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Abstract

A genomic survey of Thermus thermophilus HB8 for loci containing an a/f-hydrolase fold and the conserved lipase box motif identified
the TTHA0759 locus. This gene was previously annotated as encoding a homoserine transacetylase (HTA), based on sequence homology to
related proteins in other microorganisms. The hta gene was amplified from Thermus thermophilus genome and overexpressed in the mesophylic
bacterium of Escherichia coli. The resulting recombinant protein, rHTA, exhibits dual functionality as both a homoserine transacetylase and a
PHA synthase, as both activities involve the transfer of an acyl moiety. Kinetic studies showed that rHTA had a K value of 0.11 mM for acetyl-CoA
and a K for synthase of 0.25 mM with 3HBCoA as substrate. Both K values are very close to the native enzymes. Synthase activity is activated
by acetyl-CoA, acetylphosphate and inhibited by CoA, NAD, NADP, similarly to the native enzyme. Treatment of rHTA with alkaline phosphatase
leads to loss of its enzymic activity. In addition, synthase activity is inactivated by iodoacetamide suggesting that a cysteine moiety was involved
in the catalytic reaction. Interestingly, the recombinant protein was found to catalyze the in vitro polymerization of (R)-3-hydroxybutyryl-CoA
into polyhydroxybutyrate (PHB), demonstrating a high affinity for PHB granules. Notably, deletion of its transmembrane domain abolished
this granule-binding capability, indicating that membrane association is critical for its interaction with PHB. These findings suggest that T
thermophilus HB8 utilize the homoserine transacetylase as a key component in the biosynthetic pathway of polyhydroxyalkanoates, facilitating
their accumulation as intracellular storage biomolecules.
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3-Hydroxyoctanoate; M3HNN: Methyl 3-Hydroxynonanoate; M3HD: Methyl 3-Hydroxydecanoate; M3HUD: Methyl 3-Hydroxyundecanoate;
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Introduction

Polyhydroxyalkanoic acids (PHAs) are versatile polyesters
produced by most genera of bacteria and members of the archaea
as intracellular carbon and energy storage materials under
nutrient-limited conditions in the presence of excess carbon
source [1-3]. Since the initial discovery of polyhydroxybutyrate
(PHB)
remarkable diversity of polyhydroxyalkanoates (PHAs) with
varying physicochemical properties, identified in over 90 bacterial
genera. Recent studies have expanded this knowledge to include

in Bacillus megaterium, research has uncovered a

photosynthetic organisms such as cyanobacteria enhancing
the potential for sustainable and innovative PHA production
strategies [3]. PHAs have excellent thermoplastic and elastomeric
properties, high molecular weights and in combination with
their biodegradability and biocompatibility they developed
into an excellent matrix for food industry, medicine, pharmacy,
agriculture and chemical synthesis [4-6,2].

PHA synthases (EC 2.3.1.X) are the key enzymes for PHA
biosynthesis and PHA granule assembly. They catalyze the
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enantio-selective of (R)-3-hydroxyacyl-CoA
substrates to PHAs with the concomitant release of CoA [7,8,1]. So

polymerization

far, the nucleotide sequence of at least 88 PHA synthases have been
obtained and the primary structures of 30 synthases are available
[9,3]. PHA synthases are categorized into four classes based on
their size, structure and substrate specificity [3,7,9,10], although
there are known exceptions to these classes, such as PHA synthase
of Aeromonas caviae [11] and synthase of Thiocapsa pfennigii [12].
The organization of PHA synthases encoding genes was of great
interest and at present is fully described [3,11,13-15]. Synthases
can be classified according to their primary structure into three
different classes (I, II and III) [3]. An alignment of the primary
sequences of PHA synthases shows an overall identity of 8-96%
with 8 strictly conserved amino acids [8,10]. They belong to the
a/B-hydrolase superfamily with a conserved cysteine residue as a
catalytic nucleophile in a lipase box [7,16]. The N-terminus of PHA
synthases is highly variable [7], though there are conserved areas
within this region.

Homoserine transacetylase (HTA, EC 2.3.1.31) is a unique
enzyme that catalyzes the transfer of acetate from acetyl-CoA to
homoserine,inthefirststep ofthemethioninebiosyntheticpathway,
a pathway required for protein synthesis, nucleic acid synthesis,
transmethylation reactions involving S-adenosylmethionine and
the synthesis of polyamines [17,18]. The methionine biosynthetic
pathway differs from one microorganism to another, regarding to
the nature of the intermediates that are formed. For example, in
the first step of the pathway, in E. coli, homoserine is succinylated
by homoserine transsuccinylase (HTS), while in B. subtilis
homoserine is acetylated. No amino acid sequence homology
exists between HTS and HTA, while both enzymes use a pingpong
kinetic mechanism [19]. HTA is a member of a/B-hydrolase
superfamily of enzymes [20], where a catalytic triad of serine,
histidine and aspartic acid is present. The catalytic nucleophile
residue is found in a G-X-S/C-X-G motif [19,21-23]. Analysis of the
inactivation of several HTAs by iodoacetamide (IAA) suggested
that a cysteine residue acts as the nucleophile in the first half
reaction to accept acetate from acetyl-CoA [18,24].

Thermus thermophilus HB8 belonging to Deinococcus-
Thermus phylum, is a thermophilic bacterium with an optimum
growth temperature range of 65 to 72°C [25]. It is used not only
as a model for investigations on extreme thermopiles, but also
as a protein pool of vigorous and thermostable enzymes that
can be utilized in various biotechnological applications [26].
The biosynthesis of PHAs, in T thermophilus grown in a mineral
medium supplemented with sodium gluconate as sole carbon
source has been reported previously and a cytosolic PHA synthase
was purified [27].

The complete genomic sequence of T thermophilus HB8 have
been previously identified [28] and showed that it is composed
of 1.85 Mbp chromosal DNA, 0.26 Mbp plasmid pTT27 and 9.32
Kbp plasmid pTT8, encoding 1973, 251 and 14 open reading

frames (ORFs), respectively. However, most ORFs of the genomic
sequence of T thermophilus HB8 encode hypothetical proteins
[29]. Based on various bioinformatic approaches protein function
assignment was performed for all T thermophilus ORFs but
further biochemical characterization is needed to certify the
assignment. TTHA0759 is one of these ORFs, that it is predicted
to be a homoserine transacetylase (HTA), due to the existence
of a homoserine transacetylase conserved domain. TTHA0759
is also member of the a/B-hydrolase superfamily, in which PHA
synthases also belong.

The aim of our study was the identification of PHA synthase
encoding gene in T thermophillus HB8, able of producing
PHAs. Searching for conserved domains of PHA synthases in
T thermophillus revealed that only TTHA0759 possess o/f3-
hydrolase structure and a lipase box. Thus, TTHA0759 gene
(hereafter referred to as hta gene) was cloned in pET29c vector
and overexpressed, after IPTG induction, as a recombinant protein
with a 6xHis tag at the C-terminal. This recombinant protein
was purified with metal affinity chromatography, presenting
homoserine transacetylase activity, and some of its biochemical
properties were studied as well. In addition, this expressed
protein possesses PHA synthase activity, able to polymerize DL-3-
B-hydroxybutyryl-CoA (3HBCoA) into PHB granules. The enzyme
presents high affinity to PHB granules, an ability that is lost after
deletion of the transmembrane domains of the protein. Finally, the
in vivo production of PHAs was also determined in transformed
E. coli cells with pET29c_hta, by dry cell methanolysis and GC
analysis of the resulted 3-hydroxyalkanoic methyl esters.

Materials and Methods
Materials

DL-3-B-Hydroxybutyryl-CoA, acetyl-CoA, acetylphosphate,
CoA,NADPH,NADP,NAD*,NADH and all other chemical compounds
were purchased from Sigma-Aldrich (Chemie Gmbh, Steinheim,
Germany). Restriction enzymes and other reagents required for
molecular biology experiments were purchased from Takara Bio
Inc. (Shiga, Japan). Plasmid vectors pET29c and pGEM-T Easy were
purchased from Novagen (Darmstadt, Germany) and Promega
(GmbH, Mannheim, Germany), respectively. Protino Ni-IDA
columns for affinity chromatography purification were purchased
from Macherey-Nagel (GmbH & Co. KG, Diiren, Germany), while
His-probe G18 used in immunostaining was from Santa Cruz
Biotechnology Inc. (Santa Cruz, CA, USA).

Cloning of hta gene

The complete coding sequence of hta gene (TTHA0759)
was amplified by PCR using the genomic DNA of T thermophilus
HB8 (Takara Bio Inc.) as template. Initially, a broader region
that contained hta gene was amplified in a 50 pl reaction that
contained 30 pmol of each primer, 400 pM of dNTPs, 50 ng of
genomic DNA, 5% v/v dimethyl sulfoxide (DMSO) and 3.0 Units
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of Pfu polymerase (Promega). The forward and the reverse
primer for this region were 5-GCCTGGGTGGTCCTCCTCGG-3’
and 5'-CAAAGTGCTGGGCGTAGTAG-3’, respectively. The PCR
conditions were as follows: initial denaturation at 95°C for 3 min,
denaturation at 95 °C for 1 min, annealing at 70°C for 1 min and
polymerization at 72°C for 8 min. These steps were repeated ten
times and followed by three iterations of ten cycles, in which the
annealing temperature was 68°C, 63 oC and 60°C, respectively.
A final elongation step was performed at 72°C for 20 min. The
resulting PCR products were analyzed on 1% w/v agarose gel and
cloned into pGEM-T Easy vector (Promega). ]M109 competent
cells (Promega) were transformed with the constructed plasmids
and positive colonies were used for plasmid DNA isolation. LI-
COR IR? DNA analyzer and SequeTherm sequencing kit with M13
forward and reverse universal primers were used to sequence
plasmid DNA and identify hta gene.

Subsequently, the constructed plasmid was used as
template DNA in a new PCR amplification where primers were
designed to amplify only hta gene. The forward primer was
5'-AAGCTTCGGGAGGAAGGCGTCCAGGATCTCCTCCAC-3"and
had a HindlIIl restriction site, while the reverse primer was
5’-CATATGAGCGAGATCGCCCTCGAGGCCTGGGGG-3’ had

an Ndel restriction site. The reaction mixture was the same as

and

previously, while the PCR conditions were as follows: initial
denaturation at 95°C for 3 min, denaturation at 95°C for 15 sec,
annealing at 72°C for 15 sec and polymerization at 72°C for 45
sec. These steps were repeated thirty-five times and followed
by a final elongation step at 72°C for 10 min. PCR products were
cloned into pGEM-T Easy vector and transformed into JM109
competent cells. After digestion of the isolated pGEM hta plasmid
with the restriction endonucleases, the fragment corresponding
to HTA coding gene was ligated into the similarly digested pET29c
expression vector (Novagen) to create a recombinant HTA (rHTA),
containing a C-terminal histidine tag. The constructed plasmid
(pET29c_hta) was finally transformed into E. coli BL21(DE3)
competent cells. Preparation of competent cells, transformation
and DNA isolation were performed according to Sambrook [30].

Construction of N-terminal truncated variants of HTA

For the construction of the three N-terminal truncated variants
of HTA, PCR amplifications were performed using pET29c_hta
as template under the conditions described above. Reverse
primer was kept the same in all reactions, while the sequence
of forward primers for each truncated variant, trunc_1, trunc_2
and trun_3, were 5’-CATATGGACGAGGAAACCTTTAGAAGCC-3’,
5'-CATATGCCCCTCTCCCTAGACCCCCG-3",
5'-CATATGTACCCGGAGAGGGTGAAGAAGC-3’, respectively. PCR
products were cloned into pGEM-T Easy vector and transformed
intoJM109 competent cells. After digestion of the isolated plasmids
with the restriction endonucleases, fragments corresponding to
trunc_1, trunc_2 and trunc_3 HTA coding genes were ligated into
the similarly digested pET29c.

Microorganisms and growth conditions

Transformed E. coli JM109 cells with the constructed plasmid
pGEM_ hta were grown at 37°C, in LB medium containing
ampicilin (100 pg/ml) with vigorous agitation. E. coli BL21(DE3)
harboring pET29c hta were grown at 37°C, in LB medium
containing kanamycin (50 pg/ml) with vigorous agitation. When
cells reached an optical density of 0.6 at 600 nm, IPTG (1 mM) was
added and the cultures were incubated at 24°C, for 3 hours.

Preparation of cell extract and purification of the
recombinant protein by metal affinity chromatography

After cultivation of E. coli BL21(DE3) cells harboring pET29¢c_
hta as described, cells were harvested by centrifugation at
5,000xg for 15 min at 4°C. The cell pellet (2.5 g) was washed twice
with PBS and suspended in 5 volumes of 50 mM NaH,PO, pH 8.0
containing 300 mM NaCl and 1 mg/ml lysozyme. The suspension
was incubated on ice for 30 min, sonicated (5 timesx30 sec, 0.5
cycle, 50% amplitude - UP200s dr. hielscher, GmbH) and then
centrifuged at 5,000xg for 20 min. The supernatant was applied
to Protino Ni-IDA columns (Macherey-Nagel) equilibrated with
50 mM NaH,PO, pH 8.0 containing 300 mM NaCl. Elution was
performed in two steps using 250 mM imidazole in the same
buffer. The purified protein was dialysed against 25 mM Tris-HCl
pH 8.0 and stored at -20°C.

Determination of PHB synthase activity

The PHB synthase activity was determined by a discontinuous
spectrophotometric assay monitoring the release of CoA at 412
nm from the substrate DL-3-fB-hydroxybutyryl-CoA, according
to Miih et al. [31]. Reactions were conducted at 65°C in a final
volume of 200 pl with 20 mM Tris-HCl buffer pH 8.0, 50 mM NaCl
and 0.5 mM 3HB-CoA. The concentration of CoA was calculated
using the extinction coefficient (412 nm) of 13,600 cm™M™. One
enzyme unit was defined, as the amount of enzyme required
for the transformation of 1umol substrate per min under the
above-specified conditions. A continuous assay did not allow
monitoring the enzyme activity, since the decomposition of
5,5'-dithio-bis (2-nitrobenzoic acid) (DTNB), causes alterations
in the absorbance at high temperature. It should be noted that in
all subsequent enzyme assays controls without enzyme extract, or
without substrate were used in order to monitor the non-enzymic
hydrolysis occurred at the high temperature of the assay.

Determination of homoserine transacetylase activity

Homoserine transacetylase activity was determined by
monitoring the change in absorbance at 232 nm due to hydrolysis
or formation of the thioester bond of acetyl-CoA (¢ = 4500 M?)
in a JENWAY 6305 UV/Vis spectrophotometer [19]. Assays were
performed in 100 mM KH,PO, pH 8.0, at 65°C for 15 min. 0.1 mM
acetyl-CoA was used as the donor and 1 mM L-homoserine as the
substrate.
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Dephosphorylation of rHTA

The rHTA was incubated for 30 min with various amounts
of calf intestinal alkaline phosphatase bound to agarose, as
previously described [27]. The mixtures were then centrifuged
at 15,000xg, for 15 min and these supernatants were assayed for
PHB synthase activity. As a control the same enzyme units of rHTA
was incubated under the same conditions with agarose free of
alkaline phosphatase.

Electrophoresis and immunoblotting

Protein electrophoresis was performed in 10% w/v
polyacrylamide gels containing 0.1% w/v sodium dodecyl sulphate
(SDS) as described [32]. Protein content was determined by the
method of Bradford [33] using bovine serum albumin as a protein
standard. Gels were stained either with Coomassie Brilliant Blue
R250 (CBB), or with silver nitrate [34]. Proteins were transferred
to nitrocellulose membranes following the method of Towbin [35]
and immunostained with anti-His (His-probe G-18) as previously
described [36].

In vitro PHB granule formation and analysis

The in vitro polymerization of 3HB-CoA to PHB granules was
studied by the addition of purified rHTA. The reaction mixture
contained 7 mM of 3-B-hydroxybutyryl-CoA, 100 mM of K, HPO,
pH 8.0, and 300 pg of purified rHTA in a total volume of 1 ml. An
aliquotof 20 pl of the reaction mixture was removed at various time
intervals and the release of CoA was assayed with 1 mM of DTNB in
0.5 M of K,HPO, pH 8.0, as described [31,37]. After 1h of reaction
the PHB synthesized in vitro was extracted with chloroform, the
organic solvent was evaporated and the precipitated polymer
was incubated in the presence of concentrated sulphuric acid at
92°C for 8h [38]. Crotonic acid formed from PHB acid-catalyzed
-elimination was analysed by HPLC on an Aminex HPX-87H
ion exclusion organic acid analysis column (Bio-Rad), with the
standard conditions [39], using a Shimadzu (Tokyo, Japan) High
Pressure Liquid Chromatography System. Quantitation was done
following comparison of peak absorbance with those of crotonic
acid standards (Fluka, Buchs, Switzerland). The cPHB content of
each sample was determined from the amount of crotonic acid
using the established conversion rate [40]. Additionally, an infra-
red spectrum in the region of 4000-200 cm™ of the synthesized
polymer was obtained in KBr discs with a Perkin Elmer FT-IR
1650 spectrometer.

GC analysis of PHAs in dry cells

To determine the PHA content of transformed E. coli BL21(DE3)
cells harboring pET29c_hta as well as polymer composition, 15
mg of lyophilized cells were subjected to methanolysis in the
presence of 2 ml chloroform and 2 ml sulfuric acid: methanol
(15:85), as previously described [41,42]. The sample was heated
at 100°C for 140 min in order to obtain the corresponded
3-hydroxyalkanoic methyl esters. The monomer composition of

the polymers was determined by gas chromatography (GC), with
an Agilent gas chromatograph (5975c Series GC/MSD, California,
USA) equipped with an HP-Innowax capillary column (30 m x
0.5 pm; J&W Scientific, California, USA) and a flame ionization
detector. Two microliters of the organic phase were injected in
the column. Nitrogen (1 mL/min) was used as the carrier gas.
The temperature of the injector and detector were 220 and
250°C, respectively. A temperature program was used for efficient
separation of the esters [50°C for 3min, temperature increase
9°C/min until 250°C, (250°C for 1 min)]. Pure standards of methyl
3-hydroxyalkanoate esters (Sigma-Aldrich Co., St Louis, MO, USA)
were also analyzed under the same conditions.

Affinity with PHB granules

The affinity of the rHTA with PHB granules was studied by
incubating 200 pg of rHTA crude extract with 4.0 mg of PHB
(Sigma) in 50 mM Tris-HCl pH 8.0, at room temperature for 1h.
After centrifugation (10,000xg, 15 min), PHB granules were
washed three times with the same buffer and finally the bound
proteins on PHB were eluted with 0.5 M NaCl in 50 mM Tris-HCl
pH 8.0. The eluted proteins were dialysed against 25 mM Tris-HCl
pH 8.0 and analyzed by 10% w/v SDS-PAGE. Gel was stained with
silver nitrate and immunostained with anti-His respectively.

Results

We have previously reported that T thermophilus HB8 is
capable to produce PHAs, when sodium gluconate or whey
were used as a carbon source [27,43]. Extending our studies
we hereby attempt to identify the PHA synthase encoding
gene in T thermophilus HB8 genome and further study PHAs
biosynthesis in this microorganism. A survey in the already
published genomic sequence of T. thermophilus HB8 [28] was
performed to identify ORFs with conserved domains of PHA
synthase family. The ORF of TTHA0759 gene has an a/B-hydrolase
structure and a lipase box, conserved in PHA synthase family
[44]. This locus, TTHA0759, of T. thermophilus has been assigned
as a putative homoserine transacetylase, based on similarities
with other homoserine transacetylases [28]. In addition, when
TTHAO0759 protein sequence was aligned with HOMOSOATRNS
(http://www.bioinf.man.ac.uk/cgi-bin/dbbrowser/prePRINTS/
searchpreprints.cgi?prints_accn=HOMOSOATRNS&display_
opts=Prints&category=None&queryform=false&regexpr
=off&output=y), a 5-element fingerprint that provides a signature
for the homoserine o-acetyltransferase proteins, all 5 motifs were
identified in TTHA0759. The sequence of these motifs in Thermus
aquaticus (subsp. thermophilus) is ELGGYLPEVRLRFETYGTL
(Motif 1), SRRRDNAVLVFHALTGSAHLAG (Motif  2),
PGRILDPALYYVVSANHLGSC YGSTGPLSL (Motif 3),
EIHLDYQGEKFLRRFH (Motif 4) and AESYLVLSRAMDNHD (Motif
5).

Considering that both synthase and transacetylase possess an
acyltransferase activity, we proceeded to clone and overexpress
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hta gene.
Cloning and overexpression of hta gene

In the cloning strategy, two pairs of primers were used in the
PCR amplifications, as described in the Materials and Methods.
The first pair of primers amplified a broader region that contained
hta gene. This PCR product was used as DNA template in a second
PCR, where primers amplified only hta gene and had specific
sites for HindIIl and Ndel restriction enzymes. The HindIII - Ndel
fragment was finally cloned into pET29c (Novagen) expression
vector.

E. coli BL21(DE3) cells transformed with pET29c_hta were

induced by IPTG, as described in Materials and Methods. Proteins
of whole cell extracts were analyzed by SDS-polyacrylamide
gel electrophoresis (SDS-PAGE) and stained with CBB (Figure
1a) and anti-His (Figure 1b). The HTA plus the C-terminal six
histidine residues has a predicted molecular mass of 43 kDa. As
shown in figure 1a, an intense protein band corresponding to
the overexpressed rHTA was observed only in cells after IPTG
induction (lane 4). The same intense band was also observed
when gel was immunostained with anti-His (Figure 1b, lane 4),
confirming the existence of a 6xHis tag. Before IPTG induction,
a faint band was detected only with anti-His (Figure 1b, lane 3)
(Figure 1).

N

Figure 1: SDS-PAGE of whole crude cell extracts, of E. coli BL21(DE3) harboring pET29¢c_hta, stained with CBB (a) and anti-His (b). Lane
1: protein markers (ProSieve), lane 2: crude cell extract from BL21(DE3) (negative control), lane 3: extract of BL21(DE3) cells harboring
pET29c_hta without IPTG addition, lane 4: extract of BL21(DE3) cells harboring pET29c_hta after IPTG induction.

J

Purification with metal affinity chromatography

The 6xHis tag at the C-terminal enabled us to purify the protein
almost to homogeneity with only one step of purification, using
Protino Ni-IDA packed column. The 5,000xg supernatant from 2.5
g cells was applied on the Protino Ni-IDA column, as described in

Materials and Methods. The purification achieved by this column
was 142-fold with PHB synthase specific activity 762.2 units/mg
and a final yield of 10.6% (Table 1). Analysis of this preparation
on SDS-PAGE showed a major protein band corresponding to the
rHTA (Figure 2).

Ve

Figure 2: Purification of rHTA by metal affinity chromatography (Protino Ni-IDA column). Proteins were separated in 10% w/v polyacrylamide
gel and stained with silver nitrate. Lane 1: protein markers (ProSieve), lane 2: crude extract of BL21(DE3) cells harboring pET29c_hta, lane
3: flow through, lanes 4 and 5: first and second wash with 20 mM imidazole, lane 6s and 7: first and second eluent with 250mM imidazole.
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Table 1: Purification protocol of rHTA with Protino Ni-IDA column.

Steps of Purification Protein (mg) Activity (units) Specific Activity (units/mg) Purification Yield %
Crude extract 120.0 645.0 5.37 1.0 100.0
Protino Ni-IDA column 0.09 68.6 762.2 141.9 10.6

Catalytic and biochemical properties of rHTA

The catalytic and biochemical characteristics of the
purified enzyme were analyzed with respect to its homoserine
transacetylase activity, attributed to the gene based on sequence
homology. The optimal temperature of rHTA activity was about 70
°C with an optimal pH near to 7.5. The K value as calculated from
the double-reciprocal plot of velocity vs acetyl-CoA concentration

was 0.11 mM.

As mentioned earlier, the rHTA of T thermophilus possess
a conserved lipase box motif and an «/f hydrolase structural
domain, suggesting a potential PHA synthase activity. This function
was subsequently validated through a PHB synthase assay, as

described by Miih et al. [31]. Notably, the purified rHTA displayed
an immediate catalytic response without a lag phase in its kinetic
profile, even at low enzyme concentrations. The rate of the CoA
release and consequently the incorporation of 3-hydroxybutyryl
unit into the polymer in vitro, was proportional to the amount of
the enzyme, in the range of 2.0-60 pg of the enzyme. Above 60
ug of the purified enzyme a nonlinear dependency was observed
(data obtained but not shown). The optimal temperature of
rHTA regarding to PHB synthase activity was about 70°C with an
optimal pH near to 7.5. The K, value for PHB synthase activity,
as was estimated by the double-reciprocal plot of velocity vs
3-B-hydroxybutyryl-CoA concentration was 0.25 mM.
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Figure 3: Inactivation of the rHTA synthase activity by CoA.
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Figure 4: Inactivation of the rHTA synthase activity by IAA at pH 8.5 (-¢-) and pH 6.5 (-m-).
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The effect of CoA on the purified rHTA from T. thermophilus was
also examined. Various amounts of CoA were pre-incubated for 30

min with 60 pg of the purified rHTA prior to the determination
of PHB synthase activity. The same amount of CoA was added
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in the control samples. PHB synthase activity was inhibited
approximately 62% by the presence of 200 uM CoA and 75.2%
with 500 puM of CoA, respectively (Figure 3). In addition, as shown
in (Figure 4), when various concentrations of IAA were pre-
incubated with 40 pg of the rHTA, an inhibition of enzyme activity
was observed. At pH 8.5, a 65.5% inhibition was observed when

2.5 mM of IAA was used, indicating that a cysteine is involved
in the catalytic site of the enzyme. As the pH of the assay buffer
was decreased 6.5, a small decrease in the enzyme activity was
observed. The same experiment was also conducted after 30 min
of pre-incubation of rHTA with 10 mM 3-f-hydroxybutyryl-CoA,
revealing the same inhibition at both pHs.
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Figure 5: Effect of acetylCoA (-m-) and acetylphosphate (-¢-) on the rHTA synthase activity.
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Two putative activators of PHA synthases, acetyl-CoA and
acetyl phosphate were also tested for the in vitro activation of
purified enzyme. Various amounts of these compounds were pre-
incubated for 30 min with 4.0 pg of the purified enzyme prior to
PHB synthase determination. The intermediate of PHA synthesis,
the acetyl-CoA, at concentration of 3.0 mM, activates the purified
enzyme approximately 8.5-fold. Similarly, acetyl phosphate, a
putative activator of PHA synthase, activates the recombinant
enzyme to 1.5-fold (Figure 5). NADH and NADPH were also used
in various concentrations up to 2.5 mM without any effect on
the enzyme activity. When the oxidized forms NAD* and NADP
were tested, an inhibition of approximately 25% was observed at
2.5 mM of both compounds data not shown. Experiments were
performed in duplicates, and mean value is presented in all figures.

In vitro inactivation of rHTA by dephosphorylation

To test if rHTA 1is post-translationally modified by
phosphorylation, partially purified rHTA (Protino Ni-IDA column)
was incubated with increasing amounts of calf intestinal alkaline
phosphatase bound to agarose and its activity was gradually
decreased (data not shown), suggesting that the PHA synthase
activity of rHTA is possibly regulated by a phosphorylation-
dephosphorylation reaction.

In vitro PHB synthesis by rHTA

The in vitro polymerization of 3HB-CoA to PHB was performed
by the purified rHTA, as described in Materials and Methods. A
protein-free polymerization reaction was used as the negative
control. At various time intervals, aliquots were removed from
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the polymerization reaction mixture and release of CoA was
assayed with DTNB. As shown in (Figure 6), a linear increase
of liberated CoA was observed, indicating the incorporation of
B-hydroxybutyryl unit into the synthesized polymer. At the end
of the reaction, synthesized PHB was extracted with chloroform
and incubated with concentrated sulphuric acid as previously
described [38]. The crotonic acid that was formed from PHB
acid-catalyzed [-elimination, was analysed by HPLC on an
Aminex HPX-87H column (Bio-Rad) as described in Materials
and Methods. As shown in (Figure 7) a peak was observed at
17.633 min of retention time, corresponding to the crotonic acid.
The determined cPHB content of the sample was 27.97 uM. The
existence of a characteristic peak at approximately 1740 cm-1
in an IR spectrum also confirmed the in vitro PHB synthesis by
purified rHTA (Figure 8).

Affinity with PHB granules

The affinity of rHTA with PHB granules was studied by
incubating a crude extract of rHTA with PHB (Sigma), as described
in Materials and Methods. All fractions were analyzed on 10%
w/v SDS polyacrylamide gel and stained either with silver nitrate
(Figure 9a), or immunostained with anti-His (Figure 9b). As
shown in figure 9alane 6, a major band corresponding to rHTA was
observed in proteins eluted from PHB granules. Immunobloting
with anti-His (Figure 9b, lane 6) also confirmed the existence of
rHTA in the elution fraction, suggesting that rHTA has high affinity
to PHB granules. It is interesting that the purification performed
with PHB granules was even better than the purification achieved
with Protino Ni-IDA (Figure 9).
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Figure 6: Evaluation of released CoA during in vitro PHB polymerization. The concentration of released CoA was determined by DTNB. A
protein-free polymerization reaction was used as negative control.
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Figure 8: FTIR spectrum of the PHB polymer produced in vitro by T. thermophilus rHTA enzyme.
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Figure 9: Affinity of rHTA to PHB granules. SDS-PAGE of all fractions obtained when a crude extract of rHTA was incubated with PHB
granules. a) silver staining of the gel, and b) immunostaining of the gel with anti-His. Lane 1: protein markers (ProSieve), lane 2: crude
extract of rHTA, lane 3: flow through, lanes 4 and 5: first and second wash, lane 6: eluent with 0.5 M NaCl.
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Figure 10: Prediction of the transmembrane domains of HTA using InterProScan software (EMBL-EBI).
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Deletion of the transmebrane domains of rHTA

To study whether the transmembrane domains of rHTA are
responsible for its binding to PHB granules, three truncated
variants of rHTA were constructed and their affinity with PHB was
determined as described with the full-length protein.

InterProScan software package (EMBL-EBI) was used to
determine the transmembrane domains of rHTA as shown in
(Figure 10). Three transmembrane domains were identified
at 75-84, 128-136 and 184-194 aa of rHTA. Deletion of these
domains was achieved by PCR using primers downstream of the
corresponding coding sequences, as described in Material and
Methods. The truncated variants of rHTA were overexpressed
after IPTG induction and the crude extracts of each variant was

incubated with PHB granules under the same conditions used for
the full length of rHTA. Analysis of all fractions with SDS-PAGE
electrophoresis followed by staining with silver nitrate revealed
that the truncated variants of rHTA have no affinity with PHB.

PHA production by recombinant E. coli

To determine the PHA content of transformed E. coli
BL21(DE3) cells harboring pET29c hta as well as polymer
composition, 15 mg of lyophilized cells were subjected to
methanolysis as previously described [41,42]. The resulted
3-hydroxyalkanoic methyl esters were determined by GC analysis,
while various 3-hydroxyalkanoic acid methyl ester standards were
also analyzed under the exact same conditions. The standards
employed in the analysis were methyl 3-hydroxybutyrate (m3HB),
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methyl 3-hydroxyvalerate (m3HV), methyl 3-hydroxyhexanoate
(m3HE), methyl 3-hydroxyoctanoate @ (m3HO), methyl
3-hydroxynonanoate (m3HNN), methyl 3-hydroxydecanoate
(m3HD), methyl 3-hydroxyundecanoate (m3HUD) and methyl
3-hydroxydodecanoate (m3HDD). The retention time for each
standard is presented in Figure 11a. As shown in figure 11b (black
line), the GC analysis of the polymer produced by the transformed

E. coli cells revealed the presence of pentanoic, nonanoic, and
undecanoic acid monomers, as determined by the retention time
of the corresponding peaks. GC analysis of the methanolysis
products from E. coli cells not carrying the pET29c_hta revealed
no detectable peaks, indicating the absence of PHA accumulation
(Figure 11).
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Figure 11: GC analysis of: (a) pure 3-hydroxyalkanoic acid methyl ester standards - m3HB (C4), m3HV (C5), m3HE (C6), m3HO (C8),
m3HNN (C9), m3HD (C10), m3HUD (C11) and m3HDD (C12), and (b) 15 mg dry cell mass of E. coli transformed with pET29¢c_hta,
following methanolysis (black line); the green line corresponds to control E. coli cells without pET29c_hta.
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Discussion ahomoserine transacetylase [28], its structural features suggested
) ) . ) ) potential PHA synthase activity. Homoserine transacetylases are
This study aimed to identify the gene encoding . .
members of the a/B-hydrolase superfamily and it was found that

polyhydroxyalkanoate (PHA) synthase in T thermophilus HBS,
a thermophilic bacterium previously characterized as a PHA-
accumulating microorganism [27]. Our group has previously
purified and biochemically characterized two PHA biosynthetic
enzymes, a PHA synthase and a [-ketothiolase [45,27]. A
genome-wide survey for loci exhibiting an a/f3-hydrolase fold
and containing the conserved G-X-S/C-X-G lipase box motif in
T thermophilus HB8 identified the TTHA0759 locus. Although
bioinformatic analysis previously annotated this locus as encoding

the G-G-S-X-G-G sequence is conserved among HTAs. There are
also three conserved serine, two histidine and six aspartic acid
residues [19].

Previous studies on TmHTA [18] and Haemophilus influenzae
HTA [19] demonstrated that acetyl-CoA is the favoured acyl-
donor, while D-homoserine and L-homoserine are the best acyl
acceptors. Acyl donors such as, butyryl-CoA and -hydroxybutyryl-
CoA displayed minimal activity with TmHTA, while HiHTA is able
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to accommodate four carbon acyl side chains, such as butyryl-CoA
[19]. When purified rHTA transacetylase activity was assayed
using acetyl-CoA and L-homoserine as substrates, the K for
acetyl-CoA was 110 pM, a value very close to 130 + 20 uM of
TmHTA and 140 + 10 uM of HiHTA. The optimum temperature of
rHTA was around 70°C as expected for an enzyme expressed by a
thermophilic bacterium.

To confirm that HTA of T thermophilus HB8 also functions
as a PHA synthase, purified rHTA was subjected to a standard
PHA synthase assay. The enzyme exhibited significant synthase
activity, and its kinetic properties were compared with those of
other known PHA synthases. The K value of the purified rHTA,
as calculated from the double-reciprocal plot of reaction velocity
versus 3-f-hydroxybutyryl-CoA concentration, was 0.25mM,
identical to the K value reported for the native PHA synthase of
T thermophilus [27]. Notably, the synthase activity was markedly
reduced following dephosphorylation of the purified rHTA by an
alkaline phosphatase, suggesting that phosphorylation is a crucial
post-translational modification for its catalytic function. The same
loss of activity upon dephosphorylation has also been observed in
the native T thermophilus PHA synthase and in other PHA or PHB
synthases [46,47].

Studies on Thermotoga maritima HTA showed that TmHTA
contains the putative catalytic cysteine residue of the homoserine
transsuccinylase (HTS) family [18] suggesting that in some
members of HTA family the serine residue of the lipase box is
replaced by cysteine. Inactivation of rHTA activity was studied
with [AA indicating that a cysteine residue is involved in the
catalyticsite of this enzyme and that T thermophilus HTA is another
member of the HTA family that has a catalytic cysteine residue
instead of serine. Inactivation by IAA was also revealed in the
native PHA synthase of T thermophilus [27] and it is in accordance
with all PHA synthases, where the residues cysteine, aspartate
and histidine were shown to be essential for covalent catalysis.
Cysteine is the catalytic nucleophile, histidine activates cysteine
and aspartate functions as a general base to activate the 3-hydroxyl
group of HBCoA, or a covalently bound HB for nucleophilic attack
[48]. A proposed mechanism for the homoserine transacetylase
activity and synthase activity of the rHTA is given in in figure
12. For both reactions an intermediate with the substrate is
formed, attached to the thiol group of cysteine residue, and CoA
is removed. In the transacetylase reaction, the acyl moiety is
transferred to L-homoserine, while in the synthase reaction the
hydroxyacyl moiety is transferred to another hydroxyacyl moiety
thus forming the polymer chain.

To evaluate the synthase activity of rHTA in comparison
with the native PHA synthase from T thermophilus and with
other known PHA synthases, various compounds recognized as
PHA synthase activators or inhibitors were tested. Acetyl-CoA,
an intermediate of PHA biosynthesis, and acetylphosphate, a
putative activator of PHA synthase, at a concentration of 2.5 mM

enhanced the activity of purified rHTA by approximately 8.5-fold
and 1.5-fold, respectively, consistent with the activation patterns
observed in other PHA synthases, including the native synthase
from T thermophilus [27]. NADH and NADPH were also tested at
concentration up to 2.5 mM, without any effect on the enzyme
activity, while NAD+ and NADP at the same concentration led to
a ~25% inhibition of enzyme activity. Notably, previous studies
reported that NADH and NADPH do not alter synthase activity.
However, the effect of NAD* and NADP on synthase activity was
more profound resulting in the total loss of enzyme activity.

The most convincing evidence that rHTA of T. thermophilus
HB8 exhibits PHA synthase activity includes (i) its ability to
catalyze the in vitro polymerization of 3-B-hydroxybutyryl-CoA
into PHB, (ii) its strong affinity for PHB granules, and (iii) the
production of PHAs in E. coli cells transformed with pET29c_hta,
observed only upon IPTG induction, as confirmed by GC analysis
of methanolysis products from the dry cell mass (Figure 11b).

In the first case, the formation of PHB granules was confirmed
through multiple analytical approaches: (i) CoA release was
monitored, indicating the incorporation of (-hydroxybutyryl
unit into the produced polymer, (ii) the synthesized polymer
was subjected to concentrated sulfuric acid treatment at 92°C
for 8 hours, resulting in the formation of crotonic acid, which
was subsequently detected by HPLC; and (iii) a characteristic
peak at 1740 cm™ was appeared in the IR spectrum, consistent
with previously reported data [38,49,50]. In vitro polymerization
of 3HBCoA into PHB was demonstrated by PHA synthases from
various microorganism, such as Chromatium vinosum [49] and
Alcaligenes eutrophus [50]. Parameters that affect PHB formation
were studied and provided useful information required to
optimize the PHA production process in bacteria and recombinant
microorganisms.

Previous studies have shown that PHA synthase exhibits strong
affinity for PHB granules and is covalently anchored to granule
surface [9]. Moreover, the N-terminal region of PHA synthases
has been successfully employed as a tag for the purification of
recombinant proteins using PHB granules as a matrix [51-53].
In our study, the affinity of crude rHTA for PHB was assessed as
described in the Results section. Elution of bound proteins with
0.5 M NacCl followed by SDS-PAGE analysis revealed a prominent
band corresponding to rHTA, indicating its high affinity for PHB
granules. Notably, the purification achieved using PHB granules
exceeded that obtained with the Protino Ni-IDA column.

In PHA-accumulating cells, PHA granules are typically
surrounded by a phospholipid monolayer embedded with or
associated to various proteins, notably PHA synthase [54]. To
investigate the potential interaction between PHB synthase
and the cytoplasmic membrane, R. eutropha PHB-4 cells
(deficient in endogenous PHB synthase) were transformed with
a plasmid encoding a phaC-eGFP fusion protein. Fluorescence
microscopy revealed significant fluorescence signals along with
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the cytoplasmic membrane and occasionally minute signals at
the cell periphery in the form of very tiny granular spots [54].
These observations suggest that the fusion protein may be
associated with the membrane, potentially reflecting the native
localization behavior of PHB synthase. In our study, deletion of
the transmembrane domains resulted in the loss of PHB-binding
activity. This suggests that the transmembrane domains of T
thermophilus HTA play a crucial role in anchoring or orienting HTA
in a way that facilitates PHB interaction. It is possible that these
domains contribute to the structural conformation necessary for
binding, or they may help localize HTA to membrane regions rich
in PHB precursors.

Finally, the detection of 3-hydroxyalkanoic acid methyl
esters via GC analysis of the methanolysis product of E. coli cells
transformed with pET29c_hta confirms the biosynthesis of PHAs.
Specifically, the presence of peaks corresponding to pentanoic,
nonanoic, and undecanoic acid monomers suggests that the
recombinant strain is capable of producing medium-chain-length
PHAs. The lack of detectable peaks in the GC analysis of the
methanolysis of E. coli control cells indicates that the observed
polymer production is not due to endogenous metabolic activity
of E. coli, instead it represents a direct consequence of the genetic
construct that was introduced.

In conclusion, our findings revealed that hta gene of
T thermophilus HB8 encodes a protein with homoserine
transacetylase activity that also functions as a PHA synthase.
In vitro PHB biosynthesis was also established with rHTA of T
thermophilus. Further studies are needed to optimize in vitro
PHB formation and to elucidate PHA biosynthetic pathway in T.
thermophilus HB8.
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