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ABSTRACT: Recently, a super uranyl binding protein (SUP) was
developed, which exhibits excellent sensitivity/selectivity to bind
uranyl ions. It can be immobilized onto a surface in sensing devices
to detect uranyl ions. Here, sum frequency generation (SFG)
vibrational spectroscopy was applied to probe the interfacial
structures of surface-immobilized SUP. The collected SEG spectra
were compared to the calculated orientation-dependent SUP SFG
spectra using a one-excitonic Hamiltonian approach based on the
SUP crystal structures to deduce the most likely surface-immobilized
SUP orientation(s). Furthermore, discrete molecular dynamics
(DMD) simulation was applied to refine the surface-immobilized
SUP conformations and orientations. The immobilized SUP
structures calculated from DMD simulations confirmed the SUP
orientations obtained from SFG data analyzed based on the crystal
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structures and were then used for a new round of SFG orientation analysis to more accurately determine the interfacial orientations
and conformations of immobilized SUP before and after uranyl ion binding, providing an in-depth understanding of molecular
interactions between SUP and the surface and the effect of uranyl ion binding on the SUP interfacial structures. We believe that the
developed method of combining SFG measurements, DMD simulation, and Hamiltonian data analysis approach is widely applicable

to study biomolecules at solid/liquid interfaces.

B INTRODUCTION

Proteins and peptides play important roles in a broad range of
applications, ranging from biosensing,l_3 tissue engineering,4
drug development,™ and so forth. They can effectively bind
metal ions, interact with different molecules and genes,2’7’8 and
catalyze biochemical reactions.”'® The functions of proteins
and peptides are mediated by their structures. This research is
aimed at developing a combined experimental, computation
simulation, and spectral calculation method to deduce a
surface-immobilized protein structure using a recently
designed protein for uranyl ion detection as an example.
Uranium is one of the main sources in nuclear energy
generation and is also known to cause acute toxicological
effects in mammals as a carcinogenic agent. Therefore, it is
necessary to develop simple methods with excellent sensitivity
and specificity to detect and harvest uranyl ions. Various
analytical methods have been used to detect uranyl ions,
including optical spectroscopy (e.g., fluorescence spectrosco-
py,"" spectrophotometry,'> optode,"* and Raman spectrosco-
py'*'%), mass spectrometry,'® separation methods,'” and
electrochemical analysis.'"*"° Recently, various methods
using biological molecules to detect uranyl ions have also
been developed.”"”** Zhou et al.*® previously reported an a-
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helical peptide, called super uranyl binding protein or SUP,
that binds UO,*" with femtomolar affinity and remarkable
selectivity, better than 10,000-fold affinity over other common
metal ions. The X-ray structure of this peptide was determined
with both UO,** absent (PDB ID: 4FZ0) and bound (PDB
ID: 4FZP) and revealed that the SUP conformation changes
only slightly in response to UO,*"-binding. The design and test
of SUP for uranyl ion binding shed light on effective uranyl ion
detection and harvesting. To facilitate the incorporation of
SUP into a device to detect or bind uranyl ions, it is necessary
to immobilize SUP on a solid surface with desired orientation
for better sensitivity, stability, reusability, and localization.”***
The immobilization strategies of proteins and peptides (e.g.,
enzymes and antimicrobial peptides) have been well developed
over the last decades,”*™>" including noncovalent interactions
(such as physical adsorption and ionic attraction) and covalent
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attachment. The noncovalent methods, while simple, have
leaching problems and often decrease the activity of the
immobilized proteins and peptides due to the lack of
orientation control for proteins and peptides to adopt favorable
orientations on the surface. One of the covalent attachment
methods is to connect a unique cysteine residue on the surface
of a protein or peptide to the substrate surface through the
thiol-maleimide interaction,”>**™>* which can tune and
balance the flexibility and rigidity of the immobilized protein
or peptide to adopt a proper conformation and orientation on
the surface. We have extensively investigated proteins and
peptides immobilized using this method.”**~** Tt has been
demonstrated that self-assembled monolayers (SAMs) and
functionalized polymers can be used as solid substrates to
immobilize proteins and peptides to adopt a desired
conformation and/or orientation.***>3*~*

Protein structures in the bulk environments such as those in
solutions or crystal form have been extensively studied using X-
ray and NMR methods. However, it is challenging to
investigate protein structures at solid/liquid interfaces in situ
due to the lack of appropriate analytical techniques. Recently, a
surface-sensitive technique, sum frequency generation (SFG)
vibrational spectroscopy, has been demonstrated to be a
powerful method to elucidate protein structures at inter-
faces,"** but a systematic approach for data analysis and
structural determination for SFG experimental results is
needed.

In this research, we engineered a SUP mutant, designated
SUP-C105, which contains a unique cysteine residue at the C-
terminus to allow it to covalently bind to a maleimide-
terminated SAM surface. To better understand interactions
between the SAM substrate and the immobilized SUP protein
and thereby facilitate the development of better immobilization
strategies, we applied SFG to investigate the surface-
immobilized SUP structure both before and after binding the
uranyl ion. Previous research shows that free SUP in solution
exhibits a substantial structural change after uranyl ion
binding,47 while the crystal structures of the SUP with and
without uranyl ion binding are very similar.”> The crystal
environment is more constrained compared to the solution
environment. The SFG results will reveal the effect of the
surface immobilization (or surface—SUP interaction) on SUP
structural changes before and after uranyl ion binding. In this
study, two additional methods, discrete molecular dynamics
(DMD) simulation and one-excitonic Hamiltonian approach
(here exciton means vibrational exciton) for SFG spectral
simulation, were adopted to correlate with the SFG results to
determine the molecular structure of SUP-C105 immobilized
on the SAM surface. Here, the molecular structure refers to the
conformation and orientation of the interfacial protein.

B EXPERIMENTAL SECTION

SUP Expression and Purification. Escherichia coli codon-
optimized gene encoding SUP with a 6-His tag within pET28a
was mutated to SUP C31S C87S I105C (SUP-C105) using the
same cell transformation, culture and harvest, and SUP
purification methods as those reported in the published
protocol.” The SUP-C105 sequence is as follows: SLDSRER-
IEKDLEDLEKELMEMSIKLSDDEEAVVERALNYRDDS-
VYYLEKGDHITSFGSITYAEGLTDSLRMLHRICEG. Sam-
ples were stored at —80 °C until use.

SAM Preparation. The SiO,-coated CaF, prisms were
obtained by previously published methods.””**~** These
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prisms were oxygen plasma treated for 30 s to functionalize
the SiO, surface with hydroxyl groups to react with O-
(propargyl)-N-(triethoxysilylpropyl)carbamate in anhydrous
toluene solution in the dark for 24 h. After rinsing the prisms
with toluene, ethanol, and Millipore water twice, the prisms
were placed into a 1 mM azido-PEG3-maleimide linker (Click
Chemistry Tools, AZ107-10) solution containing copper ions
for 24 h at room temperature to grow a maleimide-terminated
monolayer. Excess copper ions were removed by 200 mM
ethylenediaminetetraacetic acid solution, and then, the prisms
were rinsed with Millipore water twice. The maleimide-
terminated SAMs on the prisms were immersed in 2.5 M
SUP solutions (5 mM potassium phosphate buffer with pH =
7.4) overnight for SUP immobilization.

SFG Spectroscopy. SFG is a second-order nonlinear
optical process characterized by second-order nonlinear optical
susceptibility y®).*0#434448=78 QREG theories, experimental
setups, and data analyses have been extensively re-
ported ¥4 and will not be repeated here. Under
the electric dipole approximation, the SFG signal cannot be
generated from most bulk materials which have inversion
symmetry but can be produced from surfaces/interfaces where
inversion symmetry is broken.***"*>**=78 Eor the SEG near-
total-reflection setup (Supporting Information, Figure S1) used
in this study, two input laser beams, a fixed 532 nm visible
beam and a tunable mid-infrared beam (1100 to 4300 cm™!),
temporally and spatially overlapped at the sample interface to
generate a sum frequency (Wyn, = g + @) signal
beam. O 4344878 11y this research, SFG amide I signals
can only be generated from the immobilized SUP protein
molecules at the solid/liquid interface, even though the
penetration depths of the input beams are much larger. The
overlap area of the input beams is a round spot with 500 ym in
diameter. Therefore each SFG amide I spectrum was collected
from the immobilized protein molecules at the solid/liquid
interface within a round area of 500 ym. The resolution of the
SFG spectrometer used is S cm™'. In the collected SFG
spectra, the peak centered at ~1650 cm™' indicates the
presence of an  helical structure in a protein/peptide.”” The
orientation of the detected protein/peptide at the interface can
be deduced from the ratio of ® values obtained from ssp- (s-
polarized SFG signal, s-polarized input visible beam, and })
polarized input IR beam) and ppp-polarized spectra ()(}%P/

)((2)) 80—82
SSP .

The SFG spectra can be fitted using the standard method
with the following equations@66

. T

@p
Hw) oc b 1 = XNR+Za} - + il
q 2 q q

(1)

Here, I(w) is the SFG spectral intensity. % is the effective
second-order nonlinear susceptibility tensor at the surface or
interface. yyg is the nonresonant contribution. A, @,, and T',
are the signal strength, the vibrational frequency, and the
damping coefficient of the vibrational mode g, respectively.

The ;(}Sf,;/;(s(fg (measured in the experiments) can be
obtained from the fitted ssp and ppp SFG spectra, from
which the y{2)/ ;(SZ) (defined in the lab-fixed coordination
system) value can be deduced ()(gf,i)/ ;(gfp) =09 x 72/ )(}(,;2)83
The ssp and ppp SFG spectra of the immobilized SUP
molecules were at first collected from the substrate (with SUP
immobilized) /phosphate buffer (PB) solution (5 mM with pH
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= 7.4) interface in the frequency region of 1500—1800 cm™.

Then, the PB solution in contact with the SAM substrate (with
SUP immobilized) was replaced by a uranyl ion solution (100
UM uranyl ion in PB solution), and the ssp and ppp SFG
spectra were collected from the immobilized SUP molecules at
the substrate (with SUP immobilized)/uranyl ion solution
interface in the same frequency region after the SFG signals
became stable.

Hamiltonian Approach. In the past, we used SFG signals
contributed from the a-helical structure to determine the
protein orientation.””*>** In this research, we adopted a
Hamiltonian method to determine the protein interfacial
orientation (the tilt angle 6 and the twist angle y) using SFG
spectra contributed from the entire protein.’”* For the
Hamiltonian method, we first used each amino acid in the
protein as a basis to construct the Hamiltonian matrix. The
diagonal terms of this matrix are the uncoupled amide I
vibration mode peak center. Coupling between each pair of
amino acids can be calculated according to the distance and
orientation of the amino acids (with the known protein
structure) and used as the off-diagonal terms. The Hamiltonian
matrix can then be diagonalized, with the diagonal terms as the
new peak centers and the new basis for each mode is a
combination of the amino acids. The signal strength of each
mode is then calculated for each peak center. Using a
reasonably assumed peak width for each mode, the SFG
spectrum of the protein can be constructed for a specific
orientation. Then, the protein can be rotated, and the zzz and
yyz SEG spectra were calculated as a function of the protein
orientation (6, y). The assigned local frequencies and peak
widths for the spectral calculation were obtained from
experimental SFG fitted results (Supporting Information,
S2). In this research, we calculated the SFG spectra of the
SUP proteins with 6 between 0 and 180° and y between 0 and
360°, with a step of 5° for @ and y. These calculated SUP
orientation-dependent SFG spectra were compared to the
experimental SFG data to deduce SUP orientation. For the first
time, a quantitative score system was developed in the
Hamiltonian program to evaluate matching qualities of the
five matching standards (for more details, see below) between
calculated and experimentally collected SFG spectra.

To save computational time, we first filtered out the
calculated SFG spectra (zzz or yyz) that have more than one
peak and whose * values of the fitting are lower than 0.8.
Spectra that survived this filtering standard are possible
candidates, which we match against experimental spectra
(each experimentally collected ppp or ssp spectrum only
contains one peak). Score 1 and score 2 evaluated the
propinquity between experimentally observed peak centers in
ppp and ssp spectra and calculated peak centers of zzz and yyz
spectra, respectively. Good matching is defined as a difference
between the calculated and observed peak center within +5
cm™! (score > 0.9). Score 3 and score 4 assessed the similarity
between experimental peak widths of the ppp and ssp spectra
and simulated peak widths of the zzz and yyz spectra. Only
calculated spectra with a peak width within +20% of the
experimental value were scored, and a score higher than 0.9
means that the deviation is less than ~5 cm™. Score §
compared the 22y )(ﬁyzz) ratios between experimentally deduced
and theoretically deduced values, with a tolerance of +20% of
the experimentally deduced value. The final matching score is
the product of all five scores mentioned above. A good overall
matching is defined as a final matching score higher than 0.59
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(if on average each score is 0.9, the final score is 0.9 X 0.9 X
0.9 X 0.9 X 0.9 = 0.59). Calculation details of Hamiltonian
approach and detailed formulas of this score system can be
found in the Supporting Information (S3).

DMD Simulations. DMD simulations were performed
using the software package (sDMD) developed by Zheng and
co-workers.**®” In our simulations, the intra- and intermo-
lecular interactions of protein(s) in the aqueous environment
were represented precisely in an implicit water environment
using well-calibrated all-atom DMD forcefield parameters
published in the literature.*® Interactions between protein
residues and the substrate surface were computed efficiently
using the coarse-grained Go-like model®”~""

N 9 7 3
3 S S G
anqe,ﬂl— —O0,|—| + 6| —
i Zis Zis Zis

3
c;
— (Gs)(s + HP;{P‘)(Z_]

V.

surface —

1S

where N stands for the residues’ number in a protein, z is the
distance between residue I and the surface, and o; and ¢; are
the van der Waals parameters. To account for the hydrophobic
effects of the SAM surface, the surface’s hydrophobic index y;
was set to 4.5°" and the value ()(Pi) of the amino acid i was
taken from the literature.”” The parameters (8,, 6, 05, 6, and
6,) were obtained from the previous study.”" It is notable that
the Go-like model has been successfully used in our previous
studies™*>?*™"° to predict protein/peptide orientation and
structure on SAMs, polymers, and two-dimensional material
(e.g., graphene or MoS$,) surfaces. In DMD, discontinuous step
functions of the interparticle distance were adopted and
particles were moved at constant velocities between steps.
Compared with conventional MD simulations,”* ™"’ our DMD
simulation combining the merits of both DMD simulations
and Go-like model achieves better efficiency while offering
acceptable accuracy. More details about the simulation
algorithm of DMD simulations with the Go-like model for
protein adsorption can be found in the recent publication®’
from Zheng and Wei.

The systems were simulated in a box of 10.0 X 10.0 X 10.0
nm?®, and surfaces were all on the X—Z plane. Since DMD is
event-driven and the solvent is represented only implicitly, it is
not straightforward to correlate the simulation time and the
temperature with the real time and temperature.*® To address
this issue, instead of applying the real units, we used time step ¢
and reduced temperature T* = T/T; in the simulations.”” We
assigned T, = 503.2 K because we set Nk;T, = E, where kg
stands for Boltzmann’s constant, N for Avogadro’s number,
and E for one unit of energy, taken to be 1 keal/mol.?” We
chose T* = 0.5 (approximately 250 K) because at such a
temperature the SUP protein does not denature in the bulk
water. A protein was initially placed above the surface with a
gapping distance of ~2.0 nm with negligible protein—surface
interactions. As a protein reaches the surface’s vicinity within a
cutoff distance of 0.3 nm, a harmonic potential between the
SAM surface and the residue’s immobilization site was formed
to mimic the grafting of a protein onto the SAM surface via site
Cys 108S.

The initial velocity of each atom was selected from the
Maxwell-Boltzmann distribution at T = 0.4. After simulation
with 5000 time steps, the system was stabilized. Then, the

https://doi.org/10.1021/acs.jpcb.1c03849
J. Phys. Chem. B 2021, 125, 77067716


https://pubs.acs.org/doi/suppl/10.1021/acs.jpcb.1c03849/suppl_file/jp1c03849_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jpcb.1c03849/suppl_file/jp1c03849_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jpcb.1c03849/suppl_file/jp1c03849_si_001.pdf
pubs.acs.org/JPCB?ref=pdf
https://doi.org/10.1021/acs.jpcb.1c03849?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

The Journal of Physical Chemistry B pubs.acs.org/JPCB
(@) 4 (b) 15
. " ssp = ssp
164 * ppp 16 4 ®  ppp
14 ] — Fitted ssp 14 ] Fitted ssp
Fitted ppp o — Fitted ppp
124
104
—~ 8
> 64
© 4]
N
> 21
= 0
[ (C) 1500 1550 1600 1650 1700 1750 1800 (d) 1500 1550 1600 1650 1700 1750 1800
()
- —SSP — SSP
124 12
E —ppp ~ppp
ssp protein
QD 10+ 104 ssp SAM
6 6
4 4
24 24
0 04
1500 1550 1600 1650 1700 1750 1800 1500 1550 1600 1650 1700 1750 1800

Wavenumber (cm-)

Figure 1. SFG ssp and ppp amide I spectra collected from the interfaces between surface-immobilized (a) SUP-C10S in contact with PB solution
and (b) SUP-C10S in contact with a 100 4M uranyl ion PB solution. Dots represent experimental data, while lines are fitting curves. Fitted
resonant SFG spectra from the immobilized (c) SUP-C10S in contact with PB solution and (d) SUP-C10S in contact with a 100 #M uranyl ion PB
solution. Black: ssp spectra. Red: ppp spectra. The ssp spectra in (d) were divided into the SUP contribution (blue) and the SAM contribution
(green, this fitted signal from SAM is very small). It is worth noting that no SFG signal can be detected from the SAM surface (before SUP

immobilization) in the amide I signal frequency region.*®

system was heated by a series of short runs that gradually
increased T* from 0.4 to 0.5, and during each run, we
simulated for 20,000 time steps. DMD simulations were then
carried out at 0.5 (approximately 250 K) for 1 X 107 time
steps. Multiple independent simulations with different initial
orientations and velocity profiles were carried out for each
system to assess the effect of initial conditions. The initial
orientations were randomly assigned.

B RESULTS AND DISCUSSION

SFG ssp and ppp spectra were collected from immobilized
SUP-C105 in contact with PB solution and with the same
buffer containing 100 M uranyl ions. These spectra, shown in
Figure lab, contain nonresonant signals. Therefore, to
compare with calculated SFG spectra using the Hamiltonian
approach which only have resonant contributions, these
nonresonant contributions must be separated by spectral
fitting to obtain spectra containing solely resonant signals, as
shown in Figure lc,d. Figure 1 shows that each ppp spectrum
or ssp spectrum of immobilized SUP-C10S before uranyl ion
binding only contains one peak, which is contributed by the
SUP amide I mode. In contrast, the ssp SFG spectrum of SUP-
C105 in the presence of a uranyl ion has two peaks. The small
peak in the higher frequency region (centered at ~1700 cm™")
is contributed by the SAM substrate. The interaction of the
SAM carbonyl group with the immobilized SUP leads to the
ordering of the SAM carbonyl group to contribute the SFG
C=0 stretching signal. The stronger peak is the amide I signal
of surface-immobilized SUP, which was used for comparing
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with the spectra calculated using the Hamiltonian approach
discussed below.

We have extensively studied the surface-immobilized protein
orientation using our developed method with SFG spectra
collected using different polarization combinations.”**>**~*
In order to determine the protein orientation with SFG
spectra, in the past, we usually used the protein crystal
structure to perform data analysis, assuming that the protein at
the interface has a similar structure to those in crystals.”>*>**
This assumption was tested by coarse-grained MD simu-
lations.*”” Inspired by these previous studies, in this work, we
first adopted the published SUP crystal structure PDB ID
4FZ0 as the input for the Hamiltonian program to simulate
the SFG spectra to compare with the experimental SFG data to
deduce the interfacial structures and orientations of surface-
immobilized SUP-C105. DMD simulations were then
conducted to examine the obtained interfacial structures and
orientations. Based on the DMD results, although the final
states of surface-immobilized SUP-C10S adopt lying-down
representations, there are discrepancies in terms of con-
formations when compared with corresponding crystal
structures. These structural differences would affect spatial
coupling effects and alter the Hamiltonian calculation results.
Therefore, to increase the accuracy of interfacial structural
analysis, the DMD output structures were utilized as
candidates for the Hamiltonian calculations to generate new
orientation outcomes. With this same methodology, the SUP
crystal structure PDB ID 4FZP was used for the data analysis
of surface-immobilized SUP-C10S after uranyl ion binding.
Because the difference between 4FZO and 4FZP is not

https://doi.org/10.1021/acs.jpcb.1c03849
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Figure 2. Heat maps of the matching scores between SFG spectra calculated by the Hamiltonian approach using 4FZO and experimentally
collected SFG spectra of surface-immobilized SUP-C10S before uranyl ion binding based on (a) ppp peak center (score 1), (b) ssp peak center

2

(score 2), (c) ppp peak width (score 3), (d) ssp peak width (score 4), and (e) )(gg/ )(§y2 (score S). (f) Final score map of the multiplication of score
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Figure 3. 4FZO orientation of (a) (0° 0°), (b) (75°, 105°), and (c) (105°, 285°) after immobilization via Cys 10S. The surface immobilization site
(cysteine) is plotted in yellow. The calculated spectra are shown in the Supporting Information (Figure SS).

signiﬁcant,23’47 we assumed that the interfacial structures of

surface-immobilized SUP-C10S before and after uranyl ion
binding should also be similar. Therefore, the DMD results of
the surface-immobilized SUP-C10S5 before uranyl ion binding
can be adopted to approximate the structures of the protein
after uranyl ion binding to improve the data analysis. We will
first introduce our methodology by illustrating the process of
determining conformation(s) and orientation(s) of surface-
immobilized SUP-C10S before uranyl ion binding. This same
strategy was applied to deduce conformations and orientations
of the cases for SUP-C105 after binding to uranyl ion. Results
will be compared and summarized in the last section.

First, the Hamiltonian approach was used to calculate the
SFG spectra as a function of SUP orientation angles (6, y)
using 4FZO. Each spectrum (corresponding to each
orientation) was then fitted to obtain five parameters: (a)
ppp peak center (score 1), (b) ssp peak center (score 2), (c)
ppp peak width (score 3), (d) ssp peak width (score 4), and
(e) x2/ )(,5;2 (score 5). These parameters were evaluated by the
scoring system presented above to generate matching score
maps. The five score maps with score 1 to score S based on the
five matching criteria are shown in Figure 2, which quantify
comparisons between the calculated SFG spectra of 4FZO and
corresponding experimental spectra of surface-immobilized
SUP-C105 before uranyl ion binding. By multiplying the scores
of these five heat maps, a final score heat map considering all
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five matching criteria, also shown in Figure 2, is obtained to
identify the most likely orientation(s) of the surface-
immobilized protein. It is worth reiterating that in this study,
the matching scores were generated by comparing the fitting
parameters of the calculated and collected SFG spectra. We are
developing methodology to compare the calculated spectra to
the collected spectra point by point with the least linear square
method to generate matching scores, which will be reported in
the future.

It is worth noting that here the azimuthal angle average was
applied when calculating the SEG spectra. Thus, the obtained
final score map represents a symmetric feature: the score of (6,
w) is equal to the one of (180° — 6, 180° + ), which means
that the absolute orientation (up or down) cannot be
differentiated in the heat map. Therefore, the final score map
always generates a pair of the most possible orientations. Here,
the two most possible orientations of surface-immobilized
SUP-C105 before uranyl ion binding by using 4FZO as the
input structure are (75° 105°), and (105°, 285°), visualized in
Figure 3. The visualized structures clearly show that
orientation (75° 105°) has the immobilization cysteine site
close to the surface, while orientation (105°, 285°) has the
immobilization site diffused away from the surface. Thus,
orientation (75° 105°) should be the only most possible
orientation of surface-immobilized SUP-C105 using 4FZO as
an input structure, whose spectra are shown in Supporting
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Information, S4. This deduced orientation shows a lying-down
orientation of surface-immobilized SUP-C10S due to strong
interactions between protein a helices and the SAM surface.
DMD simulations were performed to examine the deduced
lying-down orientation of surface-immobilized SUP-C10S.
Four simulation runs were performed with different initial
protein orientations and velocity profiles, leading to four final
orientations (Figure 4). Figure 4 shows clearly that for case 1

Case 1l Case 2 \‘

frf-“

E}M}‘.‘;‘.%

Case 3

, g

\

Case 4

Figure 4. Simulated results of surface-immobilized SUP-C10S on the
maleimide-terminated SAM surface using the DMD approach. The
surface immobilization site (cysteine) is labeled as a yellow ball.
Protein—surface interaction energies E,; for the four cases are as
follows: —26.27 kcal/mol (case 1), —27.89 kcal/mol (case 2), —18.95
kecal/mol (case 3), and —16.02 kcal/mol (case 4). Note: a negative
value represents an attractive interaction energy and a positive value
stands for a repulsion energy. The differences of chain—surface
interaction energies are as follows: 14.23 kcal/mol for AE; 3 = E 0

— Epains and 14.41 kcal/mol for AE, 3 = Eguino — Echaina-

to case 3, the SUP molecule lies down on the surface due to
the strong SUP—surface interaction, consistent with our above

SEG data analysis. In contrast, case 4 shows a standing posture
for surface-immobilized SUP-C105; however, after the analysis
below, this possibility can be ruled out. From careful
comparison of the four orientations, we found that the tertiary
structures of SUP vary slightly in different simulations.
Therefore, to better resolve both the interfacial conformation
and orientation of surface-immobilized SUP-C10S, these
protein structures obtained from DMD simulations were
used as the Hamiltonian program inputs to re-calculate SUP
orientation-dependent SFG spectra, and the obtained spectra
were compared with experimental SFG data again to deduce
surface-immobilized SUP-C10S orientation. Score maps
generated from these new sets of comparisons are shown in
Figure S. The best matches for each of the four runs are DMD
case 1 (40° 90°), case 2 (55°, 75°), case 3 (50°, 280°) and
case 4 (70°, 140°) (visualized in Figure 6). Although there are
multiple matches, the matching structures of case 1 to case 3
are similar: the third helical chain (near C-terminus) is the
closest to the surface, the middle helical chain is furthest from
the surface, and the first helical chain is tilted with the N-
terminus close to the surface (here, we define chain 1 as 6Ser—
26Ser, chain 2 as 30Ser—53Lys, and chain 3 as SSAsp—76Leu
based on the published SUP crystal structures 4FZO and
4FZP). We choose the case 2 orientation as the most likely
orientation of surface-immobilized SUP-C10S because it has
the highest matching scores among all four cases. In addition,
we normalized these calculated spectra (using 4FZO and the
DMD structures) and reconstructed experimental spectra to
compare with each other (shown in Figure 7). Figure 7 shows
that both ssp and ppp spectra of case 2 (55° 75°) have the
best overlaps with corresponding experimental spectra, which
proves that case 2 (55°, 75°) is the best match among all the
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Figure 5. Final score map showing the matching scores between SFG experimental data and calculated spectra of DMD structures (case 1 to case
4) using the Hamiltonian approach as a function of orientation angles for immobilized SUP-C105 before uranyl ion binding based on all five

matching criteria.
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Figure 6. Visualized structures with the best matching scores with
experimental data using DMD structures as inputs for the
Hamiltonian approach calculation: (a) case 1 (40°, 90°), (b) case 2
(585°, 75°), (c) case 3 (50° 280°), and (d) case 4 (70°, 140°) of
surface-immobilized SUP-C103.

obtained matched orientations of surface-immobilized SUP-
C108S.

The hydrophobic residues of SUP are evenly distributed to
allow all three helical chains to have hydrophobic interaction
with the surface, and the immobilization site located near the
C-terminus restricts the rotation of SUP to prevent the middle
chain (the helical chain is not connected to the C- or N-
terminus) from contacting the surface. In addition, the charged
residues are mainly distributed on chain 1 (near N-terminus)
and chain 2, which favors the interaction with the solvent
molecules. Therefore, we hypothesize that chain 3 would have
the highest affinity with a hydrophobic SAM surface, consistent
with our matching results using DMD output structures. The
matching result using a SUP crystal structure (4FZO), which
shows chain 1 lying down to interact with the surface, failed to
correlate with the above analysis. In theory, the final
equilibrated DMD simulation structures shown in Figure 4
are well-calibrated, so the final orientation of the (0°, 0°) or
[(0° 180°) or (180° 360°)] angle combination should be
obtained from the SFG measurements as well, if the
experimental data and simulation results match with each
other perfectly. As we presented above, the DMD output
structure case 4 shows a standing-up pose, in contrast to the
other three cases. Here, the result obtained from the
Hamiltonian calculation and experimental data matching
indicates that SUP indeed adopts a lying-down pose, which
is more reasonable. Although case 2 (55°, 75°) is not perfectly
aligned with the DMD simulation and Hamiltonian input
orientation (0°, 0°) numerically, the visualized structure of

these two shows that the spatial arrangement of the three
helical chains versus the surface plane is similar. The
comparison of protein—surface interaction energies Eps also
shows that E in case 2, where chain 3 is closest to the surface,
is the strongest among all the four cases (Figure 4). Moreover,
in case 2, chain 3 has more attractive interaction energy than
the other two chains (Figure 4). Thus, combined with case 2
(55°, 75°) having the highest matching score leads us to
conclude that it is the best match of surface-immobilized SUP-
C108s.

We adopted the same method to study SUP with a uranyl
ion bound. By using SUP crystal structure 4FZP to calculate
the SFG spectra of surface-immobilized SUP-C10S5 after uranyl
ion binding with the Hamiltonian method, the best-matched
protein orientation is determined to be (90°, 110°)
(Supporting Information, S6), which is similar to the one
(75°, 105°) of surface-immobilized SUP-C105 before uranyl
ion binding (analyzed with 4FZO). This indicates that the
interfacial structure of surface-immobilized SUP-C10S does
not change substantially upon binding uranyl ions. Since uranyl
ion binding has minor effects on the interfacial structure of
surface SUP-C10S, the above DMD results of surface-
immobilized SUP-C105 before uranyl ion binding can be
used as input structures of the Hamiltonian simulation
program to calculate SFG spectra to match the experimental
data obtained from surface-immobilized SUP-C10S after
uranyl ion binding. With all four different SUP-C10S
conformations obtained from the DMD simulation, the best
matches are DMD case 1 (35°, 80°), case 2 (55°, 85°), case 3
(60°, 285°), and case 4 (25°, 250°) (Supporting Information,
S7). Excluding case 4 (25° 250°), the other three cases all
present a lying-down configuration similar to those of surface-
immobilized SUP-C105 before uranyl ion binding. Among all
four cases after uranyl ion binding, the highest matching score
is case 2 (55°, 85°), which also shows the best spectral match
compared to other matched spectra (shown in Supporting
Information, S7). We chose this case 2 orientation as the most
likely orientation of the protein after binding to a uranyl ion.
The above results regarding the SUP-C105 orientations show
that before and after uranyl ion binding, the conformation
remains the same (both for case 2) and the orientation changes
slightly from (55°, 75°) to (55°, 85°). It is interesting to see
that the matching scores for orientations of both surface-
immobilized SUP-C105 before and after uranyl ion binding
deduced using the DMD results are higher than those based on
the crystal structures. This indicates that the interfacial
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Figure 7. Spectral comparisons of (a) ssp and (b) ppp SFG spectra between the experimental reconstructed spectra of SUP-C10S before uranyl ion
binding and best-matched calculated spectra using 4FZO and DMD-optimized structures without uranyl ion binding.
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interaction leads to the SUP conformational change from its
crystal structure.

Replotting all the obtained orientations in Figure 8, one can
find that the best-matched results of SUP-C105 using 4FZO

. b R
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Figure 8. Schematics of the SUP-C10S orientation: (a) surface-
immobilized SUP-C10S before uranyl ion binding deduced based on
the crystal structure and (b) DMD results and (c) surface-
immobilized SUP-C10S after uranyl ion binding deduced based on
the crystal structure and (d) DMD results.

and 4FZP in the Hamiltonian calculation above both show that
only chain 1 in SUP predominantly interacts with the SAM
surface. However, the best-matched results of immobilized
SUP-C105 using the DMD results show that chain 3
predominantly interacts with the surface. We believe that the
matched DMD results are more reasonable because chain 3
contains the immobilization site (thereby restricting its
motion), the highest content of hydrophobic residues to
interact with the surface, and the least charged residues to
interact with the solvent. DMD case 4 of SUP-C105, which
shows a standing-up pose, is not a reliable interfacial structure
of SUP-C10S for two reasons. First, the interaction between
the SUP and the SAM surface is strong enough to prevent the
protein from standing up based on the results obtained above.
Second, the best match of surface-immobilized SUP-C105
before uranyl ion binding using case 4 generates an orientation
unlike its original one, which failed to correlate DMD
simulation and the Hamiltonian calculation.

Previously, circular dichroism (CD) spectroscopy was used
to investigate changes in the SUP secondary structure upon
uranyl ion binding in solution. It was found that after adding 1
equiv uranyl ion to the SUP solution, the CD spectrum of the
SUP molecules noticeably changed, with a loss of the 208 nm
characteristic @ helix band, implying that SUP changed its
conformation or secondary structure dramatically after binding
with uranyl ions in the solution state.*” On the contrary,
published crystal structures show that the SUP secondary
structure is similar before and after uranyl ion binding.**
Combined with the SFG and DMD simulation data discussed
above, it can be concluded that the structural changes of the
surface-immobilized SUP-C105 before and after uranyl ion
binding are very small, with no conformational change and
only a slight change in orientation. This conclusion is different
from the case in free solution and similar to the conclusions
reached from crystallography. This is reasonable because the
surface-immobilized proteins have much less freedom
compared to the proteins in free solution due to strong
surface—protein interactions, similar to the constrained state of
crystallized protein molecules. Here, our results show that the
surface-immobilized SUP-C10S was lying down to a similar
extent with or without the presence of uranyl ions (before or
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after uranyl ion binding) due to the strong restriction and
hydrophobic interaction created by the SAM surface.

B CONCLUSIONS

In this study, we successfully applied SEG spectroscopy, DMD
simulation, and Hamiltonian approach for SFG spectra analysis
together to study the structure and orientation of SUP
immobilized on the SAM surface via immobilization site Cys
105. We summarized the process we used in this study into a
flow chart in Supporting Information, Figure S10.

Because of the strong hydrophobic interactions between
SUP and the SAM surface, immobilized SUP-C105 adopts a
lying-down orientation. The orientation of the surface-
immobilized SUP varies slightly upon uranyl ion binding, but
the effects are not substantial. This is in contrast to the effect of
uranyl ion binding on free SUP in solution (where large
secondary structure changes were observed) and is similar to
that of the crystal structures of SUP before and after uranyl ion
binding (where there is almost no change). This research
suggests that by using a less hydrophobic surface for SUP
immobilization or by mutating some hydrophobic amino acids
of SUP with hydrophilic ones (such amino acids should be far
away from the binding domain so that the mutation would not
interfere with the uranyl ion binding), the SUP—surface
hydrophobic interaction should be reduced, which may favor a
standing-up pose of the SUP to better expose uranyl ion
binding sites.
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