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Vibrational Neutron Spectroscopy of Collagen and Model Polypeptides
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ABSTRACT A pulsed source neutron spectrometer has been used to measure vibrational spectra (20~4000 cm™") of dry
and hydrated type | collagen fibers, and of two model polypeptides, polyproline i and (prolyl-prolyl-glycine),,, at temperatures
of 30 and 120 K. The collagen spectra provide the first high resolution neutron views of the proton-dominated modes of a
protein over a wide energy range from the low frequency phonon region to the rich spectrum of localized high frequency
modes. Several bands show a level of fine structure approaching that of optical data. The principal features of the spectra are
assigned. A difference spectrum is obtained for protein associated water, which displays an acoustic peak similar to pure ice
and a librational band shifted to lower frequency by the influence of the protein. Hydrogen-weighted densities of states are
extracted for collagen and the model polypeptides, and compared with published calculations. Proton mean-square
displacements are calculated from Debye-Waller factors measured in parallel quasi-elastic neutron-scattering experiments.
Combined with the collagen density of states function, these yield an effective mass of 14.5 a.m.u. for the low frequency
harmonic oscillators, indicating that the extended atom approximation, which simplifies analyses of low frequency protein

dynamics, is appropriate.

INTRODUCTION

Collagen is the principal protein constituent of a wide
variety of connective tissues in animals. Its structure has
been investigated extensively by electron microscopy and
by diffraction techniques using x-rays and neutrons (Miller,
1984; Fraser et al., 1987; Wess et al., 1990). There are still
many open questions related to the structure of less common
types of collagen, to structural changes during assembly or
in pathological conditions, and to the large-scale structure of
biomolecular “composites” involving collagen. However, a
clear consensus has emerged about the molecular structure,
packing, and assembly of collagen I, the most common type
(Fraser et al., 1987; Kadler, 1994).

The molecular dynamics of collagen is less well under-
stood. Since the mid-1970s, a great deal of experimental and
theoretical work has been devoted to the dynamics of glob-
ular proteins (Karplus and Petsko, 1990), motivated by the
conviction that the large body of structural knowledge based
on diffraction data needs to be extended into the time
domain if we are to understand fully their functional prop-
erties. With fibrous proteins such as collagen, the emphasis
is not so much on gaining a detailed picture of the dynamics
of transient kinetic processes, but on interpreting mechani-
cal properties (stress-strain curves, elastic moduli, rheologi-
cal parameters) in terms of the underlying bonding patterns,
force constants, and mobilities. DNA is the only fibrous
biopolymer for which experimental work comparable in
scope to that on globular proteins has been undertaken, and
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for which molecular interpretations of a wide range of
dynamical phenomena are being developed. Similar data on
collagen and other fibrous systems, by contrast, are still
quite limited, and there have been few attempts to interpret
them in the light of recent theoretical and computational
advances in biomolecular dynamics.

During the 1980s, following the commissioning of powerful

- pulsed neutron sources and a new generation of spectrometers,

the momentum-energy space accessible to inelastic neutron
scattering (INS) techniques has expanded substantially. It has
become possible to investigate the low frequency vibrational
excitations of DNA (Grimm et al., 1987) and of proteins and
model polypeptides with a resolution approaching that of rou-
tine infrared (IR) and Raman spectrometers (Middendorf,
1984; Middendorf and Randall, 1985; Martel, 1992), and to
compare INS data with molecular dynamics calculations
(Smith, 1991). In a pioneering study, Berney et al. (1987)
examined the low frequency modes of collagen using one of
the first pulsed neutron spectrometers (Chen et al., 1978). The
well known complementary features of neutron spectroscopy
(absence of selection rules, dependence on amplitude of atomic
motions, hydrogen/deuterium contrast) can be fully exploited
now (Middendorf, 1995). Taking advantage of these develop-
ments, we have embarked on a study of the neutron vibrational
properties of collagen fibers (Bradshaw et al., 1992), and more
recently of two model polypeptides, polyproline II (PPII) and
(prolyl-prolyl-glycine),, (PPG),,, at energy transfers between
20 and 4000 cm™' and temperatures down to 30 K. In this
paper we present and discuss results of this work.

MOLECULAR PROPERTIES OF TYPE |
COLLAGEN AND ITS MODEL POLYPEPTIDES

Type I collagen consists almost entirely of the characteristic
triple-stranded helix seen in some portions of all collagens.
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It occurs in tendon, skin, and bone, and has two identical
al1(I) chains and one homologous but distinct a2(I) chain
(Miller, 1984). The three polypeptide chains each have a
repeating Gly-X-Y sequence where Gly is the amino acid
glycine, and X and Y are any other amino acid, but are often
the imino acids proline (almost exclusively X) and hy-
droxyproline (almost exclusively Y). X-ray diffraction of
tendon collagen indicates a triple-helical arrangement of
nearly equivalent scattering units. The diffraction pattern is
dominated by a helix with pitch of ~9.5 A, ~3.3 units/turn,
and an axial rise per residue of 2.9 A (Fraser et al., 1983).
The triple-helical arrangement is favored by the presence of
glycine at every third residue, reducing steric hindrance and
providing an interchain hydrogen bond. The conformation
of the backbone of each strand of the collagen molecule is
close to that of the left-handed helices polyglycine II (PGII)
(Crick and Rich, 1955) and PPII (Arnott and Dover, 1968),
supercoiled in right-handed fashion and associated to form
the triple helix. Synthetic polypeptides with the sequence
(PPG), also adopt the left-handed PPII type helix, and,
furthermore, associate in a right-handed supercoiled triple-
helical arrangement (Yonath and Traub, 1969; Okuyama et
al.,, 1981). The helical parameters of the triple helix are
similar to those of collagen. PGII, PPII, and (PPG), thus
represent model systems with close structural similarities to
collagen.

In vivo, collagen molecules are packed in quasihexagonal
fashion in bundles termed fibrils (Miller, 1984). The fibrils
of tendon have the simplest organization of all collagenous
connective tissue. The function of tendon is to transmit the
contractile force of muscle to bone. Hence, it needs to be
flexible but virtually inextensible. For this purpose, collagen
fibrils are laid down in the tendon along the direction of the
force. This simple structural organization and the negligibly
low amounts of non-collagenous material (other than water)
in tendons make them an ideal and frequently exploited
source of collagen for structural investigations.

Three populations of bound water have been identified in
tendon by nuclear magnetic resonance (NMR) (Peto et al.,
1990), dielectric, and sorption experiments (Grigera and
Berendsen, 1979). The most tightly bound fraction consists
of two water molecules for every three amino acid residues,
and provides water bridges between the three strands of the
collagen molecule, linking backbone carbonyl groups (Ra-
machandran and Chandrasekharan, 1968). This represents a
water content of 12.5% by weight (12.5 g water/100 g dry
collagen). These water molecules behave anisotropically in
NMR experiments (Peto et al., 1990). At 25% hydration,
these sites are occupied ~90% (Grigera and Berendsen,
1979). A second, less tightly bound fraction is localized in
the interstices of the quasihexagonal packing arrangement.
At least a further 35 g water/100 g dry collagen can be
absorbed exclusively in this site, in the form of hydrogen-
bonded chains of water molecules (Hoeve and Tata, 1978).
These two fractions account for essentially all of the ~25 g
water/100 g dry collagen in our hydrated collagen samples.
A third population of more loosely bound water can be
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absorbed in the ground substance in which the collagen fibrils
are embedded. The ground substance also contains mucopo-
lysaccharides totaling ~2 g /100 g dry collagen.

MATERIALS AND METHODS
Neutron spectrometer and scattering kinematics

‘We have used TFXA, the time-focused crystal analyzer spectrometer at the
ISIS Pulsed Neutron Facility (Rutherford Appleton Laboratory, Chilton,
UK) (Penfold and Tomkinson, 1986; Windsor, 1981), to measure neutron
spectra from dry and hydrated collagen fibers, and dry powders of PPII and
(PPG),,, the latter in either the hydrogenous form or with the amide
hydrogen exchanged for deuterium. Spectra were recorded at 30 and 120 K
for dry collagen, 35 K for hydrated collagen, and 30 K for the synthetic
polypeptides. IR spectra were also obtained for both isotopomers of
(PPG),,, at room temperature and at 77 K.

Neutrons are scattered by atomic nuclei with interaction potentials that
are spherically symmetric and of extremely short range (~10"* A). Com-
pared with optical techniques, the essential differences are, first, that the
scattering depends sensitively on isotopic composition, and second, that
each elementary scattering event (i.e., neutron-nucleus collision) involves
both energy transfer iw and momentum transfer #Q (Berney and Yip,
1980; Windsor, 1981; Lovesey, 1984). The appropriate conservation equa-
tions are

£Q = fi(k, — ko

(momentum) ¢))

and

1 1
how = E, — E; =5 m(v:—V3) = 5 (R*m) (K5 — k)

(energy) 2

where k=|k|, A, v, and E denote the wavenumber, wavevector, wavelength,
velocity and energy of incident neutrons (subscript o), or neutrons scattered
into solid angle element d2 around a scattering angle 20 (subscript f). The
neutron rest mass is m; # is Planck’s constant divided by 2#. Modemn
instruments on pulsed neutron sources often work in “inverse” scattering
geometry; the incident beam is not monochromatized before scattering (as
on reactor sources), but consists of a train of intense, short pulses with a
nearly “white” energy distribution up to the eV region (Windsor, 1981).
During the dead times between pulses, energy analysis is performed on the
scattered fraction of neutrons by a combination of time-of-flight, crystal
reflection (pyrolytic graphite), and crystal filtering techniques (beryllium).
The intensity histogram recorded by the detectors represents an energy-loss
spectrum analogous to Stokes scattering in Raman spectroscopy. For the
scattering geometry of TFXA, the effective scattering angle 26 for all
pencils of radiation backscattered from the sample (compare Fig. 1) is 135°
so that cos20 = kekJkk, = —1/7/2. Solving Eqgs.1 and 2 for Q? gives

F=kKR+w+(1+®"2]; w=hoE (32)

where E; = 31.86 cm™' is the “final” or analyzer energy. Here and
throughout the following, we use optical wavenumbers as convenient
energy units (1 cm ! = 123.98 ueV). The significance of Q is that motions
are probed over scale lengths d = 27/Q, which go down from 2.2 t0 0.4 A
as fiw increases from 15 to 4000 cm~". The TFXA spectrometer is unique
in that it allows both the low frequency region (with its intrinsically
collective excitations) and the whole of the intermediate and higher £w
region (nondispersive optical phonons, localized excitations) to be covered.
The energy resolution of TFXA (Penfold and Tomkinson, 1986) can be
expressed as

8E/E = 16.7(hw) > + 0.0006(hw)'? (3b)
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FIGURE 1 Scattering geometry of the spectrometer TFXA at ISIS. Only
one limb of the symmetrical instrument configuration is shown.

It is =3% in the acoustic phonon region, decrcasing to 1.4% between 200
and 300 cm ', and from there increasing again to values between 3 and 4%
in the 3000-4000 cm "' region.

In INS from biological macromolecules, the spectra measured are in
general due to both incoherent and coherent scattering. The coherent
component of the scattering is more informative in principle, but its
energy-dependent properties (phonon bands, quasi-elastic broadening) are
morc difficult to isolate and to interpret (Jones, 1985; Bellissent-Funel et
al., 1989). To illustrate the basic relations for the simple case of a mon-
atomic assembly of target nuclei, the double differential cross scction
measured by a neutron spectrometer is given by

d*o/dQdE = N(k/tk,)

2 7
X [bi.nc Sinc(Q7 w) + b:*nh Scnh(Q’ w)] (4)
where N stands for the number of target nuclei, and b,

ine and b, are
incoherent and cohcrent scattering lengths, respectively. The dynamic
structure factors S;,.(Q, w) and S, (Q, w), or “scattering laws,” repre-

col

Volume 69 August 1995

sent encrgy-resolved generalizations of the static structure factors
Sinc(Q) = 1 and S.,,(Q) = S(Q) mcasured in diffraction experiments
(Berney and Yip, 1980; Lovescy, 1984). The scattering of cold or
thermal ncutrons from any natural (i.e., not covalently deuterated)
biopolymer is predominantly incoherent because of the large proton
cross section of 80 barns versus an average of 5—6 barns for the heavier
nuclei (1 barn = 1077 cm?).

Sample properties and preparation

Samples of Type I collagen used in these experiments were from the tail
tendons of adult laboratory rats; the protein content is close to 98% of the
dry weight. Synthetic PPII of mean molecular weight 6000 was purchascd
from Sigma Chemicals (Poole, UK); (PPG),, was purchased from Peptide
Institute (Osaka, Japan).

We usced fully hydrogenous samples of (PPG),,, as well as deuterated
samples, in which the labile amide hydrogens were exchanged for deute-
rium by soaking in 1% (v/v) acetic acid in D,O for one week, exchanging
the buffer, and soaking for a further week. We expected >95% cxchange
of amide hydrogen for deuterium in these samples. IR spectra confirmed
this exchange (see Table 1), and indicated that the terminal carboxy group
in each chain was protonated in the solid samples. In the following, when
the context requires this, we will refer to the deuterated sample as
(PPG),,-d and to the hydrogenous one as (PPG),,-h.

Dricd samples of synthetic polypeptides were prepared by drying in
vacuo for 72 h. (PPG),,-h and (PPG),,-d, dricd in vacuo, contain approx-
imately one water molecule per PPG triplet, equivalent to 6 g water/100 g
completely dried (PPG),, (Sakakibara et al., 1972). This most tightly
bound water molecule forms a hydrogen-bonded bridge between glycine
and the second proline in the triplet. Recently x-ray diffraction of single
crystals of the collagen model polypeptide (ProHypGly),-ProHypAla(Pro-
HypGly)s (Bella et al., 1994) has directly demonstrated an interhelical
network of hydrogen-bonded water between the closely packed cylindrical
triple helices. In the (PPG),-d samples this water was exchanged for D,O.
Powder x-ray diffraction confirmed the expected triple-helical structure for
both isotopomers and indicated hexagonal close packing of the cylindrical
triple-helical molecules, each with a radius of =12.5 A, in agreement with
structural studies of PPG,, (Yonath and Traub, 1969). PPII dried in vacuo
contains cssentially no water. IR spectra of the polyproline sample con-

TABLE 1 Observed infrared spectra (FTIR) of (PPG),,-h and (PPG),,-d at 293 K, with amide band assignments

(PPG),y-h (PPG),,-d (PPG),,-h from BBR Assignments and comments
400 . .... 750 - Very broad band carrying a few wcak but distinct peaks, similar
for (PPG),,-h and (PPG),,-d (=60% intensity).
860 w 862 (65%)
909 w 914 (40%)
996 sh 996 (90%)
1022 w -
1031 w
1042 w 1042 sh
1089 w 1093 (50%)
1158 w 1157 (70%)
1205 m 1208 (70%) 1202 Proline
1242 m 1242 (50%) 1239 )
1262 w 1269 (75%) 1263 Amide 111
1331l m 1329 (100%) 1331
1399 m 1400 (80%) 1400
1447 s 1452 (100%) 1441 CH,
1550 m 1550 (35%) 1543 Amide 11
1637 vs 1637 (110%) 1642 .
1662 sh 1662 (100%) 1666 Amide 1
1775w - (il

Frequencies in cm™'. BBR = Brodsky-Doyle et al., 1975, Fig. 3 « and Table III. Percent values give approximate intensity changes rclative to (PPG),-h

(vs = very strong, s = strong, m = medium, w = weak, sh = shoulder).
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firmed its type II left-handed helical structure (not shown). PPII has no
labile hydrogens.

The “dry” collagen samples were prepared by drying over P,Os in dry
atmosphere for 72 h. They have a residual water content of 6 g/100 g
completely desiccated collagen, representing the most tightly bound frac-
tion of water, and similar to the residual water present in (PPG),, after
drying in vacuo. The dry samples were handled in dry nitrogen gas
atmosphere. D,0-exchanged samples dried in this way were examined on
the D17 neutron diffractometer at the Institut Laue-Langevin in Grenoble,
France, and showed good crystalline order (Fig. 2).

H,O-hydrated collagen fibers were prepared by exposure of fibers,
soaked in H,O, to atmosphere in equilibrium with a saturated solution of
sodium chromate salt, at room temperature for 70 h. This provides a
hydration of 25 g of H,0/100 g of completely desiccated collagen. Com-
pletely desiccated collagen was prepared, for reference, by further drying
of our “dry” samples over P,Os in vacuo at 120°C for 7 h. Heating to this
temperature is known to result in the loss of tightly bound water (Renugo-
palakrishnan et al., 1989).

Each collagen sample consisted of three layers assembled from several
hundred fibers, giving final protein weights between 1 and 2 g. These and
the powder samples (1-2 g) of synthetic polypeptides were contained in
aluminum foil sachets and mounted in thin window aluminum containers in
slab geometry on the TFXA spectrometer. The sample depth was ~1 mm
along the incident beam direction. The essentially flat background scatter-
ing from the empty aluminum container and foil contributed <0.5% to the
total scattering and was subtracted in the data analysis.

RESULTS AND DISCUSSION

Basic aspects and overall properties of
neutron spectra

Analysis and interpretation of the collagen spectra reported
in this paper are based on the well established theory of

l
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'II" st 1§/ 0,
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FIGURE 2 Neutron diffraction pattern from D,0-exchanged collagen
dried over P,0;, measured using diffractometer D17 at ILL Grenoble. Four
to five meridional orders are seen (vertical sequence of maxima), the first
at Q = 0.0094 A~! corresponding to 670 A.
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neutron scattering from polymers and molecular crystals
(Lynch et al., 1968; Berney and Yip, 1980; Windsor, 1981;
Lovesey, 1984). In this section we discuss the overall prop-
erties of the spectra observed in terms of two basic pro-
cesses: scattering from phonons and from localized oscilla-
tors. The theoretical framework for this is summarized in
the Appendix. Spectral details and assignments to particular
modes will be examined in subsequent sections.
Quantitatively, the distinction between low frequency
phonon modes and localized group excitations at higher
frequencies amounts to a time scale separation that is equiv-
alent to a factorization of the incoherent intermediate scat-
tering function (see Appendix). Such a factorization implies
that the frequency of the localized oscillator should be large
relative to the maximum frequency of the phonon band.
Numerical calculations have demonstrated that this approx-
imation remains useful even when this ratio is only of the
order of 2 (Warner et al., 1983; Jobic and Lauter, 1988).
In practice we make a separation of our spectra at the band
gap suggested by the intensity minimum between 360 and 400
cm ™. In pursuing the resulting approximation, we are encour-
aged by the general results of normal mode analyses of peptide
bond model molecules (Fillaux et al., 1993; Hayward et al.,
1995) and polypeptides (Krimm and Bandekar, 1986; Noguti
and Go, 1982), as well as by molecular dynamics simulations
(Levy et al., 1985; Karplus and Petsko, 1990). These show that
at frequencies below 400 cm™?, the extended atom approxi-
mation is a useful simplification. This approach reduces the
number of degrees of freedom by grouping the light hydrogens
together with the heavy atoms to which they are attached, and
treating the resulting group as though it were a point particle,
with a mass appropriate for the group. At frequencies below
400 cm ™, peptide backbone torsions and deformations result
in relative motion of extended atom groups (e.g., CH, CH,),
and these modes are of a collective nature. Higher frequency
modes involve predominantly stretching or bending of individ-
ual X-H bonds where X is a heavy atom. Examples of these
high frequency oscillators, discussed below, are the amide
modes V to II, lying between 400 and 1550 cm ™, the in-plane
and out-of-plane bending modes of aromatic ring hydrogens
between 600 and 1600 cm ™', and the methylene and methyl
deformation modes between 950 and 1450 cm ™. Recent neu-
tron results seem to suggest a localized nature for the amide
modes (Kearley et al., 1994). Experimental support for the
collective nature of the modes below 400 cm™! comes from
the relative insensitivity of this region to hydrogen/deuterium
(H/D) exchange in our (PPG),, sample, indicating that many
hydrogens contribute to each low frequency mode.

Experimental dynamical structure factors

The factorization of F;,(Q, ¢) allows S;,.(Q, ) to be writ-
ten, in Eqs. A4—A7, in terms of a phonon expansion for the
low frequency phonon modes of a chain of heavy beads, and
a set of high frequency Einstein oscillators in the form of
independent light particles bound harmonically to chain
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clements (Warner ct al., 1983). We identify the chain ele-
ments with extended atom groups, and the high frequency
oscillators with protons of the groups. Onec-phonon creation
processes dominate the inclastic spectrum at low cnergy
transfer and low temperature, and we proceed on this as-
sumption when discussing the low frequency region.

The experimental S(Q, w), corrected for the Bose-Ein-
stein thermal population factor for one-phonon scattering
and labeled S”(Q, w), are shown and compared in Figs. 3, 4,
5, and 8 for dry and hydrated collagen, deuterated and
hydrogenous (PPG),,, and PPII.

Collagen, (PPG),, and PPII all display a similar overall
structure in the region below 400 cm ™', although the details
differ significantly. Two broad temperature and hydration-
dependent bands are secen. We examined the temperature
dependence of the bands in collagen by recording spectra
from samples at 30 and 120 K in sequential runs (Fig. 6). A
marked increase in intensity of the lowest lying band is
apparent at the higher temperature.

We explored the effect of hydration for the collagen and
(PPG),,, samples. A difference spectrum of dry hydroge-
nous collagen and collagen hydrated to 25% with H,O
reveals additional intensity, in the hydrated sample, in the
acoustic phonon region around 50 cm™' (Fig. S). This
corresponds to an acoustic band observed in pure H,O ice
(Li and Ross, 1992). At 25% hydration, however, all the
water in the collagen sample is closely associated with
protein, and there is no pure ice. Nevertheless, in the inter-
stices between collagen helices, packed in quasihexagonal
arrangement, there arc water molecules forming extended,
hydrogen-bonded water chains and clusters (Hoeve and
Tata, 1978). Such extended networks are capable of sus-
taining collective phonon excitations (White, 1976). We
assign the 50 cm™' peak in our difference spectrum to
phonon excitations propagating through this interhelical wa-
ter fraction. This assignment is supported by the absence of
a similar 50 cm ™' peak in the difference spectrum between
deuterated and hydrogenous (PPG),,, (Fig. 4). The 6% of
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fw (cm™)
FIGURL 3 INS spectra, corrected for Bosc-Einstecin (BE) factor.
(PPG),-h (PPG-h, upper . shifted by AS = +0.1), H,0-exchanged
dry collagen (6% water, - - - - ), and PPII (PPII, lower , shifted by AS

= —(0.1). Slightly smoothed by a five-point Fourier transform filter (FTF).
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FIGURE 4 INS spectra, BE-corrected. (PPG),-h ( ), and (PPG),,-d
( - - --). Bottom curves: difference (h — d) (-« -+ ), and crrors (inverse
square root of no. of counts) ( - - - - ) (five-point FTF smoothed).

water present in our (PPG),, samples must be all tightly
bound in water bridge sites on the peptide backbone. At this
hydration level, water does not participate in any extended
hydrogen-bonded network of water molecules, and so can-
not sustain collective ice-like phonon cxcitations. Hence, as
observed, no difference in the acoustic region is expected
when H,O0 is replaced by D,O at 6% hydration. In contrast,
D,O exchange of the tightly bound water fraction in
(PPG),, produces a marked loss of intensity in a broad band
between 450 and 800 cm ', as revealed in the difference
spectrum. This corresponds to a similar loss of intensity
between 450 and 800 cm ™' on drying of 25% H,O-hydrated
collagen. The total intensity loss on passing from 25% H,O
hydrated to dry collagen is greater than that on passing from
(PPG),,-h to (PPG),,-d. The detailed features of the two
difference spectra are not identical. The collagen difference
spectrum shows intensity extending to 1100 cm ™', with
further broad differences above 1500 cm ™', Together these
features suggest that both tightly bound and interhelical
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FIGURE 5 INS spectra, BE-corrected. H,O-exchanged collagen, “dry”
(6% water) ( - - - - ), and 25% hydrated ( ). Bottom: difference (- <+« - )
errors (inverse square root of number of counts) (- — — —) (five-point FTF
smoothed).
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FIGURE 6 INS spectra from H,0-exchanged dry collagen (6% water) at
30K ¢ ), and 120 K ( - - - - ). Insert: low frequency density of states,
Z,(w), calculated from these spectra. All five-point FTF smoothed.

water contribute to the 450—800 cm™! band, whereas only
interhelical water contributes to the acoustic phonon band at
50 cm™'. INS spectra from pure H,O display a similar
broad band of intensity in the intermediate energy transfer
range, which is assigned to non-dispersive librational exci-
tations in ice (Li and Ross, 1992). The overall shape resem-
bles that of our difference spectra, with a sharp low fre-
quency band edge followed by a broad maximum and a long
high frequency tail. The low frequency edge appears at 540
cm™', and the band extends to 900 cm™'. This frequency
shift reflects the participation of protein groups hydrogen-
bonded to water molecules in our samples. Water molecules
tightly bound in water bridge sites in (PPG),, at 6% hydra-
tion appear to have similar librational dynamics to interheli-
cal water molecules participating in the fully developed
hydrogen-bonded network at 25% hydration.

Extraction of the density of states

One of the basic dynamical quantities characterizing a vi-
brating molecule is the distribution of vibrational frequen-
cies Z(w), known as the density of states. At low kT and for
Q = 1 A™! (and hence low % on TFXA), single-phonon
terms are sufficient to describe the incoherent inelastic
scattering response. A further useful approximation is to
formulate the latter in terms of the phonon density of states
(Smith, 1991). Since many hydrogen atoms are involved in
each low frequency phonon mode, we make the approxi-
mation, in the low frequency region, of a uniform average
weighting of S;, (Q, w) by the square of the atomic polar-
ization vectors (see Appendix). Following earlier authors
(Middendorf, 1984; Lovesey, 1984), we write:

Sinc(Qa w) = exp{ - 2W(Q)}[nBE(w) + 1]
®)
X (RQY2M*w) Z,(w)

Neutron Spectroscopy of Collagen 665

Here the first term is the Debye-Waller factor containing the
atomic mean-square displacement along Q, (up'Q)z, and
subscript (p) refers to the fact that our density of states
function Z () reflects the proton dynamics. Consistent with
the use of an average weighting for the atomic polarization
vectors, the exponent in the Debye-Waller factor is also
averaged over the hydrogen atoms of the sample and is
approximated by (uf,)Qz. The effective mass of the oscilla-
tors is M*, and ngg(w) = [exp(haw/kgT) — 1]7' is the
Bose-Einstein (BE) thermal population factor.

To extract the relevant frequency distributions from our
measured spectra at low energy transfer (o < 350 cm™"),
it is necessary to correct for the Debye-Waller as well as the
Q?/w and thermal population factors. Given the relation
between Q and w imposed by the scattering kinematics of
TEXA, the factor Q%/w in Eq. 5 is easy to evaluate from Eq.
3a. For the Debye-Waller factor we need (uf,), the average
mean-square displacement for the hydrogen atoms. We
have determined this quantity from a series of high resolu-
tion quasi-elastic spectra for identical collagen samples ori-
ented with their fiber axes perpendicular to the scattering
plane, using the backscattering spectrometer IRIS at ISIS
(Middendorf et al., 1990; H. D. Middendorf, R. L. Hayward,
and J. P. Bradshaw, unpublished manuscript). At tempera-
tures T < 150 K, these spectra consist of sets of elastic lines
with a width of 0.13 cm™! (FWHM) and total intensities
that decrease linearly with Q°. The low-temperature values
for (ug) obtained in this way are in good agreement with
neutron results for globular proteins (Doster et al., 1989;
Martel, 1992). From the quasi-elastic data we get (ug) =
0.022 at 70 K, and 0.026 at 120 K. The (uf,) displacements
measured for collagen should be close to the corresponding
values for our polypeptide models, and we have adopted
them as reasonable estimates for these samples. Ordinary
polymers give very similar values (Lynch et al., 1968). The
resulting frequency distributions are shown in Fig. 6 for
collagen at 30 and 120 K, and in Fig. 7 for PPII, dry
collagen, and (PPG),,.
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FIGURE 7 Hydrogen-weighted Z,(w). H,O-exchanged dry collagen
(6% water) (CL-h, ++--- ), (PPG),o-h (PPG-h, - - - -), PPII (PPIl, —)
(five-point FTF smoothed).
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Up to hw ~ 400 cm ™' the temperature dependence of the
collagen spectra is in close accord with that predicted by Eq.
5. Correcting the intensity to allow for the thermal popula-
tion factor and the temperature dependence of the Debye-
Waller factor (as measured by quasi-elastic scattering) re-
veals a closely preserved structure in the density of states
(Fig. 6). Anharmonicity is apparent in the second band,
where methyl torsional fundamentals are expected near 240
cm ™. Increasing temperature leads to a shift toward lower
frequency, with loss of intensity from the fundamental peak,
and increasing intensity near 200 cm ™. Examination of the
temperature dependence over a wider #w range is rendered
problematic by the increasing influence of the Debye-
Waller factor at high energy transfers and higher tempera-
tures, and the complexity of its effects on localized group
vibrations (Jobic and Lauter, 1988).

The general form of the low frequency region for colla-
gen and (PPG),, is similar to the density of states calculated
for PGII (Fanconi and Finegold, 1975). By analogy with
these calculations, we assign the first broad band to disper-
sive phonon modes and the second to dispersive skeletal
deformation modes. The structure of the first band in
(PPG),, and in dry collagen are essentially identical (Figs.
3 and 7). Two submaxima are evident in both samples, at 45
and 110 cm™'. The maximum at 45 cm™ " is better seen in
Fig. 3, uncorrected for the Debye-Waller factor and the term
Q%/w, because both these corrections tend to suppress the
low frequency region below 100 cm ™', Peaks at 40 and 110
cm ™! have been previously observed in collagen by INS at
higher temperature (Berney et al., 1987). In calculations for
PGI1, the maximum due to longitudinal modes is seen at 13
cm ™! in the isolated molecule, but is displaced upward to 40
cm™! when hydrogen-bonding to neighboring chains is
taken into account. An inflection in the longitudinal mode
branch is caused by softening of modes with wavevectors
matching the pitch of the crystallographic helix, thereby
producing a maximum in the density of states (Fanconi et
al., 1971). These calculations are in broad agreement with
INS spectra for PGII (Baron et al., 1989). We identify the 45
cm™ ! peak in our collagen and (PPG),, spectra with this
maximum for longitudinal acoustic modes in PGII-like
chains hydrogen-bonded and supercoiled to form the colla-
gen triple helix. The longitudinal acoustic phonon fre-
quency in the polypeptide matches that of its associated
interhelical ice shell, raising the possibility of coupling
between solvent and polypeptide modes (White, 1975). At
ordinary temperatures, the longitudinal acoustic mode ve-
locity in collagen has been shown to vary with water content
by optical Brillouin scattering (Cusack and Lees, 1984).
Between 50 and 120 cm ™}, calculations for PGII reveal
modes involving torsions of the peptide backbone (Dwivedi
and Krimm, 1982), and a maximum in Z () is expected in
the region of 110 cm ™! (Fanconi and Finegold, 1975). We
identify the band centered on 110 cm™! in collagen and
(PPG),, spectra with this maximum.

The remarkable features of the PPII spectrum in this
region are the high and sharp torsional phonon band edge at
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200 cm™!, with a very intense peak at 130 cm ™! (Figs. 3
and 7). These features are in agreement with calculations of
the phonon dispersion curves of PPII (Gupta et al., 1973).
The high frequency of the band edge indicates a much
stiffer effective force constant for torsional modes in PPII
than in PGII, or even (PPG),, and collagen, despite their
high content of proline. These spectral features presumably
reflect the close-packed nature of neighboring pyrrolidine
rings in PPII and the contribution of the rings to the peptide
backbone stiffness. Stiffening of the peptide backbone as a
consequence of pyrrolidine ring closure, as well as close
packing of neighboring rings, have been evoked to explain
the structural stability of PPII in solid state and solution,
despite the absence of hydrogen bonds (Hopfinger, 1971).
Similar proline/proline packing contributes to the stability
of the triple-helical structure of (PPG),, (Bhatnagar et al.,
1988). In (PPG),, and collagen, this packing arrangement is
relieved at every third amino acid residue by the presence of
glycine. Nevertheless, both dry collagen and (PPG),,, spec-
tra show additional features on the downward slope of the
110 cm™! band edge, probably attributable to the imino
residues (Fig. 7).

Deuteration of the (PPG),, amide hydrogen and the
tightly bound water has little effect on the intensity of the
bands below 400 cm ™. The eigenvectors of the correspond-
ing harmonic excitations must therefore involve the motion
of many different hydrogen atoms, so that deuteration of the
lone amide hydrogen and the single water molecule per
tripeptide does not result in appreciable intensity changes.
Such delocalized motion is in accordance with assignment
to phonons involving relative motion of extended atom
groups. The acoustic band, up to 50 cm ™", represents rela-
tive translational motion of such groups. The backbone
torsional band up to 100 cm ™! and the skeletal deformation
band around 250 cm ™! represent relative rotational motion,
resulting from deformations of the peptide backbone. These
assignments are thus in agreement with the qualitative fea-
tures of the PGII calculations (Fanconi and Finegold, 1975;
Dwivedi and Krimm, 1982).

The calculated band gap at 200 cm ! for PGII remains
apparent, although not complete, in the spectra of the reg-
ular helices (PPG),, and PPII. For imino acid residues, less
difference in frequency is expected for skeletal torsional
modes, as opposed to skeletal deformation modes, given the
influence of the imino pyrrolidine ring on backbone stiff-
ness. This explains the incomplete nature of the 200 cm™*
band gap, despite the regularity of these helices. In dry
collagen spectra the maximum of the skeletal deformation
band appears at lower frequency, because methyl torsional
modes, absent from (PPG),,, contribute intensity near 240
cm™'. The band gap is more nearly filled. Calculations of
the frequencies of polypeptide skeletal torsion and defor-
mation modes have revealed a significant variation with
side chain type (Krimm and Bandekar, 1986). We attribute
the filling of the band gap in collagen, at low temperature,
to its complex amino acid sequence. As a first approxima-
tion, the sequence variation can be viewed as disorder in
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bead mass and force constants of the perfectly regular
(PPG),, type helix. Such disorder is expected to produce
localization of vibrational energy (Van Zandt and Saxena,
1994), and modes where there are band gaps for the regular
helix.

Proceeding from the experimental frequency distributions
we extract an effective mass for the low frequency harmonic
oscillators. For a normalized distribution Z(w) of quantum
harmonic oscillators at temperature 7, the total mean-square
displacement in one cartesian direction (Lovesey, 1984) is:

(up) = f Z(w)e(w))dw (©)

where
(€Y (w)) = (h/20om(w)) coth{fiw/2ksT}

Here m(w) is an effective mass for the harmonic oscillators,
and depends on w. Consistent with Eq. 5, we assume that m
is approximately constant and equal to M* for all low
frequency oscillators. This is not realistic for a complex
heteropolymer. In particular, torsional modes of terminal
groups (e.g., methyl groups) or librational modes of the
idealized chain, may have significantly lower effective
masses than those of translational modes. However, for our
spectra the low frequency density of states for the dry
samples is dominated by non-exchangeable hydrogens (at-
tached to carbons), as is demonstrated by the correspon-
dence between the (PPG),4-h and (PPG),,-d low frequency
spectra. For the (PPG),, and PPII spectra there are no
terminal methyl groups. Thus the effective mass extracted
from the data gives a useful estimate of the mass of the
heavy beads in this model. To derive this effective mass we
need an independent determination of the total mean-square
displacement, and this is provided by our quasi-elastic scat-
tering experiments using IRIS. At low temperatures, more-
over, the total mean-square displacement is dominated by
the contribution of low frequency modes, and we therefore
normalize our experimental density of states by the inte-
grated intensity up to the minimum around 375 cm™. To
calculate the total mean-square displacement, we first ex-
tended the measured spectra analytically from 16 to 0 cm ™!
by fitting Debye spectra proportional to w?, and then inte-
grated the product Z, 5,5(w)(e’(w)) from 0 to 375 cm™’,
where Z, 3;5(w) is the density of states normalized with
respect to this energy range.

From this analysis we find that for an effective mass of
14.5 £ 3 am.u,, the resulting mean-square displacements
agree with values from our IRIS experiment over the tem-
perature range 70 to 120 K (the error arising from the
quasi-elastic experiment as well as from the assumption of
constant effective mass up to w =~ 375 cm™!). This effec-
tive mass is thus consistent with an idealized chain model
utilizing extended atom groups as the beads of the chain, in
which librational motions have an effective mass apprecia-
bly less than the atomic mass. Our data thus lend experi-
mental support to the use of this approximation for the study
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of low frequency motions in proteins. Despite the continu-
ing growth in speed and memory of computers, such ap-
proximations remain necessary for extending the length of
molecular dynamics simulations into the biologically im-
portant ns—us domain (Karplus and Petsko, 1990; Smith,
1991).

Multi-quanta scattering

We expect the harmonic nature of low temperature dynam-
ics to be reflected in our spectra by intensity at energy
transfers corresponding to combinations of low frequency
dispersive phonons with high frequency group vibrations
(Warner et al., 1983; Jobic and Lauter, 1988). Such intensity
appears as phonon wings around each high frequency fun-
damental. Because of the relation between momentum
transfer #Q and energy transfer £w imposed by the scatter-
ing kinematics of TFXA, we expect this effect to be most
evident at intermediate iw. Here Q is large enough to
produce significant multiphonon scattering, but not so large
as to reduce the scattering strongly through the Debye-
Waller factor. In the spectrum of PPII, the intermediate
energy transfer region shows strong peaks due to group
vibrations. These are not clearly separated by regions of
zero intensity, but instead show asymmetric broadening,
maximal on the high frequency side. The mode at 745 cm ™!
in the PPII spectrum displays this best. The next highest
fundamental mode observed in IR (Isemura et al., 1968) or
Raman (Smith et al., 1969) spectra of PPII is expected at
836 cm ™!, well above the region of asymmetric broadening
of the 745 cm ™' mode. We attribute this asymmetric broad-
ening to phonon wings. It is not possible to clearly identify
this effect in (PPG),, or collagen, where many more fun-
damental modes are expected. At higher #w, roughly above
1000 cm ™!, increasing multiquanta scattering contributes to
a broad background, on which the peaks due to the har-
monic fundamentals are superimposed.

Localized group vibrations: amide and high
frequency modes

All collagen spectra are very complex in the high frequency
region. Our assignments are based on comparison with the
simpler neutron spectra of the model polypeptides PPII and
(PPG),, and with published IR and Raman data for colla-
gen and its models, along with normal coordinate analyses
of polypeptide vibrational spectra. We contribute new IR
data for (PPG),5-h and (PPG),,-d, the amide-deuterated
isotopomer.

For the purpose of comparing spectra from different
polypeptides containing a large molar fraction of proline, it
is natural to use the spectral signature of proline as a
reference intensity. All three types of sample (collagen,
(PPG),, and PPII) show a strong peak at 1320 cm ™, and
another at 3000 cm™'. A moderately strong peak has been
observed at 1320 cm ™! in the IR (Isemura et al., 1968) and
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Raman (Smith et al., 1969) spectra of polypeptides contain-
ing proline, and assigned to -CH, twist motion. The peak
centered on 3000 cm ™' is the CH stretch band. We make
these same assignments, and use these features to quantita-
tively relate our spectra.

Amides |, ll, and Il

Apart from the water libration band discussed above, there are
several features in the difference spectrum between (PPG),,-h
and (PPG),,-d that correspond to changes in the IR spectra on
deuteration of the amide hydrogen. The most conspicuous
change is a loss of intensity at 1250 cm ™", with lesser changes
at 1500 and 1550 cm ™!, and around 930 and 1020 cm ™! in the
(PPG),,-d spectra (Fig. 4). In IR spectra a peak at 1550 cm ™'
and another at 1250 cm ™ are markedly reduced by deuteration
(see Table 1), as are two lesser peaks at 920 and 1029 cm™'.
The peaks at 1550 cm™' and 1250 cm ™' are identified, in
normal coordinate analyses of PGII (Dwivedi and Krimm,
1982), polyalanine (Fanconi et al., 1971), and the peptide bond
model compound N-methylacetamide (Fillaux et al., 1993;
Krimm and Bandekar, 1986), with in-plane bending of the
amide hydrogen, coupled with stretching of the CN bond
(amides II and III). This assignment agrees with the effects of
deuteration on our (PPG),, spectra. Clearly the formation of
the peptide bond with an imino acid, rather than an amino acid,
and the results of helix supercoiling, do not greatly perturb
these vibrational frequencies. As expected the peaks at 1250
and 1550 cm™' are absent from the PPII spectra, where no
amide hydrogens are present. Relative to the peak at 1320
cm™ ', both amide II and amide I1I are stronger in dry collagen
spectra than in (PPG),,, as expected from the higher ratio of
amino to imino acids in collagen. The origin of the spectral
changes with deuteration in (PPG),, near 925 and 1025 cm ™"
is much less clear, as there are no amide modes expected in this
region. It may be that these changes are related to excitations
involving the tightly bound water molecules.

Amide I is expected to be weak in INS spectra if it
involves little hydrogen motion. We observe no significant
intensity at 1650 cm ™', where Raman and IR spectra have
revealed the amide I peak in collagen (Brodsky-Doyle et al.,
1975; Frushour and Koenig, 1975) and (PPG),, (Diem et
al., 1984). This supports the assignment of amide I to C=0
stretch, with little hydrogen motion.

Amide V, skeletal modes, and effects of higher-order
molecular structure

In PGII (Dwivedi and Krimm, 1982), polyalanine (Fanconi
et al., 1971), and the hydrogen-bonded crystals of the pep-
tide bond model compounds N-methylacetamide (Fillaux et
al., 1993; Krimm and Bandekar, 1986) and acetanilide (Bar-
thés et al., 1992), the NH out-of-plane mode, amide V,
mixed with C==0 in-plane bend, appears at 750 cm . This
is typical for a hydrogen-bonded amide hydrogen. A mode
involving C=0 in-plane bend mixed with skeletal defor-
mation is expected at 707 cm ™. In INS spectra from PGII,
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a strong peak is present in this region (Baron et al., 1989).
There is also a strong peak in our PPII neutron spectrum at
745 cm™! (Fig. 3), corresponding to a very weak peak in the
IR spectrum (Isemura et al., 1968) and a moderate peak in
the Raman spectrum (Smith et al., 1969). Normal coordi-
nate analysis has assigned this feature to C==0 in-plane
bending along with in-plane bending of the backbone skel-
eton and deformation of the proline ring (Gupta et al.,
1973). The remarkable feature of our triple-helical
(PPG);4-h and (PPG),,-d INS spectra is the absence of any
corresponding strong peak in the region between 650 and
820 cm ™' (Fig. 4). Neither an amide V mode nor a C=0
in-plane bending mode is observed in this region. On the
other hand, when compared with PPII, excess intensity in
the spectra of (PPG),,-h is apparent in the strong doublet
peak at 555 and 590 cm ™~ '. The shape of this peak does not
change in (PPG),,-d, although the overall intensity in this
region changes as a result of intensity arising from the
underlying water librational band. An effect of triple-helix
formation on high frequency modes of the peptide linkage
has been previously observed in Raman studies comparing
the tripeptide PPG with (PPG),,, and ascribed to secondary
structure formation. The effect of helix-sheet transitions or
peptide cis/trans isomerization on skeletal modes is well
recognized (Krimm and Bandekar, 1986). The dramatic
change we observe in the amide V region on passing from
the left-handed helical arrangement of PPII and PGII to the
supercoiled triple-helical (PPG),,, structure must be attrib-
uted instead to the tertiary structure.

The effect of triple-helical supercoiling is to shift the
amide V mode of the Gly-Pro linkage, together with skeletal
deformation and C==0 in-plane bending modes of the Pro-
Pro linkages, downward to the region of 590 cm™'. The NH
out-of-plane bending mode is not clearly identified by H/D
exchange in the triple-helical peptides because of the back-
ground due to water libration. The effect may be mediated
by supercoiling distortion of the intra-triple-strand hydrogen
bond and the backbone dihedral angles in (PPG),,. In the
crystal structure of (PPG),,, the local distortions from stan-
dard values of the backbone dihedral angles, bond angles,
and endocyclic ring conformation angles are only 7, 2, and
5 degrees, respectively, and they vary with the detail of the
molecular model (Okuyama et al., 1981). The intra-triple-
strand hydrogen bond, between glycine NH on one chain
and proline CO on a neighboring supercoiled chain, also
varies in length and N-H ... O angle with the molecular
conformation (Yonath and Traub, 1969; Okuyama et al.,
1981; Bhatnagar et al., 1988). The equivalent hydrogen
bond and backbone geometries in models of collagen also
vary with the details of the molecular structure (Fraser et al.,
1983). Theoretical normal mode analyses have predicted
significant effects of minor angle variation and hydrogen
bonding on amide V modes (Krimm and Bandekar, 1986).
Our observation of a substantial spectral effect of the subtle
supercoiling distortion raises the question of coupling be-
tween low frequency modes and high frequency peptide
backbone modes. Low frequency dispersive modes can sig-
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nificantly alter local supercoiling and hydrogen bond
length. Such anharmonic coupling may be an important
mechanism of energy transport in biological systems (Scott,
1992), and amide V has been recently identified as a mark-
edly anharmonic mode, and a candidate for such coupling,
in acetanilide (Barthés et al., 1992). In polyproline, a mod-
erately strong IR band at 670 cm ™' is characteristic of the
left-handed PPII arrangement and is assigned by normal
mode calculation to a mixture of skeletal stretch with pyr-
rolidine ring in-plane deformation (Gupta et al., 1973). This
mode is weak in our PPII spectra, indicating little hydrogen
atom motion in the mode (Fig. 3).

Collagen versus PPIl and (PPG),,

Compared with (PPG),q, the dry collagen spectra reveal
significantly more intensity in the 600—-800 cm ™' region
(Fig. 3). Contributions from amino acid side chains other
than pyrrolidine rings can be expected in this region. Out-
of-plane bending modes for side chain NH groups contrib-
ute to the collagen spectra but are absent from (PPG),,. The
contribution of phenylalanine and tyrosine ring modes will
be small because of the low abundance of these amino acids
in collagen, but librational water modes from the 6% H,0O
fraction will produce a broad background. Results from
TFXA spectra and detailed molecular dynamics simulations
for acetanilide (Hayward et al., 1995) give some insight into
the nature of the complex bands in the amide V region, in
particular with respect to splitting due to mixing of NH and
phenyl CH out-of-plane bending modes and their interaction
with peptide deformation modes. In their Raman study of
solution samples at room temperatures, Diem et al. (1984)
found excellent agreement between collagen and (PPG),,
spectra in the 700-1000 cm™' region. Our results show
substantial differences, highlighting the sensitivity to hydro-
gen motions and the complementarity of these techniques.
A quantitative analysis must await spectral simulations for
(PPG),¢-h and (PPG),,-d.

Relative to the band intensities observed for dry collagen
between 500 and 800 cm ™", the CH,, twist and wag modes
of the pyrrolidine ring at 1320 and 1450 cm ™! are stronger
by almost a factor of 2. These modes are due to the rela-
tively high abundance of the imino acids, and the whole
1200-1500 cm ™! region is very similar in structure and
intensity for all three samples, i.e., dry collagen, (PPG),y-h
and PPII. The imide II band between 1445 and 1485 cm™!
has been of recent interest in resonance Raman studies of
X-Pro or Pro-Pro cis/trans isomerization (X = any amino
acid) and imino hydrogen bonding (Tageuchi and Harada,
1990). This band is another example of a high frequency
mode affected by a major change in backbone conforma-
tion. The band is not seen in our spectra; it seems to be
obscured by the very strong pyrrolidine ring CH, deforma-
tion band at 1450 cm™" (Figs. 3 and 8). This illustrates a
difficulty in interpreting neutron spectra, where modes of
particular interest may involve little hydrogen motion. Se-
lective deuteration of the pyrrolidine ring methylene groups
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might in the future allow observation of the imide II band.
In the collagen spectra, additional intensity around 1435
cm™! arises from methyl group deformations. Methyl
modes also contribute intensity to the collagen spectra be-
tween 1050 and 1070 cm™'. These assignments are con-
firmed by calculation and INS data for the model com-
pounds N-methylacetamide (Fillaux et al, 1993) and
acetanilide (Barthés et al., 1992; Hayward et al., 1995).

Several features common to PPII and (PPG),,, notably at
920, 1040, 1100, and 1170 cm™ !, are also apparent in the
collagen spectra, again reflecting the high content of imino
acids (Figs. 4-7). Calculations attribute the modes at 920
and 1040 cm ™" to pyrrolidine ring stretch modes, and those
at 1100 and 1170 cm™' to mixed ring stretch and ring
methylene modes (Gupta et al., 1973; Lagant et al., 1983).
The ring stretching modes at 1250 to 1260 cm ™", seen in the
PPII and (PPG),,-d spectra, are obscured by the amide III
mode in (PPG),, and collagen spectra (Figs. 3 and 4).

Centered on 3000 cm ™, a strong CH stretch band is seen
in all samples (Fig. 8). The resolution of TFXA at the
highest Aw is only ~100 cm™ ', and the effect of the
Debye-Waller factor is strong, as is evident from the sub-
stantial reduction in intensity of this band at 120 K. These
facts prevent the direct observation of splitting of the NH
stretching modes, amides A and B, although a band attrib-
utable to NH stretch centered at 3300 cm ™! is apparent in
collagen spectra (Fig. 8). The same band is not well distin-
guished in (PPG),, because of the much lower molar con-
tent of NH groups. Again, selective deuteration of CH
groups is likely to reveal these modes.

CONCLUSIONS AND OUTLOOK

We have presented and discussed neutron spectra from
collagen, the most important fibrous protein. We have in-
terpreted the data with reference to analytical theories of
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scattering from complex polymers and with the help of
parallel neutron and IR measurements on two closely re-
lated synthetic polypeptides.

From an experimental point of view, the ncutron spectra
obtained are the first from any natural protein extending
from the low frequency acoustic phonon region up to the
highest bond-stretching modes. Earlier neutron work on
fibrous and globular biomolecules was restricted with re-
spect to both frequency range and resolution. Cold-neutron
time-of-flight spectrometers covered only the low frequency
phonon region in upscattering, with sharply deteriorating
intensity and resolution beyond a few 100 cm ', and crystal
filter spectrometers provided spectra up to ~1200 cm '
with poor resolution. Developments in pulsed neutron tech-
niques have now allowed us to probe a frequency range of
more than two decades with a resolution that is still inferior
to IR and Raman spectroscopy, but sufficiently fine to
reveal much spectral detail. This new spectral information
relates primarily to the dynamics of hydrogens, protonated
groups, and closely associated water. In combination with
quasi-elastic neutron scattering techniques (Middendorf,
1992, 1995; Middendorf et al., 1994), it is feasible to probe
hydration processes, biopolymer-water coupling, and intrin-
sic biopolymer modes over scale lengths from 1 to 100 A,
with the capability, not easily accomplished by optical tech-
niques, of varying the scattering contrast between constitu-
ents of a heterogeneous system.

There are, broadly, two avenues for further exploiting this
type of INS data from complex biopolymers. The first, as
we have demonstrated, is to focus on those features that
complement information derived from optical techniques,
and on density of states functions relating to basic thermo-
dynamic properties. In particular, we have observed a dra-
matic shift of the amide V mode in triple-helical polymers,
indicating a marked effect of supercoiling on the dynamics
of the hydrogen bond. We have used density of states
information to extract an effective mass for the low fre-
quency oscillators, which suggests that the extended atom
approximation will be a useful simplification for calcula-
tions of protein dynamics. Secondly, the analytical relation-
ship between neutron S(Q, w) data and fundamental space-
time correlations at the atomic level, opens up the
possibility of direct comparison with results from molecular
dynamics (MD) simulations. The potential of INS to pro-
vide experimental constraints on calculations of the low
frequency dynamics of globular proteins has been demon-
strated (Smith, 1991). While much of the functional interest
in globular proteins relates to the region of collective relax-
ational and anharmonic excitations below a few 100 cm ™!,
recent work on vibrational energy transport mechanisms has
focused on the coupling of low and high frequency modes in
fibrous as well as globular proteins. Such mode-coupling
mechanisms are potentially significant for the function of
enzymes that need to transport localized “packets” of en-
ergy, with minimal losses, between active sites that may be
separated by appreciable distances (Scott, 1992). The utility
of simulations to study mode-coupling mechanisms will rest
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on the accurate description of high as well as low frequency
vibrational modes. MD simulations are performed by fol-
lowing the trajectories of all atoms over the entire time
domain from a few fs up to nearly 1 ns, thus providing
essentially the full van Hove function G(r, ) and producing
spectral information from a few 10° cm™' down to values
well below 1 cm™! (Karplus and Petsko, 1990; Smith,
1991). Our neutron experimental work opens up the whole
vibrational spectral region from 20 to 4000 cm™', with
improved resolution, providing further stringent tests for the
parameters and assumptions entering into simulations of
biomolecular dynamics. However, our data are collected at
low temperatures where broadening effects due to diffusive
processes are negligible and where the intrinsic resolution
of the spectra is not degraded by multiphonon scattering.
This restricts the dynamics we probe to the harmonic region
of the potential energy surface, and our data will be useful
primarily in this region for improving the parametrization of
MD potential energy functions. Furthermore, our data lend
support to the validity of the extended atom approximation,
which treats the high frequency localized oscillators as
harmonic oscillators, essentially independent of the collec-
tive modes at low frequencies where anharmonic effects are
more prevalent.

Exploiting the technique of contrast variation, we have
extracted difference spectra related to the dynamics of two
different populations of protein-associated water. Such
spectra can provide an important test of calculations of,
especially, the high frequency harmonic modes of tightly
bound water molecules. These high frequency modes reflect
the hydrogen-bonding parameters of waters occupying wa-
ter bridge sites, information of great interest for understand-
ing the functional role of the primary hydration shell of
proteins.

APPENDIX

The dynamic structure factors S, ...on(Q,w) and the nuclear trajectories
R, () are directly related through w <> ¢ Fourier transforms of Q-dependent
time correlation functions, the so-called “intermediate” scattering functions
(Berney and Yip, 1980; Windsor, 1981; Lovescy, 1984). These are given
by

Fcoh(Q7 t) = FT{Sct)h(Q7 (1))}
(A1)

= (1/N) 2 {exp{ — iQ R,(0)} exp{iQ - Ry(0)})

a.B

together with a similar function F;,(Q, 1) for which only the diagonal
terms « = 3 arc summed (a, B = 1 ... N). Here and below the brackets
() denote thermal ensemble averages. Eq. Al relates to coherent scattering,
since it covers all pair correlations including the “self” terms « = B; for
F,(Q, 1) the single-particle correlations described by a = B are sufficient.
A further Fouricr transformation, with respect to the conjugate variables
0 < rinstead of w < «, leads from F,,(Q, 1) and F_,(Q, 1) to the van
Hove space-time correlation functions G(r, 1) and G(r, 1), respectively
(Berney and Yip, 198(); Lovesey, 1984).

For a hierarchically organized macromolecular structure, now, a useful
approximation is to split R (r) into components due to restricted diffusive
motions, dispersive phonon modes (including low frequency acoustic
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modes, or LAM), and localized (nondispersive) group vibrations. For the
temperatures of interest in the present context, and at frequencies >10'! Hz
or 3 cm™’, the spectral contribution from restricted diffusive motions
(which would give rise to quasi-elastic scattering with |fiw]<<Ey) is zero or
negligibly small. R_(r) may therefore be expressed in terms of an equilib-
rium position and a displacement from equilibrium. The mean-square value
of the latter is split into a term due to phonons (u,) and one due to group
vibrations (v,b):

R.(1) =R; + 8R,(1); ((BR.(1)?) = () + (v2)

The distinction between low frequency phonon modes and localized group
excitations at higher frequencies amounts to a time scale separation which
is equivalent-to a factorization of the respective intermediate scattering
functions. For dominant incoherent scattering from the protons, we need
consider only F,,(Q, f) and write:

FiuneQ, t) = (UN) 12 (exp{ — iQ - u(0)} exp{iQ - w,()})

(A2)

X (1/1\11); (exp{ — iQ - v;(0)} expliQ - vi(1)}) (A3)

where 1 = 1... N, labels the chain elements or “beads,” andj = 1... N,
the protons in a chain element. In the frequency domain, this factorization

corresponds to a convolution product,

Sinc(Qa 0)) = S};nc(Q’ w) ® S.i'nc(Q’ w)

We now write Sk, in terms of a phonon expansion for the low frequency
modes of a chain of heavy beads, and reduce S}, to a set of Einstein
oscillators (Warner et al., 1983; Jobic and Lauter, 1988):

(A4)

High frequency oscillators

For independent light particles (protons of mass m,) bound harmonically to
chain elements, the basic result is

$he(Q, ) = JE exp( = 0107 [1[ 2 explnfen/2ksT}
(AS)
X 1,,(R]Q - &}[}2m o, sinh{fiw,/2ksT}) ] 8(c — ;} nw,)

Here €, is the normalized polarization vector for proton j in the mode A,
and n, the number of quanta of energy %w, transferred in the scattering
process (n, > 0 for neutron energy loss, n, <0 for energy gain). The first
exponential is the high frequency Debye-Waller factor of proton j, due to
displacements v;, and /,,, denotes the n,th-order modified Bessel function.
It is seen that the high frequency spectrum consists of a series of 8-function
spikes at frequencies where the energy change fiw experienced by scattered
neutrons equals an allowed transition or combination of transitions. At low
temperatures (4kgT < #w,), and for the Q,w-relation given by Eq. 3, we
have x < 0.3 so that the leading term in the expansion of /,(x) is sufficient.
The dominant downscattering process is characterized by the fundamental
n, = 1; Eq. AS then reduces to

Sgnc(Q: w) = jzexp( - <vj2>Q2)(nBE + 1)

X (ﬁ|Q * ej|2/2mpw,\) 3w — w,) (A6)

where ngp=[exp(hw,/kyT) — 1]7! is the Bose-Einstein population
factor.

Phonon expansion

A full analysis requires calculated or measured dispersion curves w,(q) for
all low frequency chain modes (q = phonon momentum; v = branch
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index). For incoherent scattering, the main aim is to extract Z,(w) from the
one-phonon scattering (Lovesey, 1984). At low temperatures and modest
values of Q, subject to the assumption of harmonic excitations and appro-
priate averaging of polarization vectors (see main text), a phonon expan-
sion for the measured spectra may be written in the form (Suck and Rudin,
1983)

(fik,/NK)d*a/dQdE = exp( — (uDQ?) 2, [fi(w)/n!]

n=1
X (R2QY2M*)" (A7)

where

£@) = | S - o)de’ (orn> 1),

—0o

and
filw) = (nge + DZ(w)/ho .

This is an iterative approach that enables the multi-phonon contributions f,
(n > 1) to be separated from measured spectra, with Z (w) as the remaining
one-phonon part.
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