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Abstract Induction of a microsomal oleate vv12 (n-6) desaturase
which is mainly responsible for an increase in membrane lipid
unsaturation at low temperature has been observed in the free-
living amoeba Acanthamoeba castellanii. In this study we show
that the enzyme can also be regulated by oxygen independently of
temperature in batch cultures grown to O2-limitation. Raising
the oxygen concentration from below the lower limit of detection
(6 0.1 WWM) to approximately air-saturation (230 WWM), whilst
maintaining the growth temperature constant (30³C), increased
lipid unsaturation and elevated n-6-desaturase activity 2.3-fold.
Addition of the protein synthesis inhibitor, anisomycin, showed
that increased desaturase activity was due to new protein
synthesis rather than activation of pre-existing enzyme. These
observations are important for future studies of the mechanism of
temperature adaptation in poikilotherms.
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1. Introduction

One of the most common stresses that plants and micro-
organisms have to cope with is that of extremes of temper-
ature. There has been much work on the mechanisms of adap-
tation, which are necessary to allow for the e¡ective
functioning of biological membranes [1,11]. In A. castellanii
the adaptive membrane response to chilling is necessary for
continued phagocytosis [2,3]. Without an adaptive response,
membrane lipids may undergo phase-separation with conse-
quent deterioration of membrane performance and conse-
quent cellular damage or death.

There are many strategies available to a poikilothermic or-
ganism for the optimization of the bilayer membrane structure
at low viscosity with respect to the acyl chain order. Probably
the most widespread is for the proportion of unsaturated acyl
side chains to be increased. An increased `unsaturation index'
is usually a consequence of elevated fatty acid desaturase ac-
tivity. A dramatic example of the importance of this adaptive
mechanism comes from the work of Murata's group where
genetic manipulation of organisms with desaturase genes has
been shown to confer increased resistance to chilling stress
[4,5].

There are several mechanisms by which desaturase activities
can be increased [6]. Increased gene transcription to allow
more enzyme protein to be made is particularly important
in several recently studied cases, and we have shown that
increased protein synthesis accounts for most of the raised

desaturase activity during chilling adaptation in Acanthamoe-
ba castellanii [7]. In this organism it is the n-6 desaturase
which is induced with the consequent increased conversion
of oleate to linoleate [8]. Although temperature triggers the
response, the presence of oxygen is one requirement for max-
imal desaturase activity [9]. Because the increased solubility of
oxygen at low temperatures in itself has been suggested to
cause raised desaturation [10], we wished to di¡erentiate any
e¡ect that oxygen concentrations might have in Acanthamoeba
from that of lowered temperatures.

2. Methods

2.1. Organism and culture conditions
Acanthamoeba castellanii (Ne¡ strain) was grown [12], either in

shake £asks (200 ml culture) in 500 ml £asks; reciprocal shaking at
160 strokes min31) or in a 800-ml working vol. fermenter at 30³C. O2

was measured with an Ingold 507 electrode. Maximum dissolved O2

levels were calculated from solubility data [13].

2.2. Preparation of microsomal fractions
These were prepared as described previously [14].

2.3. Flow cytometry
Samples were analysed using a Skatron Argus Flow cytometer

(Skatron, Tranby, Norway) using the FITC ¢lter block [15]. Typically
histograms were obtained from 5000 organisms after 5 min exposure
to bis(1,3-dibutylbarbituric acid) trimethine oxonol.

3. Results and discussion

During growth in a fermenter, the dissolved O2 concentra-
tion decreased after 27 h to below its detection limit with an
oxygen electrode (i.e. 6 0.1 WM) due to the very high rates of
respiration. Moreover, at 48 h (when the culture was in the
stationary phase), there was low n-6-desaturase activity and a
consequent decrease in linoleate levels [3]. If we took A. cas-
tellanii cultures at 48 h and increased the partial pressure of
the oxygen supplied from 20 to 60 kPa we were able to in-
crease the dissolved oxygen levels when using partial pressures
above 40 kPa. Dissolved O2 concentrations were 3.5, 7, 74,
180 and 327 WM for sparging at 40, 45, 50, 55 and 60 kPa,
respectively. (Air saturation for oxygen at 30³C was 230 WM.)
Coincidentally, there was a noticeable increase in n-6 unsatu-
ration in the cultures at s 7 WM dissolved O2 (Fig. 1). Thus,
for control cultures (supplied with air, but at 6 0.1 WM O2)
total lipids contained 36% oleate and 10% linoleate while cul-
tures with 327 WM O2 contained 15% oleate and 32% lino-
leate. An increase in C20 polyenoate (derived from linoleate)
unsaturation was also found (Fig. 1A). The unsaturation in-
dex was increased from 1.64 at 6 0.1 WM O2 to 2.2 at 330 WM
O2 : half of this increase was attained when O2 was 12.5 WM
(Fig. 1B). Because we had to sparge vigorously in order to
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increase the dissolved oxygen levels in the rapidly-respiring
cell cultures, we checked that no damaged had occurred to

A. castellanii. This was done by con¢rming exclusion of tri-
methine oxonol, an anionic membrane potential-sensitive £u-
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Fig. 1. E¡ects of increasing dissolved O2 at 30³C in an O2-limited culture of Acanthamoeba castellanii on whole cell fatty acid composition.
Oxygen concentrations in a late-exponential phase culture were raised by stepwise increases of the partial pressure of O2 in the supplied gas
phase at 20-min intervals. Organisms were harvested, before each increase in O2 concentration, lipids extracted [18,19] and methyl esters ana-
lysed [20,21]. A: Names of fatty acids are abbreviated with the ¢rst ¢gure showing the number of carbon atoms and the second showing the
number of double bonds; the positions of the double bonds were also determined. B: Unsaturation indices (mean numbers of double bonds
per acyl chain). All values are means of four replicate determinations þ S.D.
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orophore and measuring cell-associated £uorescence by £ow
cytometry [16]. No decrease in viability [17] during the exper-
imental period could be detected.

Since oxygen is a substrate for the n-6 desaturase reaction,
then the increased lipid unsaturation observed (Fig. 1A) could
have been due to increased O2 availability as well as elevated
enzyme activity. Therefore, we measured n-6 desaturase di-
rectly (under optimal in vitro conditions when oxygen was
in excess) in microsomal fractions prepared from O2-limited

organisms exposed to increased dissolved O2. In £ask cultures
we found it was not necessary to use such high partial pres-
sures of O2 as for the fermenter cultures. By sparging with 20
kPa O2 at 140 ml/min we were able to achieve near saturation
levels. This oxygenation increased detectable levels of fatty
acid n-6-desaturase activity in a time-dependent manner up
to 20 min, after which no further increase was seen (Fig.
2A). Moreover, as with the unsaturation index (Fig. 1B),
the increase in desaturase activity was clearly dependent on
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Fig. 2. E¡ects of increased O2 in the culture medium of A. castellanii on n-6 (v12)-desaturase activities of subsequently isolated microsomal
fractions. A: E¡ect of vigorous oxygenation of cultures (bubbling with 20 kPa O2 in N2 at 140 ml/min) on desaturation of oleate by microso-
mal membranes isolated subsequently. [1-14C]Oleoyl CoA was used as substrate, and the reaction carried out as previously described. B: E¡ects
of aerating cultures with gas mixtures containing di¡erent O2 partial pressures on n-6-desaturase activity. The control culture was not aerated.
Values are means þ S.D. from 3 experiments.
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the oxygen concentration (Fig. 2B). These experiments show
that it is possible to increase n-6-desaturase activity by oxygen
without the need for a temperature shift.

For low temperature induction of n-6-desaturase activity,
we had found previously that new protein synthesis was pri-
marily responsible [7]. Accordingly, we used the same strategy
to see whether a similar mechanism was used for oxygen-in-
duced enzyme activity. We used anisomycin as an inhibitor of
protein synthesis since this was the most e¡ective compound
available [7]. We measured total protein synthesis from 14C-
leucine and con¢rmed that 0.1 mg/ml anisomycin was able to
inhibit this about 60% under the experimental conditions
used. Anisomycin had no e¡ect on n-6-desaturase activity
measured in non-sparged cultures (Fig. 3) nor did it a¡ect
endogenous lipid composition during the 1-h period of induc-
tion. When air sparging was used, the activity of the n-6
desaturase in the subsequently isolated membranes was in-
creased from 3.6 to 7.1 nmol linoleate formed/mg protein/h
(i.e. by 97%). For cultures containing anisomycin, oxygena-
tion was only able to increase desaturase activity by 31%. The
inhibition by anisomycin was similar to the total inhibition of
protein synthesis, showing clearly that the new n-6-desaturase
activity induced in the presence of oxygen was due to the de
novo synthesis of enzyme and not to activation of previously
existing desaturase.

Our experiments have shown that it is possible to induce a
fatty acid desaturase by manipulation of dissolved oxygen
levels under isothermal conditions. This ¢nding is particularly
important for temperature studies of organisms in a low-oxy-
gen environment such as for protozoa such as Acanthamoeba
castellanii with a high O2 demand. For temperature-induced
desaturases, it appears that the viscosity of the plasma mem-
brane may be the sensing signal for increased gene transcrip-
tion [10] and it will be important to elucidate the signal trans-
duction pathway and molecular mechanisms required for the
oxygen-induction of the n-6 desaturase which we have ob-
served.

Acknowledgements: The ¢nancial support of the NERC (GR 3/8456)
and the BBSRC (H 96294) is gratefully acknowledged. The authors
are grateful to Mr. Henry Marsden for statistical analyses.

References

[1] Cossins, A. (Ed.) (1994) The Temperature Adaptation of Biolog-
ical Membranes, Portland Press, Colchester.

[2] Avery, S.V., Harwood, J.L. and Lloyd, D. (1994) Microbiology
140, 2423^2431.

[3] Avery, S.V., Lloyd, D. and Harwood, J.L. (1995) Biochem. J.
132, 811^816.

[4] Wada, H., Gombos, Z. and Murata, N. (1990) Nature 347, 200^
203.

[5] Ishizakini-Shizawa, D., Fujii, T., Azuma, M., Sekiguchi, K. and
Murata, N. (1996) Nature Biotechnol. 14, 1003^1006.

[6] Hazel, J.R. and Williams, E.E. (1990) Prog. Lipid Res. 29, 167^
227.

[7] Jones, A.L., Lloyd, D. and Harwood, J.L. (1993) Biochem. J.
296, 183^188.

[8] Avery, S.V., Lloyd, D. and Harwood, J.L. (1994) J. Euk. Micro-
biol. 41, 396^401.

[9] Avery, S.V., Rutter, A.J., Harwood, J.L. and Lloyd, D. (1996)
Microbiology 142, 2213^2221.

[10] Vigh, L., Los, D.A., Horvath, I. and Murata, N. (1993) Proc.
Natl. Acad. Sci. USA 90, 9090^9094.

[11] Harris, P. and James, A.T. (1969) Biochim. Biophys. Acta 187,
13^18.

[12] Edwards, S.W. and Lloyd, D. (1977) J. Gen. Microbiol. 102,
135^144.

[13] Wilhelm, E., Battino, R. and Wilcock, R.J. (1977) Chem. Rev.
77, 219^262.

[14] Jones, A.L., Hann, A.C., Harwood, J.L. and Lloyd, D. Biochem.
J. 290, 273^278.

[15] Mason, J., Allman, R., Stark, J.M. and Lloyd, D. (1994) J. Mi-
cros. 176, 8^16.

[16] Khunkitti, W., Avery, S.V., Lloyd, D., Furr, J.R. and Russell,
A.D. (1997) J. Antimicrob. Chemother. 40, 227^233.

[17] Lloyd, D. and Hayes, A.J. (1995) FEMS Microbiol. Lett. 133, 1^
7.

[18] Bligh, E.G. and Dyer, W.J. (1959) Can. J. Biochem. Physiol. 37,
911^917.

[19] Gri¤ths, G. and Harwood, J.L. (1991) Planta 184, 279^284.
[20] Jones, A.L., Pruitt, N.L., Lloyd, D. and Harwood, J.L. (1991) J.

Protozool. 38, 532^536.
[21] Caroll, N.K. (1961) Lipid Res. 2, 135^141.

FEBS 19985 19-3-98

Fig. 3. E¡ects of anisomycin on n-6-desaturase activities [3] in mi-
crosomal fractions from O2-limited A. castellanii. Cultures were oxy-
genated (20 kPa O2 in N2, 140 ml/min for 1 h) with or without ani-
somycin (0.1 mg/ml) before harvesting, homogenization and
preparation of microsomes [2]. Control cultures were not oxygen-
ated. Mean values are shown from 4 independent experi-
ments þ S.D.
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