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Abstract

Acceptor substrate specificity of Streptomyces roseochromogenes prenyltransferase
SrCloQ was investigated using different non-genuine phenolic compounds. RP-UHPLC-
UV-MSn was used for the tentative annotation and quantification of the prenylated products.
Flavonoids, isoflavonoids and stilbenoids with different types of substitution were prenylated
by SrCloQ, although with less efficiency than the genuine substrate 4-hydroxyphenylpyru-
vate. The isoflavan equol, followed by the flavone 7,4’-dihydroxyflavone, were the best non-
genuine acceptor substrates. B-ring C-prenylation was in general preferred over A-ring C-
prenylation (ratio 5:1). Docking studies of non-genuine acceptor substrates with the B-ring
oriented towards the donor substrate dimethylallyl pyrophosphate, showed that the carbonyl
group of the C-ring was able to make stabilizing interactions with the residue Arg160, which
might determine the preference observed for B-ring prenylation. No reaction products were
formed when the acceptor substrate had no phenolic hydroxyl groups. This preference can
be explained by the essential hydrogen bond needed between a phenolic hydroxyl group
and the residue Glu281. Acceptor substrates with an additional hydroxyl group at the C3’
position (B-ring), were mainly O3'-prenylated (> 80% of the reaction products). This can be
explained by the proximity of the C3’ hydroxyl group to the donor substrate at the catalytic
site. Flavones were preferred over isoflavones by SrCloQ. Docking studies suggested that
the orientation of the B-ring and of the phenolic hydroxyl group at position C7 (A-ring) of fla-
vones towards the residue Tyr233 plays an important role in this observed preference.
Finally, the insights obtained on acceptor substrate specificity and regioselectivity for
SrCloQ were extended to other prenyltransferases from the CloQ/NhpB family.
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Introduction

Prenylation is one of nature’s tools to modulate the bioactivity of primary [1] and secondary
metabolites [2, 3] by increasing their lipophilicity and, thereby, their interactions with biologi-
cal targets, such as proteins and membranes [4]. The enzymes responsible for transferring a
prenyl group from a donor substrate (e.g. dimethylallyl pyrophosphate) to an acceptor sub-
strate are known as prenyltransferases (PTs) [5]. Aromatic PTs catalyse the transfer reaction of
prenyl moieties onto aromatic acceptors, such as phenolic acids, (iso)flavonoids, coumarins,
naphthalenes, phenazines, and indole derivatives. These enzymes contribute substantially to
the large diversity of secondary metabolites present in plants, fungi, and bacteria [6, 7].

Plants from the Fabaceae family are well known for their production of prenylated isoflavo-
noids upon abiotic or biotic stress [8]. The prenyl group is most often added to a free aromatic
carbon (C-prenylation), but also to phenolic oxygens (O-prenylation) [9]. Several reports on
legume PTs are available. PT's responsible for the production of glyceollins in soybean (Glycine
max L.) and phaseollin in kidney bean (Phaseolus vulgaris L.) are localized in the membrane of
plastids. Solubilisation of these PTs required detergents, which negatively affected enzyme
activity and stability [10]. Furthermore, characterization of Sophora flavescens PT revealed
donor and acceptor specificity to be confined to the known genuine substrates (i.e. in vivo sub-
strates) [11]. An overview of recently characterized plant PTs can be found elsewhere [12].

Contrary to plant PTs, microbial PTs appear to be attractive biotechnological tools as most
of them are soluble, i.e. not membrane-bound [4] and can potentially be obtained in signifi-
cant amounts for the in vitro production of novel and bioactive prenylated compounds [13].
In the last decade, a new superfamily of soluble aromatic PTs isolated from microorganisms
was discovered. This superfamily, named ABBA, has been considered for enhancement of
molecular diversity and bioactivity of natural compounds due to their promiscuity for differ-
ent non-genuine acceptor substrates [14]. The ABBA superfamily is a group of enzymes with a
unique type of PT barrel fold comprising a series of 5 repetitive oo elements [13, 15]. More
specifically, this PT-barrel is formed of 10 antiparallel § strands forming a spacious central sol-
vent-filled cavity, where acceptor and donor substrates bind, surrounded by a ring of 10 a-
helices [16]. Structural analysis of these PT's has revealed that there is a tendency for polar resi-
dues to cluster into the top half of the cavity where the pyrophosphate isoprenoid donor sub-
strate binds. Non-polar residues cluster in the lower half of the cavity where the acceptor
substrate binds [17]. Assays with microbial PTs have revealed broad aromatic acceptor sub-
strate specificity, while often preserving donor substrate selectivity [18, 19].

Phylogenetic analysis of the ABBA PT superfamily revealed two distinct homologous fami-
lies: one comprises the indole PTs, i.e. the DMATS/CymD family; the other one comprises the
phenol/phenazines PTs, i.e. the CloQ/NphB family [14, 20]. Within the CloQ/NphB family
there are PTs involved in meroterpenoid and prenylated phenazine biosynthesis (e.g. NphB,
Fnq26, SCO7190, PpzP and Fur7) and PT's involved in novobiocin and clorobiocin biosynthe-
sis (i.e. NovQ and CloQ) [4, 13].

Streptomyces roseochromogenes CloQ (SrCloQ) was one of the first members of the ABBA
superfamily discovered [15, 21]. SrCloQ is an aromatic PT catalysing the C-prenylation (Cs
isoprenoid unit) of 4-hydroxyphenylpyruvate (4-HPP), as part of the biosynthesis of the anti-
biotic clorobiocin [21]. More recent crystallization and simulation studies report key residues
involved in substrate binding and on the mechanism of action of this enzyme (Fig 1). SrCloQ
is thought to perform a Friedel-Crafts type of alkylation of the acceptor 4-HPP via the forma-
tion of a carbocation on the prenyl donor. The electropositive nature of the upper cavity of the
PT barrel helps to lower the energy barrier to catalysis by facilitating the cleavage of the C-O
bond of the isoprenoid donor substrate resulting in the formation of a prenyl cation [17]. The
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Fig 1. Schematic representation of the proposed mechanism of prenylation by SrCloQ, adapted from previous work [17]. Important residues
interacting with the donor and acceptor substrate are shown in grey colour. The donor substrate DMAPP is shown in red, whereas the genuine substrate is
shown in blue.

https://doi.org/10.1371/journal.pone.0174665.g001

prenyl cation, stabilized by charge delocalization, performs an electrophilic attack on the C3 of
the aromatic ring of the acceptor substrate, resulting in an intermediary positive ¢ complex.
The residue Glu281 is ideally placed in the active site to make a hydrogen bond with the phe-
nolic hydroxyl group of 4-HPP and to neutralize the 0 complex by proton abstraction. The res-
idues Argl60 and Argl76 form salt bridges with the carboxyl group of 4-HPP, which is
thought to be important for positioning the substrate [22]. The residues Glu281 and Argl60
proved to be essential for good catalytic activity, while other residues (e.g. Cys215, Cys297) sta-
bilise binding of the aromatic substrates in the active site.[17, 22]

To date, there have been no studies on the acceptor substrate specificity of SrCloQ regard-
ing phenolic compounds, such as flavonoids, isoflavonoids and stilbenoids. Other studies
with closely related PT's (e.g. Streptomyces spheroids NovQ) have reported the substrate speci-
ficity with phenolic compounds as acceptor substrates [18, 19, 23], but have not studied in
detail the structural basis for non-genuine substrate specificity. In order to provide insight
on the structural basis for prenylation of phenolic compounds, (iso)flavonoid and stilbenoid
substrate specificities of SrCloQ were determined by in vitro enzymatic assays and analysis of
reaction products by means of RP-UHPLC-UV-MS". Furthermore, we analysed in silico the
interactions between the phenolic acceptors and SrCloQ’s active site, and propose the inter-
actions between the phenolic acceptor substrates and the active site residues, governing the
substrate specificity experimentally observed. In addition, we compared the phenolic sub-
strate specificity and regioselectivity of SrCloQ with that of other members of the CloQ/
NphB family. We hypothesized that (iso)flavonoids will be prenylated by SrCloQ at the B-
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ring due to the similarities of this ring with the phenolic ring of SrCloQ’s genuine substrate
4-HPP.

Materials and methods
Chemicals

The construction of the plasmid containing SrCloQ has been described elsewhere [21]. Daid-
zein, genistein, 4-hydroxyphenylpyruvate (4-HPP) dimethylallyl pyrophosphate (DMAPP,
donor substrate), growth media (lysogeny broth (LB) and terrific broth (TB)) and antibiotics
(kanamycin and chloramphenicol) were obtained from Sigma Aldrich (St. Louis, MO, USA).
3’-Hydroxy-daidzein was obtained from Alfa Aesar (Ward Hill, MA, USA) and all other pure
(iso)flavonoids and resveratrol were obtained from ICC Chemical Corporation (New York,
NY, USA). Acetonitrile (ACN; ULC/MS grade), water acidified with acetic acid (HOAc, 0.1%
v/v) (ULC/MS grade), and methanol (MeOH) (ULC/MS grade) were purchased from Biosolve
(Valkenswaard, The Netherlands). Water for purposes other than UHPLC was prepared using
a Milli-Q water purification system (Millipore, Molsheim, France). Glycerol was purchased
from VWR International BV (Radnor, PA, USA). Other chemicals were purchased from
Merck (Darmstadt, Germany) or Sigma Aldrich.

Expression and purification of SrCloQ

Production of the His-tagged SrCloQ was based on previous studies [16, 21]. Calcium chloride
transformation was performed with cells of Escherichia coli Rosetta (DE3) plysS (Promega,
Madison, WI, USA). Cells harbouring Srclog were cultured in TB medium supplemented with
chloramphenicol (34 ug mL™") and kanamycin (50 ug mL™") for selection. Induction with iso-
propyl thiogalactoside (IPTG, Promega) was performed for 19 h at 20°C, after an ODggonm of
0.6 was reached. After harvesting the cells, cells were resuspended in lysis buffer (2.5 mL lysis
buffer per g cells; 50 mM Tris-HCI pH 8.0, 500 mM NaCl, 10% (v/v) glycerol, 10 mM B-mer-
captoethanol, 1% (v/v) Tween 20, 20 mM imidazole, 0.5 mM phenylmethylsulfonyl fluoride,
0.5 mg mL™ lysozyme). Lysis was performed by sonication (Sonifier S-250D, Branson, Dan-
bury, CT, USA) in 9 sets of 30 s at an amplitude of 30% (pulse was alternatively turned on and
off for periods of 10 s). The His-tagged SrCloQ was purified from the cell lysate by affinity
chromatography with an AKTA explorer system (GE Healthcare, Little Chalfont, UK), with a
HisTrap HP 5 mL column (GE Healthcare) and buffers A (50 mM Tris-HCl pH 7.5, 20 mM
imidazole) and B (50 mM Tris-HCI pH 7.5, 250 mM imidazole), at 5ml min'. After equilibra-
tion of the column with buffer A, cell lysate was loaded and SrCloQ was eluted with buffer B.
The fractions containing the His-tagged protein were pooled, concentrated and desalted using
Amicon Ultra-15 10K centrifugal filter devices (Merck Millipore, Billerica, MA, USA).

Protein content and composition

Protein content was determined according to Bradford. A calibration curve was made with
bovine serum albumin (BSA) in concentrations of 0.25-1.0 mg mL™". Enzyme purity was con-
firmed by SDS-PAGE under reducing conditions on a Mini-protean II system (Bio-Rad Labo-
ratories, Hercules, CA, USA), according to the manufacturer’s instructions. Commercially
prepared mini-protean TGX gels (Bio-Rad) were used with Coomassie InstantBlue (Expedion,
Cambridge, UK), with the marker Precision Plus Protein™ dual colour standards (Bio-Rad).
Samples (8 pL) were loaded onto a gel, and the separation was done by applying 200 V for 45
min.
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Assay for PT activity

The reaction mixture contained: aromatic substrate (0.5 mM, 4-HPP, flavonoids, isoflavonoids
or resveratrol), DMAPP (0.5 mM), NaCl (500 mM), glycerol (10% v/v), Tris-HCl buffer (pH
7.5, 100 mM), Mg>" (7 mM in the form of MgCl,, for enhancement of activity) and purified
SrCloQ (30 uM). In analogy with previous studies on the in vitro prenylation of flavonoids
with Streptomyces sp. strain CL190 (ScINphB, 22% identity with SrCloQ) [15, 18], incubation
time of SrCloQ with the non-genuine substrates was prolonged in comparison with that of the
genuine substrate 4-HPP (24-48 h), due to the anticipated lower efficiency in conversion of
the (iso)flavonoids. The mixtures were incubated for a maximum of 48 h at 30°C. The reaction
was ended by adding ethyl acetate (400 pL) containing formic acid (0.5% v/v). The solution
was vortexed and centrifuged (room temperature, 5 min, 10,000 g), after which the organic
layer was evaporated and the residue was re-suspended in methanol (100 pL) for analysis on
RP-UHPLC-UV-MS. Experiments were performed in duplicate.

Analysis of reaction products

Reaction products were analysed by Ultra High Performance Liquid Chromatography and
Mass Spectrometry (UHPLC-UV-MS). An Accela Velos UHPLC system (Thermo Scientific,
San Jose, CA, USA) was equipped with a pump, autosampler and photodiode array (PDA)
detector. Samples (1 uL) were loaded onto an Acquity UPLC BEH Shield RP18 column (2.1 i.
d. mm x 150 mm, 1.7 um particle size; Waters, Milford, MA, USA) with an Acquity UPLC
BEH Shield RP18 VanGuard pre-column (2.1 i.d. mm x 5 mm, 1.7 pm particle size; Waters).

Water containing HOAc (0.1% v/v) and ACN (1% v/v), eluent A, and ACN containing
HOAC (0.1% v/v), eluent B, were used as solvents at a flow rate of 300 uL min™". The following
elution profile was used: 1 min isocratic at 9% v/v B; 1.5 min linear gradient from 9-25% B; 7
min linear gradient from 25-50% B; 3 min isocratic on 50% B; 10 min linear gradient from
50-100% B; 2 min isocratic on 100% B, 1 min linear gradient from 100-9% B. Column temper-
ature was set at 40°C and PDA detector was set to measure from 200-600 nm.

Mass spectrometric (MS) analysis was performed on a LTQ Velos (Thermo Scientific),
which was equipped with a heated ESI-MS probe coupled to the RP-UHPLC. Full scan MS
was performed in both negative ionisation (NI) and positive ionisation (PI) mode, in which
data were acquired in a m/z range of 90-1500 Da. For tentative annotation, data-dependent
MS" analysis on the most intense (product) ion was performed with normalised collision
energy of 35%. Prenylated products were monitored by single ion monitoring (SIM) scanning
mode followed by single reaction monitoring (SRM) on the most abundant fragment ions.
The system was tuned with genistein in PI and NI mode via automatic tuning using Tune Plus
(Xcalibur v.2.2, Thermo Scientific). Nitrogen was used as sheath and auxiliary gas. The ITT
temperature was 400°C and the source voltage was 3.50 kV (NI) or 4.50 kV (PI).

The tentative annotation of prenylated reaction products was performed by means of Xcali-
bur (version 2.2., Thermo Scientific). The position of the prenyl group within the phenolic
skeleton (i.e. A- or B-ring) was elucidated by analysis of the retro-Diels-Alders (RDA) frag-
ments in PI [24]: when the C-ring of (iso)flavonoids was cleaved in MS?, one of the remaining
fragments still contained one carbon reminiscent of the prenyl chain (split in MS?), which can
be used to diagnose the ring at which the prenyl was attached [25].

Quantification of phenolic compounds was performed using the following equation Eq (1)
[26], derived from the Lambert-Beer’s law:

_ area X Q
CexIx V. xk

inj cell

(1)
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in which Cis concentration (M), area is the integrated area of the UV peak at the specific wave-
length (AU-s), Q is the flow rate (5 uL s*), £ is the molar extinction coefficient (AU M'-cm™),
lis the path length of the UV cell provided by the manufacturer (5 cm), V;,; is the injected vol-
ume of sample (1 uL), and k., is a constant related to the cell geometry of the UV detector
[26]. This equation relates the duration of absorbance given by the UHPLC system (AU's) to
an actual absorbance value (AU) for the Lambert-Beer’s equation. The k. represents the cor-
rection factor for the absorption of light by the coating material of the flow cell. The k.

(0.82 £ 0.09) was determined with standard solutions of daidzein (248 nm), genistein (263 nm)
and resveratrol (310 nm) (with five concentrations each, in the range of 0.001-0.1 mg mL™?).
The £ of the prenylated reaction products was assumed to be the same as that of the non-pre-
nylated substrate, as shown in Table A in S1 File. The percentage of conversion of the different
aromatic substrates was calculated as the umoles of prenylated products formed from the initial
aromatic substrate concentration (500 uM), multiplied by 100.

In silico modelling

Molecular Operating Environment (MOE), 2013.08 (Chemical Computing Group, Montreal,
QC, Canada) was used to analyse the PT structure and to perform docking studies. The SrCloQ
model (Protein Database entry 2XLQ) with the genuine substrate (4-HPP) bound to the active
site was used for the docking studies [17]. The location of the DMAPP substrate inside the
SrCloQ active site was modelled based on the position of the geranyl pyrophosphate (GPP)
inside ScINphB (PDB 1ZB6) [27]. The placement of DMAPP was achieved by first creating a
3D alignment of the 2XLQ and 1ZB6 structures and subsequently taking the GPP position and
transferring it to the 2XLQ structure, followed by molecular editing to convert GPP into
DMAPP. Finally, a local geometry optimization was performed, at which only DMAPP was
kept flexible. Further refinement of the DMAPP and 4-HPP position was performed using
MMFF94x energy minimization in MOE. The LigX module in MOE was used as a guide to
confirm that the placement was in line with that of the GPP inside 1ZB6. In accordance with
previous literature [17, 22], our modelled negatively charged donor substrate DMAPP

(Figure A in S1 File) made interactions with the positively charged residues Lys54, Arg66, Lys
279, and Lys120, and with the aromatic residues Tyr233 and Tyr174. The genuine substrate
4-HPP made the essential hydrogen bond with the residue Glu281, as well as with Argl160 and
Argl7e.

The 3D structures of the phenolic compounds were built with MOE and MMFF94x energy
minimization (gradient 0.01) was performed for all molecules. Induced fit was used as docking
mode and the predicted pose was selected based on the dock score (S) as implemented in
MOE.

Sequence and structure comparison

Alignment and sequence identity analysis of PTs from the CloQ/NphB PT family was per-
formed with UniProt (http://www.uniprot.org/align/) and visualized with ESPript 3.0 [28].
Structure superposition of SrCloQ and ScINphB was performed with MOE.

Results
Enzyme activity of SrCloQ

SrCloQ was expressed as His-tagged protein in E. coli and purified by Ni** affinity chromatog-
raphy (Figure B in S1 File). The purified enzyme showed the expected molecular mass (35
kDa) [21] and an estimated purity of >90% according to the SDS-PAGE analysis (Figure C in
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Fig 2. Aromatic acceptor substrates and their percentage of conversion (molar %) by SrCloQ. The
atoms shared with the genuine substrate are highlighted in blue colour. Phenolic substrates with green label
represent the best acceptor substrates, whereas those with red labels were not utilized by the enzyme.

https://doi.org/10.1371/journal.pone.0174665.9002

S1 File). Activity of SrCloQ was confirmed in control experiments with its genuine substrate
(4-HPP); incubations without SrCloQ did not yield prenylated products (Figure D in S1 File).
Fig 2 shows the structure of all aromatic acceptor substrates tested, i.e. flavonoids, isoflavo-
noids and the stilbenoid resveratrol, as well as the percentage of molar conversion by SrCloQ.
Compounds had different types of substituents, such as hydroxyl, methoxyl and carbonyl
groups, at different positions of the skeleton. For optimal visualization, the structures of com-
pounds are oriented with the B-ring of the phenolics in the same direction as the phenol ring
of the genuine substrate 4-HPP. $rCloQ showed promiscuity in that it was able to use most
phenolics provided as acceptor substrates, i.e. we found reaction products for 10 out of 12 phe-
nolic compounds tested. As expected, conversion of the genuine substrate 4-HPP was more
efficient (>>80% conversion) in comparison to those of the other phenolic test substrates
(< 10% conversion) under the conditions used. Of all phenolics tested, the isoflavan equol and
the flavone 4’,7-dihydroxyflavone were the best substrates for prenylation. Daidzein and genis-
tein were converted only in very small amounts, whereas isoflavone (no hydroxyl groups pres-
ent) and glycitein (methoxyl group at position C6) were not converted at all.

Structure elucidation of reaction products

Table 1 shows the list of reaction products tentatively annotated by means of UHPL-
C-UV-MS". Prenylation of substrates was confirmed by the neutral loss of 56 Da [C,Hg] or 68
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Fig 3. SrCloQ prenylated equol products. RP-UHPLC-UV (A) and MS in NI (B) profiles of equol and prenylated equol products (products 8 and 9 in
Table 1) after incubation of equol with DMAPP and SrCloQ. MS? spectra of C-prenylated equol (m/z 309) at retention times 16.9 (8, panel C) and 17.1 min
(9, panel D). The proposed RDA fragmentation pathways are shown as inset.

https://doi.org/10.1371/journal.pone.0174665.9g003

Da [CsHy] in NI and/or PI mode [29]. For more in-depth structural elucidation, tandem MS,
single-ion-monitoring (SIM) and single-reaction-monitoring (SRM) scan modes were used to
tentatively annotate the reaction products with respect to A- or B-ring prenylation and C- or
O-prenylation.

A- or B-ring prenylation. Analysis of the retro-Diels-Alder (RDA) fragment ions from
prenylated isomers in both NI and PI mode was used to determine the position of the prenyl
substituents (A- or B-ring). The formation of the RDA fragments upon cleavage of the C-rings
of (iso)flavonoids leave (part of) the prenyl group attached to the phenolic ring, which results
in diagnostic fragments [25]. The most common bonds in (iso)flavonoids split, resulting in A-
ring and B-ring containing ions, are the 1/3, 2/3, 0/2, 0/3, 0/4 or 2/4 bonds of the C-ring [24].

Fig 3A and 3B show the UV and MS in NI mode chromatograms of the reaction products
of equol incubated with SrCloQ. The two main prenylated products formed eluted at 16.9
min (peak 8) and 17.1 min (peak 9). Fig 3C and 3D show the MS? spectra of these prenylated
equol isomers. Peak 8 showed high abundances of ions with m/z 121, 187 and 135. These val-
ues matched the RDA fragments of B-ring prenylated equol, i.e. "*A", ”B and >’A", respec-
tively, as shown by the fragmentation pattern (Fig 3C). Peak 9 had different main m/z values
(189, 203 and 119). These ions were formed by the same fragmentation pathways as

PLOS ONE | https://doi.org/10.1371/journal.pone.0174665 March 29, 2017 10/19


https://doi.org/10.1371/journal.pone.0174665.g003
https://doi.org/10.1371/journal.pone.0174665

o @
@ : PLOS | ONE Non-genuine phenolic acceptor substrate specificity of prenyltransferase CloQ

281 C
4'-hydroxy-7-methoxyflavone

Prenylated
4'-hydroxy-7-methoxyflavone

14
16
13 282
__J L . A MS2 compound 15
18

T T T T T T T T T T T T 1

UV 355,m (HAU)
Relative abundance

10 12 14_, L 16 20 80 100 120 140 160 180 200 220 240 260 280 300 320
Time (min)
m/z
o 268
B o: > 68 D
J
m/z 269 m/z 359, 337 il
/A [} H
- Lo g 268 <
L) I
3 | \ ©
: S
3 14 1, \\ g
z ) 3
‘@ v v
g 2
15 16 ®
A 15 o
‘§ 3
269
'J " MS? compound 16 255 | 281
L ¥ L) . " T T T T T T T T T II II T 1
10 12 14 16 18 20 80 100 120 140 160 180 200 220 240 260 280 300 320
Time (min) m/z

Fig 4. SrCloQ prenylated 4’-hydroxy-7-methoxyflavone products. RP-UHPLC-UV (A) and MS in PI (B) profiles of 4’-hydroxy-7-methoxyflavone and
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isomer (m/z 359, Na adduct) at retention time 17.1 min (15, panel C) and O-prenylated isomer at 18.1 min (16, panel D). The proposed RDA fragmentation
pathway is shown as inset.

https://doi.org/10.1371/journal.pone.0174665.9004

described before, but now the RDA fragments corresponded with A-ring prenylated equol
(Fig 3D).

C- or O-prenylation. Tandem MS analysis was used to distinguish C- and O-prenylation
of the aromatic substrates. Fig 4A and 4B show the UV and MS in PI mode chromatograms of
the prenylated products of 4-hydroxy-7-methoxyflavone produced by SrCloQ. Three main
prenylated isomers were found. Two distinct fragmentation patterns could be distinguished
for these isomers. Peak 14 and 15 showed [M+1-56]" as main fragment (Fig 4C for peak 15;
see Table 1 for peak 14 fragmentation). Peak 16 showed [M+1-68]" as the main fragment (Fig
4D). The prenyl group generates the fragment [M+H-56]" when it is attached to a carbon of
an aromatic ring [29], as in the MS” of peak 14 and 15. When it is attached to an oxygen of an
aromatic ring, the prenyl group will split off intact ((M+H-68]") [16], leaving the original aro-
matic substrate as main daughter ion, as in the MS> spectrum of peak 16. Moreover, the higher
retention time of peak 16 in comparison with peak 14 and 15 on the reversed phase column,
reflects that peak 16 is less polar than the other two, supporting our tentative annotation of O-
prenylation of this reaction product.

In cases where O-prenylation could occur at both the A- and the B-ring (contrary to 4’-
hydroxy-7-methoxyflavone, which has only one OH group available), the annotation of the A-
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or B-ring position of the prenyl group was not possible, because the prenyl detached
completely in MS?, leaving no footprints to annotate the ring position.

SrCloQ favours B-ring C-prenylation of (iso)flavonoids and stilbenoids

For all phenolic substrates tested with SrCloQ, the prenylated products obtained were anno-
tated using the above rationale. Fig 5 shows the composition of the mixture of prenylated iso-
mers formed by SrCloQ. The enzyme favoured B-ring C-prenylation of substrates in
aromatic rings. Considering the regioselectivity of SsNovQ (84% sequence identity with
SrCloQ) towards daidzein and genistein [23], we postulate that the C3’ (B-ring) is the pre-
ferred position for prenylation by SrCloQ. The only substrates that were A-ring prenylated
were equol and genistein, albeit the latter in minute amounts. It was not possible to annotate
the ring position of the prenyl group in coumestrol, as coumestrol does not undergo typical
RDA fragmentation [30, 31]. Consequently no apparent A- or B-ring fragment ions were
formed in MS". Additionally, A-ring and B-ring prenylated coumestrol have been shown to
yield the same fragmentation pattern in MS [32, 33]. Resveratrol does not show RDA frag-
mentation due to the lack of the C-ring. Thus, reaction products of resveratrol were tenta-
tively annotated based on the fragmentation behaviour of (prenylated) resveratrol previously
reported [34, 35].

SrCloQ was able to C- or O-prenylate an acceptor molecule, such as luteolin, 4-hydroxy-
7-methoxyflavone, 3’-hydroxydaidzein, and genistein. Luteolin and 3’-hydroxydaidzein were
primarily O-prenylated (> 80% of the reaction products). These two substrates were the only
ones with an extra phenolic hydroxyl group attached to the B-ring (meta-hydroxyl group). The
presence of hydroxyl groups proved to be essential for catalysis, as isoflavone (no hydroxyl
groups) yielded no reaction products with SrCloQ. Furthermore, the number of hydroxyl
groups on (iso)flavonoids proved to have an effect on the enzyme activity. SrCloQ yielded
slightly higher quantity of reaction products with 7,4’-dihydroxyflavone (2 hydroxyl groups)
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compared to luteolin (4 hydroxyl groups). Methoxylated substrates resulted in lower conver-
sion yields than their non-methoxylated derivatives, as for 4-hydroxy-7-methoxyflavone com-
pared to 4’,7-dihydroxyflavone.

Discussion
Mechanism behind non-genuine acceptor substrate specificity of SrCloQ

To verify the interactions of the acceptor substrates tested with the protein, we docked all the
molecules, including the genuine substrate 4-HPP, into the active site. Our docked 4-HPP
made the essential interactions [22] with the residues Glu281 and Argl60, as well as with
Argl76 and Cys297 (S1 Fig).

Using this model, we docked the different phenolic substrates tested into the active site cav-
ity of SrCloQ. In principle, the active site had room to accommodate all acceptor substrates
tested, as no clashes were observed, not even for unreacted compounds such as glycitein. This
observation is in accordance with simulation analysis done previously [22], which showed that
the active site is large enough to accommodate flavonoids.

The best aromatic substrate tested was equol, which was prenylated at the A- or the B-ring.
Upon docking of equol into the active site of SrCloQ (Fig 6A), both the A- and B-ring can ori-
ent towards the donor substrate and make the hydrogen bond between the phenolic hydroxyl
group and Glu281. Additionally, the aromatic ring can make H-m interactions with Tyr233
and Trp122, whereas the tetrahydropyran (C-ring) can interact with Argl160. These interac-
tions are likely to help stabilizing the binding of equol inside the active site. Furthermore, this
isoflavan is one of the smallest acceptor substrates tested, and it is more amenable to torsion
than other isoflavonoids due to the lack of the C2-C3 double bond. Finally, it has less space
limitations inside the active site due to the absence of the C4 carbonyl group. This might
explain the promiscuity of SrCloQ to prenylate both the A- and the B-ring of equol.

In addition, we studied the interactions of the second best acceptor substrate (i.e. 7,4’-dihy-
droxyflavone) with SrCloQ and compared them with those of its isoflavone isomer and one of
the worst acceptor substrates (i.e. daidzein) (Fig 6B). We found that 7,4’-dihydroxyflavone can
form the crucial hydrogen bond between the phenolic hydroxyl group at the B-ring and the
residue Glu281. Furthermore, the C4 carbonyl group interacts with the anchoring residue
Argl60. Also, the aromatic residue Tyr233 is able to make a hydrogen bond with the C7
hydroxyl group in the A-ring and n stacking interactions with the B-ring of the flavone.
Tyr233 has been reported to stabilize the DMAPP substrate by hydrogen bonding and to make
van der Waals interactions with 4-HPP [17, 22].

Daidzein, which is the isoflavone isomer of 7,4’-dihydroxyflavone, also showed the essential
interaction between the C4” hydroxyl group and Glu281. Furthermore, the carbonyl group of
daidzein makes the interactions with Argl60 and with Cys297. In contrast to the flavone, due
to the different orientation of the A- and B-rings, daidzein does not make any interactions
with Tyr233.

Overall, our results show that Argl60 plays an important role in stabilizing (iso)flavonoids
in the active site of SrCloQ via hydrogen bonds with the carbonyl or ether group in the C-ring.
Moreover, our docking studies revealed that interactions with Tyr233 might contribute to the
flavone over isoflavone preference observed in this study with SrCloQ, and also in a previous
study with SsNovQ [23]. The C7 hydroxyl group at the A-ring of isoflavones is far away from
this residue and the B-ring is oriented in a different direction. Consequently, daidzein is
unable to make the relevant contacts with Tyr233, as opposed to the flavone. Mutation studies
are required to confirm this role of Tyr233 in flavonoid over isoflavone preference by the PTs
SrCloQ and SsNovQ.
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Fig 6. Phenolic aromatic substrates docked in the active site of SrCloQ (PDB 2XLQ). (A) Comparison of
equol with the A-ring (light blue) and B-ring (yellow) oriented towards the prenyl donor. (B) 7,4’-
Dihydroxyflavone (green) and daidzein (dark red) with their B-ring towards the prenyl donor. Protein surface is
coloured according to the lipophilic potential using MOE software default’s setting: yellow being lipophilic and
blue hydrophilic (cut-off of 2.5). Donor substrate DMAPP is shown in gray with the phosphate group in pink.
Residues that interact with the acceptor substrates are shown in orange: Glu281 anchors the substrate by H-
bonding with the phenolic hydroxyl group; Arg160 stabilizes binding by H-bonding with the carbony! or ether
group of the C-ring; Tyr233 aromatic ring can make H-1r bonds or 17 stacking interactions with the aromatic
rings of the phenolic substrates, while its carbonyl group can make H-bonding with phenolic hydroxyl groups;
Cys297 thiol group can interact with the carbonyl group of the phenolic substrate.

https://doi.org/10.1371/journal.pone.0174665.g006

Comparison of non-genuine substrate preferences of different ABBA
prenyltransferases

Using the information obtained from the docking studies with SrCloQ and sequence compari-
son (Figure E in S1 File), we can extend our knowledge of the non-genuine aromatic substrate
preferences of other closely related ABBA PTs [4, 15]. Table 2 shows an overview of the
sequence identity and main acceptor substrate preferences of SrCloQ compared with other
members of the CloQ/NphB PT family reported in literature. This information can be useful
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Table 2. Summary of acceptor substrate preferences and regioselectivity of SrCloQ and other closely related ABBA prenyltransferases.

SrCloQ SsNovQ[23] Sco7190[18, 19] Sc/NphB[18]
Sequence identity with SrCloQ (%) - 85 25 21
Genuine acceptor substrate 4-HPP 2 4-HPP 1,6-DHN® 1,6-DHN
Genuine donor substrate DMAPP © DMAPP DMAPP GPP¢
Non-genuine acceptor substrate preferences
Flavonoids + + +/- +
Isoflavonoids +/- +/- - +/-
Substrate with no OH groups - n.t. n.t. n.t.
Substrate with OCH5 groups - n.t. n.t. -
Regioselectivity
A-ring prenylation +/- - + +
B-ring prenylation + + - -
C-prenylation ++ ++ + +
O-prenylation + + - ++
Double prenylation - +° - +

2 4-hydroxyphenylpyruvate.

b1 6-dihydroxynaphtalene.

¢ dimethylallylpyrophosphate.

9 geranylpyrophosphate.

¢ Only with a phenolic acid (i.e. 3,4-O-diprenyl-caffeic acid), but not with any of the (iso)flavonoids or stilbenoids tested in their study.[23]

https://doi.org/10.1371/journal.pone.0174665.t1002

for the selection of appropriate acceptor substrates for the in vitro production of novel bioac-
tive prenylated compounds.

Acceptor substrate specificity. For all four bacterial PTases, flavonoids were preferred
over isoflavonoids. According to our docking results, interactions of Tyr233 with flavones con-
tributes to this preference observed in SrCloQ. This Tyr233 is conserved in SsNovQ. The other
two enzymes contain alanine in that position instead (Figure E in S1 File). By superposing the
active sites of SrCloQ and ScINphB (data not shown) it was apparent that ScINphB contains a
tyrosine residue (Tyr216, also conserved in Sco7190), with its side chain at an equivalent posi-
tion as Tyr233 of SrCloQ. The side chains of these tyrosine residues were both reported to make
equivalent interactions with the donor (i.e. stabilization of the carbocation) and genuine accep-
tor substrates (7 or van der Waal contacts with the aromatic ring of the acceptor substrates) [17,
22, 36]. Due to its position and orientation, it seems unlikely that Tyr216 can interact with the
non-genuine substrates in a similar way as Tyr233. Therefore, residues other than Tyr216 seem
responsible for the non-genuine acceptor substrate preference observed with ScINphB.

The presence of the para-hydroxyl group in 4-HPP is essential, as the substrate is anchored
with this hydroxyl by a hydrogen bond to Glu281. The potential non-genuine acceptor sub-
strate isoflavone (Fig 2) does not contain hydroxyl groups. This explains the lack of reaction
products of SrCloQ with this molecule as acceptor substrate. Glu281facilitates the formation of
the prenylated o-complex and it neutralizes it by proton abstraction (Fig 1) [17]. Glu281 is
conserved in SsNovQ and Sco7190, but not in ScINphB. Previous studies on the mechanism of
ScINphB revealed that the genuine acceptor substrate 1,6-dihydroxynaphthalene makes con-
tacts with Ser51 and the non-genuine acceptor substrate flaviolin with GIn295 [19]. These resi-
dues are likely to help position the acceptor substrates in ScINphB, as Glu281 in the other PTs.
In ScINphB, a water molecule, instead of any particular residue, is the most likely to facilitate
the proton extraction step, according to simulation studies [36].
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The addition of methoxyl groups to the A-ring, as in glycitein, decreased or cancelled the
activity of SrCloQ. The same result was observed for ScINphB with the methoxylated substrate
pterostilbene [18]. The increase in molecular size by the addition of this bulky substituent pos-
sibly hampers the entrance to the active site of the PTs. The effect of hydroxylation on the
activity of SsNovQ, Sc07190 and ScINphB and the effect of methoxylation of phenolics on the
activity of SsSNovQ and Sco7190 has to our knowledge not been tested, but it is tempting to pro-
pose a similar trend on activity as observed with SrCloQ.

A- or B-ring regioselectivity. SrCloQ and SsNovQ favour B-ring prenylation, whereas
Sc07190 and ScINphB prefer A-ring prenylation. This preference for either the B- or A-ring
prenylation might be explained by the structure of their reported genuine substrates: SrCloQ
and SsNovQ use 4-HPP as the genuine substrate, which contains one phenyl ring thereby
resembling the B-ring of (iso)flavonoids. In contrast, Sco7190 and ScINphB use 1,6-dihydroxy-
naphtalene, which contains two connected rings, resembling the A- and C-ring of (iso)flavo-
noids. In addition, the residue Argl60, which makes interactions with the carbonyl group of
4-HPP and of the C-ring of (iso)flavonoids (Fig 6), is conserved among the B-ring prenylating
enzymes (Figure E in S1 File). This interaction is likely to assist in orienting the B-ring of the
acceptor substrate towards the donor substrate, facilitating B-ring prenylation.

C- or O-prenylation. SrCloQ and SsNovQ were able to either C- or O-prenylate the same
(iso)flavonoid substrate, although C-prenylation was predominant. Sco7190 did not O-preny-
late any of the (iso)flavonoids substrates tested, whereas ScINphB predominantly showed pref-
erence for O-prenylation of (iso)flavonoids. There are no studies explaining what exactly
determines C- versus O- prenylation preference of these bacterial PTs. With regard to SrCloQ,
O-prenylation was preferred when the aromatic ring contained two neighbouring hydroxyl
groups, as with luteolin and 3’-hydroxydaidzein. Previous biochemical studies with SrCloQ
and Sco7190 showed only C-prenylation of aromatic substrates [17, 18, 21], however, none of
the acceptors tested had the neighbouring hydroxyl group. Based on our docking studies, we
observed that the C3” hydroxyl group can be close enough to the donor substrate in the catalytic
centre and prone to electrophilic attack by the allyl cation. In contrast to SrCloQ, SsNovQ was
able to B-ring O-prenylate many (iso)flavonoid substrates without the C3” hydroxyl group. Fur-
ther (crystallization) studies with SsSNovQ may provide insight to understand this difference.

With regard to the number of prenyl groups attached to the phenolic substrates used in this
study, SrCloQ produced only mono prenylated products, similarly to SsNovQ and Sc07190. In
contrast, ScINphB has been reported to produce double prenylated stilbenoids, specifically
2,4-digeranyl-resveratrol [18]. This difference might be explained by the facts that the bottom
part of the PT barrel of SrCloQ is less accessible and significantly narrower than that of
ScINphB [17].

Conclusions

In this study we demonstrated that: (i) SrCloQ can prenylate aromatic substrates belonging to
the (iso)flavonoid and stilbenoid classes; (ii) SrCloQ is able to either C- or O-prenylate the
same acceptor substrate; (iii) SrCloQ showed a preference for C-prenylation at the B-ring of
(iso)flavonoids, as hypothesized in the introduction; (iv) the addition of a meta hydroxyl
group at the B-ring changes the preference to O-prenylation. The genuine substrate 4-HPP
showed the highest conversion yield, followed by equol and 7,4’-dihydroxyflavone. We pro-
pose, using in silico modelling, the mechanisms by which the acceptor substrate specificity and
regioselectivity observed with SrCloQ, but also of related PTs, can be explained. This informa-
tion can help to choose the appropriate acceptor substrate for a specific PT when tailoring
novel prenylated phenolic compounds.
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