cannot rule out the possibility that TBR
serum may have precipitated insulin re-
ceptors indirectly—for example, by vir-
tue of pp60°™ binding of insulin receptors
and consequent bridging of the receptors
to antibodies to pp60*°. However, this
seems less likely since antibodies to the
insulin receptor do not precipitate *°S-
labeled pp60°™® (that is, a protein with an
apparent molecular weight of 60,000 dal-
tons) in association with insulin recep-
tors labeled biosynthetically with
[33S}methionine (17).
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A Mutant of Arabidopsis Lacking a Chloroplast-Specific Lipid

Abstract. In order to investigate the functional significance of membrane lipid
unsaturation, we have isolated a series of mutants of Arabidopsis thaliana which are
deficient in particular membrane fatty acids. The first of these mutants completely
lacks A3-trans-hexadecenoate, an acyl group that until now has been thought to play
an important role in the structure or function of thylakoid membranes in photosyn-
thetic eukaryotes. The apparent absence of any marked physiological effect of the
mutation illustrates the potential of this approach to the analysis of membrane

structure and function.

In most eukaryotes each lipid class has
a characteristic fatty acyl composition
defined by chain length and degree, posi-
tion, and stereochemistry of unsatura-
tion. However, with a few exceptions
the functional significance of lipid acyl
unsaturation remains uncertain in both
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animals (/) and plants (2). Much of the
work on plants has been dominated by a
hypothesis that suggested a causal rela-
tion between membrane lipid unsatura-
tion and chilling sensitivity (3) and has
frequently involved an attempt to corre-
late species differences in membrane
composition with thermal tolerance. In
addition, it is widely proposed that the
unusual fatty acid composition that char-
acterizes chloroplast membranes is criti-
cal to the maintenance of photosynthetic
function (4). We have taken a novel
approach to these questions by isolating
a series of mutants of the crucifer Arabi-
dopsis thaliana (L..) Heynh. with specific

Fig. 1. Fatty acid composition of PG from
wild-type (a) and mutant (b) Arabidopsis. PG
was purified by preparative thin-layer chro-
matography of a chloroform-methanol extract
of leaves (20). Lipid-containing zones were
visualized with iodine vapor, the lipids were
extracted from the silica gel, and fatty acid
methyl esters were prepared as described in
the legend to Table 1. Individual lipids were
identified by comparison of Rf (relative mobil-
ity) values with those of known lipid stan-
dards. The major peaks (from left to right) and
the percentages of total fatty acid in the wild-
type sample were solvent, C,¢.o (34 percent);
trans-Cie.; (20 percent); Cg.; (4 percent);
Cis.2 (10 percent); and C,g.5 (32 percent).
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alterations in leaf membrane fatty acyl
composition. Here we describe the
methods by which the mutants were iso-
lated and the properties of one of them, a
mutant that lacks a chloroplast-specific
lipid species.

The mutants were isolated without se-
lection by direct analysis of the leaf fatty
acid composition of individual M, plants.
The M, population was created by muta-
genizing approximately 20,000 wild-type
seeds (the M, generation) with 0.3 per-
cent aqueous ethyl methanesulfonate for
16 hours and permitting the resulting
plants to self-fertilize (5). To reduce spu-
rious variability in fatty acid composi-
tion, plants were grown in continuous
illumination (200 wE/m%-sec) and con-
stant temperature (23°C) and relative hu-
midity (70 percent). A leaf was removed
from individual M, plants and the fatty
acid composition was determined by gas-

Fig. 2. Transmission electron micrographs of
ultrathin (80 to 100 nm) sections of whole
leaves from wild-type (a) and mutant (b) Ara-
bidopsis at x22,500 magnification. Leaves
from 2-week-old plants grown under constant
light and temperature (5) were fixed in 4
percent glutaraldehyde, washed in 0.1M phos-
phate (pH 7.2), and stained with 1 percent
0s0, in the same buffer for 1.5 hours at 23°C.
The samples were washed, infiltrated with a
graded series of ethanol (25 to 100 percent),
placed in epoxy resin (Epon-Araldite), and
thin-sectioned with a Porter-Blum MT-2 mi-
crotome. Sections were poststained in 2 per-
cent aqueous uranyl acetate Reynold lead
citrate solution. Electron microscopy was
carried out with a Philips 201 transmission
electron microscope.
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liquid chromatography, as described in
the legend to Table 1. From among ap-
proximately 2000 plants examined in this
way, 89 were retained for subsequent
analysis because of anomalies in fatty
acyl composition. These plants were
self-fertilized, four to ten individual M;
progeny from each of the 89 lines were
analyzed for inheritance of the altered
fatty acid composition, and putative mu-
tants were advanced by single-seed de-
scent. By repeating this process for sev-
eral generations, at least seven of the
original 89 lines were found to have
stably inherited changes in fatty acid
composition.

One of these lines, designated JB60,
lacked detectable levels of the unusual
fatty acid A3-frans-hexadecenoic acid
(trans-Ci.1) and had a corresponding
increase in palmitic acid (C¢.9), but was
otherwise indistinguishable from the
wild type in fatty acid composition (Ta-
ble 1) or morphology. The other mutants
contained altered levels of polyunsatu-
rated fatty acids, and most were also
similar to the wild type in growth rate
and morphology. However, in at least
one case elevated temperatures (>25°C)
were essential for normal growth. Al-
though the specific enzymatic lesions in
these other mutants are still under inves-
tigation, we can distinguish at least five
classes of mutants by genetic comple-
mentation tests and gross differences in
fatty acyl composition. The recovery of
seven mutants with lesions at five loci
from among only 2000 M, plants is very
similar to the frequencies with which
mutants have been recovered after
chemical mutagenesis in other diploid
plant species, such as barley (6) and
maize (7).

The genetic basis for the alteration in
membrane composition in the mutant
lacking trans-Cic.; was determined by
measuring the fatty acid composition of
the F;, and F, progeny from a cross
between mutant and wild type. The F,;
progeny had approximately 50 percent as
much trans-Cis.; as the wild type
(0.89 * 0.25 percent in the F; progeny
versus 1.74 = 0.21 percent in the wild
type), suggesting a simply inherited nu-
clear mutation. The frequency of the
homozygous mutant phenotype in the F,
generation was determined by measuring
the fatty acid composition of 57 F, plants
from the JB60 x wild-type cross. Of
these, 13 completely lacked trans-Cie.;.
This very good fit to the 3:1 hypothesis
[x3(1) = 0.14; P > 0.9] indicates that the
deficiency is due to a single nuclear
mutation at a locus that we have desig-
nated fadA (fatty acid desaturation).

The fatty acid trans-Cie.;, which is

atypical both in the occurrence of the
trans unsaturation and in the position of
the double bond near the carboxyl end of
the molecule, is esterified only to posi-
tion two of phosphatidyl glycerol (PG)
(8). Thus it was of interest to compare
the fatty acid composition of PG from
the mutant and the wild type. The results
of these measurements (Fig. 1), which
substantially increased the limit of detec-
tion, confirmed that the mutant com-
pletely lacked trans-Ci¢.,. The decrease
in trans-C,6.; was compensated by a
proportional increase in the C,¢.o content
of PG. These observations suggest that
the mutant is deficient in activity for a
proposed desaturase that specifically
converts Cy¢.9 at position two of PG to
trans-Cg.; (9). If this interpretation is
correct, the presence of intermediate
levels of trans-Ci¢.; in the heterozygote
would suggest that the amount of this
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Fig. 3. Effects of light intensity on photosys-
tem II (a) and photosystem I (b) activity of
thylakoids from wild-type and mutant Arabi-
dopsis. Thylakoids were isolated by grinding
leaves in 50 mM Tricine (pH 7.8), 10 mM
NaCl, 10 mM EDTA, and 400 mM sorbitol.
The homogenate was passed through cheese-
cloth and centrifuged at 300g for 5 minutes.
The pellet was washed in 10 mM Tricine (pH
7.8), 10 mM NaCl, and S mM EDTA and
resuspended in 10 mM Tricine (pH 7.8), 10
mM NaCl, 5 mM MgCl,, and 100 mM sorbi-
tol. Electron transport was measured in a
Rank oxygen electrode at 25°C. Photosystem
II activity (a) was measured by the rate of O,
evolution with ferricyanide as the electron
acceptor. Photosystem I activity (b) was mea-
sured after differential inhibition of photo-
system II by 3-(3,4-dichlorophenyl)-1,1-
dimethylurea. Ascorbate and 2,6-dichloro-
phenol-indophenol were used to supply elec-
trons directly to photosystem I, and removal
of O, by methyl viologen was used as an
indicator of electron transport rates. The re-
sponses of the mutant JB60 and the wild type
are indicated by open and closed circles,
respectively.
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fatty acid is regulated directly by the
amount of enzyme activity rather than
by some mechanism that senses and re-
sponds to the absolute concentration of
this fatty acid in the membrane. Since
this desaturase activity has not, as yet,
been demonstrated by in vitro assay of
cellular extracts or by tracer studies with
intact chloroplasts (10), the precise enzy-
matic lesion in the mutant cannot be
evaluated by these means at present.

The absence of trans-Cig.; in a barley
mutant deficient in chloroplast ribo-
somes (/1) and the inhibition of trans-
Ci6.1 synthesis by chloroplast protein
synthesis inhibitors (/2) have been inter-
preted as possible evidence that a gene
for trans-Cig.; synthesis is chloroplast-
encoded. The Mendelian segregation of
the fadA mutation does not support this
concept; however, our results do not
exclude the possibility that one or more
proteins encoded by the chloroplast
genome are also required for trans-Cig:
synthesis. :

The ubiquitous presence of the unusu-
al fatty acid trans-Cie.; in the thylakoid
membranes of all higher plants and green
algae (13) has invited considerable spec-
ulation about a possible role in mem-
brane organization or function (§). Be-
cause trans-Cis.;-PG is not present in
etiolated tissue but accumulates during
light-induced chloroplast development
(14, 15) and occurs only in chloroplast
membranes, it has been inferred that this
lipid has a specific role associated with
the light reactions of photosynthesis. Re-
cently, attention has been focused on an
apparent association of this lipid with the
light-harvesting chlorophyll a/b protein
complex (LHCP) (16, 17), which also
accumulates in thylakoid membranes
during light-induced chloroplast devel-
opment and is thought to have an impor-
tant role in the formation of the ap-
pressed membranes of the grana (I8). To
evaluate the possibility that trans-Cig.; is
also involved in this process, we ana-
lyzed the thylakoid ultrastructure of mu-
tant and wild-type chloroplasts by elec-
tron microscopy of thin sections of
whole leaves. The micrographs (Fig. 2)
showed no obvious differences in the
size or extent of grana development or in
any other major ultrastructural feature of
the chloroplast—compelling evidence
against obligatory involvement of trans-
Cis.1 in the development of thylakoid
structure.

Recent models for the native structure
of LHCP based on Fourier analysis of
high-resolution electron micrographs of
two-dimensional LHCP crystals have in-
dicated that LHCP is a trimer of three
structurally equivalent subunits (/9). It is
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Table 1. Fatty acid composition of leaves
from mutant and wild-type Arabidopsis. To
prepare fatty acid methyl esters, a leaf was
sealed under nitrogen in a tube containing 1
ml of 1.0M methanolic HCI and refluxed for 1
hour at 80°C. One milliliter of 0.9 percent
NaCl was added and the fatty acid methyl
esters were extracted into 0.3 ml of hexane.
Gas-liquid chromatography analysis was per-
formed at 170°C on a 2-m column containing
10 percent diethylene glycol succinate and
equipped with a flame ionization detector.
Peaks were identified by comparing the elu-
tion times with known standards of fatty acid
methyl esters. Each value is the mean * stan-
dard error of independent measurements
made on ten leaves of each line.

Percentage of total

Fatty acid wild Mutant
type JB60

Cis:0 158 = 0.4 18.3 = 0.3
trans-Cs.1 1.8 0.2 0

Cie:2 0.7 = 0.1 0.8 £ 0.1
Ci6:3 + Ciso 12.6 = 0.8 11.6 £ 0.6
Cis:1 2704 27x05
Cig.2 189 0.8 18.9 £ 0.5
Cis:3 474 £ 1.5 47209

believed that this oligomeric structure
corresponds to a high molecular weight
form of LHCP observed after electro-
phoresis of detergent-solubilized thyla-
koid proteins in acrylamide gels contain-
ing small amounts of ionic detergents
(16, 17). The reported presence of ap-
proximately one molecule of bound
trans-Ci4.,-PG per LHCP monomer in
such oligomeric complexes (I8, 17) is
suggestive of a specific role for the lipid.
Since the function of LHCP is to en-
hance the capture of light energy by
photosystem II, we examined the effect
of the fadA mutation on the irradiance
response curve for the light reactions
catalyzed by isolated thylakoids (Fig. 3).
A major role for trans-Cis.; in LHCP
function would be expected to result in a
reduced rate of electron transport in the
mutant lines at low irradiance. However,
no difference was observed between the
photosynthetic activities of mutant and
wild type. We have also performed ex-
tensive analysis of energy transfer from
LHCP to photosystem II by sensitive
fluorescence techniques at a wide range
of temperature and salt conditions with-
out finding any major functional differ-
ence between the mutants and the wild
type.

The apparently universal occurrence
of trans-Ci6.;-PG in eukaryotic photo-
synthetic membranes suggests that the
lipid confers some selective advantage.
Also, although we cannot preclude the
possible effect of functionally unrelated
secondary mutations, we have observed
that the mutant grows slightly more

slowly than the wild type. However, the
results presented here clearly demon-
strate that trans-Cs.1~PG does not play
any major functional or structural role
related to the light reactions of photosyn-
thesis in normal environmental condi-
tions. We must, therefore, conclude that
the role of trans-C¢.~PG is more subtle
than previously suggested (8) or is mani-
fest only during particular developmen-
tal stages or environmental conditions. It
is expected that the fadA mutant, which
is available on request, will be particular-
ly useful in formulating and testing new
hypotheses concerning the functional
significance of this lipid species. More
generally, our results demonstrate that
mutational analysis can be a powerful
approach to the study of the relations
between fatty acyl composition and
membrane function in a higher eukary-
ote.
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