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proposed that its fluorescence rise and decay curve is interpreted 
by three-exponential fitting and not by a two-exponential one.56 

This might raise a question on the applicability of Scheme I to 
the present systems. However, it should be remembered that an 
advantage of the transient absorption spectral measurement is to 
identify the main transient species and its dynamic range is not 
as large as that of the single photon counting one. Actually, the 
monomer Sn-^-S1 absorption band was not detected in the DCzP 
and m-DCzPe spectra at long delay times. This indicates that 
the monomer component that does not form the sandwich excimer 
is a minor contribution in transient spectral analysis. It is con
sidered that the present analysis is correct as a first approximation. 

In contrast to the above DCzP and m-DCzPe systems, the triplet 
formation yield of r-DCzPe in THF is slightly higher than that 
of EtCz. This result means that the triplet yield from the second 
excimer is not large, since the concentration of this excimer is 
higher than that of the monomer fluorescence state. This dif
ference in behavior from the sandwich excimer is consistent with 
the fact that the Sn •*- S1 spectrum and the lifetime of the second 
excimer are almost equal to those of EtCz, respectively. 

Although the same triplet absorption spectrum was observed 
for the present dicarbazolyl compounds, their decay time depends 
on the geometrical configuration. Since the intermolecular in
teractions between the triplet states and between the triplet and 
ground states are involved to some extent, the fact that the lifetime 
of the DCzB triplet is larger than that of the EtCz triplet is 
acceptable in view of the more rapid diffusional motion of the 
latter. On the other hand, the decay of DCzP and m-DCzPe is 
faster than that of EtCz, suggesting an additional deactivation 
process. This tendency is more pronounced in the case of r-DCzPe. 
Therefore this intersystem crossing to the ground state is con
sidered to be sensitive to the geometrical configuration. The 
intramolecular interaction between the triplet- and ground-state 
carbazolyl groups induces the deactivation to the ground state, 
which is more efficient in the partial overlap structure than in 
the sandwich structure. 

(56) D. Ng and J. E. Guillet, Macromolecules, 14, 405 (1981). 

Changing the conditions of magnetic resonance experiments 
may modify the relative importance of various relaxation mech
anisms. Thus the use of large magnetic fields enhances the effects 

f Ecole Polytechnique. 
'University of Utah. 

Model Compounds for Polymer Photophysics. We have studied 
the excited-state dynamics of poly(TV-vinylcarbazole) and related 
polymers in solution and in film by using pico- and nanosecond 
laser photolysis methods.27"32,57 The excitation and the positive 
charge in the polymer have been considered to be stabilized by 
taking dimer forms, which indicates the importance of the detailed 
investigations on carbazole excimers and dimer ions. From this 
viewpoint the diastereoisomeric model compounds with different 
geometrical configurations are considered to be appropriate 
models,40 since isotactic and syndiotactic sequences result in the 
formation of two types of excimers. The present work has offered 
such information on the excited and ionic states of dicarbazolyl 
compounds with specific geometrical structures. The electronic 
structure and dynamics of the excited states and ion radicals of 
poly(TV-vinylcarbazole) can be elucidated by comparing their 
absorption spectral data with the present ones. A distribution of 
these excimers and dimer ions might determine the properties of 
polymers, or a new state not identified as a dimer might be 
produced in the polymer. In the latter case a new electronic 
process and reactivity, not present in the monomer and oligomer 
system, will be expected. Along this line we are performing 
absorption spectral studies on polymers in the excited and ionic 
states, which will be published shortly. 
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of chemical shift anisotropy, and the exploration of large molecules 
with long tumbling times reveals broadening mechanisms whose 
contribution in small molecules might go unnoticed. 

Consider for instance a proton bound to 15N. The spectrum 
is a doublet with a splitting of ca. 90 Hz due to scalar coupling. 
The amplitude of the dipolar field of 15N at the proton site is d 
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= n/(4jr(0cV3) where ix = hyS is the magnetic moment of 15N 
and r is the nitrogen-proton distance. For r = 10~10 m, this 
amplitude is 1.4 X 10"4T. 

The chemical shift anisotropy (CSA) of an NH proton could 
be of the order of 10 ppm. In a field of six teslas this corresponds 
to 0.6 X 10"4T, an appreciable fraction of the dipolar amplitude 
d. 

Both the dipolar and the CSA interactions are modulated by 
molecular rotation, and both therefore contribute to transverse 
and longitudinal relaxation.1 

Moreover, they do not contribute independently. The fluctu
ating field at the proton site is the sum of the fields due to the 
two causes. The square of the fluctuating field (which comes in 
the computation of the relaxation rate) will then include cross-
terms, and these will not cancel out in the time average because 
CSA has components that transform under rotation like the dipolar 
interaction (a second rank, traceless, symmetric tensor).2"4 

The contribution of the cross-terms takes opposite values for 
the two orientations of the 15N spin. Therefore the relaxation rates 
are expected to differ for the two lines of the proton doublet. 
Similarly, relaxation differentials should also occur in the 15N 
doublet. Such effects are also expected in a 13C-H group. They 
have been reported in the fluorine spectrum of = C F H groups.2 

The proton NMR spectra of 15N-substituted transfer ribonucleic 
acids (tRNA) exhibit conspicuously different line widths for the 
two lines of 15N-linked imino proton doublets.5"7 It has been 
proposed5,6 that this is due to tautomerism of the hydrogen-bonded 
base pairs, which would cause the imino proton to jump from one 
base to the other. An alternative explanation, suggested by A. 
G. Redfield, is also considered in ref 6: the differential broadening 
could be due to the CSA/dipolar cross-terms mentioned above. 
In order to study this problem, we have measured nuclear magnetic 
relaxation in a model system. Our results support the alternative 
explanation. 

This explanation is now favored by the authors of ref 6, on the 
basis of other observations (personal communication of E. Kaun 
and H. Riiterjans to M. Gueron). 

Requirements for a Model System 
In order to measure the dipolar and CSA contributions to Tx 

and T2, other contributions should be as small as possible. This 
requires a molecule where the 15N-H group is not too close to 
other protons. The solvent should be devoid of paramagnetic 
species. 

Proton exchange must also be avoided. If it occurs between 
two molecules of the observed species, it will transfer longitudinal 
magnetization between the two lines of the doublet and thus tend 
to equalize their T1S. Exchange with other species (water) will 
give a contribution to Tf1. Both types of exchange will contribute 
to J2

-1 (lin e broadening). 
In order to distinguish the cross-term effects from others due 

to tautomerism, hydrogen bonding should be avoided as far as 
possible. At the least, one should avoid systems where imino-imido 
hydrogen bonding is possible, since this is the type found in 
Watson-Crick base pairs, for which tautomerism has been invoked. 

Lastly, the chosen molecule should be available in ' ^ - s u b 
stituted form. 

The system retained here is a deuteriochloroform solution of 
2/,3',5'-tri-<9-benzoyl(3-15N)uridine, abbreviated as TOBU. 

Materials and Methods 
TOBU was prepared as described from bis-trimethylsilyl(3-15N)uracil 

and l-0-acetyl-2,3,5-tri-O-benzoyl-/3-D-ribofuranose8,9 and was used as 

(1) Abragam, A. "The Principles of Nuclear Magnetism"; Oxford Univ
ersity Press: London, 1961; Chapter 8. 

(2) Mackor, E. L.; Maclean, C. J. Chem. Phys. 1966, 44, 64-69. 
(3) Mackor, E. L.; Maclean, C. Prog. Nucl. Magn. Reson. Spectrosc. 1967, 

3, 129-157. 
(4) Blicharski, J. Acta Phys. Pol. 1969, 36, 211-218. 
(5) Kaun, E.; Ruterjans, H.; Hull, W. E. FEBS Lett. 1982,141, 217-221. 
(6) Ruterjans, H.; Kaun, E.; Hull, W. E.; Limbach, H. H. Nucleic Acids 

Res. 1982, 10, 7027-7039. 
(7) Griffey, R. H.; Poulter, C. D.; Yamaizumi, Z.; Nishimura, S.; Hurd, 

R. E. J. Am. Chem. Soc. 1982, 104, 5811-5813. 

Figure 1. 276-MHz proton NMR spectrum of 3-15N-TOBU in deuter
iochloroform. The two lines at lowest field form the imino proton 
doublet, with the characteristic 90-Hz splitting. The weak line between 
them is the corresponding singlet from traces of 3-14N-TOBU. Con
centration is 5.5 mM; T = -15 0C. 

Figure 2. Chemical shift of the TOBU imino proton for various tem
peratures and concentrations: O, 0.43 mM; • , 5.5 mM; O, 21 mM; • , 
112 mM; X, 0.5 M (ref 12). Solid lines are a theoretical fit for a 
monomer-dimer equilibrium, using the parameters given in the text; 

= -7.8; 6di -11.3. 

provided without further purification. The samples were dissolved in 
deuteriochloroform which had been dried and neutralized by passage over 
a mixed column of magnesium sulfate and potassium carbonate. The 
solutions were freed of oxygen by bubbling nitrogen inside the NMR 
tube. TOBU concentration is 5.5 mM/L unless specified otherwise. 

Except as mentioned, the NMR measurements were made at 276 
MHz on a home-built spectrometer.10 Complementary measurements 
at 500 MHz were made on a Bruker instrument. Longitudinal relaxation 
was studied by the inversion-recovery method, which is well adapted to 
differential measurements. The excitation pulse frequency was in the 
middle of the 15N proton doublet. For better precision, the surface, rather 
than peak height, of each line was measured. 

Line-width differentials were small and could not be measured pre
cisely. They were evaluated after spectral narrowing by sine multipli
cation.11,12 

Results 
1. Spectral Shifts, Aggregation, Relaxation. Our spectra 

(Figure 1) conform to earlier publications13,14 except for the 
previously unreported shift of the 15NH proton doublet with 
temperature and concentration (Figure 2). Conditions which 

(8) Vorbruggen, H.; Krolikiewicz, K.; Bennva, B. Chem. Ber. 1981, 114, 
1234-1255. 

(9) Griffey, R. H.; Poulter, C. D., submitted for publication. 
(10) Caron, F.; Gueron, M.; Nguyen Ngoc Quoc, T.; Herzog, R. F. Rev. 

Phys. Appl. 1980, 15, 1267-1274. 
(11) De Marco, A.; Wuthrich, K. J. Magn. Reson. 1976, 24, 201-204. 
(12) Gueron, M. /. Magn. Reson. 1978, 30, 515-520. 
(13) Roberts, J. L.; Poulter, C. D. J. Org. Chem. 1978, 43, 1547-1550. 
(14) Poulter, C. D.; Livingston, C. L. Tetrahedron Lett. 1979, 9, 755-758. 
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Table I. Relaxation Rates and Line Widths of the 3-15N-TOBU Imino Proton Doublet 

T1
0C 

30 
- 1 0 
- 1 0 ° 
- 1 5 
- 5 0 

% 
dimerb 

8 
24 
24 
27 
45 

R1 

low field 

0.488 
0.970 
0.520 
1.07 
1.33 

(S- 1 ) 

high field 

0.438 
0.870 
0.442 
0.96 
1.26 

SRjR1 

0.11 ± 0.02 
0.11 ± 0.02 
0.16 ± 0.04 
0.11 ± 0.02 
0.05 ± 0.03 

A 

low field 

3.8 
6.2 
6 
5.24 

11.7 

(Hz)0 

high field 

3.75 
6.16 
5.8 
5.18 

11.3 

6A 

0.05 ± 0.05 
0.04 ± 0.05 
0.2 + 0.15 
0.06 ± 0.05 
0.4 ± 0.1 

SA/SR, 

1 
0.4 
2.5 
0.55 
5.8 

" The full line width at half-height A includes contributions from resolved and unresolved / couplings to other protons. Exchange broaden
ing from the'monomer-dimer equilibrium may also be significant, particularly at -50 0C. b Number of TOBU molecules participating in 
dimers; computed with the parameters given in the text. TOBU concentration is 5 mM. c This measurement at 500 MHz, all others at 276 
MHz. 

promote aggregation lead to a down-field shift, as expected if the 
associated form is a hydrogen-bonded complex. In Figure 2 the 
data are fitted to chemical shifts of -7.8 ppm for the monomer 
and -11.3 ppm for a dimeric complex; the association enthalpy 
and entropy are -24.9 kJ/M and -(19/300) kJ/M. The predicted 
shift for a concentration of 0.5 mol/L at 25 0C is -10.3 ppm, as 
compared to the reported value of-9.84 ppm.14 The difference 
may be due to stacking of dimers, a phenomenon that will be 
mentioned again below. 

An obvious model for the TOBU dimer is that of two molecules 
bound by two N - H - O hydrogen bonds between the uracil 
moieties. The same model is used in the interpretation of an NMR 
and infrared study of 5'-0-acetyl-2'-3'-isopropylideneuridine15 and 
in an infrared study of uracil.16 The thermodynamical parameters 
were close to those reported here. 

The chemical shifts of the imino protons of TOBU in the 
monomer and dimer forms may also be compared to those of 
pseudouridine and uridine in tRNA. Unbonded imino protons 
of pseudouridine and uridine have been assigned in yeast 
tRNA^P" and yeast tRNAphe.18'19 The H-bonded imino protons 
of the (pseudouridine 13-uridine 22) base pair in yeast tRNAVal! 
have also been assigned.20 In all cases the chemical shifts fall 
between -10.5 and -11.55 ppm, close to the shift for the TOBU 
dimer. This is expected in the case of the pseudouridine-uridine 
base pair. For the "unbonded" imino protons, the explanation 
must lie in hydrogen bonding to water. Indeed, the imino proton 
of uridine-2'-phosphate is observed at ca. -11.2 ppm in H2O at 
pH 3 (E. Kaun and H. Riitejans, personal communication). The 
uridine imino proton in Me2SO (a hydrogen-bond acceptor) has 
the same chemical shift.21 This is in contrast to the -7.8-ppm 
chemical shift of uridine derivatives in chloroform. 

Results of relaxation and width measurements of the two lines 
of the 15N-H doublet are shown in Table I. Differences between 
the two lines are discussed below. As for the average values and 
their variations vs. temperature, concentration, and magnetic field, 
they are reasonably well explained in a model that incorporates 
the proportion of dimers derived from the chemical shift (Figure 
2 and second column of Table I), and the viscosity of chloroform. 

In the case of the dimer, one must take into account not only 
the proton-nitrogen dipolar coupling but also the coupling between 
imino protons, which given the ratio of ten between the proton 
and nitrogen gyromagnetic ratios and the intermolecular distances 
(N-H = 0.1 nm, proton-proton distance ==; 0.25 nm) is a fraction 
0.64 of the NH coupling. 

For short correlation times, the contributions to the longitudinal 
relaxation rate go as coupling squared, so that the proton-proton 

(15) Kriiger, U.; Breuer, H.; Abdel Kerim, F. M.; Perkampus, H. H.; 
Scheit, K. H. Z. Naturforsch., B: Anorg. Chem., Org. Chem. 1968, 23B, 
1360-1366. 

(16) Kyogoku, Y.; Lord, R. C; Rich., A. J. Am. Chem. Soc. 1967, 89, 
496-504. 

(17) Roy, S.; Papastravos, M. Z.; Redfield, A. G. Biochemistry 1982, 21, 
6081-6088. 

(18) Roy, S.; Papastravos, M. Z.; Redfield, A. G. Nucleic Acids Res. 1982, 
10, 8341-8349. 

(19) Roy, S.; Redfield, A. G. Biochemistry 1983, 22, 1386-1390. 
(20) Schejter, E.; Roy, S.; Sanchez, V.; Redfield, A. G. Nucleic Acids Res. 

1982, 10, 8297-8305. 
(21) Reid, B. R.; McCollum, L.; Ribeiro, N. S.; Abbate, J.; Hurd, R. E. 

Biochemistry 1979, 18, 3996-4005. 

Figure 3. Inversion-recovery measurement of longitudinal relaxation, 
showing the different rates for the two components of the imino doublet. 
The relative differential in the relaxation rate is (11 ± 2)%. The split
tings of each line are due to J couplings with the other protons of uracil. 
A broad line that relaxes quickly is discernible under each line of the 
doublet. It is ascribed to large aggregates. The fraction of molecules 
in the dimer form is 27%. 

contribution is 40% of the NH contribution. However, as the 
correlation time becomes long compared to 1 /coT, the contribution 
of the proton-proton coupling increases (Appendix, section 5), 
since mutual flip of two protons requires much less energy than 
flip of one proton, with or without a nitrogen flip—in other words, 
spin diffusion sets in. In this context one notes the increase in 
the longitudinal relaxation rate at low temperature, which may 
be due to the contribution of the proton-proton coupling in large, 
slow-tumbling, transient aggregates. 

The comparison of longitudinal relaxation rates at 276 and 500 
MHz (T = -10 0C) gives a rotational correlation time in the range 
of 5 X 10"10 s. 

The line widths reported in Table I are difficult to interpret 
because of unresolved J couplings and spurious broadening by 
temperature fluctuations (up to 10 Hz/°C, see Figure 2). Mo-
nomer-dimer exchange broadening may also be significant, in 
particular at low temperatures. 

2. Relaxation Differentials. Differences in the longitudinal 
relaxation of the two lines of the 15N3-H doublet were observed 
in all conditions of concentration and temperature. An example 
is shown in Figure 3, where the difference in relaxation rates &R{ 

is 0.11 s_1 and corresponds to 11% of the average rate. At -50 
0C, the 5i?! is unchanged, but the average rate R} has increased. 
This is in agreement with the assumption made above of transient 
aggregates wherein proton-proton relaxation (spin diffusion) would 
be more efficient because of the longer correlation time. 

At higher frequencies also, the relative contribution of pro
ton-proton relaxation must increase. This could explain why the 
relative differential in longitudinal relaxation increases by less 
than a factor of 2 between 276 and 500 MHz. 

The R2 differential (and the corresponding width differential 
SA, full width at half height, =8/?2/7r) is much harder to measure 
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because of the other broadening factors mentioned above. The 
low-field peak is broader in TOBU, as it is in tRNA. For very 
short correlation times one expects 5R2 to be two thirds of 8R\ 
(hence 8AZbR1 =* 0.2), whereas 5R2 becomes much larger than 
5R1 when the correlation time is large (eq A9 and AlO). Values 
of 5AfSR1 are given in the last column of Table I. They are in 
the range that is expected. 

Discussion 
In this discussion, we shall use the experimental results described 

above to evaluate the chemical shift anisotropy of TOBU. 
Using this value, we shall compute the differential broadenings 

expected in 15N-tRNA and show that they are as large as those 
observed.5"7 Hence the observed differentials do not provide 
evidence for tautomerism. 

The discussion will use elements of relaxation theory that are 
summarized in the Appendix and are developed in a separate 
paper.22 Qualitatively, we point out that for small molecules the 
longitudinal and transverse relaxation differentials are comparable 
and the former is much easier to demonstrate. In large molecules 
the relative longitudinal differential is strongly reduced by the 
proton-proton contribution. By contrast the relative transverse 
differential is up to three times larger than that in small molecules. 

1. Chemical Shift Anisotropy of TOBU. The previous discussion 
shows that the relaxation differentials of TOBU observed in 
various conditions are consistent. The relative differential of the 
TOBU monomer longitudinal relaxation is about 11% at 276 
MHz. The absolute value of the CSA, Aa = cry - <rx, is then (eq 
A8 of the Appendix): 

|Aaj = 5.7 ppm 

This result is valid if the CSA is axial and oriented along NH. 
Otherwise the CSA needed for explaining the data is larger. 

For comparison, the CSA of CH protons may be around 6 ppm, 
and it is in the range of 10 ppm for OH protons. Hydrogen 
bonding (O—H-O) gives values of the CSA in the range of 20 
to 30 ppm.23-24 

The data of Table I do not indicate large changes in the CSA 
upon hydrogen bonding, since there is no obvious effect of dimer 
formation on the relaxation differentials. This is somewhat 
surprising since the average value of the chemical shift is changed, 
and also in view of the effect of hydrogen bonding in the O—H-O 
case. On the other hand, the difference in CSA between O—H-O 
and N—H-O hydrogen bonds may be related to the property that 
the former are often stronger than the latter, featuring a shorter 
H - O distance and a larger enthalpy.25 

2. Differential Broadening in l5N-tRNA. What effects would 
be expected in 15N-tRNA from a CSA of 5.7 ppm? The relaxation 
effect of the interaction is a function of the correlation time for 
molecular motion, which is of course different in TOBU and 
tRNA. For the purpose of comparison, the relative differentials 
are most appropriate since they depend weakly on the correlation 
time. As shown in the Appendix (eq A5 vs. A6), the relative 
differential broadening Y2 in tRNA should be up to (10/3) times 
larger than the relative differential of the longitudinal relaxation 
F1 of the TOBU monomer in the same field. At 400 MHz, a value 
of F2 as large as (11/100) X (400/276) X (10/3) = 53% may 
then be expected, if proton-proton couplings are neglected, and 
if the CSA is the same in the tRNA base pairs as in the U 
monomer. 

In the case of long correlation times, proton-proton couplings 
drastically reduce the relative differential of longitudinal relaxation. 
They also reduce somewhat the relative differential broadening. 
The magnitude of this effect depends on the distribution of protons 
near the imino proton being studied. In a Watson-Crick AU pair, 

(22) M. Goldman, in preparation. 
(23) Haeberlen, U. "High Resolution NMR in Solids", Academic Press: 

New York 1976; Advances in Magnetic Resonance, J. S. Waugh, Ed, Suppl. 
1, Table 6-3. 

(24) Berglund, B.; Vaughan, R. W. /. Chem. Phys. 1980, 73, 2037-2043. 
(25) Pimentel, G. C; McClellan, A. L. "The Hydrogen Bond"; W. H. 

Freeman; San Francisco, Calif., 1960; Chapters 7 and 9. 

the imino proton is about 0.24 nm from an adenine amino proton 
and 0.3 nm from the adenine C2 proton.26 In a GC pair, it is 
0.22 nm from a G amino proton and 0.25 nm from a C amino 
proton.27 Considering all the protons in the neighborhood of an 
imino proton,28 one finds that for different base pairs of tRNA, 
the proton contribution to transverse relaxation could be typically 
from 0.6 to 1.5 times that of nitrogen. This would reduce the 
relative differential from 53% to values in the range of 20 to 33%. 
Since the closest protons are exchangeable, we would expect the 
relative differential to increase upon partial solvent deuteration. 

Large values of Y2 have indeed been observed. For instance, 
the thio-uracil N3H of the 8-14 tertiary base pair in E. coli 
tRNA,Val (-14.8 ppm) has a relative broadening Y2 of 45% at 500 
MHz (Figure 4 of ref 6). The theoretical value corresponding 
to a CSA of 5.7 ppm is 66% if interactions with other protons 
are ignored. These interactions may be estimated by using28 the 
crystallographic structure of yeast tRNAPhe, and they reduce Y2 

to 40%, in good agreement with the experimental value. 
One may also consider the -13.8-ppm peak in E. coli tRNA™2'. 

As measured from Figure 5 of ref 6, the relative differential 
broadening at 20 0C and 400 MHz is in the range of 50% to 65%, 
and varies somewhat with temperature (see also the data of Figure 
4, ref 5 and 7). 

In the framework of our interpretation, the large value observed 
at 20 0C implies either that the contribution of neighboring protons 
to the line width is small or that the chemical shift anisotropy is 
larger by a factor of 1.5 to 2 than that of TOBU. One may point 
out that the -13.8-ppm peak is presently assigned not to a uracil 
but to the hymine imino proton from the T54-A58 base pair (ref 
29; also Coffino and Reid, personal communication to J. L. Leroy). 

The variation of the relative differential broadening with tem
perature may be due to a change in the proton-proton dipole 
coupling caused by a variation of interproton distances. This could 
occur because of structural changes, for which a spectral shift 
provides independent evidence. 

3. Related Considerations. The well-resolved peak at-10.75 
ppm in E. coli tRNAVal! exhibits differential broadening in the 
15N-substituted species.6 This peak is assigned to N1H of pseu-
do-uracil 55.30 If the crystalline structure of yeast tRNAphe is 
assumed, this proton is not hydrogen bonded, so that the differ
ential broadening cannot be due to base-pair tautomerism. 

The interpretation of differential broadening in terms of tau
tomerism implies that each imino proton resonance is accompanied 
by a less intense satellite located typically 1 ppm upfield. With 
the proposed kinetics, the satellite would be broad but not nec
essarily undetectable. Furthermore, it would saturate together 
with the main line and this could give anomalies in NOE ex
periments. Such phenomena, which would occur both with 14N 
and "N, have not been reported. 

The sign of the differential broadening (broader line at low field) 
is the same for TOBU and for all tRNA peaks. It is the one 
expected if the CSA tensor is approximately axial along the NH 
bond with Ao- positive (the usual case for C-H and O-H bonds24) 
and if the J coupling is the product of a positive electronic term 
(the general case for N-H) by the (negative) nuclear magnetic 
moment of 15N.31'32 

The situation is the same for 13CH bonds, except that the 
nuclear magnetic moment is positive. Hence the CSA-dipolar 
interference should lead to asymetric 13CH proton doublets with 
the broader line located upfield. Such spectra have been observed 

(26) Seeman, N. C; Rosenberg, J. M.; Suddath, F. L.; Kim, J. J. P.; Rich, 
A. J. MoI. Biol. 1976, 104, 109-144. 

(27) Rosenberg, J. M.; Seeman, N. C; Day, R. O.; Rich, A. J. MoI. Biol. 
1976, 104, 145-167. 

(28) Hare, D. R.; Reid, B. R. Biochemistry 1982, 21, 1835-1842. 
(29) Griffey, R. H.; Poulter, C. D.; Yamaizumi, Z.; Nishimura, S.; Haw

kins, B. L. / . Am. Chem. Soc. 1983, 105, 143-145. 
(30) Tropp, J. S.; Redfield, A. G. Biochemistry 1981, 20, 2133-2140. 
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in the past, for instance in the proton spectrum of the H-213C 
group of histidine in a-lytic protease.33 Tautomerism is excluded 
in such a case. 

Conclusion 
In conclusion, we have observed a relative differential of 11% 

in the longitudinal relaxation of the 15NH proton of TOBU and 
shown that it can be explained by a 5.7-ppm anisotropy of the 
chemical shift. The corresponding differential broadening is 
difficult to observe in TOBU, but is predicted to be large and easily 
visible in 15N-tRNA. The predictions are in rather good agreement 
with prior observations on 15N-tRNA. These observations do not 
therefore provide good evidence for base-pair tautomerism. At 
the least, the anisotropy of the chemical shift should be taken into 
account in their interpretation. 
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Appendix 

Differential Broadening by Interference between CSA and Di-
pole-Dipole Interactions. The complete analysis of this problem 
is presented in a separate paper.22 A simple presentation of the 
results is attempted here. 

1. Transverse Relaxation. The relaxation rate R2 = 1/T2 of 
a proton (spin I) due to dipole-dipole coupling to 15N (spin S) 
is1 

R2 = DTC(A + 3/(1 + Co1
2T0

2) + 1/(1 + (CO1 - co s )V) + 

6/(1 + COsV)2Tc2) (Al) 

The resonance frequencies are co/2ir, and T0 is the rotational 
correlation time of the NH vector r. We have 

D = ( l /15)7i V i 2 S ( S + l ) / (4« 0 c 2 r 3 ) 2 

with y equal to the gyromagnetic ratio and A-Ki0(P- = 107 in MKS 
units. For 15N and H 0.1 nm apart, we find 

D = 2.56 X 108 s"1 

In (Al) the first and second terms originate in the operators 
/ Z S Z and /±5*7 which do not change the longitudinal orientation 
of the nitrogen spin. It is these terms that couple with the CSA, 
by simple addition of the corresponding magnetic fields. 

The relaxation rate due to CSA is 

R2 = Crc(4 + 3/(1 + CO1V)) (A2) 

where C is equal to (l/.45)coI
2(Acr)2, and the CSA tensor is as

sumed to be axial. 
Let us set a2 = C/D. If the CSA axis is in the NH direction, 

the relaxation rates of the proton doublet lines are 

R2± = Drc(A(l ± «)2 + 3(1 ± c*)2/(l + Co1V) + 1/(1 + 
(CO1 - CO5)V) + 6 / ( 1 + CO5

2T0
2) + 6 / ( 1 + (CO1 + CO5)V)) 

(A3) 

For an angle 6 between the CSA axis and the NH direction, each 
interference term (linear in a) should be multiplied by (3 cos2 

e-\)/2. 
Numerical Values. For tajlic = 500 MHz, we find that C = 

D (a=l) if Ao- = 34.2 ppm; at 276 MHz, the Aa for a = 1 would 
be 62 ppm. 

(33) Bachovchin, W. W.; Kaiser, R.; Richards, J. H.; Roberts, J. D. Proc. 
Natl. Acad. Sci. U.S.A. 1981, 78, 7323-7326. 
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2. Relative Differential in Transverse Relaxation. Taking into 
account that cos a* Co1/10, we consider three cases: (a) Co1T0, COST0 

« 1. Then, by (A3) we have 

[R2+ - R2.) 28o 1.4a 
2 1/2(.R2+ + R2-) ~ 7(1 + a2) + 13 ~ 1 + 0.35a2 

(A4) 

( b ) CO5T0 = 1, CO1T0 « 1 

4(1 + a2) + 3 1 + 0.57a2 

(C) 1 « CO8T0, CO1T0 

16a 4a 
Y2 =* ^ - e* — = - (A6) 

4(1 + a 2 ) 1 + a2 

3. Longitudinal Relaxation. For a two-spin system, longitudinal 
relaxation after inversion of the magnetization of one spin is not 
exponential. There are two relaxation parameters p and a for each 
spin. For spin I, we have1 

p = Z ) T C ( 6 / ( 1 + CO1V) + 2 / ( 1 + (Co, - CO5)
2T0

2) + 1 2 / ( 1 + 

(CO1 + CO5)2T0
2)) 

a = (/(/ + \)/S(S + 1 ) ) Z ) T 0 ( - 2 / ( 1 + (Co1 - Co5)
2T0

2) + 

12/(1 + (CO1 + Co5)
2T0

2)) (A7) 

When one includes CSA, the only term affected is the first term 
of p, which is multiplied as before by (1 ± a)2. The relative 
differential in p is independent of T0 in the present case where co5 

« W1: 

6(1 + a2) + 14 1 + 0.3a2 

In the experiments reported here, the longitudinal relaxation was 
characterized by the time when proton magnetization becomes 
zero, following inversion of the proton spins. The relative dif
ferential of this time is quite close to the relative differential Y1. 

4. Absolute Differentials. From (A3) we have 

R2+ - R2. = Z)T0(16a + 12a / ( l + CO1
2T0

2)) (A9) 

P+-P. = Drc[2Aa/(l + co,V)] (AlO) 

5. The Effect of Neighbor Protons for Large Correlation Times. 
Equations Al and A7 are also valid when S is a proton rather 
than a nitrogen nucleus. When S is a proton, one may ignore the 
difference between co5 and Co1. The proton contribution to R2 is 
therefore 5/4 that of nitrogen for a given coupling. The con
tributions to ^ 1 and R2 are equal for proton-proton coupling, and 
they increase proportionally to T0, whereas the contribution to Rt 

of nitrogen-proton coupling varies as 1/T0. 
6. Application to the Comparison of TOBU and tRNA. The 

correlation time of tRNA may be estimated from (Al). A line 
width of 15 Hz (half-width at half-height) corresponds to R2

 = 

94 s"1. In an A-U Watson-Crick base pair the U imino proton 
is 0.1 nm from the nitrogen and 0.25 nm from the nearest proton. 
Consideration of the interproton distances shows that the sum of 
the squares of the couplings of the imino proton to neighboring 
protons is comparable to the square of the NH dipolar coupling. 
Assuming that the contribution of the NH coupling to R2 is 47 
s"1, one obtains from (Al) TC a* 4.4 X 10"8 s. The value of TC 

is so large that only the first term in (Al) is significant for the 
' 5N-H interaction. Hence the proper relation for Y2 in tRNA 
is (A6). 

The rotational correlation time just derived may be compared 
to that, TR, for a molecule with a Stokes radius of 3 nm: TR = 
A-KTi^/2kT = 2.8 X 10"8 s_1, where the value of rj for water (1O-3 

MKS) has been used.1 
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