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ABSTRACT: Graphene-based biosensors have attracted considerable attention due to their advantages of label-free detection
and high sensitivity. Many such biosensors utilize noncovalent van der Waals force to attach proteins onto graphene surface
while preserving graphene’s high conductivity. Maintaining the protein structure without denaturation/substantial
conformational change and controlling proper protein orientation on the graphene surface are critical for biosensing
applications of these biosensors fabricated with proteins on graphene. Based on the knowledge we obtained from our previous
experimental study and computer modeling of amino acid residual level interactions between graphene and peptides, here we
systemically redesigned an important protein for better conformational stability and desirable orientation on graphene. In this
paper, immunoglobulin G (IgG) antibody-binding domain of protein G (protein GB1) was studied to demonstrate how we can
preserve the protein native structure and control the protein orientation on graphene surface by redesigning protein mutants.
Various experimental tools including sum frequency generation vibrational spectroscopy, attenuated total refection-Fourier
transform infrared spectroscopy, fluorescence spectroscopy, and circular dichroism spectroscopy were used to study the protein
GBI structure on graphene, supplemented by molecular dynamics simulations. By carefully designing the protein GB1 mutant,
we can avoid strong unfavorable interactions between protein and graphene to preserve protein conformation and to enable the
protein to adopt a preferred orientation. The methodology developed in this study is general and can be applied to study
different proteins on graphene and beyond. With the knowledge obtained from this research, one could apply this method to

optimize protein function on surfaces (e.g,, to enhance biosensor sensitivity).

1. INTRODUCTION

Graphene is a two-dimensional (2D) material which has many
excellent properties' > and has been extensively applied in
many applications such as graphene-based biosensors*~
enzymatic biofuel cells,” functional graphene nanomaterials for
biointeractions,® and protein separations.” In such applications,
biological molecules such as proteins directly interact with
graphene, therefore it is extremely important to understand
such relevant molecular interactions, for example, by character-
izing the molecular structures of biological molecules on
graphene. Particularly, it has been reported that biosensors
using graphene as a platform, especially label-free biosensors
based on graphene field-effect transistors (FET), have higher
sensitivity, are easier to operate, and have simpler sample
preparation processes compared to labeled biological sensors
by fluorophores.'”™"* Understanding of graphene—biomole-
cule interaction will help to develop such biosensors with
better performance.
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Interfaces between graphene and biological molecules such
as peptides and proteins have been of particular interest
because of the chemical diversity that can be engineered into
the interface, presenting the diversity of biological structure
and function."”> When modifying graphene surface with
biomolecules, the interaction between graphene and bio-
molecules plays an important role in stabilizing the
biomolecule conformation and determining biomolecule
orientation on the graphene surface. Different from many
other sensing materials where charge/hydrophobic interactions
between protein amino acid residues and the material surfaces
dominate, our previous work showed that interactions between
peptides and a graphene surface depend mainly on the
interactions of “planar” and hydrophilic residues in the peptide
with graphene.16 The strong n—r interactions between the
graphene surface and side chains of specific “planar” (e.g.,
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aromatic) amino acids were reported by many experimental
works and were parametrized in our study.'® Therefore,
different from various chemical binding methods applied for
other popular biosensor materials such as self-assembled
monolayers (SAMs), polymers, etc., immobilization of protein
on graphene could be achieved by site specific mutations to
manipulate the 7—7 interactions, which will be presented in
detail below.

We demonstrated in our previous research'® that an a-
helical peptide MSI-78 lies down on graphene. However, by
carefully mutating two amino acids in MSI-78, we can
minimize the z—n interaction between peptide aromatic
amino acids and graphene to enable the mutant MSI-78 to
tilt on the graphene surface. Such a mutation was designed by
applying molecular dynamics (MD) simulations to calculate
the peptide orientation on graphene with selected mutations.
The simulated peptide orientation was validated using sum
frequency generation (SFG) vibrational spectroscopy. Here,
we would like to study the molecular behavior of a protein on
graphene.

In this study, a well-studied protein GB1 was used as a
model to investigate protein—graphene interaction by SFG and
MD simulations. Protein GB1 is a domain of a cell surface
protein called streptococcal protein G, which specifically binds
to immunoglobulin G (IgG). Protein G has many applications
and has been widely used in IgG purification or detection
biosensors.'”~'? The binding mechanisms of the protein GB1
and IgG and the related controlling factors have been
extensively investigated.”’">> Protein GB1 has also been
widely used as a protein model to study protein folding/
unfoldin; with many experimental and simulation meth-
ods,>>™? including a recent simulation of GB1 on nano-
particles by Wei et al.”” A fast and accurate simulation model
was developed based on the thorough experimental measure-
ments for protein GBIl and their interactions with solid
material surfaces.”’

Both our simulation results and experimental data show that
graphene has strong interactions with the a-helical component
of wild-type protein GBI and eventually disrupts the a-helical
structure in protein GB1 and denatures the protein. Such a
phenomenon can be well explained by a high density of
“planar” residues on the a-helix composition of GB1. As will be
shown in detail below, the 56-residue protein GB1 contains 10
“planar” side-chain residues in total; such planar residues can
strongly bind to the graphene surface.

By mutating two “planar” amino acids in the helical domain
which have the smallest numbers of native contacts to alanine,
we can retain the protein GB1 conformation by preserving the
a-helical structure from destruction when in contact with
graphene and maintaining the strong intramolecular con-
nection between the a-helix and the f-strands and can control
the protein GB1 orientation on the graphene surface.
Combined experimental studies using CD, attenuated total
reflection-Fourier transform infrared (ATR-FTIR), and SFG,
and computational investigation with MD simulations using
the coarse-grain model were performed to probe molecular
interactions between protein GB1 and graphene. With the
knowledge obtained from this research, we propose a generally
applicable method to place proteins onto graphene without the
need for chemical coupling to ensure that the proteins adopt
native conformation and preferred orientation. This will be
extremely important for designing and developing biosensors
with graphene and biological molecules.

2. MATERIALS AND METHODS

2.1. Materials. Wild-type protein GB1 (sequence: MQY-
KLILNGK TLKGETTTEA VDAATAEKVF KQYANDNGVD GEW-
TYDDATK TFTVTE) and mutated protein GBIl (sequence:
MQYKLILNGK TLKGETTTEA VDAATAEKVF KAYAADNGVD
GEWTYDDATK TFTVTE) were ordered from Giotto Biotech
(Sesto Fiorentino, Italy). Pristine monolayer graphene flakes were
dispersed in ethanol solution. Graphene solution (1.0 mg/L) was
purchased from Graphene Laboratories Inc. (Ronkonkoma, NY). The
graphene surface preparation and characterization were described in
our previous publication.'® Right-angle CaF, prisms used for SFG
experiments were purchased from Altos Photonics (Bozeman, MT).

2.2. Sum Frequency Generation Vibrational Spectroscopy.
SFG theory and experimental details have been extensively
reported”®* ™™ and will not be repeated here. In this study, SEG
experiments were performed using a commercial SFG system from
EKSPLA. Briefly, the SFG system delivers picosecond (ps) pulsed
lasers (20 ps pulse width) at a repetition rate of 50 Hz. One visible
pulsed laser beam has a fixed wavelength at 532 nm, and the other
infrared pulsed laser has a tunable wavelength (from 2.3 to 10 ym).
The visible and infrared pulses overlap spatially and temporally at the
sample surface, then the SFG signal can be collected. A near total
reflection geometry was used for data collection, as discussed
previously.**~*’ Protein GB1 solution (0.1 mg/mL in 50 mM sodium
phosphate solution, pH 5.5) was placed in contact with the graphene-
coated CaF, prism from the bottom. SFG spectra were collected with
different polarization combinations of the input visible, input IR, and
generated SFG beams, including ssp (s-polarized SFG signal, s-
polarized visible input, and p-polarized input IR) and ppp. More
details about how to deduce protein orientation from SFG ssp and
ppp spectra were extensively published previously,”>** and some
discussions are presented in the Supporting Information.

2.3. Circular Dichroism Spectra Collection. The secondary
structures of protein GB1 were measured by a J-1500 circular
dichroism (CD) spectrometer (Jasco Inc., Japan) using a continuous
scanning mode at room temperature. To use different graphene
concentrations in the protein GBI solution (0.01 mg/mL), different
volumes of graphene solutions (S mg/L) were added to a sample cell
containing ~2 mL protein GBI solution. The CD spectrum was
collected between 240 and 190 nm at a 1 nm resolution and S0 nm/
min scan rate and averaged by five scans.

2.4. Attenuated Total Reflection Fourier Transform Infrared
Spectroscopy. ATR-FTIR experiments were performed on a
commercial Nicolet 6700 FTIR spectrometer. Graphene surface was
deposited on Germanium ATR trapezoid prism (Crystran Ltd.,
Dorset, United Kingdom) coated with a thin layer of SiO,. To avoid
spectral confusion between the water O—H bending mode and
protein GBI amide-I mode, D,O instead of H,O was used in the
ATR-FTIR measurements. Both s- and p-polarized ATR-FTIR spectra
in the amide I frequency region were collected to determine the
protein GBI orientation. The background ATR-FTIR spectra were
collected from graphene surface without protein GB1. Then, after
protein GB1 was adsorbed onto the graphene surface, ATR-FTIR
spectra were collected under the same condition using the previous
spectra as backgrounds. More details about protein orientation
determination from polarized ATR-FTIR spectra are presented in the
previous publications.**~>*

2.5. Fluorescence Spectroscopy. A Jasco FP-6500 spectro-
fluorometer was used to measure tryptophan fluorescence spectra in
protein GBI solution (0.01 mg/mL). Different volumes of graphene
solutions (10 mg/L) were added to a sample cell containing ~2 mL
protein GB1 solution (0.01 mg/mL). Tryptophan emission spectra
were collected from 300 to 400 nm with a 2.5 nm bandwidth and
excitation at 285 nm.

2.6. Molecular Dynamics Simulations. The coarse-grained MD
simulation model to study interactions between protein molecules and
surfaces with different hydrophobicities was originally developed by
Wei and Knotts.*® This model has been successfully applied to study
interactions between various biological molecules and a variety of
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Figure 1. SFG spectra collected from the graphene/wild-type protein GB1 solution interface (a) in amide I frequency range and (b) in C—H

stretching frequency range.
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Figure 2. (a) CD spectra of GBI solution (0.01 mg/mL) with different amounts of graphene solution (S mg/L) in ethanol added. (b) Control CD
spectra of GBI solutions with different amounts of ethanol solutions (without graphene) added. (c) Control CD spectra of buffer solutions
(without protein GB1) with different amounts of graphene solutions added.

surfaces where hydrophobic interactions play the major role.>”*"**¢

This model was also optimized/parametrized to accommodate real
experimental temperatures, accurately account for nanomaterial
surface curvature, and 77— interactions between amino acids with
“planar” side chains and the graphene surface.'®*’

For this study, we focus on the graphene surface—protein
interactions. Therefore, the particular version of the above model
that emphasizes the 7z—z interactions is used.'® Specifically, the
protein is described by the Karanicolas—Brooks (KB) Go-like model.
A corresponding surface potential to each residue in the protein is
formulated as

N 9 7 3
o. o, o,

= Z wpoe, 91(—'] - 92[—‘] + 193(—']
i Zis Zis Zis

— Oz, + Gr, + 2% 5))(5)

is

\/graphene

(1)

where N is the residue number in the protein, Z; is the distance
between residue i and the surface, o; and €; are residue specific van der
Waals parameters. The parameters (¢s, Table S2) used in this work
were determined by the previous studies.'®*”*°
X
The first three (ﬁ) terms in the above equation are the general

terms to model amino acids of any type interacting with a solid
surface, while the following terms in the equation are describing the
differences of residues in terms of hydroghobicity and side chain
planarity. As developed in a previous study,”” we are able to scale the
native contacts in protein GB1 so that we can perform the simulations
at the experimental temperature of 298 K in this case with the NVT
ensemble. Each simulation was performed with a time step of 1 fs and
lasted for 100 ns. The protein initial pose above the surface was
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randomly chosen, and the a-helix region was facing up, away from the
graphene surface. Other simulation details can be found in the
Support Information.

3. RESULTS AND DISCUSSION

3.1. Understanding Interactions between Wild-Type
Protein GB1 and Graphene by Experiments. We have
extensively investigated biological molecules chemically
immobilized on surfaces and associated with model cell
membranes using combined SFG and ATR-FTIR stud-
ies.""~**7>* We also studied peptide orientation on graphene
using SFG, supplemented by MD simulations.'® In this study,
we applied SFG and ATR-FTIR to examine molecular
structures of protein GB1 on graphene, along with CD studies
and MD simulations.

We have demonstrated that SFG technique is very powerful
in determining orientations of biomolecules on surfaces. It can
provide qualitative orientation information, that is, whether an
a-helical peptide lies down on a surface or not.'® It can also be
used to quantitatively determine orientations of interfacial
peptides and proteins versus the surface normal.>~*/*75*
Here SFG signals were collected from the graphene/protein
GBI solution interface. Figure la shows the SFG amide I
spectrum collected from the graphene/wild-type protein GB1
solution interface. We can see that the spectrum is featurelessly
flat, or no SFG signal can be detected, showing either no
protein GB1 is adsorbed to the graphene surface or the amide I
groups in the adsorbed protein are disordered (or randomly
oriented). Figure 1b shows the SFG spectrum collected from
the same interface in the C—H stretching frequency range.
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Figure 3. (a) Fluorescence spectra of GBI solution (0.01 mg/mL) without and with different amounts of graphene solutions (10 mg/L) added.
(b) Control fluorescence spectra of GBI solution without and with different amounts of ethanol solutions (without graphene) added. (c) Control
fluorescence spectra of buffer solutions (without protein GB1) without and with different amounts of graphene solutions added.
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Figure 4. MD simulation results of wild-type protein GB1 adsorbed onto graphene surface.

Figure 1b shows that SFG signals from the C—H stretching
modes can be clearly observed in the spectrum (the broad peak
after 3000 cm™ is originated from the interface water
molecules: the O—H stretching modes). These C—H
stretching signals are contributed from protein side chain
CH groups. This information indicates that protein GB1 can
be adsorbed onto the graphene surface. The absence of the
protein amide I signal is because of the disordered amide I
groups in the protein, not the absence of the protein on
graphene. The disordered amide I groups may come from
randomly orientated protein GB1 on graphene or adsorbed
protein GBI on graphene with denatured structure (conforma-
tional change leading to disordered amide I groups). Since
graphene is a well-defined 2D material, its surface is very
ordered. Protein GBIl on graphene is unlikely randomly
oriented with original folded conformation. Also if the
adsorbed proteins are randomly orientated, SFG C—H
stretching signal should be minimal as well, which was not
what we observed. Therefore, the native protein GB1 must
have adopted conformational changes on graphene.

To confirm that protein GBI changes conformation after
adsorbed to graphene, we performed CD spectroscopic studies.
CD spectra were collected from protein GB1 aqueous
solutions with different amounts of graphene solutions (in
ethanol) added, as shown in Figure 2a. With more graphene
added, more protein GBIl molecules were adsorbed to
graphene. Figure 2a clearly shows that CD spectra changed
greatly with the increased graphene amount added, indicating
that protein GB1 adsorbed on graphene changed conforma-
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tion. If the adsorbed protein GB1 and the GB1 in solution have
the same conformation, CD spectra should not change when
more graphene was added to the solution, which was not
observed. To exclude the possibility that the CD spectral
changes may be due to the added ethanol or graphene itself, we
also collected CD spectra from protein GB1 solutions with
different amounts of ethanol (without graphene added)
(Figure 2b) and buffer solutions (without protein GB1) with
different amounts of graphene added (Figure 2c). For both
cases, CD spectral changes are minor. Therefore, the
substantial CD spectral changes shown in Figure 2a are not
caused by graphene or ethanol, but adsorbed protein GBI on
graphene instead. For the protein GBI in solution, both a-
helical and p-sheet structures were detected by CD, the
spectrum of which is shown in black in Figure 2a. The
symbolic a-helix negative peak at ~208 nm gradually
decreased as more graphene was added to the solution,
indicating that the conformation change of protein GB1 after
adsorbed to graphene involved loss of a-helical structure.
Strong interactions between protein GB1 and graphene have
also been observed using fluorescence measurements. Figure
3a shows the fluorescence spectra of protein GB1 solution
(0.01 mg/mL) with different amounts of graphene solutions
added. We can clearly see that the intensity of the fluorescence
signal decreased significantly when more graphene was added,
which indicates that more and more protein GB1 molecules
were adsorbed onto the graphene surface, resulting in graphene
concentration-dependent fluorescence quenching.”” As shown

in a previous investigation,”” protein GB1 adsorbed on latex
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nanoparticles also demonstrated such a quenching effect. Since
there is only one amino acid residue W43 contributing to the
fluorescent signal, such a graphene quenching effect suggests
that the environment around this residue changed upon
adsorption to graphene. This residue is on the a-helical region
of protein GBl, indicating the adsorption of the a-helical
structure in protein GBI to graphene, leading to the structural
change of the oa-helix, as evidenced by the CD studies
presented above. Control fluorescence experiments on protein
GB1 solutions with different amounts of ethanol solutions
(without graphene) added (Figure 3b) and on buffer solutions
(without protein GB1) with different amounts of graphene
solutions added (Figure 3c) were also conducted. In both
cases, fluorescence signal did not exhibit substantial changes,
showing that the variation of ethanol or graphene in the
solution does not markedly vary the fluorescence signal. This
further supports that the above fluorescence signal change is
due to the protein GBIl adsorption to graphene; more
specifically, the a-helical domain adsorbed to graphene.

The combined experimental studies on wild-type protein
GB1 and graphene interactions clearly indicated that protein
GB1 molecules were adsorbed to the graphene surface with
substantial conformational change.

3.2. Understanding Interactions between Wild-Type
Protein GB1 and Graphene by Coarse-Grained MD
Simulations. To understand more details of the interactions
between protein GB1 and graphene, we performed MD
simulations. The simulation results support the conclusion
obtained from our above experimental measurements.

As shown in Figure 4, we initiated the MD simulation by
placing the protein GB1 above the graphene surface with a
distance of 1.6 nm. The initial pose of the protein was
randomly chosen, and the a-helical region of the protein was
far away from the graphene surface. As the simulation began,
the protein was quickly adsorbed onto the graphene surface.
The oa-helix and one strand of the f-sheet in the protein
contacted the graphene surface, while the other three f-sheets
in the protein were above the graphene surface (no contact).
At this point, the protein GB1 molecule still maintained most
of its secondary and tertiary structures. As the simulation went
on, the a-helix started to unwind on the graphene surface, and
such a structural change led to the collapse of the whole
protein structure. Eventually the entire protein was denatured
and adsorbed onto the graphene surface.

Similar simulation methods were also applied to investigate
interactions between the protein GB1 with latex nano-
spheres.”” Different from that system, here the combination
of the 7—r interactions between the “planar” amino acid side
chains and the graphene surface and the hydrophobic
interactions govern the protein GBl—graphene interactions.
As shown in Figure S, the amino acid residues with “planar”
side chains are highlighted in green for protein GB1. As we
demonstrated in our previous work on peptide—graphene
interactions, such “planar” amino acid residues have very high
binding affinities with the graphene surface due to the
favorable 7—7 interactions.'® Again, in the current study, this
effect of strong 77— interaction was parametrized into the
coarse-grained KB Go-like model (which was well tested by
the peptide-graphene interactions). As shown in Figure S, five
out of the 10 strong binding amino acids (to graphene) reside
in the a-helix, while the other five are spread around the
protein in the coil or f-sheet regions. Due to the specific strong

binding affinity with the graphene surface, the high density of

Figure S. Protein GBI structure (a-helix in purple and f-sheets in
yellow) with highlighted “planar” side chain residues in green sticks.

the “planar” side-chain residues in the a-helix results in the
adsorption of the a-helical domain to the graphene surface.
The strong interactions between these amino acids in helix and
graphene lead to denaturation of the protein GB1 on graphene,
as observed in MD simulations as well as the experimental
measurements.

3.3. Redesign of the Protein GB1 for Better Stability
on Graphene. Based on the experimental measurements and
MD simulations presented above, we know that the wild-type
protein GB1 underwent substantial conformational changes on
graphene, due to strong protein GBl—graphene interactions.
Here by changing the protein—graphene interactions through
protein engineering, we hope to improve the protein stability
on graphene. As presented above, the high density of “planar”
side chain residues leads to the strong interactions between the
a-helical region in protein GB1 and the graphene surface,
which accounts for the protein denaturation. Therefore, an
obvious protein mutation strategy is to reduce the number of
the “planar” side chain residues in the a-helix to decrease the
protein—graphene interaction. We can certainly mutate all the
five “planar” amino acids in the helix. After the following
analysis, we found that it is not necessary to do so. As shown in
Figure S, three out of the five “planar” side-chain residues in
the a-helix are interfacing with other residues on the f-sheets
in the protein. The other two “planar” amino acids have their
side-chains extending out and interfacing with the solvent,
which likely will have strong interactions with graphene (at
least initially) when the protein interacts with the graphene
surface. Thus, choosing these two residues for mutation should
be a good strategy to weaken protein GBl—graphene
interactions.

The minimum mutation number of the amino acids should
have the least impact on the original protein structure.
Therefore, before performing research on protein GB1 with
the above two amino acids mutated, single-point mutations
(Q32A or N3SA) on protein GBI for the above two “planar”
amino acid candidate residues were performed. For simu-
lations, the protein mutations were performed with MMTSB
tools®® (http://www.mmtsb.org), and the resulting structure
energies were minimized using Charmm. Following the energy
minimization, coarse-grained MD simulations were performed
on mutant GB1 with single mutations adsorbed onto graphene
surface, with the same simulation conditions as those used for
the wild-type GB1 presented above. However, the simulation
results indicated that the single mutation for either candidate
residue is not sufficient in changing the protein behavior on the
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Figure 8. (a) SFG and (b) polarized ATR-FTIR spectra of mutated GBI on graphene.

graphene surface. Same protein pose and denatured structures
were obtained from the simulations. We therefore decided to
further reduce the number of the “planar” side chain residues
in the a-helix to weaken the protein—graphene interaction and
performed the double-point mutations Q32A and N35SA for
protein GBI1.

After performing the two-point mutation in the sequence of
the wild-type protein GB1, we carried out MD simulations to
study such a mutated protein GB1 on graphene. As shown in
Figure 6, the protein GB1 was adsorbed onto the graphene
surface with a side-on pose and a well-maintained structure.
The a-helix was much less disturbed with one end adsorbed on
the surface, while the other end was far away from the surface
with the support of the #-sheets in the protein. Such a pose can
be stable also because the “planar” side-chain residues and the
hydrophilic residues are distributed in different domains. As
shown in Figure 7, the f-sheet adsorbed onto the graphene
surface has two “planar” side-chain residues (Trp 43 and Tyr
45) but no Lys (K) residues. As we demonstrated in our
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previous studies on peptide—MoS, interactions, Lys residues
preferred to be exposed to water (instead of interacting with
the surface).”” On the contrary, the f3-sheet far away from the
graphene surface has none “planar” side-chain residue but one
Lys (K) residue. This result is consistent with our previous
studies on the interactions between graphene and the a-helical
peptide MSI-78.'

Our MD simulation results predicted a conserved con-
formation and preferred orientation for protein GB1 mutant
(with only two amino acids mutated) on graphene. To confirm
the simulation conclusion, we performed experimental
measurements on such a protein GB1 mutant on graphene.
With such a well-maintained conformation and well-ordered
orientation with the a-helical structure more or less standing
up (or tilting) on graphene, we should be able to detect amide
I signals from the protein GB1 mutant on graphene using SFG.
Both SFG and ATR-FTIR were applied to study interactions
between mutant protein GB1 and graphene.
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Figure 9. (A) Heat map plot of possible orientation angle regions deduced using the SEG and ATR-FTIR measurements. Pink dots are the
obtained orientations from the final S ns of MD simulation. (B) The averaged orientation (6 = 14°, y = 8°) of protein GB1 on graphene surface

from the final S ns of simulation.

Figure 8a shows the SFG spectra of the mutated GBI
protein on graphene collected using the ssp and ppp
polarization combinations. The spectra were fitted, and the
fitted amide I peak for each spectrum is centered at ~1650
cm™!, which is originated from the a-helical structure in the
mutant protein GB1. The fitted SFG signal strength ratio
indicates that )(}(,3)/ ;(gfp) = 1.85, which can be used to determine
the protein GB1 mutant orientation on the graphene surface.
The details of protein orientation determination have been
described in previous publications and will not be repeated
here.***°7>* Polarized ATR-FTIR spectra were also collected
from the mutant protein GB1 on graphene, which are
presented in Figure 8b. Gaussian functions were used to fit
these spectra and decompose the spectra into the components
contributed by a-helices, f-sheets, and random coil structures.
We calculated the polarized ratio of a-helices and used it to
determine the protein orientation. The method used to study
protein orientation with ATR-FTIR spectra was also
extensively published.”*~>*

With SFG and ATR-FTIR spectral fitting results, we can
deduce the protein orientation (specified by a combination of
the tilt (0) and the twist angles ()) on graphene surface. The
zero orientation position (6 = 0° y = 0°) was defined as the
orientation of the protein in the PDB file 1GBI1. Figure 9a
shows the heat map of the possible orientations matching
between predicted SFG/ATR-FTIR data and SEFG/ATR-FTIR
experimentally measured data, with the color indicating the
matching probability. The calculation of the heat map includes
a 20% error bar; that is, in the heat map, 100% for the
orientation matching means the calculated and the measured
values exactly match, shown in red. If the calculated and
measured data have 20% difference or more, the matching
score is 0%, shown in blue. If the difference is 10%, then the
matching score is (20% — 10%)/20% = 50%, shown in green.
The detailed description of the heat map generation was
published**** and will not be repeated again. To correlate the
experimentally measured orientation to that obtained from the
MD simulations, we also plot the protein orientations obtained
from the final S ns simulation as small pink dots on the heat
map. The simulated data can match the experimentally
deduced orientation angle region which has small tilt and
twist angles (see Supporting Information). Figure 9b shows the
averaged orientation (6 = 14°, yw = 8°) of simulated

orientations in the final S ns, with a-helix standing up (or
tilting) on the graphene surface. It is worth mentioning that for
the protein GB1 orientation analysis, we assumed that the
conformation of the protein GB1 mutant is the same as the
protein GB1 crystal structure. This assumption is more or less
reasonable, which can be validated using the MD simulation
results shown in Figure 6: The protein—surface interaction
induced very slight structural distortion.

4. CONCLUSIONS

Graphene-based biosensors have been extensively researched
and have many potential applications in biodetection with high
sensitivity and selectivity. Retaining the biomolecule’s native
conformation and controlling biomolecule’s orientation on
graphene are two important aspects for improving the
performance of biosensors constructed with graphene and
proteins, but are very challenging tasks. In this study, we chose
protein GB1, an immunoglobulin G (IgG) antibody-binding
domain of protein G, as a model protein to demonstrate that
we can preserve the protein native structure and control
protein orientation after adsorbed onto the graphene surface.
The combined experimental and simulation approach adopted
in this research allows us to probe the detailed molecular
interactions between protein molecules and graphene. We
found that such interactions could destroy the a-helix structure
of the wild-type protein GB1 on graphene, leading to the
denaturation of the entire protein. After carefully analyzing the
protein—graphene interactions, we designed a protein GB1
mutant with only two amino acids in the a-helical structure
mutated. Our MD simulations indicated that we could preserve
the protein conformation and control its orientation on the
graphene surface by such small changes made in the protein
sequence. It is necessary to mention that it is important to
ensure that the mutations on protein will not negatively change
the protein function. In the past, we showed that it is feasible
to maintain the protein activity by selective mutations to
improve the surface immobilization.®

The approach developed in this study is widely applicable to
investigate interactions between graphene and other protein
molecules and design proteins which can adopt native
conformation and preferred orientation on graphene. This
method can also be used to study detailed molecular
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interactions between proteins and surfaces of other materials
such as other 2D materials, SAMs, polymers, etc.
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