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Chapter 1: Introduction  

1.1 Motivation and Background
 Although many biological phenomena have been studied in solution, few 

experimental techniques possess the sensitivity and specificity to probe molecules at 

interfaces, which are of biological importance. Biomolecules at interfaces control many 

important phenomena- examples include blood coagulation on implant surfaces, 

membrane protein functions, marine biofouling, biosensing, and antimicrobial potency 

and selectivity.1-6 

 Proteins exist at interfaces quite naturally as well. For example, the lipid 

membranes that separate cells from their surroundings contain a wide range of proteins. 

These molecules are vital for transport of nutrients, survival of the cell, and the ability to 

sense and adapt to changes in the surrounding environment. Yet despite the availability of 

high-quality crystal structures for many peripheral and integral membrane proteins, 

comparatively little information is available about the orientation of membrane proteins 

and peptides when in their native biological environment.  Changes in solvent or 

surroundings can have a significant effect on protein orientation, conformation, or 

dynamics, and it is necessary to investigate the structures of membrane associated 

proteins in situ.  

 Surface sensitive in situ probes of biomolecules at interfaces are needed to 

address these and other questions, yet such techniques are often limited- either due to a 

requirement for high vacuum, interfering signals from the surrounding environment, or a 
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need for chemically added labels which may alter the native behavior of the biomolecule 

in question. 

 To this end, Sum Frequency Generation (SFG) Vibrational Spectroscopy has 

recently been applied to a range of biological systems.7-41  Valuable information about 

molecular orientation and conformation can be obtained, yet full characterization of 

complicated biological systems is hindered by the limited number of measurements 

available. The work described herein is aimed at improving interpretation of complex 

spectra through several computational strategies: molecular dynamics (MD) simulations, 

free energy sampling, and a novel method for determining overall protein orientation by 

calculating the combined nonlinear optical response for the molecule. 

1.2 Sum Frequency Generation (SFG): Theory, Experiment, and 
Data Analysis 

1.2.1 SFG: A Nonlinear Optical Process 
 SFG is a second-order nonlinear optical process. One practical consequence of 

this fact is that output signals will be observed only in media that lack inversion 

symmetry (under the electric dipole approximation42). Bulk materials such as air, liquids, 

amorphous solids, and many crystalline solids possess inversion symmetry. At many 

surfaces and interfaces, inversion symmetry is broken; thus SFG is highly sensitive to 

surface-adsorbed molecules and interfacial molecular ordering.43, 44 

 In the typical SFG experiment, a fixed-frequency visible beam is overlapped in 

space and time with a frequency tunable infrared laser, producing an output beam whose 

frequency is the sum of the two input beams (Figure 1).  
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Figure 1-1: The “near” total internal reflection geometry used in my experiments. 
 

This process is greatly enhanced when one of the beams is resonant with the 

vibrational transitions of the molecule, resulting in a surface-sensitive vibrational 

spectroscopic technique. By using polarized beams, molecular orientation can also be 

studied. Data is presented as the output (sum frequency) signal intensity plotted against 

the frequency of the tunable infrared beam, and SFG vibrational peak centers appear 

similar to those found in Fourier Transform Infrared (FTIR) and Raman spectra. 

 However, there are important differences. Vibrational modes are observed in 

FTIR or Raman spectra when either the dipole or polarizability transition moments 

change, respectively. The response of the molecule in SFG depends on a property known 

as the hyperpolarizability (β), which is the product of IR dipole and Raman polarizability 

transition moments, such that β!"# =
!!∗

!" !,!
∗ !!

!" !
. If either the change in polarizability 

(α) or the change in dipole moment (µ) of a vibrational mode is equal to zero, then no 

SFG signal will be observed: the vibrational peaks observed in SFG are only those that 

are present in both infrared and Raman spectroscopy. This can be advantageous in the 

study of adsorbed proteins, as the elimination of extraneous peaks simplifies the resulting 

spectrum.  Further, the selection rule of SFG is such that the interfacial layer is probed 
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selectively, and with good sensitivity. Both experiments and theoretical simulations 

indicate that SFG is submonolayer surface sensitive. By contrast, the surface sensitivity 

in Attenuated Total Reflectance Fourier Transform IR spectroscopy (ATR-FTIR, a 

commonly used linear spectroscopy), is determined by the penetration depth of the 

evanescent wave (on the order of hundreds of nanometers or even microns). In practice, 

ATR-FTIR probes many layers of molecules, beyond those at the surface or interface- as 

a result, large water bending signals must be subtracted when studying backbone signals 

from proteins. This background subtraction is not necessary for SFG.  

 To date, much work has been done in SFG to study the CH stretching modes in 

various chemical groups (such as methyl, methylene, and phenyl groups). More recent 

studies have extended to the highly informative Amide I band, which contains signals 

from backbone carbonyl groups in the protein.19 The Amide I peak center frequencies and 

peak widths are sensitive to the secondary structure and conformational changes of the 

protein, as in FTIR45-47. SFG is complementary to other vibrational spectroscopies, with a 

range of new advantages for the study of complex biological systems. 

1.2.2 SFG Experimental Procedures 
 The typical SFG experiment employs a fixed-frequency visible beam and an 

infrared laser (either tunable-frequency or broadband). Representative SFG instruments 

are described in refs 48-53, and in recent years commercial instruments have become 

increasingly available from several manufacturers. The input laser beams are spatially 

and temporally overlapped to produce the third “output” frequency, which is collected by 

photomultiplier tube, CCD, or other detection scheme. Since the beam sizes are quite 

small (~500 µm), sample requirements are modest. An example SFG system is shown in 
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Figure 1-2. This system has four components: 1) a pico-second Nd:YAG laser, 2) a 

harmonic unit with two KD*P crystals, 3) an optical parametric generation (OPG)/optical 

parametric amplification (OPA) and difference frequency generation (DFG) system based 

on LBO and AgGaS2 crystals, and 4) a detection system. The visible beam (532 nm) is 

generated by frequency-doubling the fundamental output pulses of 20 ps pulsewidth from 

the Nd:YAG laser. The tunable IR beam is generated from the OPG/OPA and DFG 

system, and can be tuned from 1000 to 4300 cm
-1

. By replacing the AgGaS2 crystal with a 

GaSe crystal, this range may be extended down to 650 cm-1. In the system used by the 

Chen group, the output signal is collected by a photomultiplier tube and processed with a 

gated integrator. Alternatively, CCD detectors are becoming increasingly available. By 

monitoring the power of the visible and IR beams using photodiodes, SFG spectra can be 

normalized by the power of the input laser beams.   

 

Figure 1-2: Schematic of the SFG spectrometer used in this research 
  

Weak protein signals may be enhanced via changes in experimental geometry. As 

shown in section 1.2.3, the output signal is affected by the Fresnel factors (Lijk), which 

depend on the incident angles of the beams and the indices of refraction of the media the 
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beams pass through. Many existing SFG experiments employ a straightforward reflection 

geometry, which has the advantage of being relatively easy to align. By changing to a 

“near” total internal reflection right-angle prism geometry instead, the angle-dependent 

Fresnel factors are increased substantially, making it easier to observe weak signals 

experimentally.19 This provides advantages for fitting and quantitative analysis, as well as 

improved detection limits.  

 One important advantage of SFG in the study of biomolecules is that unlike 

vacuum techniques, SFG is capable of measuring protein orientation and conformation in 

a biologically relevant, aqueous environment. The surface sensitivity of SFG is such that 

as little as a few micrograms of the protein of interest are enough for reasonable signals 

to be observed, making it feasible to study protein behavior even at low concentrations. 

1.2.3 Spectral Fitting and Orientation Determination 
SFG signal intensity is proportional to the square of the effective second order 

nonlinear optical susceptibility: ! ∝ !!""
(!) !

. As discussed herein, the use of polarized 

laser beams provides a means to relate !!""
(!)  to the orientation of vibrational modes, and 

hence functional groups or molecules, at the interface. 

The effective susceptibility component measured in a given polarization can be 

obtained by fitting spectra to a Lorentzian lineshape54: 

!!""
(!) = !!" +

!!
!!!!!!!!!!  Equation 1-1 

where ω2 and ωq represent the frequencies of the infrared and qth peak center, 

respectively, Γq is the damping coefficient, χnr is a constant nonresonant background 

signal, and Aq is the signal strength. When different polarization combinations of 
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input/signal beams (e.g., ssp or ppp) are used, different components of !!""
(!)  (such as 

!!"",!!"
(!)  or !!"",!!!

(!) ) can be determined. The experimentally measured parameters can be 

related to the actual second order nonlinear optical susceptibility components, which are 

defined in the lab coordinate system (where z is usually defined as the surface normal and 

x-y plane is the surface/interface. The x-z plane contains the input and signal beams). For 

the near total reflection geometry: 

!!"",!!"
(!) = !!!"!!!"

(!)  Equation 1-2  

!!"",!!!
(!) = !!!!!!!!

(!)  Equation 1-3  

where Lxxz and Lzzz are Fresnel factors that take into account the amount of light that is 

reflected or transmitted at the interface; such factors depend on polarization55. These 

relations hold for the ssp and ppp polarization combinations of the sum, visible, and 

infrared beams, respectively. The !!!!
(!) /!!!"

(!)  ratio is the principal measurement used for 

orientation studies, and it may be measured from the SFG ssp and ppp spectra.  

The !!!!
(!) /!!!"

(!)  ratio is a property of many molecules. To link it to the orientation 

of an individual molecule, the hyperpolarizability tensor for a single molecule must first 

be calculated based on knowledge of the functional group or molecule. To date, 

parameters and equations have been derived for a wide variety of functional groups49, 56-62 

and protein secondary structures.7, 8, 14, 20, 63-67 In a broad sense, the molecular and 

macroscopic properties are linked by relating the response of a single molecule to the 

response measured in the lab coordinate system, and performing averaging for the 

ensemble of molecules as needed. The orientation of a surface functional group or 

molecule can be characterized by either one tilt angle θ (e.g. in case of a single α-helix) 
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or tilt and twist angles θ and ψ, respectively, (e.g. in the case of a β-sheet or a 

complicated protein). 

1.2.4 Limitations 
SFG measurements offer the ability to probe changes in molecular orientation and 

conformation with high surface sensitivity, and without the need for rigorous background 

subtraction. However, due to the relations that govern observed signal intensities, it is not 

always directly possible to distinguish changes in orientation from interfacial number 

density: a dense layer of molecules lying parallel to the surface might yield no signal.68 

 Also, SFG can only provide a limited number of experimental measurements. 

Hence data interpretation often requires assuming that all molecules adopt the same 

orientation (δ distribution) or a known singular orientation distribution (such as a 

Gaussian distribution), which may not be realistic for biological systems. Furthermore, 

although the Amide I band is somewhat sensitive to changes in protein secondary 

structure, small changes in protein conformation may not be detectable within the limited 

resolution of our spectrometer. A more detailed picture of protein structure may be 

obtained using a complementary technique such as molecular dynamics. 

1.3 Molecular Dynamics 

1.3.1 Theory and Background 
 Classical molecular dynamics simulations rely on a simple physical model in 

which the interactions between atoms are depicted using a model of charged balls (atoms) 

connected by flexible springs (bonds). By solving Newton’s equations of motion at every 

step, and considering the interactions (bonded and non-bonded alike) between all atoms 
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in the system, it is possible to model the movement of all atoms in the system over time 

and extract information about molecular structure in atomistic detail. 

To develop the popular CHARMM69 force field for biomolecular simulation, 

parameters for atom partial charges were determined based on quantum mechanical 

calculations for model compounds in the presence of TIP3P water molecules.70 Thus, the 

parameters extracted are very specifically tuned to reproduce the behavior of proteins in 

an aqueous environment, using explicit solvent. The following interactions are 

considered: 

!!"#$%% = !!"#$%$ + !!"!!!"#$%$ Equation 1-4 
where Ubonded represents bond stretches and rotation, as well as additional terms for in-

plane deformations, dihedral angles, and additional interactions found necessary to 

reasonably reproduce the behavior of biological molecules. Non-bonded interactions are 

modeled with electrostatic and Lennard-Jones potential terms. To reduce the number of 

terms that must be calculated in a system with many pairs of atoms, a switching function 

is typically employed so that (weak) interactions between pairs of atoms more than ~12.0 

Å apart can be ignored. 

The CHARMM potential energy function is as follows: 

! ! = !!(! − !!)! +
!"#$%

!!"(! − !!)!
!"

+ !!(! − !!)!
!"#$%

+ !!(1 + !"#  (!" − !))
!"!!"#$%&

+ !!"#(! − !!)! + !
!!"#,!"
!

!"

−
!!"#,!"
!

!

+
!!!!
!!!!"!"!#"!$!"#$%#&$'

 

 Equation 1-5 
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where Kb, KUB, Kθ, Kχ, and Kimp are the bond, Urey-Bradley, angle, dihedral angle, and 

improper dihedral angle force constants, respectively; b, S, θ, χ, and φ are the bond 

length, Urey-Bradley 1,3-distance, bond angle, dihedral angle, and improper torsion 

angle, respectively. The subscript zero represents the equilibrium values for the 

individual terms70. It should be noted that the above force field provides only the potential 

energy of the system. Entropic contributions to the total adsorbed free energy must be 

determined using more advanced sampling methods71-77, as discussed in Chapter 2. 

1.3.2 Information Obtainable (and Limitations) 
Molecular Dynamics (MD) simulations are a powerful tool for studying the 

motion of atoms and molecules in space and time. In principle, they provide the ability to 

study both structural and dynamic properties of the molecule at an atomistic level of 

detail, with femtosecond time resolution. From there, information about stable states and 

free energy can be extracted. 

 The primary limitation of molecular dynamics, then, is that these interactions 

must be calculated at femtosecond timescales (limited by the frequency of the fastest 

bond vibrations). The calculation of non-bonded interactions between all atoms in the 

system is particularly time consuming. Although a variety of methods may be used to 

speed these calculations69, 78, 79, the timescales accessible are ultimately limited by the 

amount of computing power available. To date, most reported simulations involving 

protein adsorption have been on the order of nanoseconds to hundreds of nanoseconds. 

Even with specially optimized hardware and algorithms, the longest atomistic simulations 

of any biological system represent < 1 ms of total run time; most simulations are much 

shorter.80-83 As a result, it is difficult, if not impossible, to calculate final protein structure 
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or free energy profiles using brute-force simulations. Such information can be extracted 

from shorter simulations by taking advantage of a variety of cleverly designed sampling 

methods, and thus comparisons can be made to experimental results that represent the 

equilibrium state attained over much longer timescales. 

1.4 Prior Work 

1.4.1 SFG Studies of Proteins: The CH and NH Spectral Region 
      Partially due to limitations in the tunable frequency range of older laser 

instruments, many early SFG studies of proteins focused on CH stretching signals: 

methyl groups, phenyl rings, and other functional groups of interest in protein amino acid 

side chains. Although the sheer number of similar amino acids would hamper any serious 

attempt to study the orientation and conformation of the entire protein at the interface 

based on CH signals, the requirement that a medium lack inversion symmetry allows 

signals to be interpreted in terms of side chain ordering at the interface.  Early studies 

showed that protein CH signals could be detected readily on a range of biomedically 

important polymers84, and these signals were interpreted as demonstrating the segregation 

of hydrophobic and hydrophilic residues at the polymer/water boundary. As a later test, 

Somorjai and coworkers used a simple peptide designed to form a facially amphiphilic 

helix at interfaces, and found that strong CH signals could indeed be obtained.26, 27 These 

results confirmed that the hydrophobic residues are strongly ordered at a 

hydrophobic/hydrophilic interface (e.g. polymer/solution). Such ordering of hydrophobic 

groups has also been inferred for a variety of amino acids at an oil/water interface.85 By 

also studying the NH stretch, it has been demonstrated that specific amino acids remain 

buried after the conversion of fibrinogen to fibrin.35 Water molecules can also order in 
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the vicinity of a protein, providing additional clues about protein adsorption and the 

burial of hydrophobic regions.86, 87 

Side chain ordering at an interface can be influenced by changing the contacting 

media of the protein.16, 26, 88 Different spectra were collected from bovine serum albumin 

(BSA) at the polymer/water interface as opposed to the polymer/air interface, due to 

different ordering of hydrophobic groups. Replacing the water with a hydrophobic 

solvent (such as benzene) also leads to spectral changes. Stronger ordering was observed 

at hydrophobic/hydrophilic interfaces, whereas only weak signals were observed from 

hydrophilic/hydrophilic interfaces (such as SiO2/water).  It is important to note that SFG 

is very sensitive to molecular orientation, and as a result, weaker signals can sometimes 

be observed even when a large amount of adsorbed protein is present (if those molecules 

are less well-ordered).24  

As protein concentration increases, protein-protein interactions become 

increasingly important. Protein CH signals were found to change at a protein solution/air 

interface as a function of concentration, indicating that interactions between nearby 

proteins can be very important in determining the ordering of hydrophobic side chains (as 

well as the entire structure).24, 89 Various surfactants were likewise shown to affect 

protein aggregation.23 

Investigating protein structures at interfaces using SFG CH signals provides 

direct, in situ evidence that interfacial protein side chain ordering can change when the 

environment is altered. For simpler biomolecules such as amino acids and peptides with 

well-defined structures, more detailed structural information may be inferred from such 

studies, and this is valuable for the study of structural changes related to biocompatibility 
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and biofouling.26-28, 90 However, the very large number of similar hydrophobic groups in 

many larger proteins makes it difficult to describe structure in detail using CH signals 

alone. Isotope labeling of specific amino acids is one way to gain additional information 

from interfacial proteins.91-93  

1.4.2 Studying Amide I Protein Signals with SFG 

1.4.2.1 Advantages	
  of	
  the	
  Amide	
  I	
  Band	
  
The Amide I band of proteins is very useful for vibrational studies of proteins. 

This band can be loosely described as a stretching mode of backbone carbonyls94. The 

exact peak center frequency depends on the secondary structure and conformation of the 

protein. These frequencies are roughly the same as those observed via FTIR, but SFG 

Amide I spectra do not suffer the interference from strong water bending signals that 

usually obscures the Amide I region in ATR-FTIR. As newer and more broadly tunable 

SFG instruments become increasingly available, it is expected that this informative 

spectral region will be increasingly studied. 

  The unique peak center frequencies of various secondary structural elements in a 

protein (Table 1-1) can be combined with the orientation information obtainable by SFG 

to create a more complete picture of interfacial orientation. Although vibrational 

spectroscopy cannot directly inform us which segments of the protein have adopted a 

given helical or β-sheet conformation, the increasing availability of high-quality protein 

structures (via the Protein Data Bank, PDB) facilitates determination of overall molecular 

orientation based on a known structure. If regions of the protein undergo bending or 

deformation, changes in the spectrum will be observed relative to this. As discussed 

above, CH signals are often difficult to interpret in terms of detailed molecular 
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orientation. In contrast, the Amide I band presents a picture of backbone molecular 

orientation that is well-suited to the task. 

Frequency (cm-1) Polarization Assignment 
1635 ssp, ppp, spp β-sheet (B2 mode) 
1652 ssp, ppp α-helix (A, E1 modes) in D2O 
1655 ssp, ppp α-helix (A, E1 modes) in H2O 
1645 ssp, ppp Coiled-coils (A, E1 modes) 

1652-1665 Ssp Turns/random coils 
1660-1670 ssp, ppp 310 helix 

1685 ssp, ppp, spp β-sheet (B1 mode)/ interstrand 
1730 ssp, spp β-sheet (B3 mode)/ side chains 

Table 1-1: Correlations between protein secondary structures and peak center frequency 
for Amide I vibrations.  
 
 Amide I signals have been examined by several research groups to date. The first 

SFG Amide I signals were collected from the polymer/protein interface using the near 

total reflection geometry, and it was shown that SFG is sensitive enough to distinguish 

between proteins with different secondary structures.19 By using antimicrobial peptides 

such as α-helical MSI-594 and the β-sheet peptide tachyplesin I, it has been shown that 

SFG Amide I signals originating from proteins can be detected from both α-helices and 

β-sheets distinguishably.11, 95 Using the thin-film optical model for the interpretation of 

spectra, it was proven that the signals obtained are from proteins adhered to the surface, 

rather than only part of a layer.96   

1.4.2.2 Qualitative	
  Studies:	
  Orientation	
  and	
  Ordering	
  
As was discussed above for the CH and NH spectral region, the strongest signals 

are obtained for greater molecular ordering or certain orientations, though for the Amide I 

region, the signals obtained are a guide to overall ordering/orientation of the protein 

backbone. Thus strong signals were observed for long and well-aligned poly-γ-benzyl-L-

glutamate (PBLG) helices, 97 yet only very weak signals were obtained from albumin 
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despite a large number of α-helical segments in the latter.19 As with other chemical 

groups, this molecular ordering or orientation can be affected by the composition of the 

surface in question, as was demonstrated for time-dependent SFG Amide I signal changes 

of fibrinogen on a variety of polymer surfaces.68   

Methods for quantitative orientation determination of α-helices have been 

presented14, and applied to a variety of systems on polymers20, 98, 99 and in lipid bilayers8, 

64, 100, 101. These results demonstrate that the measured orientation may be affected by 

factors such as concentration, aggregation, and the length and specific structure of the 

peptide being studied. 

Information can also be extracted by considering the phase of the signals 

interfering with non-resonant background from a thin metal layer such as gold37, 38, but 

this is not always appropriate for biological samples, and the metal films are susceptible 

to burning under intense laser power. Hence the use of polarized Amide I signal ratios is 

more broadly applicable.  

1.4.2.3 Combining	
  Spectroscopies	
  Yields	
  More	
  Measurements	
  
 SFG provides a number of advantages for the study of biomolecules at interfaces: 

it is an inherently surface sensitive technique with many of the advantages and 

applications of FTIR, yet is also capable of providing more measurements to characterize 

the orientation of biological systems. Even a single-helix peptide in a well-defined 

environment cannot always be described by assuming only a single orientation. For larger 

proteins with multiple similar structural elements, obtaining more measurements from 

additional vibrational spectroscopies is critical.102 
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Different vibrational spectroscopic techniques measure different structural 

parameters. For example, if the tilt angle of a structural element (e.g., an α-helix) is θ 

versus the surface normal, ATR-FTIR can determine the angle through measuring 

<cos2θ>. For ATR-FTIR, this is the only parameter obtained. Therefore, any orientation 

analysis requires assuming that all chemically identical groups at the interface adopt the 

same orientation (a “δ distribution”). In contrast, SFG can measure both <cosθ> and 

<cos3θ>. Thus, SFG can be used to deduce two different structural parameters. In a 

Gaussian distribution, this would correspond to the average orientation and distribution 

width. More complex distributions require more measurements, which can be obtained by 

combining the results from multiple vibrational spectroscopic techniques.  

By combining ATR-FTIR with SFG, the orientation of the helical peptide melittin 

in a bilayer was measured at the threshold concentration for antimicrobial activity, and it 

was found that two distinct orientations of the peptide were present simultaneously.8 

Using ATR-FTIR, only one parameter can be measured: namely, the intensity ratio of the 

s- and p-polarized ATR-FTIR absorbances. Thus, these results alone can yield only the 

average orientation.  If every melittin molecule adopted the same orientation, ATR-FTIR 

would predict a tilt angle of 54o relative to the surface normal. However, the unique 

<cosθ> and <cos3θ> parameters measured by SFG were not consistent with either a δ-

distribution or a single Gaussian distribution. 

Therefore, the orientation distribution must be more complicated. By assuming 

that two orientations of melittin existed simultaneously, combined SFG and ATR-FTIR 

results demonstrated that approximately one fourth  of the melittin molecules laid down 

at an angle of 100o, and the remainder stood up in the bilayer at an angle of 13o. 
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1.4.2.4 Orientation	
  of	
  Large	
  Proteins	
  Based	
  on	
  α-­‐helical	
  Domains	
  
As discussed above, the orientation of larger proteins may be determined by 

calculating the combined hyperpolarizability of all the helical segments in the molecule.  

In a study of the multi-helix membrane signaling protein, Gβγ, the orientation of α-

helical portions of the protein and the static crystal structure were used to determine 

overall molecular orientation of the protein bound in a membrane, and it was 

demonstrated that lipid composition can modulate that orientation.7 Gβγ is anchored to 

the bilayer via a geranylgeranyl group with high affinity, and much weaker signal 

intensities were observed in the absence of this group. SFG experiments suggest that the 

geranylgeranyl group also anchors the protein in a specific orientation. 

1.4.2.5 β-­‐sheets	
  Yield	
  Chiral	
  Signals	
  
Because β-sheets may be quasi-centrosymmetric, there was originally some 

question as to whether signals could be detected for this structure using SFG. In fact, it 

has been shown that β-sheets possess D2 symmetry, and that weak signals can be enhancd 

using a series of intermediate polarizations.95 Recently, new relations have been derived 

that allow SFG to be used for more quantitative studies of β-sheet orientation.63 

 

1.4.3 Molecular Dynamics: Previous Work 
Applications of molecular dynamics to proteins have been reported as early as 

1977, when the dynamics of a 58-residue peptide were studied in the presence of four 

water molecules; this simulation spanned some 8.8ps.103 Thanks to advances in computer 

processing power, parallelization, and more efficient algorithms, much larger systems can 

now be routinely studied on nanosecond or longer timescales: an increase of several 

orders of magnitude, even when the protein is fully solvated.80, 81, 104-106 Although fully 
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atomistic simulations have gained in popularity, coarse grained and implicit 

solvent/membrane models remain a source of ongoing interest as well. These approaches 

may ignore fine structural details, but in return, the reduced configurational space allows 

for greatly increased sampling and longer timescales.79, 107-114 

1.4.3.1 Model	
  Interfaces	
  
As simulations of larger systems become more feasible, it has become possible to 

study interfaces, and thus protein adsorption. A variety of methods may be used. In many 

simulations, hydrophobic interfaces have been represented as idealized paraffin-like 

plates115, using a liquid hexane-water boundary116, or in atomistic detail using rigid 

graphite or SiO2 surfaces.28, 117, 118 In some cases, these simulations use few water 

molecules, or neglect them completely in favor of computationally inexpensive implicit 

solvent or implicit membrane models that may neglect important interactions in the 

system.119, 120 Whereas periodic boundary conditions have been commonly used for 

simulations elsewhere, they typically assume infinite periodicity in three dimensions, 

which may lead to artifacts when applied to two-dimensional systems.121, 122  

For a more detailed representation of the surface, Latour and coworkers have 

employed self-assembled monolayers in implicit or explicit solvent for the study of 

adsorption, and demonstrated that commonly used implicit solvent models tend to 

overestimate the adsorption energies of peptides.123 A disadvantage of their model system 

is that it incorporates a layer of fixed-position bulk water molecules, which may constrain 

re-arrangement of the solvent around the protein.121 For studies of short peptides in lipid 

bilayers, coarse grained simulations have also been employed, in which the number of 

atoms in the system is reduced by representing entire functional groups or residues as 

beads.124 A variety of studies have also been performed in explicit and implicit membrane 
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models, though the long timescales required for equilibration and dynamics are a 

deterrent to methods that rely on detailed sampling of the system. 

1.4.3.2 Information	
  Obtainable	
  
MD simulations are widely used to probe information about local structure and 

dynamics. For example, they have been used to study which residues of the helical 

peptide Magainin 2 are involved in membrane insertion104, revealing important 

interactions with the lipid headgroups and hydrophobic tails. Final molecular orientation 

104, 105, 117, 118, 123, 125, side chain ordering28, water ordering126, 127 and molecular 

deformability110, 124, 128-130 have also been studied at interfacial environments. 

For quantitative studies, a variety of procedures exist for the calculation of 

energy131-133 or free energy change upon adsorption. Entropic contributions must be 

considered via one of a variety of sampling methods, many of which rely on a 

constraining potential to increase sampling at disfavored positions71-77, 134, 135. Two 

commonly used reaction coordinates for the study of adsorption are the distance of the 

protein from the surface118, 129, 130 and the orientation of the molecule98, 105, 136, 137. In the 

latter case, the structure of the protein is typically held fixed to avoid artificial 

deformation. Free energy sampling will be discussed in more detail in Chapter 2. 

1.5 Presented Research 
In the last decade, SFG has been applied to biological systems with increasing 

frequency. The goal of the research presented herein is to enhance and extend our ability 

to interpret complex protein spectra through a variety of computational methods. 

 In Chapter 2, the orientation of the α-helical peptide magainin 2 was explored at a 

model hydrophobic/hydrophilic interface that was chosen to be amenable to detailed 
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simulations even with limited computing power. In the past, SFG studies on similar 

model systems have focused on side chain CH stretching signals, and concluded that the 

peptides laid down completely at high concentrations. In this work, newly measured 

Amide I region spectra reveal that the actual orientational behavior is more complicated. 

Furthermore, these ratios are concentration dependent, even for concentrations several 

orders of magnitude below those previously studied. Using a simplified polymer surface 

representation with explicit solvent, it was shown that these results would not be 

correlated to the most stable orientation for a single peptide. A slightly different 

orientation may be possible if peptides form dimers on the surface. Such peptide-peptide 

interactions have widely been ignored in previous simulations, but larger oligomers are 

worthy of future study. 

 In Chapter 3, I turn from model helical peptides to larger proteins with multiple 

helical segments. Determining the orientation of complex proteins requires calculating 

the net nonlinear optical response of all helical segments in the protein, but to date, such 

calculations have been extremely tedious and error-prone. These methods were revised 

and extended to provide greater accuracy, implemented as a new program that facilitates 

the analysis of any arbitrary protein structure. This was applied to study the formation 

and lipid bilayer orientation of the GRK2-Gβ1γ2 complex, which is involved in regulating 

cell signaling. The results suggest that subunits must reorient in order to form the 

complex, and demonstrate that protein orientation at membranes cannot always be 

inferred from the crystal structure alone. 

 Although α-helical protein secondary structures were among the first to be 

studied, recent advances have made it possible to study β-sheet peptides as well. In 
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chapter 4, I report molecular dynamics simulation studies on the 17-residue β-sheet 

peptide Tachyplesin I. No single most stable orientation was found, and in fact, this 

peptide was found to exhibit significant conformational flexibility- despite the fact that 

orientation analysis methods typically assume both structural rigidity and a single 

uniform orientation of molecules (referred to as a δ distribution). Based on these 

simulation results, previous experimental results were revisited, and a new orientation 

analysis relation was derived that allows more information to be extracted from the 

combination of ATR-FTIR and SFG measurements. When using the new relations, it was 

found that no single orientation provided a match for all experimental results. In this case, 

simulations were able to inform the interpretation of experimental results by examining 

the validity of commonly used assumptions. 

 Chapter 5 summarizes the findings in all chapters, and outlines future directions 

of interest. 
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Chapter 2: Surface Orientation of Magainin 2: Molecular 
Dynamics Simulation and Sum Frequency Generation 
Vibrational Spectroscopic Studies 

2.1 Introduction
A variety of biosensing, antibiofouling, and biomaterial applications depend on 

understanding the early events that occur when peptides adsorb onto a polymer surface 

layer. To date, adsorption has been studied by techniques such as surface plasmon 

resonance (SPR), ellipsometry, atomic force microscopy (AFM), X-ray photoelectron 

spectroscopy (XPS), and others, but the common denominator in these techniques is that 

they are not able to directly probe interfacial molecular orientation. Vibrational 

spectroscopic techniques are a promising way to measure orientation, which may provide 

direct information about the interactions involved in adsorption. In previous studies, the 

complexity of the system that could be studied was limited by the small number of 

measurements obtainable and/or unique sample requirements of techniques such as ATR-

FTIR or surface enhanced raman scattering (SERS).  

SFG provides a way to directly probe proteins in situ in biologically relevant 

environments, and information about molecular orientation can be extracted by taking 

advantage of recently developed data analysis methodologies for helical peptides. This 

may provide a direct means to probe how peptides interact with the surface. Yet even 

seemingly simple interfaces can be the home to unexpectedly complicated behavior, as 

revealed by polarized spectra focused on the Amide I vibrational modes. 
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In order to explore this behavior and test possible explanations, molecular 

dynamics simulations were performed as a supplement to experimental measurements. 

The origins of the adsorption behavior were explored in terms of free energy sampling, 

surface area burial, and the contribution of rotational entropy. Increases in computing 

power and progress in simulation algorithms have made it possible to study interfacial 

systems, yet these simulations are still limited to short (sub-microsecond) timescales. 

Thus I believe that using experimentally suggested configurations as a starting point for 

molecular dynamics will ultimately enable a more detailed picture of adsorption behavior 

than could be determined from either MD or SFG alone. 

In this chapter, I report studies on a simplified planar hydrophobic/hydrophilic 

interface consisting of α-helical magainin 2 peptides adsorbed onto polystyrene (PS) in 

an aqueous environment. These studies were designed to lend insights into molecular 

orientation, and thus advance the ability to interpret complex SFG spectra. Here magainin 

2 serves as a model α-helix, and PS as a model polymer surface. This reduction in 

complexity compared to more complicated membrane systems allows for molecular 

dynamics simulations and free energy sampling that would not be feasible in an 

atomistically detailed lipid bilayer. As shown in Figure 2-1, magainin 2 (PDB ID 2mag, 

sequence GIGKFLHSAKKFGKAFVGEIMNS) is a 23-residue, facially amphiphilic 

peptide, and is therefore expected to be helical at hydrophobic/hydrophilic interfaces.  

 

Figure 2-1: Magainin 2 (PDB ID 2mag) is an alpha helix in which hydrophobic residues 
(green) and charged residues (red) are segregated to different faces of the peptide.  
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2.2 Theory 

2.2.1 SFG Orientation Analysis for α-helical Peptides 
As described in section 1.2.3, polarized SFG spectra can be used to determine the 

orientation of a vibrational mode. In the case of α-helical peptides, Amide I signals 

originate from the well-ordered peptide backbone, and so the orientation can be related to 

the overall orientation of the molecule. 

Relations allowing determination of molecular orientation for α-helices have been 

derived previously1-3, and are presented below. There are two Amide I vibrational modes 

(denoted A and E1) whose frequencies cannot be resolved by the resolution of our 

spectrometer. The total measured response in a given polarization combination is 

considered as the sum of the two individual modes. 

For the A mode: 

!!!",!
(!) = !

!
∗ !! 1+ ! !"# ! − (1− !) !"#! ! !!!! Equation 2-1 

!!!!,!
(!) = !! ! !"# ! + (1− !) !"#! ! !!!! Equation 2-2 

For the E1 mode: 

!!!",!
(!) = −!! !"# ! − !"#! ! !!"! Equation 2-3 

!!!!,!
(!) = 2!! !"# ! − !"#! ! !!"! Equation 2-4 

In the above relations, Ns denotes the surface coverage of peptide molecules, and βijk 

denotes the molecular hyperpolarizability tensor component probed in the selected 

polarization combination. The requisite values of βijk have been determined for linear α-

helices3, and calculations for more complicated proteins structures will be presented in 

Chapter 3:. 

The experimental measured quantity !!""
(!)  is thus related to the calculated 

quantities as follows: 
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!!"",!!"
(!) = !!!"!!!",!"!

(!) = !!!" !!!",!
(!) + !!!",!

(!)  Equation 2-5 

!!"",!!!
(!) = !!!!!!!!,!"!

(!) = !!!" !!!!,!
(!) + !!!!,!

(!)  Equation 2-6 

where Lijk values represent Fresnel factors to correct for the fraction of light transmitted 

or reflected at the interface. In my studies, the ratio Lzzz/Lxxz falls in the range 0.84-0.92, 

depending on small differences in experimental geometry. 

 When the ratio !!!!
(!) /!!!"

(!)  is taken, the dependence of signal intensity on surface 

coverage cancels out, making the experimentally fitted ppp/ssp signal strength ratio a 

useful parameter for orientation analysis. The variation of this curve is shown in Figure 

2-2. 

 

 

 

Figure 2-2: The magnitude of a) !!!"
(!)  and b) !!!!

(!)  shows variation in fitted signal 
strength as a function of helix tilt angle. c) The fitted ppp/ssp signal strength ratio is a 
useful parameter for determining molecular orientation. 
 

2.2.2 Free Energy Sampling: The Weighted Histogram Analysis 
Method 
In Section 2.3.2.3, the problem of determining the overall most stable state is 

discussed. A one-point potential energy function evaluation using CHARMM or similar 

packages does not incorporate entropic contributions, so that calculation of the overall 

free energy change requires detailed sampling. However, normal sampling tends to 
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overemphasize energetically favored regions of phase space (local minima), and hence 

direct sampling in short simulations cannot be used to obtain an accurate estimate of the 

entropy. To encourage sampling of regions that are energetically disfavored, the 

technique of umbrella sampling4 employs harmonic restraining potentials of the form 

! = !!"# ! − !! ! in a series of windows along the reaction coordinate, thus greatly 

enhancing the range of states sampled during the course of simulations, and 

commensurately improving estimates of the energy profile. The size of the force 

constants, and number of sampling windows/initial positions, are chosen somewhat 

arbitrarily as needed to ensure good sampling and overlap between windows. 

 However, this creates a complication, as the variety of windows and force 

constants chosen makes it difficult to combine all simulation data for a single uniform 

and reliable estimate of the free energy profile. To overcome this problem, a means of 

representing the probability distribution of states using histograms was devised.5, 6 The 

Weighted Histogram Analysis Method (WHAM) equations are optimized iteratively to 

produce a set of coupling parameters that allow free energy information to be derived 

from the overlap between windows sampling adjacent regions along the reaction 

coordinate of interest.7-10 This provides an efficient way to ensure adequate sampling 

across the entire reaction coordinate, and has become a widely used tool for the 

estimation of free energy changes in protein folding, subunit binding, molecular 

deformation, and other processes. 
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2.3 Materials and Methods 

2.3.1 SFG Measurements 
A PS thin film was prepared by spin-coating at 2500 rpm from a 2% wt solution 

of PS (or deuterated PS) in toluene on an IR-grade CaF2 prism. The prism was pre-

cleaned via soaking overnight in solutions of toluene and Contrex (Decon Labs, King of 

Prussia, PA) to remove contaminants, followed by 20 min in methanol and plasma 

treatment to remove any remaining hydrocarbons. No SFG signals were observed in the 

C-H stretching or Amide I frequency regions from the cleaned CaF2 substrates prior to 

deposition of the polymer film. 

Prior to collection of peptide signals, the polymer surface was contacted with 

Millipore water for 15 min and allowed to equilibrate while the laser shutters were 

blocked. Then SFG spectra were collected from the polymer surface in both the Amide I 

and C-H stretching frequency regions. For deuterated PS samples, additional SFG spectra 

were also collected as needed in the C-D stretching region. A “near” total reflection 

geometry was used.11 

Stock solutions of magainin 2 (Genscript Inc) were prepared by dissolving 1 mg 

of peptide in 1 mL of Millipore water. Sufficient amounts of this stock solution were 

added to the water already in contact with the polymer surface to produce final peptide 

concentrations of approximately 200, 400, and 800 nM. In each case, the polymer-peptide 

system was allowed to equilibrate for 20 min, after which SFG spectra were collected in 

the ssp and ppp polarization combinations across multiple spectral ranges. The resulting 

spectra remained stable over time, suggesting that sufficient time had elapsed for peptides 

to diffuse and organize at the polymer/peptide solution interface. 
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2.3.2 Molecular Dynamics Simulations 

2.3.2.1 	
  The	
  Model	
  Polystyrene	
  Surface	
  
Polymer surface simulations are limited in part by system size, specifically by the number 

of atoms required to adequately represent the solvent, surface, and peptide. Thus, 

although some work has been done on atomistic-detail simulations of PS12-14, the 

relatively long equilibration times (10-20 ns) in the presence of explicit solvent required 

are non-trivial, which complicates setup of any studies involving peptide adsorption.15 

One common strategy employed to overcome this limitation is to make use of a 

simplified surface model (such as graphite16 or SiO2
17). However, these models are unable 

to directly capture variations in surface topography that may have important 

consequences for hydration or protein orientation. Likewise, the use of uniform implicit 

solvent models, though common, may fail to capture interfacial phenomena or small 

changes in peptide orientation due to dewetting behavior.18 

As a compromise, I employed a simplified representation of the polymer surface 

that allowed for smaller system sizes than the use of full polymer chains, thus facilitating 

the use of explicit solvent and incorporation of certain aspects of the polymer surface 

(such as local reorganization of surface groups or the ability to vary surface roughness) 

not captured by more abstract, rigid model surfaces. This simplified, but still atomistic-

level representation employs an array of individual ethylbenzene monomers to represent 

units of the PS backbone, with unit spacings adjusted to reproduce some basic 

experimentally measured properties of the system (such as a bulk density of 1.05 g/mL 

and the known preferred orientation of surface aromatic rings in water).19   

To form the surface, an array of individual ethylbenzene molecules was arranged 

in a grid. Adjacent points in this grid were offset by half the length of an individual 
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monomer, with residue spacing adjusted to reproduce the bulk density. To avoid steric 

clashes, the monomers in the initial model did not lie flat, but were instead rotated so that 

the plane of the monomer was inclined at an angle of 65o with respect to the surface 

normal. The spacing between individual monomer units was 6.5 Å lengthwise, 5.5 Å in 

width, and 6.0 Å in height (for additional layers of surface residues). Several layers of the 

surface were replicated to form a bulk region, since steric effects from the presence of the 

bulk were necessary to preserve surface group orientation. This bulk region served a 

secondary function by preventing unrealistic penetration of explicit water molecules 

below the surface. A single alpha carbon in each monomer of the surface and bulk was 

constrained with a harmonic potential of 1 kcal/mol/Å2 to mimic the presence of a 

backbone, and to prevent the monomers from moving unreasonably relative to each other. 

For a sphere of 36 Å radius, approximately 115 ethylbenzene units were required to 

represent the surface, and an additional 380 residues were used for the polymer bulk. 

As discussed in section 1.4.3.1, periodic boundary conditions are not ideally 

applicable to the two dimensional interface of interest in this study. Instead, a spherical 

model system was chosen that was more amenable to simulations on limited 

computational hardware. Explicit solvent was added using approximately 4300 molecules 

of TIP3P water above the surface20, creating a sphere of radius ~36 Å suitable for fully 

solvating the peptides studied. No ions were included in this system. 

The system was then modeled as a droplet in a vacuum21, 22 using a spherical 

quartic boundary potential to constrain the system inside the 36 Å radius.23 This system 

consists of half water molecules and half surface/bulk residues (modeled by the 

ethylbenzene monomers), as shown in Figure 2-3. 
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Figure 2-3: The spherical model for solvent and surface used for molecular dynamics 
simulations. a) Ethylbenzene residues are shown as grey lines, and the solvent molecules 
are represented as single points (light blue). The radius of the model system used was 
approximately 36 Å. The helical peptide is in the center, represented by the continuous 
coiled line (dark blue). b) The surface as an array of monomers (top view). 
 

For this droplet model, fewer solvent molecules were required than would be the 

case for periodic boundary conditions, due to simple geometric considerations. In total, 

~21,000 atoms were used to represent the solvent, surface, and peptide. A comparable 

simulation using periodic boundary conditions would have required at minimum 30% 

more atoms for a surface of comparable area, or 70% more atoms for a surface of 

comparable width. Other factors being equal, the length of a simulation is dictated by the 

need to calculate nonbonded interactions between all pairs of atoms in the system24, and a 

30% reduction in the number of atoms will lead to very significant reductions in the 

amount of computing time required to obtain simulations of useful length. For this 

reason, the spherical system is more amenable to use with limited computational 

resources, and enables more detailed free energy sampling simulations than would 

otherwise be possible.  
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2.3.2.2 Equilibration	
  and	
  Dynamics	
  
The model solvent/surface system was built and equilibrated using version c34b2 

of the CHARMM molecular dynamics package25 with the CHARMM22 all-atom force 

field for proteins.26  

Heating and early equilibration of the surface system were performed for 400 ps 

using the leapfrog Verlet algorithm, rescaling velocities every 1 ps to a final temperature 

of 298 K. The resulting initial coordinates for the solvent and surface were used in all 

peptide adsorption simulations described. 

Following heating of the solvent/surface system, the peptide was placed at the 

interface, and overlapping waters were deleted. Peptide coordinates were obtained from 

the Protein Databank (PDB), and the exact position of the peptide was varied depending 

on the simulation conditions chosen. Peptide coordinates were held fixed as an additional 

500 ps of equilibration was then performed for the solvent and surface in the presence of 

peptide. 

For production runs, dynamics were performed using a Nosé-Hoover thermostat 

at 298 K with the velocity Verlet algorithm; the exact length of the simulation varied (as 

described below). To avoid discretization errors when evaluating the potential energy of 

the system, the time between steps of dynamics must be shorter than the fastest bond 

vibrational frequency, typically that of the C-H bonds. The SHAKE algorithm was used 

to constrain the length of all bonds involving hydrogen atoms, and a 2 fs timestep was 

used for dynamics. 

2.3.2.3 	
  Free	
  Energy	
  Calculations	
  
 The orientational preference of magainin 2 was studied by using umbrella 

sampling4 and the WHAM8 to calculate the free energy as a function of angular 
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orientation relative to the surface normal. The peptide was placed at a defined orientation 

relative to the surface, and the angle between the helical axis backbone vector and the 

surface normal was restrained using a biasing harmonic potential. The surface normal 

was defined using two fixed-position and non-interacting dummy atoms. The backbone 

vector was defined in terms of two centers of mass for groups of backbone atoms. In 

order to prevent this constraint from causing artificial deformation of the structure, the 

backbone dihedral angles of helical residues 4-19 were held constrained using a strong 

harmonic potential. 

Simulations were divided into 5o increments for sampling purposes (with an 

additional window at tilt=72o). Each window was sampled for 3 ns of dynamics, with 

force constants ranging from 400 kcal/mol/radian2 to 1,500 kcal/mol/radian2 as needed to 

ensure good sampling and convergence in the chosen window. The highest force 

constants were required for orientation angles of 70-80o. For other angles, force constants 

of 400-600 kcal/mol/radian2 were sufficient). Data was then unbiased using WHAM8-10 as 

implemented by Grossfield7 in order to create a plot of free energy as a function of helix 

orientation angle. For these simulations, an angle of 0o corresponds to the helix standing 

up, with the N-terminal end of the peptide closest to the surface. 

2.4 Results and Discussion 

2.4.1 Simulations of Single Peptides 
A series of exploratory molecular dynamics simulations were performed in which 

magainin 2 was placed at a variety of orientations relative to the surface (perpendicular, 

parallel, or tilted, with hydrophobic residues facing towards or away from the surface in 

the latter two cases). In all cases, the peptide adopted the same final orientation within 10 
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ns, parallel to the surface with hydrophobic residues facing away from the solvent to 

maximize burial of hydrophobic surface area (Figure 2-4).  

  
Figure 2-4: a) Change in the orientation angle from an initial orientation (tilted) to a 
final orientation (lying down) during a 2ns simulation, b) The peptide as it begins to lie 
down on the surface. (For clarity in viewing the protein, the surface is represented as an 
array of points). c) A characteristic final orientation of the magainin 2 peptide after 2 ns 
of simulation. 
 

During the length of the simulation, the helix backbone radius of gyration and 

end-to-end distance remained consistent, suggesting that secondary structure remained 

intact. If unfolding does occur, it is likely to occur on substantially longer timescales.27 

The helical structure enforces excellent segregation of hydrophobic and charged residues, 

and therefore I believe that unfolding at the hydrophobic/hydrophilic interface will be 

unlikely even over longer timescales. 

Despite the apparent orientation preference revealed by unconstrained 

simulations, the limited timescales accessible to molecular dynamics simulations 
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prevented a clear conclusion as to whether this was the overall most stable state. Also, 

experimental studies on other peptides have demonstrated that orientation is more 

realistically modeled using some non-uniform distribution function which may be better 

understood given an estimate of the free energy difference between various orientations. 

To that end, free energy sampling was performed as described in Section 2.3.2.4. 

Constraints were varied in order to provide sufficient sampling across all windows, and a 

free energy profile was calculated (Figure 2-5).  

 
Figure 2-5: Free energy profile for magainin 2 as a function of helix angle relative to the 
surface normal. An angle of 0o corresponds to the peptide oriented perpendicular to the 
surface.  The solid line represents the calculated free energy as a function of helix angle; 
the dotted line is the free energy curve with the addition of the rotational entropy term 
derived by Lee and Im.28,29 (see text). The actual free energy curve lies somewhere 
between these two. 

 

The drop in free energy at high tilt angles is partially due to the extra overall 

rotational entropy in the azimuthal direction; this arises from changes in the volume 

elements sampled due to variations in solid angle. Lee and Im have derived28, 29 an 

analytical formula for the contribution of this rotational entropy to free energy: in the 
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case of free rotation in the azimuthal direction, this is equal to −!"#$ sin! . In my 

simulations, the actual variation in azimuthal angle is small but nonzero, and hence so is 

the included contribution of rotational entropy. The curves shown in Figure 2-5 represent 

both the original free energy profile (which inherently includes a limited amount of 

azimuthal angle variation) and the free energy curve calculated by adding the entropy due 

to completely random azimuthal rotation. The actual curve should thus lie in between 

these two. Unlike the case of the transmembrane peptide studied by Lee and Im, in this 

case the contribution of rotational entropy has a relatively minor effect on the preferred 

orientation. This is due to the different peptide and model system in question. The 

calculated free energy profile revealed that the preference for a horizontal peptide 

orientation dominates at room temperature, and that the slope (and magnitude) of the free 

energy change correlates reasonably well with estimates of the free energy change due to 

burial of hydrophobic surface area.30-33 Indeed, this horizontal orientation was only 

adopted when hydrophobic residues were oriented towards the surface, further suggesting 

that peptide orientation is driven by burial of hydrophobic residues for this facially 

amphiphilic structure. (Figure 2-6) 
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Figure 2-6: Burial of hydrophobic surface area drives the final orientation of the peptide. 
Left and center: colors indicate the percent change in solvent accessible surface area 
(SASA) of each residue during a 2 ns simulation, with an initial peptide orientation of 
60o. Sidebar, right: the peptide sequence, colored by residue type (according to the 
scheme in Figure 2-1) 
 

As an additional check on the hypothesis that hydrophobic surface area burial 

drives peptide orientation, the results in Figures 2-4, 2-5, and 2-6 can be compared to a 

simple model of hydrophobic surface area burial in which groups of hydrophobic 

residues on every turn of the helix are considered as single points spaced 6 Å apart on a 

line (Figure 2-7). By considering a given cluster of hydrophobic residues as “buried” 

when water can no longer be accommodated between the peptide and surface (a peptide-

surface distance < 2 Å), then hydrophobic groups placed at 4, 10, 16, 22, 28, and 34 Å 

would yield expected orientations of 60, 78, 83, 85, 86, and 87 degrees respectively. 

These values are in reasonable agreement with points where sharp changes in orientation 

or free energy occur. Minor deviations can be attributed to the fact that the hydrophobic 
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residues are bulky aromatic rings rather than single points that do not extend out away 

from the backbone.  

 

Figure 2-7: A simple scheme to predict the most stable orientations based on 
hydrophobic surface area burial alone. The angles predicted are in reasonable 
agreement with those from simulation results. 

 

Thus from my simulation results, it is reasonable to assume that peptide-surface 

interactions are dictated purely by the burial of hydrophobic surface area, and that the 

peptide would display a strong, singular tendency to lie down parallel to the plane of the 

surface. 

 

2.4.2 Experimental Results 
In order to determine whether my above simulations captured important aspects 

of adsorption, the interface was probed experimentally using SFG spectroscopy. Spectra 

were collected from the PS/magainin 2 solution interface for a range of magainin 

concentrations (Figure 2-8). At the lowest magainin concentration range (200 nM), a 
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clear reduction in interfacial water signal was observed, indicating that peptides adsorbed 

to the interface. For a fairly smooth polymer surface, simulation results suggest that water 

molecules may orient preferentially due to hydrophobic considerations.34 It is also 

possible that this water signal is induced by trace amounts of chemical impurities in the 

polymer (such as excess initiator) that impart a slight negative charge to the polymer 

surface.35 Regardless, the adsorption of magainin 2 peptides to the surface results in a net 

disordering of water molecules and a drop in observed water signals. The drop in water 

O-H stretching signal intensity serves as an indication that peptides are adsorbing to the 

surface, despite the lack of observable peptide Amide I or C-H stretching signals at the 

lowest peptide concentration.  At this concentration, any SFG signals generated from the 

interfacial peptides are below the detection limit of our spectrometer. As the magainin 2 

concentration was increased to 400 nM, weak SFG Amide I signals were observable in 

the ppp polarization combination, but no Amide I signals were detected from the ssp 

polarization combination. The SFG signal intensity in the ppp polarization was roughly 

3-4 times stronger than the detection limit. Although a single ppp measurement is 

insufficient to characterize molecular orientation, the lack of detectable ssp signal 

indicates that it must be at least 3-4 times weaker than the ppp signals. Based on 

previously published methods for SFG orientation analysis for interfacial α-helical 

structures3, these ratios would only be observed if the peptides were oriented at a large 

angle relative to the surface normal (and thus, mostly lying down) (Figure 2-2). In the 

400 nM concentration range, weak SFG C-H stretching signals from magainin 2 side 

chains were also observed, which originate from hydrophobic residues becoming ordered 

at the PS/solution interface.17, 36 
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Figure 2-8: Polarized SFG spectra collected in the Amide I region from magainin 2 on 
the PS surface. Shown for concentrations of a) 200 nM, b) 400 nM, and  c) 800 nM. d) 
Time-dependent ppp SFG signal at 3070 cm-1 collected from the deuterated PS/water 
interfaces; peptide was added at t=100 s. The laser was blocked at t=70 s to demonstrate 
that signal was present. 
Polarized SFG spectra collected in the C-H/O-H stretching frequency region from 
magainin 2 at concentrations of e) 400 nM, and  f) 800 nM.  
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As peptide concentration was increased to 800 nM, these C-H stretching signals 

became stronger. Even at much higher concentrations, these CH signals alone have 

previously been interpreted as evidence of either increased peptide number density or 

increased side chain ordering towards the surface. In a previous study, this was cited as 

an indication that the peptide was lying down.37 However, the SFG instrument in our lab 

is capable of studying a broader spectral range, and thus taking advantage of new 

information in the Amide I spectral region. 

Polarized Amide I measurements reveal a different behavior than that seen from 

sidechain signals: unlike the intensity ratios at lower concentrations, ppp and ssp signal 

intensities at the 800 nM concentration are very similar, and can be fitted by a single peak 

centered at ~1645 cm-1 (with stronger signals than were observed at lower 

concentrations). Due to limitations in spectral resolution, secondary structure could not 

be definitively assigned, but the peak center is consistent with the reported frequencies 

for coiled-coil structures of tightly associated helices.38, 39 

The change in intensity ratios as compared to lower concentrations can be 

interpreted as evidence of a change in peptide orientation or structure at the interface– 

showing that the interfacial behavior of magainin 2 molecules changes as a function of 

peptide concentration. Furthermore, the fitted Amide I ppp/ssp intensity ratio at 800 nM 

(corrected for variations in Fresnel coefficient) was approximately 0.94, which is far 

below the range of possible ratios that would correspond to any single delta or Gaussian 

distribution of orientations (Figure 2-2c). It has previously been shown that such ratios 

can however be produced if multiple orientations are adopted.2 The results from my 

molecular dynamics simulations suggest that single isolated peptides would express a 
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strong and singular tendency to lie down. Combined with the concentration dependent 

SFG results, I therefore believe that the experimentally observed behavior is due to 

peptide-peptide interactions. 

2.4.3 Dimer Simulation 
When the peptide concentration increases, peptides may interact with each other 

in addition to interacting with the surface. These dimers or oligomers may mediate the 

interfacial peptide orientation, and thus single-peptide simulations may not be adequately 

represent the real experimentally observed system. 

Predicting the most stable structure of multi-peptide aggregates in the presence of 

a surface is a non-trivial task, but as a first approximation, I employed the known 

structure of an existing covalently bound magainin 2 dimer (PDB ID: 1dum).40 This 

structure was modified to remove the covalent bond, and the resulting noncovalently 

interacting dimer was placed in contact with the surface. Based on my previous 

simulations and the observation that hydrophobic interactions were responsible for 

peptide adsorption, the dimer was oriented so as to maximize these hydrophobic 

interactions with the surface, and I monitored the evolution of the structure over the 

course of 7 ns of simulation. It was found that this dimer remained intact during this time, 

but flattened out (Figure 2-9). 
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Figure 2-9: Plots of the orientation angle relative to the surface normal for each helix in 
the dimer. A sample view of the magainin 2 dimer is shown after 7 ns of simulation time. 

 

The final orientations of the individual peptides in this system were observed to be 

approximately 100o in each case. This slight tilt allowed peptides to interact with each 

other as well as with the surface, and the dimer remains intact during the entire course of 

the simulation. However, this simple dimer is in itself not consistent with the SFG Amide 

I intensity ratios observed. Thus, it is likely that the actual peptide oligomer at the surface 

adopts a more complex structure, or one that cannot be captured on short timescales from 

known initial conditions. It is interesting to note that the concentration at which 

oligomers are observed to form in these experiments is well below the minimum 

inhibitory concentration (MIC) at which magainin 2 is effective at breaking down lipid 

bilayers, and is in line with the concentration in which peptides are observed to insert into 

the bilayer41, 42; it is believed that peptide oligomers play a role in these phenomena.40, 42 

Given my experimental results, it is likely that at least some of the peptides present at the 

interface are present in the form of an oligomer. In creating a molecular-level picture of 
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peptides at interfaces, the role of peptide self-association must therefore be studied in the 

future. 

2.5 Conclusions 
Few experimental techniques are able to provide direct information on molecular 

orientation or proteins and peptides at solid/liquid interfaces, due to limitations in signal 

sensitivity, surface specificity, or in situ capability. In this chapter, a combination of MD 

and SFG was used to demonstrate that burial of hydrophobic surface residues strongly 

drives the facially amphiphilic AMP magainin 2 to lie down parallel to the surface at a 

hydrophobic/hydrophilic interface, and that orientation may be modulated somewhat by 

the formation of dimers or larger oligomers. 

     When these results are compared to concentration-dependent SFG spectra, results at 

low peptide concentrations can be correlated to MD simulation results on a single helical 

peptide at the interface. When the peptide concentration increases, a single uniform 

orientation of α-helices is insufficient to explain the observed SFG spectral intensity 

ratios. Thus, inter-peptide interactions must be significant, and preliminary exploratory 

simulations are presented that demonstrate that dimers can remain associated at the 

interface. In the past, simulation work by a wide variety of groups has focused on single-

peptide simulations. I believe that greater attention to inter-peptide interactions will 

reveal a new layer of complexity that is necessary to describe how even relatively simple 

peptides interact with the polymer surface. Insights gained from studies of simple model 

systems may then be applicable to more complex biological systems in the future. 
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Chapter 3: Gβ1γ2 and GRK2 Binding and Orientation 
Change Observed on a Model Membrane In Situ 

3.1 Introduction 
It has been roughly a decade since SFG was first applied to the study of proteins, 

and less than that since the first application to the more informative Amide I range.  As a 

result, previous quantitative studies of protein orientation- including those reported in the 

previous chapter- have largely focused on simple peptides, such as single α-helices1-9 or 

β-sheets.10-12 Many important membrane-active molecules (such as antimicrobial 

peptides) fit that description, but these studies only scratch the surface of what SFG is 

capable of. 

It has been estimated that half of all known proteins are either membrane-bound, or 

interact with the membrane at some stage.13 These proteins carry out a huge number of 

biological functions: they mediate the transport of ions14, 15 or small molecules16, or serve 

to recognize, respond to, and regulate signaling in cells. Yet despite a wealth of 

information obtained from mutation experiments, NMR, and X-ray crystallography 

experiments, the most detailed structural studies require removal of the protein from its 

native environment. As a result, although it is possible to describe the three-dimensional 

conformation of the protein in detail, the most commonly used structural techniques are 

generally unable to directly reveal which part of that structure is in contact with the 

bilayer. SFG provides a means of performing in situ measurements, but limitations in 

available measurements and data analysis methodologies have hampered previous efforts.
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This study is focused on a multi-subunit protein complex responsible for 

regulating cell signaling. G protein coupled receptors (GPCRs) are integral membrane 

proteins that are involved in a wide variety of biological processes in eukaryotic cells.17 

In response to extracellular cues such as hormones, odorants, and light, they activate 

heterotrimeric GTP-binding proteins found on the inner surface of the cell membrane, 

which in turn directly interact with membrane-associated effectors such as adenylyl 

cyclase or cGMP phosphodiesterase, which control the level of second messengers.18 

The native lipid environment plays many roles in organizing the subunits and 

facilitating catalysis.19, 20 Understanding how the protein subunits are oriented at and with 

the plasma membrane will enhance our understanding of how the membrane facilitates 

higher affinity interactions between signaling molecules, how these molecules are 

optimally aligned through these interactions for catalysis, and how higher order signaling 

scaffolds are assembled at the membrane. The interactions of heterotrimeric G proteins, 

in particular their βγ subunits (Gβγ), with the lipid bilayer facilitate GPCR-catalyzed 

GTP exchange on the Gα subunit.21, 22 Gβγ subunits also bind the enzyme GRK2, which 

is recruited to the membrane by G proteins to phosphorylate and help inactivate GPCRs 

(Figure 3-1).  Because of its apparent ability to simultaneously interact with 

heterotrimeric G proteins Gαq and Gβγ, as well as GPCRs and the membrane, GRK2 may 

be involved in the assembly and organization of signaling complexes at GPCRs.23 

Although the crystal structure of GRK2 in complex with both Gαq and Gβγ is known24, 

its orientation while engaged at the cell membrane is difficult to infer from the crystal 

structure alone, because many of the known membrane binding determinants of the 

complex are disordered or involved in crystal contacts. In situ measurements are needed. 
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In addition to its biological significance, the GRK2-Gβγ complex is an attractive 

candidate for SFG study due to its well-conserved structure and well-defined interactions 

with the membrane. These factors support the key assumption that the complex will adopt 

a narrow and singular orientation distribution at the lipid/buffer interface.  

  In this chapter, I report efforts to characterize the formation and orientation of the 

larger GRK2-Gβγ complex in a more biologically relevant lipid bilayer. In particular, I 

sought to determine (1) whether the orientation of the GRK2-Gβγ complex at the model 

cell membrane is consistent with predictions made based on an existing crystal structure, 

and (2) whether or not Gβγ reorients in order to accommodate binding of GRK2. In the 

process of studying this problem, I have also developed new approaches and analysis 

tools that greatly enhance the size and complexity of the proteins that can be studied with 

SFG. 

3.2 Materials and Methods 

3.2.1 Protein Preparation 
Samples of bovine GRK2 and geranylgeranylated Gβγ were expressed in 

baculovirus-infected cell culture, purified as described elsewhere, and frozen in liquid 

nitrogen.25 These samples were obtained separately, and also mixed to create the pre-

formed complex. In order to determine whether or not the spectra at the interface 

originated from the bound GRK2-Gβγ complex, a Gβγ-binding deficient mutant GRK2-

R587Q was similarly prepared from virus obtained from J. Benovic (Thomas Jefferson 

University).26 Using a flow cytometry protein interaction assay27, it was confirmed that 

GRK2-R587Q does not bind Gβγ under conditions that wild-type GRK2 binds with a KD 

of 50 nM (data not shown).  A complex containing both GRK2 and Gβγ was isolated 
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using S200 size exclusion columns from protein isolated from cells that were co-infected 

with baculoviruses encoding the Gβ1, Gγ2 and GRK2 proteins.  On the day of 

experiments, protein aliquots were thawed and centrifuged through Nanosep MF 0.2 µm 

filters (Pall Corporation) to remove aggregated protein, and the concentration was 

calculated by A280. Samples were diluted directly into a solution containing 20 mM 

HEPES (pH 8.0), 50 mM NaCl, and 5 mM DTT. This buffer mixture was also used as the 

liquid subphase for the lipid bilayer.  

3.2.2 Bilayer Preparation 
The membrane environment was modeled using Planar supported lipid bilayers 

(PSLBs)28, deposited using the Langmuir-Blodgett / Langmuir-Schaefer deposition 

method as described elsewhere.29 To mimic the composition of mammalian cell 

membranes where this protein-protein complex is found, a 9:1 mixture of POPC/POPG 

lipids was used. Stock solutions of lipids were purchased from Avanti Polar Lipids Inc., 

dissolved in chloroform, and mixed as needed to produce the desired lipid mixture 

composition. Following bilayer creation, the bilayer subphase was flushed three times 

with fresh buffer to remove excess lipids prior to addition of the protein. All samples 

were prepared on clean right-angle CaF2 prism substrates (Altos Photonics, Bozeman 

MT) and SFG spectra were collected from the proteins associated with the lipid bilayer in 

a “near” total internal reflection geometry.30 

3.2.3 SFG Experiments 
Membrane-bound proteins were studied by injecting a protein stock solution into 

the bilayer subphase and monitoring time-dependent SFG spectra until the protein signal 

intensity at 1652 cm-1 was stable (~1 hr). Spectral intensities were the same under 
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continuous collection as when the input laser beams were blocked for 30 min between 

scans, and no change was observed over the timescale of these experiments. This 

indicates that the sample did not sustain damage due to laser irradiation. In all cases, 

Gβγ, GRK2, or the GRK2-Gβγ complex were added to the aqueous buffer for a final 

concentration of 336 nM. The following samples were examined: 1) GRK2 or 2) Gβγ 

alone, 3) a preformed GRK2-Gβγ complex, 4) a GRK2-Gβγ complex formed by 

sequential addition of equimolar Gβγ and GRK2 and 5) Gβγ after the addition of 

equimolar GRK2-R587Q, a GRK2 mutant deficient in binding Gβγ.26 It has previously 

been shown that GRK2 binding to the membrane is greatly enhanced by the presence of 

Gβγ.22 Therefore, sequential addition experiments in which GRK2 was added first were 

not performed.  

 

3.3 SFG Data Analysis 

3.3.1 Nonlinear Optical Response for Large Proteins 
     As discussed in section 2.2.1, SFG spectral intensities depend on the orientation and 

number of molecules at the interface. This sensitivity to molecular orientation originates 

from the fact that SFG uses polarized sum, visible, and infrared beams. Different 

polarizations measure different components of the surface susceptibility tensor !!""
(!) , 

which can be related to different components of the molecular hyperpolarizability tensor, 

β. In this work, I demonstrate a method for calculating the required values of β for an 

entire protein, based on a known crystal structure. 

The orientation of the molecule may be characterized by relating the response of a 

single molecule to the response measured in the lab coordinate system. The orientation of 

a surface functional group or molecule can be characterized by either one tilt angle θ (e.g. 
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in case of a single α-helix) or tilt and twist angles θ and ψ, respectively, (e.g. in the case 

of a β-sheet or a complicated protein). The rotations corresponding to these angles are 

shown in Figure 3-1. In this study, data analysis is focused on the α-helical Amide I peak 

observed at ~1652 cm-1, which dominates the spectra for Gβγ alone31 as well as for the 

GRK2-Gβγ complex. The signals from β-sheet regions were too weak to be analyzed. 

The GRK2-Gβγ complex contains 31 helical segments32, and consequently, 

analyzing the molecular orientation relies on determining the combined response for all 

α−helices in the protein.1, 31, 33-35 The net α−helical hyperpolarizability, βprotein, can be 

determined because the length and relative orientations of all helical segments are known 

from the known crystal structure (PDB entry 1omw). The α-helical segments were 

assigned using the DSSP algorithm as implemented in UCSF Chimera.36 For the purposes 

of this analysis, two angles were used to describe the orientation of the helical subunits: 

the tilt angle (relative to the +z axis) and the azimuthal angle (derived from the rotation 

matrix for a vector along the helix backbone, !"# = ! ! ! !  and calculated 

according to the formula ! = sin!! !
!"# ∗!"#!

). The third Euler angle, ψ (representing 

twist) was ignored due to the cylindrical symmetry of each single α-helix. 

The hyperpolarizability tensor elements for each individual α-helical segment of 

known residue length were calculated according to the bond additivity model described 

previously.3, 37 Each of the 27 elements of the combined hyperpolarizability tensor for the 

entire protein was then calculated as the sum of the response for each individual helix, 

using a rotation of the axis system to place the z-aligned helical segment into the protein 

coordinate frame according to the angles calculated above. 
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In the equation above, R represents the Euler rotation matrix in the zyz convention: 
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 Equation 3-3 
 
The tilt angle θ and the twist angle ψ for a protein are defined according to Equation 3-3. 

This method was also used to calculate βprotein for Gβγ, which contains four helical 

segments. 

As discussed above, measured SFG observable (e.g., !!!!
(!) /!!!"

(!)  ratio) is a function 

of the protein orientation angles and the molecular hyperpolarizability. Quantitatively, the 

SFG surface susceptibility tensor can be calculated by rotating a single molecule into the 

lab coordinate frame and assuming that all molecules were randomly distributed in the 

plane of the surface (azimuthal angle φ). Expressed in a single compacted equation 

suitable for algorithmic solution: 

!!"#
(!) = !

!!
! ∗ !! !,! ∗ !!!!"#,!"#$%&'!"

!!
!   Equation 3-4 

As discussed in Chapter 2, there are two SFG-active Amide I vibrational modes to 

be considered. The peak centers for these two modes are very close and cannot be 
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separated within the resolution of our SFG spectrometer. The total molecular 

hyperpolarizability was calculated as the sum of the A and E1 modes. 

3.3.2 Software for Data Analysis. 
 The required calculations become prohibitively complicated as the size of the 

protein to be studied increases: a previous study of the four-helix protein Gβγ required 

manual setup of more than 216 integral equations, and the protein structure was analyzed 

by hand to determine the relative positions of all helical segments. For the study of large 

protein complexes to become routine, automated methods are necessary. In 2007, the 

Simpson group released the NLOPredict software package35 to address this need, using 

parameters derived from quantum mechanical calculations. The Chen group has 

published an alternate method and series of parameters using a bond additivity model 

based on parameters from tetragonal crystals of aspartame.38, 39 These results agree with 

the dipole moment and Amide I polarizability tensor components derived from 

experimental IR and Raman studies on highly ordered protein samples.40-42  

 Building on existing methodology for single helices3, 11, 43, I have developed and 

implemented the methods of Section 3.2.1 to study the net response from proteins with 

many α-helices. My program allows for rapid analysis of any arbitrary protein structure 

from the Protein Databank (PDB), and was designed to easily export data and combine 

results from multiple measurements. This is essential for the study of anything larger than 

the simplest proteins. As an additional improvement over previous calculations31, 

variations in helix length are explicitly treated in this calculation for greater accuracy. 

This program outputs SFG signal strength ratios (!!!!
(!) /!!!"

(!) ) for orientation analysis, and 

also makes it possible to compare observed signal intensities across different protein 
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samples or subunits. As discussed Section 3.4.3, this provides the potential for additional 

constraints that can be used to more uniquely assign molecular orientation. 

 The software performs four tasks. Each script is modular, so that these tasks can 

be performed at any time after the previous step. Repeating the analysis does not require 

repeating each step. 

1) The protein is oriented into an initial reference position (Section 3.3.4). Although 

this step is not required, it can be helpful for interpreting results. 

2) Relative to the reference orientation, the length and relative orientation of each 

helical segment is determined. The resulting information is saved to a csv file that 

describes the protein structure. 

3) SFG experimental observables are calculated, and the results are saved to a text-

based file format for future analysis. My program employs the Matplotlib library 

to produce high quality plots, and the panels of Figure 3-4 were prepared directly 

from images generated in this step.  Good computational performance in this step 

was ensured by pre-calculating the symbolic algebraic forms of Equations 3-2 and 

3-4. By removing the slow numerical integration step, significant performance 

gains were seen versus a reference implementation in a commercial mathematical 

software package. 

4) Calculated SFG observables were compared to experimental measurements, using 

a newly designed set of plots aimed at summarizing results from multiple 

measurements.  
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3.3.3 Graphical Display of Results 
Given the complexity of the system studied, and the sensitivity of the results to 

small experimental errors, multiple solutions must be considered. A set of heat map style 

plots was developed to display all orientations for which calculated values fall within 

±10% of the measured Gβγ !!!!
(!) /!!!"

(!)  ratio (equivalent to about ±20% of the measured 

intensity ratio), and ±25% of the observed signal strength !!!"
(!)  change between the 

measurements that compare Gβγ and GRK2-Gβγ. These plots display a score assigned 

based on how close the calculated value at the nth datapoint was to each experimental 

(target) value: 

!"#$%! = 1− !"#$%!!!"#$%!"#
!"#∗!"#$%!"#

 Equation 3-5 

All orientations for which any criterion was not met were assigned a score of 0 by 

default. Thus this scoring function simply rates how close a given calculated parameter is 

to the experimental measurement, within the tolerance (“tol”) given above. The final 

quality of the match at that point was determined as the product of i criteria, !"#$%!"! =

!"#$%!!  . A score of 100% indicates that the orientation in question yields an exact 

match for all experimental measurements. Colors are then assigned based on score, so 

that related results can be put into context within experimental error estimates.  

 

3.3.4 Defining the Reference Orientation 
The orientation of the protein is described in terms of two angles (tilt and twist). To 

make these angles easier to interpret- and to put the results in a physically relevant 

context- all calculations herein are described in terms of a reference orientation. For this 

position, I chose the expected position of the GRK2-Gβγ complex when interacting with 
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the membrane. In the absence of any previous direct measurements, this was defined 

from a set of residues that are believed to be in close proximity to the bilayer. These 

include the β1-β2 loop of the PH domain and the C-terminal region of Gγ, which is 

geranylgeranylated.26, 32, 44, 45 

A linear least squares fitting procedure was applied to define a plane through the 

backbone Cα atoms of the following residues: 30-31, 209, 528-547, and 569-576 of 

GRK2; residues 46 and 48 of Gβ; residues 62 and 66-68 of Gγ. Then, PDB entry 1omw 

was rotated so that a plane through these residues would coincide with the membrane 

plane. The chosen residues, and the final resulting orientation, are shown in Figure 3-1. 

 

Figure 3-1:The GRK2-Gβγ complex in the reference orientation, based on a set of 
potential membrane-interacting residues (shown in red). The fitted plane, which is 
expected to be parallel to the plane of the lipid bilayer, is shown in green. GRK2 is 
colored blue with cyan helices. Gβγ is colored yellow, with helices shown in pale yellow.  
The C-terminal residue of the G protein γ subunit is geranylgeranylated, and thus must 
be in close proximity to the bilayer. 
 

3.3.5 Graphical Depiction of Physically Allowed Orientations 
Although Euler angles provide an efficient way to perform rotations, the resulting 

combinations of tilt and twist angles specified are not always straightforward to visualize. 

Furthermore, not all mathematically allowed solutions are in fact physically reasonable 
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given restraints such as the position of the hydrophobic geranylgeranyl group that 

anchors the protein to the bilayer. For the case of GRK2-Gβγ, unfavorable orientations 

typically featured a large number of atoms colliding with the membrane. Hence, each 

possible orientation of the protein was scored on a binary “allowed/disallowed” scale: 

physically allowed positions were defined as those where less than 10% of the backbone 

α carbons collided with the membrane (Figure 3-2).   The resulting plot can be added to 

the matches for experimental measurements (Section 3.3.3) to better indicate which 

combinations of tilt and twist angle are physically meaningful. Because it is known that 

the geranylgeranyl group of Gβγ plays a key role in anchoring the protein to the 

membrane, this criterion was implemented by accepting all positions where less than 

10% of backbone atoms were below the C-terminal residue of the Gγ chain. (the 

geranylgeranyl attachment point) 

 

Figure 3-2: Orientation angles corresponding to physically reasonable orientations of 
(a) the GRK2-Gβγ complex, or (b) Gβγ alone. Allowed positions are shown in black, and 
defined as those where less than 10% of protein atoms collide with the plane of the 
bilayer. 
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3.4 Results and Discussion 

3.4.1 SFG results: Formation of the Complex 
As seen in Figure 3-3a, only weak signals were observed in SFG Amide I spectra 

collected from GRK2 alone at the lipid bilayer, presumably due to the relatively weak 

interactions between the lipid bilayer and GRK2. In contrast, much stronger spectra were 

observed for the Gβγ subunit alone in the lipid bilayer (Figure 3-3b), which is consistent 

with the fact that Gβγ is geranylgeranylated and thus has a much higher lipid affinity 

than GRK2.22 The Gβγ spectra are dominated by a peak at ~1652 cm-1, contributed by the 

α-helical regions of the protein. 

To demonstrate the formation of the complex in situ, SFG spectra were collected 

from the pre-formed GRK2-Gβγ complex at the membrane interface (Figure 3-3c), and 

compared these to the results from serial addition of GRK2 to Gβγ (Figure 3-3d). The 

spectral intensities (Figure 3-3b) and fitted !!!!
(!) /!!!"

(!)  ratios (as calculated in the 

“Methods” section) were similar, but markedly different from those observed for Gβγ 

alone. As expected, serial addition of the GRK2-R587Q mutant to Gβγ did not alter the 

Gβγ spectra (Figure 3-3e).  These results clearly demonstrate that SFG can be used to 

study the formation of a specific complex in situ. 
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Figure 3-3: SFG measurements of GRK2, Gβγ, and their complexes on a POPC:POPG 
(9:1 weight ratio) lipid bilayer.  a) Only weak Amide I signals were observed from GRK2 
injected alone, consistent with the fact that GRK2 itself does not bind to lipids with high 
affinity. b) Stronger signals were observed from Gβγ, consistent with the fact that the 
protein is lipid modified. c) Signals and ppp/ssp ratios from the preformed complex and 
d) from two subunits added sequentially are similar, indicating that the complex can be 
formed in situ. In both cases, the fitted zzz/xxz ratio is ~2.20. e) Signals from Gβγ alone 
were unchanged upon binding of nonbinding mutant GRK2-R587Q, supporting the claim 
that signals in panels c and d originate from complex formation at the interface. 
 
 

Fitting of the experimental spectral data shown in Figure 3-3 yields the following 

results: the Gβγ !!!!
(!) /!!!"

(!)  ratio is 2.01, the fitted signal strength in the ssp polarization 

drops by roughly a factor of 1.39 when GRK2 is added to form the complex, and upon 

formation of GRK2-Gβγ, the !!!!
(!) /!!!"

(!)  ratio is 2.20.  

 

3.4.2 Orientation of the GRK2-Gβγ  Complex 
 A marked drop in signal intensity was observed in the transition from Gβγ alone 

to the complex with GRK2 (Figure 3-3b, d). As discussed in section 3.3.1, SFG signal 

intensities are a function of molecular orientation, the net molecular hyperpolarizability 



 65 

βprotein, and the number of molecules on the surface.46 Given the expectation that the molar 

concentration of proteins at the membrane will be driven primarily by the presence of 

Gβγ (i.e. geranylgeranylated Gβγ will not dissociate from the lipid bilayer upon addition 

of GRK2), one can assume that the drop in intensity is due to a change in the net 

molecular hyperpolarizability upon addition of GRK2, reorientation of the protein 

segments, or both. Because the observed SFG spectra are dominated almost entirely by 

single peak centers corresponding to α-helices, it is reasonable for orientation analysis to 

focus on the nonlinear optical response (βprotein) for the α-helical regions of the protein. 

(Figure 3-1) No signals were observed from the β-propeller due to the symmetry 

selection rule of SFG.31 

The crystal structure of Gβγ in complex with GRK2 (PDB entry 1omw) was used 

as the starting point for all data analysis.32 Based on the fact that the overall conformation 

of the protein was preserved in two unique crystal structures24 and due to the fact that 

GRK2 is stabilized by Gβγ,45 once can assume that a similar overall conformation of this 

complex would be preserved in a lipid environment. The reference orientation depicted in 

Figure 3-1, which is denoted as the tilt (θ)=0˚, twist (ψ)=0˚ position of the complex.  For 

consistency, this orientation was also used as the reference position for the Gβγ subunit 

coordinates alone (as extracted from the GRK2-Gβγ complex). 

For the purposes of orientation analysis, the SFG macroscopic observables !!!!
(!) , 

!!!"
(!) , and !!!!

(!) /!!!"
(!)  were calculated for all unique combinations of the tilt and twist 

angles of Gβγ and the GRK2-Gβγ complex (Figure 3-4).  
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Figure 3-4: Contour plots showing the calculated molecular response in the ssp 
polarization (left), and the predicted ratio of fitted signal strengths !!!!

(!) /!!!"
(!)  (right) for 

a) Gβγ alone, and b) the GRK2-Gβγ complex. 
 

Because it is unreasonable to assume that the protein would be upside-down with 

the geranylgeranyl group far from the bilayer, I have limited the plots to focus on the 

range of interest (tilt angles 0-90o). It is apparent from the resulting contour plots that 

many possible combinations of tilt and twist angle can yield computed ratios that are 

close to the experimentally measured !!!!
(!) /!!!"

(!)  ratio. However, only a subset of these 

positions are physically reasonable. Many would pull the geranylgeranyl group of Gβγ 

unreasonably far from the membrane, or force the protein into an orientation that would 

require a collision with the membrane in order for the geranylgeranyl group at the C-

terminus of Gγ to insert into the bilayer.  Interestingly, the results in Figure 3-6b show 

that the experimentally measured !!!!
(!) /!!!"

(!)  ratio for the GRK2-Gβγ complex does not 
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match the calculated value at the reference position (θ =0˚, ψ=0˚).  The nearest high-

scoring match is at the position θ =10˚, ψ=180o.  There is, however, a swath of closely 

related high scoring orientations with small tilt angles (10-15˚) and twists ranging from 

120-240˚. There is also a narrower stretch of matches in the range from tilt 30-60˚ and 

twist of 90˚, but in these orientations the PH domain is not positioned such that it can 

make its expected contacts with the membrane.  My results thus suggest that the most 

likely orientations of the GRK2-Gβγ complex would tilt the bulk of the kinase domain of 

GRK2 away from the membrane surface by ~10 to 15 degrees.  A recent crystal structure 

of activated GRK6 (a related enzyme) revealed the structure and location of the GPCR 

receptor docking site of the kinase47, which should be conserved in GRK2. The residues 

that constitute this site were disordered in the GRK2-Gβγ structure, and were not 

considered when defining the reference position. SFG results are consistent with a tilt that 

positions the receptor docking site of GRK2 to interact more efficiently with the cytosolic 

surface of the GPCR, in a similar orientation to that proposed for activated GRK6.  

Due to the complexity of the molecules studied and the limited number of 

measurements available, it is not possible to narrow the range of orientations of GRK2-

Gβγ to a single unambiguous position. However, the above results do demonstrate that in 

situ measurements can provide more information about protein orientation at a 

phospholipid bilayer than can be inferred from the crystal structure alone. 

3.4.3 Orientation of Gβγ  Alone and in the Complex 
Next, I consider whether or not Gβγ must reorient in order to bind GRK2. The 

!!!!
(!) /!!!"

(!)  ratio is a single measurement, and more information is needed to narrow the 

range of possible orientations. Experimentally, signal intensity drops markedly upon 
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formation of the complex (Figure 3-3).  This observation is most likely if both Gβγ and 

the GRK2-Gβγ complex adopt relatively small tilt angles (Figure 3-4).  This may seem 

surprising since the GRK2-Gβγ complex is larger, but the net SFG response can be 

thought of as a vector quantity, and signal intensity depends strongly on the relative 

orientation of the α-helices whose signal dominates the observed spectrum. In the Gβγ 

subunit, the helical segments are relatively well aligned, and thus SFG signals can be 

quite strong at low tilt angles. For the GRK2-Gβγ complex, there are more but less well 

aligned helical segments, with a different net orientation that may result in weaker SFG 

signals for certain orientations.  Because the molar amount of membrane associated 

GRK2-Gβγ should be similar to Gβγ alone, the drop in signal intensity upon formation 

of the GRK2-Gβγ complex provides an additional constraint that can help to determine 

the orientation of a single subunit, provided that the orientation of the other subunit is 

known or can be reasonably assumed. In total, two ppp/ssp ratios and one intensity 

change measurement are available as measurements. The best matches for these criteria 

are shown in Figure 3-5. 
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Figure 3-5: Best matches for each separate experimental measurement: the zzz/xxz ratios 
for (a) the GRK2-Gβγ complex and (b) Gβγ alone. Orientations that satisfy the observed 
drop in signal intensity upon formation of the complex, (c) if Gβγ does not reorient to 
bind GRK2, or (d) if it does, provided that the GRK2-Gβγ complex is assumed to adopt a 
single fixed orientation of θ= 10°, ψ=180° relative to the reference position. Colors 
indicate the quality of the match (100% = exact). The combination of panels a-c results 
in Figure 3-6a. The combination of panels b and d results in Figure 3-6b. 
 

We might combine the experimental measurements with the assumption that Gβγ 

alone has the same orientation as it does in complex with GRK2. Thus, in addition to 

satisfying two !!!!
(!) /!!!"

(!)  ratios (one each for Gβγ alone and the GRK2-Gβγ complex), the 

orientation must additionally provide a good match for the signal strength change 

!!"#,!!"
! (!,!)

!!"#$%&',!!"
! (!,!)

. Alternatively, one might assume that Gβγ alone can adopt an orientation 
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that is distinct from that in the GRK2-Gβγ complex, but that the overall orientation of the 

entire complex is a fixed, known position (such as the reference orientation shown in 

Figure 3-1). The measured !!!!
(!) /!!!"

(!)  ratio for Gβγ can then be combined with the signal 

strength change 
!!"#,!!"
! (!,!)

!!"#$%&',!!"
! (!!"#$%,!!"#$%)

, yielding the possible orientations of the Gβγ 

subunit in the absence of GRK2. 

If instead one assumes that Gβγ does not reorient upon formation of the complex, 

two !!!!
(!) /!!!"

(!)  ratios plus the intensity change can be applied. As shown in Figure 3-6a, 

the range of possible orientations is quite narrow, and even the best match has a score of 

only ~60%. The low scores in this analysis indicate less than optimal matches for all 

experimental measurements, supporting the hypothesis that Gβγ does not have the same 

orientation alone as it does when in complex with GRK2.  Solutions that are physically 

plausible (as well as mathematically allowed) are further highlighted using a semi-

transparent overlay (Figure 3-2) to indicate the positions where the geranylgeranyl 

anchoring group of Gβγ is close to the bilayer interface when in complex with GRK2. In 

this analysis, it appears that the overlay does not eliminate any of the possibilities, but 

neither does it improve the poor scores of the matches for experimental measurements. 
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Figure 3-6: Best matches for all experimental measurements combined. (color scale 
indicates overall match quality for all criteria). (a) If Gβγ does not reorient, adding a 
constraint for intensity change yields possible orientations of both Gβγ and the GRK2-
Gβγ complex. Using all three available measurements narrows the range of possibilities. 
(b) Orientation of Gβγ if the orientation of the complex is known or assumed. Use of two 
measurements helps to narrow down the best matches. For both panels, matches may be 
further limited down by adding an additional requirement that the positions of the protein 
be physically as well as mathematically allowed (dark overlay). 

 

Another means of incorporating the drop in signal intensity as the GRK2-Gβγ 

complex is formed is to assume that the orientation of the GRK2-Gβγ complex is known. 

Then, the combined measurements can be used to characterize the orientation of Gβγ. As 

discussed above, the reference orientation (Figure 3-1) was based on a set of presumed 

membrane-interacting regions, but the measured !!!!
(!) /!!!"

(!)  ratio is not consistent with this 

orientation (Figure 3-5a). Based on the likely orientations of GRK2-Gβγ, I revised the 

membrane orientation to include a small tilt for the complex (θ=10o, ψ=180o), so that the 

second measurement becomes 
!!!",!"#
! (!,!)

!!!",!"#$%&'
! (!"°,!"#°)

. This new orientation of the complex is 

reasonable for the purposes of this analysis because other similarly high scoring 

orientations that match the experimentally measured !!!!
(!) /!!!"

(!)  ratio would generally 

yield similar values of !!!",!"#$%&'
(!) , and therefore would not qualitatively alter the final 
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results (see supporting information for further discussion). The resulting matches produce 

high scores (>90%) and physically reasonable positions for Gβγ in terms of the resulting 

proximity of its geranylgeranyl group with respect to the membrane (Figure 3-6b).  In 

this case, considering only physically reasonable positions helps to limit the range of 

matches in this analysis.  The highest scoring positions are centered around θ=25°, 

ψ=120°, and do not overlap the new assumed position of the GRK2-Gβγ complex.  Thus, 

regardless of how the intensity comparison is incorporated, this data indicates that Gβγ 

will likely alter its orientation upon engaging effectors such as GRK2. This is reasonable 

because both proteins are expected to form direct interactions with the cell membrane. 

 

Figure 3-7: Predicted orientations of Gβγ complexes at phospholipid bilayers. a) The 
GRK2-Gβγ complex in a likely membrane orientation, with the membrane plane running 
along the bottom of the panel.  The receptor docking site of GRK2 was homology 
modeled based on the structure of GRK6 (PDB entry 3NYN). The small tilt angle 
suggested by SFG measurements prevents this newly crystallized region from colliding 
with the lipid bilayer. b) The Gαβγ heterotrimer modeled in the same orientation, using 
Gβγ for alignment. The Gα subunit is shown in blue, and in this orientation it would 
maintain reasonable contacts with the lipid bilayer. 
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3.4.4 The Effect of Choosing Alternate Assumed Initial Positions of 
the Complex to Determine Gβγ  Orientation 
In section 3.4.2, I describe a method of orientation analysis that uses two 

experimental measurements to reveal the allowed orientations of the Gβγ subunit, 

provided that the initial orientation of the complex is known.   As described above, the 

reference membrane was assigned via linear least-squares fitting of a plane passing 

through known (or expected) membrane-interacting residues. However, the calculated 

!!!!
(!) /!!!"

(!)  ratio for the GRK2-Gβγ complex did not match the experimentally measured 

value at this position, indicating that the actual orientation is somewhat different. If one 

assumes that the known membrane orientation is dictated by the geranylgeranyl 

anchoring group, then a very good match for the experimentally measured ppp/ssp ratio 

can be achieved by assuming that the complex adopts a small tilt (such as at the position 

θ = 10o, ψ = 180o). 

However, other physically allowed orientations of the complex can also produce 

the expected !!!!
(!) /!!!"

(!)  ratio. At these alternate positions of the complex, the calculated 

value of !!!"
(!)   may be different from the value assumed in this work.  This would in turn 

affect the measurement of the signal intensity change upon complex formation, by 

altering the value of !!!",!"#$%&'
(!)  (determined by fitting the spectra) in the denominator 

of 
!!!",!"#
! (!,!)

!!!",!"#$%&'
(!) (!!"#$%,!!"#$%)

  . 

 Figure 3-8a shows the values of !!!"
(!)  (fitted intensity, in a.u.) for the GRK2-Gβγ 

complex at all of the positions that match within ±10% of the experimentally measured 

!!!!
(!) /!!!"

(!)  ratio for the complex (one measurement), subject to the additional constraint 

that the possible matches are physically reasonable orientations (as determined above). 
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No scoring is applied. Insofar as the drop in signal upon formation of the GRK2-Gβγ 

complex depends on the numerical value !!!"
(!)  rather than a position, then the search 

space for use in the intensity/fitted signal strength change measurement only requires 

using different values for !!!",!"#$%&'
(!)  in the denominator. This is a much simpler way to 

perform the intensity comparison than exhaustively considering every possible position 

of the GRK2-Gβγ complex. Because many of the allowed orientations of the complex 

would generate similar SFG signal, the ratio of signals from the two samples does not 

have to be calculated for all 32,400 points on the 360o by 90o plot representing angles of 

interest. Rather, the comparison of intensities need only be performed for the relatively 

small number of different values of !!!",!"#$%&'
(!) . This greatly simplifies the data analysis, 

and makes it possible to show whether Gβγ reorients upon complex formation- even if 

the assumed orientation of the complex is slightly different from the actual orientation. 

In order to determine which contour lines representing similar intensity are of 

greatest interest, the values depicted in Figure 3-8a were histogrammed (Figure 3-8b). 
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Figure 3-8: a) Possible values of !!!"
(!)   for the complex, based on positions that match 

experimental measurements and physically reasonable positions. b) A histogram of the 
values of !!!"

(!)  displayed in (a). A range of values is possible. 

 

 
Figure 3-9: Allowed positions for Gβγ are depicted, based on various assumed positions 
(or signal strengths) for the complex. In order to better reflect that each value of !!!"

(!)   can 
correspond to more than one position, the contour line corresponding to the chosen value 
of !!!"

(!)  is drawn. These lines are shaded in dark blue by the simple expedient of 
assigning a value of -10 by default, or -20 if the contour line intersects any match for all 
constraints). Showing the contour line corresponding to the initial position(s) makes it 
easier to assess whether the allowed matches represent reorientation of Gβγ (these lines 
have been thickened to enhance visibility). The overlay representing physically allowed 
positions of Gβγ is also added. The !!!",!"#$%&'

(!) =73 panel represents the orientation of 
the complex assumed in this work (θ=10°, ψ=180°). 
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In Figure 3-9, the effect of a change in the assumed position of the complex is 

explored. Each panel shows the results from the second method of orientation analysis, in 

which allowed positions of Gβγ are indicated by considering which positions match 

experimental measurements when one particular value of !!!"
(!)   is assumed for the overall 

GRK2-Gβγ complex. 

It is apparent that for < 30 or !!!"
(!)  > 120, all possible matches become either low 

scoring or non-existent. Thus, the most likely positions of the complex are those that lie 

along a contour line within that range (such as the revised membrane orientation shown 

in Figure 3-7). The experimental measurements indicate that the signals from Gβγ are 

stronger than the signals obtained for GRK2-Gβγ, and this becomes harder to achieve as 

the value of !!!",!"#$%&'
(!)  increases. Across this subset of images shown, it may be seen 

that the most likely positions of Gβγ do shift somewhat as the assumed position of the 

complex is varied. In all cases, there is practically no overlap between the original 

assumed position of the complex and the final allowed positions of Gβγ. At best, the 

points where Gβγ does not reorient upon binding GRK2 have scores no greater than 60-

80%, and those positions would result in less optimal contacts with the lipid bilayer. Thus 

I conclude that even if the actual position of the complex is slightly different than that 

assumed in section 3.4.3, the conclusion that Gβγ likely reorients upon binding GRK2 

would be qualitatively unchanged. 

3.5 Conclusions 
In this chapter, I demonstrated, for the first time, that SFG can be used to study 

the formation of a multi-subunit protein-protein complex in situ. In the process of 
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performing this research, a new software package was developed to facilitate SFG data 

analysis for proteins with many α-helical segments. To date, very few quantitative SFG 

studies have been attempted for large and multi-subunit proteins, and I expect this 

program to be of value as the field expands.  

Based on experimental measurements, I found that Gβγ likely reorients slightly to 

facilitate binding of GRK2.  The GRK2-Gβγ complex orientation slightly differs from its 

position that might be expected based on examination of the crystal structure alone, but is 

consistent with the optimal membrane orientation of the receptor docking site on the 

GRK2 homolog GRK6 (Figure 3-7). It should be noted that the GRK6 crystal structure 

was only solved quite recently47, and that this orientation was predicted independently 

using SFG. The proposed orientation of Gβγ in the GRK2-Gβγ complex is also 

compatible with its expected orientation in complex with the heterotrimeric Gα subunit.  

The Gαβγ heterotrimer (PDB entry 1gp2) can be aligned with Gβγ from the GRK2-Gβγ 

complex in the specified position (θ=10°, ψ=180°) without collisions between the Gα 

subunit and the membrane (Figure 3-7b).  As for the docking site of GRK2, this may 

allow the C-terminal helix of Gα, which is typically disordered in crystal structures, to 

dock productively with the cytoplasmic domain of activated receptors.  

We have shown that it is possible to assess protein reorientation upon complex 

formation using a small set of readily obtainable SFG measurements. Calculated ratios 

also show good agreement with experimental values and physically reasonable positions. 

In the future, additional measurements such as SFG absolute intensities, polarized 

infrared or higher order spectroscopies, and isotope labeling can be introduced to yield a 

clearer and more specific picture of protein orientation for each individual subunit48.   
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Chapter 4: Orientation and Secondary Structure Change 
in Tachyplesin I: Molecular Dynamics and Sum 
Frequency Generation Spectroscopy Studies 

4.1 Introduction: 
In Chapter 2, I presented simulation studies focused on α-helical protein structures. 

These represent the first protein secondary structure motif for which SFG orientation 

measurements became possible, due to the fact that the well-ordered structure leads to 

strongly detectable signals, and because only a single angle (tilt) needs to be 

characterized. This is feasible even with a small set of measurements. 

Recently, it has been shown that SFG is similarly capable of studying the 

orientation of β-sheet secondary structures, which consist of two hydrogen bonded β-

strands in an antiparallel orientation.1-9 Although this structure is highly symmetrical, it is 

not centrosymmetric, and weak Amide I signals are detectable. Since signal intensities 

are known to be proportional to the number of molecules at the interface, a recent study 

on β-sheet orientation increased the surface coverage of β-sheets by using the small 

peptide tachyplesin I, which consists of 17 residues (including six in the β-sheet 

conformation).

In order to better understand β-sheet orientation, a number of challenges remain 

that must be addressed. First, the need to characterize two orientation angles forces us to 

assume that all molecules adopt the same orientation (δ distribution). In fact, the structure 

of tachyplesin I is not as inherently facially amphiphilic10 as magainin 2 (chapter 2), and 
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so it is unclear whether a δ distribution is actually realistic at a model 

hydrophobic/hydrophilic boundary such as the polystyrene/water interface. Second, 

despite the relatively high surface coverage of β-sheets, the actual region of tachyplesin I 

that adopts that secondary structure is fairly short: three residues per β-strand.11 As a 

result, it is quite possible that the structure could deform significantly when adsorbed. 

Third and lastly, although a combination of ATR-FTIR and SFG measurements was used 

in the previous study, the orientation relations used for ATR-FTIR were not capable of 

extracting the full range of information in the spectrum. This is a consequence of the fact 

that FTIR is only capable of obtaining one measurement, yet the orientation of β-sheets 

must be described using two angles (tilt and twist). Previous orientation analysis 

methodologies have therefore required assuming that one orientation angle can be 

averaged out12, 13 or held fixed.5, 14, 15  

In this chapter, I report molecular dynamics simulation studies that are aimed at 

addressing the above concerns for a more complete understanding of β-sheet orientation 

at interfaces. The combination of SFG, new orientation relations for ATR-FTIR, and 

molecular dynamics simulations makes it possible to revisit previous studies in light of 

the above questions, and will facilitate future studies of β-sheet structures at interfaces. 

 

Figure 4-1: Tachyplesin I is a 17-residue β-sheet peptide with both hydrophobic (green) 
and charged (red) residues. 
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4.2 Methods 

4.2.1 SFG and FTIR Spectroscopy 
Synthetic C-terminal amidated tachyplesin I (NH2-K-W-C-F-R-V-C-Y-R-G-I-C-

Y-R-R-C-R-CONH2) was obtained from GenScript Inc. (Piscataway, NJ) at >95% purity. 

The experimental setup has been described in a previous publication. 5 The model 

polystyrene thin film/peptide interface was similar to that described for magainin 2 in 

chapter 2. SFG spectra were collected by contacting the PS film with a ~550nM solution 

of tachyplesin I in the ssp and spp polarization combinations. To confirm that the signals 

originate from β-sheet secondary structures (and not random coils), spectra were also 

collected after the reducing agent dithiothreitol (DTT) was added to the solution in order 

to cleave the disulfide bonds (residues 3-16 and 7-12) that are known to stabilize the 

structure.16 

ATR-FTIR spectra were collected on a Nicolet 550 spectrometer (Thermo Fisher 

Scientific, MA, USA) with 1 cm-1 resolution. The polystyrene film was deposited by 

solution casting from a 0.1 wt% solution onto a clean germanium substrate, and brought 

into contact with D2O. 50 μL of a 0.5mg/mL solution were injected into the trough, for a 

final peptide concentration of ~550nM (signals were not detectable at lower 

concentrations). The chamber was purged with nitrogen, and after the sample had been 

allowed to equilibrate for one hour, spectra were collected in the s and p polarizations. 

4.2.2 SFG Data Analysis 
     It has only recently become possible to analyze the orientation of β-sheets, 

following the derivation of the required molecular hyperpolarizability and surface 

susceptibility tensor components.5, 6 Briefly, the β-sheet structure possesses D2 symmetry, 
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with three SFG-active vibrational modes: the B1, B2, and B3 modes. This high symmetry 

can complicate orientation analysis: signals from β-sheets may be very weak (though 

detectable), and unlike α-helices, two angles (tilt and twist) must be characterized in 

order to develop a clear picture of molecule orientation. The most relevant 

experimentally observed quantities are:  

!!"",!!"
(!) = !!!"!!!"

(!)  

!!"",!""
(!) = !!"#!!"#

(!) + !!"#!!"#
(!)    Equation 4-1 

The orientation relations required for the B1, B2, and B3 modes are of identical form for 

the ssp and ppp polarizations, but depend on different components βijk of the molecular 

hyperpolarizability tensor: βabc, βabc, and βbca, respectively. 

 Equation 4-2 

The relations for the chiral components probed in the spp polarization have different 

forms depending on the vibrational mode, as indicated. The experimental observables and 

fitted signal ratio 
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(!)  are shown in Figure 4-2. 

 Equation 4-3 
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results (three vibrational modes each across the ssp, ppp, and chiral spp polarizations). In 
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fact, calculated values of the hyperpolarizability tensor components βabc and βbca (for the 

B1 and B3 modes, respectively) are roughly one third the value of βacb, and thus the B2 

mode will be roughly nine-fold stronger in spectral intensity. This observation is 

supported by previous SFG results in which spectra were dominated by the B2 peak at 

1635 cm-1. 

Within the subset of nine potential observables (three polarizations and three 

vibrational modes), the orientation relations for !!!"
(!)  and !!!!

(!)   are identical within a 

constant factor of two. Thus, the primary SFG result is the single intensity ratio !!!"
(!)

!!"#
(!)   . 

 
Figure 4-2: Calculated contour plots showing the relative magnitudes of a) !!!"

(!) , b) !!""
(!) , 

and c) the fitted ssp/spp ratio (these ratios incorporate the fresnel factors directly). d) 
Contour plot showing the value of the FTIR dichroic ratio. 
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4.2.3 Molecular Dynamics Simulations 
The solvent/surface model system described in chapter 2 was used for these 

simulations. The structure of the tachyplesin I peptide was obtained from the Protein 

Databank (PDB ID 1ma2). Structure 9 of the 31-conformer NMR ensemble was extracted 

and used as the starting structure for all simulations. This starting structure was chosen 

due to the roughly parallel orientation of the two strands, particularly in the highly 

flexible disordered regions of the structure. This conformation therefore provides the best 

chance for all portions of the peptide to interact with the surface in a variety of initial 

simulation conditions. For a hydrophobic polymer surface, one would expect that 

hydrophobic interactions would dominate the adsorption behavior.17-19 However, the 

structure of tachyplesin I does not possess the same strong facial amphilicity10 as was 

present in magainin 2 (studied previously). Therefore, a variety of simulations were 

performed with the peptides placed in different starting orientations. 

As described in chapter 2, the peptide was placed into the model solvent/surface 

system above the surface, so that the closest point of the peptide was ~2.5 Å from the 

surface. The peptide was oriented along the x-axis of the coordinate system, then rotated 

into the final coordinates as specified. Overlapping water molecules were removed, and 

peptide coordinates were held fixed as an additional 500 ps of equilibration was then 

performed for the solvent and surface in the presence of peptide. 

For production runs, dynamics were performed using a Nosé-Hoover thermostat 

at 298 K with the velocity Verlet algorithm. The SHAKE algorithm was used to constrain 

all bonds involving hydrogen atoms, allowing the use of a 2 fs timestep. All simulation 

parameters were taken from the CHARMM22 parameter set. 
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Experiments have shown that the presence of the two disulfide bonds in 

tachyplesin I is key to retention of the β-sheet structure16. As a result, initial conditions 

shown to produce adsorption of the peptide were performed again with the disulfide 

bonds removed. 

The most relevant exploratory simulations are summarized in Table 4-1, where 

the angles specified represent rotation of the entire PDB coordinate file. To facilitate 

comparison to results from SFG spectroscopy, these initial positions were also calculated 

in terms of the Euler angles required to rotate a β-sheet from the yz plane to the specified 

position. In Table 4-1, not all tilt angles are 90 (lying down perfectly). This is because the 

six β-sheet residues are not perfectly aligned with the overall peptide plane defined by all 

17 total residues. The Euler angles are defined based on two vectors located parallel and 

perpendicular to the strand axis, respectively, and may be calculated from the rotation 

matrix used for SFG: 

! = !"#!!   !!
|!"#$%!  !"#|

 Equation 4-4 

! = !"#!! !
!"#$!!"# ∗!"#  !

 Equation 4-5 
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Identifier Length (ns) 
PDB rotation Euler Angles 

Tilt Twist Tilt Twist 

tach2* 12 (18*) 90° 270°  100°  65°  

tach3* 4.8 (18*) 90°  0°  110°  -32° 

tach3x315* 12 90°  315°  119°  21°  

Tach3x180* 12 90°  180°  76°  28°  

Tach3x235* 6 (18*) 90°  235°  109° 42°  

Tach4 2 90°  90°  77°  -75°  

Table 4-1: Initial conditions used for simulations, where PDB rotation indicates the 
angles used to rotate the entire peptide molecule (based on all backbone atoms). Angles 
are also listed for the β-sheet portion of the peptide, in a convention consistent with SFG 
analysis. Simulation identifiers marked with an asterisk were also performed a second 
time with disulfide bonds removed. 

 

For final data analysis, description of the resulting orientation is hampered by the 

fact that a significant portion of the peptide may be disordered. (At best, only 6 of the 17 

residues comprise the β-sheet region) Thus, in all results reported, the orientation of the 

molecule was defined solely from the β-sheet portion of the molecule (residues 6-8 and 

11-14) using the latter Euler angle convention described above.  

4.3 Molecular Dynamics Results 
Including simulations in which the disulfide bonds were removed, a total of 11 

molecular dynamics simulations spanning a total of ~120ns were evaluated here. Of 

these, two initial conditions (tach4 and tach3x235) showed no or poor interaction with the 

surface, and were therefore excluded from the analysis. 
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Name 
With 3 residues With 2 residues 

Tilt Twist Interstrand 
Angle Tilt Twist Interstrand 

Angle 

Tach2 107o 52o 12o 106o 28o 34o 

Tach3 94o 60o 39o 92o 48o 12o 

Tach3x180 88o -8o 28o 102o -5o 28o 

Tach3x315 85o 12o 9o 83o 13o 23o 

Table 4-2: Final orientation of the β-sheet section of the peptide when disulfide bonds are 
retained. Angles are from the average of the last 50 frames in a rotation convention 
consistent with SFG data analysis.  In order to account for deformation of the sheet 
structure, results for the entire sheet (residues 6-8 and 11-13) were compared to angles 
for a shorter segment (residues 6-7 and 12-13). 

 

In general, all simulations showed the peptide lying roughly parallel to the plane 

of the surface (tilt of 90°), but a variety of twist angles were observed; the two most 

common local minima in time-dependent plots were twist angles centered around 0 and 

45°. The changing angle between the β-strands also indicates that structural deformation 

of the β-sheet region may affect the orientation of the peptide. Since the orientation is 

defined based on the position of the backbone atoms, it is important to note that it will 

only have physical meaning if the peptide retains the β-sheet conformation at the end of 

the simulations. 

In order to evaluate loss of secondary structure, the following metrics were used: 

a. Root-mean-squared displacement (RMSD) was evaluated as a metric for 

deformation of the β-sheet portion of the peptide (residues 6 to 8 and 11 to 13), as 

well as for the backbone atoms and the overall peptide. 

b. In order to separate strands in the extended conformation from fully hydrogen-

bonded β-sheets, the number of hydrogen bonds in the β-sheet and backbone was 
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quantified over time. Hydrogen bonds were quantified using the default CHARMM 

parameters. 

c. Plots of secondary structure over time were prepared using the STRIDE algorithm 

within VMD.20, 21 

 
These results are summarized in the following several sections. 

4.3.1 Adsorption and Orientation 
In order to evaluate the feasibility of multiple peptide orientations, a variety of 

molecular dynamics simulations were performed in which the peptide was placed at 

different initial orientations. The results (Table 4-2) are striking for the variety of final 

orientations and structures observed. The simulations reported in Table 4-1 focus on the 

subset of ten trajectories that showed some interaction with the surface: five in which the 

disulfide bonds were kept intact, and five additional windows in which the disulfide 

bonds were removed. It is interesting to note that in one case (tach3x235), the peptide 

only adsorbed when disulfide bonds were broken. This suggests that reorganization of the 

backbone may help to accommodate rearrangements of side chains and alleviate 

unfavorable contacts with the surface. For example, in the simulation window tach2, the 

loss and recovery of secondary structure correlates to initial burial of the aliphatic chain 

of an arginine at the hairpin turn (residue 9). The adsorbed peptide eventually forms more 

(and more favorable) hydrophobic contacts, and recovery of the β-sheet structure in tach2 

coincides with release of arginine from the surface. In the analogous simulation without 

disulfide bonds, however, no such disruption of secondary structure was seen on the 

timescales studied. Reorganization of the bulky tyrosine side chains at residues 8 and 13 
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was also seen to influence the total disruption of secondary structure in the window 

tach3x180. 

 

Figure 4-3: Two candidate final orientations of the peptide show qualitatively similar 
trends in surface area burial. Hydrophobic side chains are shown in green, and charged 
side chains are drawn in red. The peptide adopts a twist angle of a) ~50° (simulation 
tach2) or b) ~10° (simulation tach3x315).  
 

4.3.2 Structural Deformation 
A variety of structural deformation metrics were applied in an attempt to better 

understand the behavior of the peptide at the interface. These were presented in the 

results, with the most direct visual comparison presented in Table 4-3.  

 

Name With disulfide bonds Without disulfide bonds 

Tach2 
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Tach3 

  

Tach3x180 

  

Tach3x315 

  

Tach3x235 Did not adsorb to surface 

 

Table 4-3: Secondary structure assigned to each residue of the peptide over time. Left: 
with disulfide bonds present. Right: with disulfide bonds removed. 
 

Strikingly, I found that after 12-18ns of simulation, the very short β-sheet region 

of the peptide can be deformed even when disulfide bonds are present (as in tach3x180)- 

though as discussed above, this may be an artifact of side-chain reorganizations on short 
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timescales. When the disulfide bonds are removed, the β-sheet structure was only 

retained in window tach2.  In runs tach3 and tach3x235, only a single residue remained 

transiently in the bridged conformation.  

By contrast, when disulfide bonds were retained, secondary structure was 

generally retained to a much higher degree. Only in one of the trajectories was secondary 

structure completely lost during ongoing reorganizations of side chain residues as the 

peptide reoriented from a non-optimal initial position (tach3x180). Partial retention or 

even recovery of the secondary structure was observed in two of the four trajectories for 

which the peptide was found to adsorb to the surface (tach2 and tach3). The results in 

Table 4-3 are in reasonable agreement with the hydrogen bond and RMSD quantification 

in Table 4-4. It is interesting to note that neither metric alone is sufficient to 

unequivocally indicate peptide folding, however. This is likely due to the fact that the β-

sheet portion of tachyplesin I is very short, and so small local deformations are possible 

without loss of secondary structure. This highlights the importance of backbone dynamics 

in interpreting molecular orientation, as most orientation analysis methods require a 

known and fixed structure. Even when the β-sheet secondary structure is preserved (as 

for tach3x315), my simulations show that the strands are not arranged in a completely 

ideal and extended conformation, with inter-strand angles of 10° or higher. 
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Name 
# hydrogen bonds RMSD (Å) 

βsheet Backbone βsheet Backbone 

Tach2 2.6 3.5 0.6 2.5 

No disulfide bonds 4.8 5.4 0.5 4.6 

Tach3 1.5 1.6 1.1 3.0 

No disulfide bonds 1.5 2.1 1.1 5.2 

Tach3x180 2.8 4.0 1.9 2.1 

No disulfide bonds 0.6 0.8 3.7 5.6 

Tach3x315 4.1 4.3 0.75 3.2 

No disulfide bonds 1.3 0.3 2.8 4.1 

Tach3x235 
(No disulfides, only) 1.8 2.7 1.1 3.5 

Table 4-4: Average number of hydrogen bonds over the last 1 ns of each simulation 
trajectory. 
 

4.3.3 The Stability of the Final Adsorbed State 
The highly deformable peptide backbone of tachyplesin I prevents the calculation 

of a free energy profile along the lines of the methods used in chapter 2: it appears that 

such deformation is important to the initial adsorption process, but addition of an 

artificial constraint might lead to other less meaningful deformation of the peptide rather 

than restraining peptide orientation. Based on the assumption that hydrophobic surface 

area burial drives a change in free energy upon adsorption17-19, solvent accessible surface 

area was calculated for all windows in the simulation based on the surface area of the 

residue + surface, minus the surface area of the side chain in solvent.22 
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Name 

Change in solvent accessible surface area (SASA)- units of Å2 

Overall Hydrophobic Hydrophilic Charged 

Tach2 887 639 466 277 

No disulfides 1659 850 1110 894 

Tach3 1273 800 765 719 

No disulfides 1582 862 852 651 

Tach3x180 1295 614 696 632 

No disulfides 1411 931 772 769 

Tach3x315 1458 792 786 593 

No disulfides 1147 589 690 670 
Tach3x235 

(No disulfides, 
only) 

1287 304 872 726 

Table 4-5: Burial of solvent accessible surface area by residue type. Individual 
tallies do not add up to 100% due to limitations in the algorithm used. 

 

In all but one simulation window (tach3x315), the removal of disulfide bonds leads 

to greater surface area burial (Table 4-5). Yet since simulations with high hydrophobic 

surface area are accompanied by higher burial of other residues as well, it is unclear how 

much of a driving force this will provide, and calculations of the total potential energy of 

the system were inconclusive. By contrast, the strong facial segregation of residues in 

magainin 2 (Chapter 2:) created a clear driving force for adsorption via burial of 

hydrophobic surface area. In tachyplesin I, residues are poorly segregated, and side 

chains are free to reorganize. This leads to a variety of candidate orientations with 

tradeoffs between favorable and unfavorable peptide-surface interactions. Other factors, 

such as structural deformation and entropic considerations, may therefore play a 

significant role in determining the overall free energy of adsorption.23 In these 
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simulations, the potential energy and/or peptide RMSD is still changing after 18ns, 

suggesting that final conclusions about the most stable peptide orientations may be 

timescale limited. However, the lack of any single unambiguously preferred state from 

the variety of initial orientations examined points to the possibility of a more diverse free 

energy landscape in which a range of twist values would be accommodated. 

4.4 Experimental Results and Discussion 

4.4.1 SFG and ATR-FTIR Spectra 
SFG spectra were collected for ~550 nM concentrations of tachyplesin I at the 

polystyrene surface. Spectra were collected in the ssp and spp polarizations.5, 6 The ssp 

spectrum shows contributions from β-sheet structures and disordered regions, with the 

dominant contribution from the B2 mode at 1635 cm-1.(Figure 4-4).  

 

 
Figure 4-4: Amide I region spectra collected from ~550 nM solutions of tachyplesin I on 
a polystyrene surface in the a) ssp and b) spp polarization combinations for SFG. The 
component peaks and overall fitting results are shown as solid lines. c) ATR-FTIR 
spectra in the s and p polarizations. 
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Peak assignments6, 14, 24 are summarized in Table 1-1. It is known that the 

secondary structure is lost when the disulfide bonds are cleaved, and these peaks indeed 

disappeared when DTT was added. Other signals could still be observed from random 

coil structures.6 Signals disappeared completely in the spp polarization, which is uniquely 

sensitive to chiral signals (such as those from β-sheets). This observation generally 

agrees with my simulation results showing rapid loss of secondary structure when the 

disulfide bonds are removed. 

As discussed above, SFG data analysis and orientation determination was focused 

on the B2 mode peak at 1635 cm-1, since other signals were too weak to ensure reliable 

ratios for analysis. Spectra were fit as described in chapter 1. For total internal reflection 

geometry, and taking !! = !!!!!
!

 as the corrected index of refraction at the interface25, 26, 

the normalized Fresnel factors Lxxz, Lyxz, and Lyzx are 10.1, 3.5, and 1.0, respectively.27 

4.4.2 Combined Spectroscopies for Orientation Determination 
    Orientation analysis may be performed by considering the ratio of the 

experimental observables !!""
(!)  in the polarizations of interest. As discussed in section 

4.2.2, only one vibrational mode (B2) produces sufficiently intense SFG amide I mode 

signals for orientation analysis, so that the SFG measured quantity for the B2 mode peak 

centered at 1635 cm-1 is: 

!!!"
(!)

!!""
(!) =

!!!"
!!"#

!! !"!!!"#$%$&'%!!"#$!"#%#&'% !!"#
!!!!! !"#

!!!!"#!!!"#!! !!"#
  Equation 4-6 

In order to characterize both of the required orientation angles (tilt and twist), a second 

measurement was obtained from Polarized Attenuated Total Reflection Fourier 

Transform Infrared (ATR-FTIR) Spectroscopy (Figure 4-4c). 
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Orientation relations for β-sheet structures have been published previously for 

ATR-FTIR14, 28, and were employed in a previous study.  Here, molecular orientation was 

considered only in terms of the tilt angle θ: 

  Equation 4-7 

In this equation, the twist angle is implicitly considered and assumed to be fixed. 

Although an equation that is dependent on a single variable is appropriate for analysis of 

ATR-FTIR spectra (for which only one measurement is available), two angles are in fact 

necessary to describe molecular orientation. The combination of SFG with ATR-FTIR 

provides the measurements necessary. Therefore, I have re-derived these orientation 

expressions in a zyz rotation convention consistent with the relations for SFG, where the 

ratio of signals from s and p polarized IR beams is given by: 

!!"# = !!!

!!!
+ !!!

!!!
!!!

!!!
 Equation 4-8 

The angled brackets indicate averaging over the azimuthal angle φ, indicating that the 

molecules are randomly oriented in the plane of the surface, and Mx, My, and Mz refer to 

the respective components of the dipole moment in the lab frame coordinate system with 

axes x, y, and z. If one assumes that the entire dipole moment of a peptide unit lies along 

the c axis of its coordinate system, and is projected by an angle Θ into the peptide 

coordinate frame, then the expected dipole moment components for the β-sheet in the lab 

frame required by equation 4-8 can be derived. Here, the molecular coordinate system 

(axes a, b, c) for the peptide is defined so that the plane of the sheet corresponds to the bc 

plane. 

! 

RATR (amide I) =
Ex
2

Ey
2 +

2 cos2" Ez
2

3 # cos2" Ey
2
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!!"# = !!(!)!!(!)!!(!)!!(!)
0
0
!

 

Equation 4-9 

where the rotation matrices about the intrinsic molecular y and z axes for an arbitrary 

rotation angle α are 

 

!! ! =

!"# ! 0 − !"# !

0 1 0

!"# ! 0 !"# !

                    !! ! =

!"# ! !"# ! 0

− !"# ! !"# ! 0

0 0 1

   Equation 4-10 

Provided that the individual transition moments are oriented perpendicular to the strand 

axis, then the angle Θ=90° for the Amide I mode, resulting in a new expression for the 

dichroic ratio that takes into account both tilt and twist angles: 

!!"#(!"#$%  !) = !!!

!!!
+ ! !"#!! !"#!!

!! !"#!! !"#!! ! !"#!!
∙ !!

!

!!!
  Equation 4-11 

This equation allows more information to be extracted from the combination of SFG and 

ATR-FTIR measurements, by removing inherent assumptions about one angle. 

Expressions for the electric field amplitudes !!! , !!! , and !!!  have been derived 

previously,24 and depend on the indices of refraction for the substrate, interfacial layer (in 

this case, the polystyrene film), and solvent. These indices are taken to be 4.0, 1.55, and 

1.328, respectively.5, 24, 29-31 For the polymer interface, this leads to values for !!!, !!!, and 

!!! of 1.97, 2.25, and 1.36, respectively. The !!! component is quite sensitive to small 

changes in the refractive index, so again, care must be taken to consider the effect of 

these errors on the final ratios obtained. 
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  In order to relate the experimental observables to calculated molecular properties 

for both measurements, one may consider all orientations that lie within +/- 5% of both 

experimentally calculated quantities, satisfying the constraints: 

!!!"
(!)

!!""
(!) =

!!!"
!!"#

!! !"#!!"#$%$&'% − !"#$!"#%#&'% !!"#
− 12!! !"#

!! − !"#!!!"#!! !!"#
= 1.04

    !!"# !"#$%  ! =
!!!

!!!
+

2 !"#!! !"#!!
1+ !"#!! !"#!! − !"#!! ∙

!!!

!!!
= 0.95

 

 Equation 4-12 
If one assumes that all molecules of peptide on the surface adopt exactly the same 

orientation, then the angles θ and ψ can be solved for directly from the above as a system 

of nonlinear equations. However, this may result in multiple possible solutions, and the 

relationship between results is not always clear- particularly when large error bars must 

be quoted due to uncertainty in the Fresnel coefficients and interfacial electric field 

amplitudes. Hence I have chosen to apply the graphical presentation developed in chapter 

3 to display the positions that best match experimental results when equation 4-11 is used 

(Figure 4-5). All results within 5% error bars of all criteria are shown, but due to the large 

potential variation in Fresnel coefficients, no scoring is applied for match quality. 
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Figure 4-5: Best matches for all experimental measurements: a) Using equation 4-7, and 
b) using the new FTIR equation 4-11. The calculated values must satisfy three 
constraints: a match for the SFG ssp/spp ratio, a match for the ATR-FTIR dichroic ratio, 
and B2 signal greater than B1 signal. (In line with the experimental observation) 
 

Upon incorporating the new equation for ATR-FTIR data analysis, only 

orientations that are mathematically allowed (Figure 4-5b) are at very low tilt angles (15-

20o), at which the molecular axis is perpendicular to the plane of the surface. In order to 

better illustrate the effect of possible larger uncertainties in the experiments and data 

analysis, the scoring function and graphical presentation developed in chapter 3 was 

applied to illustrate all matches within ±40% of the target criteria (Figure 4-6). Even with 

these very large error bars, the peptide could adopt a tilt angle of no more than 60°, and 

then only by adopting very high twist angles that would remove one strand from being in 

contact with the surface completely. 
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Figure 4-6: Possible orientations of Tachyplesin I are shown for all matches within 
±40% of the target criteria, with the scoring functions developed in Chapter 3. 
 

Low tilt angles would provide extremely poor contact between the peptide and the 

surface, and could only be adopted if either the charged residues of the disordered tail or 

the charged arginine at the β-turn (residue 9) were buried on the surface while 

hydrophobic contacts are minimal. In my simulations, such positions are explored. 

Relevant initial conditions either quickly collapsed down to lie flat on the surface, failed 

to adsorb (tach3x235), or (in the case of tach3x180) were accompanied by significant 

distortion of the peptide backbone as dramatic side chain reorganizations took place. 

High twist angles were not seen as a candidate stable orientation in my simulations at all. 

The physical likelihood of the best match positions is also not improved by assuming that 

all peptide molecules adopt roughly the same singular orientation within a Gaussian 

distribution of tilt and/or twist angles. It has previously been shown that even a small 

fraction of peptide molecules adopting a different orientation (or set of orientations) can 

lead to dramatic and sharp changes in the experimentally observed signal intensity 

ratios32, and my simulation results point to the possibility of multiple distinct twist angles 

that allow similarly favorable peptide-surface contacts to form. 
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4.5 Conclusions 
New experimental techniques provide a powerful means to probe the orientation of 

peptides at interfaces, but often require key assumptions. In this chapter, I explore several 

of those assumptions with regards to the adsorption behavior of the small β-sheet peptide 

tachyplesin I. The orientation and secondary structure change was characterized using a 

variety of metrics. General agreement was found between simulations and experiments 

with regards to the role of disulfide bonds in preserving the secondary structure, but 

simulations revealed a flexible interfacial structure that belies the assumption that all 

molecules would adopt a δ distribution. In some simulation windows, the overall 

secondary structure of tachyplesin I was partially disrupted. Thus despite the observation 

of signals from β-sheet regions of the peptide, care must be taken in applying orientation 

analysis methodologies to such short sequences. Due to limitations in simulation 

timescale, it is possible that this conformational flexibility is an artifact of the short 

simulations, but the poor facial segregation of residues in the tachyplesin I structure 

appears to result in a variety of meta-stable orientations or conformations.  

These findings from molecular dynamics were used to inform the interpretation of 

results from SFG, and a new equation was derived that incorporated the twist angle to 

take advantage of the combination of ATR-FTIR and SFG measurements. Experimental 

results show that the physically most likely orientations revealed by molecular dynamics 

do not agree with the assumption that all peptides adopt a single δ distribution in tilt and 

twist angles. It is likely that all tachyplesin I molecules adopt a small range of tilt angles 

that place the strand axis roughly parallel to the surface, with different twist angles 
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possible. The exact angles could not be predicted from these simulations due to 

limitations in accessible simulation timescales. 
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Chapter 5: Conclusions and Future Directions 
It has long been known that the structure of proteins determines function, and the 

advent of ever-more-capable surface-sensitive techniques has only served to fuel interest 

in the role that interfaces play in biological phenomena. New vibrational spectroscopies 

provide a means to explore these phenomena in situ in biologically relevant 

environments, but the major limitation has been the complexity of interpreting the data. 

In Chapter 2, I describe the use of molecular dynamics to explore unexpectedly 

complex behavior in a seemingly very simple model system. Both simulations and 

methods of interpreting SFG experimental results have focused on single peptides as 

model systems due to the difficulty of simulating or measuring more complex behavior. 

As additional complementary techniques become available, this assumption can and 

should be revisited. For these studies, a simple pre-determined dimer structure was used 

to test the hypothesis that aggregates could exist at interfaces. There has recently been 

rapid progress in methods for predicting oligomer structures, and in the near future it 

should be possible to design simulations around candidate oligomers. 

 Continuing advances in computing power also provide the potential for longer 

timescale studies, though here the simulation model system I present is not without its 

limitations. In particular, modeling the system as a droplet in a vacuum means that there 

is more than one hydrophobic/hydrophilic boundary present, and in long simulations, the 

peptide has a natural tendency to diffuse randomly so that it will eventually migrate to the 

very edge of the droplet at the water/vacuum interface. The simulations reported were 
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carefully monitored to exclude this behavior, and the surface area was chosen to be 

sufficiently large so that this behavior did not tend to occur on the timescales of interest. 

For longer simulations, or simulations with ions present, periodic boundary conditions 

may offer advantages. 

 In Chapter 3, my focus turns from small peptides with complex orientation 

distributions to a larger protein-protein complex. Here, I demonstrated that by extending 

published data methodologies for single helices, it is possible to study the formation of a 

multi-subunit lipid-bound protein complex, and to examine whether the subunits change 

orientation upon binding. Determining the exact orientation of all subunits in detail will 

depend on obtaining more measurements from other techniques, and efforts are underway 

to extend this orientation analysis program to include Four Wave Mixing (FWM) and 

polarized ATR-FTIR results. Within the realm of SFG measurements, the program that I 

have developed should also facilitate the use of absolute intensity measurements (rather 

than the more commonly used ppp/ssp ratio). Absolute intensity measurements depend on 

knowing the absolute hyperpolarizability tensor components rather than the relative 

values derived from experimental measurements, but such a determination would be both 

feasible and fruitful. In principle, SFG can also be used to examine the orientation of 

βγ in the Gαβγ heterotrimer relative to its position in the GRK2-Gβγ complex. This 

would provide an overlapping set of measurements that would help to characterize the 

orientation of all subunits, and such work is in progress. 

 The work in Chapters 2 and 3 focuses on helical secondary structures, but many 

large membrane proteins also contain sizable regions organized into extended β-sheets 

that would contribute to the overall signal. However, β-sheets are more complicated to 
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study for a variety of reasons, including the deformability of the secondary structure 

away from an extended conformation, which precludes the use of common adsorption 

free energy estimate procedures that rely on assuming a rigid structure. If these factors 

are understood, than more accurate measurements of β-sheet orientation can be obtained. 

For a protein with multiple types of secondary structure present, the benefits would be 

twofold. First, if the orientations of helical and β-sheet regions are both measured, then 

more measurements will be available to characterize complicated molecules. Secondly, 

SFG spectra cannot be used to directly assess changes in secondary structure due to the 

fact that polarized signals depend on both orientation and the number of groups at the 

surface. By measuring the orientation of both structures, however, then the dependence of 

signals on the number of groups could be extracted: this would in principle enable the use 

of SFG to characterize secondary structure change of some proteins at the interface in 

situ, addressing of the largest assumptions required for interpreting the orientation of 

complex and dynamic biomolecules. The studies reported in the preceding chapters 

represent a first step towards this goal, and will help in situ spectroscopic measurements 

to reach their full potential. 

 


