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Unccupler; (B. subtilis)

Duramycin-resistant mutant strain:. were selected from wild-type Bacillus subtilis (BD99) and its protono-

phore-r=:istant mutant derivative, sirain AGIA3. Anal, of the y
mnhnlsahowedlhztﬁheyhdlin!eotm i lamine and diphosphati as de-
ined by chemical jon after thin-layer ch phy. Small of th AP
remammtlwmuuntstnms,lwwever,bemlsedlmgmd' tion of dioacti

fmmmmmmmmmthmmmmmmmmm

to the expected positions of h and &

strainsbothshowed levels of phospk 1 and amis yl(h i L. The
h AGIA3 (AG1A3-DR4), butnotdntof the wild

typedmwwdaﬂuemmﬁmdmﬂvetomliﬁdhmmmmmd

nentrallipldmtlmmﬁnmhiglwtmfreefanyacihmlomml,z-ﬁacylglycuolﬁmnilsparemmﬁl.

AG1A3-DR4 also i ble levels of lysoph and
dlglyeosyldmcylglywm! wclative to the.other strains in the study. The protonophore resistance of AG1A3 was
ltered by to d i Nor was there any change in the efficacy of exogenous
acid in i the p h ofAGlAS-DR%“isphenomenonpersistsupon
dnmnﬁcreﬁmoninthemmntol hosphatidylethanol: and di 1 even though those
phospholipids are lly the preferred sites of incorporation of the d fatty acids that
mediate the effect.
Introduction

Abbreviation: CCCP, carbonyl cyanide m-chlorophenylhy-
drazone. Unccupler-resistant mutants of Bacillus subtilis
Correspondence: TA. Krulwich, Box 1020, Department of [1] and Baciilus megaterium [2] have recently bee_n
Biochemistry, Mount Sinai School of Medicine, 1 Gustave found to possess reduced levels of monoenoic
Levy Place, New York, NY 10029, US.A. fatty acids in their t lipids. The additi
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of palmitoleic acid to the growth medium of lhe
mutants restores wild-type levels of

{Difco) io which duramycin had been added to a

fatty acids in the and itantly
reduces their resistance to protonophores [2,3]
The exogenous unsaturated fatty acnds are prefer-

final jon of 25 pg/ml. Colonies that
developed on these piates were restreaked several
times and were checked with respect io mor-
pho]ogy and appropnate genetic markers. The

entially incorp into ph
mine and diphosphatidylglycerol, wh exoge-
nous saturated fatty acids are incorporated more
lly into phosphatidylglycerol [2,3]. h
thus became of interest to examine the poscibility
that uncoupler resistance or ..evw;uvhy =ould be
modulated not only by fatty acid levels
but also by major in the phospholip
that most appreciably incorporate those fatty
acids. Navarro et al. [4] reported that duramycin-
resistant mutants of B. subtilis have greatly

reduced levels of membrane phosphatldyl-

T i and diphosphatidyl . As re-
ported here, we selected duramycm-r@s:stam
derivatives of one of the it

strains derived from wild-type
BD9%9 and AG1A3, respectively, were designated
BD99-DR4 and AG1A3-DR4.

Isolation and characterization of membrane lipids.
Right-side-out membrane vesicles were prepared
from washed, late logarithmic phase celis by the
lysozyme method of Kaback [6]. Lipids were ex-
tracted from those vesicles by the method of Bligh
and Dyer [7] and were characterized by proce-
dures that were recently summarized [g).

Materials. CCCP and non-radioactive patmito-
leic acid were purchased from Sigma Chemical
Company. Radioactive palmitic and palmitoleic
acids were purchased from Amersham Corpora-

subtilis mutants and its wild- type parent so that
the effect of resulting alterations in the membrane

phospholipids could be d with respect to
Pprc h i and its di ion by
exogenous palmitoleic acid.

Materials and Methods

Strains, growth conditions and isolation of
mutants. The wild type B. subtilis strain (BD99)
and its uncoupler-resistant derivative, strain
AG1A3 [1), were the starting point for all studies.
For growth experiments, routine maintenance in
liquid culture, and growth of cells for lipid char-
acterization, cells were grown on PL-malate in

pizizen salts [5] suppl d with 0.1% (w/v)
yeast extract and required amino acids as previ-
ously described [1]. Additions of CCCP (2 pM),
palmitoleic acid (10 #M), or duramycin (25 pg,/ml)
were made from separate solutions. Cells that
were grown in the presence of radioactive fatty
acids were prepared as described previously [3].
All cultures were incubated, with aeration, at
30°C. Growth experiments were conducted in
sidearm flasks; growth was monitored by follow-
ing turbidity using a Klett-Summerson colorimeter
(No. 42 filter).

Spontaneously arising duramycin-resistant
mutants of the two strains were isolated on petri
plates coniaining tryptose blood agar medium

tion. D in was g ided by Drs.
E. Racker (Cornell Umvmlty) and 0. Shotwell
(Northern Regional Research Center).
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Fig. 1. The effect of dusamycin on the growth of B. subtilis
wild-type and CCCP-resistant strains and their derivatives
selected for duramycin resistance. Growth on pL-malate-con-
taining medium was followed in the absence (closed symbols)
or presence (open symbols) of 25 ug/ml duramycin. Panel A
shows the data for wild-type BD99 (#, [J) and BD99-DR4 (e,
©), and Panel B shows the data for AGIA3 (@, O) and
AG1A3-DR4 (8, O).



Results

As shown in Fig. 1, the d
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chromatographic analysis (Table I). Both
duramycm-rssnstant strams also exhibited marked

derivatives of wild-type (BD99) and pl

ylglycerol and i

hosnhatid:

sistant (AG1A3) B. subtilis were completely re-
sistant to growth inhibition by 25 pg/ml of
duramycin in liquid media. Interestingly, while
BD99-DR4 grew indistinguishably from the wild
type, strain AG1A3-DR4 exhibited the same ini-
tial growth rate as its parent strain but attained
lower final levels of growth. Consistent with this
observation, the changes in membraae lipids found
in the two duramycin-resistant strains showed
some common features, but also showed dif-
ferences. Mutation of both the wild-type and un-
coupler-resistant strains of B. subtilis to duramy-
cin-resistance resulted in a marked reduction in
phosrhsudylethanolamme such that this phos-
holipid was und ble by dard thin-lay

TABLE 1

in ylglycerol and inophosphatidyl
glycerol relative to their parent strains. thr.as
the parent strains contained less than three per-
cent of their membrane fatty acid as branched
chain C,;.;, the duramycin-resistant strains con-
tained 8-9% of such fatty acid. In BD99-DR4, 8%
anteisoC,,., was found, and in AG1A3-DR4, 9%
i50Cy,., was found. This difference in the type of
branclled cham fatty acid uuhzed by the protono-
ive vs. mutant
is consistent with v.he pattem previously found in
their parent strains [1]. Together with the ap-
pearance of greater amounts of C,,.; in AG1A3-
DR4, but not in BD99-DR4, there was a decrease
in the level of the only other monoenoic fatty acid,
Cis:1- Thus the overall decrease in monoenoic

MEMBRANE LIPIDS FROM DURAMYCIN-RESISTANT MUTANTS OF WILD-TYPE (BD99-DR4) AND PROTONO-

PHORE-RESISTANT (AG1A3-DR4) B. SUBTILIS ®

Membrane composition BD%3-DR4 Significant AG1A3-DR4 Significant
change change
from BD99 ® from AG1A3®

Lipid/protein (mg,/mg) C.66 - 0.72 -

Neutral lipid/polar lipid (% /%) 25/75 - 10,90 Decrease

Neutral lipid (% of total)

1,2-Diacylglycerol % - 8 Decrease
Free fatty acids 10 - 22 Increase

Polar lipids (% of total)

Phosphatidylethanolamine v Decrease 0 Decrease
Phosphatidylglycerol AN Increase 74 Increase
Diphosphatidylglycerol 1 Decrease 1] Decrease
Monoglycosyldiacyiglycerol 4 - 5 -
Diglycosyldiacylglycerol 6 - 8 Increase
Aminoacylphosphatidylglycerol 6 Increase 3 Increase
Phosphoglycolipid 3 - 5 -
Lysophosphatidylethanolamine 0 - 5 Increase

Fatty acids (% of total)

i50Cys.0 15 - 30 -
anteisoCys,q 38 - 21 -
is0Cyg.y 1 - c 9 Increase
anteisoCyy.y 8 Increase 2 -
nCyg:0 10 - 16 -
nCigq n - 3 Decrease
i50Cyq.0 12 - 12 -

* Values are averages of three determinations of at least two independent samples.
® Increases or decreases beyond two standard deviations from values for parental strains in Ref. 1.
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fany acnds of the membrane phosphollpxds that
d the p strains of
B. subtilis was reinforced.

Several other changes in membrane lipids were
found in the AG1A3 derivative that were mot
found in the denvanve of the wild type upon

ion to y These included:
a pronounced decrease in the ratio of total neutral
lipid to total polar lipid in the membrane; a
marked increase in the free fatty acid component
of the neutral lipid relative to the 1,2-di-
; a modest i in the content of
lglycerol; and the p of 5%
lysophosphaudylev.hanolamme (Table 1.

AG1A3-DR4 retained resistance to growth in-
hibition by low concentrations of CCCP, as shown
in Fig. 2; although data are not shown, BD99-DR4
was also unaltered in its sensitivity to CCCP, i.e.,
retained sensitivity to low concentrations of CCCP.
Levels of exogenous palmltolenc acld added as a
growth iy s
and abolished ihe app i Protoilop
tance in AG1A3-DR4 at least as well as it did in
AG1AS3 (Fig. 2). Since previous studies of AG1A3
and other CCCP-resistant sivains had indicated
that in this type of expenment the exogenous
palmitoleic acid was p P
into phosphatidylethanol and"‘ +
dylglycerol [3], n was of interest to determine
where i of the d fatty acid
occurred in the double mutant that had negligible
levels of these phospholipids. BD99-DR4 and
AG1A3-DR4 were analyzed with respect to the
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Fig. 2. The resistance of AG1A3 and AG1A3-DR4 to inhibi-
tion by CCCP and ion of that inhibition by

palmitoleic acid. AG1A3 (Panel A) and AG1A3-DR4 (Panel

B) were grown on DL-malate-containing media in the absence

of additions (8, ), in the presence of 2 uM CCCP (Q, 0), in

the presence of 10 uM palmiloleic acid (a), or in the presence
of both 2 pM CCCP and 10 M palmitoleic acid {a).

ion of growth supp

of enher palmitic or palmitoleic acid. As shown in
Table 1II, traces of phosphatidylethanolamine and
diphosphatidylglycerol in the mutant membranes
are made evident by these incorporation experi-
ments, in which a radioactive spot was found in
the appropriate place although no chemically de-
tectable phospholipid had been found. Thus,

DISTRIBUTION OF LABEL FROM RADIOACTIVE FATTY ACID GROWTH SUPPLEMENTS AMONG MAJOR MEM-
BRANE LIPID FRACTIONS OF DURAMYCIN-RESISTANT B. SUBTILIS STRAINS *

Strain dioacti di fatty acid i into fraction (nmol/mg total lipid) ®
supplement 1,2-Diacyl- Free fatty Ph i Ph i Dijj
glycerol acids ethanolamine glycerol glycerol
BD99-DR4 Palmitic acid 9.6 08 02 143 0.2
Palmitoleic acid 122 o8 6.4 164 04
AGIA3-DR4 Palmitic acid 88 09 0 15.2 0
Palmitoleic acid 144 1.0 0.6 204 04

® Cultures of BD99-DR4 and AG1A3-DR4 were grown in the presence of 10 sM [MCpalmitic or 10 uM [*Clpalmitoleic acid and

lipids were prepared as described under Materials and Methods.

® In all experiments, the fatty acid d was 98-99%

from the

substrate added. The values are means of

two determinations from each of two independent preparations with standard deviations within 10% of the exgerimental values.



palmitoleic acid was still incorporated, albeit in
vcry smal! amounts, into both phcsphaudy!-
and diphosphatid; in both
strains, In BD99-DR4, palmitic acid was also in-
corporated very modestly into those phospholi-
pids. Relative to the earlier experiments with the
duramycin-sensitive parent strams, incorp
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strains are not easily interpreted. We have ob-
served a modest increase in thc average chain
lenglh of the fatty acids upon mutation to

in an d Bacillus
speaes (Clejan, S., unpublished data), and are
thus inclined to suppose that this trend represents

of palmitoleic acid into phosph gl was
greatly el d. Also, i of both
palmitic and palmitoleic acid into the neutral lipid
fraction was markedly increased.

Discussion

D in is a pol ide with antibiotic ac-

an ad: ion to the ch in polar head groups
in such mutants. Similarly the appearance of a
significant amount of lysophosphatidylethanola-
mine seemms to be common to t!ns type of mutant;
idyletk does

not allow bmdmg of duramycm but may fulfill
some of the normal role(s) of phosphatidyl-
ine in the Among the

4 ie ch

tivity against several Gram-posnwe bacteria and
fungi [9). Racker and his colleagues {4,10,11] have
shown that duramycin inhibits a number of mem-
btane-assocmed ion pumps m cuka.ryo(es, proton
pumping by b P

and
both proton secretion and CaZ* uptake in B.
subtilis. In a duramycin-resistant mutant of 3.
subtilis, the inhibitory effects on cation 3!

observed here, the rather pre-
found changes in the amount and composition of
the neuual ]lpid fraction found cnly in the
derivative of AG1A3 are in-

truiging but impossible to rationalize at present.
Notably, although AG1A3-DR4 was selected
on duramycin-containing plates that did not also
contain CCCP, this double mutant retained
C\,Cr-resnsta.nce Moreover, in spite of the

tion were greatly diminished [4). In the current
study we sought to take advantage of the observa-
tion made in the latter report that mutatxon xo

duction in the of phos-
phatidylethanolamine and diphosphatidylglycerol
in the membranes of AG1A3-DR4, exogenous
palmitoleic acid was just as effecuve as in AG1A3

duramycin resistance in B :ubtms 1s in abolishing the The
by loss of b phosg hanol effecti of the palmitoleic acid
and diphosphatidylgl l. The anal of the may not depend upon its preferential incorpora-

mutants selected here confirm those observations,
although it is clear from the studies of incorp

uon mto phosphat.\dylethano]amme and diphos-

tion of exogenous fatty acids that the loss of those
phospholipids is not total. Indeed, as found in
numerous studies of b holipid

ly , but depend only upon a signifi-
cant increase in the level of monoenoic fatty acids,
i.e. restoration of wild-type levels. Alternatively,

incorp

may have to be into specific phos-
mutants of Escherichia coli, e.g. [12,13), mula- pho]ipids but even the very tiny amounts of phos-
tional loss of all but a tiny fraction of a p i and/or diphosphatidyl

membrane phospholipid seems to be without evi-
dent phenotypic consequence even though total
loss of the phospholipid might be lethal for the
organism.

The patterns of change in the membrane lipids
of BD99-DR4 and AG1A3-DR4 relative to their
parent strains are notable in their complexity as
well as in their differences from one another. The

in phosphatidylgl and aminoa-
Iphosphatidylglycerol are comp Y, but the
in ic, branched C,, fatty acids

that were found in both duramycin-resistant

glycerol remaining in this strain might be sufﬁ-
cient to mediate the effect.
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