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Supplementation of linoleate or linolenate in a culture medium caused abnor-
mal morphogenesis in an unsaturated fatty acid auxotroph of Escherichia coli K-

12.

Unsaturated fatty acid auxotrophs of Esche-
richia coli incorporate various unsaturated fatty
acids into their membrane phospholipids. These
mutants, therefore, provide a convenient tool for
studies of the effects of the unsaturated fatty
acid composition of membrane lipids on cell
physiology (2, 11). This communication reports
that the cell shape of an unsaturated fatty acid
auxotroph of E. coli was markedly altered when
grown in a medium supplemented with linoleate
or linolenate. It is also reported that this mor-
phological alteration was accompanied by an
increase in a penicillin-binding protein and
changes in the composition of membrane pro-
teins.

E. coli strain Ole-28E; (5), an unsaturated
fatty acid auxotroph, was grown in a medium
supplemented with several unsaturated fatty
acids, and the cell shape was observed by phase-
contrast microscopy. Cells grown on oleate ex-
hibited the normal rodlike shape at the logarith-
mic growth phase (Fig. 1B) and were elongated
to form filaments upon entering the stationary
phase (Fig. 1F). Since cells of the wild-type
strain (W3110) were also elongated at the sta-
tionary phase, the elongation phenomenon was
not unique for strain Ole-28E,. With elaidate as
the supplement, mutant cells also assumed rod-
like and filamentous forms at the logarithmic
and stationary phases, respectively (Fig. 1A and
E). Anomalous morphogenesis was observed
when the medium was supplemented with lino-
leate or linolenate. Linoleate-grown mutant cells
were arc shaped and S shaped at the logarithmic
phase (Fig. 1C). When elongated at the station-
ary phase, filamentous cells were hooked and
sometimes formed loops (Fig, 1G). In linolenate-
supplemented medium, arc-shaped cells also ap-
peared at the logarithmic phase (Fig. 1D) and
formed spirals upon elongation (Fig. 1H). About
80% of linoleate- and linolenate-grown cells
showed the abnormal shapes. When rod-shaped

cells growing on oleate were transferred to lino-
lenate medium, the rod-to-arc morphological
change was observed after a period correspond-
ing to more than two generations, suggesting
that morphogenesis induced by unsaturated
fatty acids was a much slower process than
induction of enzymes such as B-galactosidase by
appropriate inducers (9).

Since the shape of E. coli cells is maintained
by a rigid cage of peptidoglycan (16), and peni-
cillin-binding proteins (PBPs) are involved in
the synthesis of peptidoglycan (1), it was of
interest to compare the contents of PBPs in cell
envelopes prepared from cells grown under dif-
fering conditions. For this purpose, the binding
of benzyl[**C]penicillin to the envelope prepa-
rations was determined. Cell envelopes derived
from oleate- and elaidate-grown cells bound ben-
zyl[**C]penicillin to almost the same extent as
those from wild-type cells grown in the presence
of any of the unsaturated fatty acids (Table 1).
The binding capacities of the cell envelopes de-
rived from linoleate- and linolenate-grown cells
were 30 to 50% higher than those of wild-type
cell envelopes. The PBPs that had bound ben-
zyl[**C]penicillin were then solubilized from the
envelopes and analyzed by sodium dodecyl sul-
fate-polyacrylamide gel electrophoresis (12)
with the aid of fluorography (6). All the prepa-
rations gave seven PBP bands, a number in
agreement with previous observations for the
wild-type strain (Fig. 2) (13). A notable finding
was that the band corresponding to PBP 6 was
definitely denser in preparations derived from
the linoleate- and linolenate-grown cells than in
those derived from the oleate- and elaidate-
grown cells. It was clear that the increased levels
of PBP 6 were responsible for the higher peni-
cillin-binding capacities of the envelopes from
linoleate- and linolenate-grown cells. An attempt
was then made to examine the structure of pep-
tidoglycan by determining cross-linkage by the
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F1G. 1. Cell shapes of E. coli strain Ole-28E,
grown in the presence of various unsaturated fatty
acids. The mutant strain, derived from E. coli K-12
strain W3110, was grown at 37°C with gentle shaking
in medium E (15) supplemented with 0.5% glycerol,
0.1% Triton X-100, 0.2% Casamino Acids, and 0.01%
unsaturated fatty acid (5). The doubling time under
the growth conditions was 74 min in the oleate-con-
taining medium, and the growth rate did not signifi-
cantly differ depending on the unsaturated fatty acid
supplemented. One drop of the culture was placed on
a slide glass, covered with a cover slip, and photo-
graphed under phase-contrast conditions with a Ni-
kon microscope. Cells were grown with elaidate (A
and E), oleate (B and F), linoleate (C and G), and
linolenate (D and H). A through D were taken at the
middle logarithmic phase, and E through H were
taken at the early stationary phase. The reference
line in H represents 10 um.

method of Kamiryo and Strominger (4). Pepti-
doglycan preparations prepared from cells grown
on the four unsaturated fatty acids were found
to be cross-linked to practically the same extent
(data not shown). The possibility cannot be ex-
cluded that structural differences other than
cross-linkage existed among the peptidoglycan
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F16. 2. Analysis of PBPs in cell envelopes from E.
coli strain Ole-28E, grown in the presence of various
unsaturated fatty acids. Cells were grown, cell enve-
lopes were prepared, and benzyl[ UCJpenicillin-bind-
ing experiments were conducted as described in the
legend of Table 1. PBPs labeled with benzyl[*C]-
penicillin were then isolated by the method of Spratt
and Pardee (12), and a portion (7 ul) of the prepara-
tion was subjected to sodium dodecyl sulfate-poly-
acrylamide slab gel electrophoresis (14). Radioactive
bands on the gel were detected by fluorography (6).
PBPs are numbered in accordance with the method
of Spratt and Pardee (12). PBPs were from cells
grown with elaidate (lane 1; 420 cpm); oleate (lane 2;
460 cpm); linoleate (lane 3; 660 cpm); and linolenate
(lane 4; 670 cpm).

preparations examined.

During the analysis of PBPs, it was found that
the electrophoresis patterns of the proteins from
the envelopes were altered by the supplemented
unsaturated fatty acids. As indicated with tri-
angles in Fig. 3, the alterations were detected
both in inner and outer membrane fractions,
which were conveniently isolated by Sarkosyl
treatment of the envelopes. It was notable that
the intensities of the bands, represented by
closed triangles, increased in preparations from
linoleate- and linolenate-grown cells, but not in
those derived from oleate- and elaidate-grown
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Fi16. 3. Electrophoresis patterns of membrane pro-
teins from E. coli Ole-28E, grown in the presence of
various unsaturated fatty acids. The cell culture and
preparation of the cell envelopes were performed as
described in the legend of Table 1. To solubilize the
proteins constituting the inner membrane, a portion
(0.3 ml) of the cell envelope preparation was incu-
bated with 30 ul of 20% Sarkosyl at 23°C for 30 min,
as described previously (3). After centrifugation at
100,000 X g for 60 min, 0.2 ml of the supernatant was
mixed with 40 ul of 0.25 M Tris-hydrochloride (pH
6.8) containing 5% sodium dodecyl sulfate, and 25%
glycerol, 0.7 M B-mercaptoethanol, and 0.05% phenol
red. The mixture was boiled for 3 min and used as
the preparation of inner membrane proteins. The
precipitate after removal of the inner membrane pro-
teins was suspended in 0.3 ml of 50 mM Tris-hydro-
chloride (pH 6.8) containing 1% sodium dodecyl sul-
fate, 0.4 M B-mercaptoethanol, 10% glycerol, and
0.01% phenol red and then incubated at 100°C for 3
min to solubilize the proteins present in the outer
membrane. Insoluble material was removed by cen-
trifugation at 100,000 X g for 60 min. The supernatant
was used as the outer membrane protein preparation.
These preparations were applied to the sodium do-
decyl sulfate-polyacrylamide gel (14), and the pro-
teins on the gel were stained with Coomassie brilliant
blue R-250. In comparison with the electrophoresis
Dpatterns of the preparations derived from the oleate-
grown cells, triangles indicated the protein bands
which were altered by supplementation of different
unsaturated fatty acids. Closed triangles show the
protein bands altered in common by supplementation
of linoleic acid and linolenic acid. (A) Proteins from
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cells. Although several other altered bands were
observed (Fig. 3), reproducibility was poor in
repeated experiments. The alterations may not
have been due to the effects of supplementation
of different unsaturated fatty acids.

The results presented above indicate clearly
that the morphology of E. coli Ole-28E, cells
was affected by unsaturated fatty acids supple-
mented in the medium. Abnormal morphogen-

TABLE 1. Benzyl[**C]penicillin binding to cell
envelopes from E. coli strains W3110 (wild type) and
Ole-28E, grown in the presence of various

unsaturated fatty acids®

Radioactivity bougld (cpm/mg of

Unsaturated fatty protein)

acid supplemented X

with: Strain Strain Ole-28E,

Wwsl10 Expt 1 Expt 2
Elaidate 4,721 4,656 4,224
Oleate 4,460 4,700 4,653
Linoleate 4,518 6,200 6,648
Linolenate 4,790 5,934 6,745

% Each strain was grown in 500 ml of the medium
(cf. the legend of Fig. 1) supplemented with the indi-
cated unsaturated fatty acid until the optical density
of the culture was about 0.92. The cells were harvested,
washed with 10 mM sodium phosphate buffer (30 ml;
pH 7.0), and stored at —70°C (wet weight, ca. 0.95 g).
The frozen cells were suspended in the phosphate
buffer (12.5 ml), sonicated in an ice bath for 4 min,
and centrifuged at 1,000 X g for 10 min. The pellet was
suspended in the phosphate buffer (5 ml), sonicated,
and centrifuged as described above. The supernatants
derived from the two centrifugations were combined
and further centrifuged at 100,000 X g for 30 min to
precipitate the cell envelope fraction. The resultant
pellet was washed twice with the phosphate buffer (25
ml). Mild sonication was used to facilitate suspension
of the pellet, and centrifugation was at 100,000 X g for
30 min. The cell envelope preparation thus obtained
was suspended to a protein concentration of about 23
mg/ml in 50 mM sodium phosphate buffer (pH 7.0)
containing 10 mM MgCl,. A portion (0.3 ml) of the
preparation was incubated with 90 uM benzyl[“C]pen-
icillin (58 Ci/mol; Radiochemical Centre, Amersham,
England) at 30°C for 10 min, as described by Spratt
and Pardee (12). The reaction mixture (10 pl) was
diluted with 90 pl of water and applied to a paper disk.
The disk was washed three times with 5% trichloro-
acetic acid, twice with ethanol-ether (2:1), and once
with ether. The radioactivity retained on the dried
paper disk was measured in a liquid scintillation spec-
trometer. Protein was determined by the method of
Lowry et al., with bovine serum albumin as the stan-
dard (8).

the inner membranes (ca. 70 pg); (B) proteins from the
outer membranes (ca. 35 pg). Lanes represent cells
that were grown with elaidate (lane 1); oleate (lane
2); linoleate (lane 3); and linolenate (lane 4).



1124 NOTES

esis of linoleate- and linolenate-grown cells was
accompanied by an increased level of PBP 6 and
detectable alterations in the composition of
membrane proteins. Nothing is known at present
of the mechanisms underlying these changes.
Since most unsaturated fatty acids taken up by
the cells exist as the acyl moieties of membrane
phospholipids (7), it is conceivable that the state
of the membrane is responsible for the observed
anomalies. However, the fluidity of the mem-
brane does not seem to be a major factor, be-
cause it has been reported that membrane lipids
of E. coli cells are mostly in the fluid state under
conditions similar to those employed in the pres-
ent study (10). A possible clue to the problem
may be the fact that oleate and elaidate, which
do not cause abnormal morphogenesis, are both
Cys acids containing only one double bond,
whereas linoleate and linolenate, which induced
anomalies, are C;s acids containing two and
three double bonds, respectively. It is of interest
that the unusual trans configuration of elaidate
did not affect the morphogenesis of the mutant
cells. The relationship between the observed
changes in membrane proteins, including PBP
6, and cell shape is now under investigation.

We thank R. Sato for encouragement during this study and
for critical review of the manuscript, and K. Izui for the strains
of E. coli used in this study.
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