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Phosphonopyruvate decarboxylase (PPDC) catalyzes the thiamine diphosphate-dependent non-oxidative
decarboxylation of phosphonopyruvate to phosphonoacetaldehyde and carbon dioxide. The enzyme of
S. viridochromogenes Tii494 was expressed as a recombinant fusion protein with an N-terminal 10x

1<€yWOTd53 ] histidine-tag in Escherichia coli cells, and was purified to homogeneity by nickel affinity chromatography.
Thiamine diphosphate The biochemical properties of the recombinant enzyme were characterized, measuring phosphonoac-
Phosphonopyruvate

etaldehyde formation by two newly developed coupled enzyme assays. PPDC has a high affinity to
its cofactors ThDP, and Mg?* (both Ky, ~40uwM). The metal ions Ca?* and Mn?* (Ky~3 wM) could
substitute for Mg?*. In coupled enzyme assays at pH 8.0 (HEPES buffer) and at 30°C, PPDC followed
Michaelis-Menten kinetics with phosphonopyruvate, with a Ky, value of 3.2 4+ 0.35 wM and a vmax value
of 0.81 +0.01 U/mg. Neither pyruvate, B-hydroxypyruvate, nor fluoropyruvate served as alternative sub-
strates. Gel filtration chromatography indicated a molecular mass of 72,100 & 220 Da. Taking into account
a subunit size of about 43,600 Da, the quaternary structure of the Ppd appears to be homodimeric.

A comparison with the pyruvate decarboxylase (PDC) from Zymomonas mobilis allowed the iden-
tification of several amino acid residues, whose potential functions were examined by site-directed
mutagenesis. Based on kinetic data of various site-directed PPDC variants and by comparison to 3D struc-
tures of PDC and benzoylformate decarboxylase, a model of the active site was generated. As in most other
ThDP-dependent enzymes a glutamate residue (Glu-48 of PPDC) appears to be responsible for ThDP acti-
vation. Residues Ser-25, His-110, and Asp-297 affect the catalytic activity and are probably located in
the direct vicinity of the substrate binding site. Residues Asp-265, Asn-293, and Gly-294 were found
within the conserved ThDP-binding motif and mark the binding site of the Me?* ion that is responsible
for ThDP anchoring. Asp-263 is conserved in PPDC sequences and in sulfopyruvate decarboxylase, and
appears to contribute to the metal ion binding site, too. Glu-224, another conserved residue is essential
for catalytic activity. The results for Glu-224 and Asp-263 are contrary to the description of the corre-
sponding residues in the PPDC of the gram-negative bacterium Bacteroides fragilis [G. Zhang, ]. Dai, Z. Lu,
D. Dunaway-Mariano, J. Biol. Chem. 278 (2003) 41302-41308].

© 2009 Elsevier B.V. All rights reserved.
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1. Introduction

Thiamine diphosphate (ThDP) cofactor-dependent enzymes
perform a variety of reactions, including oxidative or non-oxidative
decarboxylation of a-keto acids, carboligations or group transfer
reactions (for reviews see [1-7]). Several ThDP enzymes are in
use for biocatalytic purposes [1-3]. Comparisons of available X-
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ray structures of enzymes as well as structure predictions have
revealed that these enzymes can be classified by their domain archi-
tecture [4-9]. Domains which are common to all ThDP enzymes
are the pyrophosphate (PP) and the pyrimidine binding (Pyr)
domain. Additional domains occur, e.g. TKC for transketolase C-
terminal domain or TH3 domain in pyruvate decarboxylase (PDC).
Thereof, six groups of enzymes are inferred based on domain
arrangement [4,5]. Most well-studied ThDP enzymes consist of
more than two domains in one contiguous polypeptide. The PP-
and Pyr-domains are discussed to have diverged from a common
ancestor and then fused into a single chain [5,8]. Thus, sulfopy-
ruvate decarboxylase (SPDC) most closely resembles the unfused
ancestor as it consists of an alpha and a beta subunit which
correspond to the Pyr and PP domains, respectively. Phosphonopy-
ruvate decarboxylase is structurally closest to the fused common
ancestor as discussed recently [4,5]. Analysis of its structure may
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therefore be of general interest to study the evolution of ThDP
enzymes.

Phosphonopyruvate decarboxylase (PPDC) enzymes are
involved in the biosynthesis of various organophosphonates in
bacteria such as actinomycetes which produce phosphonates
that are in use either as antibiotics (fosfomycin), or herbicides
such as glyphosate or phosphinothricine (bialaphos) [10-12].
Phosphonates are compounds with a stable, covalent carbon to
phosphorus (C-P) bond that makes these compounds resistant
against chemical hydrolysis, thermal decomposition and photoly-
sis [13]. Apart from antibiotics and herbicides, phosphonates are
being used as anti-metabolites or as substrate analogue inhibitors
for the determination of enzyme active sites [14]. Biosynthesis of
natural phosphonate compounds starts by a rearrangement from
phosphoenolpyruvate (PEP) to phosphonopyruvate (PnPyr) via the
enzyme PEP phosphomutase (Ppm). This reaction has an equilib-
rium which strongly prefers PEP formation [15]. PPDC catalyses
the ThDP-dependent decarboxylation of phosphonopyruvate [10]
to phosphonoacetaldehyde (PnAA, the precursor for most natural
C-P-compounds) and thus irreversibly withdraws the C-P bond
from the equilibrium and ensuring forward commitment of the
whole pathway [15]. PPDC genes have been originally detected in
various streptomycetes [10,11,16-18]. A biochemical and genetical
characterization of the PPDC enzyme which is involved in the
biosynthesis of the cell wall compound aminoethylphosphonate
(AEP) of the gram-negative Bacteroides fragilis [15] has been given
recently. So far, however, no X-ray structure of PPDC is available.
Here we present the recombinant production and biochemical
characterization of PPDC from the actinomycete Streptomyces viri-
dochromogenes Tii494 [11] in Escherichia coli strains. Furthermore,
we used site-directed mutagenesis in order to understand the
role of essential amino acid residues of the enzyme in comparison
with the structure model of the related ThDP enzyme, pyruvate
decarboxylase (PDC).

2. Results and discussion

2.1. Cloning and recombinant expression of PPDC from
Streptomyces viridochromogenes Tii494

Cloning and sequence analysis of the PPDC encoding gene
(ppd) from S. viridochromogenes Tii494, a producer of phos-
phinothricin tripeptide (bialaphos) has first been reported by the
group of Wohlleben and co-workers [11]. The derived ppd pro-
tein sequence comprises 397 amino acids. A pairwise sequence
alignment with the phosphonopyruvate decarboxylases from S.
hygroscopicus [10,16] and S. wedmorensis [17,18] which are involved
in the biosynthesis of bialaphos and fosfomycin, gave 74 and
39% sequence identities, respectively. A sequence alignment with
the Ppd from the AEP-producing strain B. fragilis [15] showed a
sequence identity of 33%.

The ppd gene from plasmid pDS 55 [11] was subconed and PCR-
modified to encode an amino-terminal 10-fold histidine-tagged
PPDC protein (see Section 3 for details). The protein was overex-
pressed inarecombinantE. coli BL21(DE3)/pLysS strain and purified
to homogeneity (Fig. 1) by nickel affinity chromatography, result-
ing in the isolation of about 15 mg of pure protein per liter of liquid
culture.

The theoretical molecular weight of the histidine-tagged PPDC
calculated from the amino acid sequence was 43,600 Da. The sub-
unit size estimated by SDS-PAGE analysis was around 46,000 Da
(Fig. 1). Gel filtration chromatography indicated an apparent
molecular mass of 72,100 +220Da. Thus, the quaternary struc-
ture of the PPDC appears to be homodimeric. For the PPDC
from B. fragilis, a homotrimeric structure has been suggested
[15].
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Fig. 1. Coomassie blue-stained SDS-PAGE of the recombinant amino-terminal 10-
fold histidine-tagged S. viridochromogenes Tii494 PPDC isolated at each stage of
Ni-NTA purification procedure. Lane 1, crude extract of the recombinant E. coli
expression strain; lane 2, Ni-NTA flow-through of the unbound proteins; lanes 3
and 4, fractions of the eluted PPDC protein; lane 5, protein size standards (in kDa).

2.2. Enzyme assays and biochemical characterization of PPDC

2.2.1. Enzyme assays

The substrate of PPDC, phosphonopyruvate (PnPyr), was not
commercially available. PPyr was synthesized according to estab-
lished methods (]| 19,20], see Section 3) by A. Cosp, L. Walter, and M.
Miiller at the Institute of Biotechnology 2 at the Forschungszentrum
Jilich. The PPDC catalyzed decarboxylation of PnPyr to phospho-
noacetaldehyde (PnAA) can be directly followed by HPLC and MS
(data not shown). As this method was not suitable for routine
assays, two coupled reactions with auxiliary enzymes were estab-
lished. One used the auxiliary enzyme phosphonoacetaldehyde
phosphonatase (Phtase) from Pseudomonas putida KT 2440, which
was prepared in a His-tagged recombinant form and used to con-
vert phosphonoacetaldehyde (PnAA; the product of PPDC reaction)
to acetaldehyde, which was then assayed by alcohol dehydroge-
nase (ADH) and the concomitant oxidation of NADH. Secondly,
PnAA was converted to 2-aminoethylphosphonate by P. putida KT
2440 aminoethylphosphonate aminotransferase (AEPT; prepared in
arecombinant His-tagged form from E. coli BL21) with the concomi-
tant conversion of L-alanine to pyruvate which was detected by
lactate dehydrogenase (LDH) as additional auxiliary enzymes. The
principle reactions are given in Fig. 2. Direct comparison of both
enzyme assays gave very good concordance in activity.

2.2.2. pH and temperature dependence of catalysis

The pH rate profile followed a bell-shaped curve and defined pH
7.5-8.5 as the pH range for optimal PPDC catalysis, whereas the used
buffer systems had no influence on the catalytic activity. Analysis
of the temperature profile revealed an activation energy of about
45 kJ/mol, which is a typical value for enzyme activation energies
[21]. Storage at —20°C and 4°C yielded in a half-life of about 50
days.

2.2.3. Kinetic characterization of phosphonopyruvate
decarboxylase

Using the two different coupled enzyme assays Phtase/ADH and
AEPT/LDH (see Sections 2.2.1 and 3) ata pH of 8.0 and a temperature
of 30°C, PPDC reaction followed Michaelis—Menten kinetics with
phosphonopyruvate, yielding a Ky, value of 3.2 +0.35 uM (which is
in the same range as the Ky, value determined earlier for the PPDC
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Fig. 2. Enzymatic reactions from phosphoenolpyruvate (PEP) to phosphonoacetaldehyde (PnAA) via rearrangement to phosphonopyruvate (PnPyr) and principle of coupled
PPDC enzyme assays using 2-aminoethylphosphonate (2-AEP) transaminase and phosphonatase. Acetaldehyde can be assayed by alcohol dehydrogenase and the concomitant
oxidation of NADH. AEP formation from PnAA can be measured via the concomitant conversion of L-alanine to pyruvate and the following NADH-coupled reduction of pyruvate

to lactate by lactate dehydrogenase.

from B. fragilis [15]), a kcat value of 1.2 £0.02 s~ 1, and a kcat/Km value
of 3.8 x10° s~ M1

Neither pyruvic acid, nor B-hydroxypyruvic acid or [-
fluoropyruvic acid were converted by the PPDC of S. viridochro-
mogenes to the respective aldehydes (data not shown). This is in
accordance with the findings of Zhang et al. [ 15] who assumed that,
in the case of the B. fragilis PPDC, the C-P and not the carboxyl
group, is essential in substrate binding. As the structure analogue,
sulfopyruvate, was not available, it could not be tested as a potential
substrate for PPDC.

2.2.4. Metal ion and ThDP activation

ThDP- and metal ion-free apo-PPDC, prepared by exhaustive
dialysis, showed a drastically decreased residual activity (<2%). Sub-
sequent addition of 1mM ThDP and Mg2* (final concentrations)
resulted in a partial reconstitution of activity (45%). Besides Mg2*,
the metal ions Ca2*, Mn2*, Co2*, Ni2*, and Zn2* were tested as poten-
tial activators of the metal-free PPDC in the presence of 1 mM ThDP
and saturating phosphonopyruvate (0.5 mM). Only Ca%* and Mn2*
were used as activators. Whereas the kca¢ values of the Mg2*-, Ca2*-
, and Mn%*-activated Ppd were in the same range (0.52-0.85s~1),
the K, value for Mn?* (~3 M) was significantly lower than the Ky,
values for Mg2* and Ca%* (~40 uM). These results were in accor-
dance with those obtained with the B. fragilis PPDC [15]. The K
value for ThDP activation was determined by measuring the cat-
alytic activity of the 1mM Mg2*-activated PPDC in the presence
of saturating phosphonopyruvate (0.5 mM). The data defined a kca¢
value of 0.55s~! and a Ky, value of about 39 wM (Table 1). In the
case of the B. fragilis PPDC the Ky, value for ThDP was of about 13 uM
[15], whereas other ThDP-activated enzymes have been reported to

bind ThDP with Ky, values in the nanomolar to micromolar range
[22-26].

2.3. PPDC sequences in comparison to other ThDP enzymes

PPDC, as well as sulfopyruvate decarboxylase [27] belongs to
a family of ThDP- and Me2*-dependent decarboxylases, which
catalyze the decarboxylation of an «a-keto carboxylate using
ThDP as an “electron sink” [15]. This enzyme family includes
acetohydroxyacid synthase [28-30], acetolactate synthase [31],
benzoylformate decarboxylase (BFD) [32-34], glyoxylate carboli-
gase [35-36], indole pyruvate decarboxylase [24,37,38], pyruvate
decarboxylase (PDC) [22,39,40], and pyruvate oxidase [41-43].

Members of an enzyme superfamily, which catalyze different
overall reactions, share acommon structural scaffold and retain cru-
cial catalytic amino acid residues [44]. Together with site-directed
mutagenesis, the knowledge of three-dimensional structures of

Table 1

Metal ion and ThDP dependence of steady-state kinetic constants.

Cofactor K [M] keat [s71]
Mg?* 38.91 + 1.46 0.52 + 0.008
Ca?* 36.57 + 4.47 0.66 + 0.014
Mn?* 2.88 &+ 0.27 0.85 + 0.012
ThDP 39.05 + 2.64 0.55 + 0.003

The metal ion dependence of the steady-state kinetic constants for PPDC catalysis
was measured in the presence of saturating phosphonopyruvate (0.5 mM) and ThDP
(1 mM)at pH8.0and 30°C. Co?*, Ni2*, and Mn?* were no activators. The ThDP depen-
dence of the steady-state kinetic constants for PPDC catalysis was measured in the
presence of saturating phosphonopyruvate (0.5 mM) and Mg2* (1 mM) at pH 8.0 and
30°C.
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zmob_Pdc  MSYTVGTYLAERLVQIGLKHHFAVAGDYNLVLLDNLLLNKNME--QVYCCNELNCGFSAEGYARAKG-ARARVVT 72
Svir Ppd  --MIGAADLVAGLTGLGVTTVAGVPCSYLTPLINRVISDPATR--YLTVTQEGEAARVAAGAWLGGG-LGCAITQ 70
Shyg Ppd  --MISASDMLAGLTGLGVTTVAGVPCSYLTPLINRVISDRATR--YLTVTQEGEAARVAAGSWLGGG-LGCAITQ 70
Swed_Ppd  --MIRPDVLAGHLAAEGVSLYCGVPDSLLK-EFNAYVGDGASGVDHVIAANEGNAVGLAVGHYLRTGSPAVVYLQ 72
Bfra_Ppd  --MVSVEKIYDTFLHHGVDFFTGVPDSLLK-NICAYITDHAPRGKHIIAANEGSAVGIACGYYMASGNVPLVYMQ 72
Zmob_Pdc  YSVGALSAFDAIGGAYAEN--LPVILIS---GAPNNNDHAAGHVLHHALGKTDYHYQLEMAKNITAAAEAIYTPE 142
Svir Ppd NSGLGNMTNPLTSLLHPAR--IPAVVITTWRGRPGEKDE----POHHLMGRITG--DL——-———————— 126
Shyg Ppd NSGLGNMTNPLTSLLHPAR--IPAVVISTWRGRPGEKDE----POHHLMGRVTG—--DL—-- 126
Swed_Ppd  NSGIGNAVNPLTSLADPEVYGIPMILLIGWRGQPGVPDE----POHRKQGRIMP--AL--—————=——- 130
Bfra Ppd NSGLGNTVNPLLSLADEKVYSLPLLLLVGWRGEPGTKDE----POHKKQGEVTL--DL——=———————— 130
Zmob_Pdc  EAPAKIDHVIKTALREKKPVYLEIACNIASMPCAAPGPASALFNDEASDEASLNAAVEETLKFIANRDKVAVLVG 217
Svir_Ppd  EWSLIPD--TTDELH-TAFAACRASLAHRELPYGFLLP----- QGVVADE-PLN----ETA----PRSATGQVVR 184
Shyg_Ppd  EWSLLPD--TPDALR-GEFDVCREALARRELPYGFLLP----- QGVIADE-PLD----EEA----PRSRAGRLVR 184
Swed_Ppd  PWSVLPA--DEEEAG-AAVRKAVAHSVATRTPYAFLVE----- KGTFAPA-GVPAAV-=-——==== PATAP-——-- 183
Bfra Ppd PFIILDT--DEDEAL-AQIHDAVVSAKSRSIPHAIVIR-——-— KDTFG-K——-——— YK--L----ROEAL—-——-- 179
Zmob_Pdc SKLRAAGAEEAAVKFADALGGAVATMAAAKSFFPEENPHYIGTSWGEVSYPGVEKTMKEADAVIALAPVFNDYST 292
Svir Ppd  YARP-——————— GRSAARPTRIAAL -ER--LLAELPRDAAVV----ST 217
Shyg Ppd -GPSDAAPTRVAAL -ER--LLAELPPAAAVV--—-ST 217
Swed_Ppd ---ESGPPTREEALGA--- LIAEIGGGQVVV----ST 210
Bfra Ppd  —————————————- NDYPLSREEALMQ--- VVDHLGDNDIVV----ST 206
Zmob_Pdc TGWTDIPDPKKLVLAEPRSVVVNGIRFPSVHLKDYLTRLAQKVSKKTGALDFFKSLNAGELKKAAPADPSAPLVN 367
Svir Ppd  TG-=-===--- KSSRELY- TLDDRD QHF -— - - -- 235
Shyg_Ppd  TG-------- KTSRELY- TLDDRD QHF-— - - -- 235
swed_Ppd EHRVRAGAEAEIDF -~ - - -- 233
Bfra_Ppd EYRESKGQGHARDF~-- - - -- 229
Zmob_Pdc  AEIARQVEALLTPNTTVIAETGDSWFNAQRMKLPNGARVEYEMOWGHIGWSVPAAFGYAVGAPERRNILMVGDGS 442
Svir Ppd  -- - --—-Y--MVGAMGSAATVGLGVALHTP-RPVVVVDGDGS 267
shyg ppd  -- - —-——-Y--MVGAMGSAATVGLGVALHTP-RPVVVVDGDGS 267
Swed_Ppd - - -LTVGGMGHASSIALGIALREDEREVWCLDGDGA 266
Bfra_pPpd = - -LTVGSMGHSSSIALGIALEKPDRRVYCIDGDGA 262
Zmob_Pdc FQLTAQEVAQMVRLKLPVIIFLINNYGYTIEVMIHDGPYNNIKNWDYAGLMEVFNGNGGYDSGAGKGLKAKTGGE 517
Svir_Ppd  VLMRLGSLATVGAHAPGNLVHLVLDNG------ VHDS -TGGQRTLSSAVDLPAVAAACGYRAVH--~-~-ACTSLDD 331
Shyg_pPpd ALMRLGSLATVAAHAPGNLVHLILDNG-————- VHDS-TGGORTLSSAVDLPAVARACGYRAVH----ACGSLDD 331
Swed_Ppd  LLMHLGALPVIAGHGPSSYFHVVFNNG------ VHDS-VGGQPTSIDRVDVPALARNSGYRHAA-~-~-~-TLSSLED 330
Bfra_Ppd  FIMHMGAVSNIGDLSPKNYRHVLFNNG------, AHES-VGGQPTLGFRLDIASIAKGCGYAHVL-~-~--TASDKEG 326
Zmob_Pdc LAEATIKVALANTDGPTLIECFI-=======- GREDCTEELVKWGKRVAAANS —==-RKPVNKLL-======= 568

svir_pPpd LSDALATALA-TDGPTLVHLAIRPGSLDGLGRPKVTPAEVARRFRAFVITP----PAGTATPVHAGGVTAR 397

sShyg_Ppd LTTALAGALA-TDGPTLIHLPIRPGSLAALGRPKVQPHEVARRFREFATEPWPASAVGSGTRAARAGSAGDR 401

Swed_Ppd  LPGELARLRE-TGGPALLELRVRPGSRGDLGRPAVTPAESGAAVLRALTGRVTPS-==-———c—oeaeoon 384

Bfra_Ppd  LSCALEKLSG-LSGPVLLEIKVRIDSRDDLGRPTTTPVENKEHFMAFLKDTHS=====-———ceooaaaoo 378

Fig. 3. Sequence alignment of phosphonopyruvate decarboxylases from S. viridochromogenes, S. hygroscopicus, S. wedmorensis, and B. fragilis in comparison with the sequence
of pyruvate decarboxylase from Z. mobilis. Conserved PPDC amino acid residues, which were identified by means of the Z mobilis PDC (printed in green and highlighted
in grey), are printed in blue and highlighted in grey. The red printed and grey highlighted amino acid residues serine (S), glutamate (E) and aspartate (D) are conserved
amino acid residues in all PPDC sequences and are not found in Z. mobilis PDC sequence. The ThDP signature motif is highlighted in yellow. Zmob_Pdc, Z. mobilis pyruvate
decarboxylase (GenBank accession: CAA42157); Svir_Ppd, S. viridochromogenes phosphonopyruvate decarboxylase (GenBank accession: CAA74722); Shyg_Ppd, S. hygroscopicus
phosphonopyruvate decarboxylase (GenBank accession: BAA07055); Swed_Ppd, S. wedmorensis phosphonopyruvate decarboxylase (GenBank accession: BAA32496); Bfra_Ppd,
B. fragilis phosphonopyruvate decarboxylase (GenBank accession: AAG26466). (For interpretation of the references to color in this figure legend, the reader is referred to the

web version of the article.)

various ThDP-dependent decarboxylases [32,39,45-49] allowed
the identification of several amino acid residues located at the
active site or which are important for catalytic activity, respectively.
By means of an alignment of the phosphonopyruvate decarboxy-
lases from S. viridochromogenes, S. hygroscopicus, S. wedmorensis,
and B. fragilis with the sequence of the well characterized PDC from
Zymomonas mobilis (Fig. 3) and comparison to the BFD from P. putida
[32,33], several conserved residues could be identified in the PPDC
sequences.

The common step for all ThDP-dependent enzymes is the acti-
vation of the nucleophilic C2-atom (located between the nitrogen
and sulfur atom in the thiazole ring [50]), that occurs via depro-
tonation. A conserved glutamate residue donates a hydrogen bond
to the N1’-atom of the pyrimidine ring of ThDP, resulting in the
activation of the C4’-amino group, which is the acceptor of the
attached C2-ThDP-proton [51]. In PPDC sequences, the strictly con-
served glutamate residue Glu-48 (E48; in S. viridochromogenes PPDC
numbering), was identified and predicted to be necessary for ThDP
activation. We generated the variant E48 > Q by site-directed muta-
genesis (see Section 3). This variant was found to be expressed to
nearly the same extent as the wt-PPDC but showed no detectable

activity. This result is in accordance with this residue’s assumed
function in carbanion formation (Fig. 4).

The amino acid sequence glycine-aspartate-glycine and two
asparagine which are about 25 amino acid residues apart, have been
recognized in several ThDP enzymes [52,53] and was later on pro-
posed as ThDP-binding motif [53]. From several 3D structures of
ThDP-dependent enzymes it had become apparent that a divalent
metal ion functions to anchor the ThDP molecule by coordinating
to two of the diphosphate oxygen atoms, to the side chain oxy-
gen atoms of the aspartate- and the second asparagine-residue of
the ThDP-binding motif, and to the main chain oxygen atom of a
glycine-residue that is directly located behind the ThDP-binding
motif [46]. In S. viridochromogenes PPDC the ThDP-binding motif is
likely to stretch from G264-D265-G266 to N293-G294. The amino
acid residues D265, N293 and G294 were identified as potential
candidates for binding and anchoring the cofactors. To test their
respective contributions to catalysis, the variants D265A, N293A,
and G294A were prepared. In the presence of 1 mM Mg?2* the vari-
ants D265A and N293A showed no detectable activity. These results
are consistent with the assignment of the ThDP-binding motifin the
phosphonopyruvate decarboxylases as indicated in Figs. 3 and 4.
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Fig.4. Hypothetical two-dimensional model of the active site of S. viridochromogenes
PPDC based on data of PDC (according to Candy and Duggleby [55], Polovnikova et al.
[33], and Tittmann et al. [58] and mutagenesis data of the present work. The scheme
displays the starting point of the reaction cycle, which is initiated by the deprotona-
tion of the nucleophilic C2-atom (highlighted in yellow) in the thiazole ring of ThDP
(printed inred). The putative interactions of essential amino acid residues (printed in
green) with both cofactors (ThDP and Mg?* (printed in blue)) and with the substrate
phosphonopyruvate (printed in blue) are drawn as dashed lines. Putative positions
of glutamate-224 and aspartate-263 are highlighted in green. (For interpretation of
the references to color in this figure legend, the reader is referred to the web version
of the article.)

Interestingly, in the case of D265A, the addition of 1mM Mn?2*
resulted in a restoration of activity (30% of wt-PPDC). This may
reflect the higher affinity of PPDC to Mn2* relative to other divalent
metal ions.

The steady-state kinetic constants of the variant G294A were
determined to be Kp=6.2+235uM and kcr=0.2940.01s71.
Compared to wt-PPDC, Ky, is increased only twofold, while k¢ is
fourfold lower. Thus, the substrate affinity is less affected than the
catalytic activity which is in line with the assumption that glycine-
294 belongs to the cofactor-binding and -anchoring amino acid
residues (Fig. 4).

The 3D structure of the Z. mobilis PDC shows that the cofactor-
bound substrate and the cofactor-bound product are surrounded by
the mostly conserved amino acid residues aspartate-27, histidine-
113, histidine-114, and glutamate-473 [46]. The importance of D27,
H113,H114,and H114 in PDC catalysis was approved by site-directed
mutagenesis [54-57]. While H114 is assigned to orientate a cat-
alytic intermediate, H113 and D27 affect the acetaldehyde release
[58]. D27 is conserved in pyruvate and indole pyruvate decarboxy-
lases. In BFD, the amino acid at this position is a serine residue,
proposed to donate a hydrogen bond to the carboxylate group of the
substrate [32]. In the PPDC sequences, a conserved serine residue
(S25; in S. viridochromogenes PPDC numbering) was found as well.
In order to check the function of S25, the variants S25D and S25N
were prepared. Their steady-state kinetic constants are listed in
Table 2. In the case of S25N, catalytic turnover rate is 1.5-fold less
compared to the wt-PPDC and Ky, is increased 80-fold, whereas
catalytic turnover rate of S25D is 4-fold less and K, is increased
460-fold. The results showed, that in PPDC the uncharged polar
amino acid residue S25 is important to substrate binding (Fig. 4).
The histidine doublet typical for PDCs was also found in the PPDC
sequences of S. viridochromogenes and S. hygroscopicus (H110 and
H111) (Fig. 3). The variants H110A and H111A were prepared to
assess the degree to which H110 and H111 contribute to PPDC catal-
ysis. The variant H110A showed no detectable activity, whereas the
exchange of histidine-111 to alanine had no significant influence on

Table 2

Steady-state kinetic constants of wt-PPDC and PPDC variants.

Enzyme Kin [WM] keat [s71]
wt-PPDC 32+035 118 + 0.02
S25D 1470 + 180 0.31 £ 0.01
S25N 250 + 20 0.78 & 0.01
H111A 13 + 0.01 1.24 £+ 0.09
D297E 40 + 10 0.76 £ 0.01
D297N 3020 + 110 0.55 + 0.02

The steady-state kinetic constants of wt-PPDC and PPDC variants catalyzing decar-
boxylation of phosphonopyruvate was measured in the presence of 1 mM ThDP and
1 mM Mg?*, at pH 8.0 and 30°C.

the steady state kinetic constants (Table 2). While H110 is especially
important for catalysis (illustrated in Fig. 4), the possible function of
H111 in orientating a catalytic intermediate is therefore question-
able. It cannot be ruled out that a more distant histidine residue
may contribute to PPDC catalysis, as it was reported for BFD [32]
and transketolase [59]. In Z. mobilis PDC, E473 plays an important
role in substrate orientation during covalent substrate binding and
in stereochemical control of the decarboxylation step [60]. In the
case of the Streptomyces PPDC sequences a conserved aspartate
residue (D297) was recognized (Fig. 3). Thus, the variants D297E
and D297N were prepared. Their steady-state kinetic constants are
listed in Table 2. In the case of D297E, catalytic turnover rate is
1.5-fold less compared to the wt-PPDC and Ky, is increased about
13-fold, whereas catalytic turnover rate of D297N is twofold lower
and Ky, is increased 940-fold. The results show, that together with
S25, the negatively charged amino acid residue D297 is especially
important to substrate binding (Fig. 4).

2.4. Amino acid residues unique to the phosphonopyruvate and
sulfopyruvate decarboxylases

By means of a comparison of all published PPDC sequences
plus an alignment with the sulfopyruvate decarboxylase, Zhang et
al. [15] had identified 12 polar amino acid residues conserved in
the protein sequences of the phosphonopyruvate and sulfopyru-
vate decarboxylases. Site-directed mutagenesis of two amino acid
residues belonging to this group (glutamate-213 and aspartate-
258) revealed, that E213 does not appear to play an important
role in PPDC catalysis, whereas D258 is especially important to
substrate binding [15]. To examine, whether the corresponding
residues glutamate-224 and aspartate-263 of S. viridochromogenes
PPDC (Fig. 3) have the same functions, the variants E224A and
D263A were prepared. However, in the presence of 1 mM Mg2* both
variants showed no detectable activity. As described for D265A, the
presence of 1 mM Mn?2* resulted in an increased activity of D263A
(20% of the wt-PPDC value). Because of the position of D263 (located
immediately in front of the ThDP binding motif) and of the consis-
tent behavior of D263A and D265A in the presence of 1 mM Mn2*
aspartate-263 could be located close to the metal ion binding site
and therefore affect the binding of the bivalent metal ion (Fig. 4). In
contrast to D263A, the presence of 1 mM Mn2* could not enhance
activity of E224A.If E224 is located within the active site and nearby
the substrate binding site, respectively, this glutamate residue is
possibly important to PPDC catalysis (Fig. 4).

The postulated functions of E224 and D263 are in contradiction
to the findings of the corresponding residues of the B. fragilis PPDC
[15]. Together with the different oligomerization states of the native
proteins this points to likely differences in the 3D structures of S.
viridochromogenes and B. fragilis PPDC enzymes.

2.4.1. Concluding remarks
In the absence of a 3D structure of any phosphonopyruvate
decarboxylase, we have compared various PPDC sequences, both
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by sequence alignment and by analogy to the related Z mobilis
PDC, for which a 3D structure is available. Site-directed mutage-
nesis of residues which were proposed to interact with ThDP or
metal ion binding was performed. Analysis of these variants let us
propose a mechanism given in Fig. 4 highlighting residues which
are likely to interact with the cofactors and possibly (serine-25 and
aspartate-297) with the substrate, phosphonopyruvate. Differences
to the B. fragilis PPDC became apparent (oligomerization state, role
of various amino acid residues).

3. Experimental
3.1. Materials

Thiamine diphosphate chloride (ThDP) was purchased from
Sigma-Aldrich. Dihydro-p-nicotinamide adenine dinucleotide
(NADH), yeast alcohol dehydrogenase (ADH), hog muscle L-lactate
dehydrogenase (LDH), and enzymes used in DNA manipulation
were purchased from Roche Diagnostics, Mannheim, Germany.
Other chemicals were from commercial origin and at the highest
available purity. Phosphonopyruvate was synthesized according to
published methods [19,20] and were a gift from A. Cosp, L. Walter,
and M. Miiller (Institute of Biotechnology 2, Forschungszentrum
Jiilich, Germany).

3.2. PCR-amplification and cloning of the genes ppd, phnW and
phnX

Recombinant S. viridochromogenes Ti{i494 phosphonopy-
ruvate decarboxylase (PPDC), recombinant P. putida KT2440
2-aminoethylphosphonate transaminase (AEPT) and phospho-
noacetaldehyde hydrolase (Phtase) were purified as fusion
proteins with amino-terminal 10-fold histidine-tags. For PCR
amplification and cloning of PPDC, the ppd gene was amplified
by using the primers 5 to 3’ CGGTGCACATATGATCGGCGCGGC
and 3’ to 5 ATCTGCTCGAGGCTCATCGTGCGGTC with engi-
neered restriction sites underlined. For PCR amplification and
cloning of the phnW gene (AEPT) the sequences of primers
were 5 to 3’ GTGAGGAATAACCATATGAGCAACGCCCCG and
3 to 5 TTICGGCTCGAGAAAGCGTCAGATATCCAGC, and for
the phnX gene (Phtase), the sequences of primers were 5
to 3’ GAGTTAGCGCATATGAACTACAACAACCCC and 3’ to 5
GAAACCTCGAGGGTCAGAAGGCTTGCGG. All primers used in
DNA manipulation, DNA sequencing, or site-directed mutagenesis
were custom synthesized at MWG Biotech, Ebersberg, Germany.

For amplification of the S. viridochromogenes Tii494 ppd gene,
the plasmid pJF119ppdbgl was used as DNA template. pJF119ppdbgl
had been constructed by ligating a Bglll/Nrul fragment contain-
ing the ppd gene on plasmid pDS55 (Wohlleben, W., University
of Tiibingen, unpublished) into the vector pJF119EH [61], which
had been restricted with BamHI and HindlII (blunted). DNA tem-
plate was denatured for 3 min at 95 °C. The ppd gene was amplified
by 10 cycles of 95°C denaturation for 30s, 68°C annealing for
30s, 72°C elongation for 70s, 30 cycles of 95°C denaturation for
30s, 68°C annealing for 30s, 72°C elongation for 70s plus 5s
per cycle, and a final 72°C elongation for 7 min using the GC-
Rich PCR System (Roche). For amplification of the genes phnW
and phnX, genomic DNA from P. putida KT2440 [62] was used as
template. In an initial step, DNA template was denatured (2 min
at 94°C). The phnW gene was amplified by 10 cycles of 94°C
denaturation for 15s, 67 °C annealing for 30s, 72°C elongation
for 50s, 17 cycles of 94°C denaturation for 15s, 67 °C annealing
for 30s, 72°C elongation for 50s plus 3s per cycle, and a final
72 °C elongation for 7 min using the Pwo DNA polymerase (Roche).
The phnX gene was amplified by 10 cycles of 94°C denaturation

for 155, 66.5°C annealing for 30s, 72°C elongation for 45s, 17
cycles of 94°C denaturation for 15s, 66.5°C annealing for 30s,
72 °C elongation for 45s plus 3 s per cycle, and a final 72 °C elon-
gation for 7 min using the Pwo DNA polymerase (Roche). The PCR
products were purified by gel electrophoresis and digested using
Ndel and Xhol restriction enzymes. The digest was ligated to an
Ndel- and Xhol-cut pET-16b vector (Novagen). After transforma-
tion into E. coli DH5a the integrity of the resulting plasmids was
checked by restriction analysis and DNA sequencing. In the case
of PPDC, possible amino acid changes at the positions 316 and 317
were adjusted by site-directed mutagenesis using the QuickChange
Site-Directed Mutagenesis Kit (Stratagene), simultaneously gener-
ating a Pstl restriction site at the position 944-949. The primer
sequence was 5-CCCGCCGTCGCtGCaGCCTGCGGCTACCG-3/, where
the lower case letters represent the mismatches to the wild-
type (wt-) sequence and the underlined sequence is the newly
incorporated Pstl restriction site. The resulting expression vectors,
named pET16ppdA337-339, pET16aept and pET16phtase, respec-
tively, were used to transform E. coli BL21(DE3)pLysS competent
cells.

3.3. Site-directed mutagenesis of ppd gene

The site-directed PPDC variants S25D and S25N (nucleotides
(nt) 73-75), E48Q (nt 142-144), H110A (nt 328-330), H111A (nt
331-333), E224A (nt 670-672), D263A (nt 787-789), D265A
(nt 793-795), N293A (nt 877-879), G294A (nt 880-882),
D297E and D297N (nt 889-891) were prepared by PCR using
the QuickChange Site-Directed Mutagenesis Kit (Stratagene)
according to manufacturer’s directions with the expression
vector pET16ppdA337-339 used as DNA template. For gen-
eration of the PPDC variants, the primer sequences were
5-GCCGGAGTGCCCTGCgaCTACCTGACCCCG-3' for S25D, 5'-
CGTGGCCGGAGTGCCCTGCaaCTACCTGACCCCGTTGATCAACC-3'
for S25N, 5'-CCTCACGGTCACGCAGCcAGGGCGAGGCCGC-3' for E48Q,
5-GGACGAGCCCCAGgcC CACCTGATGGGCCGG-3' for H110A, 5'-
CGAGCCCCAGC ACgcCCTGATGGGCCGGATCA CC-3' for HI111A,
5-GGCAAGTCCAGCCGGGCcGCTGTACACCCTCG-3' for E224A, 5'-
CCGCCCGGTCGTGGTCGTCGcaGGCGACGGCTCGGTGCTGATGCG-3'
for D263A, 5'-GTCGTGGTCGTCGACGGCGcaGGCTCGGTGCTGATG-3’
for D265A, 5'-CCACCTGGTCC TCGACgcaGGCGTCCACGACTCC-3' for
N293A, 5'-CCTGGTCCTCGACAACGCcCGTCCAC GACTCCACC-3’ for
G294A, 5-CGACAACGGCGTCCACGAATCCACCGGCGGCCAGC-3' for
D297E, and 5-CGACAACGGCGTCCACaACTCCACCGGCGGCCAGC-3’
for D297N, whereas the lower case letters represent the mis-
matches to the wild type sequence. The gene sequences were
verified by DNA sequencing. The variants were prepared in the
same manner as the wt-PPDC. The expression rates were between
10 and 15 mg mutant protein/L.

DNA sequencing was performed with LI-COR 4200
(MWG Biotech) using the Thermo Sequenase fluorescent
labelled primer cycle sequencing kit with 7-deaza-dGTP
(Amersham Biosciences) and the IRD-800 Ilabeled primers
T7promotor (5-TAATACGACTCACTATAGGG-3') and T7terminator
(5’-GCTAGTTATTGCTCAGCGG-3’). In case of the ppd gene
two additional IRD-800 labeled primers were used:
5-AGGACAGGTCGTACGGTACGC-3’ (nt 537-557) and 5'-
CATGTAGAAGTGCTGGTCGC-3' (nt 711-692). Computer analysis of
the sequences was performed using the Base ImagIR 4.1 software
package.

3.4. Protein purification
E. coli BL21(DE3)pLysS cells, carrying the according expression

vector, were grown aerobically in 6 x 400 ml Luria-Bertani medium
[63] containing 100 wg/ml ampicillin and 34 pg/ml chlorampheni-
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col. After cultivation at 37 °C for 75 min, the incubation temperature
was lowered to 30 °C. Induction of protein expression with a final
concentration of 0.5 mM isopropyl-3-p-thiogalactopyranoside was
performed when an optical density (ODggg) of 0.8-1.0 had been
reached. After 5 h, cells were harvested by centrifugation for 10 min
at 6000 x g and 4°C, washed and resuspended in 20ml of the
respective washing buffer (PPDC: 20 mM HEPES, 300 mM Nadl,
20 mM imidazole, 1 mM ThDP, 2 mM MgCl, and 1 mM dithiothre-
itol (DTT), pH 7,5; AEPT: 10 mM KH,PO4, 20 mM imidazole, 10 uM
pyridoxal phosphate (PLP) and 1 mM DTT, pH 7.5; Phtase: 50 mM
HEPES, 20 mM imidazole, 10 mM MgCl, and 1 mM DTT, pH 7,5)
and stored at —80°C for at least 12 h. Thawing the cells at 25°C
resulted in cell lysis. After storage on ice for 1h and centrifuga-
tion for 1h at 48,000 x g and 4 °C, the supernatants were used as
cell-free extracts. The cell-free extracts were applied to a 25 ml
bed volume Ni-NTA Superflow column (Qiagen) equilibrated with
3-4 column volumes of the respective washing buffer, which were
also used to remove unbound proteins from the column. In the
case of PPDC, unspecific bound proteins were eluted with buffer
containing 80 mM imidazole. The elution of the His-tagged pro-
teins was achieved with buffer containing 250 mM imidazole. After
protein elution a desalting step was performed to remove imida-
zole using Centriprep YM-30 devices (Millipore) and the respective
storage buffer (PPDC: 50 mM HEPES, 300 mM NaCl, 1mM ThDP,
1 mM MgCl; and 1 mM DTT, pH 8.0; AEPT: 50 mM TRICINE, 100 .M
PLP and 1 mM DTT, pH 8.5; Phtase: 50 mM HEPES, 300 mM Nacl,
10mM MgCl, and 1 mM DTT, pH 8.0). The obtained fusion pro-
tein yields were 15 mg PPDC/I; 30 mg AEPT/I; 90 mg Phtase/l, which
were stored at 4°C.

The molecular masses were calculated from the amino acid
composition using the EXPASY Molecular Biology Server program
Compute pI/MW [64] and measured by SDS-PAGE (6% stacking gel
and 12% separating gel). The size of the native PPDC protein was esti-
mated by gel filtration column chromatography using the column
HiLoad 26/60 Superdex 200 prep grade (Amersham Biosciences)
at a flow rate of 2.5 ml/min and the eluent 20 mM HEPES, 300 mM
NaCl, and 1 mM DTT, pH 8.0. The column was calibrated using the
standard proteins a-amylase (200 kDa), ADH (150kDa), albumin
(66 kDa), carbonic anhydrase (29 kDa), and cytochrome C (12.4 kDa)
and void volume was determined using blue dextran. Protein con-
centration was determined according to Bradford [65] using bovine
serum albumin for calibration.

3.5. Assays of enzymatic activity

PPDC activity was determined in two different coupled enzyme
assays at 30°C. The rate of phosphonoacetaldehyde produc-
tion from phosphonopyruvate (PnPyr) was assayed by measuring
the oxidation of NADH in the presence of Phtase/ADH and
AEPT/LDH, respectively. The conversion of phosphonoacetalde-
hyde via acetaldehyde (Fig. 2) into ethanol was monitored at
340nm (¢=6.3cm?/pwmol) using 1 ml reaction mixtures contain-
ing 0.5 mM PnPyr, 0.3 mM NADH, 100 p.g Phtase, and 10 units of
ADH in PPDC storage buffer. The conversion of phosphonoac-
etaldehyde to 2-aminoethylphosphonate (Fig. 2) is coupled to
the formation of lactate which was monitored using 1 ml reac-
tion mixtures containing 0.5 mM PnPyr, 2 mM L-alanine, 0.3 mM
NADH, 10 uM PLP, 50 g AEPT, and 11 units of LDH in PPDC stor-
age buffer. The reactions were started by addition of PnPyr. The
amount of PPDC was chosen thus that a steady decrease of NADH
absorption could be monitored over 5-10 min. One unit is defined
as the amount of PPDC that catalyses the decarboxylation of
1 pmol phosphonopyruvate per minute at pH 8.0 and 30°C. All
data points represent the average of at least of two independent
experiments.

3.6. Enzyme characterization

3.6.1. Steady-state kinetic constant determination

Km and vmax values for the catalytic activity of the wt-PPDC
and the PPDC variants were determined from the specific activity
datameasured as a function of varying phosphonopyruvate concen-
trations. The ke, value was calculated from vpax and the enzyme
concentration using the equation kcar = Vmax/[E].

3.6.2. Metal ion and ThDP activation

Cofactor-free PPDC (apo-PPDC) was prepared by dialysis against
a buffer containing 50 mM HEPES, 300 mM NacCl, 10 mM EDTA, and
1 mM DTT, pH 8.0 followed by exhaustive dialysis against a buffer
containing 50 mM HEPES, 300 mM Nacl, and 1 mM DTT, pH 8.0 in
order to remove EDTA. The rate of phosphonoacetaldehyde pro-
duction from PnPyr was monitored at 340 nm (& =6.3 cm?/wmol)
using the auxiliary enzymes AEPT and LDH. For metal ion activa-
tion, 1 mlreaction mixtures contained 0.5 mM phosphonopyruvate,
2mM L-alanine, 0.3mM NADH, 1mM ThDP, 10 uM pyridoxal
phosphate (PLP), 100 g of purified AEPT, 11 units of LDH, and
varying concentrations of divalent metal ions in a buffer contain-
ing 50 mM HEPES, 300 mM NacCl, and 1 mM DTT, pH 8.0. For ThDP
reconstitution, 1 ml reaction mixtures contained 0.5 mM phospho-
nopyruvate, 2mM L-alanine, 0.3 mM NADH, 1 mM MgCl,, 10 puM
PLP, 100 wg AEPT, 11 units of LDH, and varying concentrations
of ThDP. Reactions were started by addition of phosphonopyru-
vate. The amount of apo-PPDC was chosen in a way that a steady
decrease of NADH absorption could be monitored over 10 min.
All data points represent the average of at least two independent
experiments.

3.6.3. pH-rate profile determination

The effect of pH on the kinetic properties of PPDC was deter-
mined using the Phtase/ADH and the Aept/LDH enzyme assay
as described above. PPDC activity was measured as a function
of the reaction pH by using the following buffer systems at the
indicated pH values and at 50 mM concentrations each of either
MES (pH 5.5-6.5), MOPS (pH 6.5-7.5), HEPES (pH 7.0-8.0), TRIS
(pH 7.0-9.0), BICINE (pH 8.0-9.0), GLYGLY (pH 7.5-9.5), CHES (pH
9.0-10.0), or CAPS (10.0-11.0). Each buffer contained 300 mM Nacl,
1 mM ThDP, 5 mM MgCl,, and 1 mM DTT. Centricon YM-10 devices
(Millipore) were used to exchange the PPDC storage buffer. All
data points represent the average of at least two independent
experiments.

3.6.4. Temperature-rate profile and determination of half-life

The effect of temperature on the kinetic properties of PPDC was
determined using the Phtase/ADH and AEPT/LDH enzyme assays
as described above. Reaction mixtures were pre-incubated at the
respective temperature for 5 min. PPDC activities were determined
as a function of the reaction temperature and analyzed using
the Arrhenius plot, whereas the activation energy (E;) was calcu-
lated from the resulting slope (k) using the equation E;=—k x R
(R=8.3144]/(mol K)). For determination of the half-life (¢;/,), PPDC
was incubated at different temperatures. At several time points
the residual enzyme activity was measured by carrying out the
Phtase/ADH and the AEPT/LDH enzyme assays as described above.
Activity data were plotted as In(activity) vs. incubation time. The
half-life was calculated from the resulting slope (k) using the equa-
tion ty, =In2/k.
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