
Cryptoregiochemical Analysis of an Unusual
Bacterial Desaturation
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Abstract—The cryptoregiochemistry of the cold-induced �5 desaturation of long chain fatty acids, as it occurs in Bacillus subtilis
ATCC 23857, has been examined by measuring the individual primary deuterium kinetic isotope effects associated with the C–H
bond cleavage at C-5 and C-6. The results point to C-5 as the site of initial oxidation in �5 desaturation. # 2001 Elsevier Science
Ltd. All rights reserved.

Modification of long-chain fatty acyl derivatives con-
stitutes one of the important cellular responses to var-
ious external stimuli. An interesting example of this
phenomenon is the cis-�5 desaturation of cell mem-
brane phospholipids in various species of Bacillus.1a,b

This process is induced when the temperature of bac-
terial cultures are lowered from 37 to 20 �C; the resul-
tant increase in the proportion of cis-unsaturated fatty
acyl chains in the cell membrane allows the appropriate
fluidity of the lipid bilayer to be maintained.2 What is
unique about the Bacillus desaturase system is the unu-
sual position of the newly introduced cis-double bond—
namely, between carbons 5 and 6 rather than at the
more common 9,10-position. Thus cellular palmitate is
converted to cis-5-hexadecenoate upon cold shock
treatment.3 Sequence analysis of the gene encoding the
�5 desaturase4 in Bacillus subtilis reveals that this pro-
tein occupies its own niche in the large family of O2-
dependent, membrane-bound, diiron-containing desa-
turases.5 As part of a research program dedicated to
correlating desaturase regioselectivity with protein
structure, we were interested in pinpointing which sub-
strate methylene group is attacked first by the �5 desa-
turase. We have developed6 a versatile KIE method for
‘cryptoregiochemical’ analyses of this type based on the
assumption that the energetically difficult, first C–H
activation step in desaturation is kinetically more
important and hence more sensitive to deuterium sub-

stitution than the second C–H bond cleavage (Scheme
1).7 Corroborating evidence for the location of the oxi-
dant relative to substrate has been obtained in a number
of cases.7�12 Herein, we describe the application of our
approach to the study of the �5 desaturase in B. subtilis.

Our method of measuring the primary deuterium KIE
for fatty acid desaturase-mediated oxidations involves
the mass spectral analysis of products derived from a
direct competition experiment between the parent sub-
strate and a regiospecifically dideuterated analogue.6
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Scheme 1.

*Corresponding author. Tel.: +1-613-520-2600x3643; fax: +1-613-
520-3749 or 3830; e-mail: peter_buist@carleton.ca



This technique is particularly useful when the desaturase
in question is unstable outside of its natural cellular
environment and/or is unusually difficult to recon-
stitute13—as is the case for nearly all membrane-bound
desaturases studied to date. In order to determine whe-
ther our methodology was feasible in the case of the �5

desaturase system, a trial experiment using a palmitoyl
substrate, labelled with deuterium in a position remote
to the site of oxidation, was carried out. Thus
[16,16,16-2H3]-methyl palmitate14 [16,16,16-2H3]-1
(40mg/L) was incubated with cultures of B. subtilis
ATCC 23857, which were grown in a RB medium15 at
37 �C to exponential phase and then at 20 �C for another
48h. GC/MS analysis16 of the fatty acids isolated from the
centrifuged cells via a standard hydrolysis/methylation
sequence9 showed that exogenously supplied labelled pal-
mitate was cleanly converted to the corresponding �5

desaturated material in approximately 10% yield—a level
of conversion which is suitable for the purposes of a KIE
experiment run in the competitive mode.17 In addition,
no products of o-hydroxylation, which might compro-
mise the use of [16,16,16-2H3]-1 as a reference standard,
were detected.

The intermolecular primary deuterium KIE on each C–
H cleavage step of �5 desaturation was then determined
by repeating the above experiment using equimolar mix-
tures of each dideuterated substrate with the reference
substrate: [5,5-2H2]-1/[16,16,16-

2H3]-1 and [6,6-2H2]-1/
[16,16,16-2H3]-1 (40mg/L). Use of [16,16,16-

2H3]-1 as

the reference substrate in these competition experiments
eliminates interference by endogenous (d0)-palmitate in
the mass spectral analysis of the products. Product
kinetic isotope effects (kH/kD) for cis-5-hexadecenoate
formation were calculated using the ratio [% d3 (pro-
duct)/% d1 (product)]/[% d3 (substrate)/% d2 (sub-
strate)] (Table 1). This analysis indicates the presence of
a significant primary deuterium isotope effect18

(3.9�0.4) for the C–H bond cleavage at C-5 while the
C6–H bond breaking step was shown to be insensitive to
deuterium substitution (KIE=1.17�0.02). According
to our mechanism (Scheme 1), these results suggest that
the site of initial oxidation for �5 desaturation is at C-5.

The results presented in this paper represent the first
mechanistic study of a unique bacterial desaturase and
set the stage for the development of �5-specific probes/
inhibitors. In this context, it would be interesting to
compare the cryptoregiochemistry of the Bacillus
enzyme with that of other �5 desaturases such as the
catalyst involved in arachidonic acid biosynthesis.19
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Table 1. Intermolecular isotopic discrimination in �5 desaturation of

[5,5-2H2]-palmitate and [6,6-
2H2]-palmitate by B. subtilis

Isotopic ratioa

Substrates Products KIEb

16d3:5d2 16d3:6d2 16d3:5d1 16d3:6d1

0.90�0.01 3.5�0.4 3.9�0.4
1.00�0.01 1.17�0.02 1.17�0.02

aThe isotopic ratio of each species is given as an average value based
on three to four GC/MS runs.
bThe average KIE (two incubations)�standard deviation.
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