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ABSTRACT:

Solid-state NMR studies of collagen samples of various ori-
gins confirm that the amplitude of collagen backbone and
sidechain motions increases significantly on increasing the
water content. This conclusion is supported by the changes
observed in three different NMR observables: (i) the line-

width dependence on the 'H decoupling frequency; (ii) °C
CSA changes for the peptide carbonyl groups, and (iii)
dephasing rates of "H-">C dipolar couplings. In particular, a
nearly threefold increase in motional amplitudes of the back-
bone librations about C-C* or N-C* bonds was found on
increasing the added water content up to 47 wt%D,0. On

the basis of the frequencies of NMR observables involved, the
timescale of the protein motions dependent on the added

water content is estimated to be of the order of microseconds.
This estimate agrees with that from wideline T, 'H NMR
measurements. Also, our wideline 'H NMR measurements
revealed that the timescale of the microsecond motions in
proteins reduces significantly on increasing the added water
content, i.e., an ~ 15-fold increase in protein motional fre-
quencies is observed on increasing the added water content

to 45 wt% DO. The observed changes in collagen dynamics

is attributed to the increase in water translational diffusion
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on increasing the amount of added water, which leads to

more frequent “bound water/free water” exchange on the
protein surface, accompanied by the breakage and formation
of new hydrogen bonds with polar functionalities of protein.
© 2013 The Authors Biopolymers Published by Wiley
Periodicals, Inc. Biopolymers 101: 246-256, 2014.
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INTRODUCTION
ollagen (“glue forming” in Greek) is one of the most
abundant proteins in Nature.! In particular, it is the
most abundant protein in mammals and about a
quarter of the total mass of proteins in vertebrates is
collagen." The structure of collagen molecule, which
is known to be ~3000 A in length and ~15 A in diameter,
has been described as a triple-helix of three individual pro-
tein strands.”™ The three helical chains are staggered by one
residue, allowing for interchain hydrogen bonds.”™* Forma-
tion of the triple helix conformation requires the presence of
a repeated -Gly-Xaa-Yaa- sequence, the most common
sequence being -Gly-Pro-Hyp-.” However, other amino acids
are also known to occur as Xaa or Yaa, while any amino acid
residue with a side chain would be unsuitable to replace Gly
in the middle of a triple helix. The molecular weight of colla-
gen is estimated to be ~285,000.° The triple-helical collagen
molecules associate in a highly regular manner to form
fibrils.” Because of its large size, the direct structural determi-
nation of collagen is complicated. Nevertheless, the X-ray
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FIGURE 1 An example of the collagen structural analog (PDB entry 1BKV),” showing water sur-
rounding of a triple helix in the solid state. Red dots indicate oxygen atoms of water molecules.

diffraction (XRD) data showed that collagen molecules are
ordered in the direction parallel to the long axis of the mole-
cule.”™ Various XRD studies of structural analogs of collagen
have been reported (Figure 1).%° These studies revealed an
ordered cylinder of hydration surrounding collagen mole-
cules. It has been shown that the triple-helical structure
causes more ordering of the hydration water than the dena-
turated single polipeptide chains.'

The molecular dynamics of the collagen backbone in intact
connective tissues has been investigated using '*C NMR line
shape analysis to measure CO chemical shift anisotropy
(CSA) by Torchia et al.'' They used [1-"°C]glycine to label
samples from various sources in order to investigate the effect
of crosslinking and mineralization on the peptide backbone
motion in the collagen fibril. In another report by Torchia
et al,'* the amplitude of motional fluctuations in collagen in
intact tissues and reconstituted fibres were determined using
C NMR relaxation time measurements. [2-'>C]glycine
labelled samples were used and the relaxation of the corre-
sponding methylene carbon was followed. In both cases,''? it
was assumed that protein backbone motions are primarily a
consequence of reorientation about the long axis of the
molecule.

This motional model of a collagen rod librating about its
helix axis was questioned in reference [13]; since, considering

the size of the collagen molecule and the presence of cross-
linked molecules, motional amplitudes derived for the helix
axis libration (up to 33°) were unusually high. An alternative
geometry of motion was suggested, which is based on small-
angle librations (i.e., restricted rotations) about internal bond
directions (Figure 2).'»'* This geometry of the motion was
deduced based on the analysis of the motional averaging of
anisotropic >C CSA and *H quadrupolar interactions. It was
shown that the orthogonal orientation of the normal of the
Gly amide plane relative to the libration axis leads to signifi-
cant reduction of the ?C CSA. The amplitude of libration
depends on the number of torsional librations considered. For
example, for collagen in mineralized calvaria the mono-axis
libration of the torsional angle y/(Gly) gives ® = 9°. However,
considering the structure of collagen, a more realistic model
must include librations about several ordinary bonds. For
example, the penta-axes model including librations of torsional
angles Y(Gly), ¢(Gly), ¥(Hyp), ¢(Pro), and y4(Pro) in the
Pro-Gly-Hyp triplet leads to @ < 4° 131516 Burthermore, it
was shown that significant amplitude changes are observed
over a narrow temperature range between —18°C and +18°C,
indicating that the dynamics of collagen is dependent on the
state of the surrounding water.' '™ Reichert et al. have shown
that by increasing the amount of water it is possible to induce
larger amplitude motions of the protein atoms.'’*° Studies of

FIGURE 2 Internal bond libration about the C-C* bond axis."® The normal (1) of the Gly plane is
shown to librate: (a) about the bond axis (/) between either two sites with dihedral angles yy—® and
Y +® or (b) about its averaged position corresponding to dihedral angle {y with a Gaussian uncer-

tainty o.
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lysozyme have also shown that water of hydration induces
intramolecular motions in protein.*"*

In this work we intend to further investigate dependence of
protein backbone and sidechain dynamics on the relative water
content in collagen. In characterising this dependence, we will
aim at quatifying the influence of water on protein motional
amplitudes and frequencies. We will use solid-state "H and ">C
NMR measurements to follow the motional changes as a func-
tion of water content and temperature. Solid-state '>C cross-
polarization (CP) and magic angle spinning (MAS) NMR
spectra will be measured to derive anisotropic chemical shift
values, which then will be used to estimate changes in the
motional amplitudes depending on temperature and water
content. The theoretical background behind this type analysis
is similar to that used for the analysis of “H quadrupolar
parameters,” >’ which have been employed widely for dynam-
ics elucidations.”® In addition to the >C CSA analysis, the
selectivity of the "H-'">C dipolar dephasing MAS experiment
will be exploited for comparing motional freedom of various
amino acid carbon sites in collagen backbone and sidechain.
The dependence of protein motional timescales on the water

content will be examined using wideline 'H NMR
measurements.
EXPERIMENTAL

Materials and Equipment

Several samples containing collagen were used in this work.
These were new parchment samples NP8 and SC81 produced
according to traditional methods by craftsmen (received from
Dr R. Larsen, Rector of School of Conservation, Copenha-
gen)®® and collagen from bovine Achilles tendon (CBAT,
received from Sigma-Aldrich). A typical amino acid distribu-
tion in % nmol in parchments is shown in Figure 1 of referen-
ces [14] and [34].

Solid-state NMR experiments were carried out on a Bruker
MSL300 spectrometer (7.05 T) in University College London
and a Bruker AVANCE III 850 spectrometer (20 T) at the UK
850 MHz solid-state NMR facility at the University of
Warwick.

Wideline 'H NMR

A single-resonance Bruker probe with a 5 mm solenoid coil
and short dead time characteristics was used for wideline "H
NMR lineshape and T, measurements at 7.05 T. Typical 90°
pulse length was in the range 1.7-2.2 us and it was optimized
for each sample studied. The recycle delay used in T,-mesure-
ments was 10 s. To measure short T, relaxation times, a simple

spin echo sequence, 90° — 7 — 180° — 1, was used, where 100
different 7 echo delay values between 1.2 us and 4 ms were
used. The minimum 7 used is limited by the hardware dead
time. No pulse breakthrough effects or baseline distortions
were observed at T = 1.2 us or longer. For the deconvolution
of 'TH NMR line shapes, a standard routine mdcon of
XWINNMR (version 2.6) was used, which allows to use mixed
Lorentzian/Gaussian line shapes.

Biexponential analysis of T,-decay was carried using a For-
tran program based on the simulated annealing algorithm.*>>°
The dependence of the intensities of the first points of FIDs on
the echo delay 7 was fitted to a sum of two exponentials as
given by the following equation:

I=Plexp(—2t/T)) + PVexp (—2t/T)") (1)

where 7 is the echo delay, T," and T," are the corresponding
T, values of the two components (protein and water), and P*
and P" reflect relative amounts of the two components.

High-Resolution >’C NMR

At 7.05 T, high-resolution solid-state '>C were recorded using a
standard 7 mm MAS probe (Bruker). At 20 T, high-resolution
solid-state '>C were recorded using a standard 4 mm MAS
probe (Bruker). Parchments rolled into a cylindrical shape
were fitted into zirconia rotors of 4 mm and 7 mm external
diameters and spun at MAS frequencies in the range 1-14 kHz
with stability better than *3 Hz. High-resolution solid-state
C NMR spectra were recorded using cross-polarization
(CP),””*® MAS and high-power 'H decoupling. Typical acqui-
sition conditions for '?C CPMAS experiments at 7.05 T were:
"H 90° pulse duration = 4 us; contact time = 1.4 ms; recycle
delay = 1.5-6 s; continuous wave 'H decoupling. Typical
acquisition conditions for '>C CPMAS experiments at 20 T
were: 'H 90° pulse duration = 3.5 us; contact time = 1 ms;
recycle delay = 1.5-6 s; 'H decoupling using the SPINAL-64
sequence.”” The 'H and "’C chemical shifts are given relative
to tetramethylsilane. The accuracy of the temperature control-
ler used in this work was =1 K and the long-term stability was
better than +0.5 K. Temperature calibration of the probe was
done using the previously described procedure.*’

Dipolar Dephasing

The dipolar dephasing experiment incorporates MAS, CP and
'"H decoupling and is mainly used for distinguishing signals
because of quaternary and methyl carbons from methylene
and methine carbons. However, it has also potential for molec-
ular dynamics studies, which is explored in this work. A modi-
fied pulse sequence by Alemany et al.*! was used in this work

Biopolymers



for measurements of dipolar dephasing time constants ( Ty4),
which allows to acquire less distorted dipolar dephased spectra
by introducing additional 180° pulses in the middle of the
dipolar dephasing period #44. Using experiments with varying
f1q, the 12
Tyq values assuming the second-order exponential decay

(Gaussian decay)l4’41:

C signal intensity changes were measured to derive

I'=Iyexp (—t3a/(Tda)) )

where I and I, are °C signal intensities with and without dipo-
lar dephasing. At least 14 different values of the dipolar-
dephasing delay (#44) between 1 us and 50 us were used. Note
that the time constant Tyq in the above equation is equal to T,
J2 of reference [41]. All Tgq measurements at both 7.05 T and
20 T were carried out at the MAS frequency of 4.4 kHz.

Chemical Shift Anisotropy

In a solid, molecules are present in all possible orientations
with respect to the applied magnetic field, leading to a distri-
bution of chemical shifts that gives rise to a broad signal called
a powder pattern for a non-spinning sample. Analysis of the
shape of the powder pattern allows the principal components
(011, 022, and J33) of the CSA to be determined. In the stand-
ard convention, the principal components of the CSA, 11, 025,
and ds3, are labelled according to the TUPAC rules.** The fol-
lowing relationships apply under this convention:

principal components 017 > 02 > 033
isotropic chemical shift 3, = 210240
span Q= 611_533 (Q Z 0)

Asymmetry parameter 7 defined under the Haeberlen—
Mehring convention is useful for describing motional averag-
ing of CSA together with the span Q defined earlier. Under the
Haeberlen—-Mehring convention the asymmetry of CSA indi-
cates by how much the line shape deviates from that of an axial
symmetry. In the case of an axially symmetric CSA, # = 0. The
following definitions are used under the Haeberlen-Mehring

convention >

principal components |J,, —
isotropic chemical shift: 5150 =

25 asymmetry ) = ” >

5iso| Z |5xx_5iso‘ Z |5yy_5isol
Oxc 0y +02

anisotropy Ag = 8 — 2t = with 0 <

n< 1.

When the sample is subjected to MAS at a frequency that is
less than the CSA, the powder pattern appears as a set of
equally spaced narrow lines, comprising an isotropic peak and
spinning sidebands. At slow MAS frequencies, the sideband
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FIGURE 3 '>C CPMAS NMR spectra of (a) NP8 dry, (b) NP8

with 12 wt% DO, (¢) NP8 with 23 wt% D,O, (d) NP8 with 31
wt% D,0 (recorded at 298 K, MAS frequency 4.4 kHz, external
magnetic field strength 7.05 T). For full assignment of the '°C
peaks, see Figures 4 and 5 in reference [14].

intensity distribution can be used to obtain the principal com-
ponents of the CSA.*>*® The analysis of the motional averaging
effects on individual CSA components is often used to deduce
the geometry of the motion.'* ™ The procedure used to cal-
culate the components of the motionally averaged CSA in the
rapid motion regime and to determine the angular parameters
that characterize the geometry of motion has been described
previously."

RESULTS AND DISCUSSION

Influence of Water on '>’C MAS NMR Lineshapes

C CPMAS spectra of NP8 “as received” and with different
amounts of added heavy water are shown in Figures 3 and 4.
No significant changes of peak positions were observed,
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FIGURE 4 '>C CPMAS NMR spectra of (a) NP8 dry, (b) NP8
with 14 wt% D,0O, (¢) NP8 with 27 wt% D,O (recorded at 298 K,
MAS frequency 9 kHz, external magnetic field strength 20 T).
For full assignment of the '>C peaks, see Figures 4 and 5 in
reference [14].

whereas the line widths of the peaks vary depending on the rel-
ative amount of added water. In particular, gradual decrease of
line widths for the carbonyl (near ~175 ppm) and methyl car-
bons (near ~18 ppm, mainly due to the methyl carbon of Ala)
is observed on increasing the water content. This is evident
from the improved resolution of the peaks in these areas.
Unlike the CH and CH, carbons, the C and CH; carbons are
characterized by much smaller "H-">C dipolar interactions due
to larger distances from protons for the quaternary carbons
and the methyl group rotation for the methyl carbons; hence,
much smaller decoupling fields are needed for complete "H
decoupling of these carbons. The line width changes for the
CH and CH, carbons are less regular. For example, at 7.05 T
the line widths of the peak at 43 ppm (mainly due to CH, of
Gly) measured at 7/8th of its height were 95 Hz (0 wt% D,0),
84 Hz (12 wt% D,0), 91 Hz (23 wt% D,0), 131 Hz (31 wt%
D,0), and 136 Hz (47 wt% D,O). The increase of the line
widths at very high contents of added D,O (31-47 wt% D,O)

can be attributed to the possibility of the interference of
motions with frequencies of the order of the decoupling fre-
quencies used (6065 kHz).”>*' This possibility was verified by
measuring spectra of the (NP8 + 47 wt% D,O) sample at two
different decoupling fields (vp): 64 kHz and 96 kHz. The meas-
ured line widths of the peak at 43 ppm at 7/8th of its height
were 136 Hz at v, = 64 kHz and 106 Hz at vp= 96 kHz. Nar-
rower peaks at higher decoupling strength were also observed
for other carbons. For example, the measured line widths of
the peak at 25 ppm due to y-CH, of Pro at 7/8th of its height
were 67 Hz at vp, = 64 kHz and 54 Hz at v, = 96 kHz.
Although these preliminary observations are indicative of the
dependence of collagen dynamics on its water content, they are
not conclusive. Thus, further measurements of >C chemical
shift anisotropy and '"H-"C dipolar dephasing rates were
undertaken.

Changes in '°C Chemical Shift Anisotropy as a
Function of Temperature and Water Content

As shown previously," ™*
reorientations with motional frequencies >10 kHz leads to a
decrease of the span (Q) of the >CO CSA in collagen samples.
The results of our '>’CO CSA measurements using Herzfeld-
Berger analysis of slow MAS spectra for various collagen con-

taining samples are summarized in Table I. Despite the spectral

the increase of the amplitude of fast

overlap in this region, the measured >CO CSA changes in col-
lagen are mainly due to the carbonyl groups of Gly, which con-
stitutes one third of the amino acid residues, as well as other
backbone carbonyls. Hence, by studying the changes in the
motionally averaged values of the CSA the corresponding
changes in the backbone dynamics can be followed.

First, we consider the results of our measurements for
new parchment samples NP8 and SC81. From previous stud-
ies,''™1% it is known that at ~253 K the backbone motion of
collagen is frozen. We therefore measured the values of the
CSA components at low temperatures in order to estimate the
values of the CSA parameters (span, €2, and asymmetry param-
eter, ) corresponding to a motionally static collagen mole-
cules. At 233 K, the values of Q and 7 for NP8 were 154.1 =
0.7 ppm and 0.77 * 0.01, respectively. The corresponding val-
ues at 295 K for NP8 are 150.1 £ 0.7 ppm and 0.77 = 0.01.
The small decrease of Q on increasing the temperature suggests
that the amplitude of motions involving peptide carbonyl at
295 K increases slightly compared with that at 233 K.

To quantify the changes in motional amplitudes as a func-
tion of temperature and the water content, we used a simple
model of mono-axis motion and assumed that librational
motion about the C-C” bond is the major source of motional
averaging. This is similar to the approach described previously

Biopolymers
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Table I The *CO CSA Components Determined from CPMAS Spectra Recorded at 1.75 kHz

51 1 _5iso 522_5iso 533_5iso

Sample T(K) Jiso (ppm) (ppm) (ppm) (ppm) Q (ppm) n ®(°) R (ppm)
NPS 233 173.9 72.4 9.3 —81.7 154.1 0.77 - -
NP$ 295 173.9 70.5 8.9 —79.6 150.1 0.77 7 0.08
NP8+ 12 wt%D,0 295 174.0 69.8 9.1 —79.0 148.7 0.77 8 0.21
NP8+23 wt%D,0 295 174.1 69.1 8.8 —~78.0 147.0 0.77 10 0.18
NP8+31 wt%D,0 295 174.4 67.7 7.0 —74.7 142.4 0.81 13 0.27
NP8+38 wt%H,0O 295 174.5 63.7 9.2 —72.9 136.6 0.75 15 0.92
SC81 295 173.9 70.7 9.4 —80.1 150.9 0.77 7 0.21
CBAT 295 174.0 68.3 8.6 —76.9 145.2 0.78 11 0.20

“ The merit function R (ppm) for the simulated annealing fittings of the '?CO CSA for the determination of the librational amplitude ® (°) is defined as
R= /137 (097 —6%)?, where 8, and &; "' are experimental and calculated CSA components. Estimated uncertainties in Q, i and @ values were

+0.7 ppm, £0.01 and *1°, respectively. Spectra with satisfactory signal-to-noise ratios were obtained in all cases. The main source of errors in the deter-
mined values arises from integral intensity determinations due to the signal overlap.

for the ">C-labelled collagens."> Higher flexibility of the protein
backbone about the C-C* bond compared with other bonds is
supported by the previous analysis in which the direction of
the libration axis was derived from the CSA calculations of
[1-"°C]-Gly labelled collagens."> As the static values, we used
CSA values measured at 233 K (Table I). From the *CO CSA
fittings using simulated annealing algorithm,'*”>>°
mined the values of the librational amplitudes ®. These are
included in Table I. The changes in @ values indicate that the

we deter-

increase of water content leads to a significant increase of the
@ value. For example, the value of @ for NP8 was 7°, whereas
the sample of NP8 containing 38 wt% of added H,O showed
® = 15°. Overall, the obtained results show that:

i. backbone dynamics collagen from bovine Achilles tendon
(CBAT) and in parchments are significantly restricted com-
pared to collagens studied previously, but similar to the
mineralized collagenB’”_zo;

ii. addition of water (either H,O or D,0O) to parchments leads
to a significant increase of backbone motional amplitudes of

collagen molecules.

Dependence of "H-">C Dipolar Dephasing Rates on
Temperature and Water Content

Tables II and III summarize the results of our T44 measure-
ments at 20 T and 7.05 T, respectively. As expected, Ty, values
are higher at higher temperatures, reflecting the increase of the
motional amplitudes on increasing the temperature. For exam-
ple, in NP8 the Tyq value of the C’-H of Hyp is 38 us at 213 K
and 42 ps at 298 K at 20 T and v, = 4.4 kHz. At 7.05 T and v,
= 4.4 kHz, the corresponding T, value of the C’-H of Hyp is
24 ps at 233 K and 26 ps at 298 K. The observed field depend-
ence of Ty, has not been investigated, but it is likely that the

Biopolymers

measured values depend on both the MAS frequency and the
external field, that is, higher MAS frequencies at higher fields
are needed in order to retain the T, value constant.

The dependence on the added water content can be fol-
lowed from the T,; values measured for NP8 and SC81
(Tables IT and III). As in the case of the temperature depend-
ence, the gradual increase of T, values with the increase of
the amount of added water suggests the increase of the reor-
ientational amplitudes.

By dividing the rigid value of T,; determined at low tem-
peratures by the motionally averaged values of Ty4 at 298 K
(Table 1V) an order parameter S of the C-H bond can be
determined, which is a dimensionless measure of the ampli-
tude of the C-H reorientations. This parameter varies between
0 and 1, with higher values corresponding to motionally
restricted cases with smaller reorientational amplitudes. For a
simple two-site jump the order parameter is expected to
depend on the populations of the sites (p; and p,, with p; + p,
= 1) and the jump angle ®.>>>> Note that a two-site jump
model is suitable for the description of the Pro sidechain
dynamics, as supported by NMR,”*>® quantum-mechanical

355 and MD simulations.>***%7

calculations

For samples with no added water, the values of S for vari-
ous "C sites in collagen at two different fields suggest that the
most mobile part of the collagen molecule include the C-H
bonds of the sidechain carbon sites resonating between 25 and
31 ppm (Tables (II-1V)). These are mainly the sidechain C-H
bonds of Pro, Arg, Glu, and Lys residues in collagen (Figure 5).
The addition of water leads to significant increase of motional
amplitudes (i.e., jump angles) of all the measured C-H bond
directions in collagen. From the average ratio of the S values
for dry and wet samples, the increase in the motional ampli-

tudes for the sidechain C-H bonds (Sgr/Syee =~ 1.53) is
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Table II The Values of Ty4 (us) and S from the Measurements at 20 T (MAS Frequency 4.4 kHz, at Ambient Probe Temperature,
Unless Otherwise Indicated)”

Type of NP8 213 K NP8+ 14 wt% D,O NP8+ 14 wt%
dc (ppm) Carbon Carbon Taal 1s NP8 Taq/pts Taal us NP8 S D,OS
71.1 Hyp C” CH 38 42 46 0.90 0.83
59.6 Pro C% Hyp C* CH 38 41 44 0.93 0.86
54.3 Hyp C% Glu C* CH 39 39 42 1.00 0.93
49.8 Ala C* CH 39 39 42 1.00 0.93
47.8 Pro C° CH, 34 35 39 0.97 0.87
432 Gly C% Arg C° CH, 32 34 38 0.94 0.84
38.9 Hyp C%; Asp C* CH, 37 38 43 0.97 0.86
30.5 Pro C¥; Arg C* CH, 37 41 45 0.90 0.82
28.7 Glu C’; Lys C° CH, 37 40 45 0.93 0.82
25.4 Pro C’; Glu Cf CH, 38 44 49 0.86 0.78

*The estimated uncertainties in Ty4 values are within *1 us. From measurements at two different fields, deviations in S values vary between +0.01 and
£0.09. The main source of errors in these measurements is due to the signal overlap.

Table III The Results of T4 (¢s) Measurements at 4.4 kHz (at Ambient Probe Temperature, Unless Otherwise Indicated)®

Typeof NP8 NP8 + 12 NP8 +23 NP8+ 31 NP8+ 47 SC81+451
Carbon Oc (ppm) carbon 233K NP8  wt%D,O wt%D,O wt%D,0O wt%D,O  wt%H,O SC81 CBAT
Hyp C’ 71.1 CH 24 26 29 33 36 37 37 26 29
Pro C% Hyp C* 59.6 CH 24 25 28 31 34 35 36 25 28
Hyp C’ Glu C* 54.3 CH 25 26 27 32 34 35 36 26 29
Ala C* 49.8 CH 23 24 26 31 34 35 34 25 27
Pro C° 47.8 CH, 21 22 24 29 31 33 33 23 25
Gly C% Arg C° 432 CH, 19 20 22 25 28 29 31 19 22
Hyp C”; Asp C* 38.9 CH, 20 22 23 28 31 33 34 22 24
Pro C¥; Arg C* 30.5 CH, 21 25 26 31 36 37 38 24 36
Glu C’; Lys C° 28.7 CH, 21 25 26 31 35 40 38 23 28
Pro C’; Glu Cf 254 CH, 24 28 29 33 37 41 38 26 31

*The estimated uncertainties in Tyq values are within *1 pus. The main source of errors in these measurements is due to the signal overlap.

Table IV The Order Parameter S Calculated Using Tyq (us) Values®

Type of NP8 NP8 + NP8 + 23 NP8 + 31 NP8 + 47
Carbon Oc (ppm) carbon 233K NP8 12 wt%D,O wt%D,0 wt%D,0 wt%D,0 SC81+51 wt%H,O SC81 CBAT
Hyp C’ 71.1 CH 24 26 29 33 36 37 37 26 29
Pro C% Hyp C* 59.6 CH 24 25 28 31 34 35 36 25 28
Hyp C% GluC* 543 CH 25 26 27 32 34 35 36 26 29
Ala C* 49.8 CH 23 24 26 31 34 35 34 25 27
Pro C° 47.8 CH, 21 22 24 29 31 33 33 23 25
Gly C* Arg C° 43.2 CH, 19 20 22 25 28 29 31 19 22
Hyp C% Asp CP 389 CH, 20 22 23 28 31 33 34 2 24
Pro C%; Arg C* 30.5 CH, 21 25 26 31 36 37 38 24 36
Glu C”; Lys C° 28.7 CH, 21 25 26 31 35 40 38 23 28
Pro C’; Glu C# 25.4 CH, 24 28 29 33 37 41 38 26 31

? From measurements at two different fields for NP8, deviations in S values vary between *0.01 and *0.09. The main source of errors in these measure-
ments arises from the signal overlap.

Biopolymers
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FIGURE 5 The order parameter S of various sites in collagen in
NP8 at varying amounts of added D,O at 298 K. The estimated
uncertainties in the order parameter S were *=0.02 (Hyp C), =0.02
(Gly C% Arg C%), *0.05 (Pro C’; Glu Cf), +0.03 (Pro C* Hyp C%),
and *0.09 (Glu C7; Lys Co).

slightly higher than that for the backbone (Sgr,/Sye = 1.40).
Overall, the order parameters determined in this work are in
good agreement with those measured directly through the
detection of motionally averaged dipolar couplings as a func-
tion of hydration by Reichert et al.'” and Zernia and Huster."”
Slightly smaller values of S measured in this work compared
to those measured by Reichert et al.'” for CBAT may be caused
by the higher water content in parchments. We note that in the
CBAT sample used in this work additional lipid impurities
(with the alkane chain C,H,,+,) were detected in *C CPMAS
spectra,”® the overlap of which with the collagen peaks in the
aliphatic area is expected to lead to less accurate values of the
order parameters. No lipid or other impurities were found in
parchments used in this work.

Using Tyq ' as a quantity proportional to "H-">C dipolar
couplings, we can analyze the motional averaging Tyq ' in a
manner similar to that used for the analysis of *H quadrupo-
lar couplings® or '>C CSAs'® in the fast exchange region. As
before,”> we consider a mono-axis two-site jump model
which allows to determine the upper limit estimates of @. As
the rigid value of Tyq at 7.05 T we use 19 us, which is the
same for the Gly methylene group of NP8 at 233 K (Table
III) and that of glycine at 203 K. From the Ty4 value of Gly
C” in NP8 with no added water (Table III), the upper limit
estimate of @ under the two-site mono-axis model (e.g.,
restricted rotation about the C-C* bond, Figure 2a)"* is 11°
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FIGURE 6 Experimental '"H NMR spectra of NP8 (a) “as
received” sample; (b) NP8 soaked in D,O for 1 hour (contains 79.4
wt% Dzo).

at 298 K. Similarly, the upper limit estimates of ® were 19°
(12 wt%D,0), 25° (23 wt%D,0), 29° (31 wt%D,0) and 31°
(47 wt% D,0). Despite the simplicity of the model consid-
ered, these results suggest that the increase of the water con-
tent could lead to significant increase of the internal
restricted rotations (i.e., librations) about C-C* or N-C*
bonds of the collagen backbone. Overall, the observed
dependence of collagen dynamics on the water content is in
agreement with the previous reports,'!~1%17720-39-62

the results of studies on the effect of hydration of the molec-
18-20,59-62 The

as well as

ular mobility of collagen in bone and cartilage.
dependence of collagen dynamics on the water surrounding
appears to be its intrinsic property, which is retained in dif-
ferent environments in the presence of lipids, calcium phos-
phate, glycosaminoglycans, and other species.

Wideline "H NMR Lineshape Changes

Figure 6a illustrates wideline spectrum of NP8 recorded at
room temperature. The wideline spectrum is a superposition
of two peaks with considerably different line widths. The nar-
row peak in this spectrum is attributed to the bound (struc-
tural) water protons and the broad peak is attributed to the
collagen protons.
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The large difference in the line widths of two peaks allowed
us to use line shape fittings to derive peak areas and line widths
corresponding to these peaks. The results of the line shape fit-
ting showed that the ratio (PY/P®) of the water (PV) and pro-
tein (P") peak areas was 0.354. Using the known amino acid
distribution in parchments®* and the P"'/P" ratio of 0.354, the
initial H,O content can be evaluated as ~15 wt% in NP8.
From the line shape fittings, the line widths of the water (™)
and protein (L*) peaks were 3.370 + 0.002 kHz and 38.08 =+
0.02 kHz, respectively. Large differences in line widths of the
two peaks indicate that corresponding spin-spin relaxation
times (T,) are different and that the T, value for the broad
peak is likely to be very short (see below).

"H spectra of NP8 with 79.4 wt% D,O is shown in Figure
6b. As can be seen, significant narrowing of both narrow and
broad peaks occurs on adding D,0. However, no sharp peak
with a linewidth of ~100 Hz or less is observed, which can be
attributed to H,O or HOD molecules in a liquid like phase.
The best fit values L'V and L" for the sample containing 79.4
wt% D,O were 0.709 = 0.001 kHz and 23.71 = 0.05 kHz,
respectively. As T, is inversely proportional to L, this result
already suggests that the relaxation times T, for both water
and protein molecules are significantly increased in the pres-
ence of D,0.

Relaxation times are good indicators of the motional
changes and the correlation times can be estimated using T,
relaxation times. For the analysis of the protein T, data, a sim-
plified Lipari-Szabo model can be used.””> Under the Lipari-
Szabo formalism, the spectral density is defined as:

S (1—82) 101
J(@) = 1+ (07) 1+ (0rT)? G)
(Ttot)il = (Tc>71 + (Te)71 (4)

where 7. is the correlation time for the overall molecular
motion and 7, is an effective correlation time for the internal
motions. In the case of collagen, the overall correlation time 7.

approaches infinity’>®* and Eq. (3) simplifies into:
1-8%)t,
Jo) = 8 ®)
1+ (wrte)

Under this simplified Lipari Szabo model, it is assumed that
the internal motion can be approximated using a single corre-
lation time .. The T, relaxation time of protein protons can
then be calculated using the following equation:**

1 3y’ (,“0
T, 20 r& \4x

i

)2[31(0) +5J(wr) +2](2wr)]  (6)

Table V Proton T, Relaxation Times and Estimated Internal
Correlation Times 7, in NP8 Samples Containing D,0"

wt % D,0 T, (us) s° T (us)
79.4 36.4 — -

66.8 31.2 —

55.7 29.6 — -

45.0 27.0 0.66 8

33.3 22.5 0.68 10
19.8 18.4 0.76 15

9.8 16.0 0.86 28

0 9.7 0.95 123

 Estimated uncertainties in T, and 7. values are 0.8 us and *2 us. The
main source of errors is due to the overlap of the water and protein signals.

" The values of S at 0, 9.8, 19.8, 33.3 and 45 wt%D,O are assumed to be
equal to those in Table IV at 0, 12, 23, 31, and 47 wt%D,O, respectively.

The results of T, measurements using the Hahn echo
sequence are included in Table V for NP8 samples containing
different amounts of D,0. The internal correlation times of
protein molecules (7.) shown in Table V were calculated using
Egs. (5) and (6). The above determined values of order param-
eter S (Table IV) for the Gly residue were used in 7. calcula-
tions with the water content between 0 and 45 wt% DO, as
glycine is the most abundant residue in collagen and constitutes
one third of all the amino acid residues. In these calculations,
we have assumed that only short-range interactions are impor-
tant, as T, is proportional to rijﬁ. Thus, the interproton distance
of 1.76 A was used for the glycine CH, groups of collagen. The
values of 7. estimated in this manner (Table V) suggest that
motional frequencies of protein gradually increase as the
amount of D,O is increased. Combined with the results of the
CSA and dipolar dephasing measurements, we can conclude
that both the frequency and the amplitude of protein motions
are increased significantly on increasing the D,O content.

CONCLUDING REMARKS

11-14,17-20,59-62 .
our solid-state

In line with previous reports,
NMR studies of collagen samples of various origin confirm
that the amplitude of collagen backbone and sidechain
motions increases significantly on increasing the water content.
This conclusion is supported by the changes observed in three
different in nature NMR observables: (i) the linewidth depend-
ence on the 'H decoupling frequency; (i) '>C CSA changes for
the peptide carbonyl groups, and (iii) 'H-">C dipolar dephas-
ing rates. Considering the NMR observables involved, the
timescale of the protein motions dependent on the added
water content can be estimated to be of the order of microsec-
onds. This estimate agrees with that from our wideline proton
T, NMR measurements. In addition, our wideline 'H NMR
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measurements show that the timescale of the microsecond
motions in proteins reduces significantly on increasing the
added water content. In particular, an ~15-fold increase in
protein motional frequencies is observed on increasing the
added water content to 45 wt% D,O. A nearly three-fold
increase in motional amplitudes of the backbone librations
about C-C* or N-C” bonds is also found on increasing the
added water content to 47 wt% D,O.

We note that structural water molecules were present in col-
lagen samples before addition of water in our experiments.'* A
simple model that would agree with the observed changes in
collagen dynamics must therefore include the exchange of
structural and added water molecules as a result of increased
water translational diffusion of water molecules on increasing
its content. The structural water forming a scaffold around the
triple-helix is known to stabilize collagen’s higher order struc-
ture by forming hydrogen bonds with polar functionalities of
peptides. To a degree, hydrogen-bonded water molecules can
therefore be considered as extended sidechains of proteins.
Their exchange with the free water molecules as a result of
translational diffusion would involve the breakage and forma-
tion of new hydrogen bonds with protein and is therefore likely
to cause changes in the motional amplitudes and frequencies
of the protein sidechain and backbone, as revealed by solid-
state NMR measurements. Note that evidence in favour of the
translational diffusion of water molecules on protein surface
has also been provided by incoherent quasielastic neutron scat-
tering (IQNS) studies.”” It was shown that water molecules of
the first hydration layer of the crystalline hen egg-white lyso-
zyme, as well as those of the second incomplete hydration layer
confined between protein molecules diffuse translationally.”
Further computational studies are currently underway in order
to gain a better insight into the dependence of protein dynam-
ics on surrounding water molecules.
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