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Abstract 

Biomolecules such as proteins/peptides at interfaces play important roles in many 

applications ranging from biomedical implants, antifouling coatings, biosensors/biochips, to 

antibody drugs. Understanding the interfacial structures of proteins/peptides is the crucial first step 

towards unraveling their interfacial functions. For the first time, this dissertation developed a 

systematic method to determine molecular structures of proteins/peptides at buried solid/liquid 

interfaces in situ using a nonlinear optical spectroscopic technique, sum frequency generation 

(SFG) vibrational spectroscopy, alongside linear spectroscopic methods, computer simulation, 

isotope labeling, and Hamiltonian spectral calculation.  

Before this systematic methodology was developed, the data analysis of the collected 

vibrational spectra was limited to specific secondary structures contained by the protein/peptide 

sample. This was illustrated in this thesis research by a study of surface immobilized antimicrobial 

peptides (AMPs) for bacteria capture. Using a helical model to approximate the AMPs’ interfacial 

conformation, the bond additivity model correlated their vibrational responses to their interfacial 

tilt angles while interacting with different model bacteria systems. It was found that stronger 

electrostatic interactions between the peptide residues and the bacteria membrane components led 

to smaller tilt angles of the AMPs. Therefore, the measured tilt angles of the AMPs can potentially 

be used to classify bacterial membrane components. 

With the newly developed systematic approach, detailed conformation and orientation 

information of a variety of proteins/peptides (regardless of their secondary structures) can be 
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determined. For this systematic method, vibrational spectroscopies provide experimental data for 

studying interfacial behaviors of proteins/peptides. The Hamiltonian approach considers the 

couplings between all the amino acids within a protein/peptide (regardless of secondary structures) 

and calculates its amide I signals as a function of interfacial orientation. The calculated spectra can 

then be compared to the results obtained from experimental measurements using the developed 

score systems. Thus, the possible interfacial orientations of a protein/peptide for a specific 

conformation can be deduced. The input structures for the Hamiltonian approach can be obtained 

from published crystal structures or can be further refined by molecular dynamic (MD) simulations 

to better estimate the interfacial conformation of a protein/peptide. This thesis also discussed 

approaches to improve this systematic method. For example, employing isotope labeling and/or 

combining various spectroscopic techniques can increase independently measured parameters for 

more accurately determining interfacial peptide/protein structure. 

The developed methodology was applied to study surface immobilized proteins for uranyl 

ion binding. The results suggested that this protein lies down upon immobilizing onto a 

hydrophobic surface and thus proposed that a hydrophilic surface may be a better candidate to alter 

protein interfacial orientation for effective uranyl harvesting. This systematic method was also 

employed to study wild-type protein GB1 (WT) and its mutant (MT) upon adsorption onto a 

polystyrene (PS) surface. The results showed that MT oriented differently from the WT on the PS 

surface, which indicated that mutation on some key amino acids can manipulate the interfacial 

orientation of protein. This systematic method was also used to study AMPs interacting with model 

cell membranes and the deduced peptide structures were successfully correlated to their membrane 

disrupting mechanisms. The results showed that mutation-induced peptide structure change can 

further modulate the membrane translocation efficiency of the peptide. 



 xix 

Overall, the developed systematic method is powerful and can be widely applicable to 

study detailed structures and molecular interactions of peptides/proteins at interfaces, advancing 

our insights into their potential interfacial functions.
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Chapter 1 Introduction 

1.1 Attribution Information 

Detailed calculations about the bond additivity model covered in Section 1.4.1 were 

adapted with permission from Guo, W.; Xu, S.; Reichart, T. M.; Xiao, M.; Lu, T.; Mello, C.; Chen, 

Z. Probing Molecular Interactions between Surface-Immobilized Antimicrobial Peptides and 

Lipopolysaccharides In Situ. Langmuir 2020, 36 (41), 12383–12393. Copyright © 2020 American 

Chemical Society.  

Detailed Hamiltonian calculations (Section 1.4.2) for SFG spectra were adapted with 

permission from Guo, W.; Zou, X.; Jiang, H.; Koebke, K. J.; Hoarau, M.; Crisci, R.; Lu, T.; Wei, 

T.; Marsh, E. N. G.; Chen, Z. Molecular Structure of the Surface-Immobilized Super Uranyl 

Binding Protein. J. Phys. Chem. B 2021, 125 (28), 7706–7716. Copyright © 2021 American 

Chemical Society.  

Detailed Hamiltonian calculations (Section 1.4.2) for ATR-FTIR spectra were adapted 

with permission from Yang, P.; Guo, W.; Ramamoorthy, A.; Chen, Z. Conformation and 

Orientation of Antimicrobial Peptides MSI-594 and MSI-594A in a Lipid Membrane. Langmuir 

2023, 39 (15), 5352–5363. Copyright © 2023 American Chemical Society. 

 

1.2 Motivation and Background 

Proteins and peptides have long been a central topic in both academia and industry due to 

their important biological functions, such as molecule recognition1,2, signal transduction3,4, 
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antimicrobial acitivity,5,6 and more. The versatile functions of proteins and peptides are determined 

by their structures, which can be changed by the surrounding environments. Therefore, to 

understand the unique function of a protein or a peptide in a defined environment, efforts are 

needed to elucidate the structure of the protein/peptide in such an environment. Most commonly 

used analytical techniques to study the structures of proteins and peptides are X-ray 

crystallography7,8, nuclear magnetic resonance (NMR) spectroscopy9–11 and cryogenic electron 

microscopy (cryo-EM)12. These techniques are powerful to elucidate the structures of proteins and 

peptides in solid states or solution states with atomistic-level resolution. However, the required 

sample preparation conditions of these techniques can be far from the “real situations” (or 

physiological conditions) of the proteins and peptides in interest. For example, the conformations 

and tertiary structures of the crystallized proteins or peptides can be very different from those of 

their solvated form. Such a structural difference can be more dramatic for small peptides which 

have higher structural flexibility. Additionally, due to the complication of the sample preparation, 

these techniques also often fail to monitor the dynamics and kinetics of structural changes of 

proteins and peptides in situ.  

More specifically, in many real-world applications, it is more important to observe the 

structure changes of proteins and peptides associated with other materials. For example, proteins 

and peptides are widely employed in the field of bio-sensing13–17 because of their ability of bio-

recognition. For such applications, proteins and peptides are often immobilized onto a solid 

support. The immobilization process and the substrate interactions of the proteins/peptides could 

alter the structures of immobilized proteins and peptides from their original solution structures, 

leading to the destruction, reduction, or enhancement of the original functions of these proteins 

and peptides. Therefore, it is crucial to understand the structures of the surface-immobilized 
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proteins and peptides to facilitate further design of biosensors. Another example comes from the 

physical adsorption of proteins and peptides onto a surface. Adsorption of proteins and peptides 

happened in a wide range of scenarios, such as implantation of biomaterials18, marine fouling 

formation19–21 and storage of proteins and peptides22,23. To further understand the behavior changes 

of the surface-adsorbed proteins and peptides, the first step is to monitor the structural changes of 

such proteins and peptides on surfaces and at interfaces in situ. The abovementioned techniques 

often fail to probe interfacial proteins and peptides such as surface-immobilized and physically 

adsorbed proteins and peptides. Other analytical techniques, such as attenuated total reflectance 

infrared spectroscopy (ATR-FTIR)24, surface-enhanced Raman spectroscopy (SERS)25 and 

surface plasmon resonance (SPR)26,27 are often chosen to be alternative techniques to study 

interfacial proteins and peptides. However, surfaces and interfaces only involve monolayer or sub-

monolayer materials; these techniques could not provide sufficient sensitivity or detailed structural 

information, or require complicated sample preparation procedures. 

 In this thesis, efforts have been made to address the abovementioned challenges regarding 

the examination of interfacial structures of proteins and peptides. Spectroscopic methods were 

applied to experimentally observe the interfacial proteins and peptides and computational methods 

were also developed to facilitate the experimental data interpretation. To achieve molecular 

sensitivity, noninvasive and real time investigation of interfacial proteins and peptides, a non-

linear optical technique named sum frequency vibrational generation (SFG) vibrational 

spectroscopy was adopted as the major tool to study interfacial proteins and peptides in this thesis 

research. SFG is a second order nonlinear optical process, which probes the surface susceptibility 

𝜒𝜒(2). Similar to other vibrational spectroscopic methods, such as infrared (IR) spectroscopy and 

Raman spectroscopy, SFG can also provide vibrational information of proteins and peptides (e.g. 
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amide I band ranging from 1600 cm-1 to 1690 cm-1) with noninvasive nature, but with higher 

surface sensitivity (sub-monolayer level). Other advantages of SFG spectroscopy include the 

absence of water background (compared to IR spectroscopy) and simpler sample preparation 

method (compared to SERS).  

In the past 30 years, SFG has been widely used to study interfacial proteins and peptides 

such as surface immobilized antimicrobial peptides (AMPs)28–30, adsorption and aggregation of 

proteins and peptides on polymer surfaces23,31–33, antifouling coatings34–36, and more. More 

recently, isotope labeling methods have been introduced into SFG studies to increase the 

independent experimental measurements.37 For example, isotopic substitution of 13C in the 

backbone of proteins could shift the amide I band by ~ 40 cm-1.37,38 Such a frequency shift induced 

by isotope labeling distinguishes originally overlapped signals and therefore generates more 

independent spectra measurements. Other spectroscopic techniques, such as ATR-FTIR 

spectroscopy and circular dichroism (CD) spectroscopy, are often used to supplement SFG 

measurements for more experimental insights.39–41 

A systematic method was developed to correlate SFG experimental results to 

conformations and orientations of interfacial proteins and peptides. To find the most possible 

orientation of a given protein or peptide at an interface, our previous strategy was to construct a 

theoretical map of the measured 𝜒𝜒(2) of the amide I signals from all the 𝛼𝛼-helical domains in the 

peptide/protein as a function of protein/peptide orientation (defined by a tilt angle and a twist 

angle) and then match the calculated map with the experimentally deduced 𝜒𝜒(2) (of the 𝛼𝛼-helical 

domains) to generate a heat map. Bond additivity model was used to calculate the 𝜒𝜒(2) 

map.28,39,40,42 This strategy is simple in calculation and works well for simple 𝛼𝛼-helical peptides 

and proteins with extensive 𝛼𝛼 -helical structures. Later, an improved strategy for more complicated 
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protein structures has been developed, which considers the signal contributions from all the peptide 

units, not only the 𝛼𝛼-helices. Here, it is necessary to simulate the entire SFG spectra contributed 

from all the peptide units as a function of orientation of the target protein or peptide. A scoring 

system can be used to quantitatively compare the similarity between the calculated SFG spectra 

with the experimental SFG data and select the best matchings as the most likely orientations of the 

target.23,43,44 Hamiltonian approach is one way to construct the SFG spectra, which addresses 

vibrational mode couplings between amide units better than the bond additivity model.37,45,46  

Amino acids are the basic building blocks of proteins and peptides, and amide units are the 

functional units that link amino acids together in proteins and peptides. In vibrational spectroscopy, 

amide units coupled with each other and show different vibrational bands, such as amide I, amide 

II, amide III and amide A. This thesis focuses on the analysis of the amide I band, which is the 

most intense absorption band in proteins and peptides in infrared spectroscopy.47 Amide I mode 

primarily contains the stretching vibrational modes of C=O (70-85%) and C-N (10-20%) bonds, 

presenting vibrational signatures between 1600 cm-1 and 1690 cm-1.48,49 An isolated amide unit 

possesses a vibrational frequency, noted as local frequency, of around 1640 cm-1.37 Mode coupling 

of the amide I local modes give rise to the observed vibrational peaks of proteins and peptides, 

noted as normal modes, which have different frequencies from local modes. Bond additivity model 

simplifies normal modes for 𝛼𝛼-helical structure to two SFG active modes, with one (A mode) 

parallel and the other (E1) perpendicular to the principal axis of the helix.50 One-exciton 

Hamiltonian approach is another way to better interpret the energy rearrangement from local 

modes to normal modes.37,45,46 After obtaining normal modes, SFG spectra and ATR-FTIR spectra 

can be constructed theoretically under the defined orientation. Detailed theories of the bond 

additivity model and Hamiltonian approach will be introduced in later sections.  
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It is worth noting that, both bond additivity model and Hamiltonian approach require a 

given three-dimensional protein/peptide structure as input. The initial protein/peptide structure 

could be obtained from X-ray (crystal structure) and NMR (solution structure) experiments or 

molecular dynamic (MD) simulations (simulated interfacial structure). These 

structures/conformations could also be scored to search for the best candidate(s). If detailed three-

dimensional structure is not available, initial structure used for SFG spectra calculation can be 

predicted from protein/peptide sequence, which will be discussed in more detail below. 

This thesis aims to demonstrate that the combination of spectroscopic experimental 

measurements (SFG, ATR-FTIR and CD measurements) and computational data analysis (bond 

additivity calculations, Hamiltonian calculations and MD simulations) is powerful to study a wide 

range of interfacial proteins and peptides, improving the design and development of materials and 

devices in many applications involving interfacial peptides and proteins. 

 

1.3 SFG Spectroscopy 

1.3.1 Basic Principals 

SFG is a second order nonlinear optical process where two photons (with different 

frequencies) are combined to generate one output photon which sums the frequencies of the two 

input photons. In our studies, one input beam is a visible beam with a fixed frequency at 532 nm, 

and the other input beam is a frequency tunable mid-IR beam which can be tuned from 1100 cm-1 

to 4300 cm-1. The energy diagram of a SFG process is shown in Figure 1-1 (a). The selection rule 

indicates that SFG can only happen where the inversion symmetry is broken, such as surfaces and 

interfaces. Most bulk media are centrosymmetric, thus cannot generate SFG signals. This allows 
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SFG to be an intrinsic technique to selectively study vibrational spectroscopic features of 

interfacial molecules.  

 The signal intensity of SFG (𝐼𝐼𝑆𝑆𝑆𝑆𝑆𝑆) can be expressed as:51 

𝐼𝐼𝑆𝑆𝑆𝑆𝑆𝑆  =  𝐼𝐼𝑉𝑉𝑉𝑉𝑆𝑆𝐼𝐼𝑉𝑉𝐼𝐼�𝜒𝜒𝑒𝑒𝑒𝑒𝑒𝑒
(2) �

2
         (1 - 1) 

where 𝐼𝐼𝑉𝑉𝑉𝑉𝑆𝑆 and 𝐼𝐼𝑉𝑉𝐼𝐼 are the intensities of the input visible and IR beams, respectively. 𝜒𝜒𝑒𝑒𝑒𝑒𝑒𝑒
(2)  

is the effective second order nonlinear optical susceptibility of the probed surface/interface, which 

contains the non-resonant 𝜒𝜒𝑁𝑁𝐼𝐼
(2) contribution and the resonant contribution: 51 

 𝜒𝜒𝑒𝑒𝑒𝑒𝑒𝑒
(2)  =  𝜒𝜒𝑁𝑁𝐼𝐼

(2)  +  ∑ 𝐴𝐴𝑞𝑞
𝜔𝜔𝐼𝐼𝐼𝐼 − 𝜔𝜔𝑞𝑞 + 𝑖𝑖𝑖𝑖𝑞𝑞𝑞𝑞         (1 - 2) 

where the resonant contribution is the sum of Lorentzian peaks with the peak amplitude of 

𝐴𝐴𝑞𝑞, the peak center of 𝜔𝜔𝑞𝑞, and the peak width of  𝑖𝑖𝑖𝑖𝑞𝑞 for a peak q. The peak center 𝜔𝜔𝑞𝑞 should equal 

the 𝜔𝜔𝑉𝑉𝐼𝐼 as a resonant state, where the probed molecular vibrational frequency is in resonant with 

the input IR frequency. 

Different 𝜒𝜒𝑒𝑒𝑒𝑒𝑒𝑒
(2)   components can be probed using different polarization combinations of the 

input and output beams in the SFG experiment. For example, 𝜒𝜒𝑒𝑒𝑒𝑒𝑒𝑒,𝑠𝑠𝑠𝑠𝑠𝑠
(2)  is measured when the SFG 

signal beam is s-polarized, the input visible beam is s-polarized, and the input IR beam is p-

polarized. 𝜒𝜒𝑒𝑒𝑒𝑒𝑒𝑒
(2)   observed in the Jones frame can be converted to 𝜒𝜒𝑉𝑉𝐼𝐼𝐼𝐼

(2)   (I, J, K = x, y, z) in Cartesian 

coordinate of a fixed lab frame, expressed as:52 

 𝜒𝜒𝑒𝑒𝑒𝑒𝑒𝑒,𝑠𝑠𝑠𝑠𝑠𝑠
(2)  =  𝐹𝐹𝑠𝑠𝑠𝑠𝑠𝑠/𝑦𝑦𝑦𝑦𝑦𝑦𝜒𝜒𝑦𝑦𝑦𝑦𝑦𝑦

(2)          (1 - 3) 
 𝜒𝜒𝑒𝑒𝑒𝑒𝑒𝑒,𝑠𝑠𝑠𝑠𝑠𝑠

(2)  =  𝐹𝐹𝑠𝑠𝑠𝑠𝑠𝑠/𝑦𝑦𝑦𝑦𝑦𝑦𝜒𝜒𝑦𝑦𝑦𝑦𝑦𝑦
(2)  +  𝐹𝐹𝑠𝑠𝑠𝑠𝑠𝑠/𝑥𝑥𝑥𝑥𝑦𝑦𝜒𝜒𝑥𝑥𝑥𝑥𝑦𝑦

(2)  +  𝐹𝐹𝑠𝑠𝑠𝑠𝑠𝑠/𝑥𝑥𝑦𝑦𝑥𝑥𝜒𝜒𝑥𝑥𝑦𝑦𝑥𝑥
(2)  +  𝐹𝐹𝑠𝑠𝑠𝑠𝑠𝑠/𝑦𝑦𝑥𝑥𝑥𝑥𝜒𝜒𝑦𝑦𝑥𝑥𝑥𝑥

(2)     
(1 - 4) 

where 𝐹𝐹𝐼𝐼𝐽𝐽𝐽𝐽𝑒𝑒𝑠𝑠/𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝑒𝑒𝑠𝑠𝑖𝑖𝐶𝐶𝐽𝐽 represents the following:52 

 𝐹𝐹𝑠𝑠𝑠𝑠𝑠𝑠/𝑦𝑦𝑦𝑦𝑦𝑦  =  𝐿𝐿𝑦𝑦𝑦𝑦(𝜔𝜔𝑆𝑆𝑆𝑆𝑆𝑆)𝐿𝐿𝑦𝑦𝑦𝑦(𝜔𝜔𝑉𝑉𝑉𝑉𝑆𝑆)𝐿𝐿𝑦𝑦𝑦𝑦(𝜔𝜔𝑉𝑉𝐼𝐼) sin 𝛿𝛿2     (1 - 5) 
𝐹𝐹𝑠𝑠𝑠𝑠𝑠𝑠/𝑦𝑦𝑦𝑦𝑦𝑦  =  𝐿𝐿𝑦𝑦𝑦𝑦(𝜔𝜔𝑆𝑆𝑆𝑆𝑆𝑆)𝐿𝐿𝑦𝑦𝑦𝑦(𝜔𝜔𝑉𝑉𝑉𝑉𝑆𝑆)𝐿𝐿𝑦𝑦𝑦𝑦(𝜔𝜔𝑉𝑉𝐼𝐼) sin 𝛿𝛿 sin 𝛿𝛿1 sin 𝛿𝛿2   (1 - 6) 
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𝐹𝐹𝑠𝑠𝑠𝑠𝑠𝑠/𝑥𝑥𝑥𝑥𝑦𝑦  =  −𝐿𝐿𝑥𝑥𝑥𝑥(𝜔𝜔𝑆𝑆𝑆𝑆𝑆𝑆)𝐿𝐿𝑥𝑥𝑥𝑥(𝜔𝜔𝑉𝑉𝑉𝑉𝑆𝑆)𝐿𝐿𝑦𝑦𝑦𝑦(𝜔𝜔𝑉𝑉𝐼𝐼) cos 𝛿𝛿 cos 𝛿𝛿1 sin 𝛿𝛿2   (1 – 7) 
𝐹𝐹𝑠𝑠𝑠𝑠𝑠𝑠/𝑥𝑥𝑦𝑦𝑥𝑥  =  −𝐿𝐿𝑥𝑥𝑥𝑥(𝜔𝜔𝑆𝑆𝑆𝑆𝑆𝑆)𝐿𝐿𝑦𝑦𝑦𝑦(𝜔𝜔𝑉𝑉𝑉𝑉𝑆𝑆)𝐿𝐿𝑥𝑥𝑥𝑥(𝜔𝜔𝑉𝑉𝐼𝐼) cos𝛿𝛿 sin 𝛿𝛿1 cos 𝛿𝛿2   (1 - 8) 
𝐹𝐹𝑠𝑠𝑠𝑠𝑠𝑠/𝑦𝑦𝑥𝑥𝑥𝑥  =  𝐿𝐿𝑦𝑦𝑦𝑦(𝜔𝜔𝑆𝑆𝑆𝑆𝑆𝑆)𝐿𝐿𝑥𝑥𝑥𝑥(𝜔𝜔𝑉𝑉𝑉𝑉𝑆𝑆)𝐿𝐿𝑥𝑥𝑥𝑥(𝜔𝜔𝑉𝑉𝐼𝐼) sin 𝛿𝛿 cos𝛿𝛿1 cos 𝛿𝛿2   (1 - 9) 

 where 𝐿𝐿𝑖𝑖𝑖𝑖 (i = x, y, or z) are the Fresnel coefficients, and 𝛿𝛿 is the incident angle between 

the surface normal and the incoming light of visible beam or IR beam. 

The deduced susceptibility 𝜒𝜒𝑉𝑉𝐼𝐼𝐼𝐼
(2)   of the surface/interface is the macro-average of the 

hyperpolarizability 𝛽𝛽𝑥𝑥𝑦𝑦𝑦𝑦
(2)  (x, y, z = a, b, c) in the molecular frame (a, b, c) of interfacial molecules, 

expressed as:46 

 𝜒𝜒𝑉𝑉𝐼𝐼𝐼𝐼
(2)   =  𝑁𝑁 𝑓𝑓(𝜃𝜃,𝜓𝜓,𝜑𝜑) 𝛽𝛽𝑥𝑥𝑦𝑦𝑦𝑦

(2)         (1 - 10) 

where N is the molecular surface density, and 𝑓𝑓(𝜃𝜃,𝜓𝜓,𝜑𝜑) is the Euler rotation matrix to 

convert the optical response in the molecular frame to the lab frame.  

The hyperpolarizability 𝛽𝛽𝑥𝑥𝑦𝑦𝑦𝑦
(2)  is the product of IR transition dipole 𝜇𝜇𝑦𝑦 and the Raman 

polarizability 𝛼𝛼𝑥𝑥𝑦𝑦:37,46 

 𝛽𝛽𝑥𝑥𝑦𝑦𝑦𝑦
(2)  =  𝛼𝛼𝑥𝑥𝑦𝑦 ⊗ 𝜇𝜇𝑦𝑦            (1 - 11) 

 

 

 

 
 
 

Figure 1-1 (a) SFG energy diagram. (b) SFG near-total reflection sample geometry. 

 

1.3.2 SFG Experimental Setup 
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 A picosecond SFG system was applied for the research covered in this thesis. This SFG 

system (EKSPLA, Lithuania) has a Nd:YAG laser source to generate laser pulses at 1064 nm with 

a 50 Hz repetition rate. Part of this fundamental 1064 nm laser beam was further used to generate 

a fixed frequency visible beam at 532 nm (pulse width ~ 30 ps) via a second harmonic generation 

(SHG, also called frequency doubling) process. Part of the generated 532 nm visible beam was 

directly used in SFG experiments. Rest of the fundamental 1064 nm beam and the rest of the 532 

nm visible beam were further used to generate a frequency-tunable IR beam via optical parametric 

generation/amplification (OPG/OPA) and difference frequency generation (DFG) process. Near 

total internal reflection geometry (as shown in Figure 1-1 (b)) of SFG experiments was used 

throughout the studies covered by this thesis. The incident angles of input visible beam and IR 

beam are 60° and 55° with respect to the surface normal, respectively. Two input beams overlapped 

temporarily and spatially at the bottom of the right-angle prism to generate the SFG signal beam 

of the interfacial molecules. The overlapped beam size was around 500 μm in diameter. The 

energies of the input visible beam and the input IR beam were  ~ 40 μJ and ~ 60 μJ in the amide I 

region, respectively. The SFG signal beam was reflected and then collected by a monochromator 

and photomultiplier tube (PMT) as a function of the input IR frequency. 

 SFG amide I signals from proteins and peptides are in the wavenumber range of 1600 cm-

1 – 1690 cm-1. Different secondary structures result in different amide I peak centers. Usually, a 

peak at ~ 1650 cm-1 is contributed by 𝛼𝛼-helical structure and a peak at ~1630 cm-1 can be assigned 

to 𝛽𝛽-sheet structure.48,49 

 The dynamics of a vibrational peak can be obtained by SFG time dependent spectra. The 

intensity trace of SFG signal at a certain frequency can be monitored over time. A normal SFG 

spectrum (SFG intensity is recorded as a function of IR frequency) should be taken after the system 
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is equilibrated. The equilibrium usually means a stable signal plateau observed in the SFG time 

dependent spectra. 

1.4 Supplementary Techniques 

1.4.1 ATR-FTIR Spectroscopy 

 ATR-FTIR spectroscopy is a linear optical spectroscopic method commonly used to study 

a wide range of materials, including biological samples and polymers. Similar to SFG, ATR-FTIR 

provides vibrational spectroscopic information about functional groups in the sample. In an ATR-

FTIR experiment, a sample is placed against a material with a high refractive index, such as a 

germanium crystal or a zinc selenide crystal, to achieve total internal reflection at the 

sample/crystal interface.53 The multi-bounce reflection ATR-FTIR setup (shown in Figure 1-2) 

was used throughout the research carried out in this thesis, to achieve greater signal to noise ratio. 

ATR-FTIR can probe the sample surface down to the magnitude of μm53 and functions as a less 

surface-sensitive technique compared to SFG. Different polarizations (p- or s-polarization) can 

also be used in ATR-FTIR measurements to deduce orientation information of the detected 

proteins and peptides. Bond additivity model and Hamiltonian approach mentioned above can also 

be used to correlate the ATR-FTIR measurements to the orientation of interfacial proteins and 

peptides. Different from SFG measurements, ATR-FTIR measurements suffer from the influence 

of water O-H bending mode in the amide I region. To avoid such signal confusion, D2O is often 

used to make protein/peptide solution for ATR-FTIR study. Nevertheless, when the interface is 

thin (e.g., only a monolayer or sub–monolayer of protein/peptide) and the background contribution 

from bulk solution is negligible, ATR-FTIR can serve as a supplementary technique to SFG 

spectroscopy to more accurately determine the orientations of interfacial proteins and peptides. 
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The actual orientation of the studied proteins and peptides on surfaces or at interfaces should be in 

agreement with both SFG and ATR-FTIR measurements. 

 

 
 
 

Figure 1-2 Schematic of multi-reflection ATR-FTIR experimental setup. 

 

1.4.2 CD Spectroscopy 

 CD spectroscopy measures the optical chiral properties of a molecule (e.g. amino acid, the 

building block for peptides/proteins) in solution. The distinct three-dimensional arrangements of 

different secondary structures within a protein or a peptide contribute uniquely to a CD spectrum. 

For example, an 𝛼𝛼-helix displays a positive band at around 193 nm and two negative bands at 

around 208 nm and 222 nm respectively in a CD spectrum, while an anti-parallel 𝛽𝛽-sheet structure 

has a positive band at around 195 nm and a negative band at around 218 nm.54 Measurements and 

analysis of CD spectra is much faster than X-ray and NMR experiments, therefore, CD often 

becomes an alternative way to examine the secondary structures of proteins and peptides in 

solution state. However, it is challenging to use CD to probe interfacial proteins and peptides 

because of the low signal to noise ratio generated from only a thin layer of interfacial molecules 

and the potential light scattering effects at far UV range.55 To address these challenges, UV-grade 

quartz slides were used to chemically immobilize or physically absorb proteins/peptides to reduce 

light scattering and multiple slides were stacked for the CD testing to increase signal to noise ratio 

(as shown in the Figure 1-3).55,56 In this thesis, CD spectroscopy was adopted as a supplemental 

technique to examine the secondary structures of surface-immobilized proteins and peptides, and 
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the structure difference between the free state proteins/peptides in solution and the interfacial 

proteins/peptide.  

 

 

 

 

 
Figure 1-3 Schematic of CD experimental setup to study interfacial proteins and peptides. 

 

1.4.3 Dynamic Light Scattering 

 Dynamic light scattering (DLS) is widely used to characterize the size and size distribution 

of microscopic particles, such as lipid vesicles, suspended in a liquid fluid. DLS measures the 

fluctuations in light intensity caused by the random Brownian motion of particles in solution. By 

analyzing the correlation between these fluctuations, the size distribution of the particles can be 

determined. DLS can be used to study a wide range of particle sizes, ranging from sub-nanometer 

to micrometer.57 In this thesis, DLS was used to measure the size distribution of membrane-like 

vesicles to facilitate the understanding of the interaction between such vesicles and the studied 

peptides and proteins.  

 

1.5 Molecular Orientation Determination of Proteins and Peptides 

1.5.1 Bond Additivity Model for 𝛼𝛼-helical Segments 

 Proteins and peptides are biomolecules consisting of amino acids linked by amide bonds. 

Amide units can have vibrational modes in different ranges, such as amide I band (1600 cm-1 – 
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1690 cm-1), amide II band (1470 cm-1 – 1570 cm-1), amide III band (1250 cm-1 – 1350 cm-1) and 

amide A band (3300 cm-1 – 3500 cm-1).48,49 Amide I vibrational modes can be SFG active and each 

such a mode usually consists of ~80% of C=O stretching and ~20% of C-N stretching.48,49 For an 

𝛼𝛼-helical structure, the amide I vibration of each amide unit can be projected into three modes: A 

mode (parallel to the principal axis of the 𝛼𝛼-helix), E1 and E2 modes (perpendicular to the principal 

axis of the 𝛼𝛼-helix).50 Among all the three modes, only A mode and E1 mode are SFG active, 

because E2 mode is IR inactive - A vibrational mode is SFG active when this mode is both IR and 

Raman active. Thus, the bond additivity model of 𝛼𝛼-helix needs to consider the overall SFG 

response of both A mode and E1 mode for all the amide units in the entire helical chain.50 The 

amide I peak centers of the A and E1 modes of a helix are similar (at ~1650 cm-1), so the SFG 

signal can be calculated as the sum of the contributions of the two modes. For a protein with 

multiple helical chains, the overall SFG response is the sum of the contributions from the A mode 

and E1 mode for all the helical components.40 

In the molecular frame (abc) of an 𝛼𝛼-helix structure, the c axis can be defined as the 

principal axis of the helix. As a result, the twist angle of the helix can be averaged out due to the 

structural symmetry along the c axis. The tilt angle (𝜃𝜃) can be defined as the angle between the c 

axis and the z axis in the laboratory frame (xyz). Since a surface or interfaces is isotropic, thus it 

is reasonable to believe that the interfacial proteins/peptides have the azimuthal symmetry - The 

azimuthal angle can also be averaged out. As a result, for a simple structure like 𝛼𝛼-helix, the SFG 

response can be expressed as a function of tilt angle, surface coverage and hyperpolarizability.  

 For an 𝛼𝛼-helix, the relationship between 𝜒𝜒(2) and A mode is as follows:50 

𝜒𝜒𝑥𝑥𝑥𝑥𝑦𝑦,𝐴𝐴
(2) =  𝜒𝜒𝑦𝑦𝑦𝑦𝑦𝑦,𝐴𝐴

(2) =  1
2
𝑁𝑁[(1 + 𝑟𝑟) < 𝑐𝑐𝑐𝑐𝑐𝑐𝜃𝜃 > −(1 − 𝑟𝑟) < 𝑐𝑐𝑐𝑐𝑐𝑐3𝜃𝜃 >]𝛽𝛽𝑐𝑐𝑐𝑐𝑐𝑐  (1 - 12) 

𝜒𝜒𝑦𝑦𝑦𝑦𝑦𝑦,𝐴𝐴
(2) =  𝑁𝑁[𝑟𝑟 < 𝑐𝑐𝑐𝑐𝑐𝑐𝜃𝜃 > +(1 − 𝑟𝑟) < 𝑐𝑐𝑐𝑐𝑐𝑐3𝜃𝜃 >]𝛽𝛽𝑐𝑐𝑐𝑐𝑐𝑐     (1 - 13) 
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 where 𝛽𝛽𝐶𝐶,𝑏𝑏,𝑐𝑐 is a tensor component of the hyperpolarizability of the amide I of the surface 

molecule in the molecular frame (abc), and 𝑟𝑟 =  𝛽𝛽𝐶𝐶𝐶𝐶𝑐𝑐/𝛽𝛽𝑐𝑐𝑐𝑐𝑐𝑐. 

The relationship between 𝜒𝜒(2) and E1 mode is as follows:50  

𝜒𝜒𝑥𝑥𝑥𝑥𝑦𝑦,E1
(2) =  𝜒𝜒𝑦𝑦𝑦𝑦𝑦𝑦,E1

(2) =  −𝑁𝑁[< 𝑐𝑐𝑐𝑐𝑐𝑐𝜃𝜃 > −< 𝑐𝑐𝑐𝑐𝑐𝑐3𝜃𝜃 >]𝛽𝛽𝐶𝐶𝑐𝑐𝐶𝐶     (1 - 14) 

𝜒𝜒𝑦𝑦𝑦𝑦𝑦𝑦,E1
(2) =  2𝑁𝑁[< 𝑐𝑐𝑐𝑐𝑐𝑐𝜃𝜃 > −< 𝑐𝑐𝑐𝑐𝑐𝑐3𝜃𝜃 >]𝛽𝛽𝐶𝐶𝑐𝑐𝐶𝐶      (1 - 15) 

 The values of related Raman tensor and IR transition dipole moment components for both 

A and E1 modes are needed to calculate the values of 𝛽𝛽𝐶𝐶𝐶𝐶𝑐𝑐,𝛽𝛽𝐶𝐶𝑐𝑐𝐶𝐶 𝑎𝑎𝑎𝑎𝑎𝑎 𝛽𝛽𝑐𝑐𝑐𝑐𝑐𝑐. For a linear helix model 

of n residues, the amide I Raman tensor can be calculated as:50,58,59 
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 For E1 mode: 
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 Note that the E1 mode consists of two degenerate vibrations, one corresponds to the phase 

difference of 100° and the other corresponds to the phase difference of -100° between the adjacent 

peptide units.  

 The IR transition dipole moment of a linear helical peptide can be calculated as:50,58,59 

 For A mode: 
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 For E1 mode: 
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 The R matrix is equal to 1 when all n residues form a linear helix. When there is a bend or 

kink in the middle of a helix (noted as a non-linear helical model), the first segment of the helix 

can be calculated as a linear helix, and a R matrix (equation 1 - 22) is needed to consider the phase 

change between the first segment of helix and the second segment of the helix when calculating 

the response for the second segment.59 
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 where for a bent helical model 𝑘𝑘𝑘𝑘 =  𝜋𝜋 − 𝜃𝜃𝑏𝑏𝑒𝑒𝐽𝐽𝐶𝐶 (𝜃𝜃𝑏𝑏𝑒𝑒𝐽𝐽𝐶𝐶 is the bent angle between two 

helical segments) to consider the continuum between two helical segments, and for a kink helical 

model 𝑘𝑘𝑘𝑘 =  100 ∙ 𝑎𝑎1 (𝑎𝑎1is the residue number of the first helical segment) without considering 

the continuum between two helical segments.  

After the Raman tensor and the IR transition dipole moment are calculated, the 

hyperpolarizability can be constructed according to equation (1 - 11). For example, 𝛽𝛽𝐶𝐶𝑐𝑐𝐶𝐶 of A mode 

is: 

𝛽𝛽𝐶𝐶𝑐𝑐𝐶𝐶  ∝  𝜕𝜕𝜕𝜕𝑎𝑎𝑎𝑎
∗

𝜕𝜕𝑄𝑄𝐴𝐴
(0°) 𝜕𝜕𝜕𝜕𝑎𝑎∗

𝜕𝜕𝑄𝑄𝐴𝐴
(0°)         (1 - 23) 

 And 𝛽𝛽𝐶𝐶𝑐𝑐𝐶𝐶 of E1 mode is: 

𝛽𝛽𝐶𝐶𝑐𝑐𝐶𝐶  ∝  𝜕𝜕𝜕𝜕𝑎𝑎𝑎𝑎
∗

𝜕𝜕𝑄𝑄E1
(100°) 𝜕𝜕𝜕𝜕𝑎𝑎∗

𝜕𝜕𝑄𝑄E1
(100°) +  𝜕𝜕𝜕𝜕𝑎𝑎𝑎𝑎

∗

𝜕𝜕𝑄𝑄E1
(−100°) 𝜕𝜕𝜕𝜕𝑎𝑎∗

𝜕𝜕𝑄𝑄E1
(−100°)    (1 - 24) 

 Then the obtained hyperpolarizability components can be plugged into the equation (1 - 

10) and the relationship between 𝜒𝜒(2) ratio is then a function of the tilt angle 𝜃𝜃 of the model helix: 
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𝜒𝜒𝑧𝑧𝑧𝑧𝑧𝑧
(2)

𝜒𝜒𝑦𝑦𝑦𝑦𝑧𝑧
(2) =  

|𝜒𝜒𝑧𝑧𝑧𝑧𝑧𝑧,𝐴𝐴
(2) + 𝜒𝜒𝑧𝑧𝑧𝑧𝑧𝑧,E1

(2) |

|𝜒𝜒𝑦𝑦𝑦𝑦𝑧𝑧,𝐴𝐴
(2) + 𝜒𝜒𝑦𝑦𝑦𝑦𝑧𝑧,E1

(2) |
         (1 - 25) 

 
 

1.5.2 Hamiltonian Approach 

The bond additivity model of 𝛼𝛼-helix is too simplified when it is applied to study proteins, 

because it only considers the contributions from the 𝛼𝛼-helical domains and the couplings 

contributed from helical structures. It ignores the signal contributions and couplings of other 

secondary structures (e.g. sheets and turns) as well as the couplings between different secondary 

structures. To better consider the overall signal contributions and couplings of all the amino acids 

in a protein, a Hamiltonian approach was proposed. For the Hamiltonian method, each amide unit 

in the protein was used as a basis to construct the Hamiltonian matrix. The peak centers of the 

uncoupled amide I vibration mode are used as the diagonal terms of the Hamiltonian matrix. 

Coupling between each pair of amide units can be calculated according to the distance and 

orientation of each local amide I vibration mode (with the known protein structure) and used as 

the off-diagonal terms of the Hamiltonian matrix. The Hamiltonian matrix can then be 

diagonalized, with the diagonal terms (eigen values) as the new peak centers and each new basis 

(eigen function) for each mode is a combination of the original local amide modes. The SFG signal 

strength of each mode (eigen vector) is then calculated for each new peak center. Using a 

reasonably assumed peak width for each mode, the SFG spectrum of the protein can be constructed 

for a specific orientation. The assigned local frequencies and peak widths for the spectral 

calculation can be obtained from experimental SFG fitted results. Then, the protein can be rotated, 

and the zzz and yyz SFG spectra are calculated as a function of the protein orientation (defined by 
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the tilt angle 𝜃𝜃 and the twist angle 𝜓𝜓). These calculated orientation dependent SFG spectra are then 

compared to the experimental SFG data to deduce the interfacial orientation.  

The molecular frame (xyz) of a single amide unit (shown in Figure 1-4) is defined to locate 

the CO bond as the z axis with the O-C-N unit on the yz plane. A local vibrational mode has 

contributions from vibrations along CO bond and CN bond, and the effective center vector of the 

local vibrational mode is defined as: 37,43 

𝑟𝑟𝐶𝐶𝑎𝑎𝑖𝑖𝑎𝑎𝑒𝑒𝑉𝑉  =  𝑟𝑟𝐶𝐶  +  0.665𝑟𝑟𝐶𝐶𝐶𝐶  +  0.256𝑟𝑟𝐶𝐶𝑁𝑁  

where 𝑟𝑟𝐶𝐶  is the unit vector of the carbon atom,  𝑟𝑟𝐶𝐶𝐶𝐶 is the unit vector of the CO bond and 

𝑟𝑟𝐶𝐶𝑁𝑁 is the unit vector of the CN bond. This effective center vector is used to quantify the distance 

of the coupled modes described below. 

 

 

 

 

 

 

 

Figure 1-4 Schematic of defined orientation of the transition dipole (red), the principal coordinate axes of the Raman 
polarizability (purple) and molecular frame coordinate (orange) in an individual amide unit. 

 

The purple axes (abc) shown in Figure 1-4 are the principal axes of the Raman 

polarizability. The c axis is 34° from the CO bond and the transition dipole (μ) is oriented 27.5° 

from the CO bond. Therefore, the μ and the transition polarizability (α) for an individual amide 

unit in the molecular frame are defined as following:37,43 
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Hamiltonian program obtains the atom positions of a protein/peptide from the input MD 

simulated or crystal structure and utilizes these atom positions to calculate the molecular 

coordinate, amide center, μ and α contributions (mentioned above) of each local amide unit.  The 

couplings between the local amide units are calculated based on the transition dipole coupling 

model:37,43 

𝜅𝜅𝑖𝑖𝑖𝑖  =  1
4𝜋𝜋𝜀𝜀0

 �𝜕𝜕
��⃑ 𝑖𝑖∙𝜕𝜕��⃑ 𝑗𝑗
𝐶𝐶𝑖𝑖𝑗𝑗
3  −  3 (𝐶𝐶𝑖𝑖𝑗𝑗∙𝜕𝜕��⃑ 𝑖𝑖)(𝐶𝐶𝑖𝑖𝑗𝑗∙𝜕𝜕��⃑ 𝑗𝑗)

𝐶𝐶𝑖𝑖𝑗𝑗
5 �        (1 - 28) 

where  𝜅𝜅𝑖𝑖𝑖𝑖 quantifies the coupling between the local mode i and local mode j,  𝜇𝜇𝑖𝑖 (�⃑�𝜇𝑖𝑖) is 

the transition dipole of the local mode i (j), and 𝑟𝑟𝑖𝑖𝑖𝑖 is the vector between the amide centers of two 

modes.  

Then the Hamiltonian matrix can be constructed by setting the local mode frequencies as 

the experimental measured uncoupled peak centers (e.g. 1640 cm-1) for the diagonal terms and 

setting the calculated coupling terms as the off-diagonal elements. The matrix can be diagonalized. 

The normal mode IR transition dipoles and normal mode Raman polarizabilities can be calculated 

by using the diagonalized Hamiltonian matrix: 

𝜇𝜇𝑁𝑁  =  ∑ 𝐶𝐶𝑁𝑁𝑎𝑎𝑎𝑎 𝜇𝜇𝑎𝑎, 𝛼𝛼𝑁𝑁  =  ∑ 𝐷𝐷𝑁𝑁𝑎𝑎𝑎𝑎 𝛼𝛼𝑎𝑎      (1- 29) 

where the 𝜇𝜇𝑎𝑎 and 𝛼𝛼𝑎𝑎 are the local mode IR transition dipole and local mode Raman 

polarizability, respectively. The 𝜇𝜇𝑁𝑁 and 𝛼𝛼𝑁𝑁 are the normal mode transition dipole and normal mode 

transition polarizability, respectively. 𝐶𝐶𝑁𝑁𝑎𝑎 (𝐷𝐷𝑁𝑁𝑎𝑎) is the eigenvector matrix element for IR 

transition dipole (Raman polarizability). Then the Kronecker product of the normal mode IR 
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transition dipole and the normal mode Raman polarizability generates the normal mode SFG 

hyperpolarizability as shown in the equation (1 - 11).  

The normal mode hyperpolarizability tensor was then rotated into the lab frame by different 

orientation combinations (𝜃𝜃, 𝜓𝜓) to obtain the lab frame response susceptibility ꭓ tensor. To 

construct an SFG spectrum, we expanded ꭓ of each normal mode into a Lorentzian peak centered 

at each normal mode center frequency based on equation (1 - 2) and sum over all the contributions 

from the Lorentzian peaks. The damping coefficients are obtained from the experimental fitted 

peak widths.  

IR spectra can also be constructed from the Hamiltonian approach based on equation (1 – 

29). Azimuthal angle (𝜑𝜑) average was applied to the transition dipole μ in the lab frame (x, y, z): 

 μ𝑥𝑥,𝑦𝑦,𝑦𝑦
2 (𝜃𝜃,𝜓𝜓) =  ∫ μ𝑥𝑥,𝑦𝑦,𝑦𝑦

2 (𝜃𝜃,𝜓𝜓,𝜑𝜑)𝑎𝑎𝜑𝜑2𝜋𝜋
0        (1 - 30) 

 Then the transition dipole μ in the lab frame (x, y, z) was projected onto the Jones frame 

(s, p):60  

 𝜇𝜇𝑠𝑠 =  𝜇𝜇𝑦𝑦 ∗  𝐸𝐸𝑦𝑦           (1 - 31) 
 𝜇𝜇𝑠𝑠 =  cos(𝛼𝛼) ∗  𝜇𝜇𝑥𝑥 ∗  𝐸𝐸𝑥𝑥 +  sin(𝛼𝛼) ∗  𝜇𝜇𝑦𝑦 ∗  𝐸𝐸𝑦𝑦     (1 - 32) 

 where 𝛼𝛼 = 45° is the incident angle, and the values of the correction terms 𝐸𝐸𝑥𝑥,𝑦𝑦,𝑦𝑦 were 

deduced from ref. 60. 

 Finally, the transition dipole μ of each normal mode was expanded into a Gaussian shape 

as shown in equation (1 - 33) and the final ATR-FTIR spectrum was constructed by the sum of all 

the Gaussian peaks. 

 𝐼𝐼𝑆𝑆𝑇𝑇𝑉𝑉𝐼𝐼 = 𝑦𝑦 + ∑ 𝐴𝐴𝑞𝑞𝑒𝑒
−(

𝑥𝑥− 𝑥𝑥𝑞𝑞
2𝑤𝑤𝑞𝑞

)2
𝑞𝑞         (1 - 33) 

 where 𝐴𝐴𝑞𝑞, 𝑥𝑥𝑞𝑞, and 𝑤𝑤𝑞𝑞 are the ATR-FTIR signal amplitude, the vibrational frequency (peak 

center), and the peak width of the vibrational mode q, respectively. y is an offset term to consider 

the spectral translation in the vertical direction, which can be set to 0 during the IR spectra 

calculation for convenience. 
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1.6 Atomistic Molecular Dynamic Simulation 

 Atomistic molecular dynamics (MD) simulation is a computational technique used to study 

the behavior of chemical and biological systems at an atomistic level of detail. In atomistic MD 

simulations, the interactions between all the atoms in a system are modeled, allowing for the 

prediction of the motion and behavior of complex systems with high accuracy. In atomistic MD 

simulations, the equations of motion for each atom in the system follow Newton’s law and are 

integrated overtime, taking into account the interactions between the atoms, such as bonds, angles, 

and van der Waals forces.61 Atomistic MD simulations can provide valuable insights into the 

detailed behavior of complex molecular systems, e.g., the underlying mechanisms of biological 

processes. In this thesis, atomistic MD simulations were applied to examine the behavior of 

proteins or peptides at interfaces over time, including the structural changes of proteins and 

peptides, and the energetics and kinetics of the interfacial systems. The structures of proteins and 

peptides obtained from the atomistic MD simulations can be used as input structures for the 

Hamiltonian program to generate SFG and ATR-FTIR spectra as a function of orientation.  

 

1.7 Presented Research 

 In Chapter 2, the bond additivity model for a bent helix was employed to analyze the 

orientation of surface-immobilized AMPs SMAP29 variants in contact with the bacteria cell 

membrane component, lipopolysaccharides (LPS). It was found that the orientations of the surface-

bound AMPs can be used as indicators to capture and distinguish different bacteria strains. This 

study provides valuable insights into AMP-LPS interactions at the molecular level, and explains 

how immobilization sites affect the structural characteristics of SAMP29 and lead to different 
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AMP-LPS binding behavior. Such knowledge is crucial for further AMP design in bacteria 

recognition. 

 In Chapter 3, the Hamiltonian approach along with discrete MD (DMD) simulation was 

used to favor the data interpretation of SFG measurements and both the conformation and 

orientation of the surface-immobilized uranyl harvesting protein were determined. This study 

found that upon binding to a hydrophobic surface via C-terminal, the uranyl binding protein (SUP) 

tends to lie down on the surface. No substantial conformation and orientation changes of the 

immobilized SUP were observed with and without the presence of uranyl ions. This study proposed 

that tuning the hydrophobicity of the surface for SUP immobilization or adjusting the 

hydrophobicity of the SUP itself could be future developments of SUP engineering to favor a 

standing-up pose of SUP at the interface to optimize its accessibility to uranyl ions. Additionally, 

the developed systematic methodology for simultaneous determination of conformation and 

orientation of interfacial proteins and peptides can be further employed in the future to screen more 

protein candidates and surfaces with different hydrophobicity to achieve better uranyl binding 

performance. The developed method can also be applied to study a wide range of important 

biological systems.  

To improve the accuracy of interfacial protein structural determination, new methods in 

both experimental measurements and computational modeling were introduced in Chapter 4. 

Isotope labeling of 13C for various amino acids in the protein sample was used to increase 

independently measured SFG parameters. Atomistic MD simulation was used to replace DMD for 

better sampling and precision. A systematic methodology with these new methods along with 

Hamiltonian approach was developed to deduce most likely conformation and orientation of B1 

domain of protein G (GB1) and its mutant on the polystyrene surface. It was found that only by 
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mutating two key amino acids in GB1, the orientation of the protein charged substantially on the 

surface. This research demonstrated that the manipulation of protein orientation can be achieved 

by the mutation of key amino acids that in responsible for protein-surface interaction. Such 

knowledge is important to control the adsorbed protein orientation on surface to achieve optimized 

function. The systematic methodology developed is generally applicable to determine 

conformation and orientation of peptides and proteins on surfaces with great accuracy.    

 In Chapter 5, the developed method of combining SFG measurements, atomistic MD 

simulation and Hamiltonian spectra calculation was further developed by including the ATR-FTIR 

data to supplement the SFG measurement. The FTIR spectra calculation was implemented in the 

Hamiltonian program. This further developed systematic method was applied to reveal the 

structural changes (conformational and orientational changes) of AMP MSI-594 and its analogue 

MSI-594A associated with different lipids. The conformation and orientation differences between 

MSI-594 and MSI-594A were successfully correlated to their different effectiveness against Gram 

negative bacteria, which provides useful insights into future design of potent AMPs. The 

combination of SFG and ATR-FTIR measurements, along with the data interpretation 

methodology, can be powerful to understand the membrane-disrupting properties of a variety of 

biomolecules including amyloid peptides/proteins and fusogenic viral peptides/proteins. 

In summary, this thesis first applied a previously developed method to study surface 

immobilized peptides interacting with components from bacteria cell membrane. Then, this thesis 

research focused on further developing a systematic methodology which combines SFG 

measurements, ATR-FTIR measurements, isotope labeling, Hamiltonian spectral calculation, and 

experimental-calculated spectra matching (detailed procedures will be discussed in Chapters 3, 4 

and 5) to successfully determine protein/peptide conformations and orientations at buried 
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interfaces. Such a method has been applied to study surface-immobilized super uranyl binding 

proteins, adsorbed B1 domain of protein G on polystyrene surface, and AMP MSI-594 and its 

analogue MSI-594A associated with different lipid membranes. The above applications of this 

method on a variety of peptide/protein systems indicate that it is powerful to provide important 

understanding on structure-function relationships of interfacial peptides and proteins. The 

developed method is widely applicable to study many different peptides and proteins at interfaces, 

facilitating research and applications involving interfacial biomolecules such as those in 

biomaterials, antifouling coatings, membranes for biological separations, antimicrobial drugs, 

biosensors etc.  
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Chapter 2 Molecular Interactions Between Surface-Immobilized Antimicrobial Peptides 

and Lipopolysaccharides 

2.1 Attribution Information 

Materials covered in this chapter were adapted with permission from Guo, W.; Xu, S.; 

Reichart, T. M.; Xiao, M.; Lu, T.; Mello, C.; Chen, Z. Probing Molecular Interactions between 

Surface-Immobilized Antimicrobial Peptides and Lipopolysaccharides In Situ. Langmuir 2020, 36 

(41), 12383–12393. Copyright © 2020 American Chemical Society. This research was in 

collaboration with Combat Capabilities Development Command Soldier Center, Natick. 

T.M.R. and C. M. provided peptide and LPS samples. W.G. and X.S. conducted SFG 

experiments and spectra fitting. W.G. conducted CD and DLS experiments and carried out 

quantitative data analysis based on SFG results. 

 

2.2 Background and Motivation 

2.2.1 Antimicrobial Peptides (AMPs) 

Bacterial infection is one of the leading medical problems worldwide, which can cause 

severe immune response and even lead to mortality in patients. Conventional antibiotic treatments 

for microbial infection successfully saved millions of patients when they were first discovered in 

the 20th century. Antibiotics inhibit the DNA/RNA replications and protein synthesis to kill or 

slow the growth of bacteria.1 This mechanism is vulnerable to adaptive resistance of bacteria, 

leading to diminished effectiveness of antibiotics over time.2 Making the situation worse, the 
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invention of new antibiotics is time consuming while the revolution of antibiotic-resistance 

bacteria is rapid especially with the abusive usage of antibiotics. Therefore, next generation of 

anti-infection drugs needs to be ungently developed which can overcome bacterial drug resistance 

and kill bacteria effectively, specifically, and rapidly.  

Antimicrobial peptides (AMPs) are the promising candidates for combating bacterial 

infection and resistance because of their biocompatibility and excellent bacterial-targeting and -

killing properties.3 Different from traditional antibiotics, AMPs kill bacteria by disrupting the 

bacterial membrane via electrostatic and hydrophobic interactions4–7, which is hard for bacteria  to 

develop drug resistance. Due to these excellent properties, except for functioning as bacteria-

killing agents, AMPs have also been widely used for bio-recognition to capture and distinguish 

bacteria. In practical applications, a biosensor requires two main parts, a bio-recognition moiety 

and a transduction platform. The bio-recognition elements, such as AMPs, are usually immobilized 

onto the platform for better sensitivity, portable ability, and reusability. A good bio-recognition 

element needs to be stable and be able to conduct original functions after the immobilization 

process. Extensive research proved that AMPs could retain their bacterial-killing functions after 

immobilizing onto a solid support, even though they failed to penetrate the bacterial cell 

membranes.8–10 

 

2.2.2 Lipopolysaccharides (LPS) 

 Lipopolysaccharides (LPS), also known as endotoxin, are found at the outer membrane of 

Gram-negative bacteria. LPS can be released during the bacterial infection and can cause severe 

immune response, leading to inflammation, sepsis, and even death. Therefore, detection and 
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classification of LPS at the early stage of bacterial infection (before the formation of biofilms) are 

crucial in clinical trials.  

  The structure of LPS mainly consists of three parts as shown in Figure 2-1.11 The head O 

antigen is hydrophilic glycan-based polymer varied among bacterial strains. The middle is 

hydrophilic oligosaccharide chain, linked by KDO (3-deoxy-D-manno-oct-2-ulosonic acid) and 

non-sugar components such as phosphate and amino acids. The tail is hydrophobic phosphorylated 

glucosamine disaccharide, also called lipid A, containing multiple fatty acids. Overall, LPS carries 

negative charges, which in opposite of AMPs (usually contains several arginine (R) and Lysine 

(K) to be positively charged), making them attracted to each other via electrostatic interactions. 

Therefore, AMPs are naturally capable of recognizing LPS and developed as anti-bacterial agents. 

 
Figure 2-1 Archetypal LPS structures from: (A) E. 
coli O55:B5 (B) E. coli O111:B4 and (C) P. 
aeruginosa. 

Col: colitose; Hep: L-glycerol-Dmanno-heptose; 
Gal: galactose; Glc: glucose; KDO: 2-keto-3-
deoxyoctonic acid; NGa: N-acetyl-galactosamine; 
NGcl: N-acetyl-glucosamine; GlcN: glucosamine; 
PEtN: phosphorylethanolamine; Ala: alanine; Rha: 
rhamnose; GalN: galactosamine; Cm: carbamoyl; 
and EtnP: ethanolamine phosphate. (ref. 12 - 15) 
 

 

 

 

 

 

 

2.2.3 SMAP29 
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SMAP29, an AMP extracted from sheep, exhibited excellent bacterial-killing and LPS-

recognizing ability.16,17 Previously, Uzarski and Mello used an immobilized AMP surface plasmon 

resonance (SPR) platform associated with linear discriminant data analysis method to successfully 

detect and classify LPS from various bacterial strains with detection limits ranging from 0.1 to 1.0 

μM and 80% success rate.18 SPR studies found that the combination of surface immobilized 

SMAP29 variants (immobilized onto surface via different residues) had better LPS recognition 

ability than the combination of non-SMAP29 AMP variants.18,19 More molecular-level insights are 

needed to explain the strong binding affinity between SMAP29 with LPS molecules. CD studies 

found that SMAP29 was disordered in aqueous solutions and transited into helix-hinge-helix motif 

in LPS environments.20 Two helical segments near N- and C- termini were identified as two 

independent LPS-binding sites, which explains the strong binding affinity between SMAP29 and 

LPS. However, this structural study using CD spectroscopy only involved SMAP29 in bulk 

solution. Real applications required the detailed structure analysis of surface immobilized 

SMAP29. Therefore, in this research, surface sensitive technique SFG was used to reveal 

interfacial structures of the immobilized SMAP29 variants with and without the binding of LPS in 

the molecular level. Furthermore, a semi-quantitative data interpretation method (bond additivity 

model for non-linear helix) was applied to differentiate the orientation preferences among the 

immobilized SMAP29 variants when contacting different LPS samples.  

 

2.3 Experimental Materials and Methods 

 Right angle CaF2 prisms with 100 nm silica coating were used as the solid platform to 

support SMAP29 immobilization. A layer of maleimide-terminated self-assembly monolayer 

(SAM) was grown on the silica-coated prism to react with the cysteine-modified SMAP29 to 
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achieve peptide immobilization. This SAM was well-studied and showed excellent flexibility to 

prevent peptide/protein denaturalization.8,21–23 The preparation of SAM was documented in 

previous literature.8,22,23 

Three SMAP29 variants were designed: (1) SMAP29 with cysteine added at the N-

terminus, noted as NT (sequence: CRGLRRLGRKIAHGVKKYGPTVLRIIRIAG), which 

exposed LPS binding site on the C-terminus after immobilization, (2) SMAP29 with cysteine 

added at the C-terminus, noted as CT (sequence: RGLRRLGRKIAHGVKKYGPTVLRIIRIAGC), 

which exposed LPS binding site on the N-terminus after immobilization, and (3) SMAP29 with 

cysteine modification at the middle site Y17, noted as Y17C (sequence: 

RGLRRLGRKIAHGVKKCGPTVLRIIRIAG), which exposed both N- and C- termini LPS 

binding sites after immobilization. All three samples were purchased from Peptide 2.0 and used as 

received.  

LPS from three bacterial strains: O111:B4, O55:B5 and P.A. (structures shown in Figure 

2-1) were purchased from Sigma and used as received. O111:B4 and O55:B5 were derived from 

E. coli, and P.A. were derived from pseudomonas aeruginosa. Each LPS sample was dissolved in 

ultrapure water (resistance > 18.2 mΩ) resulting in a concentration of 1.0 mg/mL. The final pH of 

O111:B4, O55:B5 and P.A. solutions were 7.86, 7.98 and 7.75 at 21 °C, respectively. All LPS 

solutions were stored at -40 °C before use. 

SFG was applied to probe the interfacial structures of each SMAP29 variant in pure water 

and in the LPS solutions. Initially, the SFG ssp and ppp spectra were collected for each SMAP29 

variant in contact with water. Then the SFG signal intensity change of 1655 cm-1 was monitored 

when replacing water with LPS solutions for each SMAP29 variant. Such SFG intensity change 

records the dynamics of the structural change of the amide I helical component of a peptide for 



 33 

each peptide-LPS pair (9 pairs in total). Detailed SFG setup was described in Chapter 1 and will 

not be repeated here. The SFG sample geometry used in this study is shown in Figure 2-2.  

 

 

 

 

 

Figure 2-2 Schematic diagram of SFG sample geometry. 

A J-1500 CD spectropolarimeter (Jasco Inc., Japan) was used to examine the secondary 

structures of surface-immobilized SMAP29 variants in both solution state and immobilization 

state. For solution state, the peptides were tested in deionized water with a concentration of 30 μM. 

For immobilized state, the peptides were immobilized on UV-grade quartz slides (the same 

immobilization process as that on the silica-coated CaF2 prisms), and seven slides were stacked 

upon each other during the CD testing to generate detectable signal. 30 uL of solutions (in water 

or in LPS solution) were added into the gap between each slide before the CD testing. The CD 

spectra were collected under a nitrogen atmosphere, ranging from 240 to 190 nm with 1 nm 

resolution and 20 nm/min scan rate. Each CD spectra was scanned with 5 accumulations.  

Dynamic light scattering (DLS) experiments (DynaPro NanoStar, WYATT Tech., US.) 

were conducted to determine the size of each LPS sample. Before DLS experiments, LPS samples 

were filtered through 0.45 μm tube filters to remove oversized vesicles. Each spectrum was 

obtained by 5 s recording time and 10 accumulations. A global protein model was used for spectral 

fitting. 
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2.4 Results and Discussion 

2.4.1 Surface-immobilized SMAP29 Variants in Water 

 In solution state, CD data (Figure 2-3) showed that all three SMAP29 variants (NT, CT 

and Y17C) are randomly structured, same as the wild-type SMAP29.20 This indicates that the 

mutations of SMAP29 variants in this research have minor effects on the structure of SMAP29. 

After immobilization, CD data of immobilized NT and CT showed obvious helical features, 

indicating the structures of NT and CT changed from random coil to helix after the surface 

immobilization. This result indicates that the substrate surface could limit the motion of NT and 

CT and the interactions with the SAM surface could favor the formation of helical structures of 

NT and CT. The CD data of immobilized Y17C still presented a random coil feature, indicating 

that the immobilization via a middle site may shorten the distance between the two termini and the 

SAM surface therefore hindering the formation of helical structures. The structure difference 

between NT (or CT) and Y17C indicates that the immobilization site can strongly affect the 

structure of the peptide, as discovered in previous reported studies.21 
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Figure 2-3 CD spectra collected from NT, CT, and Y17C in the free-solution state (A) and CD spectra collected from 
surface-immobilized NT (B), CT (C), and Y17C (D) in water and various LPS solutions. 

 

SFG was also used to probe the interfacial structures of NT, CT and Y17C in contact with 

water. The experimental sample setup is shown in Figure 2-2. SFG spectra collected from 

SMAP29 variants in water had distinguishable features, as shown in Figure 2-4. The SFG spectra 

of NT and CT are dominated by a single peak ~1650 cm-1, respectively, indicating that NT and CT 

possess 𝛼𝛼-helical structures at the interface. This result is in agreement with CD results presented 

above. The deduced 𝜒𝜒𝑦𝑦𝑦𝑦𝑦𝑦/𝜒𝜒𝑦𝑦𝑦𝑦𝑦𝑦 ratios are 1.35 and 1.01 for NT and CT, respectively. Since 

𝜒𝜒𝑦𝑦𝑦𝑦𝑦𝑦/𝜒𝜒𝑦𝑦𝑦𝑦𝑦𝑦 ratios are related to the interfacial orientations, this result indicates that NT and CT 

adopted different orientations at the interface. Our previous studies also observed that same peptide 

could possess different interfacial orientations when being immobilized onto a maleimide-

terminated SAM via different termini.22,24,25 Such orientation preference is a result of tuning the 

electrostatic and hydrophobic interactions between the surface and the residues near the surface 
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area. More detailed quantitative orientation analysis using the bond additivity model will be 

discussed below. 

 

Figure 2-4 SFG ppp (red) and ssp (black) amide I spectra (dots) collected from surface-immobilized (A) NT, (B) CT, 
and (C) Y17C in water. The fitting results are shown as lines. 

 

Here in this study, SMAP29 has different charge and hydrophobicity distribution of N- and 

C- termini, leading to different interactions with the SAM surface. The C-terminus of SMAP29 

(RGLRRLGRKIAHGVKKYG) has 7 basic amino acids (R and K are positively charged at pH ~ 

7) and a hydrophobicity of 0.045 while the N-terminus of SMAP29 (HGVKKYGPTVLRIIRIAG) 

has 4 basic amino acids and a hydrophobicity of 0.440. Therefore, the C-terminus carries more 

charge and favors the interactions with the solvent than with the SAM surface, while the N-

terminus has more hydrophobic residues that favor the interactions with the SAM surface than 

with the solvent. As a result, NT should tilt towards surface more because its near-surface portion 

(N-terminus) is more likely to interact with the surface. On the contrary, CT should stand up more 

because its near-surface portion (C-terminus) is highly charged and more likely to interact with 

the solvent than with the surface. 

The CD result (Figure 2-3) clearly showed that Y17C is still unordered after 

immobilization. In the SFG spectra of Y17C in water, the dominant peak is also at ~1650 cm-1. 
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However, different from NT and CT, this peak is not assigned to a helix feature but a random coil 

feature when correlating to the CD results. The 1650 cm-1 peak in Y17C SFG spectra could come 

from the coil structures strongly interacted with the surface to form a pattern, which is SFG active, 

or from the coil structures which trapped a layer of water between the immobilized peptide and 

the SAM surface to create detectable water bending SFG signal. Other than the peak dominant at 

~ 1650 cm-1 in SFG spectra, SFG spectra of Y17C in water exhibited two additional peaks located 

at ~1550 cm-1 and ~1710 cm-1. The peak ~1550 cm-1 could come from the side chains of the 

charged residue, such as R and K, strongly interacted with the SAM surface, therefore adopted a 

preferred orientation, and generated SFG signal. The peak ~1710 cm-1 could come from the 

carbonyl group of the SAM surface interacting with the immobilized peptides.  

In summary, the combination of CD and SFG data revealed the interfacial structural 

differences among three SMAP29 variants (NT, CT and Y17C), indicating that one could well-

tune the interfacial structure of the same peptide by altering its immobilization site. 

2.3.2. Surface-immobilized SMAP29 Variants in LPS Solutions 

 Interfacial structures of three SMAP29 variants (NT, CT and Y17C) in contact with three 

strains of LPS (O111:B4, O55:B5 and P.A.) were also studied by CD spectroscopy and SFG 

spectroscopy.  

In CD spectra (Figure 2-3), the alpha helical features of NT and CT in the presence of LPS 

samples were more obvious than that in pure water environment, while the random coil features 

of Y17C remained the same as in the pure water environment.  

Compared with SFG spectra of SMAP29 variants in water, SFG spectra of SAMP29 

variants contacting with LPS samples (Figure 2-5) had the same peak assignments but various 

measured 𝜒𝜒𝑦𝑦𝑦𝑦𝑦𝑦/𝜒𝜒𝑦𝑦𝑦𝑦𝑦𝑦 ratios. Table 2-1 summarized the 𝜒𝜒𝑦𝑦𝑦𝑦𝑦𝑦/𝜒𝜒𝑦𝑦𝑦𝑦𝑦𝑦 ratios obtained from the fitting 
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parameters of the SFG spectra in Figure 2-5. NT in contact with LPS samples possessed higher 

𝜒𝜒𝑦𝑦𝑦𝑦𝑦𝑦/𝜒𝜒𝑦𝑦𝑦𝑦𝑦𝑦 ratios than that in pure water, and the same trend was also observed for CT. The 

𝜒𝜒𝑦𝑦𝑦𝑦𝑦𝑦/𝜒𝜒𝑦𝑦𝑦𝑦𝑦𝑦 ratios for SFG spectra collected from the NT (or CT) in contact with various LPS 

samples followed a decreased trend from O111:B4 (2.08 for NT and 1.73 for CT) to O55:B5 (1.81 

for NT and 1.61 for CT) to P.A. (1.62 for NT and 1.45 for CT). On the contrary, the 𝜒𝜒𝑦𝑦𝑦𝑦𝑦𝑦/𝜒𝜒𝑦𝑦𝑦𝑦𝑦𝑦 

ratios of Y17C in LPS samples are relatively lower than the ratios of Y17C in water. All the 

𝜒𝜒𝑦𝑦𝑦𝑦𝑦𝑦/𝜒𝜒𝑦𝑦𝑦𝑦𝑦𝑦 ratios of Y17C are lower than the ratios of NT and CT. Combined with CD data, Y17C 

continued to adopt a random structure after in contact with LPS samples. These observations 

clearly demonstrate that immobilized Y17C has different interactions with LPS molecules and the 

SAM surface from the immobilized NT and CT. Y17C could enable more complicated interactions 

at the interfaces with LPS (e.g., both termini can interact with LPS at the same time) because it is 

immobilized onto the surface via a middle site. 
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Figure 2-5 SFG ppp (red) and ssp (black) amide I spectra (dot) collected from the interfaces between surface-
immobilized NT and (A) O55:B5, (B) O111:B4, and (C) P.A. solutions; between surface-immobilized CT and (D) 
O55:B5, (E) O111:B4, and (F) P.A. solutions; and between surface-immobilized Y17C and (G) O55:B5, (H) O111:B4, 
and (I) P.A. solutions. The spectral fitting results are shown as lines. The nonzero baselines of some spectra are due 
to the nonresonant signal contributions. 

 

Table 2-1 χzzz/χyyz Ratios Deduced from Fitted SFG Spectra 

 DEDUCED 𝝌𝝌𝒛𝒛𝒛𝒛𝒛𝒛/𝝌𝝌𝒚𝒚𝒚𝒚𝒛𝒛 AT 1650 CM-1 

 water O55:B5 O111:B4 P.A. 

NT 1.35 (±0.21) 1.81(±0.22) 2.08(±0.47) 1.62(±0.22) 

CT 1.01(±0.04) 1.61(±0.07) 1.73(±0.08) 1.45(±0.30) 

Y17C 1.07(±0.37) 0.72(±0.36) 0.93(±0.71) 0.72(±0.47) 
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2.4.2 Quantitative Analysis of Immobilized SMAP29 Variants 

 Previously, it was found that SMAP29 possessed two helical ends with a middle bend in 

the membrane-like environment, such as LPS vesicles.20 The two helical segments are located at 

residues 8-17 (10 amino acids) and residues 20-28 (9 amino acids). Therefore, we applied the bond 

additivity model introduced in Chapter 1 for a 12-9 bent helix (first segment has 10 helical residues 

and two turn residues, and second segment has 9 helical residues with the bent site at Pro19, 

illustrated in Figure 2-6) for a ‘semi-quantitative’ orientation analysis for SFG spectra collected 

from SMAP29 variants/LPS sample interfaces. The bent helical model assumes that the tilt angle 

of the tested peptide (the main axis of the first segment versus the surface normal) has a 𝛿𝛿-

distribution and the bent angle (the angle between the principal axis of the first helical segment 

and the principal axis of the second helical segment) is fixed. The bent angle was varied from 0 – 

90° when considering the 𝜒𝜒𝑦𝑦𝑦𝑦𝑦𝑦/𝜒𝜒𝑦𝑦𝑦𝑦𝑦𝑦 ratio as a function of tilt angle (Figure 2-7).  

 

 

 

 

 

 
Figure 2-6 Illustration of a bent alpha-helix structure. 
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Figure 2-7 Relationship between the SFG χzzz/χyyz ratio and tilt angles of a bend alpha-helical SMAP29 with the first 
alpha-helix segment of 12 residues and the second alpha-helix segment of 9 residues. The tilt angle is defined as the 
angle between the surface normal and the first fragment. Curves in different colors represent different bent angles 
between the first and the second segments. 

  

The deduced 𝜒𝜒𝑦𝑦𝑦𝑦𝑦𝑦/𝜒𝜒𝑦𝑦𝑦𝑦𝑦𝑦 ratios of NT and CT in water are beyond the range of all the curves 

shown in Figure 2-7, meaning that NT and CT in water may adopt multiple orientations8 or they 

are not assembled as the assumed bent helix peptides. As presented above, according to the 

discussions on the CD and SFG data, we believe that immobilized Y17C adopts a random structure 

in water or in LPS samples. Here, the deduced 𝜒𝜒𝑦𝑦𝑦𝑦𝑦𝑦/𝜒𝜒𝑦𝑦𝑦𝑦𝑦𝑦 ratios measured for both Y17C in water 

and in LPS samples are beyond the possible ranges of a bent alpha helix, showing that the structure 

of the surface immobilized Y17C is not a bent helix. 

 The bent helical model can be used to deduce the possible orientation ranges of NT and 

CT in contact with LPS samples. The deduced bent angle range of NT in LPS samples is from 20° 

to 90° and the bent angle range of CT in LPS samples is from 40° to 90°. LPS was assembled into 

vesicles in the solution with a concentration of 1.0 mg/mL (as evidenced by the DLS data Figure 
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2-8). For LPS vesicles, the hydrophilic/charged portion is exposed while the hydrophobic core is 

buried inside. Therefore, the electrostatic interaction should be dominant when immobilized NT 

and CT encountered LPS vesicles. The first segment of the bent SMAP29 model carries 7 positive 

charges while the second segment carries 4 positive charges. Therefore, the CT should have 

stronger interaction with LPS samples because its N-terminus (which carries more charges) is 

closer to LPS vesicles. On the other hand, a weaker electrostatic interaction between NT and LPS 

samples resulted in a wider bent range for NT to behave more flexibly.  

 

 

 

 

 

 

 
Figure 2-8 Size distributions of LPS vesicles measured by the DLS experiment. 

 
 For the purpose of comparison, the tilt angles of NT and CT with a fixed bent angle of 60° 

are listed in Table 2-2. With a fixed bent angle, the trend of the tilt angle can be concluded as 

following: (1) the tilt angles of the same peptide (NT or CT) in different LPS solutions followed 

the order of O111:B4 > O55:B5 > P.A. Among three LPS strains, P.A. exhibits the highest charge 

distribution per molecule and has the strongest electrostatic interactions with NT and CT to favor 

them to exhibit a tilting up presentation on the surface. (2) NT displayed a lager tilt angle than CT 

when interacting with the same LPS sample. This result is in correlation with the above discussion 

that NT should tilt towards to the surface more than CT, and CT is favored by LPS to stand up on 

the SAM surface because CT can have stronger Coulombic interaction between its N-termini and 
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the LPS samples. Figure 2-9 summarizes the schematics of the peptide structures discussed above 

assuming the bent angle of 60° for NT and CT. 

 

Table 2-2 Possible Orientation Angle Ranges of NT−LPS and CT−LPS Pairs. 

 NT-O55:B5 NT-O111:B4 NT-

P.A. 

CT-

O55:B5 

CT-

O111:B4 

CT-

P.A. 

ORIENTATION 

RANGE/DEG 

(BENT ANGLE 

RANGE/DEG) 

30-48 

(20-90) 

46-66 

(20-90) 

13-35 

(20-90) 

23-34 

(40-90) 

31-43 

(40-90) 

4-19 

(40-90) 

ORIENTATION/DEG  

(60° BENT ANGLE) 

39 50 29 28 35 16 

 

Figure 2-9 Schematics of NT (bent angle at 60°) in contact with (A) O55:B5, (B) O111:B4, and (C) P.A., CT (bent 
angle at 60°) in contact with (D) O55:B5, (E) O111:B4, and (F) P.A., and (G) Y17C in contact with LPS solutions. 
Y17C adopts nonhelical structures when in contact with LPS solutions; therefore, the orientations (tilt angles and bent 
angles) are not determined. 
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2.4.3 Dynamics from the Time-Dependent SFG Spectra 

 SFG ppp spectral intensity change at 1655 cm-1 was recorded as a function of time when 

switching the peptide contact solution from water to LPS samples. SFG time dependent spectra 

for each peptide-LPS pair are shown in Figure 2-10.  SFG time dependent spectra of NT, CT and 

Y17C all showed a downward trend when in contact with O111:B4 or O55:B5. However, they all 

showed an upward trend when interacting with P.A. According to the DLS data shown in Figure 

2-8, the P.A. has a larger vesicle size than NT and CT, which may be responsible for such an 

upward trend. In addition, the larger size of P.A. may induce more complicated interactions with 

the immobilized SMAP29 variants. Therefore, a longer time was needed for peptide signal to reach 

equilibrium when interacting with P.A. than other two LPS strains. 
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Figure 2-10 SFG time dependence ppp signal intensity measured at 1655 cm−1 of (A) NT/O111:B4, (B) NT/O55:B5, 
(C) NT/P.A., (D) CT/ O111:B4, (E) CT/O55:B5, (F) CT/P.A., (G) Y17C/O111:B4, (H) Y17C/O55:B5, and (I) 
Y17C/P.A. interfaces. 

 

2.5 Conclusion 

 In this research, we demonstrated that the same peptide SMAP29 immobilized with 

different sites, N-terminus (NT), C-terminus (CT), and a middle site (Y17C) on a surface, has 

different structures in pure water environments and such differences further lead to different 

interactions with LPS samples from three bacterial strains, E. coli O111:B4, E. coli O55:B5, and 

P. aeruginosa. The different interfacial structures (including conformations and orientations) of 

three surface-immobilized SMAP29 variants during the peptide−LPS interactions were 

investigated using SFG and CD spectroscopy. A bond additivity model for a 12-9 bent helix was 

used for detailed orientation analysis for SFG measurements. The deduced orientation preferences 

for three immobilized SAMP29 variants when in contact with LPS samples, along with the 

dynamics/kinetics of these peptide-LPS interactions (monitored by the time-dependent SFG 

measurements), can serve as indicators to classify different peptide-LPS pairs. This research 

proposed that one could modulate a single AMP by differential immobilization to yield distinct 

interfacial structural characteristics of the AMP for bio-recognition.  
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Chapter 3 Molecular Structure of the Surface-Immobilized Super Uranyl Binding Protein 

3.1 Attribution Information 

Materials covered in this chapter were adapted with permission from Guo, W.; Zou, X.; 

Jiang, H.; Koebke, K. J.; Hoarau, M.; Crisci, R.; Lu, T.; Wei, T.; Marsh, E. N. G.; Chen, Z. 

Molecular Structure of the Surface-Immobilized Super Uranyl Binding Protein. J. Phys. Chem. B 

2021, 125 (28), 7706–7716. Copyright © 2021 American Chemical Society. This research was in 

collaboration with Prof. Neil March’s group at the University of Michigan and Prof. Tao Wei’s 

group at Howard University.  

M.H. and K.J.K contributed to the preparation of the protein samples used in this research. 

X.Z. and W.G. collected the SFG spectra with the help of H.J. and R.C. W.G. contributed to the 

spectra fitting, Hamiltonian calculations and spectra matching. W.G. and T.L. contributed to the 

development of the Hamiltonian program. T.W. conducted DMD simulations. 

 

3.2 Background and Motivation 

3.2.1 Super Uranyl Binding Protein (SUP) 

Uranium is one of the most important sources for nuclear energy generation, however, it is 

considered a non-renewable nuclear source and it is lethal toxic to the environment if the release 

of uranium is not well-controlled. Therefore, it is necessary to develop methods to gather uranium 

sources from a diluted reservoir (such as harvesting uranyl ions from the ocean) for energy 
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generation, and to sensitively detect uranium and uranyl ions for toxicity control and diagnosis. 

Many analytical techniques, including spectroscopy (e.g. fluorescence1 and vibrational2,3), mass 

spectrometry4 and electrochemical methods5,6, have been developed for the detection of uranyl 

ions. More recently, biological molecules such as proteins and peptides have also been designed 

to detect uranyl ions because of their structure flexibility for ion-binding. In 2014, a protein named 

super uranyl binding protein (SUP) was designed to bind uranyl ions with femtomolar binding 

affinity and excellent selectivity (>10,000-fold affinity to uranyl ion over other metal ions.7 This 

remarkable efficiency of SUP for uranyl ion selection and capture makes it promising to harvest 

uranyl ions from the sea water. The structures of the native SUP and the uranyl-bound SUP were 

resolved by X-ray crystallography, with PDB entry of 4FZO and 4FZP, respectively. These crystal 

structures of SUP with and without the presence of uranyl ions are superimposed, meaning that 

binding with uranyl ions has minor effect on SUP structure.7,8 Like other biosensors, in real 

applications (such as the uranyl-affinity test for SUP), the native proteins are needed to be 

immobilized onto a solid support for better localization and transportation.7 However, the 

interfacial structure of SUP has not been determined yet. Therefore, it is significant to study the 

structural changes of the immobilized SUP before and after contacting uranyl ions, which can help 

to better understand the binding affinity of the surface-immobilized SUP with uranyl ions. Such 

information is crucial for the design of SUP immobilization in real applications. 

 

3.2.2 Methodology of Structural Determination of Interfacial SUP 

In this study, a systematic method that combines the surface-sensitive SFG spectroscopy 

and computational methods (SFG spectra simulation and MD simulation) was developed to resolve 
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both the conformation and orientation of the surface-immobilized SUP. This method can also be 

widely applied to study other interfacial proteins and peptides.  

Compared to the bond additivity method that used to determine interfacial orientation of 

surface-immobilized SMAP29 variants when interacting with LPS samples (Chapter 2), a more 

advanced method, named Hamiltonian approach, was applied to study the conformation and 

orientation of surface-immobilized SUP. Different from the bond additivity model, which only 

considers the signal contributions of 𝛼𝛼-helical structures within the studied protein or peptide, the 

Hamiltonian approach considers the signal contributions of all the amino acids and mode coupling 

between each amino acid within the studied protein or peptide, and can simulate the SFG spectra 

as a function of orientation of the entire protein/peptide molecule. By comparing the experimental 

spectra with the calculated spectra under different orientations, one could resolve the orientation 

of the target protein or peptide with higher accuracy. Detailed mechanism of the Hamiltonian 

approach was discussed in Chapter 1, Section 1.4.2. Here, discrete molecular dynamics (DMD) 

simulations were employed to simulate the conformations of the surface-immobilized SUP and to 

provide the structure inputs for the SFG spectra calculations using the Hamiltonian approach. 

 

3.3 Structures of Immobilized SUP on SAM Surface with and without the Presence of 

Uranyl Ions 

3.3.1 Experimental Materials and Methods 

 In this study, SUP was mutated to SUP C31S C87S I105C (SUP-C105) for the purpose of 

immobilization via thiol-maleimide interaction.9–11 The entire SUP-C105 sequence is as follows: 

SLDSRERIEKDLEDLEKELMEMSIKLSDDEEAVVERALNYRDDSVYYLEKGDHITSFGSI

TYAEGLTDSLRMLHRICEG. The protocol for the expression and purification of SUP-C105 was 
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reported previously.8 These protein samples were stored at -80 °C until use. The immobilization 

substrate is maleimide-terminated SAM, the same as that used in the research presented in Chapter 

2 above.  

 Near-total reflection sample geometry was used in SFG spectra collection (Figure 3-1). A 

layer of maleimide-terminated SAM was firstly grown on the bottom of a right-angle silica-coated 

CaF2 prism. Then SUP-C105 was immobilized onto the SAM via maleimide-thiol interaction. The 

prism with immobilized SUP-C105 was placed into contact with a phosphate buffer (PB) solution 

(5 mM, pH = 7.4) and SFG ssp and ppp spectra were collected from the SUP-C105/PB solution 

interface in the frequency region of 1500 – 1800 cm-1. Then the PB solution was replaced by a 

uranyl ion solution (100 μM uranyl ion in PB solution) and SFG signal was monitored. After the 

SFG signal became stable, the ssp and ppp SFG spectra of the SUP-C105/uranyl ion solution 

interface were collected in the same frequency region. The measured 𝜒𝜒𝑠𝑠𝑠𝑠𝑠𝑠
(2) /𝜒𝜒𝑠𝑠𝑠𝑠𝑠𝑠

(2)  can be obtained 

from the fitted experimentally collected ssp and ppp SFG spectra, and the 𝜒𝜒𝑦𝑦𝑦𝑦𝑦𝑦
(2) /𝜒𝜒𝑦𝑦𝑦𝑦𝑦𝑦

(2)  can then be 

deduced by the formula:  𝜒𝜒𝑠𝑠𝑠𝑠𝑠𝑠
(2) /𝜒𝜒𝑠𝑠𝑠𝑠𝑠𝑠

(2)  = 0.9 × 𝜒𝜒𝑦𝑦𝑦𝑦𝑦𝑦
(2) /𝜒𝜒𝑦𝑦𝑦𝑦𝑦𝑦

(2) 12. 

 

 

 
 
 
 
 

Figure 3-1 Schematic of the SFG sample geometry. 

 

3.3.2 Parameters for Hamiltonian Approach 
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Hamiltonian approach introduced in Chapter 1, Section 1.4.2, can be used to simulate SFG 

spectra as a function of orientation (tilt angle 𝜃𝜃, twist angle 𝜓𝜓) for an input protein/peptide 

structure. The local mode frequencies which were used as the diagonal terms in the Hamiltonian 

matrix were set to the same as the peak centers obtained from experimental spectra fitting, as listed 

in Table 3-1. The peak width of each amide I mode (normal mode) was also assumed as the 

corresponding peak width obtained from experimental spectral fitting, as listed in Table 3-1. 

 

3.3.3 Score System for Spectral Comparison between Experimental Measurements and 

Hamiltonian Calculations 

 To evaluate the similarity between the calculated and experimentally collected SFG 

spectra, a quantitative score system (noted as parameter comparison score system) was developed. 

The parameter comparison score system is to firstly obtain the fitting parameters of the calculated 

SFG spectra and then compare these obtained parameters to the ones deduced from the 

experimentally collected spectra. For a single peak SFG ssp or ppp spectrum, these fitting 

parameters (also considered as matching standards) include their peak center, the peak width and 

the 𝜒𝜒(2) ratio between the SFG ssp and ppp spectra. To save computational time, for 

experimentally collected ppp or ssp spectrum which only contains one peak, the calculated SFG 

spectra (zzz or yyz) that have more than one peak and whose r2 values of the fitting are lower than 

0.8 were firstly filtered out. Spectra that survived from this filtering process are possible candidates 

for the next step, which then can be used to match against the experimental spectra. Score 1 and 

score 2 can be defined to evaluate the deviation between experimentally deduced peak centers in 

ppp and ssp spectra and fitted peak centers of the calculated zzz and yyz spectra, respectively. The 

deviation between the calculated and observed peak centers within ± 5 cm−1 is considered as a 
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good matching with score > 0.9. Score 3 and score 4 assessed the propinquity between 

experimental deduced peak widths of the ppp and ssp spectra and fitted peak widths of the 

calculated zzz and yyz spectra, respectively. The tolerance of the deviation was set to ± 20% of 

the experimental value, and a score higher than 0.9 means that the deviation is less than ∼ 5 cm−1. 

Score 5 evaluated the 𝜒𝜒𝑠𝑠𝑠𝑠𝑠𝑠
(2) /𝜒𝜒𝑠𝑠𝑠𝑠𝑠𝑠

(2)  ratios between experimentally deduced and theoretically deduced 

values, with a tolerance of ± 20% of the experimentally deduced value. The final matching score 

is a product of all the five scores defined above. A good overall matching is defined as a final 

matching score higher than 0.9 × 0.9 × 0.9 × 0.9 × 0.9 = 0.59. 

 

3.3.4 DMD Simulations 

 DMD simulations were performed using the software package (sDMD) developed by 

Zheng and co-workers.13,14 In our simulations, the intra- and intermolecular 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.15 

Interactions between protein residues and the substrate surface were computed efficiently using 

the coarse-grained Go-like model16–18 In DMD, discontinuous step functions of the interparticle 

distance were adopted and particles were moved at constant velocities between steps. 

The systems were simulated in a box of 10.0 × 10.0 × 10.0 nm3, 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.13 To address this issue, instead of applying the real units, we used time step t and 

reduced temperature T* = T/Ts in the simulations.14 We assigned Ts = 503.2 K because we set 

NkBTs = E, where kB stands for Boltzmann’s constant, N for Avogadro’s number, and E for one 
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unit of energy, taken to be 1 kcal/mol.14 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 105. 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 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 × 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. 

 

3.3.5 Results and Discussion 

3.3.5.1 Experimentally Collected SFG Spectra of Surface-Immobilized SUP-C105 in Buffer 

Solution and in Uranyl Ion Solution 

 Figures 3-2 (a) and (b) show the SFG ssp and ppp spectra collected from the surface 

immobilized SUP-C105 in contact with PB solution and with uranyl ion solution. The 

reconstructed ssp and ppp spectra without non-resonant backgrounds were also shown in Figures 

3-2 (c) and (d). Only one peak at around 1650 cm-1 was detected in ssp or ppp spectrum of SUP-

C105 before uranyl ion binding, which is contributed by the protein amide I signal. The ppp 

spectrum of SUP-C105 in contact with uranyl ions also contains only one protein peak. Differently, 
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the ssp spectrum of SUP-C105 in contact with uranyl ions contains an additional peak centered at 

~1700 cm-1, in addition to the protein amide I peak centered at ~1650 cm-1. Such a high frequency 

peak is rising from the stretching mode of the ordered C=O groups from the SAM surface, as a 

result of the interaction between the immobilized SUP-C105 and the SAM surface. Only the strong 

protein amide I peak was considered for each case when compared to the calculated protein spectra 

by Hamiltonian approach, as discussed below. 

 

 

 

 

 

 

 

 

 

 

 

Figure 3-2 SFG ssp and ppp amide I spectra collected from the interfaces between surface-immobilized (a) SUP-C105 
in contact with PB solution and (b) SUP-C105 in contact with a 100 μM uranyl ion PB solution. Dots represent 
experimental data, while lines are fitting curves. Fitted resonant SFG spectra from the immobilized (c) SUP-C105 in 
contact with PB solution and (d) SUP-C105 in contact with a 100 μM 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. 

 

Table 3-1 Fitting results of the collected SFG spectra displayed in Figure 3-2 

 Amplitude Peak center (cm-1) Peak width (cm-1) 
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Before uranyl ions 

binding, ppp 

71.3 1645.0 21.0 

Before uranyl ions 

binding, ssp 

48.8 1643.5 21.0 

After uranyl ions 

binding, ppp 

69.4 1645.8 23.9 

After uranyl ions 

binding, ssp 

43.3 1648.0 24.0 

 

3.3.5.2 DMD Simulation Results of SUP-C105 without the Presence of Uranyl Ions 

 The native SUP structure with (PDB entry: 4FZO) and without (PDB entry: 4FZP) the 

presence of uranyl ions was resolved by X-ray crystallography, and it was found that binding with 

uranyl ions has minor effects on the SUP structure. To examine the SUP structural transition from 

a solid bulk state (deduced by X-ray crystallography) to solid/liquid interface, and the effect of 

mutation from native SUP to SUP-C105, DMD simulation was conducted. Since the SUP structure 

only changes slightly when binding with uranyl ions, here SUP-C105 without the presence of 

uranyl ions was examined by DMD simulations to represent both the uranyl ion binding and 

unbinding cases. Structures output from the DMD simulations were used to approximate the 

interfacial structures of both uranyl-bound and -unbound SUP-C105 and these structures were 

input into the Hamiltonian program for SFG spectra calculations. The Hamiltonian matching 

process will then be used to determine the most possible orientations of each input structure. 

Crystal structures (4FZO for uranyl-unbound SUP and 4FZP for uranyl-bound SUP) were also 

used as inputs for Hamiltonian calculations. The final matching result illustrated below showed 

that higher matching scores can be obtained by using DMD simulated structures instead of the 
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crystal structures, indicating that DMD simulations can provide better candidates to represent the 

interfacial structures of SUP-C105.  

 Four runs of DMD simulations with different initial velocity profiles and protein 

orientations were performed and the final representations of all the cases are shown in Figure 3-3. 

Three out of the four cases represent a “lying down” representation of SUP-C105 with chain 3 

(here, we defined chain 1 as 6Ser− 26Ser, chain 2 as 30Ser−53Lys, and chain 3 as 55Asp−76Leu 

based on the published SUP crystal structures 4FZO and 4FZP) touching the SAM surface, due to 

the strong surface-protein interactions. The calculated protein−surface interaction energies (Eps) 

between different helical chains indicate that the interaction between chain 3 and the SAM surface 

has the lowest energy. The comparison of Eps among different cases shows that in case 2, the 

protein-surface interaction is the strongest among all the four cases. In contrast, case 4 of surface-

immobilized SUP-C105 shows a “standing” posture. Detailed analysis below ruled out the 

possibility of a standing-up pose of SUP-C105 on the SAM surface. 

 

 

 
 
 
 
 
 
 
 
 
 
Figure 3-3 Simulated results of surface-immobilized SUP-C105 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 Eps for the four cases are as follows: −26.27 kcal/mol (case 1), −27.89 kcal/mol (case 2), −18.95 kcal/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 ΔE1,3 = Echain1 − Echain3 and 14.41 kcal/mol for ΔE2,3 = Echain2 − Echain3. 
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3.3.5.3 Possible Interfacial Orientations of SUP-C105 with and without the Presence of 

Uranyl Ions, Determined via DMD Structures  

 The protein structure obtained from each case of the DMD simulation was input to 

Hamiltonian program to calculate the SFG spectra as a function of protein orientation. As a result, 

four overall score maps (including all the scores 1-5 defined above) were obtained by comparing 

the calculated spectra with the reconstructed experimental spectra of SUP-C105 without uranyl 

ion binding, shown in Figure 3-4. The best matched orientations for each DMD case are case 1 

(40°, 90°) and (140°, 270°), case 2 (55°, 75°) and (125°, 255°), case 3 (50°, 280°) and (130°, 100°), 

and case 4 (70°, 140°) and (130°, 100°). It is worth noting that here the azimuthal angle average 

was applied when calculating the SFG spectra. Thus, the obtained final score map represents a 

symmetric feature: the score of (𝜃𝜃, 𝜓𝜓) is equal to the one of (180° − 𝜃𝜃, 180° + 𝜓𝜓), 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. However, for a surface-

immobilized protein, the immobilization site should always be adjacent to the surface. Such a 

criterion can be used to further differentiate the right orientation from the selected pair from the 

final score map. Based on this criterion, case 1 (140°, 270°), case 2 (125°, 255°), case 3 (130°, 

100°) and case 4 (130°, 100°) have the immobilization site far away from the surface and should 

be excluded. All other four matched results (shown in Figure 3-5) indicated that the immobilized 

SUP-C105 lies down on the SAM surface with the absence of uranyl ions. When compared 

carefully, the matched orientations of case 1 – 3 show similar results: the chain 3 of SUP-C105 is 

the closest chain to the surface, the chain 2 is the furthest chain from the surface, and the chain 1 

is titled with the N-terminus close to the surface. The best matched orientation of case 4 shows a 

lying down posture, which is different from its initial standing posture from simulation. This 
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indicates that the Hamiltonian matching result fails to be aligned with the DMD simulation result. 

Therefore, case 4 should be ruled out from the possible structure of SUP-C105 without the 

presence of uranyl ions. Among cases 1, 2, and 3, we chose case 2 (55°, 75°) as the best matching 

result because it has the highest matching score.  

 The hydrophobic residues of SUP are evenly distributed among all three helical chains 

while the charged residues are mainly distributed on chain 1 and chain 2. This allows all three 

chains to have hydrophobic interactions with the surface and favors the chain 1 and chain 2 to 

interact with the solvent molecules. In addition, the immobilization site is located near the C-

terminus of SUP and restricts the rotation of chain 2 from being close to the surface. The protein-

surface interaction energies and chain-surface interaction energies were calculated and the result 

shows that case 2 has the lowest protein-surface energy and chain 3 has the lowest chain-surface 

energy among all the three chains, which means that case 2 is the best case to describe the 

conformation and the orientation of immobilized SUP-C105 on SAM surface (without binding 

with uranyl ions) and the chain 3 should be the closest chain in contact with the SAM surface. 

Therefore, we concluded that in consistent with both DMD simulation and Hamiltonian matching 

results, chain 3 of case 2 should have the highest affinity with the SAM surface.  

The SFG spectra calculated from the four DMD structures were also compared to the 

reconstructed experimental SFG spectra of SUP-C105 after binding with uranyl ions. The best 

matched orientations were found to be case 1 (35°, 80°), case 2 (55°, 85°), case 3 (60°, 285°) and 

case 4 (25°, 250°) (only the matched orientations with immobilization site near surface will be 

discussed here and below). The matching score maps are shown in Figure 3-6.  These matched 

orientations are very similar to the ones of SUP-C105 before uranyl ion binding, which further 

confirms that uranyl binding has minor effects on the SUP structure. Among cases 1, 2, and 3, we 
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chose case 2 (55°, 85°) (shown in Figure 3-8 (d)) as the best matched orientation because it has 

the highest matching score.  

 
 
 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3-4 Final score map showing the matching scores between SFG experimental data and calculated spectra of 
various DMD structures (case 1 to case 4) using the Hamiltonian approach as a function of orientation angles of 
immobilized SUP-C105 before uranyl ion binding based on all five matching criteria. 
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Figure 3-5 Visualized structures with the best matching scores with experimental data using various DMD structures 
as inputs for the Hamiltonian approach calculation: (a) case 1 (40°,90°), (b) case 2 (55°,75°), (c) case 3 (50°, 280°), 
and (d) case 4 (70°, 140°) of surface-immobilized SUP-C105 before uranyl binding. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3-6 Final score maps showing the matching scores between SFG experimental data and calculated spectra of 
various DMD structures (case 1 to case 4) using the Hamiltonian approach as a function of orientation angles of 
immobilized SUP-C105 after uranyl ion binding based on all five matching criteria. 

. 
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3.3.5.4 Possible Interfacial Orientations of SUP-C105 with and without the Presence of 

Uranyl Ions, Determined via Crystal Structures  

 The crystal structures deduced by X-ray crystallography and NMR spectroscopy were often 

used to approximate interfacial structures of proteins. This approximation is reasonable when the 

studied proteins are rigid, as shown in our previous publication.16,17 Here, the crystal structure of 

native SUP without (4FZO) and with (4FZP) the presence of uranyl ions were also used as inputs 

for Hamiltonian program, and the calculated spectra as a function of protein orientation (𝜃𝜃, 𝜓𝜓) 

were compared to the corresponding reconstructed experimental spectra. The matching results can 

then be compared with the results obtained by using the DMD simulated structures. The two final 

score maps (final score map is the multiplication of five score maps defined in Section 3.2.2.) from 

the spectral comparisons are shown in Figure 3-7. Here, the most possible orientation of surface-

immobilized SUP-C105 before uranyl ion binding by using 4FZO as the input structure is (75°, 

105°), visualized in Figure 3-8 (a). The most possible orientation (90°, 110°) of surface-

immobilized SUP-C105 after uranyl ion binding by using 4FZP as the input structure is also shown 

in Figure 3-8 (c).  

The matching results show that the SUP-C105 lies down regardless of the presence of 

uranyl ions. However, in these matching results, chain 1 is the closest chain to the surface, which 

contrasts with the DMD results. As discussed above, chain 3 should be the chain that has the 

strongest interaction with the surface, and the crystal structure matching results fail to agree with 

such a conclusion. In addition, the best matching scores obtained by using the crystal structures 

are lower than those obtained by using the DMD structures for SUP-C105 both with and without 

uranyl binding, respectively, further indicating that DMD simulation can consider the interfacial 
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effect to well-tune the crystal structure and therefore provide better candidates to represent the 

structures of interfacial proteins. 

 
 
 
 
 
 
 
 
 
 
 
Figure 3-7 Final score map of immobilized SUP-C105 before and after binding with uranyl ions based on (a) 4FZP 
and (b) 4FZP. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3-8 Schematics of the SUP-C105 orientation: (a) surface-immobilized SUP-C105 before uranyl ion binding 
deduced based on the crystal structure and (b) DMD results, (c) surface-immobilized SUP-C105 after uranyl ion 
binding deduced based on the crystal structure and (d) DMD results. 
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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 α helix band, implying that SUP changed its conformation or 

secondary structure dramatically after binding with uranyl ions in the solution state.8 On the 

contrary, published crystal structures show that the SUP secondary structure is similar before and 

after uranyl ion binding.7 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-C105 was lying down to a similar extent with or without 

the presence of uranyl ions (before or after uranyl ion binding) due to the strong restriction and 

hydrophobic interaction created by the SAM surface. 

 

3.4 Conclusion  

 In this study, a more systematic method, combining experimental measurements of SFG 

vibrational spectroscopy and computational interpretation (MD simulations and Hamiltonian 

approach for SFG spectra calculations) was developed and applied to understand both the 

conformation and orientation of the surface-immobilized SUP-C105 on the SAM surface. Because 

of the strong hydrophobic interactions between SUP and the SAM surface, immobilized SUP-
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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. 

The developed Hamiltonian method has higher accuracy than the previous developed bond 

additivity model because it considers more vibrational couplings into the calculation. It considers 

the contributions of all the amino acids to the SFG amide I spectrum, which enables the comparison 

between the experimentally collected SFG measurements and calculated spectra more accurately. 

In addition, MD simulation was used to model the interfacial structures of SUP-C105 on the SAM 

surface. The output structures from the MD simulation can be used as inputs to the Hamiltonian 

program to calculate the theoretical SFG response of these structures, then these calculations can 

be compared with the experimental observations to determine both the conformation and 

orientation of proteins at interfaces. This systematic method is general and can be used to study a 

wide range of interfacial proteins and peptides. 
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Chapter 4 Determine GB1 Conformation and Orientation at Solid/Liquid Interface  

4.1 Attribution Information 

Materials covered in this chapter were reproduced from Guo, W.; Lu, T.; Crisci, R.; Nagao, 

S.; Wei, T.; Chen, Z. Determination of Protein Conformation and Orientation at Buried 

Solid/Liquid Interfaces. Chem. Sci. 2023, 14 (11), 2999–3009. Copyright © 2023 Royal Society 

of Chemistry. This research was in collaboration with Prof. Tao Wei from Howard University and 

Dr. Satochi Nago from University of Hyogo. 

S.N. contributed to the protein sample preparation and characterization. W.G. conducted 

SFG and CD experiments, spectra fitting, atomistic MD simulations and analysis, Hamiltonian 

calculations, and spectra matching. W.G. and T.L. contributed to the development of the 

Hamiltonian program. 

 

4.2 Background and Motivation 

 In Chapter 3, a systematic methodology, which combines the SFG measurement, 

Hamiltonian calculation and MD simulation, was developed and used to study the conformations 

and orientations of proteins and peptides at solid/liquid interfaces. Here in this chapter, this method 

will be further optimized to increase the accuracy of both experimental observation and data 

analysis. Isotope labeling method was applied to selectively label the studied proteins or peptides 

to increase the independent experimental measurements. Atomistic MD simulation was used to 

replace the DMD simulation to monitor the detailed dynamics of the interfacial proteins and 
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peptides and to increase the accuracy of the entire modeling process. The parameter comparison 

score system used to quantify the deviation between the calculated SFG spectra and the 

experimental collected SFG spectra was further developed to a point-by-point comparison score 

system as described below. In this chapter, the systematic method with the abovementioned 

optimizations was used to examine the conformation and orientation of the adsorption of the B1 

domain of protein G (GB1) and its mutant Q32A, N35A GB1 onto the polystyrene (PS) thin film 

surface. The result shows that the protein orientation can be manipulated on a specific surface by 

rationally mutating some key amino acids. 

 

4.2.1 B1 Domain of Protein G (GB1) 

GB1 is a small protein of 56 residues. Although small, GB1 forms two anti-parallel 𝛽𝛽-sheet 

structures near each terminus and an α-helix structure in the middle. Such a rich secondary 

structure with small size makes GB1 an excellent model for many protein studies.1–4 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.5 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 GB1.5 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 α-helical domain in the orientation analysis. Here in this study, we used the 

I-TASSER homology simulation6–8 to model the theoretical structure of the Q32A, N35A mutated 

GB1 to further differentiate the conformation between the wild-type GB1 (WT GB1) and mutant 

GB1 (MT GB1). The atomistic MD simulation9–11 was adopted to model the protein adsorption 
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processes onto a PS thin film using the initial protein structures as the crystal structure for WT 

GB1 and the simulated structure for MT GB1, respectively. The refined interfacial structures 

obtained from the atomistic MD simulation will then input into the Hamiltonian program for SFG 

spectra calculations and comparisons.  

 

4.2.2 Isotope Labeling 

It has been demonstrated that isotope labeling can generate many more independent 

spectral measurements by distinguishing originally overlapping signals.12–14 For example, isotopic 

substitution of 13C in the backbone of proteins could shift the amide I band by ~ 40 cm-1 for a 

vibrational spectroscopic technique.15,16 Selective isotope labeling can also help vibrational 

spectroscopy to study proteins and peptides in residue-by-residue resolution.16–18 Therefore, 

isotope labeling can facilitate the determination of complex structures of biological molecules.  

In the current study, we isotope labeled WT GB1 and MT GB1 and applied SFG 

spectroscopy to record interfacial behavior of both non-isotope-labeled and isotope-labeled 

samples. It is assumed that isotope labeling has minor effects on protein structure, therefore, both 

non-isotope-labeled WT GB1 (or MT GB1) and isotope-labeled WT GB1 (or MT GB1) should 

have the same conformation and orientation when interacting with PS surface. That is to say, even 

though isotope labeling samples can provide distinct SFG spectral features, the most possible 

orientation(s) deduced from the Hamiltonian approach for isotope labeled protein samples should 

be the same as the orientations deduced from the non-isotope-labeled protein samples. Therefore, 

same final score maps (as a function of orientation) should be expected for the same protein 

regardless of isotope labeling or not. To determine more reliable matched orientation(s) of WT 

GB1 (or MT GB1), the overlap region from the final score maps of all the non-isotope-labeled and 
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isotope-labeled WT GB1 (or MT GB1) was found. The highest matching score from the overlap 

region among all the input structures determines the most likely conformation (the input structure 

used) and orientation of WT GB1 or MT GB1 at the interface.  

 

4.3 Experimental Materials and Methods 

4.3.1 Preparation of WT GB1 and MT GB1 with and without Isotopic Labels 

13C-labeled amino acids at the carbonyl position were used to isotope-labeled WT GB1 and 

MT GB1. Eight protein samples (two WT GB1 samples and six MT GB1 samples) including non-

labeled WT 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) were prepared. Detailed protein 

expression, purification and verification can be found in our previous publication and will not be 

repeated here.19 All proteins were stored at -40°C until use. Each protein sample was dissolved in 

D2O to a concentration of 0.1 mg/mL for SFG experiments. 

 

4.3.2 Preparation of PS Thin Film 

PS thin film was prepared by spin-coating method. Right-angle CaF2 prisms (Altos 

Photonics, Bozeman, MT) were cleaned by toluene rinse, N2 dry, and 10 min plasma cleaning 

(Plasma Etch Inc. model: PE-50). Solid PS with Mw=60,000 (Scientific Polymer, Inc.) was used 

to prepare a 3% PS (w/w) solution in anhydrous toluene for the spin-coating (P-6000 spin coater, 

Speedline Technologies, Franklin, MA). The PS solution was spin-coated onto clean CaF2 prisms 
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at 2000 rpm for 1 min, forming a PS thin film (~ 150 nm). The PS-coated prisms were annealed at 

120°C for 3 hrs and then cooled down to room temperature before use.  

 

4.3.3 SFG Experimental Setup 

 SFG signals in the protein amide I frequency region (1500 cm-1 to 1800 cm-1) were 

collected from the PS/protein solution interfaces using the experimental near-total reflection 

geometry presented in Figure 4-1. SFG ssp and ppp spectra were collected for each protein sample 

after the adsorption process reached equilibrium.  

 
 
 
 
 
 
 
 
Figure 4-1 Schematic of the SFG prism geometry used in this study to collect SFG spectra from the PS/protein solution 
interfaces. 

 

4.3.4 Atomistic MD Simulations 

Gromacs20 (version 2019.6) simulation package was used to conduct atomistic MD 

simulations. The CHARMM 36 force field21 combined with 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. Parrinello-Rahman method was used to keep the NPT 

ensemble at 1 bar. The temperature was maintained at 298.15 K by Berendsen thermostat. A 

periodic boundary condition was applied to the system, along the X and Y directions only. 



 74 

 For the 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-TASSER6–8 

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 

NVT ensemble before 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 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 from 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. After that, 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 configurations 

of WT GB1/PS and MT GB1/PS systems are shown in Figure 4-2. 

 
 
 
 
 
 
 
 
 
 
 
 
Figure 4-2 Snapshots of initial configurations of (a) a WT GB1 and (b) a MT GB1 on a PS surface in an aqueous 
environment with counterions (Na+). The PS molecules are shown in cyan; counterions are shown in orange and 
water molecules are shown in gray. The thickness of the simulated PS film is around 5.5 nm. According to the 
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simulation results of PS films22, the mobile free surface is 2 nm (less than 5.5 nm used in this study), showing that our 
MD simulation of PS film can be justified. 

 

4.3.5 Hamiltonian Approach and Scoring System 

4.3.5.1 Parameters for Hamiltonian Approach 

A Hamiltonian matrix was constructed 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 were calculated as 

demonstrated in Chapter 1, equation (1 - 28). The peak width of each amide mode (normal mode) 

was assumed as 10 cm−1 in this study when constructing SFG spectra. 

 

4.3.5.2 Point-by-point Comparison Score System 

 In Chapter 3, a parameter comparison score system was used to automatically fit the 

calculated SFG spectra then compare the obtained fitting parameters with the experimental fitting 

parameters. This score system works well when only a single peak was observed in SFG spectrum. 

However, when comparing SFG spectra with two or more peaks, the auto-fitting process in the 

parameter comparison score system is less accurate and less efficient. A new score system, point-

by-point score system, was developed to quantify the intensity difference between two spectra with 

multiple peaks at each frequency effectively and accurately. 

In the point-by-point score system, the reconstructed experimental ssp SFG spectra and the 

calculated ssp SFG spectra were normalized to [0, 1] and meanwhile the reconstructed 

experimental ppp SFG spectra and the calculated SFG ppp spectra were scaled to maintain the 
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original ppp/ssp intensity ratios (the ratio was determined by the maximum of Ippp divided by the 

maximum of Issp). The comparison (difference or diff.) between the reconstructed experimental 

ssp (or ppp) SFG spectra and the calculated ssp (or ppp) SFG spectra was done by using a point-

to-point least square method, as shown in equation (4 - 1): 

 𝑎𝑎𝑖𝑖𝑓𝑓𝑓𝑓. =  ∑ �(𝐼𝐼𝑒𝑒𝑥𝑥𝑠𝑠,𝑖𝑖  −  𝐼𝐼𝑐𝑐𝐶𝐶𝑐𝑐,𝑖𝑖)22𝑖𝑖 = 301
𝑖𝑖 = 1                      (4 - 1) 

 where i means the i-th data point in the range from 1500 cm-1 to 1800 cm-1 (increment of 

1 cm-1, 301 data points in one spectrum). 𝐼𝐼𝑒𝑒𝑥𝑥𝑠𝑠,𝑖𝑖 and 𝐼𝐼𝑐𝑐𝐶𝐶𝑐𝑐,𝑖𝑖 are the experimental intensity and 

calculated SFG intensity at the i-th frequency, respectively.   

 Then the score of the spectral comparison of a protein with a specific orientation is defined 

with equation (4 - 2): 

 𝑆𝑆𝑐𝑐𝑐𝑐𝑟𝑟𝑒𝑒𝑠𝑠𝐶𝐶𝐽𝐽𝐶𝐶𝑒𝑒𝑖𝑖𝐽𝐽 𝑥𝑥 = � 1
𝑠𝑠𝑠𝑠𝑠𝑠 𝑎𝑎𝑖𝑖𝑒𝑒𝑒𝑒.

 ×  1
𝑠𝑠𝑠𝑠𝑠𝑠 𝑎𝑎𝑖𝑖𝑒𝑒𝑒𝑒.

         (4 - 2)

 The final score of WT GB1 or MT GB1 with a specific orientation can be obtained by the 

following equation (4 - 3): 

 𝐹𝐹𝑖𝑖𝑎𝑎𝑎𝑎𝐹𝐹 𝑆𝑆𝑐𝑐𝑐𝑐𝑟𝑟𝑒𝑒 =  �∏ 𝑆𝑆𝑐𝑐𝑐𝑐𝑟𝑟𝑒𝑒𝑠𝑠𝐶𝐶𝐽𝐽𝐶𝐶𝑒𝑒𝑖𝑖𝐽𝐽 𝑥𝑥
𝐽𝐽
1

𝑛𝑛          (4 - 3)

 Here for WT GB1, n = 2 (for two protein samples WT NL, WT Leu). For MT GB1, n = 6 

(for 6 protein samples MT NL, MT Leu, MT Val, MT Phe, MT Lys and MT Ile). The final score 

can be plotted as a function of protein orientation (𝜃𝜃, 𝜓𝜓) for each protein conformation to generate 

a final score map.  

 

4.4 SFG Results 

Figures 4-3 and 4-4 display the experimentally collected and then fitted SFG ssp and ppp 

spectra for all the eight protein samples (WT NL, WT Leu, MT NL, MT Leu, MT Val, MT Phe, 
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MT Lys and MT Ile) at the PS/protein solution interfaces. In both SFG ssp and ppp spectra of each 

of the eight protein samples, a positive peak at around 1625 cm-1 and a negative peak at around 

1655 cm-1 were observed, and these two peaks can be assigned to the 𝛽𝛽-sheet structure and α-helix 

structure respectively.2,23 A small shoulder peak at around 1690 cm-1 was detected in the ssp 

spectra of MT GB1 samples and could be assigned to 𝛽𝛽-turns.23,24 Another weak peak observed at 

around 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 amide I spectra comparison discussed below.  

A peak centered at ~1600 cm-1 was dominant in all the SFG ppp spectra, which could be 

assigned to the C=C stretching mode of the phenyl groups on the PS side chains, or the amide I 

mode (~80% 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 (Figure 4-5 (b)) and the PS/non-isotope-labeled protein (WT NL or MT NL) solution 

interfaces (Figures 4-4 (a) and 4-4 (c)). The intensity of this peak was twice more intense than that 

of a normal protein amide I peak (e.g., a peak assigned to a 𝛽𝛽-sheet structure or an α-helix 

structure). 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 shifts the peak center of the amide I 

signal from the isotope labeled units, it also changes the signal couplings between the isotope 

labeled units and other non-labeled units, leading to the changes of spectral features and intensities 
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of the amide I signals from the non-labeled units of the protein. Thus, examining the spectral 

changes of the main protein amide I peaks (from non-labeled 𝛽𝛽-sheet/turn structure and α-helix 

structure) should also be able to quantify the isotope labeling effects.  

 
 
 
 

 
Figure 4-3 SFG ssp 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. 

 
Figure 4-4 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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Figure 4-5 SFG ssp (a) and ppp (b) spectra of polystyrene/air interface (black) and polystyrene/D2O interface (red). 

 

4.5 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 labeled WT NL (or MT NL) 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. Figure 4-6 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 happened quickly for both cases (~20 ns for WT GB1 

and ~ 10 ns for MT GB1). For MT GB1 and WT GB1, the mean values and fluctuations of the 

radius of gyration (Rg) and the root mean square deviation (RMSD) are similar over the course of 

simulation (shown in the Figure 4-7 and Figure 4-8), indicating that the mutation of Q32A and 

N35A would not cause substantial conformation changes of MT GB1 due to the GB1 – PS 

interactions. The structures of WT GB1 and MT GB1 were similar and stable after GB1’s landing 

on the PS surface. The secondary structure revolution maps (Figure 4-9) show that WT GB1 and 

MT GB1 have similar conformations along the entire simulation time.  
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Figure 4-6 Distance between the protein (a) WT GB1 or (b) MT GB1 and the PS surface as a function of time in 
simulation. WT GB1 and MT GB1 were released at ~ 2.0 nm from the PS surface. The adsorption processes happened 
quickly for both cases (~20 ns for WT GB1 and ~ 10 ns for MT GB1). After landing on the PS surface, the protein-
surface distance has almost no change for each case along the entire simulation period. 

 
 
 
 
 
 
 
 
 
 
 
Figure 4-7 Radius of gyration (Rg) fluctuations of (a) WT GB1 and (b) MT GB1 along the simulation time. The mean 
Rg value of WT GB1 is similar to the mean Rg value of MT GB1, with slightly larger variations. This indicates that 
the atom distribution along the principal axis of inertia of WT GB1 is similar to that of MT GB1 along the entire 
simulation period. This result infers that the mutation of Q32A and N35A has little to no effect on the folding of GB1. 

 
 
 
 
 
 
 
 
 
 
 
Figure 4-8 Root mean square deviation (RMSD) between the protein structure at 0 ns and the protein structure from 
0 ns to 1000 ns. (a) is the RMSD plot of WT GB1 and (b) is the RMSD plot of MT GB1. WT GB1 and MT GB1 
possess similar mean value and variation of RMSDs, indicating that the mutation of Q32A and N35A causes little to 
no conformation changes due to the GB1 – PS interactions. 
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Figure 4-9 Secondary structure map of (a) WT GB1 and (b) MT GB1 as a function of the WT GB1 and MT GB1 have 
similar conformations in the entire simulation time. The major conformational difference is that for MT GB1, N8, L12 
and K13 formed 𝛽𝛽 sheet structure when stabilized, while for WT GB1 these three residues could sometimes be coil 
structure. 

 
To quantify the orientation fluctuation of the α-helical portion of WT GB1 and MT GB1, 

we defined a tilt angle 𝜃𝜃a 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 α-helical portion, 

pointing from near the N- terminal to near the C-terminal) of protein GB1. The time-dependent 𝜃𝜃a 

plots of WT GB1 and MT GB1 (shown in the Figure 4-10) indicated that 𝜃𝜃a reached equilibrium 

after 600 ns for both proteins. However, the 𝜃𝜃a distributions of the last 400 ns of the simulations 

of WT GB1 and MT GB1 exhibited different mean values with similar standard deviations, 

indicating that the α-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 interactions 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 from WT GB1 and MT GB1 

on graphene5, which will be discussed in more detail later.  
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Figure 4-10 (a) 𝜃𝜃a is defined as the angle between the z axis and the sum of the amide I vectors of α-helix (from 
residue 21 to residue 36, pointing from near N-terminal to near C-terminal) of protein GB1. (b) and (d) are the changes 
of 𝜃𝜃a of the simulated WT GB1 and MT GB1, respectively, from 0 ns to 1000 ns with the increment of 1 ns. (c) and 
(e) are the 𝜃𝜃a distributions of last 400 ns of the simulations of WT GB1 and MT GB1, respectively. 

 

4.6 Hamiltonian Matching Results 

4.6.1 Spectral Matching for WT GB1 

To determine the interfacial protein conformation, for the Hamiltonian spectral analysis, 

protein configurations in the last 400 ns of the simulation were used. Due to the fluctuations and 

roughness of the soft surfaces of the PS film and protein GB1, the orientation of a landed protein 

can have small changes at a microsecond temporal scale. The atomistic MD simulation (≤ 1 μs) 

might not catch the slow tumbling (i.e. side rotation of a non-principle axis) of an adsorbed GB1 

molecule on the PS surface.11,25–28 In contrast, SFG experiments measure the averaged 

conformations of multiple proteins at the macro-scale. To overcome the defect of insufficient 

sampling in MD simulations, for the Hamiltonian SFG spectra calculation, we first rotated each 

MD simulated configuration of WT GB1 in the last 400 ns (1 ns per configuration) to (𝜃𝜃, 𝜓𝜓) from 
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its initial orientation (0°, 0°) to compensate the orientation fluctuations (𝜃𝜃 𝛜𝛜 [0°, 180°], 𝜓𝜓 𝛜𝛜 [0°, 

360°], 5° as a step). It is worth noting that, although an orientation grid search was conducted, the 

final deduced orientation which best matches the experimentally measured spectra should be close 

to its initial state to match the atomistic MD simulation result. All 400 protein configurations and 

their rotated structures were used to calculate the ssp and ppp SFG spectra for WT NL and WT 

Leu (WT NL and WT Leu used the same protein structure but different Hamiltonian matrix). The 

calculated spectra were scored by comparing them to the experimentally reconstructed spectra for 

both spectral features and relative ssp/ppp spectra intensity. A heat map showing such matching 

scores as a function of protein orientation can be obtained for each of the 400 simulated 

configurations. The overall heat map for each simulated configuration can be obtained by 

combining the heat maps of the non-labeled and all isotope labeled samples of each configuration. 

The simulated configuration with the overall heat map with the maximum matching 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 and WT Leu, it was found that 

among all the possible candidates, the simulated WT GB1 structure at 781 ns with the 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 orientation 

is shown in Figure 4-11. 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 (𝜃𝜃, 𝜓𝜓) and (180° - 𝜃𝜃, 180° + 𝜓𝜓) could not 

be differentiated. Here (30°, 50°) and (150°, 230°) have the opposite absolute orientations.   
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For the WT GB1 with the orientation of the highest matching score, we plotted the 

calculated SFG ssp and ppp spectra from WT NL (Figure 4-11 (b)) and WT Leu (Figure 4-11 (c)) 

proteins. For comparison, re-constructed experimentally detected SFG spectra are also displayed 

in Figure 4-11 (b) and 4-11 (c). From the spectral comparison results, one could find 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 the isotope-labeled 

peak at ~1600 cm-1 in the 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 experimental spectral reconstruction since such a peak could come from the PS 

surface. Although the isotope-labeled peak was removed during the experimental spectra 

reconstruction due to its overlapping with the PS signal, the match based on the main amide I 

peaks (from 𝛽𝛽-sheet/turn structure and α-helix structure) is still satisfactory.  

Figures 4-11 (d) and 4-11 (e) display the orientation visualizations of the deduced most 

likely (or best matched) orientation (30°, 50°) and the orientation obtained from the MD simulation 

without rotation (0°, 0° - the input structure for the Hamiltonian calculation) respectively. The best 

matched orientation (30°, 50°) showed that the α-helical structure lies down on the PS surface, 

while the 𝛽𝛽-sheet portion faces towards the solvent. This orientation is similar to the 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 𝜃𝜃a value was deduced to be 90.2°. This 

value falls within the 𝜃𝜃a distribution of simulated WT GB1 for the last 400 ns of the MD 

simulations (Figure 4-10), further demonstrating that the deduced orientation from the 
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experimental data well matches the simulation results. Meanwhile, the other best matched opposite 

absolute orientation (150°, 230°) with the α-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 interactions 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. 

Figure 4-11 (a) Final score map of the spectral matching between the reconstructed experimentally collected WT GB1 
SFG spectra (after deconvoluting the non-resonant contribution in ssp and ppp spectra and PS contribution in the ppp 
spectra) and the calculated WT GB1 SFG spectra as a function of protein orientation based on the simulated WT GB1 
structure at 781 ns. The orientations at (30°, 50°) and (150°, 230°) in the map possess the highest matching scores 
(0.66). The spectral comparisons (b) between the reconstructed WT NL SFG spectra and the calculated WT NL spectra 
(based on the simulated structure at 781 ns) and (c) between the reconstructed WT Leu SFG spectra and the calculated 
WT Leu spectra (based on the simulated structure at 781 ns) at an orientation of (30°, 50°) (or (150°, 230°)) which 
have the highest matching scores. The orientation visualizations of (d) WT GB1 (with the 781 ns simulation structure) 
at (30°, 50°) and (e) WT GB1 (with the 781 ns simulation structure) at (0°, 0°). The (0°, 0°) orientation is the protein 
orientation obtained from the MD simulation result without further rotating the protein. 

 

4.6.2 Spectral Matching for MT GB1 

We then used a similar approach to that discussed above for the WT GB1 study to deduce 

the MT GB1 structure on PS. The last 400 MT GB1 configurations obtained from the MD 

simulations and their rotated structures were used to calculate the ssp and ppp SFG spectra for MT 

NL and isotope-labeled MT GB1 samples. An overall heat map showing the matching scores for 

each simulated configuration can be obtained by considering the matching qualities of the spectra 

generated from the non-labeled and all the isotope labeled samples including MT NL, MT Leu, 
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MT Val, MT Phe, MT Lys and MT Ile. The heat map with the maximum matching score among 

all the heat maps of the 400 configurations (with rotations) was selected, as shown in Figure 4-12. 

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 Figure 4-12 (b) – (g). The best matched structure (30°, 100°) and the simulated 

structure (0°, 0°) are displayed in Figure 4-12 (h) and 4-12 (i). The initial orientation of the 

simulated MT GB1 at 972 ns without rotation (Figure 4-12 (i)) showed that the α-helix was tilted 

up (𝜃𝜃a = 144.2°) on the PS surface and the anti-parallel 𝛽𝛽-sheet near the N-terminal was close to 

the PS surface, which is similar to its initial orientation with 𝜃𝜃a = 148.2°, while the anti-parallel 𝛽𝛽-

sheets lie down towards the surface slightly more. The other best matched MT GB1 simulated 

structure at 972 ns of (150°, 280°) has an opposite absolute orientation to its initial orientation 

obtained from simulation with a 𝜃𝜃a of 31.8° and the anti-parallel 𝛽𝛽-sheet near the N-terminal is far 

away from the surface. Because of such discrepancies between the simulated orientation and 

experimentally deduced orientation, we believe that the orientation of (150°, 280°) is unlikely the 

possible orientation and should be excluded.  

From our above analysis, clearly WT GB1 and MT GB1 adopt different structures on the 

PS surface. The difference could be confirmed by directly looking at their SFG spectra. The SFG 

spectral differences between WT NL and WT Leu (Figure 4-11) are not the same as the spectral 

differences between MT NL and MT Leu (Figure 4-12). For example, the SFG ppp/ssp intensity 

ratio (~ 1625 cm-1) of WT NL (~ 4) is twice as the ratio of WT Leu (~ 2), while this ratio is ~ 4 

for both MT NL and MT Leu. Such spectral differences inferred the structure variations (i.e. 



 87 

different conformations and/or orientations) of WT GB1 and MT GB1 at the PS/protein solution 

interface.  

For structure variations, we first 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 the Figure 4-8), but it is larger than the conformational fluctuations of both WT 

GB1 and MT GB1 along 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. For orientation differences, the α-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 α-helical 

structure of MT GB1.  

 

 

 

Figure 4-12 (a) Final score map of spectral matching between the reconstructed experimentally collected MT GB1 
SFG spectra (after deconvoluting the non-resonant contribution in ssp and ppp spectra and PS contribution in the ppp 
spectra) and the calculated MT GB1 SFG spectra as a function of orientation based on the simulated MT GB1 structure 
at 972 ns. The orientations at (30°, 100°) and (150°, 280°) shown in the map possess the highest matching score (0.19). 
The spectral comparisons between the reconstructed experimental spectra and calculated spectra using the simulated 
MT structure at 972 ns with an orientation of (30°, 100°) (or (150°, 280°)) for (b) MT NL, (c) MT Leu, (d) MT Val, 
(e) MT Phe, (f) MT Lys and (g) MT Ile. The orientation visualizations of (h) MT GB1 with a simulated structure at 
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972 ns with the most likely orientation at (30°, 100°) and (i) MT GB1 with a simulated structure at 972 ns without 
rotation at (0°, 0°). 

4.6.3 Crystal Structure for SFG Spectral Calculation 

 To confirm that MD simulated structure may provide a better structural input for SFG 

spectra calculation, crystal structure 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 final 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 

Figure 4-13 and Figure 4-15, respectively. The best matched results (Figure 4-15 (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 (Figure 4-15 (d) and (e)) are standing-up poses. 

Although using the crystal structure for spectral calculations could still differentiate the 

orientations between WT GB1 and MT GB1 on the PS surface, the score of 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 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 structure when considering the protein – surface 

interaction, improving the accuracy of the SFG data analysis. 

 
 
 
 
 
 
 
 
Figure 4-13 (a) Final score heat map of spectral matching between the reconstructed WT SFG spectra and the 
calculated WT SFG spectra by rotating the crystal structure 3gb1. The orientations at (55°, 325°) and (125°, 145°) 
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possess highest matching scores (score = 0.56). The spectral comparisons between the reconstructed experimental 
spectra and the calculated spectra using 3gb1 at orientation of (55°, 325°) (or (125°, 145°)) of (b) WT NL and (c) WT 
Leu. By using the crystal structure, the best matched calculated ppp spectra could not match the reconstructed 
experimental ppp spectra well, leading to lower matching scores. 

 
 

  
Figure 4-14 (a) Final score heat map between the reconstructed experimental MT SFG spectra and the calculated MT 
SFG spectra using crystal structure 3gb1. The orientations at (60°, 0°) and (120°, 180°) possess highest matching 
scores (score = 0.15). The spectral comparisons between reconstructed experimental spectra and calculated spectra by 
rotating 3gb1 at orientation of (60°, 0°) (or (120°, 180°)) of the case of (b) MT NL, (c) MT Leu, (d) MT Val, (e) MT 
Phe, (f) MT Lys and (g) MT Ile. By using the crystal structure, the calculated spectra and the experimental 
reconstructed spectra could not match well. For example, almost all the ppp spectra except MT Leu could not match 
well in peak intensity, peak center, etc., leading to lower matching scores. 

 
 
 
 
 
 



 90 

 
 

 
 
 
 
 
 
 

Figure 4-15 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 matched WT 
GB1 orientation after rotating all the simulated structures (based on the simulated structure at 781 ns) – replotted from 
Fig. 4-11 (d). (d) and (e) The best matched orientations of MT GB1 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. 4-12 (h). 

 

4.7 Comparison between Interfacial WT GB1 and Interfacial MT GB1 

 In our previous studies of GB1 on graphene, we found that the planar amino acid residues 

play dominant roles in protein-graphene interactions through π-π interactions.5 Five out of the ten 

non-charged planar residues of WT GB1 (F30, Q32, Y33, N35, and N37) are in the α-helical chain 

(shown in Figure 4-16). They have strong interactions with the graphene surface to cause a 

complete denaturation of WT GB1 on graphene, shown by both coarse grained MD simulation and 

the absence of detected SFG signal.5 Here PS has many phenyl groups, which can have strong π-

π 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 the WT GB1 

does not denature completely. On graphene, it is possible that WT GB1 needs to unfold for its side 

chains to well contact with the rigid planar graphene surface. However, in the case of PS, the PS 
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surface roughness and molecular flexibility may be able to accommodate the protein-surface 

interaction better.  

Among the five 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. After mutating the residues Q32 and N35 to alanine, the π-π interactions between 

the α-helical chain of MT GB1 and PS were greatly reduced. Therefore the α-helix does not lie 

down on the PS surface anymore. Our results agreed with this analysis and showed that the MT 

GB1 helix more or less stands up on the PS surface (Figure 4-16 (b)).  

 To consider the experimental errors and the possible structural fluctuations of proteins at 

interfaces, we plot all possible WT GB1 and MT GB1 structures which have matching scores with 

90% or higher compared to the highest matching scores. Out of the 400 × 180/5 × 360/5 = 

1,036,800 orientations, seven WT GB1 and one hundred MT GB1 structures were found. All the 

WT GB1 structures are similar, with the α-helix lying down, while all the MT GB1 structures are 

similar, with the α-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 structure 

flexibility and has less interaction with the PS surface. 
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Figure 4-16 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. 

 

4.8 Conclusion 

In this Chapter, the systematic methodology developed in Chapter 3, which combines SFG 

measurements, MD simulations and Hamiltonian calculations, was further improved in accuracy. 

Isotope labeling was incorporated into the protein sample preparations to enrich independent SFG 

measurements. Atomistic MD simulation was employed to replace DMD simulations to 

continuously model the dynamic process during protein/surface interaction and provide better 

sampling of interfacial protein structures. A point-by-point score system was created to compare 

the calculated spectra and the experimental reconstructed spectra with multiple peaks, which has 

higher efficiency and accuracy than the parameter comparison score system. This further 

developed methodology successfully deduced the conformations and orientations of WT GB1 and 

MT GB1 at the PS/protein solution interface in situ.  

It was found that the WT GB1 adopts an orientation with its α-helix lying down on the PS 

surface due to the strong π-π interactions between the PS phenyl groups and the planar residues in 
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the helical structure of WT GB1. It was also found that the 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 (shown in Figure 4-17). With Q32 and N35 amino 

acids replaced by alanine, the π-π 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 structure.  

 Atomistic MD simulation is a powerful tool to capture protein - surface interactions to 

determine protein interfacial 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 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.  

 

 

 

 

 

 

Figure 4-17 Visualization of Contact Areas (in dark blue) of (a) WT GB1 and (b) MT GB1 on PS. The contact area 
of WT GB1 on PS is obviously larger than the contact area of MT GB1 on PS. 
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Chapter 5 Conformation and Orientation of Antimicrobial Peptides MSI-594 and MSI-

594A in a Lipid Membrane  

5.1 Attribution Information 

Materials covered in this chapter were adapted with permission from Yang, P.; Guo, W.; 

Ramamoorthy, A.; Chen, Z. Conformation and Orientation of Antimicrobial Peptides MSI-594 

and MSI-594A in a Lipid Membrane. Langmuir 2023, 39 (15), 5352–5363. Copyright © 2023 

American Chemical Society. This research was in collaboration with Prof. Ayyalusamy 

Ramamoorthy’s group from the University of Michigan.  

The SFG and ATR-FTIR experimental measurements included in this research were 

conducted by P.Y. The data interpretation of the collected experimental data was conducted by 

W.G.  

 

5.2 Background and Motivation 

5.2.1 Antimicrobial Peptide (AMP)-Lipid Membrane Interaction Mechanisms 

 AMPs are promising candidates for next generation anti-bacteria drugs as mentioned in 

Chapter 2.  To favor the design of AMPs, understanding their antibiotic mechanism is necessary. 

Extensive research showed that AMPs can selectively disrupt bacterial membranes resulting in 

cell lysis via three main modes: barrel-stave mode, toroidal pore mode, and carpet mode.1 Barrel-

stave mode and toroidal mode propose that AMPs can induce transmembrane pores in lipid 

bilayers via different interaction pathways. In the barrel-stave mode, peptides can insert into the 
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lipid bilayers and form a barrel-like buddle perpendicular to the lipid membrane with a central 

lumen.2 The hydrophobic side of the AMPs is facing the hydrophobic aryl chain of the lipid while 

the hydrophilic side of the AMPs is exposed to the water-filled channel.3 Different from the barrel-

stave mode, the toroidal mode proposes that AMPs are always associated with the lipid head 

groups and can lead to positive curvature of the lipid membrane to accommodate such a strong 

interaction between the AMPs and the lipid head groups.2 Such an interaction can also lead to 

multiple orientation distributions of the AMPs.3 When AMPs’ concentration is sufficiently high, 

AMPs can disrupt the lipid membrane via the carpet mode. In the carpet mode, AMPs parallelly 

cover the entire lipid membrane and disrupt the membrane like detergents/surfactants.2 It has been 

suggested that toroidal pore formation may be an intermediate state prior to carpet mode since the 

carpet mode also requires the lipid head group to associate with the AMPs during the micellization 

process.3 The membrane-bound AMPs orient differently in each membrane disruption mode. 

Therefore, investigations on membrane orientations of AMPs are essential to understand the 

membrane-disrupted antimicrobial mechanisms of AMPs and to favor further AMP designs. 

 

5.2.2 MSI-594, MSI-594A and Model Membranes 

 MSI peptides are a series of AMPs derived from magainin and melittin, which exhibit a 

broad-spectrum of activities against both Gram-positive and Gram-negative bacteria.4,5 MSI-594 

is a synthesized lysine-rich peptide with 24 amino acids and exhibits high antimicrobial potency. 

NMR experiments indicated that MSI-594 forms a helical hairpin structure interacting with LPS.6,7 

Its derivative MSI-594A with a mutation of Phe-5 to alanine, exhibits a decreased π−π inter-helical 

interaction and lower activities against Gram-negative bacteria compared to MSI-594. Comparing 
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the membrane interactions of these two peptides can significantly enhance the understanding of 

mutation-induced structural changes and the relationships between structure and activity.  

To probe AMP - membrane interactions, model membranes of phosphate lipids are being 

widely used. The neutral POPC (1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine) lipids were 

often used to construct a model system for mammalian cell membrane.6,8 The anionic 7:3 

POPC/POPG (anionic 1-palmitoyl-2-oleoyl-sn-glycero3-phospho(1’-rac-glycerol)) and cationic 

7:3 POPC/POPS (1-palmitoyl-2-oleoyl-sn-glycero-3-phospho-L-serine) model membranes are 

used to mimic Gram-negative and Gram-positive bacterial lipid membranes, respectively.5,6,8 

Typical experimental models for membranes with these lipid compositions are vesicles/liposomes, 

Langmuir monolayers, and solid supported bilayers (SLBs).9 Lipid vesicles are widely used to 

observe membrane breakdown and lysis.5,6 Langmuir monolayer model is easy to control and 

modulate, and is suitable to study the lipid packing changes induced by AMPs.10 The solid 

supported bilayers are lipid bilayers constructed on a solid platform, which can be more readily 

characterized by surface-sensitive techniques, such as SFG and ATR-FTIR, than free-floating 

vesicle/liposome models.11–14  In this study, we aimed to determine the orientations of MSI-594 

and its analogue MSI-594A associated with two different lipid bilayers: neutral POPC and anionic 

7:3 POPC/POPG. 

 

5.2.3 Combination of SFG and ATR-FTIR Measurements 

 As mentioned previously, ATR-FTIR could serve as a supplemental tool to SFG to provide 

more detailed structural information of interfacial peptides and proteins, when the background 

contributions from the surface and the bulk solution are negligible. Since the thickness of a SLB 

is ~ 10 nm (much smaller than the penetration depth of IR evanescent wave)8 and the IR absorption 
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of water in the amide I frequency region can be greatly reduced if D2O is used as a substitute 

solvent, ATR-FTIR can be a suitable tool to study AMPs adsorbed onto a SLB surface. The 

combination of SFG and ATR-FTIR can be powerful to probe peptide−lipid bilayer interactions 

at a very low peptide concentration in situ in real time, as illustrated in previous publications.11,15–

17 

 Here in this chapter, the Hamiltonian program was further developed to include IR spectra 

calculations and the scoring system was also upgraded to include IR spectra comparison between 

experimental and calculated spectra. The final score map (as a function of peptide orientation) 

considers spectra comparisons from both SFG and FTIR measurements since the actual orientation 

of the studied proteins and peptides on surfaces or at interfaces should be in agreement with both 

SFG and ATR-FTIR data. 

 

5.3 Experimental Materials and Methods 

5.3.1 Materials 

 MSI-594 (GIGKFLKKAKKGIGAVLKVLTTGL) and MSI-594A 

(GIGKALKKAKKGIGAVLKVLTTGL) were purchased from Genscript (Piscataway, NJ). The 

POPC and POPG lipids were purchased from Avanti Polar Lipids (Alabaster, AL). They are both 

in the fluid phase at room temperature (∼24° C). Right angle CaF2 prisms were purchased from 

Altos Photonics (Bozeman, MT) and used for SFG experiments. The Langmuir−Blodgett and 

Langmuir−Schaefer (LB/LS) method was used to deposit the proximal and distal leaflets of a 

single lipid bilayer onto a CaF2 prism. A detailed procedure to prepare the SBLs was well-

documented in previous publications.13,18 A KSV2000 LB system (Biolin Scientific, Stockholm, 

Stockholms Lan, Sweden) was used for lipid bilayer preparation. For SFG experiments, phosphate-
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buffered saline (PBS, 10.0 mM, pH =7.4) was used in our experiment to make the subphase peptide 

solution. The lipid bilayers were then placed in contact with the buffer solution inside a 2 mL 

reservoir throughout the entire experiment. For peptide−lipid bilayer interaction experiments, an 

appropriate amount of peptide stock solution was injected into the reservoir to achieve 4.0 μM 

peptide solution concentration and allowed peptide molecules to diffuse to and interact with the 

lipid bilayer over 1 h. The SFG ssp and ppp spectra were then collected in frequency range of 1550 

– 1750 cm-1 after the peptide−lipid bilayer interaction reached equilibrium and the SFG signal 

became stable. For ATR-FTIR experiments, the lipid bilayer was prepared on clean ZnSe 

substrates (Specac, U.K.) for ATR-FTIR measurement by using the vesicle fusion method.12,13 

Peptide samples were injected into the subphase to match the concentration we used in the SFG 

study. To avoid the water background in the amide I region (1600−1690 cm−1) in ATR-FTIR 

spectra, D2O-based buffer was used in all the ATR-FTIR experiments. ATR-FTIR spectra were 

then collected in the p and s polarizations in frequency range 1575 – 1725 cm-1 on a Nicolet 6700 

spectrometer with an ATR-FTIR accessory.  

 

5.3.2 Hamiltonian Approach and Scoring System 

 The experiments reported in Chapters 2 and 3 included SFG measurements, not the ATR-

FTIR experiments. Therefore, the developed Hamiltonian approach focused on the SFG spectra 

calculations, and the score system was only used for spectra comparison between collected SFG 

spectra and the calculated SFG spectra in those two chapters. Here in this study, ATR-FTIR 

measurements were also included to increase independent experimental measurements. Therefore, 

the Hamiltonian approach was further developed to incorporate FTIR spectra calculations for both 

s and p polarizations. The point-by-point score system was also upgraded with weighted least 
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square comparison to match the calculated SFG and FTIR spectra with experimental data 

separately. The final score map was then generated by combining SFG and FTIR score maps.  

When calculating the SFG and ATR-FTIR spectra, parameters such as peak center and 

peak width for a single uncoupled amide unit are needed. These parameters were chosen from the 

peak center range [1640 cm-1, 1660 cm-1] for both SFG and ATR-FTIR spectra calculation, and 

peak width range [10.0 cm-1, 20.0 cm-1] for SFG spectra calculation and [5.0 cm-1, 15.0 cm-1] for 

ATR-FTIR spectra calculation to generate the best outcome for each case.  

The calculated SFG ssp spectra were normalized to [0, 1] and meanwhile the calculated 

SFG ppp spectra were scaled to maintain the original ppp/ssp intensity ratios (the ratio was 

determined by the maximum of Ippp divided by the maximum of Issp). The calculated ATR-FTIR s 

spectra were normalized to [0, 1] and meanwhile the calculated ATR-FTIR p spectra were scaled 

to maintain the original p/s intensity ratios (the ratio was determined by the maximum of Ip divided 

by the maximum of Is). The experimental spectra were also normalized in the same fashion. 

Spectra comparison between the reconstructed experimental spectra and the Hamiltonian 

calculated spectra for each type of spectra (SFG ssp spectra, SFG ppp spectra, ATR-FTIR s spectra 

and ATR-FTIR p spectra) was done by weighted least square comparison of each wavenumber (1 

cm-1 as increment) under a given orientation (equation (5 – 1)). The experimental spectra were 

used as weights in such comparison. The reciprocal of the least square comparison was used as a 

score to quantify the similarity between the two compared spectra (equation (5 – 2)). As a result, 

for one input structure for the Hamiltonian program, a total of four orientation-dependent score 

maps can be obtained (one for each type of spectra). The final score map can be obtained by 

multiplying all the four score maps (and 4th root was applied after the multiplication, see equation 
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(5 – 3)). In the final overall score map, the best matched orientations are in the region with the 

highest score (marked in red). 

 𝐿𝐿𝑆𝑆𝑘𝑘 =  �
∑ ��𝑥𝑥𝑒𝑒𝑥𝑥𝑒𝑒,𝑖𝑖 − 𝑥𝑥𝑎𝑎𝑎𝑎𝑐𝑐,𝑖𝑖� ×

𝑥𝑥𝑒𝑒𝑥𝑥𝑒𝑒,𝑖𝑖
∑ 𝑥𝑥𝑒𝑒𝑥𝑥𝑒𝑒,𝑖𝑖𝑖𝑖

�𝑖𝑖

2

(𝐽𝐽−1)𝑘𝑘
        (5 – 1)  

 𝑆𝑆𝑐𝑐𝑐𝑐𝑟𝑟𝑒𝑒𝑘𝑘 =  1
𝐿𝐿𝑆𝑆𝑘𝑘

           (5 – 2) 

 𝐹𝐹𝑖𝑖𝑎𝑎𝑎𝑎𝐹𝐹 𝑆𝑆𝑐𝑐𝑐𝑐𝑟𝑟𝑒𝑒 =  �∏𝑆𝑆𝑐𝑐𝑐𝑐𝑟𝑟𝑒𝑒𝑘𝑘
4            (5 – 3) 

where 𝐿𝐿𝑆𝑆𝑘𝑘 is the least square comparison between the calculated spectrum ( 𝑥𝑥𝑐𝑐𝐶𝐶𝑐𝑐,𝑖𝑖) (under 

a certain orientation) and the experimental spectrum ( 𝑥𝑥𝑒𝑒𝑥𝑥𝑠𝑠,𝑖𝑖) of a specific type of the spectrum 

(ssp SFG, ppp SFG, p FTIR or s FTIR), and n is the total number of points of the spectrum (n=201 

points for an SFG spectrum and n=151 points for a FTIR spectrum). 

 

5.4 Results and Discussion 

5.4.1 SFG and ATR-FTIR Measurements 

 SFG ssp and ppp spectra, and ATR-FTIR s and p spectra were collected at amide I 

frequency region of the four interfaces: MSI-594/POPC, MSI-594A/POPC, MSI-594/7:3 

POPC:POPG, and MSI-594A/7:3 POPC:POPG, as shown in Figure 5-1. The measured SFG ppp 

and ssp signal strength ratio (or 𝜒𝜒𝑠𝑠𝑠𝑠𝑠𝑠
(2) /𝜒𝜒𝑠𝑠𝑠𝑠𝑠𝑠

(2) ) is 1.39 ± 0.14 for MSI-594 associated with a POPC 

lipid bilayer. Unlike SFG, which mainly detects signals where inversion symmetry is broken and 

the signals usually are dominated by the 𝛼𝛼-helical structure contribution, both 𝛼𝛼-helical and 𝛽𝛽-turn 

structures have contributed to the detected ATR-FTIR signals. The ATR-FTIR spectra contained 
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the vibrational peak at 1650 cm-1 from the 𝛼𝛼-helical structure, as well as the 1674 cm-1 peak from 

the 𝛽𝛽-turn structure. The ATR-FTIR spectral fitting results indicated that the fitted RATR is 1.47 ± 

0.15 for the 𝛼𝛼-helical structure. We obtained the measured SFG ppp and ssp signal strength ratio 

(or 𝜒𝜒𝑠𝑠𝑠𝑠𝑠𝑠
(2) /𝜒𝜒𝑠𝑠𝑠𝑠𝑠𝑠

(2) ) of 1.28 ± 0.13 for MSI-594A associated with a POPC lipid bilayer. The ATR-FTIR 

spectra from MSI-594A contained vibrational peaks at 1635 cm-1 from the 310-helical structure; 

1650 cm-1 from the 𝛼𝛼-helical structure, and 1674 cm-1 from the 𝛽𝛽-turn structure. We carefully fit 

the spectra and obtained the fitted RATR = 1.37 ± 0.14 for the 𝛼𝛼-helical structure. In the cases of 

MSI-594 and MSI-594A associated with 7:3 POPC:POPG lipid membrane, we fitted these spectra 

and obtained the 𝜒𝜒𝑠𝑠𝑠𝑠𝑠𝑠
(2) /𝜒𝜒𝑠𝑠𝑠𝑠𝑠𝑠

(2)  = 1.36 ± 0.14 and RATR = 1.45 ± 0.15 for the MSI-594 𝛼𝛼-helical 

structure, and 𝜒𝜒𝑠𝑠𝑠𝑠𝑠𝑠
(2) /𝜒𝜒𝑠𝑠𝑠𝑠𝑠𝑠

(2)  = 1.22 ± 0.12 and RATR = 1.35 ± 0.14 for the MSI-594A 𝛼𝛼-helical 

structure.  

 

Figure 5-1 SFG (a, c, e, g) and ATR-FTIR (b, d, f, h) spectra of (a, b) MSI-594 associated with a POPC lipid bilayer; 
(c, d) MSI-594A associated with a POPC lipid bilayer; (e, f) MSI-594 associated with a 7:3 POPC/POPG lipid bilayer; 
and (g, h) MSI-594A associated with a 7:3 POPC/ POPG lipid bilayer. SFG ppp and ssp spectra are shown in open 
dots and filled black dots, respectively (top row). ATR-FTIR p and s spectra are shown in circles and crosses, 
respectively (bottom row). The solid black lines are fitted spectra. 

 

5.4.2 Hamiltonian Matching Results 
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 The Hamiltonian method was then used to determine the conformation and orientation of 

MSI-594 on the POPC lipid bilayer surface. The NMR structure of MSI-594 (PDB ID: 2K98, 

shown in Figure 5-2) was used to approximate the interfacial structure of MSI-594 and used as the 

input structure for the Hamiltonian program. The best-matched orientations with the highest 

matching score between the calculated and reconstructed experimental spectra of this MSI-594 

structure on the POPC lipid bilayer surface are (130, 320°) and (50, 140°) with a score of 240, as 

shown in Figure 5-3. The spectral comparisons between the reconstructed SFG and ATR-FTIR 

spectra from the experimental data and the calculated SFG and ATR-FTIR spectra based on the 

NMR structure (PDB ID: 2K98) at the orientation of (130, 320°) (or (50, 140°)) are shown in 

Figures 5-4 (a) and (b). The matching qualities of the ATR-FTIR spectra are good, while the 

matching qualities of the SFG ssp and ppp spectra are not satisfactory. The calculated SFG ssp 

spectrum has an additional side peak with a frequency higher than 1650 cm-1, which was not 

observed in the experimentally collected SFG ssp spectrum. Also, the intensity ratio between the 

calculated SFG ssp and ppp spectra does not match the experimental measurement (the difference 

is ∼10%). This means that perhaps the input NMR structure (PDB ID: 2K98) for the Hamiltonian 

program may not be a good candidate to approximate the interfacial structure of MSI-594 

associated with a POPC lipid bilayer. As a result, the spectra calculated with the highest matching 

quality based on such a structure still cannot reasonably match the reconstructed experimental 

spectra.  
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Figure 5-2 Modified structures of (a) MSI-594 based on PDB ID: 2K98 and (b) MSI-594A based on PDB ID: 2L36. 
Residues 12−24 were colored in cyan for all of the structures. Residues 1−11 were colored in red for the original NMR 
structures, in blue for the structures with a bent angle change of −5° from the original NMR structures, in light purple 
for the structures with a bent angle change of −10° from the original NMR structures, in orange for the structures with 
a bent angle change of +5° from the original NMR structures, and in yellow for the structures with a bent angle change 
of +10° from the original NMR structures. 

 

 
Figure 5-3 Final score maps that quantify the degree of similarity between the reconstructed spectra (SFG and ATR-
FTIR) of MSI-594 associated with a POPC lipid bilayer and the corresponding calculated spectra by using the input 
structure as (a) NMR structure (PDB ID: 2K98), (b) modified NMR structure with −5° bent angle change, (c) modified 
NMR structure with +5° bent angle change, (d) modified NMR structure with −10° bent angle change, and (e) modified 
NMR structure with +10° bent angle change. 

Table 5-1 Highest scores obtained from the final score maps shown in Figure 5-3 for the bent angle deviation by 0°, -
10°, -5°, +5° or +10° from the NMR determined helical hairpin structure of MSI-594 (PDB ID: 2K98). 

 NMR NMR -5° NMR +5° NMR -10° NMR +10° 

Highest Score 240 211 293 236 269 

 

 
Figure 5-4 Spectra comparisons between the reconstructed experimental spectra (SFG (top) and ATR-FTIR (bottom)) 
of MSI-594 associated with a POPC lipid bilayer and calculated spectra at the best-matched orientations by using 
input structures as (a, b) the NMR structure (PDB ID: 2K98); (c, d) the modified NMR structure with −5° bent angle 
change; (e, f) the modified NMR structure with +5° bent angle change; (g, h) the modified NMR structure with −10° 
bent angle change; and (i, j) the modified NMR structure with +10° bent angle change. 

 
 Since the NMR structure 2K98 was measured in a lipopolysaccharide (LPS) environment,6 

which is not identical to the planar POPC lipid surface, the bent angle between the two helical 

chains of MSI-594 may slightly vary. This needs to be considered to compensate for such an 
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environmental difference. Therefore, in this study, the NMR structure (PDB ID: 2K98) was 

modified with the bent angle changes of −5, +5, −10, and +10°, as shown in Figure 5-2 (a). Each 

modified MSI-594 structure was then used as the input structure for the Hamiltonian program to 

calculate the orientation-dependent SFG and ATR-FTIR spectra. The calculated spectra were 

compared to the reconstructed experimental spectra to generate a final score map for each modified 

structure, as shown in Figures 5-3 (b)-(e). The highest matching scores obtained from the deduced 

final score maps are summarized in Table 5-1.  

Among all five input structures (one original NMR structure and four modified structures), 

the results obtained from the Hamiltonian method indicated that the NMR structure with a bent 

angle change of +5° gives the highest matching score. The spectral matching results shown in 

Figure 5-4 also validate that the NMR structure with +5° bent angle modification can generate 

SFG and ATR-FTIR spectra that are more similar to the experimental reconstructed SFG and 

ATR-FTIR spectra, with better-matched spectra intensity ratios between different polarizations. 

The matching result shows that with a bent angle change of +5°, the best matching score increased 

to 293 at the orientations of (130, 320°) and (50, 140°). These matched orientations (130, 320°) 

and (50, 140°) are the same as the matched ones determined by the original structure of 2K98, but 

the matching score increased from 240 to 293, meaning that the structure of +5° modification of 

the bent angle is a better candidate to approximate the interfacial structure of MSI-594 than the 

original NMR structure. Figure 5-5 presents the matched orientations that possess the highest 

matching score. Overall, the helical chains are slightly tilted versus the lipid surface plane, with 

residues 1−11 (Figure 5-5 (a)) or residues 12−24 (Figure 5-5 (b)) touching the lipid surface, 

showing a near-parallel representation versus the lipid surface (more discussion below). Another 

pair of orientations (90, 130°) and (90, 310°) with a +10° deviation from the bent angle of the 
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NMR structure 2K98 also exhibited a high matching score. We define a matching score at 90% of 

the highest matching score and higher as a high matching score. For this case, the highest score is 

293. Therefore, a score at or higher than 264 is a high matching score. These two orientations 

(shown in Figure 5-6) with a score of 269 can also be possible matching candidates. However, we 

excluded them after considering their interactions with the lipid bilayer surface. A more detailed 

discussion is presented below. This research demonstrates that the combined SFG and ATR-FTIR 

studies can be used to deduce MSI-594 conformation and orientation at the interface. Here, two 

opposite absolute orientations were determined to be the most likely orientations with the same 

highest matching score. Regular SFG and ATR-FTIR results cannot distinguish these two 

orientations. We will further discuss which orientation among the two is the most likely orientation 

below. 

 

 

 

 

Figure 5-5 Membrane orientations deduced based on the modified NMR structure of MSI-594 (PDB ID: 2K98) with 
+5° bent angle change associated with the POPC or 7:3 POPC/POPG lipid bilayer with the highest matching score 
(score = 293 of the case of POPC and score =311 of the case of 7:3 POPC/POPG). The orientations of N- and C-
termini segments are shown in deep orange (residues 1− 11) and cyan (residues 12−24), respectively, with respect to 
the lipid bilayer surface (i.e., the xy plane). 

 
 
 
 
 
 
 
 
 

Figure 5-6 The membrane orientations deduced based on the modified NMR structure of MSI-594 (PDB ID: 2K98) 
with +10° bent angle change associated with POPC or 7:3 POPC:POPG lipid bilayer with a high matching score 
(score >= 264 for the case of POPC and score >= 280 for the case of 7:3 POPC:POPG). The orientations of N- and 
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C- termini helical segments are shown in yellow (residue 1-11) and cyan (residue 12-24), respectively, with respect 
to the lipid bilayer surface (i.e. the xy plane). 

 
 Similar to MSI-594, we reconstructed experimental SFG and ATR-FTIR spectra of MSI-

594A using the spectral fitting parameters and compared them to the calculated spectra using the 

Hamiltonian method. This way we can determine the orientation of MSI-594A associated with a 

POPC lipid bilayer. Bent angle modifications (−5, +5, −10, and +10°) were also applied to the 

NMR structure of MSI-594A (PDB ID: 2L36), shown in Figure 5-2 (b). We calculated SFG and 

ATR-FTIR spectra of MSI-594A based on the NMR structure and these five modified structures 

as a function of MSI-594A orientation. These calculated spectra were compared to the above 

reconstructed experimental spectra to obtain a final matching score map for each input structure, 

as shown in Figure 5-7. The most likely peptide orientation angle regions are shown in red color. 

The results of the spectra comparison between the calculated spectra and reconstructed 

experimental spectra of MSI-594A associated with a POPC lipid bilayer at best matched 

orientations (or with the highest matching score) of each input structure are presented in Figure 5-

8. The modified NMR structure (PDB ID: 2L36) with a bent angle change of +10° at the 

orientations of (160, 0°) and (20, 180°) gives the highest matching score. This is the only pair that 

possesses a high matching score for MSI-594A associated with the POPC bilayer. These two 

orientations are shown in Figure 5-9. Further discussion on which absolute orientation is the most 

likely MSI-794A orientation will be presented below. 

 

Figure 5-7 Final score maps that quantify the degree of similarity between the reconstructed experimental spectra 
(SFG and FTIR) of MSI-594A associated with a POPC lipid bilayer and the corresponding calculated spectra by using 
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the input structure as (a) the NMR structure (PDB ID: 2L36); (b) the modified NMR structure with bent angle -5° 
change; (c) the modified NMR structure with bent angle +5° change; (d) the modified NMR structure with bent angle 
-10° change; and (e) the modified NMR structure with bent angle +10° change. 

 

Table 5-2 Highest scores obtained from the final score maps shown in Figure 5-7 for the bent angle deviation by 0°, -
10°, -5°, +5° or +10° from the NMR determined structure of MSI-594A (PDB ID: 2L36). 

 NMR  NMR -5° NMR +5° NMR -10° NMR +10° 

Highest Score 256 280 360 261 425 

 

Figure 5-8 Spectra comparisons between the reconstructed experimental spectra (SFG (top) and FTIR (bottom)) of 
MSI-594A associated with a POPC lipid bilayer and the calculated spectra at best matched orientations (with the 
highest matching score) by using input structures as (a, b) the NMR structure (PDB ID: 2L36); (c, d) the modified 
NMR structure with bent angle -5° change; (e, f) the modified NMR structure with bent angle +5° change; (g, h) the 
modified NMR structure with bent angle -10° change; and (i, j) the modified NMR structure with bent angle +10° 
change. 

 
 
 

 

 

 

Figure 5-9 Best matched membrane orientations of the modified NMR structure of MSI-594A (PDB ID: 2L36) with 
+10° bent angle change associated with POPC lipid bilayer with highest matching score (score=425). The orientations 
of N- and C- termini helical segments are shown in yellow (residue 1-11) and cyan (residue 12-24), respectively, with 
respect to the lipid bilayer surface (i.e. the xy plane). 

 

The orientation angles of MSI-594 and MSI-594A associated with a 7:3 POPC: POPG lipid 

bilayer were deduced using the same approach described above based on the original and modified 
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NMR structures. The final score maps and spectra comparisons are shown in Figure 5-10 to Figure 

5-13. It was found that the modified NMR structure (PDB ID: 2K98) with a +5° change of the bent 

angle has the highest matching score for MSI-594, which is the same as the conformation that 

associated with pure POPC lipid bilayer. The deduced most possible membrane orientations of 

MSI-594 based on this structure are also the same as this peptide associated with pure POPC lipid 

bilayers (shown in Figure 5-6). Other possible orientations possessing high matching scores are 

shown in Figure 5-7, which are also the same as those of MSI-594 when interacting with a POPC 

lipid bilayer. The similar result obtained from the same peptide interacting with both lipids 

indicates that MSI-594 behaves similarly (has similar conformation and orientation) on the POPC 

lipid bilayer and the 7:3 POPC: POPG mixed lipid bilayer.  

In the case of MSI-594A interacting with 7:3 POPC POPG lipid bilayer, it was found that 

the NMR structure (PDB ID: 2L36) with +10° bent angle modification generated the highest 

matching score between the calculated and reconstructed experimental spectra from the peptide on 

the mixed bilayer. This conformation is also the best matching for MSI-594A interacting with the 

zwitterionic POPC lipid bilayer. Figure 5-14 presents the most possible membrane orientations 

(150°, 20°) and (30°, 200°). The best matching orientations of MSI-594A on a 7:3 POPC: POPG 

lipid bilayer are similar to MSI-594A on a POPC lipid bilayer as presented above (shown in Figure 

5-9).  

Figure 5-10 Final score maps that quantify the degree of similarity between the reconstructed experimental spectra 
(SFG and FTIR) of MSI-594 associated with a 7:3 POPC:POPG lipid bilayer and the corresponding calculated spectra 
by using the input structure as (a) the NMR structure (PDB ID: 2K98); (b) the modified NMR structure with bent 
angle -5° change; (c) the modified NMR structure with bent angle +5° change; (d) the modified NMR structure with 
bent angle -10° change; and (e) the modified NMR structure with bent angle +10° change. 
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Table 5-3 Highest scores obtained from the final score maps shown in Figure 5-10 for the bent angle deviation by 0°, 
-10°, -5°, +5° or +10° from the NMR determined helical hairpin structure of MSI-594 (PDB ID: 2K98). 

 NMR Struc. NMR -5° NMR +5° NMR -10° NMR +10° 

Highest Score 231 255 311 235 283 

 

Figure 5-11 Spectra comparisons between the reconstructed experimental spectra (SFG (top) and FTIR (bottom)) of 
MSI-594 associated with a 7:3 POPC:POPG lipid bilayer and the calculated spectra at best matched orientations (with 
the highest matching score) by using input structures as (a, b) the NMR structure (PDB ID: 2K98); (c, d) the modified 
NMR structure with bent angle -5° change; (e, f) the modified NMR structure with bent angle +5° change; (g, h) the 
modified NMR structure with bent angle -10° change; and (i, j) the modified NMR structure with bent angle +10° 
change. 

Figure 5-12 Final score maps that quantify the degree of similarity between the reconstructed experimental spectra 
(SFG and FTIR) of MSI-594A associated with a 7:3 POPC:POPG lipid bilayer and the corresponding calculated 
spectra by using the input structure as (a) the NMR structure (PDB ID: 2L36); (b) the modified NMR structure with 
bent angle -5° change; (c) the modified NMR structure with bent angle +5° change; (d) the modified NMR structure 
with bent angle -10° change; and (e) the modified NMR structure with bent angle +10° change. 

 

Table 5-4 Highest scores obtained from the final score maps shown in Figure 5-12 for the bent angle deviation by 0°, 
-10°, -5°, +5° or +10° from the NMR determined structure of MSI-594A (PDB ID: 2L36). 

 NMR  NMR -5° NMR +5° NMR -10° NMR +10° 

Highest Score 253 240 347 273 387 
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Figure 5-13 Spectra comparisons between the reconstructed experimental spectra (SFG (top) and FTIR (bottom)) of 
MSI-594A associated with a 7:3 POPC:POPG lipid bilayer and calculated spectra at best matched orientations (with 
the highest matching score) by using input structures as (a, b) the NMR structure (PDB ID: 2L36); (c, d) the modified 
NMR structure with bent angle -5° change; (e, f) the modified NMR structure with bent angle +5° change; (g, h) the 
modified NMR structure with bent angle -10° change; and (i, j) the modified NMR structure with bent angle +10° 
change. 

 

 

 

 

 
Figure 5-14 Best matched membrane orientations of the original NMR structure of MSI-594A (PDB ID: 2L36) in 7:3 
POPC:POPG lipid bilayer with highest matching score (score=387). The orientations of N- and C- termini helical 
segments are shown in yellow (residue 1-11) and cyan (residue 12-24), respectively, with respect to the lipid bilayer 
surface (i.e. the xy plane). 

 

5.3.3. Possible Peptide−Lipid Interaction Mechanisms 

 As presented above, from the SFG and ATR-FTIR results, we could deduce the most likely 

conformation (or the bending angle between the two helices) and orientations of MSI-594 and 

MSI-594A associated with the lipid bilayer at the interface. However, we could not differentiate 

the two most likely orientations with opposite absolute orientations (with the same highest 

matching score) for each case using our SFG and ATR-FTIR measurements. Phase-sensitive SFG 

measurements could determine the absolute orientation,19,20 but most of the SFG phase-sensitive 



 113 

measurements were performed on exposed surfaces instead of buried interfaces, which is beyond 

the scope of this study. In the following, we will further discuss the possible structures, especially 

the possible absolute orientations of MSI-594 and MSI-594A associated with the lipid bilayer. 

 As mentioned above, the spectral matching results show that MSI-594 has the same 

deduced conformation and orientation on the POPC lipid bilayer and the 7:3 POPC/POPG lipid 

bilayer. The best-matched conformation is the modified NMR structure 2K98 with a bent angle 

change of +5°. The NMR structure 2K98 was determined by MSI-594 associated with LPS 

micelles.6,7 The LPS micelles carry higher charges than the POPC and 7:3 POPC/POPG lipid 

bilayers, which may create stronger interactions with MSI-594, leading to a smaller bent angle and 

a more compact structure of the peptide. The two orientations (with opposite absolute orientations) 

of MSI594 with the highest matching score associated with the lipid bilayer (POPC or 7:3 

POPC/POPG) are replotted in Figure 5-15 (a). The positively charged residue Lys is colored in 

purple. All Lys residues in MSI-594 are pointing to the same side of the peptide plane.6 For the 

orientation shown on the left side of Figure 5-15 (a), noted as MSI-594-a, the positively charged 

plane faces the aqueous solution. For the orientation shown on the right side of Figure 5-15 (a), 

noted as MSI-594-b, the positively charged plane faces the lipid bilayer. 

 We believe it is unlikely that MSI-594 adopts both orientations MSI-594-a and MSI-594-

b when associated with a lipid bilayer. For a7:3 POPC/POPG lipid bilayer, since the POPG lipid 

component is negatively charged, the entire mixed lipid bilayer is thus negatively charged. When 

MSI-794 is associated with a negatively charged lipid bilayer, it is more likely for the positively 

charged plane to face the lipid bilayer for a more favorable interaction. Therefore, for MSI-594 on 

the 7:3 POPC/POPG bilayer, MSI-594-b should be the most likely orientation. As presented above, 

SFG and ATR-FTIR spectra collected from MSI-594 on the POPC surface are similar to those on 
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the 7:3 POPC/POPG bilayer; thus, the deduced MSI-594 on different lipid bilayers has the same 

conformation and the same (or opposite) possible orientations. It is unlikely that MSI-594 

coincidently has the exact opposite orientations on POPC and on mixed lipid bilayers. We believe 

that MSI-594 also adopts the MSI-594-b orientation as shown in Figure 5-15 (a) when associated 

with a pure POPC bilayer. It is reasonable that the charged plane interacts with the POPC bilayer, 

since the POPC headgroups are hydrophilic, which could favorably interact with the charged 

hydrophilic side of MSI-594. In addition, it is also reasonable that MSI-594 adopts the same 

structure on POPC and 7:3 POPC/POPG bilayers, since the mixed bilayer studied here has POPC 

as the major component. Likely the MSI-594 molecules mainly interact with POPC in the mixed 

7:3 POPC/POPG bilayer. It was shown that at very low peptide concentrations, the peptide can 

interact with the zwitterionic lipid via hydrophobic interactions without the need for an anionic 

lipid. So, the anionic lipid that is needed to attract the cationic peptide is not essential all the time.5 

Nevertheless, for MSI-594 on POPC and mixed lipid bilayers, the charged helical structure 

interacts with the lipids with a “face-on” orientation. Such a “face-on” interaction between MSI-

594 and the lipid bilayer indicates that MSI-594 takes a carpet mechanism to perturb lipid bilayers. 

This observation matches the results reported in the literature.1,5–8  
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Figure 5-15 Possible configurations of (a) MSI-594 associated with POPC or 7:3 POPC:POPG lipid bilayer; (b) 
MSI-594A associated with POPC lipid bilayer and (c) MSI-594A associated with 7:3 POPC:POPG lipid bilayer. 
Grey solid spheres represent the lipid headgroups, grey curved lines represent the lipid hydrophobic tails, and the 
positively charged residue Lys is colored in purple sticks. 

 

 It is worth mentioning that the deduced “face-on” orientation of MSI-594 in this study is 

not a “complete lying down” orientation. To better visualize the deduced orientation of MSI-594 

on lipid bilayers, “standing-up” and “complete lying down” orientations of MSI are displayed 

along with the deduced MSI-594 orientations in Figure 5-16 for comparison.  

Figure 5-16 (a) Front view (left) and top view (right) of a “complete lying down” (top) representation and a 
“complete standing up” (bottom) representation of MSI-594-a and (b) front view (left) and top view (right) of a 
“complete lying down” (top) representation and a “complete standing up” (bottom) representation of MSI-594-b. 
The membrane surface is parallel to the xy plane. 

As presented above, it was found that another pair of orientations (90, 130°) and (90, 310°) 

with +10° bent angle deviation from the NMR structure 2K98 also have a high matching score, 

which are therefore possible structures of MSI594 when associated with a POPC or 7:3 

POPC/POPG lipid bilayer as well. These two orientations with and without the presence of lipid 

bilayers are illustrated in Figure 17. When interacting with a lipid bilayer, the peptide structure 

with the orientation (90, 130°) shows the charged N-terminal to insert into the hydrophobic lipid 

bilayer core, and the structure with the orientation (90, 310°) shows the hydrophobic C-terminal 

helix to interact with the hydrophilic lipid headgroup. Neither of these two orientations can be 
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stabilized at the lipid bilayer surface. Therefore, these two membrane orientation possibilities are 

excluded and not discussed further in this study. 

 

 

 

 

Figure 5-17 The peptides shown in Figure 5-6 are displayed along with the POPC or 7:3 POPC:POPG lipid bilayer. 
Grey solid spheres represent the lipid headgroups, grey curved lines represent the lipid hydrophobic tails, and the 
positively charged Lys residues are colored in purple sticks. 

 
 The best-matched conformation of MSI-594A on both POPC and 7:3 POPC/POPG lipid 

surfaces is the modified NMR structure 2L36 with a bent angle change of +10°. The mutation of 

F5A decreases the intrahelical chain interaction of MSI-594 and makes the bent region more 

flexible. Therefore, it is possible that MSI-594A opens more when interacting with a POPC lipid 

bilayer. The best-matched orientations (with the highest matching score) of MSI-594A associated 

with a POPC lipid bilayer are shown in Figure 5-15 (b). The two possible orientations with the 

opposite absolute orientation may represent two modes of action. The left orientation shown in 

Figure 5-15 (b) (noted as MSI-594A-a1) has the N-terminal helical chain (residues 1−11) lying 

down on the POPC distal leaflet with the charged Lys facing toward the lipid headgroup and the 

C-terminal helical chain (residues 12−24) pointing toward the aqueous solution. The right 

orientation in Figure 5-15 (b), noted as MSI-594A-b1, shows that the N-terminal helical chain 

(residues 1−11) interacts with the lipid bilayer horizontally and the C-terminal helical chain 

(residues 12−24) inserts into the POPC distal leaflet. 

 The best-matched orientations (with the highest matching score) of MSI-594A associated 

with a 7:3 POPC/POPG lipid bilayer are shown in Figure 5-15 (c). The membrane orientation 
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shown in Figure 5-15 (c) (left; noted as MSI-594A-a2) is highly similar to the representation of 

MSI-594A-a1 shown in Figure 5-15 (b) (left), and the other orientation shown in Figure 5-15 (c) 

(right; noted as MSI-594A-b2) is highly similar to MSI-594A-b1 shown in Figure 5-15 (b) (right). 

As mentioned above, at very low peptide concentrations, an antimicrobial peptide can have a 

similar interaction with the bilayer surface of neutral or charged lipids.5 Therefore, it is possible 

that similar to MSI-594, MSI-594A can adopt similar conformation and orientation on both POPC 

and 7:3 POPC/POPG lipid bilayer surfaces and can potentially disrupt both lipid membranes via a 

similar mechanism as discussed below. 

 Even though the positively charged helical N-terminus segment interacting with lipid 

headgroups stabilizes its conformation and orientation at the membrane interface for MSI-594A-

a1 (or MSI-594A-a2), the exposure of the hydrophobic C-terminal helical segment to the aqueous 

environment does not favor a stable helical structure. Therefore, MSI-594Aa1 (or MSI-594A-a2) 

orientation is less likely to be a reasonable orientation of MSI-594A in the POPC (or 7:3 

POPC/POPG) lipid bilayer. For MSI-594A-b1 (or MSI-594Ab2), on the other hand, while keeping 

the charged N-terminal interacting with the lipid headgroup, the hydrophobic C-terminal is 

inserted into the lipid hydrophobic core to interact with the lipid acyl chains. This “membrane-

inserted” representation can stabilize both the N- and C-terminal helical segments and thus should 

be a more likely orientation to represent MSI-594A associated with POPC (or 7:3 POPC/ POPG) 

lipid bilayers. Such a “membrane-inserted” representation indicates that MSI-594A can disrupt the 

POPC or 7:3 POPC/POPG lipid bilayer via a carpet mechanism, which is in agreement with 

previously published results.6 

 Interestingly, even though both MSI-594 and MSI-594A can take a carpet mechanism to 

interact with both lipid bilayers (POPC and 7:3 POPC/POPG), MSI-594 adopts a “face-on” 
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membrane representation, while MSI-594A adopts a “membrane-inserted” orientation to have 

interaction with the lipid bilayer surface. In addition, the best-matched conformation of MSI-594A 

(+10° bent angle deviation to the NMR structure 2L36) opens the bent angle more and allows the 

two helical ends to interact with lipids more flexibly (e.g., each terminal can interact with different 

regions of a lipid). In contrast, the best-matched conformation of MSI-594 (+5° bent angle 

deviation to the NMR structure 2K98) shows stronger intramolecular interaction between the two 

helical segments and restricts the peptide to interact with the bilayer surface via a “face-on” 

orientation. Such a difference in the conformation and orientation between MSI-594 and MSI594A 

is a result of the mutation F5A. The lack of the Phe-5 residue dramatically decreases the 

intramolecular interaction in the mutant peptide MSI-594A and allows it to interact with the lipid 

bilayer surface differently compared to MSI-594. It is worth mentioning that SFG can only deduce 

the peptide’s conformation and orientation but cannot deduce the distance between the peptide and 

the lipid bilayer while the peptide is associated with a lipid bilayer. Figure 5-18 also shows the 

same orientations as MSI-594A-b1 and MSI-594Ab2 without inserting into the lipid bilayer. We 

believe that the interaction of peptides under such situations is not as favorable; thus, we exclude 

such possibilities. 

 

 

 

 

 

Figure 5-18 (a) MSI-594A-b1 associated with a POPC bilayer without insertion and (b) the MSI-594A-b2 associated 
with a 7:3 POPC:POPG bilayer without insertion. 
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 Previously, dye-leakage experiments were conducted to confirm the membrane disruption 

activity of MSI-594 against mixed POPC/POPG lipids. Detailed 15N solid-state NMR studies 

suggested that MSI-594 transitioned from a random coil structure to a helical structure in lipid 

environments and the peptide oriented nearly parallel to the lipid bilayer surface.9 Therefore, MSI-

594 most likely functions via a carpet mechanism of membrane disruption, which is in agreement 

with the findings reported in this study. The replacement of Phe-5 to Ala-5 can lower the 

antimicrobial ability of MSI-594A against Gram-negative bacteria compared to that exhibited by 

MSI-594 due to the limited permeabilization of a negatively charged lipid membrane.6 Such a 

limited perturbation of MSI594A against a negatively charged lipid membrane can be caused by 

the fact that MSI-594A partly inserts into the lipid hydrophobic core for its structural and 

orientational stability, and therefore, MSI-594A has a weaker membrane translocation efficiency 

than MSI-594. These mechanistic insights are in agreement with previously published results.6  

 

5.5 Conclusion 

Investigation on the membrane orientation of AMPs is important to understand more 

details regarding the AMP’s action on the cell membrane. SFG is a unique surface-specific 

technique and has been developed into a powerful tool to study peptide and protein conformation 

and orientation on the surfaces and at interfaces. In this study, we applied SFG and ATR-FTIR 

techniques, along with the computational Hamiltonian approach to deduce the preferable 

membrane conformations and orientations of MSI-594 and MSI-594A on lipid bilayers. Our 

results demonstrated that the MSI-594 molecule adopts a “face-on” orientation on the bilayer 

surface. Thus the mode of action of MSI-594 should be carpet mechanism. With only one mutated 

amino acid, MSI-594A adopts varied conformations and orientations when interacting with the 
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lipid bilayers, even with the same mode of action. MSI-594A molecule adopts a “membrane-

inserted” orientation on the bilayer surface and can disrupt the membrane via carpet model. Such 

result confirms the important role of Phe-5 residue for the membrane structure of MSI-594 peptide. 

Therefore, our approach can be powerful in understanding the role of a single amino acid residue 

in a peptide or protein.  

In this study, the bent angle between the two helical components in MSI-594 or MSI-594A 

observed in NMR structures was varied to match the ATR and SFG experimental results that were 

obtained from peptides associated with lipids of different compositions. It is worth noting that the 

variation of the bend angle may not be the only possible way to better characterize the different 

interactions of a peptide with different bilayers. Other possibilities include21–23: (i) The end of the 

peptide may be fraying and/or disordered; (ii) The peptide may not adopt a uniform structural 

distribution; (iii) The peptides may aggregate to form oligomers at the membrane surface. To 

further improve the accuracy of the data interpretation, molecular dynamic simulation along with 

isotope labeling can be utilized to better determine the interfacial peptide/protein structure.24 In 

addition, gathering more vibrational information from other regions, e.g. amide III region, can also 

help to capture the structural changes of peptides at the membrane surface.25–27 This research 

showed that MSI-594 and MSI-594A exhibited larger bent angles when associated with a 

POPC/POPG lipid bilayer compared to those when they were in LPS environments, indicating that 

varying lipid compositions can cause interfacial structural changes of MSI-594 and its analogue. 

Thus, this research can only conclude that when associated with a POPC/POPG lipid bilayer, MSI-

594 and MSI-594A can interact with the lipid via a carpet model under current experimental 

conditions. We cannot rule out the possibility that MSI-594 and MSI-594A can adopt pore-forming 

mechanisms when interacting with other lipids. In the future, more lipid compositions need to be 
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tested to obtain a complete picture of membrane-disrupting mechanisms of MSI-594 and MSI-

594A.   

Nevertheless, our studies demonstrate that a better understanding of the membrane 

disrupting mechanisms by AMPs can be obtained by suitably combining the measurements using 

SFG and ATR-FTIR with the dynamic structures solved by NMR spectroscopy. Since the reported 

approach enables the use of a combination of different membrane components, it can be used to 

investigate the roles of lipid domains, clusters, or rafts to further address questions related to the 

lipid selectivity, membrane curvature, bilayer fluidity/rigidity, and hydrophobic thickness of the 

membrane. We expect the results reported in this study to be useful not only for the design of 

potent antimicrobial peptides, but also to better understand the membrane disrupting properties of 

a variety of biomolecules including amyloid peptides/proteins and fusogenic viral 

peptides/proteins.  
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Chapter 6 Conclusions and Future Work 

In this thesis, a systematic methodology was developed to study the conformation and 

orientation of interfacial proteins and peptides at buried solid/liquid interfaces in situ. The 

methodology contains four main modules: (1) experimental measurements by vibrational 

spectroscopic techniques; (2) in-silico modeling of the structures and dynamics of interfacial 

proteins and peptides; (3) Hamiltonian approach of spectral calculations as a function of interfacial 

protein/peptide orientation; and (4) score system that assesses the similarity between the 

experimental measured spectra and the calculated spectra using the Hamiltonian approach. In 

addition, this thesis research also demonstrated that isotope labeling on proteins can greatly 

improve the accuracy of the results obtained by using the above systematic structural determination 

methodology. In this chapter, the current achievements for each module will be summarized and 

further directions of development will be proposed. 

 

6.1 Summary of the Achievements in This Thesis Research 

Interfacial proteins and peptides play important roles in many applications and research areas 

such as biomedical materials, antifouling coatings, biosensors, antimicrobial peptides, membrane 

proteins etc. The properties and functions of interfacial proteins/peptides are determined by their 

molecular structures. Therefore it is significant to elucidate such structures in situ in real time, 

which is challenging due to the lack of appropriate in situ interfacial sensitive analytical 

techniques. The systematic methodology which can be used to elucidate interfacial protein/peptide 
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conformation and orientation added an important biophysical and analytical tool to investigate 

structures of biological molecules. This method is general and can be applied to study many 

different kinds of peptides and proteins at a variety of different interfaces. In this thesis, we applied 

this method to study several important interfacial protein/peptide systems including surface 

immobilized peptides and enzymes, membrane associated peptides, protein adsorbed on polymers, 

demonstrating the power of this method in studying molecular structures of interfacial proteins. 

and peptides.      

In Chapter 2, we used an old data analysis method, bond additivity model, to study surface 

immobilized AMPs and their interactions with Gram-negative bacteria membrane components 

LPS. This research quantified the orientations of each immobilized AMP variant upon binding to 

various LPS samples with a hypothesized non-linear helical model. These deduced orientations 

reflected the binding affinity of different AMP-LPS pairs and can potentially be used as indicators 

to distinguish LPS samples. This research shows that engineering the immobilization sites of the 

AMPs can further modulate the interactions between the immobilized AMPs and their intended 

interaction partners, and therefore can tune their performance of bio-recognition. 

In Chapter 3, a new systematic methodology was developed to better resolve both the 

conformation and orientation of interfacial proteins and peptides. MD simulation was incorporated 

into the new methodology to provide candidates to approximate interfacial protein/peptide 

structures with better accuracy. These simulated structures were input into the Hamiltonian 

program to calculate SFG spectra as a function of orientation. Compared to the previous bond 

additivity model, the Hamiltonian program offers significant improvements. Firstly, it enables the 

calculation of the entire SFG spectra of different polarization combinations. Thus, more fitting 

parameters (peak centers, peak widths, and 𝜒𝜒(2) ratios) can be obtained to compare with 
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experimental measurements, whereas the bond additivity model only considered the 𝜒𝜒(2) ratios 

between SFG spectra of different polarization combinations. Secondly, the Hamiltonian program 

considers the signal contributions from all the peptide units in a peptide/protein along with the 

coupling between each amide unit within the protein/peptide, whereas the bond additivity model 

only examined contributions from 𝛼𝛼-helical structure.  

This new systematic methodology was applied to deduce the conformations and orientations 

of C-terminus immobilized super uranyl binding protein (SUP-C105), and the results showed that 

SUP was lying prone on the surface, primary driven by the strong hydrophobic interactions with 

the surface. Moreover, the binding with uranyl ions has minimal impact on both the conformation 

and orientation of SUP-C105. The results likely suggest that fine-tuning the hydrophobicity of the 

substrate surface/protein interface could yield further improvements on the orientation control of 

immobilized SUP for more effective uranyl ion binding. 

In Chapter 4, the systematic methodology underwent significant enhancements in terms of 

accuracy. Isotope labeling was introduced into protein sample preparation, leading to the split of 

vibrational coupling and thus enabling more independent SFG measurements. Additionally, the 

discrete MD simulation used in Chapter 3 was replaced by atomistic MD simulation to achieve 

higher precision. Furthermore, a point-by-point score system was developed and improved the 

efficacy for the comparison of multi-peak spectra. The optimized methodology was then utilized 

to study the conformations and orientations of B1 domain of protein G (GB1) and its mutant. The 

findings highlighted a remarkable orientation transition in GB1, where the mutation of only two 

hydrophobic amino acids in the helical segments facilitated a shift from a lying down pose to a 

standing up pose of GB1 on the polystyrene surface. This research further developed the systematic 
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approach to determine protein conformations and orientations at interfaces in situ with SFG 

experiments supplemented by in-depth data analysis and other methods.  

In Chapter 5, the systematic method was further improved by incorporating ATR-FTIR 

spectroscopy to enrich experimental measurements. Then this method was used to investigate the 

interaction of AMP MSI-594 and its analogue MSI-594A with model cell membrane. The deduced 

membrane orientations of these two peptides were successfully correlated to their effectiveness of 

killing Gram-negative bacteria.  

In conclusion, a systematic methodology to elucidate molecular structures of interfacial 

proteins and peptides was established in this thesis research, which exhibits remarkable power in 

determining the conformation and orientation of surface immobilized AMPs, surface immobilized 

enzymes, physically adsorbed proteins on polymers, and AMPs interacting with model cell 

membranes. This methodology is generally applicable which can be used to study many different 

kinds of interfacial proteins and peptides, establishing their interfacial structure-function 

relationships, providing valuable insights into their interfacial functions, and aiding in the 

improvement of their functions by optimizing their interfacial structures. 

 

6.2 Future Directions 

6.2.1 Experimental Measurements by Vibrational Spectroscopic Techniques 

In this thesis, a picosecond SFG spectrometer was used as a main tool to collect vibrational 

spectra from the interfacial proteins and peptides with a sub-monolayer surface sensitivity. 

Equipped with a narrowband laser source, an SFG spectrum can be obtained by scanning the IR 

frequency. Using this scanning mode, taking one SFG amide I spectrum (1500 – 1800 cm-1) 

requires ~ 20 minutes with adequate signal-to-noise (S/N) ratio. For time-dependent SFG studies, 
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only SFG signals at one or two frequencies can be monitored simultaneously as a function of time, 

and it usually takes ~ 2 seconds to record a data point. Therefore, narrowband picosecond SFG 

spectroscopy is not a suitable technique to study fast structural changes (< 1 second) of interfacial 

proteins and peptides. To achieve better time resolution for dynamic studies, femtosecond 

broadband SFG spectroscopy can be applied. Shortening the pulse width of the laser source to 

femtoseconds broadens the IR bandwidth to hundreds of wavenumbers. Therefore, every IR pulse 

covers the entire amide I spectrum frequency range. Therefore, a complete scan obtained by a 

picosecond SFG system (which takes ~20 mins) can be easily obtained by a broadband SFG system 

in less than a second, making it possible to monitor the dynamics and kinetics of interfacial proteins 

and peptides. The structure determination for a dynamic process, e.g. protein adsorption onto a 

polymer surface, can be easily performed by using the developed methodology to analyze each 

SFG spectrum collected along the dynamic process.1,2  

In a homodyne SFG (regardless of narrowband or broadband) experiments, only the 

information of squared 𝜒𝜒(2) can be obtained, therefore, the two protein or peptide orientations 

pointing to the absolute opposite directions cannot be differentiated by using SFG results alone. In 

this thesis research, with the help of detailed analysis and discussion on the physical restrictions 

of the interfacial peptides and proteins, we could identify the more appropriate orientation from 

the two orientations with opposite absolute orientations. Experiments, to differentiate these 

absolute opposite orientations, phase-sensitive SFG can be employed. In a phase-sensitive SFG 

system, the phase of the 𝜒𝜒(2)  of the sample of interest can be deduced from its interference with a 

reference sample, as illustrated in previous publications.3–5 Therefore, phase-sensitive SFG 

spectroscopy makes it promising to directly protein the absolute orientation of the interfacial 

proteins and peptides. 
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In Chapter 5, SFG spectroscopy was coupled with ATR-FTIR spectroscopy to study the 

membrane-bound AMPs. In the future, more vibrational spectroscopic methods, such as Raman 

spectroscopy, could be incorporated into the data interpretation loop for more independent 

experimental measurements.  

In Chapter 4, we demonstrated the power of using isotope-labeled proteins with one type of 

amino acid labeled in each molecule to increase the independently measured parameters to 

determine the interfacial structures of proteins with higher precision. In the future, isotope-labeled 

proteins with multiple types of amino acids labeled in each molecule can be designed to further 

increase independently measured parameters. Additionally, isotope labeling can be employed in 

differentiating protein signals contributed from different components in protein conjugates or 

protein complexes, expanding investigations from a single protein to protein mixtures. As the 

isotope labeling technique advances, it will become a routine approach in sample preparation for 

our systematic methodology.  

 

6.2.2 In-silico Modeling Methods 

 MD simulations can be roughly categorized into continuous MD simulation and 

discontinuous MD simulation. In continuous MD, a continuous potential was used to describe the 

system for each time step of the simulation. Take atomistic MD simulation as an example, 

Newton’s equation was used to compute the net force applied on each atom by summing the 

pairwise forces between all the atoms in the system. Subsequentially, an accelerate vector can be 

computed to determine the new position and velocity of the next time step based on the current 

position and velocity. This process will iterate until the desired or feasible time scale is reached. 

To prevent data overflow, each time step in such a simulation is usually kept small in the magnitude 



 130 

of femtoseconds. Therefore, although the pairwise force and energy potential can be calculated 

precisely for each time step, the atomistic MD simulation can be time-intensive and expensive. 

Discontinuous MD simulations, on the other hand, use step-like functions to approximate the 

potential for each time step, meaning the atoms or particles will move in the same velocity until 

their inter-distance reaches a set limit. Although such an approximation may sacrifice the accuracy 

of atom/particle movements, the computational expense can be greatly reduced and longer time 

scale simulations are feasible. In conclusion, continuous MD and discontinuous MD each possess 

their own advantages and disadvantages. In Chapter 3, discontinuous MD simulation was 

employed to simulate the structure of surface-immobilized SUP for rapid parallel computations 

and in Chapter 4, continuous MD simulation was used to more accurately monitor and dynamics 

of GB1 adsorption onto PS surface. In the future, the combination of continuous MD and 

discontinuous MD simulation was a promising direction to maintain high accuracy in a longer time 

scale. For example, the time window of interest can be monitored by continuous MD simulations 

while other less important time windows can be expedited by discontinuous MD simulations, as 

illustrated in some publications.6,7 

 In this research, the molecular structures of interfacial peptides and proteins obtained from 

continuous MD simulations (chapter 4) and discontinuous MD simulations (chapter 3) were used 

as input structures for SFG spectral calculations. For such simulations, we used crystal structures 

(chapter 3 and 4) and predicted structures (chapter 4) as initial peptide/protein structures. The 

structural prediction (from sequence) methodologies, such as AlphaFold8, have been developed 

very fast in recent years with the fast development of both hardware and software computer 

technologies. Such structural prediction method will be more and more widely used to study many 
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new and complicated proteins and peptides in solutions, which will greatly help our data analysis 

on interfacial peptides and proteins.     

 

6.2.3 Hamiltonian Approach 

 A Hamiltonian matrix consists of two main parts: diagonal terms (local modes of amide 

units) and off-diagonal terms (couplings between each amide unit). In our current Hamiltonian 

approach, the diagonal terms were simply set as a fixed value (~ 1640 cm-1) for all amide units 

within a protein/peptide. However, the local frequency can be amino acid specific and can be 

shifted due to the solvent effects (e.g. hydrogen bonding).9–11 For example, hydrogen bonding to 

the C=O bond within the protein/peptide groups increases the C=O bond length and thus leads to 

the red shift of the local amide frequency.9–11 Moreover, the bond length change of C=O bond (and 

C-N bond) can also be caused by amino acid side chains and the connectivity between two amino 

acids, resulting in various local frequencies. In the future, amino acid specific local frequency can 

be approximated by density function theory (DFT) calculations12, and the solvent effects can be 

considered by some empirical formulas published previously9–11,13,14, or be estimated by MD 

simulations.  

 The off-diagonal terms in our current Hamiltonian approach are mainly considered by 

through-dipole couplings (TDC, equation (1-28)). However, previous research found that TDC 

alone may not be adequate to describe the couplings between two neighboring amide units. Some 

transferable maps, as a function of Ramachandran angles between neighboring amide units, can 

be constructed to improve the accuracy of TDC.10,11,15,16 Additionally, in the consideration of 

electrostatic potential and electric fields, through-charge coupling (TCC) needs to be included if 

the coupling is dominant by electrostatic interactions.11 Cho et al also proposed that the inter-strand 
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coupling of 𝛽𝛽-sheets is not ignorable in some cases14, and therefore suggests that the secondary 

structures of the proteins and peptides may need to be considered as factors that alter the amide 

unit couplings. Thus, additional considerations of coupling corrections are needed in our future 

studies. 

 In this thesis, the local mode transition dipole and polarizability used to construct the 

normal mode response were the average values for a typical protein.17 It is necessary to better 

approximate the structure-specific transition dipole and polarizability for a unique protein/peptide. 

Obtaining these parameters from experiments can be time consuming. Computationally, Jiang et 

al. employed machine learning methods to train and predict transition dipole and polarizability for 

various structural descriptors, which can be introduced into our methodology in the future.18,19 

Currently, only one structure was allowed as input to Hamiltonian calculations at a time, 

and it was assumed that the interfacial orientation of a protein/peptide followed a 𝛿𝛿-distribution. 

However, in real situations, there should be a distribution of interfacial conformations and 

orientations for a protein/peptide. Therefore, multi-inputs20 Hamiltonian program for spectral 

calculations under a Gaussian distribution can be further developed to better approximate the real 

situation. 

 

6.2.4 Score System 

 In this thesis, a parameter comparison score system was developed for single peak spectra 

comparison, and a point-by-point score system (weighted and unweighted) was developed for 

multiple peak spectra comparison. In the future, it is necessary to set up uniform standards for 

spectra comparison and methods to access the quality of the matching. 
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6.2.5 Development of Other Useful Methodologies 

Further developments including structural prediction methods using SFG spectra can be 

adopted. Possible extensions of current methodology can be (1) SFG-aided structure 

prediction/optimization, similar to NMR-aided prediction21 and cryo-EM aided density based 

structure prediction22; and (2) SFG-based structure classification for interfacial proteins and 

peptides. 

 

6.3 Limitations and Challenges 

 Although SFG is a powerful vibrational spectroscopic tool to investigate interfacial 

proteins/peptides, it is challenging to apply SFG to study the structure distribution of interfacial 

proteins/peptides. The current data analysis is based on a 𝛿𝛿-distribution assumption of interfacial 

peptide/protein orientation. However, real situations can be much more complex. For example, 

when interacting with lipids, AMP may form peptide bundles/oligomers instead of adopting a 

single orientation/conformation. Development of statistical models to consider the peptide 

orientation/conformation distribution and the combined use of other techniques (e.g. imaging 

techniques23,24) can potentially overcome this limitation.  

 Additionally, the observed SFG spectra can be greatly affected by non-resonant (NR) 

backgrounds. NR background can distort resonant SFG spectra. Thus, removing such background 

interference from the observed SFG spectra is necessary in order to reliably analyze resonant SFG 

signals. Extracting NR contributions may need physical/mathematical modeling of signal 

contributions (such as equation (1 - 2)) followed by spectra fitting to determine NR term(s), which 

can be complicated and sometimes oversimplified25. More systematic effort is needed to 

extract/remove NR contributions in SFG spectra in the future. 
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