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4. LK-peptide side chain dynamics at the water-air 

interface are independent of secondary structure  

Adapted with permission from Donovan, M. A.; Lutz, H. Yimer, Y. Y.; Pfaendtner, J.; Bonn, 

M.; Weidner, T. PCCP, DOI: 10.1039/c7cp05897g. Copyright 2017 Royal Society of 

Chemistry 

Acknowledgements: H. Lutz ran MD simulations and acquired Amide-I 

spectra, Y.Y. Yimer analyzed MD simulation trajectories and extracted 

the reorientational rates. M. Donovan performed time resolved and CH 

experiments, analyzed and interpreted the data ran numerical 

simulations with parameters from molecular dynamics. T Weidner, J.P, 

and M Bonn supervised the work.  

ABSTRACT In continuation from the work in chapter 3, here, we present a 

real-time measurement of the orientational dynamics of leucine side chains 

within leucine-lysine (LK) model peptides at the water – air interface, with 

three representative peptide folds: α-helix, 310-helix and β-strand. The 

results, modeled and confirmed by molecular dynamics simulations, show 

that the different peptide folds exhibit remarkably similar orientational side 

chain dynamics but show different energy transfer at the air/water interface 

with sub-picosecond resolution. The experiments have been complemented 

by computational modeling. To determine the impact of secondary structure 

on side chain dynamics, we studied leucine-lysine peptides with three 

representative folds – α-helix, 310-helix and β-strand. This demonstrates that 

the local secondary structure is decoupled from the side chain dynamics but 

additionally also show that the population dynamics may differ for different 

secondary structures at the water-air interface.  
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4.1 Introduction 

Proteins are highly dynamic entities, and the measure of protein dynamics 

and energy transfer has direct implications for the understanding of protein 

structure and function.
9,92

 Side chains play a role in protein driven surface 

manipulation,
93

 enzymatic catalysis,
94,95

 and in protein-protein interactions
11

 

and display rotamer transitions
96

 and torsional motions on pico- to 

nanosecond timescales.
9,16,44,97

 Protein side chain dynamics are typically 

determined via NMR spectroscopy through linewidth measurements where 

changes in conformational entropy can be inferred.
9,48,50,82,98-103

 NMR can 

track changes in a protein’s chemical environment upon complexation and 

has been used to show that, in solution, side chain dynamics of methyl 

containing residues can provide insights about different local environments 

within a protein.
11

 The dynamics are not monitored directly in real time, 

however, but they are inferred from spectral line shapes.
46,98

 An advantage 

of electronic
104-106

 and vibrational
42,45

 spectroscopic methods currently 

under development is that they can directly resolve sub-picosecond events 

and thereby provide direct insight into how protein side chains move.  

Specifically at interfaces, information about protein side chain dynamics 

and energy transfer on pico-second timescales has been lacking. Yet side 

chain motions are particularly important here, since they mediate the contact 

to the interface and play a role in the recognition of hard and soft 

tissue.
50,51,107

 The understanding of these dynamic interactions can help 

unravel key biological processes from biomineralization,
98,108

 protein 

membrane interactions,
109

 host-guest interactions,
11,110

 to the specific protein 

recognition of mineral surfaces.
49

  

 



LK-peptide side chain dynamics 

56 

 

 

Scheme 4.1. Scheme of LK peptides adsorbed to the air water interface. The 

secondary structures of LKα14, LK310, and LKβ15 at the air water interface 

are dictated by the hydrophobic periodicity of the amino acid sequence. The 

peptides have been previously shown to bind with the indicated foldings.
108

 

Hydrophobic leucine side chains are exposed to the vapor phase while the 

hydrophilic lysines remain hydrated in the water phase. The inset shows the 

geometry of the leucine sites used in this study. 

One important question is the impact of local folding within proteins on 

the dynamics of side chains when interacting with surfaces. Here, leucine-

lysine (LK) peptides provide an ideal model system. LK peptides are known 

to form well-defined secondary structures at hydrophobic, hydrophilic and 

aqueous interfaces based on their hydrophobic periodicity (Scheme 

1).
50,53,108,111

 At the air/water interface, hydrophobic leucine side chains 

point toward the vapor phase whereas hydrophilic lysines are oriented 

towards the aqueous phase.
108

 In this study, we probe leucine dynamics of 

LKs folding into α helices (LKα14: Ac-LKKLLKLLKKLLKL-OH), β 

strands (LKβ15: Ac-LKLKLKLKLKLKLKL-OH), and 310 helices (LK310: 

Ac-LLKLLKLLKLLKL-OH). These peptides have been studied extensively 

as model systems for protein–surface interactions and therefore provide an 

ideal starting point to explore interfacial protein dynamics.
50,51,53,56,58,108

  

Previously, interface-specific time-resolved vibrational spectroscopy has 

helped unveil the orientational dynamics of a monomeric leucine amino acid 
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at the air/water interface. It was shown that the methyl units reoriented 

diffusively on a time scale of 20 ps with diffusivities of Dφ = 0.07 rad
2
/ps in 

the plane of the surface and Dθ = 0.05 rad
2
/ps out of plane

8
 (see Scheme 1 

for definition of angles). Here we report on how the folding of the peptide 

backbone affects ultrafast motions by following the dynamics of leucine 

side chains in LK peptides with different folds at the air/water interface 

using time-and polarization-resolved sum-frequency generation 

spectroscopy (TPSFG).
37-39

 We quantify the results through the help of 

numerical modeling and molecular dynamics (MD) simulations.  

 

4.2 Experimental Results 

 

Figure 4.1. Static SFG spectra of LKα14, LKβ15, and LK310 adsorbed to 

the air/D2O interface (a) Amide 1 region using ssp polarization (see text for 

details) (b) using sps polarization combination in the aliphatic stretching 

region (see text for details). The profile of the excitation pulse is shown in 

red. H. Lutz acquired Amide-I spectra. 

TPSFG is a time resolved variant of surface-sensitive SFG
18,54,55,62,66,67,112

. 

In TPSFG, an intense, linearly polarized IR pump pulse partially depletes 

the vibrational ground state within a sub-ensemble of molecules whose 

vibrational transition moment is oriented preferentially along the 

polarization direction. Orientational motion and vibrational energy transfer 

can be followed while the system of interest relaxes back to equilibrium.
37-39

 

When the pump polarization is parallel (||) to that of the probe, the signal 

decays due to both intramolecular vibrational relaxation (IVR) and 
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orientational motions back into the plane (ip) of the surface, whereas when 

the pump direction is orthogonal (┴), IVR and out of plane motions (oop) 

are most efficiently sampled.  

To verify the interfacial secondary structure for the LK peptides, we have 

first recorded static ssp (s polarized SF, s polarized Vis, p polarized IR) SFG 

spectra in the amide-I region. The spectra are shown in Figure 4.1a, and 

display intense resonances ranging from 1642 cm
-1

 for LKα14 to 1655 cm
-1

 

for LKβ15. These resonance positions are in agreement with published 

values
113

 for the target folds.  

The time-resolved experiments focus on the leucine methyl C–H 

resonances. Representative static sps (s polarized SF, p polarized VIS, s 

polarized IR probe) spectra of the C–H region are shown in Figure 4.1b for 

0.1 mg/mL solutions of three different folds of LK peptide adsorbed to the 

air/D2O interface. Qualitatively, all three spectra show an intense resonance 

at 2958 cm
-1

 which is assigned to the methyl in-plane asymmetric (AS) 

stretch.
108

 It is this AS stretching mode we are exciting with an intense mid-

IR pump pulse which spans the entire aliphatic stretching region (Figure 

4.1b).   

 



LK-peptide side chain dynamics 

59 

 

 

Figure 4.2. Experimental pump-probe transients of LK peptides adsorbed to 

the air/D2O interface (open circles) along with numerically simulated 

orientation-dependent dynamic response (solid lines). Corresponding Dθ 

and Dφ values are summarized in Table 1. Traces are offset for clarity  

The pump polarization is alternated between s (||) and p (┴) to generate the 

traces for the signal near 2958 cm
-1

 shown in figure 4.2. The data in figure 

4.2 show the ground state bleach of the methyl AS stretch mode around zero 

delay between pump and probe followed by subsequent recovery of the 

signal. The solid lines which follow the recovery of the signal are 

numerically simulated
38

 and will be discussed later in the text.  

For a first approximation of the relaxation times, we can fit the signal 

recovery rates k(
║

,
┴

) = 1/τ(
║

,
┴

) with exponential kinetics (see SI for fits and 

further discussion). The results are summarized in Table 4.1. Importantly, 

the fits show that the parallel relaxation is significantly faster compared to 

the perpendicular dynamics, which shows that reorientation must contribute 

to the measured signals.
37
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A quantitative analysis of the relaxation data is difficult since, because of 

symmetry breaking by the excitation pulse,
38

 the experimentally measured 

traces are underdetermined. Signal recovery of the transient data depends on 

three time constants: the vibrational relaxation time T1, the in-plane 

diffusivity Dφ, and the out-of-plane diffusivity Dθ. In the limiting case for 

small angular spread Δθ (i.e. Δθ << sinθ0) and negligible out of plane 

motion, a convenient way to determine the molecular diffusion directly is to 

analyze the anisotropy decay (see SI for details).
2,38

 The in plane diffusivity 

Dφ can, in this limiting case, be determined directly by plotting the 

anisotropy decay between the parallel and perpendicularly pumped traces.
38

  

However, since the present peptide systems allow a broad distribution of 

side chain conformations and out-of-plane motion it is not a priori clear 

whether this would be a reliable approach here.  

 We therefore performed molecular dynamics (MD) simulations to track 

the peptide dynamics and to combine the experimental data with theoretical 

transients calculated from the MD data.  

4.3 Molecular Dynamics Simulations 

The combination of MD and time resolved SFG has recently been 

successfully applied to monomeric leucine adsorbed at the air-water 

interface. The method uses MD simulation of the interfacial LK peptide 

dynamics as a basis for a numerical model to calculate the time-resolved 

SFG response. The numerical model requires information about (i) the static 

molecular orientation, (ii) the orientational in plane and out of plane 

diffusivities (Dφ, Dθ), and (iii) the vibrational relaxation time T1.  

To computationally determine the molecular orientation and the 

reorientational diffusion of the methyl groups of leucine at the 

vacuum/water interface, we performed all-atom MD simulations at 298 K. 

Three separate simulations were performed for a layer of 23 molecules of 

LKα14, LKβ15, and LK310. Further details about the simulations are 

presented in the SI. Briefly, the peptides were packed as a layer on 8 by 

8 nm in between a 5 nm thick slab of water and 6 nm of vacuum. To 

approximate experimental conditions, phosphate ions were added, and the 

box was neutralized by adding chloride ions.  

After an equilibration period of 100 ns, 5 ns were simulated with 

coordinates being written to a trajectory file with a frequency of 4 fs for 

analysis.  As expected for a peptide layer with random in-plane orientation, 

the azimuthal φ angles showed no predominant orientation for all peptides 
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(see SI). The mean tilt angle θ0 and the angular spread Δθ were obtained 

from a Gaussian fit (see SI for details) to the methyl group distributions 

shown in Figure 4.3. The mean tilt angles θ0 for the respective α, β, and 310 

folds where 62°, 62°, and 63°with angular spreads Δθ of 32°, 39°, and 29°, 

respectively. 

 

The in-plane and out-of-plane methyl reorientational diffusion coefficients 

Dφ and Dθ were determined by numerically solving the two-dimensional 

rotational diffusion equation for a specific set of (Dφ, Dθ) and then 

calculating the square of residuals, χ
2
, between the thus calculated results 

and the time-dependent methyl group population distributions directly 

obtained from the simulation as a function of θ and φ (Figure 4.3b see SI for 

details). We determined that χ
2
 for α, and β, and 310 peptides exhibit minima 

for the out-of-plane diffusion Dθ at respectively 0.06 ± 0.01, 0.04 ± 0.01, 

and 0.05 ± 0.01 rad
2
/ps and for the in-plane diffusion Dφ at 0.12 ± 0.04, 0.13 

± 0.02, and 0.13 ± 0.02 rad
2
/ps (Fig. 3a-c). The leucine methyl groups 

reorient – on average – at twice the rate in-plane than out-of-plane, but with 

no significant differences between the different folds.  

The vibrational relaxation times T1
sim

 were initially approximated to be 

close to previously reported values of ~3 ps for methyl stretching vibrations 

of long aliphatic chains;
39,42,80

 precise values were subsequently obtained by 

iteratively optimizing for the best visual match of the simulated traces to the 

experimental data. It is interesting to note, that the α-helix motif showed a 

 

 

 Table 4.1. Vibrational time constants and diffusion 

rate coefficients 

and tilt angle information. Error margins are given 

in parenthesis. 

  

Peptide 𝜏1,
║
 ps 𝜏1,

┴
 ps T1

sim
      

ps 

Dφ rad
2
ps

-

1
 

Dθ 

rad
2
ps

-1
 

θ0 

degree 

Δθ 

degree 

LKα14 2.99 

(0.24) 

4.89 

(0.71) 

3.3 0.12 

(0.04) 

0.06 

(0.01) 

62 32 

LKβ15 2.43 

(0.29) 

5.57 

(0.59) 

2.5 0.13 

(0.02) 

0.04 

(0.01) 

62 39 

LK310 2.08 

(0.27) 

3.63 

(0.58) 

2.2 0.13 

(0.02) 

0.05 

(0.01) 

63 29 
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slower vibrational relaxation compared to the β-strand and 310-helix. This 

indicates that intramolecular energy transfer through bonds along the 

backbone plays a crucial role for vibrational relaxation of the leucine modes.
 

The observation is line with reports by Backus and Stock et al., who have 

shown that structural flexibility along a peptide chain in solution increased 

the density of vibrational states and thereby enhances vibrational energy 

transfer.
114,115

 Plotting the number of inter- and intramolecular peptide-

peptide hydrogen bonds for the different folds within the MD trajectories by 

(see SI) showed that LKα14 has indeed a larger number of H-bonds 

compared with LKβ15 and LK310, i.e. the LKα14 backbone shows the least 

structural and dynamical diversity at the interface.  

The simulated transient SFG responses for the different peptide folds with 

orientational parameters obtained from MD are shown as solid lines in 

figure 4.2. The obtained theoretical traces capture the signal depletion and 

recovery in the experimental data very well. The close match of theory and 

experiment confirms the peptide side chain dynamics obtained from 

simulation. The data show that the methyl reorientation dynamics are, 

within the error margins, independent of the folding of the peptide 

backbone.  

 

Figure 4.3. Contour plots: Variation of χ
2
 with Dφ and Dθ for methyl groups 

of LK peptides at the air-water interface. Dφ and Dθ are inferred from the 

point for which the variance χ
2 

is at a minimum. Values for all three peptides 

may be found in Table 1. Bottom right: Orientation distributions of leucine 
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methyl groups in LK peptides at the air/water interface in black. Gaussian 

fits are shown with blue line. 

It is interesting to compare orientational dynamics of the leucine side 

chains within peptides to monomeric leucines at the air-water interface. The 

out of plane dynamics are very similar for the peptide-bound leucine as 

compared to monomeric leucine, with a diffusivity of ca. 0.06 rad
2
/ps for the 

peptides and 0.05 rad
2
/ps for the monomers. The in plane diffusivity, 

however, is sped up by a factor of two with an average diffusivity of 0.12 

rad
2
/ps for the peptides and 0.07 rad

2
/ps for the isolated leucine. Likely, the 

binding geometry and lateral proximity between neighboring leucines 

enforced by the peptide backbone leads to more rapid motion within the 

surface plane. Going to much larger proteins, the reorientational time scales 

found for the LKs are comparable with methyl groups within the 

hydrophobic core of globular proteins (5−80 ps) as determined with NMR.
82

 

4.4 Conclusions 

Our data show that at the interface the side chain orientational dynamics 

are independent of the backbone folding –– in line with what is known for 

proteins in solution.
92

 This is surprising in view of the diversity of steric 

environments side chain groups experience within helical and strand-like 

folding motifs within a densely packed peptide monolayer. At hydrophobic 

interfaces, the side chain dynamics seem to be dominated by surface 

interactions with little variation between secondary structures. This means 

that the factors driving side chain dynamics at the interface are not 

determined or restrained by the backbone configuration and that local 

interfacial steric constraints and binding with the surface can be studied with 

time resolved spectroscopies also in cases when the local secondary 

structure of a protein binding domain is unknown and cannot be factored 

into the analysis. This independence of backbone structure and side chain 

dynamics will be useful for the investigation of large, complex proteins 

using time-resolved SFG, with diverse structural motifs at the surface. 

While the present study focuses on model peptides and provides a first 

view of the role of interfacial secondary structure for side chain dynamics, 

we assume that the observed interfacial dynamics are indicative of general 

mechanisms of side chain-driven protein–surface coupling and therefore an 

important aspect of the functional dynamics of surface proteins beyond the 

traditional structure-function paradigm
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4.5 Supporting Information 

4.5 a. Experimental 

For further details about the pump-probe spectroscopy setup, refer to 

chapter 2. Bulk solutions of LK peptide (Gentech) (LKα14: Ac-

LKKLLKLLKKLLKL–OH, LKβ15: Ac-LKLKLKLKLKLKLKL–OH, 

LK310: Ac-LLKLLKLLKLLKL–OH) of 0.1 mg/mL in D2O were used. D2O 

was used instead of H2O to reduce laser heating to the subphase and to 

avoid interference with the underlying band of the OH stretching vibration 

with the aliphatic stretching region. Solutions were poured into a Teflon 

trough which rotates at ~ 7 rpm to reduce laser heating from the mid IR 

pump pulse. The water level was replenished continuously to account for 

any evaporation that occurs during the measurement cycle. Angles of 

incidence for the mid IR pump, mid IR probe, and 800 nm beam are 

respectively 57º, 46°, and 54º from the surface normal. Beam energies for 

IR pump, IR probe and VIS respectively are 20µJ, 3µJ, and 4.5 µJ. The data 

presented for the 310 and β peptides are the average of the ratio of pump on 

to pump off SFG spectra of 28 and 33 scans acquired under EM 

amplification at an acquisition time of 45s per spectrum for 310 and β 

peptides respectively; α peptides were acquired under EM for 75s per 

spectrum with a total of 12 scans averaged. Static spectra presented in the 

manuscript are normalized to IR intensity spectrum from the non-resonant 

SFG response from a z-cut quartz reference. Time traces shown are acquired 

by integrating over the region from 2945 cm
-1

 to 2970 cm
-1

 and 

subsequently from the pump on to pump off ratio. Instrumental response 

times are determined from 154 fs FWHM Gaussian fits to the Infrared 

infrared visible correlation function and are convoluted with the numerical 

model results for the results presented in Figure 4.2.  

4.5 b. Single-exponential fits to transients, vibrational lifetime: 

As described in the main text, single exponential fits are performed in 

Origin Pro 9 software by performing a monoexponential (y = y0 + Ae
-t/τ

) fit 

to the data starting at t > 250 fs via a Levenberg Marquardt algorithm. 
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Before fitting, the experimental data is smoothed with a two point adjacent 

averaging filter. The fits are shown in figure 4-S1. 

 

Figure 4-S1 Monoexponential decay to transients of LK peptides shown 

along with fitted rates of decay.  

From these single exponential fits, we attempt to estimate the orientation 

times via a simple kinetic model introduced in our previous study on 

Leucine
8
 which includes overall reorientation and vibrational relaxation.  

Recalling chapters 1 and 3, based on the fitting results we can 

approximate the vibrational relaxation times T1 and the effective 

reorientation time Teff,reor from:
8
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k1 = ½(k
║
+k

┴
) = 1/T1    (4.1) 

k
┴
 = k1 - keff,reor.     (4.2) 

k
║
 = k1 + keff,reor.     (4.3) 

keff,reor. = ½(k
║ 

- k
┴
) = 1/Teff,reor.  (4.4) 

An effective rate of reorientation (keff,reor) and a vibrational relaxation rate 

(k1) can be calculated from equations (2) and  (3). The experimentally 

measured parallel (perpendicular) dynamics are sped up (slowed down) due 

to reorientation by a factor of keff,reor as shown in equations 2 - 3. If we then 

infer that the vibrational relaxation rate k1 is calculated from the average of 

the rate constants of the two traces (k
║
, k

┴
) as shown in equation (1), we 

estimate that for LKα14, LKβ15, and LK310, the effective orientational time 

coefficients Teff,reor respectively equal 15 ± 8 ps , 9 ± 4 ps and 10 ± 7 ps. 

While the results are of the same order as Teff,reor values published for 

leucine monomers at the air-water interface, the large error margins 

involved in this analysis make it is difficult to draw conclusions about how 

the side chains’ dynamics are affected by the peptide folding. In the main 

text, we are able to approximate the vibrational relaxation time T1 which is 

shown here in table 4-S1. This vibrational relaxation rate estimated from 

simple exponential fits to the data and from equations 1 to 4 in the SI 

follows the same qualitative trend we see from the simulated traces of k310 > 

kβ  > kα. 

Table 4-S1. Experimentally determined time and rate constants. Error 

margins are given in parenthesis.   

Peptide 

 

𝜏 1,
║
 

ps 

𝜏 1,
┴
 

ps 

T1      

ps 

τani    

ps 

Dφ
ani 

     

rad
2
ps

-

1 

LKα14 2.99 

(0.24) 

4.89 

(0.71) 

3.71 

(0.28) 

2.09 

(0.37) 

0.13         

(0.02) 

LKβ15 2.43 

(0.29) 

5.57 

(0.59) 

3.38 

(0.30) 

0.97 

(0.11) 

0.26        

(0.03) 

LK310 2.08 

(0.27) 

3.63 

(0.58) 

2.64 

(0.26) 

1.39 

(0.45) 

0.18        

(0.06) 
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4.5 c. Anisotropy decay: 

For the xzx component of the nonlinear susceptibility tensor χ
(2)

 which is 

probed the sps polarization combination, the time dependent in plane 

anisotropy decay r(t) is defined as:
38

  

𝑟(𝑡) =
𝑐−

𝑐+
⁄ =  

1

2
𝑒−4𝐷𝜑𝑡 

𝑐− =  ∆𝜒(𝑡)𝑥𝑧𝑥:𝑥
(2)

−   ∆𝜒(𝑡)𝑥𝑧𝑥:𝑦
(2)

 

𝑐+ =  ∆𝜒(𝑡)𝑥𝑧𝑥:𝑥
(2)

+   ∆𝜒(𝑡)𝑥𝑧𝑥:𝑦
(2)

 

𝑐−
𝑐+

⁄ =  
𝐼𝑠 − 𝐼𝑝

𝐼𝑠 + 𝐼𝑝
=

𝐼|| − 𝐼⟘

𝐼|| + 𝐼⟘
=   

r(t) = (I‖-I┴)/(I‖+I┴) = e
-t/τ

ani =  ½ e
-4Dφt

 (4.5) 

 

Dφ is the in plane diffusion constant; Δχijk
(2)

 are the probed transient second 

order susceptibility elements; Ii is the measured bleach intensity, and τani is 

the anisotropy decay time constant. Single exponential fits to this anisotropy 

decay follow a similar procedure to what is described above for the 

experimental traces. First, the anisotropy decay between the smoothed raw 

data is calculated, and single exponential fits to this data are performed to 

extract the rate of anisotropy decay. For sinθ0 >> Δθ, the decay of anisotropy 

describes the in plane orientational dynamics. In the case of the LK peptides 

studied, there is likely an effect due to out of plane reorientation which 

cannot be discounted particularly in the case of LKβ, but to a large extent, 

the decay of the anisotropy in the sps polarization combination should be 

dominated by in plane reorientation dynamics.
38

 Other measurement 

schemes such as that with an excitation pulse circularly polarized and 

normal to the surface presented in reference 
38

 can measure the c+ 

component which should only be affected by out of plane reorientation  and 
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vibrational relaxation. We note, however, that this approach is 

experimentally challenging. 

In addition, the sps polarization combination was chosen due to the fact that 

according to our previous study, the ssp polarization combination is not 

particularly sensitive to orientational dynamics in the systems (i.e. leucine 

methyls) studied as indicated by the pump-probe traces.
8
 In addition, the sps 

polarization combination allows us to monitor the decay in the xzx tensor 

component’s anisotropic signal which is a vast simplification of the ppp 

polarization scheme’s multiple tensor components.  

 

 

Figure 4-S2 Anisotropy (open circles) and exponential fits (solid lines) for 

the three folds of LK peptide study. Fitting results are presented in the main 

text. 
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The anisotropy decay presented in Figure 4-S2 and summarized in table 

S1 measures the effect that in plane molecular reorientation has on the SFG 

signal and should inherently excludes out of plane reorientation. For the 

peptides studied, the diffusivities of Dφ = 0.26 and 0.13 rad
2
/ps, which is for 

LKβ15 twice the rate MD suggests and comparable to the MD simulation 

rate for LKα14 and LK310. MD simulations show that the large angular 

spread Δθ indicates that r(t) is not necessarily a limiting case in which 

vibrational relaxation and out of plane dynamics cancel out of the signal. 

The experimentally measured anisotropy would reflect not only in plane 

dynamics but also out of plane dynamics and vibrational relaxation because 

these signals will not cancel out by calculated the anisotropy ratio r(t).  We 

now turn to the out of plane reorientation.  

Using the Dθ calculated from the MD, a rate constant for oop reorientation 

1/Tθ =kθ=Dθ/Δθ
2
 may be calculated

38
 which means that for the peptides 

studied, the timescale of oop reorientation is 5.20, 11.6, and 5.12 ps 

respectively for the α, β, and 310 folds. Compared to the leucine monomer 

from our previous study, both the vibrational and ip orientational dynamics 

are sped up. Oop dynamics inferred by kθ imply that these motions are 

slightly slowed down for the α and 310 folds compared to 4.4 ps previously 

reported for monomeric leucine methyls,
8
 while the β displays oop 

dynamics which are ~ 3.6 x slower. We must note, however, that this value 

is highly dependent upon the spread Δθ, and for LK peptides this limiting 

case likely does not apply; oop diffusivities are remarkably similar for the 

different folds studied.  

 

4.5 d Vibrational relaxation within orientation model: 

In figure 4-S3, the effect of a variable relaxation rate k1 is shown for the 

different folds of LK peptide studied. For LKα14, the best visual match of 

the simulated data appears when the vibrational relaxation time (rate) is 

chosen to be approximately 3.3 ps (0.3 ps
-1

); a T1 (k1) value of 2.5 ps (0.4 

ps
-1

) appears to underestimate the recovery of the signal. For LKβ15 and 

LK310, the opposite appears to be true. Relaxation times T1 of 3 ps appear to 

overestimate the recovery of the dynamics while shorter relaxation times 

appear to match the signal recovery well. We may also further discuss the T1 

values estimated from equations 1 to 4 in the main text. The trend of 

vibrational relaxation obtained from equations 1 to 4 in the main text give 
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the same qualitative trend with T1 being least for LK310 < LKβ15 < LKα14, 

but within the error margins of this calculation, it can only be said that 

LK310 displays accelerated vibrational relaxation. We arrive at the 

conclusion that vibrational energy transfer might be different for the varying 

folds based on a) the sensitivity of the numerical model to the relaxation 

times, b) the qualitative difference brought from our equations 1 to 4 in the 

main text, and c) based on discrepancies in the anisotropy. To investigate 

what leads to possible differences in IVR, we turned to the MD simulations 

to investigate possible hydrogen bonding effects for different folds of 

peptide. This is briefly discussed in the next subsection detailing molecular 

dynamics simulations.  

 

Figure 4-S3 Sensitivity of numerical model to vibrational relaxation for the 

three LK peptides studied. Top left LKα14, top right LKβ15, bottom left 

LK310 
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4.5 e. Molecular Dynamics Simulations  

The simulation box was set up using the software Packmol.
116

 23 peptides 

were arranged at the surface of a 8 x 8 x 6.8 nm slab of water. The water 

slab contained 10 phosphate anions and enough chloride anions to neutralize 

the simulation box. Prior to running the simulation, the simulation box was 

extended in the z direction by 7 nm such that the peptides resided at the 

water-vacuum interface. Thus, the peptides were simulated at the surface of 

6.8 nm thick slabs of water, which were separated by 7 nm of vacuum. 

AMBER99SB-ILDN parameters were applied for the peptides.
117

 TIP3P 

parameters were used for water molecules and phosphate ion parameters 

were adapted from ref. 
118

. The software Tleap was used to produce 

topology and coordinate files. These files were converted to GROMACS-

type input files using the software Acpype.
119,120

 Atomistic molecular 

dynamics simulations were set up and run using the software package 

GROMACS 4.6.
121

 All bonds were constrained with the LINCS algorithm. 

Simulations were run with periodic boundary conditions in the x-, y- and z-

dimension at a 2 fs time step for 100 ns. Long-range coulombic interactions 

were taken into account by the particle mesh Ewald (PME) method.
122

 The 

cut-off distance for the Lennard-Jones potential was set to 1 nm and velocity 

rescaling with a stochastic term was employed to maintain the temperature 

of the simulation at 300 K.
123

 After the initial 100 ns simulation, 5 ns were 

simulated at a time step of 2 fs where the trajectory was recorded at a 4 fs 

time step. This time step was necessary for the subsequent extraction of 

reorientation times. 
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Figure 4-S4 (a-f) Side and top views of the simulations box for the 

respective 3 LK peptide folds. 

 

4.5 f. Analysis of MD results 

 

MD simulations trajectories were analyzed in a similar manner to a recent 

publication on Leucine
8
 and analogous to a procedure used by Hsieh et. Al 

to extract orientational diffusion coefficients for water.
37

 The mass density 

profile of water was calculated by partitioning the simulation box into 1 Å-

thick bins along the z-axis and calculating the total mass in each bin per 

partition volume. A region at which the mass density of water is less than 

the bulk density (middle region) is defined as an interfacial region. To 

determine whether a peptide side chain belongs to the interfacial region or 

not the position of the Cα  atom (of leucine side chains) is used as a 

reference. 
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As shown in Figure4- S5 and in the main text, the orientational vector of 

the methyl group is defined as a unit vector originating from the carbon 

atom (on the methyl group) and terminating at the geometric center of the 

three hydrogen atoms (on the methyl group). Angle θ (polar angle) is 

defined by the angle between the unit vector and the Z-axis (a vector normal 

to the LK-water slab surface). The angle φ (azimuthal angle) is defined as 

the angle between the orientational vector projection on the xy-plane and the 

x-axis. Figure S3 a-c shows the azimuthal φ angle distributions of LK side 

chain methyl groups at the air-water interface. Azimuthal and tilt angle 

distributions shown in the SI and the main text are the average distributions 

of both methyl groups along the different leucine residues.  

 

Figure 4-S5 Definition of azimuthal and tilt angle for generalized LK 

peptide.  

Figure 4-S6 a-c shows the azimuthal symmetry of the leucine side chain 

methyls for the different folds of LK peptide at the air/water interface. In 

equilibrium, the methyls are shown to display no preferential orientation in 

the surface plane.  
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Figure 4- S6 a) Azimuthal φ angle distribution for LKα14 methyls 

 

Figure 4-S6 b) Azimuthal φ angle distribution for LKβ15 methyls 

 

Figure 4- S6 c) Azimuthal φ angle distribution for LK310 methyls 
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For the methyl group reorientation, diffusion coefficients Dθ (out of the 

plane of the surface) and Dφ (in plane of the surface) were calculated 

following a similar procedure previously used by Hsieh et al and also used 

in our previous leucine work.
8,37

 In the molecular dynamics simulation we 

tracked the population of methyl groups that at time 0 are within the range 

of 0 < φ < 180 and 34 < θ < 96 and we observed this population relax 

towards equilibrium. Using the methyl angle distribution (θ, φ) obtained 

from the MD simulation as an initial boundary value, a two dimensional 

diffusion equation (given in Equation 1 of the SI of ref. 
37

) was solved for 

different guessed values of Dθ and Dφ. Then, we calculated the square of 

residuals, χ
2
, to determine the goodness of a fit between the angle 

distributions (θ, φ) obtained from the numerical solution using the diffusion 

equation and MD simulation results. 

4.5 h. Hydrogen bonding effects
 

 

Figure S7 The number of hydrogen bonds were obtained for the last 30 ns 

of a 100 ns simulation with the HBonds plugin of VMD.
124

 Light colors 

represent the number of hydrogen bonds at the respective time point. The 

data was smoothed by the Savitzky-Golay filter using second order 

polynomial fitting on windows of 100 data points (thick lines).
125

 

 


