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f protein conformation and
orientation at buried solid/liquid interfaces†

Wen Guo, a Tieyi Lu, a Ralph Crisci,a Satoshi Nagao, b Tao Wei c

and Zhan Chen *a

Protein structures at solid/liquid interfaces mediate interfacial protein functions, which are important for

many applications. It is difficult to probe interfacial protein structures at buried solid/liquid interfaces in

situ at the molecular level. Here, a systematic methodology to determine protein molecular structures

(orientation and conformation) at buried solid/liquid interfaces in situ was successfully developed with

a combined approach using a nonlinear optical spectroscopic technique – sum frequency generation

(SFG) vibrational spectroscopy, isotope labeling, spectra calculation, and computer simulation. With this

approach, molecular structures of protein GB1 and its mutant (with two amino acids mutated) were

investigated at the polymer/solution interface. Markedly different orientations and similar (but not

identical) conformations of the wild-type protein GB1 and its mutant at the interface were detected, due

to the varied molecular interfacial interactions. This systematic strategy is general and can be widely

used to elucidate protein structures at buried interfaces in situ.
Introduction

Interfacial protein activities play important roles in a broad range
of applications, such as biomedical implants, marine anti-
biofouling coatings, biosensors, membrane protein functions,
and antibody drug storage and administration.1–7 It is well known
that protein structures determine their functions. Therefore, it is
important to understand molecular structures of proteins at
interfaces to optimize their interfacial interactions and to improve
their interfacial functions. Excellent progress has been made to
understand protein structures in bulk environments using X-ray
diffraction and NMR, but it is difficult to determine protein
structures at interfaces in situ. Atomic force microscopy (AFM)8

maps interfacial morphologies of proteins, but has the potential to
perturb its targets and makes it difficult to examine detailed
molecular conformations. Surface plasmon resonance (SPR)9 can
follow the kinetics of their interfacial adsorption behavior, but
cannot provide molecular level signatures of these biological
molecules. Attenuated total reection Fourier transform infrared
spectroscopy (ATR-FTIR)10 and surface-enhanced Raman spec-
troscopy (SERS)11 have been applied to obtain molecular level
vibrational ngerprints of interfacial proteins. However, ATR-FTIR
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suffers from water interference and inadequate surface sensitivity.
Sample preparation for SERS could be complicated, and the usage
of a metallic surface may limit the general application of SERS to
study proteins at different interfaces.

A technique with excellent surface sensitivity and in situ capa-
bility is required to study the molecular structures of interfacial
proteins. Sum frequency generation (SFG) vibrational spectros-
copy, a second-order nonlinear optical spectroscopy, is an appro-
priate technique to fulll these requirements. As a vibrational
spectroscopy, SFG inherits the advantages of ATR-FTIR and SERS,
by being capable of recording molecular vibrational features.12–30

The selection rules of SFG determine that it can only detect signals
from a medium where inversion symmetry is broken under the
electric dipole approximation, making SFG intrinsically surface/
interface specic with a sub-monolayer sensitivity.12–30 The non-
invasive nature of SFG allows in situ observation of structural
changes in interfacial proteins. In addition, SFG can probe inter-
facial molecular orientation by applying different polarization
combinations, allowing in-depth analysis of protein molecular
behavior and molecular interaction at interfaces. With these
advantages, SFG has been developed into a powerful tool to probe
interfacial structures of proteins in the last 20 years.21,31–42

It has been demonstrated that isotope-labeling biological
samples especially site-selective isotope labeling could greatly
facilitate the elucidation of the structures of biomolecules using
various experimental techniques, such as NMR, mass spectrom-
etry, and vibrational spectroscopies.43–45 Isotope labeling provides
many advantages. For example, it could distinguish originally
overlapping signals. Specically for a vibrational spectroscopic
technique, isotopic substitution of 13C in the backbone of proteins
Chem. Sci., 2023, 14, 2999–3009 | 2999
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Fig. 1 (a) Crystal structure of WT GB1 (PDB ID: 3gb1). (b) Crystal
structure of WT GB1 with Q32 and N35 plotted in magenta sticks. (c)
Schematic of the SFG prism geometry used in this study to collect SFG
spectra from the PS/protein solution interfaces.
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could shi the amide I band by ∼40 cm−1.46,47 Thus, isotope
labeling generates many more independent spectral measure-
ments, aiding in the determination of complex structures of bio-
logical molecules. In the current study, we combined the isotope
labeling method with SFG spectroscopy to study interfacial
behavior of the B1 domain of protein G (GB1).

GB1 is a small protein of 56 residues, forming two anti-
parallel b-sheet structures near each terminus and an a-helix
structure in the middle. The small size and rich secondary
structure make GB1 an excellent model for many protein
studies.48–51 Previously, we studied the behavior of GB1 on
a graphene surface and showed that residues Q32 and N35,
located at the helical portion of GB1, play an important role in
the strong protein–surface interaction with graphene, leading
to the denaturation of the protein.52 The mutation of these two
residues into alanine could greatly reduce the protein–graphene
interaction and retain the native GB1 structure on graphene,
preventing the denaturation of GB1.52 In the above study, we
deduced the mutant GB1 orientation based on the GB1 crystal
structure (PDB entry: 3gb1) and used the SFG signals from the a-
helical domain in the orientation analysis.

Here in this study, we isotope labeled GB1 and its mutant, and
developed a new systematic method to combine isotope labeling,
SFG measurements, SFG Hamiltonian spectral simulation, and
atomistic molecular dynamics (MD) simulation to determine the
molecular structure of wild-type GB1 (WT GB1) and mutant GB1
Q32A and N35A (MT GB1) at the polymer/protein solution inter-
face, using polystyrene (PS) as a polymer model. A one-exciton
Hamiltonian approach was applied for SFG spectral construction
of each protein structure as a function of protein orientation.53–55

Atomistic MD simulations could describe the conformations of
adsorbed proteins56–58 and provide protein structure inputs for the
Hamiltonian SFG spectral calculation program. The calculated
spectra were compared to the experimental measurements to get
matching scores. The highest matching score generated from the
comparison considering all the isotope labeled proteins deter-
mines the most likely conformation (the input structure used) and
orientation of WT GB1 or MT GB1 at the interface.

Materials and methods
Preparation of WT GB1 andMT GB1 with and without isotopic
labels

The DNA sequence of plasmids utilized for expression of WT GB1
was obtained from Takara Bio (Shiga, Japan), which was modied
using the KOD Plus Mutagenesis Kit (Toyobo, Japan) to construct
the DNA sequence of plasmids used for expression ofMTGB1. The
proteins were expressed in E. coli. Isotope labeledWT GB1 andMT
GB1 samples (using 13C-labeled amino acids at the carbonyl
position) were also expressed using the samemethod.More details
about the protein expression and isotope labeling can be found in
the ESI.† Eight protein samples in total including two WT GB1
samples and six MT GB1 samples were prepared: non-labeled WT
GB1 (WT NL), Leu-labeledWT GB1 (WT Leu), non-labeledMT GB1
(MT NL), Leu-labeled MT GB1 (MT Leu), Val-labeled MT GB1 (MT
Val), Phe-labeled MT GB1 (MT Phe), Lys-labeled MT GB1 (MT Lys),
and Ile-labeled GB1 (MT Ile). The expressed proteins were puried
3000 | Chem. Sci., 2023, 14, 2999–3009
by anion exchange and size-exclusion chromatography. MALDI-
TOF-MS spectra (ESI Section S1†) of protein samples were
collected to conrm the success of protein sample preparation and
the correct numbers of amino acids were labeled in the isotope
labeled samples. To further conrm the positions of the isotope
labeled amino acids, enzymatic digestion experiments of isotope-
labeled protein samples with trypsin (trypsin cleaves the
carbonyl groups of Arg and Lys) were performed. Mass spectra
were collected from the digested fragments (ESI Section S1†). CD
experiments on all the protein samples in solution were performed
to conrm that the secondary structures of the expressed proteins
are the same (ESI Section S1†). All proteins were stored at −40 °C
before use. Each protein sample was dissolved in D2O to
a concentration of 0.1 mg mL−1 for SFG experiments. The pH of
the protein solutions (in D2O) is around 6.4, measured using pH
strips (Fisher Scientic International Inc., Waltham, MA).
Preparation of a PS thin lm

Right-angle CaF2 prisms (Altos Photonics, Bozeman, MT) were
soaked in toluene before use. Before sample preparation, the
prisms were dried using N2 ows, followed by plasma cleaning
(Plasma Etch Inc. model: PE-50) for 10 min. Solid PS (Mw 60 000)
was purchased from Scientic Polymer, Inc. and used as received.
A 3% PS (w/w) solution in anhydrous toluene was prepared and
then was spin-coated using a P-6000 spin coater (Speedline Tech-
nologies, Franklin, MA) onto clean CaF2 prisms at 2000 rpm for
1 min, forming a PS thin lm around 150 nm thick. The PS-coated
prisms were annealed at 120 °C for 3 h.
SFG vibrational spectroscopy

SFG is a second-ordered nonlinear optical process characterized by
second-ordered susceptibility c(2) of the probed material. Detailed
SFG theories have been described extensively and will not be
repeated here.12–30 In our experiment, the SFG system used was
purchased from EKSPLA, which generates picosecond (ps) pulsed
lasers (pulse width of 20 ps) at a repetition rate of 50 Hz. In
a typical SFG experiment with the prism sample geometry
(Fig. 1(c)), one visible laser beam at 532 nm and one frequency
tunable mid IR laser beam (from 2.3 to 10 mm) are temporally and
spatially overlapped at the sample surface, and then an SFG signal
beam with the sum frequency of the two input beams can be
collected. With the prism sample geometry, near total internal
reection can be reached at the solid/liquid interface to enhance
the SFG signal as discussed previously.59,60 SFG spectra of the PS/air
interface and PS/D2O interface were rst collected (ESI Section
S2†), and then a protein solution was placed in contact with the PS
© 2023 The Author(s). Published by the Royal Society of Chemistry
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surface from the bottom. SFG spectra were measured with ssp (s-
polarized SFG signal beam, s-polarized visible beam, and p-
polarized IR beam) and ppp polarization combinations in the IR
range from 1500 cm−1 to 1800 cm−1, covering the entire amide I
wavenumber region (1600 cm−1 to 1690 cm−1) of a protein.

The detected SFG intensity (ISFG) can be expressed as:12–30

ISFGf
���cð2Þ

eff

���
2

¼
�����c

ð2Þ
NR þ

X

q

Aq

uIR � uq þ iGq

�����

2

(1)

where c(2)eff is the effective second-order susceptibility and c(2)NR is
the non-resonant contribution. Aq, uq, and Gq are the SFG signal
amplitude, the vibrational frequency (peak center), and the
damping coefficient (peak width) of the vibrational mode q,
respectively. These parameters can be obtained by tting an
SFG spectrum, and an SFG spectrum can be constructed if these
parameters are available. The tting parameters of the SFG
spectra used for the protein spectral reconstruction in this study
are listed in ESI Section S3.†

Atomistic MD simulation

The Gromacs61 (version 2019.6) simulation package was used to
conduct atomistic MD simulations. The CHARMM 36 force eld62

combined with a TIP3P water model was applied to describe the
interactions in the system. The velocity Verlet algorithm was used
for the dynamic equations with a time step of 1 fs. The long-range
electrostatic interactions were calculated by the particle mesh
Ewald (PME) summation with a cutoff of 1.2 nm. A spherical cutoff
of 1.2 nm was imposed on Lennard–Jones interactions. The
Parrinello-Rahmanmethod was used to keep the NPT ensemble at
1 bar. The temperature was maintained at 298.15 K by the
Berendsen thermostat. Periodic boundary conditions were applied
to the system, along the X and Y directions only.

For WT GB1, we used a crystal structure (PDB code: 3gb1)
from the Protein Data Bank (http://www.ncbi.nlm.nih.gov/).
The MT GB1 protein structure was predicted by I-TASSER63–65

based on the crystal structure of WT GB1. With amino acids
lysine (Lys) protonated, glutamate (Glu) and aspartate (Asp)
deprotonated, and uncapped N- and C-terminals, both WT
and MT GB1 proteins have a net charge of −4e at pH of 7. Both
proteins were relaxed in water at 298.15 K in the NVT ensemble
before being assembled with the PS substrate surface.

An amorphous PS surface was constructed with 78 polystyrene
chains. Each chain consists of 20 monomers. The PS surface was
initially relaxed in a vacuum with a series of simulations of 30 ns
for a total of 270 ns, which were carried out using a stepwise
heating/annealing protocol starting at 298.15 K, reaching 700 K
and then recovering to 298.15 K. Then the surface was exposed to
water solution for further relaxation for 150 ns. The equilibrated PS
surface is around 6.847 × 6.797 nm2 in the X–Y plane with
a thickness of 5.506 nm. Aer this, the hydrated PS surface was
assembled with a protein, leaving an initial gap of at least 2.0 nm
between the PS surface and the protein. The total dimension of the
solvation box along the Z direction is 13.787 nm. Sodium counter
ions were added to neutralize the system. The assembled initial
congurations of WT GB1/PS and MT GB1/PS systems are shown
in ESI Section S4.†
© 2023 The Author(s). Published by the Royal Society of Chemistry
One-exciton Hamiltonian approach for SFG spectral
calculation

In this study, a one-exciton Hamiltonian approach was adopted to
calculate SFG spectra as a function of protein orientation. This
methodology was reported previously55 and also in our recent
publications.39,53 Since this method will be used to calculate the
SFG spectra with isotope labeled units, which is a new feature, it
will be briey introduced here. A Hamiltonian matrix was con-
structed to obtain the SFG signal frequency and the strength of
each amide I normal mode of a protein by using the couplings
among the local modes of the amide units. Here, the diagonal
terms of the Hamiltonian matrix, representing the local mode
frequencies, were set to 1640 cm−1 for non-isotope-labeled amide
units and set to 1610 cm−1 for isotope-labeled amide units. The
off-diagonal terms of the Hamiltonian matrix, representing the
coupling between each pair of amide units, were calculated
according to the distance and the orientation of each amino acid.
To calculate such couplings, this Hamiltonian approach requires
a protein structure as the input. The normal modes and the
vibrational frequency of each mode can be obtained by diagonal-
izing the constructed Hamiltonianmatrix. The SFG signal strength
can then be calculated for each amide I vibration normal mode.
According to eqn (1), the SFG resonant susceptibility of each
normalmode can be obtained by rationally assuming a peak width
(10 cm−1 in this study) and the overall SFG spectrum from the
protein amide Imode can be acquired by using the sum of the SFG
resonant susceptibility from all the amide units (omitting the
c(2)NR term) for a specic protein orientation. The protein can be
rotated and the SFG spectra can be calculated as a function of the
protein tilt angle q and twist angle j. The (tilt angle, twist angle)
pair, also denoted as (q, j), was used to dene the orientation of
a protein at the interface. The original orientation (0°, 0°) was
dened as the protein orientation of the input protein structure,
e.g., the crystal structure in the protein data bank or the orientation
deduced from the computer simulation as described above. More
details of the Hamiltonian spectra calculation method can be
found in previous publications (46, 61). The calculated SFG
response in the laboratory frame can be converted to the Jones
frame to compare to the experimentally collected data (ESI Section
S5†).

For spectra comparison, only the resonant spectra were
compared, without the non-resonant contribution c(2)NR (See ESI
Section S3†). A score system was developed to evaluate the
similarity between the calculated SFG spectra and the experi-
mental measurement, as illustrated in ESI Section S5.† The best
matching score obtained from the comparison provides the
most likely conformation (the input structure) and orientation
(dened using (q, j)) of the interfacial protein.
Results
SFG measurements

Fig. 1(a) displays the crystal structure ofWT GB1 (PDB ID: 3gb1),
showing that the GB1 crystal structure contains both a-helical
and b-sheet structures. The two amino acids Q32 and N35 which
will be mutated are both located in the helix, as shown in
Chem. Sci., 2023, 14, 2999–3009 | 3001
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Fig. 1(b). SFG spectra were collected from protein molecules at
the PS/protein solution interfaces using the experimental
geometry presented in Fig. 1(c). Eight protein samples in total
including two WT GB1 samples and six MT GB1 samples were
prepared and studied in this research: non-labeledWT GB1 (WT
NL), Leu-labeled WT GB1 (WT Leu), non-labeled MT GB1 (MT
NL), Leu-labeled MT GB1 (MT Leu), Val-labeled MT GB1 (MT
Val), Phe-labeled MT GB1 (MT Phe), Lys-labeled MT GB1 (MT
Lys) and Ile-labeled GB1 (MT Ile). Fig. 2 and 3 display the
collected SFG ssp and ppp spectra for all eight protein samples
at the PS/protein solution interfaces. The spectral tting results
are also shown in the gures. The spectral tting method and
the tting parameters are presented in the ESI (Section S3).† A
positive peak at ∼1625 cm−1 and a negative peak at ∼1655
cm−1, assigned to the b-sheet structure35,49 and a-helix struc-
ture35,49 respectively, were detected in both the SFG ssp and ppp
spectra of each of the eight samples. The opposite phases
showed that the overall dipoles of the GB1 structural domains
contributed to the 1625 cm−1 and 1655 cm−1 peaks point to
opposite absolute orientations. The signal strengths of these
two peaks could be acquired from the spectral tting parame-
ters. The small side peaks at ∼1690 cm−1 observed in the ssp
spectra of MT GB1 samples could be assigned to b-turns.26,35 The
other weak signals detected at ∼1740 cm−1 in both SFG ssp and
ppp spectra of all eight samples could be assigned to protein
side chains and will not be included in the spectral comparison
for the protein amide I signals.

A dominant SFG peak observed in the ppp spectra of all the
samples is centered at ∼1600 cm−1, which could be generated
from the C]C stretching mode of the phenyl groups on the PS
side chains, as well as the amide I mode (mainly contributed by
the 13C]O stretching) of the isotope labeled amide units of the
protein. This peak was also detected in the ppp spectra collected
from the PS/D2O (without proteins) interface (ESI, Section S2†)
and the PS/non-isotope-labeled protein (WT NL or MT NL)
Fig. 2 SFG ssp spectra collected from proteins (a) WT NL, (b) WT Leu, (
adsorbed at the PS/protein solution interfaces. Black dots are experimen

3002 | Chem. Sci., 2023, 14, 2999–3009
solution interfaces (Fig. 3(a) and (c)). The intensity of this peak
was twice as intense as that of a normal protein amide I peak
(e.g., a peak assigned to a b-sheet structure or an a-helix struc-
ture). Generally, the intensity of an isotope-labeled amide I peak
of a protein should be very weak because of the low population
of such amide units (which can be proved from the spectral
calculation shown below). Therefore, here we believe that the
intense peak observed at ∼1600 cm−1 in the ppp spectra mainly
comes from the phenyl groups of the PS side chains, instead of
the isotope-labeled units of proteins. We thus decided that it is
reasonable to exclude this peak when reconstructing the
experimentally measured ppp spectra for later spectral
comparisons with the calculated ppp spectra. For SFG, isotope
labeling not only shis the peak center of the amide I signal
from the isotope labeled units, but it also changes the signal
couplings between the isotope labeled units and other non-
labeled units, leading to changes in the spectral features and
intensities of the amide I signals from the non-labeled units of
the protein. Thus, such changes in the spectra of the non-
labeled protein units can also be used to quantify the isotope
labeling effects.
Atomistic MD simulation results

Here, atomistic MD simulations were conducted to study the
WT GB1 and MT GB1 samples without introducing isotope-
labeling. We assume that isotope-labeling has negligible
effects on the protein structure in solution and protein–PS
interactions. Therefore, the non-labeled and isotope labeledWT
GB1 (or MT GB1) samples have the same structure (same
conformation and orientation) at the PS/protein solution
interface. To ensure that we capture the equilibrated protein–
polymer interaction, the MD run was performed for 1000 ns.
Section S6 in the ESI† shows the distance between the protein
(WT GB1 or MT GB1) and the PS surface as a function of time.
According to this distance plot, the adsorption process
c) MT NL, (d) MT Leu, (e) MT Val, (f) MT Phe, (g) MT Lys and (h) MT Ile
tal data points and red lines are fitted spectra.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 SFG ppp spectra collected from proteins (a) WT NL, (b) WT Leu, (c) MT NL, (d) MT Leu, (e) MT Val, (f) MT Phe, (g) MT Lys and (h) MT Ile
absorbed at the PS/protein solution interfaces. Black dots are experimental data points and red lines are fitted spectra.
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happened quickly in both cases (∼20 ns for WT GB1 and∼10 ns
for MT GB1). For MT GB1 and WT GB1, the mean values and
uctuations of the radius of gyration (Rg) and the root mean
square deviation (RMSD) are similar over the course of simu-
lation (shown in ESI Sections S7 and S8 †), indicating that the
mutation of Q32A and N35A would not cause substantial
conformation changes of MT GB1 due to the GB1–PS interac-
tions. The structures of WT GB1 and MT GB1 were similar and
stable aer GB1's landing on the PS surface. The secondary
structure revolution maps (ESI Section S9†) show that WT GB1
and MT GB1 have similar conformations over the entire simu-
lation time.

To quantify the orientation uctuation of the a-helical
portion of WT GB1 and MT GB1, we dened a tilt angle qa to
evaluate the angle between the Z axis (the PS/protein solution
interface normal) and the sum of amide I vectors from residue
21 to residue 36 (the a-helical portion, pointing from near the N-
terminal to near the C-terminal) of protein GB1. The time-
dependent qa plots of WT GB1 and MT GB1 (shown in ESI
Section S10†) indicated that qa reached equilibrium aer 600 ns
for both proteins. However, the qa distributions of the last 400
ns of the simulations of WT GB1 and MT GB1 exhibited
different mean values with similar standard deviations, indi-
cating that the a-helical structures in WT GB1 and MT GB1
adopted different preferred orientations on the PS surface
although they had similar conformations. It is interesting to
observe that only mutating two amino acids of GB1 could
change the protein orientation on PS substantially. This
suggests that the mutation of Q32A and N35A alters the inter-
actions between the GB1 protein and the PS surface, and the
planar residues Q32 and N35 play an important role in such
interactions. Similar phenomena were previously observed for
WT GB1 and MT GB1 on graphene,52 which will be discussed in
more detail later.
© 2023 The Author(s). Published by the Royal Society of Chemistry
Spectral matching for WT GB1

SFG spectra can be calculated using the Hamiltonian method as
we demonstrated previously.39,53 To determine the interfacial
protein conformation, for the Hamiltonian spectral analysis,
protein congurations in the last 400 ns of the simulation were
used. Due to the uctuations and roughness of the so surfaces of
the PS lm and protein GB1, the orientation of a landed protein
can have small changes at a microsecond temporal scale. The
atomistic MD simulation (#1 ms) might not catch the slow
tumbling (i.e. side rotation of a non-principle axis) of an adsorbed
GB1 molecule on the PS surface.58,66–69 In contrast, SFG experi-
mentsmeasure the averaged conformations ofmultiple proteins at
the macro-scale. To overcome the defect of insufficient sampling
in MD simulations, for the Hamiltonian SFG spectra calculation,
we rst rotated eachMD simulated conguration ofWTGB1 in the
last 400 ns (1 ns per conguration) to (q, j) from its initial orien-
tation (0°, 0°) to compensate for the orientation uctuations (q ˛
[0°, 180°], j ˛ [0°, 360°], 5° as a step). It is worth noting that,
although an orientation grid search was conducted, the nal
deduced orientation which best matches the experimentally
measured spectra should be close to its initial state to match the
atomisticMD simulation result. All 400 protein congurations and
their rotated structures were used to calculate the ssp and ppp SFG
spectra forWTNL andWT Leu (WTNL andWT Leu used the same
protein structure but a different Hamiltonianmatrix, as illustrated
in the Method section below). Therefore, for each protein sample
(WTNL orWT Leu), we calculated 400× 180/5× 360/5= 1 036 800
ssp spectra and 1 036 800 ppp spectra. The calculated spectra were
scored by comparing them to the experimentally reconstructed
spectra for both spectral features and relative ssp/ppp spectral
intensity. More details for SFG spectral calculation and for
obtaining the matching scores from the comparison between
calculated and reconstructed experimental spectra can be found in
the Materials and Methods Section and Section S5 of the ESI† as
well as our previous publication.39 A heat map showing such
Chem. Sci., 2023, 14, 2999–3009 | 3003
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matching scores as a function of protein orientation can be ob-
tained for each of the 400 simulated congurations. The overall
heat map for each simulated conguration can be obtained by
combining the heat maps of the non-labeled and all isotope
labeled samples of each conguration. The simulated congura-
tion with the overall heat map with the maximummatching score
among the 400 generated overall heat maps was chosen as the
most likely conformation. The orientation with the highest
matching score from the chosen heat map was selected as the
most likely orientation. For WT GB1, considering the results for
both WT NL andWT Leu, it was found that among all the possible
candidates, the simulated WT GB1 structure at 781 ns with an
orientation of (30°, 50°) or (150°, 230°) has the highest score (0.66).
The heat map showing the matching scores of WT GB1 based on
the simulated structure at 781 ns as a function of protein orien-
tation is shown in Fig. 4(a). Clearly the heat map shows that the
orientations (30°, 50°) and (150°, 230°) have the highest scores. In
this study we performed homodyne SFG measurements to
measure SFG signal intensity; thus the orientations of (q, j) and
(180°− q, 180° +j) could not be differentiated. Here, (30°, 50°) and
(150°, 230°) have the opposite absolute orientations.

For WT GB1 with the orientation of the highest matching
score, we plotted the calculated SFG ssp and ppp spectra from
WT NL (Fig. 4(b)) and WT Leu (Fig. 4(c)) proteins. For
comparison, re-constructed experimentally detected SFG
spectra are also displayed in Fig. 4(b) and (c). From the spectral
comparison results, one could nd that the spectral features
(peak center, peak intensity ratio of ppp/ssp, peak width, etc.)
could be well-matched between the calculations and the
experimental measurements, except for the isotope-labeled
peak ∼1600 cm−1 in WT Leu's case for the ppp spectrum. The
calculated ppp spectrum of WT Leu shows the isotope labeled
signal at ∼1600 cm−1, which is missing in the reconstructed
ppp spectrum. As we mentioned above, the mismatch could be
due to the removal of the ∼1600 cm−1 peak during the experi-
mental spectral reconstruction since such a peak could come
from the PS surface. Although the isotope-labeled peak was
removed during the experimental spectral reconstruction due to
its overlap with the PS signal, the match based on the main
Fig. 4 (a) Final score map of the spectral matching between the recon
voluting the non-resonant contribution in ssp and ppp spectra and PS con
a function of protein orientation based on the simulated WT GB1 structu
possess the highest matching scores (0.66). The spectral comparisons (b)
NL spectra (based on the simulated structure at 781 ns) and (c) betwee
spectra (based on the simulated structure at 781 ns) at an orientation of (
orientation visualizations of (d) WT GB1 (with the 781 ns simulation structu
(0°, 0°). The (0°, 0°) orientation is the protein orientation obtained from

3004 | Chem. Sci., 2023, 14, 2999–3009
amide I peaks (from b-sheet/turn structure and a-helix struc-
ture) is still satisfactory.

Fig. 4(d) and (e) display the orientation visualizations of the
deduced most likely (or best matched) orientation (30°, 50°) and
the orientation obtained from theMD simulation without rotation
(0°, 0° – the input structure for the Hamiltonian calculation)
respectively. The best matched orientation (30°, 50°) showed that
the a-helical structure lies down on the PS surface, while the b-
sheet portion faces towards the solvent. This orientation is similar
to an initial (0°, 0°) orientation obtained from the MD simulation
at 781 ns without rotation, indicating that the orientation deduced
from the SFG experimental data corroborates the MD simulation
data. Furthermore, for the deduced best matched orientation, the
qa value was deduced to be 90.2°. This value falls within the qa

distribution of simulated WT GB1 for the last 400 ns of the MD
simulations (see ESI Section S10†), further demonstrating that the
deduced orientation from the experimental data well matches the
simulation results. Meanwhile, the other best matched opposite
absolute orientation (150°, 230°) (visualized in ESI Section S11†)
with the a-helical structure far from the PS surface, was very
different from its initial simulated orientation, which should be
excluded because it failed to match the atomistic MD simulation
results.

The close contact of the alpha-helical structure of WT GB1
with the PS surface is reasonable because of the strong inter-
actions between the PS phenyl groups and the “planar” amino
acids on the helix. More detailed discussion on the GB1–PS
interactions will be presented below.
Spectral matching for MT GB1

We then used a similar approach to that discussed above for WT
GB1 study to deduce the MT GB1 structure on PS. The last 400 MT
GB1 congurations obtained from the MD simulations and their
rotated structures were used to calculate the ssp and ppp SFG
spectra forMTNL and isotope-labeledMTGB1 samples. An overall
heat map showing the matching scores for each simulated
conguration can be obtained by considering the matching qual-
ities of the spectra generated from the non-labeled and all the
isotope labeled samples including MT NL, MT Leu, MT Val, MT
structed experimentally collected WT GB1 SFG spectra (after decon-
tribution in the ppp spectra) and the calculatedWT GB1 SFG spectra as
re at 781 ns. The orientations at (30°, 50°) and (150°, 230°) in the map
between the reconstructed WT NL SFG spectra and the calculated WT
n the reconstructed WT Leu SFG spectra and the calculated WT Leu
30°, 50°) (or (150°, 230°)) which have the highest matching scores. The
re) at (30°, 50°) and (e) WT GB1 (with the 781 ns simulation structure) at
the MD simulation result without further rotating the protein.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Phe, MT Lys and MT Ile. The heat map with the maximum
matching score among all the heat maps of the 400 congurations
(with rotations) was selected, as shown in Fig. 5(a).

The best matched result for MT GB1 was found to be the
simulated structure at 972 ns with an orientation of (30°, 100°) or
(150°, 280°). The comparisons between the calculated spectra from
different samples at this orientation with this conformation and
the reconstructed experimental data are shown in Fig. 5(b)–(g). The
best matched structure (30°, 100°) and the simulated structure (0°,
0°) are displayed in Fig. 5(h) and (i). The initial orientation of the
simulated MT GB1 at 972 ns without rotation (Fig. 5(i)) showed
that the a-helix was tilted up (qa= 144.2°) on the PS surface and the
anti-parallel b-sheet near the N-terminal was close to the PS
surface, which is similar to its initial orientation with qa = 148.2°,
while the anti-parallel b-sheets lie down towards the surface
slightlymore. The other bestmatchedMTGB1 simulated structure
at 972 ns of (150°, 280°) has an absolute orientation opposite to its
initial orientation obtained from simulation (visualized in ESI
Section S11†) with a qa of 31.8° and the anti-parallel b-sheet near
the N-terminal is far away from the surface. Because of such
discrepancies between the simulated orientation and experimen-
tally deduced orientation, we believe that the orientation of (150°,
280°) is unlikely to be the possible orientation and should be
excluded.

From our above analysis, it is clear that WT GB1 and MT GB1
adopt different structures on the PS surface. The difference
could be conrmed by directly looking at their SFG spectra. The
SFG spectral differences betweenWT NL andWT Leu (Fig. 4) are
not the same as the spectral differences between MT NL andMT
Leu (Fig. 5). For example, the SFG ppp/ssp intensity ratio (∼1625
cm−1) of WT NL (∼4) is twice the ratio ofWT Leu (∼2), while this
Fig. 5 (a) Final score map of spectral matching between the reconstruc
the non-resonant contribution in ssp and ppp spectra and PS contribu
a function of orientation based on the simulated MT GB1 structure at 97
possess the highest matching score (0.19). The spectral comparisons be
using the simulatedMT structure at 972 ns with an orientation of (30°, 100
Lys and (g) MT Ile. The orientation visualizations of (h) MT GB1 with a sim
and (i) MT GB1 with a simulated structure at 972 ns without rotation at (

© 2023 The Author(s). Published by the Royal Society of Chemistry
ratio is ∼4 for both MT NL and MT Leu. Such spectral differ-
ences inferred the structure variations (i.e. different conforma-
tions and/or orientations) of WT GB1 and MT GB1 at the PS/
protein solution interface.

For structure variations, we rst compare their deduced best
matched conformations. The conformation difference between
WT GB1 781 ns and MT GB1 972 ns is not obvious with RMSD =

2.0 Å (shown in ESI Section S12†), but it is larger than the
conformational uctuations of bothWT GB1 andMTGB1 over the
entire simulation time (RMSD mean of WT is 1.5 Å and RMSD
mean of MT is 1.3 Å). We believe that the conformation difference
between WT GB1 and MT GB1 is real. In terms of orientation
differences, the a-helical component of WT GB1 is more or less
lying down on the PS surface, which is substantially different from
the standing-up pose of the a-helical structure of MT GB1.

Crystal structure for SFG spectral calculation

To conrm that MD simulated structures may provide a better
structural input for SFG spectra calculation, the crystal struc-
ture of WT GB1 (PDB ID: 3gb1) was also used to calculate the
SFG ssp and ppp spectra of WT GB1 and MT GB1 using the
Hamiltonian method for reference and comparison. The nal
score heat maps obtained based on the crystal structures of WT
GB1 and MT GB1, along with the spectral comparisons of the
top-ranking orientations are shown in ESI Section S13† and
Fig. 6, respectively. The best matched results (Fig. 6(a) and (b))
of WT GB1 determined using the crystal structure input showed
lying-down orientations, while for MT GB1, the best matched
protein orientations (Fig. 6(d) and (e)) are standing-up posts.
Although using the crystal structure for spectral calculations
could still differentiate the orientations between WT GB1 and
ted experimentally collected MT GB1 SFG spectra (after deconvoluting
tion in the ppp spectra) and the calculated MT GB1 SFG spectra as
2 ns. The orientations at (30°, 100°) and (150°, 280°) shown in the map
tween the reconstructed experimental spectra and calculated spectra
°) (or (150°, 280°)) for (b) MTNL, (c) MT Leu, (d) MT Val, (e) MT Phe, (f) MT
ulated structure at 972 ns with the most likely orientation at (30°, 100°)
0°, 0°).

Chem. Sci., 2023, 14, 2999–3009 | 3005
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Fig. 6 Orientation comparisons of GB1 at the PS/protein solution interfaces: (a) and (b) the best matched orientations of WT GB1 based on the
SFG data analysis using the GB1 crystal structure, (c) the best matchedWTGB1 orientation after rotating all the simulated structures (based on the
simulated structure at 781 ns)– replotted from Fig. 4(d). (d) and (e) The best matched orientations of MTGB1 based on the SFG data analysis using
the GB1 crystal structure, (f) the best matched MT GB1 orientation after rotating all the simulated structures (based on the simulated structure at
972 ns) – replotted from Fig. 5(h). (g) The best matched WT GB1 orientation from the simulated structure without rotation (based on the
simulated structure at 821 ns), and (h) the best matched MT GB1 orientation from the simulated structure without rotation (based on the
simulated structure at 887 ns).
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MT GB1 on the PS surface, the score of the best matched
orientations of WT GB1 (0.56) or MT GB1 (0.15) is lower than
that obtained by using the rotated simulated structures of WT
GB1 (0.66) or MT GB1 (0.19), respectively. This indicates that the
analysis accuracy obtained by using the crystal structure is not
as high as that obtained by using the simulated GB1 structures.
Thus, we believe that the atomistic MD simulation could
capture the protein structure deviation from the crystal struc-
ture when considering the protein–surface interaction,
improving the accuracy of the SFG data analysis.

Discussion: comparison between
interfacial WT GB1 and interfacial MT
GB1

To understand the importance of rotating the protein to nd the
best match, the matching scores of all the simulated congu-
rations (for the last 400 ns) at their initial orientation (0°, 0°)
without rotation were compared for both WT GB1 and MT GB1.
Detailed comparisons are shown in ESI Section S14–S17.† The
top ve best matches for the non-rotated simulated structures
of WT GB1 are those obtained at 821 ns (Fig. 6(g), with a score of
0.37), 927 ns, 997 ns, 967 ns and 993 ns (shown in ESI Section
S16†). For MT GB1, the top ve such structures are those at 887
ns (shown in Fig. 6(h), with a score of 0.17), 817 ns, 927 ns, 820
ns and 765 ns (shown in ESI Section S17†). For both WT GB1
andMT GB1, although the visualized orientations deduced with
and without rotation of the simulated structures are not very
3006 | Chem. Sci., 2023, 14, 2999–3009
different, the best matched scores using non-rotated congu-
rations are lower than those obtained by using rotated cong-
urations. Rotating the simulated structures leads to the
determination of protein structures with higher accuracy.

In our previous studies on GB1 on graphene, we found that
planar amino acid residues play dominant roles in protein–
graphene interactions through p–p interactions.52 Five out of
the ten non-charged planar residues of WT GB1 (F30, Q32, Y33,
N35, and N37) are in the a-helical chain (shown in Fig. 7(a)).
They have strong interactions with the graphene surface to
cause a complete denaturation of WT GB1 on graphene, as
shown by both coarse grained MD simulation and the absence
of a detected SFG signal.52 Here, PS has many phenyl groups,
which can have strong p–p interactions with GB1 planar amino
acids, but not as strong as those between graphene and WT
GB1. Therefore, SFG signals of WT GB1 on PS could still be
detected, showing that WT GB1 does not denature completely.
On graphene, it is possible that WT GB1 needs to unfold for its
side chains to come into good contact with the rigid planar
graphene surface. However, in the case of PS, the PS surface
roughness and molecular exibility may be able to accommo-
date the protein–surface interaction better.

Among the ve planar residues in the helical structure, our
SFG studies and MD simulations showed that Q32 and N35 are
facing towards the PS surface for better interaction with the PS
surface. Aer mutating the residues Q32 and N35 into alanine,
the p–p interactions between the a-helical chain of MT GB1 and
PS were greatly reduced. Therefore the a-helix does not lie down
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 Orientation visualizations of (a) the simulated WT GB1 structure
at 781 ns of (30°, 50°) and (b) the simulated MT GB1 structure at 972 ns
of (30°, 100°). Residues Q32 and N35 are shown in magenta sticks.
Residues F30, Y33 and N37 are shown in red sticks.
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on the PS surface anymore. When the dominating p–p inter-
action between the protein and polymer is not dominating
(caused by the mutation), other interactions can dominate and
enable protein GB1 to adopt a varied orientation. For example,
the hydrophilic amino acids (e.g. E27, K28 and K31) in the helix
interact with water more favorably, leading to the tilt orienta-
tion of protein GB1 as determined. It is worth mentioning that
as we demonstrated in our previous research on peptide or
enzyme–MoS2 interactions, p–p interaction does not play
a dominating role, while other interactions such as
hydrophobic/hydrophilic interaction can mediate the protein–
surface interaction.70,71 Our results agreed with this analysis and
showed that the MT GB1 helix more or less stands up on the PS
surface (Fig. 7(b)).

To consider the experimental errors and the possible struc-
tural uctuations of proteins at interfaces, we plot all possible
WT GB1 and MT GB1 structures which have matching scores of
90% or higher compared to the highest matching scores. Two
movies in ESI Section S20 and S21 † show such structures of WT
GB1 (with scores between 0.59 and 0.66) and MT GB1 (with
scores between 0.17 and 0.19). Out of the 1 036 800 structures,
seven WT GB1 and one hundred MT GB1 structures were found.
All the WT GB1 structures are similar, with the a-helix lying
down, while all the MT GB1 structures are similar, with the a-
helix more or less standing up. MT GB1 represents more
possible structures on the PS surface than WT GB1 (one
hundred vs. seven), indicating that MT GB1 has greater struc-
ture exibility and has less interaction with the PS surface.
Conclusion

A systematic strategy, combining SFG experimental measure-
ments, isotope labeling, atomistic MD simulation, and Hamil-
tonian spectral calculation was developed to successfully
deduce the conformations and orientations of WT GB1 and MT
GB1 at the PS/protein solution interface in situ. Such confor-
mations and orientations were determined by nding a protein
structure which has the best matching quality between the
© 2023 The Author(s). Published by the Royal Society of Chemistry
experimentally measured SFG spectra and calculated SFG
spectra using the Hamiltonian approach. The matching
considers all the spectra from non-labeled and different isotope
labeled samples. Isotope labeling greatly increases the number
of independent measurements (parameters) for structural
determination.

It was found that WT GB1 adopts an orientation with its a-
helix lying down on the PS surface due to the strong p–p

interactions between the PS phenyl groups and the planar
residues in the helical structure of WT GB1. It was also found
that MT GB1 has a different interfacial orientation, with the
helix more or less standing up at the interface. These two
orientations have different contact areas of the proteins with PS
(ESI Section S17†). With Q32 and N35 amino acids replaced by
alanine, the p–p interactions between the PS phenyl groups and
the helix in MT GB1 were greatly reduced, enabling MT GB1 to
stand up. This research shows that by mutating a very small
number of some key amino acids in a protein, it is feasible to
greatly vary the protein interfacial interactions to mediate
interfacial protein structures.

Atomistic MD simulation is a powerful tool to capture
protein–surface interactions to determine the protein interfa-
cial structure. However, it is necessary to validate the simulation
results with experimental data, which is challenging. This study
provides a systematic approach using SFG to determine the
protein interfacial structure with simulated results as inputs for
SFG data analysis. The deduced protein structures with SFG
measurements are more reliable than those using the protein
crystal structure as the input structure.

Rapid progress has been made in protein expression and
protein isotope labeling in recent years. With isotope selectively
labeled proteins, many more independent measurements can
be obtained using SFG, providing adequate parameters to
determine interfacial protein structures at interfaces in situ. For
the proteins with no known crystal structures, by using well-
developed protein solution structure prediction soware, we
could predict protein solution structures from their sequence.
With such predicted protein solution structures, we could use
the methodology developed in this study to deduce their inter-
facial structures. Interfacial protein structures mediate inter-
facial functions, which play a signicant role in many research
areas and applications in chemistry, biology, medical sciences,
and materials sciences and engineering. Determination of
interfacial protein structures is signicant and has broad
impact.

Data availability

Data supporting the ndings of this work are available within
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