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Abstract. Janus nanoparticles have surfaces with two or more distinct physical properties, allowing different types of chemical properties to
occur on the same particle and thus making possible many unique applications. It is necessary to investigate the interaction between proteins
and Janus nanoparticles (NPs), which are two typical building blocks
for making bio-nano-objects. Here we computed the phase diagrams for
an α+β protein(GB1) and Janus NP using coarse-grained model and
molecular dynamics simulations, and studied how the secondary structures of proteins, the binding interface and kinetics are affected by the
nearby NP. Two phases were identified for the system. In the folded
phase, the formation of β-sheets are always enhanced by the presence
of NPs, while the formation of α-helices are not sensitive to NPs. The
underlying mechanism of the phenomenon was attributed to the geometry and flexibility of the β-sheets. The knowledge gained in this study
is useful for understanding the interactions between proteins and Janus
NP which may facilitate designing new bio-nanomaterials or devices.
Keywords: Janus nanoparticles · computing simulation · protein secondary structure · phase diagram

1

Introduction

Nanomaterials have attracted attentions from different branches of science and
technology, such as physics, chemistry, biology and medicine. Nanomaterials are
different from their bulk counterparts in that they have tiny size and high volume to surface ratio, which lead to special chemical, electrical, optical properties, high catalyst efficiencies, and some other intriguing features [1–3]. Of the
same importance and interest are the bio-materials formed of such as polymers, peptides, proteins, or nucleic acids. Biomaterials are easy to be designed at
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molecular level and able to self- or co-assemble into highly organized structures
[2]. Nowadays, it has become a thriving research area to combine nanomaterials
and biomaterials and make novel functional materials or tiny devices for drug
delivery, bioimaging, sensing, diagnosing, or more speculatively, nanomachines
and nanorobots [4–6]. Among all of the possible building blocks for such purposes, proteins represent excellent ones for they have sophisticated structures at
nanoscale dimensions, rich chemistry and versatile enzymatic activities. Therefore, it is necessary to study how proteins interact with nanomaterials such as
small nanoparticles (NPs).
Early studies of NPs are mainly concerned with the effects of the physical
properties of NPs, such as size and shape, on the structure of protein [7–9]. For
example, Shang et al. [8] studied the changes in the thermodynamic stability of
the ribonuclease A when it adsorbed on the silicon NPs. The results show that
the larger the size of the NPs, the greater the effect on the thermodynamic stability of the protein. Gagner et al. [9], studied the influence of protein structure
by the shape of NPs when the protein adsorbed on gold NPs. The NPs used in
the experiment were spherical gold NPs (diameter 10.6 ± 1nm) and columnar
gold NPs (bottom diameter 10.3 ± 2nm), respectively, and the proteins were
lysozyme and chymotrypsin. The results show that the concentration of protein molecules adsorbed on the surface of the columnar gold NPs is higher for
the allogeneic protein. After that, the researchers found that the surface chemical properties of the NPs could produce a more abundant effect. For example,
Rocha et al. [10] studied the effects of fluorinated NPs and hydrogenated NPs
on the aggregation of Aβ protein The results show that fluorinated NPs could
induce the transformation of β-sheets to α-helix, thus inhibiting aggregation,
while hydrogenated NPs could induce random curling to form β-sheets, thereby
promoting the occurrence of aggregation.
With the development of research, it has been found that one NP with different surface characteristics can play a variety of functions and have wider
application value [11–15]. Roh et al.[16] designed a Janus NP, which was synthesized by two different materials. Half of the material emitted green fluorescence
after adding fluorescein isothiocyanate labeled dextran, and the other half of the
material emitted red fluorescence after adding rhodamine B labeled dextran.
The experimental results show that after the mixture of two different modal
molecules and Janus NPs, half of the NPs emitted green fluorescence and half
of them emitted red fluorescence, that is, the two molecules could combine with
the surface of particles with different properties respectively. This indicates that
Janus NPs can indeed carry different molecules, which can be applied to molecular detection or drug transport. Further experiments show that the surface of
Janus NPs can be selectively modified by using the characteristics of the interaction between Janus NPs and different molecules, so as to design more kinds
of NPs. Honegger et al. [17] synthesized gold NPs with polystyrene and silica
respectively, and mixed the Janus NPs with proteins. The results show that different proteins can accurately adsorb on the surface of a specific material. This
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further illustrates the feasibility of the application of Janus NPs in the field of
molecular detection.
Although a lot of work has been done to explore the synthesis and application
of Janus NPs, the understanding on the effect of Janus NPs on the surrounding
protein is still limited. There is still no systematic investigation on how they interact with each other exactly. Many interactions, such as the hydrophobic force,
Coulomb force, hydrogen-bond, polarizability and lone-pair electrons, may contribute to the final result [18]. While in most experiments, which interaction is the
most relevant factor governing a specific observation is usually not clear. Thus,
a close collaboration between experimentalists and theorists is preferred [19–21].
In this work we study the adsorption process of a α+β protein on a spatially
nearby Janus NP based on a coarse-grained model and molecular simulations.
The coarse-grained model allows us to explore a large parameter space spanned
by different surface chemical properties and NP sizes and different strengths of
protein-NP interactions. In this way we are able to systematically examine the
effect of NPs on proteins and seek whether there are any general principles. The
conformational phase diagrams for protein-NP combination, the binding kinetics and the changes of protein structures on adsorption are investigated. The
results are compared with experiments and the underlying mechanisms are then
discussed.

2
2.1

Models and Methods
Models of the proteins and Janus NP

An α+β protein GB1 (PDB ID: 3GB1) was studied to investigate how a protein
is affected by the presence of a Janus NP in its proximity. The sequence length
of the protein is 56, and the radius of gyration of its native tertiary structures
is 1.04. The Janus NP that interacts with the proteins was treated as a rigid
spherical bead with half surface hydrophobic and half surface hydrophilic.
To characterize the protein adsorption on NPs, we first define the contact
between protein and NPs. A contact between residue i and NPs is deemed to be
formed if the distance between the residue and the NP surface is less than 1.2d0 ,
where coefficient 1.2 is used to reflect the thermal fluctuations, following the
strategy in the literature [22]. We also define the fraction of NP surface covered
by protein as S = 1 − SASA/SN P , where SN P is the surface area of the NP
and SASA is its solvent accessible surface area that is not covered by protein,
obtained by rolling a small probing bead with a radius of 1Å on the NP surface.
The status of the interacting protein and the NP is denoted by a two-letter
word, for example, AF, DF, AU and WU. The first letter describes the binding
status of the protein on NP, which can be desorbed (D), adsorbed (A) or wrapped
(W), corresponding to the parameter range S < 0.1, 0.1 < S < 0.8, or S > 0.8,
respectively. The second letter indicates the folding status of the protein C either
the folded state (denoted as F, with Q > 0.75) or the unfolded state (denoted
as U, with Q < 0.75). The value of 0.75 is deliberately chosen to be higher
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than that usually used to distinguish the folded and unfolded states, to take
into account the fact that the biological function of proteins may be disrupted
by a slight structure deformation. The exact values of the above parameters are
adjustable to some extent; however, their changes within a range only slightly
shift the conformational phase boundaries, not affecting the major conclusions
drawn from the results.
To measure the magnitude of the changes of secondary structures of the
protein under the influence of the NP, the relative fraction of secondary structure
is calculated by normalizing the number of contacts in the secondary structure
when the NP is present with respect to the corresponding value when the NP is
not, with the other conditions being the same. Therefore, a value smaller than 1
suggests a destabilized secondary structure, while a value larger than 1 suggests
an enhanced one by the NPs.
2.2

Molecular dynamics Simulations

The protein was modeled with an off-lattice Cα based Go-type model; the
residues were represented as beads centered at their Cα positions and interacting
with each other through bonds, angles, dihedral angles, and 12-10 Lennard-Jones
interactions [22]. This protein model has been extensively used in studying protein folding and dynamics and has achieved enormous success [22–26].
The interactions between the protein residue i and NP were modeled by a
Lennard-Jones potential,
" 
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d0
d0
−6
,
(1)
V (ri ) = ε3 5
ri − D/2
ri − D/2
if both have the same hydrophobicities or
12

d0
,
V (ri ) = ε3
ri − D/2

(2)

if not, where d0 = 2Å, ε2 = 1.0ε and ε3 = εnpp ε, which determines the interaction
strength between residues and the NP. ri is the distance between the ith residue
and the center of the NP, and D is the diameter of the NP.
The native contacts within proteins were determined based on the PDB structures of the proteins. Specifically, a native contact between residues i and j
(|i − j| > 4) is defined if any distance between the heavy atoms (non-hydrogen)
of two residues is smaller than a cutoff of 5Å. In post processing the trajectories
after the computations finished, a contact was deemed to be formed when any
distance between heavy atoms is less than 1.2 times of its native value; this is
to take account of the thermal fluctuations of the structures at finite temperatures. The fraction of the formed native contacts, denoted as Q, was used to
measure the closeness of the structure to the native one and characterize the
folding extents of the protein; its maximum value 1 indicates the structure is
the same with the native one. The interplay between protein and NP was also

ICCS Camera Ready Version 2018
To cite this paper please use the final published version:
DOI: 10.1007/978-3-319-93713-7_34

Title Suppressed Due to Excessive Length

5

characterized by their contacts, here a contact between protein and the NP was
deemed to be formed if the distance between the center of the residue bead and
the surface of the NP was less than 1.2d0 .
In all simulations, the protein was constrained in a finite spherical space with
a soft wall, the radius of the space is set to 5nm. The NP was fixed at the center
of this space.
Molecular dynamics (MD) was employed to evolve the system. The equation
of motion is described by a Langevin equationas follows [28].
mẍ(t) = Fc − γ ẋ(t) + Γ (t)

(3)

where m is the mass of the bead, Fc = −∂V /∂x is the conformational force, γ
is the friction coefficient, and Γ is the Gaussian random force, which is used to
balance the energy dissipation caused by friction [28]. The random force satisfies
the autocorrelation function
hΓ (t)Γ (t0 )i = 2mγkB T δ(t − t0 )

(4)

where kB is the Boltzmann constant and T is the absolute temperature.
For each parameter combination, multiple long MD simulations (> 108 MD
steps) were carried out with each starting from different initial protein locations
and at slightly different temperatures (around 0.9Tf , where Tf is the folding temperature of the protein) to avoid possible kinetic trapping. Weighted histogram
analysis method (WHAM) was used to combine these multiple trajectories and
reweight them to 0.9Tf to calculate the thermodynamic properties[29–31].

3
3.1

Results and Discussion
Phase diagram of α + β protein and Janus NP

Figure 1 shows the conformational phase diagram for protein GB1 adsorbed on
a Janus NP whose surface is half hydrophobic and half hydrophilic. Here the
term phase diagram is borrowed from statistical physics to describe the different
conformational status of the protein-NP complex; it does not necessarily imply
there is a change such as heat capacity associated with the phase transition. The
conformation status (or phase) of the protein is simply divided into two categories, i.e. the folded and unfolded states, since only the general effects of NPs
on proteins are of interest here. There are only two phases that can be identified
in the diagram which are DF and AU. According to the diagram, if both the
values of interaction strength εnpp between protein and NP and the diameter D
of NP are small (εnpp < 7 and D/D0 < 0.43), the protein is dissociated from
NP and keeps folded (the DF region). On the contrary, if both the values of εnpp
and D are large enough (εnpp > 7.5 and D/D0 > 0.48), the protein is adsorbed
on the NP without keeping its native structure (the AU region). Different from
our previous work [32], the fact that the phase diagram has only two regions
results from the effects of both hydrophobic and hydrophilic sides of the NP.
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On one hand, the hydrophobic surface may lead to the unfolding of the protein
by attacking its hydrophobic core. On the other hand, the hydrophilic surface
makes the protein spread around the NP surface, which also unfolds the protein.
As a result, once the protein is adsorbed on the surface of the nanoparticles,
it is strongly driven to unfold. An example can be seen in AU region in Fig.
2. The structure indicates that hydrophobic residues are more likely to be adsorbed by hydrophobic surface, while the hydrophilic residues are more likely to
be adsorbed by hydrophilic surface. However, because of the hydrophobicity of
sequence, some hydrophobic residues are adsorbed by hydrophilic surface and
some hydrophilic residues are adsorbed by hydrophobic surface. This leads to
the twist of the protein and the protein is in a loose bound to the NP. Thus, the
binding of protein and Janus NP is always accompanied with the unfolding of
protein.

10

8

npp

( )

9

7

AU
DF

6

0.6

0.8

1.0

1.2
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D/D0
Fig. 1. (Color online) Phase diagram for the adsorption and folding status of protein
GB1 in close proximity to a Janus NP under different interaction strengthes (εnpp )
and NP diameters (D). The labels for the phases are explained in the Method section.
The embedded structures provide direct pictures for the corresponding phases. The
blue part of the protein chain in the structure indicates the hydrophobic residues,
and the red part indicates the hydrophilic residues. The blue part of the nanoparticles
represents the hydrophobic surface, and the red part represents the hydrophilic surface.
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The boundary of DF and AU regions are functions of both the interaction
strength εnpp and the diameter D. The larger εnpp is, the smaller D is, and
vice versa. This is due to the fact that the increase of interaction strength εnpp
leads to large interaction energy, meanwhile NP with large size has large surface
energy [33], which may both result in the unfolding of the protein. Therefore, the
two factors perform negative correlation at the boundary. The conformational
phase diagram is different from our previous work where a protein adsorbed on
NPs with a whole hydrophobic surface or a whole hydrophilic surface [32]. The
former one has only two phases DF and AU, while the latter one has four phases
DF, AF, AU and WU. The disappearance of the two phases AF and WU may
due to the inconsistent distribution of the hydrophobic distribution of protein
residues and the surface hydrophobicity of Janus NPs. This inconsistency makes
the protein tend to unfold when it is adsorbed on the surface of Janus NPs.

(a)

(b)

90

Fig. 2. (Color online) The representative structure of GB1 of the largest cluster, plotted
for AU phase. The structures are plotted from two view directions that are perpendicular to each other ((a) and (b)), with the parameters εnpp = 7ε andD = 8Å. The
hydrophobic residues are in red and the hydrophilic residues in green. The hydrophobic
surface of Janus NP is in blue and the hydrophilic surface in red.

3.2

Binding probability of protein residues on NP surface

To further verify the above arguments, we calculated the binding probability of
each residue upon the NP surface. As can be seen in Fig. 3, hydrophobic residues
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5-7 incline to bind with the hydrophobic surface of the NP, while the residues
8-11 next to them are all hydrophilic ones and tend to bind with the hydrophilic
half of the NP. Therefore, the structure is twisted to fit for the hydrophobicity.
Similarly, the residues 31-42 have high probability to bind with the hydrophilic
surface, since most of them are hydrophilic residues, while residues 30, 33 and
39 around them are hydrophobic ones and have high probability to bind with
the hydrophobic surface. Therefore, the structure of this sequence has also been
distorted. Besides, the overall binding probability of each residue is less than
0.6, which is much lower than the binding probability of protein adsorbed on
NPs with a whole hydrophobic/hydrophilic surface (the maximum value reaches
over 0.9 [32]). This suggests that the protein is loosely bound to the Janus NP,
which can also be verified by the structures in Fig. 2. The loosely binding may
also result from the disturbing of protein structure caused by the mismatch of
hydrophobicity distributions between protein residues and the Janus NP.

seq

5

10 15 20 25 30 35 40 45 50 55
0.00
0.20

H

0.40
0.60
0.00
0.20

P

0.40
0.60

Fig. 3. (Colour online) The hydrophobicities of the residues and their binding probabilities on NPs. The first rod shows the hydrophobicity of the protein sequence, with
blue denoting the hydrophobic residues and red otherwise. The second rod represents
the binding probability of the corresponding residues and the hydrophobic surface of
the Janus NP in the AU region, while the third one represents that of the hydrophilic
surface. The deeper the color, the higher the binding probability.

3.3

Transition property of binding process

To gain further insights into the phase transition process, we calculated how the
protein structure and the protein-NP contacting area S change from one phase
to another at the phase boundary, as shown in Fig. 4; also shown are the typical
trajectories collected at the corresponding phase boundary. In general, for a NP
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of fixed size (Fig. 4(a) and (b)), the Q value decreases and S increases when εnpp
is enlarged. This reflects the coupled adsorption and unfolding of the protein,
which is consistent with the experiments that large contact areas decrease thermodynamic stabilities [8, 27]. Whereas, for a fixed interaction strength(Fig. 4(c)
and (d)), the Q value gradually decreases with the increase of D, while the S
value first increases and then decreases slightly after D is larger than a threshold, which is around 8Å, almost the size of hydrophobic core of the protein. The
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Fig. 4. (Colour online) The coupled adsorption and unfolding of the protein as a function of the proteinCNP interaction strength εnpp on crossing the phase boundary. Black
curves with solid squares give the protein nativeness Q, and blue curves with open triangles show the fraction of NP surface covered by protein S. On the right side, typical
trajectories collected right at the phase boundaries are shown. The parameters (εnpp ,
D/D0 ) used to calculate the trajectories are (7, 0.58) and (8, 0.38) for (b) and (d),
respectively.

transition caused by increasing D is also a cooperativity between unfolding and
binding. In the DF region, although the protein is dissociated from the NP, the
structure is still affected by the NP and the protein starts to spread on the NP,
since they are very close to each other. The size of NP is smaller than the protein’s hydrophobic core, therefore, it cannot lead to significant structure change.
In the AU region, the size of NP becomes larger than the hydrophobic core,
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and it makes the protein unfold with the bias to buring inside the protein. The
decrease of relative contact area S value is due to that the surface area of NP
increases significantly, while the contact area changes little since the protein is
loosely bound to the NP, then the ratio decreases.
3.4

Secondary structures affected by Janus NP

relative fraction of secondary structures

The presence of a nearby NP has different effects on different secondary structures of proteins. Fig. 5 shows the fraction of secondary structures in each phase
with respect to their values without the NP. The values are averaged over an

1.2

DF
AU

1.0

0.8

0.6

0.4

0.2

0.0

Fig. 5. (Colour online) The relative fraction of α-helix and β-sheets of protein GB1
when adsorbed on a Janus NP, normalised against their corresponding values obtained
in simulations at the same conditions but without the NP. Error bars are shown as
vertical line segments at the top of the histograms.

equally spaced grid in the corresponding phase to reflect the general feature. If
the value is smaller than 1, it indicates that the secondary structure is destabilized. If the value is larger than 1, it suggests that the secondary structure is
strengthened due to the presence of NP. According to Fig. 5, in the DF phase,
the fractions of hairpins β12 and β34 are increased compared with the fractions in
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the native structure, while the fraction of hairpin β14 is not sensitive to the presence of NP, as can be seen from the near-unity value. According to our previous
study the instability of β-hairpin is not resulted from crowding effect [32]. In the
DF region, the protein keeps folded and close to the NP. It seldom departs away
from the NP, and the stability of hairpin structure is little affected by the space
effect. The fraction of α-helix decreases slightly, indicating the decrease of helical
structure. In the DF phase, although the protein is not adsorbed on the NP, it is
still weakly attached to the NP, and hence the protein is still under the influence
of the NP. The enhancement of β-structures can be tentatively attributed to its
geometry properties. β-hairpin is composed of inter-strand long-order hydrogen
bonds, which makes it more flexible and tolerable to the curvature of the NP.
The α-helix is composed of inner-strand hydrogen bonds, which makes it more
rigid and is easy to unfold when binding to NP. The above observations are consistent with the previous experiments that suggested that upon adsorption the
protein underwent a change of secondary structure with a decrease of α-helices
and a possible increase of β-sheet structures [33, 34].

4

Conclusion

In summary, we studied how a α+β protein would be affected by a nearby Janus
NP with half hydrophobic surface and half hydrophilic surface using a structurebased coarse-grained model and molecular simulations. While most previous experimental and theoretical studies have focused on NPs of size of several 10 or
100 nm, our study is interested in ultra-small NPs less than several nanometres.
According to our simulation results, the conformational phase diagrams show
two phases, including DF and AU. The exact phase where the protein-NP system belongs to is dependent on the protein-NP interaction strength εnpp and
the NP size. In general, large NPs and strong interaction strengths denature
proteins to large extents, consistent with previous theoretical and experimental
studies. Our simulations also show that the NP exerts different effects on different secondary structures of the protein. Although in the unfolded phases both
α- and β-structures are destabilised, the β-structures are often enhanced in the
folded phases and this enhancement is irrelevant to the hydrophobicity of the
NP, the spatial organising pattern of the hydrophobic/hydrophilic residues or
the crowding effect. This enhancement is tentatively attributed to the geometry
and flexibility of the β-structures. The results may be useful for understanding the interaction of proteins with ultra-small NPs, particularly the fullerene
derivatives and carbon nanotubes, considering the sizes of the NPs studied here.
Our study illustrated all the possible structures of protein and Janus NP, and
revealed the physical mechanism of the influence of NPs on secondary structures.
This provides a deeper understanding of protein-NP system and is useful for the
design of new materials.
The interactions between proteins and NPs are in fact very complex; in addition to the physical parameters considered in this work, they are also dependent
on the protein and NP concentration, surface modifications of the NP, temper-
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ature, pH-value, denaturants in solvent, and etc. Further studies are ongoing in
our group and they may deepen our understanding on such a system in different
environments and facilitate designing new bio-nano-materials or devices.
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