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’ INTRODUCTION

Proteins play a central role in cell biology and are becoming an
increasingly significant family of molecules for pharmaceutical
intervention. Consequently, analysis of these macromolecules is
of increasing importance to study their physiological function-
ality and guarantee structural and functional integrity in ther-
apeutic formulations. Noninvasive optical methods have been
developed to study the native conformation of the biomolecules in
aqueous solutionusing circular dichroism(CD) spectroscopy1,2 and
vibrational spectroscopy using mid-infrared (IR) radiation.3�6

Terahertz and far-infrared spectroscopy has had less application
due to the technical difficulties of working in this part of the
electromagnetic spectrum. Terahertz and far-infrared spectros-
copy, however, provide a potential means of studying low-
frequency molecular motions within a macromolecule and offer
an alternative route to structural understanding.

Early far-infrared spectroscopy studies on polyamides and
proteins have provided some insight into low-energy resonances
in these systems. Studies using pure N-methylacetamide (the
simplest molecule with a peptide bond) have bands at 120 cm�1

assigned to CO 3 3 3HN intermolecular hydrogen bonding and at
201 cm�1 assigned to C�N torsional vibration of the peptide
bond. Studies of polyamides went further to assign absorbance
peaks below 600 cm�1 to intermolecular hydrogen bonding vibra-
tions, methyl and C�N torsional vibrations, and α-helices.7�12

Proteins, unlike polyamides, have broad spectral features, one
centered on 150 cm�1 with smaller features around 320 cm�1,

which are currently difficult to interpret.13 This demonstrates the
potential of far-infrared spectroscopy for some primary and
secondary structural analysis of peptides and proteins. More
recent studies have illustrated the potential of far-infrared
spectroscopy for protein quaternary structural analysis. This
has revealed markedly different absorbance spectra for the
polyomavirus capsid protein before and after assembly,14 though
spectral differences (between 50 and 350 cm�1) associated with
lysozyme fibril assembly could be accounted for by Rayleigh light
scattering.15 Terahertz time-domain spectroscopy of protein
between 3 and 100 cm�1 demonstrated a monotonic increase
in absorbance as the frequency increased and that light scattering
has to be considered when interpreting the results.15,16

Sample preparation is important if far-infrared spectroscopy is
to yield useful results. Pioneering studies on cast films proved the
existence of spectral features for peptides,13 however it can be
difficult to preserve the native structure for biomolecules under
these conditions. Drying methods such as lyophilization may
induce secondary structural change or aggregation and should be
avoided if possible.17,18 Sample preparation that maintains con-
ditions as close as physiological for the protein has obvious merit.

Interpretation of far-infrared spectral features can be aided
with the use of molecular dynamics (MD) simulation.19�21 MD
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ABSTRACT: Far-infrared spectroscopy was used to study the dynamics of three
aqueous peptides having varied helicity. Experimental data were compared to the
molecular dynamics simulated far-infrared absorbance spectrum derived from the
dipole time correlation function. Vibrational density of state (VDOS) simulation
was then used to analyze the contribution of different structural elements to the
bands. Frozen aqueous peptide samples were studied in the frequency range
between 325 and 540 cm�1 where the ice absorbance is low. Three resonances
were identified; band I centered at approximately 333 cm�1, band II centered at
approximately 380 cm�1, and band III comprising two constituent bands at
approximately 519 and 528 cm�1. The peak height and frequency of the maximum
absorbance of bands I and II varied depending on the helicity of the peptide. VDOS
of the far-infrared absorbance spectrum confirmed that bands I and II were
associated with the peptide backbone and that band III had both potential backbone
and side chain components.
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is able to access dynamical properties of the molecule at a finite
temperature, intrinsically including the solvent effects and the
experimental averages can be achieved through sufficient time
sampling.22 In previous studies, ab initio MD schemes have been
employed.23 The total size of our molecular system with peptide
and surrounding water makes this approach impractical. For this
reason, a classical MD scheme and semiempirical potentials were
chosen to simulate low-energy resonances in the peptides of
interest. In this study we studied a group of three closely related
peptides with known helicity (Table 1). A FTIR spectrometer
with a liquid-helium-cooled bolometer and a synchrotron light
source was used to measure the absorbance of each peptide.
Samples were prepared as pressed pellets of lyophilized protein
or as aqueous preparations, both cooled to 79( 1 K. The aim of
the work was to determine whether far-infrared spectroscopy can
identify α-helical secondary structures in peptides and whether
MD can be used to interpret observed resonances.

2. MATERIALS AND METHODS

2.1. Sample Preparation. Three alanine-rich peptides were
chemically synthesized with higher than 95% purity (Mimotopes,
Clayton, Australia). The amino acid sequences of these three
peptides (AK17, AK10G, and AK9P) are provided in Table 1.
AK17 is comprised of multiple repeats of four alanine residues
followed by a lysine residue and has predictable α-helical
structure. AK10G differs from AK17 by one glycine residue
that was substituted at the 10th position to partially perturb the
α helix. AK9P differs from AK17 by one proline residue that was
substituted at the ninth position, where it causes a major per-
turbation of the α-helical structure.
The buffer used in this study (KF buffer) comprised 100 mM

potassium fluoride, 1 mM potassium phosphate buffer, pH7. The
100mMpeptide in KF buffer and buffer reference samples (6 μL)
were placed between two 1mm thick polypropylene (PP) windows
(Goodfellow, U.K.) using a 170 μm thick PP spacer, clamped in
position between two copper plates with a 10 mm aperture.
Three sample holders were clamped onto the cryostat coldfinger
ready for analysis. The spectra of dry peptide were measured
using pressed pellet containing 10 mg of peptide lyophilized
powder mixed with 30 mg of Uvasol photometric grade poly-
ethylene (Merck, Germany), pressed as 13 mm diameter discs,
with 7 tonne-force for 3 min. The pellets were clamped into the
cryostat coldfinger ready for analysis.
2.2. Secondary Structure Characterization by Circular

Dichroism Spectroscopy. Circular dichroism was measured
with a circular dichroism spectrometer (J-815, Jasco Tokyo,
Japan) and a 10 mm path length cell. The three peptides were
dissolved in KF buffer at 100 μM peptide concentration and all
measurement were conducted at 273 K. The percentage of
helicity was estimated from the θ222 value.

24

2.3. Far Infrared Spectroscopic Measurement Using a
Synchrotron Light Source. Far infrared spectroscopic measure-
ments were performed on the far-infrared and high resolution
FTIR beamline at the Australian Synchrotron (Clayton, Victoria)
operating at 3GeV and amaximum current of 200mA. The beam
dimension was 480 μm (horizontal) by 13 μm (vertical), the
opening angle collected was 50 (horizontal) by 16 mrad (vertical).
The beam was a converging source close to a point. The sample
was mounted in a Janis ST-100 FTIR cryostat (Wilmington, MA,
USA) coldfinger and cooled with liquid nitrogen to 78 K. The
temperature of the coldfinger was measured using a temperature
controller (331S, Lake Shore, Westerville, OH, U.S.A.). Trans-
mission spectra were recorded using a Bruker IFS 125HRFourier
Transform Infrared spectrometer (Bruker Optics, Ettlingen,
Germany) fitted with a 6 μm Mylar multilayer beam splitter,
scanner velocity of 40 kHz, and a liquid helium-cooled Si
bolometer detector with aperture setting of 4 mm. Each spec-
trum was an average of 26 scans recorded with the maximum
frequency limit of 700 cm�1 and at a resolution of 0.25 cm�1. To
eliminate the etalon effect due to reflection of the measurement
cell, a Tukey window with apodization function25 was applied to
all interferograms prior to fast Fourier transformation. A sample
cell containing KF buffer was used as the reference for the
aqueous peptide samples and pure polyethylene pellets were
used as the reference for the lyophilized peptide samples.
2.4. Data Evaluation. The three main band regions (denoted

I�III) in the absorption spectra of aqueous sample were initially
identified by means of second derivative method in OPUS 6.0
software (Bruker Optics, Ettlingen, Germany). To avoid inter-
ference with bands I�III, eight frequencies points of 325, 350,
400, 425, 450, 475, 500, and 540 cm�1 were used to define the
baseline, which was subsequently subtracted from the absorption
spectra. Identical baseline treatment was applied to all aqueous
absorption spectra in this study. Formeasuring the band intensity
and band position, a least-squares curve fitting method was applied
to all baseline corrected spectra. The band positions resulted
from this evaluation process and those with those generated from
OPUS analysis agreed well, differing by less than 1 cm�1.
2.5. MolecularModeling andMolecular Dynamics Simula-

tion. Molecular dynamics simulations were performed with the
GROMACS 3.3.2 package.26 The peptide models were gener-
ated by Modeler as α-helical configurations. The molecules were
“dissolved” in a simulation box of SPC27 (single point charge, a
three-point model for water), the minimum distance between
solute and the edge of box was set to 1.2 nm (equivalent to a
concentration of approximately 20 mM). GROMOS 45A3 force
field28 and NPT conditions (number of particles, system pres-
sure, and temperature (T = 273 K) held constant) were used for
each peptide. A twin-range cutoff scheme with 0.8 and 1.4 nm
cut-off radii was applied, in which interactions within the shorter
range cut off (0.8 nm) were calculated every step, whereas
interactions within the longer cut off (1.4 nm) were updated
every five steps, together with the pair list. The time step was 2 fs
and nonbonded interactions in the range between these radii
were updated every fifth time step. A total of 6 ns of simulations
were performed prior to 1 ns of sampling period, atomic
trajectories were sampled every 20 fs.
The simulated far-infrared absorbance spectrum was derived

from the dipole time correlation function (TCF). The TCF is
obtained in a molecular dynamics simulation described above.
The IR spectrum of AK17 was calculated based on the Fermi
Golden Rule formula, which is commonly rewritten as Fourier

Table 1. Amino Acid Sequence and Helicity of AK17,
AK10G, and AK9P at 298 Ka

name amino acid sequence

helicity

(%; measured by CD)

AK17 AC-AKAAAAKAAAAKAAAAK-NH2 72.4

AK10G AC-AKAAAAKAAGAKAAAAK-NH2 29.5

AK9P AC-AKAAAAKAPAAKAAAAK-NH2 0.0
aA, alanine; K, lysine; G, glycine; P, proline.
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transform of the TCF.29 The formula used is described in eq 1.

aðωÞnðωÞ ¼ 2πβω2

3cV

Z þ∞

�∞
ÆMðtÞMð0Þæeiwtdt ð1Þ

where α(ω) is the frequency dependent absorption coefficient, n
is frequency dependent reflective index, β = 1/kT, c is the speed
of light in vacuum, and V is the volume. The angular brackets de-
noted the statistical average of the correlation of dipole moment
M of the peptide molecule, which is defined by the force
field model.
Vibrational density of state (VDOS) simulation of the far-

infrared absorbance spectrum reflects the overall dynamic of a
molecular system. It was obtained by the Fourier transformation
of the autocorrelation of time-dependent atomic velocity.30

VDOSðωÞ ¼ ∑
i¼ 1,N

Z ∞

�∞
ÆviðtÞ 3 við0Þæ expðiωtÞdt ð2Þ

vi(t) is the velocity of atom, and i and N are the total number of
atoms in the system. The VDOS can be decomposed into sub-
groups of atom by restraining the sum over i in eq 2.

3. RESULTS

3.1. Optical Measurements Using Synchrotron FTIR. The
peptide samples were prepared in two ways; as pressed pellets of
lyophilized peptide mixed with polyethylene powder or as frozen
samples of peptide dissolved in KF buffer. The aim was to deter-
mine whether lyophilized peptide was suitable for generating a
useful far-infrared absorbance spectrum or whether the peptide in a
frozen aqueous medium was superior for far-infrared analysis.
Transmission measurements were taken with samples at 78 K
using a FTIR spectrometer equipped with a Mylar multilayer
beam splitter, a liquid helium-cooled Si bolometer, a cryostat
sample holder and a synchrotron light source.
The aqueous peptide samples had two strong ice absorption

bands centered at approximately 230 cm�1 and 850 cm�1.31 This
limited the usable spectral bandwidth to 50�120 and 325�
540 cm�1 (Figure 1). The usable spectral bandwidth of the
lyophilized samples was not affected by ice absorbance and was
usable between 50 and 600 cm�1. The absorption characteristics
of the peptides in the common region between 325 and 540 cm�1

followed a similar pattern for both the lyophilized and aqueous
peptide samples.
The far-infrared absorbance spectra for the three aqueous

peptide samples between 325 and 540 cm�1 had a positive ab-
sorbance across the whole frequency range, which indicated stron-
ger absorption of the peptide material compared to its counter-
part ice (Figure 2). Three major absorption bands were observed
within the available bandwidth (denoted I, II and III). Band I was
centered at 333 cm�1 for AK17, the peak height was diminished
in AK10G samples and nearly disappeared for AK9P. Band II is a
very prominent band centered at approximately 380 cm�1 for
AK17 samples. This band shows similar intensity and position for
AK10G but absorbance diminished in the AK9P sample. Band III
is strong and relatively wide band that possess a complex structure
with two constituent bands at approximately 519 cm�1 and
528 cm�1. The absorption level of band III is very similar for the
three peptides.
Far-infrared spectra were generated for the three peptides

prepared as pressed pellets of lyophilized peptide mixed with
polyethylene (Figure 3A). For both AK17 and AK10G, the
aqueous and dried peptides spectra are quite similar (Figures 2
and 3A). Comparison of the lyophilized peptide with the aqueous
samples (Figure 3B) revealed a red-shift in bands I and II of approx
5 cm�1 between the aqueous and lyophilized peptide spectra.
The relative intensity between these two bands also remained
similar between aqueous and lyophilized peptide measurements.
While lyophilization is effective at removing the water from a
peptide sample it is known to alter the structure of proteins.17,18

Lyophilized AK17 and AK10G spectra were very similar, indicat-
ing that both peptides may have assumed a helical structure on
drying. Lyophilized AK9P spectrum was radically different to its
aqueous spectrum, band I was diminished in both spectra, band II
had all but disappeared and band III had changed from a broad
double peak to a narrower single peak. It was also radically
different to the spectra of lyophilized AK17 and AK10G. Inter-
estingly, we observed a prominent double peak centered at
440 cm�1 in the lyophilized AK9P spectrum (Figure 3A), which
is absent from the aqueous sample. This band at 440 cm�1 has
previously been documented for the β-form of L-polyalanine
analyzed as a drymaterial,13,32 indicating that AK9Pmay be forming
β-pleated sheets during the lyophilization process. Interaction
between the polyethylene and peptide is also a possible mechanism

Figure 1. Absorption spectrum of AK17 prepared as aqueous frozen and
dry lyophilized samples. Both measurements were conducted at 78 K:
red, absorbance of 100 mM AK17 peptide in solution relative to buffer;
blue, absorption of 10 mg AK17 lyophilized powder relative to blank PE
pellet. For clarity, absorption of aqueous offset upward by 1.0 A.U.

Figure 2. Absorption spectrum of 100 mM peptide in solution from
325 to 540 cm�1, measured at 78 K, relative to buffer: black, AK17; red,
AK10G; green, AK9P. For clarity, absorption of AK10G and AK17 are
offset upward by 0.2 and 0.4 absorbance units, respectively. Strong
absorption bands are labeled as I, II, and III.
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for altering the spectrum though the authors believe this is
unlikely. The aqueous sample preparation was selected for
further experimentation based on the lack of obvious evidence
of secondary structural change during sample preparation.
The relationship between the far-infrared spectrum and pep-

tide helicity was investigated by looking for variations in band
position and absorbance for bands I and II derived from aqueous
peptide samples (Figure 4). The peak height represents the
maximum absorbance mapped after baseline correction and the
frequency is the position withmaximum absorbance. Ten individual
measurements were made for each peptide. Very clear separation
was observed in the three peptides for band I (Figure 4A) where
shifts in both band peak height and frequency were apparent. The
band absorbance displays a gradual change in the order of AK17
> AK10G > AK9P, which corresponds to the same order as their
helicity determined by circular dichroism spectroscopy (Table 1).
The very weak band I with low peak height for the random coil
peptide AK9P suggests the dominance of structural related vibra-
tional mode(s) in this band. For band II, AK17 and AK10G shared
very similar band absorbance and frequency (Figure 4B). How-
ever, clear separation was observed between the random coil
peptide AK9P and the other two peptides, both in terms of band
absorbance and frequency. In contrast to band I, reasonable
amount of band absorbance remained for AK9P, suggesting only
a small portion of the modes contributing to this band are
associated with helicity and random coil structure retains some
absorbance at 380 cm�1. An alternative explanation may be that

freezing of the peptide solution promoted α helix formation
leading to a little helical content in AK9P and helical content in
AK10G similar to AK17. This may explain the discrepancy
between the room temperature circular dichroismmeasurements
(Table 1) and the 78 K far-infrared observations for bands I and
II (Figure 4).
3.2. Calculation of the IR Spectrum and VDOS of the

Peptides Using Molecular Dynamics Simulation. The three
peptides in this study display substantial variations in absorption
features despite very similar chemical composition. A significant
amount of spectral difference appears to depend on the second-
ary structure. This phenomenon represented an interesting case
for molecular dynamics (MD) based simulation study, in which
peptide molecular dynamics and anharmonicity introduced by
the solvent environment are reproduced in the calculation. The
molecular dynamic simulation package GROMACS was used to
construct an α-helical model of AK17 which was used in the
classical MD simulation of the IR spectrum (see Materials and
Methods for details). For ribbon diagrams of the peptide
conformations see Ding et al. 2010.33 During theMD simulation,
the temperature was kept at 298 K using semiempirical force
fields parametized at room temperature. Experimental observa-
tion justifies this decision as the spectra of dried peptide at 78 and
298 K were very similar (data not shown), indicating little
temperature dependence in the absorbance. This avoids the
problem of simulation at 78 K where the force fields are not
benchmarked.

Figure 3. (A) Comparison of peptide absorption spectra measured as lyophilized peptide, 300�600 cm�1 is shown: black, AK17; red, AK10G; green,
AK9P. The AK17 spectra are offset upward by 0.6 A.U for clarity. (B) The comparison of freeze-dried and aqueous spectra of AK17 in the frequency
range of 320�400 cm�1, both measured at 78 K.

Figure 4. Peak height and frequency of the maximum absorbance for (A) bands I and (B) II of peptide in solution (refer to Figure 2). All absorbance
measurements were conducted at 78 K.
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The calculated IR spectrum of AK17 generated from 1 ns of
MD simulation was compared to the experimental IR spectrum
(Figure 5). The four IR absorption bands generated by the
simulation between 300 and 600 cm�1 (denoted 1�4) represent
the calculated IR active vibrational modes. Among these four
simulation bands, simulation band 1 centered at approximately
320 cm�1 is tentatively assigned to band I and simulation band
2 centered at approximately 350 cm�1 is tentatively assigned to
band II. The assignment of simulation band 3 is ambiguous as it
does not correspond easily with an observable band in the
experimental data. It is possible this band is lost in the rising
baseline seen in the experimental data or it is an artifact of the
MD simulation. We propose that band III can be assigned to
simulation band 4 (discussed later in the paper). The simulated
IR spectra of all three peptides (Supporting Information) con-
firmed the IR active mode band 4 and supported the theory that
the IR active modes, bands 1 and 2, diminished in peptides with
less α-helical content. However, the noise levels for the less
structured peptides (AK10G and AK9P) were much higher than
for AK17, compromising the value of this interpretation.
MD simulation of the IR absorption spectrum provided a

direct way to compare theoretical and experimental approaches,
and illustrated that both methods reveal absorbance bands in the
region of interest.34 For interpretation of the spectral features,
further decomposition of the spectra was needed. Thiswas achieved

by calculating the vibrational density of states (VDOS). VDOS
represents all the vibrational modes in a molecule. It is worth
noting that only some of the VDOS modes are infrared active.
The advantage of VDOS is that it can be decomposed into
contributions of each atom, which allow assignment of IR active
bands to collective molecular motions.34

MD simulations were performed for all three peptides (AK17,
AK10G, and AK9P) using the same conditions applied to AK17.
Prior to the sampling period, AK17 retained its α-helical
structure, whereas AK10G had a partially deformed helix and
AK9P adopted a random coil configuration.33 A comparison of
the three VDOS generated from these three simulations (Figure 6)
demonstrated a clear difference between VDOS for each peptide.
For AK17, a clear one to one relation for bands 1, 2, and 4
between the calculated IR spectrum and VDOS was obtained,
indicated by the same band notation in Figures 5 and 6. In the
frequency region of 300�600 cm�1, although very similar overall
line shape for the two peptide spectra is shown, we observed a
diminished vibrational spectrum density in simulation bands
1�3 from the helical AK17 to the random coil model (AK9P),
while simulation band 4 shows very similar absorbance in all
three peptides.
Figure 7 shows decomposed spectra of AK17, derived from the

VDOSof backbone atoms and VDOS of side chain atoms. VDOS
simulation band 1 (with a frequency that corresponds closely to
band 1 in the simulated IR spectrum) is closely associated with
peptide backbone vibrational modes and has no contribution
from the peptide side chain. VDOS simulation band 2 (with a
frequency that corresponds closely to band 2 in the simulated IR
spectrum) has a contribution from both the peptide backbone
and side chain. VDOS simulation band 3 frequency does not
correspond with a band in the simulated IR spectrum and is
assumed to be IR inactive. VDOS simulation band 4 (with a
frequency that corresponds closely to band 4 in the simulated IR
spectrum), like band 2, has a contribution from both the peptide
backbone and side chain. It is worth noting that the VDOS
simulation of the peptide AK9P (Figure 6) and the AK17 side
chain (Figure 7) are very similar, indicating that there are no
vibrational modes associated with in the peptide backbone in the
random coil configuration in this part frequency range.

4. DISCUSSION

4.1. Aqueous versus Lyophilized Sample Preparation.The
presentation of peptide as frozen aqueous samples sandwiched
between polyethylene sheets, as opposed to dried (lyophilized)

Figure 5. Comparison of calculated IR spectrum with experimental
result for peptide AK17 (black, Arabic numerals). The 100 mM aqueous
spectra of AK17 (dark gray, Roman numerals) is shown for band
assignment purposes.

Figure 6. VDOS calculated from atomic velocity trajectories of 1 nsMD
simulation: purple, AK17; blue, AK10G; green, AK9P. The VDOS of
AK17 and AK10G spectra are offset for clarity by 750 units.

Figure 7. VDOS for AK17 backbone atoms (red) and side chain atoms
(blue), the intensity of backbone spectrum is offset for clarity by 400 units.
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samples pressed in polyethylene pellets, has a major negative
consequence in that the ice absorbance prevents analysis of the
peptide between 150 and 325 cm�1 and beyond 540 cm�1. This
is offset by the fact that lyophilization of a peptide sample may be
accompanied by structural modification of the peptide as the
protective solvation shell is removed, the secondary structure is
compromised and there is also the possibility of higher-order
structure formation such as crystallization or β-pleated sheeting.
The spectra for AK17 does show a distinct red shift of bands I and
II due to lyophilization (Figure 3B) which may be indicative
of secondary structural change. The spectra of AK9P for aqueous
and lyophilized samples are radically different. The band at 440 cm�1

in the lyophilized samples (Figure 3A) is well documented for dry
preparations of β-sheet L-polyalanine.13,35 The lyophilization
process can introduce structural changes, such as β-sheet forma-
tion,17 which is an undesired artifact when using far-infrared
spectrometry for structural analysis of peptides or proteins. This
finding justified the choice of an aqueous sample preparation
over lyophilized peptide samples. By maintaining an aqueous
environment the peptide conformation is more likely to be
retained and artifacts arising from the lyophilization process
are avoided.
4.2. Computational Studies. The far-IR spectra (between 50

and 600 cm�1) of complex biomacromolecules are relatively
poorly understood. This region is thought to be inhabited by
primary vibrational modes within the peptide backbone, tor-
sional modes of entities like methyl groups and possible en-
sembles of low-frequency resonances across the macromolecule.
MD simulation is able to capture time-averaged molecular
properties that approach the experimentally measurable ensem-
ble averages. Previous research suggests that MD based methods
are capable of quantitatively depicting the IR spectra of ambient
water above 300 cm�136 and has been applied to water bound to
proteins.37 The experimental spectra of AK17 in its frozen
aqueous form and lyophilized dry form were similar so successive
calculations of the IR spectrum of the three peptides focused on
the peptide molecule without the presence of water. Good
agreement was observed between experimental data and calcu-
lated IR spectra for the position of bands I and II. The small shift
in frequency justified the choices of parameters used in the MD
simulation. Simulation band 3 was not observed in the experi-
mental data, its prominence in the simulation indicates that it is
unlikely to be hidden in the rising baseline and should be
considered to be an artifact in the simulation. Artifacts of MD
simulation have been observed elsewhere and their cause is
unclear.37 Band 4 was assigned to experimental band III based
on the VDOS simulation.
Further interpretations of the spectral features were made on

the basis of VDOS generated by the same MD trajectories.
Illustrated in Figure 6, the comparison of VDOS of an α-helical
model (AK17) and random coil model (AK9P) further con-
firmed the structural dependence of vibrational spectrum in this
frequency range of interest. From AK17 to AK9P, the decrease in
vibrational spectrum density in simulation bands 1 and 2 corre-
spond well to the experimental data. Further decomposition of
the VDOS of simulation bands 1 and 2 revealed the predominant
contribution from the peptide backbone, and the vibrational
modes were more focused in the ordered structure of AK17 and
dispersed in the random coil structure of AK9P.
The experimentally observed band III had a double peaks

structure for lyophilized samples of AK17 and AK10G, whereas
AK9P with its possible β-pleated structure had a discrete single

peak (Figure 3A). This observation suggests the assignment of
band III to VDOS simulation band 4 can be made on the basis
that the observed resonance in the AK9P spectrum has lost the
contribution from the peptide backbone and only the contribu-
tion from the side chain remains (Figure 7), a phenomenon in
common with VDOS simulation band 4. It is also evident that
backbone related bands (e.g., bands I and II) were substantially
diminished. The double peak structure for band III seen in the
experimental spectra among the three peptides in solution (Figure 2)
further indicates that the β-sheet in lyophilized AK9P was not
present in frozen aqueous AK9P. Furthermore, similar vibra-
tional spectral intensities shown in simulation band 4 of VDOS
across the three peptides agree with aqueous spectra well, support-
ing the band assignment we made here. Our results also agree
well with the assignments of vibrational modes for poly alanine
carried out by Lee et al.,32 except the Cβ bending that is assigned
to a band at 328 cm�1 is not seen in our side chain VDOS.
4.3. Peptide Spectrum. Although the three peptides only

differ by one amino acid in their sequence, they displayed vastly
different secondary structure in solution, measured by circular
dichroism spectroscopy (Table 1). The peptide band I (Figures 2
and 4) peak height progressively diminished from AK17 to
AK9P, which corresponds with the decrease in helicity of the
peptides (Table 1). The transition from a defined band in AK17
to very weak band absorbance seen in the random coil peptide
AK9P suggests the dominance of structural related vibrational
mode(s) in this band. For band II of the aqueous peptide
(Figures 2 and 4), a clear separation can also be observed between
the random coil peptide AK9P and the other two peptides with
helical content, in terms of both peak height and frequency. In
contrast to band I, a residual amount of peak height remains for
AK9P, suggesting only part of the modes contributing to this
band are structurally dependent. AK9P shows no helix content in
the CD measurement, indicating a less-ordered conformation.
Therefore, coupled backbone vibrational modes of amino acids
of the less-ordered conformation will be more widely spread in
the frequency domain, which could result in the diminished band
absorbance seen in bands I and II.
In earlier polypeptide studies,13,38 a weak band at 325�328 cm�1

and a strong band at 372�374 cm�1 were reported for α-helical
conformation of polyalanine, which correspond to bands I and II
in this study. These earlier studies investigated crude mixtures of
peptides with variable chain lengths. The work presented here
used very well-defined synthetic polypeptide chains of exactly 17
amino acids. The well reproduced frequencies in bands I and II
for mixed length polyalanine indicates that the vibrational modes
do not correspond to large scale molecular motions but are
associated with the secondary structure of the peptide backbone.
4.4. Conclusion.The relative transparency of ice between 325

and 540 cm�1 enables frozen aqueous biological samples to be
studied within this bandwidth. Previous analysis using far-infra-
red spectroscopy relied on the removal of water from the sample
to minimize the water absorbance. In this work, we capture
vibrational modes of peptides in the frozen aqueous state, which
is closer to the environment under physiological aqueous con-
ditions than a lyophilized sample. It can avoid the conformational
changes caused by dehydrating the samples. In the case of AK9P,
this was observed as a loss of bands I and II and the emergence of
a band at 440 cm�1 was probably associated with the formation
of a β-pleated structure.
Experimental analysis and the VDOS simulation of the three

alanine-rich peptides with differing secondary structure indicated
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that there are three distinct modes between 325 and 540 cm�1.
Band I is clearly associated with vibrations in the peptide back-
bone when in the α helix conformation. Band II is association
with the peptide backbone, diminishes with reduction in helicity
and is lost altogether on β-sheet formation. Band III differs in
having both a peptide backbone and side chain vibrational
modes. When bands I and II are used as fingerprint resonances,
the method presented in this paper could be used to study the
secondary structure of polypeptides in environments that may
not be accessible by other methods.
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