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Abstract: Two specimens of ['3C]cholesterol, one biosynthesized from [5-!3C]mevalonate and the other from [37,4-13C;]meva-
lonate, were examined by Fourier transform !3C NMR spectroscopy. The observations confirmed the biochemically predict-
able positions of 13C labels in cholesterol and provided also an unambiguous proof of the assignments of the !3C resonances for
16 of the 27 carbon atoms in the 13C NMR spectrum of cholesterol. New and additional evidence is provided for a 1:2 methyl
shift, from position 14 to 13, during the cyclization of squalene oxide to lanosterol. The stereochemistry of the reduction of the
24(25) double bond in the side chain of lanosterol (or of desmosterol), determined by others, and the magnetic nonequivalence
of C-26 and C-27 in cholesterol led to the assignment of the resonance at 22.9 ppm downfield from the reference to C-27 (de-
rived from C-3’ of mevalonate), the pro-(.S)-methyl group attached to C-25. The resonance of C-26, the pro-(R)-methyl group
attached to C-25, originating from C-2 of mevalonate, is at 22.7 ppm downfield from the reference. One-bond (sp?) and triple-

bond (vicinal) 3C-13C coupling constants are also reported.

During the earliest explorations of cholesterol biosynthe-
sis in the 1950’s the time-consuming carbon-by-carbon deg-
radations of cholesterol? or squalene biosynthesized from
['4C]acetates’ or ['4C]mevalonate3®< were the only means
available to establish overall biosynthetic pathways. The
availability of '3C NMR would reduce today similar studies
to a few weeks instead of the years of effort needed earlier.

The intermediary steps in the biosynthesis of cholesterol
starting from acetyl-CoA are well known and the positions of
the two carbon atoms of acetate in the sterol have been com-
pletely mapped.2 When, after the discovery of mevalonic acid
as an intermediate in sterol biosynthesis by Tavormina et al.,*
Cornforth et al.3 determined the distribution of mevalonate
carbons in squalene, they also predicted the probable distri-
bution of the carbon atoms of this intermediate in lanosterol
and cholesterol. Isler et al.5 have shown that C-2 of mevalonate
was found at C-7, C-22, and at either C-26 or C-27 of choles-
terol, in accord with the prediction.

Although the distribution of the carbon atoms of mevalonate
in cholesterol has been determined for only a few positions, the
total pattern cannot be in doubt because (a) of the established
pattern of acetate carbons in cholesterol; (b) of the known
biosynthesis of mevalonate from acetyl-CoA through 3-hy-
droxy-3-methylglutaryl-CoA; (c) of the well-documented
biosynthesis of squalene from mevalonate; and (d) because the
principal postulates of the “biogenetic isoprene rule”, per-
taining to the cyclization of squalene (2,3-dioxide) to lano-
sterol, formulated on theoretical grounds by Eschenmoser et
al. %% following the proposals of Woodward and Bloch,52 have
been proved also. The “biogenetic isoprene rule” requires—
among other things—two 1:2 methyl migrations during the
cyclization of squalene to lanosterol: one from C-14 to C-13

and the other from C-8 to C-14. The first of these was proved
by Cornforth et al.” with the aid of [3’,4-13C,]mevalonate and
the second by Maudgal et al.® with the aid of a synthetic all-
trans ['3C]squalene. The first of these methyl migrations is of
particular interest because it occurs within one specific iso-
prenoid unit of squalene and results in two '3C atoms being
bonded together (C-18/C-13) in cholesterol when [3/,4-
13C,]mevalonate, diluted with unlabeled mevalonate, is the
starting substrate.’

We have examined by '3C NMR two specimens of choles-
terol, one biosynthesized from [5-'C]- and the other from
[3/,4-13C;]mevalonate. The spectra obtained confirmed the
expected distribution of excess '3C in cholesterol and provided
an independent check on the assignments of the 13C resonances
in cholesterol as well as values of certain '3C-'3C coupling
constants.

The assignments of the resonances in the '3C NMR spec-
trum of cholesterol were originally made by Reich et al.® and
confirmed by Mantsch and Smith,'? but the resonances of
C-12, C-16, and C-20 were only tentatively assigned. Subse-
quent work!'!-12 showed that the original assignments of the
resonances of C-12 and C-16 should be reversed.'3 The '3C
NMR spectra of biosynthetic ['3C]cholesterols provided an
independent confirmation of the revised assignments.

Experimental Section

[13CYCholesterols. Two specimens of [!3C]cholesterol were obtained
by biosynthesis in vivo in 14-day-old rats (about 20-g body weight)
injected over 2 days subcutaneously with four nearly equally spaced
doses of [13C]mevalonates (see below), 1 umol/g of body weight at
each injection. The animals were killed 16 h after the last dose and
the cholesterol was prepared from the carcasses and organs (excepting
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the stomach, brain, and spinal cord).!4 The tissues were first hydro-
lyzed with 40% KOH at 70 °C for 2 h; the hydrolysates were then
diluted with ethanol to a concentration of 50% ethanol. The unsa-
ponifiable lipids were extracted with petroleum ether (bp 40-60 °C)
and were fractionated into squalene and sterols by chromatography
on alumina.!? Cholesterol was purified by four crystallizations from
ethanol. None of the analytical methods used (thin-layer chroma-
tography, gas-liquid chromatography, gas-liquid radiochromato-
graphy, mass spectrometry, and NMR) gave any suggestion of the
presence of impurities in the specimens analyzed. If such were present
they were below the sensitivity of the detecting powers of our instru-
ments.

The specimen to be referred to as [!3Cg]cholesterol came from three
animals injected with (RS)-[5-13C,5-14C]mevalonate (specific activity
0.18 Ci/mol); 45 mg was available for analysis. According to mass
spectrometry the specimen consisted of cholesterol with the natural
abundance of 13C (98.66%) and of !3C-enriched molecules (1.34%),
among which the '3Cs molecules (0.425%) and the !3Cg¢ molecules
(0.642%) predominated. [!3C;]Cholesterol was just detectable
(0.06%); the abundance of 13C4 molecules was 0.213%. A similar
pattern of enrichment was found also in squalene. The specimen to
be referred to as [!3Cg]cholesterol was obtained from five animals
injected with (RS)-[3’,4-13C,,5-14C]mevalonate (specific activity 241
©Ci/mmol); 107 mg was available for analysis. Mass spectrometry
showed the specimen to consist of cholesterol with the natural abun-
dance of 13C (92.7%) and of 13C-enriched molecules (7.6%) among
which the di- to hexa-!3C molecules predominated, although in spectra
of high intensity even [13C ¢]cholesterol was detectable.

[5-13C]Mevalonolactone. This was synthesized from 4,4-di-
methoxybutan-2-one and methyl bromo[l-!3Clacetate (Merck,
Canada) by an improvement'6 of a method described originally for
the synthesis of [4-!4C]mevalonolactone.’

According to mass spectral and '3C NMR analysis 90% of the
molecules in the preparation contained !3C at C-5. [5-14C]Mevalo-
nolactone was added to a portion of the !3C-labeled specimen to a
specific activity of 180 uCi/mmol. This addition reduced the '3C
abundance of the specimen to 88.9%.

[3’,4-13C3]Mevalonolactone.!” This specimen was obtained from
the mother liquor of a preparation, synthesized in 1957 for the study
of methyl migration during the cyclization of squalene (squalene
2,3-dioxide) to sterol.”-!8 We added to the dark brown residue (68.5
mg) of this mother liquor 8.9 umol of [5-1“C]mevalonolactone
(Schwartz-Mann; specific activity 11.2 Ci/mol) and purified the
mixture by liquid-liquid partition chromatography, as described!?
on a Celite-H,SO4 column (20 g of Celite + 16 ml of 0.5 N H,SOy,
stationary phase) eluted with CHCl; equilibrated with 0.5 N H2SO,.
All colored material was eluted from the column in the first 40 m] of
effluent which contained no '4C. All the radioactive material was
eluted from the column between 132 and 228 ml of effluent. These
fractions were pooled and the solvent was evaporated off; the residue,
a colorless oil, 55 mg, was assayed (after opening of the lactone ring
with KOH) with mevalonate kinase?C and shown to contain 208.5
umol of {R)-mevalonate. Radioactive analysis of the lactone in a
Packard Tri-Carb scintillation spectrometer gave a specific activity
of 241 pCi/mmol. Mass spectrometric analysis of the purified lactone
showed it to contain 24.2% of [3’,4-13C;]- and 23.7% each of [3’-13C,]-
and [4-13C ]mevalonolactone and 28.4% of nonisotopic species. These
values are very close to those reported previously” and which were
calculated from the 13C content of the [2-!3C]acetic acid used for the
synthesis of the lactone.

Spectrometry. Mass spectra were taken with an MS-902 mass
spectrometer (A.E.I, Ltd., Manchester, England). For determination
of isotopic abundances in the various substances, the molecular ion
regions were scanned slowly with wide collector slits so as to obtain
broad flat tops for each recorded ion beam. The isotopic abundances
were calculated from ten scans.

The 13C NMR spectra were measured on a Varian CFT-20 spec-
trometer at a frequency of 20 MHz. The samples were examined in
CDCl; solutions in 8-mm tubes. The spectra are Fourier transforms
carried out on accumulations of 50 000-75 000 transients. Time delays
of from 1 to 2 s and 90 °C pulses were used.

Cholesterol exhibited the following chemical shifts in chloroform
solution containing tetramethylsilane as a reference (shifts are given
in parts per million downfield from the reference line): C-1, 37.6; C-2,
32.0; C-3,72.1; C-4,42.6; C-5, 141.1, C-6, 122.0; C-7, 32.2, C-8, 32.2;
C-9, 50.5; C-10,36.8; C-11,21.4; C-12,40.1; C-13, 42.6; C-14, 57.1;

C-15, 24.6; C-16, 28.5; C-17, 56.5; C-18, 12.0; C-19, 19.6; C-20, 36.1;
C-21, 18.9; C-22, 36.5; C-23, 24.2; C-24, 39.8; C-25, 28.3; C-26, 22.7;
C-27, 22.9. These shifts are close to those reported for cholesterol in
other solvents.!!:13 The intensities of the resonances of the labeled
cholesterols were compared with those of unlabeled cholesterol ob-
tained under the same instrumental conditions and at concentrations
identical with those used in the analysis of the labeled specimens.

Results and Discussion

It is pertinent to examine the nature and extent of the la-
beling expected in the two cholesterol samples. Since the
steady-state concentration of mevalonate in the rats should be
low,2! the injected labeled mevalonates were not expected to
be diluted much by endogenous substrate particularly as ad-
ministered mevalonate, in doses that were given (1 umol/g at
each injection), inhibits endogenous synthesis of this inter-
mediate.22 Thus, the only significant dilution of the cholesterol
newly synthesized from the [!3cOmevalonates was probably
by the preexisting cholesterol possessing '3C only in natural
abundance. Although the excess '3C content of the isolated
cholesterol samples was relatively low (see Experimental
Section), 13C-'3C couplings could be observed because of the
high '3C content of the newly synthesized fraction of the total
cholesterol sample.

The route of incorporation of '3C from the mevalonates is
shown in Scheme I. The cholesterol obtained from [5-'3C]-

Scheme 1. Overall Path of Cholesterol Biosynthesis from
Mevalonate?
o]
CH3z OH
’ 1 2

HO,C~ X CH0H —> L B, 0pp

HO” HO

aPositions in squalene, lanosterol, and cholesterol derived from
C-5 of mevalonate are marked with closed circles and those from
C-3' and -4 are marked with open circles. The broken lines in the
formula of squalene show the isoprenoid units derived from
individual mevalonate molecules.

mevalonate should be labeled at six positions, namely, 2, 6, 11,
12, 16, and 23; this compound will be referred to as ['3Cs]-
cholesterol. The cholesterol obtained from [3’,4-!3C;]meva-
lonate should be labeled at ten positions: 3, 5,9, 13, 17, 18, 19,
21, 24, and 27; it will be referred to as [!3Cyg]cholesterol. Mass
spectrometry on [!3Cg]cholesterol showed that only 1.34% of
the cholesterol molecules contained excess '3C, but 48% of
these molecules had six 13C labels and 32% had five (cf. Ex-
perimental Section). Therefore, most (ca. 80%) of the mole-
cules should have '3C labels at both C-11 and C-12, and one-
bond '3C-13C spin coupling should be easily detected in the
I3C NMR spectrum. Triply labeled molecules, e.g., with '3C
at C-11, C-12, and C-16, should occur in substantial amounts
(ca. 70%) and should give rise to a three-bond (vicinal)
13C-13C spin coupling, as well as to the one-bond coupling.
The proton-decoupled '3C NMR spectrum of ['3C¢]cho-
lesterol (see Figure 1 for the high-field region of the spectrum)
shows that carbons 2, 11, 12, 16, and 23 contain about twice
as much !3C, per position, as do the other carbons, as expected.
This was also true for C-6 whose resonance is further downfield
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Figure 1. Upfield portion of the proton-decoupled 20-MHz '*C NMR spectrum of [!3Cq]cholesterol.

C-12 Cc-16 c-11

J=33Hz
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J=4Hz J=4Hz J=4 Hz
Figure 2. Diagrammatic representation of the C-11, C-12, and C-16
resonances in the spectrum of ['3Ce]cholesterol in those molecules that
are labeled at each of these three positions.

from those shown in Figure 1. The labeling at C-2, C-6, and
C-23 leads to a simple increase in the intensities of these res-
onances. The situation is more complex at the other labeled
positions, because of the presence of spin coupling. The C-11
resonance is seen as a single line in the center of a doublet, in-
dicated by arrows in Figure 1. The single line is slightly more
intense than would be expected from the natural abundance
of 13C, and this reflects the small proportion of labeled mole-
cules which have a '3C at C-11 and a '2C at C-12. The doublet,
whose total intensity indicates about 1% '3C labeling at C-11,
arises from molecules having '3C atoms at both positions 11
and 12. It is not expected that C-11 will show observable
couplings to any other labeled atoms. The splitting (33 Hz) of
the C-11 doublet is equal to the coupling constant ('J,,.,2) and
its value is typical of directly bonded sp? carbons.23 The !3C
signal of C-12 is similar to that of C-11 in showing a central
line flanked by two satellites (J ~ 33 Hz), shown by arrows in
Figure 1. In this case, each satellite is not a singlet but a nar-
rowly spaced doublet (3J)2,16 & 4 Hz). The extra splitting
comes from a vicinal coupling to C-16 and can only arise from
triply labeled molecules. Doubly labeled molecules at C-11 and
-12 alone would not exhibit the extra coupling and must be
present only to a small extent. Finally, the resonance of C-16,
upon careful examination, can be seen to be a single central line
whose lower part is abnormally wide because it actually con-
tains an unresolved doublet (J ~ 4 Hz) from coupling to C-12.
The value of 3J),,16 is that expected for a vicinal coupling be-
tween two sp*-hybridized '3C atoms bonded in an arrangement
having a dihedral angle close to 180°,2° as is indeed the case
in cholesterol. Gauche arrangements, i.e., dihedral angles of
+60°, lead to very small coupling constants (1-2 Hz).26

A schematic drawing of the resonances of cholesterol triply
labeled at C-11, C-12, and C-16 is shown in Figure 2. The
vicinal coupling (3J)3,16) should be equally evident in the res-
onances of C-12 and C-16 for cholesterol that is labeled only
at C-12 and C-16 or is completely labeled at positions 11, 12,
and 16, as can be seen from Figure 2. The presence of a large
amount of cholesterol with the natural abundance of '3C (i.e.,
effectively singly labeled molecules) makes the observation,
and especially the measurement of 3J |, 6, difficult when the
resonance of C-16 is examined. For C-12, however, the large
one-bond coupling to C-11 shifts the doublet resulting from
3J)2.16 away from the large central peak of cholesterol con-
taining '3C in natural abundance and thus allows a very easy
measurement of the vicinal coupling constant.

The assignments of the C-12 and C-16 resonances given in
Figure 1 follow unambiguously from the coupling pattern of
C-11,C-12, and C-16 and are in agreement with the revisions
recently made.!!/2

Mass spectrometry on the ['3Cjg]cholesterol, which was
derived from [3/,4-13C,]mevalonate, showed that 7.7% of the
molecules in it were labeled and that the main labeled species
contained two to six atoms of '3C (see Experimental Section).
The relatively small number of !3C atoms in this specimen of
cholesterol is accountable by the low isotope content of the
[3/,4-13C,]mevalonate?* (cf. also Experimental Section).

From the mass spectrometric data on the ['3Co]cholesterol,
and its mevalonate precursor, it is possible to calculate that the
probability of any two positions being labeled in the same
molecule of cholesterol is about 24% if the two labeled positions
originated from the same mevalonate molecule, but only about
6% if they came from different mevalonate molecules, provided
that the injected mevalonate was not diluted significantly by
endogenous substrate. This argument applies specifically to
the following pairs of carbon atoms of cholesterol: (C-5 +
C-19); (C-17 + C-21); (C-27 + C-24); and (C-13 + C-18).
The last pair is of particular interest as it was shown’ that C-18
arrives at C-13 by a 1:2 methyl migration within a specific
isoprenoid unit of squalene. Thus when this isoprenoid unit is
derived from the doubly labeled component of the [3’,4-
13C,]mevalonate specimen, both C-13 and C-18 should be
labeled and give an observable AX quartet. If C-18 had arrived
at C-13 by a 1:3 migration from position 8, rather than from
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Figure 3. Upficld portion of the proton-decoupled 20-MHz 13C NMR spectrum of ['3Co]cholesterol.

position 14 by 1:2 migration, the AX quartet would be too weak
to be observed (see Scheme I).

Figure 3 shows the high-field region of the proton-decoupled
13C NMR spectrum of ['3C)g]cholesterol. The resonances of
C-3, C-5, and C-6, although observed, are not shown in this
expanded spectrum. From peak intensities, !3C labels were
found definitely at positions 3, 5,9, 17, 18,19, 21, 24, and 27.
Position 13 is also almost certainly labeled, but an overlap of
the resonances of C-13 and C-4 prevents a firm conclusion.25
All the resonances, except those of C-13,C-17,and C-18, are
observed as single lines. Actually, most of the labeled positions,
e.g., C-18. should show geminal '3C-13C couplings, but the
small abundance of molecules doubly labeled at two specific
sites, combined with the small value expected for 27,26 prevents
any splitting from being seen at the base of the peaks. For C-13,
C-17, and C-18, relatively large one-bond couplings are ex-
pected, and, indeed, satellites ('J)3.15 ~ 35 Hz) are clearly
visible on the sides of the central peak of the C-18 resonance.
The sum of the intensities of these satellites is clearly in much
better agreement with a 1:2, than with a 1:3 methyl-shift
mechanism. [t needs to be emphasized that a distinction be-
tween a 1:2 and 1:3 methyl migration, in respect of the origin
of C-18 of cholesterol, could be made only by the use of a
specimen of [3’,4-'3C,]mevalonate that was diluted with un-
labeled mevalonate. In the ideal experiment a specimen of pure
[3’,4-13C,]mevalonate, i.e., fully labeled at both positions,
diluted with an equal amount of unlabeled mevalonate, should
be used.” The statistical arguments presented by Cornforth et
al.” apply equally well to methods of analysis by chemical
degradation or by C NMR. If pure [3",4-'3C,]mevalonate
had been used in the experiment, there would have been an
equal chance of C-13 and C-18 being equally labeled with '°C
whether C-18 arrived at C-13 by a 1:3 migration from C-8 or
by a 1:2 migration from C-14.

Satellites are also visible on the sides of the C-13 peak but
are less intense than those around the C-18 peak. Although the
signal-to-noise ratios for the satellites are poor, it is probable
that the low intensity arises in part because C-13 is also coupled
to C-17. The probability of '3C atoms being at both 13 and 17
is not large, as the labels arise from different mevalonate
molecules, but the coupling should reduce the intensities of the
C-13 satellites marked with arrows in Figure 3 by 25%. The
lost intensity should appear as satellites to the satellites, but
the multiple splittings lead to unobservable peaks.

In the case of C-17, a very low intensity satellite can barely
be seen on the high-field region of the central resonance of this
carbon; the low-field satellite is unfortunately obscured by the

C-14 peak. The satellite intensity is of course expected to be
very low because the splitting is caused by 'J|3,/7 and, as dis-
cussed previously, the labels at C-13 and -17 originate from
different mevalonate residues. From the mass spectrometric
data, the satellites of C-17 should be four times weaker than
those of C-18, and this is certainly not inconsistent with the
observed '3C spectrum.

Comparison of the spectra of the ['3C¢]- and ['3C)o]cho-
lesterol shows also that of the two positions marked 26 and 27
the latter was enriched with '3C in the specimen of ['3C ]
cholesterol. C-26 and C-27 of cholesterol correspond to the
terminal methyl groups at one end of squalene and are derived
ultimately from the methyl groups of 3,3-dimethylallyl pyro-
phosphate. These methyl groups have different origins: the
(Z)-methyl group is derived from C-3’ of mevalonate and the
(E)-methyl group is furnished by C-2 of mevalonate (see
Scheme I). In the side chain of lanosterol, or desmosterol,
which contains the 24(25) double bond, C-26 (E) and C-27
(Z) correspond, respectively, to the (£)- and (Z)-methyl
groups of 3,3-dimethylallyl pyrophosphate (Scheme 1I). In the

Scheme II. Stereochemistry of the Reduction of the 24(25) Double
Bond in Lanosterol or Desmosterold

; AP
G (C-2 of _C_LCHs (pro-R)
\CH{C\(I?/ZSS mevalonate)  CHj \(l:’ 26> P
73 (C-3 of & (pro-5)
mevalonate )

2The new hydrogen atoms introduced are marked with circles.

side chain of cholesterol the origins of C-26 and C-27 could not
be distinguished unless the stereochemistry of the reduction
of the 24(25) double bond were known. Caspi and his col-
leagues?’ have deduced that in the reduction of the 24(25)
double bond both hydrogens were added to the re face of the
double bond, equivalent to the cis addition of the hydride ion
to C-25 from a pyridine nucleotide and of a proton to C-24. It
follows, since C-25 in cholesterol is a prochiral center, that
C-26 and C-27 of lanosterol (or of desmosterol) become, re-
spectively, the pro-R (C-26) and the pro-S (C-27) methyl
groups in the side chain of cholesterol (Scheme II). Thus we
can firmly assign the resonance at 22.9 ppm downfield from
tetramethylsilane to the pro-S (C-27) methyl group of cho-
lesterol. The assignments of the resonances of C-26 and C-27
have been made, so far, arbitrarily, but they happen, acci-
dentally, to be correct. The magnetic nonequivalence of C-26
and -27 of cholesterol is shared by their enzymic inequality
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also. For example, Mycobacterium smegmatis, which converts
cholesterol into 26-hydroxycholest-4-en-3-one, hydroxylates
specifically the methyl group on the side chain of cholesterol
that is derived from C-2 of mevalonate and confers the S
configuration on C-25.27 It may be recalled that the enzymic
nonequivalence of the terminal methyl groups of squalene was
inferred at the time of the first chemical degradation of
squalene biosynthesized from [2-!“C]mevalonate,3® although
the chemical degradation could not, of course, distinguish
between these methyl groups, just as in the degradation of
cholesterol biosynthesized from [2-!'4C]mevalonate it could
not bg decided whether C-26 or -27 (or both) carried the
label.

We propose, for purposes of nomenclature, that the pro-
(R)-methyl group at C-25 and derived from C-2 of mevalonate
be numbered 26 and the pro-(S)-methyl group, derived from
C-3’ of mevalonate, be numbered 27.

In summary, the combined mass spectrometric and '3C
NMR data on two different '3C-labeled cholesterols obtained
by biosynthesis from mevalonate reveal in a simple way the
incorporation pattern, including the interesting 1:2 methyl
shift, and confirm the revised assignments of the '3C reso-
nances in cholesterol. The easy detection of '3C-13C spin
couplings despite the low overall '3C enrichment of the cho-
lesterol obtained in the experiments with a monolabeled pre-
cursor is completely understandable, since the highly labeled
[5-'3C]mevalonate gave a high proportion of molecules labeled
at C-11,-12,and -16 in the newly synthesized cholesterol, even
though the percentage of these newly synthesized molecules
in the specimen examined was low. Usually, the observation
of 13C-13C spin coupling requires that highly enriched dila-
beled precursors be used or that a very high incorporation of
a monolabeled precursor take place.?8
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