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Pseudomonas lemoignei Has Five Poly(hydroxyalkanoic Acid)
(PHA) Depolymerase Genes: A Comparative Study of
Bacterial and Eukaryotic PHA Depolymerases*

Bernd Holger Briese,' Bernhard Schmidt,” and Dieter Jendrossek'*

Four polyhydroxyalkanoate (PHA) depolymerases were purified from the culture fluid of Pseu-
domonas lemoignei: poly(3-hydroxybutyrate) (PHB), depolymerase A (M,, 55.000), and PHB
depolymerase B (M,, 67,000) were specific for PHB and copolymers of 3-hydroxybutyrate (3HB)
and 3-hydroxyvalerate (3HV) as substrates. The third depolymerase additionally hydrolyzed
poly(3-hydroxyvalerate) (PHV) at high rates (PHV depolymerase; M,, 54,000). The N-terminal
amino acid sequences of the three purified proteins, of a fourth partially purified depolymerase
(PHB depolymerase C), and of the PHB depolymerases of Comamonas sp. were determined. Four
PHA depolymerase genes of P. lemoignei ( phaZl, phaZ2, phaZ3, and phaZ4) have been cloned
in Escherichia coli, and the nucleotide sequence of phaZl has been determined recently (D. Jen-
drossek, B. Miiller, and H. G. Schlegel, Eur. J. Biochem. 218, 701-710, 1993). In this study the
nucleotide sequences of phaZ2 and phaZ3 were determined. PhaZl, phaZ2, and phaZ4 were
identified to encode PHB depolymerase C, PHB depolymerase B, and PHV depolymerase, re-
spectively. PhaZ3 coded for a novel PHB depolymerase of P. lemoignei, named PHB depoly-
merase D. None of the four genes harbored the PHB depolymerase A gene, which is predicted to
be encoded by a fifth depolymerase gene of P. lemoignei (phaZ5) and which has not been cloned
yet. The deduced amino acid sequences of phaZl-phaZ3 revealed high homologies to each other
(68-72%) and medium homologies to the PHB depolymerase gene of Alcaligenes faecalis T, (25-
34%). Typical leader peptide amino acid sequences, lipase consensus sequences (Gly-Xaa-Ser-
Xaa-Gly), and unusually high proportions of threonine near the C terminus were found in PhaZl,
PhaZ2, and PhaZ3. Considering the biochemical data of the purified proteins and the amino acid
sequences, PHA depolymerases of P. lemoignei are most probably serine hydrolases containing
a catalytical triad of Asp, His, and Ser similar to that of lipases. A comparison of biochemical
and genetic data of various eubacterial and one eukaryotic PHA depolymerases is provided also.
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INTRODUCTION

Polyhydroxyalkanoates, (PHA)* are polyesters of
hydroxyalkanoic acids which are synthesized and ac-
cumulated intracellularly during unbalanced growth by
a large variety of bacteria. They are deposited as inclu-
sion bodies and can amount to 90% of the cell dry weight
{13, 55, 57]. The monomeric composition of PHA de-
pends on the species and the applied carbon sources (re-
viewed in Refs. 1, 9, 62, and 63).

The ability to degrade extracellular PHA and to use
the degradation products as sources of carbon and en-
ergy depends on the secretion of specific PHA depoly-
merases which hydrolyze the polymer to water-soluble
products [6, 7). Aerobic and anaerobic PHB-degrading
bacteria and fungi are widely distributed and have been
isolated from various ecosystems such as soil, compost,
aerobic and anaerobic sewage sludge, lake and marine
water, estuarine sediment, and air [3a, 4-7, 25, 26, 34,
35, 37, 42, 66, 76). Most PHA-degrading bacteria syn-
thesize only one depolymerase. However, Pseudo-
monas lemoignei was found to have at least five PHA
depolymerases: two PHB depolymerases (A and B) were
described about 30 years ago [7, 33], each of which
could be separated into two isoenzymes [43]. A third
depolymerase (PHV depolymerase) was isolated by
Miiller and Jendrossek recently {41]. Genetic experi-
ments provided evidence for the presence of two addi-
tional PHB depolymerases in P. lemoignei (PHB de-
polymerases C and D) [27].

All PHA-degrading organisms analyzed so far are
restricted to the degradation of PHA, with only a little
variation in the length of the carbon chain of the mono-
mer. This specificity of the bacteria toward the polymer
is attributed to the substrate specificity of their PHA de-
polymerases: the PHB depolymerases of Alcaligenes
faecalis, P. lemoignei, and Comamonas sp. are specific
for short-chain length hydroxyalkanoic acids (SCL-HA),
such as PHB and copolymers of 3-hydroxybutyrate
(3HB), 3-hydroxypropionate, and 4-hydroxybutyrate,

* Abbreviations used: MCL-HA, medium-chain length hydroxyalka-
noic acids; SCL-HA, short-chain length hydroxyalkanoic acids: 3HB.
3-hydroxybutyric acid: 3HV, 3-hydroxyvaleric acid; PAS, periodic
acid-Schiff reagent: PHA, poly(hydroxyalkanoic acid), PHB,
poly(3-hydroxybutyric acid): PHV, poly(3-hydroxyvaleric acid);
PHO, poly(3-hydroxyoctanoic acid); PNPB, paranitrophenylbuty-
rate; PMSF, paramethylsulfonylfiuoride; DFP, diisopropyifiuoryl-
phosphate, LB, Luria-Bertani broth; NB, nutrient broth; SDS-PAGE,
sodium dodecyl sulfate-polyacrylamide gel electrophoresis; BSA,
bovine serum albumin.
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and could not hydrolyze PHA consisting of medium-
chain length hydroxyalkanoic acids (MCL-HA). The
specific activity of the depolymerases decreased as the
proportion of 3-hydroxyvalerate (3HV) increased in co-
polymers of 3HB and 3HV, and it was rather low for
the homopolyester PHV {10, 26]. Only the PHV de-
polymerase of P. lemoignei hydrolyzed both homo- and
copolyesters of 3HB and 3HV at high rates [41]. Re-
cently, bacteria with the ability to degrade PHO and
other MCL-PHA have been isolated [54]. The purified
PHO depolymerase of P. fluorescens GK13 is specific
for MCL-HA and does not hydrolyze PHB or similar
SCL-HA.

Extracellular PHA depolymerases usually consist
of a single polypeptide of relatively low molecular
weight (M,, 36,000 to 67,000). Only the PHO depoly-
merase of P. fluorescens GK13 is composed of two
identical polypeptides (M,, 26,000) [54). The pH op-
tima of most bacterial depolymerases are in the alkaline
range, at 7.5 (A. faecalis [66]), 8.0 (PHB depolymer-
ases A and B and PHV depolymerase of P. lemoignei
{41, 43]), 9.4 (Comamonas, sp. {26]), and 9.5 (C. tes-
rosteroni [42]). Interestingly, the pH optima of eukar-
yotic depolymerases were in the neutral or acid range,
at 7.0 (mold isolate DM2 [35]) and 6.0 ( penicillium
Sfuniculosum [4]), and the PHB depolymerase of P. pick-
ettii was found to be most active, at 5.5 [76].

Little is known about the genes and the protein
structures of extracellular PHA depolymerases. Re-
cently, 11 recombinant strains of Escherichia coli were
isolated from a genomic library of P. lemoignei which
expressed PHB depolymerase activity. Four clones har-
bored different DNA loci [27]. One of the genes ( phaZl)
and the PHB depolymerase gene of A. faecalis T, {49]
have been sequenced [27]. Both deduced amino acid se-
quences contain leader peptides and reveal an amino acid
identity of 25% to each other. Inhibitor studies with
paramethylsulfonylfluoride (PMSF) and diisopropyl-
fluorylphosphate (DFP) have shown that both depoly-
merases might be serine hydrolases [33, 41, 66]. A typ-
ical lipase consensus sequence with the central serine
(Gly-Xaa-Ser-Xaa-Gly) is also present in both se-
quences and may represent the active center of the en-
zyme. However, recent studies on the active center of
the A. faecalis depolymerase by DFP inhibitor studies
predict the involvement of another serine residue [51].

In this contribution we extended our genetic studies
on the depolymerase genes of P. lemoignei. We ana-
lyzed three PHA depolymerase genes and provide evi-
dence that the depolymerases studied belong to the serine
hydrolase family.
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MATERIALS AND METHODS

Bacterial Strains, Plasmids, Media, and Growth
Conditions

All strains and plasmids used in this study are listed
in Table 1. Bacteria were grown in mineral salts medium
{56] or a complex medium such as Luria-Bertani broth
(LB) [52] or nutrient broth (NB; 0.8%, w/v) at 30 or
37°C. For accumulation of PHA the concentration of
NH,C! was reduced to 0.05% (w/v). Carbon sources
(PHB and sodium salts of gluconate, valerate, and 3HB)
were applied from stock solutions of 3 to 20% (w/v).
Solid media were prepared by the addition of 1.4%
{w/v) agar.

Preparation of PHA Granules

The homopolyesters PHB and PHV were isolated
from gluconate-grown cells of A. eurrophus H16 and
valerate-grown cells of Chromobacterium violaceum,
respectively, by sodium hypochlorite treatment and pu-
rification by extraction with acetone/diethyl ether as de-
scribed previously [26, 41, 64].

Assays of PHB and PHV Depolymerase

A quick and simple procedure for estimating the
activities of PHB depolymerase and PHV depolymerase
was performed by a spot test on indicator plates: 3 ml
hot liquid medium containing 0.2-0.6% (w/v) sonicated
PHB or PHV granules and 1.4% (w/v) agar in 100 mM
Tris-HCI, pH 8.0, was poured onto prewarmed (37°C)
glass slides (76 X 26 mm). After solidification of the
agar 2-4 ul enzyme solution was dropped onto the sur-
face and incubated at 45°C for several hours. The di-
ameters of the resulting cleared zones indicated semi-
quantitatively the activities of the depolymerases.

DNA Sequence Analysis

DNA sequencing was performed by the dideoxy-
chain termination method [53] using alkaline-denatured
double-stranded plasmid DNA. A T7-polymerase se-
quencing kit from Pharmacia-LKB (Uppsala, Sweden)
was used with [**S]dATP[aS]. (G + C)-rich regions
were additionally sequenced using 7-deazaguanosine-5’-
triphosphate instead of dGTP.

DNA sequence data and deduced amino acid se-
quences were analyzed with the Sequence Analysis
Package (Version 6.2, June 1990) [8] using sequence
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Table 1. Bacterial Strains and Plasmids Used in this Study

Relevant

Strain or plasmid characteristic Source or reference

Alcaligenes eutrophus  Source of PHB DSM428, ATCC17699

H16
A. faecalis T, Growth on PHB  [66]
Chromobacterium Source of PHV DSM30191 [64]
violaceum

Growth on PHB
Growth on PHB

DSM6781 [26]
LMG2207 7]

Comarmonas sp.
Pseudomonas

lemoignei and PHV

Escherichia coli phaZ2 This study, [27]
JM83 (pSK479)

Escherichia coli phaZl This study, [27]
JM83 (pSK480)

Escherichia coli phaZ3 This study, [27)
IM83 (pSK487)

Escherichia coli phaZ4 This study, [27]

IM83 (pSK612)

databases of Gene Bank, EMBL, and Swissport (re-
lease: spring 1993).

Hybridization Experiments

Southern blots of agarose-gel electrophoretically
separated DNA restriction fragments on positively
charged Nylon membranes (Pall  Filtrations-
technik, Dreieich, Germany) were hybridized with
a  ’p-labeled  oligonucleotide  mixture  [5'-
(AGTT(AGCT)GGAGCT)GT(AGCTYCC(AG)TA-3']
synthesized in a Gene Assembler Plus apparatus (Phar-
macia-LKB) according to the protocol of the manufac-
turer [52].

Purification of Proteins

The purification of PHA depolymerases from P. le-
moignei was performed from the culture fluid of (i) suc-
cinate-growth cells and (ii) valerate-grown cells as de-
scribed recently [41]. The purification of the PHB
depolymerase from Comamonas sp. was performed from
the culture fluid of P(3HB)-grown cells according to the
method of Jendrossek et al. [26].

For analysis of recombinant E. coli clones in liquid
culture, bacteria were grown at 37°C in 300-mi flasks
containing 50 ml mineral medium, 0.5% (v/v) glycerol,
0.01% {w/v) proline, 0.005% (w/v) thiamine, and 50
pg ampicillin/mi. At the end of exponential growth cells
were centrifugated (10 min, 5000g, 4°C), and the su-
pernatant was concentrated about 20-fold in dialysis bags
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against solid sucrose and dialyzed against 50 mM Tris-
HCI buffer, pH 7.5.

Determination of N-Terminal Amino Acid
Sequences

Forty to one hundred micrograms of purified de-
polymerase protein was separated by denaturing SDS-
PAGE, blotted to PVDF membranes (Millipore, Esch-
born, Germany), and stained with Coomassie blue.
Areas of deep color were cut out and subjected to an
automated Edman degradation using a 477A pulsed lig-
uid phase protein/peptide sequencer and a 120A online
PTA amino acid analyzer (both from Applied Biosys-
tems, Waiterstadt, Germany) according to the manufac-
turer’s instructions.

Gel Electrophoresis

Proteins were separated by native PAGE [61] or by
denaturing SDS-PAGE [30]. Phosphorylase b (M,,
94,000), albumin (M,, 67.000), ovalbumin (M,
43,000), carbonic anhydrase (M,, 30,000) trypsin inhib-
itor (M,, 20,100), and «-lactalbumin (M,, 14,400) were
used as molecular mass standard proteins. After electro-
phoresis, proteins were silver-stained [3] or subjected to
glycoprotein staining. For glycoprotein staining sucrose
and glycerol of the loading solution were replaced by
urea (80%, w/v).

Glycoprotein Staining

Staining for glycoproteins was performed using
three methods. (i) Proteins were separated gel electro-
phoretically, and the gel was subsequently subjected to
periodic acid-Schiff reagent (PAS) staining, according
to the method described by Segrest and Jackson [59].
Thyroglobulin and ovalbumin served as positive con-
trol, and bovine serum albumin (BSA) as negative con-
trol. (ii) Proteins were separated gel electrophoretically
and Western-blotted on PVDF membranes [69]. Detec-
tion of glycoproteins was performed using a DIG glycan
detection kit (Boehringer, Mannheim, Germany) ac-
cording to the manufacturer’'s instructions, with trans-
ferrin and creatinase as positive and negative controls,
respectively. (iii) Proteins were subjected to Ouchter-
lony double-diffusion tests according to the method de-
scribed by Oakley [44] using concanavalin A as the an-
tibody-like component. Thyroglobulin and ovalbumin
served as positive controls, and BSA as negative con-
trol.
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RESULTS

N-Terminal Amino Acid Sequences of PHA
Depolymerases from Pseudomonas lemoignei

The N-terminal amino acid sequences of various
PHA depolymerases were determined by Edman deg-
radation of the purified proteins. (i) PHB depolymerase
A of Pseudomonas lemoignei was purified from succi-
nate-grown cells. Interestingly, the 29 identified amino
acids of the amino end of PHB depolymerase A matched
the corresponding region of the PHB depolymerase of
Alcaligenes faecalis {49] except Phe,; and Tyrag, which
were changed to Tyr, and Pheag in A. faecalis (Fig. 1).
(ii) The PHV depolymerase of P. lemoignei was purified
from valerate-grown cells as described previously [41].
The N-terminal amino acid sequence revealed no ho-
mologies to any other depolymerase listed in Fig. 1. (iii)
While the synthesis of PHB depolymerase A is induced
during growth on succinate and that of PHV depoly-
merase is induced by valerate, the synthesis of PHB de-
polymerase B occurs during growth on both substrates
{41]. Since two very similar isoenzymes of PHB depoly-
merase B have been described {43], we isolated PHB
depolymerase B from both succinate-grown cells and
valerate-grown cells and determined the N-terminal
amino acid sequences to elucidate whether both proteins
were related or not. The 36 identified amino acids of
both PHB depolymerase B proteins were identical but
were clearly different from the N-terminal sequences of
the other depolymerases (Fig. 1). We assumed that both
preparations of PHB depolymerase represent PHB de-
polymerase B of P. lemoignei. (iv) However, when we
determined the N-terminal sequence of a contaminating
protein of partially purified PHB depolymerase B, 14 of
20 amino acids of this protein (70%) were identical to
the sequence of PHB depolymerase B, and no signifi-
cant homologies were found to any of the other depoly-
merases. We assumed that this protein represents a PHB
depolymerase related to PHB depolymerase B. This par-
tially purified protein was tentatively designated PHB
depolymerase C. (v) The N-terminal amino acid se-
quence of the PHB depolymerase purified from Coma-

.monas sp. [26] was not related to any of the other de-

polymerases listed in Fig. 1.

Analysis of PHB Depolymerase Genes of P.
lemoignei and Determination of the Nucleotide
Sequence

Recently, we described the cloning of four PHA
depolymerase genes from P. lemoignei [27]. The nu-
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P. lemoignei PHB depolymerase A

A. faecalis PHB depolymerase

P. lemoignei PHB depolymerase B
(from succinate-grown cells)

P. lemoignei PHB Depolymerase B
{from valerate-grown cells})

P. lemoignei PHB depolymerase C
P. lemoignei PHV Depolymerase

Comamonas sp. PHBR depolymerase
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1 . 10 . 20 . 30 36
ATAGPGAWSSQQTWAADS ?NGGNLTGFYY

ATAGPGAWSSQQTWAADSVNGGNLTGYFY

ATQVTGFGSNPGNLLMYKHVPSSMPANAPLVI?MHG

ATQVTGFGSNPGNLLMYKHVPSSMPANAPLVIAMHG

LTQVSNFGTNPGNLQMFKHV
LTPGSGAWVKESATYGTPNLQ

AVPLGQYNIATDQI(S)V(GIGL

Fig. 1. N-terminal amino acid sequences of PHA depolymerases. The amino acid sequences were determined by automated Edman degradation
of the purified proteins. Unidentified amino acids are given in parentheses or by question marks. The sequence from A. faecalis enzyme was taken

from Saito er al. [49].

cleotide sequence of one of these genes, phaZl, was
determined. When we compared the amino acid se-
quence deduced from the nucleotide sequence of phaZl
to the N-terminal amino acid sequences of the proteins
described above, we found complete identity of amino
acid Leusg to Valgg to the 20 N-terminal amino acids of
partially purified PHB depolymerase C. Therefore,
phaZl is the structural gene of PHB depolymerase C. In
addition, this result confirmed the accuracy of the pro-
posed leader peptide cleavage site for the prepeptide of
phaZl [27].

In this study, two additional PHB depolymerase
genes, phaZ2 and phaZ3, were analyzed. Both genes
were expressed in E. coli, and PHB depolymerase ac-
tivity was found in the culture fluid as indicated by the
drop test on PHB indicator slides (Fig. 2). Separation
of the extracellular proteins of the concentrated culture
fluid of recombinant E. coli harboring phaZ2 or phaZ3,
respectively, by SDS-PAGE revealed the presence of an
additional band of M, 41,000 + 3000 compared to the
control of both clones. The nucleotide sequences of
phaZ2 and phaZ3 were determined (Figs. 3A and B).
Two open reading frames, of 1302 and 1260 bp, were
identified for phaZ2 and phaZ3, respectively, which (i)
exhibited a bias for G or C in the third codon position,
(ii) revealed a codon usage similar to that of phaZl [27],
and (iii) were preceded by typical Shine-Dalgamo se-
quences (Figs. 3A and B). The regions 200 bp upstream
of phaZ2 and phaZ3 are very rich in (A + T) and con-

tain sequences similar to o’’-dependent promoters of E.
coli or the alg promoters of P. aeruginosa [29]. Down-
stream of phaZ2 and phaZ3 potential hairpin structures
of the deduced transcribed RNA were identified which
contain seven or six uracil residues at their 3’ ends and
may represent factor-independent termination signals
{47] (Figs. 3A and B).

PhaZ?2 and phaZ3 code for putative proteins of 433
amino acids, M, 45,600, or 419 amino acids, M, 43,900,
respectively. The N termini of the deduced amino acid
sequence contain three ( phaZ2) or two ( phaZ3) posi-
tively charged amino acids followed by a series of
mainly hydrophobic amino acids. This pattern is typical
for signal peptides, and a leader peptidase cleavage site
is predicted between Alas, and Alasg (PhaZ2) and be-
tween Ala;; and Leuqg (PhaZ3) [48, 72]. The M, of the
putative mature proteins was 41,800 (PhaZ2) and 41,200
(PhaZ3). All 36 identified amino acids of the N termi-
nus of PHB depolymerase B were identical to the de-
duced amino acids Alayg to Gly,; of phaZ2 (Fig. 4).
This indicated that phaZ2 is the PHB depolymerase B
structural gene of P. lemoignei and confirmed the ac-
curacy of the predicted leader peptidase cleavage site
(Fig. 4). No identity of the deduced amino acid se-
quence of phaZ3 with the N-terminal sequences of other
PHA depolymerases listed in Table II was found. How-
ever, PhaZl, PhaZ2, and PhaZ3 revealed a high amino
acid identity, 68 to 72%, to ecach other and a medium
identity, 25 to 34 %, to the depolymerase of A. faecalis.
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Fig. 2. PHB depolymerase drop test of the phaZ3 gene product of E.
coli. Two microliters of the concentrated cuiture fluid of E. coli
(pSK487) (1) and 2 u! of five subsequent 1 to 2 dilutions (2 to 6) (in
10 mM Tris-HCI, pH 8) were dropped on the surface of a PHB de-
polymerase indicator slide and incubated overnight at 45°C.

We concluded that phaZ3 encodes a PHB depolymer-
ase, which is closely related to PHB depolymerases B
and C of P. lemoignei. This depolymerase is tentatively
designated PHB depolymerase D.

Southern blots of four recombinant plasmids har-
boring phaZl, phaZ2, phaZ3, or phaZ4 were hybridized
with a **P-labeled oligonucleotide probe which was de-
duced from Tyr,s to Asn,g of the N terminus of the PHV
depolymerase (noncoding strand). Only the plasmid
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harboring phaZ4 hybridized with the probe and indi-
cated that phaZ4 is the PHV depolymerase structural
gene. Sequencing of phaZ4 is in progress.

As has been described for PhaZl [27], the amino
acid compositions of the putative mature proteins of
PhaZ2 (M,, 41,800) and PhaZ3 (M,, 41,200) also con-
tain an unusual high portion of 60 and 49 threonine mol-
ecules, respectively (corresponding to 15 and 13 mol %,
respectively), 27 (PhaZ2) or 22 (PhaZ3) of which are
clustered near the C terminus in four repetitions of four
to six threonine molecules (Fig. 4). These threonine res-
idues are part of an approximately 40-amino acid-long
sequence consisting of amino acids with characteristic
side chains: They are all uncharged (with the exception
of two lysine residues in PhaZ2), are unbranched, and
either are hydroxylated, such as threonine, serine, and
tyrosine, or are very small, such as glycine and alanine,
or are hydrophobic, such as valine and phenylalanine.
Other interesting features of the primary structures of
PhaZ2 and PhaZ3 are (i) the presence of the same lipase
consensus sequences (Gly-Leu-Ser-Ala-Gly [24, 46,
58, 73, 74}); (ii) the low fraction of charged amino acids
such as Arg, Asp, Glu, Lys, and His (57 amino acids
corresponding to 14 mol% and 57 amino acids corre-
sponding to 15 mol %, respectively); and (iii) the high
fractions of hydrophobic amino acids such as Ala, Ile
Met, Leu, Phe, Pro, Trp, and Val (123 amino acids cor-
responding to 31 mol% and 134 amino acids corre-
sponding to 34 mol %, respectively) and of amino acids
in the amide form (Asn and Gln; 37 amino acids cor-
responding to 9 mol % and 32 corresponding to 8 mol %,
respectively). The distribution of hydrophilic and hy-
drophobic amino acids results in a relatively hydropho-
bic protein with three major hydrophilic parts.

Glycoprotein Staining of Purified PHA
Depolymerases from Pseudomonas lemoignei

PhaZ2 was identified to encode the PHB depoly-
merase B gene of P. lemoignei. The relative molecular
mass, M,, of the deduced mature protein amounts to
41,800 and is significantly lower than that which had
been determined by SDS gel electrophoresis of the pur-
ified protein (67,000 [41]). We supposed that additional
components could be bound to the polypeptide. Since
glycosylation has been described for many extracellular
proteins of eukaryotes (recently reviewed by Lis and
Sharon [32]) and some extracellular proteins of bacteria
{reviewed by Lechner and Wieland [31}) including the
PHB depolymerase of Penicillium funiculosum {4}, we
subjected the purified PHB depolymerases A and B and
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A GATCACAGTACGCAGCCGGTTTTCAATCATAACCTCAATATCCGTGAGGTGAAAGATTGTGGCGGTATTGGCARCAAGATTTTACAAGAGCGAARAGCCA

s/D phaZ2
ACCCTTAAAAGTAGATCACATAAAAAATATTCAGGAGACATTTATGATGTCAAGTCAGACCACACAATCTTCGAAATTCTCGCTGTTCCTCAAGCGCGGG
CTTCTCCTTGCGGCAGCACCCTTGCTGGCAATGAGCGCATCCTCGGCTCTCGCTGCGACCCAGGTAACCGGCTTCGGCTCGAACCCCGGCAATCTTCTGA
TGTACARGCATGTGCCGTCCAGCATGCCGGCCAATGCGCCGCTGGTCATCGCCATGCATGGTTGCACCCAGAGCGCCTCTGCCTATGAAGCCACCGGCTG
GACCCAGCTCGCCAAMCACCTACAAGTTCTATGTGGTGTATCCGGAACAGCARAGCAGCAATAATCAGAACAAGTGCTTCAACTGGTTCGAGCCCGGCGAC
ATCGCGCGCGGCCAGGGCGAAGCCCTGTCGATCAAGCAAATGGTCGACAAGATGAAGGCAGACCACTCGATCGATACGARTCGTGTGTATGTCACAGGLC
TCGTCGGCGGGCGGTTACATGGTCAACGTCATGTTGGCTACTTATCCCGACGTCTTTGCCGGLGGCGLGCCTTTTTCGGGCGGTCCGTACAACTGCGCGAL
TTCGATGACCAATGCGTTCACCTGCATCAGCCCGGGCGTCGATAAAACTCCGGCTGCCTGGEGCGACCTGGCGUGCGGCGGCTACAGCGGCTATACCGGC
CGTAAGCCGATCGTATCGATCTGGCACGGCGATGCTGACTATACCGTCAAGCAATCCAATCAGGTCGAAGAAGTGGAGCAGTGGACCAARCTACCATGGCA
TCGACCAAACCGCAGACGTAAGCGACACGGTGGCCGGCTTCCCGCACAAGGTGTACAAGGATGCCAGCGGTAATGCGCTCGTGGAAACCTATACCATCAC
CGGCATGGGTCATGGCACTCCGGTTGATCCGGGCACCGGCTCCCTGCARATGCGGCACCGCTGGCGCCTATATCCTCGATGTGAATATCTGCTCGAGCTAT
TACGTTGCCAAGTTCTGGGGATTGATCGGCGGTAGCGGCACCACCACGACCACGTCGGCTGGCACCACTACGACTACGTCGGCAGGAARCCACCACGACTA
AGGCTTCAACCACGACCACCAAGGTTTCCACTACAACTACTGCATCCACCACGACGACAACTGCAGGCGCTTGCTACAACTCGAGCAACTACGCGCACGT
GACGGCTGGTCGTGCTCATGACACCGGTGGCTATGCATATACCAACGGTTCCGAACCAGAAGATGGGGCTGAACAACACCTTCTACACCAGCAAGCTGCGT

B EEE—
AAGACCGGTACCAATTACTACGTCATCGACACTACTTGCCCGTAATAGGCAACATGGAGCGCGCTGTTGCGGCGCGCACCAAAGCAAAGCGGATCCAATG

GATCCGCTTTTTTTATGCCAAGTTACCGGTGGTATGGGGCGACARCACTTTARAAGTGGCCCGGCTATCTGTCTGCCACTCGATAAAGCTTTATGGTAGT
TABATAGTTTTGCTAGCCGTGATGTCGTGTTGAGTTGTGATAGCCGGCGCAGGCAAAATTTCACCGACCAGGAATTCGGGGCGGCCTTTGATTTCATCGA
AGATCTGCGCCAGATACGCGCCCAGGATACCGATGCCAAGCAGGTTGGCGGAACCGAAGAACAGCACGACCACAGTCATCGATGTCCATCCCGACACGGL
GACGTGCGTAAACCACGAGTAGACCGCCTGCAGTAATAGCAGGAAAGCAGCCAGCATGCCGAACAGGCCGAGACGGAACACGATCGACAGCGGCTTGGLG
CTATAGGAAGTAATCGCCGTGACGGCTAGGCGCATCAGCTGCGCTGTGCTCCACTGGCTGCTGCCGGCGATCCGTGGCGCCACATCGAAGGCCARAGGGCA
CCGTGGTARATCCCGTCCAARCGGTCATGCCGCGGAAGAAGCGAATCTTTTCCGGGAAAGCCAGCAGCGTATCGACCACGCGCCGGTCCAACAGCCGARA
ATCGGAGGCGCCTTCGAGATC 2121

GATCCTGCGGCAATCCATTGTCGCGCGCAAAATAGTTGAATGTACCCTTGGGAATGACGCCCAATGGCAGGCCGGTACTGATGACTTGTTGCGCGACGGT
GCGGATCGTGCCATCGCCGCCTGCCGCGACGATGACGCCGTTATGGGAGCCGGCARGTTCGACCGCGCGCCTGATCAGGGAACTCAAGTCCCTGCTTITTC
CGGCACAGGAGTATTTCACCGGGATGGCCTGCTTCGCGAAGCTGTCGGTCGATTGCGTCTCGCGCGGCATCGGCGTTTCTGCGGCCTGAGCCGGCATTCA
TGACTATGAACAGCGGGCGGTGCTCTTCTCCGGCAGAGGCAATGGTTTCCCCGGGGTGGAAGCCTGATGCCTGAACCTCATTCCGGTCAGAAGATGTCGC
CATTGAAATCCTTTAGAGAAATTTCCAACCAGCTCATACATTGCCGGGT TGGCAAACAACGTCGGCTTACTTGGATTGGAGTATTTTTGGCAATAGAAAA
TTCCATTCGTTACTGTCAAAARATACAGCCAATACCGAAGGGACTAAGCACGGTARAAATTGTTAATTTTTTTTAAAGTTTGACTGGCCGAAATGCCAGT
TTTCCGGCTGGCAACTAGTCGCTAATATTGCTCCAATTTICTTCGCAGCAACACAGCATGAACGTATATARATGAGCAGCGAAGAATCAACCGAACGCCCA
s/D phaz3
TTGGGGGAGACATGAATAAATATCTGAAAAATCTTTGCTTTGCCGCTGCAACCGTAACCCTGATGGCCTCCGCACCTTCGGCCTTCGCGCTGAGCGAAGT
GACCGGCTTCGGCACCAATCCTGGTGCGCTCGAAGATGTTCAAGCATGTGCCGACCAGCATGCCGACCAATGCGCCGCTGATCGTGGCGATGCACGGCTGC
ACCCAATCGGCGTCGGCGTATGAAGGCAGCGGCTGGAGCGCGCTGGCCAARCAATTACAAGTTCTACGTCGTCTATCCGGAGCAGCAAAGCGGCAACAATT
CCAACAAGTGCTTCAACTGGTTCGAATCGGGTGATATCGCGCGCGGCCAGGGCGAARGCCTTGTCGATCAAGCARATGGTCGACAAGATGAAGGCGGATTA
CAGCATCGATGCCAATCGCGTCTACGTTACCGGCTTGTCGGCCGGCGCGTTCATGACGGCAGTCATGGCGGCGACTTATCCGGATGTGTTTGCCGGCGCC
GCGCCGATTGCCGGCGGGCCCTACAAGTGLGCTACCTCGATGATCGATGCATTCAGCTGCATGAGCCCGGGTACCGACAAGACTCCTGCTGCCTGGGGCS
ATCTGGCGCGCGGCGGTTATTCAGGTTACAACGGCCGCAAGCCGAAGATCTCGGTCTGGCAGGGCTCGTCCGATACCACGGTCAAGCCGATGAACATGGA
TGAGTTGATGCAGCAGTGGACCAACTACCATGGCATCGACCAGACCGCCGACGTCAGCGAGACCGTCAAGGGCTTCCCGCACAAGGTTTACAAGGATGCA
TCCGGTAACGCCCTGGTGGAAACCTGGTCGATCACCGGCATGGUGCATGGCACGCCGGTCGATCCGGGCACCGGTGCCGAACAGTGCGGTACCTCCGGTT
CCTACATCCTCGATGTGAACATCTGCTCCAGCTACCACATCGCCCAGTTCTTCGGCCTGACCGGCGCCGGCACCACGACCACCACGACCGTGGGTTCGAC
CAGCACCACCACCGGCTACACCAGCACGTCCAGCGCGCCGGTAACCACGACGACAAGCGTGGCCAGCACGACAACTACGACGGTGGCAGCCGGTGCTTGC
TACAACGCCAGCAACTATGCCCACGTGACCGCCGGCCGTGCAGTCAACAGCATGGGGTATGCGARGGCCAAAGGCTCGAACCAGAACATGGGCTTGTATA

ACACCTTCACGACGTCCAAGCTGCGTGAAGCGCCGGCAGGCTACTTCACCATCGACAGTACCTGCCCGTARCCTTATAACAGGCTCGAATCGCGGGAGAC

T S —
GTTCCCGCCTTTACAACGGACCTTCGGGTCCGTTTTTTATGGAAACGACTTACTTATGAATTTTTTGTTGCTGATTICGCTTTATCGCTCCCTGARAGTGA
TGACAAATCCTTGCGCATCTTCTTCAGGTAGGCGAGTATCGACTGTATAACGATAGGCCCGGCAGGAGTGCATCGARATGCGTCTGCAGGCAGCARGCGTA
AAACAACAATGGCAGGAGAGGGACGATGTATAACGTTCAGCAGGAAGTCGACGAGCGCACGCGGCTGGTCGGTCAGAACAAGTTTGAAT TGATGCTGTTC
AGGCTCGGTAATGCGGGGAGCACCGGGCAGAGCGTGC TCCATGGGATCAACGTTTTCAAGATCCGCGAACTGCTCGACATGGCAAGCGTGCAGGTCACGE
CCATCGCCGGTTCGECGECTTTCATCATGGGCGTGGTGAACGTGCGCGGCCAGATC 2456

81

100

200
300
400
500
600
700
800
900
1000
1100
1200
1300
1400

1500

1600
1700
1800
1800
2000
2100

100
200
300
400
500
600
700

800

300
1000
1100
1200
1300
1400
1500
18600
1700
1800
1900

2000

2100
2200
2300
2400

Fig. 3. Nucleotide sequences of phaZ2(A) and phaZ3(B). Putative Shine Dalgamo sequences and the assumed stant codons are given in boldface
letters, and putative termination signals of translation are indicated by arrows.

the PHV depolymerase of P. lemoignei to staining tests
for glycoproteins: None of the three purified proteins
reacted with concanavalin A. Since concanavalin A has
a pronounced preference for a-D-mannopyranoses and

«a-D-glucopyranoses (reviewed by Goldstein and Hayes
{18]), the depolymerases apparently contain other com-
pounds. Therefore, a less specific staining with PAS was
used. When 7 to 15 ug of purified protein of the three
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+++ ++ e R L T T S S + +++ + *
PhaZzl --YYCPSLSG----- WTDKANCSPI 377
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Phaz3 NTFTTSKLREAPAGYFTIDSTC~P 393
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Fig. 4. Alignment of the deduced amino acid sequences of the PHB depolymerases. PhaZ1 [27), PhaZ2, and PhaZ3 of P. lemoignei and of the
PHB depolymerase of A. faecalis (PhaZ,) [49]. The predicted leader peptidase cleavage sites are indicated by an arrow. Amino acids of PHB
depolymerase B (PhaZ2) and of PHB depolymerase C, which have been determined by Edman degradation, are marked by boldface letters. The
positions of amino acids conserved in all sequences and those of similar amino acids are marked by * and +, respectively. Lipase boxes and other

conserved amino acids that might constitute a catalytic triad are boxed. The position of the threonine-rich regions is indicated by a black bar,
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Fig. S. Glycoprotein staining of PHB depolymerases. The purified proteins (=5 ug) were separated by SDS-PAGE and were
Western-blotted onto PYDF membranes. The proteins were oxidized by periodic acid and subjected to a coupled digoxygenin
immunostaining. Creatinase (lane 1) and transferrin (lane 2) served as negative and positive controls, respectively. PHV
depolymerase (lane 3). PHB depolymerase B (lane 4): PHB depolymerase A (lane 5). Although most of the signals appeared
during the first 5 min of the visualization reaction, the staining was performed for | h to allow the detection of weak signals

(lane 3).

depolymerases was PAS-stained in SDS-PAGE gels,
they all gave a positive reaction. However, high amounts
(50 ng) of the negative control, BSA, also gave a weak
positive reaction. The PAS staining was then repeated
with Western blots of the proteins separated by SDS-
PAGE by using the more sensitive DIG detection kit.
PHB depolymerases A and B as well as transferrin as
the positive control gave a positive reaction within sec-
onds (Fig. 5). The reaction of the PHV depolymerase
was less pronounced: a faint band appeared after | h of
incubation. Creatinase, the negative control, was nega-
tive even after a prolonged incubation time. We con-
cluded that PHB depolymerases A and B contain com-
pounds with vicinal hydroxyl groups. These compounds

are most probably carbohydrates and are assumed to be
responsible for the difference between the predicted M,
(41,800) and the experimentally determined value
(67,000). Whether or not the PHV depolymerase is
modified remained uncertain.

DISCUSSION

Four PHA depolymerase genes, phaZl to phaZ4,
have been cloned from Pseudomonas lemoignei, and
phaZl as well as its gene product has been characterized
in a previous study [27]. In this study the P. lemoignei
PHA depolymerase proteins and the depolymerase genes
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phaZ2, phaZ3, and phaZ4 were analyzed. The nucleo-
tide sequences of phaZ2 and phaZ3 were determined,
and phaZ2 and phaZ4 were identified to be the structural
genes of PHB depolymerase B and the PHV depoly-
merase, respectively. The gene product of phaZl (PHB
depolymerase C) and the putative gene product of phaZ3
(PHB depolymerase D) were related to PHB depoly-
merase B and may represent isoenzymes of PHB de-
polymerase B as has been described by Nakayama and
co-workers [43]. An interesting result was obtained by
comparison of the N-terminal amino acid sequences de-
termined from the purified proteins: The N termini of
PHB depolymerase A of P. lemoignei and of the PHB
depolymerase of Alcaligenes faecalis T, were (nearly)
identical {(Fig. 1). Unfortunately, the PHB depolymer-
ase A gene, which is named phaZ5, has not been cloned,
although 11 clones expressing PHB depolymerase activ-
ity have been obtained [27]. It will be interesting to elu-
cidate whether or not the sequence identity of both genes
and deduced proteins covers the whole sequence. Iden-
tity could indicate horizontal gene transfer. Plasmid
analysis of P. lemoignei and A. faecalis T, revealed the
absence of linear plasmids in both bacteria and the pres-
ence of a 9-kb circular plasmid in 4. faecalis T, [un-
published results]. However, the function of the A4. fae-
calis plasmid is not known.

The deduced amino acid sequences of phaZl to
phaZ3 revealed high homologies to each other and me-
dium homologies to the PHB depolymerase of A. fae-
calis T,. Alignment of the amino acid sequences of the
three mature PHB depolymerases PhaZl, PhaZ2, and
PhaZ3 of P. lemoignei and the PHB depolymerase of A.
faecalis T revealed that 78 amino acids were conserved
in all four sequences (Fig. 4). The highest degree of
homology was found in the neighborhood of His;s (4 of
5 amino acids identical), His.s; (4 of 7), Ser;;7 (9 of
14), Asp,g7 (9 of 14), Asp,3, (5 of 6), and Asp,gs (5 of
9). Histidine, serine, and glutamate or aspartate are
known to form a catalytic triad in many lipases and other
serine hydrolases [24, 46, 58, 73, 74]. The serine resi-
due serves as the nucleophile, which attacks the ester
bond. Usually the serine is localized in the center of a
lipase box, which is characterized by a few hydrophobic
amino acids followed by the pentasequence Gly-Xaa-
Ser-Xaa-Gly. A perfect lipase consensus sequence is
present around Ser,,; in the three PHB depolymerases
of P. lemoignei and around Ser,sq in the 4. faecalis pro-
tein (Fig. 4). Interestingly, all PHB depolymerases con-
tain leucine at the second position of the lipase-box pen-
tapeptide, whereas in most lipases histidine was found
[24]. We assume that these PHB depolymerases repre-
sent serine hydrolases with a catalytic triad as the active
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center. This assumption is supported by the inhibition
of the depolymerases by the serine inhibitors PMSF and
DFP [33, 41, 66]. However, inhibitor-mapping studies
with radioactively labeled DFP and the A. faecalis de-
polymerase favor Ser,qs, which is not part of a lipase
box, to represent the active center [51]. It will be nec-
essary to analyze the effect of in vitro-induced mutations
of putatively important amino acids on the enzymatic
activity to determine the true active center. Another dif-
ference between the P. lemoignei depolymerases and the
A. faecalis enzymes is the absence of an ~95-amino
acid-long fragment, which in A. faecalis is homologous
to the type III homology unit of fibronectin and some
bacterial chitinases and cellulases [2, 36, 51, 71]. The
function of the type 111 homology unit of fibronectin in
bacterial extracellular enzymes is unknown.

The most striking feature of the amino acid se-
quence of the three PHB depolymerases of P. lemoignei
was the frequent incidence of threonine or other un-
charged amino acids with hydroxylated, small, or hy-
drophobic side chains such as Ser, Val, Ala, and Gly
near the C terminus. Regions enriched in Thr, Ser, Pro,
and Gly residues have been found in various extracel-
lular cellulases, xylanases, and glucanases {e.g., Clos-
tridium thermocellum [19, 75), Cellulomonas fimi {36],
Fibrinobacter succinogenes [45), Thermoanaerobacte-
rium thermosulfurigenes (H. Bahl, personal communi-
cation), and Trichoderma reesei {60, 67]; reviewed by
Gilkes et al. [17]}, as well as in the chitinases of Ba-
cillus circulans {71], Streptomyces olivaceoviridis [2],
and Rhizopus oligosporus [77]. A region extremely en-
riched in serine residues has been described for the en-
doglucanase of P. fluorescens subsp. cellulosa [21]. Tt
has been proposed that these sequences represent flexi-
ble linkers between different domains of the enzymes
(reviewed by Gilkes et al. [17]) or may play a role in
binding of the enzyme to the insoluble substrate
[67, 70]. The structural similarity of threonine and the
monomer of the PHB depolymerase substrate,
3-hydroxybutyrate, is astonishing and suggests the in-
volvement of the threonine-rich region in substrate bind-
ing. However, deletion analysis of the serine-rich region
of the endoglucanase of P. fluorescens subsp. cellulosa
has shown that it was not essential for enzymatic activ-
ity [15). The PHB-binding site of the A. faecalis en-
zyme was attributed to the 5-kDa fragment of the C ter-
minus which had been cleaved off by treatment with
trypsin. The major cleavage product still had 3HB-
oligomer hydrolase activity but could not hydrolyze PHB
[13a). Similar results were obtained by partial proteo-
lysis of cellobiohydrolase 1 from T. reesei [70]. We as-
sume that the C-terminal regions of PhaZ1, PhaZ2, and
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PhaZ3 of P. lemoignei are involved in binding the sub-
strate PHB. Whether or not the threonine-rich region is
involved in substrate binding or represents a linker be-
tween the catalytic domain and a (small) substrate-bind-
ing domain remains to be clarified.

PHB depolymerases A and B of P. lemoignei were
identified to contain vicinal hydroxyl groups. We as-
sume that carbohydrates were bound to the peptides.
Glycosylation of the depolymerases would explain the
difference between the relative molecular mass of the
PHB depolymerase B measured for the purified protein
(67,000) and that derived from the nucleotide sequence
(41,800). The PHB depolymerase of Penicillium funi-
culosum has also been shown to be glycosylated [4].
The composition and the function of the carbohydrate
moiety are unknown. In addition, the cellulases of 7.
reesii and Cellulomonas fimi are known to be glycosy-
lated in the proline/threonine-rich region [11, 16, 20],
and an extracellular glucoamylase from Aspergillus ni-
ger is also glycosylated in the C-terminal region of the
protein [65]. A functional role of the carbohydrate
moiety in binding the substrate of cellulases has been
proposed, also [67, 70]. However, carbohydrates could
also protect the extracellular protein from hydrolysis by
proteases.

Little is known of the degradation of PHA consist-
ing of monomers with more than four carbon atoms. The
degradation of polycaprolacton by Fusarium solani and
Pullularia pullulans was described about 20 years ago
[12, 28]. Recently, several PHV- and PHO-degrading
bacteria were isolated and characterized [26, 54]. The
purified PHV depolymerase of P. lemoignei turned out
to hydrolyze PHB, PHV, and copolymers of 3HB and
3HV, but were not able to hydrolyze PHO [41]. The
purified PHO depolymerase of P. fluorescens GK13 is
inactive with PHB and other SCL-HA as substrates but
hydrolyzed PHO and other MCL-HA and has a nonspe-
cific esterase activity.

All PHA depolymerases mentioned above repre-
sent extracellular enzymes and, as far as tested, are spe-
cific for ‘‘denatured’’ PHA; native PHA granula are not
hydrolyzed, indicating a structural difference between
intracellular {native) and extracellular (denatured) poly-
mer [38, 40]. Intracellular PHA depolymerases have
been described or were predicted for Bacillus megate-
rium, Rhodospirillum rubrum, A. eutrophus, P. oleo-
vorans, and P. aeruginosa [22, 39]. The genes of the
putative intracetlular PHO depolymerase of P. oleovor-
ans and P. aeruginosa have been found to be located
between two copies of very similar PHO synthase genes
{23, 68]. The deduced amino acid sequences revealed
high homologies to each other, and the putative relative
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molecular masses of both proteins were similar to that
of the purified extracellular PHO depolymerase of P.
fluorescens GK13 (Table II). The intracellular local-
ization of these PHO depolymerases presumably is on
the surface of native PHO granules: Proteins of the pre-
dicted size have been found by purifying native PHO
granules of P. oleovorans and analyzing the protein
content of the surfaces [14]. Recently, the identity of an
extracellular oligomer hydrolase of A. faecalis with its
intracellular PHB depolymerase has been proposed [50].
Tabie Il summarizes all available biochemical and ge-
netic data on bacterial and eukaryotic PHA depolymer-
ases.
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