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Abstract: Tryptophan synthetase a subunit specifically enriched in 13C and labeled with deuterium at the C2 
(ring) position of the four histidine residues was prepared by in vivo incorporation of labeled histidine into Esche
richia coli protein. The 13C nmr spectrum of the labeled enzyme was determined as a function of magnetic field 
strength, concentration, temperature, solvent, and mode of decoupling. The 13C nmr signal from the histidine C2 
carbons at 24 kG and pD 7 is an unresolved singlet of 50 ± 5 Hz width with a longitudinal relaxation time (7\) of 
0.5 sec. The correlation time for rotational reorientation, rc, for the C2 carbons is calculated to be 2.7 X 10~8 sec, 
indicating that the histidine side chains are all highly immobilized within the enzyme. Quantitative estimates of the 
mechanisms determining the transverse relaxation times (7Vs) and therefore the line widths of signals from single C2 
carbons suggest that the individual resonances should be ca. 20 Hz wide. A major contribution (ca. 15 Hz) to 
C2 carbon line width is made by scalar relaxation of the second kind with the directly bonded deuterium. It is 
suggested that 13C nmr signals from deuterated macromolecules can be made much narrower by employing a strong 
deuterium decoupling rf field. 

Carbon-13 nuclear magnetic resonance has been 
shown to have substantial value in the study of 

structures of biological macromolecules such as pep
tides and proteins2-10 and nucleic acids.11 Natural 
abundance 13C nmr spectra of such species are generally 
better resolved than the corresponding proton nmr 
spectra because of the greater chemical shift range of the 
13C nucleus. An additional potential advantage of 13C 
over 1H nmr in the study of macromolecular structure is 
associated with the fact that the magnetogyric ratio, y, 
of 13C is approximately one-quarter that of 1H.1 2 - 1 4 

The transverse relaxation times, T2's, and hence the line 
widths of nmr signals from macromolecules, are often 
determined primarily by dipole-dipole interactions 
which have a quadratic dependence on the magneto
gyric ratio of each of the interacting nuclei and an in
verse sixth power dependence on the distance between 
the interacting nuclei. Thus, if all other factors (such 
as the distance between the interacting nuclei) are equal, 
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13C nmr signals from macromolecules will be much 
narrower than 1H signals, which are often broad enough 
to overlap, causing loss of resolution.15 However, in 
many cases, this potential advantage is not realized be
cause signals from 13C nuclei directly bonded to hy
drogen will typically have line widths comparable to 
the widths of proton signals.16 This is due to the fact 
that typical C-H bond lengths are shorter than common 
hydrogen-hydrogen interatomic distances. However, 
the dipolar contribution can be reduced by substituting 
deuterium (7D = 4.13 X 103 radians sec -1 G - 1) for di
rectly bonded hydrogen (yH = 2.69 X 104 radians sec -1 

G-1).17 

Another very important advantage of 13C over 
proton nmr in the study of macromolecules is a result 
of the fact that 13C occurs at low natural abundance. 
It is thus possible to enrich particular locations in 
macromolecules with 13C by as much as a factor of 
about 90 relative to natural abundance. This means 
that the signals from the labeled carbon atoms can be 
easily distinguished from signals arising from other un
labeled positions, even if overlap of signals from la
beled and unlabeled positions occurs. 

We have applied this specific labeling approach, 
which up to this time has not been used to study un
modified macromolecules,1819 to examination by 13C 
nmr of the histidine residues in a native enzyme, tryp
tophan synthetase a subunit. Tryptophan synthetase 
a subunit contains four histidine residues,20 one or more 
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of which appear to be located at or near the active 
site.2122 It has a molecular weight of 29,000, which 
corresponds roughly to the upper limit of molecular 
weight of enzymes which give proton nmr signals 
narrow enough to allow observation of a reasonable 
number of individual resonances. 

This study was undertaken in order to evaluate the 
factors which determine 13C nmr line widths in deu-
terated macromolecules and to determine the dynamic 
properties of the histidine side chains. Our results 
show the usefulness of the selective 13C enrichment 
technique for study of particular regions of macro-
molecules in solution and illustrate the potential of 
deuteration of macromolecules as a method for nar
rowing the line widths in their 13C nmr spectra. A 
preliminary account of this work has appeared.7 

Experimental Section 
Materials and Methods. Proton nmr spectra were obtained on 

Varian T-60 or HR-220 nmr spectrometers. Ultraviolet spectra 
were measured using a Cary Model 14 recording spectrophotometer 
or a Unicam SP500 spectrophotometer equipped with a Gilford 
Model 220 optical density converter. Radioactive samples were 
counted using a Nuclear-Chicago Mark I liquid scintillation 
counter. Amino acid analyses were performed by Mr. Vazken 
Tashinian of the Microanalytical Laboratory, Department of 
Chemistry, University of California, Berkeley, using a Beckman 
Model 120C amino acid analyzer. 

Carbon-13 nmr spectra were determined using either a Varian 
XL-100 spectrometer modified for Fourier transform operation23 

or the 15-MHz spectrometer previously described.14,17'24 The 15-
MHz spectrometer was modified to permit simultaneous proton 
noise decoupling and coherent deuterium decoupling by double-
tuning the normal 13C transmitter coil of a Varian V4331A nmr 
probe for 13C pulses (15 MHz) and 2H decoupling (9 MHz) and by 
adding a 1H decoupling coil. A 7Li capillary lock (23 MHz) of 
the same x and y coordinates as the sample permitted long-term 
resolution of < 1.5 Hz.24 The T1 relaxation measurements were 
done using the standard 180°, T, 90° pulse sequence.25 

[2-14C]-L-Histidine was supplied by Calbiochem Corp. [13C]Po-
tassium cyanide (61 % 13C) was purchased from Prochem Limited. 
[2-13C]-L-2-Deuteriohistidine was prepared as previously de
scribed.11 Escherichia coli strains B825 and A2/F'A227 were ob
tained from Professor C. Yanofsky. Bacteria were grown in 
single strength Vogel and Bonner28 minimal medium supplemented 
with 2.5 mgof indole per 1. and 0.5% glucose. Cells were disrupted 
using a 10-kc Raytheon sonic oscillator. A crude sonic extract of 
strain A2/F'A2 was used as a source of tryptophan synthetase /3z 
subunit.2! Protein concentration was determined by the method of 
Lowry, et a/.29 Dialysis tubing was boiled in three changes of 5 
X 1O -3M (ethylenedinitrilo)tetraacetic acid sodium salt, pH 7.0, 
before use in order to remove possible metal ion contaminants. 

Samples of 1,4- and 1,5-dimethylimidazole were obtained from 
Professor D. S. Noyce and Dr. G. Stowe.30 Natural abundance 13C 
nmr spectra were determined for 20 % (by volume) solutions of these 
materials in CDCl3. Dioxane was used as an internal standard. 
The signals from the C2 carbons of 1,4- and 1,5-dimethylimidazole 
occur at -69.9 and -70.1 ppm relative to dioxane, respectively, 
under these conditions. 

Incorporation of [2-uCR-Histidine into E. coli Strain B8. A 

Incorporation of L-Histidine- C Into C. oUi B8 
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Figure 1. Incorporation of [2-»4C]-L-histidine into E. coli strain B8. 

series of growth media containing concentrations of [2-14C]-L-histi-
dine ranging from 1.14 X IO"5 to 4.56 X 10-4 M were inoculated 
with B8. and the resulting cultures were incubated with shaking at 
37° until maximum bacterial density (as judged turbidimetrically 
using a Klett-Summerson colorimeter) had been achieved. AIi-
quots were removed from each culture, and the cells were removed 
by filtration using HAVVP 025 00 filters (0.45 Mm pore size) obtained 
from Millipore Corp. Incorporation of radioactivity into the cells 
was estimated by first drying the filters at 60° and then placing them 
in scintillation vials for counting (see Figure 1). 

The specificity of labeling was determined by amino acid analysis. 
A crude scnic extract of labeled cells was centrifuged for 30 mm at 
144.000g. The resulting supernatant was dialyzed exhaustively, 
and a portion of the dialyzed solution was subjected to acidic hy
drolysis (6 N HCl, 24 hr at 110°) and automatic amino acid analysis. 
Histidine contained >99% of the 14C contained in the free amino 
acids present in the hydrolysate. 

Incorporation of [2-13CH-2-Deuteriohistidine into E. coli Strain B8. 
To approximately 12-1. portions of the growth medium previously 
described were added sufficient [2-13CH-2-deuteriohistidine (as 
filter-sterilized solutions in D2O) to give a final concentration of 9 X 
10~5 M of the labeled histidine. The individual portions of media 
were inoculated with strain B8 and incubated in a New Brunswick 
Model FS314 fermentor assembly at 37° with stirring and aeration 
until maximum bacterial density had been achieved (approximately 
30 hr after inoculation). The cells were harvested by centnfugation 
using a Sharpies centrifuge operating at about 25°. A 500-g (wet 
weight) quantity of cells was isolated from a total of 1081. of growth 
medium. 

Isolation of 13C-Labeled Tryptophan Synthetase a Subunit. La
beled a subunit was isolated using the Creighton and Yanofsky modi
fication31 of the method of Henning, et a/.,26 and was assayed in the 
conversion of indole to tryptophan in the presence of excess /32 sub-
units.32 Several additional minor modifications were employed. 
Sonic extracts were centrifuged at 144,0O0# for 30 min in order to 
remove cellular debris and ribosomes before addition of manganous 
chloride. In the ion exchange chromatography step, diethylammo-
ethyl (DEAE) Sephadex A-50 (Pharmacia Fine Chemicals Inc.) was 
substituted for DEAE-Selectacel. DEAE Sephadex A-50, equi
librated with 0.05 M potassium phosphate buffer, pH 7.0, was 
poured into each of two columns (2.5 X 100 cm) to a height of 90 
cm after settling. Half of the protein sample was applied to each 
column and eluted with a linear gradient of potassium phosphate 
buffer pH 7 0 The mixing flask contained 900 ml of 0.05 M buffer, 
and the other flask contained 900 ml of 0.30 M buffer. A flow rate 
of 12-18 ml/hr was employed, and fractions of 10 ml were collected. 
The a subunit was eluted at about 700 ml. The peak tubes from 
the DEAE Sephadex chromatography contained 300 mg of protein 
with a specific activity of 5000 units/mg. This protein was essen
tially homogeneous « 5 % contaminants) as judged by polyacryl-
amide gel electrophoresis in the presence of sodium dodecyl sul
fate.3 3 Coomasie blue dye was used to stain the gels. Protein from 
the peak tubes was used for nmr studies without further purification. 

(31) T. E. Creighton and C. Yanofsky in "Methods in Enzymology," 
H. Tabor and C. W. Tabor, Ed., Academic Press, New York, N. Y., 
in press. , , . . _ , 

(32) O H Smith and C. Yanofsky in "Methods in Enzymology, 
Vol. 5, S. P. Colowick and N. O. Kaplan, Ed., Academic Press, New 

°33) K. Weber and M. Osborn, /. Biol. Chem., 244, 4406 (1969). 
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Figure 2. Carbon-13 nmr spectrum (102,000 accumulations) of 
labeled a subunit (2.9 X 1CT3 M) in D2O at 10° determined at 24 kG 
under conditions of proton noise decoupling. Scale: ppm relative 
to glycine a carbon. The 90° rf pulses were spaced at 0.51-sec 
intervals. Signals are artificially broadened 2.5 Hz by pretransform 
exponential filtering. 

Preparation of Samples for Nmr Studies. Fractions of high 
specific activity from the DEAE Sephadex chromatography were 
combined, and the protein was precipitated by addition of ammo
nium sulfate (0.44 g/ml).3 The precipitate was collected by cen-
trifugation at 20,00Og and was then suspended in a minimum 
amount of the appropriate buffer (0.1 M potassium phosphate in 
H2O or D2O, pH or pD 7.0). The suspension was transferred to 
dialysis tubing and exhaustively dialyzed against the appropriate 
buffer. When necessary, samples were further concentrated after 
dialysis by rolling the dialysis tubing in dry Sephadex G-50. If 
precipitate was present, it was removed by centrifugation at 20,000g. 

Results 

Incorporation of Exogenous Histidine into E. coli 
Protein. The amount of exogenous [2-14C]-L-histidine 
incorporated into cells of E. coli strain B8 is propor
tional to the amount supplied at concentrations less 
than 8 X 1O-6 M and is independent of the amount 
supplied at higher concentrations (Figure 1). Amino 
acid analysis of protein hydrolysates from B8 cells 
grown in the presence of [2-14C]-L-histidine demon
strates that histidine is the only amino acid in the hy-
drolysate which is enriched in 14C relative to natural 
abundance. 

Isolation of Tryptophan Synthetase a Subunit Con
taining [2-13C]-L-2-Deuteriohistidine. Tryptophan syn
thetase a subunit was isolated from the protein of E. coli 
strain B8 grown in the presence of [2-13C]-L-2-deuterio-
histidine by a procedure similar to that previously re
ported.26,31 The a subunit used for nmr studies was at 
least 95% homogeneous as judged by polyacrylamide 
gel electrophoresis in the presence of sodium dodecyl 
sulfate and had a specific activity of 5000 units/mg, 
which corresponds to the highest specific activity pre
viously reported for the enzyme.31 

Carbon-13 and 1H Nmr Studies. Carbon-13 nmr 
spectra of the labeled a subunit were obtained at 15 
and 25 MHz and proton spectra at 220 MHz. All 
measurements were made on solutions in 0.1 M phos
phate buffer, pH or pD 7.0. 

The 25-MHz 13C nmr spectra were obtained at 10° on 
a 2.9 X 10~3 M solution of the labeled a subunit in 
D2O. The spectrum shown in Figure 2 was obtained 
under conditions of proton noise decoupling. The 

Journal of the American Chemical Society / 95:4 / February . 

-140 -120 -100 -80 

Figure 3. Carbon-13 nmr spectrum (80,000 accumulations) of 
labeled a subunit determined under conditions of full coupling; 
the filter broadening was 5 Hz. Other experimental details were 
identical with those of Figure 2. 

signals can be assigned by comparison with previously 
reported 13C nmr spectra of amino acids and pro
teins.1-7 '12-14 The intense peak at —95 ppm relative 
to the glycine a carbon is attributable to the four la
beled histidine C2 carbons. Its width at half-height is 
50 ± 5 Hz. Other signals in the spectrum arise from 
13C nuclei present at natural abundance. Signals 
from the a carbons and the carbons in aliphatic side 
chains appear as broad, unresolved peaks centered at 
ca. —15 and +12 ppm (not shown). The signals from 
the carbonyl carbons appear as a broad resonance cen
tered at — 135 ppm (290 amide carbonyl carbons) with a 
shoulder at —141 ppm (28 carboxylate carbonyl car
bons). The band at —89 ppm consists of signals from 
82 carbons in aromatic amino acid side chains. The 
narrow resonance at —116.5 ppm occurs in the region 
where signals from the 11 6 carbons of arginine and the 
six C4 (ring) carbons of tyrosine are expected to occur. 
The signals from the 12 quaternary (ring) carbons of 
phenylalanine are obscured by the —95 ppm peak. 

The proton-coupled spectrum of the labeled a sub-
unit taken under conditions similar to those used for 
the proton-decoupled spectrum is shown in Figure 3. 
The signal at —89 ppm in Figure 2 is attributable pri
marily to carbons directly bonded to hydrogen and is 
thus split into an apparent doublet in Figure 3. The 
signal at —95 ppm remains unsplit, demonstrating that 
a substantial fraction of the C2 carbons of histidine are 
bonded to deuterium (rather than hydrogen) atoms. 
However, the appearance of a broad shoulder on the 
low-field side of the signal suggests that some of the 
deuterium label was lost during the in vivo incorpora
tion, which is reasonable in view of the rate at which ex
change occurs at the histidine C2 position.34 

The spectrum in Figure 4 was taken under conditions 
identical with those used in Figure 2 except that the 
pulse repeat time was 0.061 sec (rather than 0.51 sec). 
In Figure 4, the intensity of the -95-ppm peak is re
duced relative to the — 89-ppm signal, and the reso
nances from the carbonyl carbons are not observed. 

The longitudinal relaxation time (T1) of the —95-
ppm signal was obtained under conditions of proton 
coupling similar to those used in Figure 3 and using the 
standard 180°, r, 90° pulse sequence.19 The signal 
could be characterized by a single T1 value of 0.5 sec. 

The labeled a subunit was also studied by 13C nmr 

(34) D. H. Meadows, O. Jardetzky, R. M. Epand, H. H. Ruterjans, 
and H. A. Scheraga, Proc. Nat. Acad. Sci. U. S., 60, 766 (1968). 
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Figure 4. Carbon-13 nmr spectrum (81,000 accumulations) of 
labeled a subunit determined under conditions identical with those 
of Figure 2 except that the interval between rf pulses was 0.061 sec 
and the filter broadening was 8 Hz. 

at 15 MHz. Spectra were obtained using either H2O or 
D2O as a solvent at concentrations ranging from 2.6 X 
10-s to 4.3 X 1O-3 M and temperatures from 2 to 15°. 
Spectra were obtained under conditions of full cou
pling, proton noise decoupling, coherent deuterium de
coupling, and simultaneous proton noise decoupling 
and coherent deuterium decoupling (see Figure 5). 
The observed 35 ± 5 Hz width of the — 95-ppm signal 
was essentially independent of the variations in tempera
ture, concentration, and mode of decoupling. Fur
thermore, it was only slightly (30% or less) narrower 
than the corresponding signal in spectra obtained at 25 
MHz. 

Proton nmr spectra of the labeled a subunit were ob
tained at 220 MHz in D2O. Spectra run at concentra
tions of 2.9 X 1O-3 and 3.0 X 10^4 M were very similar 
in shape. 

Discussion and Conclusions 

Our experiments on the incorporation of [2-14C]-L-
histidine into E. coli protein show that it is possible to 
prepare E. coli enzymes specifically labeled at histidine 
residues by in vivo incorporation of exogenous, la
beled amino acids. This result was expected by analogy 
to the results of extensive studies of histidine biosyn
thesis and transport in Salmonella.36 Tryptophan syn
thetase a subunit isolated from E. coli strain B8 grown 
in the presence of [2-13C]-L-2-deuteriohistidine con
tained histidine residues labeled with 13C and deu
terium and was fully active in comparison to unlabeled 
preparations of the enzyme. This result was also ex
pected, since it seems very unlikely that substitution of 
13C for 12C or 2H for 1H at histidine C2 positions should 
have an appreciable effect on enzyme structure or 
mechanism. 

Figures 2-5 convincingly demonstrate the value of 
the selective labeling technique in permitting unam
biguous assignment and study of resonances which in 
natural abundance spectra would be weak and would 
overlap with other nearby signals. Because of the 
relatively wide range of 13C chemical shifts, it is pos
sible to assign all of the signals in the low-field portion 
of the spectrum by analogy to previously published 
spectra of amino acids. 

Proton-decoupled 13C nmr spectra of small mole
cules show a nuclear Overhauser enhancement (NOE) 
in signal intensity. This enhancement is as much as a 

(35) B. N. Ames, R. F. Goldberger, P. E. Hartman, R. G. Martin, 
and J. R. Roth in "Regulation of Nucleic Acid and Protein Biosynthe
sis," V. V. Konigsberger and L. Bosch, Ed., Elsevier, Amsterdam, 1967, 
pp 272-287. 
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Figure 5. Carbon-13 nmr spectra (ca. 100,000 accumulations) of 
labeled a subunit (2.6 X 10"3 M) in D2O at 2° determined at 14 kG. 
Ethyl alcohol was present as an internal standard. The 60° rf 
pulses were spaced at 0.5-sec intervals, the filter broadening was 5 
Hz. Spectrum A is 1H noise decoupled and 2H coherently de
coupled at the frequency of the histidine C2 deuterium. Spectra B, 
C, and D are identical with spectrum A except that in spectrum B 
there is no 2H decoupling, in spectrum C there is no 1H decoupling, 
and in spectrum D there is neither 1H nor 2H decoupling. 

factor of 3 if the carbon relaxation is dominated by a 
dipolar interaction with one or more protons.36-38 In 
the case of proteins, where carbon atoms can have long 
rotational correlation times, T0, characteristic of the 
overall rate of rotation of macromolecules (TC > 1O-8 

sec), a small NOE of ca. 1 can be observed even if the car
bon atoms are directly bonded to hydrogen.38-40 Qua
ternary carbons may or may not show a NOE de
pending on the factors determining their relaxation 
rates.37 The deuterium-labeled C2 carbons in the a 
subunit show essentially no NOE upon proton decou
pling. This is reasonable since their spin-lattice re
laxation rates would presumably be determined by the 
dipolar interaction with the directly bonded deuterium. 
The signal at ca. —89 ppm, which arises primarily from 
unlabeled carbons directly bonded to hydrogen, also 
shows essentially no NOE. This observation suggests 
that these carbons have long TC values. 

In the a subunit, different classes of carbon atoms 
show different spin-lattice relaxation times depending 
on whether the carbon is directly bonded to deuterium, 
to hydrogen, or to neither. This is illustrated in 
Figures 2 and 4, where a shortening of the pulse repeti-

(36) K. F. Kuhlmann and D. M. Grant, /. Amer. Chem. Soc, 90, 
7355 (1968). 

(37) A. Allerhand, D. Doddrell, and R. Komoroski, J. Chem. Phys., 
55,189(1971). 

(38) K. F. Kuhlmann, D. M. Grant, and R.K.Harris, ifcW.,52,3439 
(1970). 

(39) A. Abragam, "Principles of Magnetic Resonance," Oxford 
University Press, London, 1961, p 299. 

(40) D. Doddrell, V. Glushko, and A. Allerhand, /. Chem. Phys., 56, 
3683 (1972). 
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Figure 6. Contribution of dipole-dipole relaxation to longitudinal 
relaxation time (T1) at 24 kG as a function of TC for 13C at a distance 
of 1.09 A from 1H or 2H or for 1H at a distance of 1.78 A from a 
second proton. 

tion time from 0.51 to 0.061 sec causes large distortions 
in signal intensities. Those carbon spins having the 
longest 7Vs have the most attenuated signal inten
sities.41 Deuterium-labeled histidine C2 carbons have 
Ti values beween those of the aromatic carbons at 
— 89 ppm (which have relatively short TYs presumably 
dominated by dipole-dipole relaxation involving the 
directly bonded hydrogen) and those of the carbonyl 
carbons (which have relatively long 7Ys because they 
have no directly bonded hydrogen or deuterium). T\ 
of the deuterium-labeled histidine C2 carbons was deter
mined accurately using the standard 180°, T, 90° pulse 
sequence25 and has a value of 0.5 sec at 10° for all four 
of the C2 carbons. If one makes the reasonable as
sumptions that the rotational motion of the a subunit is 
approximately isotropic and can be characterized by a 
single correlation time for rotational reorientation, 
T0,

42 and that the Ti of carbon is dominated by the 
dipolar interaction with the directly bonded deuterium, 
one can calculate from eq 1 that rc for the C2 carbons is 
approximately 2.7 X 10~8 sec.6'4546 In this equation, 

(41) J. S. Waugh, J. MoI. Spectrosc, 35, 298 (1970). 
(42) A value of the frictional coefficient, /, of a subunit may be 

calculated43 from the observed sedimentation coefficient26'" and molecu
lar weight. This value is only slightly higher than /mi„, the frictional 
coefficient calculated for an unhydrated, spherical protein with the same 
molecular weight as a subunit. This implies that a subunit is approxi
mately spherical. 

(43) C. Tanford, "Physical Chemistry of Macromolecules," Wiley, 
New York, N. Y., 1961, Chapter 6. 

(44) A. M. Malkinson and J. K. Hardman, Biochemistry, 8, 2769 
(1969). 

(45) A. Abragam, ref 39, Chapter 8, especially pp 333-334. 
(46) Equation 1 gives rise to two real solutions for r0 corresponding 

to a given value of Ti (Figure 6). We choose the larger of these values 
because we observed no significant NOE for the carbon atoms giving 

J_ = 4 7c2Ts WS(S + l)rc 
Tic 15 roc6 

T 0.5 

X 

+ L5 + 
.1 + (WC — WD)2To2 1 + WC2Tc 

3 

1 + (COC + WD)2Tc2 (1) 

7c and 7s are the magnetogyric ratios of 13C and 2H, 
rcD is the C-D distance, S is the spin of deuterium, and 
wc and WD are resonance frequencies expressed in units 
of radians per second of carbon and deuterium, respec
tively. Figure 6 illustrates how the contribution of 
dipole-dipole relaxation to T1 varies as a function of r0 

for histidine C2 carbons bonded to hydrogen and deu
terium and for a hydrogen atom in a typical methylene 
group. 

The value of 2.7 X 1O-8 sec for rc is similar in mag
nitude to values of T0 determined by nanosecond polar
ization spectroscopy for overall rotational reorientation 
of globular proteins having molecular weights compa
rable to that of a subunit.47 The a carbons in native 
ribonuclease A also have a similar value of rc as deter
mined by natural abundance 13C nmr.6 In contrast, 
carbons on some of the side chains on ribonuclease A 
have much shorter values of rc. For example, a signifi
cant number of the lysine e carbons of ribonuclease A 
have a T0 value of 7 X 10-nsec.6 

The fact that the four histidine C2 carbons of a sub-
unit have TC values of approximately 3 X 10-8 sec sug
gests that they are not free to rotate at a rate greater 
than the rate for overall rotation of the protein mole
cule. Thus, all of the imidazole side chains, including 
the one or more assumed to be at or near the active 
site, are "locked" rather tightly in the protein matrix. 
It is clear that knowledge about the environment and 
dynamic properties of microscopic regions of bio
logical macromolecules must be available if a detailed 
understanding of the function of these molecules is to be 
obtained. The selective enrichment approach to 13C 
nmr studies of these species seems particularly well 
suited to obtaining this type of information. 

A major reason for undertaking these studies was 
to evaluate at least semiquantitatively the factors which 
determine 13C nmr line widths in macromolecules, par
ticularly deuterated ones, so that the potential ad
vantages of 13C nmr in study of macromolecular struc
ture could be more clearly defined. We have consid
ered the following as possible explanations of line 
broadening of the signals from the labeled histidine C2 

carbons: aggregation of protein molecules, spin-spin 
coupling ( / coupling), chemical shift differences between 
signals from individual histidine residues, relaxation 
via chemical shift anisotropy, dipole-dipole relaxation, 
scalar relaxation of the second kind,46 and relaxation 
mechanisms of the Aw type attributable to tautomerism 
or partial protonation of the imidazole ring. Our mea
surements allow estimates of the importance of most of 
these factors, and we conclude that scalar relaxation 
makes a very significant contribution (ca. 15 Hz) to the 
width of signals from individual C2 carbons. Most 

rise to the peak at - 8 9 ppm and narrow signals only from certain 
quaternary carbons and lysine t carbons (cf. ref 6). 

(47) J. Yguerabide, H. F. Epstein, and L. Stryer, J. MoI. Biol, 51, 
573 (1970). 
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other line broadening mechanisms are individually rel
atively unimportant. 

The contribution of dipolar relaxation by the di
rectly bonded deuterium to the observed line width, 
(71T2

0)-1, can be calculated from eq 2 to be approxi-

1 4 Tc2Ys2^S(S + 1)T„ 
15 /-CD0 

X 

1 + 
0.25 

1 + O c ~ WD)2T0
2 + 

0.75 1.5 
' 1 1 n o I 

I + WC2Tc2 I + WD2Tc2 I + (COC + ̂  I 
+ WD)2TC2J 

(2) 

mately 3 Hz. For labeled C2 carbons attached di
rectly to hydrogen, this contribution is considerably 
greater, i.e., approximately 40 Hz. Figure 7 shows the 
dipolar contribution to T2 for histidine C2 carbons and 
for a methylene hydrogen as a function of rc. Similar 
calculations48 show that dipolar interaction with the two 
directly bonded nitrogens and the proton at C4 contri
bute a total of only about I Hz. Dipolar relaxation in
volving solvent protons or exchangeable protons on the 
enzyme molecule is obviously not an important factor 
in determining line width because of the similarity of 
spectra run in H2O and D2O. The importance of 
dipolar interactions involving nonexchangeable pro
tons on amino acid side chains which are close to C2 

carbons because of folding of the polypeptide chain 
cannot be quantitatively estimated until more is known 
about the tertiary structure of a subunit, but it is un
likely to be large in view of the inverse r% dependence of 
such contributions and the small magnetogyric ratio of 
the 13C nucleus. 

The only slight dependence of line width on mag
netic field strength (14 vs. 24 kG) demonstrates that re
laxation via chemical shift anisotropy, a process which 
can occur when the chemical shift tensor is anisotropic, 
is not important in determining line width, since this 
effect has a quadratic dependence on field strength.45 

Chemical shift differences between signals from in
dividual histidine residues presumably exist because 
they have different environments by virtue of the struc
ture of the polypeptide chain and also because they 
probably have different degrees of protonation at pD 7. 
However, since chemical shift differences are propor
tional to field strength and the width of the observed 
signal varies only slightly with field strength, these chem
ical shift differences are relatively small (ca. 1.5 ppm or 
less). 

The observations that the width of the signal from 
the C2 carbons does not depend on temperature within 
the limits of experimental error in the range of 2 to 15° 
or on concentration in the range of 2.6 X 1O-3 to 4.3 X 
1O-3 M suggest that aggregation is not a significant 
source of line broadening. Line widths would be ex
pected to increase with decreasing temperature if ag
gregations were occurring under the experimental 
conditions employed. This conclusion is further 
strengthened by the fact that the shapes of proton nmr 
spectra of the labeled protein determined at 2.9 X 1O-3 

and 3.4 X 1O-4 M were very similar. Tryptophan syn
thetase a subunit is known to exist primarily as a mon-

(48) D. J. Patel, C. K. Woodward, and F. A. Bovey, Proc. Nat. 
Acad. Sci. U. S., 69, 599 (1972). 

Figure 7. Contribution of dipole-dipole relaxation to transverse 
relaxation time (T1) at 24 kG as a function of rc (c/. Figure 5). 

omer at 3.4 X 1O-4 M in buffers similar to the ones we 
used.26'44 

Scalar relaxation of the second kind is a process in 
which a fluctuating magnetic field causing relaxation is 
produced by spin-spin coupling of the nucleus under 
observation to a second nucleus which is relaxing 
rapidly. It is sometimes an important source of line 
broadening in 13C nmr spectra when the carbon in 
question is coupled to a nucleus, such as 35Cl, 37Cl, 
79Br, or 81Br, which has a quadrupole moment,49-"51 

since such nuclei often have rapid relaxation rates 
determined primarily by the magnitude of the qua
drupole coupling constant. The spin-spin coupling 
constant for deuterium bonded to the C2 carbon of 
histidine is 35 X 27r radians sec-1.17 The quadrupolar 
coupling constant for the deuterium is estimated to be 
approximately 190 kHz.52'63 Using these constants, 
one may calculate the spin-lattice relaxation time, Ti8, 
and the transverse relaxation time, T2

8, of the deuterium 
as a function of TC

45 (Figure 8). For a T0 of 3 X 1O-8 

sec, Ti ~ 1.6 X 10~4 sec and Tf ~ 1.3 X 10~3 sec. 
The contribution of scalar relaxation of the second 

kind to the spin-spin relaxation time of the C2 carbon, 
r2

s c , may be calculated from eq 3 if (T1
8) -1 > J. In eq 

J2S(S + I)T1
3 

(3) 

3, S is the spin of deuterium. The calculated value of 
( r 2

s c ) _ 1 for the C2 carbons is approximately 45 sec-1, 

(49) R. Freeman and H. D. W. Hill, J. Chem. Phys., 55, 1985 (1971). 
(50) G. C. Levy, Chem. Commun., 352 (1972). 
(51) J. R. Lyerla, D. M. Grant, and R. D. Bertrand, / . Phys. Chem., 

75, 3967 (1971). 
(52) E. A. C. Lucken, "Nuclear Quadrupole Coupling Constants," 

Academic Press, New York, N. Y., 1969. 
(53) F. S. Millett and B. P. Dailey, / . Chem. Phys., 56, 3249 (1972). 
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Figure 8. Contribution of quadrupole relaxation to T1 and T2 at 24 
kG for a deuterium nucleus as a function of rc assuming a quadru-
polar coupling constant of 190 kHz. 

which corresponds to a 15-Hz contribution to the widths 
of signals from individual C2 carbons. In the presence 
of an external, coherent decoupling field of peak am
plitude 2H2 (in gauss), one replaces64 T1

5 by (1/T + 
1/T1

 s)~! where 1/T = 7s 2ZZ2
2JT2

8. In Figure 9, we give the 
calculated T2 for a 13C nucleus directly bonded to deu
terium as a function of TC and decoupling power as
suming that T2 is determined exclusively by dipolar and 
scalar relaxation with the deuterium. For the present 
Varian XL-100 spectrometer, 7SiV2 ^ 1.45 X 103 

radians sec-1. An H2 approximately a factor of 10 
larger than that presently commercially available is 
therefore needed to decouple the carbon to the theo
retical dipolar line width. 

The C2 carbons are also coupled to 14N atoms, which 
also have a spin of 1 and a quadrupole moment. How
ever, the contribution to C2 carbon line widths due to 
scalar coupling with 14N can be estimated to be at least 
two orders of magnitude smaller than the contribution 
from coupling to deuterium.48 

The histidine residues in ribonuclease have p/Ca 

values ranging from 5.8 to 6.7..34 It is reasonable to 
assume that the histidine residues in a subunit will have 
a similar range of p/Ca values. At pH or pD 7, the 
histidine residues in a subunit are therefore probably 
largely in the neutral form. The neutral form of the 
histidine side chain exists as a mixture of two tauto
meric forms because the single proton may be attached 
to either of the nitrogen atoms of the imidazole ring. 
However, exchange between the two tautomeric 
forms55,66 does not appear to be a significant source of 
line broadening because the C2 carbons of 1,4- and 1,5-
dimethylimidazole (1 and 2), which serve as spectro
scopic models for the two tautomeric forms of the 
neutral form of the histidine side chain, have essentially 
identical chemical shifts. 

The nmr signal from the histidine C2 carbon shifts 

(54) H. Sternlicht and D. T. Browne, manuscript in preparation. 
(55) G. C. Y. Lee, J. H. Prestegard, and S. I. Chan, J. Amer. Chem. 

Soc, 94, 951 (1972). 
(56) G. C. Y. Lee and S. I. Chan, ibid., 94, 3218 (1972). 
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Figure 9. o The sum of dipolar and scalar contributions to T2 for a 
13C 1.09 A from deuterium as a function of T0 and deuterium de
coupling power (ysHi). 

,CH8 CH3 

H3C 
/ N v y N 

^ \ 
CH, 

approximately 2.5 ppm upfield upon protonation.67 

While the histidine residues in a subunit should be 
largely in the neutral form at pH or pD 7, significant 
amounts of the protonated (cationic) form will be pres
ent, and the possible effect of exchange between the 
neutral and cationic forms of histidine on C2 carbon 
line width must be considered. This potential contri
bution is difficult to estimate, but we feel that the rela
tively small observed dependence of line width on field 
strength makes it unlikely that this exchange is a major 
source of line broadening for signals from the C2 car
bons.58 

The observed 50 ± 5 Hz line width61 of the signal 
from the C2 histidine carbons in tryptophan synthetase a 
subunit can be explained if one assumes that it is a com
posite of four carbon resonances, each approximately 
20 Hz wide (15 Hz for scalar relaxation and 5 Hz from 
dipole-dipole relaxation) and having a chemical shift 
range of ca. 1 ppm. This range of chemical shifts 
could result from conformational factors such as ring 
currents or from differing degrees of protonation of 
individual histidine side chains. Relatively small con
tributions from other relaxation mechanisms cannot be 
excluded but do not have to be invoked in order to ex
plain our observations. 

(57) F. R. N. Gurd, private communication. 
(58) The observations of Patel, et al., 4« on the exchange of histidine 

ring nitrogen protons in ribonuclease suggest that the rate of exchange 
between the neutral and protonated forms of histidine side chains 
in a subunit is unlikely to be moderately slow.59'60 Line broaden
ing due to exchange in the intermediate to fast exchange region shows 
a dependence on field strength ranging approximately from linear to 
quadratic.65'56'60 

(59) E. D. Becker, "High Resolution NMR," Academic Press, 
New York, N. Y., 1969, pp 214-219. 

(60) J. A. Pople, W. G. Schneider, and H. J. Bernstein, "High Reso
lution Nuclear Magnetic Resonance," McGraw-Hill, New York, N. Y., 
1959, pp 218-225. 

(61) The apparent width of the signal from 13C-2H moieties in proton-
decoupled spectra is increased slightly due to overlap with the corre
sponding broader signal from 13C-1H groups. In proton-coupled 
spectra, the signal is broadened by ca. 6 Hz by J coupling to the proton 
at Cs.17 The apparent line width in all spectra is also increased slightly 
by exponential filtering as indicated in the figure captions. 
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In conclusion, we feel that our results convincingly 
demonstrate the potential of the selective 13C enrich
ment technique for study of the dynamic properties of 
macromolecules in solution, an area of investigation to 
which X-ray diffraction techniques, for example, are 
not applicable. The selective enrichment approach in 
principle permits a detailed study of the dynamic state 
of any region of a native enzyme or other biological 
macromolecule by 13C nmr. The conclusion that 13C 
nmr line widths in deuterated macromolecules appear 
to be determined largely by scalar relaxation is impor
tant for realizing the potential of 13C nmr spectroscopy 
in providing well-resolved nmr spectra of macromole
cules. Deuterium decoupling using high power can 
eliminate the scalar relaxation of the second kind and 
thus give narrow signals whose widths are determined 
primarily by 13C-2H dipolar relaxation in favorable 

Much of the current research on nucleic acid struc
ture has centered on transfer ribonucleic acids. 

This attention is understandable since tRNAs con
stitute perhaps the most versatile class of nucleic acids 
in terms of the variety and complexity of the reactions 
in which they participate. The chemical reactions, 
moreover, can be valuable in sequence analysis, investi
gation of structure-function relationships, and primary, 
secondary, and tertiary structure analysis.2 

Semicarbazide34 and acyl hydrazides5-7 react spe
cifically with cytidine at pH 4.2 and 37°. In the in
terest of extending this useful reaction to realize spe
cific fluorescent modification of cytidine and in seeking 
to achieve the goal of producing specific fluorescent 

(1) Fellow of the Consejo Nacional de Investigaciones Cientificas y 
Tecnicas (Argentina), 1970-1972. 

(2) N. K. Kochetkov and E. I. Budowsky, Progr. Nucl. Acid Res. MoI. 
Biol., 9, 403 (1969). 

(3) H. Hayatsu, K.-I. Takeishi, and T. Ukita, Biochim. Biophys. 
Acta, 123, 445 (1966). 

(4) H. Hayatsu and T. Ukita, ibid., 123, 458 (1966). 
(5) K. Kikugawa, H. Hayatsu, and T. Ukita, ibid., 134, 221 (1967). 
(6) K. Kikugawa, A. Muto, H. Hayatsu, K.-I. Miura, and T. Ukita, 

ibid., 134, 232 (1967). 
(7) L. GaI-Or, J. E. Mellema, E. N. Moudrianakis, and M. Beer, 

Biochemistry, 6, 1909 (1967). 

cases. This approach should permit detection of small 
chemical shift differences which reflect nonequivalence 
of side chains and changes in conformation. 
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modification of each tRNA base,8-14 we have synthe
sized a series of pyridinium and quinolinium hydrazides, 
Ila-h, and examined the spectroscopic properties of 
their products with cytidine, Illa-h.15 

Experimental Section 
Materials and Methods. Ethyl nicotinate (Aldrich), methyl iso-

nicotinate (Chemicals Procurement Laboratories), 2,6-pyridine-

(8) J. A. Secrist III, J. R. Barrio, and N. J. Leonard, Biochem. Bio
phys. Res. Commun., 45, 1262 (1971). 

(9) J. R. Barrio, J. A. Secrist, III, and N. J. Leonard, ibid., 46, 597 
(1972). 

(10) J. A. Secrist III, J. R. Barrio, and N. J. Leonard, Science, 175, 
646 (1972). 

(11) J. A. Secrist III, J. R. Barrio, N. J. Leonard, C. Villar-Palasi, 
and A. G. Gilman, ibid., Ill, 279 (1972). 

(12) J. A. Secrist III, J. R. Barrio, N. J. Leonard, and G. Weber, 
Biochemistry, 11, 3499 (1972). 

(13) J. R. Barrio, J. A. Secrist III, and N. J. Leonard, Proc. Nat. 
Acad. Sci. U. S., 69, 2039 (1972). 

(14) N. J. Leonard, J. R. Barrio, and J. A. Secrist III, Biochim. Bio
phys. Acta, 269, 531 (1972). 

(15) We express our appreciation for the help of Dr. Kurt L. Loening, 
Nomenclature Director of Chemical Abstracts Service, in the naming of 
these products. Thus, compound IHc is 4-[[(2,3-dihydro-2-oxo-l-/3-D-
ribofuranosyl - 4(1//) - pyrimidinylidene)hydrazono]hydroxymethyl] - 1-
methylpyridinium hydroxide inner salt and IHh is 2,6-pyridinedicarbox-
ylic acid bis[2-(l,2-dihydro-2-oxo-l-/3-D-ribofuranosyl-4-pyrimidinyl)-
hydrazide]. The others are named accordingly. 

Specific and Fluorescent Modifications of Cytidine 

Jorge R. Barrio1 and Nelson J. Leonard* 

Contribution from the Roger Adams Laboratory, School of Chemical Sciences, 
University of Illinois, Urbana, Illinois 61801. Received September 5, 1972 

Abstract: Specific fluorescent modifications of cytidine have been obtained by reaction with several pyridinium 
and quinolinium hydrazides at pH 4.2 and 37°. In alkaline solution, and in general in neutral solution, the products 
showed a characteristic large absorption maximum at long wavelength where cytidine exhibited no absorption. A 
bathochromic effect was observed in the lowest energy transition of Ilia, as an example, and the wavelength was 
found to increase from neutral aqueous solution to 10% ethanol-chloroform. Methylation of Ilia by methyl 
iodide in sulfolane gave a 3-methylcytidine derivative, V, the structure of which was established by independent 
synthesis of V from nicotinic acid hydrazide methiodide (Ha) and 3-methylcytidine. The fluorescence of the modi
fied cytidines showed structure and environment dependence. Compounds IHc and IHd, by their ultraviolet ab
sorption and fluorescent emission characteristics, present favorable possibilities for energy transfer studies with 
other fluorescing molecules, particularly in single-stranded oligo- and polynucleotides and nucleic acids. 
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