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Abstract

Terahertz (THz) absorption and neutron vibrational spectra for solid-phase short-chain peptide sequences at 77 and
298 K are reported. We demonstrate that a high degree of spectral and structural information exists for these systems in
the 1-15 THz (33-500 cm™') spectral range. The density and uniqueness of distinct spectral features for each system
suggests that sequence-dependent structural information can potentially be extracted from these spectra using quantum

mechanical solid-state modeling and theories.
Published by Elsevier Science B.V.

1. Introduction

A complete understanding of protein function
and behavior in living systems hinges on a detailed
picture of polypeptide secondary and tertiary
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structures and dynamics on a range of timescales
[1-3]. In an effort to develop methodologies to
directly monitor complex macromolecule dynam-
ics in real time, we [4] and others [5,6] suggested
that an atomic level picture of concerted motions
of polypeptides and DNAs may be accessible
through accurate measurement of low-frequency
vibrational spectra.

These vibrations are expected to occur in the
THz frequency regime and may be observed using
Raman, low-energy neutron and infrared spec-
troscopies, and other techniques. In this Letter, we
present a series of THz infrared and neutron vi-
brational densities of states spectra for short-chain
solid-state polypeptides that demonstrate a high
degree of complexity and structural information in
the 1-15 THz (33-500 cm™!) range. Starting with
X-ray crystal structures, it is also suggested that
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application of modern ab initio structure and fre-
quency calculations will enable assignment of these
spectral features to both internal and external vi-
brational motions of these complex hydrogen-
bonded molecular solids.

While it would be of highest priority to obtain
low-frequency vibrational spectra for peptides and
proteins in aqueous-phase environments that mi-
mic their natural states, this is not immediately
feasible with infrared spectroscopy because ab-
sorption by peptides or other biomolecules is
masked by stronger solvent absorption in the THz
spectral region [7]. The present study was per-
formed to show that pure solid samples of low
molecular weight protein fragments can indeed
show sharp spectral features that are uniquely
determined from molecular symmetries and
structure. Spectral data presented and discussed
here are believed to be the first of their kind and
demonstrate that this expectation is borne out.

2. Experimental

Solid lyophilized samples of various short-chain
peptide sequences were used as received from ICN
Biomedicals [8]. Powders requiring low-tempera-
ture storage were maintained at 273 K until use to
prevent decomposition or exposure to atmospheric
water. Samples were rapidly prepared by weighing
2-10 mg of each solid and homogenizing the ma-
terial in a mortar and pestle. This procedure en-
sured particle sizes sufficiently smaller than THz
wavelengths to reduce basecline offsets at higher
frequencies arising from non-resonant light scat-
tering. Each sample was thoroughly mixed with
approximately 100 mg of spectrophotometric
grade high density polyethylene powder (Sigma-
Aldrich) and pressed as a pellet in a 13 mm di-
ameter vacuum die at the lowest possible pressures
(ca. 200 psi or 1.4 x 10° Pa) to minimize decom-
position from transient heating. The 1.5 mm thick
pellets have sufficient path length to eliminate
etaloning artifacts (3 cm™! period) in the spectra.
Sample pellets were mounted in an aluminum
sample holder fixed in position with a teflon se-
curing ring for 298 K measurements. Pellets were
also encapsulated in a brass fixture that adapts to

the copper cold finger of a vacuum cryostat (Janis
Research Company, Inc. model ST-100) [8] fitted
with 3 mm thick high-density polyethylene win-
dows for broadband 77 K infrared studies.

Infrared absorption spectra in the 0.2-12 THz
range were obtained with a modified Nicolet
Magna 550 Fourier Transform infrared spec-
trometer (FTIR) using a silicon-coated broadband
beam-splitter and DTGS room temperature de-
tector fitted with a high density polyethylene
window. The dry-air purged, globar source FTIR
has sufficient sensitivity to generate high quality
spectra in the 1.2-12 THz range for both room
temperature pellets and samples placed in a low-
temperature cryostat (with two polyethylene win-
dows) placed in the sample compartment. All
measurements made using the FTIR (after ~1 h of
sample compartment purging to eliminate water
vapor interference) were obtained at 4 cm~! spec-
tral resolution and averaging 64 interferometric
scans. In standard fashion, spectra were converted
to optical density (OD) units after ratioing raw
sample transmission spectra (Tgmpie) to that of a
pressed 100 mg polyethylene blank (Tpg) disk
(OD = —log;y (Tsampie/ Tpe) Obtained under identi-
cal acquisition conditions. Reproducibility of THz
spectral features were checked by measuring sev-
eral pellets containing varying amounts of each
peptide.

For the neutron work, approximately 3 g of the
powders were placed inside aluminum sample
holders (ca. 1 cm diameter) and press-sealed with
indium wire. The Fermi-Chopper Spectrometer
(FCS) [9] and Filter-Analyzer Neutron Spectrom-
eter (FANS) [10] were used to collect data over the
energy transfer ranges of 0—15 THz (0-500 cm™!)
and from 5.8 to 39 THz (194-1300 cm™!), respec-
tively. FCS is located on a cold neutron guide at
the National Institute of Standards and Technol-
ogy Center for Neutron Research (NCNR) and
collects data primarily in neutron energy gain, re-
sulting in a characteristic degradation of resolu-
tion with increasing energy transfer. FANS is a
thermal neutron spectrometer working best with
samples at low temperature (15 K in our experi-
ments) with instrumental resolution better than
the FCS over the stated energy transfer range. The
IR and neutron spectral intensities shown in this
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paper were selected from several single runs and
were not averaged. Since the absolute IR intensity
is concentration dependent and difficult to quan-
tify, the uncertainty in infrared optical densities
was estimated to be less than 10% by comparing
multiple spectra for the same material in different
pellets (Type B uncertainty, £ = 1).

3. Results and discussion

We show characteristic terahertz infrared ab-
sorption spectra in Figs. 1-4 for several different
groupings of peptides. First, representative spectra
for several dipeptides at room temperature are
shown in Fig. 1. These include Gly—Ala, Ala—Ala,
Pro—Gly and Leu-Gly (see caption for amino acid
nomenclature) to show the differences and com-
plexity of these spectra in the 1-15 THz range.
Similarly, we have obtained uniquely identifying
spectra of a more extended range of solid di-pep-
tides (and single amino acids) that are not shown
here. Varying pellet concentrations confirmed that
these features originate from the molecular system
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Fig. 1. Representative THz spectra of several solid dipeptides
at 298 K in polyethylene matrix pellets (Gly, glycine; Ala, ala-
nine; Pro, proline; Leu, leucine). The three upper spectra were
shifted vertically by 1.0 optical density (OD) unit for clarity.
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Fig. 2. THz spectra obtained for selected tripeptides at 298 K
in polyethylene matrix pellets (Gly, glycine; Val, valine; Ala,
alanine) and glutathione (Glu-Cys-Gly) at 298 and 77 K for
comparison. The upper four spectra were shifted vertically by
1.0 optical density (OD) unit for clarity.
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Fig. 3. THz spectra for Trp-Gly, Gly-Trp, Gly—-Gly—Val, and
Val-Gly-Gly (Trp, tryptophan; Gly, glycine; Val, valine) ob-
tained at 77 K exhibiting a high degree of spectral content and
sequence dependent crystalline mode specificity.
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Fig. 4. THz absorption spectra of (Gly), (n =1 —4) at 298 K
exhibiting increasing mode density to lower frequencies as the
chain length increases. Spectra are vertically displaced by 0.6
OD unit to eliminate overlap. A calculation of predicted fre-
quencies and infrared absorption intensities for the four mole-
cules in the unit cell of glycine (Gly), is shown for comparison
as the lower trace (see text).

rather than artifacts arising from pellet inhomo-
geneities. Subtle changes in the spectra were ob-
served if temperature-sensitive samples were
allowed to age in air at room temperature over
several days. This potentially arises from sample
degradation or polymerization (e.g., self-cycliza-
tion or intermolecular hydrolysis) of the peptides
with time and elevated temperature [11].

Fig. 2 shows room temperature spectra for
several representative linear tripeptide species. In
general, the addition of another amino acid to a
dipeptide chain adds additional absorption fea-
tures arising from increased mode and spectral
density. Each spectrum is uniquely identified and
other tripeptide solids (not shown) exhibit similar
but characteristically different and equally com-
plex spectral structure. Fig. 2 also includes
spectra for solid glutathione (sequence Glu-Cys—
Gly) at 77 and 298 K. This demonstrates that a
mixed tripeptide species exhibits multiple features
in the 1-15 THz range that are persistent and

weakly temperature dependent (features much
sharper and better resolved at the lower tem-
perature).

Terahertz absorption spectra for Gly-Trp, Trp—
Gly, Gly-Gly-Val and Val-Gly-Gly at 77 K are
presented in Fig. 3 for comparison. One readily
observes that each species yields characteristic and
highly structured spectra in the 1-15 THz range.
The lower temperature again enhances spectral
absorption features for these di- and tri-peptides.
The observed spectral features are apparently also
sequence dependent (dependent on N-terminus
versus C-terminus ordering), indicating that in-
frared absorption spectra in this frequency range
are potentially sensitive to amino-acid chain se-
quence, peptide composition, intermolecular hy-
drogen-bonding and crystal structure packing.

Fig. 4 demonstrates that for the homologous
series of glycine, (Gly), n = 1 — 4, being the sim-
plest amino acid (a proton side chain), distinct
and new absorption features are produced as the
chain length increases. Weak absorption features
below 4 THz are observed for monomeric glycine
and (Gly),. These disappear for the longer-chain
homologs (Gly); and (Gly)s. Higher frequency
absorptions seem to shift to lower frequency as
the chain length increases and the density of fea-
tures increases. As also observed for the dipep-
tides and tripeptides (see Figs. 1 and 2), there
appears to be an underlying very broad absorp-
tion between 1 THz to about 8 THz. This may
arise from intermolecular hydrogen bonding be-
tween neighboring constituents, crystallite surface
adsorbed water, or water incorporated within the
solid samples.

We also show in Fig. 4 a spectral calculation
using GAUssI1AN 98 [12] for four glycine molecules
situated in the X-ray structure unit cell. This cal-
culation was performed using B3LYP theory and
the 6-31G(d) basis set [13]. The structure of the
unit cell was fixed at the X-ray determined coor-
dinates and no structural optimization was per-
formed. There seems to be some agreement
between the more intense features (at 7, 11 and
15 THz) for the experimental THz absorption spec-
trum and theory. While similar features are
predicted for isolated ‘gas phase’ molecule calcu-
lations at high frequencies (for only intramolecular
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glycine modes), the unit cell result is superior to
any free molecule glycine calculation because
lower frequency intermolecular modes contribute
state density below ca. 5 THz. Furthermore, if one
were to remove the broad underlying absorption
from the experiment (between 1 and 8 THz), sim-
ilar feature positions and intensities result. One
problem with this simple calculation is that it
yields several imaginary low frequency values
(most likely because the starting structure is not at
a global minimum, the X-ray structure is con-
strained or perhaps in a transition state configu-
ration). Such calculations are also not designed
to model the entire crystalline structure, but it
does appear to serve as a useful starting point to
obtain frequency and intensity predictions for
solid-state spectra. More advanced solid state
theories with rigorous treatment of environmental
and intermolecular effects are expected to provide
better frequency and infrared intensity estimates
(see below).

We also obtained neutron spectra for the as-
received diglycine peptide. The results of experi-
mental investigations are shown in Fig. 5 where
the neutron spectrum is displayed and compared
to the THz absorption spectrum for this species.
There is fairly good overlap of the three strongest
neutron and IR absorption bands for diglycine
occurring above 6 THz and at even higher fre-
quencies where the FANS instrument yields high
quality spectra (not shown). The frequency over-
lap of neutron scattering peaks with infrared
absorptions near 7.5, 9 and 12 THz for the as-
received material suggests that the corresponding
vibrational modes arise from proton (hydrogen)
motions of the glycine side-chain CH, backbone
NH and end terminal groups. The lower fre-
quency sharp neutron scattering and infrared
absorption features observed for this species
presumably arise from intermolecular crystalline
phonon modes.

Deuteration of the labile OH and NH back-
bone and terminal group protons of diglycine,
along with substitution of any possible crystallized
water molecules with D,O should simplify the
neutron spectrum due to the very low scattering
cross-section of deuterons compared to that of
protons [13]. Since neutron spectra are almost
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Fig. 5. THz absorption (298 K) and neutron scattering (15 K)
spectra for solid protonated diglycine. Comparison to isolated
molecule DFT calculation for the neutral planar structure
shows similarities at the higher frequencies (intramolecular
backbone motions) but neglects solid-state intermolecular in-
teractions and hydrogen bonding that produces features at
lower frequencies.

exclusively dominated by hydrogen atomic motion
and the carbon-coordinated side-chain glycine
protons are not expected to substitute upon deu-
teration, one would expect to observe neutron
peaks that predominantly arise from side-chain
motions. In addition, since neutrons are weakly
interacting, one can often calculate using density
functional theory (DFT), molecular mode fre-
quencies and neutron scattering vibrational in-
tensities for these relatively simple structures with
more success than infrared intensities. Terahertz
absorption, neutron spectroscopy and DFT cal-
culations for diglycine and other deuterated spe-
cies are being conducted and will be presented in a
future publication.

Density functional theory structure and fre-
quency calculations (using the GAussIAN 98 suite
of programs utilizing the B3LYP/6-31+G(d,p)
basis set) [14] were also tried to predict infrared
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absorption spectra for isolated extended structures
of the glycine monomer, dimer and trimer species.
The resulting predicted IR absorption spectra for
diglycine, obtained by convolving the calculated
frequencies with a 20 cm™' FWHM bandwidth
function, is also displayed in Fig. 5. One observes
that the predicted number and intensities of the
higher frequency modes (>6 THz) overlap some-
what with the infrared absorption and neutron
scattering spectra. This fair agreement reflects the
possibility that these modes are predominantly
internal molecular motions (since local environ-
mental interactions are ignored for this gas phase
calculation) that are not affected strongly by
hydrogen-bonding interactions with the environ-
ment. The complex many-featured spectral ab-
sorptions below 6 THz are not modeled at all
well, presumably again because all contributing
intermolecular hydrogen-bonding and crystalline
phonon modes are ignored by the current calcu-
lation. More of these types of calculations on re-
lated molecular systems are clearly needed to
assess their applicability and usefulness for as-
signing molecular motions (modes) to the observed
THz absorption and neutron spectral features.

The complexity and large number of observed
IR absorption and neutron scattering features at
low frequencies in the observed solid-state spectra
suggests that intermolecular phonon modes must
be taken into account in order to replicate the
spectra. An additional complication 1is that
strongly self-hydrogen-bonding species such as
peptides may also form crystalline polymorphs
with varying internal structures that will also
contribute with different overall intensities to the
THz spectra. In a collaborative effort to address
these issues, solid-state DFT calculations are being
performed by Dr. Mark Johnson at the Institut
Laue Langevin in Grenoble, France for simple
sugars such as a-D-glucose [13]. Starting with the
known crystal structure for glucose, these calcu-
lations yield synthetic neutron spectra that com-
pare extremely favorably in both frequency
positions and intensities to the neutron spectra in
the 5-20 THz regime. We envision successfully
using this approach for the peptide systems ex-
amined in this work and will report these results in
a more detailed publication.

4. Conclusions

Terahertz and neutron spectra for a variety of
dipeptides and tripeptides in the solid state have
been obtained and shown in this paper for com-
parison. Highly structured infrared absorption is
typically observed for these species pressed into
polyethylene pellets and studied at 298 K. In-
creased spectral structure arises at 77 K but with-
out a large enhancement or increase in the number
of absorption bands. The degree of complexity and
structure of these THz spectra indicates that for
small peptides, molecular solid-state structure, and
sequence-dependent information may be contained
in this region of the spectrum.

Neutron spectra were also obtained for fully
protonated diglycine to compare to the THz spectra.
Similar features and frequencies are observed from
both spectroscopies indicating the higher energy
THz spectrum is dominated by modes characterized
primarily by side-chain hydrogen atom motion.

Quantum mechanical calculations for the iso-
lated diglycine species suggest that higher frequency
proton motions may be found in the THz and
neutron spectrum but detailed structure at lower
frequencies cannot be modeled without including
solid-state, hydrogen-bonding and intermolecular
interactions. Solid-state DFT calculations includ-
ing these important sample characteristics are
scheduled to be attempted for peptides and will be
reported at a later date.

We are obtaining other small peptide homologs
and longer chain length peptides to investigate
whether THz spectral features persist as the mo-
lecular system becomes increasingly more complex
and the opportunity for other crystalline poly-
morphs occurs. Additional studies of biologically
active small protein sequences are also planned.
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