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ABSTRACT OF THE DISSERTATION 

Two-dimensional infrared spectroscopy of model peptides 

By 

Yuan Feng 

Doctor of Philosophy in Chemistry 

University of California, Irvine, 2014 

Associate professor Nien-Hui Ge, Chair  

Femtosecond two-dimensional infrared spectroscopy in combination with isotope labeling and 

molecular dynamics simulation has been used to investigate the structures and dynamics of 

nonfolding peptides and collagen peptides.  

Homopolymeric peptides are simple yet important, serve as model systems for investigating 

the intrinsic propensity of protein folding, especially for those disordered or unfolded peptides in 

aqueous solution. Here the full structure of (Ala)5 has been studied. Two different isotope-labeled 

peptides, Ala-(13C)Ala-(13C,18O)Ala-Ala-Ala, and Ala-Ala-(13C,18O)Ala-(13C)Ala-Ala were 

strategically designed to simplify the four-oscillator system into three two-oscillator systems. By 

utilizing the different polarization dependence of diagonal and cross peaks, coupling constant β 

and angle θ between transition dipoles has been extracted through spectral fitting. The coupling 

constant is around 4 cm-1 and angle around 100. These parameters were related to the dihedral 

angles characterizing the peptide backbone structure through DFT calculated maps. The derived 



 

xvii 

 

dihedrals are all located in the polyproline-II region.  

These results were compared to the conformations sampled by hamiltonian replica-exchange 

MD simulation with 3 different CHARMM force fields: C22, C36 and Drude. The C22 force field 

predicted too high α-helix population, whereas C36 predicted that polyproline-II is the dominate 

conformation, consistent with experimental findings. The Drude model predicted dominating beta-

sheet. Since the 2D-IR derived results were obtained from fitting to a single set of structural 

parameters, the effect of structural fluctuation within one conformation and structural transition 

between different conformations was also discussed. The C36 MD trajectories were used to 

simulate 2D IR spectra using the sum-over-state method and the time-averaging approximation 

(TAA) method. Reasonable agreement with the experimental data was achieved.  

Collagen is the most abundant protein in mammal. Its structural properties are important for 

biological functions. Here, the structure and thermal melting of a model collagen peptide, (PPG)10, 

has been investigated. The temperature dependent linear IR spectra of the unlabeled peptide and 

two isotopomers (either 13C-16O or 13C-18O labeled on the 4th glycine residue) showed that the 

triple helix unravels with increasing temperature and leads to greater solvent exposure. With some 

adjustments of calculation parameters according to linear IR spectra, 2D IR spectral simulation 

based on MD trajectories and TAA reasonably reproduced experimental spectra taken at the 

parallel and perpendicular polarization conditions. Further refinement of models and parameters 

are needed to improve the simulation. Our results for model nonfolding peptides and collagen 



 

xviii 

 

peptides contribute to the fundamental understanding of peptide structure and dynamics, and to 

the further development of theoretical models for simulating 2D IR spectra.  
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Chapter 1. Introduction 

1.1 Introduction of nonlinear spectroscopy 

Spectroscopy is the study of the interaction between matter and light (or photon). At the 

beginning of modern spectroscopy, white light was dispersed with a prism according to its 

wavelength. As we know, this is a linear effect. Actually, most optic phenomenon in our daily life, 

including reflection, refraction, diffraction and absorption, are linear effect. The linear effect can 

be describe by [1] 

 𝑃 = 𝜒 𝐸  (1-1) 

Where the induced polarization is proportional to the applied electric field. 𝜒  is called 

susceptibility, which is in general a constant tensor only depending on material properties.  

However, when the electric fields become very strong, the 𝜒 is no longer a constant, but a 

function of electric fields 𝜒(E). This is true when a high power laser is applied to the materials. 

We can expand 𝜒(E) as a Taylor series of 𝐸 [1], 

 𝜒(𝐸) =  𝜒(1) + 𝜒(2)𝐸 + 𝜒(3)𝐸2 +⋯  (1-2) 

And accordingly, the polarization becomes, 

 
𝑃 = 𝑃(1) + 𝑃(2) + 𝑃(3) +⋯ 

= 𝜒(1)𝐸 + 𝜒(2)𝐸2 + 𝜒(3)𝐸3 +⋯ 
 (1-3) 

The linear effect is called linear since the polarization is linearly dependent on the electric 
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field, and accordingly 𝜒(2) is the second order effect and 𝜒(3) is the third order effect. In this 

thesis, we will study the third order response in the spectral range of mid-infrared.  

There are many kinds of third order responses. Consider an electric field which contains three 

frequency components. The 3rd order polarization becomes, 

 

𝑃(3) =  𝜒(3)(𝐸1𝑒
−𝑖𝜔1𝑡 + 𝐸2𝑒

−𝑖𝜔2𝑡 + 𝐸3𝑒
−𝑖𝜔3𝑡 + 𝑐. 𝑐. )

3
 

                   = 𝜒(3)(𝐸1
3𝑒−𝑖(3𝜔1)𝑡 + 𝐸1

∗𝐸2𝐸3𝑒
−𝑖(−𝜔1+𝜔2+𝜔3)𝑡

+ 𝐸1𝐸2𝐸3𝑒
−𝑖(𝜔1+𝜔2+𝜔3)𝑡 +⋯+ 𝑐. 𝑐. ) 

 (1-4) 

The term containing 3𝜔1  is called third-harmonic generation, and the terms containing 

(−𝜔1 + 𝜔2 + 𝜔3) or any combinations of three frequencies like (±𝜔1 ± 𝜔2 ± 𝜔3) are called 

four-wave mixing [1]. It involves 3 incoming beams and one signal. The frequencies can be the 

same or different in real experiment.  

One important feature of four-wave mixing experiments is that it is a coherent process, which 

means the signal generated from different locations of the sample can interfere with each other. 

From solving the Maxwell equations, it is shown that [2]  

 
𝐸𝑠𝑖𝑔 ∝ sinc

∆𝑘𝑙

2
  

 where sinc 𝑥 ≡
𝑠𝑖𝑛𝑥

𝑥
 

 (1-5) 

For the signal which has frequency (−𝜔1 + 𝜔2 + 𝜔3) , ∆𝑘 ≡ 𝑘𝑠 − (−𝑘1 + 𝑘2 + 𝑘3)  is the 

difference between the combination of incoming wavevectors and the wavevector of the generated 

wave. When the sample length 𝑙 is much larger than the wavelength of incoming beams, the 
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signal is virtually only generated in a special direction where ∆𝑘 = 0 due to properties of the sinc 

function. The direction (−𝑘1 + 𝑘2 + 𝑘3) is called the phase matching direction.  

In a coherent technique, the electric field rather than intensity is proportional to the sample 

concentration, and hence the intensity is quadratic to the concentration. And due to the phase 

matching condition, the signal can be in a direction free of incoming beams. These effects 

compensate the smaller nonlinear susceptibility 𝜒(3) compared to the linear susceptibility 𝜒(1). 

However, a high power laser is still required to perform this kind of measurement, especially in 

the mid-infrared range.   

 

Figure 1-1. Illustration of phase matching in the box-car geometry of 2DIR experiments. 

1.2 Two-dimensional infrared spectroscopy 

Two-dimensional infrared spectroscopy (2DIR) is the main technique used in this thesis. It 

was first realized in Hochstrasser lab in the year 1998 [3], and underwent huge development and 

application since then [4]. Researches have already used it to study the peptide and protein 

structures and dynamics [5-11], hydrogen bond network rearrangement [12-15], chemical 

exchange [16-22], energy transfer [23-25], enzyme dynamics at the active site [26-28], and so on. 

The power of 2DIR lies in some simple facts: mid-IR probes vibrations intrinsic and unique to all 
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molecules [29]; 2DIR provides better peak resolution and coupling information by expanding the 

peaks to two dimensions [4]; 2DIR has ultrafast time resolutions due to the availability of ultrashort 

IR pulses and the picosecond time scale of vibrational dephasing [30].  

The principles of 2D IR spectroscopy and our experimental design to obtain 2D IR spectra 

have been described in detail elsewhere [31-33]. I briefly summarize the methodology below. The 

setup is illustrated in Figure 1-2. A home-built optical parametric amplifier (OPA) is pumped by 

the 800 nm output from a Spitfire Ace ultrafast amplifier at 1 kHz. The signal and idler from the 

OPA are then combined at the difference frequency generation (DFG) unit to generate a broadband 

ultrafast mid-IR pulse. The pulse duration is ~110 fs and spectral bandwidth is ~180 cm-1. The 

mid-IR pulse was always tuned to be resonant with the center of peptide amide-I modes. The effect 

of finite spectral width can be taken into account by a simple convolution procedure [34].  

 

Figure 1-2. Schematics of the box-car geometry 2DIR spectrometer setup. 
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The mid-IR output is then divided into four beams by beam splitters. Three of them act as 

excitation pulses, each with ~ 400 nJ, and the 4th weak beam act as a local oscillator. The three 

excitation beams are focused into the sample with box-car geometry as illustrated in Figure 1-1, 

and the third-order nonlinear signal is emitted at the phase matching direction. The nonlinear signal 

is then spatially overlapped with the local oscillator pulse which has the same wavevector, 

dispersed through a spectrograph, and detected by an MCT array detector for spectral 

interferometry. The polarization of all beams can be controlled individually. We usually define the 

beam propagation direction as X (which is parallel to the optical table), and define the direction 

perpendicular to the optical table as Z. The Y direction is perpendicular to both X and Z.  

As illustrated in Figure 1-3, the signal was recorded as a function of two time intervals,  (time 

interval between 1st and 2nd pulses) and T (time interval between 2nd and 3rd pulses), and the 

detection frequency t. The 1st IR pulse excites a vibrational coherence between the υ = 0 and υ = 

1 state that evolves during the τ period. The 2nd pulse then takes the system back to a population 

or interstate coherence state. The population decays during the T period until the 3rd pulse arrives 

to create a coherence again. The system then emits a signal. The spectral interferograms were 

processed using the double Fourier transform methods [35,36] along t. Another Fourier transform 

along τ produces the 2D IR spectrum 𝑆(𝜔𝜏, 𝜔𝑡; 𝑇).  
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Figure 1-3. Pulse sequence and time ordering of broadband 2DIR experiments. 

We employed two pulse sequences in the 2D IR measurements which are rephasing (R, a-b-

c), and nonrephasing (NR, b-a-c) sequences. The time intervals were controlled by moving the 

translation stages. τ was scanned from 0 to 3.6 ps for the rephasing sequence, and -3 to 0 ps for the 

nonrephasing sequence, with a step of 4.5 fs. T was fixed at some desired waiting time. The local 

oscillator kLO was set to precede the signal by 1.0 ps. The t has a spectral resolution of ~4 cm-1.  

A 2D IR absorptive spectrum was obtained by summing the real part of rephasing and 

nonrephasing spectra that were properly phased against a dispersed broadband pump-probe 

spectrum measured at the same waiting time [36-38]. Dispersed broadband pump-probe spectra 

were measured by using the pulse kc as the pump and attenuated kb as the probe. The phasing 

procedure is based on the projection-slice theorem [39,40]. The projection of a phased 2DIR 

spectra is defined as 

 𝑆𝑝𝑟𝑜𝑗(𝜔𝑡; 𝑇) =  Re {∫𝑑𝜔𝜏𝑒
𝑖Φ𝑆(𝜔𝜏, 𝜔𝑡; 𝑇)}  (1-6) 

where   Φ = 𝜑0 + 𝜔𝜏Δ𝜏 + 𝜔𝑡Δ𝑡, and 𝜑0, Δ𝜏, Δ𝑡 are the phasing parameters. 
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1.3 Vibrations and protein structures  

 As previously stated, the mid-IR probes the intrinsic vibrational properties of molecules 

which are determined by their structures and environment [29]. Molecules usually have vibrational 

modes of various frequencies, and some modes involve collective motions of many atoms, which 

makes the analysis of vibrational spectra complex. However, there are also some vibrational modes 

that involve atoms in small chemical groups. These vibrational modes are localized and their 

properties are largely transferable between molecules with the same chemical groups. Localized 

modes provide a good way to analyze complex vibrational spectra of large molecules like proteins.  

Polypeptides and proteins are composed of small amino acid residues connected by the peptide 

bonds O=C–N–H. The peptide unit is therefore the structural repeating unit of proteins. The 

peptide group gives up to 9 characteristic bands named amide A, B, I, II ... VII, among which the 

amide I and amide II bands are two major bands commonly used in the conformational analysis of 

proteins [41-44]. Figure 1-4 illustrate the peak positions of major bands. Amide I is the most 

intense absorption band in proteins. It is primarily the stretching vibrations of the C=O (70-85%) 

and C–N groups (10-20%). The frequency is found between 1600 and 1700 cm-1 [41,44]. Amide 

II is more complex than amide I. It derives mainly from in-plane N–H bending (40-60%), the C–

N (18-40%) and the C–C (about 10%) stretching vibrations [41,44]. The frequency is usually found 

in the 1510 to 1580 cm-1 region.  
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Figure 1-4. Infrared absorption bands of common peptide groups. This spectrum is from ref. [45]. 

The exact band position and shape of amide normal modes are determined by the backbone 

conformation and hydrogen bonding pattern in proteins [41,44]. Especially the amide-I mode has 

been shown to have structural sensitivity for different secondary structures. For example, the 

antiparallel beta sheet has two bands [46]: the main band has an average frequency of 1629 cm-1, 

and the average frequency for the second band is 1696 cm-1. For the alpha helix [46], the mean 

frequency was found to be 1652 cm-1. The random coil has a broad band at around 1675 cm-1. The 

310-helix differs from the alpha helix in that the internal hydrogen bonding occurs between the 

residues i and i+3 instead of i and i+4. The Ge group has extensively studied 310-helix using 2DIR 

spectroscopy, and showed that 310-helix and -helix have different spectral signatures in the 

double-crossed polarization spectra [32,33,47]. Due to their structural sensitivity, the amide-I 

bands are often used to determine the percentage of secondary structure components in globular 

proteins with some numerical methods [43].  

The amide-I normal mode of a monopeptide is not the amide-I normal modes of polypeptides 
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and proteins. The amide-I modes of each peptide unit on the backbone of polypeptides and proteins 

couple to each other. Therefore, their motions are collective, and the peptide amide-I normal modes 

are delocalized to some extent [41]. These couplings can be described by different theoretical 

models discussed in Chapter 2, and they are highly dependent on peptide conformations. That is 

the reason why amid-I modes are so sensitive to secondary structures. 

One powerful technique in peptide vibrational spectroscopy is isotope labeling. Peptide 

synthesis can put 13C, 13C=18O, and 15N at the designated positions of a large peptide. The isotope 

labels do not change molecular structures and vibrational force constants, but increase the reduced 

mass and therefore change the vibrational frequencies of labeled modes. The 13C label often 

introduces a 40~45 cm-1 red shift, 13C=18O often introduces a 60~70 cm-1 red shift [48] to the 

amide-I modes, and 15N label introduces a ~15 cm-1 red shift [49] to amide-II modes. Compared to 

the typical linewidth of 20~30 cm-1 in amide bands, this sizable shift allows the labeled modes be 

distinguished from the broad peak of unlabeled modes. Moreover, the coupling between the 

unlabeled modes and labeled modes can be neglected when their frequency separation is large. 

This enables us to study the local structure and dynamics of the labeled modes.  
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Chapter 2. Spectral modeling 

2.1 Exciton model 

To calculate the vibrational spectrum, we first need to introduce the vibrational exciton model 

[2,3]. Considering the special case of two coupled vibrators, the Hamiltonian can be written as 

(within harmonic approximation):  

 H =
𝑝1
2

2
+
𝑝2
2

2
+
1

2
𝑘1𝑞1

2 +
1

2
𝑘2𝑞2

2 + 𝑘12𝑞1𝑞2  (2-1) 

where q1 and q2 are mass weighted local coordinates, and p1 and p2 are corresponding conjugate 

momenta. k1 and k2 are the local mode force constants, and k12 is the bilinear vibrational coupling 

constant. To express the Hamiltonian in the exciton basis, we introduce the harmonic oscillator 

creation and annihilation operators: 

 

𝑏𝑗 = (𝑘𝑗

1
4𝑞𝑗 + 𝑖𝑘𝑗

−
1
4𝑝𝑗)/√2ℏ 

𝑏𝑗
† = (𝑘

𝑗

1
4𝑞𝑗 − 𝑖𝑘𝑗

−
1
4𝑝𝑗)/√2ℏ 

[𝑏𝑗, 𝑏𝑗
†] = 𝛿𝑖𝑗  

 (2-2) 

Insert (2-2) into (), we get 

 H = 휀1𝑏1
†𝑏1 + 휀2𝑏2

†𝑏2 + 𝛽(𝑏1
†𝑏2 + 𝑏2

†𝑏1 + 𝑏1
†𝑏2
† + 𝑏1𝑏2)  (2-3) 

where  

 

휀𝑖 =  ℏ√𝑘𝑖 

𝛽 =
 ℏ𝑘12

2(𝑘1𝑘2)
1/4

 

 (2-4) 
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are site energies and couplings between vibrators. If we only consider terms that reserve the exciton 

numbers, and neglect nonresonant terms like 𝑏1
†𝑏2
†
 and 𝑏1𝑏2, equation (2-3) reduces to Frenkel 

exciton model [2]  

 H = (𝑏1 𝑏2) (
휀1 𝛽
𝛽 휀2

)(
𝑏1
†

𝑏2
†)  (2-5) 

For amide I vibrations considered in this dissertation, 𝛽 ≪ 휀  is always true. Therefore, 

nonresonant terms are small, and can be safely neglected. In this case, the system Hamiltonian 

becomes block diagonal, with the ground state, one-exciton Hamiltonian, and two-exciton 

Hamiltonian separated as below  

 𝐻 =

(

 
 
 
 

0
휀1 𝛽
𝛽 휀2

2휀1 − ∆ 0 √2𝛽

0 2휀2 − ∆ √2𝛽

√2𝛽 √2𝛽 휀1+휀1)

 
 
 
 

 (2-6) 

Now we can model a polypeptide with M amide-I modes as M coupled harmonic oscillators 

[50]. The one-exciton Hamiltonian is expressed as  

 𝐻{1} =∑ 휀𝑚|𝑚⟩⟨𝑚|+∑ 𝑉𝑚𝑙|𝑚⟩⟨𝑙|

𝑀

𝑚≠𝑙

𝑀

𝑚

  (2-7) 

where 휀𝑚 is the vibrational frequency of the mth local mode, and 𝑉𝑚𝑙 is the vibrational coupling 

between the mth and lth local modes in the site basis. 

The 𝐻{1} is diagonalized and the eigenstates are labeled by k. The transition dipole operator 

𝜇0𝑘 in the exciton basis is calculated by 
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 𝜇0𝑘 =∑𝑎𝑘𝑚𝜇01
(𝑚)

𝑀

𝑚

  (2-8) 

where 𝑎𝑘𝑚 is the (k, m) element of the eigenvector matrix, and 𝜇01
(𝑚)

 is the mth local transition 

dipole. 

The double-exciton Hamiltonian is also constructed in the site basis with harmonic 

approximation by 

 

𝐻{2} =∑(휀𝑚 + 휀𝑙 − Δ𝛿𝑙𝑚)|𝑙𝑚⟩⟨𝑙𝑚|

𝑀

𝑙,𝑚

+∑√2𝑉𝑙𝑚(|𝑙𝑚⟩⟨𝑚𝑚|

𝑀

𝑚≠𝑙

+ |𝑚𝑚⟩⟨𝑙𝑚|)

+ ∑ 𝑉𝑚𝑝|𝑙𝑚⟩⟨𝑙𝑝|

𝑀

𝑙≠𝑚≠𝑝

 

 (2-9) 

where Δ is the diagonal anharmonicity and only appears in overtone state when 𝑙 = 𝑚. The 

factor √2 describes the coupling between a combination state and overtone state within the 

harmonic approximation. The double-exciton Hamiltonian 𝐻{2}  is also diagonalized and the 

eigenstates are labeled by K with a total number of 𝑀(𝑀 + 1)/2. The transition dipole operator 

𝜇𝑘𝐾 between one-exciton state |𝑘⟩ and two-exciton state |𝐾⟩ is calculated by 

 

𝜇𝑘𝐾 =∑𝑎𝑘𝑚𝑈𝑏𝑚𝐾

𝑀

𝑚

 

where 𝑈(|𝑚⟩ →|𝑚𝑙⟩) = 𝜅𝜇01
(𝑙)

 

       and 𝜅 = 1 if 𝑚 ≠ 𝑙 or 𝜅 = √2 if 𝑚 = 𝑙 

(2-10) 

where 𝑏𝑚𝐾 is the (m, K) element of the eigenvector matrix of 𝐻{2}, and 𝑈 is the transition dipole 
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operator in the site basis. 

From equations (2-7) to (2-10), we could see that to fully describe the one- and two-exciton 

states involved in 2DIR, we only need to model 4 type of quantities by invoking the harmonic 

approximation: the site energies 휀𝑚, vibrational couplings 𝑉𝑚𝑙, local transition dipole 𝜇01
(𝑚)

, and 

diagonal anharmonicity Δ. We will discuss each in the following sections.  

2.2 Through-space coupling 

We first start to model the vibrational coupling 𝑉𝑙𝑚. There are two types of couplings between 

amide-I modes. The first type is the interaction when two amide-I modes are covalently bonded, 

which we call nearest-neighbor coupling and will be discussed later. The other type is the 

interaction when two amide-I modes are at least one peptide unit away from each other, or even 

on different molecules. In this case, we can assume that the coupling is mainly due to electrostatic 

interactions between the oscillators, and the lowest order of this interaction is the bilinear part of 

the expansion with respect to their normal mode displacement. Depending on the distance between 

the coupled modes, we could use dipole-dipole interaction model (when the distance is much larger 

than the size of oscillator), or distributed charge-charge interaction model (when the distance is 

comparable to the size of oscillator). For the dipole-dipole interaction, we get transition dipole 

coupling model (TDC) [41,51],  

 𝑉𝑙𝑚 =
1

4𝜋𝜖0
(
𝜇𝑙 ⋅ 𝜇𝑚

𝑟𝑙𝑚
3 − 3

(𝜇𝑙 ⋅ 𝑟𝑙𝑚)(𝜇𝑚 ⋅ 𝑟𝑙𝑚)

𝑟𝑙𝑚
5 ) (2-11) 

where the transition dipole 𝜇𝑙 is given by the derivative of dipole with respect to the normal mode 
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displacement around equilibrium position. 𝑟𝑙𝑚 is the distance between the origin of 𝜇𝑙  𝑎𝑛𝑑 𝜇𝑚. 

For the distributed charge-charge interaction, we get transition charge coupling model (TCC) 

[52,53], 

 𝑉𝑙𝑚 =
1

4𝜋𝜖0
∑

𝜕2

𝜕𝑄𝑚𝜕𝑄𝑙𝛼𝑚,𝛽𝑙

(
(𝑞𝛼𝑚
0 + 𝛿𝑞𝛼𝑚𝑄𝑚)(𝑞𝛽𝑙

0 + 𝛿𝑞𝛽𝑙𝑄𝑙)

𝑟𝛼𝑚,𝛽𝑙
)
𝑄𝑚=𝑄𝑙=0

 (2-12) 

where 𝑄𝑚 is the mth amide-I local mode, 𝛼𝑚, 𝛽𝑙 are the atom index involved in the mth and lth 

amide-I modes, e.g., C, O, N and H atoms; 𝑞𝛼𝑚
0  is the partial charge of the atom 𝛼𝑚  at the 

equilibrium position of the mode 𝑄𝑚; 𝛿𝑞𝛼𝑚 is the transition charge of the atom 𝛼𝑚 in the mode 

𝑄𝑚; 𝑟𝛼𝑚,𝛽𝑙 is the distance between interacting atoms. Again the transition charge 𝛿𝑞𝛼𝑚 is given 

by the derivative of partial charge with respect to the normal mode displacement around the 

equilibrium position. 

We used ab initio method to find the parameters used in TDC and TCC model. First we used 

simple model chemicals to represent amide-I modes in polypeptides and proteins. There are 

basically two types of peptide units: the X-Pro type which does not have a hydrogen bound to the 

amide nitrogen; and all the other peptide units that have a hydrogen on the nitrogen. Therefore, we 

need at least two model chemicals to represent the amide-I modes. We chose N-methylacetamide 

(NMA) and N-Acetylpyrrolidine (NAP) as illustrated in Figure 2-1. The molecular structures of 

model peptides are visualized by GaussView 5 [54]. 
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Figure 2-1. Molecular structures of model chemicals. Oxygen is red, nitrogen is blue, carbon is 

grey, and hydrogen is white. 

The density functional theory (DFT) method was used to do the calculation. The calculation 

began with a full geometry optimization, and is followed by normal mode analysis. All the 

calculation was done with Gaussian 03 [55] at the B3LYP/6-311++G(d,p) level. To simulate the 

real peptide unit which is connected to other peptide units on both ends, we isotope labeled the 

terminal methyl group with deuterium to make them heavier. The amide hydrogen in NMA was 

also deuterated because all the experiments were performed in D2O. We distorted the equilibrium 

structure by ±0.01 amu1/2 Å mass-weighted displacement on the amide-I normal mode direction. 

The partial charges and dipoles moments of each distorted structures were calculated by DFT on 

the same level. And the transition charges and transition dipoles were calculated by taking the 

difference between two distorted structures and dividing it by 0.02 amu1/2 Å. The TCC parameters 

are listed in Table 2-1. Only the C, O, N, H for NMA (or C for NAP), and two neighboring carbon 

atoms are included in the parameterization. The effect of all the other atoms are already accounted 

for by those partial charges located at the 6 parameterized atoms. This simplification makes the 

model applicable to real peptides where the terminal groups are different. 
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There are a lot of partial charge definitions available, such as Mulliken charges [56] or natural 

population analysis (NPA) charges [57]. Here we use the distributed multipole analysis (DMA) 

[58,59] since it can calculate intermolecular interaction energies much more accurate than the 

commonly used partial charge methodologies. We first used GDMA 2.2 program [60] to carry out 

DMA including multipoles up to hexadecapole, and then fitted atomic partial charges to the 

multipoles using the Mulfit programs [61,62].  

 

Table 2-1. Partial charge (e), transition charge (e Å-1 amu-1/2) of the amide-I modes in NMA and 

NAP calculated by DFT.  

 NMA 

 C O N H(-N) C(-C ) C(-N ) 

Partial charge 0.364 -0.597 -0.454 0.267 0.116 0.304 

Transition charge -0.112 -0.216 0.189 -0.032 0.116 0.056 

 NAP 

 C O N C C(-C ) C(-N ) 

Partial charge 0.358 -0.583 -0.385 0.198 0.120 0.291 

Transition charge -0.136 -0.202 0.141 0.014 0.114 0.069 

 

The transition dipole is illustrated in Figure 2-2. For NMA, the angle is 15.8, and the 

magnitude is 2.88 D Å-1 amu-1/2. For NAP, the magnitude is 3.20 D Å-1 amu-1/2, and the angle is 

18.8. These parameters can be used to define the local transition dipoles, and calculate TDC. 

From the results, we can see that there are only small differences between two amide-I modes. 

The biggest difference are the partial charges and transition charges of N, and H(-N) or C. This is 

understandable since H and C have different electronegativity. The transition dipole angles are 
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also different since the reduced masses are different. However, most parameters are similar mainly 

because amide-I modes are mostly C=O stretching.  

 

Figure 2-2. Illustration of amide-I transition dipole in the local coordinate system  

2.3 Nearest-neighbor coupling (NNC) 

However, when two peptide units are covalently bonded to each other, the above described 

model failed [63]. This is because the electrostatic model cannot fully describe the through bond 

interaction. We needed to construct a coupling map for all combinations of dihedral angle using 

ab initio methods.  

First, we needed to use model chemicals again. Ac-Gly-NHMe (AGN) is a good model 

chemical for peptide units which do not contain a proline. For those peptide units which contain 

at least one proline unit, we need some other model chemicals. There are 3 different possibilities: 

the N-terminal amide has a X-Pro unit, the C-terminal has a X-Pro unit, and both ends have X-Pro 

units. This is too complex and we wanted to start with a relatively simple model. So we chose Ac-

Pro-NHMe (APN) whose C is in a proline unit. When the C is in a proline unit, it will affect the 
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dihedral angles that the residue can adopt, and finally affect the through bond interaction. We 

illustrate the structures of the two model chemicals in Figure 2-3.  

 

Figure 2-3. Molecular structures of model peptides with ==0 

We performed the calculation in Gaussian 03 at the B3LYP/6-31+G(d,p) level. The basis set 

was a little smaller because we did not need to fit the partial charges to long range electrostatic 

properties. We fixed the dihedral angles between the two peptide units and all remaining 

coordinates were optimized. Optimization was followed by normal mode analysis. The calculated 

normal mode frequencies were scaled by a factor of 0.983, which will be explained in the next 

section.  

The site frequencies and the coupling constant between them were generated using the Hessian 

matrix reconstruction method [64]. We express an amide-I normal mode coordinate 𝑞𝑗, as a linear 

combination of the N amide-I local mode coordinates 𝑄𝛼, 

 𝑞𝑗 = ∑𝑄𝛼𝑈𝛼𝑗

𝑁

𝛼=1

 (2-13) 

Here the magnitude of the CO stretch vibration is defined as the local mode coordinates [64], and 

U is defined as,  
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 𝑈𝛼𝑗 ∝ 𝑟𝛼𝑗 − 𝑟𝛼
0 (2-14) 

where 𝑟𝛼
0 is the equilibrium CO bond length of the th local amide-I mode, and 𝑟𝛼𝑗 is CO bond 

length of the th local amide-I mode when the jth normal mode is excited. Each vector {𝑈𝛼𝑗} is 

then normalized.   

The unitary matrix U relates the hessian matrix H under the local mode basis to the eigenvalue 

matrix  by  

 H = UΛ𝑈−1 (2-15) 

 is a diagonal matrix with the DFT calculated normal mode force constants as the diagonal 

elements. The local mode frequencies and coupling constants in cm-1 are obtained from the hessian 

matrix H using equation (2-4).  

To obtain the map of coupling constant as a function of dihedral angles, we varied the  and 

 from -180 to 180 with a step of 30 for AGN. But for APN, we varied  from -140 to 20, 

because only these regions are accessible to APN due to the steric interaction of the proline ring. 

We plot both maps in Figure 2-4. From the maps, we can conclude that there is only very small 

difference in coupling constants caused by the proline unit.  
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Figure 2-4. Nearest-neighbor coupling constant in cm-1. AGN (left) and APN (right). 

Since the CO stretching is not the real local modes, the matrix U is not really unitary and the 

hessian H is not really symmetric. However the errors introduced by this are reasonably small. We 

checked the difference of 12 and 21 (coupling constant in cm-1), and found the largest difference 

for AGN is about 0.75 cm-1, while the average of 12 and 21 (the average is used as the final value ) 

at the same dihedral angles is about 14 cm-1. The result is similar for APN. This means that the 

CO stretching is good approximation of local modes.  

While the off diagonal elements of hessian H give coupling constants, the diagonal elements 

give the nearest-neighbor frequency shift (NNFS) [53]. The NNFS for AGN is calculated by 

subtracting 1717 cm-1 from the local mode frequencies (1717 cm-1 is the gas phase frequency for 

NMA-d). There are two kinds of NNFS: frequency shift of the C-terminal amide-I mode caused 

by the N-terminal amide-I mode ∆𝜔𝑁(𝜙𝑖,𝑖−1, 𝜓𝑖,𝑖−1) , and frequency shift of the N-terminal 

amide-I mode caused by the C-terminal amide-I mode ∆𝜔𝐶(𝜙𝑖,𝑖+1, 𝜓𝑖,𝑖+1).  



 

21 

 

 

Figure 2-5. NNFS for AGN in cm-1. Left: ∆𝜔𝑁(𝜙𝑖,𝑖−1, 𝜓𝑖,𝑖−1). Right: ∆𝜔𝐶(𝜙𝑖,𝑖+1, 𝜓𝑖,𝑖+1).  

As shown in Figure 2-5, the NNFS maps have more features compared to the NNC map. This 

is because the frequency shift is more sensitive to the –NH group of another amide unit, while the 

coupling is mainly depending on the relative position of –CO groups only. This suggests that the 

NNFS for 3 kinds of proline-containing dipeptides will be different since they have different 

number and position of –NH (one of them doesn’t have -NH). And the different conformations of 

proline ring may also affect frequency shift. Therefore, we decided to use electrostatic model for 

the NNFS of proline-containing peptide units. 

2.4 Local mode frequency 

We just discussed the coupling terms in the Hamiltonian, and now we switch to the modeling 

of site energies. The parameterization of site energies are important problem, and has attracted 

numerous computational studies [64-73]. Most current models relate the frequency to a linear 

function of various combinations of electrostatic components evaluated at different positions 

within the peptide group by  
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 𝜔 − 𝜔0 = ∑ [𝑐𝑖
ΦΦ(𝑥𝑖⃗⃗  ⃗) +∑ 𝑐𝑖,𝛼

E E𝛼(𝑥𝑖⃗⃗  ⃗)

3

𝛼=1

+∑∑𝑐𝑖,𝛼𝛽
G 𝐺𝛼𝛽(𝑥𝑖⃗⃗  ⃗)

3

𝛼=1

3

𝛽=1

]

𝑁𝑠𝑖𝑡𝑒𝑠

𝑖=1

 (2-16) 

where 𝜔 − 𝜔0  is the frequency shift due to electrostatic interaction, Φ(𝑥𝑖⃗⃗  ⃗) , E𝛼(𝑥𝑖⃗⃗  ⃗) , and 

𝐺𝛼𝛽(𝑥𝑖⃗⃗  ⃗) are electrostatic potential, field, and field gradient components evaluated at the location 

𝑥𝑖⃗⃗  ⃗ of the parameterized site i. 

This electrostatic model will be valid in polar solvents like water, where the interaction is 

mainly of electrostatic nature. However, amide-I modes can have a sizable shift in nonpolar 

solvents as well. For example, NMA in the nonpolar solvents, n-hexane and CCl4, has a peak at 

1697 and 1688 cm-1, respectively [74,75], compared to the 1731 and 1714 cm-1 double peaks in 

gas phase [74]. The parameterization will finally be applied to MD simulation trajectories but most 

force fields cannot model non-electrostatic interaction very well. Therefore technically, 

electrostatic model is still the best choice available. The effect of non-electrostatic interaction can 

be included by a fixed zero-field shift.  

Generally speaking, there are some spectral features of site energies we want to reproduce or 

predict in simulation. For linear spectra, we want to know the peak position and the peak linewidth. 

For 2D spectra, additionally we want to know the correlation between two site energies.  

To start with, we need to have correct choice of electrostatic components. Literature already 

gave many maps based different electrostatic components [64-73], and coefficients for these 

components were determined based on ab initio calculation [64-67,70,71,73] or empirically fitting 

to experimental data [68,69,72]. Here we used a little different scheme: we first fitted to ab initio 
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calculations to find out the important components and the corresponding coefficients, and then we 

used experimental data to calibrate these results.  

Consistent with the previous sections, we used NMA and NAP as the model chemicals. One 

to five water molecules were placed randomly around the model chemicals to build a peptide-

water complex. Totally we constructed 50 peptide-water complexes for NMA, and 48 for NAP. 

 

Figure 2-6. Illustration of peptide-water complexes.  

The calculation was done in Gaussian 03 [55] at the B3LYP/6-31+G(d,p) level. Both water 

and amide hydrogen were deuterated. The peptide-water complexes were first geometry optimized, 

and followed by normal mode analysis. In some of the peptide-water complexes, we froze the 

distance between the water molecule and the peptide during optimization and normal mode 

analysis. We then systematically varied the distance to adjust the intensity of electric fields and 

repeated the calculations to find the optimal distance.   

The calculated frequency for isolate NMA-d is 1747.5 cm-1, while the experimental gas -phase 

data peaks at 1717 cm-1 [76]. The calculated frequency for isolate NAP is 1720 cm-1, while the 
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experimental gas-phase data peaks at 1692.3 cm-1 [77]. The ratios are 0.9825 and 0.9839, so we 

take the average as 0.983. This scaling factor is applied to all calculated frequencies at the 

B3LYP/6-31+G(d,p) level.  

Following the choice of Jansen [70], we calculated the fields in x and y directions and the zz 

and xy gradients on the C, O, N, and D (or C) atoms from the water molecules. The local 

coordinate system is illustrated in Figure 2-7. We used the TIP3P water model [78] for all our MD 

simulation, whose charge for hydrogen is 0.417e, and 0.834e for oxygen.  

 

Figure 2-7. Local coordinate system defined on the peptide unit. The x axis is aligned along the 

C=O bond. 

The shift 𝜔 − 𝜔0  is expressed as a linear function of 16 variables (four electrostatic 

components on four atoms). 𝜔0 is fixed at the gas-phase value since the calculated frequency 

should approach it when all water molecules are far away. However, it is not a good idea to fit 

directly with 16 variables because fitting with so many variables are often not robust. Moreover, 

the DFT results have some errors due to limited accuracy, and fitting with many variables will also 

fit to those errors. Instead we used a procedure called stepwise regression [79]. Stepwise regression 

compares the explanatory power of incrementally larger and smaller models. At each step, the p-

value of an F-test is computed to test models with and without a potential term. In this way, 
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stepwise regression can determine which terms are the most important in the linear model. We set 

the p-value for adding a term to 10-6. It turned out that 𝐸𝑥
𝐶  and 𝐸𝑥

𝑁 are the most important terms 

for both NMA and NAP. The root mean square error is 3.1 cm-1 for NMA, and 1.6 cm-1 for NAP. 

The choice of terms is actually the same as what Skinner proposed [67,68]. We further used robust 

regression to fit the data in case of outliers. The calculations were implemented in MATLAB®. 

The results are given in (2-17) for NMA, and (2-18) for NAP. The unit of the electric field is in 

𝑒/Å2. 

 𝜔 − 𝜔0 = 1851𝐸𝑥
𝐶 − 640𝐸𝑥

𝑁 (2-17) 

 𝜔 − 𝜔0 = 1938𝐸𝑥
𝐶 − 1226𝐸𝑥

𝑁 (2-18) 

The goodness of fitting for the two equations are shown in Figure 2-8. 

 

Figure 2-8. Scatter plot with the DFT calculated frequency as the x axis, and the fitted frequency 

as the y axis. (a) NMA, fitted with equation (2-17). (b) NAP, fitted with equation (2-18). The red 

line is y = x. 

The equations above are purely from DFT calculation, so there is no guarantee that they will 

work when applied to the MD trajectories. To remedy this issue, we used the experimental FTIR 

spectrum of NMA in D2O to calibrate the equations above. We first assumed that fitting to DFT 
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results gives the correct relationship between these coefficients, but the frequency shifts need to 

be scaled as a whole to get the correct linewidth. It has been shown that different force fields give 

quite different dynamics [80], so the scaling factor was intended to calibrate the fitted parameters 

and dynamics from MD simulation to the experimental data. This scaling factor is therefore force 

field dependent. 

To calculate the linear IR spectrum of NMA, first we calculated 𝐸𝑥
𝐶  and 𝐸𝑥

𝑁 on NMA from 

water molecules based on MD trajectories, and applied equation (2-17) to get the frequency shift. 

Finally we used the following equations [2,68,69]  

 𝐶(𝑡) = 〈𝛿𝜔(𝑡)𝛿𝜔(0)〉 (2-19) 

 

𝐼(𝜔) = 𝑅𝑒∫ 𝑑𝑡 𝑒−𝑖(𝜔−〈𝜔〉)𝑡
∞

0

𝑒−𝑔(𝑡){𝑓𝑒−𝑡/2𝑇𝑠 + (1 − 𝑓)𝑒−𝑡/2𝑇𝑙} 

where 𝑔(𝑡) ≡ ∫ 𝑑𝑡′(𝑡 − 𝑡′)𝐶(𝑡′)
𝑡

0

 

(2-20) 

The experimental vibrational population relaxation is bi-exponential with f being the amplitude of 

the fast component, Ts and Tl being the short and long lifetimes [81]. For NMA-d/D2O, f = 0.55, 

Ts = 0.2 ps, Tl = 0.86 ps, and full-width-half-maximum is 28 cm-1. After comparing the linewidth 

of calculated and measured linear IR spectra of NMA, the scaling factor was found to be 0.816. 

Equations (2-17) and (2-18) should be further scaled by this factor.  

For monopeptide systems like NMA, the electric fields on the parameterized sites are 

considered to come only from solvent molecules. However, real peptide units are connected to 

other peptide units and side chains. It is very important to determine the range of atoms whose 
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electrostatic contribution should be excluded. This range of atoms is called chromophore. For 

NMA, the chromophore is just the whole molecule. For real peptides, the chromophore needs to 

be a group of atoms with zero net charge and include (CO-NH). Using the charge definition of 

CHARMM force fields [82], the smallest ith chromophore includes (C=O) atoms of the ith residue 

and the (HN-CH) atoms of the consecutive residue. If the consecutive residue is glycine, it 

includes (HN-CH2) to maintain the charge neutrality.  

Due to the different chromophore definition of NMA and real peptides, they can have different 

frequency origins which need to be calibrated with respect to model peptides. We choose 5 simplest 

model peptides, which are listed in Table 2-2. All the peak positions were measured in acidic 

condition, such that the N-terminals are NH3
+ for all peptides, and the C-terminals are COOH for 

AA, AG and GG. We carried out MD simulation for the 5 model peptides, and followed the same 

procedure as NMA to calculate their linear IR spectra. Because the N-terminals are NH3
+, we used 

the equation (2-23) as discussed below in section 2.5 to take into account the effect of positively 

charged N-terminal. When Ala is the first residue, the same equation (2-23) is used, but we used 

NH3
+-(C)H to calculate the electrostatic components for the N-terminal contribution with C in the 

parenthesis excluded. The side chain –CH3 was treated like solvent.  

The simulated total shift was obtained by summing up all the electrostatic contributions from 

solvent, N-terminal, and other peptide atoms outside the chromophore. Taking the difference 

between the experiment peak position and simulated total shift, we obtained the frequency origin 
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for each model peptide and summarize the result in Table 2-2. The frequency origins are quite 

close with a mean value of 1697.2 cm-1, and a standard deviation of 2.4 cm-1. The mean value is 

used as the frequency origin for real peptides. 

Table 2-2. Experimental and simulated peak positions of model peptides. Unit is cm-1  

 
experiment 

peak position 

simulated 

total shift 

frequency 

origin 

Ala-NHMe 1664.2 -36.0  1700.2  

Gly-NHMe 1669.3 -27.3  1696.6  

Ala-Ala 1669.2 -24.4  1693.6  

Ala-Gly 1673.4 -24.8  1698.2  

Gly-Gly 1679.0 -18.2  1697.2  

After calibrating the equation (2-17) by the linewidth of NMA and by the peak position of 

model peptides, the final calibrated equation is 

 𝜔𝑚𝑎𝑝 = 1697.2 + 1509𝐸𝑥
𝐶 − 522𝐸𝑥

𝑁 (2-21) 

Similar procedure can be followed to calibrate equation (2-18) for X-Pro type peptide units. This 

will be left as future work. 

If we want to go beyond the pure electrostatic model to include some through-bond effects in 

the site frequency, we can invoke the nearest-neighbor frequency shift (NNFS) 

 𝜔𝑖 = 𝜔𝑚𝑎𝑝 + ∆𝜔𝑁(𝜙𝑖,𝑖−1, 𝜓𝑖,𝑖−1) + ∆𝜔𝐶(𝜙𝑖,𝑖+1, 𝜓𝑖,𝑖+1) (2-22) 

Here 𝜔𝑚𝑎𝑝 is still calculated by equation (2-21), but the atoms that contribute to the electric fields 

are different. In this case, not only the ith chromophore should be excluded, but also the (i1)th and 

(i+1)th chromophores should be excluded since their contributions are already included in the 

NNFS map. Both equations (2-21) and (2-22) do not include the NH3
+ electrostatic contribution. 
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N-terminal corrections should be calculated by equation (2-23) separately, or by the map in Figure 

2-10 as discussed in next section.  

As discussed above, we used the MD trajectories of NMA, NAP, and 5 model peptides to 

simulate their linear spectra. The details of MD simulation will be briefly described here. MD 

simulations were carried out using the NAMD 2.6 package [83] and with CHARMM22 force fields 

[82]. The TIP3P model was used to represent water molecules [78]. Temperature was set to 298 K 

and controlled by coupling to a Langevin bath. Pressure was controlled by the Nose-Hoover 

Langevin piston method [84,85]. Bond lengths involving hydrogen atoms were constrained using 

Shake [86]. Full electrostatic interactions were treated by the Particle Mesh Ewald method [87]. 

Periodic boundary conditions were applied in three dimensions. The integration time step was set 

to 2 fs, and the long-range cut-off was 12 Å. 

We built the initial structures of NMA and model peptides in GaussView 5, and then dissolved 

the model peptides in a simulation box which was approximately 31 × 31 × 31 Å3 in size and 

contained about 980 water molecules. After minimization, the system was first equilibrated in the 

NVT ensemble for 200 ps with all peptide atoms fixed. The system was then equilibrated again in 

the NPT ensemble for 200 ps with the backbone atoms constrained, and another 2 ns without any 

constraint. After that, 2-ns production simulation in the NPT ensemble was generated and saved 

every 20 fs for spectral calculations.  
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2.5 N-terminal corrections 

The two model peptides studied in the dissertation are both uncapped, and they both have 

positively charged N-terminals. Due to the pKa of NH3
+, they are the major form under 

physiological conditions. It is known that this N-terminal will introduce a blue shift to the first 

amide-I mode [88], but we found that this shift cannot be correctly predicted by the electrostatic 

model developed based on NMA only. This is understandable since NMA itself is neutral, so it 

cannot sample the electrostatic fields of the NH3
+ directly connected the peptide unit. To include 

the effect of NH3
+, an additional term ∆𝜔Nter was introduced. We used [H2-Gly-NHMe]+ as the 

model chemical. It is a natural choice since it replaces one hydrogen atom in NMA with a NH3
+ 

group. 

 

Figure 2-9. Molecular structure of [H2-Gly-NHMe]+ when  = 180 and  = 60. 

The NH3
+ can adopt different conformations in solvent. To fully sample the electrostatic 

environment, we need to consider all possible conformations. Similar to the dipeptides, the 

conformations of this molecule could be described by two dihedral angles: the  defined by N-C-

C-N, and  defined by H-N-C-C. There are 3 hydrogen on NH3
+, we define  as the smallest H-N-

C-C angle. Due to the symmetry of [H2-Gly-NHMe]+, we only need to consider the situation when 
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 is from 0 to 180 in a step of 15, and  is from 60 to 30 in a step of 30 0 is the same 

as 60). Totally 52 different structures are generated for calculation. 

We did the calculation in Gaussian 03 at the B3LYP/6-31+G(d,p) level. Only  and  were 

fixed, and all remaining coordinates were optimized. Optimization was followed by normal mode 

analysis. All the amide and amine hydrogen were isotope labeled with deuterium. The calculated 

normal mode frequencies were scaled by a factor of 0.983. The shift was then obtained by 

subtracting 1717 cm-1 from the frequencies. We plot the map for ∆𝜔Nter in Figure 2-10. The 

result clearly shows that the shift is large only when  is small, and the shift vanishes when  

approaches 180. Interestingly, both the QM and MM energy surface of N-terminal, and the 

statistics of N-terminal  from Protein Data Bank (PDB) showed that 180 is the favorable 

conformation. This means the blue shift caused by the positive charge of NH3
+ itself is not large, 

and part of the total blue shift may result from polarized water molecules surrounding the NH3
+ 

group.  

 

Figure 2-10. Frequency shift caused by NH3
+ , ∆𝜔Nter, as a function of  and  

Another way of describing the frequency shift caused by NH3
+ is to relate it to electric fields 
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components. We could follow the same procedure as we did in last section. The issue is that which 

atoms should be included to calculate the electric fields. Here we chose NH3
+-(C)H2. The carbon 

atom inside the parenthesis was excluded since it is covalently bonded to C=O. We used the charge 

definition in CHARMM force fields to calculate the 16 electric components at the CO-NH atoms, 

and then used stepwise linear regression to find out the most important component. The difference 

from the case of NMA-D2O cluster is that we included a constant term in the fitting because it was 

not clear what the zero-fields shift should be (unlike NMA in D2O, the NH3
+ is bonded to [H2-Gly-

NHMe]+ directly, so it cannot be moved infinitely far away). The fitted result is 

 ∆𝜔 = 46 + 1037𝐸𝑥
𝐶 − 1213𝐸𝑥

𝑂−270𝐸𝑥𝑦
𝑂 − 351𝐸𝑧𝑧

𝐻  (2-23) 

Compared to the results of NMA-D2O cluster, this equation contains more terms and is 

relatively difficult to rationalize. However, since we already sampled all possible conformations 

of NH3
+, the result still gave a good representation of the relationship between amide-I frequency 

shift and electric fields caused by NH3
+. The root mean squared error of the fitting is 1.4 cm-1. The 

goodness of fitting is shown in Figure 2-11.  
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Figure 2-11. Scatter plot for [H2-Gly-NHMe]+, with DFT calculated frequency as the x axis, and 

fitted frequency from equation (2-23) as the y axis. The red line is y = x. 

2.6 Sum over states (SOS) method  

We have discussed the modeling of vibrational Hamiltonian in the last few sections. Now we 

need to simulate the spectrum based on the exciton model. Consider an overdamped Brownian 

oscillator, the frequency correlation function is [2] 

 〈𝛿𝜔(𝑡)𝛿𝜔(0)〉 = Δ2exp (−Λ𝑡) (2-24) 

When Δ ≫ Λ, this is the static limit, or inhomogeneous limit, and equation (2-24) reduces to 

〈𝛿𝜔(𝑡)𝛿𝜔(0)〉 = Δ2. When Δ ≪ Λ, this is the motional narrowing limit, or homogeneous limit, 

and 〈𝛿𝜔(𝑡)𝛿𝜔(0)〉 = 𝛾𝛿(𝑡) where 𝛾 = 2
∆2

Λ
. If we only consider this two limiting situations, or 

the Bloch dynamics, the frequency correlation function is 

 〈𝛿𝜔(𝑡)𝛿𝜔(0)〉 = 𝛾𝛿(𝑡) + Δ2 (2-25) 

Due to the expensive cost of 2D spectra simulation, especially for large systems, we will use 

equation (2-25) to do most of the spectral simulation. This mean that the system response is a static 

average of homogeneously broadened components. This protocol is called sum over states (SOS) 

[2,4,32,50,89], because all the response functions are expanded and summed over with the exciton 

basis. The exciton basis are obtained from diagonalizing the Hamiltonian constructed under the 

site basis. 

The expression for linear spectra with SOS is given by 
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 𝐼(𝜔) = 〈∑
|𝜇𝑖|

2𝛾

(𝜔 − 𝜔𝑖)
2 + 𝛾2

𝑖

〉 (2-26) 

The Liouville pathways of rephasing spectra are shown in Figure 2-12. Re1 to Re3 are terms for T 

 0, the sequence is a-b-c where a, b, c, represent the polarization of three excitation pluses, and d 

represents the polarization of signal pulse. Re4 to Re6 are additional terms when T = 0, the 

sequence is a-c-b.  

 

Figure 2-12. Liouville pathways of rephasing spectra when T = 0 

The equations for rephasing spectra are given below in (2-27) for the a-b-c sequence, and (2-28) 

for the a-c-b sequence.  
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𝑆𝑎−𝑏−𝑐
𝑅 (−𝜔𝜏, 𝜔𝑡; 𝑇)

= 〈∑
〈�̂�0𝑖 ∙ �̂� �̂�𝑖0 ∙ �̂� �̂�0𝑗 ∙ �̂� �̂�𝑗0 ∙ �̂�〉

[𝑖(−𝜔𝜏 +𝜔𝑖) − 𝛾][𝑖(𝜔𝑡 −𝜔𝑗) − 𝛾]𝑖,𝑗

+∑
〈�̂�0𝑖 ∙ �̂� �̂�0𝑗 ∙ �̂� �̂�𝑖0 ∙ �̂� �̂�𝑗0 ∙ �̂�〉𝑒

−𝑖𝜔𝑗𝑖𝑇

[𝑖(−𝜔𝜏 +𝜔𝑖) − 𝛾][𝑖(𝜔𝑡 −𝜔𝑗) − 𝛾]𝑖,𝑗

−∑
〈�̂�0𝑖 ∙ �̂� �̂�0𝑗 ∙ �̂� �̂�𝑗𝑘 ∙ �̂� �̂�𝑘𝑖 ∙ �̂�〉𝑒

−𝑖𝜔𝑗𝑖𝑇

[𝑖(−𝜔𝜏 +𝜔𝑖) − 𝛾][𝑖(𝜔𝑡 −𝜔𝑘𝑖) − 𝛾
′]

𝑖,𝑗,𝑘

〉 

(2-27) 

 

𝑆𝑎−𝑐−𝑏
𝑅 (−𝜔𝜏, 𝜔𝑡; 𝑇 = 0)

= 〈∑
〈�̂�0𝑖 ∙ �̂� �̂�𝑖0 ∙ �̂� �̂�0𝑗 ∙ �̂� �̂�𝑗0 ∙ �̂�〉

[𝑖(−𝜔𝜏 +𝜔𝑖) − 𝛾][𝑖(𝜔𝑡 −𝜔𝑗) − 𝛾]𝑖,𝑗

+∑
〈�̂�0𝑖 ∙ �̂� �̂�0𝑗 ∙ �̂� �̂�𝑖0 ∙ �̂� �̂�𝑗0 ∙ �̂�〉

[𝑖(−𝜔𝜏 +𝜔𝑖) − 𝛾][𝑖(𝜔𝑡 −𝜔𝑗) − 𝛾]𝑖,𝑗

−∑
〈�̂�0𝑖 ∙ �̂� �̂�0𝑗 ∙ �̂� �̂�𝑗𝑘 ∙ �̂� �̂�𝑘𝑖 ∙ �̂�〉

[𝑖(−𝜔𝜏 +𝜔𝑖) − 𝛾][𝑖(𝜔𝑡 −𝜔𝑘𝑖) − 𝛾
′]

𝑖,𝑗,𝑘

〉 

(2-28) 

Here 𝛾 is homogeneous width for 0-1 transition, 𝛾′ is homogeneous width for 1-2 transition. i 

and j are the indices for one-exciton states, k is the index for double-exciton states. 𝜔𝑖 is the 

transition frequency between the ground state and one-exciton state, and 𝜔𝑘𝑖  is transition 

frequency between the one-exciton state and double-exciton state. The angle bracket in the 

numerator represent the isotropically averaged orientation factor which can be calculated by 

equation (2-31). The angle bracket outside the summation represents the ensemble average over 

the inhomogeneous conformational distribution.  

Liouville pathways of nonrephasing spectra are shown in Figure 2-13. Nr1 to Nr3 are terms 

for T  0, the sequence is b-a-c. Nr4 and Nr5 are additional terms for T = 0, the sequence is b-c-a. 
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Note that Nr4 and Nr5 are no longer nonrephasing pathways, they are actually reverse photo echo 

(RPE) terms. After interaction with the first two pulse, the system is in coherence |𝑘0⟩, which 

involves the double-exciton states. However, since the waiting time T = 0, no dynamics can happen. 

 

Figure 2-13. Liouville pathways of nonrephasing spectra when T=0 

The equations for nonrephasing spectra are given below in (2-29) for the b-a-c sequence, and 

(2-30) for the b-c-a sequence.  
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𝑆𝑏−𝑎−𝑐
𝑁𝑅 (𝜔𝜏, 𝜔𝑡; 𝑇)

= 〈∑
〈�̂�0𝑖 ∙ �̂� �̂�𝑖0 ∙ �̂� �̂�0𝑗 ∙ �̂� �̂�𝑗0 ∙ �̂�〉

[𝑖(𝜔𝜏 −𝜔𝑖) − 𝛾][𝑖(𝜔𝑡 −𝜔𝑗) − 𝛾]𝑖,𝑗

+∑
〈�̂�0𝑖 ∙ �̂� �̂�0𝑗 ∙ �̂� �̂�𝑗0 ∙ �̂� �̂�𝑖0 ∙ �̂�〉𝑒

−𝑖𝜔𝑖𝑗𝑇

[𝑖(𝜔𝜏 −𝜔𝑖) − 𝛾][𝑖(𝜔𝑡 −𝜔𝑖) − 𝛾]
𝑖,𝑗

−∑
〈�̂�0𝑖 ∙ �̂� �̂�0𝑗 ∙ �̂� �̂�𝑖𝑘 ∙ �̂� �̂�𝑘𝑗 ∙ �̂�〉𝑒

−𝑖𝜔𝑖𝑗𝑇

[𝑖(𝜔𝜏 −𝜔𝑖) − 𝛾][𝑖(𝜔𝑡 −𝜔𝑘𝑗) − 𝛾
′]

𝑖,𝑗,𝑘

〉 

(2-29) 

 

𝑆𝑏−𝑐−𝑎
𝑁𝑅 (𝜔𝜏, 𝜔𝑡; 𝑇 = 0)

= 〈∑
〈�̂�0𝑖 ∙ �̂� �̂�𝑖𝑘 ∙ �̂� �̂�𝑘𝑗 ∙ �̂� �̂�𝑗0 ∙ �̂�〉

[𝑖(𝜔𝜏 −𝜔𝑖) − 𝛾][𝑖(𝜔𝑡 −𝜔𝑗) − 𝛾]𝑖,𝑗

−∑
〈�̂�0𝑖 ∙ �̂� �̂�𝑖𝑘 ∙ �̂� �̂�0𝑗 ∙ �̂� �̂�𝑘𝑗 ∙ �̂�〉

[𝑖(𝜔𝜏 −𝜔𝑖) − 𝛾][𝑖(𝜔𝑡 −𝜔𝑘𝑗) − 𝛾
′]

𝑖,𝑗,𝑘

〉 

(2-30) 

Because our measurement is done in isotropic solution like water, the molecular coordinate 

system can adopt any orientation with respect to the lab coordinate system. Any transition dipole 

interaction with the laser excitation needs to be averaged over the isotropic distribution. The 

averaged orientation factor [90] is given by  

 

〈�̂�(𝑡1) ∙ �̂�  �̂�(𝑡2) ∙ �̂�  �̂�(𝑡3) ∙ �̂�  �̂�(𝑡4) ∙ �̂�〉

=
1

30
{〈�̂�(𝑡1) ∙ �̂�(𝑡2) �̂�(𝑡3)

∙ �̂�(𝑡4)〉(4𝑐𝑜𝑠𝜃𝑎𝑏𝑐𝑜𝑠𝜃𝑐𝑑 − 𝑐𝑜𝑠𝜃𝑎𝑐𝑐𝑜𝑠𝜃𝑏𝑑

− 𝑐𝑜𝑠𝜃𝑎𝑑𝑐𝑜𝑠𝜃𝑏𝑐)

+ 〈�̂�(𝑡1) ∙ �̂�(𝑡3) �̂�(𝑡2) ∙ �̂�(𝑡4)〉(4𝑐𝑜𝑠𝜃𝑎𝑐𝑐𝑜𝑠𝜃𝑏𝑑

− 𝑐𝑜𝑠𝜃𝑎𝑏𝑐𝑜𝑠𝜃𝑐𝑑 − 𝑐𝑜𝑠𝜃𝑎𝑑𝑐𝑜𝑠𝜃𝑏𝑐)

+ 〈�̂�(𝑡1) ∙ �̂�(𝑡4) �̂�(𝑡2) ∙ �̂�(𝑡3)〉(4𝑐𝑜𝑠𝜃𝑎𝑑𝑐𝑜𝑠𝜃𝑏𝑐

− 𝑐𝑜𝑠𝜃𝑎𝑏𝑐𝑜𝑠𝜃𝑐𝑑 − 𝑐𝑜𝑠𝜃𝑎𝑐𝑐𝑜𝑠𝜃𝑏𝑑)} 

(2-31) 



 

38 

 

where �̂�(𝑡𝑖) is the transition dipole at time 𝑡𝑖, �̂� is the polarization of the pulse ka, and 𝑐𝑜𝑠𝜃𝑎𝑏 

is the cosine of the angle between polarizations of the pulse kb and ka.  

2.7 Time averaging approximation (TAA) 

The SOS is a simple method for simulating the 2D spectra, but often works well because it 

can correctly reflect the effect of coupling between local modes. However, SOS ignore most 

dynamics including spectral diffusion, population and coherence transfer, and motional narrowing. 

To fully include dynamics, numeric integration of Schrodinger equation (NISE) [91-93] can be 

used. However, NISE is very expensive, and often unnecessary for many systems. One of the 

biggest problems about SOS is that it often predicts a very broad spectrum. This is because SOS 

cannot account for motional narrowing effect. Instead, the time averaging approximation (TAA) 

initially proposed by Skinner [94] can account for motional narrowing effect, and at the same time, 

is still cost efficient. TAA came from a simple idea that the evolution operator 𝑈(𝑡, 0) can be 

expressed as  

 𝑈(𝑡, 0) = 𝑒𝑥𝑝𝑇 [−
𝑖

ℏ
∫ 𝐻(𝜏)𝑑𝜏
𝑡

0

] = 𝑒𝑥𝑝𝑇 [−
𝑖𝑡

ℏ

1

𝑡
∫ 𝐻(𝜏)𝑑𝜏
𝑡

0

] (2-32) 

where 𝑒𝑥𝑝𝑇  is the time-ordered exponential [2]. Approximating the 
1

𝑡
∫ 𝐻(𝜏)𝑑𝜏
𝑡

0
 integral by 

using the average over a fixed time interval Tw [94], the evolution operator 𝑈(𝑡, 0) becomes 

 𝑈(𝑡, 0) = 𝑒𝑥𝑝 [−
𝑖𝑡

ℏ

1

𝑇𝑤
∫ 𝐻(𝜏)𝑑𝜏
𝑇𝑤

0

] = 𝑒𝑥𝑝 [−
𝑖𝑡

ℏ
𝐻𝐴
𝑇𝑤] (2-33) 

where 𝐻𝐴
𝑇𝑤 is the time averaged Hamiltonian. Since 𝐻𝐴

𝑇𝑤 is independent of the variable t, 𝑈(𝑡, 0) 

can be Fourier transformed into the frequency domain directly without needing to do the complex 
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discrete time numeric integration.  

For 2D spectral calculation, we have three time intervals involved. As illustrated in Figure 

2-14, only  and t periods are approximated by time averaging. This accounts for motional 

narrowing taking place in these time intervals, which makes the spectrum much narrower. For the 

T period, the system is in a population or interstate coherence within the one-exciton manifold, so 

there is no motional narrowing effect and TAA does not apply. NISE can be used to account for 

waiting time dynamics. In this dissertation, we only simulated 2D spectra with very short waiting 

time, and thus the dynamics during that time period was ignored. 

 

Figure 2-14. Illustration of TAA scheme for 2DIR pulse sequence. The  and t periods are 

approximated by averaging with an exponential weight function. 

Generally speaking, different weight functions can be used for better simulating the linewidth 

of the spectrum, and the width of the weight function itself can also be adjusted. In equations below 

[95], the forward averaged 𝐻𝐹 for period t3 and the backward averaged 𝐻𝐵 for period t1 both 

incorporate a weight function W:   

 

𝐻𝐹(𝑝Δ𝑡) = ∑ 𝐻[(𝑝 + 𝑞)Δ𝑡]𝑊(𝑞Δ𝑡)Δ𝑡

𝜏𝑐/Δ𝑡

𝑞=0

 

𝐻𝐵(𝑝Δ𝑡) = ∑ 𝐻[(𝑝 − 𝑞)Δ𝑡]𝑊(𝑞Δ𝑡)Δ𝑡

𝜏𝑐/Δ𝑡

𝑞=0

 

(2-34) 
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As shown in the literature, the improvement of common weight functions (like Gaussian or 

exponential function) over a straightforward box function is small [95]. Therefore, we used the 

box weight function. A previous study showed that a box size of 2.79Δ−1  can optimize the 

linewidth agreement for a simple overdamped Brownian oscillator over the Λ/Δ range from 0 to 

1 [95]. Real systems have more complex dynamics, so the proper box size can change for different 

systems.   

Now we can give equations for 2D spectra simulation with TAA. However, as discussed above, 

the evolution operator with TAA can be Fourier transformed into the frequency domain directly 

and we ignore the short waiting time dynamics. In this case, the equations for TAA are actually the 

same as the equations for SOS which are listed from (2-27) to (2-30). The only difference is that 

now we have two Hamiltonians: forward averaged 𝐻𝐹 for period t, and backward averaged 𝐻𝐵 

for period . After Fourier transformation, we used the eigenvalues of 𝐻𝐵 for the dimension 𝜔𝜏, 

and used eigenvalues of 𝐻𝐹 for the dimension 𝜔𝑡. We still used only one set of transition dipoles 

for the orientation factors, since TAA only average the Hamiltonian.  

As mentioned above, the most important benefit of TAA is to introduce the motional 

narrowing effect, which makes the spectrum linewidth much narrower. We will illustrate how this 

works. We calculated the frequency shift of the 2nd amide-I mode, and the coupling constant 

between the 2nd and 3rd amide-I modes in the (Ala)5 system discussed in Chapter 3. The calculation 

was based on 500 MD simulation trajectories, each is 40 ps long and sampled every 20 fs. We 
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applied TAA using a box weight function with a box size of Tw, and calculated the standard 

deviation of the time-averaged frequency shift and coupling constant distributions. Figure 2-15 

plots the standard deviation as a function of the box size Tw.  

 

Figure 2-15. Effect of time averaging on the spectral variables. (a) Frequency shift. (b) Coupling 

constant. The x axis is the box size of the weight function, and the y axis is the standard deviation 

of spectral variables.  

Obviously the standard deviations decrease with increasing box size, which means the 

simulated spectrum will be narrower because the standard deviation is simply the inhomogeneous 

linewidth. The standard deviations decrease faster in short time, which means the fast-fluctuating 

components will be averaged out and this is just motional narrowing. The slow-fluctuating 

components cannot be averaged out completely, and they appear as inhomogeneous broadening. 

In this sense, TAA can be viewed as a variation of SOS where one can choose a characteristic time 

scale Tw. Only components that fluctuate slower than Tw will appear as inhomogeneous 

broadening, while components that fluctuate faster than Tw will appear as homogeneous 

broadening.  

There is another important feature: the standard deviation of coupling constant is still about 
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70% of the maximum value at Tw = 0 when the average box is 1000 fs, whereas the standard 

deviation of frequency shift is only about 50% when the average box is 800 fs. This suggests that 

the fluctuation of frequency shift is mainly contributed from fast components, while the fluctuation 

of coupling constant is mainly contributed from slow components. The material in Chapter 3 will 

rationalize this observation: frequency fluctuations mainly come from interaction with water 

molecules which is a fast process, while the coupling constant fluctuation has noticeable 

contribution from the slow conformation transition.  

 

Figure 2-16. Histogram of spectral variables distribution with and without averaging. (a) 

Frequency shift. (b) Coupling constant. Note that the coupling constant for Tw=800fs in (b) was 

shifted by 10 cm-1 to show the comparison more clearly.  

In Figure 2-16, we compare the distribution of frequency shift or coupling constant with and 

without time-averaging. The averaging makes the frequency shift distribution much narrower, but 

doesn’t change the shape of distribution. For coupling constant, averaging only makes the 

distribution marginally narrower, and the shape is similar too. Note that in Figure 2-16 the coupling 

constant distribution at Tw=800fs is shifted by 10 cm-1 for illustration purpose, and the actual 

center is the same as the distribution without averaging. Of course, the features observed above 
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are not general properties of TAA. Rather, they are the properties of specific systems like (Ala)5. 

Nevertheless, compared to SOS, TAA provides a more flexible method where one can include 

motional narrowing by using proper average time Tw, but still keeps reasonably low computation 

cost. 

 

 

 

 

 

 



 

44 

 

Chapter 3. (Ala)5 

3.1 Introduction 

Homopolymeric peptides are simple yet important, both in biological processes [96] and as a 

model system to understand the intrinsic propensity of protein folding, especially for those 

“unfolded” peptides in aqueous solution [97-101]. Among them, the conformation of alanine based 

peptides is especially interesting. This is understandable since alanine is representative for all 

common (non-Gly, -Pro) amino acids. However, conformational sampling of these short peptides 

is challenging because ensembles of rapidly interconverting structures coexist in solution 

[5,80,102]. Although many different approaches have been used to investigate this problems, 

controversy still exists. Kim et al. [36] suggested polyproline II-like conformation for the alanine 

dipeptide in aqueous solution, employing 2DIR in combination with DFT calculation. While 

Raman optical activity (ROA) study found that alanine dipeptide adopts both the extended PPII 

and compact alpha conformations [103]. For (Ala)3, a series study employing 2DIR combined with 

ab initio calculation and MD simulation suggested two conformations mainly PPII (80%) and some 

α-helix (20%) [5,7,8]. However, a 50:50 mixture of PPII and an extended β-strand-like 

conformation was proposed on the basis of Raman, FTIR, and CD measurements [104,105], and 

yet a joint NMR/MD study indicates 90% PPII and 10% [102].  While this NMR and MD 

simulation study of (Ala)3-7 peptides showed that there is no detectable population of the alpha 
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conformation [102], Hummer and coworkers studied (Ala)5 conformations using MD simulations, 

and concluded that the NMR data are consistent with force fields that give a small α-helix 

population and do not require exclusive formation of the PPII structure [106].  

In this chapter, we will use 2DIR to study the conformation of (Ala)5 whose molecular 

structure is given in Figure 3-1. This polypeptide has 4 peptide groups, and there are three sets of 

Ramachandran angles describing the conformation between them. Our purpose is to determine the 

values of these angles. We also collaborated with MacKerell group to run MD simulation with 

three different force fields and compare results with the experimental 2D spectra. Since a 1-2 

kcal/mol error in the relative free energy ΔG can result in an error of ~10 times to the population 

probability in exp(ΔG/kBT) at room temperature, the reliable conformational sampling of small 

polypeptides is very important to the refinement and development of force fields.  

 

Figure 3-1. Molecular structure of (Ala)5 at pD=1, and labeling pattern of two different 

isotopomers are given. The amide-I modes on four peptide units are red circled, and 3 pairs of 

dihedral angles are indicated by red arrows.  
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3.2 Experiment details 

(L-Ala)5 was purchased from Sigma-Aldrich, and isotope labeled (Ala)5 were purchased from 

CPC Scientific, Inc. The peptides are not capped, and are used without further purification. The 

isotope purity of labeled peptides were examined with mass spectroscopy. The 13C labeling is 

almost 100%, and 18O labeling purity is about 92% by comparing the signal intensity of (m+2)/z 

and m/z peaks. 

 Peptides were lyophilized in 5mM DCl/D2O solution at least 3 times before use in order to 

remove trifluoroacetic acid (TFA) and deuterate the NH groups [107]. The peptide was then 

dissolved in pD=1 DCl/D2O solution to convert the carboxylate groups into acidic form to 

minimize the spectral overlap with amide-I’ modes. For FTIR and 2DIR measurements, the 

concentration of peptides solution was ~30mM and sample was prepared in between two CaF2 

windows with a 25 um spacer. The FTIR measurement was done on a Nicolet magna-IR 860 

spectrometer with a 2-cm-1 resolution and averaged over 32 scans. The solvent background and 

water vapor peaks were removed by home-written programs in MATLAB. Concentration-

dependent measurements were performed to confirm no aggregation occurred in a ~30mM 

solution.  

For circular dichroism experiments, the solution concentration was ~0.3 mM and the 

measurements were conducted in a 1-mm path length quartz cell with a Jasco J-810 

spectropolarimeter. The wavelength scan was from 240nm to 180nm with 1nm pitch and 2nm 
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bandwidth. From 10°C to 80°C, we took a wavelength scan every 5°C. A 10-minute equilibrium 

time was given before each wavelength scan.  

The methodology of 2DIR was already described in Chapter 1. For labeled peptides, we tweak 

the OPA to center the wavelength of mid-IR at around 1625 cm-1, which is in the middle of the 

labeled and unlabeled regions. 

3.3 Unlabeled (Ala)5 results  

As shown in Figure 3-2(a), the 4 amide-I modes in (Ala)5 are congested in a single FTIR band 

centered at 1650 cm-1, with a small shoulder around 1670 cm-1. The additional band at 1720 cm-1 

is due to the carboxylic acid CO stretch [88]. The shoulder around 1670 cm-1 can be attributed to 

the N-terminal amide-I mode. The blue-shift is caused by the -ND3
+ group, which has been 

suggested in previous studies [7,8,88], and was also consistent with the experimental and 

theoretical results shown in Chapter 2.  

The broad and featureless FTIR spectrum did not provide more information about the 

structures. However, CD spectrum in Figure 3-2(b) did suggest the presence of some preferred 

conformations at lower temperature. The negative peak at 194 nm and the positive peak at 216 nm 

both decrease with increasing temperature. This can be explained by depopulation of lower energy 

conformations at higher temperatures.  
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Figure 3-2. (a) Linear absorption spectra of deuterated (Ala)5 in D2O at pD=1. (b) Circular 

dichroism of (Ala)5 in H2O at different temperatures. The y-axis is the directly measured CD signal 

of the 1 mm path length sample solution. 

The 2DIR spectra of (Ala)5 shown in Figure 3-3 don’t provide enough information either. The 

rephasing spectrum under the ZZZZ polarization has only one broad peak. The nonrephasing 

spectrum has a higher resolving power for closely spaced spectral features [31,33,108], so there is 

an additional peak at 1675 cm-1 that is attributed to the 1st amide-I mode. However, the band 

centered at 1650 cm-1 contains contributions from 2nd to 4th amide-I modes, and does not show 

special spectral features as those seen in helical structures, even for double-crossed </4, -/4, Y, 

Z> polarization spectra. To fully model the 4-vibrator system, we need a 4-by-4 Hamiltonian which 

contains 6 independent coupling terms describing the interactions between amide-I local modes, 

and many other local frequency and dynamics parameters. The poor peak resolution and lack of 

spectral features in the unlabeled peptide spectra do not support unique determination of so many 

parameters.  
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Figure 3-3. 2DIR absolute magnitude spectra of unlabeled (Ala)5. (a) & (b) Rephasing and non-

rephasing spectra under the ZZZZ polarization at T = 300 fs. (c) Rephasing spectra under the 

double-crossed polarization at T = 0.  

3.4 Labeled (Ala)5 results 

To resolve separate peaks, we designed two different isotope-edited peptides: Ala-(13C)Ala-

(13C,18O)Ala-Ala-Ala (denoted as A5-23), and Ala-Ala-(13C,18O)Ala-(13C)Ala-Ala (denoted as 

A5-43). The 1st amide-I mode is close to the positively charged N-terminal, so it always has the 

highest frequency, and the 3rd amide-I mode is always double-labeled with 13C=18O so it has the 

lowest frequency. As shown in Figure 3-4, the isotope-labeled and unlabeled regions are well 

separated in FTIR spectra, but within each band, two peaks are only partially resolved because the 

frequency splitting is comparable to the linewidth. The frequency splitting is about 20 cm-1 

between 2 peaks within the same band, and about 45 cm-1 between the lower frequency peak in 

the unlabeled region and the higher frequency peak in the labeled region. The frequency ordering 

(from high to low wavenumber) for the four amide-I modes is 1-4-2-3 for A5-23, and 1-2-4-3 for 
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A5-43.  

 

Figure 3-4. Linear absorption spectra of isotope labeled (Ala)5 in D2O at pD=1. A5-23 is shown in 

blue and A5-43 in red.  

Figure 3-5 shows the rephasing and nonrephasing spectra under the ZZZZ and YYZZ 

polarization for A5-23 and A5-43. The rephasing spectra are similar to the FTIR spectrum, where 

isotope labeled band is well separated from the unlabeled band, but within each band the two peaks 

are not well resolved. The nonrephasing spectra have better resolution, so all four peaks are 

resolved in both A5-23 and A5-43. The unlabeled band is obviously stronger than labeled band. 

Since the mid-IR pulse is centered at 1625 cm-1 (which is between the labeled and unlabeled 

region), the difference shouldn’t come from the mid-IR convolution (although the two peaks in the 

middle will be excited more compared to the other two peaks). Ab initio calculation on NMA-d 

showed that labeled amide-I modes have smaller transition dipole strengths. Therefore, the 

difference is most possibly due to weaker transition dipole strength for labeled amide-I modes. It 

is also consistent with the intensity profile in the FTIR spectra, but 2DIR intensity is proportional 

to μ4 so that the difference is more apparent compared to linear IR which is proportional to μ2.  
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Figure 3-5. 2DIR absolute magnitude spectra of the labeled peptides, T = 300fs. (a) The rephasing 

spectra of A5-23 under the ZZZZ polarization. (b) The nonrephasing spectra of A5-23 under the 

ZZZZ polarization. (c) The rephasing spectra of A5-23 under the YYZZ polarization. (d) The 

nonrephasing spectra of A5-23 under the YYZZ polarization. The corresponding spectra for A5-

43 are plotted in (e) (f) (g) (h).  

The cross peaks in 2DIR reflect vibrational couplings between the vibrational modes on 

different peptide units, which contain the most important information about peptide structures. In 

rephasing spectra, the cross peaks are buried by the strong, line-narrowed diagonal peaks. In the 

nonrephasing spectra, the diagonal peaks are broadened due to their nonrephasing nature and 

further diminished due to distructive interference between them, and thus the cross peaks are more 

visible. In both the labeled and unlabeled regions, cross peaks appear between two neighboring 

modes, especially in the YYZZ polarization. No obvious cross peaks appear between a mode from 

the labeled region and another mode from the unlabeled region. However, when both modes are 

from the same region, the cross peaks are partially overlapped with the tail of strong diagonal 

peaks elongated along the vertical and horizontal axis. When two modes are from different regions, 
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their diagonal peaks almost decay to zero at the cross peak positions. This will affect the 

appearance of cross peaks.  

As described in Chapter 1, we measured the rephasing and nonrephasing spectra with the box-

cars geometry, and then measured the pump-probe spectra with the same waiting time right after 

that. We phased the rephasing and nonrephasing spectra to the pump-probe spectra separately, and 

then combine them to get the pure absorptive 2D correlation spectra. We plot the projection of the 

real part of 2D spectra and compare with the pump-probe spectra in Figure 3-6(a,b) for A5-23 and 

Figure 3-7(a,b) for A5-43. Within experimental errors, the agreement between projections and 

pump-probe is good. The 2D correlation spectra are plotted in Figure 3-6(c,d) for A5-23 and Figure 

3-7(c,d) for A5-43. Again no cross peak structure can be easily distinguished in the 2D correlation 

spectra, because the cross peaks are overlapped with the strong and broad diagonal peaks.  
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Figure 3-6. Vibrational 2D correlation spectra of A5-23 taken at the ZZZZ polarization (left 

column) and the YYZZ polarization (right column). Waiting time is 300 fs. (a, b) Comparison 

between the pump-probe spectra and the projection of the real part 2D spectra onto ωt axis. Blue 

line: projection of the rephasing spectra; green line: projection of the non-rephasing spectra; red 

line: projection of R+NR spectra; cyan line: pump-probe spectra. (c, d) Phased experimental 2D 

correlation spectra. (e, f) Fitted 2D correlation spectra. The blue square boxes indicate the range 

of fitting.  
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Figure 3-7. Vibrational 2D correlation spectra of A5-43. See the Figure 3-6 caption for detailed 

descriptions.  

To resolve cross peaks unambiguously, we further exploit the different anisotropic properties 

of cross peaks and diagonal peaks. It has been shown theoretically and experimentally that the 

double-crossed </4, -/4, Y, Z> polarization can suppress the strong diagonal peaks and retain 

only the cross-peaks [32,47,109,110]. The double-crossed rephasing spectra in Figure 3-8 clearly 

show that only the 2-3 pair in the labeled region of A5-23, the 1-2 pair in the unlabeled region and 

the 3-4 pair in the labeled region of A5-43 have strong cross peak patterns that can be 

unambiguously distinguished from the background noise. Although there are still not fully 
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suppressed diagonal peaks remained, they are relatively weak compared to the cross peaks. The 

residual diagonal peaks may originate from several reasons, including the non-collinear beam 

geometry, some nonrephasing contribution from smaller τ when pulses overlap, and internal 

rotation of peptide molecules. The relative intensity of residual diagonal peaks was very sensitive 

to the exact experimental beam polarizations. When the experimental condition is very good, the 

diagonal peak can be suppressed below 1% with the double-crossed polarization for a single 

amide-I mode [47,109]. For (Ala)5, the cross peaks under the double-crossed polarization are about 

2% in intensity of the diagonal peaks under the ZZZZ polarization, only about 2-3 times the 

intensity of the residual diagonal peaks. 

 

Figure 3-8. 2D rephasing spectra of labeled (Ala)5 under </4, -/4, Y, Z> polarization, T=0fs. (a) 

A5-23 (b) A5-43  

Due to the “unfolded” nature of (Ala)5, we expect that strong and stable coupling can only 

occur between spatially close amide-I modes. To show strong cross peaks, two modes also need to 

be spectrally close because the intensity of cross peaks, in the weak coupling limit, is proportional 

to the off-diagonal anharmonicity 12 [111]:   
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 ∆12= 4𝛽
2∆/(𝜖2 − 𝜖1)

2
  (3.1) 

When coupling β and diagonal anharmonicity Δ are fixed, the frequency separation strongly affects 

the cross peak intensity. The rephasing spectra under the </4, -/4, Y, Z> polarization confirmed 

our expectation. The 3 pairs of amide-I modes that show strong cross peaks are all nearest-

neighbors, and have about 20 cm-1 frequency separation. The 1-2 and 3-4 pair in A5-23, and 2-3 

pair in A5-43 do not show strong cross peaks because they have about 65 cm-1 frequency separation. 

The 1-4 pair are too far spatially. The 2-4 pair in both peptides have ~45 cm-1 frequency separation, 

and their coupling may be weaker compared to the nearest-neighbor, so they do not have strong 

cross peak either.  

3.5 Fitting the 2D spectra 

As discussed above, only 3 pairs of amide-I modes (2-3 pair in A5-23, 1-2 pair and 3-4 pair 

in A5-43) are strongly coupled in the labeled peptides, and all the other coupling are either too 

weak or turned off by large frequency separation. As the 1st order approximation, the four-oscillator 

system can be effectively reduced into 3 pairs of two-oscillator systems in the 2 isotopomers. The 

cross peaks between them contain information of dihedral angles that are pertinent to the middle 

three residues. Because the frequency separation is only about 20 cm-1 which is comparable to the 

diagonal peak linewidth, there is a lot of diagonal peak contribution at the cross peak positions. 

This renders direct extraction of structural information from cross peaks impossible. We fit the 

experimental 2D spectra to an exciton model to extract the structural parameters. The exciton 
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model for amide-I modes has already discussed in Chapter 2. Briefly, we use the amide-I local 

modes as the basis set with 𝜖𝑖 as the site energies (diagonal elements in the Hamiltonian), and the 

interaction between local modes is described by the coupling constant  (off-diagonal elements in 

Hamiltonian) and  (angle between two transition dipoles). Δ is the diagonal anharmonicity. With 

the above parameters, we can construct one- and two-exciton Hamiltonians, and the transition 

dipole operator in the site basis. By diagonalization of the Hamiltonians, we can find the 

eigenenergies and the corresponding transition dipoles in the exciton basis. These quantities are 

then supplied into the SOS method (sum-over-states) to simulate the 2D spectra in the frequency 

domain. The SOS method has been described in Chapter 2. Two more parameters are introduced: 

γ is the homogeneous dephasing rate for the 0-1 transitions, and γ’ is the homogeneous dephasing 

rate for the 1-2 transitions.  

We also need to introduce inhomogeneous distribution to the fluctuating site energies 𝜖1 and 

𝜖2. In general, their distribution should be described by a joint probability distribution function 

ρ(𝜖1, 𝜖2). Here we assume that they are uncorrelated, and each has a Gaussian distribution, which 

means ρ(𝜖1, 𝜖2) = 𝑔1(𝜖1)𝑔2(𝜖2). The Gaussian distributions are centered at ω1 and ω2, and the 

standard deviations are σ1 and σ2, respectively. This assumption can be roughly justified in this 

case where all the residues are fully exposed to solvent. We will discuss it again later. For actual 

calculations, we generated two sets of uncorrelated normally distributed pseudorandom numbers 

for the two coupled modes, and each set has 2000 numbers. The final spectra were obtained by 
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averaging over the random set and then convoluted by the mid-IR spectrum. There are 8 free 

parameters: dephasing rates  and ’, inhomogeneous widths σ1 and σ2, center frequencies ω1 and 

ω2, coupling constant β and angle θ between 2 transition dipoles. The 18O isotope purity was 92%, 

and was considered in the simulation.  

The absolute magnitude spectra have individual rephasing and nonrephasing components, but 

don’t have phase information. 2D correlation spectra have phase information, but suffer from 

phasing errors. We decided to fit the model to both magnitude spectra and correlation spectra and 

check the consistency. Because we use a two-oscillator model, the off-diagonal regions between 

isotope labeled and unlabeled bands were not included in the fitting. In Figure 3-6 and Figure 3-7, 

only the areas inside the blue square boxes were included in the fitting procedure. The area inside 

each box was fitted individually with a single two-oscillator model, or the total area inside both 

boxes was fitted together by adding up contributions from two two-oscillator models. Note that 

the isotope labeled and unlabeled band are not fully separated, they do overlap and interfere with 

each other to some extent. But this mainly affects the diagonal peaks rather than cross peaks region. 

We fitted both ways to check the consistency. 

The Levenberg–Marquardt algorithm was used to least-square fit the spectra under the ZZZZ 

and YYZZ polarization simultaneously with the same weighting. We first fitted each box 

individually. The fitting was started by multiple initial guesses to find the global minimum. Then 

we used the individually fitted parameters as the initial guess to fit both boxes together since that 
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requires twice the number of parameters. The double-crossed polarization spectra were not 

included in the fitting due to incomplete diagonal peak suppression. But the consistency between 

the experimental and calculated double-crossed spectra using the fitted parameters was checked 

later. 

The fitted results were summarized in Table 3-1. For the correlation spectra, we included one 

more parameter Δ (diagonal anharmonicity), for the magnitude spectra, Δ was set to be 16 cm-1 

[112]. The method1 was fitting the correlation spectra individually, method2 was fitting the 

correlation spectra together, method3 was fitting the magnitude spectra individually, and method4 

was fitting the magnitude spectra together. Parameters from different fitting methods were a little 

different, but still close. This difference can originate from many factors. First, the nonlinear fitting 

with many parameters might be sensitive to small experimental and phasing errors. Second, the 

rephasing and nonrephasing spectra were treated as if they have the same amplitude when fitting 

the absolute magnitude spectra, but it is not the case when combining them into the correlation 

spectra. Third, labeled and unlabeled region were partially overlapped. Overall the results were 

consistent, and we took the mean values of parameters from different fitting methods. 

Table 3-1. Fitted spectral parameters of isotope labeled (Ala)5. All the parameters are in the unit 

of cm-1, except for θ which is in the unit of degree. The meaning of the method1 to 4 is explained 

in the main text, and average is the mean values of parameters from different fittings.  

 β θ γ γ' σ1 σ2 ω1 ω2 Δ 

A5-43: 1-2 amides        

method1 4.17 94.0 10.4 13.1 8.9 11.0 1650 1675 -14.2 

method2 4.10 92.8 11.0 13.1 8.5 11.3 1650 1674 -14.5 
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method3 4.25 112.2 8.8 10.6 9.5 6.8 1652 1674 -16.0 

method4 4.76 105.3 9.8 10.7 9.5 7.7 1653 1674 -16.0 

average 4.32 101.1 10.0 11.9 9.1 9.2 1651 1674 -15.2 

A5-23: 2-3 amides        

method1 5.00 103.9 8.1 9.8 9.6 8.1 1586 1609 -19.1 

method2 4.68 107.9 8.8 11.5 10.1 7.6 1586 1611 -18.8 

method3 4.50 96.8 8.0 9.2 9.1 10.1 1583 1606 -16.0 

method4 4.36 90.5 10.8 8.4 8.1 9.2 1587 1607 -16.0 

average 4.64 99.8 8.9 9.7 9.2 8.8 1586 1608  

A5-43: 3-4 amides        

method1 4.44 105.1 10.1 12.0 9.8 8.2 1585 1607 -16.2 

method2 4.30 112.2 11.0 14.0 11.7 9.1 1587 1611 -15.6 

method3 4.20 97.8 8.9 10.2 9.9 9.6 1585 1606 -16.0 

method4 4.65 85.0 8.5 10.7 10.9 16.0 1587 1607 -16.0 

average 4.40 100.0 9.7 11.7 10.6 10.7 1586 1608 -15.9 

The final fitted parameters are =4.3 cm-1 and =101 for 1-2 amides, =4.6 cm-1 and =99.8 

for 2-3 amides, and =4.4 cm-1 and =100. for 3-4 amides. The parameters are very similar across 

the different residues.  

3.6 MD simulation 

We collaborated with the Alex Mackerell group from the University of Maryland to run MD 

simulation for (Ala)5, and compared the MD simulation sampled conformational space with our 

experimental results to validate the new force fields. Below we describe the simulation method. 

(Ala)5 was solvated in a cubic water box of ~31.5 Å per side containing 988 water molecules 

and one Cl- ion. Molecular dynamics (MD) simulations were carried out using three different force 

fields (FFs), including two additive (CHARMM22/CMAP [82,113] and its recent refinement 

CHARMM36 [114]) force fields, and a fully polarizable Drude-2013 force field [115] based on 
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the classical Drude oscillator model.  

Replica-Exchange Molecular Dynamics (REMD) is a technique used to enhance sampling 

relative to a standard MD simulation by allowing systems of similar potential energies to sample 

conformations at different temperatures. By doing so, energy barriers on the potential energy 

surface may be overcome, allowing for the exploration of new conformational space. Here a little 

different scheme of Hamiltonian replica exchange MD (H-REMD) simulations was used where 

the CAMP potential energies were biased instead of temperatures. H-REMD simulations were 

performed in the NPT ensemble at 293 K and 1 atm. The Hamiltonian was biased using the CMAP 

potential applied to all backbone  and  dihedrals. For the zeroth (unbiased) replica the 

unperturbed CMAP from corresponding CHARMM protein force field was used, while for the 

highest replica a "flatting" CMAP generated by inverting the 2D  and  potential energy surface 

of alanine dipeptide was applied. Eight replicas were used for each H-REMD simulation using 

additive force fields with linear scaling between the two CMAPs, and twelve replicas for H-REMD 

using the Drude-2013 force field.  

Periodic boundary conditions were applied and Lennard-Jones interactions were truncated at 

12 Å with a smoothing function (force switch smoothing for the CHARMM22/CMAP and 

CHARMM36 simulations and switch smoothing for the Drude-2013) from 10 to 12 Å. The non-

bonded interaction lists were generated with a distance cutoff of 16 Å and updated heuristically. 

Electrostatic interactions were calculated using the particle mesh Ewald method [87] with a real 
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space cutoff of 12 Å on an approximately 1 Å grid with a sixth-order spline. Covalent bonds to 

hydrogen atoms were constrained by SHAKE [86]. Temperature control was performed based on 

the Nose-Hoover thermostats [116,117] and pressure control performed with the Andersen 

barostats [118]. For the polarizable simulations, the Drude particles were kept at low temperature 

(1 K) using a dual thermostat Nose-Hoover algorithm [119], imposing the electronic degrees of 

freedom to approach the adiabatic SCF limit. 

 The integration time step was 2 fs for the additive simulations and 1 fs for the polarizable 

simulations. Exchanges were attempted every 1 ps, and coordinates were saved every 10 ps. The 

acceptance ratio for exchange between two replicas ranged from 20% to 50%. H-REMD 

simulations were run for 100 ns for the additive force fields and 60 ns for the polarizable Drude 

force field. The coordinates and velocities at every 100 ps during the last 50 ns H-REMD 

simulations were used to start NVT simulations which run for 40 ps with the coordinates saved 

every 20 fs. This leads to 500 short MD trajectories for spectral calculations. The population of 

each conformation was checked to ensure (Ala)5 structure was already converged in the REMD 

simulation. All the simulations were carried out using CHARMM [120].  

REMD can enhance conformation sampling, but it does not provide trajectories continuous in 

time, whereas the spectral calculation requires time continuous trajectories saved in a very fast rate. 

Therefore, running many short simulations with starting coordinates and velocities from REMD 

snapshots enable us to have the best of both worlds. We checked the conformational distribution 
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of the 500 short trajectories (each 40 ps long, and saved every 20 fs), and found that they gave 

very similar results as the last 50 ns of REMD simulation. The difference between the two is on 

the 1-2% range. All further calculations below are based on the 500 short trajectories, unless 

denoted otherwise.  

We define three secondary structures based on the ranges of dihedral angles in (3.2) below. 

This definition is commonly used in the MD community [106,114]. α+ is a broader definition of 

alpha helix often used in the force field-related discussion, PPII is polyproline-II helix, and β is 

beta sheet. These are also the most populated regions in Protein data bank (PDB). 

 

α+:   -160<<-20 and -120<<50 

β:    -180<<-90 and 50<<180    or 

      -180<<-90 and -180<<-120  or 

       160<<180 and 110<<180 

PPII:  -90<<-20 and 50<<180   or 

      -90<<-20 and -180<<-120 

(3.2) 

Since (Ala)5 has 4 peptide groups, only the middle three residues have both well-defined  

and . We list the population fraction of each secondary structure for the middle three residues in 

Table 3-2.  

Table 3-2. Population of different conformations on each residue under different force fields. 

 res2 res3 res4 

C22 

PPII 0.36 0.31 0.32 

β 0.32 0.23 0.32 

α+ 0.26 0.39 0.30 
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C36 

PPII 0.58 0.60 0.59 

β 0.24 0.21 0.21 

α+ 0.11 0.13 0.12 

Drude 

PPII 0.12 0.16 0.13 

β 0.86 0.75 0.77 

α+ 0.02 0.08 0.10 

From the table, it is clear that different force fields predict very different conformational 

distribution. C22 force fields predict almost equal population for 3 secondary structures, C36 force 

fields predict more PPII and less α+ compared to C22, while the Drude force fields predict 

predominately beta sheet. The conformational distributions across the three residues are similar in 

C36 force fields, but there are some variations in C22 and Drude force fields. However, there is 

no obvious common rules.  

3.7 Comparison of fitting results with MD 

The spectral parameters we obtained from fitting experimental results were coupling constant 

β and angle , whereas the MD simulation gave structural distribution. To convert structural 

parameters into spectral parameters, we invoke the results from Chapter 2 as shown in Figure 3-9. 

On the basis of MD snapshots, the coupling constant β was determined using the map, and the 

angle  was directly calculated from the directions of transition dipoles on neighboring amide units. 

In this way, each single conformation of residues can either be represented by a point in the 

Ramachandran plot, or represented by a point in the coupling-angle plot. There are some 
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advantages for the latter type of plot. First, it is directly related to the observables from experiment. 

Besides, this kind of plots also works for non-nearest neighbor amide units which cannot be 

described by Ramachandran plot. 

 

Figure 3-9. Bridge between structural parameters and spectral parameters. Left contour plot shows 

the coupling constant between two neighboring amide-I modes as a function of dihedral angles. 

Right panel shows the transition dipole on the local coordinate system. 

In Figure 3-10, we show both Ramachandran plot and coupling-angle plot for the same 

secondary structure defined in equation (3.2). The distribution of PPII is from C36 simulation, 

distribution of beta sheet is from Drude simulation, and distribution of + is from C22 simulation. 

We chose to plot distribution of PPII from C36 simulation simply because C36 simulation 

predicted most PPII population so the plot looks most “smooth”. And it is the same reason for the 

other two secondary structures. From the figure, it is clear that the mapping between two plots are 

highly nonlinear. The relatively narrow distribution of PPII in the Ramachandran plot corresponds 

to a relatively broad distribution in the coupling-angle plot, whereas the relatively broad 

distribution of beta sheet in the Ramachandran plot corresponds to a narrow distribution in the 

coupling-angle plot. It should be noted that, in the spectral fitting, (, ) and (, 180) gave 
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exactly the same results. The fitted parameters  = 4.4 cm-1 and  = 100 could also be  = 4.4 

cm-1 and  = 80. However, the latter set of parameters is very far from any distribution in the 

coupling-angle plot. Thus it is physically unrealistic. While for the former set of parameters, we 

can invert the problem and find out the corresponding (, ) = (60, 152). This point resides 

within the distribution of PPII, only a few degrees off from the most populated point (61, 145) 

in C36 MD simulation. 

 

Figure 3-10. Mapping between Ramachandran plot and coupling-angle plot for different 

conformations. (a, b, c) are Ramachandran plots, and (d, e, f) are coupling-angle plots. (a, d) are 

for PPII, (b, e) are for β, and (c, f) are for α+.  

The histogram of the coupling constant and angle between transition dipoles are plotted in 

Figure 3-11. It is apparent that the distributions of coupling constants from different secondary 

structures overlap with each other a lot, whereas the distributions of angles can be clearly 

distinguished from each other. This difference shows that for the current problem, the angle 
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between transition dipoles is the stronger indicator of secondary structures.  

 

Figure 3-11. (a) Histogram of the angle between transition dipoles for different conformations. (b) 

Histogram of the coupling constant for different conformations. This distribution is calculated for 

the C36 force field.  

Figure 3-12 shows the conformation distribution predicted by different force fields, in both 

the Ramachandran plot and - plot. As already shown by population fraction in Table 3-2, the 

C36 force fields works the best by predicating the most PPII population, while the Drude force 

fields do not work very well. Note that the plots in Figure 3-11 and Figure 3-12 include all residues, 

not just for individual residue.  
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Figure 3-12. The conformational distribution of (Ala)5 in different force fields. (a, b, c) are the 

Ramachandran plots, and (d, e, f) are the coupling-angle plots. (a, d) are for the C22 force fields, 

(b, e) are for the C36 force fields, and (c, f) are for the Drude force fields. The red dot in (b) and 

(e) represents the fitted parameters (, ) = (4.4 cm-1, 100), and (, ) = (60, 152).  

3.8 Revisit of fitting results 

To illustrate the sensitivity of 2D spectra with respect to the peptide structures, we calculated 

the linear and 2D spectrum for the 1-2 amides of A5-43 using a single representative conformation 

of PPII, + and beta sheet, and compare them with experimental spectra in Figure 3-13. The 

representative conformation was chosen as the most populated position on the Ramachandran plot. 

As a reminder, the fitted parameters are (, ) = (4.4 cm-1, 100), and (, ) = (60, 152). The 

parameters for PPII are (, ) = (61, 145) and (, ) = (3.0 cm-1, 109). The parameters for beta 

sheet are (, ) = (156, 156) and (, )=(5.3 cm-1, 139). The parameters for + are (, ) = 

(65, 42) and (, ) = (5.5 cm-1, 46). For other spectral parameters, we used the fitted values. 
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The results clearly showed that + or beta sheet conformation produces very different spectra from 

the experimental results.  

 

Figure 3-13. Comparison of experimental and simulated spectra of representative conformations. 

The first column is linear spectra, second to fourth columns are rephasing, nonrephasing, and 

correlation spectra under the ZZZZ polarization. Each row represents (a) Experimental spectra. 

The linear spectrum of the unlabeled band only was obtained from fitting the FTIR spectra of A5-

43 with multiple Voigt functions. (b) Fitted spectra. (c) Polyproline II conformation. (d) Beta 

conformation. (e) Alpha conformation.  

We did not include the double-crossed spectra in our fitting due to the incomplete suppression 

of the diagonal peaks. However, we can use the fitted parameters to simulate the double-crossed 
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spectra and check the consistency with experiment. We also plot the calculated double-crossed 

spectra of representative conformations in Figure 3-14, and include a conformation with (, ) = 

(3.0 cm-1, 46) which has the same angle as the alpha+ conformation, but the same coupling 

constant as polyproline II. After simulating and comparing the double-crossed spectra of many 

two-oscillator systems with different combinations of (, ), we found that the shape of double-

crossed spectra is not sensitive to the angle between transition dipoles (but the intensity was 

sensitive to the angle). The shape is actually very sensitive to the coupling constant (as shown in 

Figure 3-14(f)), and other spectral parameters like dephasing rate (results not shown). Considering 

that the coupling constant distributions of different conformations are quite broad and overlap with 

each other a lot (as shown in Figure 3-11(b)), basically all the spectra of representative 

conformations are qualitatively consistent with the experiment. This seems to be a special case of 

two-vibrator systems only, because it has been previously shown that the shape of double-crossed 

spectra for many-vibrator systems are sensitive to structures [32,47,109,110].  
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Figure 3-14. Double-crossed rephasing spectra of representative conformations. (a) Experimental 

spectrum. (b) Fitted spectrum. (c) Polyproline II conformation. (d) Beta conformation. (e) alpha+ 

conformation (f) A conformation with (, ) = (3.0 cm-1, 46).  

Until now we fit the experimental spectra with a single set of  and , and we compare the 

experimental spectra with the simulated spectra of some representative conformations which are 

also described by a single set of  and . But real peptides can adopt multiple conformations, and 

the measured spectra will be a weighted sum of contributions from different conformations. In that 

case, the fitted  and  do not necessarily correspond to any real structure, although it is quite close 

to PPII here. As shown in Figure 3-13, the beta sheet conformation produces spectra with the 

intensity mainly located at the low frequency, and + conformation produces spectra with the 

intensity mainly located at the high frequency. Because Figure 3-14 shows that the double-crossed 

spectra are not sensitive to the angle between transition dipoles (which is the major indicator of 

different conformations), a question is raised whether the peptide actually adopts a mixture of beta 
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and + conformations rather than mainly PPII. 

 

Figure 3-15. Dependence of spectral features on the angle between transition dipoles. (a) The cross 

peak intensity ratio 𝐼𝑧𝑧𝑧𝑧/𝐼𝑦𝑦𝑧𝑧. (b) |𝜇𝐿/𝜇𝐻|
4 assuming 𝛽/∆𝜔 = 0.2  

To answer this question, let us take a close look at the spectral features in the 2DIR spectrum 

of a coupled two-oscillator system. One of the most obvious features is the intensity ratio between 

the lower and higher frequency peaks. For linear IR, this intensity ratio is basically the squared 

ratio of the transition dipole moments for the lower and higher frequency exciton states |𝜇𝐿/𝜇𝐻|
2. 

For 2DIR diagonal peaks, the intensity ratio is roughly |𝜇𝐿/𝜇𝐻|
4. This ratio is plotted as a function 

of the angle between transition dipoles in Figure 3-15(b) assuming 𝛽/∆𝜔 = 0.2, which is close 

to the current situation. This curve is monotonic with respect to the angle, and thus it is possible 

to mix + (around 45) and beta (around 140) conformations and get the same ratio as PPII 

(around 110) conformation. Now let us look at another spectral feature such as cross-peak 

anisotropy, which is defined as 

 𝑅𝑐𝑟𝑜𝑠𝑠 =
𝐼𝑧𝑧𝑧𝑧 − 𝐼𝑦𝑦𝑧𝑧

𝐼𝑧𝑧𝑧𝑧 + 2𝐼𝑦𝑦𝑧𝑧
  (3.3) 

Of course the cross peaks cannot be directly distinguished from the broad diagonal peaks in the 

current system, but the information can be extracted from the fitting parameters. In the weak 
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coupling limit 𝛽 ≪ ∆𝜔 [111], the cross-peak anisotropy is given by  

 𝑅𝑐𝑟𝑜𝑠𝑠 =
1

5
(3cos2𝜃 − 1)  (3.4) 

where 𝜃 is the angle between transition dipoles.  

The ratio 𝐼𝑧𝑧𝑧𝑧/𝐼𝑦𝑦𝑧𝑧 is plotted as a function of angle  in Figure 3-15(a). This curve is not 

monotonic and is at the lowest value at 90 which is close to the PPII conformation (around 110). 

Because both + (around 45) and beta (around 140) give higher ratios, they cannot be mixed to 

get the same ratio as PPII. Although we cannot exclude the possibility that the peptide adopts a 

mixture of beta and + conformations based on the diagonal peak intensity ratio, the cross peak 

intensity relationship does not support this possibility. Since cross peaks can only be measured by 

2DIR, linear IR cannot provide enough information to determine peptide structures. This reminds 

us to be careful when designating secondary structures through fitting FTIR spectra with multiple 

peaks. 

Another evidence comes from CD spectra. Figure 3-16(a) shows the CD spectra of poly-lysine 

in three typical conformations. Both the alpha helix and beta sheet give positive signal below 200 

nm and negative signal above 210 nm, only the random coil gives negative signal below 200 nm 

and positive signal above 210 nm. In Figure 3-16(b), the CD spectrum of (Ala)5 undergoes an 

increase below 200 nm and a decrease above 210 nm when the temperature increases from 10C 

to 75C. Comparing two figures, apparently (Ala)5 mainly adopts random coil at 10C and has 

more alpha helix or beta sheet at 75C. For the current system, the “random coil” structure was 
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suggested to be close to polyproline II conformation based on our 2DIR data.  

 

Figure 3-16. (a) CD spectra for poly-lysine in three typical conformations [121]. (b) CD spectra of 

(Ala)5 at 10C and 75C, and their difference spectrum 

Of course, CD and 2DIR contain different information content. The CD signal is a reflection 

of the overall peptide structure, whereas our 2DIR study of the isotope-labeled peptides gives 

residue-specific information and it suggests that all residues adopt very similar conformations. 

Nevertheless, the CD and 2DIR results are consistent, and both suggest that the PPII is the main 

conformation of (Ala)5 at lower temperatures. It is interesting that (Ala)5 transits to more well-

defined structures like alpha helix or beta sheet at high temperatures, while adopts the less well-

defined “random coil” or PPII at low temperatures. 2DIR spectra of isotope-labeled (Ala)5 may 

provide more information on the high-temperature conformations.  

3.9 Spectral analysis of MD simulation 

In this section, we will further analyze the MD simulation trajectories and discuss the validity 

of our model. Because we have already concluded that C36 force field works the best, all following 
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analysis and calculation are based on this force fields.  

First we check the validity of two-oscillator model. Figure 3-17 plots the coupling constant 

and angle between transition dipoles for non-nearest neighbors. The coupling constant was 

calculated by the TCC method given in Chapter 2. The coupling constant for 1-4 amides is 

vanishingly small and they can be considered as totally uncoupled. The coupling constants for 1-

3 and 2-4 amides are not very small. For 1-3 amides, the first amide has a blue shift due to NH3
+ 

while third amide is always labeled by 13C-18O, so the frequency splitting is about 90 cm-1, which 

makes them effectively decoupled. The frequency splitting is about 45 cm-1 for 2-4 amides, which 

is about twice the nearest-neighbor frequency splitting, and the coupling constant for 2-4 amides 

is also smaller than the nearest-neighbor coupling. Although they are not totally decoupled, the 

effect can still be neglected as a first order approximation. These results are consistent with the 

observed cross peaks in our double-crossed spectra of the isotope-labeled peptides in Figure 3-8.  

 

Figure 3-17. Coupling-angle plots for non-nearest neighbor amide-I modes in C36 force fields. (a) 

1-3 amides. (b) 2-4 amides. (c) 1-4 amides. 

When we fitted the 2D spectra, we assumed that the frequencies of two nearest-neighbor local 

amide-I modes are uncorrelated Gaussian distributed random numbers. Based on the electrostatic 
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map for amide-I local mode and nearest-neighbor frequency shift (NNFS) described in Chapter 2, 

we calculated the frequency distribution of local modes. The 2-3 scatter plot is shown in Figure 

3-18(a). They are almost uncorrelated, with a very small correlation coefficient of 0.053. The 

distribution of  is also quite close to a normal distribution (as shown in Figure 2-16(a)). We 

performed an analysis on the origin of frequency fluctuation. It was found that the fluctuation is 

dominated by the interaction with water molecules so that the frequency fluctuation from the 

peptide itself is not visible.  

 

Figure 3-18. The scatter plots of different spectral variables, and their respective correlation 

coefficient c. (a) 2-3, c = 0.053 (b) 2-3, c = 0.054 (c) 2-2, c = 0.06 (d) 2-2, c = 0.16  

Another interesting question is whether the conformations of adjacent residues are correlated. 

The 2-3 scatter plot is shown in Figure 3-18(b), where 2 is the angle between the transition 
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dipoles on the two peptide units connected by the second residue. Because the distribution of 2 

itself is not a simple symmetric distribution (refer to Figure 3-11(a)), the scatter plot of 2-3 is 

also not a simple distribution, in contrast with the 2-3 scatter plot. However, there is still no 

obvious correlation with the calculated correlation coefficient being only 0.054. This result 

implies that a residue doesn’t have the “memory” of an adjacent residue, and each residue chooses 

its conformation independently. This may be due to the lack of internal hydrogen bonding in the 

polyproline II conformation.  

We next check the correlation between the frequency of a local mode and the conformation 

adopted by the immediate residue, as shown in Figure 3-18(c) and (d). The correlation coefficients 

are still small, which are 0.06 for 2-2, and 0.16 for 2-2. Therefore, it is mostly valid to use a 

single set of (, ) in fitting the 2DIR spectra, since they are basically uncorrelated with the 

frequency which is the diagonal element of Hamiltonian. However, we do see some weak 

correlation between 2-2 and the scatter plot is tilted a little. This is a direct consequence of NNFS. 

Although most of the frequency shift results from the solvent interaction which is uncorrelated 

with the residue conformation, a small part of the frequency shift comes from the interaction 

between nearest-neighbored peptide units. This part of frequency shift is determined by the 

Ramachandran angles and therefore correlated to the angle  between transition dipoles. Based on 

the NNFS results described in Chapter 2, we calculated the N-terminal site frequency shift under 

the influence of C-terminal site, ∆𝜔𝐶(𝜙𝑖,𝑖+1, 𝜓𝑖,𝑖+1), for the three representative conformations. 
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For PPII, (, ) = (61, 145) and ∆𝜔𝐶(𝜙𝑖,𝑖+1, 𝜓𝑖,𝑖+1) = 1.5 cm
−1. For beta sheet, (, ) = 

(156, 156) and ∆𝜔𝐶(𝜙𝑖,𝑖+1, 𝜓𝑖,𝑖+1) = −13.7 cm
−1 . For +, (, )=(65, 42) and 

∆𝜔𝐶(𝜙𝑖,𝑖+1, 𝜓𝑖,𝑖+1) = 12.9 cm
−1. The corresponding values of ∆𝜔𝑁(𝜙𝑖,𝑖−1, 𝜓𝑖,𝑖−1) are 9.0 cm-1, 

2.5 cm-1, and 17.9 cm-1. The differences of NNFS between these representative conformations 

are between 10 and 25 cm-1, which are not very small.  

Now it comes the questions that how the difference of NNFS between different conformations 

will affect the spectrum. It really depends on how fast different conformations transit to one another. 

Consider the frequency-frequency correlation function below, 

 〈𝛿𝜔(𝑡)𝛿𝜔(0)〉 = 𝛾𝛿(𝑡) + Δ1
2
exp (−𝑡/𝜏) + Δ2

2
 (3-5) 

If the transit is very fast, then the difference will contribute to the homogeneous broadening 

𝛾. If the transit is very slow, then the difference will contribute to the inhomogeneous broadening 

Δ2. In Figure 3-19, we plot the autocorrelation functions of NNFS calculated from 500 short MD 

simulation trajectories, each 40 ps long. The autocorrelation decays to zero at 10 ps, which 

indicates that there is no inhomogeneity left.  

 

Figure 3-19. (a) Autocorrelation of ∆𝜔𝑁(𝜙3,2, 𝜓3,2). (b) Autocorrelation of ∆𝜔𝐶(𝜙2,3, 𝜓2,3). The 

autocorrelation is normalized to 1 at time zero.  
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However, the autocorrelation result is misleading because the length of each short trajectory 

is only 40 ps long, during which the transition between different conformations may not happen 

yet. The average standard deviation of ∆𝜔𝐶(𝜙2,3, 𝜓2,3) within each short trajectory is 5.8 cm-1, 

but the standard deviation for all trajectories is 8.4 cm-1. This means that the transition between 

different conformations has not occurred (at least not fully), and there is still a 2.6 cm-1 

inhomogeneity inaccessible during 40 ps. Because the vibrational dephasing time is only about 1 

ps, the peptide can be considered to keep the same conformation during the vibrational free 

induction decay. In this case, performing spectral diffusion measurements on an isolated vibrator 

will be very useful since we can quantify the inhomogeneity by obtaining the central line slope 

(CLS) [122] at long waiting time. If the inhomogeneity is zero or very small, we can conclude that 

PPII is the only conformation. On the contrary, if the inhomogeneity is not very small, we can 

conclude that there are other conformations, and the population can be estimated.  

 

Figure 3-20. Waiting time dependence of A5-23. First row is rephasing spectra, and second row is 

nonrephasing spectra. The columns from left to right represent spectra measured with T=300, 700, 
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1200, 1800, 2500 fs. 

In the isotope labeled peptide A5-23 (A-(13C)A-(13C,18O)A-A-A), the first amide and fourth 

amide are close to isolated oscillators, as already rationalized in previous sections. In Figure 3-20, 

we showed the rephasing and nonrephasing spectra of A5-23 with different waiting times. The first 

and fourth amides did have very different dynamics compared to the second and third amides, 

especially in nonrephasing spectra. However, because our pump-probe spectra were very noisy at 

long waiting times, we could not phase it and get correlation spectra reliably. Also, since the center 

frequencies of the first and fourth amides are too close (only about 23 cm-1 away), the two peaks 

overlap with each other seriously as shown in Figure 3-6(c). Even if we obtained correlation 

spectra, the CLS of individual peak couldn’t be determined reliably. To do spectral diffusion 

measurements on an isolated vibrator in (Ala)5, new isotope-labeled peptides are needed, such as 

A-(13C)A-(13C)A-(13C)A-A. This will be left for future work.  

3.10  Spectral simulation with MD trajectories  

Finally, we simulated 2DIR spectra using the C36 MD trajectories with two levels of 

calculations. First, we simulated by sum-over-states (SOS) with the fluctuating structures from 

MD simulation, but still used normally distributed random numbers for the local frequencies. The 

inhomogeneous widths were taken from the fitting parameters. Second, we simulated by time-

averaging approximation (TAA) with both fluctuating structures from MD simulation and modeled 

local frequencies by electrostatic map and NNFS. We shifted the modeled frequencies overall by 
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4.5 cm-1 to align with the experiment before spectral calculation. The box weight function for TAA 

is 1000 fs. We used the homogeneous dephasing rate from fitting parameters for both SOS and 

TAA calculation. The results are shown in Figure 3-21.  

Compared to the simulation for representative conformations in section 3.8, the calculation 

here incorporates the structural heterogeneity sampled by MD simulation. It has contributions from 

fluctuating PPII, beta sheet, and alpha helix conformations, which will change the line shape. 

Spectra simulated by both SOS and TAA methods exhibit a stronger diagonal peak at the higher 

frequency position compared to the experiment. This seems to suggest that MD predicted too much 

 population. However, the accuracy of both experimental methods and theoretical models may 

not be sufficient to support the exclusion of  conformation. For example, the mean value of the 

calculated nearest-neighbor coupling constants is about 3 cm-1, which is smaller than the fitted 

value 4.5 cm-1. This will result in weaker cross peak intensities. There are two possible reasons for 

this deviation. First, the fitted (, ) = 60, 152) is several degrees off from the most populated 

point (61, 145) in MD simulation. Second, the nearest-neighbor coupling (NNC) map itself has 

some errors too. Depending on the calculation details, the NNC maps from different references 

[53,63,123,124] are different. Although there is no direct experimental way to validate this map, 

the more recent maps (including the one we calculated) are more similar to each other compared 

to the old map [63] used in the (Ala)3 studies [7,8].  
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Figure 3-21. Simulated spectra using C36 MD simulation trajectories. The first column shows 

linear spectra. Second column is rephasing spectra under the double-crossed polarization. Third 

and fourth columns are correlation spectrum under the ZZZZ and YYZZ polarization, respectively. 

(a) Experimental spectra (b) Simulated spectra with SOS (c) Simulated spectra with TAA.  

Compared to the SOS method using normally distributed local mode frequencies, TAA can 

use the full dynamic information from the MD simulation trajectories, even though this advantage 

is not very meaningful for (Ala)5 because the local frequencies are uncorrelated to each other and 

only weakly correlated to conformations. In Figure 3-21, the TAA spectra (with a box weight 

function of 1000 fs) are actually quite similar with SOS spectra. As already shown in Figure 2-16 

of Chapter 2, TAA successfully introduces motional narrowing by averaging out the fast frequency 

fluctuation due to interaction with water molecules, but still preserve the structural heterogeneity 

due to slow conformation transition. The similarity between SOS and TAA spectra for (Ala)5 

indicates that TAA works well for this simple system. TAA can also be used to calculate 2D spectra 
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of more complex systems directly using MD trajectories.  

3.11  Further discussion  

We concluded in section 3.8 that PPII is the main conformation of (Ala)5 at room temperature, 

although we cannot give a estimation of population distribution. In the NMR studies [102], the 

population of each conformation at each residue is globally fitted to several J-coupling constants. 

At this time, the same procedure cannot be followed by 2DIR. First, there is only one set of (, ) 

extracted for each residue, but it needs at least two to fit the population of three conformations. 

Second, it is the 2DIR spectrum rather than (, ) that is averaged over the conformational 

distribution, and the relationship between the 2DIR spectrum and (, ) is complex. Third, the 

mapping between (, ) and Ramachandran angles is also complex, while the J-coupling constant 

is related to a specific torsion angle through the simple Karplus relationship [125].  

However, there are also problems in NMR methodology. First, as indicated by Hummer [106], 

different Karplus relations (empirical or density-functional-based) gave different quantitative 

results. Second, nuclear spin dephasing time is on the microsecond to millisecond time scales, and 

this is much longer than the transition time between different conformations which is on the 

nanosecond time scale. Therefore, NMR measurements average over the fluctuations within the 

same conformation and the transitions between different conformations the same way, which is the 

motional narrowing type. However, NMR studies usually use a static averaging of different 

conformations to determine the population distribution [102,106]. We think that this approach will 
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also affect their quantitative results. On the contrary, vibrational dephasing is on the picosecond 

time scale, which is much shorter than the conformational transition time scale. Therefore, 2DIR 

or linear IR results are really static averaging of different conformations. The situation is similar 

for CD spectroscopy since electronic dephasing time is on the femtosecond time scale. In this sense, 

2DIR and CD results are more consistent and comparable. The residue-specific information given 

by 2DIR measurements on isotope-labeled peptides can be combined with the overall structural 

picture given by CD spectra to provide detailed knowledge of small model peptides. 
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Chapter 4. (PPG)10: A Model Collagen Peptide 

4.1 Introduction  

Collagen is the most abundant protein in humans, making up about 25% to 35% of the whole-

body protein content [126]. They are long and fibrous structural proteins with very different 

functions from globular proteins such as enzymes. Collagens form the structural backbone of many 

tissues including bone, tendon, skin, blood vessels and basement membranes, maintaining their 

integrity and providing strength and elasticity [127]. However, collagen also binds a wide variety 

of ligands and extracellular matrix proteins in addition to its structural roles: nearly 50 molecules 

have been found to interact with type I collagen [126].  

Collagens have the unique triple helix structure [128]. Each of the three chains in the triple 

helix, which can be different from one another, forms a left-handed polyproline-II type helix. The 

three helices are supercoiled along a common axis to a right-handed triple helix as illustrated in 

Figure 4-1. In the right-handed triple helix, an identical structural element reoccurs after 10 

residues, but located on a different chain. So the triple helix has a complete turn only after 30 

residues. That is why we choose a 30-residue peptide, (PPG)10, as a model for collagen.  

 

Figure 4-1. Illustration of the (PPG)10 triple helix.  

Collagen peptides are consisted of high content of glycine, proline and hydroxyproline (Hyp). 

A repetitive three-residue unit with the sequence of X-Y-Gly is often found in collagen (X and Y 

stand for any amino acids, but are often Pro or Hyp). Each chain in collagen is staggered by one 

residue relative to each other [128] as illustrated in Figure 4-2.  
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Figure 4-2. The staggered structure in (PPG)10   

The glycine in the repeating unit X-Y-Gly is a requirement for the formation of superhelix 

[128]. Because a major source of stability in the triple helix is the hydrogen bond between the 

backbone NH-group of Gly and the backbone CO of X in a neighboring chain, larger side chains 

than hydrogen at this position will prevent the formation of hydrogen bond, and therefore lower 

the stability [127,128].  The X and Y positions are usually Pro or Hyp which serve to stabilize 

the triple helix by promoting the PPII conformation [127,128]. Mutations of Gly by another residue 

in collagens lead to disease such as human connective tissue disorders [126,129]. Moreover, 

collagens can undergo sharp thermal transition between the random coil and triple helix states 

when the temperature is increased [127,128]. This unfolding process will result in a decrease of 

molar residue ellipticity (MRE) and can be measured by CD spectroscopy [130,131]. Recently 

linear IR has also been used to characterize the thermal unfolding process of collagen peptides 

[132].   

Besides their biological importance, collagens are very interesting model systems for 2DIR 

studies. First, collagens are rich in proline content, so the spectral parameters developed for the 

proline peptide unit can be tested. Second, collagens contain the secondary structure PPII, which 

is less studied, compared to other structures such as -helix or -sheet. Third, the thermal 

unfolding process can help to reveal the inter-chain interactions in a triple-helix. We chose (PPG)10 

as a model peptide for collagen, and we isotope labeled the 4th glycine (which is the 12th residue) 
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with either 13C-16O or 13C-18O to investigate the local structure. The position of the isotope label 

is illustated in Figure 4-1 by blue and red spheres.  

4.2 Experiment details  

(PPG)10 was purchased from Peptide Institute, and isotope labeled (PPG)10 were purchased 

from CPC Scientific. The peptides are not capped, and were used without further purification. The 

isotope purity of labeled peptides was examined with mass spectrometry. The 13C labeling is 

almost 100%, and 18O labeling purity is about 90% by comparing the signal intensity of (m+2)/z 

and m/z peaks.  

Peptides were lyophilized in 5mM DCl/D2O solution at least 3 times before use in order to 

remove trifluoroacetic acid (TFA) and deuterate the NH groups. The peptide was then dissolved 

in pD=3 DCl/D2O solution. For FTIR and 2DIR measurements, the concentration of peptides 

solution was ~5mM and the sample was prepared in between two CaF2 windows with a 25 um 

spacer. The FTIR measurement was done on a Nicolet magna-IR 860 spectrometer with a 2-cm-1 

resolution and averaged over 32 scans. The solvent background and water vapor peaks were 

removed by home-written programs in MATLAB. Concentration-dependent measurements were 

performed to confirm that no aggregation occurred in a ~5 mM solution. For thermal melting 

experiments, spectra were acquired over the temperature range 4–60 °C with steps of 2 °C. At each 

temperature, there was a 15-min equilibration time before a 5-min data collection time. This 

procedure gave an average heating rate of 0.1 °C/min.  
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For CD experiments, the solution concentration was ~0.3 mM and the measurements were 

conducted in a 1-mm path length quartz cell with a Jasco J-810 spectropolarimeter. The thermal 

melting curve was measured at an average heating rate of 0.1 °C/min, and data was recorded from 

4 °C to 60 °C in a temperature step of 0.5 °C at 226 nm.  

4.3 MD simulation  

MD simulations were carried out using the NAMD 2.6 package [83]. We employed 

CHARMM22 force fields including CMAP correction [82,113]. The TIP3P model was used to 

represent water molecules [78]. Temperature was set to 285 K and controlled by coupling to a 

Langevin bath. Pressure was controlled by the Nose-Hoover Langevin piston method [84,85]. 

Bond lengths involving hydrogen atoms were constrained using Shake [86]. Full electrostatic 

interactions were treated by Particle Mesh Ewald method [87]. Periodic boundary conditions were 

applied in three dimensions. The integration time step was set to 2 fs, and the long-range cut-off 

was set to 12 Å. 

For MD simulation of (PPG)10 in water, the initial structure was obtained from 1k6f [133] in 

PDB.  The simulation box was about 34 × 34 × 112 Å3, which contained 4103 water molecules. 

After minimization, the system was first equilibrated in the NVT ensemble for 500 ps with all 

peptide atoms fixed. The system was equilibrated again in the NPT ensemble with the backbone 

atoms constrained and the constraint was then gradually released. The total length of equilibration 

was 4 ns. After that, a 54-ns production run in the NPT ensemble was generated and saved every 
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1 ps. This long trajectory was used for conformational analysis. At the end of 12ns, 24ns, 36ns, 

and 48ns, the simulation was restarted for another 1ns run and saved every 20fs. The short 

trajectories were used for spectral calculations.  

Ramachandran plots of proline and glycine residues are shown in Figure 4-3. The center 

position from MD simulation is quite similar to that from crystal structure 1k6f [133], and the 

distribution is relatively narrow compared to other peptides such as (Ala)5 shown in Chapter 3. 

This indicates that the triple helix is a stable and rigid structure, so that the 54 ns MD simulation 

didn’t deviate from the crystal structure much. The terminal residues are not included in the plots 

since they are more flexible.   

 

Figure 4-3. Ramachandran plot for each type of residue in (PPG)10 excluding terminal residues. 

The first row is from MD trajectory, and the second row is from PDB 1k6f [133] crystal structure. 
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The isotope label is located at the 4th Gly-Pro peptide unit of each chain in the triple helix. 

Using the nearest-neighbor coupling and transition charge coupling models discussed in Chapter 

2, we can calculate the coupling constant and angle of transition dipoles between this amide-I 

mode and other amide-I modes. It is found that there are two types of relatively large coupling: the 

coupling with two nearest-neighbor amide-I modes on the same chain, and the coupling with 

another Gly-Pro amide-I mode on another chain. Since the two nearest-neighbor amide-I modes 

are not isotope labeled, only the coupling between two Gly-Pro amide-I modes is important. 

Similar to Chapter 3, we illustrate the interaction between nearby Gly-Pro amide-I modes by the 

coupling-angle plot shown in Figure 4-4. There are totally 27 Gly-Pro peptide units, and we label 

each unit sequentially (no matter on which chain) from the N-terminal to the C-terminal of triple 

helix. So if the ith unit is on chain C, then the (i+1)th unit is on the chain B, and the (i+2)th unit is 

on the chain A. From the figure, it is clear that the interaction between i and i+2 units is already 

weak.  

 

Figure 4-4. Coupling-angle plot of nearby Gly-Pro amide-I modes across the triple helix (a) 

Between i and i+1 units (b) Between i and i+2 units.  
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4.4 Linear spectra results  

The FTIR spectra of (PPG)10 are shown in Figure 4-5. The three spectra were normalized to 

the 1645 cm-1 peak. For the unlabeled peptide, there are 2 apparent peaks centered at 1629 and 

1645 cm-1, and a shoulder around 1667 cm-1. Both DFT calculation on model peptide units and a 

previous study [132] showed that the high frequency shoulder can be assigned to the Pro-Gly 

peptide unit, the 1629 cm-1 can be assigned to the Pro-Pro peptide unit, and 1645 cm-1 can be 

assigned to the Gly-Pro unit. This can be easily rationalized since only the Pro-Gly unit has amide 

hydrogen such that it has the smallest reduced mass, while the Pro-Pro unit has the largest reduced 

mass. The assignment can be further confirmed by the isotope labeling since we already know the 

13C label often introduces a 40–45 cm-1 red shift and 13C-18O often introduces a 60–70 cm-1 red 

shift [48] to the amide-I modes. The 13C-18O labeled peptide has an isotope peak centered around 

1580 cm-1, which indicates that it is originally located around 1645 cm-1. Because the isotope label 

is located at the 4th glycine, the 1645 cm-1 peak can be confirmed to belong to the Gly-Pro unit.   

 

Figure 4-5. FTIR spectra of (PPG)10 with and without isotope labeling at 4 C 
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Like other collagen triple helices, the (PPG)10 can undergo thermal unravelling with increasing 

temperature, and this process can be tracked by CD spectroscopy. However, as already indicated 

in ref [132], the 1645 cm-1 peak in FTIR spectra is also very sensitive to the thermal unravelling 

as shown in Figure 4-6. With increasing temperature, the strong peak at 1645 cm-1 decreases and 

the linear IR spectra finally become a featureless broad band.  

 

Figure 4-6. FTIR spectra of unlabeled (PPG)10 with increasing temperatures 

As shown in Figure 4-5, the two isotope labeled peptides have basically the same FTIR spectra 

in the unlabeled region. This is because the large isotope shift decouples the labeled amide-I modes 

from the rest of amide-I modes. The difference absorbance spectra between the two isotope-labeled 

peptides will have basically zero response in the unlabeled region, such that the response in the 

labeled region will be free of the background from the unlabeled peptide units.  
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Figure 4-7. Difference absorbance between the two isotope-labeled peptides with increasing 

temperatures 

The difference spectra are shown in Figure 4-7. As the temperature increases, the 13C-18O peak 

at 1580 cm-1 undergoes a red shift, and finally becomes a broader peak centered around 1565 cm-

1. There are also intermediate states where spectra contain both components. This red shift and 

broadening of isotope-labeled peaks can be easily explained by more exposure to water molecules 

when the triple helix undergoes unravelling. Since the isotope-labeled peptide units on different 

chains might have different extent of exposure to the solvent (due to the staggered structure of 

collagen triple helix), the spectra contain different components. From this observation, the 

decrease of the strong peak at 1645 cm-1 in Figure 4-6 is most likely a consequence of increasing 

solvent exposure upon unravelling, rather than the disappearance of inter-chain couplings, but it 

needs to be further confirmed by 2DIR spectra in the isotope region.  

4.5 2DIR results  

We measured the 2DIR spectra of both unlabeled and labeled peptides. However, the isotope 
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peaks are not well resolved from the tails of the 1630 cm-1 band which prevents reliable model 

fitting. Therefore, we will focus on the 2D spectra of unlabeled peptide in this chapter. Figure 4-8 

shows the 2D spectra with different polarization conditions, and Figure 4-9 shows the waiting time 

dependence of 2DIR spectra. There are several important features in the spectra. The diagonal 

peaks are quite symmetrical even in the rephasing spectra, which means the system is very 

homogenous. The small inhomogeneity indicates that the local environment for the same type of 

amide-I modes along the chain are similar. This is consistent with narrow Ramachandran angle 

distribution in Figure 4-3. Due to the widespread inter- and intra-chain couplings, there are up to 

six cross peaks. Cross peaks are more visible in the nonrephasing spectra and under the YYZZ 

polarization. The cross peaks also become stronger with longer waiting times as a results of energy 

transfer between different amide-I modes. 

 

Figure 4-8. Experimental and simulated 2D spectra of unlabeled (PPG)10. The first row is under 
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the ZZZZ polarization, and the second row is under the YYZZ polarization. Waiting time is 300 

fs.  

 

Figure 4-9. 2D spectra of (PPG)10 at different waiting times under the YYZZ polarization. The first 

row is the rephasing spectra, and the second row is the nonrephasing spectra.  

4.6 Spectral simulation 

Using the models discussed in Chapter 2, we can simulate the 2DIR spectra based on the MD 

simulation trajectories. Time-averaging approximation (TAA) was used to incorporate the 

motional narrowing effect. The box weight function applied is 1000 fs. Since the electrostatic 

model for proline-containing peptide discussed in Chapter 2 was not calibrated against the 

experimental proline-containing dipeptides spectra, we applied different constant shifts to three 

types of peptide units in (PPG)10. The proline-containing peptide units also have different transition 

dipole moments. We adjusted these correction parameters by comparing the simulated linear IR 

spectrum to the experimental FTIR spectrum as shown in Figure 4-10.  
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Figure 4-10. Experiment and simulated linear IR spectra of (PPG)10 

Figure 4-8 shows the comparison between the experimental and simulated 2D spectra under 

the ZZZZ and YYZZ polarization. The simulation worked reasonably well by reproducing most 

important features in experimental spectra: the peaks are very homogeneous, similar line widths 

and cross peaks patterns. The dependence of spectra on polarization is also correct.  

As already stated in previous chapters, the spectra under the double-crossed polarization are 

especially sensitive to structures and other parameters such as the dephasing parameters (, ’) 

where  is for 0-1 transition, and ’ is for 1-2 transition. Although some authors think these two 

should be the same [134], many authors use different values [32,36]. Large systems like [(PPG)10]3 

are especially sensitive to dephasing parameters as shown in Figure 4-11. Small changes in 𝛾′/𝛾 

lead to huge difference in canceling of different terms. It seems =5.0 and ’=5.25 cm-1 works best 

for the current system (The simulated spectra shown in Figure 4-8 were also calculated with this 

set of dephasing parameters), while the commonly used 𝛾′/𝛾=1.2 does not suppress the diagonal 

peaks well. Further improvement can be made with more parameterization on proline-containing 

peptides in the future.  
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Figure 4-11. Experimental and simulated spectra of (PPG)10 under the </4, -/4, Y, Z> 

polarization. The first row is the rephasing spectra, and the second row is the nonrephasing spectra. 

(a) Experimental spectra and (b) Simulated spectra with =5.0 and ’=5.0 cm-1. (c) Simulated 

spectra with =5.0 and ’=5.25 cm-1. (c) Simulated spectra with =5.0 and ’=6.0 cm-1. 
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Chapter 5. Summary and Conclusion 

In this dissertation, we applied the two-dimensional infrared spectroscopy (2DIR) to study the 

structures of two model peptides: a small homopolymeric peptide (Ala)5, and a large model 

collagen peptide, [(PPG)10]3.  

(Ala)5 is a classic system for investigating the intrinsic propensity of protein folding and 

providing feedback for MD force field refinement. Although it has only 4 amide-I modes, both the 

FTIR and 2DIR spectra are very congested. To resolve these peaks, we designed two isotope 

labeled peptides A5-23 and A5-43. By utilizing the double-crossed polarization to suppress the 

diagonal peaks in 2DIR spectra, we showed that the four-vibrator system can be simplified into 

three coupled two-vibrator systems in two isotopomers. Fitting the experimental 2DIR spectra 

under the ZZZZ and YYZZ polarizations to a simple two-vibrator exciton model allowed us to 

extract the coupling constants and angles between transition dipoles for the 1-2, 2-3 and 3-4 peptide 

unit pairs. We used DFT calculation to construct maps which relate the fitted parameters to the 

Ramachandran angles on the residue 2, 3 and 4 which fully describe the structure of (Ala)5. All 

three residues adopt very similar structure, which is located within the range of polyproline-II 

conformation. We also discussed the possibility of multiple conformations. By combining the 2D 

IR results with temperature dependent CD spectra, we concluded that PPII is the main 

conformation in (Ala)5, although other conformations may also exist in smaller amounts.  
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Our collaborators, Alex MacKerell group, ran the replica-exchange MD simulation with 3 

different CHARMM force fields: C22, C36 and Drude. Comparing the experimental fitted 

parameters to the MD statistics, we found that the C36 is obviously improved over C22 force fields 

by predicting mainly PPII conformation, whereas Drude force fields still require further refinement. 

To test our spectral models and parameters, we used the C36 MD trajectories to simulate the 2DIR 

spectra of (Ala)5 with both SOS and TAA methods. The agreement between simulated spectra and 

experimental spectra is reasonably good. We finally compared our results with previous NMR 

results, and discussed the possibility to further estimate the population distribution by spectral 

diffusion experiments with another isotope labeled (Ala)5.  

The [(PPG)10]3 is a relatively large model collagen peptide which contains 87 amide-I modes, 

and lots of proline peptide units. We isotope labeled the 4th glycine with either 13C-16O or 13C-18O, 

and monitored the isotope region of amide-I modes with increasing temperatures. We found that 

Gly-Pro peptide units undergo increased solvent exposure, which leads to red shift of amide-I 

modes and disappearing of the 1645 cm-1 peak, consistent with previously reported work. We also 

calculated the spectral parameters for proline peptide units based on new model chemicals, and 

used them to simulate the 2DIR spectra. Although the prediction for absolute frequency positions 

was not satisfactory due to incomplete parameterization, the simulation still basically reproduced 

the 2DIR spectra for ZZZZ and YYZZ polarizations after adjusting parameters according to the 

experimental FTIR spectrum. The simulated double-crossed spectra were found to be very 
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sensitive to homogeneous dephasing parameters.  

The studies of the two model peptides demonstrated the power of 2D IR spectroscopy in 

combination with isotope labeling and MD simulation in providing detailed information on peptide 

structure and dynamics. It also reminds us two points. On the one hand, site-specific amide-I 

coupling is very useful for distinguishing between different peptide local structures. On the other 

hand, more reliable spectral simulation methods and MD force fields are important for delineating 

peptide structures since systematic isotope labeling on many backbone positions is expensive and 

can be difficult for larger systems. It is our hope that our work will simulate further theoretical 

development in this direction.  
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