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ABSTRACT: Polyhydroxybutyrate (PHB) synthases catalyze the conversion ofâ-hydroxybutyryl coenzyme
A (HBCoA) to PHB. These enzymes require an active site cysteine nucleophile for covalent catalysis. A
protein BLASTp search using the Class IIIChromatiumVinosumsynthase sequence reveals high homology
to prokaryotic lipases whose crystal structures are known. The homology is very convincing in theR-â-
elbow (with the active site nucleophile)-R-â structure, residues 131-175 of the synthase. A conserved
histidine of the Class III PHB synthases aligns with the active site histidine of the lipases using the ClustalW
algorithm. This is intriguing as this histidine is approximately 200 amino acids removed in sequence
space from the catalytic nucleophile. Different threading algorithms suggest that the Class III synthases
belong to theR/â hydrolase superfamily which includes prokaryotic lipases. Mutagenesis studies were
carried out onC. Vinosumsynthase C149, H331, H303, D302, and C130 residues. These studies reveal
that H331 is the general base catalyst that activates the nucleophile, C149, for covalent catalysis. The
model indicates that C130 is not involved in catalysis as previously proposed [Mu¨h, U., Sinskey, A. J.,
Kirby, D. P., Lane, W. S., and Stubbe, J. (1999)Biochemistry 38, 826-837]. Studies with D302 mutants
suggest D302 functions as a general base catalyst in activation of the 3-hydroxyl of HBCoA (or a
hydroxybutyrate acyl enzyme) for nucleophilic attack on the covalently linked thiol ester intermediate.
The relationship of the lipase model to previous models based on fatty acid synthases is discussed.

Polyhydroxyalkanoates (PHAs,1 Figure 1) are polyoxo-
esters produced intracellularly by a wide variety of bacteria
for the purpose of carbon and energy storage when the
bacteria find themselves in limiting nutrient environments
(1, 2). The copolymers derived from 3-hydroxybutyrate (HB)
and 3-hydroxyvalerates (HV) (Figure 1, R) CH3 (PHB)
and R ) CH3CH2 (PHV)) are interesting because they
possess properties of thermoplastics which are suitable for
certain applications and are biodegradable (3, 4). These
properties have prompted interest in commercial production
of these copolymers (4, 5).2 At present, the possibility that
these PHAs could replace some of the widely used polypro-
pylenes for use in plastic materials is being debated (3). A

key issue is whether the PHAs can be produced in an
economically competitive fashion (6-8). An understanding
of the mechanism by which these biodegradable polymers
are formed, the factors that determine their chain length and
polydispersity, and the basis of their specificities will play
an important role in determining the feasibility of these
materials for industrial use. In the present paper we report
that theChromatiumVinosumPHA synthase is a member
of the prokaryotic lipase superfamily which in turn is a
member of theR/â hydrolase family (9, 10). A new
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FIGURE 1: Proposed mechanistic model forC. Vinosum PHA
synthase based on fatty acid synthases (19). Two thiol groups are
postulated to participate in covalent catalysis. S1H is the loading
site, and S2H is the priming and elongation site. S1H and S2H were
previously proposed to be C149 and C130 (18).
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mechanistic model is presented to accommodate site-directed
mutagenesis studies and our recent mechanistic studies based
on the structural and functional homologies to the lipases.

The PHA synthases have been classified based on their
molecular weights and the side chain (R) of their substrates
(Figure 1) (11). The Class I and III enzymes possess many
common features as well as many important differences. In
common, both classes of enzymes useâ-hydroxybutyryl co-
enzyme A (HBCoA) orâ-hydroxyvaleryl coenzyme A (HV-
CoA) as substrates. Both classes use the same biosynthetic
pathway involving a thiolase (phaA), a reductase (phaB), and
the synthase (phaC) (12-16). Both classes require a cysteine
that is essential for covalent catalysis (17, 18).

In contrast, the subunits and native molecular weights of
the Class I and Class III PHA synthases and the kinetics of
polymer formation are distinct. The best studied Class I
enzyme, fromRalstonia eutropha, has a subunit molecular
weight of 64 KDa and exists as a monomer in equilibrium
with its dimer in solution. The best studied Class III enzyme,
from C. Vinosum, is composed of two different gene products,
PhaE and PhaC, each with a subunit molecular weight of
40 KDa. PhaC has recently been shown to be the synthase
and forms a 1:1 complex with PhaE (18). This 80 KDa
complex further aggregates to form trimers and hexamers
in solution.3 The kinetics of the polymerization process in
the Class I and III PHA synthases are distinct (17, 18). While
both show biphasic kinetics of coenzyme A (CoA) release,
with the Class I enzymes there is a lag phase followed by a
more rapid linear phase, while with the Class III enzymes
there is a rapid phase, followed by a slower phase. Studies
reported herein suggest a common mechanism for these two
classes of PHA synthases, despite the apparent structural and
kinetic differences.

The mechanism of fatty acid synthases (FASs) (19) has
been used to develop a hypothesis by which PHA synthases
might function (Figure 1; (20-23)) In this model, two thiol
groups are proposed to play key roles in covalent catalysis.
One thiol group (S1H) serves as the loading site for HBCoA,
and the second thiol group (S2H) serves as the priming and
elongation site. As noted above, in the case of both theC.
Vinosumand theR. eutrophaPHA synthases, a cysteine in
similar sequence context (C319 ofR. eutrophaPHA synthase
and C149 ofC. VinosumPHA synthase) has been demon-
strated to be involved in covalent catalysis (17, 18). These
cysteines were identified using a terminally saturated CoA
analogue of a trimer of hydroxybutyrate (HB) units (sT-CoA,
1, Chart 1) as a probe of the priming process. Sequence

alignments of all PHA synthases further indicate that this is
the only conserved cysteine residue among all classes of PHA
synthases. In FASs a second thiolate is generated by
posttranslational modification by pantetheinylation with
coenzyme A (CoA) using a phosphopantetheinyl transferase
(24). However, recent studies from our labs (K. Snell, U.
Müh, A. J. Sinskey, and J. Stubbe, unpublished data) and

those from Steinbu¨chel’s lab (25) suggest that this is not the
case for either Class I or III PHA synthase. Thus if the
postulated mechanism (Figure 1) is valid, each monomeric
unit must contribute one cysteine. The active form of the
PHA synthase would be a dimer with its active site at the
interface of two monomers.

The present paper presents a mechanistic study of the class
III PHA synthase fromC. Vinosum. Evidence suggests that
the C. VinosumPHA synthase is a member of the lipase
superfamily and not aâ-ketoacyl acyl carrier protein (ACP)
synthase such as that involved in FAS (26). Evidence
presented suggests that PhaC and the prokaryotic lipases
share a similar fold in their catalytic domain containing the
active site nucleophile and perhaps throughout the entire
sequence. Lipases contain a catalytic triad of a serine,
histidine, and aspartate at their active site (27-29). The serine
is involved in covalent catalysis, and the histidine activates
the serine for nucleophilic attack. The function of aspartate
is open to debate. Furthermore, lipases bind to membranes
(30, 31) in a fashion reminiscent of PHB synthase’s
interaction with granules inside cells (32, 33). Prokaryotic
lipases are thus proposed to provide a structural and
functional model for studies ofC. VinosumPHA synthase
(34). Site-directed mutagenesis studies on PhaC indicate that
H331 forms a catalytic dyad with C149, activating it toward
nucleophilic attack and covalent catalysis. We have further
demonstrated, in contrast to our initial reports (18), that C130
does not provide the second thiol group involved in catalysis.
In addition, studies with sT-CoA (1) provide the first
evidence thatC. Vinosum PHA synthase may possess a
functional dimer as previously suggested for the Class IR.
eutrophasynthase.

MATERIALS AND METHODS

Materials.The expression of plasmid pET-UM4, carrying
the C. VinosumPHA synthase gene,phaEC, under a T7
promoter, has been reported (18). Syntheses of HBCoA, sT-
CoA, and [3H]sT-CoA4 have been described (18). DNA
sequencing and amino acid analysis were carried out by the
MIT Biopolymers Laboratory. Oligonucleotides were pur-
chased from BRL Life Technology. DNA modification
enzymes and restriction enzymes were purchased from New
England Biolabs.

Construction of PhaC Site-Directed Mutants.Site-directed
mutagenesis was carried out using the four-primer PCR
technique and protocol as described (35, 36) using plasmid
pET-UM4 (18) as a template. PCR was used to amplify DNA
cassettes that include the target residues with two unique
restriction sites on each end of the cassettes. Amplified DNA
fragments containing the desired mutations were used to
replace the original segment of pET-UM4, yielding plasmid
pET-UM22(C149S), pET-YJ30 (H303Q), pET-YJ32 (H331Q),
pET-YJ33 (D302A), pET-YJ36 (D302N), pET-YJ37 (C130S),
and pET-YJ39 (C130A). The C149S/H331Q double mutant
was constructed by placing a fragment containing the H331Q
mutation from plasmid pET-YJ32 into plasmid pET-UM22,
yielding plasmid pET-YJ38 (C149S/H331Q). Mutant plasmid
DNA isolated from JM109Escherichia colihost cells was
sequenced to confirm that all the mutations were as expected.
Mutants were introduced using the primers listed in Table 1.

3 Jia, Y., and Stubbe, J. unpublished data. 4 Yuan, W., and Stubbe, J. (1999) manuscript in preparation.

Chart 1

1
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Expression and Purification of C.Vinosum PHA Synthase
and Mutants.PHA synthase was overexpressed using the
expression vector that contains the genes for bothphaCand
phaEtransformed intoE. coli BL21(DE3) cells (Novagen).
Typically, 6 L of culture gave∼25 g of cells. All of the
mutants were purified using the procedures previously
reported for the wt protein (18). The proteins were judged
to be homogeneous by SDS-PAGE (37). All the mutants
isolated are comprised of a 1:1 mixture of mutated PhaC
and wt PhaE. Typically 35 mg of protein were isolated, and
the proteins were stored at-80 °C.

Determination of the Extinction Coefficient for C.Vinosum
PHA Synthase.The A280 nm of purified PHA synthase in
doubly distilled H2O was determined. A portion of the same
sample was sent to the MIT Biopolymers Laboratory, and
quantitative amino acid analysis showed that the protein
concentration was 3 pmol/mL. From this information PhaEC
ε280 was calculated to be 138 500 M-1 cm-1.

Theε280 for PhaEC was also calculated by the method of
Lohman and Mascotti (38) using eq 1

in which εNative andANative are the native protein extinction
coefficient andA280 nm, respectively; whileεGu-HCl and
AGu-HCl are the denatured protein extinction coefficient (in
6 M Gu-HCl) andA280 nm, respectively. The calculations
gave anεNative of 134 249 M-1 cm-1, comparable with the
experimentally determined value. Anε280 of 138 500 M-1

cm-1 for PhaEC is used in all of our calculations.
Enzyme Assay.All assays were carried out at 30°C in a

final volume of 300µL containing: 20 mM Tris-HCl, pH
7.5; 50 mM NaCl; 1 mM HBCoA; and enzyme (19 nM wt
PHA synthase, 127 nM C149S, 21 nM H303Q, 11.4µM
H331Q, 10.6µM C149S/H331Q, 8.9µM D302A, 840 nM
D302N, 29 nM C130S, or 41 nM C130A). At defined time
points, 20 µL aliquots were removed from the reaction
mixture and quenched with 50µL of 10% trichloroacetic
acid. After brief centrifugation to remove the precipitated
protein, 68µL of the quenched reaction mixture was added
to 282µL of 0.25 mM DTNB (5,5′-dithio-bis(2-nitrobenzoic
acid)) in 0.5 M potassium phosphate, pH 7.8, andA412 was
measured. One unit is defined as 1µmol of substrate
consumed per minute (detection limitg 1 × 10-3 U/mg).

3-Hydroxybutyrate (HB) Assay.The concentration of
3-hydroxybutyric acid (HB) was determined using the
previously described HB dehydrogenase/hydrazine assay
(39). The dehydrogenase oxidizes HB to acetoacetate with
concomitant reduction of NAD, resulting in a change inA340.

Kinetics of PHA Synthase Reaction with sT-CoA.All
reaction mixtures were contained in a final volume of 150
µL: 20 mM Tris-HCl, pH 7.5, 50 mM NaCl, and wt or

mutant PhaEC and sT-CoA in a molar ratio of 1:10. The
protein and sT-CoA concentrations were 34.6µM wt PhaC
and 406µM sT-CoA; 28.4µM D302A PhaC and 364µM
sT-CoA; 34.3µM D302N PhaC and 343µM sT-CoA; and
16.9 µM H331Q PhaC and 170µM sT-CoA. The reaction
was initiated by the addition of enzyme and carried out at
30 °C. At designated time points, an aliquot of the reaction
mixture was removed and assayed for CoA release by the
discontinuous assay method described above.

Labeling of wt and D302N Mutant with [3H]sT-CoA.PHA
synthase (wt, 54µM; D302N mutant, 51.4µM) was
incubated with 220µM [3H]sT-CoA (4.97× 105 cpm/µmol)
in 20 mM Tris-HCl, pH 7.5; 50 mM NaCl in a final volume
of 50 µL. The [3H]sT-CoA was purified directly before use.
The reaction was allowed to proceed at 30°C for 5 min.
The reaction product was loaded onto a Nanosep 10K filter
system (Pall Filtron) and centrifuged at 14 000 rpm for 4
min in a benchtop centrifuge. The filtrate was collected. To
remove radiolabel not bound to PhaC, the protein fraction
was washed with additional buffer (100µL of 20 mM Tris-
HCl, pH 7.5, 50 mM NaCl) and the centrifugation step was
repeated until no radioactivity was detected in the filtrate.
At this point, the amount of radioactivity attached to the
protein was determined by scintillation counting.

Sequence Homology Search and Protein Modeling.The
C. VinosumPhaC amino acid sequence was used as the entry
to search the protein database using the basic BLAST
Sequence Similarity Searching program from NCBI (40).
Sequence alignments were performed using ClustalW (ver-
sion 1.7) (41) from the BCM (Baylor College of Medicine)
Search Launcher, and output was formatted with the ESPript
program (version 1.4; Gouet, P., Courcelle, E., Stuart, D.,
and Metoz, F., unpublished program). TheC. VinosumPhaC
sequence was threaded onto bacterial lipase structures using
BLAST alignments and the SWISS-MODEL facility (42, 43)
at the EXPASY server (http://www.expasy.ch).

A second threading model was constructed using ClustalW
alignments and the Swiss PDB Viewer (42) version 3.5 for
the SGI. Gaps were inserted into all six sequences where
required by the alignment (Figure 2). The edited sequence
alignment, together with the five structural templates (44-
46),5 was then submitted to SWISS-Model for refinement.
DSSP (47) was used to make secondary structure assignments
in the threading model.

RESULTS

PHA Synthases and Lipases Belong to the Same Enzyme
Superfamily.In 1992 the Steinbu¨chel lab noted that all PhaCs

5 Lang, D. A., Stadler, P., Kovacs, A., Paltauf, B. W., and Dijkstra,
B. W., unpublished data.

Table 1: Primers Used in Mutagenesis Studies

mutant forward primer with mutation site underlined

C149S 5′-CAATCTGCTCGGTATCTCTCAGGGCGGCGCCTTC-3′
H303Q 5′-CAGGATCAGCTGGTGCCGCC-3′
H331Q 5′-CGGCGGTCAGATCGGCATCTA-3′
D302A 5′-CTTCGCGCTCCAGGCTCACC-3′
D302N 5′-CGCGCTCCAGAATCACCTG-3′
C130S 5′-CATCGACCGCTCAGTGGACTATC-3′
C130A 5′-CATCGACCGCGCCGTGGACTATC-3′

εNative ) ANativeεGuHCl/AGuHCl (1)

Mechanism ofC. VinosumPHB Synthase Biochemistry, Vol. 39, No. 14, 20003929



contain a lipase box (G-X-[S/C]-X-G) in which the essential
active site serine of lipase is replaced with a cysteine in PhaC
(15). At the time of this report the functional implications
of this homology remained unknown. Recently, however,
we have determined that C149 of theC. VinosumPhaC is
essential for covalent catalysis (18). Furthermore, a BLAST
sequence homology search using theC. Vinosum PhaC
protein sequence revealed that this cysteine aligns with the
essential serine in bacterial lipases fromPseudomonas
cepacia(44), Pseudomonas sp. KWI-56(48), andPseudomo-
nas luteola(Litthauer, D., Ginster, A., and Skein, E., direct
submission). These alignments revealed that in a span of 45
residues (131-175) in the PhaC sequence without sequence
gaps there is 42% sequence identity betweenC. Vinosum
PhaC andP. cepacialipase. This region includes the lipase
box. TheP. cepacialipase has been characterized crystal-
lographically (44, 45), and hence it is likely that PhaC will
possess a similar structure in this region.

To determine if there are greater similarities than apparent
from the BLAST search, ClustalW was used to align the
three full-length lipase sequences with Class III PhaCs from
C. Vinosum, ThiocystisViolacea(49), andSynechocystis sp.
(50, 51). Figure 2 presents a comparison of theP. cepacia
lipase andC. VinosumPhaC sequences shown below the

secondary structure elements derived from theP. cepacia
lipase crystal structure. Highlighted in red are the conserved
residues from all six sequences. The boxed residues are
conserved between the two indicated proteins. As found by
the BLAST search, the active site nucleophile of the lipases,
S87 (colored green in Figure 2), which is within the lipase
box, aligns to the modified lipase box in PhaC where the
key serine is replaced by a cysteine (C149 forC. Vinosum
PHA synthase, colored yellow in Figure 2). The ClustalW
alignment gives 19% sequence identity and requires the
insertion of several gaps between residues 49 and 355 ofC.
VinosumPhaC. The alignment between the C-termini of these
proteins is less compelling than the lipase box region.
However, it is interesting that H286 (blue, Figure 2), an
essential member of the catalytic triad of lipases, aligns with
H331, conserved among all PHA synthases.

Structural Model of PHA Synthase.Structures of lipases
have been determined in closed and open conformations
(44-46, 52, 53). In the open, enzymatically active form, the
structures have an inhibitor covalently bound to the active
site serine (Figure 3). Many open-formPseudomonaslipase
structures are available from the PDB. Using five structures
(44-46)5 and the BLAST and ClustalW alignments as input
for the SWISS-MODEL protein threading algorithm (42),

FIGURE 2: ClustalW sequence alignment of Class III PHA synthases and threePseudomonaslipases. The sequences used for the alignment
calculation are lipases fromPseudomonas cepacia(accession no. 1942114),Pseudomonas sp. KWI-56(accession no. P25275), and
Pseudomonas luteola(accession no. AAC05510); PHA synthases fromChromatiumVinosum(accession no. L01112),ThiocystisViolacea
(accession no. L01113), andSynechocystis sp.(accession no. BAA17430). The sequences shown areP. cepacialipase (Lip),C. Vinosum
PHA synthase (Syn), and a portion of the core region sequence of the putative Class III PHA synthase fromBacillus megaterium(BmeS;
accession no. AF109909; not included in the sequence alignment calculation). Strictly conserved residues in all six sequences are in red
boxes. Strictly conserved residues betweenP. cepacialipase andC. VinosumPHA synthase are in open boxes. TheP. cepacialipase
catalytic triad residues (S87-H286-D264) and the proposedC. VinosumPHA synthase dyad residues (C149 and H331) and D302 are in
colored boxes. Residue C130 inC. VinosumPHA synthase sequence is in bold. The secondary structure elements ofP. cepacialipase (PDB
identifier 5LIP) are shown above the alignment.
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we have attempted to construct structural models for PhaC.
Both the BLAST and ClustalW inputs generated excellent
models between residues 131 to 175 of PhaC (purple in
Figure 3A,B), corresponding toR2-â5-R3-â6 in P. cepacia
lipase. This region includes S87 of lipase, located on an
elbow betweenâ5 andR3. The results strongly suggest that
PhaC will have a similar fold in its active site with C149
located on an elbow between aâ stand and anR helix.

A full-length threading model (residues 49-355) was also
generated using the ClustalW alignments, Swiss PDB viewer
and SWISS-MODEL, as described in Materials and Methods.
The resulting model suggests that PhaC will be a member
of the protein family possessing anR/â hydrolase fold as in
the case of the prokaryotic lipases. Additionally, submission
of theC. VinosumPhaC sequence to three other algorithms
that search the structural databases (SAM-T98 (54), 3D-
PSSM (55), and the UCLA Foldserver (56)) also gave fits
to enzymes in theR/â hydrolase fold family with high
confidence levels. Inspection of the resulting models in all
four cases revealed that H331, D302, and H303 of PhaC are
adjacent to the core structure (Figure 4). These residues are
conserved in all PHA synthases and are thought to be
important in catalysis.

Recently we proposed that C130 plays an important role
in catalysis in the Class III PHA synthases (18). The position
of this residue within the modeled structure, relative to the
active site C149, was thus also of interest to determine. On
the basis of our threading model, C130 is at the edge of helix
R2 (Figure 4) and is likely on the outside of the protein, far
removed from the active site C149. Our modeling thus
suggests that C130 should not be involved in catalysis. A
recent addition to the protein database further supports this
conclusion. TheBacillus megaterium(57) Class III PhaC
has an Ala residue in this position (Figure 2). These
observations prompted a reinvestigation of this residue.

Characterization of C.Vinosum PHA Synthase PhaC Point
Mutants.The mechanistic and suggested structural similari-
ties between PHA synthases and lipases have provided the
basis for mutagenesis studies to understand catalysis. As

noted above, the location of C130 seems incompatible with
our previous proposal for its function (18), suggesting our
experiments needed to be reexamined. In addition, the
ClustalW alignment and similarities of PhaC toR/â hydrolase
fold family proteins (10) suggested that H331 could be the
general base catalyst required to generate the thiolate on the
active site C149. Finally, the conservation and location of
the conserved H303 and D302 residues, near a well-defined
structural core containing C149 (Figure 4), suggested that
the function of these residues might be elucidated by
mutagenesis studies as well.

PhaC mutants C130A, C130S, C149S, H303Q, H331Q,
C149S/H331Q, D302A, and D302N were constructed. All

FIGURE 3: Lipase open and closed forms and homology with Class III PHA synthases. (A) Inactive, closed form ofPseudomonaslipase
(PDB id 1CVL; (53)). The catalytic triad residues (Ser-His-Asp) are shown in ball-and-stick representations. S87 is at the center, located
below a helix that moves out of the active site pocket when substrate is bound (motion is indicated by the arrow). The region showing high
sequence homology between lipases and Class III PHA synthases is in purple. (B) Stereoview of the active, open form ofPseudomonas
lipase (PDB id 5LIP, (45)). The complexed phosphonate lipid substrate analogue [RC-(RP,SP)-1,2-dioctylcarbamoylglycero-3-O-
octylphosphonate] is depicted in thick black lines. Two of the catalytic triad residues (H286 and S87) are shown in ball-and-stick
representations. The region showing high sequence homology between lipases and Class III PHA synthases is in purple. The structure in
panel B is presented in the same orientation as in panel A based upon a DALI alignment (80) of the two structures. This figure and Figure
4 were prepared using Molscript (81) and Raster3D (82).

FIGURE 4: Schematic model for Class III PHA synthases. The
threaded region showing highest homology to bacterial lipases is
in purple. H331 and C149, the proposed catalytic dyad, are shown
in ball-and-stick representations. MinimalR/â hydrolase secondary
structure elements (9), including the coreâ sheet, are shown. The
remainder of the ClustalW-based threading model is shown in
outline, and the approximate positions of C130, D302, and H303
are indicated. This figure is presented in the same orientation as
Figure 3.

Mechanism ofC. VinosumPHB Synthase Biochemistry, Vol. 39, No. 14, 20003931



mutants and wt enzymes were purified to apparent homo-
geneity, as judged by SDS-PAGE, with a yield ranging from
15 to 20%. During the purification processes, all PHA
synthases showed similar chromatographic properties, con-
sistent with there being no drastic changes in their protein
folds. The activities of purified PHA synthases were assayed
by measuring the release of CoA from HBCoA. The wt PHA
synthase catalyzes CoA release in a biphasic fashion, with
the initial phase being more rapid than the second, slow
phase. The kinetic properties of these proteins, including the
rates of the first phase and second phase relative to wt PHA
synthase, are summarized in Table 2. The assay used detects
only the consumption of the reactant; however, CoA release
can result from both polymerization and a hydrolytic process.
We previously established that the wt PHA synthase does
not catalyze formation of HB (18). A similar assay using
3-hydroxybutyrate dehydrogenase revealed that none of the
mutants catalyzed formation of HB, ruling out the possibility
that the mutant PHA synthases catalyze an aberrant hydroly-
sis reaction.

C130 Is Not InVolVed in Catalysis.Our previous work
suggested that C130 could potentially be the second thiol
group involved in the catalytic mechanism shown in Figure
1. We reported that the C130A mutant exhibited very low
activity (0.0028% of that of the wt enzyme) (18). At the
time, this residue was also conserved among all Class III
PHA synthases (18). The recent identification of a Class III
PHA synthase fromB. megaterium(57) that possesses an
Ala in place of this Cys, and the likelihood from the structural
model that C130 is not adjacent to C149, prompted us to
reexamine this mutant. Resequencing of the C130A PhaC
gene construct revealed an additional mutation at the essential
C149. The C130A mutant was originally constructed in a
low copy number plasmid which was determined to have
only the desired mutation by complete sequencing. A
fragment of this plasmid containing the C130A mutation was
then subcloned into the expression vector pET-UM4 (18)
and transformed intoE. coli DH5R cells. During this process
an undesired second mutation, C149S, arose. Thus, for
reasons that remain unknown, our previously reported study
of C130A PhaC was actually of a C130A/C149S double
mutant. In the present study, we reconstructed the C130A
mutant and constructed, in addition, a C130S mutant. As
revealed in Table 2, both C130A and C130S mutants retained
g90% activity. These results clearly demonstrate that C130
is not involved in catalysis. This observation is also consistent
with our threading model (Figure 4).

H331 Is Essential for Catalysis.There are two conserved
histidines in all PHA synthases: H303 and H331. One of
these histidines is likely to function as the general base
catalyst that deprotonates C149, the active site nucleophile
involved in covalent catalysis. The ClustalW alignment
(Figure 2) and structural modeling (Figure 4) suggested that
H331 is the best candidate. To test this hypothesis, both
histidines were mutated to Glns. As shown in Table 2, only
the H331Q mutant exhibits a dramatically decreased rate of
turn over, 0.014 U/mg or 0.01% of the wt enzyme activity.
The H331Q protein is well-behaved in solution, suggesting
that the mutation induces a catalytic defect, rather than a
protein structure defect. This decreased activity is consistent
with its postulated role in catalysis.

We had previously reported that the C149A mutation
totally abolished PHA synthase activity (18), consistent with
its role in catalysis. Given that lipases possess an active site
serine, we generated the C149S mutation. While this mutant
has greatly diminished activity, it still can turn over substrate
at a rate of 0.1% that of the wt enzyme (Table 2). The double
mutant H331Q/C149S has no catalytic activity. The observa-
tion that the C149S mutant is active is interesting, given that
this enzyme appears to lack an aspartate, proposed to be an
essential component of the catalytic triad of lipases. Given
the ambiguity of the role of D264 in lipase, that is its
replacement with Ala results in 25% activity (29), this result
may not be so surprising.6

Any proposed mechanism for polyoxoester formation
requires a second base outside the catalytic dyad to depro-
tonate the hydroxyl group of HBCoA or a covalently bound
HB, activating it for nucleophilic attack on the active site
bound thioester (Figure 1). TheR/â hydrolase fold models
suggest that the strictly conserved residues H303 or D302
might reside in a location to be able to participate in this
function. When H303 was converted into a Gln, 50% of wt
activity was retained (Table 2), suggesting that H303 is not
this second base. D302 mutants proved substantially more
interesting and will be discussed subsequently (Table 2). The
role of H303 may be to hold D302 in position to function as
the general base catalyst. Q303 could conceivably function
in a similar capacity.

The Role of D302.The ClustalW sequence alignment
(Figure 2) places D302, conserved in all PHA synthases, near
in primary sequence to the triad Asp in the lipase active site.
Given the differences in chemical reactivity between Cys
and Ser, an aspartate as part of a catalytic triad would not
expected to be involved in Cys deprotonation (67-72). As
noted above, D302 could play a role as a general base catalyst
to deprotonate the hydroxyl of HBCoA. To test this
hypothesis, two mutants were constructed: D302A and
D302N. Both mutants showed greatly decreased enzyme
activity (0.012% and 0.25% of wt, respectively; Table 2),
suggesting that this residue plays an important role in
catalysis. Furthermore, both mutants exhibit kinetics that are
very different from the wt PHA synthase (Figure 5): a lag
phase, followed by a more rapid phase.

Use of sT-CoA To Help Define the Function of the H331
and D302 Mutants.We have previously reported that sT-

6 The catalytic role(s) of Asp inR/â hydrolase family proteins appears
to vary widely and needs to be examined in each protein (27-29, 58-
66).

Table 2: PHA Synthase Catalyzed Reaction Rates by wt Enzyme
and Mutants

initial phase second phase

PHA synthase rate (U/mg) % of wt rate (U/mg) % of wt

wild-type 140 100 34 100
C149A (18) UDa UD
C149S 0.14 0.10 0.032 0.094
D302A 0.017 0.012 0.10 0.29
D302N 0.35 0.25 0.55 1.6
H303Q 71.0 51 24.8 73
H331Q 0.014 0.010 0.0058 0.017
C149S/H331Q UD UD
C130A 125 89 13.2 39
C130S 170 121 5.5 16

a UD: undetectable.
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CoA can covalently label C149 and then be chased into
polymer by addition of HBCoA by a mechanism proposed
to bypass the priming process (18). This study provided the
first direct evidence for covalent catalysis and the importance
of C149. We now report the kinetics of the interaction of
sT-CoA with wt and mutant PHA synthases, based on
monitoring CoA release. Studies with the wt enzyme reveal
a “burst” of 0.5 equiv of CoA per equivalent of PhaEC
(Figure 6). Incubation of wt PHA synthase with [3H]sT-CoA
also results in 0.5 equiv of bound radiolabel per PhaEC.
These results are very similar to radiolabeling experiments
previously performed with the Class I PHA synthase (17).
They suggest that the active form of the Class III enzyme
might also be a dimer of PhaEC subunits in analogy with
the model for the Class I PHA synthases. Figure 6 also shows
that the burst is followed by slow release of CoA. The
product of this reaction has recently been identified as sT-
acid.

When the same experiment is repeated with H331Q PHA
synthase, no CoA release is detected (Figure 6). This result
supports our earlier conclusion that the function of this
residue is to activate C149 for nucleophilic attack, in this
case on the sT-CoA.

A similar experiment has been performed with the two
D302 mutant proteins, and the results are also shown in
Figure 6. In each case, 0.5 equiv of CoA per 1 equiv of
PhaEC is liberated. In the case of the D302N mutation, this
reaction occurs rapidly and is not followed by a slow release
of CoA. Incubation of D302N with [3H]sT-CoA results in
0.5 equiv of bound radiolabel per PhaEC, consistent with
the CoA release data. These results again support our
conclusion that Asp is not involved in the initial priming
step and is not part of a catalytic triad. They also could be
interpreted to support a model in which this Asp functions
as a general base catalyst to activate the hydroxyl group of
HBCoA or a covalently bound HB for nucleophilic attack
during the priming and elongation steps. When HBCoA is
not present, D302 could instead activate a water molecule
that hydrolyzes the covalent thioester linkage at C149 and
allows release of additional CoA as observed with wt enzyme
(Figure 6).

DISCUSSION

The paradigm for thinking about a mechanism for poly-
oxoester polymerizations has been theâ-ketoacyl ACP
synthase (26) involved in FAS. A variant of this mechanism
is shown in Figure 1. The choice of FAS as a model for
PHB synthases was based on the observations that the
substrate, a thiolester of HB, is also an intermediate in fatty
acid synthesis. Furthermore, studies of Merrick in 1968 (20)
using group-selective reagents implicated the importance of
thiols in this reaction. However, recent studies on aâ-ke-
toacyl ACP synthase (26) and a chalcone synthase (73), the
lack of any apparent sequence homology between these
enzymes and PhaCs, and inability to chemically characterize
a pantetheinylation site, have caused us to reexamine the
appropriateness of FAS as a mechanistic model for PHA
synthase.

In 1992 a putative lipase box, N-x-x-G-x-C-x-G-G, was
identified in PhaC (15). A recent review has again suggested
that lipase might be a useful model for PHA synthases (34).
A BLAST search using theC. VinosumPhaC as the query
sequence gave surprising results. The sequence identities
between residues 131 and 175 of PhaC and severalPseudomo-
naslipases (44, 48) are high (∼40%) (Figure 2). The lipase
box, including the active site serine, is contained within this
region. Remarkably, the active site cysteine (C149) of PhaC
aligns with this serine. Both enzymes use an active site
nucleophile for covalent catalysis.

The lipases are members of theR/â hydrolase superfamily
of proteins (10, 74). Enzymes within this superfamily have
markedly different substrate specificities and include
thioesterases (75), dienelactone hydrolases (76, 77), and
cholesterol esterase (78). Many of substrates for these
enzymes use long chain fatty acid derivatives. The hydrolases
are all proposed to possess catalytic triads with the nucleo-
phile (Ser, Cys or Asp), acid, and His always being in this
order in the primary sequence space. In addition, the
nucleophile in all enzymes is found in a strand-elbow-helix
motif with the nucleophile sitting at the elbow (10). In many
ways the lipases are confronted with problems similar to
those encountered by the PHA synthases. Bacterial lipases
function as interfacial catalysts by acting at the lipid-water
interface of a micellar or emulsified substrate (79). In the

FIGURE 5: Time course of CoA release from HBCoA catalyzed by
wt, D302A, and D302N PHA synthases at 30°C. The reaction
mixtures contain 1 mM HBCoA, 40 nM wt enzyme (solid circles),
8.9 µM D302A (open circles), 0.84µM D302N (solid diamonds).

FIGURE 6: Time course of CoA release from sT-CoA catalyzed by
PHA synthases at 30°C. The reaction mixtures contain 34.6µM
wt enzyme and 406µM of sT-CoA (solid circles); 28.4µM D302A
and 364µM sT-CoA (solid diamonds); 34.3µM D302N and 343
µM sT-CoA (open circles); and 16.9µM H331Q and 170µM sT-
CoA (open triangles).
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case of the PHA synthases, as the polymerization process
proceeds, the enzymes find themselves attached to the
surfaces of the insoluble granules. Thus they also function
as interfacial catalysts.

Structures of theP. cepacialipase in open and closed
forms may be instructive as to the function of the PHB
synthases. The closed form of this lipase is inactive (Figure
3A), and the open form (Figure 3B) possesses a covalently
bound phosphonate inhibitor. The length of the hydrophobic
side chain of this inhibitor,∼17 Å, is remarkably similar to
that of the sT-CoA analogue (∼18 Å) we have used to
investigate the priming process. Whether this observation is
significant requires a structure of the PHB synthases. This
sT-CoA when covalently attached to the D302N PhaEC,
which cannot convert sT into polymer, may be of use in
obtaining crystals appropriate for structure determination.

The lipase structures and the conserved sequences between
all PHA synthases (Classes I, II, and III) provided the starting
point for our mutagenesis studies. In the lipase structure, the
His that functions as a general base catalyst to activate the
active site serine is 200 amino acids removed in primary
sequence space and is located in the C terminal region of
the protein. Thus the alignment of PHA synthase PhaC H331
with the lipase H286 using ClustalW and our mutagenesis
studies suggest that the lipase structure may provide a good
framework for thinking about the PHA synthase’s structure.
The activity of H331Q mutant is 105 lower than that of the
wt enzyme, and furthermore sT-CoA is unable to load onto
the active site C149 with this mutant. These studies strongly
support the hypothesis that this histidine is required to
activate the active site cysteine for catalysis.

In all of the lipases, there appears to be an aspartate or
glutamate that is part of the putative catalytic triad. The same
catalytic triad appears in almost allR/â hydrolases.6 How-
ever, when the triad Asp of theP. glumaelipase was mutated
to alanine, the mutant retained 25% of the wt enzyme activity
(29). The proposal was made, based on a structural argument,
that the Asp could be replaced by a nearby Glu (53), but

this has not been unambiguously verified. In PHA synthase
there is no need chemically for an Asp in a position
corresponding to that observed in the lipases, as the catalytic
dyad of His and Cys has long been established in cysteine
proteases to be sufficient for nucleophilic activation (67-
69, 71).

D302, conserved in all PHA synthases, and close to the
putative active site based on the model structure, is the closest
in primary sequence space to the lipase Asp and was
therefore mutated. The mutant has activity 103 lower than
that of wt enzyme, suggesting that it is important in catalysis.
Given the structural model, the kinetic behavior (Figures 5
and 6), and the fact that PHA synthases utilize cysteine as
an active site nucleophile, it is unlikely that this Asp plays
a role similar to that proposed for the lipases.

When thinking about the function of PHA synthases, one
still needs a general base catalyst to activate the 3-hydroxyl
of HBCoA or a covalently bound HB for nucleophilic attack
on the acylated enzyme. The results of the interaction of sT-
CoA with D302N PHA synthase suggest that D302 might
be this base and lend further support to the proposed
mechanism. As with wt PHA synthase, the active site Cys
of the D302N mutant can be acylated (based on CoA release),
and to the same extent as the wt PHA synthase. In wt
enzyme, however, the acylated enzyme is unstable, and
additional CoA is slowly released (Figure 6). In the D302N
mutant, no or very slow turnover of the acylated enzyme
appears to occur. Furthermore, studies with [3H]sT-CoA
show that 0.5 equiv are bound per equivalent of PhaEC. An
explanation for these results consistent with the above model
is that D302 functions, in the absence of HBCoA, as a
general base catalyst to activate water to attack the acylated
enzyme and allow deacylation. The identification of the sT-
acid provides strong support for this hypothesis.

A structural model constructed from sequence alignments
and lipase structures (Figure 4) suggested that the function
of C130, which we originally proposed to be the second
thiolate involved in catalysis (18), should be reexamined.

FIGURE 7: Modified model for the PHA synthase catalyzed reaction. The active site is at the subunit interface with each monomer providing
one thiol group (C149). H331 functions as a general base to activate the nucleophile C149. D302 functions as a general base to activate the
3-hydroxyl group of HBCoA or a covalently bound HB for nucleophilic attack. sT-CoA is proposed to bypass the initiation process while
synthase is proposed to be a dimer of trimers. For simplicity, only the active dimeric form of PhaEC is shown.
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Our previously reported low activity for the C130A mutant,
as noted in Results, actually corresponded to the C130A/
C149S double mutant. We therefore reconstructed both serine
and alanine mutants of C130 and found them both to be
active (Table 2). Thus, both Class I and III PHA synthases
possess only a single thiolate per monomer that can be
involved in catalysis.

Finally, besides the conserved and functionally important
Cys, His, and Asp of all PHA synthases, an additional piece
of evidence links the mechanisms of the Class I and III
enzymes. We have recently shown, using size exclusion
chromatography, that theC. Vinosumenzyme appears to be
composed of an equilibrium mixture of trimers and hexamers
of a 1:1 complex of PhaC and PhaE.3 Acylation of the wt
and D302N PHA synthase with 0.5 equiv of [3H]sT per 1
equiv of PhaEC is remarkably similar to our previous studies
on theR. eutrophaenzyme (17). In the case of this Class I
enzyme, we proposed that the dimer is the active form of
the enzyme with one cysteine from each monomer forming
the active site at the subunit interface (17). One could now
propose a similar scenario for theC. Vinosumenzyme, in
which the active enzyme would now be a dimer of trimers.
A model for this proposal is shown in Figure 7. Whether
the priming facilitates dimer formation by conversion of the
trimer to the hexamer or occurs prior to dimer formation
(within the trimer) is actively being investigated.

One can now ask, given the arguments in this paper for
structural homology with lipases, are two cysteines utilized
in covalent catalysis, a model based on FAS mechanisms?
Alternatively, could it be that a single active site cysteine is
sufficient and that there is a second binding site for HBCoA
that does not require covalent attachment to the enzyme? A
chalcone synthase (73), which catalyzes multiple steps
involving multiple CoA substrates in a single active site, has
been proposed, based on the structure, to use only a single
covalent nucleophile. At present, we cannot distinguish
mechanistically between these models. However, if the active
form of both Class I and III PHA synthases is in fact a dimer,
then the two-thiolate model, despite the structural homology
with lipases, must still be given serious consideration. The
question then can be posed, how could a dimerization event
occur to bring the active site cysteines together?
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