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sn-Glycerol 3-phosphate (G3P) auxotrophs of Escherichia coli have been
selected from a strain which cannot aerobically catabolize G3P. The auxotrophy
resulted from loss of the biosynthetic G3P dehydrogenase (EC 1.1.1.8) or from a
defective membranous G3P acyltransferase. The apparent Km of the
acyltransferase for G3P was 11- to 14-fold higher (from about 90 ym to 1,000 to
1,250 ,um) in membrane preparations from the mutants than those of the parent.
All extracts prepared from revertants of the G3P dehydrogenase mutants showed
G3P dehydrogenase activity, but most contained less than 10% of the wild-type
level. Membrane preparations from revertants of the acyltransferase mutants
had apparent Km's for G3P similar to that of the parent. Strains have been
derived in which the G3P requirement can be satisfied with glycerol in the
presence of glucose, presumably because the glycerol kinase was desensitized to
inhibition by fructose 1, 6-diphosphate. Investigations on the growth and
macromolecular synthesis in a G3P acyltransferase Km mutant revealed that
upon glycerol deprivation, net phospholipid synthesis stopped immediately;
growth continued for about one doubling; net ribonucleic acid (RNA), deoxyribo-
nucleic acid (DNA), and protein nearly doubled paralleling the growth curve; the
rate of phospholipid synthesis assessed by labeling cells with 82P-phosphate, 14C-
acetate, or 9H-serine was reduced greater than 90%; the rates of RNA and DNA
synthesis increased as the cells grew and then decreased as the cells stopped
growing; the rate of protein synthesis showed no increase and declined more
slowly than the rates ofRNA and DNA synthesis when the cells stopped growing.
The cells retained and gained in the capacity to synthesize phospholipids upon
glycerol deprivation. These data indicate that net phospholipid synthesis is not
required for continued macromolecular synthesis for about one doubling, and
that the rates of these processes are not coupled during this time period.

Investigations on the structural and func-
tional importance of membrane phospholipid in
biological membranes have been facilitated by
the availability of bacterial mutants deficient in
lipid synthesis (8). These investigations have
utilized mutants of Escherichia coli defective in
unsaturated fatty acid synthesis (8, 10, 14),
mutants of E. coli (16), Bacillus subtilis (21, 22,
27), and Staphylococcus aureus (22) which
require glycerol for growth, and temperature-
sensitive mutants of E. coli defective in the
sn-glycerol 3-phosphate (G3P; stereospecific
numbering according to Hirschmann [15]) acyl-
transferase (7, 11). Investigations of mac-
romolecular synthesis in the unsaturated fatty
acid auxotrophs (8, 10, 14) and the glycerol
auxotrophs (15, 21-23) revealed continued
growth and macromolecular synthesis upon

supplement deprival and upon cessation of net
phospholipid synthesis. Recent investigations
on macromolecular synthesis in the E. coli
temperature-sensitive G3P acyltransferase mu-
tants resulted in the suggestion that the synthe-
sis of deoxyribonucleic acid (DNA), ribonucleic
acid (RNA), and protein is coupled with phos-
pholipid synthesis since all of these processes
shut off in parallel in these mutants at the re-
strictive temperature (11).
The obvious potential of mutants defective in

membrane phospholipid synthesis for investi-
gating biological membranes and the apparent
coupling of phospholipid synthesis with mac-
romolecular synthetic processes in the tempera-
ture-sensitive G3P acyltransferase mutants
prompted the investigations reported here. The
aims of these studies were to select G3P auxo-
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trophs of E. coli in suitable genetic backgrounds
to facilitate future investigations; to establish
the enzymatic defect causing the G3P auxotro-
phy; and to investigate the coupling of mac-

romolecular synthesis with phospholipid syn-

thesis in mutants defective in membrane phos-
pholipid synthesis because of a Km-defective
G3P acyltransferase.

In this investigation, the isolation and char-
acterization of G3P auxotrophs of E. coli are

reported. The G3P auxotrophy resulted from
loss of the biosynthetic G3P dehydrogenase or

from a defective G3P acyltransferase. Strains
have been derived in which the G3P require-
ment can be satisfied with glycerol in the
presence of glucose. The macromolecular syn-

thesis in G3P acyltransferase Km mutant has
been investigated upon glycerol deprivation.
The results, presented below, indicated that
growth, net DNA, RNA, and protein synthesis
are uncoupled from net phospholipid synthesis
for about one doubling, and that the rates of
these processes are also uncoupled during this
period.

MATERIALS AND METHODS
Chemicals. DL-Glycerol 3-phosphate, streptomycin

sulfate, reduced nicotinamide adenine dinucleotide
phosphate (NADPH), dihydroxyacetone phosphate,
and E. coli alkaline phosphatase (28 units/mg) were

obtained from Sigma Chemical Co., St. Louis, Mo.
Palmitoyl-CoA was the product of P-L Biochemicals,
Inc., Milwaukee, Wis. The radioisotopes (32P-phos-
phate, 3H-leucine, "IC-acetate, 3H-serine, H-uracil,
3H-thymidine, and "C-G3P) and Aquasol were ob-
tained from New England Nuclear Corp., Boston,
Mass. Special noble agar, tryptone, and vitamin-free

Casamino Acids were supplied by Difco, Detroit,
Mich. Potassium penicillin G was obtained from
Pfizer Laboratories, New York, N.Y. All other chemi-
cals were the highest quality commercially available.

Bacterial strains. All bacterial strains are deriva-
tives of E. coli strain 8 (13). This strain lacks the
aerobic G3P dehydrogenase, alkaline phosphatase,
and is constitutive for the transport of G3P and for
glycerol kinase. A list of strains is given in Table 1.

Media. The basic growth medium was similar to
the M56LP media previously described (6). The
modified M56LP consisted of 100 mM tris(hydroxy-
methyl)aminomethane (Tris), 10 mM KCl, 15 mM
(NH4)2SO4, 10 mM MgCl2, and 0.3 mM phosphate
(K+ salt), adjusted to pH 7.4 with HCl. Glucose was

always added to 0.2 to 0.4% as indicated. Vitamin-free
Casamino Acids, G3P, and glycerol were added as

indicated. Medium E (25) containing 0.2% glucose,
0.2% tryptone plus 0.1% G3P, or 0.1% glycerol was

employed for growth of all cells used for enzymological
experiments. Solid media contained 1.5% special
noble agar.
Growth of bacteria. All growth experiments used

the modified M56LP medium supplemented with
0.4% glucose and 0.1% Cersamino Acids (vitamin free),
G3P or glycerol was added as indicated in the figure
legends. All growth experiments were performed at
37 C in Nephlo culture flasks by using a New Bruns-
wick G76 gyratory shaker bath. Growth was followed
on a Klett colorimeter equipped with a number 54
filter. One Klett unit corresponded to approximately 5
x 106 cells/ml.

Selection of G3P auxotrophs. Strain 8 was grown
in the modified M56LP medium containing 0.2%
glucose and 0.2% G3P, mutagenized with N-methyl-
N'-nitro-N-nitrosoguanidine at 100 Ag/ml (1) and
allowed to grow to stationary phase. The cells were

washed two times by centrifugation to 'remove the
G3P, and resuspended at about 2 x 107 cells/ml. After
the cells had grown for two generations, penicillin G

0

TABLE 1. Bacterial strains

G3P
Strain dehydrogenase G3P acyltransferase Glycerol kinase

(biosynthetic)

8 (parent)a Positive Positive Constitutive, inhibited by fructose 1,6-
diphosphate

BB2 Negative Positive Constitutive, inhibited by fructose 1,6-
BB20 diphosphate
3C3
BB13 Positive Defective in apparent Constitutive, inhibited by fructose 1,6-
BB26 Km for G3P diphosphate
BB20-14 Negative Positive Constitutive (cells can utilize glycerol in

presence of glucose presumably by loss
of inhibition to fructose 1, 6-diphos-
phate)

BB26-36 Positive Defective in apparent Constitutive (cells can utilize glycerol in
BB13-5 Km for G3P presence of glucose presumably by loss

of inhibition to fructose 1, 6-diphos-
phate)

aHayashi et al. (13). All strains lack alkaline phosphatase and the aerobic G3P dehydrogenase and are
constitutive for the transport of G3P.
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was added to 10,000 units/ml. Three hours later, the
cells were washed four times with the modified
M56LP containing 0.2% glucose and 0.2% G3P, and
were allowed to grow to stationary phase. G3P auxo-
trophs were identified. by replica plating the survivors
on glucose-modified M56LP plates with and without
0.1% G3P. After one penicillin cycle, the G3P auxo-

trophs constituted about 0.1% of the population.
Another penicillin cycle resulted in an additional 5- to
10-fold enrichment. Since all of the mutants grow on

minimal glucose plates supplemented with G3P, they
have no nutritional requirements other than G3P.
Spontaneous revertants to G3P prototrophy were

obtained by plating cells on modified M56LP glucose
plates. The reversion rate was about 10-8 reversions
per generation per bacterium.

Selection of strains from the G3P auxotrophs
that are supplementable with glycerol in the pres-
ence of glucose. The G3P requirements of these
auxotrophs cannot be satisfied with glycerol in the
presence of glucose. Strains BB26 and BB20 were

mutagenized as described above. The cells were

washed to remove the G3P, and samples were plated
on modified M56LP containing 0.4% glucose and 0.1%
glycerol. The colonies that formed (about one colony
formed per 106 cells plated) were checked to see if the
G3P requirement was maintained. Five of the 27
colonies derived from BB13 and one of the 36 derived
from BB26 showed a requirement for G3P which could
be supplemented with glycerol in the presence of
glucose. Forty-two of the 90 colonies derived from
BB20 showed this property. These strains presumably
contain a glycerol kinase which is insensitive to
inhibition by fructose 1, 6-diphosphate (28, 29).
Enzyme assays. The biosynthetic G3P: NADPH

dehydrogenase (EC 1.1.1.8) was assayed at 25 C on a

Gilford 2400S recording spectrophotometer by using
the conditions previously described (18). Cells were

disrupted by sonic treatment in 50 mM Tris-hydro-
chloride, 7.4, which contained 1 mM dithio-
threitol. Cell debris was removed by centrifugation at
27,000 x g for 30 min at 2 to 4 C by using a Sorvall
RC2B certrifuge. Activity was measured in crude
extracts or after a streptomycin sulfate precipitation
and ammonium sulfate precipitation as described by
Kito and Pizer (18). The assay was linear with protein
and the time employed. One unit of G3P dehydrogen-
ase activity corresponds to the dihydroxyacetone
phosphate-dependent oxidization of 1 nmol of
NADPH per min at 25 C.
The activity of the G3P acyltransferase was mea-

sured in membrane preparations prepared as de-
scribed previously (20) by determining the incorpora-
tion of "IC-G3P into phospholipid. The assay was

performed at 25 C in screw-capped culture tubes (13
by 100 mm) in a volume of 0.2 ml. The incubation
mixture contained 0.1 M Tris-hydrochloride, pH 8.5,
1 mg of BSA per ml, 50 MM Palmitoyl-CoA, 1 mM
dithiothreitol, 5 mM MgCl,, and "4C-G3P (specific
activity 3300 DPM/nmol) in amounts ranging from 75
gM to 1.5 mM, and 30 to 90 gg of membrane protein.
The assay was started by adding the enzyme and was

stopped 10 min later by adding 0.6 ml of 1% HC104.
The assay was linear with respect to time and amount

of protein employed. The quantity of G3P converted
to lipid was measured by extracting the incubation
mixture by the Bligh-Dyer procedure (3) by using 3 ml
of MeOH/CHCl, 2: 1, followed by 1 ml each of CHCls
and 1% HClO4. The resulting chloroform phase was
washed three times with 2 ml of 1% HClO4. A 1-ml
amount of the chloroform phase was transferred to a
scintillation vial, evaporated under nitrogen, and
then counted in 8 ml of Bray (4) solution. The
method of Lineweaver and Burk was employed to
estimate apparent Km's for G3P (19).

Protein was determined by a microbiuret procedure
(24).
Net synthesis of DNA, RNA, protein, and phos-

pholipid. The net synthesis of DNA, RNA, and
phospholipid was determined by using 83P-phosphate
as previously described (11). Net protein was deter-
mined by using 3H-leucine as previously described
(11).

Rates of RNA, DNA, protein, and phospholipid
synthesis. Rates of synthesis have been assessed by
briefly labeling cells with radioisotopes as described
below. The incorporation of label was linear for the
time employed. The rates of RNA, DNA, and phos-
pholipid synthesis were determined by briefly labeling
0.7 ml of cells with 25 gCi of 31P-phosphate (added
carrier free to the culture medium) for 5 min as
previously described (11). The rates of RNA, DNA,
and protein synthesis were also determined as previ-
ously described (11) by briefly labeling 1.0-ml sam-
ples of cells with 0.2 MCi of 3H-uracil (26 mCi/mmol),
10 ACi of 8H-thymidine (520 mCi/mmol), and 10 MCi
of 3H-leucine (41 Ci/mmol). The rate of phospholipid
synthesis was also estimated by measuring the incor-
poration of "4C-acetate and 'H-serine into Bligh-Dyer
extractable material by labeling 0.8 ml of cells with 10
MCi of "4C-acetate (59 mCi/mmol) for 5 min or with
3H-serine (3.38 Ci/mmol) for 3 min. The CHCI, phase
of the extraction was washed three times with 2 ml of
water, and 1 ml of the CHCl1 phase was transferred to
a scintillation vial, evaporated under nitrogen, and
counted.

Scintiliation counting. All samples for the deter-
mination of the rate or net synthesis of RNA, DNA,
and protein were counted in 8 ml of Aquasol. All
samples measuring G3P acyltransferase activity were
counted in 8 ml of Bray solution. Samples were
counted in either a Packard 3320 or an Intertechnique
SL30 scintillation counter. The counting efficiency for
4C in Bray was 80% under the conditions employed.

RESULTS
Rationale for selection of parent strain.

Strain 8, a K12 derivative of E. coli (13) was
chosen as the parent strain for deriving the G3P
auxotrophs because it constitutively transports
the required supplement, and because this proc-
ess will not be interfered with by alkaline
phosphatase since it has been lost by mutation.
Further, strain 8 was selected because it cannot
aerobically catabolize the required nutrient,
and because the in vivo pool of G3P can be
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widely modulated by adding G3P to the me-

dium (5, 12, 13, 18, 28, 29). Strain 8 contains
glycerol kinase at constitutive levels which
assures that the G3P requirement can be satis-
fied with glycerol under appropriate conditions
(12, 28).

Selection and growth properties of G3P
auxotrophs. G3P auxotrophs of E. coli strain 8
of Hayashi et al. (13) were derived by penicillin
selection, and were identified by replica plating.
All of the G3P auxotrophs selected for investiga-
tion grew as well as their parent, strain 8, on

plates supplemented with G3P; did not form
colonies or show any growth on plates after 48 h
at 37 C in the absence of G3P; and did not
require any nutrients other than G3P. The
properties of the bacterial strains are summa-
rized in Table 1.
G3P dehydrogenase mutants. The G3P re-

quirement of the independently isolated strains
BB2, BB20, and 3C3 resulted from a defective
biosynthetic G3P dehydrogenase. The dihy-
droxyacetone phosphate-dependent oxidation
of NADPH was not detected in either crude
extracts for BB2, BB20, and 3C3 or after two
purification steps for BB2 and BB20 (cf. Table
2). Mixing crude extracts of BB2, BB20, and
3C3 with an extract of their parent, strain 8, did
not result in inhibition of the parental activity.
Thus, the absence of activity in the mutant
extracts does not appear to result from the
production of an inhibitor in the mutants. The
basis for the G3P requirement in these mutants
was the same as for the glycerol-requiring mu-

tant isolated by Hsu and Fox (16). Extracts
prepared from spontaneous revertants of BB2,
BB20, and 3C3, which formed colonies similar
in size to their parent, showed G3P dehydrogen-
ase activity that approached parental levels for
some revertants (cf. Table 2). However, most of
the revertant extracts contained significantly
iower G3P dehydrogenase activity than paren-

tal extracts. This suggests that wild-type eells
possess excess G3P dehydrogenase activity than
is actually required for normal growth.
G3P auxotrophs containing normal levels

of G3P dehydrogena§e. Extracts from several
of the G3P auxotrophs contained nearly wild-
type levels of G3P dehydrogenase activity. Data
for two independently isolated strains, BB13
and BB26, are shown in Table 2. The G3P
dehydrogenase activity present in these strains
was inhibited by G3P to the same extent as

their parent, strain 8 (cf. Table 3).
G3P acyltransferase Km mutants. Strains

BB13 and BB26 contained a defective G3P
acyltransferase. Membrane preparations from
the parent, strain 8, contained a G3P acyltrans-

TABLE 2. G3P dehydrogenase activity of the G3P
auxotrophs and their revertants

Sp act' (units/mg)

Strain C O75%
Crude extract' (NHO),SOOC,

8 (wild type) 16.8 14.7
BB13 10.8
BB26 6.5
BB2 NDd( <0.1) ND ( <0.1)
BB2 R-1e 2.5
3C3 ND (<0.1)
3C3 R-1 1.6
3C3 R-2 10.3
BB20 ND(<0.1) ND(<0.1)
BB20 R-1 3.0
BB20 R-2 0.8
BB26-36 32.9'

a One unit equals 1 nmol of NADPH oxidized per
min at 25 C.

I The crude extract and ammonium sulfate fractio-
nations were performed on separate batches of cells
grown at 37 C and frozen before breakage.

c Essentially step II enzyme of Kito and Pizer (18).
d ND, Not detected.
e R indicates revertant.
' Crude extract prepared from unfrozen cells grown

at 25 C.

TABLE 3. G3P inhibition of the G3P dehydrogenasea
in strain 8, BB13 and BB26

Strain Inhibition (%)

25b 50 75 100 150

8 (parent) 11 38 63 73 93
BB13 8 31 71 79 95
BB26 8 34 54 82 94

a The enzyme preparation employed was the same
as in Table 2 (cf. footnote c).
bG3P concentration (gM).

ferase activity that had an apparent Km for G3P
of 88 MM (Fig. 1A). (All apparent Km's were
determined from Lineweaver-Burk plots (19)
which are shown in Fig. 1). Membrane prepara-
tions from BB13 showed a G3P acyltransferase
activity that had an apparent Km for G3P of
1250 uM, which is 14.2-fold higher than the
parent (cf. Fig. 1B). Membrane preparations
from strain BB26 contained an acyltransferase
activity with an apparent Km for G3P of 1,000
AM, 11.4-fold higher than its parent (cf. Fig.
IC). The apparent Km's for G3P of the G3P
acyltransferase of strains 8, BB13, and BB26
were essentially identical to those reported in
Fig. 1 in at least three other experiments (data
not shown) that utilized different membrane
preparations. The maximal velocities (Vmax) of
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FIG. 1. G3P dependence of the G3P acyltransferase in membrane preparations from strain 8 and the
independently isolated mutant strains, BB13 and BB26, and revertants. The G3P acyltransferase was assayed
as described in Materials and Methods. The data are presented as Lineweaver-Burk plots. The quantity of
protein employed in each assay is shown in parenthesis. A, Strain 8 (31 uig); B, strain BB13 (55 gg); C, strain
BB26 (74 ug); D, revertant of strain BB13, BB13-R2 (78 Mg); E, revertant of strain BB26, BB26-R35 (66 Mg); and
F, revertant of strain BB26, BB26-R50 (70 ug).

regard are similar to the mutant previously
BB26 were 6.0, 2.3, and 2.6 nmol per min per
mg, respectively (calculated from data in Fig.
lA-C). Membranes prepared from independ-
ently isolated revertants of BB13, BB13-R2, and
of BB26, BB26-R35, and BB26-R50, contained
G3P acyltransferase activity with apparent
Km's for G3P of 110, 125, and 75 yM, respec-

tively (cf. Figure 1D-F). Therefore, all of the
revertants contained membranous G3P acyl-
transferase activity with apparent Km's for G3P
similar to their parent. BB13 and BB26 con-

tained a G3P acyltransferase activity defective
in the apparent Km for G3P and in this regard
are similar to the mutant previously described
by Kito et al. (17).

Effect of G3P deprivation and alkaline
phosphatase on the growth of BBl3 and
BB26. The growth properties of strain 8, BB13,
and BB26 are shown in Fig. 2. Strain 8 grew

equally well in the presence or absence of G3P
and was unaffected when E. coli alkaline phos-
phatase was added to the growth medium which
contained G3P (cf. Fig. 2A). Strains BB13 and
BB26 grew as well as their parent when supple-
mented with G3P (cf. Fig. 2B and C) and
continued to grow when G3P was removed by
filtration and the cells were resuspended in
medium without supplement. Under these con-

ditions the turbidity nearly doubled. Growth of
BB13 and BB26 was also arrested upon addition
of alkaline phosphatase to the growth medium
containing G3P, presumably because the G3P
was degraded to glycerol and phosphate. Glyc-
erol cannot satisfy the G3P requirement of
BB13 or of BB26 grown in medium containing
glucose because glycerol kinase is inhibited by
fructose 1, 6-diphosphate (28, 29). The con-

tinued growth of these acyltransferase mutants
upon G3P deprivation was similar to the growth
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properties of the G3P dehydrogenase mutants
A. STRAIN 8 (16), BB2 and BB20 (unpublished data). There-

_*-cr fore, the growth properties of the auxotrophs
200- + glycerol 3-P upon G3P deprivation do not provide a diagnosis/o pz /

for the enzymatic defect causing the G3P auxo-150s trophy.

Selection of strains where the G3P re-

00 quirement can be satisfied with glycerol inD

80 >( vy z - glycerol 3-P the presence of glucose. Strains where the G3P80-7c_ ^/ Jrequirement of BB20 (G3P dehydrogenase mu-060 tant) and BB26 (G3P acyltransferase Km mu-5c_ tant) could be satisfied with glycerol in the
.- presence of glucose selected because the

40r { / Z
growth of strain 8 in the absence of glucose is

30 K1 strongly inhibited by addition of G3P or glycerol
alkaline phosphatase to the medium (5); the inhibition of growth

I I I I I caused by G3P is overcome with glucose (5);
supplementation with glycerol allows 32P_

B.
BB 13

phosphate to be utilized to investigate phospho-

lipid metabolism. The selection of these strains
were accomplished by searching for mutagen-

150
_

induced variants of BB20 and capable of
+glycerol 3-' growth on plates containing glucose and glyc-

s

IOo-o0 /

erol which maintained their requirement for
alkaineG3P. Many strains of this type were derived,7) 80- alkaline phosphatase and two of these, BB20-14 and BB26-36, were

60c selected for further investigations (cf. Table 1).S

50- The G3P requirements of these strains can be
40 - glycerol 3-P supplemented with glycerol in the presence of

glucose presumably because they contain a

30 glycerol kinase resistant to inhibition by fruc-
tose 1, 6-diphosphate. Such aberrant glycerol, I'

I kinase mutants have been previously described
(28, 29). As shown in Table 2, an extract from

BB 26

BB26-36 contained high G3P dehydrogenase

200
-

+ gl ycerol 3 -P activity.

150- Growth and net synthesis in the G3P acyl-
transferase Km mutant, BB26-36. The growth
and net synthesis of phospholipid, DNA, RNA,aa osa_ase.and protein were measured in BB26-36. In Fig.28C a l k 43inep hosphotase;3A, the growth of BB26-36 supplemented with

i- 6 glycerol was identical to that of its parent (cf.
w0c y g < _Fig. 2A) and glycerol deprivation was followed50c by nearly a doubling of the turbidity, a result

40 ) similar to that seen when BB26 was deprived of
-glycerol 3-P G3P (cf. Fig. 2C).32P-Phosphate incorporation30c j was used to measure net synthesis of phospho-

lipid (Fig. 3B), DNA (Fig. 3C), and RNA (Fig.
2c

l

3D), and 3H-leucine was used to measure net0 2 3 4 5 6 protein synthesis (Fig. 3E) in the presence and
TIME IN HOURS absence of glycerol. As expected, BB26-36 sup-

FIG. 2. Effect of G3P deprivation and alkaline plemented with glycerol showed net phospho-
phosphatase on the growth of the G3P acyltransferase lipid, net DNA, net RNA, and net protein
mutants. The media was supplemented whereindi- synthesis that paralleled the growth of the
cated with 0.05% G3P. Growth curves are shown for strain. However, BB26-36 deprived of glycerol

each strain in the presence of G3P, or its absence
(cells were filtered at the open arrow on 0.45 Am
HA WP 42-mm Millipore filters, washed five times of E. coli alkaline phosphatase per ml of growth
with 2 to 3 ml of growth medium, and resuspended). medium containing G3P (added at the solid arrow).
Growth cuvves are also shown after addition of 1 unit A, Strain 8; B, strain BB13; C, strain BB26.
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A GR _TH

+-glycerol - glycerol

B NET PHOSPHOLIPID

1-glycerol

_ 0/ + -glycerc,I

III I I I l
P C NET DNA

+ glycerol

-glycerol
5-

D NET RNA

B +glycerol

6 *
2- / - glycerol

4-

3

E NET PROTEIN

+ glycerol

ggycerol

5-

0 60 120 IS0 240 300
TIME IN MINUTES

showed no net phospholipid synthesis (Fig. 3B)
but continued net synthesis of DNA (Fig. 3C),
RNA (Fig. 3D), and protein (Fig. 3E) which
paralleled the growth curve and nearly doubled
during the period of glycerol deprivation. The
32P-phosphate incorporated into phospholipid
in the presence of glycerol should largely be
derived by the action of glycerol kinase and to a
lesser extent through glycolysis and the G3P
dehydrogenase, whereas in the absence of glyc-
erol the latter pathway should be dominant.
Regardless of the route of incorporation, the
32P-phosphate incorporated into phospholipid
should be directly comparable since they are
derived from a common 32P-phosphate pool via
adenosine 5'-triphosphate.
Growth and rates of synthesis in strain

BB26-36. The growth and rates of synthesis in
strain BB26-36 are shown in Fig. 4. The rate of
phospholipid synthesis was measured by label-
ing cells with 32P-phosphate for 5 min, and the
rates of DNA, RNA, and protein were measured
by labeling cells for 3 min with 3H-thymidine,
3H-uracil, and 3H-leucine, respectively. Again
the turbidity nearly doubled upon glycerol dep-
rivation (Fig. 4A). The rate of phospholipid
synthesis increased when the cells were supple-
mented with glycerol (Fig. 4B). Upon glycerol
deprivation, the rate of phospholipid synthesis
was reduced 93% compared to the control at the
first time point and did not change with time for
the subsequent 60 min. In two other experi-
ments, the rate of phospholipid synthesis was
depressed 94 and 95% compared to the controls
and did not change significantly with time. The
ability of the cell to synthesize phospholipid
was assessed after glycerol deprivation by add-
ing glycerol during the period of 32P-phosphate
labeling. The data, shown in Fig. 4B, indicate
that BB26-36 retained high capacity for the
synthesis of phospholipids at the initial time
point and that the capacity increased during
glycerol deprivation, nearly in parallel with the
growth curve. Even after 60 min, cells deprived
of glycerol retained the capacity to synthesize
phospholipid comparable to control levels. The
rate of synthesis ofDNA and RNA (Fig. 4C and
D) was initially slightly depressed compared to

FIG. 3. Growth and net synthesis in strain BB26-36
in the presence and absence of glycerol. Net synthesis
of phospholipid, RNA, and DNA were followed in one
culture containing '2p04 at 5 uCi/ml. Net synthesis of
protein was measured in a separate culture containing
'H-leucine at 0.5 uCi/ml. Glycerol was removed by
filtration at the arrow, and the cells were resuspended
at the lower cell density indicated in prewarmed
medium without glycerol which contained either S2P-
P04 or 3H-leucine exactly as before. A, Growth; B,
phospholipid; C, DNA; D, RNA; E, protein.
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their controls and increased with time until the
cells slowed in their growth. At 60 min the rate
of DNA and RNA synthesis had dropped to
about 50% and 25%, respectively, of their initial
levels. The rate of protein synthesis (Fig. 4E)
was initially about 30% lower than controls and
did not change dramatically with time, dropping
only to 50% of its initial rate at 60 min. Two
other experiments on the rate of protein synthe-
sis revealed little change in rate with time but
that the rate was decreased 25 and 33% com-
pared to controls at the initial time point.
Growth and rate of lipid synthesis in

BB26-36 by "IC-acetate and 3H-serine la-
beling. The rate of phospholipid synthesis was
measured in strain BB26-36 by briefly labeling
cells with "4C-acetate for 5 min, and with
3H-serine for 3 min (cf. Fig. 5). Again the
turbidity of the culture nearly doubled upon
glycerol deprivation (Fig. 5A). The rate of
phospholipid synthesis assessed by determining
the incorporation of "C-acetate into Bligh-Dyer
extractable material was depressed about 90%
upon glycerol deprivation at the first time point
(cf. Fig. 5B). The incorporation of "4C-acetate
had declined to about 3% of the control level at
15 min and did not change with time during the
subsequent 42 min of the experiment. Identical
results were obtained in another experiment.
The rate of phospholipid synthesis assessed by
measuring the incorporation of 3H-serine into
Bligh-Dyer extractable material was initially
99% lower than controls upon glycerol depriva-
tion. The incorporation of 3H-serine remained
at this low level for 16 min and then gradually
increased to about 10% of the control level at 52
min. Another experiment where cells were la-
beled for 5 min with 3H-serine gave similar
results. The rate of phospholipid synthesis is
depressed by greater than 95% upon glycerol
deprivation as assessed by briefly labeling cells
with 32P-phosphate (Fig. 4B), '"C-acetate (Fig.
5B), and 3H-serine (Fig. 5C).
Growth and rate ofDNA and RNA synthe-

sis in BB26-36 by 32P-phosphate labeling.
The rate of DNA and RNA synthesis was also
measured by pulsing cells with "2P-phosphate

FIG. 4. Growth and rates of synthesis in strain
BB26-36. The rates of synthesis of phospholipid,
DNA, RNA, and protein were measured with 32p_
phosphate, 'H-thymidine, 5H-uracil, and 'H-leucine,
respectively, in the presence and absence of glycerol.
In addition, the ability to synthesize phospholipid was
measured as a function of glycerol deprivation by
adding glycerol to 0.2%o during the 5-min period of
32P-phosphate labeling. A, Growth; B, rate of phos-
pholipid synthesis and ability for phospholipid syn-
thesis; C, rate of DNA synthesis; D, rate of RNA
synthesis; E, rate of protein synthesis.
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for 5 min (cf. Fig. 6). Upon glycerol deprivation,
the rate of DNA synthesis increased with time
during the period of cell growth and then
decreased to 50% of the initial rate at 50 min.
The rate of RNA synthesis also increased with
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FIG. 5. Growth and rate of lipid synthesis in strain

TIME -(MINUTES)

FIG. 6. Growth and rate of synthesis in strain
BB26-36. The rates of DNA and RNA synthesis were

measured by briefly labeling cells with 32P-phosphate.
A, Growth; B, DNA; C, RNA.

BB26-36. The rate of lipid synthesis was assessed by
briefly labeling cells with '4C-acetate and with 3H-
serine. A, Growth; B, 14C-acetate incorporation; C,
3H-serine incorporation.
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J. BACTERIOL.

time during glycerol deprivation and then de-
creased after 50 min to about 80% of its initial
rate. The assessment of the rates of DNA and
RNA synthesis by 32P-phosphate labeling
agrees qualitatively with the pattern shown in
Fig. 4 using specific labels. However, the rates
of RNA and DNA synthesis were initially about
threefold lower than controls upon glycerol
deprivation. This depression of the rate of RNA
and DNA synthesis upon glycerol deprival has
been verified in two other experiments where
the rates were about twofold lower than con-
trols. No satisfactory explanation can be offered
to account for the poor quantitative agreement
between 32P-phosphate labeling and the specific
labeling assessments of the rates of RNA and
DNA synthesis.

DISCUSSION
Strains of E. coli have been derived which are

defective in membrane phospholipid synthesis
as a result of G3P auxotrophy. These strains
appear suitable for further investigations on the
involvement of phospholipid in biological mem-
branes because (1) the strains are biochemically
well defined; (2) the strains are tight in their
requirement for G3P; (3) investigations will not
be plagued with problems of interpretation
caused by the aerobic catabolism of the re-
quired supplement; and (4) glycerol supplemen-
tation facilitates the use of 32P-phosphate for
investigations of phospholipid metabolism.
The G3P auxotrophy resulted from loss of the

biosynthetic G3P dehydrogenase in strains
BB2, BB20, and 3C3 (Tables 1 and 2). A
glycerol-requiring strain of E. coli has previ-
ously been shown to lack this activity (16). The
G3P auxotrophy of strains BB13 and BB26
resulted from a G3P acyltransferase activity
defective in its apparent Km for G3P (Table 1,
and Fig. 1). A "leaky" G3P auxotroph of E. coli
was isolated by Kito et al. (17) from strain 9 of
Hayashi et al. (13) which lacks glycerol kinase.
This strain, K956, doubled in 300 min in the
absence of G3P (17). The G3P acyltransferase of
K956 appeared to have a higher Km for G3P
than its parent, but quantitative evaluation was
quite difficult because the mutant gave nonlin-
ear Lineweaver-Burk plots (17). Strains BB13
and BB26 contained a G3P acyltransferase
activity with apparent Km's (derived from lin-
ear Lineweaver-Burk plots, Fig. 1) for G3P 14.2
and 11.4 higher, respectively, than their parent.
BB13, BB26, and BB26-36 essentially stopped
growing after about one doubling upon G3P or
glycerol deprivation (Fig. 2-5) and did not grow
on plates without supplement. Strains BB26
and BB13 appear to be "tight" G3P acyltrans-

ferase Km mutants. The intracellular G3P pool
is regulated by G3P feedback inhibition of the
G3P dehydrogenase (18). Therefore, BB13 and
BB26 (both contain normal biosynthetic G3P
dehydrogenase activity [Tables 2 and 3]) can
grow only when the intracellular pool is elevated
by adding G3P to the growth medium. In strain
8, the intracellular pool of G3P can exceed 20
mM when G3P is added to the growth medium
(12). The accumulation of G3P can lead to
growth stasis in the absence of glucose (5).
Investigations using BB13 and BB26 must,
therefore, be performed in a growth medium
containing glucose which made it impossible to
satisfy the G3P requirements with glycerol since
the glycerol kinase is inhibited by fructose
1,6-diphosphate. This problem was overcome
by selecting variants capable of utilizing glyc-
erol in the presence of glucose (Table 1) which
presumably contain a glycerol kinase desensi-
tized to fructose 1, 6-diphosphate inhibition.
The phenotype of BB13 and BB26 appeared

to be the result of a single mutation since
revertants were obtained at a rate of about 10-8
reversions per generation per bacterium, and
since all revertants contained G3P acyltransfer-
ase activity similar to their parent (Fig. 1). The
lesion in BB13 and BB26 is thought to be in the
structural gene for the acyltransferase but since
this activity is associated with the inner cyto-
plasmic membrane (2, 26) it is possible that
mutation of another membrane component
could result in a similar phenotype.

Temperature-sensitive mutants of the G3P
acyltransferase have been isolated from strain 8
(7), studied genetically (9), and the regulation
of macromolecular synthesis has been investi-
gated (11). Strains BB13 and BB26 continue to
grow when deprived of G3P (Fig. 2) as does
BB26-36 when deprived of glycerol (Fig. 3-5).
This is in sharp contrast to the temperature-
sensitive acyltransferase mutants which stop
growing immediately upon shift to the restric-
tive temperature (7, 11). Net phospholipid syn-
thesis stopped immediately upon glycerol depri-
vation in BB26-36 but net DNA, net RNA, and
net protein synthesis continued (Fig. 3). These
results are unlike those observed for the temper-
ature-sensitive acyltransferase mutants which
immediately stop net phospholipid, protein,
RNA, and DNA synthesis at the restrictive
temperature (11). The rates of synthesis of
phospholipid, protein, DNA, and RNA were
determined in BB26-36 (Fig. 4 and 5) (for
problems concerning interpretation see Glaser
et al. [11]). In BB26-36, glycerol deprivation
immediately decreased the rate of phospholipid
synthesis 93 to 95% as assessed by "P-phos-
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phate labeling, and the rate remained at this
level for 60 min (Fig. 4B); further, the rate of
phospholipid synthesis was decreased greater
than 95% as assessed by "C-acetate and 8H-
serine labeling upon glycerol deprivation; the
rates ofDNA and RNA synthesis measured with
3H-thymidine and 3H-uracil, respectively, were
initially decreased about 15%, increased with
time until the cells stopped growing, and then
declined (Fig. 4C-D); the rate of protein synthe-
sis was initially decreased by 30% and changed
little with time (Fig. 4E). These findings are
similar to the studies on glycerol (16) and
unsaturated fatty acid auxotrophs (10, 14), and
unlike those for the temperature-sensitive G3P
acyltransferase mutants, where the rates of
phospholipid, DNA, RNA, and protein synthe-
sis rapidly declined in parallel (11).
BB26-36 retained and even gained in the

capacity to synthesize phospholipids during the
period of glycerol deprivation (Fig. 4B) which
suggests that the membrane-bound enzyme
system responsible for phospholipid synthesis
increased during the period of glycerol depriva-
tion. This observation as well as continued
DNA, RNA, and protein synthesis suggests that
no serious energy crisis is occurring during the
doubling after glycerol deprivation, yet the cells
stop growing during this time period as a
consequence of the cessation of phospholipid
synthesis. The factors that lead to cessation of
cell growth and of DNA, RNA, and protein
synthesis cannot be evaluated from the present
study.
The apparent coupling of phospholipid and

macromolecular synthesis in the temperature-
sensitive G3P acyltransferase mutants (11), and
the data presented in this investigation on G3P
acyltransferase Km mutant may appear to be
contradictory. The residual phospholipid syn-
thesis in BB26-36 may account for these dra-
matic differences (11). Experiments are in prog-
ress to test this possibility by constructing a
double mutant which is devoid of G3P dehydro-
genase and contains a Km-defective acyltrans-
ferase. In this double mutant, the rate of
residual phospholipid synthesis should be abol-
ished. Toward that end, the G3P dehydrogenase
mutants have been mapped near mannitol at 71
min on the E. coli genetic map (J. E. Cronan,
Jr., and R. M. Bell, manuscript in preparation)
and mapping of the G3P acyltransferase km
mutants is in progress. Finally, the intriguing
possibility suggested by Glaser et al. (11) that
the membranous G3P acyltransferase might
contain a thermolabile subunit(s) in the tem-
perature-sensitive mutants which is shared by
other proteins in other biosynthetic pathways is

supported by these investigations since the
acyltransferase Km mutants may be defective in
a different subunit than the temperature-sensi-
tive mutants.

ACKNOWLEDGMENTS

This investigation was supported by grants from the
National Science Foundation (GB-38382) and by the United
Health Services of North Carolina, Inc.

I thank John E. Cronan, Jr., and Bernard Kaufman for
reading the manuscript. Daniel S. Straus is gratefully ac-
knowledged for discussions concerning penicillin selection.

LITERATURE CITED
1. Adelberg, E. A., M. Mandel, and G. C. C. Chen. 1964.

Optimal conditions for mutagenesis by N-methyl-N'-
nitro-N-nitrosoguanidine in Escherichia coli K12. Bio-
chem. Biophys. Res. Commun. 18:788-795.

2. Bell, R. M., R. D. Mavis, M. J. Osborn, and P. R.
Vagelos. 1971. Enzymes of phospholipid metabolism:
localization in the cytoplasmic and outer membrane of
the cell envelope of Escherichia coli and Salmonella
typhimurium. Biochim. Biophys. Acta 249:628-635.

3. Bligh, E. G., and W. J. Dyer. 1959. A rapid method of
total lipid extraction and purification. Can. J. Bio-
chem. Physiol. 37:911-917.

4. Bray, G. A. 1960. A simple efficient liquid scintillator for
counting aqueous solutions in a liquid scintillation
counter. Anal. Biochem. 1:279-285.

5. Cozzarelli, N. R., J. P. Koch, S. Hayashi, and E. C. C.
Lin. 1965. Growth stasis by accumulated L-a-glycerol-
phosphate in Escherichia coli. J. Bacteriol. 90:1325-
1329.

6. Cronan, J. E., Jr., C. H. Birge, and P. R. Vagelos. 1969.
Evidence for two genes specifically involved in unsatu-
rated fatty acid biosynthesis in Escherichia coli. J.
Bacteriol. 100:601-604.

7. Cronan, J. E., Jr., T. K. Ray, and P. R. Vagelos. 1970.
Selection and characterization of an E. coli mutant
defective in membrane phospholipid biosynthesis.
Proc. Nat. Acad. Sci. U.S.A. 65:737-744.

8. Cronan, J. E., Jr., and P. R. Vagelos. 1972. Metabolism
and function of the membrane phospholipid of Esche-
richia coli. Biochim. Biophys. Acta 265:25-60.

9. Cronan, J. E., Jr., and G. N. Godson. 1972. Mutants of
Escherichia coli with temperature sensitive lesions in
membrane phospholipid synthesis: genetic analysis of
glycerol 3-phosphate acyltransferase mutants. Mol.
Gen. Genet. 116:199-210.

10. Fox, C. F. 1969. A lipid requirement for induction of
lactose transport in Escherichia coli. Proc. Nat. Acad.
Sci. U.S.A. 63:850-855.

11. Glaser, M., W. H. Bayer, R M. Bell, and P. R. Vagelos.
1973. Regulation of macromolecular biosynthesis in a
mutant of Escherichia coli defective in membrane
phospholipid biosynthesis. Proc. Nat. Acad. Sci.
U.S.A. 70:385-389.

12. Hayashi, S., and E. C. C. Lin. 1965. Capture of glycerol
by cells of Escherichia coli. Biochim. Biophys. Acta
94:479-487.

13. Hayashi, S., J. P. Koch, and E. C. C. Lin. 1964. Active
transport of L-a-glycerophosphate in Escherichia coli.
J. Biol. Chem. 239:3098-3105.

14. Henning, U., G. Dennert, K. Rehn, and Gisela Deppe.
1969. Effects of oleate starvation in a fatty acid
auxotroph of Escherichia coli K-12. J. Bacteriol.
98:784-796.

15. Hirschmann, H. 1960. The nature of substrate asymme-
try in stereoselective reactions. J. Biol. Chem.
235:2762-2767.

16. Hsu, C. C., and C. F. Fox. 1970. Induction of the lactose

VOL. 117, 1974 1075



1076 BELL

transport system in a lipid-synthesis-defective mutant
of Escherichia coli. J. Bacteriol. 103:410-416.

17. Kito, M., M. Lubin, and L. I. Pizer. 1969. A mutant of
Escherichia coli defective in phosphatidic acid svnthe-
sis. Biochem. Biophys. Res. Comm. 34:454-458.

18. Kito, M.. and L. I. Pizer. 1969. Purification and regula-
tory properties of the biosynthetic L-glycerol 3-phos-
phate dehydrogenase from Escherichia coli. J. Biol.
Chem. 244:3316-3323.

19. Lineweaver, H., and D. Burk. 19:34. The determination of
enzyme dissociation constants. J. Amer. Chem. Soc.
56:658-666.

20. Mavis, R. D., R. M. Bell, and P. R. Vagelos. 1972. Effect
of phospholipase C hydrolvsis of membrane phospho-
lipids on membranous enzymes. J. Biol. Chem.
247:2835-2841.

21. Mindich, L. 1970. Membrane synthesis in Bacillus sub-
tilis. I. Isolation and properties of strains bearing
mutations in glycerol metabolism. J. Mol. Biol. 49:415-
432.

22. Mindich, L. 1970. Membrane synthesis in Bacillus sub-
tilis. II. Integration of membrane proteins in the
absence of lipid synthesis. J. Mol. Biol. 49:433-439.

J. BACTERIOL.

23. Mindich, L. 1971. Induction of StaphYlococcus aureus
lactose permease in the absence of glycerolipid synthe-
sis. Proc. Nat. Acad. Sci. U.S.A. 68:420-424.

24. Munkres, K. D., and F. M. Richards. 1965. The purifica-
tion and properties of Neurospora malate dehydrogen-
ase. Arch. Biochem. Biophys. 109:466-479.

25. Vogel, H. J., and D. M. Bonner. 1956. Acetvlornithinase
of E. coli: partial purification and some properties. J.
Biol. Chem. 218:97-106.

26. White, D. A., F. R. Albright, W. J. Lennarz. and C. A.
Schnaitman. 1971. Distribution of phospholipid-syn-
thesizing enzymes in the wall and membrane subfrac-
tions of the envelope of Escherichia coli. Biochem.
Biophvs. Acta 249:636-642.

27. Willecke, K., and L. Mindich. 1971. Induction of citrate
transport in Bacillus subtilis during the absence of
phospholipid synthesis. J. Bacteriol. 106:514-518.

28. Zwaig, N., W. S. Kistler, and E. C. C. Lin. 1970. Glycerol
kinase, the pacemaker for the dissemination of glycerol
in Escherichia coli. J. Bacteriol. 102:753-759.

29. Zwaig, N., and E. C. C. Lin. 1966. Feedback inhibition of
glvcerol kinase, a catabolic enzyme in Escherichia coli.
Science 153:755-757.


