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ABSTRACT: W e  have determined the amplitude of nanosecond fluctuations of the collagen azimuthal 
orientation in intact tissues and reconstituted fibers from an analysis of 13C N M R  relaxation data. We 
have labeled (a) intact rat calvaria and tibia collagen (mineralized and cross-linked), (b) intact rat tail tendon 
and demineralized bone collagen (cross-linked), and (c) reconstituted lathyritic (non-cross-linked) chick 
calvaria collagen with [2-13C]glycine. This label was chosen because one-third of the amino acid residues 
in collagen are glycine and because the lH-I3C dipolar coupling is the dominant relaxation mechanism. 
Spin-lattice relaxation times (TI) and nuclear Overhauser enhancements were measured at  15.09 and 62.98 
MHz a t  22 and -35 OC. The measured N M R  parameters have been analyzed by using a dynamic model 
in which the azimuthal orientation of the molecule fluctuates as a consequence of reorientation about the 
axis of the triple helix. We have shown that if root mean square fluctuations in the azimuthal orientations 
are small, ym << 1 rad, (a) the correlation function decays with a single correlation time T and (b) T1 depends 
only upon 7 and yrms and not the detailed model of motion. Our analysis shows that, a t  22 OC, 7 is in the 
1-5-ns range for all samples and yrms is loo, 9 O ,  and 5.5' for the non-cross-linked, cross-linked, and 
mineralized samples, respectively. At -35 OC, yrms is less than 3' for all samples. These results show that 
mineral and low temperature significantly restrict the amplitude of nanosecond motions of the collagen 
backbone. Similar conclusions were obtained from an analysis of [ l-13C]glycine line shapes, except that 
the yrms values reported were 3-4 times larger than Y~~~ values reported herein. We suggest this difference 
in yrms values is obtained because line shapes are sensitive to much slower motions than are relaxation 
parameters 

have recently measured 13C nuclear magnetic resonance 
(NMR)' line shapes in order to study the dynamics of the 
collagen backbone as a function of cross-linking and miner- 
alization in intact tissues (Sarkar et al., 1983). Analysis of 
[ l-'3C]glycine line shapes has shown that cross-linking and 
mineralization restrict reorientation of the collagen backbone. 
The [ l-13C]glycine line shapes studied were sensitive to motions 
having correlation times 510-4 s. It was found that, on this 
time scale, the root mean square fluctuations in the collagen 
azimuthal angle, yrms, were 4 1 O ,  3 1 O ,  and 14O, respectively, 
for un-cross-linked, cross-linked, and mineralized collagen at 
22 OC (Sarkar et al., 1983). 

Preliminary spin-lattice relaxation, T I ,  data on [ 1-13C]- 
glycinc-labeled collagen suggested that (a) the amplitude of 
fast (nanosecond) backbone motions was significantly smaller 
than the amplitude of slow (T 4 s) motions and (b) the 
amplitude of the fast motions was affected by cross-links and 
mineral. However, a quantitative analysis of the spin-lattice 
relaxation data was complicated by two problems. First, two 
relaxation mechanisms (Spiess, 1978), chemical shift anisot- 
ropy and proton-carbon dipolar coupling, contributed to 
spin-lattice relaxation at the field strength (5.9 T) of our 
experiment. Second, observed T, values were so large (8-10 
s) that the spin-lattice relaxation may have been affected by 
13C-13C spin diffusion (Caravatti et al., 1982; Szeverenyi et 
al., 1982; Henrichs & Linder, 1984). 

We have circumvented these problems by preparing collagen 
labeled with [2-13C]glycine. The labeled methylene carbon 
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has a small chemical shift anisotropy (uzz - u,.. I 50 ppm) 
and a large proton-rbon dipolar coupling (wD/27r = 23 kHz). 
Therefore, a single mechanism, 'H-13C dipolar coupling, is 
responsible for spin-lattice relaxation. Furthermore, the strong 
dipolar interaction makes the 13C T I  values at 22 OC much 
less than the time required for 13C-13C spin diffusion. We have 
analyzed spin-lattice relaxation times and nuclear Overhauser 
enhancement (NOE) values measured at two fields, and we 
report herein the effect of cross-linking, mineralization, and 
temperature on the amplitude of rapid motions (T - s) 
of the collagen backbone. 

MATERIALS AND METHODS 
[2-13C]Glycine (90 atom ?h I3C) was purchased from Merck 

Isotopes (Canada). It was characterized by elemental and 
amino acid analyses and mass spectrometry before use. 

Reconstituted collagen fibrils labeled with [2-13C]glycine 
were prepared by means of chick calvaria tissue culture as 
described by Jelinski & Torchia (1979). The collagen fibrils, 
in equilibrium with 0.02 M Na2HP04, were packed into NMR 
tubes. Intact tissues were labeled by subcutaneous injection 
of a saline solution of [2-I3C]glycine (1.3 M) in the following 
manner. Beginning with 3-day-old rats 300 pL/day of glycine 
solution was injected for 5 days. Injection volume was in- 
creased to 500 pL for the next 7 days and finally to 700 pL 

Abbreviations: NMR, nuclear magnetic resonance; yrms. root mean 
square fluctuation in the collagen azimuthal angle; T I ,  spin-lattice re- 
laxation time; NOE, nuclear Overhauser enhancement; T ,  rotational 
correlation time; u,,, u,,,,, and u,,, the principal values of the chemical 
shift tensor relative to the isotropic value, ui, in the convention (Spiess, 
1978) luiJ > luxxl > IuyVl; wD, 'H-"C dipolar coupling constant as defined 
by Torchia & Szabo (1982); f i ,  unit vector parallel to the C-H bond axis. 
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FIGURE 1: Illustration of the (XH, YH, ZH) coordinate system used 
to derive relaxation equations. ZH is parallel to the helix axis, @, 
y) are the polar angles of the unit vector p, where p is along the CeH 
bond, and (e, 4) are the polar angles of Bo. 

from day 15 through day 20. The rats were sacrificed on the 
21st day, and the calvaria, tail tendons, and tibia were re- 
moved. They were washed, defatted, equilibrated with 0.15 
M NaC1, and packed into NMR tubes. In each case, control 
samples were obtained in a similar manner except that unla- 
beled glycine was used instead of the labeled material. 

Amino acid analyses of collagen hydrolysates were obtained 
by using a Durrum automatic amino acid analyzer. By use 
of the methods described previously (Sarkar et al., 1983), 
mineral content in the calvaria and tibia samples was found 
to be - 55%, indicating essentially complete mineralization 
(Eanes, 1973). 

Gas chromatography/mass spectroscopic analysis of the 
N-acetylmethyl ester derivatives of the protein hydrolysates 
showed that the level of enrichment was 30% in the rat tissue 
collagens and 50% in the reconstituted chick collagen fibers. 

I3C NMR spectra were obtained at 15.09 and 62.98 MHz 
on home-built solid-state spectrometers (Jelinski & Torchia, 
1979; Sarkar et al., 1983). The 90" carbon pulse width was 
5-6 ps, and the proton decoupling field [y2B2/(2r)] was 40-50 
kHz. The free induction decay (FID) signals were detected 
in quadrature by using 1024 and 2048 data points/channel 
at 15.09 and 62.98 MHz, respectively. The accumulated FID 
signals were digitally filtered (50-100-Hz line broadening) to 
improve sensitivity. Spectral windows were 40 and 100 kHz 
at 15.09 and 62.98 MHz, respectively. Sample temperature 
was regulated within f l  "C (Sarkar et al., 1983). 

Spectra for measuring spin-lattice relaxation times (T,) 
were obtained by using an inversion-recovery pulse sequence 
(180°-t-900-7'),. For each value of t, spectra were collected 
for the labeled sample as well as a control sample of the same 
weight. By subtracting the latter from the former, the inte- 
grated intensity for each value o f t  was corrected for natural 
abundance background. The integrated intensities were used 
in a least-squares analysis for T, determination. Nuclear 
Overhauser enhancements (1 + 7) were measured as described 
by Sarkar et al. (1983). Because of signal to noise limitations 
at 15.09 MHz, natural abundance spectra were not subtracted 
from I3C-labeled spectra when T, or NOE was measured. For 
this reason the uncertainty in these parameters is larger at the 
lower field as indicated in Table 11. 

THEORY 
The primary goal of this paper is to obtain information about 

the dynamics of the collagen backbone from 13C relaxation 
measurements. In particular, we want to determine the root 
mean square fluctuations in the azimuthal angle, yrm, of the 
collagen backbone. In order to do this we must develop 
equations that relate the measured NMR parameters ( T, and 
NOE) to rotational correlation times and amplitudes. 

X-ray diffraction data (Brodsky & Eikenberry, 1982) show 
that collagen molecules are most highly ordered in the direction 

parallel to the long axis of the molecule. We therefore assume 
that reorientation is primarily a consequence of motion about 
this axis (see Figure 1). This motion changes the orientation 
of the Ca-H bond axis, p, relative to Bo and therefore mod- 
ulates the strong 13C-'H dipolar coupling producing spin- 
lattice relaxation. The dipolar coupling is the only significant 
relaxation mechanism since the chemical shift anisotropy of 
the a-carbon is small (150 ppm), and there is no quadrupole 
coupling since Z = l/z. The general expressions for T1 and 
NOE in the case of dipolar coupling are (Spiess, 1978) 
l / T l  = l /TllI  = 

( ~ D ~ / ~ ) [ J o ( ~ I  - WS) + 3Jl(01) + 6Jz(wI + US)] (1) 

(2) 

WD = hyIyS/r3 (3) 

NOE = 1 + ysTlll/(yIT1lS) 

where 

and 

 TI'^ = ( W D ~ / ~ ) [ - J O ( ~ I  - us) + 6J2(u1 + us)] (4) 
The spectral density functions are defined as 

Jm(w) = 2 L m C m ( t )  cos (ut) dt (5) 

The correlation function, Cm(t), is (Torchia & Szabo, 1982) 
2 

aa'=-2 
Cm(t) = C dm0(') (e)dmaA2'(d)doa'z' (p)doar'2' (p )  X 

exp[i(a - aldrUu4t)  (6) 
where (0, 4) and (p, y) are the respective polar angles that 
define the orientation of Bo and p in the helix coordinate system 
(Figure 1) and 

raaW = (exp[iar(O)l exp[-ia'r(t>l) (7) 
We now evaluate raat explicitly for three models of motion. 

( I )  Two-Site Jump Model. Suppose p assumes two equally 
probable orientations, orientation 1 with (0, y) = (p, -yo) and 
orientation 2 with (p, y) = (0, +yo). By use of eq 23 in 
Torchia & Szabo (1982), the time-dependent part of J?aa,(t) 
is given by 

This formula is equivalent to eq 27 in Torchia & Szabo (1982) 
but differs in form because crystal-fixed coordinate systems 
are oriented differently in the two derivations of r. Note that 
yo = yrms for the two-site jump model. 

( 2 )  Restricted Diffusion. Suppose that p is restricted to free 
diffusion in the angular range *yo, then raar(t) is given by 
Wittebort & Szabo (1 978). 

(3) Diffusion in a Harmonic Potential. In this case it has 
been shown (Szabo, 1984) that the time-dependent part of I'd 
is given by 

r a a 4 t )  = sin (ayrms) sin ( a y r m s )  ex~(-Xt) (8) 

r a A t )  = eXP[-Yrms2(a2 + 
m 

aR)/21 C (aa'yrmZ)" exp(-nDt/yrms2)/n! (9) 
n = l  

Previous studies of collagen backbone dynamics (Jelinski & 
Torchia, 1979; Jelinski et al., 1980; Sarkar et al., 1983) suggest 
that yrms is small. If << 1 rad, it is straightforward 
to show that 

raat(t) N UU"/,,,~ exp(-t/r) (10) 
for the two-site jump, restricted diffusion, and diffusion in 
harmonic potential models. Therefore, for each model the 
correlation function decays with a single correlation time and 
depends only upon yrms, not the details of the motion. The 
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fact that I'oo,(t) depends only upon yrms for these distinctly 
different models of motion suggests that relaxation studies 
generally yield a model-independent value of yrms when yrm 
<< 1 rad. It has been shown (Sarkar et al., 1983) that line 
shapes in the fast motion limit depend only on yrms when yrm 
<< 1 rad. 

1 /TI = [30D7rms sin (p)/4I2[sin4 e [  1 - cos (44)]g(7,wl - 
us) + 2[sin2 e + sin2 (2e/4) + sin4 e cos (44)]g(7,wI) + 

[ I  + 6 cos2 8 + cos4 6 - sin4 0 cos (4@)]g(7,wI + os)] 
(1 1) 

where g(7,w) = 7/(1 + ~ ~ 7 ' ) .  In the fast limit w272 << 1, 
g(7,w) - T and 

1/T, = (97/4)(wDy,ms sin p)2(1 + cos2 e) (12) 

Note that l/TI is independent of 4 in the fast limit and varies 
by a factor of 2 as 8 changes from 0' to 90'. The anisotropy 
(orientation dependence) of TI increases as 7 increases. In 
the neighborhood of the TI minimum, w 7  = 0.5, there is a 
4-fold variation in TI as orientation is varied. 

We have not detected substantial TI anisotropy in the in- 
version-recovery spectra of the glycine a-carbon in collagen. 
We think that this is so because the anisotropy is averaged 
in several ways. To begin with, the glycine a-carbon is relaxed 
by two protons. Therefore, motions of two different internu- 
clear vectors having different orientations relax the I3C nucleus. 
Since the frequency of the I3C signal is determined by the 
chemical shift interaction, the signal at  each frequency will 
relax with two different rates determined by the different 
orientations of the two p vectors. Further averaging of TI 
anisotropy occurs because each frequency in the spectrum 
corresponds to a range of orientations of the C" chemical shift 
tensor (Haeberlen, 1976). Therefore, each frequency com- 
ponent of the line shape relaxes with a range of TI values. The 
orientation- (frequency-) dependent relaxation of the signal 
cannot presently be calculated since the orientation of the 
glycine C" shift tensor is not known. For this reason, and 
because the observed anisotropy in TI is small, we have 
measured and analyzed the relaxation function, R( t ) ,  of the 
total signal intensity given by 

Combining eq 1, 5, 6, and 10, we obtain 

R(t )  = [ W t )  - Mol/[M(O) - Mol (13) 
where M ( t )  is the integrated signal intensity observed after 
the 18O0-t-9O0 pulse sequence, M(0)  is M ( t )  at t = 0, and 
Mo is the equilibrium signal intensity. Since signal intensity 
corresponding to each orientation, (e, @), is a single exponential 
with time constant TI given by eq 11, R(t )  is a sum of ex- 
ponentials given by 

R(t )  = [1/(4*)Ij-exp(-t/TJ dQ (14) 

R(t) = [ 1 / ( 4 ~ ) ]  exp(-k)Sexp[-(k - @t] dR (15) 

where k = l/Tl, = ( k ) ,  and ( ) designates integration over 
all R. Expanding the integrand in a Taylor series and inte- 
grating over dS2 leads to 

R(t )  = exp(-h)(l + krms2t2/2 + ...) 

krms2 = ( k 2 )  - (k) '  

(16) 

(17) 
Because our inversion-recovery spectral data are obtained for 
small values of t ,  we find that plots of log R(t) vs. t are linear 
for the collagen samples studied herein. Therefore, km2t2 and 
higher order terms are evidently small enough to be ignored, 
and according to eq 16, the slope of the plot gives ( 1 / TI  ) . The 

where 

/ 

lit 1.2 
I 

1.0' ' 0.1 ' 1 I .o ' 10.0 ' 100 ' ' 

T Ins1 

FIGURE 2: Averaged NMR parameters (a) CyrmS2( l/T,)-I and (b) 
(NOE) calculated at two fields of 62.98 (-) and 15.09 MHz (-) 
assuming small amplitude fluctuations in the collagen azimuthal 
orientation (see eq 19 and 20). 

explicit theoretical expression for ( 1 / T I  ), obtained by inte- 
grating eq 11 over do, is 

( 1 /TI ) = 3yrm,Z(sin2 
(1/1O)wD2[g(7@I - ws) + 3g(7,w1) + 6g(7,01 + u s ) ]  (18) 

In this expression two terms involving the angle p appear 
because the Gly C" is bonded to two protons. Using the atomic 
coordinates of the collagen model peptide (Pro-Pro-Gly) 
(Okuyama et al., 1981), we calculate that sin2 p1 + sin2 p2 
= 1.76. So eq 18 becomes 

+ sin2 p2) X 

(1/Tl)/(Cyrms2) = 
(l/lo)wD2[g(7,wI - US) + 3g(7,'4) + 6g(7?wI + ( l9)  

where C = 3(sin2 PI + sin2 p2) = 5.28. The expression on the 
left side of eq 19 is identical with that obtained for isotropic 
motion. Therefore, plots of Cyrm2 ( l /TI)-l  vs. 7 (Figure 2a) 
are the familiar curves obtained for isotropic motion in solution. 

Although eq 19 was derived with the assumption that motion 
of fi  is restricted to reorientation about the helix axis, an 
essentially equivalent equation is obtained if p is assumed to 
wobble in a cone with semiangle p << 1 (Torchia & Szabo, 
1982). The expression for ( l /Tl)  in this case is obtained 
simply by replacing Cyrm: in eq 19 by 3[(p1)rms2 + (p2),,2]. 
So once again we see that for a small amplitude motion the 
essential information contained in the measurement of ( 1 / TI ) 
is the rms amplitude of the angular fluctuation of p. 

The orientation averaged NOE is given by 

(NOE)  = 1 + [ ( r s / r1 ) / (44 l j -  (Tl/TltS) (20) 

Since 1 /TI and 1 / TIIS are each proportional to y,:, (NOE) 
depends only upon 7. Plots of (NOE) vs. 7 for the two field 
strengths used in this study are shown in Figure 2b. These 
curves in Figure 2b are similar to those obtained for isotropic 
motion; however, note that the limiting values of (NOE) are 
2.7 and 1.23 in the fast (a2? << 1) and slow (w2? >> 1) motion 
limits, respectively. 

The procedure for obtaining yrms from the measured re- 
laxation parameters is then as follows. We obtain 7 from the 
measured value of (NOE) together with Figure 2b. Then we 
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FIGURE 3: 62.98-MHz I3C NMR spectra of rat tail tendon collagen 
(a) [2-13C]glycine-labeled spectrum with N O E  (b) natural abundance 
spectrum with NOE (c) difference spectrum obtained by subtracting 
spectrum b from s ctrum a; (d) difference spectrum as obtained in 
(c) except that $-labeled and natural abundance spectra were 
obtained without an N O E  (e) spectrum with zero integrated intensity 
obtained by subtracting 1.3  times spectrum d from spectrum c. All 
spectra were obtained at 22 "C by using a 90°-T pulse sequence, T 
= 2 s, and a 4.8-ps 90" pulse width. A total of 2048 transients was 
accumulated in each case, and the spectra shown have been normalized 
to compensate for different weights of labeled and natural abundance 
samples. Chemical shifts relative to external tetramethylsilane. 

use this value of 7 together with the curve in Figure 2a to 
determine CT-~( 1 / Tl )-l. y- is derived from the measured 
value of ( l/T,)-l and the definition of C (eq 19). 

In the above discussion we have assumed that the potential 
functions that determine the rates and amplitudes of collagen 
backbone motions are time independent. Internal motion, as 
opposed to rigid body motion of a macromolecule like collagen, 
may involve a large number of degrees of freedom. If this is 
the case, local conformations in the neighborhood of fi  are time 
dependent. As a consequence the potential function may itself 
undergo large time-dependent fluctuations. When these 
fluctuations are rapid compared with l/Tl, reorientation of 
fi  is described by a (homogeneous) distribution of correlation 
times rather than a single correlation time even if ym: << 1. 
We include the effect of a distribution of correlation times by 
replacing yrm2g( 7,w) in the expressions for ( 1 / T1 ) and ( 1 / 
Ti1S) by 

J-TrIn:g(w)P(~3) d7 

where ~ ( T , P )  d7 is the probability that the correlation time 
is in the range 7 to 7 + d7, and P is the mean value of 7. 
William-Watts (Williams & Watts, 1970; Kaplan & Gar- 
roway, 1982) and log x2 distribution functions (Schaefer, 
1973) have been used to analyze polymer relaxation data. 
Because NMR relaxation parameters are most sensitive to 
values of 7 - w ~ l  we replace ~ ~ ( 7 )  by its average value in 
the neighborhood of w c 1 .  For a log x2 distribution one then 
obtains plots of ( 1 / T1)-l and (NOE) vs. P, similar to those 
given by Schaefer (1973) and Torchia et al. (1977). In this 
regard the major difference between the curves calculated for 

Table I: Values of the Glycine a-Carbon Chemical Shift Tensor 
Principal Elements@ in Collagen in Two Tissues at 22 and -35 O C  

sample uxx (PPm) uyy  (PPm) 6 2 2  (PPm) 
calvariab -24 -1 25 
tail tendonb -23 0 23 
calvaria$ tail tendonc -23 -4 27 

"Tensor elements are relative to u, = (uxx + uy + a,,)/3 at 62.98 
MHz; negative shifts indicate decreased shielding. %22 "C; uncertainty 
f 3  oom. '-35 OC: uncertainty f 3  DDm. 

the single correlation and distribution of correlation time 
models is that the dependence of ( 1 / T1 )-l and (NOE) on the 
correlation time and the field is much more gradual in the 
latter case. 

RESULTS 
I3C spectra at 62.98 MHz of rat tail tendon collagen labeled 

with [2-13C]glycine and in natural abundance are shown in 
Figure 3a,b, respectively. These spectra were obtained by using 
a 90'-T pulse sequence. The protons were decoupled during 
acquisition of the free induction decay signal and otherwise 
saturated to obtain an NOE. The difference spectrum, Figure 
3c, obtained by subtracting the spectrum in FigLre 3b from 
that in Figure 3a shows the [2-13C]glycine powder pattern with 
an NOE. The difference spectrum in Figure 3d shows the 
[2-13C]Gly powder pattern without NOE. As expected, the 
signal in Figure 3c is larger than that in Figure 3d. In addition, 
the signal shapes differ slightly because the NOE is anisotropic. 
This is seen in the difference spectrum, Figure 3e, obtained 
by multiplying the signal in Figure 3d by the average NOE 
and subtracting this signal from the signal in Figure 3c. 
Although the resulting spectrum has no net signal, it is com- 
posed of small positive and negative components because the 
NOE is anisotropic. 

Since the spectrum in Figure 3d is corrected for natural 
abundance contributions and has no NOE, we have obtained 
the principal elements of the [2-13C]Gly chemical shift tensor 
by computer simulating this line shape. The principal elements 
obtained by this procedure are listed in Table I for collagen 
in the various samples at 22 and -35 OC. The experimental 
uncertainties in the tensor elements are large because line 
widths of nearly 10 ppm had to be employed in order to obtain 
good simulations of the observed spectra. These large line 
widths are a consequence of (a) the short T,, of the glycine 
a-carbons, 5 1  ms, (b) chemical shift dispersion of 2-3 ppm, 
resulting from variations in sequence and structure, and (c) 
the 100-Hz line broadening used to improve signal to noise. 
As shown previously (Sarkar et al., 1983) I3C-l4N dipolar 
coupling is not large ( 5 3  ppm) in collagen at 62.98 MHz at 
the temperatures used because the I4N T, is small enough to 
decouple these nuclei. 

Spin-lattice relaxation times were obtained from inver- 
sion-recovery difference spectra !ike those shown in Figure 
4 for rat tail tendon. The relaxation is slightly anisotropic, 
like the NOE, and different parts of the powder pattern relax 
with different rates. Because the anisotropy in Tl has a small 
effect on the partially relaxed line shape and because the 
orientation of the glycine a-carbon chemical shift tensor is not 
known, we used the integrated intensity of the entire signal 
to determine the average TI value. The average TI values 
obtained for the various samples at 15.09 and 62.98 MHz and 
at  22 and -35 OC are listed in Table 11. The average NOE 
values measured at the two fields and temperatures are also 
listed in Table 11. 

The correlation times for the six collagen samples (Table 
111) are obtained at 22 OC and 62.98 MHz from the plot of 
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Table 11: Measured Values" of (1/Tl)-l and (NOE) for Glycine &-Carbons in Collagen Samples at Two Fields and Temperatures 
62.98 MHz at 

22 OC -35 o c  15.09 MHz at 22 "C 
sample (l/TI)-l (SI WOE)  TI)-' (s) WOE) (l/Tl)-l (s) (NOE) 

reconstituted fibrils 0.7 1.4 7.5 2.0 0.13b 1.7* 
tail tendon 0.8 1.3 8.3 1.4 0.24 1.6 
demineralized calvaria 0.8 1.6 
demineralized tibia 0.8 1.6 
mineralized calvaria 1.9 1.6 7.9 1.6 0.54 1.6 
mineralized tibia 1.8 1.4 8.2 1.4 0.63 1.6 

"Experimental uncertainty: 10% at 62.98 MHz and 20% at 15.09 MHz. bFrom Jelinski & Torchia (1979). 

Table 111: Values of T and ym Obtained for Collagen Samples at 
22 OC from Glycine a-Carbon (NOE) and ( 1 / T, )-l Measurements 

reconstituted fibrils 2.0 9.4 4.8 10.8 
tail tendon 3.2 9.4 5.6 8.0 
demineralized calvaria 1.2 8.8 
demineralized tibia 1.2 8.8 
mineralized calvaria 1.2 5.8 5.6 5.3 
mineralized tibia 2.0 5.9 5.6 4.9 

(NOE) vs. T (Figure 2b) together with the measured (NOE) 
values. These correlation times and Figure 2a yield theoretical 
values of Cyrm: ( l /TI)-l .  Since C is known, the measured 
values of ( l/Tl)-l yield the values of ym (Table 111). Values 
of T and yrms (Table 111) were obtained in a similar way at 
-35 "C and 62.98 MHz and at 22 "C and 15.09 MHz. 

DISCUSSION 
The correlation times obtained for the various collagen 

samples at 22 "C,  62.98 MHz, lie in the range 1-3 ns. At 
the same temperature, but a t  the lower field strength, 15.09 
MHz, correlation times for all samples are larger, 5-6 ns. This 
discrepancy in correlation times derived at the two different 
field strengths is explained by the fact that the theoretical 
curves in Figure 2b, which are calculated assuming small 
amplitude fluctuations in the collagen azimuthal angle, predict 
a large difference in (NOE) values at the two field strengths 
when T is in the range 0.5-5 ns. In fact, the measured values 
of (NOE) (Table 11) are only slightly larger at 15.09 MHz 
than at 62.98 MHz. 

If we relax our assumption that ym is small and allow ym 
to have large values, major discrepancies between theory and 
experiment are found. Analysis of the TI data shows that when 
ym is greater than 20°, is either much greater or much 
less than one. [7 is the mean correlation time and is equal 
to the derivative of raa(t) at t = 01. For values of ( 0 ~ 7 ) ~  in 
these limits, the predicted (a) field dependence of T, and (b) 
values of (NOE) are either much greater than or much less 
than that observed. 

In contrast with these results, theory does predict the ob- 
served small field dependence of (NOE) if a log x2 distribution 
(p = 14, b = 1000) is used (Schaefer, 1973; Torchia et al., 
1977), and the values of ym obtained are 20-30% larger than 
those listed in Table 111. A simple two-component correlation 
function 

c m ( t )  = (6/10) sin2 @[(rA)rms2 exp(-t/TA) + (YB)rms* 

exp(-t/TB)l (Z1) 

also predicts a small field dependence of (NOE) and yields 
a consistent analysis of the relaxation data. For example, the 
measured relaxation parameters of the tendon sample are 
calculated by using T~ = 1.5 ns, (yJrms = lo", TB = 50 ns, 

. , . , . , . I 1  
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FIGURE 4: 62.98-MHz l3c NMR inversion-recovery spectra of rat 
tail tendon collagen at 22 OC obtained by using a 18O0-?-9O0-T pulse 
sequence with T = 2 s and t = (a) 0.1, (b) 0.2, (c) 0.3, (d) 0.5, and 
(e) 0.75 s. Each spectrum is the difference of the inversion-recovery 
spectrum of [2-13C]glycine-labeled collagen and the corresponding 
inversion-recovery spectrum of collagen in natural abundance. 
Chemical shifts relative to external tetramethylsilane. 

and = 20". Again the value of ym for the fast motion 
component is slightly larger than the result in Table 111. We 
have not pursued calculations using multicomponent correla- 
tion functions in great detail for two reasons. First, our 
preliminary calculations indicate that the values of yrms ob- 
tained do not differ greatly from the single correlation time 
results in Table 111. Second, multicomponent correlation 
functions contain additional unknown parameters which can 
be constrained only when many more field-dependent mea- 
surements are made. When such measurements are made, it 
will be valuable to consider multicomponent correlation 
functions in detail since they model the complex motion of the 
collagen backbone better than the simple model used herein. 

Examination of Table I11 shows that, for a given sample, 
the values of yrm obtained at the two field strengths are in 
close agreement. If we average the values of yrm obtained 
for the various types of samples at the two fields, we find that 
yrm = 5.5" for the mineralized cross-linked bone collagen 
samples, yrm = 8.8" for the nonmineralized cross-linked 
samples, and ym = 10.1 " for the nonmineralized non-cross- 
linked reconstituted sample. 

Before the significance of these results is discussed, it is 
necessary to comment upon their accuracy. Several sources 
of error contribute to the uncertainty in the values of ym listed 
in Table 111. To begin with, the measured values of (NOE) 
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and Figure 2b show that r is approximately equal to wfl, but 
the value of r is quite sensitive to errors in the (NOE) mea- 
surement which causes the values of r listed in Table I11 to 
have an uncertainty of nearly a factor of 2. Fortunately, the 
large uncertainty in 7 translates into a much smaller uncer- 
tainty, nearly 20%, in Cyrm:( 1 /TI )-I  because, according to 
Figure 2a, this quantity is insensitive to r when r - wi'. 
Other errors in yrms, nearly 3091, arise from the combined 
uncertainties in C, ( 1 / TI ), and wD. It should also be recalled 
that distribution of correlation time models suggest that the 
single correlation time model underestimates y- by 20-30%. 
As a consequence of these sources of error the values of yrms 
listed in Table I11 are accurate only to within a factor of 1.5. 
However, it is important to realize that, except for the error 
in measuring ( 1 / T1 )-l, all other sources of error affect yrms 
for each sample in the same way. Therefore, the ratios of the 
values of yrms have uncertainties of less than lo%, and the 
progressive reduction of yrms seen in Table I11 provides a 
quantitative estimate of the extent to which cross-linking and 
mineralization restrict nanosecond motions of the collagen 
backbone. A qualitatively similar progression in yrm values 
was found (Sarkar et al., 1983) from an analysis of the line 
shapes of collagens labeled with [ l-13C]glycine; however, the 
values of yms obtained from the line-shape analyses were 3-4 
times larger than the values obtained herein. Although we 
have noted that the absolute values of yms have large un- 
certainties, we do not think that this explains the large dif- 
ferences in yrms observed in the two types of experiments. 
Rather, we think the difference in values of yrms is found 
because T I  and NOE values are primarily sensitive to motions 
having correlation times of ca. 1 ns; in contrast, all motions 
having correlation times less than ca. lo-" s will affect the 
[ l-13C]glycine line shape. Therefore, slow motions having 
large amplitudes will be sensed by the line shape but not the 
relaxation times. 

At -35 'C and 62.98 MHz the measured values of ( 1/Tl)-l 
are 5-10 times larger than the values measured at 22 "C, 
whereas the measured (NOE) values are the same, within 
experimental error, at the two temperatures. These mea- 
surements imply that the collagen correlation times are in the 
1-3-11s range at -35 'C as found at 22 "C. However, in 
contrast with the results obtained at 22 "C, a small value of 
y-, 3', is obtained for all collagen samples (mineralized and 
nonmineralized) at -35 'C. This value of yrms may be an 
overestimate since the measured values of ( 1 / Tl )-l are so large 
at -35 'C (Table 11) that the 13C-13C spin diffusion may affect 
the measurement of ( l/Tl)-l.  For instance, rapidly relaxing 
methyl carbons may contribute to the relaxation of the glycine 
a-carbons. 

The low-temperature relaxation results are in accord with 
studies of [l-13C]glycine line shapes in collagen at -35 "C 
where rigid lattice powder line shapes are observed without 
distortion from 13C-14N dipolar coupling. A line-shape cal- 
culation shows that a motion having yrms = 3" produces an 
insignificant reduction (<1%) in the rigid lattice chemical shift 
powder line width of the glycine carbonyl carbon; at the same 
time, modulation of the strong nitrogen quadrupole interaction 
by this motion results in rapid spin-lattice relaxation of the 
peptide nitrogen, thereby reducing the 14N-13C dipolar cou- 
pling. 

The NMR studies of collagen backbone dynamics show that 
the amplitude of backbone motion is not greatly affected by 
cross-links. This result is reasonable since collagen fibers 
contain only a few intermolecular cross-links per molecule 
(Eyre, 1980). These studies also provide insight into the nature 

of the backbone motions. Motions having correlation times 
in the range of a few nanoseconds have been observed. Since 
these correlation times are much smaller than the correlation 
times calculated for overall motion of the molecule (Jelinski 
& Torchia, 1979), the backbone motion must be segmental. 
Motion of a long segment wil have a larger correlation time 
and amplitude than motion of a short segment. This is in 
accord with the result that yrm obtained from line-shape 
analysis ( r  < lo4 s) is 3-4 times larger than yrms obtained 
from relaxation data (7 - 1-3 ns). The observation that all 
samples studied have small values of yrms (-3") when bulk 
water is frozen (-35 "C) suggests that mobile (liquidlike) water 
has an important role in collagen flexibility. This conclusion 
is supported by the observation that yrm is much smaller in 
intact bone and lyophilized demineralized bone samples than 
in hydrated nonmineralized samples. In bone, most of the 
water has been replaced by a rigid inorganic matrix (calcium 
phosphate) (Eanes et al., 1976). Presumably the interaction 
of mineral with collagen hinders motion of the collagen 
molecules. However, since collagen backbone motion involves 
segments of unknown length, we cannot estimate the frequency 
of collagen-mineral interactions along the surface of the triple 
helix using the present data. Amino acid side chains are 
located on the surface of the collagen molecules (Bornstein 
& Traub, 1979) and are flexible in unmineralized collagen 
fibrils (Torchia, 1984). We are currently comparing the 
flexibility of various labeled amino acid side chains in min- 
eralized and nonmineralized collagen to characterize colla- 
gen-mineral interactions in greater detail. 

We conclude with a discussion of the possible functional 
significance of collagen backbone mobility. Collagen fibers 
provide mechanical stability in connective tissues by virtue of 
their high tensile strength. One possible benefit of molecular 
flexibility is that collagen molecules are able to make rapid, 
small conformational changes as tension is applied, which 
permits stress to be distributed uniformly. In addition, some 
of the mechanical energy associated with the application of 
tension can be absorbed by the segmentally flexible molecules. 
The conformational freedom of demineralized collagen mol- 
ecules suggests that the unmineralized collagen matrix is able 
to accommodate calcium phosphate crystallites having a va- 
riety of shapes and sizes. Although mineralization reduces 
collagen flexibility, the remaining molecular motions may 
contribute to the impact strength of bone just as molecular 
motion is thought (Steger et al., 1980) to contribute to impact 
strength of solid polymers. 
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ABSTRACT: A procedure for replacing residues 33-35 in the anticodon loop of yeast tRNATy with any desired 
oligonucleotide has been developed. The three residues were removed by partial ribonuclease A digestion. 
An oligonucleotide was inserted into the gap in four steps by using R N A  ligase, polynucleotide kinase, and 
pseT 1 polynucleotide kinase. The rate of aminoacylation of anticodon loop substituted tRNATy by yeast 
tyrosyl-tRNA synthetase was found to depend upon the sequence of the oligonucleotide inserted. This suggests 
that the nucleotides in the anticodon loop of yeast tRNATYr are required for optimal aminoacylation. In 
addition, tRNATyr modified to have a phenylalanine anticodon was shown to be misacylated by yeast 
phenylalanyl-tRNA synthetase a t  a rate a t  least 10 times faster than unmodified tRNATyr. Thus, the 
anticodon is used by phenylalanyl-tRNA synthetase to distinguish between tRNAs. 

w h e n  a tRNA reacts with its cognate aminoacyl-tRNA 
synthetase, the anticodon loop is often in contact with the 
surface of the enzyme. Kisselev (1983) summarizes a variety 
of experiments indicating the involvement of the anticodon for 
eight different Escherichia coli and five different yeast tRNA 
synthetases. In several instances, it is clear that functional 
groups of anticodon nucleotides are important in the inter- 
action. If anticodon residues 34 or 35 of E. coli t R N A y  are 
chemically modified (Schulman & Pelka, 1977) or altered in 
their sequence (Schulman et al., 1983a), the rate of amino- 
acylation is drastically reduced. Mutations in the anticodons 
of E .  coli tRNAG’y (Carbon & Squires, 1971) and tRNATrp 
(Yarus et al., 1977) also have been shown to alter their rate 
of aminoacylation. These experiments support the view that 
anticodon loop residues could be used by aminoacyl-tRNA 
synthetases to distinguish between different tRNAs (Kisselev 
& Frolova, 1964). 

In this work, we describe an enzymatic procedure to alter 
the sequence of residues 33-35 of yeast tRNAT” to any desired 
sequence. The procedure closely resembles the protocol pre- 
viously developed for substituting nucleotides 34-37 in yeast 
tRNAPhe (Bruce & Uhlenbeck, 1982a) although different 
anticodon residues are changed. We have used these antico- 
don-substituted tRNAsTyr to demonstrate that yeast tyrosyl- 
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tRNA synthetase also requires the correct anticodon sequence 
for optimal rates of aminoacylation. In addition the substi- 
tution of \k-35 with an A produces a tRNAT” with a phenyl- 
alanine anticodon. Since it has been shown previously that 
yeast phenylalanyl-tRNA synthetase requires the correct an- 
ticodon sequence in tRNAPhe to give an optimal rate of am- 
inoacylation (Bruce & Uhlenbeck, 1982b), the misacylation 
of the A-35 tRNAT” with phenylalanyl-tRNA synthetase was 
investigated. We show that the substitution results in a sub- 
stantial increase in misacylation when compared to tRNAT”. 
These results clearly indicate that a contact at A-35 is im- 
portant in the interaction of the tRNA with phenylalanyl- 
tRNA synthetase. 

MATERIALS AND METHODS 
Enzymes. RNA ligase (Moseman-McCoy et al., 1979) and 

polynucleotide kinase (Cameron & Uhlenbeck, 1977) were 
purified from TCinfected E.  coli. Polynucleotide kinase 
lacking the 3’-phosphatase activity was purified from pse.T 1 
T4 infected E.  coli (Soltis & Uhlenbeck, 1982). Primer-de- 
pendent polynucleotide phosphorylase was purified from 
Micrococcus luteus (Klee, 1971). Yeast tRNA nucleotidyl- 
transferase was a gift from P. Sigler. Homogeneous yeast 
phenylalanyl-tRNA synthetase was a gift from P. Remy. 
Yeast tyrosyl-tRNA synthetase was purified to a specific 
activity of 200 units/mg by using the first three steps of the 
procedure of Faulhammer & Cramer (1977). Ribonucleases 
TI ,  T2, PI ,  and C13 were purchased from Boehringer-Mann- 
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