 

GrBP5-M1 (IMVTESSDA̲SSA̲) the tyrosines in SD3 (Y9 and Y11) 

were mutated to alanine. In GrBP5-M2 (IMVTESSDW̲SSW̲) 

tyrosine was mutated to tryptophan. Mutations to SD1 probed 

the assumption of the amphiphilically-driven disorder-to-order 

mechanism. In GrBP5-M4 (T̲IQ̲̲TESSDYSSY), SD1 was 

transformed from hydrophobic to hydrophilic, eliminating the 

overall amphiphilic character or the peptide. In GrBP5-M5 

(LI̲A̲̲TESSDYSSY), the mutated SD1 was designed to confer 

increased hydrophobicity compared to GrBP5-WT.  

So et al. reported that mutations to SD3 (GrBP5-M1 and 

GrBP5-M2) affected the degree of both surface coverage and 

peptide aggregation, while GrBP5-M1 (with no aromatic 

residues) yielded only minimal coverage. For GrBP5-M2 the 

peptide adsorbed with a lower surface coverage than GrBP5-

WT, with less evidence of aggregation. In this case a more 

porous over-layer formed, with an ordered phase present only 

at ∼100% coverage. Mutations to SD1, (GrBP5-M4 and GrBP5-

M5), yielded comparable coverages relative to GrBP5-WT. For 

GrBP5-M4, the peptide aggregated on the surface but the 

resulting over-layer was porous and disordered. In contrast, 

GrBP5-M5 was reported to form ordered over-layers akin to 

GrBP5-WT. However, these findings may be an artefact of the 

drying process, and in situ AFM measurements
13–15

 are yet to 

be reported for these interfaces. Alternatively, molecular 

simulations can complement these experimental approaches, 

providing molecular-level insights into the interpretation of 

these experimental data. 

Molecular simulations can predict and elucidate the 

structures of both the individual peptide adsorbed 

conformations as well as the overall structuring of the 

resulting peptide overlayer adsorbed at the aqueous graphene 

interface.
5,16

 However, many (but not all) previous MD studies, 

notably at the atomistic level, investigated the adsorption of a 

single isolated peptide chain and not a multi-peptide surface-

adsorbed overlayer. Study of several co-adsorbed peptide 

chains is an acute challenge, which requires that both inter-

peptide and peptide surface interactions are captured 

adequately. 

One strategy to address this challenge is the use of coarse-

grained (CG) models, facilitating access to longer time- and 

length-scales.
17–20

 However, the subtle molecular-scale details 

that dictate the balance between inter-peptide and peptide 

surface interactions relevant to surface-mediated self-

assembly might not be reliably recovered using CG 

simulations. Atomistic simulations of multi-chain peptide 

adsorption have been previously reported,
21–29

 but in many 

(not all) instances featured either short peptides and/or low 

surface coverages, or lacked sufficient conformational 

sampling.  

Previous atomistic simulations of peptides at the aqueous 

graphene interface indicated close contact between the 

aromatic residues and the graphene surface.
17,30–37

 Moreover, 

several studies suggest that many graphene binding sequences 

  
 
Figure 1: Illustration of the three stages of the previously-
proposed surface-induced organization mechanism of GrBP5-
WT.9 Initial surface contact proceeds via aromatic residues in 
SD3. As surface coverage increases, the peptide chains form a 
disordered surface-adsorbed aggregate. Ultimately, the coverage 
reaches a critical threshold and the chains self-organize into an 
ordered over-layer via inter-chain interactions of SD1. 

 
 Table 1: Peptide sequences investigated in this work and a summary of experimental observations9 of the coverage, aggregation status 
and overlayer morphology. Underlined residues indicate sequence modifications. 
 
Peptide Sequence Coverage Aggregation Overlayer 

GrBP5-WT IMVTESSDYSSY High Strong Ordered at ~60% coverage 

GrBP5-M1 IMVTESSDASSA Little/none N/A N/A 

GrBP5-M2 IMVTESSDWSSW Moderate Low Porous, ordered at ~100% 

GrBP5-M4 TQSTESSDYSSY High Strong Porous and amorphous 

GrBP5-M5 LIATESSDYSSY High Strong Ordered at ~60% coverage 
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are intrinsically disordered.
33,34,36

 Intrinsically-disordered 

peptides (IDPs) typically do not possess a well-defined 

secondary structure, or set of secondary structures, and 

usually feature a complex conformational ensemble. 

Therefore, without a targeted approach to conformational 

sampling, the resulting simulation for IDPs might be biased, 

potentially leading to misleading conclusions. 

Recently Penna et al. reported the use of a large number 

(100+) of standard MD simulations to investigate the initial 

stage of adsorption of a single chain of GrBP5-WT at the 

aqueous graphite interface, using non-polarizable force-fields 

(FFs).
36

 These authors proposed a staged adsorption 

mechanism, and concluded that SD1 was influential for all 

stages of the adsorption process, while SD3 dominated the 

latter stage. These findings are in broad agreement with the 

hypothesis proposed by So et al., but these predictions of the 

time-dependent adsorption mechanism have yet to be directly 

verified by experimental evidence. Moreover, neither the 

adsorbed structure of the mutant peptide sequences, nor the 

interaction of several adsorbed peptide chains was reported. 

Here, we modelled the peptide/graphene interface in 

water, using a polarisable graphene model, in conjunction with 

Replica Exchange with Solute Tempering (REST) molecular 

dynamics (MD) simulations
38,39

 to predict the conformational 

ensemble of a single chain of five different peptide sequences 

adsorbed at the aqueous graphene interface; GrBP5-WT and 

four mutant (M1, M2, M4 and M5) sequences. We also 

performed REST-MD simulations of multi-chain over-layers of 

GrBP5-WT at two different surface coverages (50% and 70%). 

Results 

Single chain adsorption 

GrBP5-WT was found to adsorb principally via the SD3 

tyrosines, with SD1 and SD2 featuring only modest surface 

contact, (Fig. 2a), with Table S1 of the ESI† providing numerical 

contact values. These data were consistent with the 

hypothesis of So et al. in that the SD3 sub-domain was chiefly 

responsible for mediating GrBP5-WT adsorption at aqueous 

graphene.
9–11

 A representative snapshot of GrBP5-WT in the 

surface adsorbed state, (Fig. 2b), illustrates these residue 

surface contact data, with clear indication of a π-stacking 

arrangement between Tyr and graphene. The sharpness of the 

vertical density profile for SD1 (Fig. 2c) also supports this, 

along with the distribution of ring tilt (Fig. S13 of the ESI†) 

which indicates the near-planar orientation of the rings with 

respect to the graphene surface. In contrast with our findings, 

the study of Penna et al., the residues with the greatest degree 

of contact for the final adsorbed conformation of GrBP5-WT 

were in SD3 and SD1.
36

 

The differences between our work and Penna et al.
36

 may 

arise from the different FFs used in the two studies (full details 

are provided in ‘Force-field comparison’ in the ESI†). π–π 

interactions are important in biological systems that contain 

aromatic residues.
40

 A study on the performance of the 

GRAPPA FF as regards π-stacking on graphene has been 

recently published for nucleic acids,
41

 and further discussion of 

GRAPPA and π-stacking is provided in the ESI† (‘Simulation 

details’ section). Another possible source of this discrepancy 

may be due to the different conformational sampling 

strategies used. We used REST-MD simulations, which can 

predict the equilibrium structural ensemble of the surface-

  
 
Figure 2: (a) Degree of surface-residue contact with the graphene 
surface for each residue in a single chain of GrBP5-WT, calculated 
from REST MD simulations. (b) Representative snapshot of the 
most populated cluster of a single chain of GrBP5-WT adsorbed at 
the aqueous interface, the backbone of SD1, SD2 and SD3 are 
coloured purple, green and orange, respectively water not shown 
for clarity. (c) Normalised atom number density profiles for the 
different subdomains of GrBP5-WT. 
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adsorbed state, but cannot readily provide time-dependence 

information. Penna et al. used regular MD simulations to 

probe the time-dependence of GrBP5-WT attachment. 

However, even a large number of standard MD simulations 

may not be guaranteed to be sufficient to obtain the 

Boltzmann-weighted ensemble of adsorbed conformations. 

All five sequences lacked appreciable secondary structure, 

and typically accessed hundreds of distinct conformations at 

room temperature (292–360 for the un-adsorbed peptides, 

171–244 for the surface-adsorbed peptides; Tables S2 and S3 

of the ESI†), as supported by our clustering analysis 

(Computational methods in the ESI†). Additionally, no single 

distinct structure was dominant (Tables S2 and S3 of the ESI†). 

Furthermore, none of these sequences showed any evidence 

of a well-defined secondary structure (Fig. S2 and S3 of the 

ESI†), with random coil character accounting for over 70% of 

the secondary structure (using the Dictionary of Secondary 

Structure of Proteins, DSSP,
42

 definitions). Further details can 

be found in the “Cluster and secondary structure analysis of 

peptide sequences” section of the ESI, Tables S2 and S3 and 

Fig. S1–S4.† 

The surface-residue of the mutant sequences showed key 

differences with GrBP5-WT, Fig. 3 (numerical data in Table S1 

of the ESI†). Of all the modifications of SD3, the Y → A 

mutations had the greatest impact on SD3-surface binding (Fig. 

3c). This is consistent with the experimental observations of 

low surface coverage for GrBP5-M1. Moreover, the spatial 

extent of the impact of these mutations was found to be 

variable, depending on the location of the mutations. For 

instance, mutations in the SD1 region (e.g. GrBP5-M4/5) did 

not produce a significant non-localised influence on the 

relative degree of contact predicted for the SD3 residues (Fig. 

3c). In contrast, mutations in SD3 influenced the degree of 

residue-surface contact in SD1, as detailed herein. 

The trends in residue-surface contact across SD1 showed a 

comparatively greater degree of variation (Fig. 3a), even for 

those sequences in which SD1 was conserved (i.e. for GrBP5-

WT/M1/M2). Mutation of Tyr in SD3 for Ala (GrBP5-M1) 

enhanced surface contact in SD1 (Fig. 3a and Fig. S5 of the 

ESI†). We suggest that elimination of the aromatic residues in 

SD3 promoted a compensatory role for SD1 in maintaining 

overall peptide-surface contact. 

The GrBP5-M4 mutant (replacing IMV- with TQS-), yielded 

enhanced contact via Gln. Previously-reported molecular 

simulations have indicated that amino acids with an amide-

bearing side-chain, Gln and Asn (Q and N), absorbed strongly 

to aqueous graphene interfaces.
31,34,43

 The favourable 

interaction of Q2 resulted in GrBP5-M4/graphene contact that 

added SD1, along with SD3, to the surface contact region. In 

contrast, the SD1-surface contact predicted for GrBP5-M5, 

where IMV- was replaced LIA-, was diminished compared with 

GrBP5-WT. This is consistent with a GRAPPA-based previously-

predicted ranking in adsorption strength
34

 as Met > Ala > Val ≈ 

Leu > Ile. 

Despite the fact that the SD2 motif was conserved across 

all five peptide sequences, mutations in both SD1 and SD3 

were indirectly modified residue-surface contact in SD2 (Fig. S5 

of the ESI†). Notably, in GrBP5-M4, the enhanced surface 

contact of Ser7 indicated a very different mode of adsorption 

for GrBP5-M4 compared with the other four sequences. The 

poor contact of Asp8 across all five sequences was again 

consistent with the weak free-energy of adsorption of the 

corresponding amino acid.
34

  

  
 
Figure 3: Degree of surface-residue contact for each residue with 
the graphene interface for the GrBP5 family of peptides, (a) sub-
domain 1, (b) sub-domain 2, (c) sub-domain 3. 
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On the basis of these data, the surface adsorption modes 

of the five sequences can be classified into three broad 

categories; representative snapshots of these are provided in 

Fig. 4. In the first category (GrBP5-WT, GrBP5-M2 and GrBP5-

M5) surface contacts formed chiefly via SD3, with SD1 and SD2 

playing a relatively lesser role. Within this category, the degree 

of interaction of SD2 was variable, following the trend GrBP5-

M2 > GrBP5-WT > GrBP5-M5. In all three of these cases SD1 

extended away from the surface (Fig. 2c and Fig. S5 of the 

ESI†), thus presenting an unbound chain segment for potential 

participation in surface-mediated inter-peptide interactions, 

akin to the schematic in Fig. 1. These three sequences were 

the only peptides in the set to show any signs of 

experimentally-observed ordering,
9
 albeit in the surface-dried 

state. 

The binding properties of GrBP5-M1 encompassed the 

second category, where the Y9A and Y12A mutants resulted in 

surface contact dominated by SD1 and SD2, while SD3 was 

extended away from the surface. The chief contributors to the 

peptide-surface contact were located in the N-terminal half of 

the sequence (M2, V3, S5, S6) (Fig. 4a and Fig. S5 of the ESI†). 

This appeared to compensate for the loss of SD3-graphene 

contact. Experimental studies of GrBP5-M1 supported a low 

surface coverage (which So et al. conflated with lower binding 

strength), with no observed pattern formation in the dried 

state. Our findings are also therefore consistent with the 

experimental hypothesis that SD1 (and possibly also SD2) may 

play a role in peptide aggregation at the interface.  

GrBP5-M4 represented the third category, with strong 

contact points spaced along the length of the peptide chain, at 

positions 2, 3, 7, 9 and 12 (Fig. S5 of the ESI†). The adsorbed 

peptide adopted conformations were flat in profile on surface 

(Fig. 4c and Fig. S5 of the ESI†), lacking the unbound peptide 

segments of the other two adsorption-mode categories (where 

either SD1 or SD3 protruded from the surface). Previous 

experiments sought to conflate the high surface coverage of 

this sequence with strong binding strength, and moreover this 

sequence did not support pattern formation in the dried state. 

We remark here that while we also tried the more traditional 

structural analysis of the radius of gyration, which was, as 

expected, not very informative given the short length of these 

IDP-like peptide chains (section ‘Radius of gyration analysis’, 

ESI†). 

 
 
Figure 4: Snapshots of representative structures of the mutant peptide sequences, (a) GrBP5-M1, (b) 
GrBP5-M2 (c) GrBP5-M4 and (d) GrBP5-M5, adsorbed at the aqueous graphene interface. Water not 
shown for clarity. The backbone of the peptides sequences is coloured by sub-domain: SD1, SD2 and 
SD3 are purple, green and orange respectively. 
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In summary, our simulation data are consistent with the 

hypothesis proposed by So et al.,
9–11

 where the two common 

themes were the strong SD3-surface contact and the presence 

of SD1 as an unbound chain segment However, it is not clear if 

these experimentally observed ordered peptide over-layers 

were formed due to the drying process. We next investigated 

the viability of peptide assembly of GrBP5-WT at the aqueous 

graphene interface using advanced conformational sampling 

approaches. 

 

Multi-chain adsorption of GrBP5-WT 

From previously-reported experiments, the disorder-to-order 

transition was suggested to occur at ≈60% coverage.
9–11

 

Therefore, two multi-chain systems were prepared and 

modelled using REST-MD simulations; one containing eight 

chains, and the second containing twelve chains, of GrBP5-WT. 

We established that these two systems corresponded with 

surface coverages of ∼50% and ∼70%, based on the 

calculation of the solvent accessible surface area (SASA) of the 

graphene sheet when covered with 8 and 12 peptide chains 

(‘Simulation details’, ESI†). 

 We first quantified the degree of residue-surface contact 

for the over-layer systems and compared these with our single 

chain data. Table S5 of the ESI† summarises the average 

residue-surface contact fraction for each residue in the multi-

chain systems. For both coverages, the overall trends in 

residue surface contact reflected that of the single chain. 

Despite the fact that the chains were initially positioned 

with a (relatively) even lateral distribution across the graphene 

interface, Fig. 5a, the over-layer morphologies quickly became 

dominated by arrangements of aggregated chains (Fig. 5b). 

The over-layers featured regions of high and low peptide 

density with an uneven lateral distribution, exposing patches 

of graphene directly to the solvent. However, the overall 

degree of surface coverage did not change significantly, from 

∼50 (or ∼70%) during the simulation. Along the direction 

normal to the surface, the spatial distribution of the peptide 

chains in the over-layers (Fig. S6 of the ESI†) was effectively 

unchanged compared with the single chain data. Aggregation 

of the peptide chains was confirmed via calculations of the 

average number of inter-chain atomic pair contacts as a 

function of REST-MD simulation steps, as shown in Fig. 6a. We 

also calculated the average solvent accessible surface area 

(SASA) per chain of the peptide over-layer (i.e. the surface area 

of each surface-adsorbed chain in contact with water). This 

trend in peptide SASA values was also consistent with an 

aggregated state (Fig. 5b). 

Clustering analysis of each individual chain in the multi-

chain over-layer (detailed in the ESI† section ‘Multi-chain 

clustering’) suggested that the change in coverage did not 

appreciably influence the overall trends in residue-surface 

contact. Up to this point, the findings from our multi-chain 

REST-MD simulations have broadly supported the hypothesis 

inferred from the experimental studies. However, as detailed 

herein, our evidence does not support the formation and/or 

stability of peptide over-layer ordering under aqueous 

conditions. Despite our extensive conformational sampling of 

the resulting over-layer structures, it was not apparent from 

visual inspection, nor by our analyses, that ordered 

morphologies were produced, or that ordering was actually 

incipient, from these aggregates. 

To this end, we next probed the structural ordering of the 

over-layers more systematically. For example, intuitively, we 

expect that an ordered multi-peptide layer morphology should 

feature a small number of distinct conformations. On the 

contrary, our simulations revealed an increase in 

conformational diversity as a function of increasing surface 

coverage, as supported by cross-comparisons of the two most 

populated clusters of each individual peptide chain in the over-

layer for each coverage (Tables S8 and S9 of the ESI†). 

Additionally, we would not expect to find a strong random 

coil character in the adsorbed peptide conformations of an 

ordered over-layer. The secondary structural characteristics of 

the chains were probed via calculations of the relative 

proportions of the different secondary structure motifs, 

averaged over all peptide chains in the over-layer, shown in 

Fig. S7 of the ESI.† These data further indicated a lack of 

secondary structural ordering for both coverages, where 

random coil character accounted for over 70% of the 

ensemble. 

Despite our extensive conformational sampling of the 

multi-chain systems, it is possible that our simulations might 

not have captured the timescales on which structural ordering 

may eventually proceed. If this were true, we would still 

expect to observe key mechanistic details indicative of the 

progression from adsorption, to aggregation, and finally to 

ordering. To test for So et al.’s suggested ordering mechanism 

(via hydrophobic inter-chain interactions), we investigated 

different types of inter-peptide interactions (detailed below), 

but found little evidence to support this. 

We first quantified the intra-chain and inter-chain 

hydrogen-bonding, which appear to be inconsistent with So et 

al.’s proposed mechanism. Our data indicate that the 

formation of hydrogen bonds was a significant factor in the 

peptide aggregation. The breakdown of the average number of 

inter-chain hydrogen bonds between each sub-domain pairing 

is shown in Fig. 7, while Tables S10 and S11 of the ESI† provide 

the relevant numerical details. 

We found for both coverages that 29% of all the inter-chain 

hydrogen bonds formed were found between residues in SD1 

and SD2, which comprised the single greatest contribution to 

the inter-chain hydrogen bonds of any pairing. This may seem 

surprising given that the side-chains in the hydrophobic 

residues in SD1 cannot participate in hydrogen bonding. This 

can be explained by the positively-charged N-terminus in SD1 

interacting with the negatively-charged Asp/Glu residues in 

SD2 (accounting for more than 50% of the SD1–SD2 inter-chain 

hydrogen bonds). 
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In the case of the eight chain over-layer, the SD1–SD3 

pairing was the second largest contributor to inter-chain 

hydrogen bonds, while the SD3–SD3 pairing was the second 

largest contributor for the 12-chain system, with a significant 

increase in the total number compared with the lower 

coverage. We also noted a concomitant decrease in the 

number of intra-chain hydrogen bonds per chain between 

SD2–SD3 and SD3–SD3 suggesting that as peptide coverage 

increased, residues in SD3 that previously supported intra-

peptide hydrogen bonds were diverted into SD3–SD3 inter-

chain hydrogen bonds. As the coverage increased, we also 

observed that residues in SD2 were diverted from intra-

peptide hydrogen bonds with SD3 into forming SD2–SD2 intra-

peptide hydrogen bonds. 

Hydrophobic–hydrophobic inter-chain interactions, 

mediated via SD1, are a key aspect of the currently-proposed 

ordering mechanism. However, we did not find evidence to 

support this hypothesis, as detailed below. To characterise 

these interactions, we calculated the inter-chain radial 

distribution functions, g(r), related to specific sites (Table 

S12†) in the residues of SD1, for the twelve chain over-layer. 

As detailed in the ESI† section ‘Hydrophobic inter-chain 

contact’, there was only insubstantial inter-chain contact 

between the hydrophobic residues of SD1. In summary, our 

inter-chain interaction analyses do not support a mechanism 

driven by hydrophobic–hydrophobic contacts in SD1 of GrBP5-

WT.  

Our hydrogen-bonding analysis of the GrBP5-WT over-

layers suggested that the Y9W/Y12W mutation (GrBP5-M2) 

might disrupt the SD3–SD3 inter-chain interactions in our 

GrBP5-WT multi-chain simulations. Such disruption might 

 
 
Figure 5: Snapshots of the adsorbed over-layer of GrBP5-WT 
(50% surface coverage) (a) the initial geometry and (b) after 40 ns 
of REST-MD simulation. The purple surface indicates the solvent 
accessible surface area of the peptide over-layer. Water not 
shown for clarity. 

 
 
Figure 6: Aggregation of the peptide chains, (a) average number 
of inter-peptide atom contacts and (b) average per chain surface 
area of peptide exposed to water, as a function of REST-MD 
trajectory, for both 50 and 70% coverage, adsorbed at the 
aqueous graphene interface. 
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account for the experimentally-reported weaker aggregation 

of GrBP5-M2. Furthermore, the similarity in the experimentally 

determined over-layer morphologies of GrBP5-WT and GrBP5-

M5 is consistent with our predicted single-chain surface-

residue contact behaviour for these sequences. Our single-

chain evidence suggests that the mutation of SD1 in GrBP5-M5 

might not adversely affect the inter-chain interactions (SD1–

SD2 and SD3–SD3) noted in the simulations of GrBP5-WT over-

layers. In contrast, the enhanced surface contact of SD1 with 

the graphene interface for GrBP5-M4 could conceivably lead to 

the C-termini of the peptide chains competing with E5/D8 for 

interaction with the N-termini. In addition, the strong residue 

surface contact of Q2 and S3 also suggest that an 

enhancement SD1–SD3 hydrogen bonding might be possible, 

which may explain the more porous over-layer observed 

experimentally for GrBP5-M4. 

Discussion 

Overall, our REST-MD simulations of the multi-chain GrBP5-WT 

system revealed that the peptide chains maintained close 

engagement with the aqueous graphene interface primarily via 

the SD3 region. While the chains aggregated and supported 

enhanced inter-peptide interactions, the resulting over-layers 

showed little sign of ordering. The proposed amphiphilic 

behaviour of the peptide chains was not apparent from our 

simulations. This discrepancy with the previously-proposed 

formation mechanism could be attributed to number of 

factors.  

 First, we acknowledge that it is highly challenging to 

sample the conformations of the adsorbed multi-chain peptide 

over-layers thoroughly, despite the efficiency and 

effectiveness of the REST-MD simulation technique. While the 

effective time-scales captured in our REST-MD simulations 

span the tens of μs range,
39

 this time-scale may still be too 

short to capture the entire ordering process. That said, our 

simulations did not reveal indicative signatures of the onset of 

a disorder-to-order structural transition, such as the formation 

of incipient hydrophobic inter-peptide interactions, and/or a 

reduction in conformational diversity in the adsorbed peptide 

ensemble as a function of simulation progression. Moreover, 

we cannot rule out possible finite size effects, which we 

cannot explore further given the REST-MD overlayer 

simulations of our current size are already extremely resource-

intensive.  

Alternatively, it is possible that the experimentally 

observed over-layers of GrBP5-WT may not actually self-

assemble into ordered structures under aqueous conditions. 

Recent experimental evidence reported by Sun et al.
44

 

suggests that this is a plausible scenario. In this recent study, 

dried over-layers of GrBP5-WT on HOPG were soaked 

overnight in water and re-examined using ex situ AFM 

observations. These authors found the peptide over-layer did 

not remain ordered, while the coverage also decreased. 

Overall, our REST-MD simulations are indicate strong inter-

peptide interactions; even if GrBP5-WT was conclusively found 

to not form an ordered over-layer under aqueous conditions, 

our data might indicate how the GrBP5 sequence may be 

modified to achieve this. For example, enlargement of the 

hydrophobic SD1 sub-domain, particularly with additional 

aliphatic residues that are predicted to have low affinity for 

aqueous graphene (such as Ile, Leu, and Val), may both 

discourage SD1-surface interactions and provide enhanced 

opportunities for hydrophobically-mediated SD1–SD1 inter-

peptide interactions. Also, the charge–charge inter-peptide 

interactions could be manipulated to augment those arising 

from the N-termini and E5/D5 e.g. via the judicious insertion of 

acidic and basic residues. In partnership with such 

modifications, a combination of in situ AFM experiments and 

advanced molecular simulations would enable the systematic 

advances needed to rationally design of graphene binding 

peptides with a reliable self-patterning capability at the 

interface. 

Computational Methodology 

All simulations were performed using GROMACS version 5.0.
45

 

The GRAPPA FF35 was used to describe interactions between 

the graphene surface and the peptides and water molecules 

described using the CHARMM22*
46,47

 parameters and the 

modified version of the TIP3P water
48,49

 model, respectively. 

The Replica Exchange with Solute Tempering (REST)
38,39

 MD 

simulation approach has been employed throughout (see 

previous studies for further details
34,39,50

). Here, we used 16 

replicas distributed over an effective temperature window of 

300–433 K. All simulations were performed in the canonical 

(NVT) ensemble at 300 K and a time-step of 1 fs. Production 

runs were performed for 20 × 106 and 50 × 106 MD steps, for 

the single chain and multi-chain systems respectively, with 

exchanges between replicas attempted every 1000 steps (1 

ps).  

In all simulations, the peptide chains were modeled in 

zwitterionic form (i.e. with no capping groups on the termini), 

consistent with previous experiments. We conducted five 

surface-adsorbed single-chain simulations, each comprising 

one peptide chain (one of each sequence from Table 1), the 

 
 
Figure 7: The number of inter-chain hydrogen bonds for the 
different sub-domains of the over-layers of GrBP5-WT adsorbed 
at the aqueous graphene interface. 
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graphene surface, liquid water, and counter-ions where 

necessary. The initial conformation of the peptide chain in 

each of the 16 replicas was different, covering a range of 

different secondary structure motifs. For the over-layer 

simulations of GrBP5-WT, the system comprised eight/twelve 

peptide chains adsorbed on a graphene sheet, liquid water, 

and sufficient Na
+
 counter-ions to ensure overall charge 

neutrality. The six most populated distinct conformations of 

GrBP5-WT in the single-chain adsorbed state, identified from 

the clustering analysis of single chain simulations, were used in 

the construction of the initial over-layer configurations. Full 

details of all aspects of these REST-MD simulations, including 

their analyses and tests for equilibration, are provided in the 

ESI.† The conclusions section should come in this section at 

the end of the article, before the acknowledgements. 

Conclusions 

Advanced conformational sampling using REST-MD 

simulations, in combination with a polarisable force-field 

specifically tailored for aqueous biomolecule-graphitic 

interfaces, was used to predict the adsorption and surface-

mediated self-organisation of a family of graphene-binding 

peptides based on the GrBP5 sequence. In terms of the 

adsorption of single peptide chains to the aqueous graphene 

interface, our findings were consistent with existing 

experimental data. The parent GrBP5-WT sequence adsorbed 

to chiefly via the aromatic residues in SD3, with the other two 

sub-domains supporting only weak interactions with the 

surface. Two of the mutant sequences, GrBP5-M2 and GrBP5-

M5, adopted a similar adsorption mode. The Y9A/Y12A 

mutations in GrBP5-M1 yielded reduced contact with the 

surface. Mutation of the hydrophobic SD1 region with 

hydrophilic residues led to adsorption mediated via SD1 and 

SD3, which consequently yielded enhanced surface contact 

and a flatter adsorbed structure relative to the other 

sequences in this family. Multi-chain simulations GrBP5-WT at 

50% and 70% surface coverage revealed that the surface 

contact was also chiefly mediated by SD3. At both coverages, 

the peptide chains aggregated in an uneven spatial 

distribution, exposing patches of bare graphene to liquid 

water. However, neither a long-range ordering of the over-

layer, nor an incipient disorder-to-order transition, was 

evident. In contrast with previous hypotheses, we found the 

aggregation of the peptide chains was primarily driven by 

hydrogen-bonding and charge–charge interactions between 

SD1 and SD2, and not hydrophobic inter-peptide contacts 

between SD1 and SD1. Our findings indicate modifications of 

the GrBP5 sequence to improve the self-organisation 

capability of this peptide, which may induce and stabilise the 

lateral ordering of multi-chain peptide over-layers on 

graphene under aqueous conditions. 
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