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Landscape of Actinobacteria in biotechnology related topics. Image: Dirk Tischler.

Actinobacteria (Actinomycetes) represent one of the largest and most diverse phyla
among Bacteria. The remarkable diversity is displayed by various lifestyles, distinct
morphologies, a wide spectrum of physiological and metabolic activities, as well as
genetics. Interestingly, most Actinobacteria have a high GC-content (ranging from
51% to >70%) and belong to Gram-positive or Gram-variable type microbes. Many
species are well known for large genomes which may be of linear style as in case
of rhodococci or circular. Many of those harbor linear megaplasmids as a kind of
genetic storage device. Frequently gene redundancy is reported and in most cases
the evolutionary history or a functional role remains enigmatic.

Nevertheless these large genomes and megaplasmids provide access to a number of
potential (homologous) biocatalysts which await elucidation. Actinobacteria are well
known for their biotechnological potential which is exemplarily described for amino
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acid producing Corynebacteria, secondary metabolite producing Streptomyces,
pathogenic targets as Nocardia and Mycobacteria, carotenoid building Micrococcus
strains, acid fermenting Propionibacteria, health and food related Bifidobacterium
strains, rubber degrading Gordonia species, and organic pollutant degrading
rhodococci among others.

In many cases individual pathways or enzymes can be modified or recombinantly
employed for biocatalysis. Even some genetic tools to work directly in those microbes
have been successfully used as for example in Corynebacterium or in Rhodococcus
species. During the last decade more and more genomes have been sequenced and
made available for data mining and become accessible by state of the art genomic
manipulation methods as minimal genomes, knock-out or artificial evolution.

With respect to this large and ancient phylum many questions can be asked either from
a scientific or industrial point of view. In order to provide some crystallization points we
like to raise some examples as follows. How small can be an actinobacterial genome?
What is the driving force to comprise large and repetitive genomes/megaplasmids?
What is needed to generate an actinobacterial power house for industry? Can we
annotate novel biocatalysts from scratch and improve functional annotation? What
are common and different features with respect to other bacteria and/or fungi? How
many novel antibiotics are hidden among Actinobacteria? |s there more potential
among extremophile members or are they only specialized?

Here especially the production of natural compounds is of high interest.
Citation: Tischler, D., van Berkel, W. J. H., Fraaije, M. W., eds. (2019). Actinobacteria,
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Editorial on the Research Topic

Actinobacteria, a Source of Biocatalytic Tools

ACTINOBACTERIA: ANCIENT PHYLUM WITH LARGE
BIOTECHNOLOGICAL POTENTIAL STILL TO BE UNCOVERED

Actinobacteria (Actinomycetes) represent one of the largest and most diverse phyla among the
Bacteria. The characteristics and phylogeny of actinobacteria have been well-described throughout
the years (Anteneh and Franco; Embley et al., 1994; Stackebrandt et al., 1997a,b; Stach and Bull,
2005; Stackebrandt and Schumann, 2006; Ventura et al., 2007; Gao and Gupta, 2012; Goodfellow,
2012a,b; Schrempf, 2013; Lawson, 2018; Lewin et al., 2016). Still actinobacteria are hotspots for
discovery of new biomolecules and enzyme activities, fueling an active field of research. The
remarkable diversity is displayed by various lifestyles, distinct morphologies, a wide spectrum of
physiological and metabolic activities, as well as genetics.

Most actinobacteria have a high GC-content (ranging from 51% to over 70%) and belong to
Gram-positive or Gram-variable type microbes (Stackebrandt and Schumann, 2006; Ventura et al.,
2007; Lawson, 2018). Many species are well-known for their large genomes, which may be of linear
style, as in case of rhodococci, or circular (Ventura et al.,, 2007; Sen et al., 2014; Lewin et al.,
2016). Many also harbor linear megaplasmids as a kind of genetic storage device (Konig et al.,
2004; Medema et al., 2010; Wagenknecht et al., 2010; Bottacini et al., 2015). These plasmids often
encode special metabolic features such as secondary metabolite synthetic machineries or alternative
degradation pathways. However, a number of representatives comprise smaller genomes such as
some Bifidobacteria, Corynebacteria, Mycobacteria, and Propionibacteria species (Ventura et al.,
2007; Lewin et al., 2016). Interestingly, smaller genomes are often encountered in pathogens or in
those, which live in ecological niches. The smallest actinobacterial genomes can be found among
Tropheryma, which is known as the Whipple’s disease microbe (Bentley et al., 2003; Raoult et al.,
2003). Gene redundancy or genes encoding for closely related enzymes are frequently reported and
in most cases the evolutionary history or a functional role remains enigmatic (McLeod et al., 2006;
Tischler et al., 2009, 2010, 2013; Roberts et al., 2011; Riebel et al., 2012; Groning et al., 2014; Riedel
etal., 2015a,b; Nguyen et al., 2017; Chen et al., 2018; Gran-Scheuch et al.). In this context horizontal
gene transfer was found to play a major role in the genome fluidity of actinobacteria (Ventura et al.,
2007). However, this seems not to be true for all actinobacteria or limited to some features such as
secondary metabolism as discussed for Streptomyces and Rhodococcus, respectively (McLeod et al.,
2006; Lewin et al., 2016).
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The large actinobacterial genomes and megaplasmids
provide access to an impressive number of potential biocatalysts
and pathways (Lewin et al., 2016). A few examples of novel
biocatalysts linked to gene redundancy are cited above, but
still more truly novel enzymes or pathways await elucidation.
Actinobacteria are well-known for their biotechnological
potential which is exemplarily described for amino acid
producing Corynebacteria (Poetsch et al, 2011; Goldbeck
et al; Pérez-Garcia et al.), secondary metabolite producing
Streptomyces (Niu et al., 2016; Senges et al., 2018), pathogenic
targets as Nocardia and Mycobacteria (Cosma et al., 2003;
Wilson, 2012), carotenoid building Micrococcus strains
(Rostami et al, 2016), acid fermenting Propionibacteria
(Rabah et al., 2017), health and food related Bifidobacterium
strains (Lawson, 2018), rubber degrading Gordonia species
(Linos et al., 1999; Heine et al., 2018), and organic pollutant
degrading rhodococci (McLeod et al., 2006; Kim et al., 2018)
among others.

In many cases individual pathways can be exploited for
the production of valuable products, or enzymes can be
recombinantly produced and exploited for biocatalysis. Even
some genetic tools to work directly in actinobacteria have
been successfully used as for example in Corynebacterium
(Nesvera and Patek, 2011). Recently some additional systems
have been established to create e.g., Kocuria and Rhodococcus
hosts (Montersino et al; Toda and Itoh). The first system
allowed actually to express genes of various origins in Kocuria,
whereas the Rhodococcus system was used for identification
of the natural phospholipid ligand of a monooxygenase.
During the last decade more and more genomes have been
sequenced and made available for data mining and become
accessible by state-of-the-art genomic manipulation methods.
Novel pathways and enzymes are frequently described from
actinobacteria as a result of the progress in various omics
approaches and high-throughput methods. Except for novel
pathways or enzymes, genome analyses have revealed that
actinobacteria also employ rather unique cofactors, such as the
Fyp0 cofactor (Selengut and Haft, 2010; Greening et al., 2016;
Nguyen et al, 2017; Ney et al.). With respect to biocatalysis
and derived applications a number of recent studies can be
mentioned. These comprise whole-cell systems (Oelschligel
et al,, 2015; Okamoto et al., 2017; de Carvalho, 2017; Goldbeck
et al; Yin et al.) enzymatic cascades (Kara et al, 2015;
Ni et al, 2016; Zimmerling et al., 2017), structure-function
relationships (Riebel et al., 2012; Montersino et al., 2013;
Riedel et al, 2015a,b; Sucharitakul et al., 2016; Scholtissek
et al.,, 2017; Scholtissek et al.) as well as mechanistic insights
(Greening et al.; Ney et al.; Westphal et al.).

Secondary metabolite production is of industrial interest and
here especially Streptomyces has to be mentioned which provides
access to antibiotics as well as siderophores (Medema et al.,
2010; Cihék et al.; Botas et al; Lépez-Garcia et al.; Senges et al.,
2018; Suarez Moreno et al.). Secondary metabolite production is

frequently investigated either on a regulatory level (Botas et al.)
or via metabolomics (Senges et al., 2018) and of course within
biotechnological studies. It was found that the lifestyle and the
development stage seem to be crucial for secondary metabolism.
Spore formation among Streptomyces is such a specialized
development stage and of importance for cell regulatory
processes, but also with respect to applications (Bobek et al.).
Further, some regulatory elements are solely present among
actinobacteria and need to be functionally tested (Koepff et al;
Lopez-Garcia et al.; Setinova et al.). Growth limiting conditions
(Fe-, N-, S-limitations or presence of toxic compounds/elements)
are often used to overproduce target compounds and among
those the secondary metabolites siderophores (Retamal-Morales
et al, 2017, 2018b; Senges et al., 2018) and biosurfactants
(Kiigler et al., 2015; Retamal-Morales et al., 2018a) can
be mentioned.

Actinobacteria also harbor extremophile branches, which
become more and more attractive for biotechnological
investigations (Shivlata and Satyanarayana, 2015). Examples
include antimicrobial compound producers as many
Streptomyces spp. (Radhakrishnan et al, 2007; Xue et al,
2013), siderophore producing strains as Thermobifida fusca
(Dimise et al., 2008) and Thermocrispum agreste (Heine et al.,
2017), and many rhizosphere specialists with various interactions
toward plants, fungi and/or other bacteria (Palaniyandi et al.,
2013). Besides the above described actinobacteria mainly
derived from soil, also other habitats and ecological niches are
explored and successfully conquered by various actinobacteria.
Among those interesting resources for biotechnology are present
(Shivlata and Satyanarayana, 2015).

In conclusion, it becomes obvious that the large and diverse
group of actinobacteria is of interest from different perspectives
such as general microbiology, ecology, phylogeny, biochemistry,
and regulation, environmental concerns, pathogenicity as well
as biotechnology. Still there are new members being discovered
that belong to this phylum or reclassifications occur according
to new findings with respect to morphology and phylogeny.
The increasing amount of data from various omics fields allows
us to uncover more and more properties which can be of use
for various (biotechnological) purposes. We believe that the
potential of actinobacteria for biotechnology was only touched
lightly thus far: there is more to be uncovered!
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An unusual aspect of actinobacterial metabolism is the use of the redox cofactor F4op.
Studies have shown that actinobacterial F4o0H2-dependent reductases promiscuously
hydrogenate diverse organic compounds in biodegradative and biosynthetic processes.
These enzymes therefore represent promising candidates for next-generation industrial
biocatalysts. In this work, we undertook the first broad survey of these enzymes as
potential industrial biocatalysts by exploring the extent, as well as mechanistic and
structural bases, of their substrate promiscuity. We expressed and purified 11 enzymes
from seven subgroups of the flavin/deazaflavin oxidoreductase (FDOR) superfamily
(A1, A2, A3, B1, B2, B3, B4) from the model soil actinobacterium Mycobacterium
smegmatis. These enzymes reduced compounds from six chemical classes, including
fundamental monocycles such as a cyclohexenone, a dihydropyran, and pyrones, as
well as more complex quinone, coumarin, and arylmethane compounds. Substrate
range and reduction rates varied between the enzymes, with the A1, A3, and B1 groups
exhibiting greatest promiscuity. Molecular docking studies suggested that structurally
diverse compounds are accommodated in the large substrate-binding pocket of the
most promiscuous FDOR through hydrophobic interactions with conserved aromatic
residues and the isoalloxazine headgroup of FsogH». Liquid chromatography-mass
spectrometry (LC/MS) and gas chromatography-mass spectrometry (GC/MS) analysis
of derivatized reaction products showed reduction occurred through a common
mechanism involving hydride transfer from F4o0H™ to the electron-deficient alkene
groups of substrates. Reduction occurs when the hydride donor (C5 of FsooH™) is
proximal to the acceptor (electrophilic alkene of the substrate). These findings suggest
that engineered actinobacterial F4o0Ho-dependent reductases are promising novel
biocatalysts for the facile transformation of a wide range of a,B-unsaturated compounds.

Keywords: F420, redox, biocatalysis, promiscuity, biodegradation, Mycobacterium, Actinobacteria
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Substrate Promiscuity of F40H,-Dependent Reductases

INTRODUCTION

Industrial biocatalysts are making a substantial impact in
the selective synthesis of pharmaceuticals and other specialist
chemicals (Nestl et al., 2011; Clouthier and Pelletier, 2012).
Enzymes that mediate selective alkene reduction are in particular
demand (Stuermer et al., 2007). The most widely investigated
of these enzymes are the “old yellow enzyme” family of
NAD(P)H-dependent flavoproteins. These often-promiscuous
enzymes have been shown to catalyze hydride addition to
activated alkene groups of diverse substrates of both natural (e.g.,
quinones) and synthetic (e.g., cyclohexenones) origin (Williams
and Bruce, 2002; Stuermer et al., 2007; Amato and Stewart,
2015). Their catalytic cycle proceeds by hydride transfer from
bound FMNH, to the substrate, protonation of the reduced
substrate by a conserved tyrosine, and reduction of the cofactor
by the external hydride donor NAD(P)H (Fox and Karplus,
1994). Such enzymes are in development as in vitro biocatalysts
and are critical in several industrial fermentation processes
(e.g., levodione synthesis; Stuermer et al, 2007; Amato and
Stewart, 2015). Despite these successes, there is still demand for
the discovery of novel reductive biocatalysts to provide more
flexible platforms for development of specific in vitro and in vivo
syntheses.

Actinobacteria represent a particularly promising source
of novel biocatalysts. This phylum includes genera reputed
for their biodegradative capacity, notably Mycobacterium and
Rhodococcus, as well as Streptomyces strains that are vital sources
of natural products (Barka et al, 2016). One reason these
organisms are so metabolically versatile is that they synthesize
the unusual redox cofactor F4y9 (Greening et al., 2016; Ney et al.,
2017). The low standard redox potential (E°" = —340 mV) and
obligate two-electron chemistry of FyoH, means that it can
reduce compounds otherwise recalcitrant to activation (Walsh,
1986; Greening et al., 2016). Actinobacteria reduce Fyy9 using
either the Fyy0-dependent glucose-6-phosphate dehydrogenase
(Fgd) (Bashiri et al., 2008; Nguyen et al., 2017) or the F459-NADP
oxidoreductase (Fno) (Eker et al., 1989; Ebert et al., 1999).
They subsequently couple the reoxidation of FyqoH, to the
hydrogenation of diverse organic compounds. This depends
on a suite of FyoHy-dependent reductases from two different
superfamilies, the luciferase-like hydride transferases (LLHT
superfamily; Ebert et al., 1999; Heiss et al., 2003; Ikeno et al., 2006)
and the flavin/deazaflavin oxidoreductases (FDOR superfamily;
Taylor et al., 2010; Gurumurthy et al., 2013; Ahmed et al,
2015; Greening et al., 2016). The enzymatic activities and
industrial potential of these enzymes have remained largely
unexplored.

F4o0H;-dependent reductases of the FDOR superfamily have
been advocated as particularly promising reductive biocatalysts
(Ahmed et al., 2015; Greening et al., 2016). These reductases
are abundant in mycobacteria and other Actinobacteria, where
they have diverged into at least 14 distinct subgroups (Al-
A3, B1-B6, AA1-AA5; Ahmed et al, 2015). While several
native functions have been proposed, e.g., menaquinone and
biliverdin reduction (Gurumurthy et al., 2013; Ahmed et al., 2015,
2016), the enzymes also mediate promiscuous activities, such as

nitroimidazole prodrug activation (Cellitti et al., 2012; Mohamed
etal,, 2016a,b), biodegradation of furanocoumarins (Taylor et al.,
2010; Lapalikar et al., 2012b; Jirapanjawat et al, 2016), and
decolorization of triarylmethane dyes (Guerra-Lopez et al., 2007;
Jirapanjawat et al., 2016). The findings that these enzymes can
reduce such structurally and chemically diverse compounds
suggests that they may also have the latent capacity to act
upon industrially relevant non-natural chemicals. Mechanistic
studies focused on mycobacteria indicate that these enzymes
adopt a distinct mechanism from old yellow enzymes that may be
relevant for selective synthesis (Greening et al., 2016; Mohamed
et al., 2016b). For example, the reduced cofactor is thought to
bind the enzyme from the solvent phase and directly mediate
hydride addition to the substrate (Mohamed et al., 2016a,b); The
cofactor can then be re-reduced in vitro and in vivo by Fgd
(Purwantini and Daniels, 1996; Bashiri et al., 2008). In addition,
the proton donor for reduced substrates is a solvent-accessible
hydroxonium ion rather than a tyrosine residue (Mohamed et al.,
2016b).

In this study, we explored the substrate promiscuity across
multiple subgroups of the FyoH,-dependent FDORs to
determine their potential value as next-generation biocatalysts.
To do this, we tested 11 of these enzymes from the model
laboratory organism Mpycobacterium smegmatis against 47
different substrates, ranging from synthetic building blocks to
more complex polycyclic compounds. This revealed that, in
common with old yellow enzymes, several of these enzymes can
promiscuously reduce diverse cyclic and polycyclic compounds
harboring activated alkene groups. Subsequent structural
modeling and mechanistic studies suggested that these enzymes
reduced these diverse substrates through a common mechanism:
regioselective hydride transfer from Fy0H™ to the proximal
electrophilic alkene group. The considerable promiscuity of these
enzymes suggests they are promising candidate biocatalysts, but
engineering will be required to optimize their rates in industrial
processes.

MATERIALS AND METHODS

Recombinant Protein Expression and

Purification

Eleven Fyy0H;-dependent reductases of the FDOR superfamily
(MSMEG loci 5998, 2850, 2027, 5030, 6325, 3380, 0048,
6848, 6526, 5170, 3880; Supplementary Table S1) and the
Fypo-reducing  glucose-6-phosphate  dehydrogenase  (Fgd)
were recombinantly overexpressed in E. coli BL21(DE3).
MSMEG_6325, MSMEG_6526, MSMEG_3880 and fgd were
expressed overnight in modified auto-induction TB2.0 media
at 28°C (200 rpm) as previously described (Taylor et al,
2010; Lapalikar et al, 2012b). For the remaining proteins,
cells were grown in lysogeny broth (LB) at 37°C (200 rpm)
and induced at ODggg 0.6 with 0.2% L-arabinose for 2 h.
Cells were harvested by centrifugation (10,000 x g, 20 min,
4°C), resuspended in lysis buffer (50 mM NaH,PO4, 300 mM
NaCl, 10 mM imidazole, pH 8.0), and lysed in a EmulsiFlex-
C3 homogenizer (ATA Scientific, Australia). The enzymes
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were purified from soluble extracts by Ni-nitrilotriacetic acid
(NTA) affinity chromatography using gravity columns as
previously described (Taylor et al, 2010; Ahmed et al., 2015)
and stored in elution buffer (50 mM NaH,PO,4 300 mM NaCl,
250 mM imidazole, pH 8.0) until use in enzymatic assays.
The high purity of the proteins was confirmed by running the
fractions on NuPAGE Novex 10% Bis-Tris gels (Invitrogen,
Australia) at 200 V and staining with Coomassie Brilliant
Blue. Protein concentration was determined by measuring
absorbance at 280 nm using a NanoDrop ND1000 (NanoDrop
Technologies) and calculating concentration with the Beer-
Lambert equation. Molar absorption coefficients were calculated
for each protein based on amino acid sequences (Supplementary
Table S1). Fypo was extracted, purified, and concentrated from
a recombinant Fyyy overexpression strain of M. smegmatis
mc24517 (Bashiri et al., 2010) as previously described (Isabelle
et al., 2002).

Enzyme Activity Assays

Forty-seven different compounds were sourced from Sigma-
Aldrich and dissolved into 1 M working stocks in dimethyl
sulfoxide, except hypoxanthine and guanine that were dissolved
in 1 M NaOH solution. The structures of the compounds
tested are shown in Supplementary Tables S2, S3. Enzymatic
assays were performed by spectroscopically monitoring the
reoxidation of pre-reduced FgoH, in the presence of FDOR
and substrate. F4p9 was enzymatically reduced to FgoH, by
overnight incubation with 1 wM Fgd and 12 mM glucose
6-phosphate as described (Ahmed et al., 2015). The enzyme was
subsequently repurified as described (Ahmed et al., 2015). All
reaction mixtures contained degassed Tris buffer [200 mM Tris,
0.1% (w/v) Triton X-100, pH 8.0] sequentially supplemented
with 50 WM substrate, 25 uM F40Hj, and 1 uM of the FDOR.
Enzyme concentration was decreased to 10 nM for substrates
observed to be rapidly reduced, ie., quinone compounds.
Reaction rates were monitored by recording the initial linear
increase in 420 nm absorbance using an Epoch 2 Microplate
Spectrophotometer (BioTek). All assays were performed at
room temperature (approximately 25°C). We only detected
significant levels of enzyme-independent, substrate-dependent
FyoH, reoxidation for quinone and arylmethane substrates,
at rates that we previously reported (Jirapanjawat et al., 2016).
We observed no enzyme-dependent, substrate-independent
or spontaneous FyoH, reoxidation in the timeframe of our
assays. Specific activities were calculated after subtracting
rates of enzyme-independent FyoH, reoxidation and were
expressed in nmol s~} pmol~! enzyme as previously described
(Taylor et al., 2010). The rate of reduction of three of these
compounds, namely 1,4-naphthoquinone, 3-cyanocoumarin,
and 5,6-dihydro-2H-pyran-2-one, also measured in
cofactor-recycling assays. Assays used 100 wM substrate,
0.1 pM enzyme, 10 pM Fyp9, 2.5 mM glucose-6-phosphate,
and 045 uM Fgd. Time course high performance liquid
chromatography (HPLC) assays, performed according to
published methodologies (Lapalikar et al, 2012b), measured
loss of absorbance (at hpyay) of the substrates at regular time
intervals.

was

Molecular Docking

Substrates were docked into the previously solved X-ray crystal
structures of MSMEG_2027 (1.5 A resolution; PDB: 4Y9I; Ahmed
et al, 2015) and MSMEG_6526 (1.7 A resolution; PDB: 4KZY;
Ahmed et al., 2015). Fgp¢ was docked into the cofactor-binding
pockets based on the cofactor-bound structures of Rv3547 (PDB:
3R5R; Cellitti et al., 2012) and Rv2074 (PDB: 5JAB; Ahmed et al.,
2016) respectively. AutoDock Vina was used to computationally
dock the substrates into their corresponding enzymes, with
enzymes and ligands prepared using AutoDockTools operating
with default settings (Morris et al., 2009). The docking results
were visualized and analyzed in UCSF Chimera (Pettersen et al.,
2004).

Substrate Reduction and Derivatization

The chemical standards and reaction products of menadione,
3-cyanocoumarin, and 2-cyclohexen-l-one were detected
by mass spectrometry. These compounds were reduced by
incubating them with the promiscuous Fyy0H;-dependent
reductase MSMEG_2027 for 2 h at 37°C. The assay mixture
comprised 100 pM substrate, 10 WM Fg, 1 uM Fgd, 1 uM
MSMEG_2027, and excess G-6-P in either 20 mM Tris buffer,
pH 8.0 (for menadione and 2-cyclohexen-1-one) or 50 mM
ammonium acetate buffer, pH 7.5 (for 3-cyanocoumarin). For
menadione, the standard and reaction products were derivatized
with methoxyamine. Specifically, the standard and products
were dried by rotary evaporation, resuspended in 20 pl pyridine
containing 20 mg mL™! methoxyamine hydrochloride, and
incubated at 37°C for 1.5 h. To this solution, 20 pl of N-methyl-
N-(trimethylsilyl)trifluoroacetamide (MSTFA) was added and
the solution was incubated at 37°C for 1 h. For cyclohexenone,
the standard and reaction products were derivatized by spiking
the solution with 1 mM 2,4-dinitrophenylhydrazine and
incubating the solution at 30°C for 2 h.

LC/MS and GC/MS

The standard and reaction products of 3-cyanocoumarin were
measured on an Agilent 6100 Series Single Quadrupole liquid
chromatography-mass spectrometry (LC/MS) with diode array
detector. Samples were separated on an Agilent Poroshell 120
EC-C18 column (2.7 pm, 2.1 x 100 mm). A gradient of two
buffers, buffer A (0.1% formic acid in H,O) and buffer B
(0.1% formic acid in acetonitrile), was applied as follows: 0-
0.5 min, held at 10% B; 0.5-6.5 min, 10-60% B; 6.5-7 min, held
at 90% B. A positive mode electron ionisation (EI) scan was
undertaken, and in these conditions the molecular ion could not
be detected as the loss of the cyano (CN) group was universal.
The derivatized cyclohexenone standard and reactions products
were determined on an Agilent 1290 Infinity/6550 quadrupole
time-of-flight (Q-TOF) LC/MS system equipped with an Agilent
Poroshell 120 EC-C18 2.1 x 50 mm 2.7 pm column. A gradient
comprising two buffers, buffer A (20 mM ammonium acetate,
pH 7.0) and buffer B (100% acetonitrile), was applied as follows:
0-1 min, held at 10% B; 1-10 min, 10-90% B. Positive mode
electrospray ionisation (ESI) was utilized, and a scan from 50 to
300 m/z was conducted. The menadione standard, its reaction
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FIGURE 1 | Substrate range of the F4o0H2-dependent reductases. The results show the specific activities of five FDOR-A and six FDOR-B enzymes with 16 organic
compounds. Specific activities are shown with (A) quinones, (B) coumarins, and (C) pyrones, pyrans, cyclohexenones, and triarylmethanes. Error bars show
standard deviations from three independent replicates. The reactivity of six of the enzymes with quinone and triarylmethane compounds was previously reported
(Jirapanjawat et al., 2016). The structures of the substrates are shown in Supplementary Table S2. The 32 compounds tested that were not compatible with the
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Hl 2-cyclohexen-1-one

Il Crystal violet
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product, and their methoxime derivatives were detected on an
Agilent 7010 gas chromatography-mass spectrometry (GC/MS)
triple quadrupole system. Samples were separated on an Agilent
19091S 30 m x 250 um x 0.25 pm HP-5 ms column over a
gradient of 60-320°C at a rate of 7°C min~!, and a positive EI
scan at 70 eV was conducted.

RESULTS

F4o0Ho-Dependent Reductases Reduce
Structurally Diverse Cyclic and

Polycyclic Compounds

Eleven Fy0H,-dependent FDORs from M. smegmatis were
expressed recombinantly and purified (Supplementary Table S1).
We purified enzymes spanning multiple phylogenetically

distinct subgroups, namely three enzymes each from the well-
described FDOR-A1 and FDOR-B1 subgroups (Taylor et al.,
2010; Lapalikar et al., 2012b; Ahmed et al., 2015), as well as
representatives from five other subgroups (A2, A3, B1, B2, B3,
B4; Ahmed et al., 2015). On the basis of previously reported data
(Lapalikar et al., 2012b; Gurumurthy et al., 2013; Jirapanjawat
et al,, 2016), we determined the specific activities of the purified
enzymes with 47 organic compounds following addition of the
pre-reduced cofactor F40H, (Supplementary Tables S2, S3). Of
these, 16 compounds were enzymatically transformed. These
compounds included fundamental monocyclic compounds, such
as 3,4-dihydro-2H-pyran, 2-cyclohexen-1-one, and 5,6-dihydro-
2H-pyran-2-one, as well as aromatic bicyclic and tricyclic
compounds from the quinone, coumarin, and arylmethane
chemical classes (Supplementary Table S2). Specific activities
for the 16 substrates ranged from very low if reproducible
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for some compounds (e.g., <1 nmol s~ pmol enzyme~
for the pyran compound) to high for the quinones
(e.g., >10* nmol s~! pmol enzyme™! for 1,2-naphthoquinone)
(Figure 1). Enzymes purified from the Al, A3, and B1 classes
had the broadest and highest activities, with MSMEG_2027
(A1) proving catalytically compatible with all but two of the 16
substrates, whereas enzymes from the A2, B2, B3, and B4 classes
had low activities with all non-quinone substrates.

Comparisons across the compounds tested for activity suggest
that the presence of an electrophilic alkene is necessary
for reduction to occur and implicates this group as the
hydride acceptor. For example, activity was observed with
pyrones that were a-substituted (e.g., 5,6-dihydro-2H-pyran-
2-one; Figure 1C) but not y-substituted (e.g., chelidonic
acid; Supplementary Table S3). This is also supported by the
finding that, whereas malachite green and crystal violet can be
reduced, azure B cannot; while all three compounds contain
triphenyl and N,N-dimethyliminium moieties, azure B lacks the
central delocalized alkene group (Supplementary Tables S2, S3).
Consistent with the proposal that the activated alkene is the
hydride acceptor of FgoH;-dependent reductases, enzymatic
activity with coumarin derivatives was modulated by the nature
of aromatic directing groups at the C3 position (Figure 1);
moderate activities were observed with electron-withdrawing
cyano and chloro groups, very low activities with an electron-
donating amino group, and no activity with 3-hydroxycoumarin
(Figure 1B). This suggests that electron-withdrawing groups
render these compounds susceptible to nucleophilic attack by
removing electron density from the w system. It is possible that
differential interactions of these substrates with the substrate-
binding pockets also contribute to the differences in the rates of
reduction both between substrates and between enzymes.

For three of the compounds, we also measured specific
activities with another independent assay that measured substrate
reduction by HPLC in a cofactor-recycling system containing
the Fgd (Supplementary Figure S1). While the relative activities
between enzymes were comparable, initial reduction rates were
generally higher in the cofactor-recycling systems and resulted in
substrate conversions exceeding 90%.

F4o0H2>-Dependent Reductases
Selectively Reduce Electrophilic Alkene

Groups

We subsequently sought to understand the structural basis
of how FDORs could reduce such diverse substrates. To do
this, we used automated substrate docking to compare the
binding of representative substrates to the high-resolution crystal
structures of the highly promiscuous MSMEG_2720 (Ahmed
et al., 2015) (A1) and the more specific MSMEG_6526 (Ahmed
et al., 2015) (B2) enzyme. Compounds representing four major
substrate classes were tested, namely menadione (quinone
class), 3-cyanocoumarin (coumarin class), 2-cyclohexen-1-one
(monocyclic compounds), and malachite green (arylmethane
class). Consistent with the results of the activity assays
(Figure 1), all substrates were predicted to be structurally
compatible with MSMEG_2027, whereas only menadione

and malachite green were predicted to specifically bind
MSMEG_6526 (Supplementary Figure S2 and Table S4).

In the MSMEG_2027 models, substrates are accommodated
in the large substrate-binding pocket adjacent to the cofactor-
binding site (Figure 2). All four substrates are predicted
to make extensive hydrophobic interactions with aromatic
residues in the active site, including a triad of tyrosine
residues (Tyr120, Tyr123, Tyr126) that have previously been
shown to facilitate hydrophobic shielding during nitroimidazole
activation (Mohamed et al., 2016b). There was also evidence
of hydrophobic interactions between substrate and cofactor,
including different degrees of m-stacking interactions with the
isoalloxazine ring (Figure 2). Few polar interactions were
predicted, except hydrogen bonds between the cyano group of 3-
cyanocoumarin and the carbonyl oxygen of 2-cyclohexen-1-one
with the hydroxyl group of Tyrl23. The orientation of the
substrates is likely to be realistic. For example, the binding
poise of menadione suggests that menaquinone (the proposed
physiological substrate of FDOR-A1 enzymes (Gurumurthy et al.,
2013; Ahmed et al, 2015), which comprises a menadione
headgroup and a polyisoprene tail) can be accommodated
in the active site, given the polyisoprene tail at the C2
position is predicted to be oriented away from the active
site.

The docking results indicate that hydride transfer can occur
directly between cofactor and substrate within the hydrophobic
environment of the MSMEG_2027 active site. Menadione, 3-
cyanocoumarin, and 2-cyclohexen-1-one are predicted to be
oriented such that their activated alkene groups are within 5 A
of the nucleophilic C5 center of FyoH™ (Figures 2A-C). This
suggests that, in line with the activity assays (Figure 1) and
previously proposed mechanisms (Taylor et al., 2010; Lapalikar
et al,, 2012b; Ahmed et al., 2015; Mohamed et al., 2016b),
catalysis will occur through nucleophilic attack of the C5 hydride
to the electrophilic alkene. In the case of malachite green, the
alkene moiety (C1 position) of the substrate is 4.2 A away
from C5 of the cofactor, whereas the N,N-dimethylamine and
N,N-dimethyliminium moieties point toward the solvent phase
(Figure 2D). Binding modes in which the N,N-dimethyliminium
moiety was proximal to the cofactor caused steric occlusion.
This again suggests that the alkene rather than imine moiety
serves as the initial site of hydride transfer from FyoH™. In
comparison, docking with the less promiscuous MSMEG_6526
enzyme suggested that menadione and malachite green are
only accommodated at orientations where the distance between
the hydride donor and acceptor exceeds 7 A, which will
be suboptimal for catalysis (Supplementary Table S4). This
reflects that MSMEG_6526 has a smaller binding pocket than
MSMEG_2027 due to its larger flanking loops (Ahmed et al,
2015).

F4o0H>-Dependent Reductases Mediate
Substrate Reduction by Direct Hydride

Transfer
We determined the mechanistic basis of substrate promiscuity
among the FyoH;-dependent reductases. To do so, we used
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FIGURE 2 | Structural basis of substrate activation by F420H2-dependent reductases. The secondary structure and surface rendering of the cofactor- and
substrate-binding site of MSMEG_2027 are shown based on the 1.5 A resolution crystal structure (PDB: 4Y9I) (Ahmed et al., 2015) of the enzyme. The structures
are computationally docked with (A) menadione, (B) 3-cyanocoumarin, (C) 2-cyclohexen-1-one, and (D) malachite green. The distance between the proposed
hydride donor (C5 of F4ooH™) and hydride acceptor (electrophilic carbon of the substrate) are shown. Residues within 5 A of the substrate are shown. Docking
results with the more specific F4o0H2-dependent reductase MSMEG_6526 are shown in Supplementary Figure S2 and are compared with MSMEG_2027 in

Supplementary Table S4.

mass spectrometry to determine the products formed by the
reduction of three representative substrates. LC/MS and GC/MS
studies demonstrated that, following incubation of menadione,
3-cyanocoumarin, and 2-cyclohexen-1-one with MSMEG_2027,
each substrate peak increased by 2 m/z (Figure 3). This
suggests that this enzyme catalyses the reduction of menadione
(172 Da) to either menadiol or 2,3-dihydromenadione (both
174 Da) (Supplementary Figure S3), 3-cyanocoumarin (171 Da)
to 3-cyanochroman-2-one (173 Da) (Figures 3C,D), and
2-cyclohexen-1-one (96 Da) to either 2-cyclohexen-1-ol or
cyclohexanone (both 98 Da) (Figures 3E,F). This is consistent
with previous observations that FiyoH,-dependent reductases
mediate hydride transfer and subsequent protonation of their
substrates (Taylor et al., 2010; Lapalikar et al., 2012b; Ahmed
et al., 2015; Jirapanjawat et al., 2016; Mohamed et al., 2016b).
In previous LC/MS studies, we demonstrated that malachite
green (329 Da) was transformed by MSMEG_2027 to produce
a decolorized product likely to be the protonated form of
leucomalachite green (331 Da) (Jirapanjawat et al., 2016).

While these findings suggest FaoH,-dependent reductases
mediate hydride transfer from F4p0H, to substrate, they do not

resolve whether the site of attack is the alkene or carbonyl
groups of the compounds. To resolve this, we derivatized
the standard and reaction products of menadione with
methoxyamine hydrochloride (carbonyl-specific) and MSTFA
(alcohol-specific). GC/MS analysis of the reaction products
revealed that reduction of menadione occurred exclusively via
the alkene group (Figures 3A,B). Single and double methoxime
derivatives of reduced menadione could be detected, indicating
2,3-dihydromenadione was formed as the major reaction
product. No trimethylsilyl ester derivatives were formed under
these conditions, underlining the absence of menadiol and other
quinol products. Menadiol is nevertheless likely to form under
physiological conditions through keto—enol tautomerism. In the
case of cyclohexenone, the standard and reaction products were
derivatized with 2,4-dinitrophenylhydrazine (carbonyl-specific),
and analyzed by LC/MS. Analysis of product formation revealed
the emergence of the hydrazone derivative of cyclohexanone,
again indicating that reduction was mediated through the alkene
(Figures 3E,F). Previous studies have inferred that coumarin
reduction also occurs through the activated alkene group (Taylor
etal., 2010; Lapalikar et al., 2012a,b).
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FIGURE 3 | Mass spectra infer that F400Hs2-dependent reductases mediate hydrogenation of substrates. The spectra show the detection of substrate standards and
reaction products following reduction with MSMEG_2027. GC/MS spectra of the single methoxime derivatives of the (A) menadione standard and (B)
2,3-dihydromenadione product. Mass spectra of the underivatized compounds are shown in Supplementary Figure S3. Keto—enol tautomerization is likely to result in
menadiol formation under physiological conditions. LC/MS spectra of the (C) 3-cyanocoumarin standard and (D) 3-cyanochroman-2-one product. The cyano
groups were ionized by in-source fragmentation. LC/MS spectra of the dinitrophenylhydrazone derivatives of the (E) 2-cyclohexen-1-one standard and (F)
cyclohexanone product. A mass spectrum of the underivatized product could not be obtained. In all cases, corresponding compounds are shown to the right of the
spectra. A mass spectrum showing the reduction of malachite green to leucomalachite green was previously published (Jirapanjawat et al., 2016).
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DISCUSSION

In this study, we explored the potential of actinobacterial
Fy40H;-dependent reductases as industrial biocatalysts. We show
that mycobacterial FDORs use the electron donor FyoH, to
hydrogenate diverse organic compounds at a wide range of
rates. On the basis of these findings, we propose in Figure 4
that all FDOR substrates studied can be reduced through a
common hydrogenation mechanism: The cofactor binds the
FDOR in its deprotonated state (FsyoH™; Mohamed et al,
2016a) and the substrate thereafter binds the adjacent pocket
through hydrophobic interactions with aromatic residues and

the cofactor. Alignment of the nucleophilic C5 center of
FyoH™ with the electrophilic alkene group of the substrate
will promote direct hydride transfer. Subsequent steps will
result in delocalization of electron charge and protonation
of the substrate by a solvent-accessible hydroxonium ion
(Mohamed et al., 2016b). The FDORs promote this mechanism
in multiple ways: binding the substrate and cofactor in
proximal sites; generating a hydrophobic environment that
promotes hydride transfer; and facilitating protonation by
binding hydroxonium ions through conserved tyrosine residues
(Mohamed et al,, 2016b). The overall mechanism of these
enzymes is therefore equivalent to the old yellow enzymes
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FIGURE 4 | Unifying mechanism for the hydrogenation of representative
substrates by F420H2-dependent reductases. Reaction mechanisms are
proposed for (A) menadione, (B) 3-cyanocoumarin, (C) 2-cyclohexen-1-one,
and (D) malachite green. On the basis of previous studies, it is predicted that
the cofactor binds in its deprotonated state (F400H™) (Mohamed et al., 2016a)
and that a hydroxonium ion serves as the proton donor for the substrate
(Mohamed et al., 2016b).

(Stuermer et al., 2007), though the hydride and proton donors
are distinct.

The hydrogenation mechanism proposed here is supported
by our studies exploring the observed substrate range of the
FDORs (Figure 1). We showed that, in line with findings about
the substrate range of old yellow enzymes (Stuermer et al., 2007),
the presence of an electrophilic alkene group was a prerequisite

for reduction to occur and that rates were enhanced in electron-
withdrawing conjugated systems. The outlined mechanism is
also consistent with the results of the structural modeling
(Figure 2) and mechanistic studies (Figure 3 and Supplementary
Figure S3) that identified the probable sites of hydride attack
and inferred hydrogenated reaction products using four model
substrates, menadione, 3-cyanocoumarin, 2-cyclohexen-1-one,
and malachite green. Similar mechanisms have been proposed
for other important reactions known to be mediated by
F420H;-dependent reductases of the FDOR superfamily, namely
activation of nitroimidazole prodrugs (Mohamed et al., 2016a,b),
reduction of biliverdin to bilirubin (Ahmed et al., 2015, 2016),
and the terminal step in the biosynthesis of tetracyclines
(Wang et al., 2013). Our mass spectral analysis suggests that
these mechanisms are regioselective, with hydride transfer
only favorable to electrophilic alkene groups proximal to the
nucleophilic C5 center. It will be necessary to extend studies
to substrates that will produce prochiral products to determine
whether this process also occurs stereoselectively, i.e., through cis
or trans hydrogenation. The observation that substrate reduction
is faster in the cofactor-recycling assays is also of interest,
and suggests that there is a mechanism that enhances cofactor
exchange between FDORs and Fgd (e.g., complex formation).

Our findings warrant the further exploration of FyyoH>-
dependent FDORSs in in vitro and in vivo biocatalytic processes.
Their inherent substrate range, combined with their ease of
heterologous overexpression and the presence of a viable
cofactor-recycling system, suggests that these enzymes have
promise in in vitro systems. There may be particular value
in exploring the use of these enzymes for hydrogenating
substrates incompatible with inorganic catalysts or old yellow
enzymes (Stuermer et al., 2007; Clouthier and Pelletier, 2012).
Particularly promising are the findings that enzymes in the
FDOR superfamily mediate critical steps in the biosynthesis of
tetracycline antibiotics (Wang et al., 2013) and the preliminary
results that the membrane-bound FDOR-AA family can saturate
linear fatty acid chains (Ahmed et al., 2015). However, at least two
major innovations are needed if FyyoH;-dependent reductases
are to be more widely developed: Firstly, given the observation
that most substrates were reduced at low rates, the directed
evolution of promising FDORs (e.g., MSMEG_2027) will be
required to enhance their activities with desirable substrates.
Secondly, new processes must be developed if Fyy9 is to be
cheaply and conveniently produced (Greening et al., 2016). It
may be possible to engineer the production of this cofactor
in recombinant systems, but this depends on the resolution
of the complete Fyp9 biosynthesis pathway. Alternatively, it is
plausible to synthesize deazaflavin analogs that are catalytically
compatible with FyoH;-dependent reductases, which have
previously been shown to exhibit cofactor promiscuity (Lapalikar
et al,, 2012a). There is more immediate promise in using these
enzymes within actinobacterial hosts and recombinant systems
to produce natural products or bioremediate contaminants. With
the vast majority of F4y0-dependent oxidoreductases remaining
functionally unannotated, it is expected that further study of these
enzymes will reveal novel reactions of potential industrial and
pharmaceutical relevance.
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Fao0 is @ microbial cofactor that mediates a wide range of physiologically important
and industrially relevant redox reactions, including in methanogenesis and tetracycline
biosynthesis. This deazaflavin comprises a redox-active isoalloxazine headgroup
conjugated to a lactyloligoglutamyl tail. Here we studied the catalytic significance of
the oligoglutamate chain, which differs in length between bacteria and archaea. We
purified short-chain F4o0 (two glutamates) from a methanogen isolate and long-chain
Faoo (five to eight glutamates) from a recombinant mycobacterium, confirming their
different chain lengths by HPLC and LC/MS analysis. F4o0 purified from both sources
was catalytically compatible with purified enzymes from the three major bacterial families
of F400-dependent oxidoreductases. However, long-chain F 450 bound to these enzymes
with a six- to ten-fold higher affinity than short-chain F450. The cofactor side chain also
significantly modulated the kinetics of the enzymes, with long-chain F4o0 increasing the
substrate affinity (lower Ky,) but reducing the turnover rate (lower kggt) of the enzymes.
Molecular dynamics simulations and comparative structural analysis suggest that the
oligoglutamate chain of F4o9 makes dynamic electrostatic interactions with conserved
surface residues of the oxidoreductases while the headgroup binds the catalytic site. In
conjunction with the kinetic data, this suggests that electrostatic interactions made by
the oligoglutamate tail result in higher-affinity, lower-turnover catalysis. Physiologically,
we propose that bacteria have selected for long-chain F4o0 to better control cellular
redox reactions despite tradeoffs in catalytic rate. Conversely, this suggests that
industrial use of shorter-length F4oq will greatly increase the rates of bioremediation and
biocatalysis processes relying on purified F400-dependent oxidoreductases.

Keywords: F420, redox, biocatalysis, biodegradation, mycobacterium, actinobacteria, cofactor

INTRODUCTION

Diverse enzymes employ flavins and similar cofactors to mediate biological redox reactions (Leys
and Scrutton, 2016). In addition to using the universal flavin cofactors FAD and FMN, some
bacteria and archaea employ the deazaflavin cofactor F4y (Ney et al., 2017). In its enzyme-unbound
state, this redox cofactor has unique redox properties compared to free FMN and FAD, namely a
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Catalytic Importance of F49 Chain Length

lower standard redox potential (—340 mV) and exclusive two-
electron reactivity (Walsh, 1986; Greening et al., 2016). Due to
these properties, F450 can mediate a wide range of otherwise
challenging redox transformations, including the one-carbon
reactions of methanogenesis (Thauer et al., 2008; Greening et al.,
2016). In mycobacteria and streptomycetes, the cofactor has been
shown to be important for central metabolism (Bashiri et al.,
2008; Ahmed et al., 2015), secondary metabolite biosynthesis
(Ikeno et al., 2006; Wang et al., 2013), cell wall production
(Purwantini and Mukhopadhyay, 2013; Purwantini et al., 2016),
and biodegradation pathways (Taylor et al., 2010; Jirapanjawat
et al, 2016). Beyond its physiological importance, F4 has
received recent attention for its potential industrial applications.
Notably, actinobacterial FiyoH,-dependent reductases catalyze
the penultimate step of tetracycline antibiotic biosynthesis (Wang
et al., 2013), the reductive activation of the clinically approved
antituberculosis prodrug delamanid (Cellitti et al.,, 2012), and
the biodegradation of environmental contaminants such as
nitroaromatic explosives (Ebert et al., 1999) and arylmethane
dyes (Jirapanjawat et al., 2016). F4z0 has also been identified as
a promising next-generation cofactor to mediate in vitro and
in vivo biocatalytic cascades (Taylor et al., 2013; Greening et al.,
2017).

Nevertheless, there remains an incomplete understanding of
how the chemical structure of Fyy relates to its physiological
function and industrial application. Structurally, the cofactor
comprises two major components (Figure 1A): (i) a redox-active
headgroup comprising a modified isoalloxazine tricycle and (ii) a
catalytically-inactive side chain comprising a ribitylphospholactyl
moiety and an oligoglutamate chain of variable length (Eirich
et al., 1978; Ashton et al,, 1979). F, (8-hydroxy-5-deazaflavin),
a chromophore used by DNA photolyases, serves as the
biosynthetic precursor to Fypo (Graupner and White, 2001). The
phospholactyl and oligoglutamate constituents are added to this
precursor by three dedicated biosynthetic enzymes (CofC, CofD,
CofE) (Nocek et al., 2007; Forouhar et al., 2008; Grochowski et al.,
2008; Bashiri et al., 2016). It is well-established that key chemical
substitutions in the isoalloxazine group confer the unique redox
properties of deazaflavins over flavins (Walsh, 1986; Greening
etal.,, 2016). However, it remains to be understood why organisms
have selected to incorporate the lactyloligoglutamate side chain.
It also remains elusive why the length of the oligoglutamate
chain varies between organisms: two to three residues in
methanogens without cytochromes, three to six in Proteobacteria
and methanogens with cytochromes (Methanosarcinales), and
five to eight in Actinobacteria and Chloroflexi (Gorris and van
der Drift, 1994; Bair et al., 2001; Ney et al., 2017). The side
chain does not significantly affect the chemical reactivity or
redox properties of Fyyg relative to its precursor F, (Greening
et al,, 2016); indeed, previous studies have shown that the redox
potential of Fayg is the same as F, (—340 mV) and hence is
not modulated by the oligoglutamate tail (Jacobson and Walsh,
1984). Moreover, while the charged nature of Fypy ensures it
does not diffuse from the cell in contrast to its precursor
F, (Ney et al, 2017), this does not explain why organisms
selected to synthesize a polyanionic rather than monoanionic
cofactor.

We recently hypothesized that catalytic constraints may
have driven the synthesis of the side chain in Fgo (Ney
et al,, 2017). Specifically, the oligoglutamate chain may facilitate
higher-affinity electrostatic interactions between enzyme and
cofactor. We propose that, in addition to driving specific F420-
dependent reactions, such high-affinity interactions may be
crucial for maintaining redox homeostasis and discriminating
between cofactor pools (Ney et al, 2017). In support of this
observation, two cofactor-bound crystal structures suggest that
the oligoglutamate chain can interact with surface cationic
residues of Fyy9-dependent oxidoreductases (Cellitti et al., 2012;
Ahmed et al.,, 2016), though the significance of this has not
been considered. Other structural analyses have proposed that,
while the ribityl and phosphate groups of F4pp make hydrogen
bonds with surrounding residues, the oligoglutamate tail instead
extends into the solvent phase without contributing to binding
(Bashiri et al., 2008). In this work, we addressed the effect of
the oligoglutamate side chain on the catalytic activity of F4z9-
dependent oxidoreductases. To do this, we purified F4y from
two sources: short-chain Fyp from a methanogen and long-
chain F4p0 from a mycobacterium. We subsequently studied the
cofactor binding affinities and substrate consumption kinetics of
mycobacterial Fyy9-dependent oxidoreductases in the presence
of these different F4yg variants. We focused on a representative
from each of the three main superfamilies of Fiy-dependent
oxidoreductases found in bacteria (Selengut and Haft, 2010),
namely the luciferase-like hydride transferases (LLHTs; TIM
barrel fold) (Bashiri et al., 2008; Greening et al., 2016) and
flavin/deazaflavin oxidoreductase superfamilies A (FDOR-As;
monomeric split B-barrel proteins) and B (FDOR-Bs; dimeric
split B-barrel proteins) (Ahmed et al., 2015; Greening et al., 2016).

MATERIALS AND METHODS

F420 Production

Long-chain Fyg was recombinantly overproduced in
Mycobacterium smegmatis mc>4517 cells harboring an inducible
pYUBDuet shuttle vector encoding the F4y0 biosynthesis genes
cofC, cofD, and cofE (Bashiri et al., 2010). Cultures were grown
in twenty 2 L Erlenmeyer flasks each containing 500 mL LB
broth supplemented with 0.05% Tween 80 (LBT), 50 g mL™!
hygromycin B and 20 pg mL~! kanamycin. The cultures were
grown to stationary-phase in a rotary incubator (200 rpm) at
37°C for 5 days before harvesting. Short-chain F459 was extracted
from a thermophilic methanogen strain, Methanothermobacter
marburgensis A60. We isolated the strain by repeated serial
dilution of geothermally heated sediments from Ngatamariki,
New Zealand. 16S rRNA gene sequencing of genomic DNA
extracts (NucleoSpin Tissue Kit, Macherey-Nagel) using the
archaeal-specific primer set 109f/912r confirmed the strain
shared 99% sequence identity with the well-studied laboratory
strain Methanothermobacter marburgensis Marburg! (Liesegang
etal., 2010). For F439 production, the strain was cultured in thirty
1 L bottles each containing 400 mL of a previously defined media
supplemented with 29 mM sodium formate (Sparling et al., 1993)
and a H,/CO; atmosphere (80:20 v/v). Cultures were grown to
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FIGURE 1 | Chemical composition of F42q purified from different sources. (A) Chemical structure of F4o0 showing the redox-active isoalloxazine headgroup and
lactyloligoglutamyl! tail. The number of glutamate residues (n) varies between bacteria and archaea. (B) Absorbance spectrum of F4og purified from Mycobacterium
smegmatis mc24517 (black) and Methanothermobacter marburgensis A60 (gray). (C) HPLC trace showing F4oq purified from M. smegmatis mc24517 varies in chain
length between five to eight glutamates. (D) HPLC trace showing F420 purified from Mtb. marburgensis A60 predominantly contains two glutamate residues.

stationary-phase in a rotary incubator (100 rpm) at 60°C for
3 days with periodic gas feeding before harvesting.

F450 Purification

Fyp0 was harvested from the mycobacterial and methanogen
cultures through variations on an existing protocol (Isabelle
et al, 2002). The cells were harvested by centrifugation at
10,000 x g for 20 min, the resultant pellets were washed, and
the cultures were resuspended in 20 mM TrisHCI (pH 7.5) at
a ratio of 1 g per 10 mL. The cells were autoclaved at 121°C
to release Fyp0, a heat-stable cofactor, into the buffer. The cell
debris was removed by centrifugation at 18,000 x g for 20 min
and the supernatant was decanted and vacuum-filtrated through
0.45 pm filter paper. The Fyp was isolated by FPLC (fast
protein liquid chromatography) with a Macro-prep High Q Resin
anion exchange column (Bio-Rad). A gradient of buffer A (20
mM TrisHCl, 100 mM NaCl, pH 7.5) and buffer B (20 mM

TrisHCI, 1 M NaCl, pH 7.5) was applied, with buffer B increasing
from 0 to 100% over 10 column volumes. Fractions containing
Fyp0 were identified via analysis of absorbance spectra on a
SpectraMax® M3 Multi-Mode Microplate Reader (Bio-Strategy,
Australia). Fractions containing Fgyo were pooled. The Fyy
solution was further purified and concentrated by hydrophobic
interaction chromatography through a high capacity C18 column
equilibrated in HO. F4 was eluted in 2 mL fractions in 20%
methanol, dried by rotary evaporation, and stored at —20°C.

HPLC and LC/MS Analysis

An ion-paired reverse phase HPLC (high-performance
liquid chromatography) protocol was used to determine the
oligoglutamate chain length of F4,¢ purified from mycobacterial
and methanogen sources. An Agilent 1200 series system equipped
with an Agilent Poroshell 120 EC-C18 2.1 x 50 mm 2.7 pm
column and diode array detector was used. The Fyyg species
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were separated at a flow rate of 0.3 mL min~! using a gradient

of two buffers, namely A (20 mM ammonium phosphate,
10 mM tetrabutylammonium phosphate, pH 7.0) and B (100%
acetonitrile). A gradient was run from 25 to 40% buffer B as
follows: 0-1 min 25%, 1-10 min 25-35%, 10-13 min 35%, 13-16
min 35-40%, 16-19 min 40-25%. F4,¢ absorbance was measured
at 420 nm using a diode array detector. This system was also
used to execute an absorbance scan from 400 to 600 nm on the
sole Fyp0-2 peak of the methanogen Fjp and the prominent
Fy20-6 peak of the mycobacterial F4. The length of the Fyy
oligoglutamate tails were verified by a reverse phase LC/MS
(liquid chromatography / mass spectrometry) protocol with an
Agilent 1100 series LC/MSD TOF equipped with a Poroshell
120 EC-C18 2.1 x 100 mm 2.7 pm column. A gradient protocol
comprising of Buffer A (20 mM ammonium acetate pH 6.8) and
Buffer B (100% acetonitrile) was applied as follows: Held from
0 - 1 min at 5% B; 1 - 10 min from 5 - 20% B. Negative mode ESI
was used with a capillary voltage of 2500 V and gas temperature
of 300°C. The system was run at a flow rate of 0.2 mL min~! and
chemical species were scanned from 150 — 1500 m/z.

Enzymatic Assays

The F4y0-reducing glucose 6-phosphate dehydrogenase (Fgd;
MSMEG locus 0777) and two FsoH-dependent reductases
(FDORs; MSMEG loci 2027, 3380) from M. smegmatis mc?155
were recombinantly overexpressed in Escherichia coli BL21(DE3)
using previously described vectors and protocols (Taylor et al,,
2010; Ahmed et al., 2015). Cells were harvested by centrifugation,
resuspended in lysis buffer, and lysed in an EmulsiFlex-C3
homogenizer (ATA Scientific, Australia) according to previously
described protocols (Greening et al., 2017). Enzymes were
purified from soluble extracts by Ni-nitrilotriacetic acid (NTA)
affinity chromatography using gravity columns as previously
described (Taylor et al., 2010; Ahmed et al., 2015) and stored
in elution buffer (50 mM NaH,PO4 300 mM NaCl, 250 mM
imidazole, pH 8.0) until use in assays. The high purity of the
proteins was confirmed by running the fractions on NuPAGE
Novex 10% Bis-Tris gels (Invitrogen, Australia) and staining
with Coomassie Brilliant Blue. We measured the activities
of the enzymes by monitoring the rates of Fsyp reduction
or FyoH, oxidation in the presence of different substrate
concentrations; this serves as a reliable measure of substrate
transformation given Fy-dependent oxidoreductases directly
mediate hydride transfer between cofactor and substrate in
an equimolar manner (Greening et al., 2016; Jirapanjawat
et al,, 2016). Enzyme activities were measured in 96-well plates
containing degassed TrisHCI buffer [200 mM TrisHCI, 0.1%
(w/v) Triton X-100, pH 8.0] sequentially supplemented with
substrate at the specified concentration, 50 wM of the relevant
cofactor, and 100 nM of the relevant enzyme. Reaction rates were
measured by monitoring the initial linear change of absorbance
of the reaction mixture at 420 nm using a SpectraMax® M3
Multi-Mode Microplate Reader (Molecular Devices); loss of
absorbance was observed due to Fgd-mediated reduction of
F420, whereas gain of absorbance occurred due to FDOR-
mediated reoxidation of F4p0H,. Prior to measurement of FDOR

activity, F4p0 was enzymatically reduced with 1 pM Fgd in a
nitrogen glovebox for 4 h and purified by spin filtration as
previously described (Ahmed et al.,, 2015). Reaction velocities
were calculated by subtracting rates of no-enzyme controls from
the initial linear rates of F4y¢ reduction or F4oH, reoxidation
measured.

Intrinsic Tryptophan Fluorescence

Quenching

F4p0 dissociation constants were calculated by monitoring the
decrease of intrinsic tryptophan fluorescence upon gradual
titration of Fyy9 as previously described (Ahmed et al., 2015).
A SpectraMax® M3 Multi-Mode Microplate Reader (Molecular
Devices) with a quartz cuvette containing 500 nM of protein
in 20 mM TrisHCI, pH 8.0 at 24°C was used. Samples were
excited at 290 nm and emission was monitored at 340 nm. One
microliter aliquots of Fayo standards in the same buffer were
added to produce a solution with final concentrations ranging
from 0 to 12.3 WM F4, with the concentration recalculated for
the incremental increase in volume. The fractional saturation
(F/Fmax) was plotted against the concentration of free F439, and
the K4 derived from fitting the data points to the function:
F/Fmax = Fmax"[Free Fa0] / (Kg + [Free F4x0]).

Molecular Dynamics Simulations

Molecular dynamics simulations used the 1.5 A resolution crystal
structure of MSMEG_2027 [PDB: 4Y91 (Ahmed et al., 2015)] and
1.2 A resolution structure of MSMEG_3380 [PDB: 3F7E (Taylor
et al, 2010)]. The structure of the 26 residues missing from
the MSMEG_2027 crystal structure was predicted by homology
modeling in Phyre2 (intensive mode) (Kelley et al., 2015) using
M. tuberculosis Rv3547/Ddn [PDB: 3RZ (Cellitti et al., 2012)]
as the template. Simulations were visualized in the VMD:
Visual Molecular Dynamics software (Humphrey et al., 1996)
and calculations were performed using Amberl6 (University
of California San Francisco) employing the ff14SB forcefield
(Maier et al., 2015). The Antechamber module within Amberl6
was used to parameterize the Fyy0-2 and F4y0-6 moieties with
the GAFF2 forcefield and mulliken charges, and ionsjc_TIP3P
parameters were used for the Na' counterions. Fyp0-2 and
F420-6 were modeled into the structure of MSMEG_3380 and
docked into the structure of MSMEG_2027 using AutoDock Vina
(Morris et al.,, 2009). For MSMEG_3380, the positions of the
cofactor up to the first glutamate residue were based on the
cofactor position in the homologous protein Rv1155 [PDB: 4QVB
(Mashalidis et al., 2015)]. Diglutamate and hexaglutamate tails
were manually constructed and initial geometry optimisations
were performed in Discovery Studio 3.5 (Accelrys). The
headgroup was constructed in its deprotonated FyoH™ form
(Mohamed et al., 2016a) and all carboxylate groups were modeled
in deprotonated form. Protein-cofactor complexes were solvated
in an octahedral TIP3P water box with a minimum periodic
boundary distance of 10.0 A from the solute. Each system was
relaxed for a maximum of 25,000 steps of steepest descent
and 25,000 steps of conjugate gradient whilst constraining the
protein atoms, after which a production run of 400 ns was
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performed at 298 K and 1 bar with a pressure relaxation time
of 2.0 ps. Langevin dynamics was employed with a collision
frequency of 5.0 and SHAKE constraints were applied to all
hydrogen atoms. The ribityl-bearing nitrogen of the headgroup
of each Fyyp moiety had light positional restraints enforced
(10 kcal mol~! A?) to prevent the headgroup from leaving
the active site and to allow maximal rotational freedom within
the active site so as minimize bias on the interaction energy.
MMPBSA (Molecular Mechanics Poisson Boltzmann Surface
Area) calculations were carried out on 2,000 frames of each 400 ns
simulation employing an ionic strength of 0.15 mM and fillratio
setting of 4.0.

Comparative Structural Analysis

For comparative structural analysis, protein sequences of Fy3-
dependent oxidoreductases from different subgroups within the
LLHT, FDOR-A, and FDOR-B superfamilies were retrieved
from the NCBI database. Multiple sequence alignments were
constructed with Clustal Omega (Sievers et al., 2011). Homology
models of MSMEG_0777 and Rv0132c were constructed
in RaptorX (Killberg et al, 2012) using M. tuberculosis
Rv0407/Fgd as the template (Bashiri et al., 2008). Protein
structures were visualized in UCSF Chimera (Pettersen et al.,
2004).

RESULTS

The F45¢ Oligoglutamate Chain
Influences Cofactor-Binding Affinity and
Reaction Kinetics of F450-Dependent

Oxidoreductases
At present, no chemical syntheses or enzymatic cascades
have been developed for cell-free production of Fyp9. We
therefore obtained sufficient F4yo for this study through large-
scale cultivation of two Fgyo-producing strains, namely the
new methanogen isolate Methanothermobacter marburgensis
A60 and a previously described Fsy9 overproduction strain
of Mycobacterium smegmatis mc?4517 (Bashiri et al., 2010),
under conditions that would promote high-level F459 production.
Fyp0 was purified from these strains through a sequence
of anion-exchange chromatography, hydrophobic interaction
chromatography, and rotary evaporation. We detected the
eponymous absorbance peak of Fg in the purified fractions
(Figure 1B). To confirm chain length, we separated the purified
F420 on a HPLC equipped with an anion-exchange column and
detected the cofactor at 420 nm using a diode array detector.
Fypo purified from M. smegmatis contained between five to
eight glutamates (Figure 1C), consistent with previous mass
validation (Bashiri et al., 2010; Ney et al., 2017). In contrast,
HPLC traces showed that all detectable F4¢ purified from Mtb.
marburgensis contained two glutamate residues (Figure 1D). The
mass of the dominant chemical species was validated by LC/MS
(Supplementary Figure S1).

We used intrinsic fluorescence quenching to determine the
binding affinities of the two purified F4y variants for three

F4z0-dependent oxidoreductases from M. smegmatis: the Fyao-
dependent glucose 6-phosphate dehydrogenase MSMEG_0777
(LLHT family), the FyyoH,-dependent quinone reductase
MSMEG_2027 (FDOR-A family), and a promiscuous FyoH;-
dependent reductase of unknown function MSMEG_3380
(FDOR-B family). We observed that long-chain mycobacterial
F420 bound the enzymes with nanomolar affinities (K4 values)
of 650 nM, 190 nM, and 54 nM respectively (Figure 2 and
Supplementary Figure S2), similar to values derived from
previous enzymatic studies (Bashiri et al., 2008; Ahmed et al.,
2015). In contrast, short-chain methanogen Fs39 bound with
six- to ten-fold lower affinities, ie., 4.1 uM, 1.4 pM, and
570 nM respectively (Figure 2 and Supplementary Figure S2).
We observed no significant binding of the biosynthetic precursor
Fo, at concentrations up to 50 pwM, for any of the three
enzymes. This finding suggests that interactions between the
F4p0 oligoglutamate chain and mycobacterial F4y0-dependent
oxidoreductases are crucial for high-affinity cofactor-enzyme
associations.

We compared the reaction kinetics of the three enzymes in
the presence of the different F4 variants. The enzymes were
catalytically active in the presence of Fyyo purified from both
sources. Consistent with previous findings (Bashiri et al., 2008;
Taylor et al., 2010; Ahmed et al., 2015), reaction kinetics of all
three enzymes followed Michaelis-Menten models (Figure 3),
though the kinetic parameters differed depending on the length
of the Fy oligoglutamate chain. Observed substrate turnover
rates (kcat) were between 1.9 and 3.7 times greater in the presence
of short-chain F49 compared to long-chain F4y0 (Table 1); such
enhancements of initial rate were observed irrespective of the F459
concentration used (Supplementary Figure S3). A decrease in Ky,
was also observed in the presence of the long-chain species, with
differences ranging from 3.5-fold for MSMEG_2027 to a modest
1.5-fold for MSMEG_0777 and MSMEG_3380 (Table 1). Hence,
high-affinity cofactor binding results in both enhanced substrate
binding and decreased reaction turnover.

The Oligoglutamate Chain Makes
Multiple Electrostatic Interactions with

Surface Anionic Residues of FDORs

To determine the structural and mechanistic basis for these
differences, we used molecular dynamics simulations to compare
the binding of long-chain (F40-6) and short-chain (Fg0-2)
variants of Fyyo to the available crystal structures of the
FDOR-A MSMEG_2027 (Ahmed et al.,, 2015) and the FDOR-B
MSMEG_3380 (Taylor et al., 2010). An overarching characteristic
of all simulations was that, following equilibration of the
position of the cofactor tail, the glutamate residues made
multiple transient electrostatic contacts with specific arginine
and lysine residues on the surfaces of the oxidoreductases.
The first two glutamates of both Fsy0-2 and Fg0-6 made
interactions with residues Lys73, Arg49, Lys44, and sporadically
Lys68 of MSMEG_2027 (Figures 4A,B). These glutamate
residues also interacted with Arg205, Arg23, and Arg54 of
MSMEG_3380, but these interactions were more transient
(Figures 4C,D). In both cases, the terminal four glutamates
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FIGURE 2 | Affinity of F420 for F420-dependent oxidoreductases depends on
oligoglutamate chain length. The intrinsic fluorescence quenching caused by
the binding of the cofactor was measured with the (A) F420-dependent
glucose 6-phosphate dehydrogenase MSMEG_0777, (B) F420H2-dependent
reductase MSMEG_2027, and (C) F4o0H2-dependent reductase
MSMEG_3380. Quenching is shown with long-chain mycobacterial F420 (@)
and short-chain methanogen Fi20 (0). Supplementary Figure S2 shows
additional data points for the methanogen F420 that are omitted here. Error
bars show standard deviations from three independent replicates.
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FIGURE 3 | Kinetics of substrate oxidation/reduction of F420-dependent
oxidoreductases depends on F4op oligoglutamate chain length. Three
activities were measured, namely (A) F4o0-dependent oxidation of glucose
6-phosphate by native Fgd activity, (B) F420H2-dependent reduction of
menadione by native MSMEG_2027 activity, and (C) F420H2-dependent
reduction of cyclohexenone by promiscuous MSMEG_3380. Activities are
shown with long-chain bacterial F420 (@) and short-chain methanogen F420
(0). Error bars show standard deviations from three independent replicates.

of Fap9-6 made multiple transient electrostatic interactions
with surface cationic residues, but these residues were highly
dynamic and displayed little specificity in the various interactions
they formed. These additional interactions also appeared to

stabilize the core interactions made by the cofactor, for example
between the phosphate group and Lys53 of MSMEG_3380
(Figures 4B,D). The multiple alternative tail conformations
observed remained favorable even though the headgroup was
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TABLE 1 | Kinetic parameters of F420-dependent oxidoreductases in the presence of long-chain F4o0 and short-chain F4o0.

Enzyme Fa20 K4 (WM) Kwm (M) Keat (s™") Keat/Km (M~1 s71)

Fgd: Glucose 6-phosphate oxidation

F400-long 0.65 + 0.05 26.8 +4.4 0.292 +0.012 10900
F400-short 418 +0.29 41.3+4.3 1.086 + 0.029 26300
MSMEG_2027: Menadione reduction

Fa00-long 0.19 + 0.02 25,6 £ 9.2 0.084 + 0.007 3280
F400-short 1.43 £0.12 88.2 +18.4 0.244 +0.018 2770
MSMEG_3380: Cyclohexenone reduction

F400-long 0.054 £ 0.010 259 + 41 0.025 + 0.001 96
F400-short 0.57 +0.05 407 £ 52 0.046 + 0.002 177

The dissociation constants (Ky) of the different F400 species is shown in the second column. The kinetic parameters of substrate oxidation or reduction by the enzymes is
shown in the subsequent four columns. Error margins show standard deviations from three independent replicates.

t=273.45ns

t=63.89ns

C t=3376ns g

FIGURE 4 | The F4o0 oligoglutamate chain makes electrostatic interactions with FDORs. Snapshots are shown of the molecular dynamics simulations of

(A) MSMEG_2027 with F400-2 (t = 63.89 ns), (B) MSMEG_2027 with F420-6 (t = 273.45 ns), (C) MSMEG_3380 with F420-2 (t = 337.6 ns), and (D) MSMEG_3380
with F420-6 (t = 24.66 ns) with some of the more stable interactions observed. The colors on the secondary structure of the enzyme represent flexibility as calculated
by the backbone RMSD over the course of the whole simulation, with red representing high mobility and blue representing high stability. Black dashed lines indicate
electrostatic interactions. The cofactor is depicted in stick representation with thicker bonds, whereas the relevant residues are depicted as sticks with thinner
bonds. Interacting residues are not shown for F420-6 for clarity.

weakly restrained within the active site (Supplementary Figure confirmed that the oligoglutamate chain modulated binding.
S4). While the cofactor-enzyme contacts reduced solvation energy,

We subsequently evaluated the cofactor-enzyme binding  this was offset by the combined energies from 1 to 4 electrostatic
energies for the trajectories using MMPBSA analysis, which and other non-bonded interactions, resulting in a lower total
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FIGURE 5 | MMPBSA-calculated binding energies of F4oq variants with
F400-dependent oxidoreductases. Data based on the 400 ns trajectories for
the molecular dynamics simulations with (A) MSMEG_2027 and

(B) MSMEG_3380. The calculated binding energies are shown for F450-2 in
blue and F20-6 in red.

AGpinding for the complex. Consistent with the additional
dynamic interactions observed, F420-6 reached lower AGyinging
values than Fyp-2 in simulations with both MSMEG_2027
and MSMEG_3380 (Figures 5A,B). Such observations are
consistent with the lower K4 values determined in the
tryptophan fluorescence quenching experiments (Figure 2
and Supplementary Figure S2). Loss of multiple electrostatic
interactions between the enzyme and cofactor tail increased
the solvation energy and often pushed AGpjinging into positive
territory (Figure 5B). The internal bond, angle, and dihedral
energies of the cofactor were essentially unaffected by the various
binding modes (Supplementary Figure S4), emphasizing that
most binding energy changes occur due to flexibility of the
oligoglutamate chain rather than the isoalloxazine ring. These
findings in turn suggests that there are no combinations of
interactions that would release the headgroup from the active site
and instead cofactor dissociation may be driven by tail solvation.

Interestingly, we observed that the monomeric enzyme
MSMEG_2027 exhibited markedly different cofactor binding
modes compared to the dimeric enzyme MSMEG_3380. While
most of the interacting positive charges were accommodated

on the flexible loop regions of MSMEG_2027 (Lys44, Lys68,
Lys73), the main contacting residues of MSMEG_3380 (Arg205,
Arg23, Arg54) all lie on highly stable PB-sheet and helical
secondary structural regions. Multiple sequence alignments
and comparative structural analysis suggest that these cationic
residues were highly conserved within their respective FDOR-
A and FDOR-B superfamilies (Supplementary Figures S5, S6).
Most notably, the sequence motif Gx[KR]xG[QKE]xR occurs in
all enzymes in the FDOR-A superfamily, among them enzymes
sharing less than 25% identity. This sequence forms a loop
joining two B-strands (Ahmed et al, 2015); the Gly residues
likely contribute to the flexibility of the loop and the cationic
residues serve as the main site of sustained interaction with
the oligoglutamate chain (Figure 4). Conserved cationic surface
residues are also proximal to the Fyyg oligoglutamate chain in
the LLHT superfamily (Supplementary Figures S5, S6), providing
further support that electrostatic interactions generally occur
between bacterial F4p0-dependent oxidoreductases and the Faz
oligoglutamate chain.

DISCUSSION

Since the structure of Fyy9 was proposed in Eirich et al.
(1978), studies on its catalytic behavior have focused on its
redox-active headgroup (Walsh, 1986; Greening et al., 2016)
and the role of its side chain has not been addressed.
In this study, we reveal that the Fs oligoglutamate chain
modulates catalysis in bacterial F459-dependent oxidoreductases.
Our experimental findings demonstrate that synthesis of long-
chain Fyyg results in higher-affinity enzyme-cofactor interactions.
Molecular dynamics simulations focused on FDOR-A and
FDOR-B representatives provide a rationale for these findings
by showing that the Fyyo tail electrostatically interacts with
conserved cationic residues on the surface of mycobacterial
F4p0-dependent oxidoreductases; while the diglutamate chain
can make sustained electrostatic interactions, the multiple
additional transient interactions made by oligoglutamate chain
offsets solvation energy and increases binding energy. We made
compatible findings across three different protein families in the
presence of both physiological and non-physiological substrates.
It is therefore probable that the oligoglutamate chain of Fyyg
is of general relevance to catalysis of bacterial F4p9-dependent
oxidoreductases.

We also observed that higher-affinity cofactor binding
modulates reaction kinetics by increasing substrate affinity
but decreasing turnover. Such findings likely reflect that
mycobacterial Fyp9-dependent oxidoreductases mediate catalysis
through a ternary complex, with hydride transfer occurring
directly between the isoalloxazine headgroup of the cofactor
and the substrate (Greening et al, 2016; Mohamed et al,
2016b). If cofactor dissociation is the rate-limiting step in
the catalytic cycle of these oxidoreductases, higher-affinity
cofactor-enzyme interactions may result in lower cofactor
dissociation rates (k.g) and hence reduced substrate turnover.
It is also plausible that conformational changes caused by
the electrostatic interactions are transmitted to the adjoined
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isoalloxazine- and substrate-binding sites, thereby modulating
substrate affinity; this may be particularly important in FDOR-
A proteins, where interactions between the terminal glutamate
residues and the lysine-rich loop region may stabilize the split
B-barrel fold and in turn the substrate-binding site. The finding
that substrate turnover of Fsyo-dependent oxidoreductases is
accelerated in the presence of short-chain Fg( is important
for biotechnological reasons: it suggests that F4y¢ purified from
methanogen sources will result in higher turnovers in the
various bioremediation and biocatalysis processes for which F4y¢-
dependent oxidoreductases have been advocated (Taylor et al.,
2013; Greening et al., 2016, 2017). A tradeoft would be the
reduction in substrate affinity, but this is likely to be negligible
for biocatalytic applications given they rely on high substrate
concentrations. Obstacles in metabolic engineering must be
overcome, however, if short-chain F4¢ is to be heterologously
produced at industrially-relevant scales.

Future studies are required to determine whether the observed
tradeoffs between affinity and turnover are physiologically
relevant. We hypothesize that the oligoglutamate chain ensures
the affinity of interactions between cofactor and enzyme remain
in the physiologically desirable nanomolar range. In turn, this
may increase the substrate specificity of the oxidoreductases
that bind the cofactor. In bacterial cells, loss of this chain
may compromise specific F4o-dependent reactions and have
wider effects on redox homeostasis and cofactor partitioning.
Consistently, studies on nitroimidazole resistance suggest that the
enzyme responsible for oligoglutamate chain elongation, CofE
(F420-0:y-glutamyl ligase), is required for optimal functionality
of F40 in mycobacterial cells, though is less important than the
other F4 biosynthetic enzymes (Haver et al., 2015). In contrast,
most methanogens appear to suffice with a diglutamate- rather
than oligoglutamate-containing side chain. One explanation is
that Fgyp-dependent enzymes in such organisms may be less
kinetically constrained, given Fy5 serves as the primary catabolic
cofactor and is generally present at higher concentrations
than in bacterial cells (Thauer et al., 2008). However, further
studies are required to understand the significance of the
F4p0 diglutamate chain in the catalysis of Fj-dependent
oxidoreductases in methanogens and why Methanosarcinales
synthesize longer-chain Fgy¢ variants (Gorris and van der Drift,
1994).

The observed differences between bacterial and archaeal Fyy
may also be relevant for understanding the evolution of the
biosynthesis of deazaflavins. The Fiy biosynthesis pathway
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3-Hydroxybenzoate 6-hydroxylase (3HB6H, EC 1.13.14.26) is a FAD-dependent
monooxygenase involved in the catabolism of aromatic compounds in soil
microorganisms. 3HB6H is unique among flavoprotein hydroxylases in that it harbors
a phospholipid ligand. The purified protein obtained from expressing the gene encoding
3HB6H from Rhodococcus jostii RHA1 in the host Escherichia coli contains a mixture of
phosphatidylglycerol and phosphatidylethanolamine, which are the major constituents
of E. coli’s cytoplasmic membrane. Here, we purified 3HB6H (R/HB6H) produced in the
host R. jostii RHA#2 by employing a newly developed actinomycete expression system.
Biochemical and biophysical analysis revealed that Ri3HB6H possesses similar catalytic
and structural features as 3HB6H, but now contains phosphatidylinositol, which is a
specific constituent of actinomycete membranes. Native mass spectrometry suggests
that the lipid cofactor stabilizes monomer-monomer contact. Lipid analysis of 3HB6H
from Pseudomonas alcaligenes NCIMB 9867 (Pa3HB6H) produced in E. coli supports
the conclusion that 3HB6BH enzymes have an intrinsic ability to bind phospholipids with
different specificity, reflecting the membrane composition of their bacterial host.

Keywords: expression strain, flavoprotein, monooxygenase, phospholipid, Rhodococcus

INTRODUCTION

Rhodococcus jostii RHA1 is a biotechnologically and environmentally important bacterium
from the order Actinomycetales. Together with the genera Nocardia, Corynebacterium and
Mycobacterium, Rhodococcus forms a distinct group of bacteria called mycolata (Finnerty, 1992;
Brennan and Nikaido, 1995; Chun et al.,, 1996; Giirtler et al., 2004), characterized by a complex

Abbreviations: 3HB6H, recombinant 3-hydroxybenzoate 6-hydroxylase from Rhodococcus jostii RHA1 produced in
Escherichia coli; Pa3HB6H, recombinant 3-hydroxybenzoate 6-hydroxylase from Pseudomonas alcaligenes NCIMB 9867
produced in Escherichia coli; PE, phosphatidylethanolamine; PG, phosphatidylglycerol; PI, phosphatidylinositol; Ri3HB6H,
recombinant 3-hydroxybenzoate 6-hydroxylase from Rhodococcus jostii RHA1 produced in Rhodococcus jostii RHA1#2.
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cell envelope (Sutcliffe, 1998; Guerin et al., 2010; De Carvalho
et al., 2014) and an impressive catabolic diversity, allowing
adaptation to different carbon sources for growth (van der Geize
and Dijkhuizen, 2004). In comparison with other mycolata,
R. jostii RHA1 is particularly rich in oxygenases (203 putative
genes) and ligases (192 putative genes), gained primarily through
ancient gene duplications or acquisitions (McLeod et al., 20065
Yam et al., 2010).

We recently reported the crystal structure of R. jostii RHA1
3-hydroxybenzoate 6-hydroxylase (3HB6H), produced as a
recombinant protein in Escherichia coli (Montersino et al,
2013). 3HB6H (EC 1.13.14.26) is a NADH and FAD-dependent
monooxygenase that catalyzes the para-hydroxylation of
3-hydroxybenzoate to 2,5-dihydroxybenzoate, using a Tyr-His
pair for substrate binding and catalysis (Sucharitakul et al.,
2015). The crystal structure analysis revealed that 3HB6H
has the conserved fold of group A flavoprotein hydroxylases
(Montersino et al., 2011; Huijbers et al., 2014), but differs from
the other family members in additional binding of phospholipids.
The tightly bound phospholipids were identified as a mixture
of PG and PE, which are the major constituents of the E. coli
cytoplasmic membrane (Pulfer and Murphy, 2003; Oursel et al.,
2007). The fatty acyl chains of the phospholipid ligands of
3HB6H protrude into the substrate-binding pockets, whereas the
surface-exposed hydrophilic headgroups are involved in enzyme
dimerization (Figure 1) (Montersino et al., 2013).

To shed more light on the role of these lipid guests, bearing
in mind the different lipid compositions of Gram-positive and
Gram-negative bacterial membranes (Finnerty, 1992; Sutcliffe,
1998), in the present work we produced Rj3HB6H in a newly
developed R. jostii RHA1#2 expression strain and, in addition,
3HB6H from Pseudomonas alcaligenes NCIMB 9867 (Pa3HB6H)
in E. coli. Biochemical and biophysical characterization revealed
that Rj3HB6H possesses similar catalytic and structural features
as 3HB6H, but contains PI as glycerophospholipid ligand.
Lipid analysis of Pa3HB6H indicates that lipid binding
is an intrinsic property of prokaryotic 3-hydroxybenzoate
6-hydroxylases.

MATERIALS AND METHODS

Chemicals

Aromatic compounds were purchased from Sigma-Aldrich (St
Louis, MO, United States) and Acros Organics (Morris Plains,
NJ, United States). Catalase, FAD, FMN, arabinose, antibiotics,
Terrific broth (TB) and LB broth (Miller) (LB) were from Sigma-
Aldrich (St Louis, MO, United States). Pefabloc SC and DNase
I were obtained from Roche Diagnostics GmbH (Mannheim,
Germany). Restriction enzymes and Pfu DNA polymerase were
from Thermo Fischer Scientific (United States). 4-androstene-
3,17-dione was from Merck (Oss, Netherlands). Crystallization
kits were purchased from New Hampton (Aliso Viejo, CA, United
States). Immobilized metal affinity chromatography columns
(His GraviTrap) were from GE Healthcare Bioscience AB
(Uppsala, Sweden). All other chemicals were from commercial
sources and of the purest grade available.

Bacterial Strains and Primers
All bacterial strains and primers used in this study are listed in
Tables 1, 2.

Construction of Rhodococcus

Expression Vector Q2+

The E. coli-Rhodococcus shuttle vector pRESQ (van der Geize
et al,, 2002) was modified by insertion of the RP4 oriT of
pK18mobsacB (Schifer et al, 1994) enabling trans-conjugal
transfer of the resulting vector. For this, the oriT-region was
amplified from pK18mobsacB by PCR using forward primer
oriT-F and reverse primer oriT-R (Table 1). The obtained
549 bp PCR-product was cloned into the Smal-site of pRESQ,
resulting in pQmob. A duplicate region of 424 bp on pQmob
was removed by deleting the 760 bp Xbal-BspHI fragment,
yielding pQmobAd. The egfp gene from plJj8630 (Sun et al,
1999) was amplified by PCR using forward primer egfp-
Pcil-F, containing a Pcil restriction site, and reverse primer
egfp-Pcil-R, also containing a Pcil restriction site (Table 1).
The 744 bp Pcil-Pcil fragment containing the egfp gene
was cloned into the Pcil-site of pQmobAd to generate
peGFPQ.

The R. jostii strain RHA1 genomic region consisting of gene
r000440, its promoter region and the prmA promoter (PprmA)
(here referred to as region regl-PprmA; GenBank accession
number CP000431: nt 521345 - nt 523358) was amplified
from genomic DNA of R. jostii RHA1 by PCR using forward
primer regl-BgllI-F, containing a BgIII restriction site, and
reverse primer prmA-Ndel-R, containing an Ndel restriction
site (Table 1). The 2014 bp BgIII-Ndel regl-PprmA fragment
was cloned into the BglII-Ndel sites of peGFPQ, yielding
prMOeGFPQ1.

The R. jostii RHA1 gene r0o00452 and its promoter region
(here referred to as region reg2; CP000431: nt 534363 - nt
536227) were amplified by PCR using forward primer reg2-Pcil-F,
containing a Pcil restriction site and reverse primer reg2-Pcil-R,
also containing a Pcil restriction site (Table 1). The 1880 bp Pcil-
Pcil reg2 fragment was cloned into the Pcil-site of prMOeGFPQ1,
resulting in prMOeGFPQ2.

For construction of expression vector Q2+, the egfp gene of
prMOeGFPQ2 was replaced with a multiple cloning site (MCS).
For this, part of the MCS of pBluescript KS was amplified by
PCR using forward primer MCS-Ndel-F, containing an Ndel
restriction site and reverse primer MCS-Pcil-R, containing a Pcil
restriction site (Table 1). The 125 bp Ndel-Pcil MCS fragment
was cloned into the Ndel-Pcil site of prMOeGFPQ2, replacing
the Ndel-Pcil region containing egfp, resulting in the expression
vector Q2+.

Cloning and Production of 3HB6H in

R. jostii RHA1#2

The 1321 bp Ndel-Xmnl fragment of pBAD-3HB6H-Hise
(Montersino and van Berkel, 2012) containing the 3HB6H
gene including the Hise-tag, was cloned into the Ndel-HindIIl
(Klenow-fragment treated) site of expression vector Q2+ to
generate Q2+4--3HB6H-Hisg.
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dark blue, respectively.

FIGURE 1 | Lipid binding in 3HB6H from R. jostii RHA1. Cartoon of the three-dimensional structure of the 3HB6H dimer (Montersino et al., 2013). The protein is
shown in light blue and the FAD cofactor is depicted as stick model in yellow. The lipid cofactor and the aromatic substrate are shown as stick models in red and

TABLE 1 | List of primers used in PCR.

oriT-F 5'-CATAGTCCACGACGCCC-3

oriT-R 5'-TCTTTGGCATCGTCTCTCG-3'

egfp-Pcil-F 5'-GCACATGTCGGAGGTCCATATGGCCATGGT-3
egfp-Pcil-R 5'-GCACATGTATTACTTGTACAGCTCGTCCATGC-3
reg1-Bglll-F 5-GGAGATCTGACATTCCCGCGATACG-3'
prmA-Ndel-R 5'-GGCATATGTGCGCCTCCTGGATCG-3

reg2-Pcil-F 5'-GGACATGTCCCGGTCCTCCACCACCCCGTCT-3
reg2-Pcil-R 5-GGACATGTCGGTGCGGGCGACGTCATATGTCG-3'
MCS-Ndel-F 5'-TTGCATATGCACCGCGGTGGC-3

MCS-Pcil-R 5'-GGGAACATGTGCTGGGTACC-3

TABLE 2 | List of bacterial strains.

R. jostii RHA1 The complete genome of Rhodococcus sp.
RHA1 provides insights into a catabolic

powerhouse. (MclLeod et al., 2006)

R. jostii strain RHA1#2 Used as a host for protein production. This
strain is a spontaneous mutant of R. jostii
RHA1, carrying deletions of ~0.9 Mb on the
1.12 Mb linear plasmid pRHL1 and ~0.2 Mb on
the 0.44 Mb linear plasmid pRHL2. The
deletions together comprise ~11.3% of the

9.7 Mb R. jostii genome.
E. coli DH5a
E. coli TOP10

Used as host for cloning procedures.

Used for production of 3HB6H (Montersino and
van Berkel, 2012) and Pa3HB6H.

Rhodococcus cells were electroporated as described previously
(van der Geize et al., 2000). Prior to electroporation, plasmid
DNA was desalted by dialyzing 10 wL plasmid DNA for 30 min

on a Millipore “V” Series filter disk (0.025 pm) floating on MiliQ
water.

Cultures of R. jostii RHA1#2 were grown in LB broth
supplemented with 50 g-mL~! kanamycin at 30°C at 200 rpm.
R. jostii RHA1#2 cells harboring Q2+4-3HB6H-Hisg were grown
overnight in 3 mL LB broth, diluted 1:300 in 300 mL LB broth
in a 3 L Erlenmeyer flask and grown for 20-24 h. Cultures
were induced by adding 2 mM 4-androstene-3,17-dione dissolved
in acetone. Growth was continued for 48 h after induction.
Cells were harvested by centrifugation at 4°C and pellets were
washed once with ice-cold 20 mM potassium phosphate, pH 7.2,
containing 300 mM NaCl. After centrifugation at 4°C, cells were
stored at —20°C.

Cloning and Production of 3HB6H from

Pseudomonas alcaligenes NCIMB 9867

The xInD gene sequence encoding for Pa3HB6H (UniProt:
QOF131) was synthesized and subcloned in a pBAD vector by
GeneArt (Invitrogen, Carlsbad, CA, United States). The resulting
construct (pBAD-Pa3HB6H-Hisg) was verified by automated
sequencing of both strands and electroporated into E. coli TOP10
cells for recombinant expression.

For enzyme production, E. coli TOP10 cells, harboring the
pBAD-Pa3HB6H-Hiss plasmid, were grown in TB medium at
37°C supplemented with 100 wg-mL~! ampicillin until an optical
density (ODgog nm) of 0.8 was reached. Expression was induced
by the addition of 0.02% (w/v) arabinose and incubation was
continued for 40 h at 17°C. Cells were harvested by centrifugation
at 4°C and stored at —20°C.
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Enzyme Purification

Rj3HB6H was purified to apparent homogeneity using an
Akta Explorer chromatography system (GE-Healthcare).
R. jostii RHA1#2 cells containing the recombinant protein
were suspended in ice-cold 20 mM potassium phosphate,
pH 7.2, containing 300 mM NaCl, 1 mM Pefabloc SC, 1 mg
DNAse and 100 uM MgCl,, and subsequently passed twice
through a precooled French Pressure cell (SLM Aminco, SLM
Instruments, Urbana, IL, United States) at 16,000 psi. The
resulting homogenate was centrifuged at 25,000 x g for 45 min
at 4°C to remove cell debris, and the supernatant was applied
onto a Ni-NTA agarose column (16 mm X 50 mm) equilibrated
with 20 mM potassium phosphate, pH 7.2, containing 300 mM
NaCl. After washing with five volumes of equilibration buffer,
the enzyme was eluted with 300 mM imidazole in equilibration
buffer. The resulting Rj3HB6H fraction was supplemented
with 100 pM FAD and loaded onto a Source Q-15 anion
exchange column (16 mm x 90 mm), pre-equilibrated with
50 mM Bis-Tris, 0.1 mM EDTA, pH 7.2. After washing with
two volumes of equilibrating buffer, the enzyme was eluted
with a linear gradient of 0-1 M NaCl in the same buffer. Active
fractions were pooled, concentrated to 10 mg-mL~! using
ultrafiltration (Amicon 30 kDa cutoft filter), and applied onto a
Superdex S-200 (26 mm x 600 mm) column running in 50 mM
potassium phosphate, 150 mM NaCl, pH 7.2. Active fractions
were concentrated to 10 mg-mL~! using ultrafiltration (Amicon
30 kDa cutoft filter) and dialyzed at 4°C against 50 mM Bis-Tris,
pH 7.2. The final Rj3HB6H preparation showed a single band
after SDS-PAGE. The specific activity of the purified enzyme was
21 U mg~! using the standard activity assay (Table 3A).

Pa3HB6H was purified to apparent homogeneity, applying
essentially the same procedure as described above for Rj3HB6H.
The final Pa3HB6H preparation showed a single band after
SDS-PAGE. The specific activity of the purified enzyme was
34 U-mg~! using the standard activity assay (Table 3B).

Purified enzymes were flash frozen in 1 mL aliquots in
liquid nitrogen and stored at —80°C. Before use, thawed enzyme
samples were incubated with 0.1 mM FAD and excess FAD was
removed using a gel filtration column (10 mm x 100 mm)
containing Bio-Gel P-6DG.

Biochemical Characterization

Molar absorption coefficients of protein-bound FAD were
determined from absorption spectra of Rj3HB6H and Pa3HB6H
recorded in the presence and absence of 0.1% (w/v) SDS,
assuming a molar absorption coefficient for free FAD of
11.3 mM~l.cm™! at 450 nm. The enzyme concentration of
Rj3HB6H was determined by measuring the absorbance at
453 nm using a molar absorption coefficient for protein-
bound FAD of 10.3 mM~!.cm™!. The enzyme concentration
of Pa3HB6H was determined by measuring the absorbance at
450 nm using a molar absorption coeflicient for protein-bound
FAD of 11.0 mM~!'.cm~!. Rj3HB6H and Pa3HB6H activity
was determined at 25°C by measuring NADH consumption
at 360 nm (Montersino and van Berkel, 2012). The standard
assay mixture contained 50 mM Tris-SO4, pH 8.0, 200 pM

4-hydroxybenzoate and 250 pM NADH. Steady-state kinetic
parameters were determined from measurements at 25°C in
50 mM Tris-SO4, pH 8.0. Hydroxylation efliciencies were
determined by oxygen consumption experiments, essentially as
described before (Montersino and van Berkel, 2012).

Crystallization and Structure

Determination
Crystals of Rj3HB6H for structure determination were obtained
by the sitting drop vapor diffusion method at 20°C by mixing
equal volumes (2 L) of protein and reservoir solutions. Protein
solutions consisted of 30 mg-mL~! enzyme in 1 mM FAD,
2 mM 3-hydroxybenzoate, and 50 mM Bis-Tris, pH 7.2, whereas
precipitant solutions consisted of 30% PEG 4000, 0.2 M lithium
sulfate, and 0.1 M Tris-HCI, pH 8.5. Yellow crystals grew in 1 day.

X-ray diffraction data were collected at Grenoble and
processed with the CCP4 package (Winn et al, 2011). The
Rj3HB6H structure was solved by molecular replacement using
the structure of a monomer of 3HB6H (pdb entry: 4BJZ) as
search model. Crystallographic computing and model analysis
were performed with COOT (Emsley et al., 2010), PHENIX
(Adams et al., 2010) and the CCP4 package (Potterton et al.,
2004). Pictures were generated with Pymol (Schrodinger, 2015)
and CCP4 (Potterton et al., 2004). Data collection parameters and
refinement statistics are presented in Table 4.

The atomic coordinates and structure factors of Rj3HB6H
(code 5SHYM) have been deposited in the Protein Data Bank'.

Lipid Identification and Native ESI-MS

Experiments

Extraction and identification of protein-bound lipids from
Rj3HB6H and Pa3HB6H was performed as described for
3HB6H (Montersino et al, 2013). For nanoflow ESI-MS
analysis under native conditions, enzyme samples were prepared
in 50 mM ammonium acetate, pH 6.8. For analysis under
denaturing conditions, enzyme samples were diluted either in
50% acetonitrile with 0.2% formic acid or in 5% formic acid.
Native MS analysis was performed using a LC-T nanoflow ESI
orthogonal TOF mass spectrometer (Micromass, Manchester,
United Kingdom) in positive ion mode with a capillary voltage
of 1.3 kV. The cone voltage was varied between 90 and 150 V
and source pressure was set to 6.9 mbar to enhance transmission
of large ions. Lipid identification was performed using a
Quattro Ultima nanoflow triple quadrupole mass spectrometer
(Micromass, Manchester, United Kingdom) in negative ion
mode, with a capillary voltage of 1.3 kV and a cone voltage
of 150 V. For MS/MS analysis, argon was supplied in the
collision cell (2.0 x 1073 bar). Collision energy was adjusted
to gain optimal fragmentation. Both mass spectrometers were
equipped with a Z-spray nano-electrospray ionization source.
Measurements were performed by using gold-coated needles,
made from borosilicate glass capillaries (Kwik-Fill; World
precision Instruments, Sarasota) on a P-97 puller (from Sutter
Instruments, Novato, CA, United States). Needles were coated

'http://pdbe.org/5SHYM
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with a gold layer using an Edwards Scancoat six Pirani 501 sputter
coater (Edwards laboratories, Milpitas, CA, United States). All
TOF spectra were mass calibrated by using an aqueous solution
of cesium iodide (25 mg-mL~ D,

Sequence Comparison

Protein sequences were retrieved using protein resources from
the National Centre for Biotechnology Information” and UniProt
Database’. Multiple sequence alignments were made using
CLUSTALW (Thompson et al., 1994). Phylogenetic plots were
made using FigTree®.

RESULTS

Biochemical Properties of RjSHB6H

Expression of the 3HB6H gene from R. jostii RHA1#2 yielded
about 7 mg of purified Rj3HB6H protein from 10 g wet cells
(Table 3A). Rj3HB6H displayed the same absorption spectrum as
3HB6H, with maxima at 274, 383, and 453 nm and a shoulder at
480 nm (Montersino and van Berkel, 2012). A molar absorption

coeflicient of protein-bound flavin, e453 = 10.3 mM~!em™!, was
used for both proteins.
Determination  of  steady-state  kinetic =~ parameters

revealed that Rj3HB6H behaves similarly as 3HB6H using
3-hydroxybenzoate as variable substrate and fixed NADH
concentration (keir = (20 £ 1) s75 Ky = (35 + 3) uM;
keat/Km = (5.7 £ 0.8) x 10° s'-M~!) and with variable
concentration of NADH (preferred coenzyme) and fixed
3-hydroxybenzoate concentration (key = (20 + 1) s
Ky = (68 + 5) pM; kei/Km = (3.0 £ 04) x 10°
s~L.M~1). Rj3HB6H displays a very low NADH oxidase
activity (<1 U-mg~!). Uncoupling of hydroxylation of 3-
hydroxybenzoate occurs to a minor extent (less than 10%),
while 2,5-dihydroxybenzoate is a strong non-substrate
effector (keat = (6 + 0.8) s71 Ky = (150 £ 30) pM;
keat/Kn = (4.0 £1.3) x 10* s~ 1M~ 1), efficiently stimulating the
rate of flavin reduction by NADH (Montersino and van Berkel,
2012; Sucharitakul et al., 2012, 2013; Ni et al., 2016).

Structural Characterization
Rj3HB6H crystals grew in similar conditions as found for
3HB6H, and are isomorphous to those of 3HB6H, where

2www.ncbi.nlm.nih.gov
Shttp://www.uniprot.orgwww.uniprot.org
*tree.bio.ed.ac.uk

TABLE 3A | Purification of Ri3HB6H produced in R. jostii RHA1#2.

Step Protein Activity Specific activity Yield
(mg) ) (U-mg=") (%)
Cell extract 208 355 2 100
His GraviTrap 37 300 8 84
Mono-Q 16 230 14 65
His GraviTrap 7 168 21 a7

TABLE 3B | Purification of Pa3HB6H produced in E. coli.

Step Protein Activity Specific activity Yield
(mg) () (U-mg=7) (%)
Cell extract 1080 260 0.2 100
His GraviTrap 45 244 5 94
Mono-Q 12 225 19 87
His GraviTrap 5 170 34 66

TABLE 4 | Crystallographic data collection and refinement statistics of Rj3HB6H.

Protein Data Bank Code 5HYM

Unit cell (A) a=b=106.98c = 143.39
Space group 14422
Resolution (A) 2.30
Reym®® (%) 15.1 (50)
Completeness® (%) 99.7 (100)
Unique reflections 18,766
Redundancy® 7.5(5.8)
I/6® 8.4 (3.0)
No. of atoms 3,198
Average B value (A2) 33.4
Reryst® (%) 20.6
Rfreec (%) 26.2
r.m.s. bond length (&) 0.015
rm.s. bond angles (°) 1.75

@Rsym = Z| Ii-l| /ZI; where |; is the intensity of ith observation and | is the mean
intensity of the reflection. ®Values in parentheses are for reflections in the highest
resolution shell. ®Reryst = Z| Fops — Feaicl /EFobs Where Fops and Fege are the
observed and calculated structure factor amplitudes, respectively. Reryst and Riree
were calculated using the working and test set, respectively. rm.s., root mean
square

lithium sulfate was present instead of sodium acetate. The three-
dimensional structure of Rj3HB6H was solved at 2.3 A resolution
by molecular replacement (Table 4). The isoalloxazine moiety
of FAD was refined with full occupancy in the in conformation.
Similar to the crystallographic analysis of 3HB6H, no substrate
could be detected in the active site of the enzyme, despite
presence of excess 3-hydroxybenzoate in the crystallization drop.
The protein crystallizes as a dimer, just as 3HB6H (Montersino
et al., 2013), and contains a phospholipid molecule in each
subunit. The electron density of the phospholipid in the crystal
structure was refined as two acyl chains, one of twelve and one
of seventeen carbon units. Superimposition of the Rj3HB6H and
3HB6H models (root mean square deviation = 0.22 A) shows
minor deviations (Figure 2A). The phospholipid is located in
a tunnel, which runs from the dimer interface to the active
site (Figure 2B), and interacts with the opposite monomer. The
phosphate group resides at the protein surface near Arg350
and Lys385, and the electron density of the headgroup is
consistent with the presence of a cyclohexanehexol moiety
(Figure 3A).

Identification of Protein-Bound Lipid

Molecules
Assignment of protein-bound phospholipids was achieved by
ESI-MS analysis of the low molecular weight components
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FIGURE 2 | Three-dimensional structure of Ri3HB6H. (A) View of a-carbon
traces of the refined structures of 3HB6H (green; pdb code 4BJZ) and
Rj3HBEH (red; pdb code 5HYM), following superposition of corresponding
main chain atoms. FAD is shown as a stick model in yellow. The lipid ligands
are shown as stick models in shades of blue in the back of the protein. (B) The
phospholipid is located in a tunnel, which runs from the dimer interface to the
active site. The FAD cofactor is depicted in yellow. The lipid cofactor is colored
by elements, and the active site residues His213 and Tyr217 are in dark red.

The 3-hydroxybenzoate in blue is a superposition from the structure of the
3HB6H variant H213S, which contains bound substrate (pdb code 4bk1).

extracted from denatured Rj3HB6H. The mass spectrum in
negative mode (Figure 3B) displayed three main peaks with
m/z values of 823, 837, and 851. From the MS pattern
it was evident that Rj3HB6H binds a phospholipid with a
bigger headgroup compared to that of the lipid found in
3HB6H.

Fragmentation analysis and comparison of data to reference
lipid MS spectra led to a match of the obtained mass peaks
with those of PI, having aliphatic chains containing 15 to 19
carbons. Peak 1 (m/z 823) is assigned to PI (15:0/18:0), peak 2
(m/z 837) is assigned to PI (16:0/18:0) (Sharp et al., 2007; Morita
et al, 2011) and peak 3 ((m/z 851) is assigned to PI (16:0/19:0)
with alternate acylate form (tuberculostearic acid) (Drage et al.,
2010).

Typical fragmentation of PI was visible in the MS/MS spectra
by signature peaks with m/z values of 153, 223, 241, and 297,
representing glycerol phosphate water (m/z 153) and inositol
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FIGURE 3 | Identification of phosphatidylinositol in Ri3HB6H. (A) Weighted

(2Fo-Fc) electron-density map of the lipid cofactor. (B) ESI-MS spectrum of

lipid extract collected in negative mode. For peak assignment, see “Results”
section.

headgroup fragments (Lang and Philp, 1998; Pulfer and Murphy,
2003; Oursel et al, 2007) (data not shown). Minor peaks at
approximately 2 m/z values lower than the identified peaks
represent the same PI, containing one unsaturated bond.

Protein Oligomeric Composition
To gain further insight into the enzyme-lipid interaction, we
determined the oligomeric protein composition of 3HB6H and
Rj3HB6H using native MS (Leney and Heck, 2017). As a first
step, we determined the experimental masses of the denatured
proteins. The measured values (46,766 £ 4 Da for 3HB6H and
46,761 % 2 Da for Rj3HB6H) agree with the mass deduced from
the primary sequence, lacking the N-terminal methionine.

Native MS of 3HB6H showed eight charge states
corresponding to five different protein forms (Figure 4A
and Table 5). The charge state distribution ions +12, +13,
and +14 represent the monomeric apoprotein (average mass
46,835 £ 5 Da; red stars), the monomeric holoprotein (average
mass 47603 = 6 Da; green stars), and the monomeric holoprotein
containing additionally one PG/PE molecule (average mass
48,312 £ 7 Da; blue stars). The charge state distribution ions
+18, +19, +20, +21, and +22 predominantly represent the
dimeric holoprotein with either one or two PG/PE molecules
bound (average mass 95,868 =+ 16 Da; orange stars, and
96,643 + 14 Da; purple stars, respectively). Tandem MS
experiments revealed that one, two, three, or four ligands can
be expelled from 3HB6H. The assignment of bound ligands was
made on the basis of total mass increase and comparison with
the mass of the native apoprotein (Table 5).

Native MS of Rj3HB6H also showed a range of charge
state distributions (Figure 4B and Table 5). The charge state
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FIGURE 4 | Oligomer distribution and lipid composition of 3HB6H enzymes as determined by native ESI-MS. Mass spectra were recorded in 50 mM ammonium
acetate, pH 6.8. (A) Mass spectrum of 3HBEH. (B) Mass spectrum of R/3HB6H. (C) Mass spectrum of Pa3HB6H. Masses and intensities of numbered peaks are
listed in Table 5. (D) Cartoons of the various subunit compositions. Apoprotein is indicated in white, holoprotein in yellow and lipid molecules in black.
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distribution ions +12, 413, and +14 represent the monomeric
apoprotein (average mass 46,829 £ 1 Da; red star), the
monomeric holoprotein (average mass 47613 £ 1 Da; green
stars), and the monomeric holoprotein containing one PI
molecule (average mass 48,458 & 2 Da; blue star). The latter
species differs from the related 3HB6H species (Figure 4A, blue
stars) because it has a bigger lipid headgroup. The major species

in the native mass spectrum of Rj3HB6H corresponds to the holo-
Rj3HB6H dimer with PI bound to both subunits (average mass
96,938 & 32 Da; Figure 4B, yellow stars). Only by magnification
it is possible to detect a minor peak representing the holo-
Rj3HB6H dimer with one PI bound (average mass 96,128 + 5 Da;
Figure 4B, orange stars). A cartoon of the different subunit
compositions of 3HB6H is presented in Figure 4D.
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TABLE 5 | Oligomeric forms of 3HB6H determined by native ESI-MS.

Peak?® m/z Average mass (Da) A mass (Da)
3HB6H

1 3,603 46,835 + 5

2 3,663 47,603 + 6 767°
3 3,717 48,312 £7 1,477°
4 5,048 95,868 + 16 2,198°
5 5,088 96,643 + 14 2,973°
Rj3HB6H

1 3,608 46,829 + 1

2 3,663 47,613 £ 1 7840
3 3,728 48,458 + 2 1,629P
4 4,807 96,128 £ 5 2,470°
5 4,616 96,938 + 32 3,280°
Pa3HB6H

1 3,651 47,448 £2 790°
2 3,706 48,167 £ 2 1,509°
3 5,035 95,662 + 7 2,346°
4 5,073 96,738 + 8 3,062°

@Peaks are indicated in Figure 4. ®Calculated using apo-monomer. ¢Calculated
using apo-dimer.

Conservation of Lipid Binding Site

To analyze whether the lipid-binding site of 3HB6H is conserved
among species, we explored the natural diversity of 3HB6H
enzymes. 3HB6H activity has been reported for Gram-positive
and Gram-negative bacteria and for yeasts. Besides from the
R. jostii prototype, the enzymes from Klebsiella pneumonia M5al
(Sudrez et al., 1995; Liu et al., 2005), Pseudomonas alcaligenes
NCIMB 9867 (Gao et al., 2005), Polaromonas naphthalenivorans
CJ2 (Park et al, 2007), Corynebacterium glutamicum ATCC
12032 (Yang et al., 2010), Rhodococcus sp. NCIMB 12038 (Liu
etal., 2011) and Candida parapsilosis (Holesova et al., 2011) have
been characterized to some extent.

From the structural data of the R. jostii 3HB6H enzyme and
the multiple sequence alignment presented in Figure 5 it can
be inferred that residues directly involved in lipid binding in
Rj3HB6H are not always conserved in the orthologs; among
the bacterial enzymes studied, most sequence divergence occurs
in 3HB6H from P. alcaligenes NCIMB 9867 (Pa3HB6H). This
prompted us to study the lipid binding properties of the
Pseudomonas 3HB6H enzyme.

Expression of the Pa3HB6H gene in E. coli TOP10 cells
yielded about 10 mg of enzyme from a 1 L batch culture.
Purified Pa3HB6H had a specific activity of 34 U-mg~!
(Table 3B) and migrated in SDS-PAGE as a single band with
an apparent subunit mass of 47 kDa (not shown). ESI-MS
established that native Pa3HB6H is a dimer, and not a trimer as
suggested earlier (Gao et al., 2005), and that the enzyme indeed
contains lipids (Figure 4C and Table 5). The mass spectrum
of extracted lipids showed peaks with m/z values characteristic
of PG and PE with aliphatic chains ranging from 14 to 19
carbons, similar to the previously identified lipids in 3HB6H
from R. jostii RHA1 produced in E. coli (Montersino et al.,
2013).

DISCUSSION

3HB6H is a flavoenzyme that catalyzes the para-hydroxylation
of 3-hydroxybenzoate to gentisate, a key step in the catabolism
of lignin-derived aromatic compounds in the soil (Pérez-Pantoja
et al, 2010). Up to now, 3HB6H is the only flavoprotein
monooxygenase that has been found to bind phospholipids
(Montersino et al., 2013). Structural analysis showed that the
hydrophobic tails of the phospholipids deeply penetrate into
the substrate-binding domains, whereas the hydrophilic parts
are exposed on the protein surface, connecting the dimerization
domains (Figure 1). Attempts to obtain native lipid-free protein
were not successful, indicating that the phospholipids are
important to attain a properly folded protein (Montersino et al.,
2013).

3HB6H binds a mixture of PG and PE, the major constituents
of the E. coli inner membrane (Montersino et al, 2013). By
expressing its gene in R. jostii RHA1#2, we aimed at unraveling
the lipid binding abilities of 3HB6H in the original host.
Although E. coli gives considerable higher yields (Montersino
and van Berkel, 2012), significant quantities of soluble His-
tagged Rj3HB6H were obtained. The difference in enzyme
yield could be linked to the type of induction and promoter
strength used in the R. jostii RHA1#2 strain, which is based
on the propane monooxygenase operon (Sharp et al, 2007).
Nevertheless, our results show that the newly developed R. jostii
RHAL1#2 strain opens new prospects for actinomycetes as host
cells for production of recombinant proteins (Nakashima et al.,
2005).

Rj3HB6H displayed similar catalytic and structural properties
as 3HB6H, and the mode of lipid binding was highly conserved
(Figure 2). Gratifyingly, the crystallographic data and mass
spectrometry analysis provided clear evidence that Rj3HB6H
contains PI as natural glycerophospholipid cofactor (Figure 3).
The crystal structure showed that the inositol headgroups of the
phospholipids are located at the protein surface, and that the sn-2
acyl moieties are in contact with helix 11 of the other subunit
(Figure 1). Based on MS/MS analysis, we identified the bound
phospholipids as a mixture of PIs with carbon chains between
15 and 19 carbons. One of the extracted lipids was identified as
tuberculostearic acid, an alternative acylated form of palmitate
present in the membranes of Rhodococcus and Mycobacterium
(Drage et al., 2010).

Rj3HB6H is a dimer both in solution and in crystal form,
but native MS showed a ratio of monomer to dimer of about
1:3 (Figure 4B). Release of only one PI from the dimer resulted
in monomerization in the gas phase. A similar observation was
made with 3HB6H, but with this enzyme more dimers containing
only one bound lipid (PG or PE) were detected (Figure 4A).
3HB6H dimers containing two phospholipids seem to be more
stable in the gas phase than dimers containing one phospholipid.
This strongly supports that lipid binding near the dimer interface
stabilizes monomer contacts.

Native MS-analysis showed that Pa3HB6H is a homodimer
and not a trimer as postulated earlier (Gao et al., 2005). The
dimeric nature is in agreement with the structural properties
of 3HB6H and Rj3HB6H. MS-analysis also revealed that
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FIGURE 5 | Multiple sequence alignment of known 3HB6H enzymes. UniProt ID numbers: QOSFK6, R. jostii RHA1; E7CYP8, Rhodococcus sp. NCIMB 12038;
Q8NLBS6, C. glutamicum ATCC 12032; Q3S4B7, R naphthalenivorans CJ2; QBEXK1, K. pneumonia M5a1; Q9F131, P, alcaligenes NCIMB 9867; CPAG_03410, C.
parapsilosis. |dentical residues are shown in red. Flavin binding motifs are underlined in blue [I: GXGXXG; II: DG; ll: GD (Eppink et al., 1997)]. The His-Tyr pair
involved in substrate binding and hydroxylation is marked with red dots. The yellow lines mark residues involved in dimerization contacts. Blue triangles indicate
residues involved in lipid binding. Secondary structure assigned from the 3HB6H crystal structure (4BK1). Diagram was produced using ESPript (Robert and Gouet,
2014).

recombinant Pa3HB6H binds the same type of phospholipids may explain why PG/PE are found as lipid ligands of 3HB6H and
as 3HB6H. This supports that lipid binding is an intrinsic ~Pa3HB6H, while PI is found in Rj3HB6H. PI is the precursor
property of 3HB6Hs. As a main result, it appears that the for lipoarabinomannan and PI-mannoside synthesis. Glycolipid
3HB6H family uses phospholipids as a common tool to increase  synthesis and reorganization of membrane composition allow
their dimerization strength. Phospholipid binding is independent =~ Rhodococcus to adapt to environmental changes (Lang and Philp,
of the type of lipid headgroup, but relies on the presence of 1998; Sharp et al., 2007; Guerin et al., 2010; Morita et al., 2011;
hydrophobic tunnels running from the protein surface to the De Carvalho et al., 2014). Binding of PI may localize 3HB6H
active site. at the cytoplasmic membrane, via inositol recognition of other

Like PG/PE in E. coli (Oursel et al., 2007), PI is the major lipid  proteins or specific phospholipid patching on the inner side
membrane component in Rhodococcus (Nigou et al., 2003). This  of the membrane (Morita et al., 2011). At those specific spots,
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uptake of aromatic compounds from the environment may be
coupled more efficiently to their catabolism.

Taking together, phospholipids do not have a direct catalytic
role in 3HB6H, but are involved in stabilizing the dimer contact
and, possibly, substrate orientation (Montersino et al., 2013).
At this stage, we cannot exclude that bound phospholipids
have some other function, for instance in directing the
cytoplasmic membrane localization or in guiding/protecting
molecules from entering the active site. In addition, the R.
jostii RHA1#2 expression strain described here represents
a useful alternative for the production of (whole-cell)
biocatalysts.
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p-Hydroxybenzoate hydroxylase (PHBH; EC 1.14.13.2) is a microbial group
A flavoprotein  monooxygenase that catalyzes the ortho-hydroxylation of
4-hydroxybenzoate to 3,4-dihydroxybenzoate with the stoichiometric consumption
of NAD(P)H and oxygen. PHBH and related enzymes lack a canonical NAD(P)H-binding
domain and the way they interact with the pyridine nucleotide coenzyme has remained
a conundrum. Previously, we identified a surface exposed protein segment of PHBH
from Pseudomonas fluorescens involved in NADPH binding. Here, we report the first
amino acid sequences of NADH-preferring PHBHs and a phylogenetic analysis of
putative PHBHSs identified in currently available bacterial genomes. It was found that
PHBHs group into three clades consisting of NADPH-specific, NAD(P)H-dependent
and NADH-preferring enzymes. The latter proteins frequently occur in Actinobacteria.
To validate the results, we produced several putative PHBHs in Escherichia coli
and confirmed their predicted coenzyme preferences. Based on phylogeny, protein
energy profiling and lifestyle of PHBH harboring bacteria we propose that the pyridine
nucleotide coenzyme specificity of PHBH emerged through adaptive evolution and that
the NADH-preferring enzymes are the older versions of PHBH. Structural comparison
and distance tree analysis of group A flavoprotein monooxygenases indicated that
a similar protein segment as being responsible for the pyridine nucleotide coenzyme
specificity of PHBH is involved in determining the pyridine nucleotide coenzyme
specificity of the other group A members.

Keywords: Actinobacteria, coenzyme specificity, fingerprint sequence, flavoprotein, monooxygenase, NAD(P)H,
phylogenetic analysis, protein evolution

INTRODUCTION

p-Hydroxybenzoate hydroxylase (PHBH; EC 1.14.13.2) is a group A flavoprotein monooxygenase
that catalyzes the ortho-hydroxylation of 4-hydroxybenzoate to 3,4-dihydroxybenzoate, a common
intermediate step in the degradation of aromatic compounds in soil bacteria (Harwood and Parales,
1996):
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The structural and mechanistic properties of NADPH-specific
Pseudomonas PHBH have been studied extensively (Entsch and
van Berkel, 1995; Entsch et al., 2005; Palfey and McDonald, 2010;
Crozier-Reabe and Moran, 2012; Ballou and Entsch, 2013). As a
consequence, this enzyme has emerged as the prototype group
A flavoprotein hydroxylase (van Berkel et al., 2006; Suemori
and Iwakura, 2007; Montersino et al., 2011; Montersino and van
Berkel, 2013; Huijbers et al., 2014).

The isoalloxazine moiety of the flavin cofactor of PHBH is
mobile and adopts different positions in and out the active site
(Gatti et al., 1994; Schreuder et al., 1994; Figure 1). Reduction
of the flavin by NADPH is assumed to take place in the out
position (van Berkel et al., 1994; Wang et al., 2002; Ballou
and Entsch, 2013). After NADPT release, the reduced flavin
moves to the in position, where the reaction with oxygen and
subsequent hydroxylation of the aromatic substrate occurs. A
similar mobility of the flavin cofactor has been observed in other
group A flavoprotein monooxygenases, including among others
phenol hydroxylase (Enroth et al., 1998), 3-hydroxybenzoate 4-
monooxygenase (Hiromoto et al., 2006), and 2-hydroxybiphenyl
monooxygenase (Kanteev et al., 2015).

Despite their important biological role (Huijbers et al., 2014),
relatively little is known about the occurrence of NADH-
preferring PHBHs and how PHBH and its relatives interact
with the pyridine nucleotide coenzyme. Unlike many other
NAD(P)H-dependent oxidoreductases (Scrutton et al,, 1990;
Ojha et al., 2007; Cahn et al., 2016, 2017; Sellés Vidal et al., 2018),
group A flavoprotein monooxygenases lack a canonical pyridine
dinucleotide binding domain (van Berkel et al., 2006; Treiber and
Schulz, 2008; Huijbers et al., 2014; Mascotti et al., 2016). For
PHBH from Pseudomonas fluorescens (PHBHpy), an interdomain
binding for NADPH was proposed (Eppink et al., 1998a). Based
on this binding mode, a switch in coenzyme specificity was
achieved by replacing five amino acid residues of the solvent
accessible helix H2 of the FAD domain (Figure 1) (Eppink et al.,
1999). Support for the interdomain binding of the pyridine
nucleotide was obtained from the crystal structure of the R220Q
variant of P. aeruginosa PHBH in complex with NADPH (Wang
et al., 2002). However, this substrate-free complex presented
an inactive conformation, which pointed to significant ligand
dynamics during the reductive half reaction (Ortiz-Maldonado
et al., 2003; Entsch et al., 2005; Westphal et al., 2006; Ballou and
Entsch, 2013).

To learn more about the evolutionary relationship of
the pyridine nucleotide coenzyme specificity of PHBHs,
we here performed a phylogenetic analysis of putative
PHBHs and investigated the sequence-function relationship

Abbreviations: PHBH, p-hydroxybenzoate hydroxylase; PHBHps, PHBH from
Pseudomonas  fluorescens; PHBHg,, PHBH from Rhodococcus opacus 557;
PHBHg,, PHBH from Rhodococcus rhodnii 135; PHBHg,cp, PHBH from
Rhodococcus opacus 1CP; PHBHc,1, PHBH-1 from Cupriavidus necator JMP134;
PHBHcy2, PHBH-2 from Cupriavidus necator JMP134.

COO" + H,O + NADP*

HO

of actinobacterial and proteobacterial PHBHs. The results were
used to predict the structural features that determine the pyridine
nucleotide coenzyme specificity of other group A flavoprotein
mMonooxygenases.

MATERIALS AND METHODS

Cloning and Sequencing of Rhodococcus
PHBH Genes

Cultivation of Rhodococcus opacus 557 and Rhodococcus rhodnii
135 was performed with 4-hydroxybenzoate as sole source of
carbon and energy (Jadan et al., 2001). Genomic DNA from R.
opacus 557 and R. rhodnii 135 was prepared from cells obtained
after centrifugation of 50 mL cultures, which were subsequently
washed with 50 mM Tris-HCI, pH 7.6 and treated with phenol-
chloroform to extract the DNA (Sambrook and Russel, 2001).
Escherichia coli DH5a (GIBCO BRL) and clones obtained were
grown while shaking at 37°C in lysogeny broth (LB) medium
(Sambrook and Russel, 2001) containing ampicillin (100 pg per
mL).

Oligonucleotides were designed and synthesized according to
the N-terminal and internal sequences of PHBHp, and PHBHR,
(Montersino and van Berkel, 2013). In addition, primers were
designed using the sequences of conserved regions of PHBHpf
(Weijer et al., 1982), and PHBHs from Acinetobacter sp. ADP1
(DiMarco et al., 1993) and Azotobacter chroococcum (Quinn et al.,
2001).

The constructs pROPOB1 and pRRPOB1 were obtained by
cloning the 870 bp PCR products of primers fw-Rh557 [GAA
(CT)AC CCA (AG)GT (CG)GG CAT (ACT)GT] and rev-pobA
[CGGT(GCO)G G(GC)G G(GC)A C(AGT)A T(AG)T G] with
R. opacus 557 or R. rhodnii 135 DNA into the EcoRV site
of pBS T-tailed as described elsewhere [pBluescript II SK(+),
Stratagene; (Marchuk et al., 1991)]. Inserts obtained from EcoRV
digested plasmid DNA were labeled with digoxigenin by using
the DIG DNA Labeling and Detection Kit Nonradioactive
(Boehringer, Germany) for the detection of fragments on
Southern blots of EcoRI-digested R. opacus 557 or R. rhodnii
135 DNA. Respective DNA-fragments were purified from agarose
gels, ligated into EcoRI-digested and dephosphorylated pBS.
The resulting plasmid was transformed into E. coli DH5a
and obtained colonies checked by colony hybridization as
described elsewhere (Eulberg et al, 1997). Positive clones
pRoPOBI1-1 contained a 9.8kb EcoRI fragment of R. opacus
557 DNA and pRrPOBl-la 7.8kb EcoRI fragment of R.
rhodnii 135 DNA, respectively, comprising the complete pobA
genes. Subclones containing less flanking DNA regions were
obtained by using various restriction endonucleases as shown in
Figure S1.

DNA sequencing and sequence analysis was performed with
common primers such as T3, T7, M13, or rM13 and respective
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FIGURE 1 | Flavin mobility in p-hydroxybenzoate hydroxylase. Cartoon image
of the crystal structure of PHBHpr with the FAD cofactor in the in (red;

pdb entry 1pbe) and out (yellow; pdb entry 1pdh) conformation. The substrate
is colored green and the region containing helix H2 is colored blue. The
indicated amino acids in the helix H2 region have been replaced by
site-directed mutagenesis to alter the pyridine nucleotide coenzyme specificity
(Eppink et al., 1999).

software as described previously (Gish and States, 1993; Thiel
et al., 2005; Felsenstein, 2009).

Rhodococcus opacus 1CP is a model strain for the degradation
of aromatic compounds (Eulberg et al., 1997) and encodes a
single PHBH-like protein (accession number ANS30736) which
is 99% similar to the other Rhodococcus PHBHs reported herein.
The corresponding gene pobA was amplified by PCR and cloned
into pET16bp as described earlier Riedel et al., 2015. Using the
primers pobA-fw (5'-catatgaacacacaggtcgggatc-3’) and pobA-rev
(5'-ggtacctcagcccageggggtge-3') allowed introducing Ndel/Notl
restriction sites for cloning. The subsequent cultivation and
expression was done as described below for the Cupriavidus
enzymes.

Cloning and Expression of Cupriavidus

necator PHBH Genes

Ralstonia eutropha (also designated as Cupriavidus necator)
JMP134 harbors a number of enzymes involved in degradation
or aromatic compounds and amongst those two PHBH-like
proteins (accession numbers KX345395 and KX345396 for
PHBHcy,; and PHBHy;, respectively; Pérez-Pantoja et al., 2008.
The PHBH-encoding genes AOR50758 and AOR50759 were
codon optimized according to the codon table of Acinetobacter
sp. ADP1, synthetically produced, obtained in a pEX-cloning
vector and cloned into pET16pb by methods reported earlier
Oelschlédgel et al., 2015; Riedel et al., 2015. Cloning was performed
using E. coli DH50 and LB medium (10g tryptone, 5g yeast
extract and 10 g NaCl per L) was used with ampicillin (100 g
per ml). For gene expression, the pET construct was transferred
to E. coli BL21 (DE3) pLysS and cultivated in LB medium
containing ampicillin (100 pg per ml) and chloramphenicol (34
pg per ml). Fernbach flasks (1L) were used and the cultures
were grown at 37°C until an OD600 of 0.2 and subsequently

cooled to 20°C. At an OD600 of about 0.5 the gene expression
was induced by adding IPTG (0.5 mM) and the cultures were
continued at 20°C for 20 h. Afterwards cells were harvested by
centrifugation (1 h at 5,000 x g, 4°C) and the pellets were stored
at —20°C.

Purification of PHBH Enzymes

The cell pellets were resuspended in 50mM Tris/sulfate
buffer (pH 7.5) while adding 8 units DNasel (AppliChem—
BioChemica, Darmstadt). Cells were broken through ultrasonic
treatment (15 times 30s, 70% power using a HD 2070,
MS 72, Bandelin Sonoplus) in an ice-bath. Cell debris was
removed by centrifugation (20,000 x g for 20min, 4°C).
After filtration through a cellulose membrane (0.2 pm pore
size) to remove remaining particles, the crude extracts were
subjected to Ni-chelate chromatography using a 1 ml HisTrap FF
column (GE Healthcare) mounted in an AKTA fast-performance
liquid chromatographer (GE Healthcare). The column was pre-
equilibrated with 10mM Tris/sulfate buffer (pH 7.5). After
applying the cell extract, the column was washed with 3 ml
loading buffer and then with loading buffer containing 25 mM
imidazole until no protein eluted anymore (about 6 ml). Next we
started a gradient to achieve 500 mM imidazole in the loading
buffer within 6 ml. Target protein eluted during this gradient.
Fractions were collected in 1 ml size and checked for standard
PHBH activity (see section Enzyme Activity Measurements and
Product Analysis). Active fractions were pooled and concentrated
and buffer exchanged using Amicon Ultra-15 centrifugal filter
devices (30 kDa) in 50 mM Tris/sulfate buffer (pH 7.5) containing
45% glycerol. The enzyme samples were stored at —20°C until
further use. Protein concentration was determined by means of a
Bradford assay.

Enzyme Activity Measurements and
Product Analysis

Enzyme activity measurements were performed at 30°C in
50mM Tris/sulfate buffer (pH 7.5), containing 60 LM FAD,
175uM NAD(P)H (or 0 to 175uM if varied) and 500 pM
4-hydroxybenzoate (or 0-500 WM if varied). Reactions were
started by adding 20-40 nM of enzyme solution. All assays were
performed in triplicate and either followed by the decrease
in absorption at 340nm (e340 = 6.22 mM~! em™!) or by
HPLC analysis of 3,4-dihydroxybenzoate. For HPLC analysis,
five samples were taken at 1 min intervals and reactions were
stopped adding ice-cold methanol. Before analysis, samples
were centrifuged at 17,000 x g for 2min to remove protein
precipitates. HPLC (10 pl sample volume) was performed
with a C18 reverse phase column (Knauer) running in a
Ultimate3000 (ThermoScientific) UHPLC system. Elution was
done isocratically with 0.1% trifluoroacetic acid, containing
30% methanol (flow rate 1ml per min; 6min total run
time). Authentic standards of 4-hydroxybenzoate, NAD(P)H,
NAD(P)™ and 3,4-dihydroxybenzoate were used to calibrate the
system. Absorption was continuously monitored at 215 nm and
spectra of eluting compounds were acquired with a diode array
detector.
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Phylogenetic Analysis

PHBH protein sequence analyses were performed using the
NCBI BlastP-service (Altschul et al., 1990). In total, 70 PHBHs
of various bacterial phyla were selected and used for in silico
analyses. The protein sequences from P. putida KT2440
(NP_746074; salicylate hydroxylase), C. testosterone TA441
(BAA82878;  3-(3-hydroxyphenyl)propionate  hydroxylase),
S. chlorophenolicum L-1 (AAF15368; pentachlorophenol
monooxygenase), and Acinetobacter sp. ADP1 (AAF04312;
salicylate hydroxylase) served as appropriate out-group, as
reported earlier (Suemori et al., 2001; Pérez-Pantoja et al., 2008).

The sequence information was used for a phylogenetic
analysis allowing functional annotation of PHBH genes. Several
algorithms (Fitch-Margoliash, maximum parsimony, maximum
likelihood, and neighbor joining) were applied to obtain reliable
sequence alignments and representative distance trees. The
following software tools were used: Clustal-X (ver. 1.8) (Higgins
and Sharp, 1988; Thompson et al., 1997), GeneDoc (ver. 2.6.003),
the PHYLIP 3.66 package (PROTDIST and FITCH) (Felsenstein,
2005), and MEGA5 (Tamura et al., 2011). Bootstraps of 1,000
replicates were calculated from the corresponding alignment by
means of the PHYLIP 3.66 package (SEQBOOT, PROTDIST,
FITCH, and CONSENSE) (Felsenstein, 2005).

Sequence logos were constructed as follows: the PHBHpy
protein sequence was used as input query for a BlastP (NCBI)
(Altschul et al., 1990) search using the non-redundant protein
sequences database. Only sequences with an E-value smaller
than 1e~'% were selected. After filtering the output sequences
for duplicates, crystal structure sequences and cloned protein
variants using Sequence Dereplicator and Database Curator
(SDDC, ver. 2.0) (Ibrahim et al., 2017), the sequences of the
protein segment involved in pyridine nucleotide coenzyme
binding were selected and aligned using Clustal Omega (Sievers
et al., 2011). The top 200 protein segment sequences were used
to generate a sequence logo using the WebLogo server (ver. 2.8.2,
Crooks et al., 2004). This process was repeated with the PHBHp,
protein sequence as query input.

Protein Energy Profiling
The phylogenetic analysis and its outcome is of major relevance
for the identification of the pyridine nucleotide coenzyme
binding sites. The above described methods were validated by
the herein described protein energy profiling, which allows for
drawing sequence—structure relations (Heinke et al., 2015).
Obtaining energy profiles from protein structures is realized
by means of a coarse-grained residue-level pair potential
function. Based on the theoretical assumptions elucidated in
Wertz and Scheraga (1978), Eisenberg and McLachlan (1986),
and Dressel et al. (2007), this energy model approximates the
hydrophobic effect by utilizing buried and exposed preferences
for each of the 20 canonical amino acids. Given a set of globular
protein structures, one can determine the frequencies for each
amino acid of being exposed on the outside or buried inside
the protein by using the DSSP program (Kabsch and Sander,
1983) as proposed by Ofran and Rost (2003) or by determining
residue orientation and local spatial residue packing (Dressel
etal., 2007; Heinke and Labudde, 2012). The energy potential (E;)

is calculated using the following equations:

fhuri)

e = —In|—= |, 1
l (fexp,i

ej = i+ ¢, 2
Ei = Zjepmtein,j;eig (i’j) [e,-]-]. 3)

Given a residue at sequence index i, the single-residue potential
e; is computed using the amino acid-specific buried-exposed
frequency ratio (Equation 1). As shown in Equation (2), the pair
potential e;; between two residues at indices i and j corresponds
to the sum of single-residue potentials in this model. Finally,
by iterating over all residues that are in contact with residue i,
the potential E; is derived (Equation 3). A contact between two
residues (i and j) is assumed, if the CB - Cp atom distance is <8 A
(in case of Gly, Ca atom coordinates are used as spatial reference
points instead).

The sequence of residue energy potentials (Ej,...,Ei,...En)
corresponds to the protein’s energy profile (Dressel et al., 2007;
Heinke and Labudde, 2012, 2013; Heinke et al., 2015). In
addition, an algorithm for aligning two energy profiles has been
adapted from Mrozek et al. (2007) which, besides detecting
similarities and differences of residue energy potentials, can also
give a distance scoring function (referred to as dScore) as a
measure of global energy profile similarity of two energy profiles
P; and P, (Heinke and Labudde, 2013; Heinke et al., 2015):

dScore(Py, P;) = —log <ﬂ) , (4)
XOpt — XPp
where
5 (IP1] + [P2])
Xopt = lfz (5)

The dScore corresponds to the normalized energy profile
alignment raw score x,with respect to the average score xp
obtained from random energy profiles and the highest possible
dScore xop; of two profiles with lengths |Py| and |P|. Here, § acts
as an alignment parameter with § > 0. The negative logarithm
leads to a distance-like formulation, with two identical energy
profiles yielding a dScore of 0.

Two PHBH structures PDB ID: 1d71 (Ortiz-Maldonado et al.,
1999) and PDB ID: 1bgj (Eppink et al., 1998a) were retrieved
from the Protein Data Bank (Rose et al., 2011) and used as
modeling templates for automated comparative modeling using
Modeler (ver. 9.14) (Eswar et al., 2006).

Seventy PHBH sequences (including 15 sequences of
biochemically characterized PHBHs and 55 randomly selected
PHBH sequences from various bacteria) were used for automated
comparative modeling (average sequence identity of ~50%). For
each PHBH sequence, five comparative models were generated
from which the model with the best corresponding DOPE score
(Eswar et al., 2006) was selected for energy profile calculation. In
the first step of energy profile analyses, energy profile distance
trees were generated. As shown recently (Heinke and Labudde,
2013; Heinke et al., 2015) such distance trees can indicate
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functional and structural relations and, in case of PHBHs, can
support the proposed molecular evolution. To obtain such
distance trees, pairwise energy profile alignments were computed
as elucidated and, for each energy profile alignment, the
corresponding dScore was derived, leading to an energy profile
distance matrix. By utilizing the un-weighted pair group method
arithmetic mean (Sokal and Michener, 1958) and neighbor
joining (Saitou and Nei, 1987) with the derived distance matrix
as input, distance trees were generated.

Evolutionary Rate Calculation

The Rate4Site tool (ver. 2.01) (Mayrose et al., 2004) was used
for determining conserved amino acids in PHBH proteins
specific for NADPH and NADH, respectively. Multiple sequence
alignments were made from selections containing only sequences
of pseudomonads and rhodococci, which were used as input to
calculate evolutionary rates for all amino acids applying default
settings of Rate4site. The obtained values for conservation were
scaled to b-factors ranging between 0 and 100. These b-factors
were used to color the image of the crystal structure of PHBH py as
example of a NADPH-specific protein. In a similar way, the image
of the model structure of PHBHp, as an example of a NADH-
preferring protein, was colored. The program Pymol (ver. 1.4)
(Schreudinger, 2011) was used to create structure images.

NADPH Docking in PHBH From

Pseudomonas fluorescens

The three-dimensional structure of the PHBHps monomer
with the FAD cofactor in the out conformation (PDB ID:
1pdh) was used to access the mode of NADPH binding.
Docking was performed using HADDOCK (ver. 2.0) (de Vries
et al., 2010). The solvated docking was carried out with the
recommended parameters of HADDOCK. A distance restraint
of 9.0 A was set between C4N of NADPH and C4a of
the flavin cofactor. For rigid-body energy minimization, 2,000
structures were generated, and the 200 lowest energy solutions
were used for subsequent semi-flexible simulated annealing and
water refinement. Resulting structures were sorted according
to intermolecular energy and clustered using a 6.5 A cut-off
criterion. Subsequent cluster analysis was performed within a
2.0 A cut-off criterion. The structure with the lowest score was
selected for generating an image showing the NADPH binding
mode of PHBHpy.

Accession Numbers

PHBH sequences determined in this study are available from
the GenBank/EMBL/DDB]J nucleotide sequence databases under
accession numbers KF234626 for R. opacus 557 and KF234627
for R. rhodnii 135.

RESULTS

Pyridine Nucleotide Coenzyme Specificity
of Biochemically Characterized PHBHs
Most biochemically characterized PHBHs with known amino

acid sequence are strictly dependent on NADPH (Table 1).
However, PHBH from R. opacus 557 (PHBHpg,) and PHBH from

R. rhodnii 135 (PHBHg,) show a clear preference for NADH
(Jadan et al., 2001, 2004). This prompted us to determine the
amino acid sequences of PHBHp, and PHBHg, (see Methods).
Genomic R. opacus 557 DNA contained a 1,179-bp open reading
frame coding for a PHBH polypeptide of 392 amino acids. The
amino acid sequence predicted from the open reading frame
corresponded with the experimentally determined N-terminal
sequence of the protein (MNTQVGIVGGGPAGLM) and with
the N-terminal sequence (TDHFRQYPFAWFGILAEAPP) of an
internal 25 kDa tryptic fragment. Genomic R. rhodnii 135 DNA
contained a 1,191-bp open reading frame coding for a PHBH
polypeptide of 396 amino acids.

In this paper, amino acid residues are numbered according
to the sequence of PHBHp; (CAA48483) to facilitate reference
to the 3D-structure. The amino acid sequences of PHBHRg,
(accession number KF234626) and PHBHg, (accession number
KF234627) both share 46.7% identical positions with PHBHpf
(Figure 2). Their helix H2 regions, proposed to be involved
in determining the pyridine nucleotide coenzyme specificity
(Eppink et al., 1999), deviate in amino acid sequence from that of
NADPH-specific PHBHs (Figure 2). The latter enzymes typically
contain the fingerprint sequence 32-ERxxx(D/E)YVLxR, while
the NADH-preferring Rhodococcus PHBHs contain the sequence
32-E(S/C)RTREEVEGT.

Pyridine Nucleotide Coenzyme Specificity
of Newly Produced PHBHs

Hisjo-tagged forms of two putative PHBHs originating from
C. necator JMP134 were successfully produced by recombinant
expression in E. coli BL21 (DE3) and purified by nickel-
chelate chromatography (see section Materials and Methods).
HPLC experiments confirmed that both isoforms produce 3,4-
dihydroxybenzoate as sole product from 4-hydroxybenzoate
(Figure S2). Activity measurements with either NADH or
NADPH established that PHBHc,; is strictly dependent on
NADPH whereas PHBHc,; can utilize both coenzymes to
perform aromatic hydroxylation. Determination of the apparent
kinetic parameters kcat and Ky (Table 2) through monitoring
NAD(P)H consumption as well as 3,4-dihydroxybenzoate
production revealed that PHBHc,; has a slight preference
for NADH and that the NADPH-specific PHBH¢,, is about
four times more active than PHBHc,;. These experiments
also revealed that both enzymes suffer to some extent from
uncoupling of substrate hydroxylation resulting in hydrogen
peroxide as by-product, thus yielding aromatic product/NAD*
ratios of 0.73 and 0.81 for PHBH 1 and PHBH 2, respectively.

We also determined the pyridine nucleotide coenzyme
specificity of the His;o-tagged form of a putative PHBH from R.
opacus-1CP (see section Materials and Methods). Kinetic analysis
of this enzyme (PHBHpgo1cp) established a clear preference for
NADH (Table 2).

The amino acid sequences of the PHBHs from C.
necator JMP134 and R. opacus 1CP are in agreement with

the experimentally determined coenzyme specificities.
PHBHc,, contains the NADPH-preferring sequence
motif 32-EQRSPEYVLGR, while PHBHg,cp contains
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TABLE 1 | Pyridine nucleotide coenzyme specificity of biochemically characterized p-hydroxybenzoate hydroxylases.

Cofactor preference References

Source Accession number
Pseudomonas fluorescens CAA48483
Pseudomonas putida WCS358 CABB4666
Pseudomonas fluorescens IFO14160 BAB20910
Pseudomonas aeruginosa PAO1 NP_248938
Acinetobacter sp. ADP1 YP_046383
Pseudomonas fluorescens ATCC13525 AAA25834
Rhizobium leguminosarum B155 AAA73519
Azotobacter chroococcum ATCC9043 AAB70835
Corynebacterium glutamicum ATCC 13032 NP_600305
Pseudomonas sp. CBS3 CAA52824
Rhodococcus opacus 557 KF234626
Rhodococcus rhodnii 135 KF234627
Rhodococcus opacus 1CP ANS30736
Cupriavidus necator JMP134 KX345395*
Cupriavidus necator JMP134 KX345396*

NADPH Howell et al., 1972; Weijer et al., 1982; van
Berkel et al., 1992

NADPH Bertani et al., 2001

NADPH Suemori et al., 1995, 2001

NADPH Entsch et al., 1988; Entsch and Ballou, 1989

NADPH DiMarco et al., 1993; Fernandez et al., 1995

NADPH Shuman and Dix, 1993

NADPH Wong et al., 1994

NADPH Quinn et al., 2001

NAD(P)H Huang et al., 2008

NAD(P)H Seibold et al., 1996

NADH Jadan et al., 2001, this paper

NADH Jadan et al., 2001, this paper

NADH This paper

NAD(P)H This paper

NADPH This paper

"The accession numbers of proteins with N-terminal His1o-tags obtained of codon optimized genes are provided and correspond to original sequences from the JMP134 genome as

follows: KX345395 to YP_298206, and KX345396 to YP_299212 (see Figure S3).

the NADH-preferring sequence motif 32-ESRTREEVEGT.
The NAD(P)H-dependent PHBHc,; contains the sequence
32-EDCTQAHVEAR.

PHBH Distribution Among the Tree of Life

Bacteria capable of degrading various aromatic compounds
convert the consecutive degradation products into 4-
hydroxybenzoate, which then can be funneled into the
protocatechuate pathway. Thus, the PHBH enzyme necessary for
this route can be expected to be common among microorganisms
capable of degrading these aromatic compounds.

Using the amino acid sequence of the NADPH-specific
PHBHps as query sequence for a BlastP search, we identified
many putative PHBHs among bacterial phyla with an aerobic
lifestyle. Most of them are present in proteobacteria, while
roughly 10% is present in Actinobacteria. In the other domains of
life, PHBH is rarely present. In Archaea, a few putative PHBHs
are found, while in Eukarya a small number of hypothetical
PHBHs are identified in basidiomycetes such as Ceratitis capitata,
XP_004528594; Trichosporon oleaginosus 1BC246, KLT40385;
and Trichosporon asahii var. asahii CBS 2479, EJT53028. Some of
them are similar to PHBH-like proteins of <ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>