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The aromatic regions in proton-decoupled natural abundance 13C Fourier transform nuclear magnetic 
resonance spectra (at 14.2 kG) of small native proteins contain broad methine carbon bands and narrow 
nonprotonated carbon resonances. Some factors that affect the use of natural abundance 13C Fourier 
transform NMR spectroscopy for monitoring individual nonprotonated aromatic carbon sites of native 
proteins in solution are discussed. The effect of protein size is evaluated by comparing the 13C NMR 
spectra of horse heart ferrocytochrome c, hen egg white lysozyme, horse carbon monoxide myoglobin, and 
human adult carbon monoxide hemoglobin. Numerous single carbon resonances are observed in the 
aromatic regions of 13C NMR spectra of cytochrome c, lysozyme, and myoglobin. The much larger 
hemoglobin yields few resolved individual carbon resonances. Theoretical and some experimental values 
are presented for the natural linewidths (IV), spin-lattice relaxation times (T,), and nuclear Overhauser 
enhancements (NOE) of nonprotonated aromatic carbons and C’ of arginine residues. In general, the 
13C-1H dipolar mechanism dominates the relaxation of these carbons. 13C-14N dipolar relaxation 
contributes significantly to l/T, of C ” of tryptophan residues and C’ of arginine residues of proteins in 
D,O. The NOE of each nonprotonated aromatic carbon is within experimental error of the calculated 
value of about 1.2. As a result, integrated intensities can be used for making a carbon count. Theoretical 
results are presented for the effect of internal rotation on W, T,, and the NOE. A comparison with the 
experimental T, and NOE values indicates that if there is internal rotation of aromatic amino acid side 
chains, it is not fast relative to the over-all rotational motion of the protein. 

Nuclear magnetic resonance spectroscopy can be used to 
monitor individual atomic sites of proteins in solution. Nuclei 
with non-zero spin that are present in all proteins and are 
suitable for this purpose (in principle at least) are: ‘H, *H, 13C, 
“N, 15N, and “0. However, practical difficulties of resolution 
and sensitivity have prevented the general use of most of these 
nuclei. The ‘H nucleus has been the most widely used one for 
NMR studies of proteins (l-4). In recent years, a number of 
investigators have turned their attention to 13C NMR of 
proteins (5-32). Some reports have covered general features in 
the natural abundance 13C NMR spectra of aqueous proteins in 
various states (5-11). Others have dealt with 13C NMR signals 
of incorporated %-enriched amino acid residues (12-14) and 
adducts (15-26). We have chosen to concentrate our efforts on 
the observation of single carbon resonances in the aromatic 
regions of the natural abundance 13C NMR spectra of native 
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proteins (27-31). The development of a 20-mm NMR probe has 
facilitated the detection of these resonances (30). We reserve 
the term “single carbon resonance” for a signal that arises from 
just 1 carbon of a monomeric protein. We use the term 
“individual carbon resonance” to denote a signal that is either 
a single carbon resonance or the sum of single carbon reso- 
nances of two or more equivalent subunits. The term “individ- 
ual carbon resonance” has been used by some authors to 
denote a signal that arises from a class of carbon atoms, such as 
the single peak that results from 0 of all of the threonine 
residues of calf skin gelatin (9). 

We have recently observed numerous single carbon reso- 
nances in the aromatic regions of the natural abundance 13C 
NMR spectra of hen egg white lysozyme (27, 29, 31), horse 
heart ferrocytochrome c (28), horse heart ferricytochrome c 
(28), and horse heart cyanoferricytochrome c (31). Opella et al. 
(32) have reported some single carbon resonances in the 
natural abundance 13C! NMR spectrum of carp parvalbumin. 
Here we present theoretical and experimental results relating 
to the following questions. Which types of carbons are the most 
likely to yield resolved single carbon resonances? As the size of 
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the protein molecule increases, how rapidly does the number of 
resolved single carbon resonances diminish? What type of 
information can be extracted from measurements of spin-lat- 
tice relaxation times (T,) of individual carbon resonances? 
Does each carbon yield a resonance of the same intensity, or 
does one have to take into account differing values of the 
nuclear Overhauser enhancement? Is it possible to readily 
count the number of resolved single carbon resonances? 

EXPERIMENTAL PROCEDURE 

Preparation of samples is described in the following paper (33). 13C 
NMR spectra were obtained at 15.18 MHz by means of the Fourier 
transform method. The apparatus has been described (27, 30). The 90” 
radiofrequency pulses were used for 13C excitation when recording 
normal Fourier transform NMR spectra. When recording PRFT’ 
spectra (34), the nuclear spin magnetization was first inverted by 
means of a 180” radiofrequency pulse, and then, after an interval 7,90” 
radiofrequency pulse excitation was applied. Details have been given 
(35). For the fully proton-decoupled spectra, the ‘H irradiation (about 
0.6 G peak field strength at 60.37 MHz) was centered 6 ppm downfield 
from the ‘H resonance of Me,Si, and had a random noise modulation 
bandwidth of about 10 ppm. For the noise-modulated off-resonance 
proton-decoupling experiments (27, 36), the ‘H irradiation was cen- 
tered 8 to 10 ppm upfield from Me,Si and had a noise modulation 
bandwidth of about 5 ppm. A spectrum without proton decoupling was 
recorded by setting the proton irradiation 50 kHz off-resonance and 
switching off the noise modulation. 

Time domain data were accumulated in 8,192 or 16,384 addresses of 
a Nicolet-1085 computer. Spectral widths of 4,000 Hz or 3,787.g Hz 
were used. Fourier transformation was done on 16,384 time domain 
points in all cases. When only 8,192 addresses were used for data 
accumulation, 8,192 addresses with a zero value were placed at the end 
of each block of accumulated time domain data points. In this way, 
after Fourier transformation there was one point every 0.488 Hz 
(4,009-Hz spectra) or every 0.462 Hz (3,787.9-Hz spectra). T, values 
were obtained from PRFT spectra (35). Chemical shifts, linewidths, 
and integrated intensities were measured digitally. Integrated intensi- 
ties were obtained from spectra that were recorded using a recycle time 
at least 2.5 times the value of the longest pertinent T, value, except for 
the resonances of Cr of arginine residues of hen egg white lysozyme in 
D,O. 

GENERAL CONSIDERATIONS 

Proton-decoupled natural abundance 13C NMR spectra of 
the diamagnetic proteins horse heart ferrocytochrome c, horse 
carbon monoxide myoglobin, and human adult carbon monox- 
ide hemoglobin are shown in Fig. 1. Each spectrum is divided 
(27, 33) into the region of carbonyl resonances (about 170 to 210 
ppm downfield from Me,Si), the region of aromatic carbons 
(about 100 to 160 ppm downfield from Me,Si), and the region 
of aliphatic carbons (about 10 to 75 ppm downfield from 
Me,Si). The aromatic region also contains C’ resonances of 
arginine residues (33) and vinyl carbon resonances (if present). 
In each spectrum there are broad features and narrow reso- 
nances. Even for the smallest proteins in their native confor- 
mation, we expect broad resonances (linewidth 220 Hz) for o( 
carbons and for protonated side chain carbons not undergoing 
fast internal rotation (29). Only two types of carbons of a native 
protein can yield narrow resonances (linewidth ~5 Hz): 
protonated carbons undergoing fast internal rotation, and 
nonprotonated carbons (29). 

The aliphatic carbon region in each spectrum of Fig. 1 
contains broad bands and narrow resonances. Since only 
protonated carbons contribute here, the narrow resonances 
must arise from aliphatic side chain carbons undergoing fast 
internal rotation relative to the rate of over-all molecular 

‘The abbreviations used are: PRFT, partially relaxed Fourier 
transform; NFT, normal Fourier transform; NOE, nuclear Overhauser 
enhancement. 
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FIG. 1. Fully proton-decoupled natural abundance 13C Fourier 
transform NMR spectra of some diamagnetic heme proteins in H,O 
(0.1 M NaC1/0.05 M phosphate buffer). Each spectrum was recorded at 
15.18 MHz using 8,192 time domain addresses, a 4,000.Hz spectral 
width, 1.105-s recycle time, and 0.62-Hz digital broadening. A, 11.5 mM 
horse heart ferrocytochrome c, pH 6.7, 40”, after 16,384 accumulations 
(5 hours total time). B, 9.7 mM horse carbon monoxide myoglobin (plus 
dioxane), pH 6.7,36”, after 32,768 accumulations (10 hours total time). 
C, 3.3 mM (in tetramer) human adult carbon monoxide hemoglobin, 
pH 7.0, 34”, after 32,768 accumulations. 

tumbling (10). At 15.18 MHz, we do not expect to find a 
significant number of resolved single carbon resonances in the 
saturated carbon region of the natural abundance 13C NMR 
spectrum of a protein, for two reasons. First, a relatively large 
number of carbons contribute here. Second, chemical shift 
nonequivalence caused by folding of the protein into its native 
conformation is probably diminished as a resu1.t of internal 
rotations. Although we do not discount the possibility of 
observing single carbon resonances of some saturated side 
chains, we have concentrated our efforts on nonprotonated 
carbons. 

There are three types of nonprotonated carbons in a protein: 
carbonyls, Cr of arginine residues, and some of the aromatic 
carbons. Most carbonyls are squeezed into a range of only 
about 15 ppm (Fig. 1) and yield few resolved single carbon 
resonances (33, 37). The resonances of C’ of arginine residues 
usually appear at the downfield edge of the aromatic region 
(33). The relatively small number of aromatic carbons of a 
protein covers a large range of chemical shifts. Furthermore, 
protonated (methine) aromatic carbons of native proteins 
generally give rise to broad resonances, and only non- 
protonated aromatic carbons give rise to narrow ones (27-29). 
In Fig. 2 we show the aromatic regions of the spectra of Fig. 1. 
Note the presence of broad features and narrow resonances. 
Some of the narrow peaks are located on top or on the sides of 
the broad features. 

There are seven types of nonprotonated aromatic carbons of 
amino acid residues: 0 of phenylalanine, Cr and Cr of 
tyrosine, 0 of histidine, and CY, CY, and CYof tryptophan 
residues (Fig. 3). A heme protein also has the 16 nonprotonated 
aromatic carbons of each heme, which yield narrow resonances 
in spectra of diamagnetic states of the protein (28, 33, 37). A 
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FIG. 2 Region of aromatic carbons 
and Cc of arginine residues in fully 
proton-decoupled natural abundance 
13C Fourier transform NMR spectra of 
some diamagnetic heme proteins. A, 
horse heart ferrocytochrome c, from Fig. 
LA. Peak numbers are those of Refs. 28 
and 33. B, horse carbon monoxide myo- 
globin, from Fig. 1B. C, human adult 
carbon monoxide hemoglobin, as in Fig. 
lC, but processed with 0.93-Hz digital 
broadening. 

2.16'1 ,'2.16 
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FIG. 3. Estimated distances of nonprotonated side chain carbons (of crystalline amino acids and small peptides, and known CH, OH, and 

tyrosine, histidine, tryptophan, and arginine residues) to hydrogens NH bond lengths in smaller molecules (39, 40). The calculated 
two bonds removed. These distances were computed with the use of two-bond CH distances for CT of phenylalanine are about the same as 
known bond lengths and angles (not involving hydrogen) in some those shown for tyrosine. 

summary of the chemical shift ranges observed for the various 
types of nonprotonated aromatic carbons of proteins is given in 
the following paper (33). 

Horse heart cytochrome c has 34 nonprotonated aromatic 
carbons, 16 from the heme and 18 from the 4 phenylalanine, 4 
tyrosine, 3 histidine, and 1 tryptophan residues (38). If we 
include C’ resonances of the 2 arginine residues (Fig. 3), we 
expect up to 36 narrow single carbon resonances in the 

aromatic region of the 13C NMR spectrum of horse heart 
ferrocytochrome c. Even at our low magnetic field strength of 
14.2 kG, we have observed 20 single carbon resonances and 8 
two-carbon resonances (Fig. 2A). Some specific assignments 
are given in the following paper (33). The horse myoglobin 
molecule contains 44 nonprotonated aromatic carbons, 16 from 
the heme and the rest from the 7 phenylalanine, 2 tyrosine, 11 
histidine, and 2 tryptophan residues (38). We must also 
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consider Cr of the 2 arginine residues (38). There is a slight 
decrease in the number of resolved single carbon resonances 
when going from horse heart ferrocytochrome c (Fig. 2A) to 
horse carbon monoxide myoglobin (Fig. 2B). Human adult 
hemoglobin has 87 nonequivalent nonprotonated aromatic 
carbons, 32 from the hemes of (Y and /3 subunim and 55 from 
amino acid residues (38). We must also consider Cr of the 6 
nonequivalent arginine residues (38). Not only does hemoglo- 
bin contain more than twice the number of nonprotonated 
aromatic carbons of cytochrome c, but the individual carbon 
resonances of hemoglobin are about twice as broad as those of 
cytochrome c (see below). Predictably, the number of identifia- 
ble individual carbon resonances in the 13C NMR spectrum 
of carbon monoxide hemoglobin (Fig. 2C) is small at 15.18 
MHz. We present our observations of some resolved individual 
carbon resonances in the 13C NMR spectra of various 
hemoglobins in a subsequent paper in this issue (37). 

LINEWIDTHS 

The experimental linewidth We,, (in hertz) of a single 
carbon resonance is given by 

W 
.=P 

= w. lms + w (1) 

where W,,, is the instrumental contribution (from magnetic 
field inhomogeneity, instabilities, incomplete proton decou- 
pling, digital broadening, and other factors), and W is the 
natural linewidth. W,,,, is typically in the range 0.5 to 2 Hz. In 
studies of small organic molecules, we often have W < W,,,, so 
that Wexu is dominated by the instrumental contribution. 
However, in 13C NMR spectra of proteins, the natural line- 
width can dominate We,,. Therefore, it is useful to consider the 
theory of linewidths of 13C resonances. 

It has been shown that protonated carbons of large diamag- 
netic molecules have a natural linewidth overwhelmingly 
determined by the 13C1H dipole-dipole relaxation mechanism 
(35). The effectiveness of this relaxation mechanism is in- 
versely proportional to the sixth power of rCH, the distance 
between the 13C and ‘H nuclei (see below). Fig. 3 indicates that 

rCHm6 is about 60 times greater for directly bonded CH groups 
(rCH x 1.09 A) than for the closest nonbonded CH interactions 
(39, 40). Therefore, 13C-lH dipolar relaxation should be much 
less effective for nonprotonated carbons than for protonated 
ones. As a result, one must consider the possibility that 
relaxation mechanisms other than the I%- ‘H dipolar one 
contribute significantly to the natural linewidths of non- 
protonated carbons. The spin-rotation relaxation mechanism 
(41) can contribute significantly to 13C relaxation in very small 
molecules, but can be confidently ignored when dealing with 
large molecules (41, 42). Relaxation arising from chemical shift 
anisotropy is only important at very high magnetic field 
strengths (41). One relaxation mechanism that cannot be 
ignored here is that arising from the dipolar interactions of 13C 
nuclei with paramagnetic species (1, 3, 4, 43). However, we 
show in the next section that, in general, the 13C-1H dipolar 
relaxation mechanism is dominant for nonprotonated aromatic 
carbons of a native protein (at 14.2 kG). 

The contribution to the linewidth of a 13C resonance from the 
dipolar interactions with all nuclei in the sample is given by 
Equation 2 (44, 45). 

w = cwj = (15n) -*h2YCqil (s,+l) Y,*rC,+Oj (2) 
j I 

Here yc and y, are the gyromagnetic ratios of 13C and of 

nucleus j, respectively, S, is the spin quantum number of 
nucleus j, W, is the contribution to the 13C linewidth from a 
dipolar interaction with nucleus j, and each d, is a function of 
the changes in magnitude and direction of the vector connect- 
ing the two nuclei. Because of the dependence of the dipolar 
interaction on the inverse sixth power of the distance of the 13C 
nucleus to nucleus j (rC,), only a few terms in Equation 2 are 
significant. Each 4, in Equation 2 takes a relatively simple 
form if one assumes that intermolecular dipole-dipole interac- 
tions are negligible, that the molecule as a whole rotates 
isotropically, and that internal motions can be neglected (rigid 
sphere model). Then (41, 44-46) 

67a 
0, = x, + 4TR + 

1+ wj*TR* 
(3) 

where 

Here rR is the correlation time for rotational reorientation of 
the molecule, and oc and w, are the resonance frequencies, in 
radians/s, of 13C and of nucleus j, respectively. 

Within a few per cent accuracy, for a protonated carbon one 
need only consider the directly bonded hydrogens (j = ‘H, S, = 
l/2, rcH = 1.08 to 1.09 A), and Equation 2 becomes 

w/q = (20n) -1h2YC2Y,+CH-60H (5) 

where 1 is the number of directly attached hydrogens. In the 
case of a CH, or CH, group, we have assumed here that the 2 or 
3 hydrogens have the same C-H bond length. When dealing 
with nonprotonated carbons, each rCH in Equation 2 represents 
a nonbonded C-H distance. The shortest rCH values, those to 
hydrogens two bonds removed, are in the range 2.0 to 2.2 A 
(Fig. 3). Distances of hydrogens to carbons three bonds 
removed are typically 3 A or longer (39, 40). Because of the 
relatively large gyromagnetic ratio of ‘H, dipolar interactions 
of nonprotonated carbons with nuclei other than hydrogen 
generally have been ignored (35, 47, 48). Recently, Moreland 
and Carroll (49) have pointed out that 13C-13C dipolar relaxa- 
tion may be important for nonprotonated carbons of ‘YZ- 
enriched molecules. Even though the natural abundance of “N 
is 99.63%, 13C-14N dipolar relaxation has previously been 
neglected, presumably because the square of the gyromagnetic 
ratio for 14N is l/192 of the corresponding value for ‘H. 
However, S,(S, + 1) is 0.75 for ‘H, but 2 for “N. More 
importantly, directly bonded carbon-nitrogen distances are 
much shorter than nonbonded carbon-hydrogen distances (39, 
40). We show in the next section that a nitrogen bonded to a 
nonprotonated carbon contributes significantly to the relaxa- 
tion of that carbon. 

If the rigid sphere model is applicable, Equation 2 can be 
used to compute the linewidth of a nonprotonated carbon 
resonance. For accurate calculations, it is desirable to include 
not only hydrogens two bonds removed, but also directly 
bonded nitrogens, and hydrogens three bonds removed, as we 
do when dealing with T, (see “Spin-Lattice Relaxation”). 
However, as an approximation, we will now consider only the 
effect of hydrogens two bonds removed. Most of the two-bond 
CH distances of Fig. 3 are about 2.16 A. Therefore, to a first 
approximation, Equation 5 can be used, but with rCH = 2.16 A, 
and 11 defined as the number of hydrogens two bonds removed. 
A plot of W/q as a function of TV is given in Fig. 4 for three 
commonly used magnetic field strengths. 

The use of Equation 5 to compute W requires a knowledge of 
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TABLE I 

Measured a carbon spin-lattice relaxation times of some proteins, 
calculated values of W/q and NOE forprotonated and nonprotonated 

carbons, and calculated u&es of VT, for nonprotonated carbons 

Experimental and calculated values are at 14.2 kG. Calculated 
values assume no internal rotations. For a protonated carbon, 7 is the 
number of directly bonded hydrogens (taking rCH = 1.09 A). For a 
nonprotonated carbon, v is the number of hydrogens two bonds 
removed (taking rCH = 2.16 A). 

FIG. 4. Log-log plots of W/q (in hertz) uersus TV (in seconds) for a 
13C spin relaxing by a dipolar interaction with a single proton 2.16 A 
away (typical two-bond CH distance), in the case of isotropic rota- 
tional reorientation and under conditions of complete proton decou- 
pling. Results are shown for 14.1 kG (wc = 9.48 x lo7 radians/s, w,, = 
3.77 x lOa radians/s), 23.5 kG (wc = 1.58 x lOa radians/s, wH = 6.29 x 
lOa radians/s), and 51.7 kG (wc = 3.48 x lOa radians/s, wH = 1.38 x lo* 
radians/s). The broken uertical lines are located approximately at the 
rotational correlation times of the proteins in Table I. 

TV. We determined the rotational correlation times of horse 
heart ferrocytochrome c, hen egg white lysozyme, horse carbon 
monoxide myoglobin, and human adult carbon monoxide 
hemoglobin from T, values of CO, as described previously (10). 
The resulting 7R values are presented in Table I. When 
introduced into Equation 5, these 7R values yield W/v values of 
about 30 Hz for protonated carbons of cytochrome c, lysozyme, 
and myoglobin, and about 70 Hz for protonated carbons of 
hemoglobin. However, there are resonances much narrower 
than this in the saturated carbon region (Fig. 1) that can only 
arise from protonated carbons, a clear indication that the rigid 
sphere model is not applicable to some C-H groups of some 
aliphatic side chains. We discuss the effects of internal rotation 
on linewidths in another section of this paper. For non- 
protonated aromatic carbons, the predicted value of W/a 

(Table I) is about 0.5 Hz for cytochrome c, lysozyme, and 
myoglobin, and about 1 Hz for hemoglobin. In the case of 0 of 
a tryptophan residue (7 = 3) the calculated linewidth is about 
1.5 Hz for cytochrome c, lysozyme, and myoglobin, and about 3 
Hz for hemoglobin, in agreement with experimental values (see 
below). 

We have computed values of the linewidths that take into 
account variations in two-bond CH distances (Fig. 3), the 
effect of directly bonded nitrogens, and the effect of hydrogens 
more than two bonds removed. However, because of the 
limited accuracy of our experimental linewidths (h 1 Hz), we 
do not present these refined theoretical linewidths here. Within 
our experimental accuracy, the observed linewidths are in 
agreement with the calculated ones. For example, the mea- 
sured values of W (W,,, - W,,,, where W,,, = 1 Hz) for 
resolved single carbon resonances of 0 of tryptophan residues 
are about 2 Hz and 4 IJz, respectively, in spectra of horse heart 
ferrocytochrome c (Fig. W) and human adult carbon monoxide 
hemoglobin (Fig. 2C). When going to paramagnetic forms of 
heme proteins, the resonances of the heme carbons and amino 
acid carbons that are very near the heme may become 

Molecular weight= 

Measured Ca T, (ms) 
b 

Tll (ns19 I/ 

I w/q. protonated (Hz)l 30 

w/q. nonprotonated (Hz)' 0.q 

qT1, nonprotonated (s)~ 

~ 

1.73 

NOEL 1.21 

14,'100 17,600 6Jl , ‘500 

;ld 3oe 69 

20 lgh ‘47 

3-5 32 67 

0 .5’, 0.53 

L- 

1.11 

1.90 1.e4 3.76 

1.39 1.70 1.16 

n Rounded off to the nearest 100. Based on polypeptide chain values 
of Ref. 38, and a residue weight of 616.5 for the heme. 

*Estimated accuracy is + 15%. 
c Horse-heart ferrocytochrome c (16 mM) in H,O (0.1 M NaC1/0.05 M 

phosphate buffer, pH 5.5) at 36”. 
dpH 3, 42”. Sample conditions are those of Figs. 7 and 8. An LY 

carbon T, value of 31 ms was obtained for the protein in H,O, and a 
value of 33 ms for the protein in D,O. 

e Horse carbon monoxide myoglobin (8.6 mM) in H,O (0.1 M 
NaC1/0.05 M phosphate buffer, pH 6.5) at 36”. 

‘Human adult carbon monoxide hemoglobin (3.7 mM) (in tetramer) 
in H,O (0.1 M NaCV0.05 M phosphate buffer, pH 6.9) at 36”. 

g Computed using the experimental 01 carbon T, values and Equa- 
tion 7, with 7 = 1. 

h A value of 22 * 5 ns has been reported for 16 mM sperm whale 
cyanoferrimyoglobin at 30” and pH 7.5 (11). 

1 Computed value for a protonated carbon, using Equation 5 and the 
given TV value. 

J Computed value for a nonprotonated carbon, using Equation 5 and 
the given 7R value. 

* Computed value for a nonprotonated carbon, using Equation 7 and 
the given 7R value. 

1 Computed using Equation 9. 

significantly broader than in spectra of diamagnetic forms of 
these proteins (33). 

SPIN-LATTICE RELAXATION 

The spin-lattice relaxation times of the nonprotonated 
carbon resonances in our protein spectra can be measured more 
accurately than the linewidths. Spin-lattice relaxation times 
can be used to determine relaxation mechanisms (41) and to 
measure over-all and internal rotational motions in molecules 
(10, 35, 41, 50). T, values can also be used for assigning 13C 
resonances (31, 35, 47, 48, 51, 52). Furthermore, a knowledge of 
T, values is useful for choosing instrumental conditions that 
maximize signal to noise ratios (53). 

When Equation 2 is valid for the linewidth, the correspond- 
ing rigid sphere expression for spin-lattice relaxation is Equa- 
tion 6 (41, 44-46). 

l/T1 = @I, = &f12YC2p, (Sj +1) Yj2’c,-6xj (6) 
j j 

Here l/T,, is the contribution to l/T, from a dipolar interaction 
between the pertinent ‘T nucleus and nucleus j. All other 
quantities have been defined in the previous section. 

If only hydrogens equidistant from the pertinent carbon are 
considered, we get Equation 7 for I/VT,, which is analogous to 
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Equation 5 for W/q. 

1 
l/qT, = mh"Yc 2Yn 2rCH-o -xu (7) 

Equation 7 is most applicable to protonated carbons, with v 
defined as the number of directly bonded hydrogens, but it can 
also be used as a first approximation for nonprotonated 
aromatic carbons if we neglect all interactions except those 
with hydrogens two bonds removed. A plot of the resulting qT, 

as a function of 7R is given in Fig. 5 for three commonly used 
magnetic field strenghts. Introduction of rCH = 2.16 A and the 
7R values of Table I into Equation 7 yields VT, values for 
nonprotonated carbons of the proteins under consideration. 
Theoretical values for a magnetic field strength of 14.2 kG are 
given in Table I. 

The VT, values for nonprotonated carbons given in Table I 
do not take into account variations in two-bond C-H dis- 
tances (Fig. 3), and they neglect dipolar interactions with 
directly bonded nitrogens and with hydrogens more than two 
bonds removed. Table II gives the more rigorous T, values 
calculated from Equation 6, with the summation carried out 
over all hydrogens that are two and three bonds removed, and 
directly bonded nitrogens. If H,O is the solvent, the resonances 
of CY2 of tryptophan residues have longer calculated T, values 
than all other nonprotonated aromatic carbons, including C” 
of tryptophan residues. If the hydrogen on N” of a tryptophan 
residue is replaced by deuterium, than the calculated T, value 
of Cc’ increases by about a factor of 1.6 and becomes compara- 
ble to the T, of Ca2 (Table II). The gyromagnetic ratio of ‘H is 
smaller by a factor of about 6.5 than that of ‘H. It follows from 
Equation 6 that ZH-‘3C dipolar relaxation is negligible in 
relation to ‘H- 13C relaxation, for comparable carbon-deute- 
rium and carbon-hydrogen distances. Note that 2H and ‘“N 
both have S, = 1, and that the gyromagnetic ratio of 14N is 
about one-half that of 2H. Nevertheless, because of the short 
CN bond length (relative to nonbonded CH distances), 13C-14N 
dipolar relaxation can contribute significantly to l/T, of a 
nonprotonated carbon which has a directly attached nitrogen, 
especially if 7R 22 10 ns (Fig. 6). Calculated T, values that do 
not include the effect of directly bonded 13C-14N dipolar 
interactions are shown in parentheses in Table II. The relative 
contribution to l/T, from 13C-14N dipolar relaxation increases 
as the competition from dipolar relaxation by hydrogens two 
bonds removed decreases (Table II). We calculate a nitrogen 
contribution of about 40% to l/T, of Cc2 of tryptophan residues 
of proteins in D,O (Table II). In the case of Cr of arginine 

FIG. 5. Log-log plots of ?T, LJ~~SLLS 7. (both in seconds), for three 
commonly used magnetic field strengths (in kiloGauss). See caption of 
Fig. 4 for other details. 
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residues, the calculated contribution from 13C-14N dipolar 
relaxation dominates l/T, when D,O is the solvent (Table II). 

We have measured the T, values of resolved nonprotonated 
aromatic carbon resonances and Cc of arginine residues of 
horse heart cyanoferricytochrome c and hen egg white lyso- 

zyme. Measurement of the intencities of narrow resonances 
that overlap with broad bands of methine-carbon resonances is 
facilitated if the broad bands are removed by means of the 
convolution-difference method (54). Details are given in the 
following paper (33). 

The regions of aromatic carbons and Cc of arginine residues 
in convolution-difference PRFT 13C NMR spectra of hen egg 
white lysozyme in H,O and D,O are shown in Figs. 7 and 8, 
respectively. The corresponding NFT spectrum is also shown 

TABLE II 

Calculated and experimental T, values of nonprotonated aromatic 
carbons and Cc of urginine residues of native proteins at 14.2 kG 

All T, values are in seconds. Theoretical values were calculated from 
Equation 6, using the TV values of Table I. Dipolar interactions with ‘H 
nuclei two and three bonds removed were considered, as well as 
directly bonded ‘3C-“N dipolar interactions. Calculated T, values that 
omit the effect of directly bonded nitrogens are given in parentheses. 
Calculated T, values for proteins in D,O were obtained under the 
assumption that all O-H hydrogens of tyrosine residues and all side 
chain N-H hydrogens of hi&dine, tryptophan, and arginine residues 
are replaced by deuterium. Experimental T, values of hen egg white 
lysozyme were obtained from the spectra of Figs. 7 to 9. Experimental 
T, values of horse heart cyanoferricytochrome c in H,O were obtained 
from Fig. 9, A and B of the following paper (33), and a PRFT spectrum 
with 7 = 0.25 s. Experimental values for cyanoferricytochrome c in D,O 
were obtained from the PRFT spectrum of Fig. 9C in the following 
paper (33), and an NFT spectrum of the same sample. Estimated 
accuracy of experimental values is *25%. Assignments are taken from 

1 
Ref. 33. 

CARBON = 

Tyr cc (Ii201 

Tyr cc (D&l) 

me cy 

Trp CC2 (Ii&l) 

lYp CC2 (D20) 

His Cy (H20)’ 

His Cy (H20)d 

His Cy (D20je 

Tyr cy 

Trp c 62 

n-p cy 

Arg cc (HzO) 

Arg cc (D*O) 

CYTOCHROME C T LYSOZYME 

0.45 

0.79 
0.40 

O.57CO.73) 
o.gJJ(1.50) 

0.3G(O.40) 
0.45(0.52') 

0.46(0.53) 

0.40 

1.09 

O.',l 

0.21(0.77) 

0.87(- 5) 

EXP b 

0.i 

0 . 4 

0.3 

0.4 

0.7 

0.4 
- 

0.4 

0.7 
O.!l 

0.2 

0.4 

0.q 

0.87 

0. 144 

0.62(0.80) 

1.0:1(1.65) 

0.39(0.44) 

O.49(0.57) 
0.51(0.59) 

0.1.4 

1.20 

0 .'>6 

0.23(0.29) 

i 

0.94(- 6) /I 

EXP. b 

0.5 

0 .i5 

0.5 

0.7 

0.3 

o.4c 

0.4 
O.Pf 

o.',g 

3.'.-0.7h 

3.9-l.ii 

-f 
HEMOGLOBIN 

0.97 
1.72 

0.E 

l.ZZ(l.59) 

2.02(3.27) 

0.77(0.86) 

0.98(1.1>) 

l.OO(l.lG) 

0 .8.5 

2.3: 

1.11 

o.e(O.m 

1.84( -11) 

u Solvents are given in parentheses for carbons that have theoretical 
T, values that change significantly when going from H,O to D,O. 

b Experimental value. 

c Histidine residue in the imidazolium form. 
d Histidine residue in the imidazole form. 
e Histidine residue in the imidazolium or imidazole form. 
‘Based on Peaks 16, 18, 19, and 21 of Figs. 7 and 8, which have been 

assigned to C*Z of 4 of the 6 tryptophan residues (33). Peak 20, which 
has been assigned to C*2 of the other 2 tryptophan residues (33), 
exhibits a longer T, for at least one of its components (Figs. 7 and 8). 

g The C7 resonance of 1 tryptophan residue (Peak 25 of Figs. 7 and 8) 
has a slightly longer T, value than the other resonances of C7 of 

tryptophan residues (Peaks 22 to 24 and 26 of Figs. 7 and 8). The 
difference is small but reproducible. A possible interpretation is given 
in the following paper in this issue (33). 

h T, values are given in Fig. 9A. 
’ T, values are given in Fig. 9B. 
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‘OoOm 

10.” IO-‘O 10-g 10-7 

\ 4 

FIG. 6. Comparison of the ‘9c T, value resulting from a dipolar 
interaction with 1 hydrogen 2.16 A away (typical two-bond CH 
distance) and the W T, value resulting from a dipolar interaction with 

n I, 

in each case. We define an NFT spectrum as one obtained with 
the use of 90” radiofrequency pulse excitation (53, 55), and 
with the interval between successive 90” pulses sufficiently 
long (relative to the pertinent TI values) to ensure that the 
peak intensities do not differ measurably from the equilibrium 
intensities (53, 55). The spectra of Figs. 7 and 8 were recorded 
under conditions of noise-modulated off-resonance proton 
decoupling (27, 36). This decoupling procedure facilitates the 
identification of those resonances of nonprotonated aromatic 
carbons that overlap with broad methine carbon bands (27, 
33). Peaks 4 to 26 (NFT spectra of Figs. 7 and 8) arise from the 
28 nonprotonated aromatic carbons (33). The resonances of Cc 
of the 11 arginine residues (truncated in Figs. 7 and 8) are 
shown in Fig. 9, but without application of the convolution-dif- 
ference procedure. The spectra of Figs. 7 to 9, together with one 

1 nitrogen 1.31 A away (typical aromatic C-N bond length). T, and rR 
are both in seconds. The magnetic field strength was 14.2 kG. Equation 
6 was used. 

NFT 

FIG. 7. Region of aromatic carbons and Cf of arginine residues in spectrum are those of Table III and Ref. 33. Chemical shifts are given 
convolution-difference natural abundance 13C NFT and PRFT NMR in Table I of Ref. 33. The NFT spectrum was recorded using a recycle 
spectra of 14.6 mM hen egg white lysozyme in Hz0 (0.1 M NaCl, pH 3.1) time of 2.205 s. The large number to the right of each PRFT spectrum 
at 44O. Each spectrum was recorded at 15.18 MHz, under conditions of is r, in seconds. Each PRFT spectrum was recorded using a recycle 
noise-modulated off-resonance proton decoupling, using 8,192 time time of r + 2.205 s. The resonances of Cf of arginine residues (peaks 1 
domain addresses, a spectral width of 3,787.g Hz, and 49,152 accumu- to 3) are fully shown in Fig, 9A, but without application of the 
lations. The convolution-difference procedure was carried out as in Fig. convolution-difference method. 
11 of the following paper (33). Peak numbers in the NFT (top) 
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NFT 

0.6 

0.08 

FIG. 8. Region of aromatic carbons and Cr of arginine residues in 
convolution-difference natural abundance 13C NFT and PRFT NMR 
spectra of 13.8 mM hen egg white lysozyme in D,O (0.1 M NaCl, pH 
meter reading 3.1) at 42”. Each spectrum was recorded at 15.18 MHz, 
using the same accumulation and processing conditions as in Fig. 7. 

additional NFT spectrum in each case, yielded the experimen- 
tal T, values of lysozyme given in Table II. 

NFT and PRFT spectra of the paramagnetic horse heart 
cyanoferricytochrome c were also recorded. The resulting T, 
values are given in Table II. The nonprotonated aromatic 
carbons of the heme were not identified in this case (33). The 
resonance of CY of the coordinated His-18 was detected (33), 
but it was not included in Table II. 

We defer the discussion of the T, values of Cr of arginine 
residues to the section under “Effects of Internal Rotation.” 
Most experimental T, values of nonprotonated aromatic car- 
bons are in reasonable agreement with the theoretical ones 
(Table II). On the whole, the assumptions of rigid rotor 
behavior and predominantly %-‘H (and 13C-14N) dipolar 
relaxation appear to be valid. Note that in the case of 
cyanoferricytochrome c, the results of Table II may not apply 
to carbons near the paramagnetic center. 

NUCLEAR OVERHAUSER ENHANCEMENT 

Carbon 13 NMR spectra are normally recorded under 
conditions of proton decoupling. When 13C relaxation occurs by 

Peak numbers in the NFT (top) spectrum are those of Table III and 
Ref. 33. Chemical shifts are given in Table I of Ref. 33. The large 
number to the right of each PRFT spectrum is T, in seconds. The 
resonances of Ct of arginine residues (Peaks 1 to 3) are fully shown in 
Fig. 9B, but without application of the convolution-difference method. 

means of dipolar interactions with ‘H nuclei, an important 
consequence of proton decoupling is an increase in the inten- 
sity of the 13C resonances, called the nuclear Overhauser 
enhancement (41, 56). Here we define the NOE as the ratio of 
the integrated intensity of a 13C resonance under conditions of 
proton decoupling and the integrated intensity of the same 
resonance when no proton decoupling is applied. Because 
different 13C resonances may have different NOE values, a 
knowledge of the NOE is essential if one wishes to use 
integrated intensities to determine the number of carbons that 
contributes to each resonance. Grant and co-workers (41, 56) 
have shown that if the relaxation mechanism is purely %LIH 
dipolar and if molecular motion is sufficiently fast to satisfy 
the extreme narrowing condition (Equation 8), then the NOE 
has a value of 2.988. 

(a, + 0:) Ta ‘cc I (’ 1 

When Equation 8 is not satisfied, and/or if relaxation mech- 
anisms other than the 13C1H dipolar one contribute signifi- 
cantly, then the NOE will be smaller than the maximum value 
of 2.988 (41). 
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0.72 I .47 
I 

NFT 

0.75 

0.6 

0.4 

0.2 

0.06 

NFT 

075 

06 

0.5 

0.2 

0.00 

FIG. 9. Resonances of Cc of arginine residues in NFT and PRFT 
NMR spectra of hen egg white lysozyme in H,O (A) and D,O (B). 
Small numbers above the peaks of the NFT (top) spectra are the peak 
designations used in Table III and Ref. 33. Chemical shifts are given in 
Table I of Ref. 33. The large numbers aboue the peaks of the NFT 
spectra are T, values, in seconds. The large number to the right of each 
PRFT spectrum is 7, in seconds. A and B were obtained from the same 
time domain data as the spectra of Figs. 7 and 8, respectively. The 
convolution-difference procedure was not applied. A digital broadening 
of 0.44 Hz was used. The circles are the digital points, spaced 0.462 Hz 
apart. 

When the relaxation mechanism is purely 13C-lH dipolar, 
the rigid sphere expression for the NOE is Equation 9 (41, 46). 

All of the terms on the right-hand side of Equation 9 have been 
defined in the section under “Linewidths.” Note that CH 
distances are not present here. The rigid sphere model and a 
relaxation mechanism totally dominated by 13C-lH dipolar 
interactions are the only requirements for the validity of this 
expression. Fig. 10 shows a plot of the NOE uersus TV, 

calculated from Equation 9, for three commonly used magnetic 
field strengths. Application of Equation 9 to our proteins yields 
the calculated NOE values of Table I. In the limit of very slow 
rotation, given by (wH + w,-) rR >> 1, Equation 9 predicts the 
minimum NOE (for 13C-‘H d’ 1 ipo ar relaxation) of 1.153 (46). 
The calculated NOE values for proteins (Table I) are close to 
this minimum value. 

We have measured the NOE of some resolved single carbon 

resonances of horse carbon monoxide myoglobin and horse 
heart ferrocytochrome c. The direct determination of the NOE 
requires a measurement of the integrated intensities in 13C 
NMR spectra recorded with and without proton decoupling. 
Unfortunately, the nonprotonated aromatic carbons yield 
broad resonances in the absence of proton decoupling, as a 
result of unresolved splittings from long range 13C1H scalar 
coupling. Because of the expected short T, values of ‘H 
resonances of proteins, we have not attempted the use of gated 
proton decoupling (57) for accurate 13C NOE measurements. 

In the case of carbon monoxide myoglobin, we first measured 
the NOE of the 13C resonance of bound carbon monoxide 28.5% 

IO-" IO-'0 10-g 10-e 10-7 

T, 

FIG. 10. Semi-log plots of NOE versus rR (in seconds) for a 13C spin 
undergoing purely 13C-‘H dipolar relaxation, calculated from Equation 
9. Results are shown for three commonly used magnetic field strengths 
(in kiloGauss). The broken vertical lines are located approximately at 
the rR values of the proteins in Table I. 

enriched in 13C. The NOE measurement is easy in this case 
because the 13C nucleus of the CO ligand does not show 
appreciable scalar coupling to any protons. If the NOE of the 
13C resonance of the ligand is known, a comparison of the 
integrated intensity of this resonance in the proton-decoupled 

spectrum with the integrated intensity of another single carbon 
resonance yields the NOE of the latter. Integrated intensities of 
the 13C resonance of the carbon monoxide ligand, recorded with 
and without proton decoupling yielded an NOE of 1.2 * 0.1. 
The integrated intensity of the carbon monoxide resonance in a 
proton-decoupled spectrum was compared with the integrated 
intensities of the CY resonances of the 2 tryptophan residues in 

the same spectrum. This comparison yielded an NOE of 1.4 * 

0.2 for the tryptophan resonances, within experimental error of 
the theoretical value in Table I. 

In a second type of NOE determination, we used a known 
concentration of an unbound small molecule that has 13C 
resonances with known NOE values. We chose sucrose as a 
suitable standard. The 13C resonances of aqueous sucrose have 
the full NOE of 3 (35). The relaxation times of the 11 
protonated carbons of aqueous sucrose are 50.7 s at 42” (35). 
Reported chemical shifts of sucrose (58) indicate that 7 of the 
11 protonated carbon resonances will generally not overlap 
with any protein signals. Five of these seven resonances are 
fully resolved. Finally, sucrose is not expected to bind appre- 
ciably to many proteins of interest. Hen egg white lysozyme is 
one possible exception (59). Irrotational binding to a protein 
could lower the NOE of sucrose resonances (35, 46). However, 
such binding would also produce a severe and easily detectable 
broadening of the protonated carbon resonances of sucrose. 
Furthermore, if we find a protein carbon resonance with an 
NOE about one-third that of the sucrose resonances, then the 
sucrose NOE must be about 3, because 2.988 is the absolute 
upper limit for the NOE of a 13C resonance. We used the 
sucrose method to determine the NOE of some resonances in 
the spectrum of horse heart ferrocytochrome c (Fig. 11). The 
resulting NOE values (Fig. 11) are within experimental error of 
the theoretical value of 1.2 for this protein (Table I). 

We have not measured the NOE of the nonprotonated 
aromatic carbon resonances of hen egg white lysozyme. How- 
ever, we have measured the integrated intensities of these 
resonances and those of Cc of arginine residues in noise- 
modulated off-resonance proton-decoupled 13C NMR spectra 
of lysozyme in H,O and in D,O (Table III). Within the 
accuracy (*20%) of our integrals, the resonances of the 28 
nonprotonated aromatic carbons of lysozyme in H,O (Peaks 4 
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AVERAGE PORPHYRIN NOE = 1.3+0.2 
HEME 113 CARBONS) HEME 

71 77 fl 

1.1* 0.2 
TYR-67 Cc 

I / 
I : 1.3eO.2 1.3kO.2 

iR n II I : n HIS-18 Cy TRP-59 Cy 
29 I? 

Ii ““!I 

3.1 
827 

B 

FIG. 11. Fully proton-decoupled natural abundance 13C Fourier comparison of the integrated intensities of these resonances with 
transform NMR spectrum (at 15.18 MHz) of 10 rn~ sucrose and 12.5 those of five well resolved sucrose resonances. B, methine-carbon 
rn~ horse heart ferrocytochrome c in H,O (0.1 M NaW0.05 M phosphate resonances of sucrose. The vertical scale is 1.25 times that of the 
buffer, pH 6.8) at 39”, after 30,012 accumulations with a recycle time of protein resonances in A, to compensate for the lower sucrose molarity. 
2.105 s (17.5 hours total time), 16,384 time domain addresses and The small numbers are chemical shifts (in parts per million down- 
a spectral width of 4,000 Hz. A, some resonances of nonprotonated field from Me,Si) of the five well resolved resonances having inte- 
aromatic carbons of the protein. Small numbers are peak designa- grated intensities that were used to determine the NOE of the protein 
tions of Fig. 2A and Ref. 33. Chemical shifts and assignments are carbons. Large numbers are integrated intensities, normalized to an 
given in Ref. 33. Large numbers are NOE values obtained from a average of 3.0, the known NOE of these resonances (35). 

TABLE III 
Integrated intensities of ‘T resonances of nonprotonated aromatic 
carbons and C’ of arginine residues of hen egg white lysozyme in H,O 

and D,O 

Peak numbers are those of Figs. 7 to 9. The sample conditions for the 
protein in H,O and in D,O are given in the captions to Figs. 7 and 8, 
respectively. Each spectrum was recorded using 98,304 accumulations 
and a recycle time of 2.205 s (60 hours per spectrum). The convolution- 
difference method was applied with 7, = 0.72 s, TV = 0.036 s, and K = 

0.9. 7,, r2, and K are defined in Refs. 33 and 54. Other spectral 
conditions were the same as for the NFT spectra in Figs. 7 and 8. The 

recycle time was sufficiently long (relative to the experimental T, 
values of Table II) to get equilibrium intensities, except for the C y 
resonances of arginine residues (Peaks 1 to 3) of the protein in D,O. 
The arithmetic average of the intensities of the 28 nonprotonated 

the intensity of each peak in the first group. However, we do 

not have to invoke these integrated intensities to conclude that 

each one of the five peaks in the second group is a 2-carbon 

resonance, because we have independent evidence for this. The 

Co2+ ion binds in the vicinity of Glu-35 and Asp-52 of 
lysozyme, and acts as a paramagnetic shift reagent (60). Peaks 

17, 20, and 26 each split into two components of equal intensity 
when Co*+ ions are added to the aqueous protein sample.‘The 
effect of binding of N-( l-oxyl-2,2,6,6-tetramethyl+piperi- 

dinyl) acetamide (61, 62), a paramagnetic broadening reagent, 

provides evidence that Peaks 11 and 12 are also 2-carbon 
resonances.* Therefore, Peaks 11, 12, 17, 20, and 26 contain the 
resonances of a total of 10 carbons. The other 18 peaks must 
contain the resonances of the remaining 18 carbons, and 
therefore must be single carbon resonances. We conclude that 
all of the resonances of nonprotonated aromatic carbons of 
lysozyme in H,O have the same intensity (within +20%). We 
can reach the same conclusion in the case of lysozyme in D,O 
(Table III). Note that Peak 8 undergoes an upfield shift when 
going from H,O (Fig. 7) to D,O solution (Fig. 8). Deuterium 
isotope effects on 13C chemical shifts of proteins are discussed 
in the following paper (33). 

Because of the long 7R values of proteins, the calculated 
NOE for the nonprotonated aromatic carbon resonances is only 
about 1.2, even if relaxation is purely 13C1H dipolar. There- 
fore, a decrease in the NOE as a result of other relaxation 
mechanisms can be no more than a 20% effect. The limited 
accuracy of our experimental NOE values prevents the detec- 
tion of the decrease in NOE of C ‘* of tryptophan residues 
resulting from a significant 13C-14N dipolar relaxation. 

EFFECTS OF INTERNAL ROTATION 

The theoretical linewidths, spin-lattice relaxation times, and 
nuclear Overhauser enhancements presented in the previous 
sections were computed under the assumption of no internal ro- 

*R. S. Norton, R. F. Childers, and A. Allerhand, manuscript in 
preparation. 

aromatic carbons was set to unity in each case. 

NUMBER 

OF 

ARBONSe 

17 2 

10 1 

19 1 

20 2 

21 1 

22 1 

23 1 

24 1 

2 '1 1 

26 2 

T 

NUMBER 

OF 

ARBONS~ 

INTENSITY INTENSITY 

020 

lo-lb 

2.3 
1.0 

2.8 

0.9 
2.1 

1.7 

1.2 

0.9 

> 2.0 

HZ0 

1.7 

0.9 

1.0 

2.1 

1.0 

1.1 

1.2 

1.1 

1.3 

2.0 

PEAK 

l-3 

4*5 
5 

7-9 

10 

11 

12 

13 

14 

15 

15 

020 

1.7 
I.0 

0.9 
2.0 

1.0 

1.1 

1.2 

1.1 

1.2 

2.0 I I 
* See text. 
* Some of the resonances contained in this poorly resolved group of 

peaks have less than equilibrium intensities, because their T, values 
are not much shorter than the recycle time of 2.205 s (Fig. 9B). 

to 26 in the top spectrum of Fig. 7) fall intn two categories: 
Peaks 4 to 10, 13 to 16, 18, 19, 21, and 22 to 25 (a total of 18 
resonances) all have the same intensities. Each of the remain- 
ing resonances (Peaks 11, 12, 17, 20, and 26) has about twice 
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tation of amino acid side chains. There is some evidence that 
aromatic residues of native proteins in solution are “immo- 
bilized.” Browne et al. (13) used 13C relaxation measurements 
on the 4 histidine residues ( “C-enriched at C ‘I) of the (Y subunit 
of tryptophan synthetase to conclude that the histidine resi- 
dues of the aqueous protein are highly immobilized. Hunka- 
piller et al. (14) reported a similar study of C cl of the lone 
histidine residue of cu-lytic protease, and concluded that this 
residue is held rigidly within the protein. Opella et al. (32) 
reported some 13C relaxation data for the phenylalanine resi- 
dues of carp parvalbumin which suggest limited internal 
rotation of the phenylalanine rings. We discuss below the limi- 
tations in the use of linewidths, spin-lattice relaxation times, 
and NOE values for detecting internal rotations of protein 
side chains. 

We have computed the effect of 1 degree of internal rotation 
on W, T,, and the NOE of a nonprotonated carbon that is 
relaxed by one ‘H nucleus 2.17 A away. We have assumed that 
the molecule as a whole rotates isotropically with a correlation 
time rR and that the C-H vector under consideration under- 
goes internal rotation with a correlation time TV. We chose 
a value of 105” for the angle (0) between the C-H vector and 
the axis of internal rotation. The equations have been pre- 
sented elsewhere (46). In Fig. 12 we show plots of T,, W, and 
the NOE as a function of TV, when the correlation time 
for over-all rotation is 20 ns. The asymptotic values on the 

right-hand side are the W, T,, and NOE values in the absence 
of internal rotation. As internal rotation sets in (going from 
right to left in Fig. 12), there are gradual changes in W, T,, and 
the NOE. However, if TV 2 TV, then the effect of internal 
rotation on T, and the NOE is small. In principle, the linewidth 
can be used for detecting internal rotation when rG 5 ~a (Fig. 
12). In practice, for nonprotonated carbons of a protein, W <, 
W,,, (see Equation 1) and it is therefore difficult to measure 
the natural linewidth accurately. However, the natural line- 
width of a methine carbon resonance of an immobilized 
aromatic residue ( rG >> TJ is much greater than a typicai 

instrumental broadening (Table I). Therefore, linewidths ot 
resolved methine aromatic carbon resonances may become 
detectably narrower as a result of internal rotation, when 7. 5 
10 ns (Fig. 13). 

The measured T, value of Cc of the 2 arginine residues of 
horse heart cyanoferricytochrome c in H,O (Table II) is 
consistent with the dominance of the %-lH relaxation mecha- 
nism and the lack of detectable segmental motions of the side 
chain (T(; > ~a). The corresponding experimental T, value for 
the proteirin D,O is longer than when H,O is the solvent, but 
shorter than the calculated value dominated by 13C-14N dipolar 
relaxation (Table II). It is possible that not all NH hydrogens of 
our protein sample (33) were fully exchanged with deuterium. 
It is also possible that paramagnetic impurities contribute 
significantly to the relaxation of Cr of arginine residues of the 
protein in D,O. 

In the case of hen egg white lysozyme, segmental motion of 
some arginine side chains is sufficiently fast to affect T, and 
NOE values of Cr. The CT resonances of arginine residues in 
PRFT spectra of lysozyme in H,O (Fig. 9A) and in D,O (Fig. 
9B) indicate that there are considerable variations in the T, 
values of C’ of the 11 arginine residues. The longer T, values 
can only arise from CT resonances of arginine side chains 
undergoing fast segmental motions. This conclusion is sup- 
ported by the large total integrated intensity (relative to 
intensities of aromatic carbon resonances) of the resonances of 

FIG. 12. Semi-log plots of T, (in seconds), W = l/*T, (in hertz), 
and the NOE as a function of TV for a 13C spin relaxing by a dipolar 
interaction with 1 proton 2.17 A away (typical two-bond CH distance), 
in the case of isotropic rotation of the molecule as a whole (rR = 20 ns), 
and 1 degree of internal rotation (correlation time r6). Equations 37 to 
43 of Ref. 46 were used, with a magnetic field strength of 14.2 kG and 
an angle (0) between the C-H vector and the axis of internal rotation 
of 105”. 

0” 10-10 10-g 
TG 

lO-8 0’ 10~6 

FIG. 13. Same as Fig. 12, but with rCH = 1.084 A (typical C-H bond 
length ) 

Cr of the 11 arginine residues of the protein in H,O (Table III). 
This large intensity indicates a considerable NOE for some (or 
all) of these 11 resonances. As in the case of horse heart 
cyanoferricytochrome c, the T, values of Cc of arginine 
residues of lysozyme in D,O appear to be about twice as long as 
the corresponding values when H,O is the solvent (Fig. 9). 

CONCLUSIONS 

We have shown that the majority of nonprotonated aromatic 
carbons of small native proteins (such as cytochrome c) yield 
resolved, narrow, single carbon resonances (Fig. 2A). As the 
size of the protein molecule increases the number of observed 
single carbon resonances decreases rapidly (at 14.2 kG). For 
example, natural abundance 13C NMR spectra of hemoglobins 
yield few resolved individual carbon resonances (Fig. 2C). 
Even though the use of much higher magnetic field strengths 
than 14.2 kG should greatly increase the number of resolved 
individual carbon resonances of hemoglobin and other large 
proteins, high magnetic field strengths may cause some sensi- 
tivity problems because of long T, values. We have shown that 
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at 14.2 kG the T, values of nonprotonated aromatic carbons of 
small proteins such as cytochrome c and lysozyme are 50.8 s. 
Such short T, values permit the use of a short recycle time 
(interval between successive pulses of radiofrequency excita- 
tion), so that a large number of spectral scans can be obtained 
in a reasonable time. We have not measured the T, values of 
nonprotonated aromatic carbons of hemoglobin. At 14.2 kG, T, 
values of about 1 s are expected for most of these carbons 
(Table II). The calculated values at 51.7 kG are much longer 
(Fig. 5). For example, the calculated value for CY of a tyrosine 
or phenylalanine residue of hemoglobin is about 10 s. Such long 
T, values would greatly reduce the attractiveness of natural 
abundance 13C Fourier transform NMR for studying single 
carbon sites of proteins. However, T, values at high magnetic 
field strenghts could turn out to be much shorter than 
predicted from Fig. 5, if contributions to l/T, neglected here 
become large at high fields. Experimental T, values at high 
magnetic field strengths are needed for the purpose of evaluat- 
ing the feasibility of high frequency 13C NMR studies of 
proteins. 

We have presented experimental T, values for some non- 
protonated aromatic carbons of horse heart cyanoferricyto- 
chrome c and hen egg white lysozyme at 14.2 kG. Our results 
indicate that, in general, the 13C-lH dipolar relaxation mecha- 
nism is dominant. However, the relaxation of C f2 of tryptophan 
and Cf of arginine residues has a significant contribution from 
the 13C-14N dipolar mechanism when D,O is the solvent. The 
T, values of C ” (when H ” is replaced by deuterium) and C *’ of 
tryptophan residues are longer than the T, values of other 
classes of nonprotonated aromatic carbons of amino acid 
residues. This property can be used to identify the resonances 
of C”.* and C ‘* of tryptophan residues by means of the PRFT 
method (31, 33). 

We have presented theoretical and experimental evidence 
that indicates a uniformly low NOE for the resonances of 
nonprotonated aromatic carbons of native proteins. Therefore, 
it is generally safe to make a carbon count on the basis of the 
integrated intensities of the observed resonances (when the 
signal to noise ratio is adequate, digital peak definition is 
sufficient, and the recycle time is long enough). In the following 
two papers in this issue (33, 37) we present some specific 
assignments of individual carbon resonances in the natural 
abundance ‘Y NMR spectra of some proteins. 
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