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Prodigiosin, a tripyrrole red pigment synthesized by Serratia and some other microbes through a
bifurcated biosynthesis pathway, MBC (4-methoxy-2,20-bipyrrole-5-carbaldehyde) and MAP (2-methyl-
3-n-amyl-pyrrole) are synthesized separately and then condensed by PigC to form prodigiosin. MAP is
synthesized sequentially by PigD, PigE and PigB. PigE catalyzes the transamination of an amino group
to the aldehyde group of 3-acetyloctanal, resulting in an aminoketone, which spontaneously cyclizes
to form H2MAP. Here we report the crystal structure of the catalytic domain of PigE which involved in
the biosynthesis of prodigiosin precursor MAP for the first time to a resolution of 2.3 Å with a homodimer
in the asymmetric unit. The monomer of PigE catalytic domain is composed of three domains with PLP as
cofactor: a small N-terminal domain connecting the catalytic domain with the front part of PigE, a large
PLP-binding domain and a C-terminal domain. The residues from both monomers build the PLP binding
site at the interface of the dimer which resembles the other PLP-dependent enzymes. Structural compar-
ison of PigE with Thermus thermophilus AcOAT showed a higher hydrophobic and smaller active site of
PigE, these differences may be the reason for substrate specificity.

� 2014 Elsevier Inc. All rights reserved.
1. Introduction

Prodigiosins, a kind of red-pigmented secondary metabolites
with linear tripyrrole structure, are produced by marine bacteria
[1], actinomycetes (e.g. Streptomyces coelicolor A3(2)) [2] and some
species of Serratia [3] only in the later stages of bacterial growth.
Although the physiological role of prodiginines in their host micro-
organisms remains unclear [4], many studies in vitro showed that
prodigiosins have anti-bacterial, anti-fungal, anti-protozoal/anti-
malarial, anti-cancer, anti-stroke, anti-proliferation and trypano-
lytic activities [5]. Prodigiosin and its synthetic derivatives also
have been shown to have potent and specific immunosuppressive
activity [6].

Biosynthesis gene clusters from different microorganisms were
cloned and sequenced. A gene cluster with pigA-N for the prodigi-
osin production was first identified in the Serratia sp. ATCC 39006,
with the knock-out mutations of each biosynthetic gene sequen-
tially in this cluster, analysis of the intermediates accumulating
in each mutant and with genetic complementation studies, a bifur-
cated pathway for the prodigiosin production was determined:
PigI, PigG, PigA, PigJ, PigH, PigM, PigF and PigN were assigned for
the biosynthesis of the one terminal products 4-methoxy-2,2-
bipyrrole-5-carboxyaldehyde (MBC) and PigD, PigE and PigB are in-
volved in the biosynthesis of monopyrrole, 2-methyl-3-n-amyl-
pyrrole (MAP), MBC and MAP are then condensed to form the final
product prodigiosin by the PigC [1,7–9]. The biosynthesis pathway
of MBC in Serratia is essentially the same as that in S. coelicolor
A3(2), but the synthesis pathways of MAP are completely different,
in fact, none of the proteins involved in the biosynthesis of MAP in
Serratia have close homologs in the red cluster of S. coelicolor A3(2)
which synthesize the prodigionines in the S. coelicolor [10]. Among
the three enzymes in the MAP pathway: PigD has homology with
thiamine pyrophosphate (TPP)-requiring enzymes, and is proposed
to transfer a two-carbon fragment from pyruvate (with the loss of a
CO2) to 2-octenal, yielding 3-acetyloctanal; PigE, an aminotransfer-
ase, then transfers an amino group to the aldehyde group of
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3-acetyloctanal, resulting in an aminoketone, which spontaneously
cyclizes to form H2MAP; and finally PigB oxidizes H2MAP to yield
MAP [10].

The aminotransferases catalyze the transfer of amino groups
to keto compounds by a ping-pong bi–bi reaction mechanism
involving two half-reactions [11], using pyridoxal 50-phosphate
(PLP) as a cofactor, is the key enzyme in the biosynthetic path-
way of amino acids [12], so these enzymes are principally in
the catabolism and the anabolism of amino acids and amino
acid-derived metabolites. Aminotransferases are widely distrib-
uted in nature, and catalyze a large variety of reactions. Based
on the solved structure, they all use PLP as a cofactor at their ac-
tive center, so aminotransferases belong to the PLP-dependent
enzymes. Aminotransferases have been divided into four sub-
groups, PigE is a putative aminotransferase, and can be classified
into subgroup II [13]. It shares similarity with a putative amino-
transferase from S. coelicolor A3(2). PigE is also one of the only
two pig genes that do not have homologs in the red cluster of
S. coelicolor [7].

To elucidate the mechanism of the aminotransferase PigE, in
this study, we first cloned and expressed the full-length gene of
PigE from Serratia sp. FS14 [14] in Escherichia coli, and crystallized
PigE by the vapor diffusion method. Here, we report the crystal
structure of the catalytic domain of PigE at 2.3 Å for the first time
and the structural comparison between PigE and other amino
transferases.
2. Materials and methods

2.1. Gene cloning, protein expression and purification

The DNA encoding full-length PigE was amplified through PCR
method with the chromosomal DNA of Serratia sp. FS14 as tem-
plate. PCR was carried out with Pfu DNA polymerase (Thermo) with
the following primers 50-atatcatATGAAATTCGGATTCATCGCTC and
50-gcgtaagcttGTCTAAAAAGGTGGAGAGTTCCTCG corresponding to
the 50 and 30 ends of the gene, respectively. The restriction sites,
NdeI and HindIII, in the primers are underlined, respectively. The
PCR product was then digested with NdeI and HindIII and then
cloned into the pET24b digested with the same restriction enzymes
to create the expression plasmid pET24b-pigE. This plasmid con-
taining the full-length PigE gene with C-terminal His6-tagged
was verified by restriction-enzyme digestion and DNA sequencing.
The verified plasmid was then transformed into E. coli C43 (DE3)
for induction.

A single fresh colony of E. coli C43 (DE3) with the pET24b-pigE
was cultured at 310 K and grown to OD600 as 1.0. The cells were
then induced with 0.5 mM IPTG and grown for another 4 h at
299 K. The induced cells were collected by centrifugation at
5000 rev min�1 (Hitachi Rotor R20A2) for 10 min and the cell pel-
let was then resuspended in binding buffer containing of 50 mM
K2HPO4/KH2PO4 pH 7.6, 300 mM NaCl, 5 mM imidazole and 1 mM
PMSF just before sonication. After the removal of unbroken cells
and insoluble materials by centrifugation for 30 min at
15,000 rev min�1 (Hitachi Rotor R20A2), the target protein was
purified by immobilized metal-affinity chromatography (IMAC)
on Ni–NTA Superflow (Qiagen). Briefly, the supernatant was
loaded onto a 2 ml bed volume Ni–NTA column previously equil-
ibrated with 6 bed volumes of binding buffer. Then the column
was washed with binding buffer containing 5, 20, and 50 mM
imidazole respectively (six bed volumes each) to wash out the
unbound or weakly bound proteins, the target protein was eluted
using a stepwise increasement of imidazole in elute buffers with
100 and 250 mM imidazole, respectively.
The His6-tagged PigE were mainly eluted at 100 mM imidaz-
ole. The elute protein was concentrated to approximately 2 ml
by centrifugation with an Amicon Ultra-15 filter (Millipore), then
PLP and four different L-form amino acids: alanine, serine, pro-
line, methionine were added to the protein sample with the final
concentration of 1 mM each. After incubation for 1 h, the sample
was concentrated to approximately 1.2 ml by centrifugation, and
then loaded onto a Sephacryl S300 (Pharmacia Biotech) column
pre-equilibrated with 20 mM HEPES pH 7.5 containing 300 mM
NaCl, 10% glycerol. The column was then eluted with 1.2 bed vol-
umes of the same buffer. The elution pattern showed that there
were three peaks, which were further analyzed by SDS–PAGE
for purity check. Since the first peak appeared at the position of
the void volume of the column, and the third small peak with
pale yellowish shows no protein bands, suggesting it may be
the unbound free PLP. So the second peak containing PigE protein
was pooled together and concentrated to 10 mg/ml for the crys-
tallization. The protein concentration was determined from the
absorbance at 280 nm, assuming an e280 of 0.811 for a 1.0 mg/
ml protein solution.
2.2. Protein crystallization

Initial crystallization screens were performed using six differ-
ent screening kits from Hampton Research (HR110, 112, 114,
122, 128 and 144) and four MCSG screening kits (MCSG 1-4T)
employing the sitting-drop vapor-diffusion method at 295 K.
The initial screen yielded rod-shaped crystals from the following
condition: pH6.9, 0.49 M NaH2PO4, 0.91 M K2HPO4, and thick hex-
agonal plate crystals from the following condition: 0.1 M Tris:HCl
pH 8.5, 1 M MgSO4. Since the hexagonal crystals need a long time
to grow to full size (more than two months), we chose the first
condition for further optimization. The optimization was carried
out by grid screening of the precipitate concentration, the pH of
the crystallization condition, different concentrations of the pro-
tein sample combined with commercial additive and detergent
screens (Hampton Research).

The best crystal suitable for diffraction was obtained by mixing
1 ml 10 mg/ml protein solution with the same amount of reservoir
solution and equilibrating against 50 ll reservoir solution (pH 6.9,
0.49 M NaH2PO4, 0.91 M K2HPO4, 50 mM MgCl2 and 3.2 mM n-
nonyl-b-D-maltoside). The crystal obtained from the initial screen
with the condition (0.1 M Tris:HCl pH 8.5, 1 M MgSO4) diffracted
also very well.
2.3. Data collection and structure determination

Prior to cryocooling, crystals were looped out from the crystal-
lization drop and sequentially transferred into fresh mother liquor,
mother liquor with 5% glycerol, mother liquor with 10% glycerol
and mother liquor with 15% glycerol for a few seconds each. After
transfer to the final solution, the crystal was flash-cooled in liquid
nitrogen. Complete X-ray diffraction data sets were collected at
beamline BL17U1 of Shanghai Synchrotron Radiation, Shanghai,
People’s Republic of China using an ADSC Q315r detector. The best
crystal diffracted to 2.3 Å resolution. Each frame was exposed for
1.2 s with a rotation range of 1.0. The data were processed using
the XDS package [15]. The structure of PigE was solved by the auto-
matic molecular replacement pipeline Balbes [16] using 1VEF as a
starting model. The model was then manually adjusted with the
program coot [17]. Structure refinement was carried out using REF-
MAC5 [18]. PyMol was used to prepare the structure Figures [19].
The data processing and structure refinement statistics are sum-
marized in Table SI.
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3. Results

3.1. PigE belongs to the PLP-dependent aspartate aminotransferase
superfamily

The PigE protein consists of 853 amino acid residues with a
predicted molecular mass of 93.26 KDa, and its encoding gene
is located in a pig cluster (prodigiosin synthesis gene cluster)
transcribed as a polycistronic message RNA. It shares 100%
sequence identity with the PigE from Serratia marcescens WW4
(NCBI accession number YP 007404923.1). The purified recombi-
nant PigE showed the similar molecular size as the predicted size
(Fig. S1A). The BLAST search result revealed that the protein has a
putative pyridoxal 50-phosphate (PLP) binding site and belongs to
PLP-dependent aspartate aminotransferase superfamily (fold I).
The BLAST search also showed several homologs from Serratia
species, with sequence identities of 100–85%, have corresponding
PLP binding sites. We also found that several homologs from
other species, such as Pseudoalteromonas rubra, Janthinobacterium
lividum, Ralstonia solanacearum, and Hahella ganghwensis, with se-
quence identities of 80–52%, also contain PLP cofactor binding
sites. Sequence analysis showed that the C terminal of PigE (res-
idue 372–853) is the putative catalytic domain, which shares
some homology with the PLP-dependent aminotransferase family
proteins, but the function for the N-terminal domain (residue
1–371) is unclear.

3.2. Overall structure of PigE

The recombinant full length PigE from Serratia sp. FS14 was
purified by IMAC and gel filtration and then crystallized in a space
group P321, with unit-cell parameters a = b = 124.1, c = 73.6 Å. The
crystal structure of PigE was solved by means of molecular replace-
ment using acetylornithine aminotransferase structure (PDB code,
1VEF, Matsumura et al., unpublished data) as the searching tem-
plate with the molecular-replacement pipeline Balbes, and the PigE
structure was refined to an R work of 23.78% (R free 27.18%) at
2.3 Å resolution. The asymmetric unit of the crystal contains two
Fig. 1. Topology of secondary structural elements of PigE. The N-terminal domain is fo
formed by seven b-strand b4–10 and eleven helices a4–14. The C-terminal domain consis
the program TOPDRAW from CCP4i.
molecules which forms a dimeric structure. Surprisingly, the final
model contains only 481 amino acids, including residues from
Ala372 to Asp853, no electron density visible for the fragment from
residues Met1 to Ala371. The SDS–PAGE analysis of the PigE crys-
tals after diffraction showed that the recovered protein from the
crystal was only about 55 KDa, this implied that the protein de-
graded during crystallization (Fig. S1B).

The asymmetric unit of the crystal contains a truncated PigE di-
mer of structurally identical monomers (referred to as monomer A
and monomer B, respectively) with the backbone rmsd (root mean
square deviation) of 0.46 Å. In the final model, both monomers in-
clude the residues from 372 to 853, but no electron density visible
for residues from 745 to 765 of chain A and 743 to 765 of chain B,
respectively. So this fragment is not included in the final model.
The Ramachandran plot shows that 95.1%, 4.5%, and 0.4% of phi/
psi angles are in favoured, allowed regions, and disallowed, respec-
tively. The data processing and structure refinement statistics are
summarized in Table SI.

In each monomer 40% residues form 18 a-helices and 10% form
13 b-strands. The topology of PigE monomer was shown as Fig. 1.
Each monomer contains three domains: a small N-terminal do-
main (residues 372–451, magenta), a large PLP-binding domain
(residues 452–703, blue), and a C-terminal domain (residues
704–853, red). The N-terminal domain consists of three a-helices
(a1–3) and a b-sheet made of three antiparallel strands (b1–b3).
The large PLP-binding domain consists of a seven-stranded mixed
b-sheet (b4–b10) and an eleven a-helices (a4–a14). The C-termi-
nal domain is composed of three b-strands (b11–b13) and four
a-helices (a15–a18) including two long helices a17 and a18
formed by residues 774–807 and 835–853, respectively (Fig. 2A).
The structure fold of PigE is similar to those of other enzymes of
Type I subgroup II family of PLP dependent enzymes.

The two polypeptide chains show an interface characteristic of a
tight dimer. The dimer interface is mainly formed by the large PLP-
binding domains of the two subunits (Fig. 2B). The dimer interface
buries 12663.9 Å2 or 39% total accessible surface area for
each dimmer. The interaction involves fifteen hydrogen bonds
and seventeen salt-bridges per dimer.
rmed by a b-sheet b1–3 and three helices a1–3. The large PLP-binding domain is
ts of three b-strands b11–13 and four helices a15–18. The diagram was drawn using
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3.3. PLP binding site

The yellowish crystals indicated that PigE protein uses PLP as
cofactor. An unambiguous density is observed in the cofactor bind-
ing site, and the density is continuous between residues Lys645
and the PLP cofactor, indicating that the expected aldimine had
formed between the lysine residue and the PLP. In the asymmetric
unit, each monomer binds a PLP as cofactor. Fig. 2B clearly shows
the binding of PLP molecules in the cofactor site at the homodimer
interface. The cofactors binding site is built up by the residues from
both subunits, whereas the active-site cleft is mainly made up of
residues from one monomer. One molecule of PLP bound to both
subunits in the asymmetric unit. The PLP makes interactions with
other residues in the binding site: the side chain OD2 atom of
Fig. 2. (A) Three-dimensional structure of a monomeric unit (subunit A) of PigE. Individu
PLP-binding domain; red: C-terminal domain. PLP is shown as a stick model and the C a
unit. The large interface between the PLP-binding domains (blue) of subunits A and B ma
domain, respectively. Different domains of subunit B are colored with lighter shade. (C
(tAcOAT), the structure of 1VEF is colored with gray. (D) The hydrogen bonds formed by t
as dotted line and colored with gray30. The cartoon of PigE structure is shown as 80% tra
are shown in sticks. (For interpretation of the references to color in this figure legend, t
Asp616 forms a charged hydrogen bond with the protonated N1
atom of PLP, stabilizing the protonated N1 to strengthen the elec-
tron-withdrawing capacity of PLP; at the same time, the main
chain O of Tyr530 formed a weaker hydrogen bond with the pro-
tonated N1 atom of PLP; the side chain NE2 of Gln619 is hydro-
gen-bonded to the O3 atom of PLP, and the negative charge on
the O3 atom of PLP stabilizes the protonated form of the imine
nitrogen of the external aldimine because they can form an intra-
molecular hydrogen bond. About the phosphate group of PLP, there
are two types coordination: directly interacting with the residues
at the binding site by forming hydrogen bond; and through water
bridges to link with the residues at the PLP binding site. The O1P
atom makes a direct hydrogen bond to the N atom of Gly503,
and also through two water molecules to make hydrogen bonds
al domains are colored differently. Magenta: small N-terminal domain; blue: large
ctoms are colored green. (B) The structure of PigE dimer present in the asymmetric
y be noticed. Two atoms of PLP (C atoms with green) are shown in the PLP-binding
) The comparison of the monomeric unit of PigE to the monomeric unit of 1VEF

he residues of PLP binding site and the PLP cofactor. The hydrogen bonds are shown
nsparency. The water molecules are shown in spheres and the connecting residues

he reader is referred to the web version of this article.)
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with the side chain OG of Ser644, the main chain N atom of Lys645
from the same chain, the side chain OH and the main chain N atom
of Tyr681, and the side chain ND2 of Asn501 from another chain,
respectively. The main chain N atom of Thr504 forms hydrogen
bond directly with the O2P atom of PLP, at the same time the main
chain N atoms of Lys533 through a water molecule connected with
the O2P atom of PLP. For the atom O3P, it forms hydrogen bond
with the side chain OG1 atom of Thr680 belonging to the other
chain. Two waters bridge O3P to the side chain OH atom of
Tyr530 and the main chain N atom of Lys533 (Fig. 2D). The hydro-
gen bond interactions with the atoms O1P, O2P and O3P like a base
fixing the bottom of PLP. All other hydrogen bonds formed by res-
idues of PLP binding site and the PLP cofactor like a net firmly catch
the PLP cofactor at the binding site.

3.4. Comparison of catalytic domain of PigE structure with other
structural homologs

The Dali search [20] retrieved the following proteins as those
structurally similar to PigE: acetylornithine/acetyl-lysine
aminotransferase (tAcOAT) from Thermus thermophilus HB8
(PDB entry 1VEF, Matsumura et al., unpublished data), human
ornithine aminotransferase (hOAT, PDB entry 1OAT) [21],
gamma-aminobutyrate aminotransferase from E. coli (GABA-AT,
PDB entry 1SFF) [22], and N-succinylornithine transaminase
(AstC) from E. coli (AstC, PDB entry 4ADE) [23] with high Z
scores. The overall backbone fold of PigE was very similar to
these proteins (Table SII).

Structure-based sequence alignment of PigE, tAcOAT (PDB entry
1VEF), hOAT (PDB entry 1OAT) and GABA-AT (PDB entry 1SFF)
shows that the lysine forming Schiff base with PLP (marked by

) and most of the active site residues (marked by and ) are
structurally conserved (Fig. S2). PigE superposes with tAcOAT,
hOAT, and GABA-AT with rms deviations of 1.5 (for 387 target
pairs), 1.8 (for 395 target pairs), 2.1 (for 406 target pairs) Å and
shares sequence identities of 35%, 31% and 28%, respectively. De-
spite their low sequence identity (about 35%), PigE shares virtually
the same general folds with tAcOAT. However, there are also some
significant differences in the structural comparison with tAcOAT.
Of the three domains of PigE, the large PLP-binding domain super-
poses well with corresponding domains of tAcOAT which only with
Fig. 3. Substate binding pocket of PigE and its comparison with the substrate binding poc
and tAcOAT (PDB code 1VEF). The backbone of the residues from monomer A, monomer
The Surface contour image shows the substrate binding pocket of PigE, the Lys645 and P
references to color in this figure legend, the reader is referred to the web version of thi
b6 and b7 longer than corresponding segments of tAcOAT. The N-
terminal domain just a2 can be superposed well with tAcOAT,
and for the a1, a3 are extra for tAcOAT (Fig. 2C). We concerned
that a1 may be the helix linked to the front part of the PigE unre-
solved structure 1-371aa, but crossing a2 which similar to tAcOAT
it is also an a3 supernumerary. Differences on the C-terminal do-
main are obviously as well. The most straightforward difference
is a17 helix which is much longer than the corresponding helix
in the C-terminal domain of tAcOAT. The a17 helix of monomer
A forms crystal contact with the symmetric molecular of monomer
B. Since the a17 helix is sitting at the nearby region of the substrate
binding pocket, it may interact with PigD or PigB or both for the
efficient substrate exchange during the MAP synthesis. Moreover,
between b7 and a10 of PigE structure there is just a loop without
two small b-sheets in the tAcOAT corresponding domain. In the
PigE structure between a4 and b3 was only a loop, but one small
a helix (a2 helix) in tAcOAT structure (Fig. 2C).

PigE was also compared with some other members of the same
family of enzymes (ornithine-oxo acid transaminase (Rocd)
(Anderson SM et al., unpublished data), 2,2-dialkylglycine decar-
boxylase (DGD) [24], and glutamate-1-semialdehyde aminomutase
(GSA-AT)) [25] with PDB entries 3RUY, 1D7U, and 2GSA, respec-
tively. Superposition of CA atoms of PigE with those of 3RUY,
1D7U, and 2GSA results in rms deviations of 1.6 (383 target pairs),
2.1 (for 401 target pairs), and 2.5 (for 392 target pairs) Å and se-
quence alignment shows identities of 33%, 29% and 23%, respec-
tively (Table SII).

As is observed for tAcOAT, a deep narrow tunnel extending from
the protein surface to the PLP binding site serves as a substrate
binding site. The overall substrate binding pocket of PigE is similar
when compared with 1WKH and 1WKG (Matsumura et al., unpub-
lished data). However from the structural comparison, we found
there are comparable differences between PigE and tAcOAT related
to the substrate pocket. The most obvious difference is the hydro-
phobicity of the binding pocket, in PigE structure more hydropho-
bic residues present in the substrate accessing tunnel than in
tAcOAT (Fig. 3A). The binding pocket size at the entrance and the
middle part is somehow smaller than that of tAcOAT due to the
stretches of side chains into the binding pocket. But the size of
binding pocket is still enough for the substrate 3-acetyloctanal
(Fig. 3B).
ket of tAcOAT. (A) stereo diagrams showing the superimposed active sites of the PigE
B of PigE are colored cyan and green, the tAcOAT is colored in gray, respectively. (B)
LP sitting in the bottom of the pocket are shown as sticks. (For interpretation of the
s article.)
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Accession codes

The coordinates for the structure have been deposited in the
Protein Data Bank with an ID of (PDB code 4PPM).
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