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for the conformational preference of piperidine with
NH equatorial are unknown, and various explana-
tions advanced23337 in favor of either conformer re-
main, as yet, unproven speculation.
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Carbon-13 is not an abundant isotope; it repre-
sents only 1.11% of the carbon in natural abundance.
Its magnetic moment is smaller than that of 'H; in a
magnetic field of 23 kG it resonates at 25 MHz, com-
pared to 100 MHz for 'H. For equal numbers of nu-
clei, its intrinsic sensitivity is only 1.59% of that of
'H, Thus, at natural abundance it is roughly 104
times harder to detect than 'H. Nevertheless, with
the development of Fourier transform techniques?
and large sample tubes it has become possible to de-
tect 13C routinely in compounds of carbon in natural
abundance at concentrations as low as 1072 M.

Due to the larger number of surrounding electrons,
the chemical shift range of 3C is roughly 200 ppm,
compared to 10 ppm for protons.?-? Couplings to 'H
make 13C spectra very complex, but they can be re-
moved by broad-band irradiation at the 'H resonance
frequency (noise decoupling). The decoupling opera-
tion gives an increase in signal-to-noise ratio by col-
lapse of multiplets, as well as by the 'H-13C cross-re-
laxation mechanism known as the nuclear Overhaus-
er effect.!0 Carbon-13 resonances are comparable in
width to those of *H in the same compound—they
appear narrower due to the wider chemical shift
range and due to the simplification gained by decou-
pling all protons. As molecular weights increase, the
rate of molecular reorientation decreases and the 3C
resonances become broader. If a high degree of local
motion is present, the broadening will not be as great
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as expected from consideration of the molecular size
alone; this has been found to occur for a wide variety
of polymers.

Carbon-13 nuclear magnetic resonance has become
almost an everyday tool in the hands of the practic-
ing chemist. Large amounts of data on an enormous
variety of compounds are available,>*® and can be ef-
fectively used as a means of identification or location
of substituents.

Reliable information on conformation has been
somewhat slower in coming, but chemical shifts are
now used routinely to determine anomers, epimers,
and other geometric isomers. Rotational isomers
about single bonds are presently being investigated
by means of 3C spin-spin coupling to 1H,!! 13C, 12
and S1P.1314 Such information is also apparently
present in the !3C chemical shifts of carbohy-

(1) Issued as National Research Council of Canada Publication No.

14250,

(2) T. C. Farrar and E. D. Becker, “Pulse and Fourier Transform
NMR”, Academic Press, New York, N.Y., 1971,

(3) (a) J. B. Stothers, “Carbon-13 NMR Spectroscopy”, Academic Press,
New York, N.Y,, 1972; (b) G. C. Levy and G. L. Nelson, *“Carbon-13 Nuclear
Magnetic Resonance for Organic Chemists”, Wiley-Interscience, New York,
N.Y., 1972.

(4) (a) L. F. Johnson and W. C. Jankowski, “Carbon-13 NMR Spectra”,
Wiley-Interscience, New York, N.Y., 1972; (b) P. Ellis, G. Gray, H. Hill, W.
Jankowski, J. Shoolery, I. C. P. Smith, and L. Wilson, “Applications of Fou-
rier Transform NMR to Carbon-13", Varian Associates, Palo Alto, Calif.,
1974.

(5) G.C. Levy, Acc. Chem. Res., 6,161 (1972).

(6) G. Gray, Crit. Rev. Biochem., 1, 247 (1973).

(7) A.Perlin, MTP Int. Rev. Sci.: Org. Chem., Ser. Two, 1975, in press.

(8) “Topics in Carbon-13 NMR Spectroscopy”, G. C. Levy, Ed., Wiley-
Interscience, New York, N.Y.: Vol. 1, 1974; Vol. 2, 1975.

{9) 8. N. Rosenthal and J. H. Fendler, Adv. Phys. Org. Chem., in press.

(10) J. H. Noggle and R. E. Schirmer, “The Nuclear Overhauser Effect”,
Academic Press, New York, N.Y., 1971,

(11) (a) A. S. Perlin and B. Casu, Tetrahedron Lett., 2921 (1969); (b) J.
A, Schwarcz and A. S, Perlin, Can. J. Chem., 50, 3667 (1972); (¢) R. U. Lem-
ieux, P. L. Nagabhushan, and B. Paul, ibid., 50, 2710 (1972).

(12) (a) S. Tran-Dinh, S. Fermandjian, E. Sala, R. Mermet-Bouvier, M,
Cohen, and P. Fromageot, J. Am. Chem. Soc., 96, 1484 (1974); (b) J. A.
Sogn, L. C. Craig, and W. A. Gibbons, ibid., 96, 4694 (1974).

(13) (a) G. A. Gray and S. E. Cremer, J. Org. Chem., 37, 3458, 3470
(1972); {b) H. J. Jakobsen, T. Bundgaard, and R. S. Hansen, Mol. Phys., 23,
197 (1972); (¢) R. D. Lapper, H. H. Mantsch, and 1. C. P. Smith, J. Am.
Chem. Soc., 94, 6243 (1972); 95, 2878 (1973).

(14) H. H. Mantsch and I. C. P. Smith, Biochem. Biophys. Res. Com-
mun., 46, 808 (1972).
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Figure 1. Carbon-13 NMR spectrum of urldylyl-(3’—5’)-ur1dme, 0.14 M in D0, pD 7.2, 87°, Varian XL-100-15, spectral width 5 kHz with
8000 accumulations (upper) and 1 kHz with 34,000 accumulations (lower).'8 The chemical shifts are expressed with respect to (CH3)4Si
contained in a tube of 5 mm o.d. concentric with the 12-mm sample tube. Peaks marked X are due to spurious spectrometer frequency
(upper spectrum) or resonances “folded” from the high-frequency end of the spectrum. Resonances due to individual nucleoside units are

indicated by and

drates.1516 Spin-lattice relaxation times are current-
ly showing promise for detailed investigation of the
relative mobilities of groups in complex molecu-
les.3P4b58 Thus, during the last few years it has be-
come feasible to apply the techniques of 3C NMR to
more complex molecules of biological interest.4>6-8
This has been our main concern, and we shall outline
some of our techniques and successes in three princi-
pal areas: nucleic acids, carbohydrates, and peptide
hormones.

Nucleic Acids

Assignment of Spectra. The 13C NMR spectrum
of uridylyl-(3’-5’)-uridine is shown in Figure 1. Most
of the resonances can be readily assigned on the basis
of the spectra of the isolated base and ribose moieties
and consideration of substituent effects.!” For C-2
and C-3’ of the monomers, which have very similar
substituents and environments, assignment was diffi-
cult.!72b It was finally established by consideration of
the influence of a phosphate group at either C-2’ or
C-3’ 4 and by single-frequency proton decoupling.17¢
The carbon atom to which the phosphate is linked

(15) H. J. Jennings and I. C. P. Smith, J. Am. Chem. Soc., 95, 606 (1973).

(16) P. Colson, H. J. Jennings, and L. C. P. Smith, J. Am. Chem. Soc., 96,
8081 (1974).

(17) (a) D. E. Dorman and J. D. Roberts, Proc. Natl. Acad. Sci. U.S.A.,
65, 19 (1970); (b) A. J. Jones, M. W. Winkley, D. M. Grant, and R. K. Rob-
ins, tbid., 65, 27 (1970); (¢) B. Birdsall and J. Feeney, J. Chem. Soc. Perkin
Trans. 2 1643 (1972).

shows an increased chemical shift (decreased
shielding) of 2.5 £ 0.2 ppm and a spin—spin coupling
to 3P of 5.0 £ 0.5 Hz. In addition, the neighboring
carbon atoms experience no appreciable change in
chemical shift due to phosphorylation, but couple to
31P by 2-9 Hz. These effects can also be used to as-
sign unequivocally the resonances of both ribofura-
nose moieties of the dinucleoside monophosphate
with the exception of the C-1’, which are too far re-
moved from the phosphorus atom to be spin-coupled
to it. The distinction between the two C-4’ is made on
the basis that a large coupling through three bonds is
usually observed from a phosphate attached at C-
5/.14

13C-31P Spin-Spin Coupling. A noteworthy char-
acteristic of the 13C-2'P couplings through three
bonds in a wide variety of nucleotides is that they
vary over a wide range, 2-10 Hz.1418 This is sugges-
tive of the well-known variation in couplings between
H and 'H,'% and 'H and 31P1%b¢ that have been
used successfully to determine dihedral angles. Na-

(18) (a) I. C. P. Smith, H, H. Mantsch, R. D. Lapper, R. Deslauriers, and
T. Schleich in “Conformation of Biclogical Molecules and Polymers”, B.
Pullman and H. Bergmann, Ed., Academic Press, New York, N.Y., 1973, p
381; (b) T. Schleich, B. P. Cross, B. J. Blackburn, and 1. C. P. Smith in “Pro-
ceedings of the Steenbock Symposium, 1974, M. Sundaralingam, Ed.,Univ-
ersity Press, College Park, Md., in press.

(19) (a) M. Karplus, J. Am. Chem. Soc., 83, 2870 (1963); (b) L. D. Hall
and R. B. Malcolm, Chem. Ind. (London), 92 (1968); (¢) D. W. White and J.
G. Verkade, J. Magn. Resonance, 3, 111 (1970).
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Figure 2. The ribofuranose carbon region of the '*C NMR spectrum of polyadenylic acid, 40 mg/ml in D0, pD 7, 0.01 M phosphate, 75°,
49,000 accumulations. The resonance of C-4’ is a quartet due to interaction with phosphate groups at C-3’ and C-5.24b

ture has provided an excellent model compound in
¢cAMP (adenosine 3,5’-cyclic phosphate). The ana-
logs of thymine, uracil, cytosine, and guanine are also
readily available. X-Ray crystallographic studies
have indicated that these compounds adopt a confor-
mation in which the phosphorus atom has a trans ori-
entation relative to C-2” and a gauche orientation rel-
ative to C-4’.20 Thus, if this conformation were main-
tained in aqueous solution, one might expect a large
S1P_13C coupling to C-2’ and a considerably smaller
one to C-4’ (two pathways are possible).

NH,
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By means of 'H NMR?! the conformations of the
3’,5’-¢cyclic nucleotides have been established as con-
sistent with the X-ray data. The trans coupling be-
tween the 3'P and 3C-2’ was 8.0 £ 0.3 Hz for a series
of six such compounds.}3¢1® The couplings to C-4/
were 4.5 £ 0.5 Hz, leading to an estimate for the cou-
pling through a single pathway in a gauche arrange-
ment of 2.3 Hz. Such couplings could then be used,
with appropriate caution as they were determined
from a limited number of model compounds, to esti-
mate the preferences for rotational isomers in the
nonrigid nucleotides.

In 5’-nucleotides the large couplings to C-4’ are in-
dicative of a C-4’-trans location of the phosphorus
atom, whereas in 3’-nucleotides the couplings to C-2’
and C-4’ are indicative of a more complex blend of
conformers, with a  slight preference for C-4'-
trans.}%!8 The latter are expected to vary more from
one nucleotide to another since the nature and extent
of pucker of the ribose ring depend upon whether the
base is a purine or a pyrimidine.18:22:23

(20) C.L. Coulter, Acta Crystallogr., Sect. B, 26, 441 (1970).

(21) B. J. Blackburn, R. D. Lapper, and 1. C. P, Smith, J. Am. Chem.
Soc., 95, 2873 (1973).

(22) (a) M. P. Schweizer, E. B. Banta, J. T. Witkowski, and R. K. Robins,
J. Am. Chem. Soc., 95, 3370 (1973); (b) F. E. Hruska in ref 18a, p 345.

(23) R.D. Lapper and L. C, P. Smith, J. Am. Chem. Soc., 95, 2880 (1973).

Conformational Transitions in Polynucleo-
tides. The greater dispersion of 3C chemical shifts
and the.removal of couplings to 'H by broad-band ir-
radiation give the possibility for detailed studies on
polynucleotides of high molecular weight which were
inaccessible or difficult by 'H NMR. In particular,
one could hope to use the 3C-31P couplings for anal-
ysis of backbone conformations.

Figure 2 shows the ribofuranose resonances of po-
lyadenylic acid under conditions where the polymer
is highly disordered and has a high degree of mobility
for the constituent nucleotides. All resonances but
that of C-1’ are split due to coupling with 3P; that of
C-4’ is coupled to one phosphate via C-5 by 8.5 Hz,
and to another phosphate via C-3’ by 4.6 Hz. Similar
spectra are obtained under corresponding conditions
for poly{cytidylic acid) and poly(uridylic acid).14:18:24
The couplings for the “disordered” forms of both po-
lyadenylic acid and polyuridylic acid indicate that in
fact a strong conformational preference is manifest.
In particular, the large couplings to C-4’ from the
phosphate attached to C-5’ show that the C-4’-trans
rotamer with respect to rotation about the O-C-5
bond is completely preferred; this leads to an extend-
ed structure avoiding contact between monomer
units. Thus, although the populations of rotamers
about some bonds may be equalized in this disor-
dered state, there seems to be little diversity in ro-
tamers about O-C-5 and O-C-3’. This is in line with
current concepts of nucleic acid structure based on
analysis of a large volume of crystallographic data for
nucleotides?® and theoretical calculations,?6 which in-
dicate that the principal source of flexibility in nu-
cleotides is rotation about O-P bonds.

Detailed studies of the order-disorder transitions
of poly(uridylic acid)418242 and poly(adenylic
acid)?4® have been made by 3C NMR. In both cases
the resonances of the ordered forms were too broad
to yield 13C-31P couplings, but plots of chemical shift

(24) (a) G. Govil and L. C. P. Smith, Biopolymers, 12, 2589 (1973); (b) L.
C. P. Smith, R. Deslauriers, and P. Colson, unpublished data.

(25) (a) M. Sundaralingam in ref 18a, p 417; (b) G. Govil, in ref 18a, p
283.

(26) (a) N. Yathindra and M. Sundaralingam, Biopolymers, 12, 297
(1973); (b) G. Govil and A. Saran, J. Theor. Biol., 33, 399, 407 (1971); (c) B
Pullman, D. Perahia, and A. Saran, Biochim. Biophys. Acta, 269, 1 (1972);
(d) W. K, Olsen and P. J. Flory, Biopolymers, 11,25, 57 (1972).
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Figure 3. The carbon-13 NMR spectrum of a mixture of transfer RNA species from yeast, 50 mg/ml in D;0, pD 7.2 37°, 340,000 tran-

sients.182

vs. temperature gave clear indications of the transi-
tion to a less ordered state.

The 13C NMR spectra of the poly(adenylic acid)-
poly(uridylic acid) complex were studied®® as a
model for double-stranded RNA. Under conditions
where an excess of one component is present, rela-
tively narrow 13C resonances for that component can
be observed. However, under conditions of stoichio-
metric combination of the two to form a double-
stranded complex, the 13C resonances are too broad
to be observed. Thus, in the uncomplexed homopo-
lynucleotides a high degree of local mobility is main-
tained. The resultant rapid modulation of 13C-'H di-
pole-dipole interactions leads to relatively narrow
resonances. In the complementary duplex, and in
highly ordered natural polynucleotides (vide infra),
this mobility is lost and the motion of the constituent
monomers becomes more like that of the complex it-
self, resulting in very broad resonances.

Polynucleotides of Biological Origin. The natu-
rally occurring polynucleotides present a difficult
problem for 13C NMR. This is because one expects a
wide variety of sequences of only four principal nu-
cleotides and a rather high degree of organization
leading to low mobility. Thus, the resonances of one
nucleotide will lie over a range of several parts per
million due to sequence-specific effects, and they will
be of widths comparable to the differences in chemi-
cal shift. This leads to broad envelopes of resonances,
Figure 38, from which it is difficult to extract confor-
mational information.

The transfer RNA species contain approximately
80 nucleotides and have molecular weights in the
range of 25,000. They are thought to contain highly
ordered as well as less-ordered regions in their overall
structures. Figure 3 is a spectrum from a mixture of
such species, but an equally uninformative spectrum
was obtained with 50 mg of the purified transfer
RNA for phenylalanine in D;0.272 Even in a mixture
of dimethyl sulfoxide and water, in which denatura-
tion of a considerable amount of secondary structure
is expected, the 3C NMR spectrum of the purified
RNA was no more promising. The limitation of only

(27) (a) L. C. P. Smith and M. P. Schweizer, unpublished data; (b) R
Komoroski and A. Allerhand, Biochemistry, 13, 369 (1974); (¢) 1. C.
Smith, T. Yamane, and R. G. Shulman, Can. J. Biochem., 47, 480 (1969)

four major components is overwhelming. Recently it
has been shown that the so-called minor nucleosides
of transfer RNA (dihydrouridine, ribothymidine,
pseudouridine) have resonances sufficiently different
from those of the common nucleosides that they can
be distinguished in 13C NMR spectra of unfractionat-
ed transfer RNA,2"b a5 was found in the 'H NMR
spectra.2’c

Only one report of a 13C NMR spectrum of DNA
has appeared so far,!%2 and this was obtained on a
highly denatured form. With native DNA the confor-
mational rigidity and slow molecular motion lead to
13C resonances too broad for detection.?4® However,
by careful sonication to lower molecular weight and
separation by membrane filtration, 13C spectra can
be obtained.24? They are of a quality comparable to
that of Figure 3, and therefore no information on the
backbone conformation is easily extracted.

Hydrogen Bonding of Nucleosides. It is well
known that the 13C chemical shifts of carbonyl car-
bons are sensitive to the formation of hydrogen
bonds.?2 The situation with biological compounds is
more difficult than those previously studied because
one wishes to compare the chemical shifts of a com-
ponent in aqueous solution, where it can form hydro-
gen bonds to water, with those of that component in
a more complex molecule in aqueous solution, where
it can form hydrogen bonds to other components as
well as to water. Thus far no definitive evidence for
an intramolecular hydrogen bond in a biological com-
pound in aqueous solution has been obtained by *C
NMR. To test for the extreme value to be expected,
we studied the system cytidine-guanosine in dimeth-
yl sulfoxide.2® The changes in chemical shift of the
carbonyl carbons of each residue caused by formation
of the hydrogen-bonded dimer were small (cytidine
+0.66 ppm; guanosine +0.27 ppm). As these are rea-
sonable estimates of the limits that one could expect
in aqueous solution, 13C NMR will not be an accurate
method for studies of hydrogen bonds in large com-
plex molecules in water.

Base Stacking and Ring Currents. It has been
known for some time that in the presence of an exter-

(28) 1. C. P. Smith, R. Deslauriers, and R. Walter in “Chemistry and Biol-
ogy of Peptides”, J. Meienhofer, Ed., Ann Arbor Science Publishers, Ann
Arbor, Mich., 1972, p 29.
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nal magnetic field the mobile 7 electrons of conjugat-
ed systems circulate anisotropically so as to create an
opposing’ internal magnetic field.?%2 Calculations of
these ring-current effects have been made for the
bases occurring in nucleic acids.2® The influence of
such fields on a neighboring nucleus can be treated
simply as a reduction or enhancement of the external
field, and will be the same in parts per million for any
magnetic nucleus. These stacking shifts have been
well documented in 'H NMR studies of the associa-
tion of mononucleotides in solution.?? Parallel stud-
ies have now been reported by 13C NMR of mono-
and dinucleotides.!® Two immediate problems be-
come apparent from the 3C data: the changes in 13C
chemical shift are much larger than predicted from
the corresponding 'H NMR values, and they are up
to twice as large as the maximum predicted theoreti-
cally for a nucleus positioned 3.4 A away.2% Thus,
structural models cannot be constructed from the 13C
data until a satisfactory explanation for the discrep-
ancy arises. One possible source is alteration of mo-
lecular wave functions and energies due to close ap-
proach of the conjugated = systems on complex for-
mation, leading to alterations in 13C chemical shift. It
is hoped that calculations of these effects can soon be
made.

Carbohydrates

Assignment and Conformational Sensitivity.
Carbohydrates provide excellent examples of the
power of the 13C NMR technique. The chemical
shifts are so sensitive to substitution, configuration,
and conformation that assignment of resonances is
often quite difficult.3! An unequivocal way to resolve
doubtful assignments is to obtain the 13C spectrum of
a specifically deuterated compound.?? This removes
the nuclear Overhauser enhancement from the reso-
nance of the deuterated carbon and results in an ap-
proximately ninefold diminution in the intensity of
the resonance of the deuterated carbon.

As well as the obvious conformational sensitivity,
some very subtle effects can be distinguished on com-
paring the chemical shifts of C-1 in four compounds
of glucose linked «,1—4: amylose (linear polymer,
100.9 ppm), maltotriose (linear trisaccharide, central
residue, 101.0 ppm), cyclchexaamylose (cyclic hex-
amer, 102.5 ppm), cycloheptaamylose (cyclic heptam-
er, 102.9 ppm).1® The difference of up to 2.0 ppm is
clearly due to restriction of the allowed rotamers
about O-C bonds in the cyclic compounds. As a tool
for conformational analysis this will only become use-
ful, however, when data for compounds of well-de-
fined conformation become available.

Determination of the Composition and Se-
quence of Complex Glucans. The 13C NMR spectra
of many complex carbohydrates of high molecular
weight often have remarkably high resolution. Figure
4 shows the spectrum of an extracellular glucan from
the organism Tremella mesenterica.l>'6 Chemical

(29) (a) C. E. Johnson and F. A. Bovey, J. Chem. Phys., 29, 1012 (1958);
(b) C. Giessner-Prettre and B. Pullman, J. Theor. Biol., 27, 87, 341 (1970).

(30) M. P. Schweizer, A. D. Broom, P. O. P. Ts’0, and D. P. Hollis, /. Am.
Chem. Soc., 90, 1042 (1968).

(31) P. Colson, H. J. Jennings, K. Slessor, and I. C. P. Smith, Can. J.
Chem., 53, 1030 (1975).

(32) D.R. Bundle, H. J. Jennings, and I. C. P. Smith, Can. J. Chem., 51,
3812 (1973).
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Figure 4. Carbon-13 NMR spectrum of a glucan from Tremella
mesenterica in D0, pD 7, 100 mg/ml, 37°, 48,000 acquisitions.1516
The repeating sequence of the polymer, as determined from the
13C data, is shown above the spectrum.

procedures had established that the polymer con-
tained glucose linked «,1—+4 and «,1—6 in a ratio of
approximately 2:1. By comparison with model di-
and trisaccharides, it was possible to assign all reso-
nances in the spectrum. The doublet centered at 101
ppm is due to C-1 in an «,1->4 link, whereas the reso-
nance at 99 ppm is due to C-1 in an «,1—6 link. The
relative areas under these two groups are 2:1, con-
firming the original composition. Further confirma-
tion comes from consideration of the relative areas
due to a linked (68 ppm) or unlinked C-6 (62 ppm).
The doublet structure of the «,1—4 resonance at 101
ppm is attributable to the sensitivity of the chemical
shift to whether that glucose moiety is linked to the
previous one by an «,1—4 or an «,1—>6 link. A similar
argument applies to the doublet at 79 ppm (linked
C-4 sensitive to whether linkage at C-1 is «,1—4 or
@,1—6), and at 62 ppm (better resolved at pD 14, un-
linked C-8 sensitive to nature of linkage at C-1 of the
same residue). From these doublets the sequence of
the glucan is concluded to be ... a,1—4; a,1—4;
a,l—6....

Composition and Conformation of Polysaccha-
ride Antigens from Pathogenic Organisms. A
principal use of 13C NMR in our laboratory is as a
rapid nondestructive technique for the identification
of polysaccharide antigens.33:34 It is particularly ad-
vantageous in this case because the polysaccharides
are relatively unstable under chemical treatment,
and the TH NMR spectra are hopelessly complex.
The structures of these immunogens are intimately
related to their effectiveness as vaccines.

Neisseria meningiditis elaborates a polysaccharide
based on N-acetylmannosamine «-1-phosphate. The
13C NMR spectrum of the antigen is complex (Figure
ure 5).3% Chemical evidence indicated the presence of
O-acetyl substituents at a level of less than 1 mol/mol
of hexapyranose. Obvious are the O-acetyl methyl
resonance at 21.6 ppm, the N-acetyl methyl reso-
nances at 23.3 ppm, and the C-1 resonance at 96 ppm
(with an approximate 5-Hz coupling to phosphorus).

(33) D. R. Bundle, I. C. P. Smith, and H. J. Jennings, J. Biol. Chem., 249,
2275 (1974).

(34) A. K. Bhattacharjee, H. J. Jennings, C. P. Kenny, A. Martin, and L.
C. P. Smith, J. Biol. Chem., 250, 1926 (1975).
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Figure 5. Carbon-13 NMR spectrum of a polysacc‘haride antigen from Neisseria meningiditis (upper) and its de-O-acetylated derivative
(lower), both 100 mg/ml in D20, pD 7, 32°, 70,000 accumulations. The upper spectrum is due to a mixture of species a and b, whereas the

lower spectrum is due to b alone.??

The group of peaks at 51.9 and 54.3 ppm with appar-
ent spin-spin couplings to 3'P are expected for the
acetamido-bearing carbon, C-2. A suggestion that the
O-acetyl groups might be located on C-3 comes from
the splitting of the N-acetyl methyl resonance, and
the two apparent groups of resonances for C-2.

The remainder of the spectrum becomes amenable
to analysis only after considering that of the de-O-
acetylated polymer, the lower spectrum of Figure 5.
Its simple form suggests only a single repeating unit.
The chemical shift and 5-Hz coupling to 3!P of the
C-1 resonance confirm an « linkage to phosphorus at
this position. The other attachment point for the
phosphate is determined by noticing that neither C-3
nor C-4 is coupled to 3'P, whereas C-5 and C-6 are,?®
and the chemical shift of C-6 is ca. 2.5 ppm greater
than that of an unphosphorylated N-acetylmannosa-
mine residue. Thus, the other attachment point is
C-6.

Returning to the upper spectrum of Figure 5 we
must now determine which of the possible sites is
(are) O-acetylated. A study of O-acetylated mono-
mers3? indicated that O-acetylation results in an in-
crease in the chemical shift of the O-acetylated car-

(35) Note that in the lower spectrum the coupling to C-5 is barely re-
solved and that to C-6 is unresolved. The couplings are manifest in this case
by the greater widths and decreased vertical intensities of these resonances
relative to those of C-3 and C-4.

bon by ca. 3 ppm, and a decrease in the chemical
shift of the neighboring carbons by ca. 2 ppm. In the
upper spectrum we see that one of the C-2 groups has
a chemical shift 2 ppm less than that of C-2 in the
unacetylated polymer. Similarly a resonance of
chemical shift slightly lower than that of C-6 is ap-
parently due to C-4 displaced by a neighboring O-
acetyl group.

Finally, in the native polymer there is a resonance
of chemical shift 3 ppm greater than that of C-3 in
the unacetylated polymer, and this must be due to an
O-acetylated C-3. No unexplained resonances are
present in the spectrum of the native polymer, so
that the only species present are the unacetylated
polymer (unprimed resonances) and the 3-O-acetyl-
ated polymer (primed resonances). Comparison of
the relative areas under the various resonances yields
a composition of 18 mol % of the former and 72 mol %
of the latter. The 13P-13C coupling to C-2 is 8.6 Hz,
indicative of an extended conformation with respect
to rotation about the O-C-1 bond.

Peptide Hormones

Assignment of Resonances. The large number of
possible constituent amino acids and sequences of at-
tachment suggests that 13C NMR should be of partic-
ular value in studies of peptides and proteins. It is in
fact possible to resolve a large number of resonances
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Figure 6. Carbon-13 NMR spectrum of thyrotropin-releasing fac-
tor in D0, 80 mg/ml, pD 8.9, 37°, 7,379 accumulations.3%a

from such compounds, but assignments are as tricky
as with other compounds. A general approach to as-
signments is to use chemical shifts calculated from
monomer and oligopeptide data, assuming a random
conformation. Deviations from these values are usu-
ally indicative of specific conformations. A study of
smaller constituent peptides, or of hormones with
one amino acid substituted, are valuable in ambigu-
ous cases.’® In some cases substitution by ZH37 or
13C3% must be done for complete certainty. A com-
prehensive review of applications of 13C NMR in this
field will appear shortly.3?

The Conformations of Proline in Peptides. Al-
though a considerable number of conformational in-
ferences have been made from the 12C chemical shifts
of peptides, the data for proline (amide terminal resi-
due in Figure 6) in peptides stand out as the clearest
and most immediately useful.3® In considering the
13C gpectrum of oxytocin (see Figure 7), its substi-
tuted analogs, and its constituent peptides, it became
evident from the chemical shifts that the populations
of the cis and trans conformers (with respect to rota-
tion about the X-Pro amide bond) of the proline res-
idue were very dependent on the nature of the N-acyl
residue.?®36.40 The results of a large number of stud-
ies®® suggest that the resonance of the 4 carbon is the
most reliable indicator of the conformation about the
X-Pro bond.*!

Spin-lattice relaxation times provide a new ap-
proach to the study of conformational dynamics.4b:5:8
Generally speaking, for protonated carbons in small
molecules tumbling rapidly, the longer is NT'|, where
N is the number of directly attached hydrogens, the
more mobile is the carbon atom.58 The NT; values
for proline in peptides demonstrate this sensitivity to
motion. That of C-vy has been found to be as much as
three times the value for C-«. This was taken to indi-
cate rapid intracyclic motion of proline at a rate as
high as 10! sec™! Interestingly, in some compounds
both C-y and C-8 show this pronounced mobility,

(36) (a) I. C. P. Smith, R. Deslauriers, H. Sait, R. Walter, C. Garrigou-
Lagrange, H. McGregor, and D. Sarantakis, Ann. N.Y. Acad. Seci., 222, 597
(1973}; (b} R. Deslauriers, R. Walter, and I. C. P. Smith, Biochem, Biophys.
Res. Commun., 53, 244 (1974).

(37) A.L Brewster, V. J. Hruby, A. F. Spatola, and F. A. Bovey, Biochem-
istry, 12,1643 (1973).

(38) J. H. Griffin, R. Alazard, C. Dibello, E. Sala, R. Mermet-Bouvier,
and P. Cohen, FEBS Lett., 50, 168 (1975).

(39) R. Deslauriers and I. C. P. Smith in ref 8, Vol. 2, in press.

(40) (a) R. Deslauriers, R. Walter, and 1. C, P. Smith, Biochem. Biophys.
Res. Commun., 48, 854 (1972); (b) ibid., 58, 216 (1974); (c) Proc. Natl. Acad.
Sei. U.S.A., 71, 265 (1974); (d) R. Deslauriers, R. Walter, I. C. P. Smith, and
K. U. M. Prasad, ibid,, 70, 2086 (1973); (e) J. Am. Chem. Soc., 96, 2289
(1974).

(41) D. Dorman and F. A. Bovey, J. Org. Chem., 38, 2379 (1973).
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Figure 7. NT; values (msec) for the carbons of oxytocin, 100
mg/ml in D20, pD 8.9, 320,40

demonstrating that the mode and rate of ring pucker-
ing depend on the nature of the neighboring amino-
acyl residues.36:40b.e42

Thyrotropin-Releasing Factor (TRF), The sen-
sitivity of 13C chemical shifts and spin-lattice relaxa-
tion times to the state of the proline residue in a pep-
tide hormone is well exemplified by the data for
TRF,3%243 whose formula and spectrum are shown in
Figure 6. Notice first that the proline 8, v, and 6 reso-
nances have satellites of relative intensity approxi-
mately 0.2. These are due to the cis conformer.
Changing the solvent to pyridine reduces the popula-
tion of this conformer to a negligible value, whereas
raising the temperature of an aqueous solution in-
creases it. This represents the first observation of the
cis conformer in a biologically active hormone. The
variation with pH of the 13C chemical shifts of the
histidine residue indicates that the major tautomer of
the imidazole residue is that with the proton on N-3,
suggesting a possible explanation for the hyperactiv-
ity and hypoactivity of the 3- and 1-methylhistidine
derivatives of TRF, respectively.43b

The T, values of corresponding carbons in TRF
are very similar at pH 9.9 and 4.7.43% This obviates
any model for the hormone involving a hydrogen
bond to the imidazole residue (pK = 6.2). The NT;
values of the imidazole carbons are longer than that
of the «-carbon, implying independent rapid motion
of the side chain. Rapid intracyclic motion in both
the pyroglutamate and prolyl rings is indicated by
the nonequivalence of the NT; values (for Pro at pH
4.7 @, 0.38; 8, 0.81; +, 0.79; 6, 0.46 sec).

Oxytocin and Vasopressin. These neurohypo-
physeal hormones have been extensively studied by
13C chemical shifts and spin-lattice relaxation times
(Figure 7). Chemical shift assighments were based on
consideration of those of peptide fragments*®® and
deuterium®’ and amino acid substituted*®d analogs
and on variations of chemical shifts with pH,4%¢ and
confirmed in some cases by 3C substitution.3® The
prolyl chemical shifts indicated that this residue has
an absolute preference for the trans isomer with re-
spect to rotation about the Cys-Pro bond. Most

(42) (a) R. Deslauriers, A. C. M. Paiva, K. Schaumburg, and 1. C. P.

‘Smith, Biochemistry, 14, 878 (1975); (b) R. Deslauriers, R. Walter, and I. C.

P. Smith, J. Biol. Chem., 249, 7006 (1974).

(43) (a) R. Deslauriers, C. Garrigou-Lagrange, A. M. Bellocq, and I. C. P.
Smith, FEBS Lett., 31, 59 (1973); (b) R. Deslauriers, W. H. McGregor, D.
Sarantakis, and L. C. P. Smith, Biochemistry, 13, 3443 (1974).
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chemical shifts were in agreement with those predict-
ed from the data for amino acids and peptides, and
therefore apparently contained very little informa-
tion of conformational origin. However, monitoring
the response of the 13C chemical shifts to titration of
the «-amino group of cystine provided evidence for a
conformational transition at the isoleucyl residue due
to alteration of the disulfide dihedral angle.*%¢

The NT; values of Figure 7 provide a dynamical
map of almost every carbon in the molecule. The
near-equality of those of the backbone o carbons in
the cyclic portion demonstrate that no rapid torsion-
al oscillations occur; the rapid increase in those of the
« carbons of the terminal tripeptide with increasing
distance from the point of attachment to the ring are
indicative of rapid segmental motion. These data
eliminate any model for the overall conformation
which has the terminal glycinamide residue bound
rigidly to a residue in the cyclic portion, in which case
the segmental motion would be severely restricted.
The NT'; value of the prolyl 8 carbon is twice as large
as that of either the a or é carbons due to rapid inter-
nal motion in the prolyl ring. The mobilities of the
methyl groups of isoleucine and valine depend upon
the particular environment of each group. Finally,
some evidence for rotation of the aromatic moiety of
tyrosine about either of the aryl-C-8 or the C-a-C-8
bonds is found in the larger NT; values for the aro-
matic carbons relative to that of C-a.

Similar conclusions have been drawn for lysine-
vasopressini® and for oxytocin in (Me)>S0.4%° More
recently a detailed analysis of the corresponding data
for angiotensin II has been made in terms of models
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with isotropic or anisotropic overall motion of the oli-
gopeptide with and without internal segmental mo-
tion,*?2 In this case conclusive evidence for rapid in-
ternal motion of the aromatic ring of phenylalanine
about the aryl-C-8 bond was obtained. By use of a
68-MHz spectrometer, a similar dynamical analysis
for the decapeptide hormone luteinizing-hormone-
releasing hormone has been completed.**

Conclusion

There is little doubt that 13C NMR provides an in-
valuable source of conformational information for
large molecules of biological interest. Its principal ad-
vantages are the wide range of chemical shifts and
the possibility for proton decoupling. Spin-lattice re-
laxation times provide an extremely powerful moni-
tor of molecular dynamics, but are at present limited
in the detail they can provide due to lack of rigorous
but convenient theoretical models. After a quiet peri-
od, considerable contemporary interest in the more
theoretical aspects of the problem is evident,*2a45
and we have every reason to believe that the immedi-
ate future will be very exciting.

We are deeply grateful to our colleagues who participated in
the experiments, theoretical interpretation, and discussions lead-
ing to this Account. Without their advice and criticism this mul-
tidisciplinary study would not have been possible.

(44) R. Deslauriers, G. C. Levy, W. H. McGregor, D. Sarantakis, and 1. C.
P. Smith, Biochemistry, 14, in press.

(45) (a) Y. K. Levine, P. Partington, and G. C. K. Roberts, Mol Phys., 25,
497 (1973); (b) Y. K. Levine, N. J. M. Birdsall, A. G. Lee, J. C. Metcalfe, P.
Partington, and G. C. K. Roberts, J. Chem. Phys., 60, 2890 (1974); (c¢) R. S.
Becker, S. Berger, D. K. Dalling, D. M. Grant, and R. J. Pugmire, J. Am.
Chem. Soc., 96, 7008 (1974); (d) A. Allerhand and R. A. Komoroski, ibid., 93,
8228 (1973).
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NMR spectroscopy offers many advantages when
applied to biosynthetic problems. It is the only tech-
nique which can separately detect the presence of
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isotopes of all biosynthetically useful elements (1H,
2H, 8H, 18C, 15N, 170, etc.), and the only nondestruc-
tive method capable of directly determining the loca-
tions and concentrations of isotopic labels in a me-
tabolite. Spin-spin coupling effects can be used to
provide direct evidence for the incorporation of in-
tact biogenetic units, and for biosynthetic processes
involving bond formation and cleavage, whereas such
information can only be deduced indirectly by other
methods.

The first applications’? of NMR to biosynthe-
tic problems in the late sixties traced the fate of
13C-enriched precursors by increases in the intensi-
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