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Theorigin of hydrogen atomsduring fatty acid biosynthesis in
Fusarium lateritium has been quantified by isotope tracking
close to natural abundance. Methyl linoleate was isolated from
F. lateritium grown innatural abundancemediumor inmedium
slightly enriched with labeled water, glucose, or acetate, and the
2H incorporation was determined by quantitative 2H-{1H} NMR
in isotropic and chiral oriented solvents. Thus, the individual
(2H/1H)i ratio at each pro-R and pro-S hydrogen position of the
CH2 groups along the chain can be analyzed. These values allow
the isotope redistribution coefficients (aij) that characterize the
specific source of each hydrogen atom to be related to the non-
exchangeable hydrogen atoms in glucose and to the medium
water. In turn, these can be related to the stereoselectivity that
operates during the introduction or removal of hydrogens along
the fatty acid chain. First, at evenCH2 the pro-Shydrogen comes
only from water by protonation, whereas the pro-R hydrogen is
introduced partly via acetate but principally from water. Sec-
ond, the nonexchangeable hydrogens of glucose (positions
H-6,6 and H-1) are shown to be introduced to the odd CH2 via
theNAD(P)Hpool used by both reductases involved in the elon-
gation steps of the fatty acid chain. Third, it is proved that
hydrogens removed at sites 9,10 and 12,13 during desaturation
by �9- and �12-desaturases are pro-R, and that during these
desaturation steps �-secondary kinetic isotope effects occur at
the 9 and 12 positions and not at the 10 and 13 positions.

Fatty acids are ubiquitous natural products involved in many
key biological processes, including acting as components ofmem-
branes, as lipophilic modifiers, as fuel stores, and as precursors of
intracellularmessengers (1–3).Theirbiosynthesis,which is strictly
conserved throughout higher organisms, can be separated into
twopartsas follows: the formationof thebasicC16unit,palmitoyl-
CoA (C16:1), by the fatty-acid synthase complex (FAS)2 and the

subsequent modification of this chain by a range of elongases,
desaturases, conjugases, hydroxylases, and epoxidases. Many of
these steps involve stereoselective enzymatic reactions during
which hydrogen atoms are inserted or eliminated.
We have previously shown that this process leads to a distri-

bution of 2H in long chain fatty acids that is nonstatistical (4–7).
Thus, isotopic fractionation is seen to be introduced. Two fea-
tures general to all organisms so far examined can be noted.
First, the methylenic groups at even positions tend to be richer
than those at odd positions. Second, one of the ethylenic groups
present at the positions of desaturation is consistently impov-
erished relative to themethylenic sites, whereas the other is not.
Thus, each hydrogen atom in the final product will have a

(2H/1H) ratio that is representative of its initial origin, its pas-
sage through the FAS elongation steps, and its potential partic-
ipation in post-elongationmodification of the chain. To date, it
has proved possible to explain part of the observed (2H/1H)
ratios on the basis of the described mechanisms and measured
isotope effects of the enzymes involved in these reactions. In
this way, it has been shown that the hydrogens at odd positions
are essentially derived from NAD(P)H (8, 9), whereas those at
even positions are derived in a very variable ratio from acetate
and water (10–12) (Fig. 1). Similarly, it has been demonstrated
that it is the pro-S position that is retained during desaturation
(12–14). However, to understand the relative impact of these
different causes on the observed distribution patterns of 2H in
natural fatty acids, it is necessary to define the quantitative links
between different hydrogen positions in the fatty acid and those
in the carbohydrate substrates or water from which these have
been introduced. Only then will it be possible to elucidate the
relative importance of each of the characteristics that have been
individually described, i.e. substrate, hydrogen elimination
reactions, and hydrogen addition reactions, in defining the
(2H/1H) ratios observed in the final product.
The distribution pattern of 2H in a product can be accessed

directly by quantitative 2H-{1H}NMR in isotropicmedia at nat-
ural abundance or at a level of enrichment in 2H too low to
induce any significant isotope effect (typically 2–5-fold is used).
The links between these values measured in the product and
those for the various available origins of hydrogen can then be
quantified using a simple linear model, which describes the
amount of hydrogen at each position derived from water and

□S The on-line version of this article (available at http://www.jbc.org) contains
supplemental Figs. SD1–SD4 and Table SD1.
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from each position in the substrate. Hence, the site-specific
isotopic ratio at position i of a product, (2H/1H)i, can be defined
by Equation 1 (15–19),

�2H/1H�i � aim�2H/1H�m � �
j

aij�
2H/1H�j (Eq. 1)

where (2H/1H)m is the isotopic ratio of the medium and
(2H/1H)j is the isotopic ratio at a given site jof the substrate. The
terms aim and aij are the isotope redistribution coefficients that
furnish the quantitative description of these links, reflecting
both the quantity of hydrogen transferred from a given origin
and the associated kinetic isotope effects (KIEs) for a defined set
of biochemical reactions (20, 21). Clearly, for some hydrogen
positions j in the substrate, aij � 0.

Analysis of long chain fatty acids by 2H-{1H} one-dimen-
sionalNMR in isotropicmedia is inadequate for the description
of isotope redistribution coefficients since: (i) not all methylenic
and ethylenic sites are resolved, and (ii) none of the large number
of enantiotopic pro-R/S sites present can be observed (4, 6, 7, 21,
22). Such resolution is essential in interpreting hydrogen-atom
origin, particularly in view of the domination of fatty acid biosyn-
thesis by a series of enantioselective reactions (Fig. 1).
Recently, it has been shown that the application to fatty acids

of two-dimensional 2H NMR in solutes embedded in polypep-
tide chiral liquid crystals effectively overcomes the lack of spec-
tral resolution in isotropic one-dimensional 2H-{1H} NMR,
offering both access to themajority ofmethylenic and ethylenic
sites and the resolution of pro-R and pro-S enantiotopic hydro-
gens (23–25). This has opened the way to an in-depthmeasure-
ment of the natural 2H distribution at the pro-R/S sites of fatty

acids produced in vivo from defined substrates at sufficient res-
olution to relate the observed values to the interplay in vivo
between the causes of variation.
To provide adequate amounts of fatty acids for 2H NMR

analysis under strictly defined environmental conditions, we
have exploited the oleaginous filamentous fungus Fusarium
lateritium, which accumulates fatty acids under conditions of
carbon excess (26). These include �25% linoleic acid (C18:2;
9,22), a particularly pertinent target for this study as it is a key
precursor from which numerous other fatty acids are biosyn-
thesized (27). Thus, cultures can be grown in controlled media
on site-specifically slightly 2H-enriched glucose, slightly
enriched water, or slightly enriched sodium acetate and the 2H
incorporation into different positions of linoleic acid ascer-
tained. Consequently, in contrast to previous studies on fatty
acids extracted from natural sources, the relationship between
substrate and the (2H/1H) ratios observed can be obtained
under directly comparable conditions.
Hence, for the first time, the 2H linkage between a large num-

ber of hydrogen atoms in linoleic acid and its precursors in vivo
can be quantitatively tested and related to the stereospecificity
of the reductases in the FAS complex, hydrogen exchange reac-
tions in the reduced nucleotide (NAD(P)H) pools (10), “post-
malonate” exchange (11), the stereospecificity of hydrogen
abstraction in the �9- and �12-desaturation steps (Fig. 2), and
the KIEs associated with these reactions.

EXPERIMENTAL PROCEDURES

Materials—D-(�)-Glucose (Rectapur grade) at natural abun-
dance was purchased from Prolabo. Specifically labeled
[1-2H]glucose, [6,6-2H2]glucose (both 98 atom %), and
([2-2H3]acetate�Na) (99.4 atom %) were obtained from Euriso-
Top. 2H2O (99.9 atom %) was obtained from Sigma. Poly-�-
benzyl-L-glutamate (PBLG) used for anisotropic NMR with a
degree of polymerization of 782 (Mr �171,300) was from
Sigma.
Fungal Cultures—The filamentous fungus F. lateritium was

kindly supplied by Professor C. Ratledge, Department of Bio-

FIGURE 1. Different steps during which hydrogen is added or eliminated
during fatty acid biosynthesis. a, post-malonate exchange, retention of
pro-S � pro-R; b, FAS, �-ketoacyl reductase, si face attack; c, FAS, �-hydroxy-
butyryl-ACP dehydratase, syn dehydration with elimination of � pro-S hydro-
gen; d, FAS, enoyl reductase, 2si-3si attack in S. cerevisiae and 2si face in fungi.

FIGURE 2. Desaturation steps performed by the �9- and �12-desaturases
on methyl stearate (a) and methyl oleate (b), respectively, leading to
methyl linoleate (c). Hydrogen atoms in boldface are at pro-R positions
(R � CH3).
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logical Sciences, University of Hull, UK. The fungus was main-
tained on Potato Dextrose Agar (39 g/liter) (Biokar). Culture
was transferred to fresh plates every 3weeks and grown at 27 °C
for 72 h before storage at 4 °C.
General Methods—Solvents for liquid chromatography were

distilled before use. Chloroform (stabilized with ethanol), used
for the preparation of NMR samples in chiral oriented media,
was dried using molecular sieves.
GrowthMedium at Natural Abundance—The basal medium

used contained the following per liter of distilled water:
KH2PO4, 7 g; Na2HPO4�12H2O, 3.33 g; MgSO4�7H2O, 2.16 g;
yeast extract, 1.5 g; L-tartaric acid, 1.2 g; NH4Cl, 0.86 g;
CaCl2�2H2O, 0.12 g; FeCl3�6H2O, 9 mg; ZnSO4�7H2O, 1.9 mg.
The carbon source used was glucose (40 g/liter). To prevent
foaming, PEG 5000 (2.5 g/liter) (Sigma) was added. The pHwas
adjusted to 5.5 with NaOH (2.5 M).
Growth Medium at Slight Enrichment—Glucose samples

slightly enriched were prepared by adding small amounts (�40
mg) of the corresponding deuterated glucose to a solution of
the reference glucose (120 g) dissolved in 3 liters of Nantes tap
water. The (2H/1H)j of reference glucose was measured as
described in Ref. 28, and the final (2H/1H)i was calculated as
described previously (16, 17).Water slightly enriched in 2Hwas
prepared by adding 2H2O (0.2 ml/liter) to Nantes tap water (3
liters). The (2H/1H)m ratios of both the Nantes tap water and
the slightly enriched water were determined by 2H NMR. The
(2H/1H)j ratios of substrates at natural abundance and of the
slightly enriched substrates present in the different culture
media (A–E) are given in Table 1.
FermentationConditions—Cultures (3 liters)were grown in a

6-liter round-bottomed fermentation vessel. Incoming and
outgoing air was passed through 0.2-�m filters (Midisart�
2000). The assembled vessel containing 3 liters of medium was
sterilized by autoclaving at 121 °C for 30 min. For inoculum, an
�10-mm square was cut from an 8–12-day-old F. lateritium
stock culture plate and shakenwith�30mlmedium in an inoc-
ulum bottle containing quartz chips. After settling, the liquid
phase was added aseptically to the fermentor. The vessel was
placed in an incubator at 28 °C, the airflow rate was set at 2
liters/min, and the culture was stirred at 500 rpm for 7–9 days.
Glucose (40 g in 200 ml medium), with the same isotopic sig-
nature as that used in the starting medium, was added at days 5
and 7. Culture growth (wet biomass/volume) and fatty acid pro-
duction were followed in an aliquot (100ml) taken as appropri-
ate. When dry biomass reached �30 g/liter (8–9 days), the
culture was stopped. Cells were recovered from themedium by
filtration on a Buchner funnel through nylon mesh, washed
with distilled water, centrifuged (4250 	 g; 10 min), fast-frozen
in liquid N2, and freeze-dried.
Fatty AcidMethyl Ester (FAME) Extraction andMethyl Lino-

leate Isolation—Direct transesterification was used to extract
the FAMEs from the dry biomass. To a fresh solution of NaOH
in MeOH (50 g in 200 ml) was added 25 g of crushed freeze-
dried cells. The mixture was heated under reflux for 30 min,
cooled to room temperature, and a solution of BF3-MeOH
(50%; 90 ml) added dropwise. The reaction mixture was again
heated under reflux for a further 45 min and then cooled to
room temperature. After filtration on a Buchner funnel (What-

man No. 1), the filtrate was diluted with cyclohexane (300 ml)
and transferred to a separating funnel containing saturated
brine (300ml). The aqueous layer was extracted with cyclohex-
ane (three times 150 ml), and the organic phases were pooled,
washedwithwater, dried overMgSO4, and evaporated to afford
FAMEs as a yellow oil (5.7–8.9 g).Methyl linoleate was isolated
from the FAME mixture by chromatography on silica gel
impregnated by silver nitrate as described previously (4).
Quantification of FAME Mixtures—The composition of

FAME extracts was analyzed by gas chromatography on an
HP6890 series II gas chromatograph with an SPBTM-PUFA
capillary column (30 m 	 0.32 mm, film thickness 0.52 �m;
Supelco); carrier gas, helium, 1.2 ml/min (constant flow); split
1:40; injector temperature, 250 °C; flame ionization detector
temperature, 280 °C. Elution conditions were as follows: 140 °C
for 2 min, ramped at 8 °C/min to 210 °C, 210 °C for 25 min.
Identification of fatty acid methyl esters was based on the com-
parison of retention timeswith known standards. The fatty acid
compositions were expressed as a percentage of the sum of the
peak areas.
DeuteriumNMRSpectroscopy—All 2H-{1H}NMRspectra (in

liquid and chiral oriented media) were recorded on a Bruker
Avance II 600 MHz NMR spectrometer (14.1 tesla) equipped
with a 5-mm selective 2H cryogenic probe (92.1 MHz) operat-
ing without a 19F lock device. The WALTZ-16 sequence was
applied to decouple protons. The temperature of all NMR tubes
was regulated carefully at 310 K for the liquid media experi-
ments and at 300 K for the chiral oriented media.
Samples were prepared as follows: (a) for liquidmedia exper-

iments, methyl linoleate (0.15 g), the isotopic reference, pyri-
dine (0.07 g), and solvent CHCl3/CCl4 (1:4.5; 2.1 g) were mixed
and then filtered and transferred into a 5-mmNMR tube; (b) for
chiral oriented media, the standard procedure to prepare sam-
ples using 5-mm NMR tubes was as described in previous
papers (24, 29, 30). In this study, all PBLG/CHCl3 samples were
prepared by dissolving 100 
 1mg of methyl linoleate in 100 

1 mg of PBLG and 650 
 1 mg of dry CHCl3. To reach the best
spectral resolution, several cycles of centrifugation and re-ho-
mogenization of the sample were carried out to remove con-
centration gradients. NMR tubes were fire-sealed to avoid sol-
vent evaporation. 2H-{1H} one-dimensional NMR acquisition
conditions are described below. Three replicate acquisitions
were carried out for each sample and each condition (a and b).
Condition a, LiquidMedia Experiments—NMR spectra were

recorded in quantitative conditions with a repetition time
greater than (5-fold), the longest relaxation time (T1), and a flip
angle of 90°. Sampling period (AQ) was as follows: 3.5 s; repeti-
tion time (TR), 5.7 s; number of scans (NS), 3200. An exponen-
tial filtering (LB) of 1 Hz was applied. An example of an isotro-
pic quantitative 2H one-dimensional NMR spectrum of methyl
linoleate is shown in supplemental Fig. SD1.
Condition b, Two-dimensional Experiments in Chiral Ori-

ented Media—The phased 2H-{1H} two-dimensional NMR
spectra were recorded using the Q-COSY Fz sequence. The
value of these two-dimensional experiments is the direct auto-
correlation of the two components of each quadrupolar doublet
to simplify the analysis of overcrowded deuterium one-dimen-
sional spectra (24, 30, 31). A scheme illustrating the two-di-
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mensional NMR pulse sequence is given in supplemental Fig.
SD2, and the associated theory is discussed in Ref. 31. In prac-
tice, 96 FIDs for each t1 increment and a two-dimensional
matrix of 1530 (t2) 	 512 (t1) data points were used, and the
same spectral width (1700 Hz) was chosen in both dimensions.
The recycling time for each scan was 1 s (27), leading to a total
acquisition time of around 15 h. Exponential filtering (LB) of
1–1.5 Hz was applied in both dimensions. The two-dimen-
sional experiments were zero-filled to 2048 (t1)	 2048 (t2) data
points prior to two-dimensional Fourier transformation, and
then symmetrized and tilted. An example of an anisotropic 2H
two-dimensional NMR spectrum of methyl linoleate (resulting
from culture D) is given in supplemental Fig. SD3. The quanti-
tativemeasurement of the areas under the peaks of the 2HNMR
signals was performed using a curve-fitting algorithm of a com-
plex least squares treatment (PERCH solutions Ltd., Kuopo,
Finland), and the site-specific (2H/1H)iiso ratios (expressed in
parts per million) were calculated as described previously (32).
The (2H/1H)ianiso at all CH2 and some resolved pro-R/S sites

of methyl linoleate were calculated from both sets of data as
follows: the area percentage of quadrupolar doublets detected
at the same chemical shift on the two-dimensional map of
Q-COSY experiment and the (2H/1H)iiso ratios determined by
isotropic NMR using Equation 2 (24, 33),

� 2H
1H�

i

aniso

� ��%area�

100
� n � � 2H

1H�
i

iso� (Eq. 2)

where n is the number of 2H sites with a coincident chemical
shift contributing to the 2H NMR signal recorded in liquid
medium.

RESULTS

Culture of F. lateritium and Isolation of Methyl Linoleate—
Fatty acids were extracted as their methyl esters from cultures

of the oleaginous filamentous fungus F. lateritium grown in
media supplemented with different slightly enriched sources of
2H: water, glucose, or acetate (Table 1, cultures B–E). The ref-
erence culture was grown in natural abundance water and glu-
cose (Table 1, culture A). The growth and fatty acid production
are given in Table 2.
Methyl linoleate purified from each culture was recovered at

�95% yield; 0.6–1.6 g was isolated depending on the mass and
% composition of the starting mixture. The purity was con-
firmed by gas chromatography to be �95% in all cases.
Determination of (2H/1H) Ratios ofMethyl Linoleate byQuanti-

tative 2H NMR in Liquid and Chiral Oriented Media—
The Q-COSY Fz map recorded in the chiral liquid crystal
mesophase shows that numerous 2H sites that had coincident
resonances in the isotropic 2H-{1H} NMR spectrum are clearly
separated on the basis of a quadrupolar splitting difference
(supplemental Fig. SD3). We have previously reported and jus-
tified the assignment of all quadrupolar doublets to eachmeth-
ylene group and the R/S stereochemical attribution of doublets
corresponding to methylene sites showing an enantiodiscrimi-
nation (see supplemental Fig. SD4) (24). The principle onwhich
these assignments are made is explained in the supplemental
material.
For each methyl linoleate isolated from cultures A–E,

2H-{1H} NMR spectra in both liquid and chiral oriented media
were recorded following quantitative acquisition conditions as
described previously (24). The (2H/1H)iiso ratios determined in
liquidmedia forCH2 sites 2–18 are given in supplemental Table
SD1.
As sample composition and spectral acquisition conditions

were identical to those used in Ref. 24, the relative position of
quadrupolar doublets (centered on the same chemical shift) in
the 2H Q-COSY Fz two-dimensional NMR spectra were the
same, making it possible to assign the stereochemistry of each

TABLE 1
(2H/1H)j ratios (in ppm) of labeled substrates used in cultures A–E

Culture Culture conditions (2H/1H)H2O (2H/1H)Glc-6,6 (2H/1H)Glc-1 Mass �2-2H3�acetate�Na

mg/liter
A NAa 148.9 148.9 168.2
B 2H2O 318.1 148.9 168.2
C �6,6-2H2�Glucose 148.9 481.6 168.2
D �1-2H�Glucose 148.9 148.9 663.5
E �2-2H3�Acetate�Nab 148.9 148.9 168.2 110.0

a NAmeans natural abundance level in 2H.
b �2-2H3�Acetate�Na indicates enriched in deuterium at 99.4 atom %.

TABLE 2
Composition of the FAMEs extracted from cultures A–E

Culture Culture conditions Biomassa FAMEb FAME (%/biomass)
Fatty acid methyl ester

C16:0 C18:0 C18:1(9) C18:2(9,12)
g/liter g % % % %

A NAc 22.3 8.4 33.4 29.1 4.1 41.8 21.6
B 2H2O 20.4 5.8 24.0 31.2 4.9 38.4 23.1
C �6,6-2H2�Glucose 18.0 5.7 23.0 28.9 3.1 34.2 29.8
D �1-2H�Glucose 18.6 7.6 30.5 29.9 3.7 41.3 22.6
E �2-2H3�Acetate�Na 16.1 8.9 35.7 28.2 3.9 43.8 18.2
Mean 19.1 7.1 29.3 29.5 3.9 39.9 23.0
S.D. 2.4 1.8 5.6 1.1 0.6 3.7 4.2

a Dry biomass is meant.
b Mass of FAMEs was obtained from 25 g of dry biomass.
c NAmeans natural abundance level in 2H.
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quadrupolar doublet to the R and S enantioisotopomers (as
shown in supplemental Fig. SD4). The (2H/1H)i ratios thus
determined for CH2 sites 2–18 are presented in Table 3. The
standard deviation values in Table 3 were calculated from three
different acquisitions and were found acceptable, mostly less
than 5 ppm (5%) except for a few higher values for some
(2H/1H)ianiso ratios, which are still 8%.

Thus, by combining the 2HNMR data from liquid and chiral
orientated media, it has proved possible to measure the (2H/
1H)ianiso ratios for all ethylenic sites 9, 10, 12, and 13, and for the
pro-S and pro-R positions of prochiral CH2 sites 2, 3, 8, 14, and
15. Although themethylenic sites 4, 16, and 17 are also enantio-
resolved, the overlap of quadrupolar doublets precludes a pre-
cise determination of their respective (2H/1H)ianiso ratios. Nev-
ertheless, the data obtained from fully resolved sites can be used
to evaluate, for the first time, the isotopic linkages in vivo
between different hydrogen sources, including different isoto-
pomers of glucose, and the different hydrogen positions in
methyl linoleate.
Isotopic Linkage—The strength of the connections between

each possible hydrogen source (water or glucose) and each site
i of methyl linoleate resolved by 2H NMR is described by the
isotope redistribution coefficients, aim for water and aij, which
are obtained from Equations 3 and 4,

�2H/1H�i
aniso � aij�

2H/1H�j � b (Eq. 3)

�2H/1H�i
aniso � aim�2H/1H�m � b (Eq. 4)

which are the site-specific forms of Equation 1, expressing the
(2H/1H)ianiso ratios at site i of methyl linoleate in relation to the
(2H/1H)j ratios of the slightly 2H-enriched site j of glucose or
acetate (Equation 3) used in cultures C–E or water (Equation 4)
used in the culture B. In Equation 3, the slope aij reflects the
contribution of labeled site j to the (2H/1H)ianiso ratios ofmethyl
linoleate, and the intercept b is the contribution of the other
unlabeled sources present in the culture. Similarly, aim in Equa-
tion 4 represents the input fromwater. The greater the value of

(2H/1H)ianiso, the greater the contribution of (2H/1H)j or (2H/
1H)m is to site i. To simplify the notation, the superscript
“aniso” will be omitted hereafter. All the calculated aij, aim, and
b values at the CH3 site (18), the CH2 sites (2–8, 14–17), the
enantio-resolved CH2 sites (2, 3, 8, 14, 15), and the ethylenic
sitesCH (9, 10, 12, 13) are reported inTable 4. A similar analysis
is not possible for cultures grown with [2-2H3]acetate because
the (2H/1H)j ratio of acetate in the cells is not known, and thus
the dilution factor cannot be calculated.
These linkages can then be analyzed in relation to the two

different aspects of the biosynthetic pathway of linoleate, elon-
gation and desaturation. The first consists of the formation of
all CH2 groups and the terminal CH3, which come directly from
its precursor stearyl-CoA. The second consists of the CH posi-
tions produced as a result of the action of desaturases (Fig. 2).
Isotopic Linkage atMethylenic Sites—As clearly illustrated in

Fig. 3, a regular alternation is observed along the chain for aij
values from CH2 sites 2–18. This reflects the repetitive fashion
by which consecutive two-carbon units are added from acetyl-
CoA during the elongation of the fatty acid chain (1–3).
From the data in Table 4, mean values for the isotope redis-

tribution coefficients, aim and aij, and b can be calculated that
represent the overall linkage to different types of hydrogen
position, even CH2 sites or odd CH2 sites (Equations 5–10),

�2H/1H�CH2

even � 0.80�2H/1H�m � 0.03 (Eq. 5)

�2H/1H�CH2

even � 0.05�2H/1H��6,6-2H2�gluc � 111.0 (Eq. 6)

�2H/1H�CH2

even � 0.006�2H/1H��1-2H�gluc � 118.0 (Eq. 7)

�2H/1H)CH2

odd � 0.37�2H/1H�m � 76.2 (Eq. 8)

�2H/1H�CH2

odd � 0.03�2H/1H��6,6-2H2�gluc � 119.4 (Eq. 9)

�2H/1H�CH2

odd � 0.08�2H/1H��1-2H�gluc � 109.1 (Eq. 10)

From these equations, three general tendencies can be

TABLE 3
(2H/1H)i

aniso ratios (in ppm) for methyl linoleate extracted from cultures A to E measured by 2H NMR in liquid and chiral oriented media

Site 2c 3c 4 5 6 7 8c 9 10 11 12 13 14c 15c 16,17 18 
Culture 

 pro-R  pro-S pro-R  pro-S CH 2 CH 2 CH 2 CH 2 pro-R  pro-S C=CH C=CH CH 2 C=CH C=CH pro- R  pro-S pro-R  pro-S 2CH 2 CH 3

aniso)( i
12 HH/ a 121.4 125.2 134.1 90.4 110.9 121.3 127.1 116.4 107.0 104.9 59.4 139.8 110.8 105.2 106.8 131.7 122.9 221.8 87.9 97.4 119.2 NA

A S.D. 3.1 3.1 1.8 1.8 2.6 3.2 4.6 5.1 5.5 7.5 2.5 4.2 2.4 2.3 4.9 3.1 1.9 7.4 5.6 1.0 1.8 

aniso)( i
12 HH/ a 251.0 275.4 189.9 122.1 240.3 180.7 279.8 174.7 204.6 222.5 83.9 295.8 172.0 237.6 157.9 269.6 274.6 355.6 144.9 197.4 219.2 2H2O

B S.D. 1.0 1.0 8.6 8.6 7.2 12.1 15.5 10.1 5.0 13.1 9.1 4.9 0.1 4.5 5.1 11.4 11.5 5.1 6.3 6.7 0.3 

aniso)( i
12 HH/ a 143.9 135.9 140.4 86.2 128.9 129.1 153.4 126.4 122.6 98.9 47.8 139.6 108.7 101.5 95.5 173.8 124.9 268.0 91.9 105.6 191.4 [6,6- 2H2]glucose

C S.D. 6.0 6.0 5.5 5.5 9.4 0.8 1.3 7.8 5.2 3.3 5.6 3.3 0.8 7.3 2.2 6.4 1.6 10.1 8.9 12.1 07

aniso)( i
12 HH/ a 130.5 127.7 187.6 113.2 115.5 158.9 125.3 157.7 108.6 101.7 73.3 136.2 139.2 93.5 131.5 141.9 122.6 312.0 118.3 120.2 142.93[1-2H]glucose

D S.D . 5.0 5.0 6.8 6.8 2.0 9.7 3.4 2.0 4.0 5.5 6.2 8.1 1.4 2.8 1.3 5.0 4.9 18.9 3.6 2.1 0.5

[2-2H3]acetate.Na
E 

aniso)( i
12 HH/ b 1113.9 376.9 188.6 134.5 846.8 115.3 811.6 79.7 1587.5 89.7 67.7 184.8 145.6 136.2 132.1 2229.5 128.3 248.0 88.6 687.7 2987.8

a (2H/1H)ianiso values were calculated from three 2H NMR spectral acquisitions recorded in chiral oriented media and liquid media (see supplemental Table SD2 for (2H/1H)iiso
ratios from 2H NMR spectra in liquid media). S.D., standard deviation.

b (2H/1H)ianiso values were calculated from one 2H NMR spectral acquisition.
c The attribution to pro-R and pro-S positions is based on previous work; for site 8, this attribution should be reversed if CIP rules are applied rather than the origin of hydrogen
(24).
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deduced. First, the hydrogens at both even and odd CH2 sites
are strongly linked to water but the former has a 2-fold greater
link than the latter. Second, the C-1 of glucose contributes
10-fold more to the odd CH2 sites than to the even. Third, both
sites have a similar linkage to the C-6 position of glucose.
The analysis of the isotope redistribution coefficients can be

further refined by considering separately the enantiomers at
CH2 that are enantio-resolved by using 2H NMR in chiral ori-
ented medium. Thus, the pro-R and pro-S positions at even
CH2 sites 2, 8, and 14 andoddCH2 sites 3 and 15 can be resolved
using Equations 11 and 12, respectively,

�2H/1H�i
pro-R � kpro-R�

2H/1H�j � c (Eq. 11)

�2H/1H�i
pro-S � kpro-S�

2H/1H�j � c (Eq. 12)

where the parameters kpro-R and kpro-S connect the pro-R and

pro-S positions of CH2 enantio-resolved sites, respectively, to
the slightly enriched source of 2H used in the cultures B–D.
At the even sites 2, 8, and 14, the kpro-R, kpro-S, and c values are

similar, hence the mean values can be calculated (Equations
13–18),

�2H/1H�even CH2

pro-S � 0.83�2H/1H�m � 5.3 (Eq. 13)

�2H/1H�even CH2

pro-S � 0.01�2H/1H��6,6-2H2�gluc � 116.7 (Eq. 14)

�2H/1H�even CH2

pro-S � 0.00�2H/1H��1-2H�gluc � 117.8 (Eq. 15)

�2H/1H�even CH2

pro-R � 0.72�2H/1H�m � 13.0 (Eq. 16)

�2H/1H�even CH2

pro-R � 0.08�2H/1H��6,6-2H�gluc � 108.1 (Eq. 17)

�2H/1H�even CH2

pro-R � 0.01�2H/1H��1-2H2�gluc � 117.7 (Eq. 18)

These equations show that the strong linkage towater for the
CH2 sites (Equations 5 and 8) is not equivalent for the two
hydrogen positions present, pro-S having a greater aim than
pro-R. Furthermore, the small overall linkage to the H-1 of glu-
cose is now seen to be entirely with the pro-R position, which is
also the position heavily favored for linkage to the H-6,6 of
glucose. Thus, the enantio-resolution provides data that can
potentially reflect the stereoselective addition and elimination
of hydrogen atoms in the pro-R and pro-S positions.

In contrast to the situation with the even positions, the two
odd enantio-resolved CH2 sites 3 and 15 must be considered
separately, because the enzymatic systems responsible for the
elongation steps are different for chain formation up to C16
(FAS) and beyond (elongases). Thus, the data for site 3 (Table 4)
relate to elongation (C16 3 C18), whereas those for site 15
(Table 4) correspond to the chain-forming step C43 C6.
From these isotope redistribution coefficients (Table 4), sev-

eral features of the hydrogen isotopic linkage to these odd sites
can be deduced and seen to be different. First, the contribution
ofmediumwater is 2–2.5-fold greater at site 15 than at site 3 for
both pro-R and pro-S positions. Second, theH-1 of glucose also

TABLE 4
Calculated values of aij and b parameters for resolved sites of methyl linoleate isolated from 2H-enriched cultures B–D

a Both higher and smaller aim and aij values (ah and as) are calculated fromhigher and smaller (2H/1H) ianiso ratios (i.e. (2H/1H) ianiso 
 S.D.). The value in parentheses corresponds
to the accuracy of the aim or aij parameter ((
) � (ah � as)/2).

b The accuracy of the b parameter is calculated as described previously.
c Negative values should be considered equal to zero (precision within measurement).
d These double-bond sites result from desaturation steps during which one hydrogen atom is removed from the starting CH2. Thus, linkage calculations are biased, which
explains the presence of some negative values.

FIGURE 3. Contribution of substrate (aij values) at different 2H sites (2–18)
along the methyl linoleate extracted from cultures B to D. For the meth-
ylene sites 16 and 17, a mean value of aij is considered.
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contributes to both pro-R and pro-S positions of both sites 3
and 15. Again, it is notable that the contribution to the pro-R is
2–2.5-fold greater than to the pro-S. Third, the position H-6,6
of glucose contributes strongly to site 15 pro-R (aij � 0.14) but
not at all to either site 15 pro-S or site 3 pro-R/S.
Isotopic Linkage at Ethylenic Sites—From the 2H NMR spec-

tra in chiral oriented media, it was also possible to measure all
the (2H/1H)ianiso ratios at ethylenic sites 9, 10, 12, and 13 (Table
3). This has not previously been achieved because of the lack of
spectral resolution (compare supplemental Figs. SD1 and SD4).
From the isotope redistribution coefficients thus obtained
(Table 4), it can be seen that the even positions, 10 and 12, show
a strong linkage towater, as seen for the evenCH2 sites, whereas
the oddCH sites show amuch lower value, more in the range of
the odd CH2 sites. However, for all four sites, the aij values
linking the CH to H-1 and H-6,6 of glucose differ from those
calculated for CH2 sites, indicating a possible �-secondary KIE
during the desaturation reaction.

DISCUSSION

The isotopic linkage in the different positions of methyl lino-
leate can be analyzed in relation to the two distinct parts of the
biosynthetic pathway of linoleate, as indicated previously. The
first consists of all CH2 groups and the terminal CH3, which are
derived withoutmodification from its precursor, stearoyl-CoA.
The second consists of the CH groups, which are produced as a
result of the action of �9- and �12-desaturases on the 9,10 sites
of stearate and the 12,13 sites of oleate, respectively (Fig. 2).
Based on the properties of the enzymes involved in the FAS and
of the desaturases, it should be possible to interpret the
observed (2H/1H)ianiso values in terms of the known reaction
characteristics. Hence, reaction characteristics for F. lateritium
can be deduced.
Throughout the consecutive additions of two carbon units

during chain growth within the FAS complex, steps that intro-
duce or eliminate hydrogen during the creation of the CH2
groups are both present. Thus, only the terminal methyl group
retains all three hydrogen atoms derived from the CH3 of
acetyl-CoA. At even CH2 sites (derived from the CH3 of ace-
tate), one hydrogen atom comes from acetyl-CoA (viamalonyl-
CoA) and the other is introduced fromwater by protonation by
enoyl reductase (Fig. 1). However, the isotope redistribution
coefficients from acetate will be diminished if post-malonate
exchange with medium occurs (10, 11). At odd sites (derived
from the C�O of acetate), the hydrogen atoms are introduced
by the 3-oxoacyl-CoA reductase and the enoyl reductase, both
linked to glucose via the NAD(P)H pool (Fig. 1). Thus, the iso-
tope redistribution coefficients will not be affected by post-
malonate exchange but could be influenced by exchange
between NAD(P)H and water.
The 3-oxoacyl-CoA and the enoyl reductases transfer a

hydride from (NAD(P)H), the stereoselectivity of transfer
depends on the biological origin of the enzyme (34). Studies on
fungal species other than yeast have demonstrated that proto-
nation at even sites during enoyl reduction occurs at the si-face
(35–37), as for Saccharomyces cerevisiae (38) and rat liver (39).
Thus, in F. lateritium, pro-Seven and pro-Reven hydrogens
should be introduced from water and water/acetate, respec-

tively. However, no stereochemical information for fungi is
available for hydride transfer at odd sites during enoyl reduc-
tion; for S. cerevisiae, stereoselectivity of the enoyl reductase
has been completely described as 2si-3si. To what extent, then,
can these origins and the relative stereochemistry be provided
for F. lateritium from the present data?
Stereoselectivity of the FAS Complex and the Elongase in F.

lateritium—As shown in Equations 5–10, the aij and aim values
calculated forCH2 indicate thatwater, theH-1, and theH-6,6 of
glucose all contribute hydrogen to CH2 but to very different
extents. Water has previously been identified as the main
hydrogen source for the fatty acid chain in poultry, with high aij
values at both even and odd CH2 sites (18). In F. lateritium,
however, two classes of CH2 can clearly be distinguished on the
basis of theirmean values as follows: (i) the even CH2 sites, with
a mean aim � 0.80 from water, aij � 0.05 from the H-6,6 of
glucose, and aij � 0.0 from the H-1 of glucose; (ii) the odd CH2
sites with a mean participation of aim � 0.37 from water, aij �
0.03 from the H-6,6 of glucose, and aij � 0.08 from the H-1 of
glucose. What then can be inferred from these links as to the
relative influences of the origins of the hydrogen atoms?
Even Sites: Protonation during the Enoyl Reductase and Post-

malonate Exchange—Equation 13 indicates that water is the
unique donor of hydrogen at the pro-S position of even sites;
the aim is large (0.83), and the residue (b) is insignificant. This is
confirmed when [2H]glucose is used (Equations 14 and 15); the
aij values are � 0.0, whereas the residues are large. Thus, it can
be deduced that the hydrogen atom at pro-S is introduced by
si-face protonation of the trans-crotonyl-CoA intermediate, as
observed in S. cerevisiae and in other fungi (35–37).

Consequently, as shown by the isotopic values measured for
the methyl linoleate isolated from culture E grown in the pres-
ence of [2-2H3]acetate (Table 3), the hydrogen atom at pro-R
comes from acetate. However, the degree of the post-malonate
exchange that has occurred will influence the extent to which
this hydrogen is acetate-derived or water-derived. This can be
assessed by comparing the aij values observed (Table 4) in cul-
tures B–D with that for the terminal methyl (site 18), because
this site is directly derived from acetate.
Acetate is derived from glucose via both the glycolytic and

pentose phosphate pathways, duringwhich transfer fromwater
occurs (see figures in Ref. 12). Thus, site 18 shows a significant
transfer coefficient with water (aim � 0.59) as well as with the
H-6,6 (aij � 0.22) and H-1 of glucose (aij � 0.05). Because it is
observed for the pro-R position of the evenCH2 groups that the
participation of water clearly increases (aij � 0.72; see Equation
16), whereas those of the H-6,6 and H-1 of glucose strongly
decrease (0.08; see Equation 17, and 0.01; see Equation 18,
respectively), it can be concluded that a major exchange of
hydrogen atoms from the CH3 of acetate with the medium
water during chain elaboration has occurred. Thus, post-mal-
onate exchange (10, 11), taking place after the formation of
malonyl-CoA, is found to strongly influence the hydrogen link-
age in the pro-R position of even sites. This process has been
described as very variable (11, 12, 39, 40).
Odd Sites, Recycling of Co-factors and Stereochemistry of

Hydride Transfer during Reduction Steps—At odd CH2 sites,
both hydrogen atoms are introduced by two different reduction
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steps, using NADH or NADPH as hydride donors. Although
these will be primarily synthesized by the regeneration of
NAD(P)� from glucose fermentation, other pathways active in
aerobically grown F. lateritiummight contribute. In particular,
the reductive pentose phosphate pathway, in the course of
which the H-1 and H-3 of glucose will be transferred to
NAD(P)� (15, 17, 41).
The linkages obtained at oddCH2 sites show that water is the

main source of hydrogen (aim � 0.37; see Equation 8), consist-
ent with a substantial exchange of cofactor hydride with the
medium, directly or via other water-labeled sources. It is note-
worthy, however, that the participation of the H-6,6 and H-1 of
glucose is significant (aij � 0.03; see Equation 9, and aij � 0.08;
see Equation 10, respectively).
More detailed information on the reduction steps involved in

the biosynthesis of the fatty acid chain in F. lateritium is
obtained from the aij values calculated from the enantio-reso-
lution of pro-R and pro-S positions at sites 3 and 15 (Table 4). It
is evident that water is the main source of hydrogen for the
pro-R and pro-S positions at both sites compared with glucose.
However, two further points emerge from the values presented
in Table 4 that require explanation as follows: (i) the dissimilar
contributions of slightly enriched substrates to sites 3 and 15;
(ii) the dissimilar contributions to the pro-R and pro-S posi-
tions for a given site (3 or 15), noting that aij for pro-S is always
smaller than for the pro-R position.

Considering the observation i, a probable explanation lies in
the nonequivalence of the enzymatic systems used by the cell
for the elongation of the chain until C16 and then afterC16.Not
only are different enzymes involved, but these are not located in
the same intracellular compartment (cytosol and endoplasmic
reticulum in this case). Thus, the co-factor requirement and/or
its recycling used for the reduction steps at sites 3 and 15 are
unlikely to be the same. Consequently, the isotope ratio of
NAD(P)H can be expected to differ at each location, leading to
different (2H/1H) ratios in the transferred hydride. A similar
difference has been noted previously for theCH2 at the position
3 in the biosynthesis of petroselinic acid (2).
In contrast, observation ii, that the aij values for all substrates

tested were always smaller at the pro-S position than at the
pro-R, requires an alternative explanation, because both reduc-
tions occur in the same cellular compartment. Rather, this dif-
ference is compatible with a different normal primary KIE
occurring for hydride transfer from the co-factor to the fatty
acid chain during one or both of the reduction steps. Clearly,
hydride transfer to the pro-S position is subject to the stronger
primary KIE, because aij for pro-S is always smaller than for
pro-R. Furthermore, as the relationship of the (2H/1H)ianiso
ratios at the pro-S and pro-R positions is the same at sites 3 and
15, it can be inferred that their stereoselectivity is the same.
What cannot be deduced from the current data is which

reduction step, the 3-oxoacyl reduction or the enoyl reduction,
is submitted to the higher primary KIE. Currently, no informa-
tion on the stereoselectivity of the enoyl reductase in fungi is
available. This problem could be resolved by the 2H NMR
method used here, by comparing the 2H distribution at sites 3
and 15 of methyl linoleate isolated from F. lateritium with the
deuterium distribution of the same compound isolated from an

organism for which the stereoselectivity of the enoyl reduction
is already known, for example, the yeast S. cerevisiae (2si-3si).
Stereochemistry of the Desaturation Steps—The stereoselec-

tivity of the removal of two vicinal hydrogen atoms from the
acyl chain during desaturation to give a cis double bond seems
to be conserved in all organisms (1–3). Previous studies (12–14)
have shown that it is the pro-R hydrogens that are abstracted at
positions 9,10 then 12,13 by the action of the �9- and �12-
desaturases, respectively, leaving the pro-S hydrogen at all the
ethylenic sites (Fig. 2). Hence, it is probable that the same ste-
reoselectivity will be found in F. lateritium. The (2H/1H)15pro-S
ratios measured on methyl linoleate obtained from cultures
A–E (Table 3) show strong coherence with the (2H/1H)9 and
(2H/1H)13 ratios, but not with the (2H/1H)15pro-R ratio, proving
that the abstracted hydrogen atoms at odd sites 9 and 13 are
also the pro-R in F. lateritium. At the even ethylenic positions
10 and 12, the (2H/1H)ianiso ratios at pro-R and pro-S sites in
cultures A–D are not sufficiently different to prove which
hydrogen atom is abstracted (Table 3). However, when label
was provided from [2-2H3]acetate (culture E), it is evident that
the pro-S hydrogen atoms remained at these sites, because the
even pro-R sites of methyl linoleate are highly enriched in these
cultures (Table 3). Thus, as anticipated, all hydrogen atoms on
the double bonds are shown to correspond to the pro-S hydro-
gen of the corresponding starting CH2. This has not previously
been determined for a filamentous fungus.
Secondary �-KIEs in the Desaturation Steps—Because the 2H

NMR in the chiral liquid crystal technique measures the (2H/
1H)i ratios, it is possible to determine a secondary KIE on the
carbon site � to the bond that is broken. A normal �-secondary
KIE should decrease the (2H/1H)i ratio in the product at sites
sensitive to this effect compared with sites that are not.
From Table 3 (cultures A–E), a comparison of the (2H/1H)9

and (2H/1H)13 ratios on one hand and of the (2H/1H)10 and
(2H/1H)12 ratios on the other hand shows that the ratios at site
9 are, on average, lower than at site 13 (about �58 ppm) and
that the (2H/1H)12 ratios are, on average, lower than those at site
10 (about �44 ppm). These results are consistent with an
�-secondary KIE occurring at site 9 but not at site 10 during the
first desaturation, performed by the �9-desaturase, and an
�-secondary KIE at site 12 but not at site 13 during the second
desaturation step, catalyzed by the �12-desaturase. Such an
�-secondary KIE has not previously been recorded for these
desaturases. However, it is fully consistent with previous stud-
ies showing a primary KIE at site 9 but not at site 10 during the
action of �9-desaturase (42) and at site 12 but not at site 13
during the action of�12-desaturase (43). Interestingly, the deu-
teriumprofilemeasured by 2HNMR in chiral orientedmedia of
methyl linoleate isolated from a plant (sunflower) shows similar
(2H/1H)9 and (2H/1H)13 ratios, whereas the (2H/1H)10 ratio was
higher than the (2H/1H)12 ratio (24). These measurements are
in full agreement with the results found for the soluble plant
�9-desaturase, where no primary KIE at position 9 has been
observed (44).

CONCLUSIONS

By exploiting the original and emerging technique of 2H-{1H}
NMR in polypeptide chiral liquid crystals, it has proved possi-
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ble, to measure the overall stereoselectivity that operates dur-
ing the introduction of hydrogen atoms into the fatty acid
chain, and the stereoselectivity of two desaturation steps in
vivo. Stereoselectivity at prochiral centers has previously been
examined in ethanol biosynthesis (16, 19), but such studies
demanded the spectral resolution of the prochiral positions by
chemical derivatization. The use of chiral aligned media both
avoids this need and gives a direct and simple access to
prochirality in complex molecules containing numerous pro-
stereogenic centers, such as long chain fatty acids.
Whereas in ethanol (19) and lactate (17), the transfer coeffi-

cients observed between the fermented substrate (glucose) and
certain hydrogen positions were very high, this was not the case
here. Rather, the medium water is found to be the main donor
of hydrogen atoms to all positions of the fatty acid chain in F.
lateritium. Indeed, water is the exclusive donor at the pro-S
positions of even CH2 sites. Despite the fact that, theoretically,
a strong linkagewith theCH3 of acetate and the pro-R positions
of even sites should exist, a substantial proportion of hydrogen
atoms is introduced from water, presumably by the phenome-
non of post-malonate exchange. However, the extent of this is
very much greater than the levels determined either in vitro,
18–36% (11), or in vivo (12–52%) from labeled acetate (12),
indicating that this phenomenon alone does not entirely
explain the hydrogen loss, which, as concluded by McInnes
et al. (12), “is not related in a simple way to the type of fatty acid
synthetase.”
At odd sites, despite water also being the dominant source of

hydrogen, it is possible to quantify a linkage with the non-ex-
changeable hydrogen atoms of glucose positions H-6,6 and
H-1, which give rise to the CH3 group of acetate. Hydrogens
from both these positions are incorporated via acetyl-CoA,
itself potentially derived from both glycolysis and the pentose
phosphate pathway. It is seen that exogenous acetate, supplied
as [2-2H3]acetate, enters the in vivo fatty acid biosynthesis path-
way much more efficiently than glucose-derived acetate, prob-
ably explaining the lower yields of fatty acids obtained in our
experiments compared with cultures grown on a mixture of
glucose and acetate (26). However, it also confirms unambigu-
ously the incorporation of hydrogen from the CH3 of acetate to
the pro-R position of the fatty acid chain, despite the post-
malonate exchange.
The introduction of hydrogen atoms by the reduction step(s)

into odd sites via NAD(P)H from position H-1 of glucose indi-
cates a significant level of activity of the pentose phosphate
pathway. This is supported by the much smaller incorporation
seen from the H-6,6 of glucose, which cannot be by the same
route but is likely to be via the Krebs cycle, a longer route that
will lead to greater dilution.
In addition to analyzing the origin of the hydrogen atoms, it

has proved possible to obtain data on the stereospecificity of the
abstraction of hydrogen atoms during desaturation by �9- and
�12-desaturases. It is shown that the hydrogen atoms
abstracted at positions 9,10 and 12,13 are those at the pro-R
positions, in agreement with previous findings for other orga-
nisms. Moreover, by comparing the ethylenic sites at pairs 9,13
and 10,12, �-secondary KIEs have been observed, as far as we
are aware, for the first time for these desaturases.

A further outcome of this study is the demonstration of the
great potential of using 2H NMR in chiral weakly ordering
media to obtain further information on themechanismof enzy-
matic reactions, to elucidate enzyme stereoselectivity, and to
identify precursors in relatively complex natural products.
Work is now in hand to study other reactions of fatty acid chain
modification, hydroxylation, epoxidation, and conjugation,
which give rise to the diversity of the fatty acid family.
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