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(R)-Specific enoyl-coenzyme A (enoyl-CoA) hydratases (PhaJs) are capable of supplying monomers from fatty acid 3-oxidation
to polyhydroxyalkanoate (PHA) biosynthesis. PhaJ1,, from Pseudomonas putida showed broader substrate specificity than did
PhaJ1,, from Pseudomonas aeruginosa, despite sharing 67% amino acid sequence identity. In this study, the substrate specificity
characteristics of two Pseudomonas PhaJ1 enzymes were investigated by site-directed mutagenesis, chimeragenesis, X-ray crys-
tallographic analysis, and homology modeling. In PhaJ1;,, the replacement of valine with isoleucine at position 72 resulted in an
increased preference for enoyl-coenzyme A (CoA) elements with shorter chain lengths. Conversely, at the same position in
PhaJ1,,, the replacement of isoleucine with valine resulted in an increased preference for enoyl-CoAs with longer chain lengths.
These changes suggest a narrowing and broadening in the substrate specificity range of the PhaJ1,, and Pha]J1;, mutants, respec-
tively. However, the substrate specificity remains broader in PhaJ1,, than in PhaJ1,,. Additionally, three chimeric PhaJ1 en-
zymes, composed from PhaJ1,, and Pha]1,,, all showed significant hydratase activity, and their substrate preferences were
within the range exhibited by the parental PhaJ1 enzymes. The crystal structure of PhaJ1,, was determined at a resolution of 1.7
A, and subsequent homology modeling of Pha]J1,, revealed that in the acyl-chain binding pocket, the amino acid at position 72
was the only difference between the two structures. These results indicate that the chain-length specificity of PhaJ1 is determined
mainly by the bulkiness of the amino acid residue at position 72, but that other factors, such as structural fluctuations, also affect
specificity.

olyhydroxyalkanoates (PHAs), which are synthesized by some

bacterial taxa, act as energy and carbon stores for use during
starvation and are desirable for use as bio-based polymer materials
(1-3). PHA biosynthesis requires a number of specific enzymes,
such as PHA synthases and monomer-supplying enzymes.
PHA synthase polymerizes the (R)-3-hydroxyalkanoate moiety
of (R)-3-hydroxyacyl coenzyme A (3HA-CoA) into PHA, whereas
monomer-supplying enzymes synthesize (R)-3HA-CoA from
various metabolic intermediates. To control the material proper-
ties of PHAs, it is necessary to regulate the PHA monomer com-
position, which depends strongly on the enzymatic properties of
PHA synthases and monomer-supplying enzymes.

(R)-Specific enoyl-CoA hydratase [Pha], (R)-hydratase] is a
monomer-supplying enzyme that was first found to be involved in
the biosynthesis of PHA from fatty acids in Aeromonas caviae (4,
5). Trans-2-enoyl coenzyme A (enoyl-CoA), an intermediate in
fatty acid B-oxidation, undergoes stereospecific hydration by the
function of PhaJ, resulting in the formation of (R)-3HA-CoAs.
Currently, four types of phaJ genes (pha]lp, to phaJ4p,) have been
identified in the genome of Pseudomonas aeruginosa DSM1707;
their translational products were characterized in terms of sub-
strate specificity using heterologous expression systems (6, 7). Of
all the phaJ gene products, PhaJl,, shows relatively narrow sub-
strate specificity toward enoyl-CoAs, preferring acyl chain lengths
from 4 to 6, whereas PhaJ2,,-PhaJ4,, shows broad substrate spec-
ificity toward enoyl-CoAs, preferring acyl chain lengths from 6 to
12. Other Pseudomonas strains were found to have phaJ genes (8—
10). In the case of P. putida KT2440, this strain has three possible
pha] genes, and one such gene product, PhaJ4;,,, has been sug-
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gested to supply monomers from (3-oxidation to PHA biosynthe-
sis in P. putida cells cultured on fatty acids (9, 10). In addition,
phaJlp,and phaJ4p, from P. putida were expressed heterologously
in recombinant Escherichia coli, and the properties of their trans-
lational products were evaluated. Interestingly, in vivo evaluation
revealed that despite sharing 67% amino acid sequence identity
between PhaJl,, and PhaJl,,, PhaJlp, showed significantly
broader substrate specificity than PhaJ1,, (10).

To date, several (R)-hydratases have been crystallographically
characterized (11-15). Of the bacterial PhaJs, PhaJ, . from A.
caviae was crystallized and its properties have been extensively
investigated (11, 16). Based on structural analyses, the amino acid
residues that define the substrate specificity of Pha],. were iden-
tified, and several mutant enzymes with altered substrate specific-
ities were created by using site-directed mutagenesis (16). Addi-
tionally, chimeragenesis, a useful technique for revealing target

Received 27 July 2015 Accepted 9 September 2015
Accepted manuscript posted online 18 September 2015

Citation Tsuge T, Sato S, Hiroe A, Ishizuka K, Kanazawa H, Shiro Y, Hisano T. 2015.
Contribution of the distal pocket residue to the acyl-chain-length specificity of
(R)-specific enoyl-coenzyme A hydratases from Pseudomonas spp. Appl Environ
Microbiol 81:8076 -8083. doi:10.1128/AEM.02412-15.

Editor: M. Kivisaar

Address correspondence to Takeharu Tsuge, tsuge.t.aa@m.titech.ac.jp, or
Tamao Hisano, hisano@riken.jp.

Copyright © 2015, American Society for Microbiology. All Rights Reserved.

December 2015 Volume 81 Number 23


http://dx.doi.org/10.1128/AEM.02412-15
http://aem.asm.org

enzyme properties and for creating enzymes with altered proper-
ties, has been adopted for analyses of PHA synthases to create
mutants with higher activities and altered substrate specificities
(17, 18).

To identify the factors that determine the substrate specificity
of PhaJl,, and PhaJl,,, site-directed mutagenesis and chime-
ragenesis of PhaJ1 were performed. Furthermore, crystallographic
analyses of PhaJ1 were attempted and the structure of PhaJ1,, was
determined. However, because of difficulties in the large-scale
production and purification of recombinant Pha]lpp, its structure
was constructed by homology modeling. Structural information
from these models was used to elucidate the contribution of an
amino acid residue at the bottom of the substrate-binding pocket
to the substrate specificity of PhaJ1 enzymes.

MATERIALS AND METHODS

Site-directed mutagenesis. The site-directed mutagenesis of PhaJ1,, was
performed by PCR. The following primers were used for the V72A muta-
tion: FO1 (5'-GCAGGTCGACTCTAGAAATAATTTTG-3") and F02 (5'-
AGTGCGGCAGCGGCCTGCACCC-3") for the forward direction and
RO1 (5"-CGGTACCCGGGGATCCCACTTC-3') and R02 (5'-GTGCAG
GCCGCTGCCGCACTGATC-3") for the reverse direction. Primers used
for the V72L mutation were FO1 and FO3 (5'-AGTGCGGCACTGGCCT
GCACCC-3’) for the forward direction and R01 and R03 (5'-GTGCAG
GCCAGTGCCGCACTGATC-3") for the reverse direction. The under-
lined regions correspond to mutation sites. First, two sets of PCR were
performed using pUCJ1;, as a template: one using primer pairs FO1/R02
and FO2/R01 to generate the DNA fragments containing the V72A muta-
tion (VAL and VA2), and the second using primer pairs FO1/R03 and
F03/R01 to generate the DNA fragments containing the V72L mutation
(VL1 and VL2). Each amplified DNA fragment was purified and subjected
to a second round of PCR, which was performed using primers FO1/R01
with the VA1 and VA2 templates for the V72A mutant and the VLI and
VL2 templates for the V72L mutant. After PCR amplification, the DNA
fragments were purified and cloned into Xbal/BamHI sites of the pUC19
vector, producing the plasmids pUCJ1,,V72A and pUC]1,,V72L. The
resulting plasmids were sequenced to confirm open reading frames with
the introduced mutations.

To produce the V721 and reverse 172V substitutions in PhaJ1,, and
PhaJ1,,, respectively, synthetic genes with nucleotide changes at the cor-
responding sites were constructed. In phaJl Pp> the GTG codon was re-
placed by ATC and vice versa in phaJlp,.

Construction of chimeric phaJl genes. To construct the expression
plasmids pUCJ1ch67 and pUCJ1ch172, the N-terminal and C-terminal
truncated fragments of pha/1,, and phajI,, were amplified by PCR (18).
For N-terminal fragments, PCR was performed using pUCJ1 (7), which
harbors phaJl,, from P. aeruginosa, as a template with the following oli-
gonucleotide primers: for the forward direction, 5'-CAGGTCGACTCTA
GAAATAATTTTGTTTAA-3" (Jich-F); for the reverse direction of
phaJl 7 5'-GCTGGTGTACTCGGCCTTTTGCCCG-3' (J1ch-R67), or
phaJl 75, 5'-GCGTTCCTTGAACTGGGTGGTGGCC-3’ (J1ch-R172).
The underlined sequence in J1ch-F indicates the Xbal site. The reverse
primers were phosphorylated at the 5" end. For the C-terminal fragments,
PCR was performed using pUC]1p, (10), which harbors pha/lp,, as a
template with the following oligonucleotide primers: for the forward
direction of phajJl e, 5'-TCCGTTGAAGAACGCGACATCCAGC-3'
(J1chF-67), or phaJlgs, 5'-ATTGCCCATGGCATGTTCAGCGGC
G-3" (J1chF-172); reverse direction, 5'-ATTCGAGCTCGGTACCCGGG
GATCC-3" (Jich-R). The underlined sequence in J1ch-R indicates the
BamHI site, and the forward primers were phosphorylated at the 5’ end.
Two pairs of truncated fragments were ligated to generate chimeric gene
fragments. Chimeric genes were amplified by PCR using the ligated frag-
ments as a template and the J1ch-F/J1ch-R primer pair. The PCR products
were digested with Xbal and BamHI, and the resultant fragments were
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inserted into similarly digested pUC19, yielding the plasmids pUCJ1ch67
and pUCJ1ch172. For phaJl ,5,,, the entire region of the plasmid pUCJ1
was amplified using the inverse PCR method (19) and with the follow-
ing primers: forward, 5'-TATCGCCGCCGAACTTTGTGGCGAGCT
GAAGTGGGATCCCCGGGTACCGAGCTCGAATTC-3'; reverse,
5'-CCAGCTCGACGGTCTGCTGCTTGCGCGGCGCCAGGATCTC
GGCTTCACCCGCGACCACCAGCTCGTCGTTCTGGTTG-3'. Except for
six nucleotides at the 3’ end of the reverse primer, the two primers have
DNA sequences that are nearly identical to that of the phaJI,,, gene. The
PCR products were allowed to self-ligate, yielding the expression plasmid
pUCJ1ch372.

In vitro hydratase assays. In vitro hydratase assays were performed
using the soluble fraction of recombinant E. coli DH5a or JM 109 harbor-
ing phaJl genes. The recombinant strains were transformed with pUC-
based expression plasmids harboring phaJI genes and were cultured in LB
media (10 g/liter tryptone, 5 g/liter yeast extract, 10 g/liter NaCl) at 37°C.
Isopropyl-B-p-thiogalactopyranoside (IPTG) (1 mM) was added at the
beginning of growth for the DH5« strains and after 5 h of cultivation for
the JM109 strains. After 24 h, cells were harvested by centrifugation and
resuspended in 50 mM Tris-HCl buffer (pH 8.0). The cells were lysed by
sonication, and the supernatants (after centrifugation) were used for hy-
dratase activity measurements.

Hydratase activity assays were performed in 50 mM Tris-HCI (pH 8.0)
containing 25 wM crotonyl-CoA or octenoyl-CoA at 30°C (5, 7). Croto-
nyl-CoA was purchased from Sigma-Aldrich, MO. As described previ-
ously, octenoyl-CoA was synthesized from trans-2-octenoic acid (Tokyo
Kasei, Tokyo, Japan) and CoA (Oriental Yeast, Osaka, Japan) (20) and
purified using Sep-Pak C,4 columns (Waters, MA) (21). To initiate the
hydration reaction, a 5-l aliquot of protein solution was added to quartz
cells (1.0-cm path length) containing the enoyl-CoA solution. The reac-
tion was monitored using a UV-visible spectrophotometer at 263 nm,
which describes the absorbance maximum of the enoyl-thioester bond.
The €, of the enoyl-thioester bond is 6.7 X 10> M~ ' cm ™. One unit of
hydratase activity was defined as the amount of enzyme required to cata-
lyze a decrease of 1 pmol of substrate in 1 min.

Protein concentrations were determined using a Quant-iT protein
assay kit (Invitrogen, CA) according to the manufacturer’s instructions.

SDS-PAGE was performed according to standard procedures using
13% gels. The gels were stained with Coomassie brilliant blue.

In vivo hydratase assays using PHA-producing recombinant E. coli.
To evaluate the substrate specificity of the products of phaJ genes in vivo,
recombinant E. coli LS5218 [fadR601, atoC2 (Con)] (22-24) cells harbor-
ing the plasmid pPPAC (25, 26), which carries the phaCI, gene encoding
a broad-substrate-specific PHA synthase from Pseudomonas sp. strain
61-3, were transformed with pUC19-based expression plasmids harbor-
ing the phaJ genes (described above). The recombinant E. coli LS5218
strains were inoculated into 100 ml of M9 media (17.1 g/liter Na,HPO, -
12H,0, 3 g/liter KH,PO4, 0.5 g/liter NH,Cl, 0.5 g/liter NaCl, 2 ml/liter 1
M MgSO,, and 0.1 ml/liter 1 M CaCl,) containing sodium dodecanoate
(0.25%, wt/vol), ampicillin (100 mg/liter), kanamycin (50 mg/liter), and
isopropyl-B-p-thiogalactopyranoside (1 mM; IPTG) with Brij-35 (0.4%,
wt/vol). The cells were cultivated for 96 h at 37°C in 500-ml flasks on a
reciprocal shaker (130 strokes/min). The content and composition of ac-
cumulated PHAs in dry cells were evaluated after methanolysis by gas
chromatography (GC) as previously described (27).

Structural determination of PhaJl,,. Recombinant PhaJl,, was
overexpressed in E. coli BL21(DE3) harboring pETJ1 (7), which carries
phaJlp,, and was purified according to previously described procedures
(11). The protein was concentrated to 10 mg/ml in 20 mM Tris-HCI (pH
7.5). Enzyme crystals were obtained by sitting-drop vapor diffusion using
mother liquor containing 15 to 20% (wt/vol) polyethylene glycol 3350,
20% (vol/vol) glycerol, and 0.1 M Bis-Tris, pH 6.0 to 6.5. The crystals
belonged to the orthorhombic space group P2,2,2, with cell dimensions
a=63.5A,b=65.7A,c=77.5A, and it contained one dimeric molecule
per asymmetric unit. The Matthews coefficient (28) and solvent content
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TABLE 1 Hydratase activity assay of E. coli JM109 strains harboring parental or Val72/Ile72 mutant genes of phaJ1¢

Octenoyl-CoA (Cyg) Cg4/C, activity ratio

Sp act (U/mg) with:
Plasmid (relevant marker) Crotonyl-CoA (C,)
pUC19 (none) Not detected
pUCT 1y, (pha/ly,) 149 + 42
pUCT1,,V72A (phall,, V72A) 0.29 = 0.05
pUC]1,, V721 (pha]lp, V721) 50.7 + 2.6
pUCT1,,V72L (phal,, V72L) 173 + 30
pUCI1172V (phal,, 172V) 143 = 9.0

Not detected Not determined

93 £ 12 0.62
0.20 = 0.07 0.69
22+0.3 0.043
0.20 = 0.04 0.0012
11*+21 0.077

@ All values are averages and standard deviations from triplicate tests.

were calculated to be 2.41 A*/Da and 49%, respectively. Native data were
collected up to a resolution of 1.7 A from a single crystal using synchro-
tron radiation at BL26B1, SPring-8, Harima, Japan. Prior to data collec-
tion, the crystal was flash-cooled in a nitrogen gas stream at 90K. The data
were integrated and scaled in HKL2000 (29).

Initial phases were obtained by molecular replacement in PHENIX
(30) using coordinates of PhaJ .. (PDB code 11Q6) (11) as a search model.
The initial model was rebuilt and refined in PHENIX (30). Models of
Ser2-GlIn5 and Gly156 were manually built in COOT (31). The current
model (two chains of Ser2-Gly156, eight glycerol molecules, and 233 wa-
ter molecules) converged to a crystallographic R factor of 0.173 and free R
(32) of 0.219 (calculated from 5.7% of total reflections). Metl was not
visible in the electron density map, probably due to posttranslational
truncation (5). The structure was validated using PROCHECK (33) and
MOLPROBITY (34).

Homology modeling. The structural model of PhaJly,, was con-
structed by homology modeling in the HOMER server (36) using the
model of PhaJ1,,. The main-chain conformation of the model was essen-
tially identical to that of PhaJ1,, and was not subject to energy minimiza-
tion. Because PhaJl;,, and PhaJl,, share ~67% amino acid sequence
homology, itis expected that the overall conformation of PhaJ 1, is highly
similar to that of PhaJ1,, with a predicted root-mean-square deviation
(RMSD) of approximately 0.74 A for the core main-chain atoms (37).

Protein structure accession number. Coordinates and structure fac-
tors for PhaJ1 from P. aeruginosa were deposited in the Protein Data Bank
(35) under accession number 5CPG.

RESULTS

Site-directed mutagenesis at residue 72 in Pha]ll,P and PhaJ1p,.
To assess the contribution of residue 72 to the substrate specific-
ities of PhaJ1 Pp and PhaJ1,,, Leu, Ile, and Ala substitution mutants
and a Val substitution mutant were created for PhaJlp, and
PhaJl,,, respectively. Their substrate specificities were evaluated
by both in vitro and in vivo analyses.

In the in vitro analyses, the E. coli JM109 strain, which harbors
lacI4, was used as the host for mutant gene expression, as the strain
previously used in heterologous hydratase assays (6), E. coli DH5«
(lacI? negative), did not grow in LB media after transformation
with the phaJI,, V72A gene. Substrate specificities of the enzymes
were measured using enoyl-CoAs with C, and Cg acyl chain
lengths. Table 1 shows the results of in vitro hydratase activity
assays of parental phaJl genes and their mutants. The soluble ex-
tracts containing parental PhaJ1,, showed hydratase activities of
149 and 93 U/mg toward C, and Cg substrates, respectively, result-
ing in a high C4/C, activity ratio of 0.62. The soluble extracts
containing the V72L or V721 PhaJ 1, mutants showed significant
hydratase activity, whereas those containing the V72A mutant
showed weak hydratase activity. The weak hydratase activity of the
PhaJlp, V72A mutant may be explained by low levels of soluble
protein, which were barely detectable by SDS-PAGE analysis (data
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not shown). The hydratase activity of the V72L Pha]1,, extracts
toward C, was 173 U/mg and is similar to that of the parental
extracts. However, its activity toward Cg was only 0.20 U/mg,
which is 465-fold lower than that of the parental extracts. Subse-
quently, its C4/C, activity ratio is only 0.0012. The hydratase ac-
tivities of the V721 PhaJ 1, extracts toward C, and Cg (50.7 and 2.2
U/mg, respectively) were lower than those of the parental extracts,
and its C¢/C, ratio (0.043) was one magnitude lower than that of
the parental extracts. The hydratase activities of the V72A Pha]1,,,
extracts toward C, and Cg did not show a marked difference and
resulted in a higher Cy/C, activity ratio of 0.69. The hydratase
activity of the I72V PhaJl,, extracts toward C, (143 U/mg) was
similar to that of the Pha]1,,, extracts, while toward Cg its hydra-
tase activity was 8.5-fold lower than that of the PhaJl pp €Xtracts,
resulting in significant differences in the C¢/C, activity ratios.

The in vivo substrate specificity of the PhaJ1 enzymes was eval-
uated by analyzing the monomeric composition of PHAs accu-
mulated in the recombinant E. coli LS5218 strain that coexpressed
phaJl and phaCl,, (encoding a broad-substrate-specific PHA
synthase functioning as a C,-C,, monomer-polymerizing en-
zyme) (6, 7). The results are shown in Table 2. The levels of PHAs
in the strains containing V72l or V72L Pha]l,, were 31% (wt/wt)
and 30% (wt/wt) of PHASs, respectively. These levels are 1.6-fold
higher than the levels found in the parental PhaJl;,-containing
strain. PHAs accumulated in the strain containing these mutants
were composed of 67 to 69 mol% of the 3HHx fraction, whereas
those in the strain harboring parental phaJly,, were composed of 36
and 37 mol% of the 3HHx and 3HO fractions, respectively. The strain
containing the PhaJl,, V72A mutant accumulated 7% (wt/wt) of
PHAs with monomeric compositions similar to that of the control
pUCI19 strain, suggesting that PhaJ1;,, V72A does not function as a
monomer-supplying enzyme in vivo. The level of PHAs in the strain
containing the 172V PhaJl,, mutant was 32% (wt/wt) of PHAs,
which was composed of 60 mol% of 3HHx fraction. The accumula-
tion level of PHAs in this strain was similar to that in the parental
PhaJ1p,,-containing strain; however, the monomeric composition of
PHAs accumulated in this strain was different from those in the
strains containing parental PhaJly, or PhaJlp,.

Substrate specificity of chimeric enzymes. Because Pha]l,,
and PhaJ1l;, share 67% amino acid sequence identity, we expected
that chimeras of the two enzymes would be active. Based on the
PhaJ .. structure, three types of chimeric PhaJ1 enzymes were de-
signed (Fig. 1), and their substrate specificities were assessed in
vitro and in vivo.

Table 3 presents the results of hydratase activity assays of the
recombinant E. coli DH5a strains transformed with the phaJl
genes. Soluble fractions from these strains showed significant hy-

December 2015 Volume 81 Number 23


http://www.rcsb.org/pdb/explore/explore.do?structureId=1IQ6
http://www.rcsb.org/pdb/search/structidSearch.do?structureId=5CPG
http://aem.asm.org

Substrate Specificity of Pseudomonas (R)-Hydratases

TABLE 2 PHA accumulation in recombinant E. coli LS5218 harboring parental or Val72/Ile72 mutant genes of phaJ1*

PHA composition? (mol%)

Dry cell wt PHA content

Plasmids (relevant marker[s]) (g/liter) (%, wt/wt) 3HB (C,) 3HHx (Cy) 3HO (Cy) 3HD (C,,) 3HDD (C,;,)
PPPAc, pUCLY (phaClyp,) 039009 4%*2 1 21 49 19 10

pPPAC, pUC]1,,° (phaCly,, phajly,) 0.54 %008 19+2 9 36 37 11 7

PPPAC, pUC1,,V72A (phaCly,, phall,, V72A)  0.66 = 0.09 7+ 1 5 21 42 19 13

PPPAC, pUCT1,, V721 (phaClyy, phallp, V72I)  0.58 +0.04 31 %3 12 67 14 4 3

pPPAC, pUC] 1, V72L (phaCly,, phaJly, V72L)  0.74 +0.02 30 =2 12 69 10 5 4

pPPAC, pUC1 (phaClp, phallp,) 073 002 32%2 13 74 8 3 2

PPPAC, pUC]1,, 172V (phaCly, phallp, 172V) 058 £ 0.16 32 =2 13 60 20 4 3

“ Cells harboring PHA synthase 1 gene (phaCly,) from Pseudomonas sp. strain 61-3 were cultivated for 96 h at 37°C in M9 medium containing sodium dodecanoate (0.25%, wt/vol)
as the sole carbon source. The surfactant Brij-35 (0.4%, wt/vol) was added to each medium to solubilize dodecanoate. All values are averages and standard deviations from triplicate

tests.

b Abbreviations: 3HB, 3-hydroxybutyrate; 3HHx, 3-hydroxyhexanoate; 3HO, 3-hydroxyoctanoate; 3HD, 3-hydroxydecanoate; 3HDD, 3-hydroxydodecanoate.

¢ Data were retrieved from reference 10.

dratase activity, while no activity was observed in the pUC19-
transformed strain (negative control). Although every strain har-
boring phaJl genes showed higher hydratase activity toward C,
substrates than Cg substrates, there was a wide range in the Cy/C,
activity ratio. The highest Cg4/C, activity ratio was 0.68, observed
in the phajJl Pp—harboring strain, whereas the lowest was 0.0012,
observed in the phaJl,,-harboring strain. The strains containing
chimeric phaJl genes showed ratios between those of the strains
harboring phajlp, and phaJly,. The strains harboring phaJl.e;
and phajl,,,, exhibited Cg4/C, activity ratios of 0.40 and 0.33,
respectively, whereas the strain harboring phaJl_,;,, showed a
C4/C, activity ratio of 0.042, which is an order of magnitude lower
than those of the other chimeras.

Table 4 shows PHA accumulation and composition from so-
dium dodecanoate in recombinant E. coli LS5218 strains that co-
expressed phaJl and phaCl,, genes. The strains containing
Pha]J1,, or PhaJlp, accumulated 19% (wt/wt) and 32% (wt/wt)
PHA in dry cells, respectively, whereas the strains containing chi-

PhaJ1ch67

PhaJ1 T

M
ez >—]) e )

Pa MSQVQNIPYAELEVGQKAEYTSSIAERDLQLFAAVSGDRNPVHLDAAYAATTQFKERIAHGMLSGALISAANATVLPG
# *

meric PhaJ1 accumulated 18 to 30% (wt/wt) PHA in dry cells. This
indicates that the chimeric PhaJl enzymes demonstrate mono-
mer-supplying activities in E. coli cells. The monomeric composi-
tions of accumulated PHAs differed according to the chimeric
pha]l gene expressed. Strains containing chimeric PhaJl,, or
PhaJl,,,, accumulated PHAs composed predominantly of 3HHx
and 3HO fractions (50 and 30 to 32 mol%, respectively), with
slight differences in the 3HD and 3HDD fraction compositions.
The compositions of the PHAs accumulated in these strains were
similar to those in strains containing PhaJ1,, and PhaJlp,, indi-
cating that in vivo, these chimeric PhaJ1 enzymes show substrate
specificities between those displayed by the parental PhaJl en-
zymes. The strain containing chimeric PhaJl,;,, accumulated
PHAs composed of a high 3HHXx fraction (75 mol%), resembling
the strain containing PhaJ1,, in terms of PHA accumulation level.
Contrary to in vitro observations, these results indicate that the
substrate specificity of chimeric PhaJ1, 5, in vivo is similar to that
of PhaJl,,.

PhaJd1ch172
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FIG 1 Amino acid sequence alignment of PhaJly, from P. aeruginosa DSM1707 and PhaJl,, from P. putida KT2440, with PhaJ,  from A. caviae. Secondary
structures of PhaJlp, and PhaJl, are indicated along with each of their sequences. Helices and strands are shown by cylinders and arrows, respectively.
Conserved residues in Pha]l,, and PhaJ1;,, are shown in red, whereas those in all three enzymes are indicated in boldface. Active-site residues Asp38 and His43
are indicated by the number sign, and residues Ile/Val72, Tyr83, and Ile136, which constitute the acyl-chain-binding pocket in Pha]J1, are indicated by asterisks.
Vertical arrows indicate the junction points of the chimeric PhaJ1 enzymes (P. aeruginosa PhaJl is the N terminus of the chimera, and P. putida PhaJ1 is the C
terminus).
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TABLE 3 Hydratase activity assay of E. coli DH5a strains harboring
parental or chimeric phaJl genes”

Sp act (U/mg) with:

Crotonyl-CoA  Octenoyl-CoA  C,4/C, activity

Plasmid® (relevant marker) (C,) (Cg) ratio
pUC19 (none) 0.01 = 0.01 0.02 = 0.00 ND*
pUCT 1y, (phally,) 120 + 17 81+ 18.6 0.68
pUCI1ch67 (phal ;) 12+05 48027 040
pUCIIch172 (phally,,,) 27 013 0.88*0.13  0.33
pUCI1ch372 (phaflyyy,) 15+ 3.6 0.63=0.11  0.042
pUCI1 (pha]lp,) 490 * 35 0.57 £ 0.03 0.0012

@ All values are averages and standard deviations from triplicate tests.

b phajl 4., chimeric gene of pha/lp, (nucleotide location 1 to 66) and phay. Ip,, (nucleotide
location 67 to 471); phaJl 4,,7,, chimeric gene of phaJ1,, (nucleotide location 1 to 171) and
phajlp, (nucleotide location 172 to 471); phaJ1.y5;,, chimeric gene of phaJ1y, (nucleotide
location 1 to 371) and pha/I,,,, (nucleotide location 372 to 471).

“ND, not determined.

Crystallographic analysis of PhaJl,,. (i) Overall structure.
The crystal structure of PhaJ1,, was determined at a resolution of
1.7 A by molecular replacement using coordinates of Pha]J . (PDB
entry 11Q6) (11) as a search model (Fig. 2). Statistics of data col-
lection and structural refinement are summarized in Table 5.
PhaJl,, forms a dimer in which the monomers are related by
2-fold symmetry. Each monomer consists of all 155 amino acid
residues from Ser2 to Gly156. The monomer structure represents
a hotdog fold containing a five-stranded antiparallel (-sheet
“bun” (B2-B6) and an a-helix “sausage” (a3), with an (R)-hydra-
tase-specific overhang segment containing two a-helices, a1 and
a2, between strand 32 and helix a3. The overall fold is similar to
that of PhaJ ,., with RMSD of 1.0 to 1.3 A. In addition, compared
to PhaJ,., PhaJlp, has N- and C-terminal extensions 6 and 17
residues in length, respectively. The C-terminal extension exhibits
an extended conformation, forming an arched bridge over the
central helix a3 and reaching over to helix al. The N-terminal
extension exhibits an extended conformation and contains strand
B1, which forms a short antiparallel B-sheet with strand B7 in the
C-terminal extension. In the dimeric structure, the five-stranded
B-sheets of the two monomers associate via hydrogen bonding
interactions at strands 33 in a side-by-side manner to form a ten-
stranded B-sheet. An additional short antiparallel B-sheet is
formed by two strands of B8 in the C-terminal extensions of both
monomers. Between these major and minor (3-sheets, helices a1
and a3 from both monomers are held together mainly by hydro-
phobic interactions. Thus, the dimeric molecule represents a spe-
cial four-layered hotdog structure, that is, the bun, sausage, sauce
(helices al and «2), and topping (B38) layers (Fig. 1b), and is

FIG 2 Stereo diagrams of the crystal structure of the PhaJ1,,, dimer. a-Helices,
-strands, and 3,,-helices are indicated by helices (blue), arrows (magenta),
and thick tubes (orange), respectively. The catalytic dyad residues Asp38 and
His43 are represented by stick models (yellow). Residues located at the bottom
of the acyl-chain-binding pocket (Ile72, Tyr83, and Ile136) also are repre-
sented by stick models (blue). N and C termini of each chain are labeled.
Secondary structure annotations are shown only for chain A. (a) A front view
of the structure along the 2-fold axis of symmetry. Two subunits adopt an
almost identical conformation, with an RMSD of 0.38 A for Ca atoms. (b) A
side view of the structure, generated by 90° rotation relative to the image
shown in panel a, highlighting the four-layered structure.

unique among the hotdog fold enzymes that have been structur-
ally characterized thus far.

(ii) Active site and acyl-chain-binding pocket. The current
structural model represents a substrate-free form of the enzyme.
The location of the active site and acyl-chain-binding pocket can
be inferred on the basis of the sequence and structure similarities
with Pha] , , for which the active site has been identified (11). Two
putative active sites related by the molecular 2-fold symmetry are
formed at the interface of the two monomers. Each active site is
located deep within the putative substrate-binding tunnel, which
is contributed by both of the monomers. The end of the substrate-
binding tunnel is a predominantly hydrophobic pocket which

TABLE 4 PHA accumulation in recombinant E. coli LS5218 harboring chimeric phaJI genes”

PHA composition® (mol%)

Dry cell wt PHA content
Plasmids® (relevant markers) (g/liters) (%, wt/wt) 3HB (C,) 3HHx (Cy) 3HO (Cy) 3HD (C,() 3HDD (C,,)
PPPAC, pUCT1ch67 (phaClp,, phall ;) 054011 18+4 14 50 30 4 2
PPPAC, pUCT1ch172 (phaClp, phafl,yy) 051009  22+3 14 50 32 3 1
PPPAC, pUCI1¢ch372 (phaClp, phalls,,)  0.80 = 0.05 30 =3 14 75 8 2 1

@ Cells harboring PHA synthase 1 gene (phaCly,) from Pseudomonas sp. strain 61-3 were cultivated for 96 h at 37°C in M9 medium containing sodium dodecanoate (0.25%, wt/vol)
as the sole carbon source. The surfactant Brij-35 (0.4%, wt/vol) was added to each medium to solubilize dodecanoate. All values are averages and standard deviations from triplicate

tests.

b phaJl .67 PhaJl .72 and phaJl ,s,, were chimeric (R)-hydratase genes (see footnote b to Table 3).
¢ Abbreviations: 3HB, 3-hydroxybutyrate; 3HHX, 3-hydroxyhexanoate; 3HO, 3-hydroxyoctanoate; 3HD, 3-hydroxydecanoate; 3HDD, 3-hydroxydodecanoate.
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TABLE 5 Data collection and refinement statistics

Parameter Value(s)”®
Data collection statistics
Wavelength (A) 1.0000
Resolution range (&) 39.3-1.69 (1.75-1.69)
Space group P2,2,2,
Unit cell dimensions (a, b, ¢) (A) 63.5, 65.7,77.5
Mosaicity 0.53-0.58
Total no. of reflections 503,743
Unique no. of reflections 35,564 (3,133)
Multiplicity 14.0
Completeness (%) 96.9 (86.8)
Mean I/a(I) 37.3 (1.9)
Wilson B factor (A?) 13.1
Ronerge 0.073
Ry 0.075
Structure refinement statistics
Ryone 0.17 (0.24)
Ry 0.22 (0.30)
Number of nonhydrogen atoms 2,656
Protein 2,375
Glycerol 48
Water 233
RMSD from ideal values
Bond length (A)/bond angles (°) 0.013/1.46
Ramachandran plot
Favored/allowed/outliers (%) 99.7/0.3/0
Clash score 3.86
Average B factor (A%) 17.80
Protein 16.20
Glycerol 36.60
Water 29.70

“ Statistics for the highest-resolution shell are shown in parentheses.

should serve as an acyl-chain-binding region. The active site is
formed by Asp38 and His43, which come from one subunit,
whereas the acyl-chain-binding pocket is formed by side chains of
hydrophobic residues, such as Ile72, Thr81, Tyr83, and Ile136, as
well as main-chain atoms of residues, such as Ser69, from the
other subunit. Of these residues, Tyr83 adopts a side-chain con-
formation with dihedral angles for the Ca-C@ bond (x1) and for
the CB-Cvy bond (x2) of 208.8° to 211.7° and 5.8° to 6.8°, respec-
tively, which is deviated from the observed range in the x1-x2 plot
(Fig. 3). This energetically unfavorable conformation is stabilized
by a hydrogen bond with the side chain of GIn86 and a van der
Waals contact with the side chain of Phe90’ (the prime sign indi-
cates that the residue is from the neighboring subunit). The mo-
lecular surface of the acyl-chain-binding pocket (Fig. 4a), calcu-
lated with a probe radius of 1.7 A, which is approximately equal to
the van der Waals radius of a methyl group, is similar in size and
shape to PhaJ,, indicating that the acyl-chain-binding pocket is
sufficiently deep to accommodate acyl chains with a length of up
to six carbon atoms. This is consistent with biochemical results for
the substrate specificity of PhaJ1;, (10). The hydrophobic residues
contributing the acyl-chain-binding pocket play another impor-
tant role in forming the hydrophobic core of the protein structure
with several other hydrophobic residues formed between helix a3
and the major 3-sheet.

Structural model of PhaJl,, by homology modeling. The
structural model of PhaJ1,, was constructed by homology mod-
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eling using coordinates of PhaJ1p, as a template. Because Pha]J 1,
and PhaJl,, have the same polypeptide length and share high
sequence homology (~67% identity), the structure of PhaJ1,,is a
good template for the homology modeling of PhaJ1,,. Accord-
ingly, the model was reliable with few clashes around the acyl-
chain-binding region as calculated by MolProbity (34).

The residues contributing to the acyl-chain-binding pocket of
Pha]1,, are essentially identical to those of PhaJ1,,. The only dif-
ference is the residue at position 72; this residue is valine in
Pha]lpp, whereas it is isoleucine in PhaJ1,,. In spite of this differ-
ence, the molecular surface calculation with a probe radius of 1.7
A showed that the acyl-chain-binding pockets of PhaJl,, and
PhaJ1,, have almost identical shape and depth (Fig. 4). The man-
ual docking of an acyl-CoA substrate to the acyl-chain-binding
pocket based on the binding mode of (3R)-hydroxydecanoyl-CoA
with fungal enoyl-CoA hydratase 2 (PDB entry 1PN4) (12) also
indicated that the enzyme could not bind enoyl-CoA with acyl
chains longer than six carbon atoms (Fig. 4b). These observations
suggest that the substrate specificity of PhaJ1 is not determined
simply by the bulkiness of residue 72 (see Discussion). Residues
forming the hydrophobic core are almost identical to those of
PhaJl,, with a few exceptions. Residues 88 and 117 are methio-
nine and isoleucine, respectively, in Pha]lpp, whereas they are leu-
cine and methionine, respectively, in PhaJl,,.

DISCUSSION

In our previous study, in vivo substrate specificity assessment sug-
gested that Pha]J1;,, has broader substrate specificity than Pha]1,,
(10). In this study, in vitro substrate specificity assessment showed
remarkable differences in the substrate specificities of Pha]lPP and
PhaJl,, (Table 3). Based on sequence comparison of these en-
zymes around the acyl-chain-binding pocket and with aid from
the structure of PhaJ, (11), we targeted residue 72 of PhaJ1,, and
Pha]J1p,, located at the end of the acyl-chain-binding tunnel, to
investigate the substrate specificity determinants of PhaJ1.
Figure 5 compares the C4/C, ratios of the wild types and mu-
tants of PhaJ1,, and Pha]1,,, as well as those of Phaj,. (data are
from reference 16), showing the dependence of the Cg/C, ratio on
the amino acid at residue 72 (at residue 65 for PhaJ,.). It may be
reasonable to assume that the acyl-chain-length preference of the
enzyme is related to the size and shape of the acyl-chain-binding
pocket. Accordingly, these data indicate that an enzyme with a
bulkier amino acid at residue 72 has a smaller acyl-chain-binding
pocket; thus, it prefers the shorter-chain-length enoyl-CoA.

Tyr (8
o yr(8)
] 717
o 2701 !
()
Z
D 180
=
@]

901 ; _‘u :

T u-s‘
0 % 180 270 360
Chi-1 (deg.)

FIG 3 x1-x2 plot for eight tyrosine residues in PhaJ1,,, generated by PROCHECK
(33). Commonly observed side-chain conformations for tyrosine residues are
shown as green regions. Tyr83 residues in chains A and B of PhaJ1,,, are indicated
by red boxes. The other six residues are indicated by yellow boxes.
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FIG 4 Stereo diagrams of the molecular surfaces of the acyl-chain binding
pockets of PhaJ1,, (a) and PhaJ1,,, (b). Molecular surfaces, calculated with a
probe radius of 1.7 &, are represented by a solid surface using a cutaway view.
Residues are represented by thin-stick models with carbon, oxygen, nitrogen,
and sulfur atoms in green, red, blue, and yellow, respectively. Residues Ile72
and Tyr83 are represented by thick-stick models. van der Waals surfaces of
these residues are shown as dots. (b) Crotonyl-CoA, represented by an orange
stick model, is manually docked in the substrate-binding pocket of Pha]J1,, by
using the binding mode of (R)-3-hydroxydecanoyl-CoA bound to fungal hy-
dratase 2 (PDB entry 1PN4) (12) as a reference model.

However, the crystal structure of PhaJ1,, (as well as the struc-
tural model of PhaJ1p,) poses an apparently contradictory situa-
tion. The C3 atom of Ile72 did not contribute to the surface of the
acyl-chain-binding pocket in PhaJ1p,, as revealed in the calcula-
tion of the molecular surface of the pocket with a probe radius of
1.7 A. In fact, the calculated molecular surface of the acyl-chain-
binding pocket of the I72V mutant is almost identical to that of the
wild type in size and shape (data not shown). This indicates that
the I72V mutant should have a substrate specificity spectrum sim-
ilar to that of the wild-type enzyme, which, however, is not con-
sistent with the biochemical data. The same holds for PhaJ1 Ppr

This apparent discrepancy may be explained by a potential
conformational change of Tyr83 upon binding of substrates or
due to the thermal fluctuation. Tyr83, situated at the opening of
the acyl-chain-binding pocket, adopts a side-chain conformation
with x1 and x2 angles deviating from the commonly observed
range in the x1-x2 plot (Fig. 3). This suggests that the side chain of
Tyr83 tends to change its conformation upon the binding of sub-
strates, which results in expanding the acyl-chain-binding pocket.
The difference in the bulkiness at residue 72 may influence the
expanded volumes of the pocket and affect the range of substrate
that can be accommodated.

On the other hand, comparison of the Cy/C, values between
enzymes with the same amino acid (valine or isoleucine) at residue
72, derived from PhaJl,, and Pha]lpp, indicates that the acyl-
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FIG 5 Comparison of Cy/C, activity ratios. Activity ratios are represented as
white bars for Pha]lpp and its mutants, gray bars for PhaJ1,, and its mutant,
and black bars for PhaJ , and its mutants. Wild-type enzymes are indicated by
an asterisk. Data for PhaJ,. and its mutants were retrieved from reference 16.

chain-length preference is not determined only by the bulkiness of
that residue. It should be noted that Pha]l;, and Pha]l,, share
almost identical residues that form the hydrophobic core with
residue 72, as indicated by the homology modeling of PhaJlp,.
Therefore, the V721 mutant of PhaJ1,,, for example, is essentially
identical to wild-type PhaJ1,, in terms of the structure of the acyl-
chain-binding pocket and the adjacent hydrophobic core. How-
ever, this is inconsistent with the biochemical data showing that
the mutant represents a C¢/C, value an order of magnitude larger
than that of wild-type PhaJ1,, (Fig. 5).

This peculiarity might be accounted for by the intrinsic con-
formational fluctuation, which may differ in magnitude between
PhaJl;, and Pha]lpp. Larger conformational fluctuation of Pha]lPp
may effectively expand the acyl-chain-binding pocket expected
from the static structure and enable longer enoyl-CoA acyl chains
to be accommodated in the pocket.

The results of the C4/C, ratio for the chimeric proteins can be
explained by this fluctuation hypothesis rather than by the single-
site difference. If the substrate specificity can be determined only
by the bulkiness of the amino acid residue at position 72, the
specificities of the chimeric proteins would be discontinuous at
the chimeric junction point before or after residue 72. However,
the activity measurement for these chimeric proteins showed a
gradual change in substrate specificity, correlated with the com-
position of the two parental proteins (Table 3). This indicates that
the composition of the parental proteins, which bear different
degrees of thermal fluctuation, affects the degree of conforma-
tional fluctuation in the resulting chimeric protein.

In conclusion, the chain-length specificity of PhaJ1 from Pseu-
domonas is determined mainly by the bulkiness of the amino acid
residue at position 72; however, other factors, such as structural
fluctuation specific for each protein, also may affect the specificity.
These insights would be helpful to design PhaJs with altered sub-
strate specificity as metabolic tools for the synthesis of tailor-made
PHA copolymers.
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