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Helical States of the Collagen Peptide, 0-1-CB2, as 
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ABSTRACT: Carbon- 13 chemical shifts, spin-lattice ( T l )  
and spin-spin (T2) relaxation times, and 3C-{'H{ nuclear 
Overhauser enhancements (NOE) have been determined 
for the random coil and triple helical states of the a l -CB2  
fragment of rat skin collagen. Assignment of all aliphatic 
resonances of this 36 residue peptide in the random coil 
state (30")  has been achieved with the aid of model poly- 
peptides containing pyrrolidine residues. The chemical 
shifts and intensities of the Pro and Hyp Cy resonances 
show that 290% of the X-Pro and X-Hyp bonds are trans in 
both helix and coil conformations. From T I  measurements 
rotational correlation times (7,ff) of ca. 0.45 nsec are calcu- 
lated for interior C'l carbons in the coil, while Teff values of 
the side chain and near terminal carbons are found to be 
2-9 times smaller. These results along with the narrow nat- 
ural line widths (3-5 Hz) and maximal NOE values (2.8 f 
0.3) demonstrate the high degree of backbone mobility, due 
to segmental motion, in the unordered state of the peptide. 
By contrast, the broad lines (50-90 Hz) and small NOE 
values (1.3 f 0.3) for the cy carbons in the helical state (2') 
suggest much slower motion. The line widths and NOE 

T h e  primary biological function of collagen, the major 
protein constituent of connective tissue and bone, is struc- 
tural. The structural unit common to all collagens at the 
molecular level is the triple stranded helix. Each of the 
three LY chains which comprise the helix consists of ca. 1000 
amino acids. The stability of the helical structure results 
from the regular amino acid sequence of the N chains which 
consist of Gly-X-Y' triplets where X and Y are often pyr- 
rolidine residues. The regularity of the a-chain sequence 
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values together with the C" TI values (0.025-0.040 sec) 
correspond to correlation times which are in reasonable 
agreement with those calculated for an axially symmetric 
rigid ellipsoid, undergoing rotational diffusion, having di- 
mensions approximating those of a collagen-type triple heli- 
cal aggregate of three a l -CB2 chains. A satisfactory com- 
puter simulation of the experimental 2O spectrum is ob- 
tained by assigning the narrow aliphatic resonances in the 
spectrum (line widths 5--40 Hz) to (a) carbons in the small 
amounts of a l -CB2  (3 mol %) and 01-CBI ( 2 . 5  mol %) 
random coil conformations, (b) carbons in the flexible ter- 
minal triplets of the helix, and (c) Ala, Leu, and Phe methyl 
and phenyl carbons. The side chain carbon line widths ob- 
tained from the simulation-when compared with side 
chain line widths calculated for a rotating rigid ellipsoid 
with internal motion-indicate rapid axial reorientation of 
methyl and phenyl groups. With the exception of the Hyp 
residue the line widths suggest local motion for a t  least 
some carbons in most other side chain moieties. The Hyp 
C" and Cy line widths indicate the presence of little if any 
rapid Hyp ring motion. 

has prompted many model studies (Traub and Piez, 1971; 
Sakakibara et ai., 1973) using synthetic peptides of the 
form (Cly-X-Y),. Recent advances in collagen chemistry 
have permitted model studies using small fragments of the 
a chains themselves (Piez and Sherman, 1970a,b; Ward 
and Mason, 1973). One such fragment, aI-CB2, obtained 
from the C U I  chain of rat skin collagen has 36 residues in the 
sequence2 (Bornstein, 1967) 
Gly- Pro-Ser-Gly- Pro- Arg-Gly- Leu- Hyp-Gly- Pro-Hyp- 
Gly- Ala- Hyp-Gly- Pro-Gln-Gly- Phe- Gln- Gly- Pro- Hyp- 

Gly-Glu- Hyp-Gly-Glu-Hyp- Gly- Ala-Ser-Gly- Pro- Hse 
and undergoes a temperature induced reversible transition 
from a random coil to a rod-like triple-stranded structure 
(trimer) of high (-90%) helix content (Piez and Sherman, 
1970a,b). 

It was anticipated that the conformations of this peptide 
could be further elucidated using 13C nuclear magnetic res- 
onance (nmr) spectroscopy, since resonances due to carbons 
i n  different residues can be resolved in complex peptides 
(Lyerla and Freedman, 1972). Although the low abundance 
(1.1%) of 13C nuclei gives rise to weak signals, sensitivity 
enhancement is provided using Fourier transform tech- 
niques (Farrar and Becker, 1970) which also enable spin- 
lattice relaxation times ( T I )  to be readily measured (Vold 

Due to incomplete hydroxylation, rat skin a l -CB2 contains ca. 5 
Hyp residues (Bornstein, 1967). Amino acid analysis showed that the 
sample used i n  this work contained 5 . S  Hyp and 6.5 Pro residues. 
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et al., 1968). Furthermore, spin-spin relaxation times (T2) 
can be estimated from I3C line widths and the 13C-(iH] nu- 
clear Overhauser enhancement (Kuhlmann et al . ,  1970) 
(NOE) can be obtained from a comparison of I3C signal in- 
tensities with and without proton decoupling. These nmr 
parameters are sensitive functions of the rotational reorien- 
tation of individual C-H (internuclear) vectors (Solomon, 
1955; Abragam, 1961; Woessner, 1962; Woessner et al. ,  
1969; Allerhand et al.,  1971; Schaefer and Natusch, 1972). 
In order to determine rotational correlation times or rota- 
tional diffusion coefficients from the measured parameters 
( T I ,  line width, NOE) it is necessary to assume a model for 
the reorientation of the molecule. The reorientation of glob- 
ular proteins is often assumed to be represented by rotation- 
al diffusion of a sphere; however, such a model is clearly in- 
appropriate in the case of the rod-like a l -CB2  helix. An el- 
lipsoid of revolution approximates the shape of the a1-CB2 
helix and a theoretical framework is available for relating 
the measured nmr parameters to rotational diffusion coeffi- 
cients of the ellipsoid. Parameters which enter the theoreti- 
cal expressions-the dimensions of ellipsoid model of the 
a1 -CB2 helix and the angles made by the various C-H vec- 
tors and the long axis of the helix-can be obtained from 
the structures of collagen and model polypeptides deter- 
mined by X-ray diffraction data (Ramachandran, 1967; 
Traub and Piez, 1971). 

Unlike the helix, the random coil does not have a rigid 
conformation and exhibits complex molecular dynamics in 
which the reorientation of a C-H vector is characterized by 
a distribution of correlation times (Connor, 1963). Since 
detailed theoretical models for C-H reorientation in flexi- 
ble polypeptide chains are not available it is not possible to 
relate the measured T I  values to precisely defined correla- 
tion times. However, average or effective correlation times 
( Terf) (Woessner, 1962) can be calculated from measured 
Ti values and do provide a reasonable description of the 
motion of Pro, Hyp, and Gly residues in random coiling co- 
polypeptides composed of these residues (Torchia and Lyer- 
la, 1974). Hence, it is anticipated that average mobility of 
carbons i n  various residues in the random coil can be deter- 
mined and compared with the mobility of carbons in the 
helix. 

While relaxation times provide information on molecular 
motion, chemical shifts can be used to study various fea- 
tures of molecular structure. In polypeptides containing 
pyrrolidine residues, X-Pro and X-Hyp peptide bonds are 
commonly cis (Bovey et al., 1972; Torchia and Lyerla, 
1974). Intensities and chemical shifts of pyrrolidine ring 
carbons can be used to determine the population of the pep- 
tide isomers in polypeptides (Dorman and Bovey, 1973; 
Torchia et al., 1974b). Pro and Hyp resonances in the spec- 
tra of a l -CB2  have been examined for evidence of cis iso- 
mers. 

Experimental Section 
Preparation of a1 -CB2. Collagen was extracted with a 

salt solution from the skins of Sprague-Dawley rats which 
were fed a diet containing 0.1% of P-aminopropionitrile fu- 
marate for 3 weeks. The extracted collagen was separated 
into its component a and /3 chains using carboxymethylcel- 
lulose chromatography (Bornstein and Piez, 1966). Fol- 
lowing cleavage of the a1 chain with cyanogen bromide 
(Epstein et al.,  1971), the resulting peptides were lyophi- 
lized to yield eight samples, each containing 200-300 mg of 
material. Each sample was dissolved in 5 ml of 0.5 N acetic 

acid at 50" and the peptides were desalted and partially 
fractionated by molecular sieve chromatography a t  room 
temperature on a 2.2 X 110 cm column of Bio-Gel P6 
(100-200 mesh, Bio-Rad Laboratories3) equilibrated with 
0.1 N acetic acid a t  50 ml/hr. In a typical chromatograph, 
the first 125 mi were discarded for lack of absorbance at 
236 nm. Two ensuing fractions of 1 1  5 ml were collected and 
lyophilized to give salt free peptide mixtures. The second 
fraction (ca. 100 mg) was resolved into the low molecular 
weight a 1 cyanogen bromide peptides by phosphocellulose 
chromatography (Bornstein and Piez, 1966). Lyophilized 
material containing a l -CB2  was dissolved in 0.5 h acetic 
acid a t  50" and applied to a 1.8 X 110 cm column of Bio- 
Gel P10 (100-200 mesh, Bio-Rad Laboratories3) equili- 
brated with 0.1 N acetic acid (17 ml/hr) at room tempera- 
ture. A minor amount of cross-Contamination with ruI-CBI 
was essentially eliminated by this procedure. The main 
fraction was lyophilized to a white powder; total yield of 
a l -CB2  was 35 mg. The sample had the predicted al-CB2 
amino acid composition, except for the presence of small 
amounts of aspartic acid, valine, and lysine in the hydrolys- 
ates which indicated slight contamination of the sample 
with al-CB1 (ca. 1% by weight). The presence of less than 
0.01 residue/mol of isoleucine threonine, and histidine, 
which are absent from a l -CB1  and al-CB2, indicated that 
insignificant amounts of other peptide or protein material 
were present. 

Model Peptides. Poly(Pro-Gly), poly(Hyp-Gly), po- 
ly(Gly-Gly-Pro-Gly), poly(Ala-Pro-Ala), and poly(Pro- 
Pro-Ala) were generously provided by Professor D. I'. 
DeTar. Their syntheses and properties have been described 
(Mattice and Mandelkern, 197 1).  Poly(Pro-Ser-Gly) and 
poly(Ser-Pro-Gly) were the kind gifts of Dr. A. di Corato 
and Professor E. R. Blout who have described their synthes- 
es and properties (Brown et al.,  1972). Ac-Hse-OH-lactone 
was prepared by reacting CNBr with Ac-Met-OH (Cyclo 
Chemical CO,~)  following the procedure of Inglis and 
Edman (1970). Spontaneous hydrolysis of the lactone in 
aqueous solution (0.15 M AcONa, pH 4.8) yielded Ac-Hse- 
OH and was followed using 13C spectroscopy. 

I3C Fourier Transform Spectra. The 15.08-MHz I3C 
"homebuilt" spectrometer described previously (Farrar et 
al., 1972; Torchia and Lyerla, 1974) was used to obtain all 
spectra. Constant sample temperature was maintained 
using a Dewared probe (built at the National Bureau of 
Standards by Dr. D. VanderHart and Dr. H. M. Mclntyre) 
in conjunction with a Varian;' temperature controller. The 
pulse power delivered to the single coil probe was sufficient 
to rotate the I3C magnetization by 90' in 2.5 psec. 

Unless otherwise noted, all I3C results were obtained 
using a single solution of cul-CB2 (35 mg in 1.4 nil of aque- 
ous (H20) 0.15 M AcONa, pH 4.8) contained in a 10-mm 
sample tube. A vortex plug kept the entire (spinning) soh- 
tion volume within the transmitter-receiver coil. Since the 
measured 71 values of all a l -CB2  carbons were less than 2 
sec, dissolved oxygen was not removed from the solution. 
The solution contained approximately 4 pI of acetonitrile, 
90% I3C enriched at the methyl carbon, and the methyl res- 
onance (191.7 ppm, relative to external CS?) served as an 

Certain commercial companies and equipment are identified in thib 
paper in order to specify adequately the Experimental Procedure. I n  no 
case does such identification imp]! recommendation 3 r  end,)rsemcnt by 
the  National Bureau of Standards, nor does i t  implq t h a t  the cornpan:, 
or equipment identified is necessaril) the best availi?ble ('or the pur- 
pose. 
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internal reference. The position and width of the acetoni- 
trile resonance also served as sensitive monitors of the mag- 
netic field homogeneity and stability during the long accu- 
mulation times required to obtain the spectra. Approxi- 
mately every 12 hr 'a 10-mm tube containing a thermocou- 
ple immersed in a 0.15 M AcONa solution was inserted in 
the probe and the temperature was determined. Helix spec- 
tra were disregarded if the measured temperature fell out- 
side the 0-4O range. Since the experiments extended over 
several months, a trace of sodium azide (ca. 1 pg) was 
added to the solution to inhibit bacterial growth. Except for 
the slow hydrolysis of the C-terminal Hse-OH-lactone to 
Hse-OH, no changes in composition were evident from the 
nmr spectra. The melting curve, obtained after completion 
of the nmr experiments using a Cary 60 spectropolarimeter 
in the ORD mode, was in agreement with that reported by 
Piez and Sherman (1970b). 

After concluding the nmr and optical measurements of 
a l -CB2 in the 1.4 ml of 0.15 M AcONa (pH 4.8) solution, 
the pH of the solution was reduced to 1.5 by adding aliquots 
of 1 N HC1. The solution was then lyophilized and the re- 
sulting sample dissolved in 1.4 ml of distilled water. This ly- 
ophilization procedure was repeated five times with the pH 
and salt concentration finally adjusted to 4.8 and 0.15 M by 
adding aliquots of 0.1 N NaOH and 1 N NaCl to the solu- 
tion. The nmr spectrum of this solution showed that (a) the 
sample was free of detectable acetate methyl and carboxyl 
resonances and (b) the low pH treatment used to remove 
the acetate effected virtually complete conversion of the C- 
terminal Hse-OH to Hse-OH-lactone. 

Data Acquisition and Analysis. Free induction decays 
(FID) were accumulated in a Nicolet3 1080 data system 
using spectral windows of 4000 or 8065 Hz. Digital resolu- 
tion of the transformed spectra was 2 Hz/channel. Usually, 
32K FID were accumulated in the 1080 memory, and were 
then stored on a disk. This procedure was repeated until the 
desired number of FID were accumulated, and prevented 
loss of more than 32K FID due to spectrometer failure. The 
accumulated FID was digitally filtered with a time constant 
equal to 0.125 sec to improve the signal to noise ratio a t  the 
expense of 2.5 Hz added line width. Constant and linear 
phase corrections were applied, after transforming, using 
Nicolet3 software programs. The random coil spin-lattice 
relaxation times were calculated from the integrated inten- 
sities of resonances in the inversion-recovery spectra as de- 
scribed by Torchia and Lyerla (1974). As noted in the text, 
the T I  values of the resonances in the 2O spectrum were de- 
termined by computer simulation of the inversion-recovery 
spectra. 

Calculated Spectra. Computer simulations of measured 
spectra were made using a Univac3 1108 digital computer, 
using a machine program which calculated and then 
summed a predetermined number of Lorentzian lines. As 
input, the program required the chemical shift, intensity, 
and line width at half-maximum of each resonance. In cal- 
culating the random coil spectrum, the chemical shift 
values were initially estimated from results in the literature 
and in Table I ,  and intensities were obtained from the 
amino acid composition. Since the motional narrowing con- 
dition was satisfied, natural line widths were estimated 
from the measured T I  values using the relation, line width 
= 1/(7rT2) = l / ( ~ T 1 ) .  The total line width was then taken 
as 1/(7rT2) + 2.5 Hz  (due to digital broadening) + 2.0 Hz  
(due to field inhomogeneity and drift during acquisition, as 
estimated from the acetonitrile line width). 

The helix spectrum was simulated using essentially the 
same chemical shifts used to calculate the coil spectrum. 
However, the intensities of the helix resonances were not al- 
ways proportional to the number of carbons contributing to 
the resonance, since the mobile near terminal and side chain 
carbons have larger NOE values than the rigid backbone 
carbons. Once the helix intensities were determined from 
the simulation the partially relaxed spectra were calculated 
assuming the intensity of each resonance was given by 

I = 1,(1 - 2 exp(-t/T,)). 
where IO is the intensity determined from the simulation of 
the completely relaxed spectrum (Figure 4e), t is the time 
between the 180° and 90° pulses and T I  is the spin-lattice 
relaxation time. The T I  values of the helix resonances were 
varied until satisfactory simulations of the inversion-recov- 
ery spectra, Figure 6, were obtained. 

Calculation of the 8 Angles. The angles between the C- 
H and the C-C bonds and the long axis of the helix were 
calculated assuming that the conformation of the a 1 -CB2 
backbone is the same as that found for the poly(G1y-Pro- 
Pro) triple helix (Traub and Piez, 1971). The coordinates of 
the first three residues, Glyl-Proz-Pro3, in the polymer are 
sufficient to calculate the required angles, since all triplets 
have equivalent conformations with respect to the helix 
axis. The angles of interest were calculated using a machine 
program which computed the angle between the long axis of 
the helix and the C-D bond in the moiety 

4 .I ? 

as a function of the dihedral angle x. As input, the program 
required the coordinates of atoms A, B, C and the angle 
BCD (assumed to be 109.5'). The calculation employs 
standard transformation matrix techniques (Goldstein, 
1950) in a procedure similar to that of Ramachandran and 
Sasisekharan (1968). 

Results and Discussion 
Random Coil Assignments. The I3C Fourier transform 

spectra of the random coil form of al-CB2, shown in Figure 
1 b, closely resembles that of denatured calf tendon collagen 
(Torchia and Piez, 1973), and has narrow resonances due to 
the rapid segmental motion in the unstructured chains. The 
general classification of the resonances (given in the figure) 
is readily made on the basis of polypeptide assignments .in 
the literature (Christl and Roberts, 1972). With the excep- 
tion of the C' resonances, each resonance can be assigned to 
specific carbons in the chain, since carbon chemical shifts in 
random coiling chains are virtually independent of se- 
quence. The one exception to this statement occurs when a 
residue precedes an imino residue such as Pro or Hyp 
(Christl and Roberts, 1972). In this case, it is evident from 
the results in Table I that the Ca and Cp chemical shifts are 
systematically upfield of their corresponding values when 
the given residue precedes an amino acid residue. The 
known sequence of aI-CB2 (Bornstein, 1967) was used to 
determine the residues which precede Pro or Hyp, and these 
residues were assigned using the results in Table I. Spectra 
of N-acetylhomoserine and N-acetylhomoserinelactone 
were used to assign the carbons of the C-terminal r e s i d ~ e s , ~  

These assignments were confirmed by the reversible changes in the 
intensity of the Hse resonances accompanying the reaction Hse-OH == 
Hse-OH-lactone. 
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FIGURE 1: Comparison of al-CB2 spectra obtained at  two temperatures using 90°-t-900 pdse sequences: (a) 2". t = 1.5 sec, 32K scans of the 
FID accumulated; (b) 30°, t = 4.5 sec, 16K FID accumulated with vertical scale multiplied by two to facilitate comparison with the 2' spectrum. 
Protein concentration, 25mg/ml in 0 . 1 5 ~  AcONa buffer at pH 4.8. Chemical shift scale in ppm from exteranl CS2. 

- ___-___- 
Table I: Influence of a Pyrrolidine Residue on the C-13 
Shifts of the Preceding Residue, R.a 

Residue Chemical Shift in Chemical Shift in 
R Carbon Sequence R-Zb Sequence R-Pyr" 

Gly 
A1 a 
Ser 
Pro 
HYP 

A1 a 
Ser 
Pro 
HYP 

Pro  
HYP 

Pro  
HYP 

C" 
C"  
C" 
C" 
C" 

CB 

CB 
CB 

cy 

cy 

C6 

C6 

149 9-150.4 
143.5 
137.1 
131.6-132.6 
133.3 

176.3 
13 1.4 
162.8-163.7 
155.3 

168.3 
122.5 

145.cb145.7 
138.0 

150 .&150.8 
145.2 
139.2 
134.2 
135.3 

177.1 
132.1 
164.8 
156.8 

160.3 
122.7 

14 5.1-1 45.2 
137.8 

a Data obtained on the National Bureau of Standards 
15.08-MHz spectrometer from spectra of poly(Pro), 

Pro-Gly), poly(A1a-Pro-Ala), poly(Pro-Pro-Ala), poly(Pro- 
Ser-Gly), and poly(Ser-Pro-Gly). Chemical shifts are in 
ppm from external CS2, uncertainty rt0.2 ppm. Z stands 
for Gly, Ala, or Ser. Pyr stands for Pro or Hyp. 

poly (HYP), poly(Pro-Gly), poly(Hyp-Gly), PoMGly-Gly- 

~ ~ _ _ _ _ _ ~  

while the carbons in the remaining residues were assigned 
using results in the literature. The a l -CB2 random coil as- 
signments are listed in Table I1 and the aliphatic spectrum 

calculated using these assignments (Figure 2b) is an excel- 
lent simulation of the experimental spectrum (Figure 2a). 

The small resonance at 1 25.1 ppm is assigned to the Hyp 
Cy carbons in cis X-Hyp peptide bonds on the basis of poly- 
peptide spectra (Torchia and Lyerla, 1974). The intensity 
of this resonance shows that 110% of the X-Hyp bonds are 
cis, and the strong resonance at  168.2 ppm (0-Pro-trans)  
shows that at least 85% of the Gly-Pro bonds are trans. The 
Cy-Pro-cis is known to resonate a t  170-170.5 ppm (Dor- 
man and Bovey, 1973; Torchia et al., 1974b) and thus has 
the same chemical shift as one Leu methyl and the acetate 
methyl. Upon removing the acetate from the solution, (see 
Experimental Section) an intensity of 5 2  carbons was mea- 
sured for the resonance centered at  170.4 ppm (0-Pro-cis 
plus one CH3 of Leu) confirming that 5 15% of the Gly-Pro 
bonds are cis. The predominance of trans bonds in the coil 
form of a l -CB2 is in agreement with results obtained for 
random coiling copolypeptides composed of Gly and Pro or 
Gly and Hyp but contrasts with the recent report (Kobay- 
ashi and Kyogoku, 1973) that ca. 50% of the R-Pro peptide 
bonds are cis in the random coil form of the polytripeptide 
(Pro-Pro-Gly),. n = 10,15, dissolved in aqueous s ~ l u t i o n . ~  

The observation of two separate Pro a-proton resonances of cu. 
equal intensity forms the basis of the proposal of Kobayashi and Kyo- 
goku ( I  973) that 50% of the R-Pro ( R  = Gly or Pro) peptide bonds are 
cis in the polytripeptide. However, 220-MHz proton spectra of the po- 
lypeptides listed in Table I show that the ol-proton chemical shift of a 
given residue R is perturbed when the given residue precedes an imino 
residue (Pro or Hyp). I n  each case the Ha-R shift in  the sequence R- 
Pro (or R-Hyp) is cu. 0.2-0.4 ppm downfield of the H"-R chemical 
shift in sequence R-Z (Z-an amino acid). Hence the proposed cis as- 
signments of Kobayashi and Kyogoku (1973) must be confirmed by 
additional evidence ( I3C spectra, solvent induced changes in relative 
intensity of the resonances) before we can accept them. 
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Table 11: Random Coil Chemical Shifts,= Assignments, Spin-Lattice Relaxation Times,*\ and Effective Correlation 
Times.C 

Chemical Relative Carbon-Residue- Chemical Relative Carbon-Residue 
Shift Intensity Position in  Chain TI Teff Shift htensity Position in Chain Tt Teff 

177.1 
175.9 
172.1 

170.3-170.6 

168.1-168.4 

165 .>166.2 

164.5-164.9 

163.3 

16 1.4-1 6 1 .6 

160.7 
158.7 

155.3-155.7 

153.5 

151.9 
150.6-150.9 

150 .G150.3 

145.0-145.7 

1 .o 
1 .o 
1 .o 

1;:: 1;;; 
( 2  .o ji; 
4.5 

1;:: 
1 .o 
0.6 

(5.5 

(1 .o 
< 

1 .o 
!1 .o 
il .o 
6 .O 

5 .O 

6.5 

&Ala-( 14) 
CB-Ala-(32) 
C '- Leu- ( 8) 
CH, in AcONa Buffer 
C6-Leu(8) 
C7-Pro- 

C '-Leu- ( 8) 
CY-Arg-(6) 
C'-Gln-( 18,2 1) 

C8-Pre-( 11.23) 
CB-Arg-(6) 

1 
1 

(2,5,11,17,23,3 5) 

1 C8-Glu- (2 6,2 9) 

C ~ - H S ~ - O H -  
lactone(36) , 

CB-Prcr(2,5, 1 7 ~ 5 )  

CY-Gln-(18) \ 
CY-Glu-(26,29) 1 
Cy-Gln-( 2 1) 

C B - H y p  

C'-Phe(20) 

C' -Hse -OH-(36) 

i (9,12,15,24,27,30) 

&Leu-( 8) 
C6-Ar g-( 6) I 

1 C *-Glp( 1) 
C "-Gly- 

C "-Gly- 
(4,10,16,22,34) 

(7,13,19,25,28,31) 

(2,5,11,17,23,3 5) 
C6-Pro- 

C"-Ala-(14) 
Ca-Hse-OH- 

lactone-( 3 6) 

0.3 
0.3 
0.3 

0.15 

0.09 

0.09 

0.135 

0.15 

0.07 

0.07 

0.17 

0.065 

0.085 

0.05 
0.05 
0.05 

0.16 

0.26 

0.26 

0.17 

0.16 

0.34 

0.34 

0.14 

0.36 

0.28 

142.3-142.7 

141.3 

139.3-139.9 

136 3-137.5 

132.s133.8 

132.G132.1 
131.5 
125.5 

125.1 

122.5-122.8 

65.5 
63.9 
63.5 
56.7 
32.4 
18.5-24.3 
14.7 
13.2 

2 .o 1 as 
1 1:: 1 .o 

i ::: 5.5 

4.5 
2 .o 
0.4 

0.5 

5 .O 

1 .o 
2 .o 
2 .o 
1 .o 
1 .o 

36.0 
4 .O 

i 
1 

C "-A1 a-(3 2) 
C "-Leu-( 8) 

Ca-Gln-(18,21) 
C @-Ar g- (6) 
C '-Hse -0H-(3 6) ) 

(9,12,15,24,27,30) 

C "Glu-( 26,2 9) 

r 
1 

C6-Hyp 

C "-Se r-( 3,3 3)  
C "- Phe- (20) 
C " - H y p  

(9,12,15,24,27,30) 
C"-Pre( 11,23) 
Cy-Hse-OH-(36) , 
c a- ~r & ( 2,5,17,3 5) 
cB-Ser-( 3,33) 
CY-Hse- OH- 

l ac tone (  3 6) 

(9,12,15,24,27,30) 

(9,12,15,24,2 7,30) 

CY-Hyp  

C 7 - H y p  

C"Phe(2O) 
C"Ph+( 20) 
C6-Phe-(20) 
C P h e  ( 2 0) 

i 
Ce-Arg-( 6) 
C'-All residues 
C '-Gin, Glu 
CO in  AcNa buffer 

0.12 

0.11 

0.12 

0.07 

0.105 

0.15 
0.14 

0.135 

0.17 

0.17 

1.4 

0.39 

0.43 

0.39 

0.34 

0.45 

0.32 
0.17 

0.35 

0.27 

0.27 

a In ppm from external CS2. In sec. In nsec. 

In contrast with the aromatic and aliphatic resonances, 
few of the C' resonances can be assigned. The available 
polypeptide data suggest that the al -CB2 resonances a t  
23.7-24.3 ppm are due to the Gly residues which precede 
Pro residues, and that the large resonance centered at  18.7 
ppm is due primarily to Pro and Hyp residues. However, 
even these limited assignments are tentative, since the effect 
of sequence on the C' chemical shifts is now known, due to 
the difficulty of assigning C' resonances in copolypeptides. 

Random Coil T I  Values and Correlation Times. The 
spin-lattice relaxation times ( T I )  of the a l -CB2  carbons in 
the random coil were obtained from inversion-recovery Fou- 
rier transform spectra (Figure 3) using the procedure out- 
lined in the Experimental Section. The T I  values so ob- 
tained (Table 11) have estimated uncertainties of 10-25%, 
with the larger error associated with resonances of low in- 
tensity. Due to their large T I  values, only three inversion- 
recovery spectra were obtained for the C' resonances, and 
hence the uncertainties in the C' T I  values is ca. 25%. 

Utilizing the result (Table 11) that the C' T1 values are 
less than 1.5 sec, proton coupled and decoupled 90°-t-900 

spectra were obtained using t = 4.5 sec (ensuring negligible 
saturation of the resonances). These experiments showed 
that the C' NOE was maximal, within experimental error, 
since the area under the C' resonances was found to de- 
crease by a factor of 2.8 f 0.3 when the C' spectrum was 
obtained without decoupling. A maximal N O E  was also de- 
duced for the aliphatic carbons since the ratio of areas of al- 
iphatic to C' resonances (measured with proton decoupling 
and t = 4.5 sec) was found to be 2.7 f 0.3, in agreement 
with the theoretical value (2.61) calculated from the amino 
acid composition. In line with these results, maximal NOE 
values have been reported (Torchia and Lyerla, 1974) for 
random coiling copolypeptides of Pro and Gly . 

The fact that the NOE is maximal has twp important 
consequences. First, the carbon relaxation times are deter- 
mined solely by the 13C-'H dipole-dipole interaction, and 
second, the motional narrowing condition is valid, i.e., ( W H  + W C ) % , ~  << 1 where I, is a rotational correlation time and 
wc and W H  are the respective Larmor precession frequencies 
of the I3C and 'H nuclei. Under these conditions, an effec- 
tive rotation'al correlation time (Woessner, 1962), Teff, for 
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I!, 
I I I I I I I 

I20 I40 I60 180 
PPM FROMCS2 

FIGURE 2: Comparison of experimental and calculated random coil 
spectra in the aliphatic region: (a) experimental spectrum, 30" 64K 
FID accumulated, protein concentration 25 mg/ml in 0.15 M AcONa 
buffer at pH 4.8; (b) computer simulation. Chemical shifts in ppm 
from. external CS2. 

the vector connecting directly bonded C and H atoms is 
given by (Allerhand et al., 197 1) 

Teff = ~CH6/KT," (1) 

where rCH is the internuclear distance (1.09 A), T I  is the 
spin-lattice relaxation time, N H  is the number of bonded 
hydrogens, and K is a constant equal to 3.56 X 1 O l o  A6 
sec-*. 

Some comment regarding the physical meaning of ~ ~ f f  is 
in order. The simplest model for Ca-Ha rotational motion 
assumes that backbone segmental motion results in isotrop- 
ic rotational diffusion of the Ca-Ha internuclear vector. In 
this case, 7eff = 1/(6R),  where R is the rotational diffusion 
constant characterizing the Ca-Ha reorientation (Abrag- 
am, 1961). While available evidence (Torchia and Lyerla, 
1974) suggests that Ca-Ha reorientation in random coil co- 
polypeptides is approximately isotropic, the side chain C-H 
reorientation is manifestly anisotropic due to rotation about 
side chain single bonds. Two or more correlation times are 
required to characterize anisotropic reorientation (Woess- 

(a)  0.025 sec 

(b) 0.050 sec I1 

1 I I I I I I 
I30 I50 I70 190 

PPM FROM CS2 

FIGURE 3: Partially relaxed random coil spectra of a l -CB2 in the ali- 
phatic region obtained using 180"-f-9O0 pulse sequences with (a) t = 
0.025 sec; (b) t = 0.050 sec; (c) t = 0.075 sec; (d) t = 0.10 sec; (e) t = 
0.15 sec. In each case 64K FID were accumulated with a 0.75-sec 
delay between the 90 and 180° pulses. For the 9O0-t-9O0 spectrum, (f) 
96K FID were accumulated with t = 0.75 sec and the vertical ampli- 
tude has been multiplied by two-thirds to facilitate comparison with 
the partially relaxed spectra. Protein concentration, temperature, sol- 
vent, and chemical shift scale are as in Figure 2. 

ner, 1962; Woessner et af., 1968), and the Teff value calcu- 
lated using eq 1 is a weighted average of these correlation 
times, i.e., Teff = Zciri, where ci are orientation dependent 
coefficients. The ~i are functions of the various molecular 
rotation rates and quantitative values of these rates can be 
obtained from the Teff value only i f  a detailed model of the 
(complex) molecular motion is assumed (Woessner et al., 
1968; Wallach, 1967; Levine et al., 1974). 

Although precise interpretation of Teff is difficult when 

892 B I O C H E M I S T R Y ,  V O L .  1 4 ,  N O .  5 ,  1 9 7 5  



M O L E C U L A R  D Y N A M I C S  O F  T H E  C O L L A G E N  P E P T I D E  a l - C B 2  

molecular motion is complex, the Teff values in Table I1 pro- 
vide an approximate measure of the mobility of various a 
carbons in the a1-CB2 random coil. For instance, of the 12 
pyrrolidine Ca carbons in al-CB2, 4.5 are Pro Ca which re- 
sonate a t  132.1 ppm while the remaining 7.5 pyrrolidine C" 
resonate a t  132.8-133.8 ppm. The distribution of the Pro 
Ca, which resonate at 132.1 ppm and have an average Teff = 
0.32 nsec, is such that three of these Ca are in residues 
whose position is within five residues of the chain termini, 
whereas the higher field pyrrolidine a carbons have Teff = 
0.45 nsec and are in residues which are located at least 
seven residues from the chain ends. With the exception of 
the Ca of Hse the various C" which resonate in the 139- 
143-ppm range are at least five residues from the chain 
ends and have an average Teff value (ca. 0.4 nsec) closer to 
that of the higher field pyrrolidine C". The N-terminal Gly 
residue has the smallest Ca Teff value (ca. 0.14 nsec) while 
the remaining Gly residues, distributed uniformly along the 
chain, have an average Teff value of 0.36 nsec. Hence, the 
position of a residue in the a1-CB2 chain, rather than the 
residue type, determines Ca 7,ff values. This result is consis- 
tent with the idea that cooperative segmental motion reo- 
rients the C-H vectors in the backbone. Clearly, the motion 
of residues at  or near chain termini requires cooperative 
movement of fewer atoms, resulting in larger TI'S  (smaller 
Teff values) for those l3C signals composed largely of near- 
terminal a-carbon resonances. 

In the residues having linear side groups, CP, Cy, and 
CH3 Teff values are smaller than their corresponding Ca 
correlation times due to local motion in the side chains. 
Methyl moieties have the smallest Teff values since complete 
axial reorientation of the methyl group results from random 
rotational jumps among its three equivalent sites. Even the 
limited motion in the Pro ring is reflected in the fact that 
Teff of the Pro C@ which resonate a t  163.3 ppm is one-half 
the value found for the Pro Ca in the same residues (which 
resonate a t  132.1 ppm). The Hyp Ca and C y  Teff values dif- 
fer by less than 35% indicating that the Hyp ring is less mo- 
bile than the Pro, in agreement with results obtained for the 
synthetic copolypeptides (Torchia and Lyerla, 1974). In 
summary, the Teff values provide a reasonable picture of 
motion in the random coil,6 and it is now of interest to com- 
pare the coil Teff values with the correlation times found for 
the helix. 

Assignments and Line Widths in the 2" Spectrum. As- 
signment of resonances in the aliphatic portion of the 2' 
spectrum (Figure 4e) is complicated by the presence of ran- 
dom coil conformations at  2'. The thermodynamic parame- 
ters of Piez and Sherman (1970b) predict that ca. 3% of 
a l -CB2 is in the random coil state under the conditions 
used in the present study, i.e., 2O, 25 mg/ml, and the large 
activation energy (1 8 kcal/mol) of the helix-coil transition 
means that the two conformations have separate spectra. 
Also, as noted in the Experimental Section, the sample con- 

The uncertainties in the absolute values of the correlation times 
(IO-25%) arise from a variety of sources. Certain sources of error such 
as temporal fluctuations in amplifier gain and imperfections in the 
180' pulse introduce similar errors in the measured T I  values of all 
resonances. Hence, differences in T I  values are largely unaffected by 
these sources of error and we believe the differences in values dis- 
cussed in the text are outside the range of experimental error. Relative 
TI values are also accurately obtained from measurements of the times 
at which signal intensities null  in partially relaxed spectra. Relative self 
values obtained from such mull experiments are in agreement with 
those in Table 11. 

I I 4  I 1  I I I 1  1 ,  
60 120 140 160 180 

PPM FROM CS, 
FIGURE 4: Comparison of aI-CB2 aromatic and aliphatic low temper- 
ature (2'), spectra: (a) calculated spectrum of aI-CB2 and al-CB1 
random coil; (b) calculated spectrum of near terminal helix residues; 
(c) calculated spectrum of residues in rigid portion of the helix; (d) 
sum of calculated spectra ( a ) ,  (b), (c); (e) experimental spectrum, 2O, 
400K FID accumulated, concentration 25 mg/rnl in 0.15 M AcONa 
buffer a t  pH 4.8. Chemical shifts in ppm from external CS2. 

tained (ca. 1% by weight) the 15 residue fragment a1-CB1. 
This peptide is in a random coil state at 2 O  since it is not 
composed of Gly-X-Y triplets. Although the fraction of 
random coil is small, it contributes measurably to the 2' 
spectrum because the peak height of a single carbon in the 
coil is 5-10 times larger than in the helix, due to the smaller 
line widths and larger NOE values of the coil resonances. 
The random coil component of the 2O spectrum (Figure 4a) 
was calculated using the chemical shifts and line widths 
given in Table 11.' 

Coil resonances are narrow due to the rapid reorientation 
of the flexible polypeptide backbone. Backbone motion is 
possible for residues near the ends of the a l -CB2 helix. A 
schematic representation of the terminal regions in an al- 
CB2 triple helix, having a complete set of interchain hydro- 
gen bonds, is given in Figure 5. As seen, the staggered ar- 
rangement of the chains permits rotation about backbone 
bonds for the Hse residues and certain Gly and Pro residues 
in the two terminal triplets. Since the terminal hydrogen 
bonds can be broken independently of each other they are 
expected to be broken some fraction of the time, allowing 
backbone mobility to additional Gly and Pro residues as 
well as Ser residues in the terminal regions of the trimer. 
Hence, two classes of line widths were used to calculate the 
spectrum (Figure 4b) of the mobile residues in the terminal 
regions of the trimer. Those residues having mobility with a 

Since the measured random coil line widths are essentially due to 
field drift, digital filtering, and chemical shift inequivalence, the fact 
that the natural line widths are 1-2 Hz larger at 2' was neglected. 
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Residue 
Position 

in  c l  
1 
2 
3 
4 
5 
6 

31 
32 
33 
34 
3 5  
3 6  

c l  
1 

c2 e 3  

FIGURE 5 :  Schematic representation of the interchain hydrogen bonds 
(dashed lines) in the terminal regions of the CUI-CB2 helix. The three 
covalently linked chains are labeled c l ,  c2. and c3. 

Table III: Assignments and Nmr Parameters" for Mobile 
Residues in the Terminal Regions of the cul-CBP Trimer. 

A s s i g n m e n t  
C h e  111 - Carbon- R e s i -  

ical Residue- dues L i n e  
Shifth P o s i t i o n  T r i m e r  T I c  Widthd 

1 6 8 . 1  
168 .1  
164 .9  

163.1 
163 .1  
158 .8  
150 .5  
150 .5  
145.7 
145 .6  
144.9 

140.3 
137 .2  
133 .9  
132 .2  
132 .2  
131 .7  
125.5 

CY-Pro-(2.35j 3 
C y - P r w ( 2 . 3 5 j  3 
C4 Hse-OH- 1 

C'- P r ~ ( 2 . 3 5 )  3 
l a c t o n e ( 3  6) 

~ ~ - P r r r - ( 2 , 3 5 )  3 
CB--Hse-OH-(36) 2 
C@-Gly-(l)  2 

c6 -Pro - (2 .35 )  3 
c6-Pro-(2.35)  3 
C@-Hse-OH- 1 

Ca-Hse-OH-(36) 2 
Co-Ser-(3,33)  4 
CY-Hse-OH-(36) 2 
C " - P r o - ( 2 , 3 5 )  3 
C @--Pro- ( 2,3  5) 3 
~ ~ - ~ e r - ( 3 . 3 3 )  4 
Cy-Ilse-OH- 1 

C@-Gly-(1.34) 3 

l a c t o n e ( 3 6 )  

l a c t o n e i 3 6 )  

0 . 0 5  
0.09 
0.06 

0.06 
0 .04  
0.06 
0.05 
0 .04  
0.06 
0.04 
0 . 0 8  

0.08 
0.05 
0.15 
0.05 
0.06 
0 .04  
0 .10  

40 
1 2  
15  

13 
50 
15 
25  
40 
1 3  
62 
10 

1 5  
36 
10  
27 
14 
40 
1 5  

NOE 

1 . 3 5  
1 . 5  
1.5 

1 .5  
1 .35  
1 . 5  
1 .5  
1 . 3 5  
1 . 5  
1 .35  
1 .5 

1 .5  
1 . 3 5  
1 . 5  
1 . 3 5  
1 . 5  
1 .35  
1 . 5  

0 Obtained from computer simulation. 
external CS2. In sec. * In Hz. 

In ppm from 

complete set of hydrogen bonds have line widths less than 
15 Hz (Table 111) while the remaining residues-having 
backbone mobility once a terminal hydrogen bond is bro- 
ken--have line widths greater than 25 Hz. The variability 
of line widths for residues in the same class reflects the dif- 
ferences in number of protons bonded to a given carbon and 
the greater mobility expected for side chain carbons as coni-  
pared with C" carbons. The line widths listed in Table III  

Table IV: Chemical Shifts," Assignments. ' / ' , , b  Line 
Width,c and IiOE Values of tul-CB2 Carbons in the Triple 
Helix. 

C h e m i c  a1 Llllc. 

Shiit  C:xr\xi!i- Ilesiduc~ 7 , !  \i'\cItbi NOI? 
___ ___-_____ .. -.- 

1 7 8  .O C" Ala  0.1 16d (22)?,"  1 . 5  
10.1 1 '  !I .21; 

(0 .1)  i t  .a 

(0.1) ( 1  . 2 ;  

11.21 

1 7 5 . 7  c3 A13 0.1 !GU !22, 1.; 

1 7 2 . 9  C 5  -Leu 0.1 16" (16) 1 . 5  

170.6 c" -Leu IF 1161 1 .5  

1 7 0 . 3  CH, in  AcONa 18 
168.2 C ' - P r o . I , e u . A r g  0.045 80 .50 .80  1 .35 
165.7-166.2 C. '-Gln.Glu 0.043 90 1 .35  
164 .5 -164 .9  C" -Pro ,Arg  0.045 90 1 .35 
1 6 3 . 3  c I'1,O 0 .045  100  1 .35  
160.7---161.6 C ' - t i l i~ .GlU 0.04 80 1 .3 3 
1 5 5 . 3  1 5 5 . 7  C '  Hyp.Phc. 0.04 133 .100  1 . 3 5  
1 3 3 . 1  CB Leu 1 0 0 'I .:< i 
151 .9  c: Ark, 1 Uii 1 .?I> 

1 5 0 . 1 ~ -  150 .9  C" -Glv 0 . 0 2 5  90 1.35 

1 3 9 ~ - 1 4 3  (1"- Gl!I.Arg.GLU. 0.04 54 1 . 3 5  

137-137.5 C6 Hyi) 0 . 0 3  150 1.3; 
1 3 7  -137 .5  C' Ser.Phe 0.04 54 : .3r, 
132.8--133.8 c"-H]-p.Pr~ 0.04 54 1 . 3 5  
131 .5 -132 .1  C"-P~U.C--SP~ 0.04 54 .60  1 .35  
1 2 2 . 7  c - H y p 0.04 i0 1 . 3 5  
6 5 . 5  C' Phe 90 1 . 3 5  
63.5--63.9 C5 .C'  Phe 0.085 15" 1 .Y 
3 2 . 4  c e-  -Xr 6 
18--2 5 (:'--All residues 0.6 1 .:35 
1 4  C" 42111 .Glu 

145-146 C 5 -  Pr1J.C" --t"la 0.04 125 .54  1 .35  

Leu.Ala 

__I_____ __ - 
a In ppm from external CS2. In see. ' In Hz. lincer- 

tainty cn. &30%. e Obtained from computer simulation. 
unless noted otherwise, uncertainty r n .  *40%. Listed line 
widths include 3-5 Hz broadening due to magnetic field 
drift and digital filtering. f Values in parentheses were cal- 
culated as described in the text. RDrift and digital broaden- 
ing not included. 

yielded a calculated spectrum, which, when added to the 
calculated random coil spectrum, provided the best repre- 
sentation of the narrow resonances in the 2' spectruiii. 

I t  was not possible to calculate the broad component ot' 
the 2' spectrun-resonances due to carbons i n  the interior 
of the trimer---without making some assumption regarding 
the chemical shifts of the poorly resolved helix resonance\. 
The simplest assumption was made, i.e., that thc chcmic:ii 
shifts of carbons in the trimer were essentially thc same 
those in the random coil. The bioad component \+as then 
calculated and added to the calculated narrow component 
spectra, varying the line widths of the broad rewnances 
until the sum of the calculated components (P'ipurc 4d) 
matched the experimental spectrum (Figure 4e). The chcin- 
ical shifts and line widths used to calculate the spectrum of 
the residues in the rigid portion of the trimer (Figure 4 c )  
are summarized in Table I V .  

It is not claimed that the agreement between the calcu- 
lated (Figure 4d) and experimental spectrum (Figure 4c) 

894 B I O C H E M I S T R Y ,  V O L .  1 4 ,  iso. 5 ,  1 9 1 5  



M O L E C U L A R  D Y N A M I C S  O F  T H E  C O L L A G E N  P E P T I D E  LUl-CB2 

precisely determines the parameters listed in Tables 111 and 
IV.  Clearly there are too many parameters which can be 
adjusted in a compensating fashion for this to be the case. 
However, the numerous attempts to simulate the experi- 
mental spectrum, using various combinations of component 
spectra, did demonstrate that a satisfactory simulation re- 
sulted only when contributions were included from all com- 
ponents, i .e. .  a l -CB2  plus a l - C B l  random coil, flexible ter- 
minal residues in the trimer, and rigid residues in the interi- 
or of the trimer. This result is gratifying since presence of 
ul-CB2 random coil is in accord with results of the optical 
data and the flexibility of the near-terminal residues con- 
firms the conclusion inferred from optical rotation data, 
that the terminal regions of the trimer are not helical. 

Since the line widths of the residues in the rigid portion 
of the trimer (Table IV) are to be used to estimate helix 
correlation times, a measure of the uncertainty in these pa- 
rameters is needed. Most of the line widths in Table IV can 
be reduced by a factor of 2-3 and the calculated spectrum 
will satisfactorily match the experimental spectrum, provid- 
ed that the reduction in line widths is compensated by an  in- 
crease in the inequivalence in the chemical shifts. However, 
due to the regular backbone structure of the helix, it is rea- 
sonable to assume that the Ca carbons of a given type of 
residue exhibit no greater chemical shift inequivalence in 
the helix than in the coil. This statement also applies to side 
chain chemical shifts, since the side chains are on the sur- 
face of the helix in contact with solvent, as is the case in 
random coil. Hence, we believe one can justifiably constrain 
the inequivalence in the helix shifts to be no greater than 
found in the coil, and subject to this constraint, the 40% 
uncertainties in line widths (Table IV) indicate the amount 
that the listed line widths can be varied, and yet yield simu- 
lations whose quality is about equal to that shown in Figure 
4d. 

Finally. it is worth noting that while the chemical shifts 
used to simulate the helix and coil spectra are essentially 
the same, it is probable that carbons in the two states have 
chemical shift differences which are masked by the great 
width of helix resonances. 13C studies of the a helix-ran- 
dom coil transition of homopolypeptides show that residues 
in the two states have chemical shift differences of ca. 0-2 
ppm (Lyerla et a/. ,  1973; Saito and Smith, 1973). Unfortu- 
nately, similar studies have not yet been made of the triple 
helix-random coil transition of poljTripeptides. Since the a 
helix-random coil transition involves considerably larger 
changes in average 4, $ angles (IUPAC-IUB Commission, 
1970) than the triple helix-random coil transition, the 
available data suggest that the differences in the chemical 
shifts in the al-CBZ helix and coil states are small com- 
pared with the line widths of the helix. 

Recently it has been suggested that the (Pro-Hyp-Gly),o 
triple helix contains cis Gly-Pro peptide bonds (Berg et af., 
1974). Since the Pro CY cis resonances (if present) and the 
downfield Leu C* resonance in the al-CB2 trimer are 
masked by the strong acetate methyl resonance a t  170 ppm, 
a spectrum of a1-CB2, in 0.15 M NaCl (pH 4.8) a t  2O was 
obtained. The resulting spectrum was found to have an in- 
tensity less than two carbons a t  ca. 170 ppm. Since the Leu 
C6 resonance accounts for one carbon, no more than 15% of 
the Gly-Pro bonds are cis in the a l -CB2  trimer. 

NOE a d  T I  Values at 2" .  A comparison of areas of the 
C' resonances in the helix, with and without proton decou- 
pling. yielded a C' NOE of 1.4 f 0.3. This same average 
NOE was deduced for the aliphatic carbons, since the mea- 

(a )  0.007sec 

' I  (bl O.OI5sec 

(c) O.OX)sec 

Y 

(d) 0.050sec 

-v- 

70 I IO 150 190 
PPM FROM CS2 

FIGURE 6:  Low temperature (2") partially relaxed spectra of a l -CB2 
in  the aromatic and aliphatic regions obtained using 18O0-r-9O0 pulse 
sequences with (a) t = 0.007 sec; (b) t = 0.015 sec; (c) t = 0.030 sec; 
(d) t = 0.050 sec; (e) I = 0.075 sec (a 0.4-sec delay was used between 
the 90 and 180" pulses); ( f )  a 90°-t-900 spectrum with f = 0.4 sec. In 
each case 192K FID were accumulated and protein concentration, 
temperature, solvent, and chemical shift scale are as in Figure 4. Cal- 
culated spectra are shown as the noiseless traces in (b), (c), and (d). 

sured ratio of areas of aliphatic and C' resonances was 
equal to the theoretical value, known from the amino acid 
composition. The helix NOE values were also obtained by 
comparing areas of helix C' and aliphatic resonances with 
the respective areas measured in random coil spectra. This 
method yielded NOE values of 1.4 f 0.3 for both C' and al- 
iphatic carbons in the helix. Although the average NOE for 
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the aliphatic carbons is 1.4, the N O E  of the flexible car- 
bons, in the terminal triplets, was found from the simula- 
tions to be larger than for the rigid carbons. This result was 
expected since the NOE generally shows a rapid monotonic 
increase with increased molecular mobility when the N O E  
is in the range 1.4-2.6. An N O E  value of 1.5 was used for 
the flexible terminal carbons in calculating the simulation 
(Figure 4b). 

The helix spin-lattice relaxation times, T I ,  listed in Ta- 
bles 111 and IV were obtained from inversion-recovery spec- 
tra (Vold et al., 1968) (180°-t-900 pulse sequences) in the 
following manner. Initial estimates of the TI values were 
made by inspection of the inversion-recovery spectra, and 
then these T I  values were used to calculate simulations of 
spectra in Figure 6. The T I  values were then adjusted, by 
trial and error, until a satisfactory simulation was obtained. 
A comparison of the calculated (noiseless) and experimen- 
tal partially relaxed spectra is provided in Figure 6b-d. 

It is seen in Tables I11 and IV that the broad resonances 
have significantly shorter T I  values than the narrow lines. 
Hence, the intensities of the broad lines null at t 0.03 sec 
whereas the sharp lines are near null when t = 0.05-0.075 
sec. For this reason, the spectra in Figures 6d and e have a 
broad appearance compared to the spectrum in Figure 6b. 

In summary, T I  and NOE values are significantly small- 
er in the helix than in the coil, while the helix line widths 
are much larger. All these results indicate that molecular 
motion is much slower in the helical state. However, before 
quantitative information on helical motion can be extracted 
from the nmr data, a model for the motion of the helix must 
be developed. 

A Model for the Motion of the Helix. It is supposed that 
( ~ 1  -CB2 behaves, in solution, like a rigid (prolate) ellipsoid 
of revolution undergoing rotational diffusion. The primary 
reason for choosing an  ellipsoid model for the helix is that 
expressions are available which relate the T I ,  line width, 
and NOE values to the rotational diffusion constants of the 
ellipsoid. Also, a prolate ellipsoid appears to approximate 
the shape of the al-CB2 helix as well as any simple solid, 
since the different sizes of the amino acid side chains result 
in a heIix having nonuniform cross section. 

The dimensions of the ellipsoid of revolution, a (the semi- 
major axis) and b (the semiminor axis), were calculated for 
two models of the triple helix in solution. In the first model 
the helix was assumed to be unhydrated. Hence, the prod- 
uct of its mass (9936 daltons) with its partial specific vol- 
ume (D = 0.69 cm3/g) yields a helical volume V;\ = 
1.14X104 A3. From V A  and the total length of the helix, 1 = 
113 A, an average diameter of 11.4 A is obtained (Piez and 
Sherman, 1970a). The dimensions of the ellipsoid of revolu- 
tion (Table V) corresponding to the hydrated helix were 
calculated by setting p b/a = d/l  (i.e.,  p = 1/10) and re- 
quiring that the volume of the ellipsoid (4xab2/3) was 
equal to VA.  

In  the second model the presence of bound water was as- 
sumed to increase the dimensions of the anhydrous helix by 
3 A, i.e., I = 1 16 A, d = 14.4 A. This value of d corresponds 
closely to the separation of the collagen helices in hydrated 
fibers. The dimensions of the corresponding ellipsoid (Table 
V) were calculated in the manner described for the anhy- 
drous model. 

Using the dimensions thus obtained, the two rotational 
diffusion constants which describe the reorientation of the 
ellipsoid can be calculated using the theory of Perrin 
(1936). Following Woessner (1962), these diffusion con- 

Table V: Dimensionsa and Rotational Diffusion Constants* 
of al-CB2 Ellipsoid Models. 

- 
Anhydrous Hydrated 

Model Model 

Length of major axis 130 132 
Length of minor axis 13 16.4 
0 (= R ,  ' R ? )  20 14 

R, 1.0 x 106 1.3 x lo6 

a In A. * In sec-I. c Calculated using eq 2 with T = 275"K, 
7 = 1.67 cP. Estimated uncertainty, *40%. 

R2 (theory) 2.5 X lo6 2.2 x 106 

stants are designated R,  and R2 and they are, respectively, 
the diffusion constants for reorientation about the long axis 
of the ellipsoid and an axis perpendicular to the long axis. 
For prolate ellipsoids having p2<< 1 ( p  = b/a) Perrin's ex- 
pressions for R2 and R1 are 

R, = (3kT/16nqa3)[2 In ( 2 / p )  - 11 
(2) 

R, = OR, , r* = p2[2 In ( 2 / p )  - 11 

In these equations, k is Boltzmann's constant, T i s  the Kel- 
vin temperature, and 7 is the viscosity of the solvent. Using 
the dimensions of the anhydrous and hydrated ellipsoid 
models of the helix, values of R2 and u were calculated 
(Table V). As expected, u >> 1, since both ellipsoid models 
have rod-like shapes. The error in the calculated value of R2 
may be large if the solvent viscosity (used in the calcula- 
tion) poorly approximates the local viscosity between sol- 
vent and solute. The calculated value of u is not subject to 
this uncertainty. 

The spectral densities, J ( w ) ,  needed to calculate nuclear 
spin relaxation times in rigid ellipsoids have been obtained 
(Woessner, 1962) using the rotational diffusion theory of 
Perrin (1936). Combining the equations for J ( w )  with Solo- 
mon's (1 955) dipole relaxation theory yields the following 
expression for the TI of a carbon bonded to a single hydro- 
gen atoms 

1/T, = 0.1KrCH''[[J(oH - UC) + 
3 J ( W , )  f 6J(L', + u c ) ]  (3)  

where the spectral densities 

~ ( w )  = AT,/(I + o ~ T , ~ )  + B T ~ / ( ~  + L ' ~ T ~ ~ )  + 
cTc/ (1  f U 2 T C 2 )  

with A = (3c2 - 1)*/4, T A  = (6R2)-'; B = 3c2 (1 - c ), TB 
= (R2(u + 5))-'; C = 3(c2 - 1)2/4, TC = (R2(4u + 2 ) ) - ] ;  
and c = cos2 8. 

In these expressions the constants K,  r C H ,  OH, and oc are 
the constants defined earlier in the discussion of eq 1 and 0 
is the angle between the internuclear C-€1 vector and the 
long axis of the ellipsoid. Although the expression for T I  is 
lengthy, it does show that the relaxation time depends on 
only three parameters, R2, u, and cos2 8. Similar expres- 

It should be noted that when the motional narrowing condition 
applies, eq 3 reduces to eq 1 with ~~f~ =  AT^ + BTB + Crc. This result 
explicitly expresses the fact that when anisotropy is present, ~ ~ f r  de- 
pends upon the orientation of the C-H vector with respect to the rota- 
tional axes. 
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sions can be written for the line width and the NOE, and 
plots of the nmr parameters as functions of R2 and 0, with u 
held constant, illustrate the results of the theory. Such plots 
are shown in Figure 7 and were calculated assuming u = 14 
(the value found for the ellipsoid model of the hydrated 
helix) for 0 = 0, 30,60, and 90'. 

It is of interest to first consider the 0 = 0' curves, since in 
this case the C-H vector is parallel to the long axis and is 
not reoriented by rotation about this axis. Hence, when 0 = 
0' the calculated curves correspond to isotropic reorienta- 
tion of the C-H vectors, characterized by a single correla- 
tion time 7 A  = 1/(6R2) i.e., B = C = 0 in eq 5. When 0 > 
Oo, B and C are greater than zero so that the terms involv- 
ing the smaller correlation times 78 ( w A / 3 )  and 7c (=7A/ 

10) also contribute to J ( w ) .  The shifts and shape changes of 
the curves in Figure 7 as 0 changes reflect the dependence 
of the coefficients A, B, and C on 0. 

It is clear that the curves in Figure 7 can provide a reli- 
able estimate of R2 only if the values of O H a ,  the angles be- 
tween the Ca-Ha internuclear vectors and the helix symme- 
try axis, are known. The values of these angles have not yet 
been determined for the a l -CB2 helix. However, the struc- 
ture of the poly(G1y-Pro-Pro) triple helix in the solid state 
has been determined by X-rays (Yonath and Traub, 1969; 
Traub and Piez, 1971) and this structure is assumed to ap- 
proximate that of the a l -CB2 helix in solution. Using the 
poly(G1y-Pro-Pro) atomic coordinates the desired angles 
were calculated using the procedure outlined in the Experi- 
mental Section and yielded the following results for the 
Gly-X-Y residues in the a l -CB2 triplets: OHa2 (Gly) = 60°, 

Although the Gly C N  is bonded to two hydrogens the fact 
that cos2 (120') = cos2 (60O) means that the 0 = 60' 
curves in Figure 7 can be used to determine 7 A  from the Gly 
relaxation data provided that the measured values of the 
Gly T I  and line width are multiplied respectively by 2 and 
0.5. Since 2T1 for the Gly C" is 0.045 sec, this corresponds 
to two values of 7 A  (6 or 170 nsec). However, the small 
value of the Gly Ca NOE 1.35 f 0.3 rules out the smaller 
value. In concert with this result the value of one-half of the 
Gly C" line width (45 Hz) corresponds to 7.4 = 110 nsec. 
Combining the T I  and line width data for the three types of 
residues in the triplet yields an average 7.4 of 130 nsec for 
the hydrated ellipsoid and 7A = 170 nsec for the ellipsoid 
model assuming no bound water. The corresponding values 
of R2 for the two models obtained from these T A  values (R2 
= ( 6 7 ~ ) - l )  are compared (Table V) with the theoretical 
values of R2. The theoretical values of R2 do not differ 
greatly in the two models since R2 is a sensitive function of 
a, but not b, for rod-like ellipsoids of revolution. For both 
models there is reasonable agreement between the theoreti- 
cal and experimental values of R2, thus indicating that in 
solution the crl-CB2 helix behaves as a rigid rod of dimen- 
sions 11.5-14.5 8, X 110-120 A. The better agreement be- 
tween theory and experimental values of Rz in the case of 
the hydrated model (u = 14) is of doubtful significance in 
view of the uncertainties in the value of the local viscosity 
and the large errors in experimentally determined TI  and 
line width values. 

Other collagen structures have been proposed (see Ra- 
machandran, 1967) which differ in certain significant de- 
tails from the poly(G1y-Pro-Pro) structure. However the 
8~~ values for these structures are within 7' of the po- 
ly(Gly-Pro-Pro) angles, and hence, the R2 values obtained 
using these other models are also consistent with experi- 

O H a 1  (Gly) = 120', OH" (x) = 105' and OH" (Y) = 90'. 

200- 
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FIGURE 7: Nmr parameters: (a) T I ;  (b) line width = l / ( r T ~ ) ;  (c) 
NOE; calculated for an ellipsoid of revolution R I / R ~  = 14) and plotted 
as a function of TA = (6R2)-' for 0 = 0' (-), 0 = 30' (- - -), 0 = 60° 
(--), and 0 = 90' (- - -), where 6 is the angle made by the C-H in- 
ternuclear vector with the symmetry axis of the helix. The curves apply 
to a carbon bonded to a single hydrogen with rCH = 1.09 A. 

ment differing by less than 15% from the results in Table V .  
Side Chain Motion in the Helix. In globular proteins 

many side chains are buried and, as a consequence of the 
well-defined tertiary structure of the molecule, each such 
side chain has a well-defined conformation, which is speci- 
fied by a set of torsion angles, xi, illustrated in Figure 8. If 
the side chains were rigid in the a l -CB2 helix, calculation 
of the relaxation times would follow the procedure used for 
the rigid C" carbons in the helix backbone. However, in 
contrast with the globular proteins, all amino acid side 
chains in a1-CB2 are at  the surface of the helix, and thus 
local motion is possible for all side chains. Analysis of the 
relaxation data is more difficult when local motion is pres- 
ent, with the complexity of the calculations depending on 
the details of the side chain motion (Woessner et a[., 1969; 
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FIGURE 8: (a) The side chain torsional angles, XI, illustrated for a nor- 
valine side chain in the extended conformation, xi = 180°, i = 1-3; (b) 
x' = 60, 180, and 300°, the low energy rotamers of the C"-Cs bond; 
(c) the angles needed to calculate nmr parameters when the x' rotam- 
ers have unequal populations. 

Wallach, 1967; Levine et a/., 1973). For instance, the mo- 
tion of the Co methyl moieties of the two Ala residues can 
be considered to result from rotational jumps between three 
equally populated rotational isomers, x 1  = 60, 180, and 
300'. The rotation rate, R,I,  is much greater than R1 and 
Rz since a space filling (CPK3) model of a l -CB2 shows 
that there is no steric hindrance to methyl rotation. Under 
these conditions, and assuming that Ca valence angles are 
tetrahedral, Woessner's equations (Woessner et a/., 1969) 
reduce to the following simple expressions for the CP T I ,  
line width, and NOE values 

c5 - = 3T1(TAjQHi) 

C4 - line width = line width(TA,8,*)/3 (4) 

C4 - NOE = NOE( T ~ ,  0, I) 

The functions on the right-hand side of these equations are 
those plotted in Figure 7 ,  and approximate values of T A  (the 
helical correlation time) and OH' (the angle between the 
helix axis and the C'-Cfl bond depicted in Figure 8c) are 
known. Earlier T A  was shown to equal 130 nsec, while a 

#value of 6" = 90' was calculated for the two Ala residues 
(both in the second position in their respective triplets) 
using the coordinates of the second residue in the poly(Gly- 
Pro-Pro) structure. Within experimental uncertainty, the 

measured values of the relaxation times (Table IV) agree 
with the values determined from the plots in Figure 7 using 
TA = 130 nsec, 0~~ = 90' (Table IV).  

The remaining a1 -CB2 residue containing methyl groups 
is Leu(8) having two C6 methyl carbons. Although it is in 
principle possible for Leu side chain motion to result from 
rotation about the C"-Co and CP-CY bonds, the CPK 
model of the helix indicates that the only Leu side chain 
conformation free of steric contacts has xi = 180°, and x 2  
= 300'. Hence, it is assumed that local reorientation of the 
Leu methyl groups is due to rotation about CY-C*I and 
CY-Cb2 bonds. These bonds make angles = 50' and 
8~~~ = 60' with the helix axis (as calculated from the po- 
ly(G1y-Pro-Pro) backbone coordinates and x' = 180' and 
x2 = 300') and using these values for the angular argu- 
ments in eq 4 yields relaxation times in agreement (Table 
IV) with the measured values. 

The methyl carbon relaxation parameters are readily cal- 
culated because symmetry requires that the three rotational 
isomers must have equal populations. In the Phe residue, 
the Cp-Cy bond is a C2 symmetry axis for phenyl rotation, 
and both energy calculations (Ramachandran and Sasise- 
kharan, 1968; Sasisekharan and Ponnuswamy, 1971 1 and 
X-ray data (Watson, 1968; Quiocho and Lipscomb, 1971) 
indicate that the x' = 90 and 270' are the isoenergetic low- 
est energy isomers. The space filling model of the helix indi- 
cates that phenyl rotation is possible only in the Phe x' = 
300' conformation. In the case of phenyl (x2) rotation, the 
angle between the Phe C*--H6 (or the Cf-Hc) vector and the 
CB-C? rotation axis (60') is sufficiently close to the magic 
angle (54.7') that the C6 (or C c )  T I ,  line width, and NOE 
values can be calculated (Woessner et a/., 1969) as if the C6- 
Ha and Cc-HE vectors are undergoing isotropic reorienta- 
tion with a correlation time, rX2 = 1/Rx2, where RX2 is the 
phenyl rotation rate. The measured Phe C6 and C' T I  
values correspond to 7,2 = 0.6 nsec, but the measured line 
widths correspond to rX2 = 3 nsec. This inconsistency arises 
because the X I  = 180 and 60' rotamers were assumed to 
have zero populations in the calculations. A small popula- 
tion (520%) of these rotamers would have a large influence 
on the line width since phenyl rotation is hindered in  these 
 conformation^.^ 

I n  contrast to the rather narrow lines observed for the 
Phe C* and C' resonances, the Phe Cf resonance is too 
broad to be resolved in the helix spectrum. This is so, since 
the Cc-HC vector, which lies along the x 2  rotation axis, is 
not reoriented by the x2 rotation, and the x' rotation is not 
effective in reducing the Cr  line width since-unlike methyl 
rotation-one x' rotamer (x i  = 300') is predominantly 
populated. 

The presence of unequally populated Phe x 1  rotamers is 
not surprising since methylene moieties (unlike methyls) 
have asymmetric rotational potentials (Ramachandran and 
Sasisekharan, 1968; Sasisekharan and Ponnuswamy, 1971). 
X-Ray studies (Watson, 1968; Quiocho and Lipscomb, 
1971) indicate that in globular proteins, the x1 = 300" ro- 
tational isomer is populated twice as frequently as the xi = 
1 80' rotamer, and with the exception of Ser (and Thr) the 

Hulmes er al. (1973) have suggested (on the basis of an analysis of 
the nl sequence) that the stability of the staggered collagen fibril is 
due, in large measure, to interactions between large hydrophobic resi- 
dues. The mobility exhibited by the Phe side chain in  nl-CB2 implies 
that the phenyl ring projects out from the trimer surface, a result 
which provides experimental evidence that the Phe ring is in  position to 
interact with large hydrophobic residues on other trimers. 
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polar residues are seldom observed to have x1 = 60°. If one 
does assume X I  rotamers are equally populated in a l -CB2 
and that R,I >> R1 then, calculated values of TI (0.1-0.15 
sec) and line width (10- 15 Hz) for 0 carbons differ greatly 
from the experimental values (Table IV). Calculation of the 
C@ relaxation times when rotamer populations are unequal 
involves many parameters-the rotamer populations, the 
rates of internal rotation and helix diffusion, and the angles 
dH1, ,$@l, and A@l defined in Figure 8c. Various combina- 
tions of the parameters yield approximately equal calculat- 
ed values of T1 and the line width. This fact coupled with 
the large uncertainties in the experimental T1 and line 
width values means that, except for ruling out the presence 
of equally populated rotamers undergoing rapid reorienta- 
tion, the present data cannot determine the rotation rates 
and rotamer populations of the linear side chains in al-  
CB 12. Similar circumstances preclude estimating the popu- 
lations of the Pro ring conformations. The experimental sit- 
uation regarding the Hyp residue is more favorable since 
the Hyp Cy resonance (122.7 ppm) is well downfield of the 
aliphatic resonances. The large line width (50 Hz) and 
small TI value (0.04 sec) of the Hyp Cy and the very broad 
Hyp CO resonance at  155.5 ppm suggest that a single Hyp 
ring conformation is predominantly populated. This result 
is of interest in view of the recent evidence that the replace- 
ment of Hyp for Pro in the Gly-X-Pro triplet stabilizes the 
helix (Sakakibara et al., 1973; Ward and Mason, 1973; 
Rosenbloom and Harsch, 1973; Berg and Prockop, 1973) 
presumably through an H-bond involving the Cy-OH moi- 
ety. 

Conclusions 
The I3C chemical shifts and relaxation times have pro- 

vided a reasonably detailed picture of the structure and mo- 
tion of the coil and helix forms of a l -CB2 in solution.1° In 
the random coil, interior backbone carbons as well as termi- 
nal carbons and side chain carbons exhibit average rotation- 
al correlation times of < O S  nsec. Due to the small line 
widths of the random coil, differences in molecular mobility 
of interior C" carbons, near-terminal C" carbons and side 
chain carbons of various types of residues can be distin- 
guished. The rigid nature of the trimer is readily evident in 
the broad lines, small NOE values and small T1 values 
measured at 2O. The measured relaxation times are consis- 
tent with those calculated for a rigid ellipsoid of revolution 
having dimensions and atomic coordinates expected for an 
01-CB2 triple helix. The narrow lines present in the 2O 
spectrum are accounted for by the mobile residues in the 
terminal triplets of the helix and by the presence of a small 
amount of random coil a1-CB2 and a l - C B l .  Local motion 
is also inferred from the nmr parameters measured for the 
side chains of the Ala, Leu, and Phe residues located in the 
interior of the sequence. Unfortunately, the question of 
local motion of other side chains cannot be answered with 
certitude, due to the overlap of the broad helical resonances 
which also produce the large uncertainties in the C" relaxa- 
tion times. Hence, information on the interactions involving 
side chains in the helix and the possible differences in orien- 

'ODue to sensitivity limitations it was not possible to measure the 
I3C nmr parameters with the al-CB2 concentrations below 25 mg/ 
mi. Proton line widths a t  2 O  were found to be independent of concen- 
tration over the range 3-20 mg/ml. Also the al-CB2 melting curve 
obtained by ORD at  a concentration of 25 mg/ml was in accord with 
that predicted by the thermodynamic parameters of Piez and Sherman 
(1971 b). 

tation of Ca-Ha vectors with respect to the long axis of the 
helix cannot yet be attained, Two approaches to obtaining 
this more detailed information are 13C labeling of specific 
residues, either biosynthetically or using the solid phase 
methods, and the use of high field (superconducting) spec- 
trometers. These procedures will reduce or eliminate the 
problem of spectral overlap and thus permit accurate mea- 
surement of relaxation times for single carbons. Such re- 
sults, coupled with extensions of available theories of side 
chain reorientation, should yield precise information re- 
garding the motion of specific residues in the helix. 
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Reconstitution of Chromatin: Mode of Reassociation of 
Chromosomal Proteins? 

Chi-Bom Chae 

ABSTRACT: The mode of reassociation of Ehrlich ascites 
histones and non-histone proteins during chromatin recon- 
stitution was studied by sodium dodecyl sulfate polyacryl- 
amide gel electrophoresis. In the procedure of Bekhor et al. 
(1. Bekhor, G. M. Kung, and J. Bonner, (1969), J .  Mol. 
Biol. 39, 351) most of histones and non-histone proteins 
reassociate with DNA in the last dialysis step of the disso- 
ciated chromatin, that is, the dialysis of the chromatin in 
0.4 M NaCI-5 A4 urea against a dilute buffer. The reasso- 

c h r o m a t i n  consists of DNA, histones, non-histone pro- 
teins, and a small amount of RNA (Bonner et al., 1968). 
Isolated chromatin mediates the synthesis of tissue-specific 
RNAs in the presence of RNA polymerase (Axel et al., 
1973; Gilmour and Paul, 1973; Steggles et al., 1974), and 
only a small portion of chromosomal DNA (2-10%) is tran- 
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ciation of histones and non-histone proteins with DNA is 
more gradual in the procedure of L. Kleiman and R.-C. C.  
Huang [(1972), J .  Mol. Biol. 64, 13. However, in both pro- 
cedures the bulk of the Ehrlich ascites non-histone proteins 
reassociate with DNA after the binding of histones to 
DNA. There are small amounts of non-histone proteins 
which reassociate with DNA before and at  the same time as 
histones reassociate with DNA. 

scribed into RNA in vivo (Grouse et al., 1972) and in vitro 
(Tan and Miyagi, 1970). Therefore, it appears that chro- 
mosomal proteins regulate the expression and repression of 
genes. Recently several reports have appeared on the recon- 
stitution of fully dissociated chromatin, and the reconsti- 
tuted chromatin appears to behave as native chromatin as 
far as the synthesis of tissue-specific RNAs is concerned 
(Bekhor et al., 1969; Huang and Huang, 1969; Spelsberg et 
al., 1971; Gilmour and Paul, 1970). The tissue specificity of 
chromatin seems to be controlled by non-histone proteins 
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