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Logarithmically growing Haemophilus parainfluenzae lost 15 to 20% of the phos-
pholipids, demethyl vitamin K2, cytochrome b, and cytochrome c, and 50% of the
lipopolysaccharide when incubated in ethylenediaminetetraacetic acid (EDTA)-tris-
(hydroxymethyl)aminomethane (Tris) for 10 min. This loss of membrane compo-
nents occurred without loss in viability, and the lost components were recovered as
membrane fragments in the surrounding buffer. The phospholipids recovered in the
membrane fragments had a slightly lower specific activity than the phospholipids in
the residue. Lysis of a portion of the cells could not account for the release of mem-
brane components, as the cells lost neither glucose-6-phosphate dehydrogenase ac-
tivity nor deoxyribonucleic acid. The treated cells were osmotically stable and con-
tained the same proportions of the individual phospholipids as pretreatment cells.
Prolongation of the EDTA-Tris treatment did not induce further loss of phospho-
lipid or demethyl vitamin K2, but caused a decrease in viability. If the cells were
returned to the growth medium after 10 min, the cells immediately resumed growth
at the pretreatment rate. During growth in the recovery period, the phospholipids
increased logarithmically in the pretreatment proportions, although there was a
marked decrease in the turnover and a shift from the use of extracellular lipid pre-
cursors to the use of intracellular pools of precursors.

The treatment of suspensions of gram-negative
bacteria in tris(hydroxymethyl)aminomethane
(Tris) buffer (pH 8.0) with ethylenediaminetetra-
acetic acid (EDTA) renders the bacteria sus-
ceptible to lysozyme (4, 23), makes the cells
permeable to charged molecules without affecting
some permease systems (13, 15, 16, 30), makes
resistant organisms sensitive to antibiotics (26,
31), and causes the release of lipopolysaccharide-
phospholipid complexes from the cell walls (14,
17). These changes occur with very little loss of
viability, and the cells return to the pretreatment
growth rate immediately after they are diluted
into media containing Mg2+.
The essential action of the EDTA-Tris treat-

ment may be a result of the chelation of Mg2+.
Mg2+ may cross-link the units in the cell wall
complex (1). The EDTA-Tris treatment results in
the loss of one-third to two-thirds of the intra-
cellular Mg2+ in logarithmically growing cells
(18). Pseudomonas aeruginosa is lysed in EDTA
(1, 8, 9), but, if the organism is grown with Mg2+

limitation, the walls are resistant to lysis by
EDTA (2). The detergent activity of EDTA is no
longer considered to be a factor in the disruptive
process (9).

Phospholipids are the principal lipids in gram-
negative bacteria. Loss of phospholipids may be
responsible for the lysozyme sensitivity after
EDTA treatment (4). The lipopolysaccharide
(LPS) that is lost from the cells in the EDTA-Tris
treatment is associated with phospholipid (17).
Isolated LPS forms micelles with phospholipids
(25, 32), and the formation of these micelles is an
absolute requirement for the activity of the
uridine diphosphate (UDP)-glucose and UDP-
galactose LPS transferase activities (24). These
enzymes synthesize part of the core of the LPS
and exhibit a phospholipid requirement that is
specific for a negatively charged phospholipid
containing unsaturated or cyclopropane fatty
acids (24). A lysine-requiring auxotroph of
Escherichia coli, when grown with limiting lysine,
secretes LPS-phospholipid spherules which have
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an appearance similar to the complexes formed
from isolated LPS and phosphatidylethanolamine
(12). This mutant appears to lose the outer layer
of its membrane-wall tricomplex (12).

Since the metabolism of phospholipids in the
membrane of Haemophilus parainfluenzae has
been studied extensively (38, 39, 41, 42), the
EDTA-Tris treatment that induces permeability
changes in the membranes of other gram-negative
bacteria might provide insight into the involve-
ment of the membrane lipids in permeability. The
present study documents that the removal of up
to 20% of the phospholipids, demethyl vitamin
K2 isoprenologues, cytochromes b and c, and
50% of the lipopolysaccharide in a 10-min EDTA-
Tris treatment does not affect the viability or the
ability to initiate growth immediately on return
to growth medium in these organisms. The loss of
membrane components has profound effects on
the phospholipid metabolism, but there is no
release from the tight controls over the total
amount or proportions of the phospholipids in
the membrane. In the accompanying paper (29),
the EDTA-Tris treatment was used to document
heterogeneity of phospholipid composition in the
membrane.

MATERIALS AND METHODS
Materials. The best grade of commercially available

reagents was used without further treatment unless
specifically indicated. Cutscum (Fisher Scientific Co.,
St. Louis, Mo.) is isooctylphenoxypolyoxyethylene
ethanol, a neutral detergent. Labeled compounds were
purchased as described previously (42).

Growth of H. parainfluenzae. H. parainfluenzae
strain "Boss No. 7" was the gift of G. Leidy. The
medium contained 2% proteose peptone, 0.5% yeast
extract (Difco), 102 mm NaCl, 9 mm KNO3, 50 mm
sodium-gluconate, 0.12 mm Na2S2O4, and 20 mm Tris
at pH 7.6. The medium was boiled, filtered, and
autoclaved at 120 C for 25 min in 2.5-liter low-form
Erlenmeyer flasks containing 1.7 liters of medium.
After cooling, filter-sterilized nicotinamide adenine
dinucleotide (NAD) was added to a final concentra-
tion of 1.5 ,uM. Cells were preserved in 15% (v/v)
glycerol in growth medium at -60 C. The flasks were
inoculated with 5 ml of a 10-hr culture of the orga-
nisms and shaken as described (37). Since this orga-
nism requires NAD, contamination of the culture was
checked by incubating the cells in the absence of
NAD. Dry weight was determined from the ab-
sorbance at 750 nm (35) except during treatment and
recovery periods, when washed pellets from 50-ml
portions were dried to constant weight at 40 C in a
vacuum oven (36).
EDTA-Tris treatment. Logarithimically growing

cells were treated with EDTA-Tris by the methods
described by Leive (15). Cells were grown with
agitation to a density of 0.22 mg (dry weight) per ml,
centrifuged at 23,000 X g for 10 min, and resuspended
in 0.12 M Tris buffer (pH 8.0) containing 15 Mm NAD

at a bacterial density of 0.86 mg (dry weight) per ml.
NAD rapidly leaks out of this organism. EDTA was
then added to a final concentration of 0.2 mM. Cen-
trifugation and resuspension were performed at 37 C.
To terminate the reactions, sufficient MgCI2 was
added to make the final concentration 10 mM.

Lipid analysis. Samples of 50 to 200 ml were with-
drawn onto an equal volume of ice and centrifuged at
23,000 X g for 10 min at 4 C. The supernatant fluid
and resuspended pellet were then extracted. The
methods of lipid extraction, chromatographic separa-
tion, recovery, methanolysis and enzymatic hydrolysis,
analysis for phosphate, amino nitrogen, and carbo-
hydrate, and the determination of radioactivity were
described in detail (38, 40-42). The following ab-
breviations will be used for the glycerol phosphate
esters derived from the lipids by mild alkaline meth-
anolysis: glycerol phosphorylethanolamine (GPE)
derived from phosphatidylethanolamine (PE), glycerol
phosphorylglycerol (GPG) derived from phos-
phatidylglycerol (PG), di-glycerol phosphorylglycerol
(GPGPG) derived from cardiolipin (CL), L-a-
glycerol phosphate (GP) derived from phosphatidic
acid (PA), and glycerol phosphorylserine (GPS)
derived from phosphatidylserine (PS).

Fatty acids were separated by gas chromatography
(39) and are indicated as the number of carbon atoms
and the number of double bonds. jl-Hydroxy myristic
acid is indicated as 14:0, OH.

Characterization of the LPS. LPS was isolated from
H. parainfluenzae by phenol extraction at 68 C (33).
The LPS was then dialyzed, treated with ribonuclease,
and dialyzed again (17). Lipids were then extracted
(11). The LPS was collected on glass wool and
hydrolyzed in 0.05 N HCI for 30 min at 95 C, and the
lipid A was extracted with chloroform (3). The lipid A
was hydrolyzed in 6 N HCl for 6 hr at 95 C, and the
fatty acids were extracted and then methylated for
analysis by gas chromatography (39). The aqueous
phase was dried several times with nitrogen to remove
the HCI, and the carbohydrate was chromatographed
on paper with isopropanol-acetic acid-water (3:1:1,
v/v). The carbohydrate was assayed with anthrone
and ninhydrin (40). After the lipid A was removed, the
LPS was divided into several portions. One portion
was hydrolyzed in 4 N H2SO4 for 2 hr at 95 C, and the
sugars were tentatively identified after paper chroma-
tography in n-butyl alcohol-pyridine-water (9:5:4,
v/v). A second portion of the LPS was hydrolyzed in
0.2 N H2SO4 for 15 min at 95 C, and colitose and
3-deoxyoctulosonate (KDO) were separated on a
Dowex column (6). The deoxy sugars were assayed
with thiobarbituric acid (5). The analyses of sugars
were performed by E. C. Heath, Department of
Physiological Chemistry, Johns Hopkins University,
Baltimore, Md. A third portion of the LPS was
hydrolyzed in 1 N HCl for 6 hr at 95 C; the HCl was
removed in a stream of nitrogen, and the hydrolysate
was chromatographed on Dowex-50 as described by
Grollman and Osborn (10). Each fraction was
analyzed for total phosphate, inorganic phosphate,
and amino nitrogen.

Analysis of the electron transport system. The
oxygen utilization of the respiratory system was
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measured polarographically (36), and the cyto-
chromes were measured by difference spectroscopy as
described in previous reports (34, 37). Cytochrome
b and c absorption increments were corrected for
overlap by using an expression which gives values for
the cytochromes that are proportional to the proto-
heme and heme c content of the cells (28). The ab-
sorption increment at 560 nm also includes up to 20%
cytochrome oxidase o (28, 34). The quinone, 2-
demethyl vitamin K2 (DMK2), was extracted and
assayed spectrophotometrically (35).

Nucleic acids. Ribonucleic acid (RNA) and deoxy-
ribonucleic acid (DNA) were assayed after precipita-
tion with cold 10% (w/v) trichloroacetic acid and
hydrolysis in 5% trichloroacetic acid at 90 C for 15
min (27). DNA was assayed colorimetrically with
diphenylamine (7) and total pentose was assayed with
orcinol (20) with deoxyribose as standard.
Enzyme activities. Dehydrogenases that were found

in the supernatant fluid after centrifugation of cell-
free preparations were assayed with pyridine nucleo-
tide spectrophotometrically (36).

RESULTS
When H. parainfluenzae in the log phase of

growth was centrifuged and resuspended in
EDTA-Tris at 37 C, there was a loss of bacterial
density and of phospholipid from the bacteria.
There was no change in absorbance when the
EDTA was deleted. When the treatment in
EDTA-Tris was terminated with 10 mM MgC12
within 10 min and the cells were diluted 10-fold
into warm medium, there was an immediate
resumption of growth at the pretreatment rate
(Fig. 1). At the end of the EDTA-Tris treatment,
the phospholipid content of the cells decreased
20% (1.5 to 1.2 ,umoles of lipid phosphate per
150-ml sample). The relative concentrations of
PE, PG, and PS remained constant during the
loss of lipid. There was a rapid preferential loss of
CL followed by an accumulation during the
treatment period. During the recovery period all
the phospholipids but PS were formed in their
pretreatment proportions (Fig. 1). The concentra-
tions of the various phospholipid constituents
present in the cells are shown in Fig. 2.

Conditions for the loss of lipid. In E. coli both
Tris and EDTA must be present for maximal loss
of phospholipids (16). When H. parainfluenzae
was grown for 4 hr with 50 lAc of glycerol-1-3-14C
and 500 ,uc of H3 82Po0 in 200 ml of medium, 18%
of the 32P and "4C from the glycerol and fatty
acids was lost in 15 min from the cells in 0.12 M
Tris (pH 8.0) containing 0.2 mm EDTA. No
radioactivity was lost in 30 min from these cells
when suspended in 0.12 M Tris or phosphate buffer
at pH 8.0. Cells treated with EDTA in phosphate
buffer lost no lipid phosphate in 10 min. Cells
suspended in Tris buffer containing 0.5% (v/v)
Cutscum detergent lost 42% of the phospholipid

in 20 min, but did not recover when transferred
to the growth medium. H. parainfluenzae grows
normally in 0.1% Cutscum.

Prolongation of the EDTA-Tris treatment does
not result in greater loss of phospholipid but
causes a decrease in viability (Fig. 3).

Recovery of the phospholipid. Cells were grown
in the growth medium with labeled glycerol and
phosphate for 25 min before the EDTA-Tris
treatment. During a 12-min treatment, samples
were removed at 3-min intervals and centrifuged;
the pellet and supernatant fraction were extracted.
The sum of the lipid analyses from the supernatant
fraction plus the pellet equalled between 99 and
102% of the lipid phosphate, 32p, and "C in the
fatty acids, and glycerol in the zero-time sample.
LPS release. The LPS of H. parainfluenzae

was isolated by phenol extraction. This treatment
removed 95% of the 14:0, OH acid from the cells.
The lipid A of the LPS contained all of the 14:0,
OH. A single carbohydrate which co-chromat-
ographed with glucosamine was found in the
lipid A hydrolysate. Carbohydrate was detected
by ninhydrin and periodate reactivity. The molar
ratios of amino nitrogen measured with ninhydrin,
to carbohydrate measured with anthrone, to
14:0, OH measured by gas chromatography was
1:1:1 in the lipid A. No colitose and a trace of
KDO were detected in the LPS. After strong acid
hydrolysis, sugars with the chromatographic
mobility of glucose, galactose, mannose, ribose,
and rhamnose were detected in the LPS. Analysis
for O-phosphorylethanolamine or other phos-
phate esters in the LPS indicated that only
inorganic phosphate was released by hydrolysis.
No amino nitrogen-containing phosphate esters
were detected in the hydrolysate.

In a 12-min EDTA-Tris treatment, the bacteria
lost 50% of the total 14:0, OH fatty acid present
in the cells. In the same period, the carbohydrate
in the medium increased 3.2-fold, suggesting
LPS fragments were released from the cells. These
LPS fragments were much smaller than those
released from E. coli (17). Only 18% of the 16:1
fatty acid was lost from the cells in this period
(Fig. 4). The rate of 14:0, OH acid loss from the
lipopolysaccharide was 2.5 times the rate of loss
of 16:1 from the phospholipids. Over 99% of the
16:1 is in the phospholipids, 85% of which is at
the 2-position (39, 42).

Effect on the electron transport system. The
phospholipids, DMK2, and electron transport
system are a part of the same membrane complex
(38), and changes in the composition of the
electron transport system are reflected in the
amount of DMK2 (35) and in the metabolism of
the phospholipids (41). In a 15-min EDTA-Tris
treatment, the cells lost 20% of the phospholipid,
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16% of the DMK2, and 17% of the dry M
The DMK2 and phospholipid were lost in
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total cytochrome c (Fig. 6). This parallel
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detected in the supernatant fraction.
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EDTA TRIS

BACTERIAL DENSITY;

bacillary form typical of log-phase cells. The cells
] after the EDTA-Tris treatment could be centri-

fuged and resuspended in distilled water without
a change in bacterial density measured as the
the absorbance at 750 nm.
Nature of the material lost from the cells. Cells

were recovered by centrifugation at 23,000 X g
for 10 min after a 10-min EDTA-Tris treatment
in which 10% of the dry weight was lost. The
supernatant portion was then centrifuged at
90,000 X g for 2 hr. Portions of the supernatant
fluid were removed sequentially and the lipids

r09 were extracted. The top 4 ml contained 3.5%, the
central 22.0 ml contained 18.6%, the bottom 4 ml
contained 48.1 %, and the pellet contained 29.8%
of the phospholipid. The pellet contained protein,

.6 carbohydrate, and DMK2, in addition to the
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diluting in growth medium plus 10 mM MgCl2. Trip-
licate 1-ml samples of the 10J dilution were used for
the inoculation of pour plates of the growth medium
plus 1.5% agar.

gation (Table 1). Glucose-6-phosphate dehydro-
genase activity apparently did not leak out of the
cells during the EDTA-Tris treatment.
Osmotic fragility. Osmotically sensitive sphero-

plasts of H. parainfluenzae can be prepared by
growth in the presence of lactose and penicillin
(43). The cells were not osmotically sensitive
after the EDTA-Tris treatment. No ghosts were
detectable by phase-contrast microscopy. The
cells appeared smaller but retained the cocco-
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During the period when there was logarithmic
increase in the total phospholipid (Fig. 9), the
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logarithmic. 32p was actively incorporated only
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the lipids but PE. In the recovery period, 14C
glycerol was rapidly incorporated into the glycerol
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FIG. 5. Loss of DMK2 during the EDTA-Tris
treatment of Haemophilus parainfluenzae. DMK2
was extracted and assayed as described (35).

phospholipid. When the original supernatant
fraction was evaporated to dryness in a flash
evaporator, a white proteinaceous precipitate
was recovered after resuspension. This precipitate
contained all the heme (measured as the reduced
pyridine hemochrome) that was lost from the
cells.

Recovery from the EDTA-Tris treatment.
During the EDTA-Tris treatment, the cells lost
total mass measured as dry weight faster than
they lost phospholipid. After 10 min, the total
phospholipid increased from 70 ,tmoles per g
(dry weight) to 90,moles per g (dry weight). In
the recovery period the cells doubled the dry
weight in 42 min and the phospholipid in 75 min.
This slow rate of phospholipid synthesis (in
relation to the synthesis of other components of
the cells) continued for about 1 hr until the
phospholipid content was again 70 ,umoles of
lipid P per g, dry weight (Fig. 7).
The fate of 14C and 32p introduced into the cells

before the EDTA-Tris treatment is illustrated in
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FIG. 6. Changes in the membrane-bound electron

transport system of Haemophilus parainfluenzae during
the EDTA-Tris treatment. Cytochromes were deter-
mined by difference spectroscopy (34, 37) and the
oxygen utilization was determined by polarography
(36).

VOL. 102, 1970 503

DMK2 0

fig I I I



TUCKER AND WHITE

TABLE 1. Enzyme activities lost during EDTA-Tris
treatment of Haemophilus parainfluenzae

Specific activity'

Enzyme Super-
Pelletb natant

fraction

6-Phosphogluconate dehydro-
genasec .......... ..... .045 .042

Glucose-6-phosphate dehydro-
genasec........ .021 <.001

Glyceraldehyde-3-phosphate
dehydrogenased ............. .055 .016

a Expressed as micromoles per minute per mil-
liliter.

b Log-phase H. parainfluenzae cells were treated
with EDTA for 10 min as in Fig. 1. After centrifu-
gation, the pellet and supernatant fraction were
separated. The pellet was treated with sonic vibra-
tion, and the mixture was centrifuged. The super-
natant portion of the sonically disrupted pellet
was assayed. The supernatant portion of the
EDTA-Tris treatment was assayed directly. A 1-ml
amount of reaction mixture contained the extract
from 1.05 mg (dry weight) of cells.

c Measured as reduced nicotinamide adenine
dinucleotide phosphate appearance at 25 C.

d Measured as reduced nicotinamide adenine
dinucleotide appearance at 25 C.
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FIG. 8. Turnover of 14C and 32p in the lipids of

Haemophilus parainfluenzae during EDTA-Tris treat-
ment and the recovery period. Cells were grown with
500S c of H332PO4 and 50 j.C of glycerol-1-3-14C per
500 mlfor 4 hr and then treated with EDTA-Tris as
in Fig. 1.

phosphate esters and fatty acids of the lipids
without a lag period (Fig. 10).

DISCUSSION
Treatment of logarithimically growing H.

parainfluenzae with EDTA-Tris resulted in the
loss of phospholipids, LPS, components of the
electron transport system, RNA, and some
enzymatic activities into the surrounding medium
(Fig. 1-6). The material that was lost could be
recovered in the medium. The phospholipids,
DMK2, and the heme that were lost were found
in small membrane fragments. If the duration
of the treatment was less than 10 min despite
loss of cell components, the cells were viable,
and osmotically stable; when transferred to warm
medium containing MgCl2, they immediately
began growing at the same rate as before the
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treatment (Fig. 1). Prolonging the EDTA-Tris
treatment decreased the viability although con-
tinued loss of lipid did not occur (Fig. 3).
The response of H. parainfluenzae to the

EDTA-Tris treatment was like the response of
E. coli. It was difficult to assess the effects of
EDTA-Tris on the permeability, as H. para-
influenzae is normally permeable to many mole-
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FIG. 9. Incorporation of 32P into the lipids of Hae-

mophilus parainfluenzae during the recovery from
EDTA-Tris treatment. Cells were treated with EDTA-
Tris for 10 min, as in Fig. 1, and lost 17% of the phos-
pholipid. They were diluted into 1,500 ml of warm

medium containing 20 mM MgCl2 in the presence of
32p at a specific activity of 1.13 X 106 counts per min
per umole of P. Samples were drawn into an equal
volume ofice and centrifuged; the lipids were extracted,
deacylated by mild alkaline methanolysis, and sepa-
rated chromatographically; the radioactivity of the
glycerol phosphate esters was determined.

GPG

FATTY ACIDS

0 Z0 40
MINUTES

60 80

FIG. 10. Incorporation of 14C into the lipids of
Haemophilus parainfluenzae during the recovery

period from EDTA-Tris treatment. Cells were treated
with EDTA-Tris for 8 min, as in Fig. 1, and lost 22%
of their phospholipid. They were then diluted into 1,000
ml of warm medium containing 100 ;&c of glycerol- , 3-
'4C, and were analyzed as in Fig. 9.

cules (34, 36). The rapid loss of endogenous
respiratory activity (Fig. 6) suggested that per-
meability changes in the membrane were as rapid
as in E. coli (16). Glucose-6-phosphate dehy-
drogenase activity was not lost from the cells
during the treatment in both organisms (Table
1, reference 19).
Gram-negative organisms supposedly have a

three-layered wall-membrane complex with an

outer layer, a mucopeptide layer, and an inner
layer (22). Spheroplast membranes can be frac-
tionated into two fractions: one supposedly from
the outer membrane containing the bulk of the
carbohydrates and another with little carbo-
hydrate, 70% of the phospholipid, and the respi-
ratory pigments (21). In H. parainfluenzae the
EDTA-Tris treatment damaged both membranes,
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since LPS as well as respiratory pigments were
lost. The loss of membrane fragments does not
represent the lysis of 20% of the cells, as no lysis
was detectable with phase-contrast microscopy,
no DNA or glucose-6-phosphate dehydrogenase
activity was lost, and the cells were viable and
osmotically stable. The phospholipid remaining
in the cells had a slightly higher specific activity
than the lipid recovered from the medium after
the EDTA-Tris treatment (Table 1), but the
lipids were lost at the same rates except for CL
(Fig. 2). The EDTA-Tris treatment makes the
cells much more susceptible to nonionic deter-
gents. Incubation of treated cells in 0.5% Cutscum
in Tris buffer resulted in the loss of 88% of the
phospholipids in 20 min. These cells were not
osmotically stable.
The damage to the membrane by the EDTA-

Tris treatment had profound effects on the metab-
olism of the phospholipids during the recovery
period. Although the cells began to grow imme-
diately at the pretreatment growth rate, the
turnover of the phospholipid phosphate of PE
and PG was slowed (Fig. 8). Slowing of the
phospholipid turnover occurs also when the
membrane-bound electron transport system is
modified (41). In the recovery period the cells
utilized intracellular phosphate preferentially
over H332PO in the medium as rapid incorpora-
tion occurred only late in the recovery period
(Fig. 9). Glycerol-1,3-14C added to the growth
medium was rapidly incorporated into the
glycerol and fatty acids of the phospholipids in
the recovery period. The glycerol pool appeared
to be saturated in 30 min (Fig. 10). 'IC also
came from the nonlipid precursors during the
recovery period, as cells grown with labeled
acetate or glycerol before the EDTA-Tris treat-
ment accumulate 14C in the lipids during the
recovery period (Fig. 8).

Several of the control mechanisms normally
operative remained effective. Since cell mass was

lost faster than phospholipid during the treat-
ment, the 20% increase in relative phospholipid
content was corrected by a slower rate of phos-
pholipid synthesis during the recovery period
(Fig. 7). The proportions of the lipids remained
the same throughout the recovery period (Fig.
1 and 2), indicating that the control of end prod-
ucts of phospholipid metabolism was operative.
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