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INTRODUCTION

The last 20 years have seen a spectacular growth
in the application of nuclear magnetic resonance in
biochemistry. Most of the effort has been
expended in high resolution nmr, and in that
effort, proton magnetic resonance has dominated
the scene. There are good reasons for the historical
development of nmr in this way. Protons possess
essentially 100% natural abundance, a strong
magnetogyric ratio, and spin 1/2. These factors,
plus the occurrence of hydrogen in most organic
molecules, led investigators to concentrate on
proton nmr. Since carbon, nitrogen, oxygen, and
other heavier atoms contribute most to molecular
binding and control the molecular properties,
information gleaned from magnetic resonance
studies of these should reflect more accurately the
true molecular electronic structure than that
obtained from peripheral protons. Recent
advances in technique and instrumentation have
stimulated a surge of interest and activity, partic-
ularly in *3C nmr.

The early 'C investigations of Lauterbur' and
Holm? showed the promise of the determination
of molecular structure. From 1957 until the mid

1960’s, the main avenue of attack in overcoming
the severe detection problems was the use of
adiabatic rapid passage in dispersion-mode. The
high scan rate allowed greater signal intensity, but
at the price of linewidth on the order of one ppm.
Large sample tubes were used, usually non-
spinning, and at least 2 cc of liquid were normally
required. In spite of these difficulties much work
was accomplished detailing the relationship of the
'3C shift to molecular electronic structure. The
primary contributors were small in number.
Groups headed by Lauterbur, Stothers, Maciel,
Savitsky, and Grant provided the bulk of reported
work.® Their efforts pointed out the great po-
tential of '3C nmr and helped contribute to and
spur on the significant advances in instrumentation
responsible for the growing contemporary interest.

The two major advances in technique responsi-
ble for the added sensitivity gained over that of
rapid passage dispersion-mode techniques were
proton decoupling and time-averaging. Proton
decoupling collapses the multiplets arising from
the often extensive '*C-'H long and short range
couplings and also gives nuclear Overhauser
enhancement of up to a factor of three times the
expected intensity. Time-averaging of scans at
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slower rates allows more precise chemical shifts,
permitting assignments and accurate spin coupling
determinations. The advent of noise-decoupling, as
developed by Ernst,® enormously simplified the
operation of decoupling and spectral interpreta-
tion.

Almost all of the work done in '*C nmr until
very recently has utilized the classical continuous-
wave, slow-sweep method in which a weak per-
turbing 1f field is used to induce radio-frequency
transitions. True slow-passage requires a very low
sweep rate to pgive accurate line shapes and
intensities. Given true slow-passage, there are
various methods available to enhance signal
strength. The static magnetization may be in-
creased by use of a large sample, large magnetic
field, cooled sample (lattice), dynamic polariza-
tion, spin decoupling, and indirect detection
(ENDOR and INDOR). Further signal strength
may be gained by shortening the spin-lattice
relaxation time (T,) by the addition of para-
magnetic species.

One very important and implicit drawback of
slow-passage, continuous-wave experiments is the
great amount of time spent on regions of the
spectrum containing no information. If there are
very few lines in a spectrum, this liability may be
circumvented by using one or more phase-sensitive
detectors tuned td frequencies at which these
spectral features appear. As the complexity of the
spectrum increases, this approach becomes im-
practical.

A technique that accomplishes essentially the
same result as a large number of phase-sensitive
detectors is Fourier transform (FT) spectroscopy.
This method relies on the fact that the frequency
response and the impulse response of a linear
system form a Fourier transform pair. Emst and
Anderson® have developed Fourier transform
spectroscopy as applied to nuclear magnetic
resonance. Very significant gains in sensitivity are
realized without line shape distortion. Ernst and
Anderson list the central features of the pulse
technique as:

1. Spectra may be obtained in a much
shorter time; the desired resolution varies as 1/T
where T is the time spent accumulating a free-
induction decay.

2. For spectra possessing much fine struc-
ture, FT offers much higher sensitivity than CW
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experiments since all spins are excited simul-
taneously rather than sequentially.

3. Nuclear Overhauser effects may be
investigated.

4. The total integral and higher moments of
the spectrum are easily obtained.

5. The accurate frequency calibration is
replaced with an easier-to-attain accurate time
measurement.

The FT experiment consists of applying a series
of short equidistant rf pulses to a spin system,
detecting and coherently storing the responses in a
time-averaging computer, and calculating the
Fourier transform of the sum of responses by
means of a computer (Figure 1). The rf pulses
excite resonances within a bandwidth dependent
on the duration of the rf puise. If the pulse
duration is short enough and the pulse power high,
the entire spectrum can be excited uniformly.
Through a careful analysis of signal-to-noise
characteristics, Ernst and Anderson estimate a gain
equal to the square root of the total available time
to the time actually spent within a single line using
slow-sweep techniques. The time actually saved in
achieving a desired signal-to-noise ratio is approxi-
mately the ratio of the total sweep width to a
characteristic linewidth. For nuclei such as '3C,
where shifts range over 7,500 Hz at 23,000 gG
with linewidths often <1 Hz, this represents a
considerable gain.®

FT nmr, by the very nature of its speed, forces
attention on any time-dependent phenomenon. As
opposed to time-averaging in CW nmr, where one
particular line in a spectrum may be excited only
once every several minutes or longer, each line in
an FT experiment is excited at the repetition rate
of the pulsing, perhaps as much as several times a
second. If each pulse induces a maximum signal
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FIGURE 1. Schematic view of the fourier transform
experiment. (With permission of Varian Associates.)
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(90° pulse), then immediately after each pulse
there is no net magnetization along the field
direction. For maximum sensitivity per pulse it is
desirable to have a return to full magnetization
along the field axis before each exciting pulse.
The recovery of this magnetization is ex-
ponential with time, having a time constant T,,
and takes ST, to recover ~ 99% of the magnetiza-
tion. It is clear then that the ability to gain
sensitivity using time-averaging is restricted by T, .
For accurate intensities in a spectrum possessing
lines of varying T,, the line with the longest T,
must be the controlling factor. Either a delay must
be inserted between pulses or less than a 90° pulse
used for sequential pulses. In practice there is a
compromise between accurate intensities and
speed of acquisition. The requirement for accurate
intensities is much stricter in 'H FT nmr since
multiplets must be recognized to assign chemical
shifts. This is not the case in '*C FT nmr since 'H
decoupling results in one line per carbon. Thus,
carbons with long T,;’s will normally not have
sufficient time for relaxation to their normal
equilibrium magnetization between exciting pulses
and will appear to have diminished intensities
relative to the carbons with shorter T,’s in the
final spectrum. In fact, the very difference in
intensities serves as a diagnostic technique for
molecular structure. To understand why, it is
necessary to understand the ways in which nuclei
undergo relaxation. There are four principal
means: dipole-dipole, spin-rotation, chemical shift
anisotropy, and scalar relaxation. Dipole-dipole
relaxation occurs through a direct magnetic
through-space interaction with surrounding fluc-
tuating magnetic moments. In most organic
molecules the protons serve as the dominant
dipolar relaxers and control the '*C T, by

N
1 _ Z Hrevure )
T,DD all'H oy

The rpp® term gives dominant weight to directly
attached protons, although for quaternary carbons
nearby protons can serve for relaxation and
usually do in large molecules. Ny is the number of
each type of proton, y the magnetogyric ratio, and
7, the effective reorientation time of the 13C.'H
internuclear vector, which is in many cases on the
order of the molecular tumbling time. It can be
seen that small molecules with short 7, will give
longer T, DD nd that large molecules with long 7,
will give a shorter TID D The 1atter case is what,

in fact, makes ' >C nmr of biomolecules possible in
view of their low molarity. It will be seen later
how studies of T, using the dipole-dipole mech-
anism have aided in molecular structure deter-
mination via Equation 1.

Spin-rotation relaxation occurs when a molec-
ular or fragment rotation is rapid enough so that
the coupling of the rotational angular momentum
and the nuclear moment can serve as an energy
transfer mechanism. In practice this occurs only in
small molecules and freely rotating methyl groups.
It can then compete with any dipole-dipole relaxa-
tion present (recall that dipole-dipole relaxation
becomes less efficient with short 7.) and even
dominate, especially for nonprotonated carbons.
Freely rotating methyl groups will often give rise
to smaller signals relative to protonated rigid ring
or hindered methyls. This is a result of not only
the longer T; (spin-rotation is still much less
efficient than typical dipole-dipole relaxation), but
also because the nuclear Overhauser enhancement
is directly proportional to the importance of the
dipole-dipole relaxation with the surrounding
protons. Again, this can be useful in spectral
interpretation. Measurement of Overhauser
enhancement and T, can fix the relative import-
ance of dipole-dipole and spin-rotational mech-
anisms, thereby giving useful structural
information.

Chemical shift anisotropy in a tumbling
molecule can present a fluctuating magnetic field
that can relax a nucleus. It can be important for
nonprotonated carbons at high magnetic fields,
especially acetylinic carbons. The remaining scalar
relaxation is only important for nonprotonated
carbons bound to nuclei whose resonance fre-
quency is very close to that of carbon. The only
other case where scalar relaxation is important is
for T, (spin-spin relaxation) when the carbon is
spin coupled to a nucleus undergoing rapid quad-
rupolar relaxation (e.g., 2H, '*N, 35CI).

Although the normal '3C experiment involves
noise-modulated broadband proton decoupling
giving single lines, it is often useful to use
high-power, coherent, off-resonant, proton
decoupling. In practice the noise modulation is
removed and the 'H frequency offset by ~ 1 kHz.
The result is not a coupled spectrum with all the
'3C.'H splittings, but one in which the normal
multiplets arising from one-bond couplings are
observed; no long range '3C-'H couplings are
present; and the apparent one-bond coupling is
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only a fraction of the true coupling (~ 20 Hz vs.
125 Hz). The decoupling still gives Overhauser
enhancement while the splittings allow identifica-
tion of the number of directly attached protons, a
very powerful structural tool. Of course, a T,
measurement also gives information concerning
degree of protonation as seen above.

With this brief background, it is possible to
discuss the exciting applications of '3C nmr in
biochemistry that have emerged in the last few
years.

CARBOHYDRATES

The first concrete examples of how '*C nmr
could be of benefit in the realm of biochemistry
were reported in 1966 by Buchanan, Ross, and
Stothers.” Their studies on 4-substituted cyclo-
hexanols showed a strong stereospecificity in the
C-1 '3C shift depending on the axial or equatorial
nature of the substituent OH group. Axially
substituted C-1’s were uniformly found up to 5
ppm upfield from the corresponding equatorially
substituted C-1’s. Three years later the same
stereospecificity was noted in anomeric pyranose
derivatives by Hall and Johnson,® and Perlin and
Casu.’ In examining mutarotated a: anomeric
mixtures, these investigators also noted that sensi-
tivity to anomer identity extended over more than
one bond to C-2 and C-3. Carbon identification
was simplified by the fact that the anomeric
carbons, having two oxygen substituents, had
shifts of 91 to 105 ppm* while the ring carbons
with only one oxygen substituent had shifts of 67
to 77 ppm. Normal hexose C-6 shifts were
observed at ~62 ppm. The prediction of facile
pyranose/furanose identification was made® in
view of the even greater C-1 shifts of the minor
furanose component in D-ribose. Perlin and Casu®
uncovered additional structurally useful data in
their examination of '3C-enriched D-glucose.
They found that in addition to the direct one-
bond C-H coupling, the proton on C-1 is appre-
ciably coupled (5 to 6 Hz) to ring carbon(s) only
in the a anomer, i.e., the hydroxyl axial. Even the
anomeric carbon 'J.y is anomer dependent:
'Jgy = 169 Hz, 'J&, = 160 Hz. The high 'C
enrichment allowed a similar stereospecificity to
emerge for the one-bond couplings of the C-1 and

*All shifts have been placed on the TMS ! 3C scale using the following common references: dmso +40.5, dioxane +67.4,

benzene +128.5, and CS, + 192.8 ppm.
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C-2 carbons: ‘ch =44.9 Hz, IJ?:C =47.1 Hz. No
significant geminal CC couplings were observed.

In a detailed pair of investigations Dorman,
Angyal, and Roberts!® and Dorman and
Roberts' ! tackled the general problems of per-
hydroxy cyclohexanes'® (inositols) as model
pyranose compounds, and then applied their
results to pentose and hexose aldopyranoses.''
The inositol chemical shifts were adequately pre-
dicted for various epimers by a set of substituent
parameters applied to a reference shift given by
either 74.0 ppm for an equatorially substituted
carbon or 72.5 ppm for an axially substituted
carbon. The orientation of the f, v, and 8 carbon
hydroxy group dictates the addition of terms given
by B, = -1.730.3, 5a =-0.6, 7, = ~2.820.3, Y, =
+2.3, and §_ = +0.7£0.5 ppm. The large 7 effects
are a result of the significant 1,3-diaxial interac-
tions that show up quite generally in '3C shifts.
Six O-methylated inositols were studied in sorting
out the various inositol epimers. Applying these
techniques to the sugars, Dorman and Roberts'!
examined gluco-, manno-, thamno-, arabino-, allo-,
xylo-, fuco-, and galactopyranoses in mutarota-
tional equibilibria, along with several O-
methylated derivatives. Application of the inositol
substituent effects to calculate shifts gave some-
what more scatter. when applied to the sugars.
Steric effects seemed to be the controlling factors
in determining the differences between the sugars.

Perlin, Casu, and Koch'? also examined the
simple monosaccharides with the aim of explaining
shifts in terms of charge densities, polarization,
and steric effects. They studied glucose, galactose,
mannose, allose, xylose, arabinose, lyxose, ribose,
and their methyl glycopyranosides. They noted a
general trend of chemical shift with computed
charge density, which they used to suggest that
C-2 and C-4, usually more shielded, possess greater
electron density, possibly from interaction with
the ring oxygen. Removal of a gauche 0,0
interaction is associated with carbon deshielding.
Correlating total '*C shielding with molecular
energy, they argued that the anomeric effect does
not arise through an inherent instability in the
equatorial anomeric C-O bond, but through a sum
of mutually canceling attractive and repulsive
forces. An interesting inverse correlation was
noted for 'H and '*C shieldings in several sugars.
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In a similar study using '*C FT nmr,
Breitmaier, Voelter, Jung, and Tanzer'? studied
20 methyl and aryl glycosides, primarily gluco-,
galacto-, manno-, and arabinopyranosides,
emphasizing the ability to make configurational
and conformational assignments. In other publica-
tions the same group pointed out the utility of the
upfield shift of axially oriented methoxy carbons
for conformational analysis in solution'* and that
the speed of '*C FT nmr allows dynamic observa-
tion of the attainment of anomeric equilibrium.'*
Coxon and Johnson'® exhaustively determined
the nmr parameters of derivatives of ' *N-enriched
6-amino-6-deoxy-1,2:3,5-di-O-isopropylidene-a-D-
glucofuranose. 'H, '3C, and '’F resonance
allowed determination of chemical shifts and
magnitudes of 'H-'H, 'H-'*N, 'H-'°F, 13C-15N,
and 'SN-'?F couplings. The utility of '*N
magnetic resonance parameters in structural and
conformational analysis of amino sugars and their
derivatives was tested, and it was found that
except for couplings over one bond, the '°N
coupling constants were small and that very good
spectral resolution is mandatory for structural
analysis. Their experiments illustrated the ability
to differentiate proton resonances of N-acetyl
groups from those of O-acetyl groups.

Carbon-13 nmr is especially suited to the study
of polysaccharides. Doddrell and Allerhand'”? have
examined 3-O-(a-D-glucopyranosyl)-D-fructose
(turanose) and found three species in equilibrium:

39% 3-0-(a-D-glucopyranosyl) - B-D-

fructopyranose

41% 3-0O-(a-D-glucopyranosyl)- a-D-
fructofuranose

20% 3-0-(a-D-glucopyranosyl)- B-D-
fructofuranose

No signals from the a-fructopyranose anomer were
observed. Assignments were made on the basis of
expected shifts and the anomers observed for
D-fructose in the same study:

3% a-D-fructopyranose
57% B-D-fructopyranose
9% a-D-fructofuranose
31% f-D-fructofuranose

The data showed that the mutarotation of
aqueous fructose is caused by a pyranose-furanose

interconversion and not by a-8 anomerization. In
an accompanying investigation,'® the same
authors considered a nonreducing tetrasaccharide,
stachyose, as well as the trisaccharides, raffinose
and melezitose, and sucrose, a disaccharide. On the
basis of monosaccharide shifts and T, informa-
tion, all the stachyose resonances were assigned.
The latter technique was especially useful since
there are two adjacent galactose units, one of them
terminal. The terminal unit should have more
freedom to rotate and thus a shorter reorienta-
tional correlation time. The data showed that one
set of galactose protonated carbons had T,’s of
~0.5 sec, while the other set had T, ’s significantly
less than 0.5 sec. The former were then assigned to
the more mobile terminal galactose subunit.

Yamoka et al.!® discussed the utility of the
C-1’s carbon shift for determining the type of
glycosidic linkage in disaccharides. In three
a-type linkages, kojibiose (1,2-a), nigerose
(1,3-a), and maltose (1,4-a), the C-1' shifts were
96.7, 99.4, and 100.4 ppm, respectively, while in
the B-types sophorose (1,2-f), laminarbiose (1,3-8),
and cellibiose (1,4-8), the shifts were 104.6, 103.1,
and 103.1 ppm.

Two recent investigations used '*C nmr for
gaining information regarding the biopolymer
heparin.?®?! In a groundwork study Perlin et
al.?® examined methyl a- and B-D-idopyranos-
iduronic acids and found that, in solution, the a
anomer adopts a conformation represented mainly
by the C1(D) form, and the 8 anomer favors this
conformation almost exclusively. They then
extended their analysis to heparin,>! a molecular
structure based on 12 carbons involved in an
alternating sequence consisting of (1-4) linked
residues of a-L-idopyranosiduronic acid 2-sulfate
and 2-deoxy-2-sulfamino-a-D-glucopyranosyl
6-sulfate.

050;
|
"0, o CH,
o o
HO
\eo 0s0; HN o%’
lo;

In comparing the shifts of heparin, methyl
a-D-idopyranosiduronic acid, and the disaccharide,
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it was apparent that the conformation of the
L-iduronic acid residues in heparin is close to that
in the smaller molecules and accordingly may be
depicted most satisfactorily by the 1C(L) con-
formation.

Very recently Binkley et al.2? reported '3C
nmr studies of nystose, 1-kestose, and planteose.

3
i

HO

Nystose

H
0
0
OH
HO
0.0 o
HO O 9
HO
HO

In their analysis they made extensive use of
off-resonance decoupling for determination of
degree of protonation, acetylation as a diagnostic
test for hydroxylated carbons (large downfield
shift), specific deuteration (useful for carbons a to
carbonyls), and selective proton decoupling.
Specific compounds studied (see Figures 2 to 6)
were cholestane (1), cholestan-3-one (2),
cholestan-3-ols (3,4), cholesterol (6), 7-dehydro-
cholesterol (7), ergosterol (8), cholesta-3,5-diene
(9), cholesta-3,5-dien-7-one (10), choles-5-en-7-
on-3B-yl acetate (11a), androstane-3,17-dione (12),
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The spectrum of nystose appeared to be very
nearly the sum of that of l-kestose and $-D-
fructofuranose. Similarly, 1-kestose had a spec-
trum very close to the sum of that of sucrose and
B-D-fructofuranose. It then seems that homologa-
tion of D-fructofuranosyl residues does not
produce a major alteration in the shielding inter-
actions present in the D-fructofuranosyl residue.

STEROIDS

In an elegant and herculean task, Reich et al.*3
applied '*C nmr (CW mode) to the study of a
large number of sterols and steroidal hormones.
This work laid the foundation for the systematic
use of '>C nmr in this vital area of biochemistry.

H OH
Q 0
OH OH
HO
0
HO HO,
H
0 OH
OH
Planteose
OH
OH
0
HO OH
OH

dehydroisoandrosterone (13), progesterone (14),
1la-hydroxyprogesterone (15), 16-dehydropro-
gesterone (16), androst-4-ene-3,17-dione (17),
19-norandrost-4-ene-3, 17-dione (18), 19-nortesto-
sterone (19), testosterone (20), 7a-methytesto-
sterone (21), 19-nor-7a-methyltestosterone (22),
and estrone (23). Systematic variation of structure
and use of substituent effects from model com-
pounds allowed shift assignment.

In other recent work Lukas et al.?*® have
assigned shifts for a series of conessine derivatives
(24 to 31) using ' *C nmr,

HO

OH

B-D-Fructofuranose
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24R=H
25R=0Ac

28R""'=H,R'=H,R"=H

29R""=D,R'=H,R"=H

r"\/ 30R"=H,R' =H,R"=D

31R""=H,R'=D,R" =H

and in later studies from the same group the '3C

resonances in lanosterol (32) and dihydrolano-
26R=H sterol (33), their acetates and ketones, and the
27R=D steroids 34 to 37 were assigned.”®

FIGURE 2. !'3C chemical shift correlation for cholestane (1), cholestan-3-ohe
(2), cholestan-3g-0l (3), cholestan-3g-yl acetate (3a), and cholestan-3a-yl acetate
(4a) (in ppm upfield from ' *CS, ). (From Reich, H. J., Jautelat, M., Messe, M. T_,
Weigert, F. J., and Roberts, J. D., Nuclear magnetic resonance spectroscopy.
Carbon-13 spectra of steroids, J. 4Am. Chem. Soc., 91, 7445, 1969. With
permission of the American Chemical Society.)
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FIGURE 3. !'3C chemical shift correlation for cholestan-38-yl acetate (3a),
cholesteryl acetate (6a), 7-dehydrocholesteryl acetate (7a), and ergosterol (8) (in
ppm upfield from ' *CS, ). (From Reich, H. J., Jautelat, M., Messe, M. T., Weigert,
F. J., and Roberts, J. D., Nuclear magnetic resonance spectroscopy. Carbon-13
spectra of steroids, J. Am. Chem. Soc., 91, 7445, 1969. With permission of the
American Chemical Society.)

Lie
180

FIGURE 4. '3C chemical shift correlation for cholesterol acetate (6a),
cholesta-3,5 -diene (9), cholesta-3,5-dien-7-one (10), cholest-5-en-7-on-38-yl ace-
tate (11a) (in ppm from **CS,). (From Reich, H. J., Jautelat, M., Messe, M. T.,
Weigert, F. J., and Roberts, J. D., Nuclear magnetic resonance spectroscopy.
Carbon-13 spectra of steroids, J Am. Chem. Soc., 91, 7445, 1969. With
permission of the American Chemical Society.)
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FIGURE 5. '3C chemical shift correlation for cholestan-3-one (2), androstane-
3, 17-dione (12), 5-dehydroisoandrosterone (13), and cholesterol (6) (in ppm
upfield from '3CS,). (From Reich, H. J., Jautelat, M., Messe, M. T., Weigert, F.
J., and Roberts, J. D., Nuclear magnetic resonance spectroscopy. Carbon-13
spectra of steroids, J. Am. Chem. Soc., 91, 7445, 1969. With permission of the
American Chemical Society.)
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FIGURE 6. '*C Chemical shift correlation for changes in structure for
progesterones (14 to 17), androst4-enedione (18 to 19), and testosterone (19 to
22) (in ppm upfield from ' *CS, ). (From Reich, H. 1., Jautelat, M., Messe, M. T,
Weigert, F. J., and Roberts, J. D., Nuclear magnetic resonance spectroscopy.
Carbon-13 spectra of steroids, J. Am. Chem. Soc., 91, 7445, 1969. With
permission of the American Chemical Society.)
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HO 32 HO

33

34
NH,

As an example of natural product analysis using
13C nmr, Balogh, Wilson, and Burlingame®’
analyzed steranes from oil shale (5- to 15-mg
amounts) with Fourier transform techniques. The
C,, and C,g isolates were conclusively identified
as Sa-cholestane and Sa-ergostane from the close
fit of their spectra (Figure 7). The sensitivity and
“fingerprint” nature of the spectra were docu-
mented by exploring the sensitivity to structural
change for several model compounds (Figure 8).
As noticed in this study and explored in more
detail by Gough, Guthrie, and Stothers,?® in going
from the 5a- to the 5B-steroid, the C-19 methyl
carbon is heavily deshielded. This is the result of
the general deshielding of antivicinally oriented
carbons with respect to nuclei in a gauche vicinal
orientation. Large effects on the shift of C-19 are
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35

]
Y 37
NH,

observed, i.e., 11 to 12 ppm (see Sa- vs. 58-
cholestane), as well as for C-9 (12 to 15 ppm),
which also experiences gauche interactions with
C-2 and C-4 in the 58-systems. These two shifts
provide straightforward diagnostics for the stereo-
chemistry of the A/B junction, wherein it is not
necessary to have both isomers to identify the
stereochemistry of an unknown compound if
substituent effects from neighboring groups are
considered in predicting the C-19 and C-9 shifts
for each isomer.

Another aid in spectral interpretation was
reported by Lukacs et al.??" where they used
fluorine-substituted steroids for help in the assign-
ment of parent compounds. The characteristic
shifts upon fluorination and the several couplings
available allowed facile identification among lines
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close in chemical shift in compounds 38 to 43:

COCH,0H
%
W R. R[,”
&
Oé
38R=R"=H
R'=OH
39R=F F
R'=H:R"=CH;
40R=F
R'=OH;R" =CH;, HO

»

Gippm)

§
etimemen Mo Y LA e

.
: jm L

C8

FIGURE 7. '3C spectra of steranes. A, 12-mg sample of
C, , sterane from Green River Shale. B, Sa-cholestane. C,
8-mg sample of C,, Green River Shale sterane. D,
Sa-ergostane. (From Balogh, B., Wilson, D. M., and
Burlingame, A. L., Carbon-13 NMR study of the stereo-
chemistry of steranes from oil shale of the Green River
Formation (Eocene), MNature, 233, 261, 1971. With
permission.)

OH
41R=H
42R=F
i
43
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FIGURE 8. !3C chemical shift correlation for Sa-cholestane, 5g-cholestane, Sa-androstane, and

5p-androstane: a, predicted using additive parameters; b, predicted using shifts from appropriate part
of reference compound; ¢, experimental values. (From Balogh, B., Wilson, D. M., and Burlingame, A.
L., Carbon-13 NMR study of the stereochemistry of steranes from oil shale of the Green River
Formation (Eocene), Nature, 233, 261, 1971. With permission.)
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Of somewhat more topical interest, Wenkert et
al.>® have looked at the psychotomimetic tetra-

45R = Ac

hydrocannabinol and isomers 44 to 49 and the
model compound 50.

46

CHy0

ALKALOIDS AND
NATURAL PRODUCTS

There has been a flurry of exploration of the
utility of '*C nmr for the natural product chemist
or biochemist, particularly since so many bio-
logically important compounds are of intermediate
size and thus should provide well-resolved and
potentially assignable carbon resonances. These
first began to appear in 1969. Assignments for
camphor (1) and related compounds,’ the alka-
loid gelsemine (2),%? penicillin (3), and penicillin
sulfoxide derivatives,*3 10-oxo-des-N-morphinan
(4), and 10-oxo-des-N-isomorphinan (5),>*
perezone (6) and derivatives,>® and narciclasine
tetraacetate (7)>® have been accomplished.

50
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The penicillin study nicely illustrated the value
of off-resonance, coherent, proton decoupling for
identification of carbons. In 3, for R!=H, R?=0
and R3= lone pair, residual 'J. . couplings were
calculated using the relation derived by Ernst.*

Af -]

JI E’Y—H;_/—Z-; [¢))

Proton shifts were known for this compound, and

260 CRC Critical Reviews in Biochemistry

'Joy couplings were estimated from additivity
relations. For a YH,/2n decoupling field of 2100
Hz, the results below clearly show the sensitivity
of the approach.

Proton 51y 813c  Jrebs)  Jr(ealo)
3H 4.43 65.1 122 12.4
5-H 5.44 75.5 22.7 213
6H 5.76 55.7 22.7 214

26CH, 157 18.7 6.0 5.3

2aCH, 117 17.6 7.9 1.6
C-10 192 221 3.8 3.5
c12 3.74 52.2 8.3 8.5

For those situations in which proton shifts are
widely spread or even partially spread, this method
offers a direct tie to the proton shifts and 'J.y
and hence is of great aid in spectral analysis.

The Amaryllidaceae alkaloids 8 to 17, as well as
nicotine (18) and quinine (19), have been
examined by Crain, Wildman, and Roberts.?’
Proton nmr analysis of these is quite complex,
whereas the ' 3C shifts are assignable.

OCHy
CH,
N——R,;
0
(o]
Tazettine (8)
8 NoR, group;R; =0OH
9 NoR, group;R, =H
10 R;=H;R, =0H
11 R1=CH3;R2=0H
Rs
Ry
R0
N
RO
Galanthine (12)

12 R] =CH3;R2 =OH;R3 =OCH3
13 R;=CH,;R, =0Ac;R3;=H
14 R, =CH,;R, =R3 =0Ac
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OCHy

0 OH
< N
[+
15
Montanine

Lycorenine
17

A particularly useful diagnostic technique was
the observation that conversion of a nitrogen to its
methyl iodide salt results in carbon shifts of 10
ppm downfield as opposed to the hydrochloride
salts that give only small upfield shifts. As is ob-
vious for 8 to 14 and many of the compounds

Jervine
20 RO

HO
N
0
16
Buphanamine

Nicotine
18

N Quinine
19

referred to above, use of suitable derivatives intro-
ducing specific interactions is a valuable assign-
ment aid. So it was also in the case of jervine (20)
and veratramine (21, 22) as studied by Sprague,
Doddrell, and Roberts.3®

Veratramine
21R=H
22 R=CHO
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In their analysis Sprague et al.>® depended heavily
on the related compounds 23 to 26.

AcO

The parent compound for a class of alkaloids,
27, was the subject of a ' *C nmr study by Gribble
et al.3® Using FT techniques they were able to
observe the effect of longer T,’s for quaternary
carbons in addition to potentially valuable general
information concerning the cis/trans nature of the
ring adjacent to the quinolizidine ring fusion in
indole alkaloids.

27

Rabaron et al*? provided a convincing
example of the use of '*C nmr for structure
determination. The alkaloid arenaine was isolated

262 CRC Critical Reviews in Biochemistry

from the seeds of Plantago arenaria and has the
composition C,,H,;,0N;. Other information
suggested that arenaine possesses a structure
similar to the quanidy] monotefperie, chaksine.
The '3C nmr data showed that the alkaloid has
three nonprotonated carbons (carbonyl, guanidine,
and an aminated tetrahedral site), three methines
(one olefinic and an aminomethine), three
methylenes (one olefinic and two saturated ones
whose shifts suggested an R3CCH, CH, unit) and
two methyl groups. Structure 28 is formulated
from these facts and the consideration of observed
shifts, while 29 details the stereochemistry using
the stereochemical information present in the
coupling between the methine hydrogens.

Jones and Benn®' employed '3C nmr on a

problem of similar nature in the identification of
two new diterpenoid alkaloids from Delphinium
bicolor nut; '3C studies were of critical im-
portance in determining the degree and locations
of oxygen substitution in these molecules of
composition C; s H;9NOg and C;, H3sNOs . Prior
work on Delphinium alkaloids, other physical
data, and model compounds 30 (deoxylycoc-
tonine) and 31 (isolatizidine) provided enough
evidence, along with the '3C spectra of the two
unknown alkaloids to assign 32 and 33 as the
likely structures.

OCH,

30
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In cases where all the above techniques fail to
distinguish carbons it may be useful to employ a
paramagnetic shift agent as illustrated by Briggs et
al.*? for borneol and Wenkert et al.*?® for the
alkaloid piperine (34) and model compounds 35
and 36. o

Q

\’—0 36

Standard techniques led to complete assignments
for 35 and 36, but C-6 and the olefinic a and ¥
carbons and the olefinic § and & carbon assign-
ments were ambiguous. '3C spectra of piperine-
La(dpm); and -Eu(dpm); complexes led to in-
dividual assignments.

Pimaradiene derivatives 37 to 44 were studied
by Wenkert and Buckwalter®® as the first step in
analysis of diterpenic compounds, with particular
focus on determination of the C ring conforma-
tion. Again a paramagnetic shift agent was
required to sort out several shifts. The *>C shifts
allowed the stereochemical orientation of the C
ring to be unambiguously deduced.

37R=M,
R 38 R = CH, OH
39 R=CO,H

41
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43 R=C,H;;R'=Me
44R=MC;R’=C2H3

Pregosin, Randall, and McMurray®® used '3C
nmr to provide an elegant way of distinguishing
and determining the various configurations of the
lactone ring in santonin derivatives 45 to 48.

0
B-Santonin
a-Santonin 46
45
2,
2,
0 0
o] 0

a-Episantonin B-Episantonin
47 48

The oxygen-substituted carbon at the lactone ring
junction has a shift dependent upon the orienta-
tion of the C-O bond, 76.5 ppm for 47 and 48, but
81 ppm for 45 and 46. The lactone methyl (and
other nearby carbons) has a shift dependent on a-
or f-identity, thereby completely determining the
santonin conformation.

Other applications of '*C nmr include struc-
tural analysis of a metabolite from Aspergillus,

264  CRC Critical Reviews in Biochemistry

2-carboxymethy! -3-N-hexyl-maleic acid
anhydride*® and a new diterpenoid from the
leaves of Lencothoe grayana.*”

Gansow, Beckenbaugh, and Sass*® have sur-
veyed a series of medicinally important benzocaine
hydrochlorides as well as procaine amide and
suggested that the interaction of the polar car-
bonyl group or the aromatic 7 system may be
important in explaining drug potency in vivo by
modifying the configuration of the anesthetic at
the receptor site.

BIOSYNTHETIC STUDIES

The use of any material that differs appreciably
in normal isotopic proportions as either a pre-
cursor in a chemical or biological sequence or a
nutrient in a biological system allows the intro-
duction of a safe, noninteracting label of non-
destructive nature. '*C nmr studies of end
products provide valuable information regarding
the amounts and distribution of the enrichment,
giving useful information about the reaction
sequence or biochemical mechanism. Readily avail-
able labels are enriched '*C, 5N, and *H. Each of
these will cause distinctive changes in the observed
13C spectrum.

The first studies of this kind actually used '*C
satellites in the proton nmr spectrum.*® Tanabe et
al.3% reported the first '*C nmr spectra of a
13C.labeled metabolite, that of sterigmatocystin
(1). Comparison of spectra of sterigmatocystin
obtained from biosynthesis using the nutrient
sodium (1-'3C) acetate (56%) with spectra
obtained using sodium (2-'®C) acetate (61%)
clearly showed the distribution: »

Sterigmatocystine
1

L

* from (1-'3C) acetate
others from (2-! 2C) acetate

OCH,

The results were consistent with previous biogenic
hypotheses. A similar investigation on radicinin®'
(2) by the same group led to the distribution
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Radicinin
2

* from (1-!2C) acetate
others from (2-!>C) acetate

The results confirmed the polyacetate origin of
radicinin with the expected alternating labeling.
(Note that there is a nonalternating pair in the
above sterigmatocystin pattern.)

Off-resonance decoupling techniques proved
very useful in a study by Tanabe et al.>? on the
biosynthesis of asperlin (3) derived from sodium
acetate-2-'3C. The proton shifts were well spaced
or could be made so by proper choice of solvent.
For example, the two methyls appeared in the
proton spectrum at 6 = 1.31 and 6 = 2.10. For a
coherent off-resonance decoupling field of 2100
Hz strength, these methyls gave residual one-bond

splittings in the '3C spectrum of 10.0 and 13.5
Hz, allowing methyl assignments to be made. The
observed (2-'3C) acetate distribution in asperlin
was found to be

Asperlin
chy © 3
The labeling pattern supported the tetraacetate
origin of the eight-carbon epoxy y-lactone in the
antibiotic.

Mclnnes et al.>® used three different methods
of enrichment (the two acetates and formate) in
their study of the tropolone, sepedonin (4). Only
one of the carbons was enhanced using the
enriched formate in the nutrient, five from the
(1-'3C) acetate and five from the (2-'*C) acetate.
The results provide evidence that sepedonin is
formed by insertion of the formate carbon
between the third and fourth carbons of a ten-
carbon polyketide chain derived from acetate.

"+ (] 0 OH
CH3COgH \ ||
c
. CHy CH,
HCOgH ——= I | —
6 L HO
N 07 cH, 07 cH
CHyCOH | .
COH COCH 3
CO,H ] ? 3

An investigation wherein not only the pattern
but also the relative distribution of the !3C label

@
NH,

*l

. x|
##COP

* (1-13C) acetate
** (2-13C) acetate
$ (2-'3C) valine
+ (1-'3C) valine

0
" S S
H(I:— cn,——-cuz——cnz—&—uu——( ﬁ

- Sepedonin

4 OH

was determined was that of Neuss et al.5*»*% for
cephalosporin C (5).

Cephalosporin C
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Here the labeling in the trimethylene linkage
amounted to roughly one half of the incorporation
at the terminal amino acid methine carbon. This
was interpreted as being consistent with cycliza-
tion of the tricarboxylic acids involved in the
formation of a-aminoadipic acid via the Krebs
cycle.

Prodigiosin hydrochloride
6

T ¥
H |
The methylamylpyrrole moiety (right-hand ring) is
essentially constituted from an eight-carbon poly-
acetate chain with the origin of the two remaining
carbons yet to be determined. It is significant that
no incorporation is found in the left-hand ring,
indicating a possible novel route to this pyrrole
ring.

13C nmr was useful in establishing the bio-

COOH

.

CHy—CH—N——C

Ochratoxin A
7

Recently Wat et al.’>® used 1- and 2-enriched
13C acetates along with '®C-formate in studying
shanorellin (8), a metabolite of the ascomycete

Off-resonance decoupling, progressive satura-
tion, indor, single frequency proton decoupling,
and coupled spectra were used by Cushley et al.* ©
in deciphering the biosynthetic pathway for
prodigiosin (6). Figure 9 shows the spectra of the
variously enriched derivatives. The labeling pattern
is given below.

* (1-'3C) acetate
I *% (2.13C) acetate
H

synthetic carbonyl origin in ochractoxin A (7).57
Using '?C-formate as a nutrient, the lactone
carbonyl resonance is not enhanced, pointing to
the probability that the lactone carbonyl originally
was a member of a polyketide chain and did not
add through a subsequent step (as shown above for
sepedonin).

OH

CHy

Ci
Shanorella spirotricha. The biosynthetic scheme is
proposed to be

I
CH, C
e
1 acetylcoenzyme A \CHz \C“z
3 malonylcoenzyme A -
2 S-adenosylmethionine c L
07 cH, 07 cHs
COSCoA OXIDATION
0 l
OH
$
HyC CHy
H;C CHS
* % % % -—
HO CHa0H HO CHOH  * (1-13C) acetate
Shanorellin o ** (2-13C) acetate
8 CO,H + '3C formate
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FIGURE 9. A, '3C spectrum of ! M prodigiosin
hydrochloride in CHCL,; B, '*C spectrum of 0.5 M
prodigiosin hydrochloride in CHCL,, biogenetically
enriched with 1-' ®C acetate; C, ' 3C spectrum of 0.05 M
prodigiosin hydrochloride in CHCL,, biogenetically
enriched with 2-'3C acetate. (From Cushley, R. J.,
Anderson, D. R., Lipsky, S. R., Sykes, R. J., and
Wasserman, H. H., Carbon-13 fourier transform nuclear
magnetic resonance spectroscopy II. The pattern of
biosynthetic incorporation of (1-'*C)- and (2-'3C)
acetate into prodigiosin, J. Am. Chem. Soc., 93, 6284,
1971. With permission of the American Chemical Soci-
ety.)

CHy
0N *

The results confirm that shanorellin is biosynthe-
sized from four molecules of acetate with loss of
one carboxyl group and addition of two methyl
groups from a one-carbon donor. The labeling
pattern is consistent with its formation via the
acetate-polymalonate pathway although a
malonate supplement was not specifically in-
corporated into the chain-extending units.

Polonsky et al.’° tested the biosynthesis of
metabolites of the mushroom Qospora Virescens,
the virescenosides (9). These are diterpenic glyco-
sides and the first altrose derivatives found in
nature. Addition of (1-'*C)- and (2-!3C)-acetates
to culture media gave the enrichment pattern:

9

R = f-D-altropyranosy!
* = (1.13C) acetate
others from (2-!3C) acetate

Sodium propionate-3-'3C was used to test a
biosynthetic hypothesis by Yamazaki et al.®° for a
nitro-containing metabolite of Strepromyces
luteoreticuli, aureothin (10). The incorporation
pattern was found to be

Aureothin

and is consistent with the condensation of a
p-amino (or p-nitro) benzoic acid with a poly-

ketide from propionate (with possible acetate)
condensations.
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NH,

CH co CH
(NO,) Ne”” -3

co, _co

CHy CHy CHy

A four-carbon label was used by Westley,
Pruess, and Pitcher®' in their study of the
antibiotic X-537A (11). Earlier studies of this
antibiotic had implicated butyrate in ethyl group

CO,H CHy CHy

HO

CHy
X-537A

11

Incorporation of (1-'3C) propionate supported
their earlier conclusions regarding the methyl
group origin.

An extended series of synthetic steps led to
!3C.enriched porphobilinogen (PBG) (12) in a

CO,H COH

——

Euglena
gracilis

268  CRC Critical Reviews in Biochemistry

CH;  “CHy
o, . Lo co
CHp  '“CHp “CHp

—> aureothin

production, but only the !*C study enabled them
to tell that all three C-ethyl groups were derived
from butyrate

CHy * from (1-! 3C) propionate
CHa CHs ( ) prop

¥ from (1-! 3C) butyrate

CHj

study of Battersby et al.®? This then served as a
precursor for protoporphyrin-IX (13) via
enzymatic reaction. The label resulted in equal
enrichment of the four meso carbons of the
porphyrin ring,

COsCHy

(meso-' 3C)-Protoporphyrin-IX
P
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Finally, a comprehensive review (in French) of
the use of ! 3C satellites in proton spectra and '*C
nmr in biosynthetic problems has appeared very
recently.®3

NUCLEOSIDES AND NUCLEOTIDES

Nitrogen heterocycles have been intensively
studied both from theoretical and experimental
fronts. The published work to 1971 has been
reviewed,®® and several additional studies have
been reported subsequently.®5"’* A thorough
understanding of the range and factors involved in
the nitrogen base shifts is essential for the exten-
sion to nucleosides and nucleotides, particularly
for conformational analysis and tertiary structure
determination in polynucleotides.

Jones et al.”? conducted the first comprehen-
sive survey of nucleoside chemical shifts. They
examined uridine, thymidine, cytidine, deoxy-
cytidine, adenosine, deoxyadenosine, guanosine,
deoxyguanosine, inosine, deoxyinosine, and
xanthosine. The shifts exhibited a 160 ppm/elec-
tron sensitivity to computed n-charge density, a
value identical with that of Spiesecke and
Schneider,”* except that the quaternary C-4 and
C-5 carbons of the purine nucleosides, while
having the same sensitivity to charge, were offset
in shift from the protonated carbons. The low
shielding of the C-5 carbon was associated with a
high positive charge density and the high electro-
philic reactivity of this position. The same group
subsequently’> expanded this study to cover 29
nucleosides of the types:

Pyrimidine nucleosides
1

Purine nucleosides
2

The spectra were clearly separated into ribose (39
to 91 ppm) and base (161 to 165 ppm) regions
with only small effects on a given ribose spectrum
with change of nitrogen base. Even going to
O-glycosides only resulted in a downfield shift of
18 ppm for C-1 with respect to the corresponding
N-glycoside, with the other ribose carbons being
relatively unperturbed. The deoxyribosides did
exhibit a 3 to 4 ppm upfield shift for C-1
compared to the oxyglycosides. Ribosides and
déoxyribosides were easily distinguished by the
higher C-2 shielding in the latter. Assignments for
the purine and pyrimidine bases were grouped into
classes of uridines, cytidines, purines, adenosines,
and guanosines. The large variety in R, to R4 and
the expected substituent effects allowed individual
carbon assignments. Attempts at correlation of
'3C shifts with theoretically calculated charge
densities were of mixed success, but the shifts did
seem to reflect the general nature of the nucleo-
sides.

Extending these studies still further,”® the
same group considered 23 other pyrimidine
nucleosides of the types 3 to 16.

0 0
R
HN , HN
)\ |N
o] N OJ\N e
Ho 0 HO 0
3
OH R, OH OH 4
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o NH,
HN | N |
R \N O)\N OH
HO 0 HO 0
o OH OH
6
CHy CHy
5 0
o NH

0
HO 0
0><0
oM CHy 'CHy
9 10

Q IT

gty

OH OH
13

In these nucleosides the ribose shift order (in the
direction of increased shielding) of C-1', C4', C-3',
C-2', and C-5', and the deoxyribose shift order of
C4', C-1', C-3’, C-5', and C-2' were reported. The
effect of an isopropylidene bridge in 10 induces a
large 16 ppm downfield shift at C-5'. The cyclo-
side 14 showed that geometry does play an

270 CRC Critical Reviews in Biochemistry

o
(o]

OH OH OH OH
11 12
NH, OH
HN | HN |
0)'\N OJ\N
HO 0 HO
HO HO
OH OH
15 16

important role in determining the ribose shifts. C-5
and C-6 shifts show that 6 exists primarily in the
diketo tautomer and, while 12 can exist in other
tautomeric forms, the triketo form predominates.

The work of Dorman and Roberts’” gave the
corresponding nucleotide data. They examined
compounds 17 to 26.
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N
0 )\
1 07"
HQ —P——0 0
OH
OH Ry

17 UMPR, =R, =OH;R, =H
18 TMPR, =OH;R, =CH,;R, =H
19 CMPR, =NH,;R, =H;R, =OH
20 dCMP R, = NH,;R, =R, =H

jes

1
PO

0

OH Ry
21 AMPR, =H;R, =NH,;R, =OH;P=PO,H
22 dAMPR, =R, =H;R, =NH,;P=PO,H

23 ATP R, =H;R, =NH,;R, = OH; P=P,0,H,
24 GMPR, =NH,;R, =R, =OH;P=PO,H

25 dGMP R, =NH,;R, =OH, R, =H; P=PO,H
26 IMP R, =H;R, =R, =OH;R=PO,H

The phosphorylated carbon was assigned from its
higher shielding and ~ 4 Hz Jpqo. Its shift was
essentially constant except for ATP. The Jpqnc
coupling (~ 8 Hz) helped to assign C-4’. Other
than in these changes, the nucleotides resemble the
nucleosides. Dorman and Roberts’” also carried
out pH dependence studies on CMP and ATP. C-1
was the only ribose carbon to be affected while
only C-5 was unaffected among the base carbons.
Similar changes occurred in ATP; the carbons
adjacent to the more weakly basic nitrogens were
shifted upfield upon acidification while the reverse
was true for those carbons attached to the more
basic nitrogens. Various mixtures and concentra-
tions of nucleotides gave no differences that could
be traced to base stacking.

Mantsch and Smith?® have recently corrected
the above’?>”® assignments of the 2’ and 3’
carbons of uridine through use of 2"-UMP, 3'-UMP,
and 5-UMP and the expected phosphorylation
shifts. The higher resolution made practical
through use of FT nmr allowed evaluation of long
range '3C-3'P couplings to all but the 1’ ribose
carbons. The '*POC!3C couplings were pointed
out to be valuable for conformational analysis.
They also examined the '3C spectrum of a
polynucleotide (poly U) of molecular weight
130,000 and related deviations from additivity to
tertiary effects. C-2, C-4, C-6, C-4', and C-5' are
affected in changing from 5-UMP to the poly-
uridine nucleotide. The large C-4' (1.44 ppm)
shielding and Cs’ (1.87 ppm) deshielding were
related to an alteration in the position of the
phosphate group relative to the ribose ring. The
behavior of the *Jp~ couplings suggested a similar
pattern to 'H-'H and 'H-*'P vicinal couplings,
i.e., large (~ 10 Hz) couplings for gauche rotamers.
Thus 5-UMP has a preference for the 4'-trans
rotamer, 2'-UMP the 1-trans rotamer, and 3'-UMP
somewhat less preference for the 4'-trans rotamer.
In poly U the 5'-phosphate has a preference for
the 4'-trans rotamer while the 3'-phosphate has
preference for the 2'-trans rotamer.

Lapper, Mantsch, and Smith?®#° calibrated
the angular dependence of 3JPC by considering
3',5'- and 2',3"-cyclic nucleotides.

) o/\P/o

\

In the six 3',5-cyclic nucleotides they studied, the
P-C,' couplings were 8.020.3 Hz, an appropriate
value to label as a trans coupling. The P-C,’
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couplings were 4.6£0.2 Hz but since the three-
bond coupling can take place via two routes, they
could only estimate the single gauche coupling to
be ~ 2 Hz. The 3' couplings (4.2+0.5 Hz) and 5'
couplings (7.2+0.2 Hz) were constant throughout
the series for the bases uridine, cytidine, adenine,
guanidine, thymidine, and N°, O?'.dibutyryl-
adenosine. The 3JPC couplings were consistent
with considerable conformational flexibility for
the 2',3'-cyclic nucleotides. In this conformational
equilibrium, the pyrimidine nucleotides tend to-
ward the 3'-endo (2"-ex0) conformers, whereas the
purine nucleotides show no significant preferences
for any of the principal conformers. Increasing
temperature decreased any conformational
preference.®!

Lemieux et al®? explored a similar vicinal
correlation, but using *J.y in C2-enriched (60%
13C) uridine nucleotide and derivatives in which
the dihedral angle was varied. A Karplus-like
relationship was observed with 3JCH maximum (8
Hz) when in a trans (180°) orientation, zero at
~90°, and 2 Hz for ~ 50° (anti).

In another recent application of '3*C nmr,
Kreishman et al.®® were able to pinpoint the
glycosylation site in 1-8-D-ribofuranosyl-1,2,4-
triazoles where classical UV spectra were useless
because of weak absorption. Either C-3 or C-5
triazole substitution is possible but a- and S
substituent effects were only consistent with one
set of isomer assignments. The success of the '3C
analysis should prompt future use for assignment
of highly substituted heterocyclic ring compounds
that exhibit very little UV absorption.

Using '3C enrichment in the carboxamide
group, Blumenstein and Raftery®* examined the
'3C nmr titration curve of nicotinamide-adenine-
dinucleotide. An apparent pk, of 4 indicated that
the carboxamide carbon has a chemical shift that
is influenced by protonation of the adenine ring of
the dinucleotide. No effect was noted on the
carboxamide carbon shift upon ionization of the
phosphate.

AMINO ACIDS, PEPTIDES,
AND POLYPEPTIDES

The first systematic studies of amino acids were
those from Sternlicht’s group, beginning with
indirect detection using indor®*® and later using FT
direct detection on amino acids isolated from algae
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fed on '3C0,.2%%7 Subsequently, the factors
involving '3C T, and T, relaxation times were
critically examined in a study of protonated and
deuterated amino acids bound to cation exchange
resins.®®

Their indor study focused on the '3C shifts of
glycine, diglycine, triglycine, alanine, and alanyl-
glycine as functions of pH. The pH studies showed
that, for example, when a glycine loses a proton,
the carbons shift downfield, more so when a -NH;*
proton is lost than when a -COOH proton is lost.

Structurally, the '3C shifts of the polypeptides
were shown to have great potential. In diglycine,
the a- and f-methylene resonances were sym-
metrically placed about the glycine resonance, the
a unit being downfield. In triglycine the middle
methylene had essentially the same shift as
glycine, while the outer two methylenes had shifts
similar to those in diglycine. Much effort was
placed into arriving at a set of substituent effects
for use in predicting shifts in other amino acids. A
family of parameters was determined and sub-
sequently revised following more data in a later
publication.®” Throughout these studies the shifts
were analyzed in terms of charge density variations
as controlling changes in the paramagnetic con-
tribution to the chemical shift, p. Apparently
anomalous shifts were observed upon protonation
or deprotonation, i.e., upfield carbonyl and a
carbon values shift upon protonation, whereas a
downfield shift might be expected from a simple
attenuated inductive effect. These were explained
by putting all changes in charge density on the
peripheral protons and leaving the carbons rela-
tively unchanged, or changed slightly, but in the
opposite direction to that of the protons. Hence,
the carbon electronic charge densities were inter-
preted as remaining constant or increasing upon
protonation of nearby centers.

This reverse behavior on protonation was also
noted in work by Hagen and Roberts®® on
aliphatic carboxylic acids and salts ranging from
formic to valeric acids. For example, the effects of
acid ionization on the butyric acid carbons are a =
+4.7 ppm, f = +3.9 ppm, v = +1.4 ppm, and § =
+.06 ppm — all downfield shifts.

The amino acids obtained from algae were
leucine, isoleucine, valine, alanine, threonine,
glycine, lysine, arginine, serine, proline, glutamic
acid, aspartic acid, methionine, histidine, phenyl-
alanine, and tyrosine. The larger number of
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compounds allowed the more refined array of
chemical shift parameters given below:

Shift Parameter

Substituent a B ¥ &
CH, 9.1 94 -2.5 03
OH 48.5 10 5.7 0.5
-NH, 29 114 4.6 0.6
-NH,* 26 7.5 4.6

COOH 21.5 2 2.5 0.6
€00- 24.5 35 2.5

Some refinements for branching situations were
also detailed. The parameters do giver a good
beginning for a predicted spectrum. The calculated
shieldings should be close to those of carbons in a
random-coil polypeptide. Differences between this
and, for example, a helical form may then give
important conformational information.

A technique which ultimately could have
impact in the areas of biopolymers, catalysis, and
biological membranes is that described by Stern-
licht et al.®® wherein '3C nmr spectra of amino
acids bound to cationic exchange resins were
observed using FT techniques. The longer 7,
expected for bound species should allow much
more facile observation of carbons with long
solution T,’s, particularly quaternary carbons in
amino acids. This type of study provides a model
for small side-chains on a biopolymer or a sub-
strate in slow-exchange with a binding site on an
enzyme.

Sternlicht et al.®® examined glycine, alanine,
glutamic acid, and histidine in solution and bound
to 4 and 8% cross-linked resin. Chemical shifts
were identical, within the sometimes large (2 to
500 Hz) linewidths in the free and bound species.
For example, in cysteine bound to the 4% resin
linewidths of 1.8, 9 and 14 Hz were observed for
the carboxyl, a and § carbons. Proceeding to
cystine, complete immobilization occurs on the
resin since both -NH;" groups bind to the resin.
Only a 20-Hz carboxyl resonance was observed.
However, in solution essentially only a- and
B-carbon signals were observed because of the long
T, of the carboxyl carbon.

Large differences between T; and T,
(measured from linewidths) were evident for those
cases in which T, was measured. T, was con-
siderably shorter than T and changed appreciably
with degree of cross-linking of the polymer while
T, was relatively unaffected. While the gain in

intensity upon binding was large, it would be of
little value in those cases where amino acids (or
substrates in general) are quite soluble and not
limited in quantity. However, for cases where little
material is available or solubility very low, this
technique could serve as a “chemical amplifier,”
especially for carbons with long solution T, ’s.
Since the bound species’ T,’s are usually very
much shorter than the repetition rate of the
sampling pulse, the linewidths are directly pro-
portional to the number of protons attached to a
carbon under observation. This serves to
accomplish the same end as off-resonance proton
decoupling techniques. The T,’s, nuclear Over-
hauser effect enhancements, and T,’s all point to
very minimal, if any, contribution from '3C
chemical shift anisotropies or resin dipolar inter-
actions to the carbon relaxation times. Sternlicht
et al.®® postulated a model for the bound amino
acids as anisotropic rotors on a resin backbone
undergoing slow, “wobbling” motions. Slow
anisotropic rotation with concomitant nonzero
averaging of the '3C-'H dipolar (through-space)
magnetic interaction is necessary to explain the
observation that *H-bonded carbons had only a
factor of 3 to 4 line-narrowing over their 'H
analogs, rather than the factor of 10 to 15
expected from the change from 'H to *H in the
expression for the rapid rotational motion region,

X="H;S=%
=2H;S:1.

(3)
If rapid tumbling becomes anisotropic, the
7C27X2 factor will still change by a factor of 10
to 15 for 'H - ?H, but 7_ must be replaced by a
complex function of correlation times. However, if
the molecules are able to undergo anisotropic
rotational reorientation at a rate slow compared
with T, the linewidth ratio reduces to a limit of
3.25. Since full Overhauser enhancements of 3
were observed for histidine carbons in the bound
form, the carbon T;’s must have been determined
byar, of less than 10 "8 sec, since at longer times
the maximum NOE drops to ~ 1.3 (ie., for
weT, > 1). The dependence of T, on extent of
cross-linking was suggested®® as resulting from a
wobbling motion of the resin lattice (slow motions
and ordinary chemical exchange affect T, but not
T,). Thus the rapid internal motions dominate T,
while the slow wobbling motion dominates T,.
The rapid motions must be of the amino acids

1 1 _4 2 24 + -6
T TT T3 M 86 Drex ™ 7c
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since if segmented motion of the polymer were the
source of the relaxation, the extent of cross-
linking should affect T, , which it does not.

Peptides have been very popular recently as
subjects for '*C nmr investigation. Voelter et
al.?® have reported spectra and tabulated shifts for
different types of substituted amino acids. Their
studies included benzyloxycarbonyl-, tertbutyl-
oxycarbony-, acetyl-, benzylester-, and tert-butyl
derivatives of glycine, alanine, valine, leucine,
isoleucine, serine, threonine, methionine, cysteine,
cystine, ornithine, arginine, lysine, asparagine,
aspartic acid, glutamic acid, glutamine, proline,
phenylalanine, tyrosine, tryptophane, and
histidine in D,0 or DMSO-d¢. The shifts are
reported with respect to TMS-'3C. They also
reported shifts for the dipeptide carnosin
(c-Ala-His) as well as various derivatives of
Gly-Ala, Ala-Gly, Val-Val, Leu-Leu, Cys-Gly, and
Asp-Cys-Gly. Freedman et al.’! also have deter-
mined '3C shifts of small peptides, for some as a
function of pH. Figure 10 shows spectra of the
methyl ester of phenylalanine, histidine, His-Gly,
and His-Phe, and Figure 11 gives a diagrammatic
presentation of shift data for small peptides. The
carboxyl resonance in phenylalanine methyl ester
is virtually unaffected between pH 1 and 4, but
does change at high pH. Both in histidine and the
methyl ester of phenylalanine, the quaternary
carbons show a shift sensitivity to pH reflecting
the titration of the imidazole (pK ~ 6.5) and
amino-terminal groups (pK 9.5), respectively.

A thorough pH dependence study was carried
out by Gurd et al.’? on the tripeptides
Leu-Ser-Glu and Ser-Glu-Gly, as well as the
pentapeptide Val-Leu-Ser-Glu-Gly, a peptide com-
prising the first five residues of sperm whale
myoglobin. As groundwork they also determined
the '3C shifts of valine, leucine in anionic dipolar
and cationic form, serine, glutamic acid, and
glycine, agreeing to within 0.4 ppm of the relevant
results by Horsley and Sternlicht.®? Figure 12
shows the pH dependences for these peptides. The
largest changes are seen with titration of the
a-amino group, monitored most readily by the
carbonyl carbon of the amino-terminal residue.
Side-chain carboxyl behavior is more drastic than
that of the C-terminal carboxyl — pointing out a
possible structural tool for carboxyl identification.

Christl and Roberts®® later reported a com-
prehensive study of '3C peptide shifts as a
function of pH, preparing their peptides in
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FIGURE 10. '°C spectra: a, phenylalanine methyl
ester, pH 1.86; b, histidine, pH 1.14; C, histidylglycine,
pH 3.51; and d, histidylphenylalanine, pH 3.33 (in ppm
downfield from external ' *CH,I). (From Freedman, M.
H., Cohen, J. S., and Chaiken, 1. M., Carbon-13 fourier
transform nuclear magnetic resonance studies of peptides,
Biochem. Biophys. Res. Commun., 42, 1148, 1971. With
permission.)

anionic, zwitterionic, and cationic forms. In
studying the 16 dipeptides, 9 tripeptides, tetra-
glycine, and pentaglycine, they were able to
classify the chemical shifts systematically with
respect to the free amino acids. For example,
glycine was examined as a subunit in 13 different
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FIGURE 11. '3C chemical shift correlation of amino
acids and peptides (in ppm downfield from external
'3CH,I). (From Freedman, M. H., Cohen, J. S., and
Chaiken, I. M., Carbon-13 fourier transform nuclear
magnetic resonance studies of peptides, Biochem.
Biophys. Res. Commun., 42, 1148, 1971. With per-
mission.)

peptides, in the three ionic forms, and as an
N-terminal, C-terminal, and nonterminal unit.
These peptides showed that the chemical shifts of

a glycine unit are, without exception, affected
only by its position in the peptide, and not by the
nature of the amino acids to which it is linked by
means of peptide bonds. For example, C-terminal
glycine at low pH (1.4 to 1.6) has a carbon and
carbonyl resonances: '

be=o a,
(Gly-) Gly 174.2 426
(Leu-) Gly 174.3 427
(Lys-) Gly 174.5 427
(Gly-Gly-) Gly 174.5 426
(Ala-Gly-) Gly 174.7 427
(Leu-Gly-) Gly 174.7 426
(Gly-Leu-) Gly 174.6 426
(Met-Phe-) Gly 174.2 428

As is obvious, the nature of the neighboring amino
acid is usually unimportant in determining the a
and carbonyl carbon shifts. This fact should inject
a note of caution in the use of !3C shifts as
sequence unravelers. There is sensitivity in the
glycine shifts, but mostly in regard to position.
This is documented by a summary of representa-
tive values from Table I of Christl and Roberts’
work.

Cation Zwitterion Anion
Glycine type 8 o=0 5, 8,20 a 8.0 bg Neighbor types used
N-Terminal 168:9 42.3 168.1 42.2 176 45.1 Gly, Leu, Phe
C-Terminal 174.5 42.4 177.5 44 .7 177.6 45.1 Gly, Leu, Lys, Ala, Met
Nonterminal 172.5 43.8 172.3 439 173.1 43.8 Gly, Ala, Leu

The same kind of overall sensitivity to position,
but not neighbor identity (except for proline), was
shown for leucine, phenylalanine, alanine, and
methionine. Other less generally treated amino
acids included lysine, proline, valine, tyrosine, and
arginine, although they appeared as neighbor
amino acids frequently.

The pH dependence has several common

features. Carboxylate protonation induces in-
creased shielding of the peptide carbons.
Protonating a zwitterionic C-terminal peptide re-
sults in a -3 ppm carboxylate shift, -2.5 ppm a
carbon shift, -1.2 ppm for the § carbon, and -0.3
ppm for the y carbon. Detailed effects have been
summarized by Christl and Roberts®3® and re-
produced below.

! 3C Chemical Shift Changes for: Amino Acid — Peptide, Anion — Zwitterion, and

Cation — Zwitterion

Type? ab
aa — N-terminal aa -54
aa - C-terminal aa 35
aa — nonterminal aa -1.5
titration of N-terminal 6.9
titration of C-terminal -3.0

4 3a = amino acid

glycine values only, in parenthesis

a8 ,° sy as,
-1.2(-0.7) 0.2 -04
1.0(2.0) 1.2 0.4
0.6 (1.1) 0.0 0.0
1.0 (2.6) 31 0.6
~-2.6 (-2.2) -1.2 -03
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FIGURE 12. '3C chemical shift pH dependence (in ppm upfield from '2CS,). A, L-valyl-L-leucyl-L-sery}-L-glutamyl-
glycine; B, L-leucyl-L-seryl-L-glutamic acid; C, L-seryl-L-glutamylglycine. Co, a-carboxyl carbon atom. (From Gurd, F. R.
N., Lawson, P. J., Cochran, D. W., and Wenkert, E., Carbon-13 nuclear magnetic resonance of peptides in the
amino-terminal sequence of sperm whale myoglobin, J. Biol. Chem., 246, 3725, 1971. With permission.)
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While the cations were studied at pH 9.5, titration
shifts continued up to pH 12.6 for lysyl glycine.
Thus the N-terminal titration shifts should be
considered as lower limits.

Unseen in earlier investigations, the effects of
cis/trans isomerism about the amide bond in
proline were recently observed by Thomas and
Williams.® % * They examined aqueous solutions of
glycyl-, alanyl-, and valyl-proline, using N-acetyl-
proline as a reference compound. In each case
there was a ~ 60:40 trans:cis mixture. Apparently
the bulk of the side-chain in the amino acid
preceding proline has negligible effects on the
cis/trans ratio and the proline shifts. The a-carbon
was fairly insensitive to isomer while the § and 7
carbons gave ~ 2 ppm sensitivities to isomer,
although different in direction. These differences
will definitely be useful in conformational analysis
of complex peptides including proline or other
cyclic imino acids.

The dramatic effects of cystine-bond formation
have been documented by Jung et al’’ in
considering glutathione (Glu-Cys-Gly) and its
oxidized form containing an S-S bond. The
resonance of the sulfurbound carbon is shifted
+13 ppm in the transition -CH,SH to -CH,SSCH,
— while the carbon two bonds away shifts -3 ppm.
The distinctive value of 41.6 ppm for the carbons
in the -CH, SSCH; -group provides a diagnostic test
for the cystine bond.

Several recent pieces of work have dealt with
cyclic polypeptides or analogs.°®'°! An early
polypeptide spectrum, CW mode, was published
by Gibbons et al.’® on cyclic decapeptide
gramicidin S-A (Figure 13), an antibiotic. The
specira (Figure 14) allowed all carbons to be seen,
although some ambiguities in the assignments
exist. The symmetry is unequivocally C; from the
spectrum, the five pairs of residues only yielding
five carbonyl, five Ca, and five CS chemical shifts.
The two methyl carbons in valine are magnetically
equivalent yet give different lines. This implies
that the valine side-chain has different average
rotational conformations in valine as an amino
acid, in a peptide, and in gramicidin.

Macrocyclic ion complexes such as valinomycin
and nonactin were the subject of-a pair of recent
investigations.’ 7»°® Ohnishi et al.””7 reported the
13C spectra of free and potassium-bound
valinomycin (Figure 15). The resonances of the

*See also References 99, 166, 167, 168, and 170.
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FIGURE 13. Gramicidin §-A, cyclo (-Phe-Pro-Val-Om-
Leu-),. (From Gibbons, W. A., Sogn, J. A., Stern, A.,
Craig, L. C., and Johnson, L. F., ' 3C nuclear magnetic
resonance spectrum of gramacidin S-A, a deca peptide
antibiotic, Nature, 227, 840, 1970. With permission.)

two carbonyls directly coordinating the cation
experience a downfield shift relative to the un-
complexed peptide. Comparison of free and com-
plexed nonactin, a synthetic polyether, and the
large complexation shifts of carbons farther away
suggested the conformational rearrangements of
the molecule as a whole can compete with direct
interactions between carbons and the cation in
determining the '3C chemical shift differences
between free and complexed species.

Pretsch, Vasak, and Simon®® considered the
antibjotic nonactin in greater detail, involving
complexed ions Na*, K*, Rb", Cs*, NH,", and Ba**
to

u Nonactin ) .

explore the effect of atomic size of the bound ion.
They studied free nonactin shifts as functions of
solvents and found only minor variation. Signifi-
cant variation with metal ion was noted only for
carbons 3 and 8. Significantly, carbon 3 is several
bonds away from the metal, and the sensitivity
may possibly be due to overall conformational
rearrangement. Comparison of the shifts showed
no significant differences for NH, ", and hence it is
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FIGURE 14. Natural abundance ' *C spectrum of gramicidin S-A: A, high-field
region in DMSO; B, low-field region in DMSO; C, high-field part in Msthanol (in
ppm upfield from external ' *CS, ). (From Gibbons, W. A., Sogn, J. A., Stern, A.,
Craig, L. C., and Johnson, L. F., ' *C nuclear magnetic resonance spectrum of
gramacidin S-A, a deca peptide antibiotic, MNature, 227, 840, 1970. With

permission.)

likely that no hydrogen bonds between NH, " and
the nonactin carbonyls exist.

Returning to polypeptides, Deslauriers, Walters,
and Smith®® investigated the cyclic peptide
oxytocin (Figure 16). In deciphering the spectrum
they relied on help from the spectra of the
specially prepared polypeptides (z = benzyloxy-
carbonyl; Bzl = benzyl): 2-Pro-Leu-Gly-OEt,
z-Pro-Leu-Gly-NH,, z-Cys(Bzl)-Pro-Leu-Gly-NH3,
z-Asn-Cys(Bzl)-Pro-Leu-Gly-NH,,  2-Gln-Asn-
Cys(Bzl)-Pro-Leu-Gly-NH,, z-Ile-Gin-Asn-
Cys(Bzl)-Pro-Leu-Gly-NH, , z-Tyr(Bzl)-1le-Gln-Asn-
Cys(Bzl)-Pro-Leu-Gly-NH,, and z-Cys(Bzl)-Tyr-lIle-
Gln-Asn-Cys(Bzl)-Pro-Leu-Gly-NH,.  Cis-trans
isomerism was found in some cases involving
proline; a doubling of proline resonances can be

278 CRC Critical Reviews in Biochemistry

easily seen in Figure 17. Deprotected peptides also
were studied to assess the effect of the protector
groups: H-Cys(Bzl)-Pro-Leu-Gly-NH,, HBr H-Asn-

Cys(Bzl)-Pro-Leu-Gly-NH,,  HBr-H-Gln-Asn-
Cys(Bzl)-Pro-Leu-Gly-NH,,  HBr-H-Ile-Gln-Asn-
Cys(Bzl)-Pro-Leu-Gly-NH,, and HBr-H-Tyr-lle-

Gln-Asn-Cys(Bzl)-Pro-Leu-Gly-NH,. The spectra
of protected and deprotected peptides in DMSO-
d¢ are identical except for resonances of the
N-terminal residues, which in the protected
peptides are shifted downfield by the z-group. In
the acyclic peptides the chemical shift order is the
same as that of the constituent amino acids with
no crossovers. Cyclization of the fully depro-
tected nonapeptide results in major changes in a
and carbonyl carbons with a downfield shift for
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FIGURE 15. '?C NMR spectrum of: (A) valinomycin
carbonyl region; and (B) valinomycin K* carbonyl region
(in ppm downfield from internal TMS.) (From Ohnishi,
M., Fedarko, M. C., Baldeschwieler, J. D., and Johnson, L.
F., Fourier transform C-13 NMR analysis of some free
and potassium-ion complexed antibiotics, Biochem. Bio-
phys. Res. Commun., 46, 312, 1972, With permission.)
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FIGURE 17. '3C spectrum of Z-Pro-Leu-Gly-NH, in
DMSO-d,. (From Deslauriers, R., Waiter, R., and Smith,
I. C. P., A carbon-13 nuclear magnetic resonance study of
oxytocin and its oligopeptides, Biochem. Biophys. Res.
Commun., 48, 854, 1972. With permission.)

the carbon atom of the cyclic part of the peptide.
Some closely related analogs of oxytocin are
illustrated in Figure 18 for arginine vasopressin
and Figure 19 for 1-deamino lysine vaso-

Z-Pro-Leu-Gly-NH,
DMSO -d,

3

DMSO ‘d.
| 1 1 i
80 60 40 20

PPM (Ext. TMS)

FIGURE 16. '*C spectrum of oxytocin in DMSO-d,.
(From Deslauriers, R., Walter, R., and Smith, . C. P, A
carbon-13 nuclear magnetic resonance study of oxytocin
and its oligopeptides, Biochem. Biophys. Res. Commun.,
48, 854, 1972. With permission.)

pressin.'®® These only differ in two positions in
the nonapeptide.

Lyerla and Freedman'®' also have reported
'3C data on oxytocin in addition to lysine
vasopressin and the cyclic dodecapeptide
bacitracin (Figure 20). Good success was obtained
in using amino acid shifts corrected for peptide
bond formation and ionization as a guide for the
polypeptide shifts (see, for example, Figure 21).
For several assignments selective proton de-
coupling or T, measurements were performed.

Ile-Cys-Leu-D-Glu-Ile-Lys-D-Orn-lie
?sp—His-D~Phe

D-Asn Bacitracin A
Even though all of the isoleucines are nonterminal,
each gives separate signals in the peptide spectrum
of bacitracin A, possibly reflecting conformational
differences.

Helix-coil transitions of polypeptides have been
recently observed in their ' 3C natural abundance
spectra. Paolillo et al.'®? used trifluoroacetic acid
to induce coil formation in poly-(y-benzyl-L-
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FIGURE 18. !3C spectrum of arginine vasopressin. (From Smith, I. C. P.,
private communication. With permissidn.)
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FIGURE 19. '3C spectrum of one-deamino lysine
vasopressin. (From Smith, I. C. P., private communica-
tion. With permission.)

glutamic acid). The carbon shows a 3.0 ppm
upfield shift, the ester carbon 2.7 ppm upfield, the
amide carbon 2.0 ppm downfield, the 8 carbon 1.2
ppm downfield, and the benzyl carbon 1.7 ppm
downfield shifts upon undergoing the helix to
random coil transition. A similar investigation on
poly (N-8-carbobenzoxy-L-ornithine) was reported
by Boccalon et al.!°® again using trifluoroacetic
acid as agent for the coil formation. The helix to
coil transition has its most dramatic effects on the
a carbon (~ 3 ppm upfield), the ornithine
carbonyl (> 2 ppm upfield) and the vy CH, (~ 1
ppm upfield). However, while the § CH, gradually
goes downfield by ~ 1 ppm (after the transition
point), the carbon atoms of the urethane group,
the carbobenzoxy carbons, show a gradual
decrease in shielding well before coil formation,
continuing through and after the transition to a
final downfield shift of ~ 2 ppm. While no
detailed conformational conclusions were made
concerning either of the helix-coil transitions
mentioned above, the sensitivity shown in the
shifts bodes well for future analysis.

280  CRC Critical Reviews in Biochemistry

BACITRACIN -'3C (25.2 MHz)

!
FIGURE 20. !'3C spectrum of 0.07 M bacitracin at pH
3.6. The upward darts refer to the ring resonances of
2-methyl thaizole while the downward darts refer to
isoleucyl carbons. (From Lyerla, J. R., Jr. and Freedman,
M. H,, Spectral assignment and conformational analysis of

cyclic peptides by carbon-13 nuclear magnetic resonance,
J. Biol. Chem., 8183, 1972. With permission.)

I B 4‘ |

ppm UPFIELD FROM CS o

"
60

Lyerla, Barber, and Freedman'®* also
examined the helix-coil transition in poly-L-
glutamic acid, but in aqueous solution and on a
function of pH. They observe a strong upfield shift
for the peptide carbonyl group on going to high
pH, the reverse of the behavior observed for
glutamic acid alone. The a carbon in the polymer
also experiences a strong 2 ppm upfield shift on
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FIGURE 21. Carbonyl region of bacitracin as a function
of pH. (From Lyerla, J. R., Jr. and Freedman, M. H,,
Spectral assignment and conformational analysis of cyclic
peptides by carbon-13 nuclear magnetic resonance, J.
Biol. Chem., 8183, 1972. With permission.)

deprotonation while the B, v, and side-chain
carboxyl all experience the typical downfield
shifts normally experienced by amino acids. The
possibility that the downfield shift of the carbonyl
group at low pH was due to hydrogen bonding was
mentioned.

Reynolds et al."®% have recently attempted to
determine the protonation behavior of histidine.
The imidazole side-chain has a pK of 6.0, and
protonation involves transition from a neutral
species to a cation. The neutral ring can exist in
either the 1-H tautomer (as shown below) or the

3.H tautomer. 2
3 /\I
N NH

Theoretical calculations on imidazole and histidine
permitted prediction of '*C shifts upon protona-
tion. The imidazole shifts were accurately
predicted assuming rapid 1 to 3 proton averaging.
The imidazole shifts for the 1-H tautomer are very
similar to those for histidine, but only for the 1-H
histidine case. The calculated shifts for the 1-H
tautomer of histidine were also in much better
agreement with the experiment than the calculated
shifts for the 3-H tautomer. To provide additional
evidence '?C shift pH titration was performed for
I-methyl and 3-methylhistidines. The 1-methyl
titration curves were identical in sign and
magnitude to those of histidine while the 3-methyl
curves were inconsistent with those of histidine.
This pH titration behavior was advocated for use
in determination of tautomeric forms for
histidines in polypeptides and proteins. Reynolds
et al.'®% used this diagnostic for tautomeric
analysis in N-acetylhistidine, histidine methyl
ester, histidylglycine, glycylhistidylglycine, and
bacitracin in which histidine is residue 10. All were
consistent with the 1-H tautomer.

PROTEINS

What until recently was virtually unimaginable
is now happening frequently, that is, the
observation of '*C nmr spectra of biopolymers
such as large polypeptides or enzymes. Only with
much patience is this possible in cw mode.
Lauterbur'®® has reported perhaps the only
published cw spectrum of a protein, that of hens’
egg white lysozyme, molecular weight 14,300.
This required 6,260 scans of 50 sec each for 87 hr.
Use of FT techniques allows this time to be
dropped by a factor of 10 to 100. This is
illustrated in the report of Allerhand, Cochran,
and Doddrell' ®7 for ribonuclease A. This protein
contains 575 carbons distributed among 124
amino acid residues. Figure 22 shows the 15.08
MHz '3C spectrum of 0.02 M ribonuclease A at
45° along with that of the denatured form. The
spectrum can be decomposed into a region from

the 151 carbonyl carbons; a small group
HN @ NH
~— ¢0,
+
NHy
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FIGURE 22. Natural abundance !*C spectrum of ribo-
nuclease A at 45° and 15.08 MHz (in ppm upfield from
13CS,); A, native protein at pH 4.12, 0.017 M, 32,768
scans in 6 hr; B, 0.015 M denatured protein at pH 1.46,
31,284 scans in 12 hr. (From Allerhand, A., Doddrell, D.,
Glushko, V., Cochran, D. W., Wenkert, E., Lawson, P. I.,
and Gurd, F. R. N., Conformational and segmental
motion of native and denatured ribonuclease A in
solution. Application of natural abundance carbon-13
partially relaxed Fourier transform nuclear magnetic
resonance, J. Am. Chem. Soc., 93, 544, 1971. With
permission.)

immediately upfield from the carbonyls containing
the aromatic C-6 carbons of the 6 tyrosine residues
and the e-carbons of the 4 arginine residues; the 2
small peaks between 55 and 60 ppm above '*CS,
coming from the imidazole C-2 carbons of the 4
histidine residues and the quaternary carbons of

the three phenylalanine residues; the band.

between 60 and 66 ppm above '*CS, containing
the aromatic C-3 carbons of the 6 tyrosines, the
imidazole C-5 carbons from the 4 histidines, the
12 aromatic C-4 tyrosine carbons, and the 15
aromatic (C-4, C-5, and C-6) carbons of the 3
phenylalanines; the band between 75 and 80 ppm
upfield from '3CS, arising from the imidazole C-4
carbons of the histidines and the aromatic C-5 of
the tyrosines; the band at 126 ppm upfield down
13CS, reflecting the 10 B-carbons of the threonine
residues; and the band between 130 and 150 ppm
coming from the B-carbons of serine and all the
a-carbons except these of glycine. Figure 23 shows
a spectrum of the native enzyme at 25 MHz. The
prospect for study of biopolymers is definitely

282  CRC Critical Reviews in Biochemistry

>PA
SPEC WDTH (MZ) = 05000
ACQ TIME (SEC) = 0000.3
PULS WDTH (USEC) = 00080
K-TRANS » (0269351
DATA « 08192
SEN ENH TC (SEC)  » 00000.)
W RELD
TAZE ADDR = 0010

nor

VERTSCALE = 00020
, INTGSCALE = 00100

START(HZ) » 051200
FINISH(MZ)  * 001200
HZNPOINT

o =S
wwu\ WN‘*..\N‘\MW )M ™

FIGURE 23. Natural abundance ' *C spectrum of ribo-
nuclease A at 25.2 MHz and 0.019 M. Reprinted through
the courtesy of Varian Associates.

enhanced by the realization that large molecules
can be examined in a reasonable length of time.

Further details on the '>C nmr spectra of
ribonuclease A were provided recently by
Glushko, Lawson, and Gurd,'®® particularly as a
function of pH. '3C spectra of ribonuclease A at
pH 1.46, 3.23, 4.14, and 6.55 were recorded. Acid
denaturation was evident below pH 4 reflecting
the loss of chemical shift nonequivalence and a
narrowing of individual lines. The narrowing at pH
1.46 allowed a more detailed set of assignments
based on previously published assignments for
peptides and amino acids. Sixty-nine different
carbons were assigned chemical shift values or
ranges. The lowest field signals were assigned to
the carboxyl carbons of glutamic and aspartic acid.
Although many resonances were assigned, there
remains uncertainty concerning many other
resonances. At higher pH most of the peaks, but
not all, broaden and some shift, reflecting
deprotonation in some cases. There is a richness in
behavior of the pH dependence of shift and
linewidth that reveals a true sensitivity to
microenvironment and promises the hope of
future understanding of these complex processes.
The oxidized ribonuclease A spectra at pH 6.72,
4.34, and 1.40 are very similar to those of the
acid-denatured protein. The cleavage of the
disulfide bonds allows much more chemical shift
equivalence and longer T, values (smaller line-
width).

Freedman, Cohen, and Chaiken®! demon-
strated what is likely to be a very useful technique
in the study of proteins, that of specific
enrichment. They used 15%-enriched '*C amino
acids obtained from algae grown on '*CO, to
prepare 3 C-enriched phenylalanine in the 1 to 15
polypeptide corresponding to the first 15 residues
found for ribonuclease A, NH;-Lys-Glu-Thr-Ala-
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Ala-Ala-Lys-Phe*-Glu-Arg-Gln-His-Met-Asp-Ser-
COOH. Use of this polypeptide as part of the
ribonuclease S complex allows a “‘reporter” group
to be present due to its highly enhanced intensity.
In a more recent communication, Freedman et
al.'®® analyzed the amino terminal 1 to 13, 1 to
15, and 1 to 20 peptides of bovine pancreatic
ribonuclease A. In Figures 24 and 25 are shown
the aliphatic and aromatic/carbonyl regions of the
1 to 13, 1 to 15, and 1 to 20 amino-terminal
peptides of ribonuclease A. Amino acid
parameters, characteristic peptide formation shifts,
differences within the three polypeptides, and the
primary structure of the peptides all were used to
give the peptide resonance assignments shown. The
13C-enriched phenylalanine number 8 residue
spectrum aided in the assignment because of its
overlap with the C-2 and C-4 carbons of the
histidy! imidazole ring. Chaiken et al.'!® sub-
stantially extended the synthetic approach in their
recent studies of '°F and !3C-labeled semi-

1-20 Peptide

B. 1-15 Peptide

synthetic ribonuclease-S’ analogs. This semi-
synthetic ribonuclease-S' contains the polypeptide
fragments synthetic(1 to 15) and RNase-S-(21 to
124). Again phenylalanine 8 was used as the
labeled residue. The '3C chemical shift of the
labeled phenylalanine changed significantly on
going from the 1 to 15 polypeptide to the
complex: e.g., Cy, 1.3 ppm; C, +0.7 ppm; and
CB, -0.5 ppm. These shifts and T, data on the Phe
8 carbons were interpreted as arising from the
formation of an a-helical conformation involving
residues 2 to 12 and the concomitant burial of the
Phe 8 side-chain into a sterically restricted
orientation in a largely nonpolar region. The C,
Cy and CB shift perturbations are very similar to
the pattern found in coil-helix transitions for other
homopolypeptides.' %! °3 Steric restriction of
the pheny! group in the Phe 8 was indicated since
the ortho and meta phenyl carbon T,’s dropped
from ~ 220 msec to ~ 82 msec upon complex
formation (longer 7).

C. 1-13 Peplde

D. ¢ —1-B
-
— -2
:

Ll

L 1
90 80 n 60 5 40 X
pom DOWNFIELD FROM EXTERNAL CHsl

FIGURE 24. (A) The aliphatic region of the '*C
spectrum of the amino-terminal 1-20 peptide of RNase A,
(B,C) the respective aliphatic regions of the 1-15 and 1-13
amino-terminal peptides of RNase A and, (D) the stick
diagram for the three peptides based on the ' *C shifts of
individual amino acids: (A), 0.045 M at pH 5.5, 20.6 h;
(B), 0.035 M at pH 2.0, 15.4 h; and (C), 0.048 M at pH
5.5, 15.4 h. Chemical shifts downfield from external
'*CH,l. (From Freedman, M. H,, Lyerla, J. R, Jr,
Chaiken, I. M., and Cohen, J. S., Carbon-13 nuclear
magnetic resonance studies on selected amino acids,
peptides, and proteins, Eur. J. Biochem, 32, 215, 1973.
With permission.)
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An alternate form of labeling of ribonuclease A
was tried by Nigen et al.,''! who treated the
protein with 60%-enriched (2-'*C) bromoacetate.

g“;. g
25 £
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o 223585 5E 33
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A 1-20 Peptide

—Phe-C2
'_HIS'

~—His-

B. I-15 Peplide

C. I 13 Pephde

?

L I ! I L 1 [
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ppm DOWNFIELD FROM EXTERNAL CHsl

FIGURE 25. (A-C) The aromatic/carbonyl region of the
13C spectra of the 1-20, 1-15, 1-13 amino-terminal
peptides of RNase A and (D) the respective stick diagram
based on amino acid shifts. Chemical shifts downfield
from ' *CH,I. (From Freedman, M. H., Lyerla, J. R,, Ir.,
Chaiken, 1. M., and Cohen, J. S., Carbon-13 nuclear
magnetic resonance studies on selected amino acids,
peptides, and proteins, Eur. J. Biochem., 32, 215, 1973.

With permission.)
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This carboxymethylation resulted in high selective
enrichment (0.85 residue of N6-Cm histidine 119
per molecule) and made possible a chemical shift
assignment and T, value determination. The
a-carbon of histidine 119 was found to have a shift
49.1 ppm downfield from TMS and a T, (in the
adduct) of 29 msec.

Lysozyme seems to be popular as a subject for
'3C nmr studies. Following Lauterbur's cw
study,’ ®¢ Chien and Brandts''? published a '3C
FT spectrum and Freedman et al.' ®° repeated the
work recently (Figures 26 and 27). Although the
13C data are much better resolved than 'H
spectra, it is quite apparent that assignments are
difficult to make. It does seem that there are
distinguishable threonyl -carbons and tyrosyl C-4
ring carbons. Upon reduction, the threonyl
resonances shift and become equivalent. The
sharpening of the resonances in the denatured
lysozyme probably reflects the additional mobility
gained from cleavage of the disulfide bonds in the
native protein and/or elimination of chemical shift
nonequivalence. The enhancement in T, values in
going to denatured forms in other biopolymers
(see below) suggests that correlation time effects
(independent of chemical shift nonequivalence)
are responsible for much of the broadness of the
native species resonance in lysozyme.

As with ribonuclease A, Nigen et al.}!? also
used (2-!3C) bromoacetate to carboxymethylate
cyanoferrimyoglobins of sperm whale and harbor
seal. The treatment yielded adducts with several
histidines, lysines, and glycines in each case. The
spectra showed clear enhancements, which were
identified as the derivatives at the N§ and Ne of
the dicarboxymethylated histidine residues, the
modified NH, terminus, and a glycolate ester.
Also, several monocarboxymethyl histidine deriva-
tives were in evidence. The high enrichment
allowed T, measurements of the dicarboxymethyl-
ated histidine derivatives. The two peaks so identi-
fied had T,’s of 38 and 39 msec, respectively, in
harbor seal myoglobin, and 32 and 34 msec in
sperm whale myoglobin.

Conti and Paci''? presented the first spectra of
the heme globins, those of carboxy-myoglobin and
hemoglobin (Figures 28 and 29). Some general
agreement with composite amino-acid shifts is
seen. '3CO shifts dramatically in going from free
13CO in water to bound '3CO, changes of +24
and +29 ppm for myoglobin and hemoglobin,
respectively. The resultant shift is similar to that
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for Fe(CO)s. Myoglobin exhibits a sharp '3CO
signal, while in hemoglobin the resonance seems to
be split or severely broadened. This observation
was also reported by Moon and Richards''*
although the shifts differ in the two reports. The
latter authors report a single sharp resonance for

A HEW - Lysozyme

i ] | L ! ! !
B. HEW - Lysozyme Fully Reduced

1 L l l 1 | ]
C.

b

90 80 70 60 5% 40 30
ppm DOWNFIELD FROM EXTERNAL CHsl

FIGURE 26. (A) The aliphatic region of the '3C
spectrum of native hens’ egg white lysozyme, (B) the
aliphatic region of fully reduced hens’ egg white
lysozyme, and (C) the respective stick diagram based on
the amino-acid shifts. 0.007 M at pH 5.5, 15.4 h. (From
Freedman, M. H., Lyerla, J. R., Jr., Chaiken, I. M., and
Cohen, J. S., Carbon-13 nculear magnetic resonance
studies on selected amino acids, peptides, and proteins,
Eur. J. Biochem., 32,215, 1973, With permission.)

the carbon monoxide bound in sperm whale
carboxymyoglobin at 207.7 ppm for pH 6.79 to
7.29. Adult human hemoglobin showed :two
partially overlapping resonances at 206.5 and
206.1 ppm for pH 6.35 to 7.90, while virtually
identical shifts were noted for fetal human hemo-
globin despite the different amino-acid contents.
At pH 6.21 mouse - hemoglobin gives '3CO
resonances at 2064 and 2059 ppm. Rabbit
carboxyhemoglobin has well-separated resonances
at 208.0 and 206.0 ppm for pH 6.94 to 7.38. The
shifts clearly indicate significant differences
between the magnetic environments experienced

AROMATIC AND CARBONYL
REGION OF TRYPTOPHAN

A HEW- Lysazyme

8 HEW-Lysozyme Fully Reduced

1”U A A

1 | | | | 1 il
200 190 180 170 160 IS0 M40 X0

ppm DOWNFIELD FROM EXTERNAL CHsl

c

FIGURE 27. (A) The aromatic/carbonyl region of the
' 3C spectrum of native hens’ egg white lysozyme, (B) the
aromatic/carbonyl region of fully reduced hens’ egg white
lysozyme, and (C) the associated stick diagram based on
amino-acid shifts. The insert in (A) is the spectrum of
tryptophan (pH 0.70), that of the lysozyme pH $5.5.
(From Freedman, M. H., Lyerla, Jr., J. R., Chaiken, I. M.,
and Cohen, J. S., Carbon-13 nuclear magnetic resonance
studies on selected amino acids, peptides and proteins,
Eur. J. Biochem., 32,215, 1973. With permission.)
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4. LEUCINE
8. ISOLEUCINE
C. VALINE
D. ALANINE
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F OLYCINE
| G. LYSINE
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FIGURE 28. '3C spectrum on sperm whale myoglobin. (B) Composite spectrum based on
predicted shifts of amino acids. (From-Conti, F. and Paci, M., Natural abundance ' >C spectra
of proteins: carboxy-myoglobin and hemoglobin, FEBS (Fed. Eur. Biochem. Soc.) Lett., 17,

149, 171. With permission.)

\ M
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FIGURE 29. '3C spectrum of horse hemoglobin. (From
Conti, F. and Paci, M., Natural abundance ' *C spectra of
proteins: carboxy-myoglobin and hemoglobin, FEBS
(Fed. Eur. Biochem. Soc.) Lett., 17, 149, 1971. With
permission.)

by carbon monoxide bound to a or 8 subunits. T,
values were determined to be ~ 0.3 sec for both
resonances in rabbit HbCO at pH 7.0 and 3 mM
concentration. Exposure of rabbit HbCO to
oxygen significantly diminishes the low field
resonance faster than the high field signal, indi-
cating a difference in the a and § subunit oxygen
affinity. Other data indicate that the § subunit
has a higher carbon monoxide affinity, and thus
the lower field resonance probably represents
13CO bound to a subunits of rabbit hemoglobin.

Moon and Richards considered various liganded
hemoglobins in more detail in a later publica-

286 CRC Critical Reviews in Biochemistry

tion.''® They examined human and rabbit

methemoglobin (Hi), cyanomethemoglobin
(HiCN), oxy- (HbO,), carboxy- (HbCO), and
deoxyhemoglobins (Hb), and hemoglobin plus 2,3-
diphosphyoglycerate. Rather than detailed analysis
of each spectrum, differences between spectra
were interpreted mainly in terms of differences in
relative mobility of amino acid side-chains as
reflected in the linewidths and intensities of their
respective carbons. (It should be noted that the
possibility of chemical shift nonequivalence addi-
tion or removal was not considered as a contribu-
ting factor in their analysis.) The main changes in
progressing from human HbO,, to Hi, Hb, and Hb
+ 2,3-P, GIr were a steady decrease in the e-carbon
intensity of the lysine residues, a smaller decrease
in the 8 and v carbons of lysine, and an up to
2-fold increase in the intensity of the alanyl
methyl carbons. Moon and Richards! ! 3 explained
this as a progressive immobilization of the side-
chain lysine residues through formation of salt-
bridges. The increase in the alanyl methyl intensi-
ties was explained as resulting from a decreased T,
value that then permitted a less saturating condi-
tion in view of the short (0.2 sec) acquisition
times. (No T, values were determined, however,
for the alanyl methyls to test this hypothesis.) The
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analogous series for rabbit hemoglobin doesn’t
show quite the same behavior for the e-lysines.
Little change occurs between HbO, and HbCO,
but the greatest effects are seen in going to Hi or
Hb. The v and & carbons of some glutamic acid
residues are visible to the low field of the
carbonyls in rabbit hemoglobin but barely visible,
if indeed present, in the human hemoglobin
spectrum. Moon and Richards''* interpreted this
as resulting from a looser structure for rabbit
hemoglobin and a very immobilized human hemo-
globin rather than from differences in chemical
shift for the glutamic acid residues in the two
proteins. The f-alanyl methyls in the rabbit hemo-
globin were felt to be relatively freer to rotate
since they have the same relative intensity
throughout the rabbit hemoglobin derivatives and
even the acid-denatured form. The human hemo-
globin studies led to estimates that 25% of those
residues free in human HbO, are immobilized
upon deoxygenation vs. 33% for rabbit HbO,.
This difference was then interpreted as suggesting
that deoxygenation of rabbit HbQO, causes

immobilization of one or two more lysine residues
than in the human case. The proposed higher
flexibility of rabbit vs. human Hb was explained in
terms of the rabbit Hb having more amino acids
with larger side-chains and fewer proline groups.
The data on rabbit hemoglobins show much more
similarity within HbO,, HbCO, and HiCN and Hi
or Hb although the conformation of HiCN was
stated to be different from the largely indistin-
guishable conformations of HbCO and HbO,.
Moon and Richards also contend that HbO, and
Hi differ appreciably in solution.

Packer, Sternlicht, and Rabinowitz! !¢ recently
used '3C nmr to probe the electron transport
mechanism in Clostridium acidi urici ferrodoxin.

The '3C resonances of the 2',6"-ring carbons of
both tyrosyl residues of the ferrodoxin are shifted
~ 2.7 ppm downfield in the oxidized protein and
~ 7.3 ppm downfield in the methyl viologen-
reduced protein from the corresponding signals in
free tyrosine. The corresponding 2',6' protons are
unchanged, however, in both oxidized and reduced
forms. The results are consistent with magnetically
equivalent tyrosine residues, close to the two
iron-sulfur clusters. The shifts can be explained by
a pseudocontact (dipole-dipole) interaction if each
tyrosyl residue is specially oriented and 4 to 5 A
from a Fe-S cluster, or a Fermi-contact interaction
operating through electron delocalization. No
special orientation with respect to the Fe-S cluster
is needed in the latter mechanism.

SPIN-LATTICE RELAXATION
IN BIOPOLYMERS

Several references have been made above to
!3C T, measurements. In this section the basic
mechanisms of spin-lattice relaxation as applied to
large molecules will be examined and some con-
crete examples will be considered. A thorough
understanding of T; mechanisms is critical for
proper interpretation, especially for very large
molecules.

A good deal of work has gone into investigating
the mechanisms of '3C spin-lattice relaxation in
the last few years. Representative treatments are
those of Kuhlmann, Grant, and Harris,!'!’
Kuhlmann and Grant,'!'® Sternlicht et al.,B® and
Doddrell, Glushko, and Allerhand.!!®

If molecular reorientation can be described by a
single rotational correlation time 7, the T, of a
carbon-13 bound to one proton can be expressed
in the dipole-dipole mechanism as!!®

1 v a2yt Te . 37¢ . 67¢
Ty 1orey® 1+ (wH-we)re? L+we?red 1+ (wytwe)’ 7’ 4}
and the nuclear Overhauser effect (max 2.988) as''?®
67¢ Tc
T4 1+ (wyrwe)’ 7’ 1+ (wH-wo)' 7’
NOE = 1 + -1 e p py )
'yc + +

1 + (wy-we) 7t

Note that r-, does not appear in the NOE
expression so that nonprotonated as well as

1 + (.,.)Cz 'rc2

1 + (wytwe)?r?

protonated carbons can have the full Overhauser
effect, although T, may be very long.
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For very fast molecular tumbling, 7,<107'°
sec; therefore, wc T, 2<<1 and the above reduce
to

1 hZ,y 27 2 7
— . M NOE=1+_2 =298
T, rcH® 27¢
© M
If 7,5 107® sec, the larger expression for T, must

be used and, furthermore, the NOE drops to
1.153,11 7119 only 15% greater than the intensity
expected from just collapsing the '3C-'H multi-
plets. As 7 increases, T, decreases to a minimum
when wcr ~ 0.8 and then increases with longer
T, . The minimum in T, occurs at 7, ~ 7 x 107°
sec at 14 kg but occurs earlier for 23.5 Kg (5 x
107 sec) and 52 kg (2 x 107? sec). Moreover, the
value of T, at the minimum increases as the
resonance frequency increases, from ~ 0.02 sec at
14 Kg to ~ 0.1 sec at 52 kg. As related above, the
NOE drops off from the maximum 2.988 at short
correlation times to 1.153 atlong 7. This is also a
function of field (or resonance frequency). The
Overhauser enhancement is half gone at

7.=5x 10710 sec at 52 kg, 7,=2x107° sec at
235 kg, and 7,=3x107° sec at 14 kg% Thus
the signal-to- nmse ratio in proton-decoupled '3C
Fourier transform spectra of biopolymers will not
always improve significantly by going to very high
magnetic fields; indeed even allowing the greater
magnetization possible, the S/N could be worse.
There will, however, be an improvement in chemi-
cal shift dispersion and in narrower linewidths! ! ®
(for 1071°<7,<107"). The onset of internal rota-
tion, such as methyl rotation, produces interesting
effects, even if the rotation is too slow to
contribute any spin-rotation relaxation. If a
methyl has an internal rotation that is slower than
overall molecular rotation, it should, by virtue of
having three protons, have a T, one third of a
methine carbon undergoing the same molecular
overall rotation. As the methyl is allowed to spin
faster than the overall molecular rotation, the
dipole-dipole mechanism becomes less effective.
As the methyl approaches being a free rotor, it has
a T; up to three times longer than the methine
carbon.'18:1!'% For small molecules this rela-
tionship allows a probe for rotational freedom in
isotropic tumblers. That is, if a reference carbon
embedded in a molecular framework is used, the
ratio of a methyl T, to the T, of the methine
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reference carbon gives a direct probe for the
methyl freedom of rotation. Now, as the molecule
becomes very large and w7 =1, this relationship
breaks down, and internal rotation can actually
give shorter T,’s than in restricted situations.’!®
Thus, observation of longer T,’s in a biopolymer
spectrum, upon treatment of some sort, can lead
to a prediction of less restriction to internal
rotation. This can be true for cases when weT <l
but can be the reverse, as shown above, for a
biopolymer where w7 >1. The NOE increases
also as internal rotation commences, goes through
a maximum, and decreases as the internal rotation
further accelerates, for values of 7, longer than
107 sec. Again, however, its value drops off
between internal rotation correlation times of
107'° sec and 107® sec (for long 7,) and drops
faster (from 2.988 to 1.153) with increasing field.
The important conclusions to be drawn from these
analyses are that it is very important to know
which side of the T, vs. 7, minimum at which one
is operating (whether “‘extreme narrowing” condi-
tions are satisfied) and thus whether it is
appropriate to interpret linewidth changes (T,) as
reflecting T, changes. (In the extreme narrowing
region T, =T, in normal cases.) It is critical, for as
has been seen, T, observations can have diametric-
ally opposed interpretation depending on 7.

At this point it might be appropriate to spend
some time considering how the T, values are
determined. Virtually all the T, values mentioned
previously have been determined using the
inversion-recovery FT method. Although the
180°-t-90° sequence has its origin in the early days
of nmr, Vold et al. 2° were the first to use the FT
experiment to determine all the T; relaxation
times within a spectrum. The technique basically
consists of using a 180° pulse that nutates the net
magnetization along the field direction, MZ, to an
orientation exactly along the negative field direc-
tion, -M,. If a 90° pulse is immediately applied,
the magnetization will be flipped into the xy
plane, and its precession will induce a time-
dependent signal in the receiver coil. If the field is
homogeneous, the signal will die away slowly; if in-
homogeneous, it will die away quickly. This
time-dependent signal is the free-induction decay
that, when Fourier transformed, gives the high
resolution spectrum. Since the 180° pulse put the
magnetization in the negative field direction, the
signals in the FT spectrum will appear inverted.
For a series of experiments with varying t, a
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different degree of reestablishment of the
magnetization M will occur at a rate governed by
the spin-lattice relaxation times of the individual
lines in the spectrum. Thus, as t becomes longer,
the lines will grow more positive, null, and return
to their full, positive intensities. The function
In (S, _ S;) vs. t has aslope of - T, , where S, is
the normal positive intensity and S, is the intensity
at time t. Figures 30 and 31 show the ordinary FT
spectrum and a series of these 180°-t-90° spectra
at 15 MHz for cholesteryl chloride,! 2! and Figure
32 shows the plotted data for several of the
carbons. The computed T,’s are listed in Figure
33. Note that these are very short relaxation times
relative to what was felt concerning !*C T, ’s for
many years. Even nonprotonated carbons have
T,’s of only a few sec and full NOE. Analogous
data for cortisone acetate taken at 25 MHz are
presented in Figure 34.'%2 Allerhand et al.!?'
also determined the T;’s in sucrose as a function
of concentration in water. Even in going from 0.5
M to 2 M most of the T,’s dropped by a factor of
3 to 4 (longer 7, in the more viscous solutlon)

Using the above equations for wc 2<<1

Allerhand et al.'?! calculated 7_’s of ~1G10

for 1 M cholesterol chloride in CC14 at 15 MHz
and 42 °C, 7x 107'! sec, and 3x107? sec for 0.5

10,22

P 2 27
Boal | s
20| |

23]
. liz"z 1S5|{n
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_lu. ,‘ | Jt.u‘t J‘

FIGURE 30. Structure and ' *C spectrum of cholesterol
chloride, 1 M in CCl, at 15.08 MHz and 42°C. (From
Allerhand, A., Doddrell, D., and Komoroski, R. A,
Natural abundance carbon-13 partially relaxed fourier
transform nuclear magnetic resonance spectra of complex
molecules, J. Chem. Phys., 55, 189, 1971. With per-
mission of the American Institute of Physics.)

|4 179

M and 2 M sucrose in water at42°C. Estimates! ?
of methyl group internal rotation times in
cholesterol and CH,OH side-chain internal rota-
tions in sucrose were <5 x 107'? sec and 9 x
10719 t0 3 x 1070 sec, respectively.
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FIGURE 31. Carbon-13 partially relaxed spectra using
the 180°-7-90° pulse sequence for 1 M cholesterol
chleride in CCl, at 15.08 MHz and 42°C. The numbers
represent 7 in the pulse sequence. Recycle time = 21.7
sec. (From Allerhand, A., Doddrell, D., and Komoroski,
R. A., Natural abundance carbon-13 partially relaxed
fourier transform nuclear magnetic resonance spectra of
complex molecules, J. Chem. Phys., 55, 189, 1971. With
permission of the American Institute of Physics.)
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FIGURE 32. Semilogarithmic plots of the difference
between the intensity of a line in a completely relaxed
spectrum and that line’s intensity after a delay of 7 sec in
the 180°-r-90° pulse sequence vs. the delay time 7 for
C-24 (circles), C-17 (squares), and C-11 (triangles) of 1 M
cholesterol chloride in CCl,, at 15.08 MHz and 42°C.
(From Allerhand, A., Doddrell, D., and Komoroski, R. A.,
Natural abundance carbon-13 partially relaxed fourier
transform nuclear magnetic resonance spectra of complex
molecules, J. Chem. Phys., 55, 189, 1971. With per-
mission of the American Institute of Physics.)
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FIGURE 33. !3C spin-lattice relaxation times, in sec, of
1 M cholesterol chloride in CCl, at 15.08 MHz and 42°C.
(From Allerhand, A., Doddrell, D., and Komoroski, R. A.,
Natural abundance carbon-13 partially relaxed fourier
transform nuclear magnetic resonance spectra of complex
molecules, J. Chem. Phys., 55, 189, 1971. With per-
mission of the American Institute of Physics.)

FIGURE 34. '3C spinlattice relaxation times, in
seconds of cortisone acetate at 25.2 MHz.'?? (From
Freeman, R., private communication. With permission of
Varian Associates.)
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Similar studies'?! on 1 M aqueous AMP again

showed protonatéd carbon relaxation times from
0.11 to 0.19 sec at 15 MHz and 42°C, while the
nonprotonated carbons had T,’s 2.4 to 5.3 sec. As
the molecular size is increased, 7, becomes longer
and comes into a region where the “extreme
narrowing” conditions do not hold. Thus T,’s
might be expected to start increasing with
increasing molecular weight. This is correct, but
before that happens other mechanisms can contri-
bute fluctuating magnetic fields to induce relaxa-
tion. If a large molecule is not rigid but has
considerable flexibility, particularly with regard to
segmental motion, the appropriate 7_ effective for
spin-lattice relaxation is that of segmental motion,
not overall molecular rotation. This was nicely
demonstrated for polystyrene by Allerhand and
Hailstone.!' 23 For molecular weights lower than
2,000, T, is determined by the overall molecular
rotation time. As the molecular weight becomes
>2,000 the segmental motion and overall rotation
are comparable in time. The T,’s at mol wt =
2,100 range from 71 to 180 msec. In going to
10,300 mol wt the T,’s shorten to SO to 99 msec
and stay essentially constant up to mol wt =
860,000. The linewidths (and therefore T,’s) also
remain constant. This constancy in T; and T,
results from the domination of 7_ by segmental
motion having 7 = 6 x 107'%sec at 44°C. The

phenyl ring in polystyrene is capable of internal
rotation so that the ortho and meta carbons could,
in principle, have longer T,’s than the para
carbons. However, the ortho, meta, and para
carbon T, ’s were all essentially equal, and thus the
internal rotations must be appreciably longer than
6x 10710 sec.

Ribonuclease A was the first biopolymer for
which '3C relaxation times were reported.’ >4 In
the native protein (0.019 M at 45°, pH 6.51, and
15 MHz) the carbonyls have T,’s in the range of
400 msec, a-carbons ~ 40 msec, B-carbons ~ 40
msec, rigid side-chains ~ 30 msec, and e-carbons in
lysine ~ 30 msec. The corresponding values in the
acid-denatured protein are ~ 540 msec, ~ 120
msec, ~ 100 msec, not obtained, and ~ 300 msec.
The 180°-t-90° spectra are shown in Figure 35.
Glushko, Lawson, and Gurd'°®® extended the
analysis to include pH dependence for native and
denatured forms of ribonuclease A. They pre-
sented data for T, and calculated effective rota-
tional correlation times (based on the above full
equation) at pH 6.55, 4.14, and 2.12. They also
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FIGURE 35. !'3C spectra of 0.019 M ribonuclease A at
45°, pH 6.53, and 15.08 MHz. Each spectrum is the
result of 16,384 scans with a 1.36 sec recycle (6
h/spectrum). Chemical shifts are in ppm upfield from
external '2CS,. (A) normal FT spectrum, (B to F)
partially relaxed spectra in the 180°-7-90° sequence with
delay times of 336.9, 82.2, 39.8, 18.6, and 7.96 msec,
respectively. (From Allerhand, A., Doddrell, D., Glushko,
V., Cochran, D. W., Wenkert, E., Lawson, P. J., and Gurd,
F. R. N., Conformational and segmental motion of native
and denatured ribonuclease A in solution. Application of
natural abundance carbon-13 partially relaxed fourier
transform nuclear magnetic resonance, J. Am. Chem.
Soc., 93, 544, 1971. With permission of American
Chemical Society.)

examined oxidized ribonuclease at pH 4.34 and
1.40. Selective results were tabulated for identifi-
able residues such as carbons in tyrosine, phenyl-
alanine, histidine, tyrosine, threonine, lysine, and
valine. T;’s from 30 to 295 msec were observed
with values longer at the low pH. The oxidized
ribonuclease had T;’s similar to those of the
acid-denatured form. The lysine side-chain carbons
show interesting behavior, reflecting their rela-
tively free environment. In progressing through the
B, v, &, and € carbons of lysine, at pH 6.55 the
T,’s are 66, 100, 188, and 278 msec, respectively.
At pH 2.12 these change to 93, 121, 151, and 295
msec. The progressive mobility in the lysine
side-chain is clear as is the greater flexibility at low

pH. The a-carbons at pH 6.55 produce a broad
envelope, the maximum of which has a T, of 30
msec. However, at pH 2.12 it splits, and the four
most prominent peaks have T; values of 61, 59,
55, and 67 msec, respectively. In using the above
full equation to calculate 7, from an observed T,
two solutions are possible, one on each side of the
minimum of the T; vs. T, curve. Glushko et al.
reproduced each of these solutions for 7, from
their T; data. In most cases these were different
by at least an order of magnitude in 7.. For
example, for the carbon of threonine at pH 2.12,
values of 7, of 8.7 x 107! and 4.5 x 107 are
possible for a T; of 59 msec. For the more mobile
lysine side-chain, the comparison is even more
disparate, giving 7_ values of 1.6 x 10”7 and 2.3 x
107'° from the 100 msec T, of the y lysine
carbon at pH 6.55. Other measurements of fluores-
cence depolarization give an overall molecular
rotational correlation time of a few tenths of a
nanosecond. Since this value determines an upper
bound on 7, values greater than 107 are un-
reasonable. The 7_ must then be in the “extreme
narrowing” region, and thus T, =T, for most cases.
The observed linewidths are consistent with the
calculated 7.’s of 6 x 107" t0 2.7 x 107 sec.
Some of the T,’s give 7_’s too close to separate on
the basis of the above discussion, e.g., a T, of 35
msec gives 7 solutions of 1.9 x 10™° and 2.4 x
107® sec. It is interesting to note that the crowded
valine and threonine side-chain methyl groups
show 7 values the same as that of the relatively
free alanine methyl, suggesting that methyl rota-
tion controls the T;. The T;’s for the alanine
methyls and backbone methine carbons are in the
ratio of 3:1, a value expected for a methyl rotating
fast compared to the isotropic rotation of the
backbone carbons.

Komoroski and Allerhand'?® have recently
determined T;’s and '3C chemical shifts in un-
fractionated yeast transfer-RNA in the presence of
Mg®** over a temperature range of 27 to 82°C.
Using mononucleotides as guides, chemical shifts
were assigned based on the denatured form at
82°C. Only the 4' carbon of the ribose rings was
shifted appreciably (1.5 ppm) from that in the
mononucleotides. Figure 36 shows spectra of
polyadenylic acid, transfer RNA (unfolded) at
80°C and transfer RNA (folded) at 52°C. The data
in Figure 37 show that the line broadening in
going to the folded form is not due to shorter T,,
since dilution has the same effect, but possibly to
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FIGURE 36. '3C spectra of aqueous nucleic acids at 15.18 MHz (in ppm
upfield from '3CS,): (A) polyadenylic acid, pH 6.92, 59°; (B) unfractionated
tRNA, 80°C; (C) unfractionated tRNA, 52°. (From Komoroski, R. A. and
Allerhand, A., Natural-abundance carbon-13 fourier transform nuclear magnetic
resonance spectra and spin-lattice relaxation times of unfractionated yeast
transfer-RNA, Proc. Natl. Acad. Sci. USA, 69, 1804, 1972. With permission.)

tRNA aggregation. In contrast to the gradual
linewidth behavior, the ribose carbon T,’s were
essentially independent of temperature up to 60°
beyond which they rose rapidly.

Figure 38 illustrates the partially relaxed
spectra at 54°C and 15 MHz. The T, values
allowed calculation of a value of 3 x 1078 sec for
the effective rotational correlation time of the
folded tRNA backbone, while at 80° the unfolded
form has a value of 2.5 x 107'° sec, a value
indicating very rapid segmental motion. The lack
of change in T, in going to 35°C and the severe
broadening can be interpreted as chemical-shift
nonequivalence caused by aggregation. However,
how this is actually accomplished is still unknown.
No internal motion of the bases was indicated.

Specific labeling of a macromolecule was
utilized recently by Browne et al.!26:'%27 where
they specifically enriched the C, (ring) carbon of
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the four histidine residues of tryptophan syn-
thetase a subunit. In addition to the normal '3C
enrichment, they also specifically labeled the !3C
with deuterium. Since the magnetogyric ratios 7
and yp y enter quadratically into the dipole-
dipole contributions to T, and T,, going from H
to yp should result in a much longer T, and
hence, narrower lines. Tryptophan synthetase a
subunit has four histidines, one or more of which
appear to be located at or near the active site. The
protein has a molecular weight of 29,000. The
enriched histidine carbons show up clearly in the
13C spectrum and have a linewidth of 505 Hz
and a measured T; of 0.5 sec. In the absence of
proton decoupling the line remained unsplit,
showing essentially complete deuterium substitu-
tion, and with proton decoupling no NOE was
observed, indicating that probably relaxation via
the deuterium was the only important pathway.
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FIGURE 37. Temperature and concentration depend-
ence of the '3C spectrum of unfractionated tRNA (pH
7.0) at 15.18 MHz. 200 mg/ml of tRNA were used for all
spectra except those marked ‘“‘dilute” which were 80
mg/ml. (From Komoroski, R. A. and Allerthand, A.,
Natural-abundance carbon-13 fourier transform nuclear
magnetic resonance spectra and spin-lattice relaxation
times of unfractionated yeast transfer-RNA, Proc. Natl.
Acad. Sci. USA, 69, 1804, 1972. With permission.)

However, other protonated carbons also gave no
NOE, suggesting very long 7. value for these
carbons. Assuming that the labeled histidine
carbon is only relaxed via dipole-dipole relaxation
with deuterium, an expression for 1/T, similar to
the full equation above predicts a 7_ (using T, =
0.5 sec) of 2.7 x 1078 sec. This value is reasonable
for overall rotational reorientation of a globular
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FIGURE 38. Partially relaxed '®C spectra of unfrac-
tionated tRNA, pH 7.0, at 54°, and 15.18 MHz. NFT
signifies normal fourier transform spectrum. Delay times
(in msec.) are listed adjacent to the partially relaxed
spectra. (From Komoroski, R. A. and Allerhand, A.,
Natural-abundance carbon-13 fourier transform nuclear
magnetic resonance spectra and spin-lattice relaxation
times of unfractionated yeast transfer-RNA, Proc. Natl.
Acad. Sci. USA, 69, 1804, 1972. With permission.)

protein and suggests that the four histidines are
rather restricted in their rotation. In an analysis of
the linewidth of the deuterated carbon-13
resonance, estimates of contributions to 1/7T, of
5 Hz (dipole-dipole) and 15 Hz (scalar coupling)
were made. No other mechanisms were estimated
to have important contributions. Thus the ob-
served resonance likely consisted of four
resonances each approximately 20 Hz in width and
spread over 1 ppm.

CORRINOIDS AND PORPHYRINS

The great importance of metalloporphyrins
such as vitamin By, and chlorophyll in bio-
chemistry has prompted a number of '*C nmr
studies in the last two years. Doddrell and
Allerhand’ ?® have reported '*C FT spectra at 15
MHz of cobinamide dicyanide, vitamin B,,,
dicyanocobalamin, and coenzyme B, , . In addition
to chemical shift comparisons and off-resonance
coherent decoupling, partially relaxed spectra such
as shown in Figure 39 were of aid in assignments.
Figures 40 and 41 show the structure and 25 MHz
FT spectra of vitamin B,,. Almost all the lines
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FIGURE 39. Partially relaxed ' *C spectra of 0.14 M aqueous dicyanocobalamin
(56°C and pH 9.8) at 15.08 MHz (3.1 h/spectrum). The top spectrum is the
normal FT spectrum; the others are partially relaxed spectra with delay times
indicated (in seconds). (From Doddrell, D. and Allerhand, A., Assignments in the
carbon-13 nuclear magnetic resonance spectra of vitamin B, ,, coenzyme B, ,,
and other corrinoids: application of partially relaxed fourier transform
spectroscopy, Proc. Natl. Acad. Sci. USA, 68, 1083, 1971. With permission.)
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FIGURE 40. Structure of vitamin B, , .

were assigned in the 15 MHz spectrum with some
uncertainties. !3C-3!P couplings were also ob-
served and used as assignment aids. The partially
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FIGURE 41. !'3C spectrum of vitamin B,, (82 mg/2.5
ml) at 25.2 MHz (9 hr). (With permission of Varian
Associates.)

relaxed spectra were of considerable use in com-
plex regions of the spectra.

If the amide function on C-17 is simply
replaced by -OH and the cobalt ligand other than
CN replaced by water, there results the subject of
a subsequent study by Doddrell and Allerhand,’*°
aquocyanocobryic acid. This can exist in two
forms by switching the cyano and H, O ligands on
the cobalt and, in fact, shows 60 resolved
resonances (composition C,4Hg7CoN, ; Og) while
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the dicyano analog only has 38 resolved lines.
Isomer shifts of up to 1.3 ppm were observed,
suggesting not only electronic differences but
conformational changes in the corrin ring.

Brown, Katz, and Shemin'3° investigated the
biosynthetic origin of the methyl group on C-1 in
vitamin B,, using (5-'*C)-aminolevulinic acid
(H, NEH; COCH,CH, COOH). This acid had been
previously thought to contribute eight carbons to
the product B;,. The authors observed also seven
resonances in the enriched B, ; spectrum and none
corresponding to the C-1 methyl. The carbons
derived from the (5-!3C)-aminolevulinic acid were
C4, -5, -9, -10, -14, -15, and -16. Their results
allowed unambiguous identifications of these
resonances, something not possible in the earlier
work of Doddrell and Allerhand.!?® In a pair of
closely related studies Scott et al.'3's!'3% ysed

(2-'3C)- and (5-' 3C)-aminolevulinic acid and also -

showed that no C-1 methyl resonance enhance-
ment occurred. The (2-'3C)-aminolevulinic acid
resulted in eight high-field signals, seven
éH;CONHz, and a C-12 methyl, in agreement
with earlier '*C studies. Use of ('3CH;)
methionine did enhance the C-1 methyl resonance
(and thus prove its origin) as well as 6 others (the
C-2, -5, -7, -12 (one), -15, and -17 methyls). The
role of porphobilinogen (PBG)

HO,C \ CO.H
/ s
PBG
H N N .
2 H Prophobilinogen (PBG)

in the biosynthesis of vitamin B,, led Scott et
al.'3? to use C-8 labeled PBG and the corre-
spondingly labeled cyclic tetramer, of PBG, uro-
porphyrinogen. When used - biosynthetically as
precursors these gave identical enhancements in
the product B, , spectrum for the 4 methylenes on
C-3, C-8, C-13 and C-17. The data gave strong
support for the biosynthetic sequence PBG—
uroporphyrinogen —> vitamin B . .

Doddrell and Caughey'?3 used !'*C FT nmr to
probe electron delocalization in the inner 16-
membered porphyrin skeleton. Several model
porphyrins were studied: deuteroporphyrin IX
dimethyl ester, deuteroporphyrin diethyl ester, 2-4
diacetyl deuteroporphyrin IX dimethyl ester, 2-4
dipropionyldeuteroporphyrin I1X dimethy! ester,
mesoporphyrin IX dimethyl ester, and proto-

porphyrin IX diethyl ester. The large ~30 ppm
upfield shift of the meso carbons relative to the
outer ring sp? carbons was interpreted as resulting
from strong resonance effects on the meso carbons
via the inner 16-membered ring with the outer sp?
carbons nearly pure double bonds.

Placing a magnesium ion in the porphyrin ring
leads naturally to chlorophyll on which a few !3C
nmr investigations have been carried out.'34:!35
Katz et al.'* have studied chlorophyll’s aggrega-
tion behavior in nonpolar solvents where the keto
carbonyl function in ring V serves as an axial
donor for the magnesium ion in another chloro-
phyll molecule. By studying the chemical shift of
this keto carbon as a function of the position of
the equilibrium Chl-Chl + 2THF = 2Chl-THF,
they observed an upfield shift with added THF,
progressing from a broad resonance in Chl-Chl,
sharpening, and finally moving to a point 2.42
ppm upfield for the free keto group. They
decomposed the keto carbon shift as having
components due to ring currents (upfield) and
C=0-Mg coordination (downfield). Removal of
aggregation removes the latter effect.

The entire '*C spectrum of chlorophyll has
been reported by Strouse, Kollman, and
Matwiyoff.!35 The availability of 90%-enriched
13C enabled the workers to prepare 90% '3C
chlorophyll in two forms (A and B) differing only
in replacing a methyl by a formyl group. '3C-'3C
couplings were manifest in the spectra and aided in
assignments. Interestingly, an olefinic carbon on
the phytyl side-chain is most affected by aggrega-
tion, strongly shifted, and broadened. Further
work on this may reflect valuable stereochemical
information on the structure of aggregated
chlorophyll.

LIPIDS, LECITHINS, AND MEMBRANES

The hope for direct probing of biological
structures by '3C nmr is now starting to have
some concrete fruition. Cell membranes still are
poorly understood, particularly with regard to
their transport properties. During the last two
years two groups in England have used ! 3C nmr to
investigate the structure and mobility of mem-
branes and membrane models. Oldfield and
Chapman'?¢ and Metcalfe et al.'37 first con-
sidered lecithins, both synthetic dipalmitoyl
lecithins,' 3137 and egg yolk lecithin. The latter
gave broad signals assignable to olefinic,
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methylenic, methyl, and -N'Me; bands. Dipal-
mitoyl lecithin gave sharp lines, however.!36:!37
The -N'Me; signals in egg lecithin were much
narrower than those of the other bands. This was
interpreted as reflecting a greater relative mobility.
Metcalfe et al.!37 also considered sonicated and
unsonicated lecithin. The former gave a spectrum
very similar to dipalmitoyl lecithin, but the latter
was severely broadened (except for the -N'Me;
signal). They suggested that the broadening was
due primarily to chemical shift nonequivalence
rather than shorter T, values. Some preliminary
T, data were also given and expanded upon in a
later paper (see below). In view of the success with
the lecithins, Metcalfe et al.!®? examined human
erythrocyte membranes. The '®C spectrum
showed several broad bands with a few relatively
sharp signals, one of which was assigned to the
-N*(CH3); carbons of the lecithin in the mem-
brane. Subsequently, Levine, Birdsall, Lee, and
Metcalfe'3® published full details concerning
relaxation and temperature dependence measure-
ments on dipalmitoyl lecithin (sonicated) as well
as '*C T, measurements on di-7-fluoropalmitoyl
lecithin and dioleyoyl lecithin. Below 40°C,
sonicated dipalmitoyl lecithin shows only the
-N*Me; signal with very broad resonances from the
fatty acid chains. Above 40°C, resolved resonances
are observed from the fatty acid chains for the
carbonyl carbons (C,), the terminal methyls
(C1¢), and for carbons -2, -3, -14, and -15, in
addition to the main methylene envelope of
carbons -4 to -13. T, values were determined for
sonicated dipalmitoyl lecithin at 52°C in D, O (in
seconds) as

3311 02 23
1.8 0.6 0.1 0.1
CH,CH, CH, (CH,), ,CH, CH, COCH,
1l
0

CH,CH,CH,(CH,), CH,CH,COCH 0.1
1}

0
1] +
H,COPOCH, €H, N(CH;),

0.1 03 03 0.7

The T; values for all the chain carbons are the
average for the two chains, and the T, for C,-C,; 3
(the methylene envelope) is a composite value
calculated from unresolved resonances. The T;’s
decrease with temperature down to the thermal
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transition point, below which they could not be
measured. Introduction of an !°F label does not
appear to significantly affect the bilayer structure
since, aside from the fluorinated carbon, the
carbons have similar shifts and T, values. Placing a
double bond in the C;g chains of dioleyoyl
lecithin not only shifts some of the methylene
resonances but also causes consistent increases in
chain carbon T, values and increases the -N'Me,
T, from 0.70 sec to 1.06 sec. The solvent
dependence of T, was determined for dipalmitoyl
lecithin in D, 0 and CDCl; and compared with the
heterogeneous egg lecithin in CD;OD at 52°C. In
CDCl; lecithin exists as spherical micelles con-
taining 60 to 70 molecules. In general, the T, ’s for
egg lecithin were longer than those of dipalmitoyl
lecithin in CDCly, which were in turn longer than
the T,’sin D, 0.

In an effort to make more specific observations,
Metcalfe et al.'®® studied membranes of
Acholeplasma laidlawii grown in media supple-
mented by 60%-enriched (1-'*C) palmitic acid.
Specific enrichment, it was felt, should allow
direct comparison of the relaxation times of the
enriched nuclei in the intact membranes and in
vesicles of the extracted lipids in bilayers. Specific
carbon observation allowed investigation of the
extent to which the proteins in the membrane
structure influence the mobility of the lipids and
thus provided information concerning these inter-
actions via the lipid T, data. The enriched
membrane gave high enhancement of the carboxyl
resonance relative to the (CH,)  resonance at
natural abundance, an overall incorporation of
24% of the enriched palmitic acid. Two non-
equivalent side-chain carboxyls were observed as
well as an unassigned, additional, partially resolved
resonance to high-field of the doublet. Again no
resonances were observable below 40°C. The
carboxyl resonance had a linewidth of 130 Hz at
55% for the intact membrane vs. 40 Hz in the
sonicated vesicles of the membrane lipid. The
experiments clearly point out the feasibility of
making relaxation measurements on defined lipid
resonances in intact membranes.

Keough, Oldfield, Chapman, and Beryon’*°
have very recently reported '3C nmr studies of
unsonicated egg lecithin, egg lecithin-cholesterol
(1:1), and ox-brain sphingomyelin, together with
spectra of chloroplast and mitochondrial mem-
branes and erythrocyte ghosts. Addition of
cholesterol severely broadens most of the egg
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lecithin resonances, interpreted as resulting from
restricted motion and less efficient time-averaging
of the '3C-'H dipole interactions. The olefinic
oleoyl residues’ linewidths changed from 71£15
Hz to 161+25 Hz upon addition of equimolar
cholesterol. The cholesterol is apparently so
immobilized that it gives no resolved resonances.
The sphingomyelin gave a significantly more
resolved spectrum than the egg lecithin or egg
lecithin-cholesterol, except for the olefinic carbon
(relative to egg lecithin), which was broader. This
was expected since the double bonds in sphingo-
myelin are predominantly located in the sphingo-
sine residue, near the polar/apolar interface,
whereas in the egg lecithin they are ~ 9 carbons
along the acyl chain in the bilayer and are hence
more mobile. Very good resolution was obtained
on rat liver mitochondrial membranes while the
erythrocyte ghosts gave much broader resonances.
A mitochondrial membrane spectrum was cal-
culated from known amino acid and lipid compo-
sition. The comparison with the experimental
spectrum was good in regard to the lipids, but the
protein resonances did not appear in the expected
relative intensity. This was interpreted as reflecting
fairly immobilized proteins, embedded in the more
mobile lipid bilayer. These pioneering investiga-
tions are sure to prod significant future activity in
the study of intact biomembranes. There are
inherent dangers, however, which must be con-
sidered, particularly in the interpretation of line-
widths. Relaxation measurements must be per-
formed, preferably on specifically enriched
molecules, to unambiguously separate changes in
T, from changes in linewidth resulting from a
different pattern of chemical shift nonequivalence.

THE FUTURE

The foregoing details the remarkable progress
made in the use of !>C nmr in biochemistry and

biology in the last few years. The rate of growth is
sure to be exponential in the near future as
instrumentation becomes available to a wider
circle of users. Technical improvements will lower
the sensitivity boundaries so that milligram and
submilligram quantities of compounds are analyz-
able. Improved design and larger sample tubes will
make possible the study of slightly soluble com-
pounds and macromolecules. Figure 42 shows
spectra obtained in 20-mm tubes where a single
carbon in a macromolecule containing 613 carbons
is observable. The numbered carbons 1 to 22 are
nonprotonated carbons only, out of 28 non-
protonated aromatic carbons in lysozyme. Of
course, 40 hr was necessary to achieve this
signal-to-noise. Future improvements will un-
doubtedly reduce this time to a more manageable
period. For small to intermediate size molecules or
very large molecules capable of segmental motion,
superconducting fields will gain at least a factor of
two in signal-to-noise ratio. The ready availability
and dropping costs of '*C, ?H, and '*N are
making specific enrichment or ‘“‘tagging” more
practical. As data systems drop in cost and rise in
capability, entirely automated disk systems will
become more widely available, allowing the
accumulation of, for example, 32,000 word trans-
forms, adaptive T, and T, programs for automatic
relaxation time determination, ‘‘stringing to-
gether” of T,, off-resonance, selective, and gated
decoupling experiments, and Overhauser effect
determinations. We are indeed only beginning.

Addendum

Since the completion of this review, several
additional papers have appeared and others,
previously missed, have been noted. In the interest
of completeness these have been included in the
reference list beginning with Reference 142 and
are grouped according to area.
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FIGURE 42. '*C spectrum of native hens’ egg white lysozyme: (A) Full spectrum (ppm upfield from '3CS,) at 15.18
MHz in a 20-mm tube, 12 hr accumulation time; (B) 40 hr accumulation of the unsaturated carbon region; (C) structure of
amino-acid residues with quantity represented in lysozyme shown in parentheses. (From Allerhand, A., Childers, R. F.,
Goodman, R. A., Oldfield, E., and Ysern, X., Increased sensitivity in ' *C FT using 20-mm sample tubes, Am. Lab., 4, 19,
1972. With permission.)
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