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The effects of insertion of the major coat protein of fl bacteriophage into
Escherichia coli membranes were investigated under conditions allowing in vivo
analysis of phosphatidylserine synthesis. An E. coli strain possessing a tempera-
ture-sensitive phosphatidylserine decarboxylase was utilized under conditions in
which the decarboxylase activity was reduced but nonlethal. The presence of the
coat protein in the host membranes inhibits the activity of the phosphatidylserine
synthetase and perhaps affects the activity of the phosphatidylserine decarbox-
ylase.

When most nonpermiasive Escherichia coli
hosts are infected with fl, fd, or M13 bacterio-
phage possessng an amber mutation in any gene
except gene 2, cell division and most macromo-
lecular synthesis cease within one uninfected
generation time (9, 19). Infection by mutants for
gene 1, 3, 4, 5, 6, or 7 alters the host phospholipid
metabolism such that the relative level of car-
diolipin increases and that of phosphatidyleth-
anolamnine decreases (13, 19). The relative level
of phosphatidylethanolamine decreases due to
the failure to accumulate phosphatidylethanol-
amine when the cellular levels of phosphatidyl-
glycerol and cardiolipin are increasing (4). This
decreased accumulation of phosphatidyletha-
nolamine correlates with a reduction in phos-
phatidylethanolamine synthesis; the increased
cardiolipin content results from increased car-
diolipin synthesis and decreased cardiolipin
turnover (4). The alterations have been attrib-
uted to the presence of "free" coat protein within
the host membranes, since they do not occur
after infection with an amber mutant for the
major coat protein gene (4, 19). (Free coat pro-
tein is defined as membrane-associated coat pro-
tein which, because of the mutant used, is not
involved in the formation of phage.)

It was suggested (4) that the effect upon phos-
phatidylethanolamine synthesis might result
from an altered activity of cytidine 5'-diphos-
phate-diglyceride:L-serine phosphatidyltrans-
ferase (phosphatidylserine synthetase), the first
enzyme of the branch of the phospholipid bio-
synthetic pathway leading to phosphatidyleth-
anolamine. However, direct in vivo analysis of
phosphatidylserine synthesis was not possible,
since phosphatidylserine was rapidly decarbox-

ylated to form phosphatidylethanolamine. In
this paper, we employ an E. coli psd-4 mutant
possessing a temperature-sensitive phosphati-
dylserine decarboxylase (7, 8). At intermediate
temperatures, the decarboxylase activity is only
parially reduced. It was therefore possible to
measure in vivo phosphatidylserine synthesis
and to correlate alterations in this activity with
the presence of coat protein in host membranes.

MATERIALS AND METHODS
Materials. Carrier-free [3P]orthophosphoric acid

was purchased from New England Nuclear Corp.
Thin-layer chromatography was performed on MN
Polygram Sil G 22 plastic sheets from Brinkmann
Instruments Inc. Kodak No-Screen medical X-ray film
was used for autoradiography. All chemicals were of
reagent grade.

Bacteria, bacteriophage, and media. E. coli
strain EH470, obtained from Edward Hawrot, Harvard
Medical School, Boston, Mass., is apsd-4 trnsductant
of strain W3110 (8) possessig a thermolabile phos-
phatidylserine decarboxylase. At elevated tempera-
tures, such mutants accumulate substantial quantities
of phosphatidylserine (7). To utilize this strain in these
experiments, an F' episome was introduced by mating
with strain 200 PS (Thi- Lac y- Ste T6 Ampe/F+
Lac') obtained from Philip Harriman, University of
Missouri, Kansas City. A culture of ampicillin-sensi-
tive 200 PS was grown at 34°C to approximately 2 x
107 bacteria per ml. A portion of the F, ampicillin-
resistant EH470 grown to approximately 2 x 108 bac-
teria per ml was added, such that the ratio of males to
females was 2:1. After a 4-h mating, ampicillin was
added to a final concentration of 12 pg/ml. The culture
was diluted with buffer containing 12 pg of ampicillin
per ml and plated on an agar plate containing 0.5 mg
of ampicillin. Ampicillin-resistant colonies which grew
at 34°C were tested for temperature-sensitive growth
at 42°C, for plaque formation by male-specific fl and
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f2 bacteriophage, and for "killing" in liquid culture by
amber mutants of fl bacteriophage. One isolate with
exhibited ampicillin resistance, temperature-sensitive
growth, and sensitivity to male-specific phage was
termed EH470-B2 and was utilized in the subsequent
experiments. Bacteriophage and media were as de-
scribed previously (4).

Phospholipid analyses. Phospholipids were ex-
tracted and quantitated as described previously (4),
except that the chromatography solvent chloroform-
methanol-glacial acetic acid (65:25:8) of Ames (1) was
utilized for fractionation. Determinations of phospho-
lipid composition, synthesis, and turnover were as
described previously (4), except that the bacteria were
grown for two generations at 34°C and then for two
generations at 38°C before the experiment. AU exper-
iments were performed with bacteria growing at 38°C
with aeration.

RESULTS
We previously showed (4) that the presence

of the fl coat protein in wild-type E. coli K-12
membranes results in a decrease in phosphati-
dylethanolamine synthesis. It was not possible
to test directly whether the synthesis of phos-
phatidylserine was affected, since phosphatidyl-
serine was rapidly decarboxylated to phospha-
tidylethanolamine in these strains. However,
when EH470-B2 is grown at 380C, phosphati-
dylserine accounts for approximately 30% of the
phospholipid of the bacterium (Fig. 1). In addi-
tion, the presence of free coat protein in this
strain at 380C results in an accumulation of
cardiolipin (Fig. 1A) in the same manner as
occurs in wild-type E. coli infected with an ap-
propriate fl amber mutant phage (4). These
results suggested that this strain could be uti-
lized to examine the effect of the coat protein on
phosphatidylserine synthesis.
To observe this effect, EH470-B2 was infected

with fl R16, which contains an amber mutation
in gene 5. These bacteria can synthesize coat
protein, but no phage DNA and, consequently,
no phage-type particles. In this case, the bacte-
rial membrane contains only free coat protein.
As a controL the bacteria were infected with
M13 8H1, which contains an amber mutation in
the coat protein gene. These bacteria can syn-
thesize all other detectable phage-specific pro-
teins and DNA species (6, 17) but no coat pro-
tein. Figure 2 shows phospholipid synthesis in
EH470-B2 at 380C after infection by these two
amber mutants. The pattern ofphosphatidylser-
ine synthesis in fl R16-infected EH470-B2 (Fig.
2A) resembled that of phosphatidylethanola-
mine synthesis observed previously in fl R12-
infected bacteria (4), with levels decreasing to
approximately 20% of the uninfected rate. At
later times after M13 8H1 infection, phosphati-
dylserine synthesis also declined to approxi-
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FIG. 1. Molecularphospholipid composition of (A)
fl R16- and (B) M13 8HI-infected bacteria. 32P.la.
beled cultures ofEH470-B2 were divided in halfand,
at a density of 1.5 x 108 cells per ml, one-half was
infected (0 min) with the appropriate amber mutant
at a multiplicity of infection of 200; the other half
remained uninfected. At the indicated times, portions
were withdrawn, and the phospholipids were ex-
tracted and quantitated as described in the text.
Symbols: A, A, cardiolipin (CL); U, 0, phosphatidyl-
ethanolamine (PE); 0, O, phosphatidylglcerol (PG);
V, V, phosphatidylserine (PS). Solid lines and closed
symbols represent the amber mutant-infected cul-
tures. Dashed lines and open symbols represent the
paraUel uninfected cultures.

mately 60% of the uninfected rate (Fig. 2B), but
this decrease probably reflects the general de-
cline in metabolism in amber mutant-infected
bacteria (4, 9, 19). Comparison of the phospha-
tidylserine synthesis in both infected bacteria
shows that the presence of the coat protein
produced a threefold further reduction in phos-
phatidylserine synthesis immediately after infec-
tion. Therefore, the coat protein-induced decline
in phosphatidylethanolanine synthesis ob-
served in wild-type E. coli may be caused by a
decrease in phosphatidylserine synthesis.
However, phosphatidylethanolamine synthe-

sis in fl R16-infected EH470-B2 also declined
(Fig. 2A) such that the level was sixfold lower
than in M13 8Hl-infected bacteria (Fig. 2B). It
is difficult to determine whether this effect is a
result of the mutant decarboxylase, since the
exact nature of the temperature-sensitive lesion
is unknown. If the mutant enzyme has a higher
apparent Km for phosphatidylserine at this tem-
perature, then the decrease of phosphatidylser-
ine synthesis caused by the presence of the coat
protein (Fig. 2A) might be expected to affect the
formation of phosphatidylethanolamine. How-
ever, the total phosphatidylserine content of un-
infected and fl R16-infected EH470-B2 are
nearly identical and quite high during the time
period of the experiment (Fig. 1A). Under these
conditions, for the concentration of phosphati-
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min
FIG. 2. Phospholipid synthesis in (A) fI R16 and

(B) M13 8H1 -infected bacteria. Cultures ofEH470-B2
were divided and infected as described for Fig. 1. At
intervals, portions were withdrawn and pulsed with
nPi for 4 min, and the rates ofphospholipid synthesis
were determined as described in the text. Results are
presented as $'P-labeled counts per minute incorpo-
rated into thephospholipid speciesper 10 cells in the
sample and plotted at the midpoint of the pulse.
Symbols are as in Fig. 1. Solid lines and closed
symbols represent the amber mutant-infected cul-
tures. Dashed lines and open symbols represent the
paraUel uninfected cultures.

dylserine to have any effect on the activity of
the mutant decarboxylase, it must be postulated
that it is a special class of phosphatidylserine,
perhaps only the newly synthesized phosphati-
dylserine molecules, which can be decarboxyl-
ated. This would mean that previously labeled
phosphatidylserine could not be converted to
phosphatidylethanolamine in EH 470-B2 at
380C. When this was tested in the turnover
experiment shown in Fig. 3, the decrease in
phosphatidylserine was accompanied by an
equal increase in phosphatidylethanolamine in
uninfected EH 470-B2 at 38°C, strongly suggest-
ing that preexisting phosphatidylserine can be
used as a substrate for the decarboxylase under
these conditions. These data, together with the
fact that there is less phosphatidylethanolamine
synthesized in fl R16-infected EH470-B2 under
the same conditions, suggests that the presence
of the coat protein at least has an indirect effect
on the decarboxylase activity.
The failure to accumulate both phosphatidyl-

sernie and phosphatidylethanomine in fl R16-
infected EH470-B2 (Fig. 1A) compared with lev-
els in M13 8H1-infected bacteria (Fig. 1B) is
consistent with this conclusion. The decreased
turnover of phosphatidylserine into phosphati-
dylethanolamine after fl R16 infection (Fig. 3A),
compared with that after M13 8H1 infection

(Fig. 3B), also indicates a reduced decarboxylase
activity. The cellular content (Fig. 1), synthesis
(Fig. 2), and turnover (Fig. 3) of phosphatidyl-
glycerol and cardiolipin for both fl R16 and M13
8H1 infections are consitent with previous find-
ings (4). Phosphatidylglycerol turnover in fl
R16-infected bacteria in the presence of phos-
pholipid synthesis (Fig. 3A) differed from that
observed in the absence of phospholipid synthe-
sis (4) only because an increased turnover from
20 to 30 min postinfection reflected the burst of
cardiolipin synthesis (Fig. 2A). Otherwise, phos-
phatidylglycerol turnover, as determined previ-
ously (4), was unaffected by the presence of the
coat protein.

DISCUSSION
The presence of the fl bacteriophage major

coat protein in the E. coli membrane has been
shown to increase the synthesis and decrease
the turnover of cardiolipin and also to decrease
the synthesis of phosphatidylethanolamine (4).
In this paper, the latter effect is shown to result
from a reduction ofboth phosphotidylserine syn-
thetase and decarboxylase activities.

Several possibilities have been suggested (4)
to explain how the coat protein might affect the
synthetase activity. (i) The coat protein might
enter or exist in the membrane in an environ-
ment similar to that of phosphatidylserine syn-
thetase, and the enzyme either cannot associate
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FIG. 3. Phospholipid turnover in (A) fl R16- and
(B)M13 8HI-infected bacteria. 3P-labeled cultures of
EH470-B2 were divided and infected as described in
Fig. 1. Five miutes after infection, the bacteria were
filtered, washed, and resuspended in media lacking
'P. At the times indicated, portions were withdrawn,
and the label remaining in the phospholipid species
was quatitated as described in the text. Symbols are
as in Fig. 1. Solid lines and closed symbols represent
the amber mutant-infected cultures. Dashed lines and
open symbols represent the parallel uninfected cul-
tures.
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with the membrane or is displaced as the coat
protein enters. This alternative must be consid-
ered in view of the tenuous nature of any mem-
brane association this enzyme might exhibit (12).
Whereas most phospholipid biosynthetic en-
zymes are found associated with the cytoplasmic
membrane (2, 19), this enzyme has been found
as a ribosomal associated form or loosely asso-
ciated with membranes (11, 15-17). (ii) The pres-
ence of the coat protein in the membrane in
close proximity to the site of action of the syn-
thetase inhibits its activity. This would include
any complex site of action involving ribosomes,
synthetase, and membrane. (iii) Phosphatidyl-
seine synthetase activity may have specific
phospholipid requirements which are disturbed
in the modified phospholipid composition cre-
ated by coat protein insertion (4, 13, 19). This
alternative is significant, since cardiolipin acti-
vates phosphatidylserine synthetase in vitro and
lowers its Km for L-serine (10). Previous data
have suggested that, after the coat protein has
been inserted into the membrane, it can form a
tight association with cardiolipin (4). Since the
amount of cardiolipin is low during the time of
logarithmic growth of this experiment, any se-
questering of cardiolipin around the coat protein
might decrease the cardiolipin level in the envi-
ronment of phosphatidylserine synthetase and
thus reduce the activity of the enzyme.

Activity of the phosphatidylserine decarbox-
ylase might be inhibited by mechanisms analo-
gous to (ii) and (iii) proposed above for the
synthetase. However, the delayed response to
the decarboxylase activity (Fig. 2A) indicates
that it is less sensitive (to either the coat protein
itself or to the altered phospholipid environ-
ment) than is the synthetase. It is doubtful that
mechanism i is a viable altemative in this case,
since the decarboxylase is tightly associated with
the cytoplasmic membrane (2, 5, 18).
Thus, insertion of the filamentous phage ma-

jor coat protein into E. coli membranes affects
three phospholipid biosynthetic activities: phos-
phatidylserine synthetase, phosphatidylserine
decarboxylase, and cardiolipin synthetase (4;
Fig. 2). Although these alterations are attribut-
able to the presence of the coat protein in the
membranes, the possibility that some of them
are secondary responses cannot be excluded. For
example, the relative cardiolipin content in E.
coli can increase when there is a defect in phos-
phatidylserine synthetase (14). The results pre-
sented previously (4) and in this paper indicated
that coat protein in the membranes decreased
phosphatidylserine synthetase activity and
caused an accumulation of cardiolipin. The data
do not exclude the possibility that some of the
increased cardiolipin content arises indirectly

through the inhibition of phosphatidylserine
synthetase activity. It was previously suggested
that there is a direct interaction in the mem-
brane between cardiolipin and the coat protein,
perhaps due to the negative charges on the
cardiolipin molecule, and that this interaction
might be responsible for the decrease in cardio-
lipin turnover (4). In mutant bacteria defective
in cardiolipin, any requirement of coat protein
for negatively charged lipids appears to be re-
placed by phosphatidylglycerol (G. Pluschke, Z.
Hirota, and P. Overath, J. Biol. Chem., in press).
However, when cardiolipin is present as in
EH470-B2, the cardiolipin-coat protein interac-
tion cannot be replaced by a coat protein-phos-
phatidylserine interaction, since the cardiolipin
accumulation and the decrease in turnover still
occurwhen coat protein is present in membranes
containing 30% phosphatidylserine.

It is hoped that the study of alterations pro-
duced by the insertion of a foreign protein into
E. coli membranes might clarify interactions
among the various phospholipid biosynthetic ac-
tivities. Eventually such information could facil-
itate elucidation of the mechanisms by which
the E. coli phospholipid metabolism is regu-
lated. Furthermore, analysis of the requirements
for incorporation of the coat protein into host
membranes (3, 4) might prove to be applicable
to E. coli membrane biogenesis in general.
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