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SUMMARY

The lipids of intact Pseudomonas aeruginosa resting cells were extracted and the weights of the
lipid fractions determined. The phospholipids were found to comprise a major portion (80%) of

the ether-soluble lipids.
paper revealed at least six fractions.

Chromatograms of the phospholipid complex on silicic acid-impregnated
Two-dimensional chromatograms of the aqueous acid hy-

drolyzate of the phospholipids indicated the presence of at least 13 ninhydrin positive compounds.
There was a correlation between the uptake of pr-alanine-1-C!4, pi-leucine-1-C!4, and pL-phenyl-
alanine-3-C*¢ by phospholipids of the resting cells and utilization of these amino acids by the cell as

indicated by manometric studies.

Many investigators have described the unique
catabolic pathway of carbohydrate metabolism of var-
ious species of the genus Pseudomonas (1 to 4). It is
also well known that the production of observable
amounts of acid in a glucose medium varies and is de-
pendent, to a large extent, on the nitrogenous composi-
tion of the medium (5 to 8). An investigation was in-
stigated to study the utilization of protein hydroly-
zates and amino acids by P. aeruginosa in an attempt to
develop better procedures for the identification of this
gram-negative bacillus in the diagnostic laboratory.
During the course of the investigation it was noted that
there was excellent correlation between the utilization
of amino acids by P. aeruginosa and the uptake of the
amino acids by the lipids, and in particular the phos-
pholipids of the cell. The results of a study of the
lipids of these cells are reported.

METHODS AND MATERIALS

The strain of P. aeruginosa used throughout the study
was nonpigmented, cytochrome oxidase-positive (9),
and produced observable amounts of acid in a glucose
broth medium containing 19, peptone. Resting cells
were obtained by growing the culture in a nutrient

* A portion of this paper was presented at the Gordon Research
Conference on Lipid Metabolism, Meriden, N. H., 1960.
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broth medium containing yeast extract (2 g/150 ml
broth) at 37° for 18 hours on a rotary shaking machine
which described a circle of one inch diameter at 250
rpm. The cells were harvested by centrifugation and
washed several times with cold 0.1 M pH 7.0 phosphate
buffer. The cell suspensions were standardized by op-
tical density, viable cells counts, as well as wet and dry
weight determinations. Oxygen consumption of the
resting cells was measured by conventional Warburg
techniques described by Umbreit et al. (10).

Uptake of C'*-labeled Amino Acids. Resting cells
were suspended in pH 7.0 phosphate buffer (0.1 g wet
weight/ml) containing 0.5 mg/ml of the amino acid to be
studied. The cells were incubated for varying periods
of time at 37° on the rotary shaker. Following in-
cubation, the cell suspension was placed in an ice bath
and centrifuged at 4°. The cells were washed three or
four times with large volumes of cold buffer uatil the
radioactivity of the wash buffer was negligible.

Lipid Extraction. The cells were resuspended in an
Erlenmeyer flask containing 200 ml of a chloroform-
methanol 2/1 (v/v) solvent mixture and shaken at
room temperature for 18 hours. This technique, as
originally described by Folch et al. (11), was intended
for use with macerated or homogenized cells. Follow-
ing extraction, the cellular residue was separated from
the solvent mixture by filtration and the chloroform-
methanol extract evaporated to dryness in vacuo. 'The
lipids were taken up in petroleum ether and washed
with distilled water. The phospholipids were pre-
cipitated by the addition of acetone. The acetone-in-
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soluble fraction was reprecipitated several times from
petroleum ether and washed thoroughly with distilled
water or saline, or both.

The phospholipids were hydrolyzed in aqueous 6 N
HCI for 24 hours at 100°. The aqueous hydrolyzate,
following repeated evaporation, was chromatographed
on Whatman #1 filter paper for identification of the
nitrogenous compounds. Duplicate chromatograms
were run on all samples. One chromatogram was used
for the detection of compounds while corresponding
areas were cut from the duplicate but untreated
chromatogram for the detection of radioactivity. The
radioactivity, determined with the use of a window-
less flow counter, was corrected for self-absorption of
the paper.

All chromatograms were developed by an ascending
technique (12). The solvent systems used to develop
the chromatograms were: n-butanol-acetic acid-water
(13), phenol-water (14), methanol-benzene-n-butanol-
water (15), and chloroform-methanol plus 29, water or
diisobutyl ketone-acetic acid-water (16) or both for
silicic acid-impregnated paper.

RESULTS

The results listed in Table 1 show the average weights
of the lipid fractions obtained from P. aeruginosa cells.
It is of interest to note that the phospholipids comprise
approximately 809 of the ether-soluble lipids. The

TABLE 1. REesuLts or WEIGHT STUDIES OF P. Aeruginosa

Fraction Weights
Wet cells 555 g (4 to 7 X 1011 viable
cells/gm)
Dry cells 1.0079 g (189, =+ wet weight)

Ether-soluble lipids 0.0945 g (1.79, x 0.19, wet
weight)

Phospholipids 0.0707 g (809, % 59, ether-soluble
(acetone-insoluble) lipids)

Acetone-soluble lipids 0.0238 g (20% == 59, ether-soluble

lipids)

lipid content of these cells could be increased by growing
the culture in a nutrient medium containing specific
phospholipids (phospholipids extracted from P. aeru-
ginosa cells). It is obvious from the results shown in
Table 2 that while the amounts of the lipid fractions
could be increased, the per cent composition of the frac-
tions remained constant.

It has previously been found in this laboratory (17)
and elsewhere (18) that there is a variation in the utili-

TABLE 2. ComraraTive WEIGHTS OoF Liripb FRACTIONS
ExXTRACTED FROM P. Aeruginosa CELLS GROWN IN CONTROL
Mepium AND ProspHOLIPID-ENRICHED MEDIUM

P. Aeruginosa Cells P. Aerugmosa Cells
Grown in Control Grown in Phospho-
Medium* lipid-Ex'lriched
Lipid Mediumt
Fraction
Ether- Ether-
Weight Soluble Weight Soluble
Fraction Fraction
mg per cent myg per cenl
Ether-soluble 66.7 100 102.1 100
Acetone-in-
soluble
phospho-
lipid 56.4 84.6 83.1 81.4
Acetone-
soluble 8.0 12 9.5 3.9

* 4.19 g wet weight cells from 450 m! broth.
1 5.47 g wet weight cells from 600 ml broth containing 0.215
mg of phospholipid/ml.

zation of different amino acids by resting cells of P.
aeruginosa. The ability of 18 different amino acids
studied to stimulate O, consumption of these cells
ranged from 18.5 ul O, uptake/90 min/mg dry weight
for pL-methionine to 74.1 ul for pr-serine. The results
listed in Table 3 compare the stimulation of O, con-

TABLE 3. Errecr oF THREE REPRESENTATIVE AMINO AcIDS
oN THE O UPTAKE OF P. Aeruginosa

0. Uptaket
Amino Acid*
Endogenous | Plus Substrate
pr-Leucine 21.8 32.5
pL-Phenylalanine 20.0 40.7
pL-Alanine 21.2 70.3

* Amino acid concentration: 0.5 mg/ml incubation medium,
incubated in Warburg at 37° in phosphate buffer pH 7.0.
t x1/10 minutes/mg dry weight.

sumption by P. aeruginosa of three representative
amino acids. To compare the uptake of these amino
acids by the lipids of P. aeruginosa cells, 0.5 mg/ml of
pL-leucine-1-C'4, pr-phenylalanine-3-C!4, and bpr-ala-
nine-1-C'* were added to pH 7.0 phosphate buffer con-
taining a suspension of 0.1 g wet weight resting cells
per ml. The cells were incubated on the rotary shaker
at 37° for 90 minutes. Following incubation, the cells
were washed thoroughly with cold buffer and the lipids

2T0Z ‘6T aunr uo ‘1sanb Aq 610 J'mmm woly papeojumoq


http://www.jlr.org/

ASBMB

JOURNAL OF LIPID RESEARCH

I

174 SILBERMAN AND GABY

extracted as described. The uptake of the C'4-labeled
compounds by the lipid fractions is shown in Table 4.
The figures shown represent ug of amino acids taken up
based on their specific radioactivity. These results
point out the correlation between the utilization of
amino acids by P. aeruginosa and the uptake of amino
acids by the phospholipid complex of the cell. The
phospholipids of heat-killed cells did not take up radio-
activity, nor did the phospholipids extracted from P.
aeruginosa and shaken in vitro with C'*labeled amino
acids take up radioactivity.

Phospholipids extracted from resting cells which had
been incubated with pr-alanine-1-C'* and pr-leucine-1-
C1¢ were chromatographed by the technique described
by Westley et al. (15). Figure 1 shows the results of
chromatograms of the phospholipids extracted from P.
aeruginosa cells following incubation with pL-leucine-1-
C!4,  Similar results were obtained with phospholipids
from bpr-alanine-1-C'* incubated resting cells. In
every instance the radioactivity traveled with the phos-
pholipids (rhodamine G positive). C'-labeled amino
acids added to the extracted phospholipids separated on
chromatography. The aqueous acid hydrolyzates of
the phospholipids chromatographed by this technique
or with n-butanol-acetic acid-water indicated that the
radioactivity was concentrated in the area correspond-

TABLE 4. UprakE or C4-LABELED AMINO ACIDS BY THE
PuospHOLIPIDS OF P. Aeruginosa

Amino
Frac- Amino | Acid in
Fraction pL-Amino Acid tion Acid 100 mg
Weight | Taken | of Frac-
Up* tion
my by uy
Petroleum Leucine-1-C1* 47.5 17.8 37.5
ether- Phenylala-
soluble nine-3-C14 47.9 23.4 48.9
lipids Alanine-1-C** 72.0 32.1 44 .6
Acetone Leucine-1-C** 35.2 5.32 15.1
insoluble Phenylala-
lipidst nine-3-C1* 34.1 7.00 20.0
Alanine-1-C1* 58.6 21.3 36.4

Cells incubated 90 minutes at 37° on shaker in phosphate buf-
fer pH 7.0; amino acid concentration: 0.5 mg/ml; cell concen-
tration: 0.1 g wet weight/ml; incubation medium: total
volume 30.0 ml.

* ug amino acid taken up based on total amount of radioae-
tivity found in the fraction: 1 ug pr-alanine-1-C1* = 5940 cpm;
1 pg pL-leucine-1-C'* = 1070 cpm; 1 ug pr-phenylalanine-3-C1¢ =
966.5 cpm.

1 Phospholipids.
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Fia. 1. Chromatographic demonstration of the binding of C!4-
labeled amino acid to phospholipids extracted from resting cells
of P. aeruginosa. Solvent system: Methanol-benzene-n-buta-
nol-H20 (2/1/1/1, v/v). (A) Phospholipids extracted from cells
incubated with pr-leucine-1-C'4. (B) Phospholipids extracted
from cells incubated with pi-leucine-1-C!* plus pir-leucine-1-C4
added to the partially purified phospholipids. (C) Aqueous acid
hydrolyzate of phospholipids extracted from cells incubated with
pi-leucine-1-C14. (D) bpi-leucine control. Phospholipid spots
above R¢ 0.8 both ninhydrin- and rhodamine G-positive, spots
below R 0.8 ninhydrin-positive. CPM = counts per minute.

ing to the Ry value of the respective amino acid with
which the cells had been incubated. Figure 2 shows
the results of radioactive phospholipids developed on
silicic acid-impregnated paper (16). The chromato-
grams were run in triplicate to determine the R; values
of the ninhydrin, choline, and rhodamine G-positive
compounds as well as the radioactive areas. It should
be noted that the Ry values shown will vary slightly
with different lots of silicic acid-impregnated paper.
It was of interest to find that with either solvent system
used (chloroform-methanol plus 29, water or diisobuty!
ketone-acetic acid-water) all of the radioactivity re-
mained with the rhodamine G-ninhydrin-positive spots
on or near the origin (R; <0.05).

Two-dimensional chromatography of the water-
soluble acid hydroiyzate of phospholipids extracted
from control resting P. aeruginosa cells revealed (Fig.
3) that there were at least 13 ninhydrin-positive com-
pounds present. Most of these ninhydrin-positive
spots have been identified by the use of known com-
pounds.
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Fia. 2. Chromatographie separation on silicie acid-impregnated
paper of phospholipids extracted from P. aeruginosa cells incu-
bated with pr-leucine-1-C'%. Solvent A: Chloroform-methanol
(3/1, v/v) + 29 H,0. Solvent B: Diisobutyl ketone-acetic
acid-H,0 (40/30/7, v/v). Identification of spots. P = rhoda-
mine G-positive; N = ninhydrin-positive; C = choline-positive;
R = radioactive area.

DISCUSSION

Current investigations involving lipids extracted
from various tissues and microorganisms reveal that
there is yet a great deal to be learned about the phos-
pholipids and their role in metabolism. Haining et al.
(19) working with mitochondria of rat tissues have
shown that the degree of amino aecid uptake by the
lipid fraction of mitochondria varied with the type of
compounds studied, but that they were taken up with-
out degradation or alteration. Hendler (20) concluded
from his studies with hen oviduct that the lipids ap-
peared to be an intermediate carrier of amino acids
entering the cell. He characterized the lipid amino
acid “bond” as being highly labile in contrast to the
stable bond linking an amino acid component of a nu-
cleic acid fraction. Hokin and Hokin (21) have pro-
posed, as a result of their studies, a mechanism of
transport of zymogens across lipid membranes of the
cells, with the phospholipids acting as some type of in-
termediate in this mechanism. Hunter and Goodsall
(22) concluded from their studies with Bacillus megate-
rium that phospholipid-amino acid complexes may be
involved in the transfer of amino acids from the site of

amino acid activation to the site of protein synthesis.
They found that following incorporation studies and
extraction of phospholipids from cells of B. megaterium,
the radioactivity incorporated did not separate from
the phospholipids when chromatographed on silicie
acid-impregnated paper.

The data presented in the present study support the
existence of a phospholipid-amino acid complex as a
part of the lipid component of P. aeruginosa. Repeated
experiments confirmed the observations that resting
cells of P. aeruginosa varied in their ability to utilize
different amino acids, and this variation was reflected
in the uptake of C!4-labeled amino acids by the phos-
pholipid complex of the cell. Furthermore, it would
appear that amino acids are taken up only by phos-
pholipid complex of metabolically active cells. The
phospholipids of heat-killed cells or partially purified
phospholipids extracted from the cells do not take up
C*-labeled amino acids.

Two-dimensional chromatograms run on the aqueous
acid hydrolyzates of phospholipid complexes extracted
from P. aeruginosa cells indicated the presence of at
least 12 ninhydrin-positive compounds in addition to
choline. Chromatograms of aqueous acid hydrolyzates
of the phospholipid complexes extracted from resting
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F1a. 3. Two-dimensional chromatogram of the aqueous acid
hydrolyzate of phospholipids extracted from normal resting cells
of P. aeruginosa. All spots with the exception of choline were
ninhydrin-positive.

2T0Z ‘6T aunr uo ‘1sanb Aq 610 J'mmm woly papeojumoq


http://www.jlr.org/

ASBMB

JOURNAL OF LIPID RESEARCH

I

176

cells previously incubated with an amino acid showed
an increase in the intensity of the ninhydrin-positive
spot which corresponded to the R; value of the amino
acid with which the cells were incubated.

The identification of the phospholipids in this study

was based on their solubility properties in various lipid

solvents.

The authors are aware of the possibility

that these microorganisms might have a large content of
novel lipids not related to the phospholipids.

o N

0 =3 & o

REFERENCES

. Lockwood, L. B., B. Tabenkin and G. E. Ward. J.

Bacteriol. 42: 51, 1941.

. Koepsell, H. J. J. Biol. Chem. 186: 743, 1950.
. Wood, W. A. Bacteriol. Rev. 19: 222, 1955.
. Wang, C. H., 1. J. Stern and C. M. Gilmour.

Arch.
Biochem. Biophys. 81: 489, 1959.

. Simon, R. D. Brit. J. Exptl. Pathol. 37: 494, 1956.

Gaby, W. L., and C. Hadley. J. Bacteriol. 74: 356, 1957.

. Rhodes, M. E. J. Gen. Microbiol. 21: 221, 1959.
. Warren, R. A. J., A. F. Ells and J. J. R. Campbell. J.

Bacteriol. 79: 875, 1960.

9.
10.

11.

12,

13.
14.

-

15.
16.
17.

18.
19.

22.

SILBERMAN AND GABY

Gaby, W. L., and E. Free. J. Bacteriol.76: 442, 1958.
Umbreit, W. W., R. H. Burris and J. F. Stauffer. Mano-
metric Techniques and Related Methods for the Study of
Tissue Metaboltsm. Minneapolis, Burgess Publishing
Co., 1945.

Foleh, J., I. Ascoli, M. Lees, J. A. Meath, and F. N. Le-
Baron. J. Biol. Chem. 191: 833, 1951.

Gaby, W. L., C. Hadley and Z. C. Kaminski.
Chem. 227 853, 1957.

Woiwod, A.J. J.Gen. Microbiol. 3: 312, 1949.
Block, R. J. Anal. Chem. 22: 1327, 1950.
Westley, J., J. J. Wren and H. K. Mitchell.
Chem. 229: 131, 1957.

Marinetti, G. V., and E. Stotz.
Acta 21: 168, 1956.

Silberman, R. M.S. thesis, Hahnemann Medical Col-
lege, Philadelphia, 1660.

Williamson, C. K. J. Am. Pharm. Assoc. 46: 307, 1957.
Haining, J. L., T. Fukui and B. Axelrod. J. Biol. Chem.
235: 160, 1960.

J. £iol.

J. Biol.

Biochim. et Biophys.

. Hendler, R. W. J. Biol. Chem. 234: 1466, 1959.
21.

Hokin, L. E., and M. R. Hokin.
368, 1959.

Hunter, G. D., and R. A. Goodsall.
34 P, 1960.

Gastroenterology 36:

Biochem. J. 74:

2T0Z ‘6T aunr uo ‘1sanb Aq 610 J'mmm woly papeojumoq


http://www.jlr.org/

