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Abstract: We examine the effect of magnetic field strength and the use of the isotropic rigid rotor model (when rotational mo
tion is anisotropic) on the accuracy of rotational correlation times (TR) of native proteins in solution determined from measure
ments of 13C spin-lattice relaxation times (T \) of a carbons. If TR is about 1O-8 s, then small experimental errors in measured 
T1 values at 14 kG can result in large errors in TR. We compare TR values obtained (with the use of the isotropic model) from 
T\ measurements at 14.2 and at 63.4 kG. For horse myoglobin, the two magnetic field strengths yield essentially identical TR 
values. In the case of human hemoglobin, the difference between the two TR values is slightly outside the estimated experimen
tal error. For the relatively nonspherical protein molecules hen egg-white lysozyme and bovine serum albumin, the TR values 
obtained at 14.2 kG are about twice as long as those obtained at 63.4 kG. The use of the axially symmetric ellipsoid model for 
the analysis of a-carbon relaxation data is examined. This model does not provide a significantly better agreement between the 
correlation times obtained at 14.2 and 63.4 kG (for lysozyme and albumin) than the isotropic model. 

Measurements of spin-lattice relaxation times (T\) of 
a-carbon envelopes1-3 in proton-decoupled 13C NMR spectra 
of native globular proteins in solution have been used to de
termine correlation times (TR) for the overall rotational motion 
of the protein molecules.1-6 In some cases, this method has 
yielded TR values in good agreement with those obtained by 
other procedures. For example, in the case of muscle calcium 
binding protein at 20 0 C , the TR value of 11-14 ns obtained 
from ' 3C NMR measurements at 23.5 kG4a is in good agree
ment with a value determined from a depolarized light scat
tering experiment.411 In the case of hen egg-white lysozyme, 
depolarized light scattering measurements have yielded a 
correlation time of 10 ns at 20 0C,7 '8 in good agreement with 
the value of 8.5 ns (at 30 0 C) obtained by 13C NMR at 23.5 
kG.5 However, 13C NMR measurements on lysozyme carried 
out at 14.2 kG yielded rR values of 22 ns at 40 0 C 2 and 20 ns 
at 42 0 C. 6 On the other hand, the rotational correlation time 
of myoglobin obtained by 13C N M R at 14 kG3,6 is in good 
agreement with the value obtained by 13C NMR at 23.5 kG.3 

The reported a-carbon relaxation times1-6 have been analyzed 
with the use of the isotropic rigid rotor model.9 In this report 
we examine the effect of magnetic field strength and the use 
of the isotropic model (when rotational motion is anisotropic) 
on the accuracy of rotational correlation times of proteins 
determined from a-carbon T\ values. Calculated a-carbon T\ 
values at 14.2 and 63.4 kG, obtained with the use of the axially 
symmetric ellipsoid model,10 are presented. The use of a-
carbon T\ measurements for studying the anisotropy of rota
tional motion of a protein is discussed. Experimental results 
at 14.2 and 63.4 kG are presented for two fairly spherical 
proteins (myoglobin1' and hemoglobin12) and for two relatively 
nonspherical proteins (hen egg-white lysozyme13 and bovine 
serum albumin14). 

Experimental Section 

Hen egg-white lysozyme from Sigma Chemical Co., St. Louis, Mo. 
(grade I), was purified by chromatography on DEAE-Sephadex.15 

Horse myoglobin (Type I) and bovine serum albumin (Type F) were 
obtained from Sigma Chemical Co. and were dialyzed against 0.1 M 
NaCl in H2O. Human adult hemoglobin, prepared by the method of 
Williams and Tsay,'6 was kindly provided by J. B. Matthew. Prepa
ration of samples for NMR was carried out as described previous
ly.17 

All T\ values were obtained from partially relaxed Fourier trans
form (PRFT) 13C NMR spectra.1-18 Spectra at 15.2 MHz (14.2 kG) 
were obtained as described previously.6 Nine PRFT spectra of bovine 
serum albumin were recorded at 14.2 kG, each with 4096 accumu
lations and a recycle time of T + 0.505 s (T is the interval between each 
180° radiofrequency pulse and the following 90° pulse). T] values 
at 14.2 kG for myoglobin, lysozyme, and hemoglobin are published 
values.6 Spectra at 67.9 MHz (63.4 kG) were obtained on a spec
trometer consisting of a Bruker high-resolution superconducting 
magnet, Bruker 10-mm probe, home-built radiofrequency electronics, 
and a Nicolet 1085 computer. The spectrometer was not equipped with 
a field-frequency lock. The width of the 90° radiofrequency pulse was 
12-13 MS and the frequency was set at the ' 3C resonance frequency 
of Me4Si. The 1H irradiation for proton decoupling (at 270 MHz) had 
a peak field strength of 0.8 G (3.4 kHz) and a random-noise modu
lation bandwidth of about 300 Hz and was centered 3.6 ppm downfield 
from the ' H resonance of Me4Si (unless otherwise stated). Each PRFT 
spectrum was obtained with the use of 2048 or 4096 time-domain 
addresses, a spectral width of 14 286 Hz, and 8192 accumulations with 
a recycle time of T + kT\ (where k > 3.4). Fourier transformation 
was done on twice the number of addresses used for signal accumu
lation, by placing the appropriate number of addresses with a zero 
value at the end of each set of accumulated data points. At least five 
T values were used for each T1 measurement at 63.4 kG. 

Results and Discussion 

It is now well established that, at low magnetic field 
strengths (such as 14 kG), the T\ values of protonated carbons 
in a large molecule are overwhelmingly determined by the 
^ C - 1 H dipolar relaxation mechanism.19 At 63.4 kG, chemical 
shift anisotropy is the dominant relaxation mechanism for 
carbonyl carbons and nonprotonated aromatic carbons of a 
protein,20 but the 1 3C-1H dipolar mechanism is still over
whelmingly dominant for the protonated carbons.20 Therefore, 
we shall consider only 13C-1H dipolar relaxation in our analysis 
of the a-carbon T\ values of proteins. 

Figure 1 shows log-log plots of T\ vs. T R (both in seconds) 
for a 13C nucleus undergoing relaxation by a dipolar interaction 
with a single proton 1.09 A away (typical C-H bond length), 
under conditions of proton decoupling, and when the rotational 
motion is isotropic. Results are shown for three magnetic field 
strengths currently in use (14.2, 23.5, and 63.4 kG) and for 
117.4 kG (resonance frequencies of 500 MHz for 1H and 125.7 
MHz for 13C), a magnetic field strength that may be used soon 
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Figure 1. Log-log plots of T\ vs. TR (both in seconds) for a ' 3C spin relaxing 
by a dipolar interaction with a single proton 1.09 A away, in the case of 
isotropic rotational reorientation and under conditions of proton decou
pling. Plots are given for various magnetic field strengths, indicated in 
kilogauss. 

for studies of proteins. The theoretical results of Figure 1 were 
obtained with the use of equations presented elsewhere.6'9 It 
follows from Figure 1 that if TR is about 1O-8 s, then the effect 
of experimental errors in the measured T\ values on the de
termination of TR will be much greater at 14.2 kG than at 23.5 
kG and above. For example, if the true value of TR is 8 ns and 
the measured T\ is in error by +10%, then the estimated value 
of TR is 14 ns at 14.2 kG and 10 ns at 23.5 kG.21 If the mea
surement is carried out at 63.4 kG, a given percentage exper
imental error in T\ will yield a similar percentage error in TR 
for any value of TR £ 6 ns. A comparable situation is reached 
at 14.2 kG when TR S 30 ns. It follows that the use of high 
magnetic field strengths (£30 kG) is desirable for determi
nations of rotational correlation times of small proteins such 
as lysozyme. 

In principle, NMR line widths (W) and nuclear Overhauser 
enhancement (NOE) values can also be used to determine 
rotational correlation times of proteins.6 Figures 2 and 3 show 
theoretical plots for W and the NOE, respectively, calculated 
for the same system as in Figure 1, with the use of equations 
given elsewhere.9 It follows from Figure 3 that NOE mea
surements can yield accurate TR values for only a limited range 
of rotational correlation times, below typical TR values of most 
native proteins. In contrast, it should be possible to extract 
accurate TR values of proteins from a-carbon line width mea
surements at any of the magnetic field strengths under con
sideration (Figure 2). Such determinations will require the 
observation of resolved resonances of individual a carbons. At 
the present time, T\ measurements on a-carbon envelopes 
provide the simplest approach for applying 13C NMR to the 
determination of rotational correlation times of native proteins 
in solution. 

Experimental a-carbon T\ values at 14.2 and 63.4 kG and 
the resulting values of TR obtained with the use of the isotropic 
rigid rotor model (Figure 1) are shown in Table I. In the case 
of myoglobin, the experiment at 14.2 kG yields a TR value that 
is in good agreement with the value obtained at 63.4 kG. For 
hemoglobin, the difference between the two TR values is slightly 
outside the estimated experimental error. However, for the 
relatively nonspherical protein molecules lysozyme and albu
min, the TR values obtained at 14.2 kG are about twice as long 
as those obtained at 63.4 kG. The differences are far outside 
the estimated experimental error. We examine ndw the pos
sibility that these discrepancies are the result of neglecting the 
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Figure 2. Log-log plots of line width (in hertz) vs. TR (in seconds) for 
various magnetic field strengths (in kilogauss). See caption of Figure 1 
for other conditions. 
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Figure 3. Semilog plots of NOE vs. TR (in seconds) for various magnetic 
field strengths (in kilogauss). See caption of Figure 1 for other conditions. 
Here we define the NOE as the ratio of the intensities of the ' 3C resonance 
in the presence and in the absence of proton decoupling. 

anisotropic nature of the rotational reorientation of lysozyme 
and albumin. 

Consider the rotational Brownian motion of a molecule that 
is an axially symmetric ellipsoid with semiaxes of length a and 
b = c. We can compute the 13C T\ value of a protonated car
bon in such a molecule with the use of general equations for 
13C-1H dipolar relaxation22 and Woessner's treatment of 
anisotropic rotation.10 For a methine carbon under conditions 
of proton-decoupling we obtain9 

1/T1 = A/TlA + B/TIB + C/Tlc (U 
where 

and 

A = '/4(3 COs2S- I)2 

B = 3 sin2 6 cos2 8 

C = 3/4 sin4 8 

/TiK= V\oh2yc2yH2rcH~6Xi< 
K = A, B1C 

(2) 
(3) 

(4) 

(5) 
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Table I. a-Carbon Spin-Lattice Relaxation Times and 
Rotational Correlation Times of Horse Myoglobin, Human 
Hemoglobin, Hen Egg-White Lysozyme, and Bovine Serum 
Albumin 

10.0 

a-carbon T], sa 
TR, ns" 

Protein (0C) 

Myoglobin (36) 
Hemoglobin (36) 
Lysozyme (31) 
Lysozyme (43) 
Albumin (37) 

14.2 kG 

0.030c 

0.062? 

0.031' 
0.10" 

63.4 kG 

0A0d 

0.75* 
0.34^ 
0.21m 

0.88° 

14.2 kG 

18 ± 5 ' ^ 
47 ± V 

1 9 ± 5 e 

78 ± W 

63.4 kG 

16 ± 2 / 
30 ± 5' 
13 ±2k 

8 ± 1 
35 ± 5 " 

" T] values were measured from partially relaxed Fourier transform 
NMR spectra.16 Estimated random error is ±15%. * Obtained from 
Figure I.19 Estimated errors are based on a ±15% error in the ex
perimental T] values. c Measured for 8.6 mM horse carbon monoxide 
myoglobin in H2O (0.1 M NaCl, 0.05 M phosphate buffer, pH 6.5); 
taken from Table I of ref 6. A 7", value of 0.036 s (at 14.1 kG) has been 
reported3 for sperm whale cyanoferrimyoglobin (16 mM, pH 7.5) at 
32 0C. d Horse cyanoferrimyoglobin (17 mM) in H2O (0.1 M NaCl, 
pH 7.6). " The measured T] actually yields a TR value that is 1 ns 
longer than is indicated in the table. The estimated error in TR is +4 
ns and —6 ns. / A TR value of 10 ns has been obtained for horse myo
globin (1.3 mM, at 25 0C) from dielectric relaxation measurements 
by H. O. Marcy and J. Wyman, J, Am. Chem. Soc, 64,638 (1942). 
z Measured for 3.7 mM (in tetramer) human adult carbon monoxide 
hemoglobin in H2O (0.1 M NaCl, 0.05 M phosphate buffer, pH 6.9); 
taken from Table I of ref 6. * Human adult cyanoferrihemoglobin (3.8 
mM in tetramer) in H2O (0.1 M NaCl, pH 8.3). ' A TR value of 44 
ns has been obtained for horse hemoglobin (0.4 mM in tetramer, at 
17 0C) from dielectric relaxation measurements by P. Schlecht, H. 
Vogel, and A. Mayer, Biopolymers, 6,1717 (1968). > Hen egg-white 
lysozyme (15.4 mM) in H2O (0.1 M NaCl, pH 3.1). * A TR value of 
10 ns has been obtained for lysozyme (10 mM, at 20 0C) from depo
larized light scattering measurements.7 ' Measured at 42 0C for 14.6 
mM hen egg-white lysozyme in H2O (0.1 M NaCl, pH 3). m Mea
sured at 44 0C for the sample described in footnote./'. " Measured at 
38 0C for 3.0 mM bovine serum albumin in H2O (0.1 M NaCl, pH 
6.5). o Measured at 35 0C for the sample described in footnote n. 
P See footnote c of Table III. 

Here 6 is the angle between the C-H vector and the symmetry 
axis of the ellipsoid, rcn is the carbon-hydrogen bond length, 
7c and YH are the gyromagnetic ratios of 13C and 1H, re
spectively, and XA: is given by eq 6. 

XA- = 
TK 

+ • 
3TK 

1 + (C0H - Wc)2T-A:2 1 + WC2TK2 

+ • 
6TK 

1 J. t -L \2 ~2 ^ 
1 + (WH + ^ c ) TK 

Here O>H and wc are the resonance frequencies, in radians per 
second, of 1H and 13C, respectively, and the values of TA: (K 
= A, B, C) are given by eq 7-9. 

TA = T± 

TB - 6TJ_T |J (T ± + 5T | | ) " 

TC = 3 T X T | ; ( 2 T ± + T||)" 

(7) 

(8) 

(9) 

Here T\\ and T± are the correlation times for rotation about the 
symmetry axis (a) and axis b, respectively. 

Figure 4 shows the effect of anisotropy of rotational motion 
on the 13C T\ value of a methine carbon (in a prolate ellipsoid) 
at 14.2 and 63.4 kG. Each curve was computed for a fixed value 
of T± and a variable T±/T\\ ratio. However, the ratio of the 
lengths of the axes (a/b) is used as the independent variable 
in Figure 4. We have used Woessner's eq 58 l 0 as the rela
tionship between T±/T\\ and a/b (Figure 5). The T\ values of 
Figure 4 were calculated for 6 = 80°. The effect of varying 6 
is shown in Figure 6. 
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Figure 4. Semilog plots of T] (in seconds) vs. a/b for a 13C spin relaxing 
by a dipolar interaction with a single proton 1.09 A away (with B = 80°) 
in the case of an axially symmetric ellipsoid, under conditions of proton 
decoupling. Plots are given for various values of T_L (in nanoseconds) at 
14.2 kG (lower set of curves) and 63.4 kG (upper set of curves). 

Figure 5. Plot of TJ_/T|| vs. a/b, from eq 58 of ref 10. 

The a carbons of native proteins have yielded broad enve
lopes in reported 13C NMR spectra at low magnetic field 
strengths (14 and 23 kG).1-3 '5-6 Reported a-carbon T] 
values1,3,6 are not those of individual carbons but of the a-
carbon envelope. If the rotational motion is anisotropic, we 
must consider the possibility that the various contributing a 
carbons may not have identical T\ values (Figure 6). It is ob
viously desirable to measure a-carbon T] values at a magnetic 
field strength high enough to yield resolved single a-carbon 
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Figure 6. Semilog plots of T] (in seconds) vs. $ (in degrees) for a 13C spin 
relaxing by a dipolar interaction with a single proton 1.09 A away, in the 
case of an axially symmetric ellipsoid, under conditions of proton decou
pling. Plots are given for T± = 20 ns (solid curves) and T± = 40 ns (dashed 
curves), with a/b = 2 and 4, at 14.2 kG (lower curves) and 63.4 kG (upper 
curves). 

resonances. Figure 7 shows the aliphatic regions of fully pro
ton-decoupled 13C NMR spectra of hen egg-white lysozyme 
at 14.2 and 63.4 kG.20 The downfield portion of each spectrum 
(about 49-72 ppm) contains the resonances of C" of all resi
dues (except the 12 glycines) and the resonances of G3 of the 
seven threonines and ten serines.23 However, these 17 C^ res
onances probably contribute only to the downfield edge of the 
a-carbon region.23 The range 49-60 ppm probably contains 
only the resonances of methine a carbons. The resolution in 
this region of the spectrum is considerably greater at 63.4 kG 
(Figure 7, B) than at 14.2 kG (Figure 7, A). However, even at 
63.4 kG, none of the 117 methine a carbons of hen egg-white 
lysozyme yield resolved single-carbon resonances.20 Each of 
the T] values for lysozyme at 63.4 kG given in Table 1 is an 
arithmetic average of the values for peaks 1 -4 of Figure 7, B. 
The T] values of peaks 1 -4 are all within ± 10% of the given 
average value. 

Application of the axially symmetric ellipsoid model to the 
analysis of a-carbon relaxation data requires known values of 
the angle (6) between the pertinent C-H vectors and the 
symmetry axis. In the case of lysozyme, we obtained an ap
proximate value of 6 for each Ca-Ha vector from a molecular 
model built with the use of crystal coordinates.'3 The symmetry 
axis was located by visual inspection, roughly along a line be
tween the NH hydrogen of Pro-70 and the /3 hydrogens of 
He-124. Table II lists the number of residues within a given 
range of 6 values, in steps of 15°. Glycine residues have not 
been included because their a-carbon resonances fall outside 
the main a-carbon envelope (see above) and therefore do not 
contribute to our experimental T\ value. We have assumed that 
the distribution of 6 values for the a carbons that contribute 
to each of peaks 1-4 (Figure 7, B) is the same as that of Table 
II. Figure 6 indicates that if lysozyme has r± « 20 ns and a/b 
« 2,13 then the a-carbon region should yield an essentially 
exponential relaxation behavior at 14.2 kG, but a slightly 
nonexponential behavior (about 30% change in T] when going 
from 6 = 0 to 90°) at 63.4 kG. Our PRFT spectra of lysozyme 
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Figure 7. Region of aliphatic carbons in the fully proton-decoupled nat
ural-abundance 13C Fourier transform NMR spectra of hen egg-white 
lysozyme in H2O and 0.1 M NaCl. (A) At 14.2 kG (15.2 MHz), using 14.1 
mM lysozyme (pH 4.0, 36 0C), a spectral width of 3788 Hz, 16 384 
time-domain addresses, 32 768 accumulations with a recycle time of 2.205 
s (20 h total time), and 0.88-Hz digital broadening. (B) At 63.4 kG (67.9 
MHz), using 15.4 mM lysozyme (pH 3.1, 30 0C), a spectral width of 
14 286 Hz, 16 384 time-domain addresses, 32 768 accumulations with 
a recycle time of 3.016 s (28 h total time), and 2.78-Hz digital broadening. 
The noise modulated 1H irradiation was centered 2.2 ppm downfield from 
Me4Si. 

Table II. Estimated Values of 6 for Hen Egg-White Lysozyme 

6° 

0-15 
16-30 
31-45 

No. of 
residues* 

4 
8 

21 

6" 

46-60 
61-75 
76-90 

No. of 
residues* 

24 
28 
32 

" Angle (in degrees) between the C"-H" vector and the assumed 
symmetry axis of the ellipsoid. * Glycine residues are not included (see 
text). 

(see Experimental Section) did not yield a detectable nonex
ponential behavior at either magnetic field strength. Very 
accurate relaxation measurements may yield information 
about the anisotropy of rotational reorientation, either from 
observation of nonexponential relaxation behavior of the a-
carbon envelope or from determination of T\ values of indi
vidual a carbons (perhaps specifically 13C enriched) with 
different known values off). 

It follows from eq 1 that, in general, the magnetic field de
pendence of T] will not yield information about rotational 
anisotropy. In the extreme narrowing limit (WHTK « UK = 
A, B, C) eq 1 becomes identical in form with the corresponding 
expression for isotropic motion,22 but with ATA+ BTB + Crc 
replacing TR. Therefore, application of the isotropic model to 
an axially symmetric ellipsoid will yield an "effective" rR = 
AT A + BTB + CTC (a function of 6). In the limit of slow motion 
{(JOCTK » 1, K = A, B, C) eq 1 also becomes identical in form 
with the slow limit expression for isotropic motion, but with 
(A/TA + B/TB + C/TC)~] replacing TR. Therefore, in the slow 
limit, application of the isotropic model to an axially symmetric 
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Table III. Application of the Axially Symmetric Ellipsoid Model 
to Hen Egg-White Lysozyme and Bovine Serum Albumin 

a/b" 

1 
2 
4 
6 

Lysozyme TJ_, ns* 

14.2 kG 63.4 kG 

20 
25 
42 
62 

8 
10 
18 
28 

Albumin 

14.2 kG 

78 
100 
180 
300 

T±,nsbc 

63.4 kG 

35 
46 
83 

130 

" The reported value of a/b is about 2 for lysozyme13 and about 3.5 
for albumin.14 * Values of T± obtained from eq 1, with d = 60° and 
the experimental T\ values of Table I (at 43 0C for lysozyme).c Di
electric relaxation measurements [P. Moser, P. G. Squire, and C. T. 
O'Konski, J. Phys. Chem., 70,744 (1966)] indicate that the rotational 
motion of aqueous bovine serum albumin is anisotropic, with T± = 
77 ns and T | = 25 ns (a/b = 3.0), at infinite dilution and 25 "C 

ellipsoid will yield an "effective" TR independent of magnetic 
field strength, even though T\ is strongly field dependent. 

As noted above, when the isotropic rigid rotor model (a/b 
= 1) was used to extract rotational correlation times from 
a-carbon T\ values of lysozyme and albumin, measurements 
at 63.4 kG yielded different TR values from those at 14.2 kG 
(Table I). The use of the axially symmetric ellipsoid model does 
not provide a significantly better agreement between the ro
tational correlation times obtained at the two magnetic field 
strengths (Table III). We have considered the possibility that 
the discrepancies between the results at 14.2 and 63.4 kG are 
caused by systematic errors in measured T\ values. However, 
there is satisfactory agreement between the low-field and 
high-field results for the relatively spherical myoglobin and 
hemoglobin molecules (Table I). We believe that our results 
for lysozyme and albumin reflect the inapplicability of the 
axially symmetric ellipsoid model. In the future, measurements 
of T\ values of individual a carbons (probably 13C enriched) 
of a protein may permit a determination of the components of 
the anisotropic diffusion tensor for overall rotation.24 Such 
measurements may also yield information about possible 
contributions from internal motions25 (of some portions of the 
polypeptide backbone) to the T\ values of a-carbon enve
lopes. 
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