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Structure-Based Engineering Increased the Catalytic
Turnover Rate of a Novel Phenazine Prenyltransferase
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Abstract

Prenyltransferases (PTs) catalyze the regioselective transfer of prenyl moieties onto aromatic substrates in biosynthetic
pathways of microbial secondary metabolites. Therefore, these enzymes contribute to the chemical diversity of natural
products. Prenylation is frequently essential for the pharmacological properties of these metabolites, including their
antibiotic and antitumor activities. Recently, the first phenazine PTs, termed EpzP and PpzP, were isolated and biochemically
characterized. The two enzymes play a central role in the biosynthesis of endophenazines by catalyzing the regiospecific
prenylation of 5,10-dihydrophenazine-1-carboxylic acid (dhPCA) in the secondary metabolism of two different Streptomyces
strains. Here we report crystal structures of EpzP in its unliganded state as well as bound to S-thiolodiphosphate (SPP), thus
defining the first three-dimensional structures for any phenazine PT. A model of a ternary complex resulted from in silico
modeling of dhPCA and site-directed mutagenesis. The structural analysis provides detailed insight into the likely
mechanism of phenazine prenylation. The catalytic mechanism suggested by the structure identifies amino acids that are
required for catalysis. Inspection of the structures and the model of the ternary complex furthermore allowed us to
rationally engineer EpzP variants with up to 14-fold higher catalytic reaction rate compared to the wild-type enzyme. This
study therefore provides a solid foundation for additional enzyme modifications that should result in efficient, tailor-made
biocatalysts for phenazines production.
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Introduction structures of NphB, [5] FgaPT?2 [18] and FtmPT'1 [19] in complex
with substrates and substrate analogs established the reaction
mechanism, which is based on a Friedel-Crafts alkylation. In the
first step, the prenyl diphosphate is bound to the enzyme and an
electrophilic carbocation is generated, which subsequently attacks

. : the nucleophilic aromatic substrate. In a second step, the resulting
production of prenylated secondary metabolites. [1], [2], [3] Allof  ywhejand-complex is deprotonated and the product is released

these reactions are catalyzed by prenyltransferases (PTs). A new from the enzyme. Such a sequential order of substrate binding was
superfamily of PTs, the soluble aromatic PT family, was identified determined for NphB [20] and likely also occurs in the

with the discovery of two PTs involved in the biosynthetic pathway
of secondary metabolites, [4], [5], [6] the enzymes CloQ and

The transfer of prenyl entities is a common enzymatic reaction
found in many primary and secondary metabolic processes, for
example during terpenoid biosynthesis, attachment of prenyl
anchors to proteins, the biosynthesis of lipoquinones, or the

homologous PTs.

: By sequence comparison, the superfamily of soluble aromatic
NphB from Streptomyces. The members of the soluble aromatic PT PTs can be divided into two families. [7], [17] The CloQ/NphB
family are found in certain taxa of bacteria and fungi 7], [8] and ’

catalyzes prenylation reactions of diverse aromatic substrates in
secondary metabolism. The PT EpzP from Streptomyces cinnamo-
nensis DSM 1042 reported here is a member of a new type of
bacterial prenyltransferases, as it catalysis the prenylation of a
phenazine substrate. Previously described examples of PTs are the
fungal enzymes FgaPT2, [9] FtmPT1, [10] CdpNPT [11] and
AnaPT [12] and the bacterial proteins NphB, [5] Fnq26, [13]
NovQ), [14] Fur7, [15] and CymD. [16] Crystal structure
determinations of NphB, [5] CloQ, [17] FgaPT2 [18] and
FtmPT1 [19] revealed that all four enzymes share a unique PT-
barrel fold. The soluble aromatic PTs have been termed ABBA
PTs, [8] due to the presence of five repetitive affo-motifs that
assemble into a ten-stranded antiparallel B-barrel. Furthermore,

family catalyzes the prenylation of phenols, naphthalenes and
phenazines, while the DMATS/CymD family catalyzes the
prenylation of indole derivatives. Members of both families are
found in eubacteria and fungi. The family of CloQ/NphB
enzymes comprises both magnesium-independent PTs (e.g. CloQ)
and magnesium-dependent PTs (e.g. NphB). Detailed insight into
the catalytic mechanism of indole prenylation by FgaPT?2 [18] and
FtmPT1 [19] is available, where regioselectivity of the reaction is
achieved by a modifiable indole binding site inside the B-barrel. By
contrast, knowledge about mechanistic aspects of the prenylation
of phenols, naphthalenes and phenazines by CloQ/NphB PTs
remains limited, in part because no structural data of such a PT in
complex with both of its genuine substrates are available. Although
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a structure of the magnesium-dependent enzyme NphB in
complex with geranyl diphosphate (GPP) and the non-natural
substrate 1,6-dihydroxy naphthalene revealed insight into naph-
thalene prenylation, [5] a more sophisticated understanding of the
prenylation reaction, and especially of the determinants of
substrate selectivity, regioselectivity and turnover rates, is desired
in the group of CloQ)/NphB enzymes, in order to fully exploit
their large potential as biocatalysts.

Recently, the first phenazine PT, PpzP, [21] was identified in
Streptomyces annulatus 9663 and classified as a member of the CloQ)/
NphB group. [7] Gene inactivation as well as biochemical studies
showed that PpzP catalyzes the regioselective prenylation at the
C9 position of 5,10-dihydrophenazine-1-carboxylate (dhPCA)
with the use of dimethylallyl diphosphate (DMAPP), yielding the
product 5,10-dihydroendophenazine A (Figure 1). [21] Natural
phenazine products are secondary metabolites isolated mainly
from Streptomyces and Pseudomonas, and their pharmacological
properties include broad-spectrum antibiotic, antitumor, antima-
laria and antiparasitic activities. [22], [23] Several phenazine
compounds derived from Streptomyces strains feature an N- or a C-
prenylated side chain. Prenylation of phenazines contributes to
biological diversity [24] and results in a wide range of biological
activity. [23] For example, the N-prenylated phenazines bentho-
cyanin A-C act as radical scavengers and inhibit lipid peroxida-
tion in rat microsomes, [25], [26] whereas the N-prenylated
phenazinomycin has antitumor activity against murine tumors and
cytotoxic activity against human tumor cells. [27] Antimicrobial
activities have been reported by agar plate diffusion assays for the
C-isoprenylated compounds endophenazine A and C, and it has
been shown that these compounds are active against seven out of
eight tested Gram-positive bacteria and some fungi. [28].

The phenazine PT EpzP [29] was discovered in Streptomyces
cinnamonensis DSM 1042. The phenazine biosynthetic gene cluster
in this strain is divided into two different chromosomal loci, and
previous studies revealed that isoprenoid building blocks utilized
by PTs are derived mostly via the mevalonate pathway, but are
additionally synthesized via the methyl-erythritol phosphate MEP
pathway. [30] Biochemical characterization showed that EpzP
[29] catalyzes a prenylation reaction that is identical to that
described for PpzP, albeit with substantially lower turnover rates.
[21], [29] We have now determined the crystal structure of EpzP
from  Streptomyces  cinnamonensis DSM 1042, which is the first
structure of a phenazine PT. We report structures of the enzyme

EpzP N

Structure of a Phenazine Prenyltransferase

In its native state as well as in complex with S-thiolodiphosphate
(SPP). In silico docking of the aromatic substrate dhPCA provides
insight into a likely catalytic mechanism, which is also supported
by extensive site-directed mutagenesis experiments. Furthermore,
based on our structural data and a comparison with PzpP we were
able to engineer EpzP to yield a 14-fold higher turnover-rate
compared to the wild-type enzyme with the introduction of a
single point mutation.

Methods

Protein Expression and Purification

Expression of wildtype EpzP from Streptomyces cinnamonensis DSM
1042 and mutant proteins was performed using an EpzP-pET28a
construct. For protein production, E. coli Rosetta2 cells harboring
the EpzP plasmid were grown at 37°C and 120 rpm in Luria-
Bertani medium containing kanamycin (50 pg/mL) and chloram-
phenicol (34 ng/mL). 30 min before cell density reached OD600
of 0.6 the temperature was reduced to 20°C. Isopropyl-B-D-
thiogalactopyranoside was added to a final concentration of
0.5 mM to start EpzP production. Cells were harvested after 16 h
by centrifugation (5440*g, 10 min, 4°C). Cells were resuspended
in His-A-buffer (20 mM Tris-HCI pH 8.5, 500 mM NaCl) and
placed on ice. Cell lysis was performed by sonication. Subsequent
centrifugation (25579*g, 30 min, 4°C) yielded supernatant that
was passed through a 0.45 pm filter. The protein solution was
loaded onto a 5 mL HisTrap FF column (GE Healthcare) followed
by extensive washing with His-A-buffer (10 column volumes). A
step gradient with His-B-buffer (20 mM Tris-HCl pH 8.5,
500 mM NaCl, 500 mM imidazole) was applied to remove
impurities, and pure EpzP was eluted with 30% of His-B-buffer.
Fractions containing pure EpzP were pooled and concentrated.
For protein used in activity assays, the buffer was exchanged to
SEC buffer (HEPES-NaOH pH 7.5, 150 mM NaCl). Protein
folding of EpzP and point mutants of EpzP was verified by circular
dichroism spectroscopy. For structure determination the His-Tag
of EpzP was removed by thrombin cleavage. This was achieved by
exchanging the buffer (20 mM Tris pH 8, 200 mM NaCl,
2.5 mM CaCly), adding thrombin (0.5 U per milligram of EpzP)
and incubating for 12 h at 4°C. Uncleaved EpzP, as well as the
cleaved Hisg-tag were removed by passing the solution through a
5 mL HisTrap FF column (GE Healthcare) coupled with a
benzamidine column. The flowthrough was pooled and concen-
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Figure 1. EpzP and PpzP catalyze the regioselective C-prenylation of 5,10-dihydrophenazine-1-carboxylate (dhPCA) to yield 5,10-

dihydroendophenazine A.
doi:10.1371/journal.pone.0048427.g001
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trated for size-exclusion chromatography using SEC buffer and a
Superdex 5200/16/60 column. The elution volume of EpzP
corresponds to a monomeric state of the enzyme. The pure protein
was either used for crystallization trials or methylated prior to
crystallization. Initial crystallization trials with the wildtype
enzyme failed. Therefore, we performed methylation of the
protein sample as 19 lysine residues were found in the sequence
of EpzP (302 amino acids). Methylation alters the size and mobility
of the lysine side chains and can in some cases promote
crystallization.

For methylation of lysine residues the protein sample was
diluted to 0.4 mg/mL and placed on ice. Freshly prepared
dimethylamine-borane (1 M, 20 uL./mg of EpzP) and formalde-
hyde solution (1 M, 40 uL/mg of EpzP) were added, and the
mixture was extensively stirred. The addition of dimethylamine-
borane and formaldehyde was repeated after 3 h and incubated
over night at 4°C. Afterwards, aggregates were removed by
centrifugation (25579*g, 20 min, 4°C), and the supernatant was
concentrated and applied to size exclusion chromatography (SEC),
as described above. Successful methylation was determined by
mass spectroscopy, which showed that 18 out of 19 lysine residues
had been methylated in EpzPm. Proper folding of all EpzP
proteins was analyzed with circular dichroism spectroscopy (J-720
CD spectrometer, JASCO; wavelength 205-250 nm), using
samples with a concentration of 0.3 mg/mL. CD spectra of the
EpzP variants did not show any substantial deviation compared to
the CD spectrum of the wildtype enzyme and therefore indicate
correct folding of all EpzP variants. All protein samples were flash-
frozen in liquid nitrogen until crystallization experiments were
performed.

Crystallization and Structure Determination

All crystallization experiments of EpzP were performed by
sitting drop vapor diffusion method. Therefore, 600 nL. of the
protein solution (30 mg/mL) was mixed 1:1 with the crystalliza-
tion buffer and placed on a 96-well plate above the reservoir
solution (100 pL). Initially, crystals of methylated EpzP (EpzPm-
nat) that diffract to 1.33 A resolution were obtained in crystalli-
zation buffer T (200 mM magnesium chloride, 30% (w/v)
PEG4000, Tris hydrochloride pH 8.5) at 4°C. A second crystal
form of methylated EpzP grew in crystallization buffer IT (200 mM
(NH4)2SOy4, 30% (w/v) PEG2000MME, 100 mM sodium acetate
4.6) at 20°C. To incorporate dimethylallyl S-thiolodiphosphate
(DMSPP), these crystals were soaked with 5 mM DMSPP for
30 min at 20°C to give EpzPm-SPP. Cryoprotection was achieved
by transferring crystals into the crystallization solution containing
12% (v/v) PEG400. EpzPwt was crystallized at 20°C (EpzPwt).
The protein solution (0.6 uL, 25 mg/mL) was mixed 1:1 with
crystallization buffer III (2.4 M (NH4)2SO,, 100 mM HEPES/
NaOH pH 7.5, 200 mM sodium acetate, 0.6 uL). Crystals grew to
a final size of 200%100x100 pm® within three months. They were
then harvested, mounted in loops, and flash-frozen in liquid
nitrogen until data collection.

Data sets of EpzPm-SPP, EpzPm-nat and EpzPwt were
recorded at beam line X06DA at the Swiss Light Source in
Villigen, Switzerland. Data reduction was performed with XDS
and XSCALE. [31] Crystals of EpzPwt belong to orthorhombic
space group P2,2,2,, and contain a single monomer in the
asymmetric unit. Two copies of the protein were found in the
asymmetric units of EpzPm-SPP and EpzPm-nat. Protein phases
resulted from molecular replacement using a model of CloQ [17]
that had been modified with CHAINSAW [32]" To avoid model
bias, the models were either rebuilt using ARP/wARP [33], or
simulated annealing was performed in PHENIX. [34] The final
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models were obtained after several cycles of manual building with
COOT, [35] followed by refinement with REFMACS. [36] Water
molecules were placed using COOT:Find_waters. S-thiolodipho-
sphate in EpzPm-SPP, sulfate and PEG molecules in EpzPwt and
EpzPm-nat were inserted with COOT and verified after
refinement. The final refinement step involved TLS parameter-
ization [37] using a single TLS group per protomer for EpzPwt
and multi-group TLS refinement for EpzPm-SPP and EpzPm-nat.
The TLS parameters were obtained from the TLSMD server. [38]
The geometries of the final models were analyzed with RAM-
PAGE [39] and SF-CHECK. [32] Figures were generated using
POVscript+ [40] and POVRAY (http://povray.org) or pymol.
[41].

Substrate Modeling

For DMSPP modeling, the diphosphate groups of EpzPm-SPP
and NphB (PDB code:1ZB6) were superposed and kept as fixed
anchors. The dimethylallyl moiety was placed manually to fit the
binding mode of GPP in NphB. The coordinates of the substrate
dhPCA were obtained from the PRODRG server [42] and used
for in silico modeling into the structure of EpzPwt by the use of
Vina. [43] For docking calculations, all solvent molecules inside
the cavity were removed, with the exception of two structurally
conserved water molecules (W1 and W2). The side chain atoms
were kept in fixed positions, with the exception of R267, which
was known to be flexible, and the search box for the ligand
docking experiment was extended to cover the entire active site.
Conformations that exhibit the lowest binding energy were
investigated for meaningful chemical and biochemical properties
of the catalyzed prenylation reaction.

Mutagenesis

Site-directed mutagenesis was performed to generate site-
specific mutations on EpzP. To confirm the active site and the
docking calculation, mutant primer pairs were designed to
generate the appropriate EpzP mutants: R62N_fwd (5'-GAC
CTC GAC TGC AAC TTC ACG ATG CTC CCG AAG GGC
CTC GAC CCG-3') and R62N_rev (5'-GAG CAT CGT GAA
GTT GCA GTC GAG GTC GTC CGC GCT GCT GCC
GGT-3"); R267Q_fwd (5'-C ACC GAG GGC CAG AAC TAC
GTC TAC GGC ATC GCG TCG ACG CCG-3') and
R267Q _rev (5'-GTA GAC GTA GTT CTG GCC CTC GGT
GTC GTA CGG CGC GCT CTT GAT G-3'); V270F_fwd (5'-
GC CGC AAC TAC TTT TAC GGC ATC GCG TCG ACG
CCG AAG GGC GAA TAC-3') and V270F_rev (5'-GC GAT
GCC GTA AAA GTA GTT GCG GCC CTC GGT GTC GTA
CGG CGC-3"); S236A_fwd (5'-GG TTC ACG TAC GCG GTC
ATG ACG CCG GAG CCG CTG GGC CTC-3") and
S236A_rev (5'-GG CGT CAT GAC CGC GTA CGT GAA
CCG GTT GAT CTT CGG CGA G-3'); T64Y_fwd (5'-C TGC
CGC TTC TAT ATG CTC CCG AAG GGC CTC GAC CCG
TAC GCC CGC-3') and T64Y_rev (5'-CTT CGG GAG CAT
ATA GAA GCG GCA GTC GAG GTC GTC CGC GCT GCT
GCC-3"); Y287F_fwd (5'-G ATC GCG TCG TTC TAC CAG
TGG CAG AAG CGC GTG GAG AAG CTG-3") and
Y287F _rev (5'-G CCA CTG GTA GAA CGA CGC GAT
CTT GTG GTATTC GCC CTT CGG C-3"); A285L_fwd (5'-C
CAC AAG ATC CTG TCG TAC TAC CAG TGG CAG AAG
CGC GTG GAG AAG-3') and A285L _rev (5'-G GTA GTA
CGA CAG GAT CTT GTG GTATTC GCC CTT CGG CGT
CGA CG-3'); A285Q_fwd (5'-C CAC AAG ATC CAG TCG
TAC TAC CAG TGG CAG AAG CGC GTG GAG AAG-3")
and A285Q_rev (5'-G GTA GTA CGA CTG GAT CTT GTG
GTATTC GCC CTT CGG CGT CGA CG-3");V218G_fwd (5'-
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G CGC TCG TTC GGC ATC TAC GTC ACC CTG AGC
TGG GAC TCG C-3') and V218G_rev (5'-GT GAC GTA GAT
GCC GAA CGA GCG CTC GCA GAA CTT GAG CAG CTC-
3"); G272V_fwd (5'-C TAC GTC TAC GTG ATC GCG TCG
ACG CCG AAG GGC GAA TAC CAC-3') and G272V _rev (5'-
CGT CGA CGC GAT CAC GTA GAC GTA GTT GCG GCC
CTC GGT GTC GTA C-3'); dM65_fwd (5'-GC CGC TTC
ACG CTC CCG AAG GGC CTC GAC CCG TAC GCC CGC-
3") and dM65_rev (5'-CC CTT CGG GAG CGT GAA GCG
GCA GTC GAG GTC GTC CGC GCT G-3"). The PCR
mixture (50 uL) contained dNTP (1 uL, 25 mM), polymerase
buffer (5 uL, 200 mM Tris-HCI1 (pH 8.8), 100 mM (NH,4),SOy,
100 mM  KCl, 1 mg/mL BSA, 1% (v/v) Triton X-100,
20 mM MgSO,), Pfu DNA Polymerase (1 uL, Fermentas,
2.5 U/uL), EpzP-pET28a-Plasmid (25 ng), primer premix (1 pL,
forward and reverse primer, 100 pM) and DMSO (1 pL). The
PCR was performed using a typical thermal cycling (1 cycle: 95°C
for 5:00 min, 18 cycles: 95°C for 1:00 min; 65.7°C for 1:00 min;
72°C for 14:00 min; 1 cycle: 72°C for 20:00 min). The template
DNA was digested by adding Dpn I (Fermentas,1 uL, 10 U/uL)
and incubated for 2 h at 37°C. Precipitation of DNA was carried
out by adding 1.1 volumes of isopropanol and 0.14 volumes of
sodium acetate (3M, pH =5.2). The mixtures were stored for 2 h
at —80°C and then centrifuged (10 min, 13000 g, 4°C). The
supernatant was removed, the DNA pellet was dried and diluted in
10 pL water. 5 uL of the DNA were applied for transformation in
XL10-Gold® Ultracompetent Cells according to the manual
(Stratagene). Successful mutagenesis was verified by sequencing.
The mutant proteins were expressed and purified as described
above. Correct folding of all EpzP mutants was determined by
circular dichroism spectroscopy (J-720 CD spectrometer, JASCO).

Enzyme Assays

In the prenyltransferase assays, product formation was quanti-
fied by HPLC analysis using UV detection at 365 nm. The
substrate dihydro-PCA was prepared from commercially available
PCA by reduction with dithionite. The enzymatic product
dihydroendophenazine A is rapidly oxidized and was therefore
converted to the more stable endophenazine A by use of sodium
persulfate before extraction from the aqueous reaction mixture by
ethyl acetate. The enyzme assay (100 pL) contained 100 mM Na-
TAPS (pH 7.5) (Sigma), 0.4 mM freshly prepared dhPCA, 1 mM
DMAPP, and 5 pg/mL protein. For the preparation of dhPCA,
90 uL of 50 mM freshly dissolved sodium dithionite (Merck) were
mixed with 10 puL. of 100 mM PCA dissolved in Tris-HC1 1 M,
pH 8.0. 4 uL of this mixture was added to the incubation mixture.
After incubation for 5 min at 30°C, 10 pL of 100 mM sodium
persulfate (Sigma) were added to oxidize dihydro-PCA and
dihydroendophenazine A into PCA and endophenazine A,
respectively. The mixture was immediately extracted with
100 uL. of ethyl acetate/formic acid (975:25). After vortexing
and centrifugation, 75 pL of the organic phase were evaporated.
The residue was dissolved in 100 ul. of methanol, and 35 pL
thereof were analyzed by HPLC-UV and HPLC-MS. The HPLC-
UV analysis was carried out using an Eclipse XDB-C18 column
(4.6 x150 mm, 5 um; Agilent) at a flow rate of 1 mL/min with a
linear gradient from 40 to 100% of solvent B in 20 min (solvent A:
water/formic acid (999:1); solvent B, methanol) and detection at
252 and 365 nm. Additionally, a UV-spectrum from 200 to
400 nm was logged by a photodiode array detector. For
quantitative analysis, authentic reference sample of PCA as
external standards was used. The HPLC-MS analysis was carried
out using a Nucleosil 100-C18 column (3 um, 100x2 mm)
coupled to an ESI mass spectrometer (LC/MSD Ultra Trap
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System XCT 6330; Agilent Technology). Analysis was carried out
at a flow rate of 0.4 mL/min with a linear gradient from 10 to
100% of solvent B in 15 min (solvent A: water/formic acid (999:1);
solvent B: acetonitrile/formic acid (999.4:0.6)). Detection was
carried out at 230, 260, 280, 360, and 435 nm. Electrospray
ionization (positive and negative ionization) in Ultra Scan mode
with capillary voltage of 3.5 kV and heated capillary temperature
of 350°C was used for LC-MS analysis. Enzymatic activities were
calculated in nmol product s™' mg~" enzyme. Activities of EpzP
variants were expressed relative to the activity of wildtype EpzP,
which was set as 1.

Results

Structures of EpzP

Crystallization of unmodified, wild-type EpzP proved initially
difficult. However, methylation of the EpzP lysine residues (see
Methods) allowed us to grow needle-like crystals (200 mM
magnesium chloride, 30% (w/v) PEG4000, Tris hydrochloride
pH 8.5) of methylated EpzP (EpzPm). These crystals diffracted to
very high resolution of 1.33 A, belong to the monoclinic space
group P2, and were used to assemble a data set for the unliganded
protein (EpzPm-nat). Unfortunately, the EpzPm-nat crystals were
not suitable for soaking with substrates because the active site is
blocked by a symmetry-related protomer from one site, whereas
the aromatic binding site is blocked by a PEG molecule (Figure 2b).
Therefore, a second crystal form for EpzPm that grew in an acidic
crystallization  condition (200 mM (NH4)9SO4, 30%  (w/v)
PEG2000MME, 100 mM sodium acetate 4.6) was used to prepare
a complex by soaking with 5 mM of the substrate analog
dimethylallyl S-thiolodiphosphate (DMSPP). These crystals be-
longed to the orthorhombic space group P2,2,2,, diffracted to
1.67 A resolution and were used to determine the structure of
EpzP in complex with DMSPP (EpzPm-SPP). Inspection of the
electron density map for EpzPm-SPP revealed the presence of a $-
thiolodiphosphate (SPP) moiety in the diphosphate binding site,
implying that hydrolysis of DMSPP had taken place at the acidic
pH of 4.5 used during crystallization. Subsequent crystallization
screening of non-methylated EpzP eventually yielded a third
crystal form (2.4 M (NH4),SO,, 100 mM HEPES/NaOH
pH 7.5, 200 mM sodium acetate) that also belonged to space
group P2,2,2, and diffracted to 1.93 A resolution. Structure
analysis of this crystal from (EpzPwt) and comparison with the two
earlier structures confirmed that lysine methylation had not led to
structural changes in the protein. Moreover, the EpzPwt structure
showed that, in contrast to EpzPm-SPP and EpzPm-nat, the C-
terminal portion of the enzyme was visible in the electron density
and found to seal one entrance of the B-barrel (Figure 2a). All
structures of EpzP were refined to the best possible quality and
possess low free R-factors, plausible stereochemistry, and exhibit
small root-mean-square deviations (r.m.s.d.) from ideal values for
bond lengths and bond angles (Table 1). However, as crystals of
EpzPwt were not reproducible and other crystal forms could not
be obtained, we were unable to prepare a ternary complex. In
order to gain insight into the mode of substrate binding, we
therefore decided to perform i silico based substrate modeling.

Overall Structure and Comparison to ABBA Prenyl
Transferases

EpzP is a soluble, monomeric ABBA PT consisting of 302
amino acids with a molecular mass of 33.2 kDa. The overall
structure of EpzP belongs to the PT-fold family [7] and is
characterized by ten antiparallel B-strands that assemble into a
circular B-barrel. The B-barrel houses a solvent-filled reaction
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chamber in which the substrates bind and the regioselective
Friedel-Crafts prenylation of dhPCA takes place. The B-barrel is
surrounded by eleven a-helices that constitute the major fraction
of solvent accessible surface of the enzyme (Figure 2a). Addition-
ally, three 3o-helices are present in the structure. One of these, the
C-terminal 3g-helix in EpzPwt, seals the reaction chamber of the
aromatic binding site of dhPCA.

As expected, structural comparisons using DALI [44] and
PDBeFold [45] revealed highest similarities to the four known
soluble ABBA PT structures. The bacterial PTs NphB from
Streptomyces  sp. strain CL190 [5] and CloQ from Streptomyces
roseochromogenes [17] are very similar in size (307 and 324 amino
acids, respectively). With C,-rmsd values of 1.8 A (288 of 301
aligned amino acids) and 2.2 A (282 of 301 aligned amino acids),
respectively, NphB and CloQ represent the closest structural
homologs of EpzP (Figure 2a). The largest deviations among the
enzymes occur at the C-termini of the enzymes (Figure 3a—c). The
dimeric, fungal prenyltransferases FgaPT2 [18] and FtmPT1, [19]
both from Aspergillus fumigatus, are significantly larger (459 residues
for FgaPT?2, 464 residues for FtmPT1) but their core regions align
well with the ten-stranded antiparallel B-barrel of EpzP, as shown
by reasonable C,-rmsd values of 3.2 A for each FgaPT2 and
FtmPT1 (231 amino acids were aligned in each case). The
additional residues in FgaPT2 and FtmPT'1 are found in a-helical
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Table 1. Data collection and refinement statistics®.

EpzPwt EpzPm-nat EpzPm-SPP
Data collection statistics
Resolution [A] 30-1.93 30-1.33 30-1.67
Spacegroup P2,2,2, P2, P2,2,2,
Unit cell [A] a=606, b=783, c=83.8 a=42.1, b=135.6, c=485, y=957 a=42.1,b=97.0,c=1359
No. of reflections
Measured 144381 (8236) 367267 (9407) 429319 (25178)
Unique 57252 (4072) 115868 (5841) 65469 (4725)
Rimeas [%] 8.6 (57.3) 6.7 (29.4) 11.9 (59.9)
Completeness [%] 98.6 (94.4) 93.6 (63.7) 99.8 (99.4)
Multiplicity 2.5 (2.0) 3.2 (1.6) 6.6 (5.3)
<I>/<o(l)> 10.7 (2.0 13.7 (3.2) 10.7 (2.9)
Wilson B-Factor [A?] 295 14.9 20.1
Mosaicity [°] 0.201 0.295 0.212
Refinement statistics
Reryst/Reree [%] 17.3/19.8 17.9/20.3 18.6/22.4
No. of atoms
Chain A/B 2315/— 2295/2325 2302/2270
lons/Water 65/234 39/804 42/639
Average B-Factors [A?]
Chain A/B 23.7/— 10.2/10.4 15.6/16.6
lons/Water 43.6/31.1 20.1/18.7 27.7/22.3
Rmsd bond length [A2] 0.0146 0.0117 0.0124
Rmsd bond angle [°] 1.529 1.4507 1.487
Ramachandran angles:
Favored [%] 97.7 98.0 98.0
Allowed [%] 20 20 1.6
Outliers [%] 03 0.0 0.4
“Values in parentheses are for the highest resolution shell. All data sets were recorded at wavelength A=1.0 A
doi:10.1371/journal.pone.0048427.t001

and loop regions that connect the core domain. Except for the C-
termini, these residues do not contribute to the formation of the
reaction chamber. Although the B-barrel structures of the NphB/
CloQ and DMATS/CymD family of enzymes superimpose well,
the architectures of the active centers differ substantially between
both families. Since EpzP is a member of the NphB/CloQ) family,
[7] we will compare the EpzP structure with these two enzymes.

In comparison to EpzP, the aromatic binding site of NphB
(Figure 3a and c) is wider and reveals a substantial difference in the
geranyl binding cavity. Compared to EpzP, M65 of EpzP is
deleted in NphB, which results in a reorientation of strand B2 to
facilitate binding of the geranyl entity. A structure comparison of
the active center of EpzP with CloQ revealed a substantially
smaller cavity for the aromatic substrate of CloQ (Figure 3 and c).
The size of cavity in CloQ) is restricted mainly by F68, F161, Y233
and W295. All residues are replaced with less voluminous side
chains (T64, T161, S236, L298) in EpzP, in agreement with the
elongated shape of dhPCA. In summary, the binding site for the
diphosphate entity is moderately conserved in structure and
sequence, whereas the aromatic binding sites of EpzP, NphB and
CloQ differ significantly. A similar observation has been made for
the FgaPT2/CymD family, but variations in the aromatic groove
are more subtle in that family as substrates share the indole entity
as a core feature for substrate binding. [19].
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Figure 2. Structures of EpzP. a) Overall structure of EpzPwt reveals an ABBA PT-fold. Secondary structural elements are colored according to their
r.m.s. deviations of C,-atom positions compared to the most homologous structure of NphB (PDB-Code: 1ZB6) from blue (zero rm.s.d) to orange
(r.m.s.d. above 3 A). The substrates dhPCA and DMAPP are modeled and shown in stick representation. b) View into the active site of EpzPwt. Side
chains which showed a different orientation in EpzPm-nat are depicted in transparent green color. R267 points towards the cavity in EpzPwt and
away from it in the EpzPm-nat and EpzPm-SPP structures. Water molecule W1, which is proposed to deprotonate the Wheland complex, is shown in
magenta. Two sulfate ions occupy the diphosphate binding site of EpzPwt. The (Fops-Fcaic)-omit map (cyan) is shown at o-level of 3.2 for both sulfate
ions and inside the barrel. The remaining electron density in the proposed substrate binding site of EpzPwt could not be explained; it does not fit
with any molecule used in downstream purification and crystallization experiments and may represent a molecule inserted into the enzyme during
protein production. c) The active site of EpzPm-SPP viewed along the same axis. The (Fops-Fcaic)-omit map (cyan) is shown at o-level of 3.0 and clearly
reveals the presence of the S-thiolodiphosphate moiety (cyan) and a PEG molecule (purple). Hydrogen bonds and hydrophobic interactions are
represented with red and green lines, respectively.

doi:10.1371/journal.pone.0048427.g002

The Active Center of EpzP terminal 3;¢-helix is defined as the bottom of the B-barrel, the
The active site within the B-barrel can be subdivided into the diphosphate binding pocket is found in the upper part of the f-
aromatic substrate site and the DMAPP binding site. When the C- barrel, whereas the aromatic binding site of dhPCA is found in its
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NphB 5VDDLLADTQKHLP---VSMFAIRGEVTGEFKKTYAFFPTDNMPGVAEL--SAIPSMPPAVAENAELFARYELDK-MOMTSMBYKK 169

Bl. nl . B2 : a4
— —
EpzP MSESADLTELYSIIEKTAQVVDVTASHDKVWPIMNAFQDVIA-~DSVISFRASTGS-SADDDCRFIMLPKGLEPYARALEHELTPKT 85
PpzP MSESAELTELYSAIEETTRVVGAPCRRDTVRPITAYEDVIA--QSVISFRVQTGTSDAGDIDCRFTLLPKDMEPYATALSNELTAKT 86
CloQ MPALPIDQEFDCERFRADIRATAAAIGAPIAHRLTDTVIEAFRDNFA--QGATLWETTSQ--PGDOISYRFFSRLK—MBTVSRAIDABLLDAA 88
NovQ MPALPMNQEFDRERFRVDLRATAAAIGAPVIPRVIDTVEETFRDNFA--QGATLWKTTSQ--PGDOMSYRFFSRLK-METVGRAVDAELLDGT 88
NphB MSEAADVERVYAAMEEAAGLLGVACARDKIYPLESTFQDTLVEGGSVVVFEMASGR-HSTEMBFSIS-VPTSGRPYATVVEKELEFPAT 86
Fng28 MSPVTGTEEVYAAVAAAARLAGVPCTREKVHPVIRSAYGEGLERAG--VVYRVSTSHSTPTEIMEY TVT-VPAAEBPYATAVRHEFVTPD 85
. a5 . B3 . g4 . . a6
— .
EpzP SVGSLLKEVHENLP---ITSCGVBFGVA FTKTWSFPSAEKLGKVSEL-—VKLPSIPDAVAANRDFFEK IADMYSTVGIBYSK 168
PpzP GSLLEEVHRQFP---VDCYGIRFCAVGEFKKAWSFFRPDSLQSASDL--AALPSMPSGVSENLGLEDRYEMTDTYSVVGFEBYAK 169
CloQ TLAVVDAWSS-LYGGAP-VQSGEFDAGREMAKTWLYFG——-GLRPAEDILT-VPALPA-SVQARLKDFLALELA-HWRFAAVEWRH 168
NovQ TVPIVEDWSD-LYGGTP-VQSABFDAG TWLYFG--GLRPAEDILS-VPALPA-PVQARLKDELGLELA-HYRFAAVEWRH 168

Fng28 HTLLSHLQSRCE---ISEYLVEGGVVGEFNKIYAHFP-QDVOKISRL--AELPGMPPALARCAALLERHELSD-[YAMIGIBYPR 167
B6 . n2 . o9 . .
EpzP RTMNLYMGGGVGDRVPAGVFEEKGVRAILGELGLAA-PSEE NRETYSVMT---PEPLGLIZVDLAPT 252
PpzP RSVNLYBRTGAS----—-— PESFEPRGIQAILRECGLPE-PSDE ERVTYSVNT---PDPMALIEVRIDTR 248
CloQ HSANVYBRGKG----PLDTVQFARIHALSGSTPPAAHVVEE ERVCEYALK---VPKNALIE-RIPTR 248
NovQ RSANVYIRGQOG----PLDTAQFARVHALSGGTPPAADVVAE DRVCEYALK---VPKDARIZ-RVPAR 248
NphB ROQVNLYASELS---—— AQTLEAESVLALVRELGLHV-PNEL DRLCFAVIS---NDPTLVJESSDEGD 248
Fng28 RTLNLYATQLS-——-- EECRAPQTILSLHREIGLPA-PGQP! FRICYAPPPARGWDPAARLIAEITEQ 249
all .B9 . BlO . 13 ;
|| -— — e _—
EpzP FER---LIKS| YDTEGRN——YEYGIASTPKGE HKI&SKYQWQRKVEKLLR ———————————————————————————— SDG 302
PpzP IEQ---LVK LGSAGHR--YVYGVIATPKGEMHEIOKYFOWQSRVEKMLT —-—-——————————————————————— ADAG 299
CloQ IAR---FLE SHDVEEC--NVIGWSFGRSG KAERSYTGN--MAEILAGWNCFFHGEEGRDHDLRALHQHTESTMGGAR 324
NovQ IAT---FLE SHDPEEC--NVIGWSFGRSG KAERSYTGN--MTEILSGWNCFFHGEEGRDHDLRAL-QDTGSITGGAR 323
NphB IEKFHNYAT YAYVGEKRTLVYGLTLSPEEEMYRLGAYYHITDVQRGLLEK-——--—————=————————————— AFDSLED 307
Fng28 VRG---FVDGE®ERAYEGEP-IVIAAVKWAPEGPHLNLGPYYQLSPLMRKVIS—————————————=—=———————— AVHNKEI 304

Figure 3. Comparison of EpzP structure and sequence with other PTs of the NphB/CloQ family. a) Superposition of NphB (black lines)
and EpzP. b) Superposition of CloQ (black lines) with EpzP. The superpositions reveal variability in structure and sequence in the aromatic binding site
at the C-terminal part of the enzymes. Side chain residues of EpzP that differ from NphB or CloQ are shown orange, whereas conserved residues are
shown grey. The catalytic water molecules W1 and W2 are shown as spheres in magenta and red, respectively. The substrates of NphB and CloQ are
shown in stick representation (green). ) Structure-based sequence comparison of EpzP, CloQ and NphB and sequence comparison of PpzP, NphB
and Fng28. NphB and Fng28 are magnesium-dependent enzymes, whereas the others are not. Amino acids of the diphosphate binding site (cyan),
mutations that confirm the in silico docking model (orange), and mutations that modify the enzymatic turnover (green) are emphasized.
doi:10.1371/journal.pone.0048427.g003
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lower part. The diphosphate binding site is formed by four basic
residues (R49, K117, R232 and K283) that compensate for the
negative charge of the diphosphate entity (Figure 2b and c).
Furthermore, two tyrosines (Y174 and Y220) and an asparagine
(N172) contribute to the diphosphate binding as hydrogen bond
donors. Additionally, two water-mediated interactions link R62
and T234 to the diphosphate moiety. All basic residues are highly
conserved within the family of magnesium-independent PTs. The
positively-charged diphosphate binding groove of magnesium-
dependent PTs differ at two residues (R49 and R62 for EpzP)
(Figure 3a—c). While R62 is not involved in diphosphate binding,
R49 is replaced with an aspartate (D51) in NphB. The loss of the
positive charge of the R49 side chain in the magnesium-
independent PT EpzP is compensated in NphB by a magnesium
ion that is coordinated via the aspartate side chain.

The aromatic binding pocket of dhPCA is located opposite to
the diphosphate binding site, within a large cavity inside
EpzPwt. The pocket is lined with predominantly hydrophobic
residues (V47, M65, W119, F121, G177, V218, M238, V270,
A285, L298, W290). Only a few polar side chains (S47, T64,
T161, Y287, S236) are present, and these could conceivably
contribute to substrate binding via a small number of hydrogen
bonds (Figure 2b and c). This situation agrees well with the
mainly hydrophobic character of dhPCA, a substrate that offers
limited options for hydrogen bond formation. Additionally, two
positively charged side chains (R62 and R267) are present in
this cavity. While R62 contributes to interactions with SPP,
R267 does not. Furthermore, the R267 side chain is located in
a mostly hydrophobic environment. It is thus tempting to
speculate that R267, and perhaps also R62, might interact with
the carboxyl function of dhPCA. Interestingly, we found
substantial electron density in the cavity of EpzPwt, in an area
near the predicted binding site of dhPCA (Figure 2c¢). The
density is indicative of the presence of an ordered compound.
Although we were not able to unambiguously identify the
nature of this compound, we conclude that it is inserted into the
enzyme during protein production, as the shape of the density
does not fit with any molecules used in downstream purification
and crystallization experiments.

Conformational Changes in EpzP

In contrast to EpzPwt, which contains a fully ordered C-
terminus that closes the reaction chamber, the structures of
EpzPm-SPP and EpzPm-nat have disordered C-termini that
cannot be traced beyond residue K292. The lack of an ordered
C-terminus renders the aromatic binding site solvent-accessible,
and both methylated structures furthermore contain PEG
molecules that occupy the cavity (Figure 2b). Interestingly, the
opening of the aromatic site is linked to a change in the
conformation of R267. In the closed structure of EpzPwt, R267
points towards the active center, whereas in the opened structure
of EpzPm-SPP R267 is orientated to the solvent. It is unlikely that
this conformational change is related to the methylation of the
protein, as K292 (the only lysine residue at the C-terminus) is not
involved in intramolecular interactions, and no other lysine residue
is involved in contact formation with the terminal 3;q-helix.
Furthermore, the flexibility of the C-terminus is confirmed by B-
factor analysis, which reveals that the average B-factor for the
main chain atoms of residues 292 to 302 is increased by a factor of
two. Therefore, we suggest that R267 might trigger a conforma-
tional change of EpzP by “‘scanning” the solvent for the negatively
charged substrate and pulling it into the active center resulting in a
closed up active site. An important role of R267 for catalysis is
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furthermore established by w silico docking, as well as site-directed
mutagenesis.

Model of Catalysis

Although we were able to incorporate SPP into the binding site
of EpzP (EpzPm-SPP), we could not establish a ternary complex of
EpzP with its substrate analogue DMSPP and the aromatic
substrate dhPCA in our crystallization experiments. Therefore, we
modeled the prenyl moiety into the active site and performed
silico docking experiments with dhPCA to gain insight into
catalysis.

Based on the structures of EpzPm-SPP (Figure 2c) and NphB in
complex with GPP (see Methods), we modeled DMSPP into the
EpzP binding site, utilizing the SPP group as fixed anchors. The
dimethyallyl entity faces towards T64 and F121, in such a way that
the m-system can interact with the m-orbitals of W119 (Figure 4a
and b). Furthermore, F121, 164, R62 and Y174 shield the
dimethylallyl moiety. This is comparable with the situation found
in the NphB-GPP complex. [5] Here, the geranyl moiety can
interact with the aromatic system of Y121 to shield a nascent
carbocation during catalysis. Interestingly, W122 in CloQ [17]
occupies a different side chain conformation, which would
preclude m-m-interaction of the substrate to the aromatic ring
system. This difference is most likely a consequence of the absence
of sulfate, phosphate or diphosphate groups in the diphosphate
binding sites of all structures of CloQ. These ions presumably
mimic substrate binding. Comparison of EpzPm-nat, which lacks
diphosphate or sulfate in the binding pocket, with EpzPwt and
EpzPm-SPP revealed different side chain conformations of W119.
In the unbound state, the side chain of W119 is rotated by 180°.
Furthermore, residues R62 and R49, which both participate in
DMAPP binding, adopt alternative conformations when the anion
binding site is not fully occupied (Figure 3b). A substrate-induced
fit in EpzP is furthermore supported by the reorientation of Y174
towards the phosphate group during phosphate binding, as this
would trigger a side chain flip of W119 as a result of the formation
of a hydrogen bond of Y174 to W119 (Figure 2b). The induced fit
therefore yields a protected environment that stabilizes the
formation of the carbocation during the first step of the catalytic
cycle.

The aromatic substrate dhPCA was docked i silico into the
active site of EpzPwt (see Methods) by the use of Vina. [43] Two
structurally conserved water molecules were kept in the dhPCA
binding pocket for the docking calculations, whereas all other
solvent molecules were removed from the pocket. A planar
configuration of dhPCA was used for docking. Structure
determination of phenazine complexes in the oxidized and
reduced state revealed that the energy barrier between a bent
and planar conformation of the tricyclic ring system is low and that
dihydrophenazine predominantly adopts a planar conformation.
[46] A model of the ternary complex is shown in Figure 4a and b.
We selected this model for two reasons. First, it exhibited the
lowest binding energy in our docking calculations and revealed
meaningful interactions between dhPCA and the protein environ-
ment. Secondly, the model is in good agreement with our
biochemical data, [29] as it explains the regioselectivity of the
catalyzed prenylation reaction. The docking solution is also
supported by superpositions of NphB [5] (pdb-code: 1ZB6) and
CloQ [17] (pdb-code: 2XL.Q) with EpzP, which reveal that
dhPCA occupies the same binding pocket as found for the
aromatic substrate 1,6-dihydroxy naphthalene in NphB (Fig. 4a)
and 2-keto-3-(4-hydroxyphenyl)propanoic acid for CloQ), Further-
more, the distance between the reacting carbon atoms is 4.8 A and
is slightly shorter compared to the distance of 6.2 A found in the
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Figure 4. Model of catalysis. a) Model of phenazine prenylation based on crystal structures, in silico docking and site-directed mutagenesis. The
reactions centers of DMAPP (blue) and dhPCA (purple) are emphasized with spheres. Water molecule W1 (magenta) deprotonates the intermediate
Wheland complex. EpzP mutants that confirm the model of catalysis or have been engineered to modify turnover-rates are colored orange and
green, respectively. 1,6-dihydroxy naphthalene (green), the substrate of NphB, occupies essentially the same binding pocket as dhPCA in EpzP. b)
Schematic view of substrate binding in EpzP. c) and d) Relative enzymatic activities of EpzP variants compared to the wild-type EpzP.

doi:10.1371/journal.pone.0048427.9g004

ternary complex of NphB with the non-natural substrate 1,6-
dihydroxy naphthalene. [5].

The dhPCA moiety fits tightly into a pocket formed by residues
R62, Y174, V218, Y220, S236, R267, V270, Y287 and A285. As
a result, the Cl-position of DMAPP is oriented towards C9 of
dhPCA. An electrophilic attack to C6 of dhPCA seems impossible
as steric collisions would preclude the formation of the nascent
Wheland complex. It has been shown for CloQ) that E281 can act
as base to abstract the proton of the sigma complex in order to
regain the aromaticity of the product. This has been demonstrated
by a point mutation E281Q), which exhibited only 1% of the wild-
type activity. [17] Residue A285 of EpzP, which is equivalent to
E281 in CloQ), is not able to act as a base. However, two
structurally conserved water molecules are located near A285, and
both of these are held in place by hydrogen bonds. Water molecule
W1 (Figures 4a and b), which we propose acts as base, is fixed via
hydrogen bonds to the main chain carbonyl of V270 and the
second water molecule, W2, which has tight interactions with the
hydroxyl groups of S236 and Y220. Interestingly, both water
molecules are also present in the NphB structure, and a similar
proton relay for deprotonation has been described in that case. [5]
Furthermore, this proton transfer was confirmed in NphB on the
basis of quantum mechanics and molecular mechanics simulation.

[47].

Site-directed Mutagenesis of Active-site Residues

In order to provide experimental support for the docking
solution, we performed site-directed mutagenesis of residues that
are likely to play a role in catalysis. We purified these EpzP
variants and determined their catalytic activities as described in
a previous study. [29] The substrate dihydro-PCA was prepared
from commercially available PCA by reduction with sodium
dithionite. The enzymatic product dihydro-endophenazine A is
rapidly oxidized and was therefore converted to the more stable
endophenazine A by use of sodium persulfate before extraction
from the aqueous reaction mixture and HPLC analysis. A
summary of the results is depicted in Figures 4c and d. In these
figures, reaction velocities observed under catalysis of the
different EpzP variants are expressed relative to the reaction
velocity under catalysis of wildtype EpzP (0.93 nmol product
s~ « mg™! enzyme). All mutants were purified as soluble
proteins and are properly folded as analyzed by CD spectros-
copy.

The DMAPP binding site of indole prenyltransferases is
highly conserved, and substrate specificity and regioselectivity
for the prenylation reaction is obtained via a modifiable
reaction chamber at the bottom of the B-barrel of fungal
indole prenyltransferases. [19] A similar situation is observed for
aromatic PTs in the CloQ/NphB family, which includes EpzP.
Structure-based sequence alignments of different members in
this family revealed no significant sequence diversities within the
binding sites for the prenyl diphosphate, with the exception of
the above-described differences between magnesium-dependent
and magnesium-independent enzymes. Therefore, a single
mutant T64Y was prepared to verify the correct modeling of
the dimethylallyl entity of DMAPP. Mutation of T64 to tyrosine
abrogates enzymatic activity (Figure 4c), as the increased size of
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the tyrosine side chain would result in a steric collision with the
dimethylallyl entity of the substrate DMAPP. The enzyme
cannot avoid this collision, as the side chain of tyrosine is not
able to adopt different conformations due to steric restrains in
its surrounding. Therefore, no detectable turn-over is observed.
This result directly supports the placement of DMAPP and also
the proposed catalytic mechanism.

Two positively charged side chains, R62 and R267, are found in
the dhPCA binding site of EpzPwt. In principle, both could
participate in substrate binding by compensating the negative
charge of the carboxyl group of dhPCA. Our docking solution for
dhPCA  suggests that R267 is involved in binding of the
carboxylate group, while R62 mostly contributes to surface
complementary, as well as to the water-mediated diphosphate
stabilization as described above. These observations are in full
agreement with site-directed mutagenesis experiments, as we
observe a drastic reduction of catalysis when R267Q) is introduced
in EpzP (Figure 4c). The reaction velocity drops to 17% of that
achieved with the wild-type protein (i.c. to 0.16 nmol s ' mg™ "),
which clearly indicates that the substrate is stabilized by
interactions with R267 that cannot be replicated with the shorter
glutamine side chain of the mutated enzyme. In contrast, the
R62N mutation leads to a significant increase of the velocity
(1.63 nmol s~ ' mg™"). The positively charged arginine residue
faces towards the hydrophobic phenazine ring system. The
exchange to asparagine would avoid such an unfavorable situation
and additionally retain water-mediated DMAPP binding. The
docking suggested substrate stabilization via a weak hydrogen
bond (3.3 A) from dhPCA to the hydroxyl group of Y287.
Enzymatic activity of Y287F remained at wild-type level
(0.88 nmol s~ ' mg "), showing that the hydroxyl group of Y287
is not critical for dhPCA binding. R267 thus appears to be
sufficient in fixing the carboxyl group of the phenazine substrate.
To investigate the suggested proton relay for deprotonation of the
Wheland complex, we prepared a S236A mutant, which should
reduce the catalytic activity as the conserved water molecule W2
loses one of its hydrogen binding partners. Indeed, we found that
the reaction velocity of this mutant is decreased to approximately
50% of the wildtype enzyme (0.54 nmol s~ ' mg™"). Furthermore,
we produced a G272V mutant to determine whether the proton
transfer over two water molecules is necessary for deprotonation of
the o-complex. This mutation would be expected to displace the
water molecule W2, which lies adjacent to W1. The enzymatic
activity remained at wildtype level (0.79 nmol s~' mg™") demon-
strating that a proton transfer to the diphosphate moiety is not
crucial for deprotonation of the Wheland complex. We investi-
gated the binding mode of the catalytic water W1 to design point
mutations which would exclusively displace this water molecule.
However, this is not possible as W1 is fixed exclusively by the
contact to W2 and a main chain interaction with the carbonyl of
V270 (Figure 4c). Next, we prepared EpzP variant A285L.
Although, a repulsion of the water molecule W1 and the leucine
residue of mutation A285L is possible, which might result in a
conformation unfavored for deprotonation, we expected a
decrease of catalytic activity of A285L mainly due to steric
collision to dhPCA. Indeed, the replacement of alanine in mutant
A285L leads to a decrease of the relative reaction velocity to 24%
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(0.22 nmol s~ ' mg™ ") and therefore supports proper docking of
the substrates.

Structure-based Engineering of EpzP

On the basis of our docking solution and the proposed
reaction mechanism, we investigated whether modifications of
EpzP can be designed that increase the turnover rate of the
enzyme to yield higher catalytic turnover rate for chemoenzy-
matic synthesis. Examination of the docking solution revealed
that dhPCA stabilization might be achieved by introduction of
V270F. The aromatic side chain of V270F can adopt a
geometry that arranges the phenyl ring of the V270F mutant
and the substrate dhPCA in a m-stacking conformation. Indeed,
the V270F mutant showed a five-fold increased enzymatic
activity (4.43 nmol s~' mg™") compared to the wildtype enzyme
(Figure 4d). Remarkably, the introduction of this single point
mutation led to approximately the same catalytic reaction rate
as found for PpzP (5.42 nmol s~ 'mg™'). EpzP and PpzP
catalyze an identical regioselective prenylation of dhPCA.
Although the affinity to DMAPP and dhPCA were reported
to be similar for both enzymes, [21]° [29] EpzP exhibits
substantially lower turnover rates. To determine the structural
differences that could underlie these differences in catalytic
reaction rate, we prepared a model of PpzP (57% sequence
identity) by mapping the sequence of PpzP onto the structure of
EpzPwt using MODELLER. [48] We investigated the cavity of
the resulting PCA binding site of the PpzP model and found
that replacement of four key residues would suffice to essentially
replace the dhPCA cavity of EpzP into that of PpzP. EpzP
residues T161, V218, R267 and A285 are replaced with V162,
A214, H263 and Q281, respectively, in PpzP. A remarkable
difference is the replacement of A285 in EpzP with Q281 in
PpzP. Therefore, we decided to prepare point mutations A285Q
and A285QV270F to investigate the catalytic activity of these
substitutions. Instead of V218A, we prepared EpzP variant
V218G as substitution of valine to alanine as found in PpzP is
proposed to have minor effects on catalysis due to moderate
change in side chain size. On the basis of the i silico model, no
obvious reason for an enhancement of the reaction velocity
could be obtained for V218G variant and indeed, the activity
remained nearly unchanged when compared with the wildtype
enzyme (1.06 nmol s~ ' mg™'; Figure 4d). The enzymatic
activity was not further increased in A285QV270F (3.65 nmol
s~' mg™") compared to V270F, which indicates that substitution
of two voluminous side chain in close vicinity may lead to steric
restriction for dhPCA binding. However, we achieved an
approximately 14-fold activity for the A285Q mutant
(12.89 nmol s~' mg™") compared to wildtype EpzP (0.93 nmol
s 'mg ", and a two-fold enhancement compared to PpzP
(5.42 nmol s~ ' mg~!). The structure suggests that this boost in
catalysis 1s achieved by providing additional interactions with
water molecule W1, which we identified as the likely catalytic
base. These additional interactions would be expected to
contribute to the rigidity of the dhPCA cavity. The observed
drastic enhancement of the reaction velocity of EpzP-A285Q) is
remarkable, as nature tends to optimize enzymatic reactions and
this mutant enzyme is an even more efficient catalyst than the
already optimized enzyme PpzP.

Conclusion and Summary

Aromatic PT's are valuable enzymatic catalysts as they offer the
possibility of a regioselective C-C-, C-N- or C-O- functionalisation
[49] of aromatic substrates. A relaxed substrate specificity has been
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observed for several enzymes of this family, for example NphB,
[20] Fng26 [13] or 7-DMATS. [50] The possibility to design their
regio- or chemoselectivity by protein engineering [19] renders
them attractive candidates for chemoenzymatic synthesis of
bioactive substrates, as demonstrated for the production of
prenylated indole derivatives. [51] Here we report the structure
of EpzP, a magnesium-independent ABBA prenyltransferase and
member of the CloQ)/NphB family. This is the first structure for a
prenyltransferase that is capable of catalyzing the prenylation of
phenazine derivatives, and detailed information about its reaction
mechanism broadens the spectrum of aromatic substrates for
regioselective prenylations by phenazine PTs as well as all ABBA
PTs.

In combination with computational docking, the crystallo-
graphic data result in a model for the reaction mechanism that
is in good agreement with the observed prenylation reaction
and is also supported by the results from site-directed
mutagenesis experiments. We have been able to identify amino
acids that are crucial for catalysis, as demonstrated by EpzP
variants T64Y or R267Q), Furthermore, we provide insight into
the reaction mechanism of the phenazine prenylation and
identify a catalytic water molecule that could act as a base for
the deprotonation of the Wheland complex. EpzP variants
S236A, G272V and A285L confirmed that this water molecule
(W1) nearby the reaction center is important for catalysis and
that the proposed proton relay (W2) is not necessary for the
deprotonation of the Wheland complex. Such a deprotonation
had already been suggested for the catalytic mechanism of
NphB, [5] but lacked experimental verification.

We were able to interpret our model for the catalysis and to
use it as a template for the design of EpzP modifications. As the
reaction velocity for EpzP is reduced 6-fold compared to that of
the homologous enzyme PpzP, we probed the differences
between the enzymes by analyzing amino acid substitutions in
their active sites. Based on this analysis, we established EpzP
variants that significantly increased the reaction rate. This
impressive result also serves as further confirmation for our
docking calculation, especially as mutation V218G, which was
designed on the basis of sequence similarity to PpzP but was
predicted to have small effects based on the model, indeed
showed no substantial change in turnover rates. In contrast
EpzP variant V270F increased catalytic turnover rate to PpzP
levels, and the mutation A285Q) boosted enzymatic perfor-
mance, in line with our structural model.

In contrast to other PTs, which revealed relaxed substrate
specificity, both phenazine PTs are specific for their substrate.
[21], [29] We are confident that our structure/function analysis
of EpzP can serve as a template for the interpretation of
structural and mechanistic properties of other phenazine PTs,
including their regioselectivity, and that it can furthermore
provide a pathway for the design of optimized phenazine PTs
as well as other ABBA-type PTs. Thus, the data presented here
elucidate the basis of enzymatic phenazine prenylation and
therefore form a platform from which the synthesis of valuable
phenazine products by chemoenzymatic methods can be
launched.

Accession Codes

The coordinates and structure factor amplitudes were deposited
in the PDB data base under accession codes 4EE6, 4EE7 and
4EE8 for EpzPm-nat, EpzPm-SPP and EpzPwt, respectively.

October 2012 | Volume 7 | Issue 10 | e48427



Acknowledgments

We thank Andreas Maurer for performing the MS experiment to verify the
methylation of EpzP. We gratefully acknowledge the Swiss light source
beamline X06DA for offering beam time.

References

1.

2.

21.

22.

Sacchettini JC, Poulter CD (1997) Creating isoprenoid diversity. Science (New
York, NY) 277: 1788-1789.

Liang P-H, Ko T-P, Wang AHJ (2002) Structure, mechanism and function of
prenyltransferases. European Journal of Biochemistry/FEBS 269: 3339-3354.
Saleh O, Haagen Y, Seeger K, Heide L (2009) Prenyl transfer to aromatic
substrates in the biosynthesis of aminocoumarins, meroterpenoids and
phenazines: the ABBA prenyltransferase family. Phytochemistry 70: 1728-1738.

. Pojer F, Wemakor E, Kammerer B, Chen H, Walsh CT, et al. (2003) CloQ, a

prenyltransferase involved in clorobiocin biosynthesis. Proceedings of the
National Academy of Sciences of the United States of America 100: 2316-2321.

. Kuzuyama T, Noel JP, Richard SB (2005) Structural basis for the promiscuous

biosynthetic prenylation of aromatic natural products. Nature 435: 983-987.

. Heide L (2009) Prenyl transfer to aromatic substrates: genetics and enzymology.

Curr Opin Chem Biol 13: 171-179.

. Bonitz T, Alva V, Saleh O, Lupas AN, Heide L (2011) Evolutionary

Relationships of Microbial Aromatic Prenyltransferases. PLoS ONE 6:
€27336-¢27336.

. Tello M, Kuzuyama T, Heide L, Noel JP, Richard SB (2008) The ABBA family

of aromatic prenyltransferases: broadening natural product diversity. Cellular
and Molecular Life Sciences: CMLS 65: 1459-1463.

Steffan N, Unsold IA, Li S-M (2007) Chemoenzymatic synthesis of prenylated
indole derivatives by using a 4-dimethylallyltryptophan synthase from Aspergil-
lus fumigatus. Chembiochem: A European Journal of Chemical Biology 8:
1298-1307.

. Grundmann A, Li S-M (2005) Overproduction, purification and characteriza-

tion of FtmPT'1, a brevianamide F prenyltransferase from Aspergillus fumigatus.

Microbiology (Reading, England) 151: 2199-2207.

. Yin W-B, Ruan H-L, Westrich L, Grundmann A, Li S-M (2007) CdpNPT, an

N-prenyltransferase from Aspergillus fumigatus: overproduction, purification
and biochemical characterisation. Chembiochem: A European Journal of
Chemical Biology 8: 1154-1161.

. Yin W-B, Grundmann A, Cheng J, Li S-M (2009) Acetylaszonalenin

biosynthesis in Neosartorya fischeri. Identification of the biosynthetic gene
cluster by genomic mining and functional proof of the genes by biochemical
investigation. The Journal of Biological Chemistry 284: 100-109.

. Haagen Y, Unsold I, Westrich L, Gust B, Richard SB, et al. (2007) A soluble,

magnesium-independent prenyltransferase catalyzes reverse and regular C-
prenylations and O-prenylations of aromatic substrates. FEBS Letters 581:
2889-2893.

. Ozaki T, Mishima S, Nishiyama M, Kuzuyama T (2009) NovQ is a

prenyltransferase capable of catalyzing the addition of a dimethylallyl group to
both phenylpropanoids and flavonoids. The Journal of Antibiotics 62: 385-392.
Kumano T, Tomita T, Nishiyama M, Kuzuyama T (2010) Functional
characterization of the promiscuous prenyltransferase responsible for furaqui-
nocin biosynthesis: identification of a physiological polyketide substrate and its
prenylated reaction products. J Biol Chem 285: 39663-39671.

Schultz AW, Lewis CA, Luzung MR, Baran PS, Moore BS (2010) Functional
characterization of the cyclomarin/cyclomarazine prenyltransferase CymD
directs the biosynthesis of unnatural cyclic peptides. J] Nat Prod 73: 373-377.

. Metzger U, Keller S, Stevenson CEM, Heide L, Lawson DM (2010) Structure

and mechanism of the magnesium-independent aromatic prenyltransferase
CloQ) from the clorobiocin biosynthetic pathway. Journal of Molecular Biology
404: 611-626.

. Metzger U, Schall C, Zocher G, Unsold I, Stec E, et al. (2009) The structure of

dimethylallyl tryptophan synthase reveals a common architecture of aromatic
prenyltransferases in fungi and bacteria. Proceedings of the National Academy of
Sciences of the United States of America 106: 14309-14314.

. Jost M, Zocher G, Tarcz S, Matuschek M, Xie X, et al. (2010) Structure-

function analysis of an enzymatic prenyl transfer reaction identifies a reaction
chamber with modifiable specificity. Journal of the American Chemical Society
132: 17849-17858.

. Kumano T, Richard SB, Noel JP, Nishiyama M, Kuzuyama T (2008)

Chemoenzymatic syntheses of prenylated aromatic small molecules using
Streptomyces prenyltransferases with relaxed substrate specificities. Bioorganic
& Medicinal Chemistry 16: 8117-8126.

Saleh O, Gust B, Boll B, Fiedler H-P, Heide L (2009) Aromatic prenylation in
phenazine biosynthesis: dihydrophenazine-1-carboxylate dimethylallyltransfer-
ase from Streptomyces anulatus. The Journal of Biological Chemistry 284:
14439-14447.

de Andrade-Neto VF, Goulart MOYF, da Silva Filho JF, da Silva M]J, Pinto
MACFR, et al. (2004) Antimalarial activity of phenazines from lapachol, beta-
lapachone and its derivatives against Plasmodium falciparum in vitro and
Plasmodium berghei in vivo. Bioorganic & Medicinal Chemistry Letters 14:
1145-1149.

PLOS ONE | www.plosone.org

Structure of a Phenazine Prenyltransferase

Author Contributions

Conceived and designed the experiments: GZ TS LH. Performed the
experiments: GZ OS JBH DAH. Analyzed the data: GZ OS LH TS.
Contributed reagents/materials/analysis tools: TS LH. Wrote the paper:
GZ LH TS.

23.

24.

27.

28.

29.

30.

31

32.

33.

34.

39.

40.

41.

42,

43.

44.

46.

47.

Laursen JB, Nielsen J (2004) Phenazine Natural Products: Biosynthesis,
Synthetic Analogues, and Biological Activity. ChemInform 35: no-no-no-no.
Mavrodi DV, Peever TL, Mavrodi OV, Parcjko JA, Raaijmakers JM, et al.
(2010) Diversity and evolution of the phenazine biosynthesis pathway. Applied
and Environmental Microbiology 76: 866-879.

Shinya K, Furihata K, Teshima Y, Hayakawa Y, Seto H (1993) Benthocyanins
B and C, new free radical scavengers from Streptomyces prunicolor. J Org
Chem 58: 4170-4172.

Shin-ya K, Furihata K, Hayakawa Y, Seto H, Kato Y, et al. (1991) The structure
of benthocyanin A. A new free radical scavenger of microbial origin.
Tetrahedron Letters 32: 943-946.

Omura S, Eda S, Funayama S, Komiyama K, Takahashi Y, et al. (1989) Studies
on a novel antitumor antibiotic, phenazinomycin: taxonomy, fermentation,
isolation, and physicochemical and biological characteristics. The Journal of
Antibiotics 42: 1037-1042.

Gebhardt K, Schimana J, Krastel P, Dettner K, Rheinheimer J, et al. (2002)
Endophenazines A-D, new phenazine antibiotics from the arthropod associated
endosymbiont Streptomyces anulatus. I. Taxonomy, fermentation, isolation and
biological activities. The Journal of Antibiotics 55: 794-800.

Seeger K, Flinspach K, Haug-Schifferdecker E, Kulik A, Gust B, et al. (2011)
The biosynthetic genes for prenylated phenazines are located at two different
chromosomal loci of Streptomyces cinnamonensis DSM  1042. Microbial
Biotechnology 4: 252-262.

Bringmann G, Haagen Y, Gulder TAM, Gulder T, Heide L (2007) Biosynthesis
of the isoprenoid moieties of furanonaphthoquinone I and endophenazine A in
Streptomyces cinnamonensis DSM 1042. The Journal of Organic Chemistry 72:
4198-4204.

Kabsch W (1988) Automatic indexing of rotation diffraction patterns. Journal of
Applied Crystallography 21: 67-72.

Winn MD, Ballard CC, Cowtan KD, Dodson EJ, Emsley P, et al. (2011)
Opverview of the CCP4 suite and current developments. Acta Crystallographica
Section D, Biological Crystallography 67: 235-242.

Langer G, Cohen SX, Lamzin VS, Perrakis A (2008) Automated macromolec-
ular model building for X-ray crystallography using ARP/wARP version 7.
Nature Protocols 3: 1171-1179.

Adams PD, Afonine PV, Bunkoczi G, Chen VB, Echols N, et al. (2011) The
Phenix software for automated determination of macromolecular structures.
Methods (San Diego, Calif) 55: 94-106.

Emsley P, Lohkamp B, Scott WG, Cowtan K (2010) Features and development
of Coot. Acta Crystallographica Section D, Biological Crystallography 66: 486—
501.

. Murshudov GN, Skubak P, Lebedev AA, Pannu NS, Steiner RA, et al. (2011)

REFMACS for the refinement of macromolecular crystal structures. Acta
Crystallographica Section D, Biological Crystallography 67: 355-367.

. Winn MD, Murshudov GN, Papiz MZ (2003) Macromolecular TLS refinement

in REFMAC at moderate resolutions. Methods in Enzymology 374: 300-321.

. Painter J, Merritt EA (2006) Optimal description of a protein structure in terms

of multiple groups undergoing TLS motion. Acta Crystallographica Section D,
Biological Crystallography 62: 439-450.

Lovell SC, Davis IW, Arendall WB, 3rd, de Bakker PIW, Word JM, et al. (2003)
Structure validation by Calpha geometry: phi,psi and Cbeta deviation. Proteins
50: 437-450.

Fenn TD, Ringe D, Petsko GA (2003) POVScript+ : a program for model and
data visualization using persistence of vision ray-tracing. Journal of Applied
Crystallography 36: 944-947.

Schrodinger LLC (2010) The PyMOL Molecular Graphics System, Version
1.3r1.

Schiittelkopf AW, van Aalten DMF (2004) PRODRG: a tool for high-
throughput crystallography of protein-ligand complexes. Acta Crystallographica
Section D, Biological Crystallography 60: 1355-1363.

Trott O, Olson AJ (2010) AutoDock Vina: improving the speed and accuracy of
docking with a new scoring function, efficient optimization, and multithreading.
Journal of Computational Chemistry 31: 455-461.

Holm L, Kaariainen S, Wilton C, Plewczynski D (2006) Using Dali for structural
comparison of proteins. Current Protocols in Bioinformatics/Editoral Board,
Andreas D Baxevanis [et Al] Chapter 5: Unit 5.5-Unit 5.5.

. Kirissinel E, Henrick K (2004) Secondary-structure matching (SSM), a new tool

for fast protein structure alignment in three dimensions. Acta Crystallographica
Section D Biological Crystallography 60: 2256-2268.

Thalladi VR, Smolka T, Gehrke A, Boese R, Sustmann R (2000) Role of weak
hydrogen bonds in the crystal structures of phenazine, 5,10-dihydrophenazine
and their 1:1 and 3:1 molecular complexes. New J Chem 24: 143-147.

Yang Y, Miao Y, Wang B, Cui G, Merz KM (2012) Catalytic Mechanism of
Aromatic Prenylation by NphB. Biochemistry.

October 2012 | Volume 7 | Issue 10 | e48427



48. Eswar N, Webb B, Marti-Renom MA, Madhusudhan MS, Eramian D, et al.
(2007) Comparative protein structure modeling using MODELLER. Current
Protocols in Protein Science/Editorial Board, John E Coligan [et Al] Chapter 2:
Unit 2.9-Unit 2.9.

49. Zou HX, Xie X, Zheng XD, Li SM (2011) The tyrosine O-prenyltransferase
SirD catalyzes O-, N-, and C-prenylations. Appl Microbiol Biotechnol 89: 1443~
1451.

PLOS ONE | www.plosone.org

13

50.

51.

Structure of a Phenazine Prenyltransferase

Yu X, Li SM (2011) Prenylation of Flavonoids by Using a Dimethylallyltrypto-
phan Synthase, 7-DMATS, from Aspergillus fumigatus. ChemBioChem 12:
2280-2283.

Li SM (2010) Prenylated indole derivatives from fungi: structure diversity,
biological activities, biosynthesis and chemoenzymatic synthesis. Nat Prod Rep
27: 57-78.

October 2012 | Volume 7 | Issue 10 | e48427



