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The  far-infrared  spectra  of  lysozyme,  alanine-rich  peptides  and  small  cyclic  helical  peptides  were  stud-
ied. Both  lysozyme  and  the  alanine-rich  peptides  had  a dome  in  the  spectral  background  centred  on
180–220  cm−1 consistent  with  either  structural  collective  modes  or an  ensemble  of  hydrogen  bond  vibra-
tional  modes  associated  with  the  peptide  backbone.  Molecular  dynamics  simulation  of  the  alanine-rich
peptide’s  infrared  spectrum  produced  bands  with  similar  positions  to the experimental  data  and  vibra-
tional  density  of  states  simulation  was  able  to attribute  several  of  these  bands  to  backbone  and  side

−1

erahertz
ar-infrared
ynchrotron
olecular dynamics
DOS

chain  vibrational  modes.  Evidence  is  presented  that  peaks  at 333  and  375  cm are  associated  with
alpha-helices  in  lysozyme  and  the  alanine-rich  peptides,  and  the  peak  at 445  cm−1 is  associated  with
beta-pleated  sheet.  Also,  results  suggest  that  peaks  at  385,  402  and  470 cm−1 are  associated  with  the
secondary  structure  of  the  cyclic  helical  peptide  KARAD.  This  supports  the  hypothesis  the  low  energy
vibrational  modes  between  300  and  500  cm−1 are  diagnostic  of  the  presence  of  secondary  structures  in

(poly)peptides.

. Introduction

Proteins are a fundamental component to life and are the centre
f considerable research effort aiming to understand the physic-
chemical basis of their functionality. New methods of studying
rotein structure, conformational change and flexibility, and the

nteraction between proteins and water, are needed to better
haracterize biological function. The advent of Terahertz time
omain spectroscopy (THz-TDS) in the 1990s provided a new
echnique for studying the absorbance spectra between the far-
nfrared and microwave wave numbers, and promised to allow
ow energy vibrations to be studied that were previously unob-
ervable. New interest in this part of the spectrum also led to a
eassessment of earlier far-infrared spectroscopy research that was
ndertaken in the 1960–1980 period as the THz-TDS and early far-

nfrared spectroscopy overlap between the wave number values
f 20–150 cm−1, making these complementary technologies over
uch of their respective bandwidths.
Early far-infrared spectroscopy research on peptides and

roteins focused on simple compounds including polyamides or N-
ethylacetamide. The vibrational spectrum of N-methylacetamide
s particularly informative as it the simplest molecule with a pep-
ide bond so attribution of peaks to specific vibrational modes is
impler than for complex molecules. N-methylacetamide has an

∗ Corresponding author. Tel.: +44 01142228253; fax: +44 01142227501.
E-mail address: r.j.falconer@sheffield.ac.uk (R.J. Falconer).
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absorbance peak at 120 cm−1 that was  assigned to intermolecu-
lar hydrogen bonding and a peak at 201 cm−1 assigned to C N
torsional vibration [1] although the N H out-of-plane mode may
also contribute to this peak [2].  Polyamides with known secondary
structure were used to study the relationship between secondary
structure and absorbance in the low wave number region. Stud-
ies of polyalanine found that alpha helical structures caused an
absorbance peak centred on 370 cm−1 [3].  Beta-pleated sheet
structures made using (l-Ala-Gly)n and l-(Ala-Gly-Gly)n showed
absorbance centred on 235 and 440 cm−1 [4].  The early far-infrared
spectra of proteins, however, had broad spectral features sug-
gesting ensembles of vibrational modes that eluded meaningful
interpretation [5]. More recently research on the amide VI band,
the bending motion of the C O group in the peptide backbone
observed between 490 and 590 cm−1 has shown a correlation
between the maxima’s position and the secondary structure of a
range of polyamino acids and proteins with a maxima around 525,
535 and 545 cm−1 being associated with alpha helices, random coils
and beta sheets, respectively [6].

The introduction of THz-TDS (between 3 and 60 cm−1) in the
1990s led to renewed investigation into the low energy vibrations
in biomacromolecules [7,8]. THz-TDS of proteins invariably gener-
ated spectra with a monotonic rise in absorbance with increasing
wave number but no discrete features such as peaks. Absorbance

at these low wave number values has been linked to collective
motions within the protein structure [9,10] which is of particular
interest as it opens the possibility of studying protein dynamics.
The internal bonding that holds protein structures in place is a

dx.doi.org/10.1016/j.vibspec.2012.02.020
http://www.sciencedirect.com/science/journal/09242031
http://www.elsevier.com/locate/vibspec
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ombination of hydrogen bonding, exclusion of water from apolar
esidues (hydrophobic interaction), disulphide covalent bonding
nd possible electrostatic interaction and salt bridge formation,
ll of which are expected to contribute to the collective motions
f a protein. This is consistent with the hypothesis raised by far-
nfrared research that suggested the broad peak below 300 cm−1 is
ominated by intramolecular hydrogen bonding [11]. In vivo, most
roteins are in an aqueous environment. The absorbance due to
he hydration layer around proteins has to be taken into account
s it can differ from the bulk water [12] and light scattering has to
e taken into account for research into protein complexes [13,14].
nalysis of quaternary protein structures such as �-lactoglobulin
brillar and globular gels likewise showed a monotonic relation-
hip between absorbance and wave number values between 3
nd 60 cm−1, although globular gels which had higher apparent
bsorbance believed to be due to scattering of the photons by the
oft globular protein structures [13]. Far-infrared spectroscopy of
-lactoglobulin gels and lysozyme fibrils gave mixed results with
elation causing minor changes to the spectrum and fibril forma-
ion causing light scattering [14,15]. The surprising observation
or the lysozyme research was that the major structural change
ssociated with denaturation of the lysozyme and formation of the
ntermolecular beta-sheets was not associated with a major change
n the spectrum below 300 cm−1 indicating that interpretation of
his part of the spectra is still problematic. Far-IR analysis of poly-
mavirus virus-like particles has more promise as the assembled
articles gave a significantly different spectrum to the unassem-
led proteins. This could not be explained by light scattering but
as associated with the self-assembly of the 50 nm diameter icosa-
edral viral protein structures [15].

There is increasing evidence that the solvation shell associ-
ted with a protein can be studied using THz-TDS and other
pectroscopic techniques useful in this part of the electromag-
etic spectrum [12,16,17].  Bulk water has a different absorbance
o water in the solvation shell at wave number values between
5 and 80 cm−1. This enables the thickness of the solvation shell
o be estimated [12,16,17].  Analysis of peptide and protein in an
queous environment absorbance spectrum is hampered by the
bsorbance of water in the Terahertz range. Even when frozen, the
egion between 150 and 300 cm−1 is lost due to water’s OH· · ·O
onnectivity band and between 650 and 1000 cm−1 is lost due to
ater’s librational (swaying) band [18]. Lyophilization (freeze dry-

ng) removes water from the protein sample by sublimation and can
esult in less than 0.05 g/g residual water [19]. While dehydration
an cause structural change in proteins it is an effective procedure
o eliminate water from the analysis.

In this paper we applied far-infrared spectroscopy to study syn-
hetic peptides and lysozyme with the goal of determining whether
ar-infrared analysis can provide useful information on peptide or
rotein structure. Three sets of analytes were studied; small pen-
americ helical cyclic (and non-cyclized) peptides with identical
mino acid sequences, alanine-rich peptides with varying helic-
ty and the small globular protein lysozyme. Molecular dynamic
imulation and vibrational density of states simulation of the pep-
ide AK17 were used to determine the contribution of the spectrum
hich was associated with the peptide backbone (which is directly

elated to the peptide’s secondary structure) and that associated
ith the amino acid side chains.

. Methods
The alanine-rich peptides were chemically synthe-
ized with higher than 95% purity (Mimotopes, Clayton,
ustralia). The amino acid sequences of these pep-

ides were AK17 (Ac-AKAAAAKAAAAKAAAAK-NH2),
scopy 61 (2012) 144– 150 145

AK10G (Ac-AKAAAAKAAGAKAAAAK-NH2) and AK9P (Ac-
AKAAAAKAPAAKAAAAK-NH2). The spectra of dry peptide were
measured using pressed pellets containing 10 mg  of peptide
lyophilized powder mixed with 30 mg  of Uvasol photometric
grade polyethylene (Merck, Germany), pressed as 13 mm diameter
discs, with 7 tonnes force for 3 min. Pellets were clamped into
the cryostat cold finger ready for analysis. The KARAD peptides
(the amino acid sequence being KARAD) were supplied by David
Fairlie of the University of Queensland. Frozen aqueous samples of
KARAD peptides were prepared and the far-infrared spectroscopic
measurements were performed on the far-infrared and high
resolution FTIR beamline at the Australian Synchrotron (Clayton,
Victoria) as described previously [20].

Raman measurements were made on a Nicolet NXR FT-Raman
spectrometer with NIR excitation at 1064 nm.  Samples were mea-
sured as powder at room temperature. An InGaAs detector was  used
and the resolution was set to 2 cm−1 with 1024 scans over the range
3700–100 cm−1.

Helicity was measured with a circular dichroism spectrometer
(J-815, Jasco Tokyo, Japan). The peptides were dissolved in KF buffer
at 100 �M prior to analysis. All measurements were conducted at
273 K. The helicity was  estimated from the �2 2 2 value [21].

Molecular dynamics simulations were performed with the GRO-
MACS 3.3.2 package [22]. The peptide models were generated by
Modeller as alpha-helical configuration [17]. The molecules were
‘dissolved’ in a simulation box of SPC [23] (single point charge, a 3-
point model for water), the minimum distance between solute and
the edge of box was  set to 1.2 nm and the SPC (single point charge,
a 3-point model for water) water model was used [24]. GROMOS
45A3 force field and NPT conditions (number of particles, system
pressure and temperature (T = 273 K) held constant) were used to
simulate each peptide. A twin-range cut-off scheme with 0.8 and
1.4 nm cut-off radii was applied. The integration time step was  2 fs
and nonbonded interactions in the range between these radii were
updated every fifth time step. Equilibrium simulations were per-
formed for 6 ns prior to 1 ns of sampling period, in which the atomic
trajectories were sampled every 20 fs. The simulated far-infrared
absorbance spectrum was derived from the dipole time correlation
function (TCF) [25].

Vibrational density of state (VDOS) simulation of the far-infrared
absorbance spectrum reflects the overall dynamic of a peptide. It
was  obtained by the Fourier transformation of the auto-correlation
of time dependent atomic velocity [26]. The same trajectories used
to compute the dipole time correlation function were used calcu-
lating the VDOS of AK17, AK10G and AK9P, respectively.

3. Results and discussion

3.1. Optical analysis of alanine-rich peptides using far-infrared
and Raman spectroscopy

The far-infrared spectra for AK17, AK10G and AK9P demon-
strate that while the spectrum for AK10G is very similar to that for
AK17, the spectrum of AK9P is significantly different having fewer
discrete peaks and a different overall shape (Fig. 1). In solution the
peptides have helicity measure by circular dichroism spectroscopy
equal to 72.4% for AK17, 29.5% for AK10G and 0% for AK9P [17].
However, after freeze drying secondary structures of proteins are
known to be modified [27]. In this case it is probable that the AK17
and AK10G both retained a structure dominated by alpha-helices
but that AK9P formed a beta-sheet structure like polyalanine has

in the solid state [4].  Raman IR spectroscopy of AK17 and AK9P of
the Amide I peak (around 1660 cm−1) showed a peak at 1657 cm−1

indicative of alpha-helice in AK17 and at 1665 cm−1 indicative of
beta-sheet formation in AK9P (Fig. 2) [28,29]. Beta-sheet formation
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Fig. 1. Experimental far-infrared spectra (50–600 cm−1) for lyophilized AK17,
AK10G and AK9P (a, b, c, respectively). Spectra at 295 K (red) and 78 K (blue). Exper-
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(Fig. 1a and 3, and Table 1). We  propose that the simulated band
at ∼100 cm−1 corresponds to the actual band at 120 cm−1, the
simulated band at ∼200 cm−1 corresponds to the actual maxima
at 195 cm−1, the three small simulated bands between 250 and
mental spectra are offset vertically by 0.3 A.U. for clarity. (For interpretation of the
eferences to color in this figure legend, the reader is referred to the web version of
he  article.)

n lyophilized AK9P is expected as it is observed in the closely
elated peptide polyalanine [4].

The far-infrared absorbance spectra for the peptides AK17
nd AK10G are similar and relatively complex (see Fig. 1). The
bsorbance increases between 50 and 100 cm−1 to a peak at
20 cm−1. A second minor peak is at 195 cm−1. Next there is a peak
ith maxima at 265 cm−1 that has a shoulder seen in both AK17

nd AK10G spectra. At 333 cm−1 there is a minor peak followed by
 larger peak at 375 cm−1. This is followed by evidence of minor

−1 −1
eaks at 415 cm and lastly a major peak at 520 cm .
The infrared spectrum for AK9P is markedly different to AK17

nd AK10G despite being chemically very similar (only differing
n one amino acid out of 17). There are peaks at 120, 265, and
Fig. 2. Experimental Raman infrared spectra (1600–1700 cm−1) of AK17 (blue) and
AK9P (red) at 295 K. (For interpretation of the references to color in this figure legend,
the  reader is referred to the web version of the article.)

520 cm−1 that are seen in AK17 and AK10G. AK9P also has an addi-
tional peak at 445 cm−1. The overall shape of the AK9P spectrum
between 50 and 300 cm−1 is different indicating underlying differ-
ences between AK9P and AK17 collective modes.

The peak at 120 cm−1 displays a blue shift of around 3 cm−1 with
reduced temperature (298 down to 78 K) which is consistent for all
three peptide samples. This phenomenon was  not observed for any
other bands.

3.2. Molecular dynamic simulation of alanine-rich peptide
far-infrared spectra

The simulated far-infrared absorbance spectrum derived from
the dipole time correlation function gives the whole infrared spec-
trum of a molecule giving the band positions, the band intensities
and the band shapes, through the Fourier transform of a time cor-
relation function. It relies on the hypothesis of linear response
theory, that the perturbation on the absorbing molecular system
from the applied electric external field is small [30]. The far-infrared
absorbance spectrum of AK17 was  simulated as a structure domi-
nated by an alpha-helical secondary rigid structure. The simulation
was  carried out at 273 K as it was  experimentally observed that
peak positions do not shift significantly at temperatures between
78 and 298 K, and the force fields used in the molecular simulations
are parameterized to be most accurate at 273 K.

The wave number values of the bands in the simulated IR spec-
trum of AK17 are similar to those for the experimental peaks
Fig. 3. Molecular dynamics simulation of the far-infrared spectrum of AK17
(0–600 cm−1) compared with the experimental spectrum.
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Table 1
Bands on AK17 (and AK9P).

Exp. IR bands Calc. IR bands Present in AK9P VDOS peptide backbone VDOS side chain VDOS hydrogen Interpretation

120 cm−1 100 cm−1 + + + − Uncertain but not hydrogen bonding
195  cm−1 200 cm−1 − + − + Hydrogen bonding of the peptide backbone
265  cm−1 270 cm−1 + na na na Uncertain
333  cm−1 320 cm−1 − + − − Alpha helix
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respectively) are quite different and may account for the differ-
ence in shape of this broad band (Fig. 1a and c). Research on
N-methylacetamine suggested this mode may be due to C N tor-
sional vibrations [2] but our VDOS simulation would suggest this is

Fig. 4. Vibrational density of states simulation (0–600 cm−1) of AK17 carbon, nitro-
375  cm 340 cm − + 

445  cm−1 na + na 

520  cm−1 480 or 560 cm−1 + +? 

00 cm−1 correspond with the three actual bands in this region
nd the simulated band at ∼560 cm−1 corresponds to the actual
and at 520 cm−1. The simulated band at 480 cm−1 does not seem
o correspond to any band in the experimental data and is probably
n artefact of the simulation. The simulation does not account for
he underlying baseline shift which is seen as a dome in the data
etween 50 and 350 cm−1, and the subsequent rise in baseline after
00 cm−1. The intensities of the bands in the simulated IR spectrum
ere not particularly close to the experimental data.

.3. Simulation of the peptide AK17’s vibrational density of states

The vibrational density of states (VDOS) represents all vibra-
ional modes including those that are infrared inactive so it does not
ubstitute for an IR spectra. While a VDOS spectrum is clearly differ-
nt from an IR spectrum, VDOS are an important aid to interpret and
ssign vibrational modes which are observed in the IR spectra [30].
n this paper we used VDOS to distinguish which vibrational modes
re associated with the peptide backbone and the side chain, and
o determine which modes are associated with hydrogen atoms.

The VDOS simulation of the carbon (C), nitrogen (N) and oxy-
en (O) atoms of the peptide AK17 backbone (Fig. 4a) gave a
omplicated series of possible vibrational modes between 0 and
00 cm−1 including modes at 100 and 200 cm−1 which correspond
ith modes in the IR simulation. The noise in this part of the simu-

ation could represent diverse vibrational modes at this low wave
umbers that may  or may  not be IR active. The band at 100 cm−1

ould be interpreted as being associated with either the peptide
ackbone or the side chain as there are peaks in both simulations
ut it was not associated with hydrogen. The mode at 200 cm−1 was
een in the VDOS simulation of the backbone when only hydrogen
as included in the simulation (Fig. 4b). The mode seen at 265 cm−1

n the IR simulation was not apparent in the VDOS simulation. The
ode at 333 cm−1 was apparent in the backbone simulation only

nd was not associated with hydrogen. The mode at 375 cm−1 could
e associated with either the peptide backbone or the side chain
s there are peaks in both simulations and is not associated with
ydrogen. The artefact in the IR simulation at 480 cm−1 was not
bserved in the VDOS simulation. The mode at 580 cm−1 could be
ssociated with either the peptide backbone or the side chain as
here are peaks in both simulations and was not associated with
ydrogen.

.4. Interpretation of AK17’s spectrum

The peak seen in all three spectra for the peptides AK17, AK10G
nd AK9P at 120 cm−1 was unique in its blue shift as the tempera-
ure was reduced. This was not observed for the peaks or shoulders
t higher wave numbers. This phenomenon has been observed in
rystalline lattices where it was attributed to temperature depen-
ant dimensional change in the crystal structure [31]. In the case

f these peptides it is possible that the blue-shift phenomenon is
lso associated with intermolecular interactions. The VDOS sim-
lation indicates that this mode does not involve hydrogen so

ntermolecular and intramolecular hydrogen bonding is not being
− Alpha helix (possible side chain component)
na Beta-sheet
− Amide VI (possible side chain component)

observed. A similar peak at 120 cm−1 was observed in experimental
data of partially hydrated lysozyme and was  attributed to protein
backbone-solvent hydrogen bonds [32] but the VDOS presented
here suggests this is not happening in lyophilized peptide. The
VDOS simulation indicated that the vibrational modes at 120 cm−1

could be due to peptide backbone or the side chains so there may  be
more than one cause behind the absorbance at this wave number.

The absorbance maximum at 195 cm−1 is possibly the position
of a weak band though this is difficult to distinguish in the experi-
mental data. There is a broad band between 50 and 350 cm−1, with
a maximum around 200 cm−1, which may  correlate to this band
in the simulated IR spectrum and the VDOS. Previous researchers
have assigned this broad band in experimental data to an ensem-
ble of intramolecular hydrogen bonds [11]. The VDOS suggests that
this vibrational mode is associated with hydrogen and is associ-
ated with the peptide backbone. The hydrogen bond populations
present in �-helices and �-pleated sheets (of AK17 and AK9P,
gen and oxygen without hydrogen (a) backbone (red), side chains (blue) and (b)
hydrogen, carbon, nitrogen and oxygen backbone (red), side chains (blue). Side chain
and backbone simulations are offset vertically by 400 units for clarity. (For interpre-
tation of the references to color in this figure legend, the reader is referred to the
web  version of the article.)
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ig. 5. Experimental far-infrared spectra (50–550 cm−1) of lyophilized lysozyme at
8  K. Inset highlights the peaks at approximately 333 and 380 cm−1.

ot the case. The alternative N H out-of-plane bending [2] is con-
istent with the VDOS results and may  contribute to this feature.
he unclear experimental data and the noise in the VDOS simula-
ion around 200 cm−1 make any definite conclusion about a mode
t 200 cm−1 difficult but it does not disprove the theory that it is
ssociated with an ensemble of diverse hydrogen bonds.

The peak at 265 cm−1 is present in all three peptides. This peak
s reproduced in the simulated IR spectrum but not obvious in the
DOS. Assignment to N H out-of-plane bending [20] and the CNC
eformation [2] is possible. The lack of a vibrational mode at this
ave number in the VDOS simulation currently prevents assign-
ent of this band.
The peaks at 333 and 375 cm−1 are consistent with those

bserved in frozen aqueous samples [20]. The disappearance of
eak 375 cm−1 in the AK9P spectrum is consistent with this vibra-
ional mode being in the peptide backbone and is lost in the switch
rom �-helix to �-pleated sheet formation. The emergence of a
eak at 445 cm−1 in the AK9P spectrum is due to the presence of
-sheets. This finding is not unique. A similar phenomenon has
een observed for copolymers of l-alanine and l-valine where the
ddition of dichloroacetic acid can switch the copolymers from an
lpha-helix to a beta-sheet conformation. This was accompanied
y a peak at 375 cm−1 associated with helical form and a peak at
40–443 cm−1 associated with the beta-sheet form [4].  The find-

ngs are consistent with this part of the infrared spectrum being
iagnostic for peptide secondary structure.

The band at approximately 520 cm−1 can be identified with the
mide VI band attributed to the bending motion of the C O group
n the peptide backbone [6].  This band was observed at 560 cm−1

n the simulated IR spectrum but corresponded closely with the
20 cm−1 band in the VDOS simulation which was only observed

n the VDOS of the peptide backbone and was not associated with
ydrogen which is consistent with it being the bending motion of
he C O group. The position of the amide VI maxima did not shift
s previously observed [6].

.5. Optical analysis of lysozyme using far-infrared spectroscopy

To establish whether the findings from experimental and
imulation work undertaken with alanine-rich peptides can be
ransferred to larger globular proteins we undertook analysis of
ysozyme both as lyophilized power and as frozen aqueous samples.
he spectrum of lyophilized lysozyme had a broad peak centred on
80 cm−1, lying between 50 and 280 cm−1. There is a second minor

eak centred at 333 cm−1, another smaller peak on 378 cm−1 and

 rise in absorbance after 350 cm−1 (Fig. 5). This has been observed
reviously by Buontempo [5].  Preparation of 8% (w/v) lysozyme

n an aqueous solution that was frozen to 78 K provided better
Fig. 6. Experimental far-infrared spectra (360–400 cm ) of frozen aqueous
lysozyme at 78 K.

resolution of the peak at 378 cm−1 than seen for the lyophilized
sample (Fig. 6). The peak at 380 cm−1 for 50 mM AK17 solution in
shown in Fig. 5b for comparison purposes.

The very broad peak in absorbance centred on 180 cm−1 did
not show any discrete peaks but was  composed of a relatively
smooth regular broad peak between 50 and 300 cm−1. This may
be partially due to a population of overlapping discrete vibrational
modes associated with hydrogen bond formation that swamp out
the discrete vibrational modes seen in the peptide spectra. Of the
discrete vibrational modes still observable in the lysozyme spec-
trum is the shoulder seen between 360 and 385 cm−1 which likely
corresponds to the 375 cm−1 peak observed in the AK17 spectrum
that was associated with the alpha-helical backbone vibrational
modes. Lysozyme, like AK17, is rich in alpha-helices in its native
state [33]. The peak at 375 cm−1 is much clearer in frozen aqueous
samples (Fig. 6) rather than lyophilized protein samples (Fig. 5)
and can be observed for both lysozyme and AK17 samples. This
finding suggests that the frozen thin sample may  be preferable to
lyophilization in studying the secondary structure of both peptides
and small proteins.

3.6. Optical analysis of non-cyclic and cyclic peptides using
far-infrared spectroscopy

The pentameric peptide with the amino acid sequence KARAD
in its non-cyclic form and cyclized by formation of a peptide bond
between the first residue (lysine) and the fifth residue (aspartate)
[34] were analysed as frozen aqueous samples at 78 K as previ-
ously described which limits the usable bandwidth from 300 to
550 cm−1 [20]. The non-cyclic KARAD had a spectrum with minor
shifts in the baseline and a significant peak at 530 cm−1 (Fig. 7).
The cyclized peptide (with a strong helical structure) spectrum
was  radically different and had additional peaks at 385, 402 and
470 cm−1.

The presence of bands at 385, 402 and 470 cm−1 in the spec-
trum of cyclized KARAD but not in non-cyclized KARAD indicates
that low wave number vibrational modes were detectable in the
strongly helical cyclic peptide [34] but were absent in the non-
cyclic peptide with exactly the same amino acid sequence. This
observation supports the finding of a strong link between sec-
ondary structure of peptides and the presence of distinct vibrational
modes between 300 and 500 cm−1. It also suggests that low wave
number vibrational modes in these strongly helical cyclic peptides
were measurably different to the alpha helices in non-cyclic heli-

cal peptides like AK17. Again this suggests that the frozen thin
samples are suitable for studying the secondary structure of pep-
tides.
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Fig. 7. Experimental far-infrared spectra (315–540 cm−1) of frozen aqueous KARAD
peptides measured at 78 K, relative to buffer. Non-cyclic (black) and cyclic (red)
KARAD. (For interpretation of the references to color in this figure legend, the reader
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. Conclusions

The nature of the information captured by far-infra red spec-
roscopy of polypeptides at wave number values below 300 cm−1

s dependent on the molecular weight of the molecule. The simplest
olecule containing a peptide bond (N-methylacetamide) has only

wo discrete bands at 120 and 201 cm−1 in the liquid state which
an be assigned to specific vibrational modes (CO· · ·HN hydrogen
onding and C N torsional vibration, respectively) [1].  For anal-
sis of more complex peptides (in our case alanine-rich peptides
omposed of 17 amino acid residues), the number of discrete vibra-
ional modes increases as seen in the peaks centred at 120, 195,
65, 333, 375, 445 and 520 cm−1 (375 cm−1 in peptides with alpha-
elices and 445 cm−1 in peptide with beta-pleated sheets). There is
lso a shift in the baseline between 50 and 300 cm−1 indicating
hat there is a broad peak that is due to an ensemble of vibra-
ional modes with discrete vibrational modes emerging from this
road feature. For analysis of larger molecules such as lysozyme
ith 129 amino acid residues, a broad peak is observed centred

round 180 cm−1. This broad peak again is due to an ensemble of
ibrational modes possibly dominated by hydrogen bond vibra-
ional modes that swamp  the discrete vibrational modes seen in
eptide spectra, with the exception of the peak at 375 cm−1, which

s associated with the high alpha-helix component of lysozyme’s
ackbone. The hypothesis that the broad feature between 50 and
00 cm−1 is due to intramolecular hydrogen bonds [35] is con-
radicted by earlier work where lysozyme was heat treated and
llowed to assemble in fibrils where there was a lack of change in
he broad peak even after radical changes to the secondary struc-
ure of the protein [14]. The feature may  well be due to structural
ollective motions within the protein, a theory that has been sup-
orted by VDOS simulation of these modes and has been suggested
o explain the spectrum observed using THz-TDS between 2 and
0 cm−1 [36]. Supporting both theories, the change in the popula-
ion of intramolecular hydrogen bonds and the structural collective

otions are consistent with the changes observed in the spectra
elow 300 cm−1 as the molecular weight of the peptide/protein

ncreases from 73 Da for N-methylacetamide to 1482 Da for AK17
o 14,388 Da for lysozyme.

Where far-infrared spectroscopy does provide valuable infor-
ation for peptides and possibly small proteins is for the wave

umber range 300–500 cm−1, where there is evidence that low

ave number vibrational modes are related to secondary struc-

ure. The presence of bands at 333 and 380 cm−1 associated with
lpha-helix structures in non-cyclic AK17 peptide (confirmed by

[
[
[
[
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circular dichroism spectroscopy),[17] the band at 445 cm−1 asso-
ciated with beta-pleated sheet formation in AK9P (confirmed by
Raman spectroscopy of the amide I band) and the bands at 385, 402
and 470 cm−1 associated with the strongly helical cyclic structure of
cyclo-KARAD (confirmed by circular dichroism spectroscopy),[29]
supports the hypothesis that vibrational modes in this wave num-
ber range relate to the secondary structure of peptides. While the
work presented here used a synchrotron light source and liquid
helium cooled bolometer, other methodologies have been success-
fully applied to study proteins at these wave numbers including
FTIR with an ATR diamond prism [35] and FTIR in transmission
mode using very thin samples, liquid helium cooled bolometer and
a traditional light source [30]. Both of these methods are amenable
to routine use in laboratories.
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