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ABSTRACT

Oleoyl-acyl carrier protein (18:1-ACP) thioesterase has been
partially purified from developing safflower (Carthamus tinctorius)
seeds. Protein species with molecular masses of 34 and 40 kD
associated with thioesterase activity were identified and partially
sequenced. Analysis of amino-terminal and internal cyanogen bro-
mide peptide sequences revealed no differences in the primary
structure of the two species. Amino acid sequence was used to
design degenerate oligonucleotides for primers in a polymerase
chain reaction (PCR) using safflower embryo cDNA as a template.
A 380-base pair PCR product was used to isolate two classes of
cDNA clones, designated 2-1 and 5-2, from the embryo cDNA
library. Clone 2-1 encodes a 389-amino acid protein including a
60-amino acid transit peptide, and contains all of the protein
sequence determined from the 34- and 40-kD proteins. Clone 5-2
encodes a 385-amino acid protein with 80% identity to that en-
coded by 2-1. Expression of the two safflower cDNA clones in
Escherichia coli resulted in a 50- to 100-fold increase in the level
of 18:1-ACP thioesterase activity. Both thioesterases are most ac-
tive on 18:1-ACP; however, the enzyme encoded by 5-2 shows
less discrimination against saturated 16- and 18-carbon acyl-ACP
substrates.

Fatty acids are important components of membrane phos-
pholipids in all plant tissues and are also stored in the form
of triacylglycerols in the seeds of many species for use as an
energy source upon germination. Fatty acid biosynthesis in
plants is catalyzed by a series of soluble, discrete enzymes
(23) that are localized in the chloroplasts of leaves (16) and
the proplastids of developing seed tissue (14, 25, 31). Fatty
acids up to 18 carbon atoms in length are synthesized in two-
carbon increments as ACP2 thioesters (15). Acyl-ACP thioes-
terase (EC 3.1.2.14) catalyzes the hydrolysis of these acyl-
ACP thioesters (24) to release free fatty acds, which are
transported to the cytoplasm for further modifications and
incorporation into storage triacylglycerols (28). Whereas most
plants accumulate predominantly 16- and 18-carbon fatty
acids in their seeds, some species are notable for the accu-
mulation of shorter-chain fatty acds. An example is Califor-
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nia bay (Umbellularia californica), which accumulates high
levels of lauric acid (12:0) in its seed triacylglycerols. Recently,
a 12:0-ACP-specific thioesterase has been isolated from this
species and shown to redirect fatty acid synthesis to the
production of laurate in transgenic plants (6, 18, 30). In plants
that accumulate the longer-chain fatty acids, the specificity
of the acyl-ACP thioesterase may also play a role in deter-
mining the final fatty acid composition of the storage oil.
We are interested in studying acyl-ACP thioesterases with

specificities for 16- and 18-carbon fatty acids. Acyl-ACP
thioesterase activities have been characterized at various
stages of purification from a number of plant species that
accumulate 16- and 18-carbon fatty acids in their triacylglyc-
erols, including avocado (17, 24), safflower (Carthamus tinc-
torius) (12), squash (8), and rapeseed (7). The enzymes show
distinct preferences for 18:1-ACP over 18:0-ACP and 16:0-
ACP substrates and are relatively inactive on acyl-CoAs.
To investigate further the role of acyl-ACP thioesterase in

the determination of seed oil composition, we have purified
and obtained partial amino acid sequence of an 18:1-ACP
thioesterase from developing safflower seeds. Two different
classes of cDNA clones encoding 18:1-ACP thioesterase have
been isolated and characterized. The substrate specificity of
the protein encoded by each clone has been examined by
expression in Escherichia coli.

MATERIALS AND METHODS

Materials

[1-4C]Acyl-ACP substrates were synthesized by the en-
zymic method described by Rock et al. (21) using ACP that
was purified from E. coli K12 by the method of Rock and
Cronan (20). Radioactive fatty acids (54-58 mCi/mmol) were
purchased from Amersham. Immature safflower (Carthamus
tinctorius) seeds were collected from greenhouse-grown
plants 16 to 18 d postanthesis, frozen in liquid nitrogen, and
stored at -700C. Oligonucleotide primers for PCR and in
vitro mutagenesis were synthesized on an Applied Biosys-
tems model 380A DNA synthesizer.

Purification and Sequencing of 18:1-ACP Thioesterase

A partial purification of 18:1-ACP thioesterase from im-
mature safflower seeds by acetone powder extraction, acid
precipitation, and ACP-Sepharose chromatography was car-
ried out as described by McKeon and Stumpf (12). Fractions
from the ACP-Sepharose column that contained acyl-ACP
thioesterase activity were pooled and subjected to further
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purification by chromatofocusing. The buffer was changed
to buffer A (20 mm bisTris-HCl, pH 7.4, 20% [v/vl glycerol,
0.1% [w/v] CHAPS) by ultrafiltration on a PM10 membrane
in an Amicon pressure cell. The sample was then applied at
0.6 mL/min to a 1 cm (i.d.) x 7 cm column of Pharmacia
PBE94 ion exchanger that had been equilibrated at 1.2 mL/
min in buffer A. The column was washed with 5 bed volumes
of buffer A, and the proteins were eluted at 1 mL/min in a
pH 7 to pH 4 gradient by the application of buffer B (10%
[v/v] Polybuffer 74, 20% [v/vl glycerol, 0.1% [w/v] CHAPS,
pH 4). Two-milliliter fractions were collected and assayed for
thioesterase activity without pH adjustment.

Proteins eluted from the PBE94 chromatofocusing column
were analyzed by SDS-PAGE on 8 to 16% Tris-glycine gels
(NOVEX, San Diego, CA) and silver stained (3). Fractions 22
to 33 were combined to form pool A and fractions 34 to 50
were combined to form pool B. Proteins from the two pools
were concentrated, separated by preparative SDS-PAGE, and
electroblotted to PVDF membranes (Immobilon-P, Millipore)
in a buffer consisting of 125 mm Tris base, 25 mm glycine,
and 10% [v/v] methanol. For protein bands identified as
thioesterase candidates, approximately 10% of the blotted
protein from pool B was used for N-terminal sequence analy-
sis. Sequencing was performed with an Applied Biosystems
477A protein sequencer with an on-line 120A PTH analyzer.
The remaining blotted proteins from candidate bands in each
pool were subjected to CNBr cleavage using a Probe-Design
Separation System (Promega). CNBr peptides were separated
using 10 to 20% Tris-Tricine gels (NOVEX), electroblotted to
ProBlott (Applied Biosystems), and sequenced as described
above. Each sequence is designated by a sequence number,
e.g. SQ828.

Enzyme Assay

Thioesterase assays were performed during protein purifi-
cation as described by Ohlrogge et al. (17) at pH 8.5 in 100
mM Tricine-NaOH, pH 8.5, using 3 uM ['4C]acyl-ACP sub-
strate. To conserve the more expensive [1-'4C]18:1-ACP, we
used [1-'4C]18:0-ACP as a substrate throughout the protein
purification steps, and [1-_4C]18:1-ACP was used to verify
the substrate specificity of the enzyme.

Thioesterase assays used in E. coli expression experiments
were performed as described by Davies et al. (6) in 7 mnim
NaH2PO4-NaOH, pH 8.0, 20% [v/v] glycerol, 1 mm DTT,
and 0.02% [v/v] Triton X-100, with 0.5 Mm [1-14C]acyl-ACP
substrate. Crude safflower extract, for use as a control, was
prepared by homogenizing 250 mg of frozen, powdered
safflower seeds in 1 mL of homogenization buffer consisting
of 50 mm NaH2PO4-NaOH, pH 7.5, 2 mm DTT, 2 mm sodium
ascorbate, 20% [v/v] glycerol, 1% [w/v] PVP-10, and 5 mm
diethyldithiocarbamate. One unit of enzyme activity cata-
lyzes the hydrolysis of 1,mol [14C]acyl-ACP/min at 300C.

Library Construction and Screening

Construction of a plasmid cDNA bank from mRNA of
developing safflower embryos, insertion of the cDNA clones
into XgtlO, and phage screening were as described (29).
An aliquot of the plasmid cDNA bank was linearized with

EcoRI and used as template for PCR. The following degen-
erate oligonucleotides were derived from amino acid se-
quence and used as primers: 2683 (from SQ828), 5'-AAGG
ATCCTAC/TAAA/GGAA/GGTA/C/G/TTTC/TATC/T/
AAT-3'; 2677 (from SQ829),5'-CCAAAGCTTTA/GTTA/C/
G/TACA/GTGC/TTTA/GTTCAT-3'; 2676 (from SQ834),
5'-GTTGTCGACA/GTCA/GTCA/GTTA/C/G/TACC/T
TTC/TTG-3'. PCR reactions (50 ML) contained 50 mm KCl,
10 mi Tris-HCl, pH 8.3, 1.5 nm MgCl2, 0.01% [w/v] gelatin,
200 Mm each deoxyribonucleotide triphosphates, 100 pmol of
each primer, and 20 ng of template. The reaction mix was
heated to 1000C for 3 min and 1.5 unit of Amplitaq DNA
polymerase (Perkin Elmer Cetus) was added. Amplification
took place in a Biosycler oven (BIOS Corporation, New
Haven, CT) using the following thermal profile: six cycles of
2 min at 95°C; 1 s at 65°C; 2 min ramp to 55°C; 30 s at
55°C; 30 s at 720C, followed by 37 cycles of 15 s at 95°C; 1
s at 65°C; 2 min ramp to 55°C; 15 s at 55°C; 15 s at 720C.
The complete nucleotide sequence of both strands of the

cDNA clones was determined by the method of Sanger et al.
(22) using double-stranded plasmid DNA as template. Se-
quence analysis was performed using Intelligenetics (Moun-
tain View, CA) and MacVector (IBI, New Haven, CT) com-
puter software.

Expression of cDNA Clones in E. coli

In vitro mutagenesis of safflower 18:1-ACP thioesterase
clones 2-1 and 5-2 was performed using the method of
Kunkel et al. (10). The following oligonucleotides were de-
signed to direct the insertion of SailI and NcoI sites immedi-
ately at the start of the mature protein coding region of
cDNA clones 2-1 and 5-2, respectively: 3135, 5'-
ACGGTGGCGCCGGTGTTGTCGACCATGGCGGTGA-
GGACC-3'; 3134, 5'-GTTTCTCCGTTGCTAATGTCGA-
CCATGGCGGTGGCGACCGGA-3'. The mature coding
region plus 3'-untranslated sequences in 2-1 and 5-2 cDNA
clones were removed as an NcoI/SmaI fragment and inserted
into pET8c (27) that had been cut with BamHI, treated with
Klenow fragment of DNA polymerase to create a blunt end,
and then cut with NcoI. The resulting expression constructs,
pCGN3270 (2-1) and pCGN3271 (5-2), were designed to
express the mature safflower 18:1-ACP thioesterase cDNA
sequences directly from the T7 promoter. For expression
analysis, the constructs were transferred into E. coli strain
BL21(DE3) containing the T7 RNA polymerase gene under
control of the IPTG-inducible lacUV5 promoter (27).

For thioesterase activity assays, cells containing
pCGN3270, pCGN3271, or pET8c as a control were grown
at 370C to an A600 of approximately 0.5 in 2YT medium (16
g of tryptone, 10 g of yeast extract, and 5 g of NaCl per L,
pH 7.0) containing 0.4% [w/v] glucose and 300 ,ug/mL of
penicillin. Induction was achieved by the addition of IPTG
to 0.4 mm and growth for a further 1.5 h. Ten-milliliter
aliquots of culture were harvested, and pelleted cells were
stored at -700C. Prior to assay, pellets were resuspended in
500 ,L of thioesterase assay buffer and sonicated for three
bursts of 20 s each. Protein concentrations were determined
using the Bio-Rad Protein Assay.
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RESULTS

Purification and Sequencing of 18:1 -ACP Thioesterase

18:1-ACP thioesterase was partially purified from devel-
oping safflower seeds according to the method of McKeon
and Stumpf (12). Material derived from the final ACP-Seph-
arose step of this protocol still contained a substantial number
of proteins (Fig. lB, lane T). To purify further the thioesterase,
an additional chromatofocusing step was performed. Two
peaks of 18:0-ACP thioesterase activity were eluted from the
chromatofocusing column with the pH 7 to pH 4 gradient
(Fig. 1A). Fractions 22 to 33 and fractions 34 to 50 were
pooled (pools A and B, respectively), concentrated, and as-
sayed to verify 18:1-ACP activity. In each of the protein
pools, the 18:1-ACP thioesterase activity was 2.5-fold greater
than the corresponding 18:0-ACP activity (data not shown).
Analysis of chromatofocusing column fractions by SDS-
PAGE revealed prominent proteins of approximately 34 and
40 kD in the fractions corresponding to both peaks of thioes-
terase activity (Fig. 1B).
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Figure 1. Chromatofocusing of partially purified 18:1-ACP thioes-
terase from immature safflower seeds. A, Pooled fractions from an
ACP-Sepharose column were applied to a PBE94 chromatofocusing
column and eluted with a gradient of pH 7 to pH 4. The beginning
and end of the pH gradient are indicated by arrows. Two-milliliter
fractions were collected and assayed for 18:0-ACP thioesterase
activity. Activity is reported as milliunits (mU)/fraction. One milliunit
of enzyme catalyzes the release of 1 nmol [1 -_4C]18:0/min at 30°C.
B, Proteins eluted from the chromatofocusing column were sub-
jected to SDS-PAGE and visualized by silver staining. Lanes T and
FT represent the total mixture applied to the PBE94 column and
the flow-through, respectively. Numbers above lanes indicate the
column fraction number. The positions of the 40- and 34-kD
proteins excised from each pool are indicated by the arrows.
Positions of molecular mass standards (in kD) are indicated to the
right of the gel.
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N-terminus of 34 kD
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Figure 2. Partial amino acid sequencing of safflower 18:1-ACP
thioesterase. The CNBr peptides (SQ828, SQ829, SQ833, SQ834)
of the 34- and 40-kD safflower 18:1 -ACP thioesterase proteins were
aligned relative to the amino-terminal sequence, SQ830. The amino
acid sequences (in one-letter code) used to design degenerate PCR
primers 2676, 2677, and 2683 are underlined. Arrowheads indicate
the direction of PCR extension resulting from each primer. The
determined amino acid sequence of each peptide is shown in
Figure 3. Position of the carboxy terminus of the 34-kD protein is
inferred by the mol wt. Numbers above the line map indicate the
approximate distances between nucleotides encoding the peptides
expected in the cDNA.

Proteins from pools A and B were separated on preparative
SDS-PAGE and blotted to PVDF membranes for amino-
terminal sequencing and CNBr cleavage. Amino-terminal
sequence analysis was performed on the uncleaved 34- and
40-kD proteins from pool B, and the sequences obtained were
found to be identical. The 34- and 40-kD proteins from pools
A and B were also subjected to CNBr cleavage, and the
resulting peptides were partially sequenced. Sequences of the
CNBr peptides from the 34-kD protein were identical to those
obtained from the 40-kD protein, and no differences were
seen in sequences arising from pool A versus pool B proteins.
Based on incomplete cleavage of some of the peptides, their
approximate mol wts, and partial homology to a 12:0-ACP
thioesterase from California bay (30), the CNBr peptide se-
quences were aligned with respect to the amino-terminal
sequence, SQ830 (Fig. 2).

Generation of an 18:1-ACP Thioesterase DNA Probe
Based on Protein Sequence

The PCR method was used to generate a nucleic acid probe
with which to isolate cDNA clones encoding 18:1-ACP
thioesterases. Degenerate oligonucleotides were designed
that contained all possible codons corresponding to the re-
gions of the peptides indicated in Figure 2. Amplification of
linearized cDNA template using primers 2683 and 2677
(based on peptides SQ828 and SQ829, respectively) resulted
in an approximately 600-bp fragment, as visualized by aga-
rose gel electrophoresis. This is consistent with the fragment
size expected based on the peptide alignment. To confirm
that this fragment contained 18:1-ACP thioesterase se-
quences, a second round of PCR was performed using the
600-bp fragment as template and an oligonucleotide derived
from an internal peptide sequence (SQ834) as a primer. The
product of this reaction was approximately 380 bp, a size
again consistent with the peptide map. As an additional
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confirmation, the 600-bp PCR product was subcloned and
sequenced. The deduced amino acid sequence of this frag-
ment contained peptide SQ834 as well as a minor peptide,
SQ834B, not previously placed on the map (data not shown).

Isolation of cDNA Clones Encoding 18:1-ACP Thioesterase

The gel-purified 380-bp PCR product was radiolabeled
and used to probe a safflower embryo cDNA library. Ap-
proximately 130,000 phage plaques were screened and 6
positive plaques were identified. After plaque purification,
plasmid DNA was recovered from the six clones and analyzed
by restriction mapping and partial DNA sequencing. Two
classes of cDNA clones were identified based on restriction
mapping. One cDNA clone, 5-2, contained recognition sites
for several common restriction enzymes, whereas the other
five cDNA clones contained none of these sites. Partial DNA
sequence obtained from the 5' ends of the five similar clones
indicated that they were different-length versions of each
other. The longest clone of this class is identified as 2-1.
The complete nucleotide sequences of cDNA clones 2-1

and 5-2 were determined. The 1561-bp sequence of cDNA
clone 2-1 is presented in Figure 3 along with its deduced
amino acid sequence. Beginning with the putative translation
initiation signal at nucleotide 173, which is similar to the
plant consensus sequence (11), the open-reading frame ex-
tends 1167 bp, encoding a 389-amino acid preprotein. All of
the sequenced peptides from the 34- and 40-kD isoforms are
accounted for in this open-reading frame. Based on the
location of the N-terminal peptide sequence, SQ830, the 2-1
cDNA encodes a transit peptide of 60 amino acids. This is
consistent with the expected localization of 18:1-ACP thioes-
terase to the seed proplastid (31). The calculated mol wt for
the mature protein is 37,254.
The complete nucleotide sequence of cDNA clone 5-2 was

also determined (Fig. 3). This cDNA is somewhat shorter
than 2-1 but is highly conserved within the protein coding
region. Clone 5-2 contains 1449 bp and encodes an open-
reading frame of 1155 bp beginning with the first in-frame
ATG at position 94. Assuming a transit peptide cleavage site
analogous to 2-1, 5-2 also encodes a 60-amino acid transit
peptide, but the mature protein has only 325 amino acids
and a calculated mol wt of 36,981. The deduced amino acid
sequence encoded by the 5-2 cDNA, although homologous
to that of 2-1, does not contain sequences that exactly corre-
spond to any of the determined peptide sequences and there-
fore does not encode any of the observed protein isoforms
from chromatofocusing.
Comparison of the deduced amino acid sequences of the

two 18:1-ACP thioesterase cDNA clones indicates that the
mature proteins are 82% identical, and the corresponding
DNA sequences share 80% identity. Despite this high degree
of homology, computer estimates of the pl of the two proteins
differ considerably. The estimated pI for the mature protein
encoded by 2-1 is 5.8, whereas that of the protein encoded
by 5-2 is 8.1.

Expression of 18:1-ACP Thioesterase in E. coli

The safflower thioesterase cDNAs were expressed in E. coli
using an IPTG-inducible T7 polymerase system (27). The

segments of the 2-1 and 5-2 cDNAs encoding the mature
form of the protein were inserted into pET8c (27) to create
pCGN3270 and pCGN3271, respectively. The total protein
contents of E. coli containing pCGN3270 (2-1 cDNA) and
pCGN3271 (5-2 cDNA) were analyzed by SDS-PAGE (Fig.
4). In each case, a new protein band was observed in the
IPTG-induced cultures relative to the pET8c control. Al-
though the computer-predicted molecular masses of the 2-1
and 5-2 encoded proteins are very similar (within 273 D, see
above), the mobilities of these proteins as expressed from
pCGN3270 and pCGN3271 are significantly different. The
protein encoded by pCGN3270 has a molecular mass based
on electrophoretic mobility of approximately 40 kD, whereas
the molecular mass of the protein encoded by pCGN3271 is
approximately 36 kD. The induced proteins indicated in
Figure 4 were subjected to N-terminal sequencing to confirm
their identities. In each case, the protein sequence matched
that predicted by the cDNA (data not shown).

Extracts of cells expressing either pET8c (control),
pCGN3270 (2-1), or pCGN3271 (5-2) were assayed for
thioesterase activity using 18:1-ACP, the preferred substrate
for safflower 18:1-ACP thioesterase (12). As shown in Figure
4, the 18:1-ACP thioesterase activity in cells containing
pCGN3270 and pCGN3271 was approximately 100- and 50-
fold higher, respectively, than that in control cells.
To characterize further the safflower 18:1-ACP thioester-

ases, the chain-length specificity of the thioesterase activities
expressed from the cDNA clones was compared to that of E.
coli and a crude safflower seed extract. As shown in Table I,
pCGN3270 and pCGN3271 cultures contained thioesterase
activity characteristic of safflower seeds, i.e. with a much
higher preference for 18:1-ACP over 18:0-ACP. The data
also indicate that the two safflower enzymes have slightly
different activities on the saturated 18:0-ACP and 16:0-ACP
substrates. The enzyme expressed from pCGN3271 shows
less discrimination against the saturated acyl-ACP substrates
than the enzyme expressed from pCGN3270.

DISCUSSION

This paper presents the first sequencing and molecular
characterization of 18:1-ACP thioesterase from a higher
plant. Protein purification resulted in the elution of two peaks
of thioesterase activity from a chromatofocusing column,
each of which contained prominent protein species of 34-
and 40-kD. Protein sequence data suggested that all four
species were derived from a single protein. Two cDNA clones
encoding 18:1-ACP thioesterase have been isolated, one of
which corresponds to the purified protein.

There are several published studies of acyl-ACP thioester-
ases from a variety of plant species (7, 8, 12, 17, 18, 24), and
recently the purification and cloning of a 12:0-ACP thioes-
terase from California bay has been reported (6, 30). We used
as a starting point for our purification the protocol described
by McKeon and Stumpf (12), but found that in our laboratory
it did not yield the degree of purity reported by those authors.
This may have been due, among other reasons, to differences
in the variety of safflower tissue used for our isolations, or
to the variability in the selectivity and elution properties of
ACP-Sepharose columns. Therefore, we added a chromato-
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2-1 GGGTAACATGGCATAAACGTGAATAACTGCAACTCCAGTGTCACTTTCCCTTTCCTTTCCACCACCATCTCCT 73
5-2

2-1 CCCTCGGTCCCATCGACGGCAAACTCCATAAAACCACCACCACCTCTTCAAATCAACACCTCTTCCGAACCACCACCACCACCACCGCCGCCGGCAACT 172
5-2 GCACAAACCAGGAAAAAAAAACCCTCTCTCCCTAACCTAACTCGCCATCGGAGAAA TCTCTGTCGACGGTGACGTTCGAGATCGTAACAATC 93

MET Leu Ser Arg Pro Leu Pro Thr Thr Ala Ala Ala Ala Thr Thr Thr Thr Asn Asn Cys Asn Gly Val Asn Ser 25
2-1 ATG CTA TCA CGA CCT CTT CCG ACC ACC GCC GCG GCG GCG ACC ACG ACG ACG AAT AAT TGC AAT GGC GTC AAC TCC 247
5-2 ... ... ..G --- --- AAA GGT G.T C.G ..G ..A C.. GTG G.. G.. .T. T.C ... GC. TCC C. AAA G.. A.T 162

Lys Gly Ala Pro . Pro Val Ala Ala MET Tyr . Ala Ser Ala Lys Asp Thr 23

Arg Gly Ala Leu Pro His Ser Arg Ser Val Gly Phe Ala Ser Ile Arg Lys Arg Ser Thr Gly Ser Leu Cys Asn 50
2-1 CGC GGC GCC TTA CCT CAT TCC CGA TCC GTT GGA TTC GCC TCG ATT CGG AAA CGA AGC ACC GGT TCC TTA TGC AAT 322
5-2 ACT TTT ... C.. A.. ..C. A.. .. C. T. ..A C.G. TA. A. TG .TT ..G ...... 237

Thr Phe . Thr . Ile . Ser Val Arg Tyr Asn Val Phe . 48
TS0830

Ser - - Pro Pro Arg Thr Val Ala Pro Val MET Ala Val Arg Thr Gly Glu Gln Pro Thr Gly Val Ala Val 73
2-1 TCG --- --- CCG CCG CGG ACG GTG GCG CCG GTG ATG GCG GTG AGG ACC GGT GAG CAA CCG ACC GGC GTT GCC GTC 391
5-2 ..T TCG TCG T..T.. A.A.A. ..T T.T ... T.. C.A. GC. .. . ...T T --- 309

Ser SerSer Ser Lys . Ser . Leu Leu . Ala .Ser - 72
A S0828

Gly Leu Lys Glu Ala Glu Ala Glu Val Glu Lys Ser Leu Ala Asp Arg Leu Arg MET Gly Ser Leu Thr Glu Asp 98
2-1 GGA TTG AAG GAG GCG GAG GCG GAG GTG GAG AAG AGC CTG GCG GAT CGG CTT CGG ATG GGG AGC TTG ACG GAA GAT 466
5-2 ----- .GT TTA CGT ..T AA .. T.. G. A.C A... T .G 378

- - Ser Lou Arg Asp Lys . Gly Asn . . Leu . .95

Gly Leu Ser Tyr Lys Glu Arg Phe Ile Ile Arg Cys Tyr Glu Val Gly Ile Asn Lys Thr Ala Thr Val Glu Thr 123
2-1 GGA TTG TCG TAT AAG GAG AGG TTC ATC ATA AGG TGT TAT GAA GTC GGG ATT AAT AAG ACT GCA ACT GTT GAA ACC 541
5-2 ..A . . G.T. A C ..A T ..G A . G 453

Lys . Val. .. Iil 120

Ile Ala Asn Lou Leu Gln Glu Val Gly Gly Asn His Ala Gln Ser Val Gly Phe Ser Thr Asp, Gly Phe Ala Thr 148
2-1 ATT GCT AAT CTA TTG CAG GAG GTT GGA GGT AAT CAT GCT CAG AGT GTT GGA TTT TCA ACA GAC GGA TTT GCC ACC 616
5-2 A G.G.T ..T ..T .G.. A 528

Gly .. 145
S0834B

Thr Thr Thr MET Arg Lys Leu His Leu Ile Trp Val Thr Ser Arg MET His Ile Glu Ile Tyr Arg Tyr Pro Ala 173
2-1 ACG ACC ACT ATG CGA AAA TTG CAT CTC ATA TGG GTG ACT TCG CGA ATG CAC ATT GAA ATT TAC AGA TAC CCC GCT 691

5-2 .A.G.T...G.A. T. A .. ... ..C ..T 603
Ala . .. 170

Trp Ser Asp Val Val Glu Ile Glu Thr Trp Cys Gln Ser Glu Gly Arg Ile Gly Thr Arg Arg Asp Trp Ile MET 198
2-1 TGG AGT GAT GTG GTT GAA ATC GAG ACT TGG TGT CAA AGT GAA GGA AGG ATT GGG ACT AGA CGT GAT TGG ATT ATG 766
5-2. ... ... A ....T.OTG. ..G G.. ..G..GA..C ..C G CC.C 678

Il. Val Gly Lys Val .Leu 195
0833_ S0834

Lys Asp His Ala Ser Gly Glu Val Ile Gly Arg Ala Thr Ser Lys Trp Val MET MET Asn Glu Asp Thr Arg Arg 223
2-1 AAA GAC CAT GCG AGT GGT GAA GTC ATT GGA AGG GCT ACA AGC AAA TGG GTG ATG ATG AAC GAG GAT ACT AGA AGA 841
5-2.T.. . .A. T. C . . 753

Tyr . An ..220

Leu Gln Lys Val Asn Asp Asp Val Arg Asp Glu Tyr Leu Val Phe Cys Pro Lys Thr Pro Arg Leu Ala Phe Pro 248
2-1 CTC CAG AAA GTC AAC GAT GAC GTC AGA GAC GAA TAT CTC GTT TTT TGT CCC AAG ACA CCA AGA TTA GCA TTT CCT 916
5-2 T.G... ... G T . ..G..G.T.A ..G C . TT G .828

Ser Glu . .Arg Leu.245

Glu Lys Asn Thr Ser Ser Leu Lys Lys Ile Ala Lys Leu Glu Asp Pro Ala Glu Tyr Ser Thr Leu Gly Leu Val 273
2-1 GAA AAG AAC ACT AGC AGC CTG AAG AAA ATA GCA AAA CTA GAA GAC CCC GCC GAA TAT TCG ACG CTA GGG CTT GTG 991
5-2 ... G. AC AT ... A.C. 0. T .. A.T.. C .0 ..T .A.. 903

Glu . Asn Asn MET Pro.Arg . . 270
S0829

Pro Arg Arg Ala Asp Leu Asp MET Asn Lys His Val Asn Asn Val Thr Tyr Ile Gly Trp Val Leu Glu Ser Ile 298
2-1 CCA AGA AGA GCC GAT CTC GAT ATG AAC AAG CAT GTT AAC AAT GTT ACC TAC ATT GGA TGG GTT CTT GAG AGC ATC 1066
5-2 ... T. T.G. A.C .C . ..A...... 978

Ser ..Ala 295

Pro Gln Glu Val Ile Asp Thr His Glu Leu Gln Thr Ile Thr Leu Asp Tyr Arg Arg Glu Cys Gln His Asp Asp 323
2-1 CCA CAA GAA GTC ATC GAC ACT CAT GAA CTA CAA ACG ATT ACC CTA GAC TAC CGG CGG GAA TGC CAG CAT GAC GAC 1141
5-2 A. C. G... G.T.T A.A .T.T. .GG ..T ... 1053

Pro Ile . .Ala ..Arg . 320

Ile Val Asp Ser Leu Thr Ser Ser Glu Ser Leu Leu Asp Asp Ala Ala Ile Ser Lya Leu Glu Gly Thr Asn Gly 348
2-1 ATA GTC GAT TCC CTC ACG AGT TCC GAG TCA CTA CTC GAC GAT GCC 5CC ATC TCG AAA CTC GAA GGA ACC AAC GGA 1216
5-2 T. A. T ..C --- CGT GA . OGA A.. ..T ..A GGT GTC ..G TTT A..A T T ... 1125

- Arg Glu Pro Gly Asn . . Gly Val . Phe Lys Glu Ile 344

Ser Ser Val Pro Lys Lys Asp Glu Thr Asp Leu Ser Arg Phe Leu His Leu Leu Arg Ser Ser Gly Asp Gly Leu 373
2-1 TCT TCT GTT CCC AAA AAA GAC GAA ACG GAT TTG AGC CGG TTT TTG CAT TTA CTA CGA TCA TCG GGC GAT GGT CTC 1291
5-2 ... GT. TCC ... ... .. G ... ... CAA ... C.A . A... A... C.. ..G A.. G.T ... AG. ..T 1200

Val Ser .Gln.MET. Ala Ser 369

Glu Leu Asn Arg Gly Arg Thr Glu Trp Arg Lys Lys Pro Ala Lys Lys 389
2-1 GAA CTA AAT AGG GGT CGC ACC GAG TGG AGA AAG AAA CCC GCG AAA AAA TGA GCAACACCCTTCGGTTTGTTTAGCGTACCCT 1373
5-2 ... A.C ..C ... T .. ... ... .. A ... ... ... .. G..A ..A G. A. GCATATCTGATCCCTCGATTGTACCGTTTTA 1282

Ile . . Cys. Arg * 385

2-1 TTTTTGCGTGTTTTCAATCCATTTTTCATAATTCGCCTTTTAGGGTTTCGCCGTTTTTATGTAGCGTATTTGTTGTAGATGGACTAGGTTTTCGGATTC 1472
5-2 CCGTTCCTGTTCAAAGTCTAGTTTCTTTTTTCCGGTTTGCCTATTTGTGCATGTTCTTAGATGGGGTTTTCTTGATATTTCTCTCTTGATGCGCAAACC 1381

2-1 TCGAACCGGATAGGTGCTATCTTTATCTTCCTATGTTTTGCTTGTAGAATGGTATGAATAAACTAGTTTCGAAGTAATGTTTTTGGTAG 1561
5-2 AGAAGAATGTCCCGTTATCCGCTGTTATGCATGTAGAATGATATATATACCAMTAAZCTACTAAGCGG 1449

Figure 3. Nucleotide and deduced amino acid sequences of safflower 18:1-ACP thioesterase cDNA clones 2-1 and 5-2. DNA sequences of
both clones are shown in the 5'- and 3'-untranslated regions. Throughout the coding region, only the complete sequence of 2-1 is displayed.
Sequence of 5-2 is shown where it differs from 2-1. Dots indicate identity to 2-1; dashes indicate gaps introduced to preserve the alignment.
The location of the sequenced CNBr peptides are indicated by overlining of the 2-1 amino acid sequence. Arrowheads indicate the transit
peptide cleavage sites. A consensus polyadenylation signal (19) is underlined in both the 2-1 and 5-2 sequences.
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Figure 4. Expression of safflower 18:1 -ACP thioesterases in E. co/i.

IPTG-induced E. co/i cells expressing a control plasmid (pET8c),

safflower 2-1 cDNA sequences (pCGN327O), or safflower 5-2 cDNA

sequences (pCGN3271) were analyzed by SDS-PAGE. Total protein

(10 Mg) from cell lysates was electrophoresed through a 10% Tris-

glycine gel and stained with Coomassie brilliant blue. Positions of

molecular mass standards (in kD) are indicated on the right. Extracts

of E. co/i containing either pET8c, pCGN327O, or pCGN3271 were

assayed for thioesterase activity using a [1_14C]18:1-ACP substrate.

Activity is expressed as microunits (MtU) per Mg of protein. One

microunit of enzyme catalyzes the hydrolysis of one pmol of sub-

strate per min at 30'C.

focusing step to obtain material suitable for protein sequenc-

ing. However, even after this additional step there were still

several proteins present in the two thioesterase activity pools,
the predominant ones having molecular masses of 40 and 34

kD. Safflower 18:1-ACP thioesterase as purified by McKeon

and Stumpf (12) had a reported subunit mol wt of 41,000.

However, the purified California bay 12:0-ACP thioesterase

has a mol wt of 34,000 (6). Due to the prominence of both

the 34- and 40-kD proteins in our preparation, we chose both

for sequence analysis.

Protein sequence analysis of the 34- and 40-kD proteins
found in each activity pool indicates that these isoforms, are

likely derived from a single protein. No differences in protein

sequence of internal CNBr fragments of any of the four

species were observed and the amino-terminal sequences of

the 34- and 40-kD proteins in the second activity pool were

identical. We suggest that the different mol wt species of

18:1-ACP thioesterase result from the removal of a C-termi-

nal peptide either by processing in vivo or by degradation
during the extraction and purification. It is not likely that the

differences in molecular mass are due to glycosylation of one
of the species, since 18:1-ACP thioesterase is plastid-localized
and would not pass through the ER processing pathway.
It is unclear why we observed two thioesterase activity
peaks. A portion of the protein may have been deamidated
during the acid precipitation step resulting in a change in pI,
or there may be other modifications to the protein as yet
undiscovered.
Although the protein sequence evidence suggests that all

of the thioesterase protein species observed in our partially
purified fractions may be isoforms of a single protein, two
highly homologous but distinct classes of cDNAs were iso-
lated from our safflower embryo cDNA library. All of the
protein sequences that were determined may be deduced
from the translated 2-1 cDNA sequence, suggesting that it
encodes the proteins that we purified. No peptides were
found that matched the 5-2 cDNA clone with 100% identity.
Not only is the N-terminal sequence encoded by the 5-2
clone different than that from the 2-1 clone, but the size of
the CNBr fragments obtained from this protein would also
be different. It is possible that the protein encoded by clone
5-2 is much lower in abundance and that it was not a

sufficiently prominent band to be considered for sequencing.
As a corollary to this argument, it is possible that the protein
was only a minor component of the digested sample, and
that the CNBr fragments were not abundant enough to be
detected after SDS-PAGE and electroblotting. Alternatively,
examination of the predicted pIs of the two protein products
indicates that 5-2 encodes a much more basic protein than
does 2-1. Thus, the protein corresponding to 5-2 may have
been eliminated during the acid precipitation step of protein
purification.

Both classes of cDNA clones encode 18:1-ACP thioesterase
activity when expressed in E. coli, but the activities have
slightly different substrate specificities. The protein encoded
by 5-2 has an apparently lower molecular mass than that
encoded by 2-1, as determined by SDS-PAGE, although the
computer-predicted mol wts of the encoded proteins are
similar. (Note that this is not the same mol wt difference as

that observed between the two protein isoforms during pro-
tein isolation.) The apparent mass difference between the

Table I. Acyl Chain Length Specificity of Safflower Thioesterase
Produced in E. coli
Crude extracts of E. coli cells containing pET8c, pCGN3270 (2-1

cDNA), or pCGN3271 (5-2 cDNA) and a crude safflower seed
extract were assayed for thioesterase activity on a series of
["4C]acyl-ACP substrates. The activities on each substrate are nor-
malized to the activity on 18:1-ACP (=100). Values represent the
mean ± range from two separate induced cultures or two separate
safflower seed extracts.

Acyl-ACP Substrate
Extract

12:0 14:0 16:0 18:0 18:1

% of activity on 18:1 ACP
pET8c 28.1 ± 2.3 22.1 ± 1.7 53.5 ± 0.6 104.9 ± 0.1 100
pCGN3270 0.5 ± 0.3 0.6 ± 0.1 9.3 ± 0.8 9.7 ± 1.2 100
pCGN3271 1.2 ± 0.3 1.3 ± 0.3 23.5 ± 0.2 29.9 ± 0.3 100
Safflower 5.0 ± 0.3 2.2 ± 0.2 14.7 ± 0.1 15.3 ± 1.8 100

l1756 KNUTZON ET AL.
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Figure 5. Dot matrix comparison of deduced
amino acid sequences of acyl-ACP thioester-
ases. The complete deduced amino acid se-
quences (including transit peptides) were com-
pared using the Pustell Protein Matrix program
of MacVector, with a window size of 8 and a
minimum percent score of 60. A, Comparison
of safflower 2-1 18:1-ACP thioesterase with an
acyl-ACP thioesterase cDNA isolated from
Brassica rapa (J.C. Kridl, unpublished data). B,
Comparison of safflower 2-1 18:1-ACP thioes-
terase with a 12:0-ACP thioesterase cDNA iso-
lated from California bay (30).

encoded proteins expressed in E. coli raises the possibility
that the two thioesterases undergo different posttranslational
processing and that this may contribute to the slight differ-
ence in substrate specificity observed between the two pro-

teins. The role that the two thioesterases play in plants is
unknown, but multiple isoforms of other fatty acid biosyn-
thetic enzymes have been characterized in a number of plant
species (4). Perhaps one thioesterase is specific to embryo
tissue and is involved in storage oil synthesis, whereas the
other serves a more general function in structural lipid for-
mation. Further characterization of these functions will be
the focus of future investigations.
The amino acid sequence of the mature safflower 18:1-

ACP thioesterase encoded by clone 2-1 was compared to the
deduced amino acid sequences of an acyl-ACP thioesterase
from Brassica rapa (J.C. Kridl, unpublished data) and a 12:0-
ACP thioesterase from Califomia bay (30). As shown in
Figure 5, there is a high degree of homology (74% identity)
between the safflower and Brassica rapa clones, and a lesser,
but significant, homology (31% identity) between the saf-
flower 18:1-ACP thioesterase and the 12:0-ACP thioesterase
from California bay. As we identify other thioesterases with
different chain-length specificities, the regions of sequence
involved in catalytic activity and substrate recognition may
become apparent.

Neither of the two deduced safflower thioesterase protein
sequences shows significant homology to the animal or yeast
thioesterases (2, 5, 9), nor do they contain the serine active
site consensus sequence (GXSXG) typical of serine proteases,
other thioesterases, and acyl transferases (1). The safflower
thioesterase activities expressed in E. coli are inhibited by the
sulfhydryl-specific reagent N-ethylmaleimide (D.S. Knutzon,
unpublished data) and studies indicate that other higher plant
acyl-ACP thioesterases are sensitive to N-ethylmaleimide,
iodoacetamide, and 5,5'-dithiobis-(2-nitrobenzoic acid) (17,
18), suggesting that a cysteine residue is involved at the
active site. There are three cysteine residues conserved be-
tween the 2-1 and 5-2 encoded proteins, although none has
the conserved active site motif (GXC followed by a hydro-
phobic residue) of the cysteine-based hydrolases (1). One of
the three conserved cysteine residues, however, is also con-

served in the California bay 12:0-ACP thioesterase. Labeling
studies could verify which of the cysteine residues is the
active site of the safflower thioesterases.
The chemical and sequence data indicate that plants have

a class of thioesterase distinct from that found in animal

systems. The structural differences between plant and animal
thioesterases may be related to the requirements for their
interactions with their respective fatty acid synthetase com-

plexes. In animals, the thioesterase is a domain of the multi-
functional fatty acid synthetase polypeptide (13, 26), whereas
in plants the fatty acid biosynthetic enzymes are discrete
proteins and it is unknown whether they are associated with
one another. The availability of cloned 18:1-ACP thioesterase
will allow the study of these interactions as well as further
study of the role 18:1-ACP thioesterases play in the deter-
mination of seed oil composition.
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