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One of the major determinants of organic solvent tolerance is
the increase in membrane phospholipids. Here we report for the
first time that an increase in the synthesis of phosphatidic acid is
responsible for enhanced phospholipid synthesis that confers
tolerance to the organic solvent in Saccharomyces cerevisiae.
This increase in phosphatidic acid formation is because of the
induction of Ictlp, a soluble oleoyl-CoA:lysophosphatidic acid
acyltransferase. YLRO99C (ICT1) was reported to be maximally
expressed during solvent tolerance (Miura, S., Zou, W., Ueda,
M., and Tanaka, A. (2000) Appl. Environ. Microbiol. 66, 4883—
4889); however, its physiological significance was not under-
stood. In silico analysis revealed the absence of any transmem-
brane domain in Ictlp. Domain analysis showed that it has a
hydrolase/acyltransferase domain with a distinct lipid-binding
motif and a lysophospholipase domain. Analysis of ic£1A strain
showed a drastic reduction in phosphatidic acid suggesting the
role of Ictlp in phosphatidic acid biosynthesis. Overexpression
of Ictlp in S. cerevisiae showed an increase in phosphatidic acid
and other phospholipids on organic solvent exposure. To under-
stand the biochemical function of Ict1p, the gene was cloned and
expressed in Escherichia coli. The purified recombinant enzyme
was found to specifically acylate lysophosphatidic acid. Specific
activity of Ictlp was found to be higher for oleoyl-CoA as com-
pared with palmitoyl- and stearoyl-CoAs. This study provides a
mechanism for organic solvent tolerance from the point of
membrane dynamics in S. cerevisiae.

Tolerance to organic solvents was reported in several micro-
organisms, which includes Pseudomonas strains (1) and Sac-
charomyces cerevisiae (2). Steady accumulation of these sol-
vents in plasma membrane resulted in the loss of structural
integrity (3). Because the plasma membrane acts as a selectively
permeable barrier of the cell, such a toxicity causes an impair-
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ment in the ionic and the metabolic balances, pH gradient, elec-
trical potential, etc., leading to cell lysis.

Cell surface modifications were found to be one major reason
for such a tolerance. Other important factors are metabolic
degradation of organic solvents, pumps responsible for extru-
sion (2), changes in saturated fatty acid contents, and conver-
sion from cis to trans fatty acids (4). For example in Pseudomo-
nas putida DOT-T1, the conversion of cis-9,10-methylene
hexadecanoic acid to unsaturated cis-9-hexadecenoic acid was
observed on exposure to toluene. However, the mechanism for
the conversion is unknown (5). Change in the phospholipid
content was shown to be an important factor in providing tol-
erance against the organic solvents. Elegant work on mecha-
nisms of solvent tolerance in P. putida strain Idaho showed that
the strain was able to repair the damaged membranes through
efficient turnover and increased phospholipid biosynthesis. A
detailed analysis of phospholipid head group turnover revealed
the presence of a large amount of phosphatidylglycerol fol-
lowed by phosphatidylethanolamine (PE)® and cardiolipin.
When the P. putida strain was grown in the presence of
o-xylene, the amount of PE was high, and it was proposed
that the increase in phospholipids was necessary to stabilize
the cell membrane structure (3). When Escherichia coli was
exposed to 0.25% toluene, a dramatic effect in the ultrastruc-
ture of the cell was observed. On treatment with 0.25% of
phenethyl alcohol, intracellular membrane formation was
observed in E. coli (6).

An isooctane-tolerant strain of S. cerevisiaze KK-12 was
reported to have increased saturated fatty acid content (2).
Among the various genes up-regulated on isooctane treatment,
ICT1 (Increased Copper Tolerance 1) was found to have max-
imal expression (7). The gene product Ictlp belongs to the
group of a/f-hydrolase family of proteins. Domain analysis
suggests that it has a hydrolase/acyltransferase domain with a
distinct lipid-binding and a lipase motif (8, 9). Based on the
above observations, we investigated the relationship of ICT1
(YLR099C) and its role in phospholipid metabolism in S. cerevi-
siae with isooctane treatment.

3 The abbreviations used are: PE, phosphatidylethanolamine; LPA, lysophospha-
tidic acid; LPC, lysophosphatidylcholine; LPE, lysophosphatidylethanolamine;
LPS, lysophosphatidylserine; PA, phosphatidic acid; PC, phosphatidylcholine;
Pl, phosphatidylinositol; PS, phosphatidylserine; CHAPS, 3-[(3-cholamidopro-
pyl)/dimethylammonio]-1-propanesulfonic acid.
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We initially determined the differences in the phospholipid
composition in the presence and in the absence of isooctane.
We then studied the phospholipid profiles of ictIA and ICT1
overexpressed strains on isooctane treatment. Finally, we elu-
cidated the enzymatic function of the purified recombinant
Ictlp. Our results clearly show that on treatment with 4%
isooctane, the overall phospholipid biosynthesis in the cell was
markedly enhanced. Intriguingly, ictIA strain showed a
reduced biosynthesis of major phospholipids both in the pres-
ence and in the absence of isooctane. However, the amount of
phosphatidic acid (PA) was found to be drastically reduced in
the ictIA strain. Based on the above observations, we report
here that Ictlp is a soluble lysophosphatidic acid acyltrans-
ferase that is highly expressed during organic solvent stress, to
sustain enhanced requirement of membrane phospholipid for
the repair of damaged membrane.

EXPERIMENTAL PROCEDURES

Materials—S. cerevisiae (BY4741: MATa; his 3A1; leu2A0;
met15A0; ura3A0) and deletion mutant strain of ICT1 (BY4741
background) were obtained from Invitrogen. [1-'*C]Oleoyl-
CoA (54 mCi/mmol), [*H]1-oleoyl-lysophosphatidic acid (47
Ci/mmol), and other radiochemicals were obtained from
PerkinElmer Life Sciences. [**P]Orthophosphate (5000
Ci/mmol) was obtained from Board of Radiation and Isotope
Technology, Bhabha Atomic Research Centre (Mumbai, India).
Silica Gel 60,5, TLC plates were purchased from Merck. Syn-
thetic complete medium and yeast nitrogen base media were
obtained from Sigma. Yeast extract and peptone were obtained
from Difco. The DNA purification kit and nickel-nitrilotri-
acetic acid (Ni**-NTA) matrix were from Qiagen. All chem-
icals and solvents were purchased from Sigma unless specif-
ically mentioned.

Growth Conditions—Yeast cells were grown in YEPD (1%
yeast extract, 2% peptone, and 2% dextrose) medium (pH 7.0)
with aeration at 30 °C. For growth in organic solvent-contain-
ing medium, the yeast cells were grown in 5 ml of YEPD
medium for 12 h. The cells were harvested and transferred to 25
ml of YEPD media overlaid with 4% (v/v) isooctane, so that the
final Ay, of 0.1 was achieved. Following this the cells were
grown at 30 °C at 180 rpm. Cell growth was studied by meas-
uring the A, of the cultures at frequent intervals.

[??P]Orthophosphoric Acid Labeling—The cells were grown
to saturation in 5 ml of YEPD cultures and then transferred to
25 ml of YEPD medium either in the presence or in the absence
of isooctane such that the absorbance was 0.1. To this 100 wCi
of [**Plorthophosphate (5000 Ci/mmol) was added. Cells
(absorbance of 10) were grown for 12 h and harvested by
centrifugation.

Phospholipid Extraction and Identification—Phospholipids
from yeast cells were extracted after 12 h of growth (with and
without 4% isooctane) according to Bligh and Dyer (10).
Briefly, to the cell pellet 400 ul of methanol and 200 ul of
chloroform were added followed by vortexing. To this, 400
wl of acidified water (2% phosphoric acid) was added and
vigorously vortexed. Chloroform extracts containing total
lipids were subjected to two-dimensional TLC with Silica Gel
60g,5, TLC plates. The solvents for the first dimension were
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chloroform/methanol/ammonia (65:25:5, v/v); solvents for the
second dimension were chloroform/methanol/acetone/acetic
acid/water (50:10:20:15:5, v/v). Individual phospholipids were
located by comparing the Rf values of the unknown with the Rf
values of the standard. The radioactive spots were developed by
autoradiography for 12 h. The spots were scraped from the TLC
plate, and the incorporation was counted in liquid scintillation
counter (PerkinElmer Life Sciences).

Purification of Recombinant Ict1p—For expression of recom-
binant Ictlp in E. coli, DNA fragments containing the coding
sequence of ICT1 were generated by PCR amplification of the
genomic DNA from S. cerevisiae using forward primers (5'-CCC-
CGGATCCATGTGGACAAACACTTTCAAATGGTGC-3')
and reverse primer (5'-CCCCGAATTCTTACTTTGACAGGA-
ACGAGACTAAA-3'). The forward primer had a BamHI fol-
lowed by the beginning of an open reading frame; the reverse
primer had an EcoRI site. PCR (1 min of denaturation at 94 °C,
1 min of annealing at 55 °C, and 1 min of elongation at 72 °C)
was performed using Pfu polymerase for 30 cycles with a 10
pmol concentration of each primer in a final volume of 50 ul.
The purified PCR product was digested with BamHI and EcoRI
and ligated directionally in predigested pRSET A vector. The con-
struct was transformed into E. coli BL21 (DE3) cells, and the insert
was sequenced. The transformed E. coli cells were induced with
0.5 mM isopropyl 1-thio-B-p-galactopyranoside for 4 h, and the
cell lysate was resolved on a 12% SDS-PAGE. Recombinant
Ictlp was purified by Ni*>"-NTA affinity column chromatogra-
phy. Briefly, the cell pellet was resuspended in lysis buffer con-
taining 50 mm Tris-HCI (pH 8.0) and 300 mMm NaCl (buffer A).
Cells were disrupted by sonication. The supernatant (10,000 X
g) was allowed to bind to the Ni>*-NTA matrix. The column
was washed with buffer A containing 80 mMm imidazole. The
bound protein was eluted with 250 mm imidazole in buffer A.
One-milliliter fractions were collected and checked for activity.
The fractions were analyzed for the presence of protein in 12%
SDS-PAGE followed by Coomassie Blue staining.

Antisera Production—Rabbits were immunized by subcuta-
neous injection of 250 ug of purified Ictlp, emulsified in
Freund’s complete adjuvant. Three booster doses of 125 ug of
protein emulsified in Freund’s incomplete adjuvant were
administered at 3 weekly intervals. Ten days after the last injec-
tion, blood was collected, and serum was separated and stored
at —20 °C. The antibody production, specificity, and the titer
were analyzed by enzyme-linked immunosorbent assay (11).

Construction of Yeast Expression Plasmid—For the overex-
pression of ICT1 in S. cerevisiae, we utilized a plasmid pPS189
bearing a constitutive promoter, Prgp, (12). The ICT1 open
reading frame was subcloned from pRSET A vector to pPS189
at BamHI-EcoRI sites.

Expression of ICT1 and Preparation of Cell Extracts—
BY4741 strain of S. cerevisiae was transformed with pPS189
cloned with and without /CT1 (13). The transformants were
selected on the plates containing synthetic medium (SM) lack-
ing uracil. For the preparation of cell extracts, the cells were
grown in a 5-ml SM culture overnight. Cells (A = 5) were taken
and suspended in 10 mm Tris-HCI (pH 7.5), 2% SDS. The cells
were lysed using glass beads (0.45— 0.6 um). The proteins were
separated by SDS-PAGE and transferred onto a nitrocellulose
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membrane for immunoblotting as described (14). The overex-
pressed Ict1p was detected using anti-Ict1p antibodies at a dilu-
tion of 1:2500 (v/v).

Growth Studies on Yeast Strains Overexpressing [CT1—Yeast
cells were grown overnight in 5 ml of SM without uracil. The
cells were then transferred to 25 ml of SM without uracil and
overlaid with 4% (v/v) isooctane, so that the final A, of 0.1 was
achieved. Following this, the cells were grown at 30 °C at 180
rpm. Cell growth was monitored by measuring the Ay, of the
cultures at frequent intervals.

Labeling of Overexpressed ICT1 Strain—Strain bearing ICT1
overexpression plasmid and vector alone was grown to satura-
tion in 5 ml of SM lacking uracil and then transferred to 25 ml of
the same, either in the presence or in the absence of isooctane
such that the absorbance is 0.1. To this, 100 wCi of
[**P]orthophosphate was added. Cells were grown for 20 h and
harvested (A = 10) by centrifugation.

Sequence Analysis and Construction of Phylogenetic Tree—
Domain analysis was done based on the conserved domain data
base of NCBI. Hydrophobicity plot was analyzed by TMPRED.
Multiple sequence alignment was constructed using “bootstrap
resampling.” This bootstrap replicate alignment was then uti-
lized to construct phylogenetic trees by the neighbor-joining
method (15). Phylogenetic and molecular evolutionary analyses
were conducted using MEGA version 2.1 software. The phylo-
genetic tree was visualized using MEGA. The result was ana-
lyzed using the bootstrap method (1000 replicates) to provide
confidence levels for the tree topology (16). The tree topology
was generated by neighbor-joining, with bootstrap support at
critical nodes indicated as percentage.

LPA Acyltransferase Activity—The assay mixtures consisted
of all of the components of lysis buffer containing 20 um
[1-'*C]oleoyl-CoA (54 mCi/mmol), 1 ug of enzyme, and 100
uM LPA (1-oleoyl) in a total volume of 100 ul (17). The incuba-
tion was carried out at 30 °C for 15 min and stopped by extract-
ing lipids as described above. In addition, acyltransferase
activity was also assayed using 50 um labeled acyl acceptor [1-
0leoyl-9,10-*H]LPA (47 Ci/mmol) along with 20 um oleoyl-CoA.
Lipids were separated on either a two-dimensional TLC plate
using chloroform/methanol/ammonia/water (65:25:0.9:3, v/v)
as the solvent of the first dimension, and chloroform/metha-
nol/acetic acid/water (40:20:5:0.5, v/v) as the solvent of the sec-
ond dimension (18) or on a one-dimensional silica TLC plate.
The solvent system that was used for one-dimensional TLC was
composed of chloroform/methanol/acetone/acetic acid/water
(50:10:20:15:5, v/v). Individual phospholipids were located by
comparing the Rf values of the unknown with the Rf values of
the standard. The plates were developed overnight for autora-
diography to localize **C-labeled lipids. [**C]PA spots were
then scraped from the TLC plate and counted with 5 ml of
toluene-based scintillation mixture.

RESULTS

Enhanced Phospholipid Accumulation on Isooctane Exposure—
To investigate the mechanism of organic solvent tolerance, we
first determined the growth kinetics of S. cerevisiae in the pres-
ence and in the absence of isooctane (data not shown). As it is
known that one of the important mechanisms of organic toler-
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FIGURE 1. ICT1 knock-out shows decreased phospholipid accumulation
in the presence of isooctane. A-D, both wild type (WT) and ict1A cells were
grown overnight and transferred to 25 ml of YEPD medium containing 100
uCi of [*?Plorthophosphate to a final absorbance of 0.1 and then grown for
12 h in the presence and in the absence of 4% isooctane (Iso). Lipids were
extracted and resolved on two-dimensional silica TLC by chloroform/metha-
nol/ammonia (65:25:5, v/v) as first dimension and chloroform/methanol/ac-
etone/acetic acid/water (50:10:20:15:5, v/v) as second dimension solvent sys-
tems. Lipids are identified by numbers ranging from 7to 7. 1, PI; 2, PS; 3, PC; 4,
PE; 5, unknown; 6, LPA; and 7, PA. O represents the origin. E, amount of
[*?Plorthophosphate incorporated into various phospholipids. The amount
of [**Plorthophosphate incorporated into lipids is presented as counts/min
per Agqo Of cells per 12 h of labeling. Values are the mean of three separate
experiments, each performed in duplicate.

ance is rapid turnover of membrane phospholipids (3), we
wanted to ascertain whether changes in total membrane phos-
pholipid were responsible for the growth advantage of S. cerevi-
siae in the presence of 4% isooctane. To analyze the membrane
phospholipid profile, S. cerevisiae cells were grown in the pres-
ence of isooctane along with [**P]orthophosphate for 12 h. It
was found that on exposure to isooctane there was a 1.8-fold
increase in the incorporation of label into phospholipids.
When the total phospholipid of S. cerevisiae was separated on
a two-dimensional TLC, six components were easily distin-
guished (Fig. 1, A and B). They were identified as phosphatidyl-
inositol (PI), LPA, phosphatidylserine (PS), phosphatidylcho-
line (PC), PE, and PA, and one of the spots remained unknown.
The identification was based on the comparison of their Rfval-
ues to that of the known standards. PC and PE were detected as
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the major phospholipids followed by PS and PI. On exposure to
isooctane there was nearly a 2-fold increase in the incorpora-
tion oflabel into PC, PE, and PS. However, PA showed a 4.9-fold
increase with isooctane treatment (Fig. 1E). These results sug-
gested a correlation between the cell survival and the increased
phospholipid formation.

Phospholipid Profile of ict1A Strain Shows a Deficient PA
Formation—Initially, the growth characteristic of iczIA in the
presence of isooctane was determined. To our surprise, the null
mutant behaved in a similar way to that of the wild type (data
not shown). To analyze the phospholipid profile in the presence
of isooctane, we performed comparative labeling studies with
ictIA and BY4741 strains in the presence or in the absence of
isooctane. ict1A and the wild type were grown in the presence of
[**P]orthophosphate to examine the total phospholipid synthe-
sis. It was interesting to observe that there was nearly a 3-fold
decrease in the PA formation in ictIA (Fig. 1, C-E, PA bars)
compared with the wild type (Fig. 1, A, B, and E, PA bars) both
in the absence or in the presence of isooctane. The overall phos-
pholipid formation in ictIA was reduced, suggesting that
reduced PA formation probably resulted in the decrease of all
the major phospholipids. These data suggest that ictIA is par-
tially defective in PA formation.

ICT1 Overexpression Enhances the Levels of Membrane Phos-
pholipids and Reduces Lag Phase on Isooctane Exposure—To
study the role of ICT1 in modulating the membrane phospho-
lipid profile on isooctane exposure, S. cerevisiae was trans-
formed with pPS189-ICT1. Western blotting with anti-Ictlp
antibodies confirmed the expression and the proper molecular
mass of the protein (Fig. 24). To study the membrane phospho-
lipid profile of the ICT1 overexpressing strain, the cells were
grown in SM without uracil, overlaid with or without 4%
isooctane. Overexpression of ICT1 (without isooctane)
increased the total cellular phospholipid levels by 1.9-fold.
Interestingly, in the presence of isooctane, the total cellular
phospholipid enhanced by 2.5-fold as compared with the vec-
tor-transformed cells. This increase was nearly 6.5-fold when
compared with vector-transformed cells in the absence of
isooctane (Fig. 2B). The increase of PA was nearly 3.1-fold as
compared with the control, on isooctane treatment (Fig. 2B,
inset). Thus, the overexpression of ICT1 along with isooctane
exposure led to a much higher activity than without isooctane.

To ascertain that the overexpression of ICTI could
rescue the growth delay of the organism on isooctane treatment,
the ICT1-overexpressing strain was grown both in the presence
and in the absence of 4% isooctane in SM without uracil. The strain
overexpressing /CT1 was found to have an improved doubling
time as compared with the vector control (Fig. 2C). The partial
rescue of the doubling time suggests that enhanced expression of
ICT1 could possibly have a role in maintaining the membrane
homeostasis on exposure to organic solvent.

Ictlp Belongs to the Family of o/B-Hydrolases—Ictlp is a 394-
amino acid protein with a pI 0f9.87. Ict1p is a member of hydro-
lase family of proteins, which has derived its name from a highly
conserved tertiary fold consisting of alternating a-helices and
B-sheets (8, 9). The rodent and human genomes contain at least
15 orthologous sets of predicted «/B-hydrolases, none of which
are functionally annotated in terms of catalytic activity or sub-
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FIGURE 2. Overexpression of ICT1. A, yeast cells overexpressing ICT1 and the
vector control were grown overnight, and cells (A = 5) were lysed using glass
beads. The proteins were separated on a 12% SDS-PAGE, and immunoblotting
was performed using anti-Ict1p antibodies at the dilution of 1:2500 (v/v), confirm-
ing the enhanced expression in the ICT1-transformed cells. A segment of the
Coomassie Blue-stained gel is given as a loading control for the immunoblot.
B, yeast cells overexpressing ICTT and the vector control were grown for 20 h in
the presence of 100 uCi of [*>Plorthophosphate, and cells (A = 10) were used for
lipid extraction and resolved on two-dimensional silica TLC by chloroform/meth-
anol/ammonia (65:25:5, v/v) as first dimension and chloroform/methanol/ace-
tone/acetic acid/water (50:10:20:15:5, v/v) as second dimension solvent systems.
The amounts of [*’Plorthophosphate incorporated into phospholipids were
scraped and counted. Inset, represents the amount of [*?Plorthophosphate
incorporated into PA. The amount of [*?Plorthophosphate incorporated into lip-
ids is presented as counts/min per Ag,, of cells per 20 h of labeling. Each data
point represents the mean of three independent experiments + S.D. C, exponen-
tially growing cultures of ICTT-overexpressing strain and vector control, grown in
synthetic medium lacking uracil, were added to a fresh medium (with or without
4% isooctane (Is0)) to a final absorbance of 0.1 and grown at 30 °C. Absorbance
was measured at regular intervals.
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strate selectivity (19). In addition to
the hydrolase domain, Ictlp pos-
sesses an esterase (pfam 00756),
hydrolase/acyltransferase domain
(COG 0596), and lysophospholipase
domain (COG 2267) (Fig. 3A). The
first structural motif of Ictlp,
B1GXSXG'® (Fig. 3A) forms a
highly conserved stretch of amino
acids in majority of the known
lipases, phospholipases, lysophos-
pholipases, esterases, and serine
proteases (20). A distinct structural
motif ***HXXXXD?"? is present in
Ictlp (Fig. 3A) at the C-terminal
region. It is well documented that
glycerolipid acyltransferases from
the bacteria, plant, and animal king-
doms share a highly conserved
domain containing the invariant
histidine and aspartic acid residues
separated by four less conserved
residues (21-23). Hydropathy plot
of Ictlp predicted the absence of
any transmembrane domain (Fig.
3B). To determine the relationship
of Ictlp with its close homolo-
gues among prokaryotes, higher
eukaryotes, and mammals, a phylo-
genetic tree was made (Fig. 3C). The
cladogram was mainly divided in
two groups. Group I includes higher
eukaryotes like plants and mam-
mals, and group II includes mainly
prokaryotes. Ictlp was more closely
related to group L. Ictlp was found
to be closely associated to Candida
homologues, but it was found to be
diverged from Schizosaccharomyces
pombe. Ictlp homologue in S.
pombe was more closely related to
group II.

ICT1 Encodes an LPA Acyl-
transferase—A drastic decrease in
PA in ictIA either in the absence
(Fig. 1, A and C) or in the presence of
isooctane (Fig. 1, B and D), sug-
gested a role of ICTI in PA forma-
tion. PA can be produced de novo
from acylation of LPA. Alterna-
tively, PA can be synthesized either
by phospholipase D-mediated
hydrolysis of phospholipids or
through phosphorylation of diacyl-
glycerol. Toward this, ICTI was
cloned in pRSET A, expressed in
BL21 (DE3), and purified using
nickel-nitrilotriacetic acid column
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FIGURE 4. Purification of recombinant Ict1p. A, purified Ict1p from E. coli
BL21 (DE3) using nickel-nitrilotriacetic acid affinity purification column. Visu-
alization of the induced Ict1p in Coomassie Blue-stained SDS-polyacrylamide
gel. M denotes the mobility of molecular weight marker. Lane 1, unbound;
lane 2, wash; lanes 3-5, purified Ict1p. B, time-dependent formation of PA.
Assays were performed using 100 um LPA and 20 um [*CJoleoyl-CoA and 5
g of enzymein afinal volume of 0.5 ml. Aliquots of 100 ul were withdrawn at
different time intervals, and the reaction was terminated by adding metha-
nol/chloroform (2:1, v/v) mixture. The activity was assessed as described
under “Materials and Methods.” Values are the mean of three separate exper-
iments, each performed in triplicate. C, LPA acyltransferase activity was mon-
itored under the standard assay conditions with increasing amounts of
enzyme. Lanes 1-5 represent assays performed using 0.125, 0.25, 0.5, 0.75,
and 1 ug of the purified recombinant Ict1p.

(Fig. 4A). Immunoblot analysis of the transformed cells with
anti-His tag was found to be highly specific for Ictlp (data not
shown). Based on the sequence information of Ictlp, it was
predicted that this protein could synthesize PA either via phos-
pholipase D-like activity or via direct acyl-CoA-dependent acy-
lation of LPA. Recombinant Ictlp was then analyzed for lipase
and phospholipase activities using various substrates. It was
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found that there was no lipase ([*H]triacylglycerol) and phos-
pholipase ([**C]PC and [**C]PE) activities in the recombinant
Ictlp (data not shown). The purified recombinant enzyme was
therefore analyzed for LPA acyltransferase activity. Ictlp
showed a time (Fig. 4B) and enzyme concentration (Fig. 4C)-
dependent increase in the incorporation of [1-'*CJoleoyl-CoA
into LPA to form PA. The enzymatic product was further ana-
lyzed by two-dimensional TLC, and a single discrete spot of PA
was observed (data not shown). These data suggested that Ict1p
indeed has a lysophosphatidic acid acyltransferase activity.

Substrate Preference of the Recombinant Ictlp—To study the
substrate specificity of Ictlp for lysophospholipids, acyltrans-
ferase activity was performed using [**CJoleoyl-CoA and vari-
ous unlabeled lysophospholipids. It was found that Ictlp was
highly selective to LPA, showing nearly no activity with other
lysophospholipids such as lysophosphatidylcholine (LPC),
lysophosphatidylethanolamine (LPE), and lysophosphatidyl-
serine (LPS) (Fig. 54). LPA acyltransferase activity was also
measured using [*H]LPA and unlabeled acyl-CoAs. The high-
est activity was observed with oleoyl-CoA (6.12 nmol of PA
formed per min/mg protein) as compared with palmitoyl-CoA.
When stearoyl-CoA was used as an acyl donor, only 26% of
the activity was found under the standard assay conditions
(Fig. 5B).

LPA acyltransferase activity was found to be sensitive to
Triton X-100, but it was fairly stable over wide range of
CHAPS concentrations. The activity was reduced to 7% at
0.75 mm of Triton X-100; however, 92% of the activity was
recovered at the same concentration of CHAPS. At 3.125 mm
of Triton X-100, the activity was reduced to 2%; however,
only 30% decrease in the activity was observed with CHAPS
under the same concentration (Fig. 5C).

Together these findings indicated that Ictlp is a soluble LPA
acyltransferase that may play an important role in increasing
PA biosynthesis on organic solvent exposure, in addition to the
membrane-bound Slclp and Slc4p/Lptlp. Increase in the PA
formation could eventually lead to an increase in PC, PE, and PS
(the major phospholipids in S. cerevisiae), thereby facilitating
tolerance to the solvent stress (Fig. 6, A and B).

DISCUSSION

Organic solvent tolerance mechanism is known to be associ-
ated with membrane remodeling in microorganisms (3, 24). To
understand this phenomenon, we chose S. cerevisiae as the
model system. Enhanced phospholipid biosynthesis was
observed on treatment with 4% isooctane, suggesting a correla-
tion between accumulation of membrane phospholipids and
tolerance to organic solvent. These data are consistent with
tolerance mechanisms exhibited by P. putida Idaho strain (3, 5),
where the basal level of phospholipid biosynthesis was high on
exposure to solvent. Increased phospholipid biosynthesis is a
common phenomenon exhibited by organisms to various envi-
ronmental stresses. Vibrio costicola was found to have a high
phospholipid biosynthesis under salt stress (25). It was shown
that MUQI involved in PE biosynthesis was substantially
expressed on isooctane stress, validating an enhanced phos-
pholipid accumulation as observed in our system (2). One of the
main initiatives of the study was to identify the role of ICT1 in
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FIGURE 5. Characterization of purified Ict1p. A, purified Ict1p was incu-
bated with 100 um of various acyl acceptors such as Glc-3-P (G3P), LPA, LPC,
LPE, and LPS, and the reaction products were resolved on silica-TLC using
chloroform/methanol/acetone/acetic acid/water (50:10:20:15:5, v/v) as the
solvent system, and corresponding acylated phospholipid products were
measured. Values are the average of two separate experiments, and each was
performed in triplicate. B, LPA acyltransferase activity was monitored using 50
um of PHILPA and 50 um of palmitoyl-CoA or oleoyl-CoA or stearoyl-CoA.
G, effect of Triton X-100 and CHAPS on LPA acyltransferase activity. Values are
the mean of three separate experiments, and each was performed in
triplicate.

such a stress. PA was substantially decreased in ictIA strain
indicating a partial loss of PA biosynthesis.

Ictlp is annotated as a soluble protein with a/B-hydrolase
domain containing hydrolase/acyltransferase motif, esterase,
and lipase/phospholipase motif (8, 9, 26). Interestingly, the
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FIGURE 6. Biosynthesis and utilization of phosphatidic acid in S. cerevi-
siae on isooctane stress. Metabolites used are as follows: Glc-3-P (G3P), LPA,
PA, PI, PS, PE, and PC. Enzymes used are as follows: Slc1/Slc4, 1-acylglycerol-
3-phosphate acyltransferase; ICT1, increased copper tolerance 1. A, Glc-3-P
(G3P) is esterified to LPA, which in turn is acylated by membrane-bound
Slc1p/Slc4p to form PA. PA is the major intermediate for all other phospho-
lipids that constitute the plasma membrane of S. cerevisiae. B, on organic
solvent exposure, Ict1p is overexpressed, resulting in enhanced synthesis of
PA.Increased synthesis of PA leads to increased synthesis of PC, PE, P, and PS
that are necessary for the repair of damaged membranes.

region consisting of amino acids 69 — 87 showed a highly hydro-
phobic region that corresponds to the lipid-binding motif of the
protein. The presence of lysophospholipid binding domain sug-
gested that the enzyme can utilize lysophospholipids. However,
we could not find any lysophospholipase activity. Lipases were
found to have acyltransferase activity (27, 28). The presence of
a Ser residue in the active site forming the catalytic triad (Ser-
His-Asp) of these enzymes (29) and HX,D motif (22, 23) sug-
gests the possible acyltransferase activity of the protein. The
utilization of His as a general base was proposed to be a com-
mon feature of acyltransferases. Histidine is well suited for the
abstraction of a proton from the hydroxyl group of the acyl
acceptor to facilitate nucleophilic attack on the thioester of the
acyl donor (21).

The overexpression studies with /CT1 demonstrate that the
induction of this gene enhanced the overall phospholipid bio-
synthesis. This effect was magnified in the presence of
isooctane, which could be due to the existence of other path-
ways that could possibly be activated on isooctane exposure.
This suggests that /CT1 probably is a crucial gene in organic
solvent tolerance; however, such a complex phenomenon could
be supported by a battery of other gene products that are nec-
essary for the process.

Ictlp was found to be acyl-CoA:LPA-dependent acyltrans-
ferase, and the reaction was time- and protein-dependent. Ictlp
had a specific preference for oleoyl-CoA suggesting its intrinsic
capability to incorporate unsaturated fatty acids. Incorporation
of unsaturated fatty acids during solvent stress leads to
enhanced mobility of the membranes (30). Our results provide
direct evidence for the presence of soluble acyl-CoA-depend-
ent LPA acyltransferase. PA being an essential metabolite in
glycerolipid and triacylglycerol biosynthesis enjoys special priv-
ilege in cellular metabolism. Therefore, the role of PA in con-
ditions like organic solvent stress is undisputable. PA formation
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being the rate-limiting step in membrane lipid biosynthesis (31)
could actually activate the biosynthesis of all the major phos-
pholipids, especially PC and PE (Fig. 6). Such a phenomenon
could be advantageous to the organism for two reasons. (i)
Because PC is the major phospholipid in yeasts (32), the
enhanced supply of PC could help repair the damaged mem-
brane quickly. (ii) An increase in the proportion of high melting
point PE could help counter membrane fluidity in isooctane-
exposed cells (33).

In light of our observation, it is tempting to speculate a solu-
ble lipid biosynthetic pathway that may function under abnor-
mal cellular stress. Isooctane exposure could lead to the induc-
tion of ICT1 and other pathways involved in phospholipid
biosynthesis. Such an induction could lead to enhanced phos-
pholipid biosynthesis eventually resulting in membrane repair.

Until now, the only known LPA acyltransferase that was
extensively studied in yeast at the molecular level was SLCI
(34), a homologue of E. coli plsC (35). Recently, three groups
simultaneously showed the presence of another lysophospho-
lipid acyltransferase, encoded by SLC4/LPT1, a member of
membrane-bound O-acyltransferase family of protein that
could acylate LPA as well, adding to the partial redundancy
along with Slc1p. The enzyme accepts, however, LPS, lysophos-
phatidylinositol, LPC, and LPE, thereby adding to the hetero-
geneity observed among the yeast phospholipids (36 -38). All
these enzymes also have distinct transmembrane domains and
form a major member of membrane-bound biosynthetic
machinery of phospholipid biosynthesis.

We believe that SLC1 and SLC4 could independently provide
the necessary PA for the cells to replenish their membrane
requirement. However, ICTI on isooctane exposure could pro-
vide the additional requirements for PA at a time of emergency.
Therefore, PA could be channeled either for membrane lipid
biosynthesis or for signaling events downstream as necessary
under such situations.

The solvent tolerance mechanism of S. cerevisiae is depend-
ent on activation of many different genes and pathways. Here
we show that the increased membrane phospholipid is one of
the major determinants for organic solvent tolerance. This
study is the first one of its kind to provide a mechanistic basis of
solvent tolerance.
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