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containing proteins are functionally coupled is supported by the presence of an ortholog
of the predicted pyruvyltransferase CsaB in bacterial genomes, such as those of
Bacillus anthracis and Paenibacillus alvei. The P alvei SCWP, consisting of pyruvylated
disaccharide repeats [—4)-B-D-GIcNAc-(1— 3)-4,6-Pyr-B-D-ManNAc-(1—] serves as a
model to investigate the widely unexplored pyruvylation reaction. Here, we reconstituted
the underlying enzymatic pathway in vitro in combination with synthesized compounds,
used mass spectrometry, and nuclear magnetic resonance spectroscopy for product
characterization, and found that CsaB-catalyzed pyruvylation of g-D-ManNAc occurs
at the stage of the lipid-linked repeat. We produced the P alvei TagA (PAV_RS07420)
and CsaB (PAV_RS07425) enzymes as recombinant, tagged proteins, and using
a synthetic 11-phenoxyundecyl-diphosphoryl-a-GIcNAc acceptor, we uncovered that
TagA is an inverting UDP-a-D-ManNAc:GIcNAc-lipid carrier transferase, and that CsaB
is a pyruvyltransferase, with synthetic UDP-a-D-ManNAc and phosphoenolpyruvate
serving as donor substrates. Next, to substitute for the UDP-a-D-ManNAc substrate, the
recombinant UDP-GIcNAc-2-epimerase MnaA (PAV_RS07610) of R alvei was included
in this in vitro reconstitution system. When all three enzymes, their substrates and the
lipid-linked GIcNAc primer were combined in a one-pot reaction, a lipid-linked SCWP
repeat precursor analog was obtained. This work highlights the biochemical basis of
SCWP biosynthesis and bacterial pyruvyl transfer.

Keywords: secondary cell wall polymer, SLH domain, glycosyltransferase, pyruvyltransferase, multi-enzyme
assay
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INTRODUCTION

The cell surface influences the physicochemical properties of a
bacterium, its physiology, life-style, and fitness in a competitive
habitat. While the cell surface of any bacterium is composition-
and structure-wise unique and, thus, can be regarded as a
“bacterial bar code,” distinct mechanisms for the robust and,
frequently, multivalent display of proteins have evolved. Cell
surface display mechanisms are usually based on the fusion of
a cell wall targeting motif to the proteins deemed for display,
working in concert with a cell wall ligand (Lee et al, 2003;
Desvaux et al., 2006).

Several Gram-positive bacteria employ SLH domain-mediated
sorting of cell surface proteins and concomitantly engage a
pyruvylated SCWP (also known as cell wall glycopolymer) as
a cell wall ligand. Specifically, pyruvate ketal linked to B-D-
ManNAc is regarded an indispensable and ancestral epitope
in this cell surface display mechanism (Mesnage et al., 2000;
Cava et al, 2004; Kern et al., 2010). There are over 54,000
specific hits within the conserved protein domain family SLH
(pfam00395) (Marchler-Bauer et al., 2015), widely in the phyla
firmicutes, cyanobacteria, and actinobacteria, among others,
underlining the prevalence of this protein domain in bacteria.
The functional coupling of SLH domain containing proteins
(SLH proteins) and SCWP pyruvylation is substantiated by
the finding that several bacteria - including, e.g., Bacillus
anthracis (Forsberg et al., 2012), Bacillus cereus strains (Forsberg
et al, 2011), Lysinibacillus sphaericus (Ilk et al, 1999),
Thermoanaerobacterium thermosulfurigenes (May et al., 2006),
and Paenibacillus alvei (Schiffer et al., 2000), all synthesize a
suite of SLH proteins, contain pyruvate in their cell wall and
have an ortholog of the CsaB enzyme predicted to catalyze the
transfer of pyruvate ketal to f-D-ManNAc (Mesnage et al., 2000).
Experimental data on CsaB is available for B. anthracis (Mesnage
et al, 2000; Kern et al, 2010) and Thermus thermophilus
(Cava et al., 2004), where csaB deficient mutants revealed
a drastically reduced pyruvic acid content (by ~98%) in
comparison to the parent strain supporting pyruvyl transfer
activity of CsaB.

Considering the predictably wide-spread occurrence of this
protein cell surface display mechanism - in both pathogenic
and non-pathogenic bacteria - it is surprising how little is
known about the biosynthesis of pyruvylated SCWPs and the
involved enzymes. Pyruvylated SCWPs are covalently linked to
muramic acid residues of the peptidoglycan backbone and differ
structurally from the well investigated teichoic/teichuronic acids
(Archibald et al., 1993; Mesnage et al., 2000; Messner et al., 2009;
Schade and Weidenmaier, 2016; Rajagopal and Walker, 2017),
with the lack of repetitive alditol phosphates and phosphodiester

Abbreviations: cDNA, copy DNA; COSY, correlation spectroscopy; gDNA,
genomic DNA; GlcNAc-PP-UndPh, 11-phenoxyundecyl-diphosphoryl-a-GlcNAc;
Hisg-tag, hexahistine tag; HMBC, heteronuclear multiple-bond correlation
spectroscopy; HSQC, heteronuclear single-quantum coherence spectroscopy;
IPTG, isopropyl-p-D-thiogalactopyranoside; ORF, open reading frame; PEP,
phosphoenolpyruvate; PvGal, 4,6-ketal-linked galactose; RT, room temperature
(22°C); SCWP, secondary cell wall polymer; SDS-PAGE, sodium dodecyl sulfate-
polyacrylamide gel electrophoresis; S-layer, bacterial cell surface layer; SLH
domain, S-layer homology domain; TOCSY, total correlation spectroscopy.

bonds as the most evident differences (Sara, 2001; Schiffer and
Messner, 2005).

The SCWP of P. alvei CCM 20517 (referred to as P. alvei
throughout the manuscript) - the model organism of the
current study - is composed of, on average, 11 pyruvylated
disaccharide repeats with the structure [—4)-B-D-GlcNAc-
(1—3)-4,6-Pyr-B-D-ManNAc-(1—] (Schiffer et al., 2000). This
SCWP is pivotal to the integrity of the bacterium’s cell wall
due to its interaction with P. alvei’s abundant S-layer protein
SpaA (Janesch et al.,, 2013b) and the cell surface protein SIhA
(Janesch et al,, 2013a), both possessing three dedicated SLH
domains, each, involved in SCWP binding interactions (Ryan
J. Blackler, Arturo Lépez-Guzman, Fiona F. Hager, Gudrun
Martinz, Susannah M. L. Gagnon, Omid Haji-Ghassemi, Bettina
Janesch, Paul Messner, Paul Kosma, Christina Schiffer and
Stephen V. Evans, unpublished data). In close vicinity to the
P. alvei spaA and slhA genes on the bacterial genome, five
ORFs - named, based on a pBLAST search in relation to the
sequenced genome of P. alvei DSM 29, orfl (PAV_RS07430), csaB
(PAV_RS07425), tagA (PAV_RS07420), tagO (PAV_RS07415),
and orf7 (PAV_RS07395) - were identified, which we predicted
to constitute an SCWP biosynthesis gene locus (Zarschler et al.,
2010). While P. alvei does not harbor teichoic acids in its cell wall,
TagA and TagO from that gene locus show amino acid sequence
similarity to the TagA and TagO enzymes from the polyribitol
wall teichoic acid biosynthesis pathway in Staphylococcus aureus
(Tag A, 36.9% and Tag O, 42.0%) and Bacillus subtilis (Tag
A, 372% and Tag O, 32.0%) (Ginsberg et al., 2006; Brown
et al,, 2010, 2013). The first enzyme in this pathway, TagO, is
an integral membrane protein that transfers GIcNAc-phosphate
from UDP-GIcNAc to an undecaprenylphosphate carrier lipid
embedded in the cytoplasmic membrane (Weidenmaier et al.,
2004; D’Elia et al., 2006b). The lipid-linked monosaccharide
is then elongated to a disaccharide by the UDP-ManNAc
transferase TagA (Zhang et al., 2006; Brown et al., 2008; D’Elia
et al., 2009). While this lipid-linked disaccharide constitutes
the platform for the subsequent steps of wall teichoic acid
biosynthesis (Lazarevic et al., 2002; Swoboda et al., 2010; Kawai
et al., 2011; Zilla et al., 2015; Schaefer et al.,, 2017), it is
equivalent to the disaccharide substrate needed to generate
the repeat backbone of the P. alvei SCWP (Schiffer et al,
2000).

Information on the pyruvylation step in SCWP biosynthesis,
or pyruvylation of sugars in general, is scarce. Pyruvyl transfer
activity of CsaB in the context of bacterial cell wall synthesis
can be indirectly inferred from data on a few bacteria, in which
csaB deletion mutants could be created by using sophisticated
strategies. A B. anthracis AcsaB mutant, for instance, showed
S-layer deficiency - probably due to the loss of the pyruvylated
motif in the SCWP cell wall ligand - and atypical cell morphology
forming long chains of incompletely separated cells (Mesnage
et al., 2000; Kern et al., 2010). However, while the structure
of the B. anthracis SCWP is known (Forsberg et al, 2012),
loss of SCWP pyruvylation in a B. anthracis mutant has not
been demonstrated experimentally. Further, Wang et al. (2013)
described csaB mutant cells of B. cereus G9241, which showed
reduced pathogenicity in causing anthrax-like disease in mice.
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In contrast, in P. alvei, attempts to delete csaB have not been
successful (Bettina Janesch, Fiona F. Hager, Christina Schiffer,
unpublished data), potentially indicating essentiality of the
enzyme.

Recent data comes from the pyruvyltransferase Pvglp of the
fission yeast Schizosaccharomyces pombe, which carries pyruvic
acid 4,6-ketal-linked to galactose (PvGal) as decoration of its
N-glycans (Gemmill and Trimble, 1996). The recombinant Pvglp
enzyme transfered pyruvyl residues from PEP specifically to
B-linked galactose as present in p-nitrophenyl-f-Gal (pNP-
B-Gal) or pNP-B-lactose (Yoritsune et al, 2013). The crystal
structure of the pyruvyltransferase Pvglp was obtained at a
resolution of 2.46 A, which served as a basis for enzyme/substrate
modeling (Higuchi et al., 2016). PvGal biosynthesis was also
studied in vitro in the context of the therapeutic potential of
the Bacteroides fragilis capsular polysaccharide A (Sharma et al.,
2017).

The current study focuses on the predicted UDP-ManNAc
transferase TagA and the predicted pyruvyltransferase CsaB
from the P. alvei SCWP biosynthesis gene locus. We produced
these enzymes, and also the bacterium’s cognate UDP-GIcNAc-2-
epimerase MnaA, in Escherichia coli and used the recombinant,
purified proteins in in vitro enzyme assays, together with a
chemically synthesized GIcNAc-PP-UndPh acceptor (Wang et al.,
2014) and PEP as donor substrates, and, in some assays,
UDP-ManNAc. In a one-pot reaction, a nature-analogous, lipid-
linked SCWP repeat could be obtained, as was confirmed
by mass spectrometry and NMR spectroscopy. It was found
that pyruvylation of the PB-D-ManNAc residue occurs at
the lipid-linked disaccharide stage. This study contributes
to our understanding of how SCWPs other than teichoic
acids/teichuronic acids are biosynthesized and specifically sheds
light on the pyruvylation step. Pyruvylation might constitute
a valuable target for interfering with the bacterial cell wall
composition and, thereby, also bacterial pathogenicity.

MATERIALS AND METHODS

Bacterial Strains and Culture Conditions
Paenibacillus alvei CCM 20517 (wild-type strain; Czech
Collection of Microorganisms, CCM; Brno, Czech Republic) was
grown at 37°C and 160 rpm in Luria-Bertani (LB) broth or on
LB agar plates. E. coli DH5a and BL21 (DE3) (Invitrogen) were
cultivated in selective LB medium (agar or broth) supplemented
with 100 pg/ml ampicillin (Amp) at 37°C with 180 rpm.

RNA Purification and Reverse

Transcription-PCR

Total RNA was extracted from P. alvei using the PureLink RNA
Mini Kit (Thermo Fisher Scientific) and subsequently on-column
purified with Purelink DNAse (Thermo Fisher Scientific) and
TurboDNAse (Ambion) to remove DNA contamination. cDNA
was then generated using the MultiScribe Reverse Transcriptase
from the High-Capacity cDNA Reverse Transcription Kit
(Thermo Fisher Scientific) using 500 ng of total RNA. One-
twentieth of the cDNA reaction mixture was used as template

for PCR using the Phusion High-Fidelity DNA polymerase
(Thermo Fisher Scientific). The produced cDNA was amplified
by PCR using primer pairs csaB_for/tagA_rev and tagA_for/
tagO_rev spanning, from 5 to 3/, the genes csaB and tagA,
and fagA and tagO, respectively. Further, the region spanning
csaB and tagO was bridged using csaB_for/tagO_rev. As a
positive control, gDNA was used, whereas DNase I-treated RNA
without the ¢cDNA-generating step as well as NRT (reverse
transcription reaction missing reverse transcriptase) served as
a control for contamination of total RNA with chromosomal
DNA. PCR reaction products were investigated by agarose
gel electrophoresis. Primers for RT-PCR were purchased from
ThermoFisher Scientific and are listed in Table 1.

DNA Techniques and Plasmid

Construction

Genomic DNA of P. alvei was isolated from 5 ml of bacterial
culture (Cheng and Jiang, 2006). For the purification of
DNA fragments and digested plasmids from agarose gels, the
GeneJET™ Gel Extraction Kit (Fermentas) was used. Isolation
of plasmid DNA from transformed E. coli cells was done using
the GeneJET™ Plasmid Miniprep Kit (Fermentas). Primers for
PCR and DNA sequencing were purchased from ThermoFisher
Scientific and are listed in Table 1. For the amplification of
genes from gDNA of P. alvei, the Phusion High-Fidelity DNA
Polymerase (Fermentas) and the thermal cycler My CyclerTM
(Bio-Rad) were used.

For recombinant protein expression in E. coli BL21 (DE3)
cells, plasmids encoding MnaA and CsaB as C-terminal Hise-
tag fusion constructs were created by PCR using P. alvei
gDNA as a template and the primer pairs MnaA_fwd_Ndel/
MnaA_rev_Xhol and CsaB_fwd_Ndel/CsaB_rev_Xhol (Table 1),
respectively, to amplify the 1175-bp mnaA (PAV_RS07420)
and the 1209-bp csaB (PAV_RS07425) genes. The amplification
products were digested with Ndel/Xhol and cloned into
Ndel/Xhol-linearized pET22b(+) (Novagen) for expression
of Hise-tagged proteins. Recombinant TagA was produced
as a fusion protein with the maltose binding protein (MBP)
located at its N-terminus, because of a 10-fold higher protein
expression rate in comparison to Hisg-tagged TagA (Fiona

TABLE 1 | Oligonucleotide primers used for PCR amplification reactions.

Gene Primer Sequence (5'-3')

csaB csaB_for GGCGCAAGTGATGAAGAAGC

tagA tagA_rev GAAGCTGCCCCCGACACCCA

tagA tagA_for GCTGTTCGTTGCTCGTGGAG

tagO tagO_rev CCAGAGTCCCCCATAAAGAT

mnaA-Hiss  MnaA_fwd_Ndel GCGCGGGCATATGTCCAAAGTGAAAGTA

mnaA-Hiss  MnaA_rev_Xhol =~ GCGCGGGCTCGAGATTTGTGAACTTTGT

MBP-tagA  TagA_fwd_EcoRl CGATGGAATTCATGTTAGAAATGAAGGAT

MBP-tagA  TagA _rev_Pstl CGATGCTGCAGTTACTGCACTTTTGTGGG

csaB-Hiss  CsaB_fwd_Ndel ~CTGTGGCATATGGCGTCCAAAGCTAC
AAGAATAGTACTTTCCGGATATTACGGATTC

csaB-Hisg  CsaB_rev_xhol GACCTACTCGAGCGCCTTATGACGCAGCCAC

TTCACAATTTGTTGCGCTGGCTGTTCTGCTT
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F. Hager, Christina Schiffer, unpublished observation). The
primer pair TagA_fwd_EcoRl/TagA_rev_Pstl was used to
produce the 781-bp tagA (PAV_RS07420) amplicon, which
was digested with EcoRI/PstI and cloned into EcoRI/PstI-
linearized pMAL_c2E vector (NEB). All three constructs
were chemically transformed into E. coli DH5a cells for the
amplification of plasmid DNA. Transformants were screened
by colony PCR using RedTaq ReadyMix PCR mix (Sigma-
Aldrich) and confirmed by restriction mapping and sequencing
(Microsynth).

Heterologous Overexpression and

Purification of Recombinant Enzymes

The plasmids encoding P. alvei MnaA-Hiss, CsaB-Hisg, and
MBP-TagA, and named pET22b_mnaA, pET22b_csaB, and
PMAL_tagA, respectively, were heat-shock-transformed into
E. coli BL21 (DE3) cells. Selected transformed cells were grown
in LB medium to the mid-exponential growth phase (ODggo
0.5-0.8), and protein expression was induced with a final
concentration of 0.6 mM isopropyl-p-D-thiogalactopyranosid
(IPTG). After induction, the bacterial cultures were grown for 4 h
at 37°C and 180 rpm followed by harvest through centrifugation
(5,500 x g, 20 min, 8°C).

For nickel affinity chromatography of MnaA-Hiss and CsaB-
Hise, the cell pellets of 500 ml bacterial culture containing the
C-terminally Hisg-tagged enzymes were resuspended in lysis
buffer (50 mM sodium phosphate, pH 7.5, 200 mM NaCl,
supplemented with 10 mM imidazole and EDTA-free protease
inhibitor mixture; cOmplete, Roche Applied Science). Cells were
disrupted by sonication applying nine pulses of 20 s (Branson
Sonifier 250; output 8, duty cycle 45%, 10 s breaks), each, and
lysates were ultra-centrifuged (80,695 x g, 20 min, 4°C) to
remove cell debris. The supernatant fraction (cell crude extract)
was incubated for 30 min with 2 ml of nickel-nitrilotriacetic
acid resin in a column (Qiagen) equilibrated in lysis buffer
using a flow rate of 1.0 ml/min. After recovery of the flow
through, the column was washed with lysis buffer containing
increasing imidazole concentrations of 20 and 50 mM, 10 column
volumes, each. Finally, the protein of interest was eluted with
5 ml of 250 mM imidazole in lysis buffer. Fractions containing
MnaA-Hisg and CsaB-Hiss, respectively, as determined by 10%
SDS-PAGE (Laemmli, 1970) after Coomassie Brilliant Blue
G250 staining, were pooled and extensively dialyzed against
25 mM sodium phosphate buffer, pH 7.5, at RT, to remove
imidazole.

The MBP-TagA fusion protein was purified over an amylose
resin (NEB; 5 ml of resin per liter of bacterial culture)
according to the manufacturer’s protocol. Protein elution was
done with 20 mM Tris/HCl, pH 7.5, containing 200 mM
NaCl, 1 mM EDTA, and 10 mM maltose. Fractions containing
the protein of interest according to Coomassie Brilliant Blue
G250-stained 10% SDS-PAGE were pooled and extensively
dialyzed at RT against 25 mM bis(2-hydroxyethyl)amino-
Tris(hydroxymethyl)methane (bis-Tris-propane), pH 7.8, for
the TagA in vitro activity assay, and against 25 mM sodium
phosphate buffer, pH 7.5, for MnaA/TagA co-incubation, to
remove maltose.

Protein Analytical Methods

The recombinant proteins verified by Western-
blotting using in the case of MnaA-Hiss and CsaB-Hise
an anti-Hiss antibody (Sigma-Aldrich) and for MBP-TagA,
an anti-MBP antibody (Thermo Scientific). The protein
concentration of the recombinant, tagged enzymes was measured
spectrophotometrically and calculated using the Ajgy extinction
coefficient and molecular weight obtained from the exPASy
ProtParam tool' and by the Bradford protein assay (Bradford,
1976).

were

Chemical Synthesis of UDP-o-D-ManNAc

UDP-a-D-ManNAc was chemically synthesized as a donor
substrate for the TagA reaction, essentially following established
protocols (Yamazaki et al., 1980; Freese and Vann, 1996;
Ginsberg et al., 2006) (Supplementary Scheme S1). Starting
from 2-acetamido-2-deoxy-D-mannopyranose (compound 6),
the triethylammonium salt compound 7 (triethylammonium
2-acetamido-2-deoxy-a-D-mannopyranosyl  phosphate)  was
synthesized. Compound 7 (46 mg, 0.092 mmol) was reacted with
uridine 5'-monophosphomorpholidate (153 mg, 0.223 mmol) in
8 ml of freshly distilled dried pyridine under argon atmosphere
at RT for 7 days and then concentrated in vacuo at 30°C. The
product was purified by using a Bio-Scale Mini Macro-Prep High
Q anion exchange cartridge (Bio-Rad) with a gradient (0-100%)
of 0.25 M triethylammonium bicarbonate buffer, pH 8.0,
and lyophilized to give compound 8 [triethylammonium
uridine 5'-(2-acetamido-2-deoxy-a-D-mannopyranosyl
diphosphate)].

Enzymatic Synthesis of
UDP-«-D-ManNAc Using P. alvei
UDP-GIcNAc Epimerase MnaA

The enzymatic assay of MnaA was set up based on a published
protocol (Blume, 2003), with several modifications. Briefly,
purified P. alvei MnaA-Hisg (45 |Lg) was incubated with UDP-
GlcNAc (Sigma-Aldrich) at a concentration of 1.3 or 0.5 mM,
in 46 mM sodium phosphate buffer, pH 7.5, supplemented
with 11 mM MgCl,, in a total reaction volume of 192.5 pl
at 37°C for up to 30 min; individual reactions were done
and stopped in intervals of 5 min. After heat-inactivation
(100°C, 1 min), the mixture was centrifuged (10,000 x g,
5 min, RT), and the supernatant was analyzed by reversed-
phase (RP) HPLC (Thermo Scientific/Dionex; Ultimate 3000
Standard LC System) on a Hyperclone 5 p ODS column
(Phenomenex, 150 mm x 4.6 mm, 5 ) using 0.4 M sodium
phosphate buffer, pH 6.1, with a flow rate of 0.6 ml/min as
eluent (Zolghadr et al., 2015). Peaks were identified using UDP
(1 nmol), UDP-GIcNAc (5 nmol), and UDP-ManNAc (5 nmol)
as standards; detection was done at 254 nm. Epimerization
rates by MnaA were calculated from the integrated peak areas
using software provided by the Ultimate 3000 Standard LC
System.

'http://web.expasy.org/protparam
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Sep-Pak Purification of Enzyme

Products

Purification of products from in vitro enzyme reactions (as
described below) was done using a (C18) Sep-Pak classic cartridge
(Waters; 360 mg sorbens). The cartridge was equilibrated with
3 ml of methanol followed by 6 ml of HO immediately
prior to application of the reaction mixture. The samples
were loaded on the cartridge by gravity flow, and the flow-
through was collected. Subsequently, the cartridge was eluted
with 4 ml of H,O (1-ml fractions) for removal of excess of
UDP-ManNAc and hydrophilic components (bis-Tris-propane,
sodium phosphate, MgCl,, or potential enzyme products that are
more hydrophilic than the initial acceptor substrate), followed
by 3 ml of methanol (1.5 ml fractions); fractions were collected
and dried in vacuo using a SpeedVac centrifuge (Thermo Fisher
Scientific).

LC-ESI-MS of Purified Enzyme Products

Fractions obtained after (C18) Sep-Pak purification were
dissolved in a 1:1-solution of H,O and acetonitrile, and 10 pl
of the sample solutions were analyzed by LC (C4)-ESI-MS using
a Phenomenex Jupiter 5 p C4, 300 A, 150 mm x 2 mm
column coupled to an LC-MS device (Shimadzu LC 10 system,
Shimadzu 2020 mass spectrometer, Alltech ELSD 3300). The
elution profile used during analysis was a gradient of 5-
100% CH3CN (0-2 min: 5% CH3CN; 2-10 min: 5-100%, 15—
16 min: 100-5%, 16-22 min: 5%) at a flow of 0.5 ml/min
and a column temperature of 40°C. The eluate was directed
into the ESI source for mass detection in the range of 50-
2000 with a scan speed of 2143 /s, and the masses were
evaluated using the integrated software, Shimadzu - LabSolutions
V. 5.42 SP4.

NMR Spectroscopy of Enzyme Products
NMR spectra of enzyme products were recorded at 297 K in
99.9% D,0 (0.4 ml) in a Shigemi tube with a Bruker Avance
III 600 spectrometer (\H at 600.13 MHz, °C at 150.9 MHz,
3P at MHz at 242.9 MHz), using standard Bruker NMR
software. 'H NMR spectra were referenced to 2,2-dimethyl-
2-silapentane-5-sulfonic acid (8 0.0), 3C NMR spectra were
referenced to external dioxane (5 67.40), and 3'P spectra
were referenced to external ortho-phosphoric acid (3 0.0) for
solutions in D;0O. COSY experiments and gradient-selected
'H, 'H total correlation spectroscopy (TOCSY, mixing time
80 ms) were recorded by use of the pulse programs cosygpqf
and mlevph, respectively, with 2048 x 256 data points and
16 and 8 scans, respectively per t;-increment. By use of the
pulse program hsqcedetgp with 2048 x 1024 data points and 16
scans per tj-increment multiplicity edited heteronuclear single
quantum coherence spectra (HSQC) (Schleucher et al., 1994)
were obtained. Heteronuclear multiple bond correlation spectra
(HMBC) (Bax and Summers, 1986) were acquired using the
pulse program hmbcgpndqf with 4096 x 512 data points and
64 scans per t;-increment and using spectral widths of 9.0 ppm
for 'H and 222 ppm for *C to check for carbonyl correlated
signals.

TagA in Vitro Activity Assay

To analyze the P. alvei TagA enzyme for its activity to transfer
ManNAc from UDP-a-D-ManNAc to a a-D-GlcNAc residue as
provided by the natural acceptor mimic GIcNAc-PP-(CH3)1;-
OPh (Xu et al.,, 2011), donor to acceptor ratios of 2.5:1, 1.25:1,
and 1:1 were used, and MBP-TagA concentrations ranged from
50 nM to 1 WM. For this purpose, a 5-mM stock solution of UDP-
a-D-ManNAg, a 2-mM stock solution of acceptor, in H,O, each,
and a 1-uM protein solution in 25 mM bis-Tris-propane buffer,
pH 7.8, were prepared. Enzymatic reactions were performed in
25 mM bis-Tris-propane buffer with addition of 250 mM NaCl
(TagA reaction buffer), for 1 h at 37°C, followed by overnight-
incubation at RT (Zhang et al., 2006). As controls, reaction
mixtures without acceptor or enzyme were used.

For the reaction set-up, Eppendorf tubes and reagents were
kept on ice throughout the pipetting procedure. A master
mixture was prepared in TagA reaction buffer, containing
MBP-TagA and UDP-a-D-ManNAc (0.5 mM per 40 pl of
assay volume). To start the enzymatic reaction, the master
mixture was added to varying volumes of the GIcNAc-PP-UndPh
acceptor solution, followed by incubation as described above.
The reaction was stopped by quenching with 700 pl of ice-
cold H,O and dried in vacuo. Subsequently, the reactions were
resuspended in 10 pl of H,O, each, and analyzed by thin layer
chromatography (TLC), using silica G60 plates (10 cm X 5 cmyj
Merck) and ethyl acetate/methanol/H,O/acetic acid at a ratio of
4:1.5:0.7:0.1 (v/v/v/v) as solvent. The TLC plates were stained
for carbohydrates with anisaldehyde-sulfuric acid dip-solution,
containing ethanol/H,SO4/acetone/p-anisaldehyde = 100/5/3/2
(v/vIvlv) and developed at 250°C (Stahl and Kaltenbach, 1961).

For the characterization of the TagA reaction product, the
assay was scaled up, using 250 nM MBP-TagA, 2.4 mM acceptor,
and 0.5 mM UDP-ManNAc. After incubation and stopping the
reaction as described above, the reaction mixture was purified
over a (C18) Sep-Pak cartridge (see above). Dried fractions from
the MeOH elution step were once dissolved in a 1:1-solution
of H,O and acetonitrile and analyzed by LC (C4)-ESI-MS and,
second, dissolved in DO for final characterization by NMR
spectroscopy.

Coupled MnaA/TagA in Vitro Activity

Assay

MnaA-Hisg (38 jLg) and MBP-TagA (20 pg) were co-incubated
for 1 h at 37°C with 2.5 mM UDP-GIcNAc in sodium phosphate
buffer, pH 7.5, supplemented with 11 mM MgCl,, in a total
reaction volume of 190 1. The reaction was stopped by addition
of 700 pl of ice-cold H, O, purified over a (C18) Sep-Pak cartridge
and analyzed by LC(C4)-ESI-MS (see above).

Determination of a Donor Substrate for
Pyruvyltransfer by CsaB

To determine, if PEP can serve as a substrate for the P. alvei
CsaB enzyme, in situ NMR measurements were performed
using 10 pM CsaB-Hisg, 1.5 mM UDP-a-D-ManNAc, and
1.5 mM phospho(enol)pyruvic acid monopotassium salt, in a
total volume of 600 pl of deuterated sodium phosphate buffer,
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pD 7.9, at 27°C. 'H NMR and 3'P NMR spectra were recorded
in situ for up to 15 h (see above).

Enzymatic One-Pot Reaction for the
in Vitro Reconstitution of a Complete
SCWP Repeat

To reconstitute a complete, lipid-linked repeat precursor of the
P. alvei SCWP in vitro by means of the bacterium’s native
enzymes, 45 g/50 g (the first value refers to MS analysis, the
second to NMR spectroscopy) of MnaA-Hisgs, 13.5 pg/45 pg
of MBP-TagA and 14 ng/45 ng of CsaB-Hiss were incubated
for 1 h at 37°C together with UDP-GIcNAc (8.1 mM/8.5 mM),
PEP monopotassium salt (4.2 mM/4.3 mM, Sigma-Aldrich) and
GIcNAc-PP-UndPh (300 pM/1.4 mM; Scheme 1, compound 3),
in a total volume of 295 11/1175 pl of 30 mM sodium phosphate
buffer, pH 7.5, supplemented with 5.6 mM/5.3 mM MgCl,.
Product formation was analyzed after (C18) Sep-Pak purification
either by LC(C4)-ESI-MS or by NMR spectroscopy.

RESULTS

Transcription Analysis of csaB, tagA, and
tagO Encoded in the P. alvei SCWP
Biosynthesis Locus

To analyze whether the csaB (PAV_RS07425; coding for a

putative pyruvyltransferase), tagA (PAV_RS07420; coding for a
putative B-1,4 ManNAc transferase), and tagO (PAV_RS07415;

coding for a putative initiation enzyme of SCWP biosynthesis)
genes from the predicted P. alvei SCWP biosynthesis gene locus
(Zarschler et al., 2010) are co-transcribed on a polycistronic
mRNA, total RNA from P. alvei cells was extracted, and
co-transcription of the genes was analyzed using RT-PCR as
outlined in Figure 1. The results showed that csaB, tagA, and tagO
are co-transcribed as a single RNA transcript (Figure 1), since a
PCR product of the expected size was obtained with the primer
pairs csaB_for/tagA_rev (1.072 kb) and tagA_for/ tagO_rev
(1.065 kb), respectively, designed to bridge the ends between
the ORFs of neighboring genes yielding amplification products
only when co-transcription was happening. Further, primer pair
csaB_for/tagO_rev yielded a 2037 bp transcript corresponding
to the size of all three genes together. This confirmed that
the P. alvei tagO, tagA, and csaB genes are transcriptionally
linked.

Overexpression and Purification of

Recombinant mnaA, tagA, and csaB

The mnaA and csaB genes from P. alvei were cloned into pET22-
b(+), the tagA gene into pMALc2e. The enzymes were produced
in E. coli BL21(DE3) as either C-terminally Hise-tagged proteins
or, in the case of TagA, as an N-terminal MBP fusion protein,
which enabled purification via nickel affinity chromatography or
over an amylose resin, respectively. According to a Coomassie
Brilliant Blue G250-stained 10% SDS-PAGE gel, the enzymes
were purified to a high degree and revealed molecular weights
of 44.5 kDa (MnaA-Hisg), 43.6 kDa (CsaB-Hisg), and 71.8 kDa
(MBP-TagA), respectively (Figure 2), which corresponded to the
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Scheme 1 | Schematic representation of the multi-enzyme assay for reconstitution of a lipid-linked SCWP repeat precursor analog using the substrates
UDP-GIcNAc and PEP, the acceptor substrate GIcNAc-PP-UndPh, and the purified recombinant enzymes MnaA-Hisg, MBP-TagA, and CsaB-Hiss from the P, alvei
CCM 20517 SCWP biosynthesis pathway. (1) Uridine 5'-(2-acetamido-2-deoxy-a-D-glucopyranosy! diphosphate); (2) uridine
5'-(2-acetamido-2-deoxy-a-D-mannopyranosy! diphosphate); (3) sodium 11-phenoxyundecyl (2-acetamido-2-deoxy-a-D-glucopyranosy! diphosphate); (4) sodium
11-phenoxyundecy! (2-acetamido-2-deoxy-B-D-mannopyranosyl-(1— 4)-2-acetamido-2-deoxy-a-D-glucopyranosyl diphosphate); (5) sodium 11-phenoxyundecyl
{2-acetamido-2-deoxy-4,6-O-[(S)-1-carboxyethylidene]-[8-D-mannopyranosyl-(1— 4)]-2-acetamido-2-deoxy-a-D-glucopyranosy! diphosphate}.
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Figure 1 | Co-transcription analysis of the tagO, tagA, and csaB genes from the P, alvei CCM 2051 SCWP biosynthesis gene locus. (A) SCWP gene locus with
expected PCR fragment sizes indicated. (B) Agarose gel electrophoresis analyses of co-transcription of genes from cDNA (upper panel), total RNA (middle panel;
negative control) and gDNA (lower panel; positive control). All samples were run with a standard on the same gel. Primers used are listed in Table 1. O’Gene Ruler
1 kb Plus DNA Ladder (Thermo Fisher Scientific) was used as a gene ladder and is indicated on the left.
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values as calculated based on amino acid sequences. Proteins
were verified by Western-blotting (not shown). The recombinant
enzymes were stored at a concentration of 0.3 mg/ml in 20 mM
sodium phosphate buffer, pH 7.5, at -20°C (MnaA-Hisg) or, in the
case of enzyme inactivation upon freezing, at 4°C (MBP-TagA
and CsaB-Hisg).

Chemical Synthesis of UDP-o-D-ManNAc

For the envisaged in vitro reconstitution of the lipid-linked
— 3)-4,6-Pyr-B-D-ManNAc-(1—4)-p-D-GlcNAc-(1— repeat of
the P. alvei SCWP, UDP-a-D-ManNAc as the predicted donor
substrate for the TagA enzyme was chemically synthesized, since
it is not commercially available (Supplementary Scheme S1).

Starting  from  2-(acetylamido)-2-deoxy-D-mannopyranose
(ManNAc) (Supplementary Scheme S1, compound 6), UDP-
a-D-ManNAc (Supplementary Scheme S1, compound 8) was
chemically synthesized in five steps and was obtained after
purification via ion exchange chromatography (Ginsberg et al.,
2006).

Recombinant P. alvei MnaA Shows
UDP-GIcNAc-2-Epimerase Activity

Purified, Hisg-tagged MnaA was mixed with the UDP-GIcNAc
substrate at different concentrations in phosphate buffer, pH 7.5,
supplemented with MgCl,, and incubated at 37°C up to 30 min;
reactions were stopped in 5-min intervals.
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Figure 2 | SDS-PAGE analysis of purified recombinant enzymes from the

P, alvei CCM 20517 SCWP biosynthesis pathway. MnaA-Hisg (lane 1),
MBP-TagA (lane 2), and CsaB-Hisg (lane 3) were run on a 10% SDS-PAGE gel
and visualized with Coomassie Birilliant Blue G250 staining. Standard,
PageRuler Prestained Plus (left). All samples were run with a standard on the
same gel.

MnaA-catalyzed epimerization of UDP-GIcNAc - which
had a retention time of 3.9 min on the RP(CI18)-HPLC
column under the given conditions - was compared after
5 and 30 min of reaction time, using an authentic UDP-
a-D-ManNAc standard (retention time, 3.4 min) for product
identification (Figure 3A). Already after 5 min of incubation
with the epimerase, two new peaks were detected, at 3.0
and 3.5 min, respectively, with the former corresponding to
UDP and the latter to the UDP-a-D-ManNAc product. While
the UDP peak increased upon prolonged reaction time, the
peaks of UDP-GIcNAc and produced UDP-ManNAc decreased.
Neither peak was detected when MnaA was omitted from the
reaction (not shown). MnaA-catalyzed formation of UDP-a-D-
ManNACc slightly increased when more substrate was provided
(0.5 mM compared to 1.3 mM UDP-GIcNAc; Figure 3B). For
further investigations, UDP-ManNAc production was established
using P. alvei MnaA and 1.3 mM UDP-GIcNAg, revealing an
epimerization rate of 9.5%, which was within the published range
(Morgan et al.,, 1997; Murkin et al., 2004; Mann et al., 2016).
Despite MnaA is annotated as non-hydrolyzing 2-epimerase,
increasing amounts of UDP emerged over time as a reaction
intermediate (Figure 3A). This was also observed by others
(Morgan et al, 1997) and can be explained by the proposed
mechanism B of co-factor independent epimerases involving
acetamidoglucal and UDP as intermediates (Samuel and Tanner,
2002).

Recombinant P. alvei TagA Shows
UDP-ManNAc:GlcNAc-Pyrophosphate-R

Transferase Activity

Next, the option of pyruvylation at the disaccharide stage was
studied, which required the presence of a biosynthetic surrogate
of the undecaprenyl diphosphate activated substrates. Previously,
it had been shown that synthetic GIcNAc-PP-UndPh (Scheme 1,
compound 3) served as glycosyl acceptor for a UDP-Gal:GlcNAc-
a-pyrophosphate-R  (1,3)-galactosyltransferase ' WbbD from
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Figure 3 | Reversed-phase HPLC analysis of MnaA-catalyzed UDP-GIcNAc
epimerization. (A) Reactions with different reaction times. MnaA-Hisg was
incubated with 1.3 mM UDP-GIcNAc in 46 mM sodium phosphate buffer, pH
7.5, supplemented with 11 mM MgCly at 37°C. (1) UDP (standard); (2)
UDP-ManNAc (standard); (3) UDP-GIcNAc (standard); (4) product formation
after 5 min of reaction time; (5) product formation after 30 min of reaction
time. (B) Reactions with different UDP-GIcNAc concentrations. MnaA-Hisg
was incubated with 0.5 mM UDP-GIcNAc (gray line) and 1.3 mM
UDP-GIcNAc (black line) for 30 min as described above. Separation of the
reaction mixtures from (A,B) was done using a Hyperclone 5 @ ODS column
and products were identified based on their retention time using authentic
standards. Product formation is indicated with an arrow.

E. coli strain VW187 (O7:K1) involved in the biosynthesis
of O7-specific lipopolysaccharide (Riley et al., 2005) and was,
thus, selected to analyze whether it would also serve as an
acceptor for the UDP-ManNAc transferase TagA from P. alvei
to produce the lipid-linked disaccharide B-D-ManNAc-(1—4)-
a-GlcNAc-PP-UndPh (Scheme 1, compound 4). TagA was
tested for its ManNAc transfer activity and shown to be
active in a concentration range of 1 pM to 50 nM. The
activity was visualized by TLC showing complete conversion
to product species with a donor (synthetically prepared UDP-
a-ManNAc) to acceptor (Scheme 1, compound 3) ratio of 2.5:1,
whereas ratios of 1.25:1 and 1:1 still showed unused substrate
(data not shown). LC-MS data of the (C18) SepPak-purified
product mixture obtained with the 2.5:1-reaction (optimal
ratio) in the negative ion mode indicated the presence of the
glycosylated product (Scheme 1, compound 4, m/z = 829.3;
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Supplementary Figure SIB) as well as, with suboptimal
donor to acceptor ratio, unreacted substrate (compound 3
of Scheme 1, m/z = 626.6; Supplementary Figure S1A);
the latter was confirmed by NMR spectroscopic data and
indicated a ~2:1 ratio for compound 3 to compound 4
(Scheme 1).

Furthermore, a HSQC spectrum (data not shown) identified
a downfield-shifted signal at 79.0 ppm consistent with a
4-O-glycosylated o-GlcNAc moiety. The presence of a product
mixture and of residual bis-Tris-propane buffer, however,
precluded a full assignment of the 'H and *C NMR signals,
although several correlations could be established on the basis of
COSY and HSQC data (Table 2).

Recombinant CsaB Shows Interaction
With PEP but No Pyruvyl Transfer to Free

UDP-ManNAc

Possessing a high-energy phosphate bond and being involved
in bacterial cell metabolism, PEP was chosen as the donor
substrate for the pyruvyl transfer reaction. Studies of
the pyruvyltransferase Pvlgp from S. pombe (Yoritsune
et al, 2013) confirmed that PEP could be an appropriate
substrate.

To examine, if pyruvylation occurs at the nucleotide
sugar level, 1.5 mM synthetic UDP-ManNAc (Supplementary
Scheme S1, compound 8) was incubated with 10 pM CsaB
and 1.5 mM PEP at pD 7.9 and 27°C in an in situ NMR
experiment. Over the course of several hours, signals arising
from UDP-ManNAc remained unchanged, but PEP was subject
to a slow deuterium exchange reaction. Whereas both olefinic
protons of PEP were readily seen at 5.33 and 5.15 ppm at the
start of the measurement, a steady decrease of signal intensities
was observed with concomitant increase of two slightly high-
field shifted singlets corresponding to the monodeuterated PEP
derivatives. After 14 h of reaction time, signals of protonated
PEP species were almost completely absent (Figure 4), whereas in
the control experiment without addition of enzyme, deuteration
of PEP was not observed. These observations indicated an
interaction of PEP with CsaB, but lack of pyruvylation of UDP-
ManNAGc, obviously due to the absence of an appropriate acceptor
substrate.

Choice of an Appropriate Acceptor
Substrate Enables CsaB-Mediated

Pyruvyl Transfer in Vitro

Based on the successful functional proof of the UDP-ManNAc
transferase TagA by MS and NMR data, a three-step enzymatic
transformation was carried out (Schemel). In a multi-
enzyme assay, a one-pot reaction of the epimerase MnaA, the
UDP-ManNAc transferase TagA, and the pyruvyltransferase
CsaB together with UDP-GIcNAc, PEP, and the GIcNAc-
PP-UndPh acceptor (Schemel, compound3) was set up,
with the three enzymes predicted to work in a cascade
reaction in nature (Scheme 1). The reaction product - 4,6-
Pyr-p-D-ManNAc-a-D-GlcNAc-diphosphoryl-phenoxyundecyl
(Scheme 1, compound 5) - was purified via a (C18) Sep-Pak

column, from which it eluted with water - while ManNAc-
GIcNAc-PP-UndPh and remaining acceptor were eluted with
methanol - and was analyzed by LC-(C4)-ESI-MS. The earlier
elution of the pyruvylated product species can be explained by its
higher polarity than the initial acceptor (Scheme 1, compound
3) and the TagA product (Scheme 1, compound 4). The mass ion
m/z = 899.3 detected in negative ion mode in LC-(C4)-ESI-MS
analysis indicated the presence of a lipid-linked pyruvylated
disaccharide species (Supplementary Figure S1C).

Structural analysis of the CsaB product (Scheme 1,
compound 5) was performed by one- and two-dimensional
NMR spectroscopy of a scaled-up reaction. Briefly, the
600 MHz 'H NMR spectrum (Figure 5) recorded in D,0O
in a Shigemi tube showed inter alia five aromatic signals
corresponding to the undecyl terminal phenyl protons, the
anomeric proton of the GIcNAc unit at 5.46 ppm (as broad
signal due to spin coupling with the adjacent phosphate) and
the anomeric signal of the ManNAc residue at 4.90 ppm,
which was correlated to H-2 of ManNAc seen at 4.51 ppm.
The anomeric configurations were confirmed on the basis of
the heteronuclear coupling constants Jc—1 -1 (174.2 Hz for
the a-GIcNAc unit and 164.7 Hz for the -ManNAc residue),
thereby also confirming that TagA had reacted as an inverting
glycosyltransferase. TOCSY correlations then allowed tracking
down the spin systems originating from both anomeric protons
(see Table 2). The high-field region showed two methyl group
signals attributed to the two N-acetylamino groups as well as
two vicinal methylene groups, each connected to an OCH,
signal occurring at 4.08 and 3.91 ppm, respectively. Additional
CH, signals were observed at 1.43 ppm and in the range
of 1.34-1.27 ppm. Notably, a singlet signal corresponding
to the methyl group of the pyruvyl moiety was detected at
1.44 ppm.

Carbon 4 of the GIcNAc residue was observed at 79.2 ppm
which, again, identified this position as the glycosylation site.
In addition, the signals of carbon 6 and carbon 4 of the
ManNAc residue were shifted downfield (64.7 and 74.7 ppm,
respectively), which indicated that both positions had been
substituted. By contrast, carbon 5 of ManNAc was significantly
shifted to higher field (67.6 ppm), again in agreement with a
4,6-O-substitution pattern (Figure 6). Further structural proof
was derived from HMBC measurements (data not shown),
which allowed to assign the spacer-linked OCH, group at
4.08 ppm as the phenoxy-linked methylene group (based on
the HMBC-correlation to the quaternary aromatic carbon at
158.9 ppm), whereas the second OCH, group at 3.91 ppm showed
HMBC connectivity to the anomeric carbon of the GIcNAc
unit at 94.9 ppm. Eventually, the pyruvic acetal group was
unambiguously confirmed on the basis of HMBC-correlations
of the pyruvyl methyl group to a quaternary carbon signal at
102.6 ppm and the carboxylate signal at 176.2 ppm. Moreover,
an HMBC connectivity of H-6a of the ManNAc unit to C-2 of
the pyruvic acid acetal was observed. The (S) stereochemistry
of the pyruvic acid acetal was determined on the basis of the
characteristic 'H NMR chemical shift of the methyl group at
1.44 ppm in agreement with literature data (Jansson et al,
1993).
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TABLE 2 | NMR data of compounds 4 and 5 recorded in D2O.

H-1 H-2 H-3 H-4 H-5 H-6a H-6b
J J J J J J J
C-1 C-2 C-3 C-4 C-5 C-6
Compound 4
B-D-ManNAcp-(1— 4.87 4.575 ~3.80 3.48 3.39 n.d. n.d.
<1.0 4.2 n.d. 9.8 2.0,49
99.9 54.3 67.3 77.2
CHs 2.03/0.04
22.7
NHC =0 n.d.
—4)-a-D-GlcNAcp-(1—PP 5.45 3.99 ~3.94 ~3.78 3.92 n.d. n.d.
31,71 2.6 n.d. n.d. n.d.
94.9 54.2 72.15 79.0 72.2
CHs 2.03/0.04
22.7
NHC =0 n.d.
PP—OCH,CH,CHa- ~3.90 1.60 n.d.
n.d. 6.2
67.6 30.7
PhOCH,CHoCHo- 4.08 1.75 1.42
n.d. 6.6 6.6
69.5 28.8 25.9
Additional signals (CH2)» 1.37-1.20
29.3
Ph - 7.01 7.36 7.02 7.36 7.01
71 7.3 7.6 7.3 71
115.7 130.6 122.0 130.6 115.7
Compound 5
4,6-Pyr-p-D-ManpNAc-(1— 4.90 4.51 3.93 3.58 3.39 4.01 ~3.72
<1.0 4.3 4.5,10.1 9.8 5.0,9.9 4.9,10.8
100.5 54.0 70.3 74.6 67.6 64.7
CHs 2.05
22.75
NHC = 0O 176.15
Pyruvic acetal - - 1.44
176.2 102.6 25.5
—4)-a-D-GlcpNAc-(1— PP 5.46 3.98 3.85 3.74 3.92 3.81 ~3.72
brs 10.5 9.4,9.4 9.0 n.d. 12.4
94.9 54.4 70.2 79.2 72.2 60.45
CHg 2.05
22.75
NHC =0 176.15
PP—OCH,CH,CH, 3.91 1.60 1.33
n.d. 6.7 n.d.
67.6 30.5 29.3
PhOCH,CH»CHa 4.08 1.74 1.43
6.6 6.8, 71
69.6 29.0
Additional (CHz), signals 1.35-1.27
29.4
Ph - 7.02 7.37 7.04 7.37 7.02
8.3 8.0 7.5 8.0 8.3
158.9 115.7 130.5 122.2 130.5 115.7

Chemical shifts are given in ppm and coupling constants in Hz. n.d., not determined.
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Figure 4 | 600 MHz 'H NMR spectrum of the pyruvylated disaccharide product 5 (from Scheme 1). Signals corresponding to key parts of the structure are
indicated by arrows. Asterisk “*” denotes residuals.

DISCUSSION

Several Gram-positive bacteria, including B. anthracis, B. cereus
(Forsberg et al, 2011, 2012; van Sorge et al., 2014) and
the herein described non-pathogenic model organism P. alvei
CCM 20517 (Schiffer et al,, 2000), attach a SCWP to their
peptidoglycan cell wall. SCWPs are of strain-specific composition
and typically comprise saccharide repeats (Schiffer and Messner,
2005). They are predicted to share distinct structural features
with wall teichoic acids such as the murein linkage unit, and they
presumably fulfill similar functions during the bacterial cell cycle
(Xia et al., 2010; Brown et al., 2013). Some SCWPs are modified
with pyruvate ketal groups, which endows them to serve as a cell

wall ligand for SLH domains present in various Gram-positive
bacterial cell surface proteins; among those and most abundant,
the S-layer proteins which self-assemble into 2-dimensional
crystalline arrays on the bacterial cell surface (Sleytr et al., 2010).
Intriguingly, this pyruvate ketal modification is, in all investigated
cases, present on a f-D-ManNAc residue (Sara, 2001). The 4,6-
Pyr-p-D-ManNAc epitope might be more prevalent in SCWPs
than is currently anticipated, since a frequently applied strategy
for SCWP isolation is its cleavage from peptidoglycan with
48% hydrofluoric acid, which is known to liberate acid-labile
pyruvate-ketal groups (Schiffer and Messner, 2017).

In P. alvei, the SCWP consists of pyruvylated [—3)-
B-D-ManpNAc-(1—4)-B-D-GlcpNAc-(1—] disaccharide repeats
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Figure 5 | Stacked expansion plot of the 600 MHz "H NMR spectrum recording the in situ deuterium exchange reaction of PEP in the presence of CsaB and
UDP-ManNAc. Reaction times were 0.5, 2.6, 12, and 14 h. Formation of monodeuterated species is indicated by arrows in the spectrum recorded after 0.5 h
reaction time as well as the assignment of the non-deuterated protons in PEP (marked in red color).

(Schaffer and Messner, 2005; Janesch et al, 2013a). The
SCWP repeats of B. anthracis (Mesnage et al., 2000; Forsberg
et al, 2012) and B. cereus strains (Choudhury et al., 2006;
Forsberg et al., 2011) as analyzed from hydrofluoric acid-
treated material are extensions of the disaccharide motif by one
a-D-GIcNAc residue yielding [—4)-p-D-ManpNAc-(1—4)-p-D-
GlcpNAc-(1—6)-a-D-GlcpNAc-(1—] and include additional
non-stoichiometric galactosyl (Chateau et al., 2018) and acetyl
modifications; in these SCWPs, exclusively the non-reducing-
end B-D-ManNAc residue carries a 4,6-linked pyruvate ketal
modification.

Given that SCWPs comprise a large fraction of the
Gram-positive cell wall - where approximately every fourth
N-acetylmuramic acid residue of the peptidoglycan backbone is
modified with an SCWP (Schiffer et al., 2000), understanding
how these polymers are made and, especially, how the pyruvate
ketal modification is elaborated, are necessary steps in exploring
their potential as antimicrobial targets. For studying SCWP
biosynthesis, P. alvei is an ideal model organism, since we have
exact knowledge of its SCWP structure (Schiffer et al., 2000) and
prediction of a genomic SCWP biosynthesis gene locus (Zarschler
etal., 2010), which makes a chemo-enzymatic approach feasible.

Pyruvylated SCWPs fall into the category of anionic cell wall
glycopolymers - to which also wall teichoic and lipoteichoic acids
belong - the presence of which seems to be essential for the Gram-
positive cell wall (Chapot-Chartier and Kulakauskas, 2014). This

is substantiated by the failure to create a viable knock-out mutant
of the tagO gene predictably encoding the initiation enzyme
of SCWP biosynthesis, in both B. anthracis (Lunderberg et al.,
2015; Oh et al., 2017) and P. alvei (Fiona F. Hager and Christina
Schiffer, unpublished data); in both of these bacteria, the SCWP
is the only known anionic cell wall glycopolymer. In contrast,
for B. subtilis, a viable tagO knock-out mutant affecting wall
teichoic acid biosynthesis could be obtained; albeit, this mutant
experienced morphological changes and was unable to colonize
host tissue (D’Elia et al., 2006a). Remarkably, the creation of a
B. subtilis mutant with simultaneous deficiency in wall teichoic
acid and lipoteichoic acid was lethal, probably due to complete
charge depletion of the cell wall (D’Elia et al., 2006a).

We have obtained evidence that the principle of TagO and
TagA catalyzed formation of a undecaprenylpyrophosphate-
linked ManNAc-GlcNAc disaccharide as known from teichoic
acid biosynthesis (Brown et al., 2013) is also valid for SCWP
biosynthesis, supporting bioinformatic predictions (Zarschler
et al., 2010; Oh et al,, 2017). In the current study, this picture
is even extended by shedding light on the pyruvylation step,
using the P. alvei SCWP biosynthesis enzymes TagA and CsaB
in conjunction with MnaA and a GIcNAc-PP-UndPh precursor.
We succeeded in producing in a multi-enzyme in vitro assay
a complete, pyruvylated, lipid-linked SCWP repeat precursor
derivative, thereby obtaining insight into the biochemical basis
of CsaB activity. Earlier we proposed that the P. alvei genome
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harbors a dedicated SCWP biosynthesis gene locus. Here, we
show that csaB (PAV_RS07425), tagA (PAV_RS07420), and tagO
(PAV_RS07415) are indeed linked as one transcriptional unit
(Figure 1B), which makes their concerted action a likely scenario;
the mnaA gene (PAV_RS07610) is located elsewhere on the
genome. The UDP-GIcNAc-2-epimerase MnaA was included
in our biosynthetic in vitro study, since in vivo, UDP-GIcNAc
epimerization is a necessary prerequisite for provision of the
UDP-ManNAc donor substrate to TagA. For each of these genes,
a single copy was identified in the P. alvei genome.

Despite its indispensability for assembling the cell wall
of many Gram-positive bacteria, the pyruvylation reaction
to obtain the 4,6-Pyr-f-D-ManNAc epitope has not been
biochemically investigated, thus far. This might be due to
the lack of available substrates for in vitro studies of the
predicted pyruvyltransferase CsaB, and missing knowledge of
the biosynthetic stage of pyruvylation. In an initial in situ
NMR measurement of recombinant P. alvei CsaB together
with PEP, interaction of the enzyme and PEP could be
observed (Figure 4), confirming PEP as donor substrate for
pyruvylation. Searching for an appropriate acceptor candidate,
notably, pyruvyltransfer could not be detected with synthetic
pNP-B-ManNAc (kindly provided by Stephen Withers; Fiona F.
Hager, unpublished data) mimicking the disaccharide linkage,
nor with synthetic UDP-ManNAc, although a nucleotide binding

site is predicted for CsaB based on its amino acid sequence
(Fiona F. Hager, Arturo Lopez-Guzmadn, Christina Schiffer,
unpublished data). These findings let us conclude that either
a longer SCWP building block, or a lipid-linked precursor
was needed. Since more likely from a biosynthetic perspective
and supported by the current model of SCWP biosynthesis
in B. anthracis, where non-stoichiometric modifications of
the repeats would occur at the lipid-linked stage (Missiakas
and Schneewind, 2017), we decided for the latter option
and set up a stepwise enzymatic cascade to reach our target
molecule.

An in vitro enzymatic assay using recombinant UDP-
ManNAc:GlcNAc-lipid  transferase TagA in combination
with a synthetic 11-phenoxyundecyl-diphosphoryl-a-GlcNAc
(GlcNAc-PP-UndPh, Scheme 1, compound 3) acceptor (with
the undecyl moiety mimicking the natural undecaprenyl carrier
lipid) and chemically synthesized UDP-ManNAc or UDP-
ManNAc produced by MnaA catalysis as donor resulting in
a ManNAc-GIcNAc-PP-UndPh product species (Scheme 1,
compound 4), was established. Importantly, in a co-incubation
assay of MnaA and TagA, apparently enough UDP-GIcNAc was
epimerized for subsequent Tag A-catalyzed ManNAc transfer
to produce compound 4. While TagA is a predicted cytosolic
protein, fluorescence microscopy studies with a TagA-GFP
chimera showed its localization near the cytoplasmic membrane
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supporting the necessity of a lipid tail on the acceptor substrate;
further, the TagA-GFP chimera was shown to accumulate at
cellular septation sites underlining its activity in cell wall
metabolism (Fiona F. Hager, Christina Schiffer unpublished
data). It is very likely that in the native host, the TagA reaction
is preceded by a TagO reaction initiating SCWP biosynthesis
by transferring GIcNAc-phosphate to an undecaprenylphosphate
carrier lipid (Weidenmaier et al., 2004; D’Elia et al., 2006b).

With compound 4 (Scheme 1) in hands we had a suitable
acceptor substrate for the pyruvyl transfer reaction to generate
the pyruvylated, lipid-linked disaccharide repeat precursor
constituting the P. alvei SCWP. The product was fully elucidated
by NMR analysis providing the first functional proof of a
bacterial pyruvyltransferase in vitro. Altogether, our data suggests
a mechanism where pyruvylation occurs most likely at the stage
of the lipid-linked disaccharide. Currently, it is still unclear,
if polymerization of the complete SCWP chain occurs in the
cytoplasm prior to export followed by, predictably, LytR-CpsA-
Psr family ligase-mediated (Kawai et al., 2011; Zilla et al,
2015; Schaefer et al, 2017) linkage to the Cé6-hydroxyl of
MurNAc in the glycan strands of peptidoglycan. While during
biosynthesis of wall teichoic biosynthesis, polymerization occurs
at a single lipid-carrier (Xia and Peschel, 2008; Kawai et al,
2011; Chan et al, 2013), this scenario is questionable in
the case of SCWP biosynthesis of P. alvei, where we have
shown in vitro that the disaccharide lipid-carrier serves as a
substrate for CsaB (this study). Alternatives, as known from
LPS biosynthesis pathways (Raetz and Whitfield, 2002) would
be the assembly of individually synthesized pyruvylated repeats
and step-wise transfer of repeats to the non-reducing end
of a lipid-linked primer or, polymerization after export. The
requirement of a lipid carrier for pyruvyltransferase activity
is supported by studies of the pyruvyltransferase WcfO from
the capsular polysaccharide A biosynthesis gene cluster of
B. fragilis. There, according to MS evidence, the enzyme is
active on an undecaprenyl-pyrophosphate-linked disaccharide
for producing a PvGal residue prior to final assembly of
the capsular polysaccharide A tetrasaccharide repeat precursor
(Sharma et al., 2017).

Another scenario is known from polyribitol wall teichoic acid
biosynthesis in S. aureus and B. subtilis. It involves a primase,
TagB, which attaches a single glycerol-phosphate (GroP) unit
to the non-reducing end of the lipid-linked GlcNAc-ManNAc
disaccharide platform (Brown et al., 2008). Following assembly
of the disaccharide linkage unit, the pathway for polyribitol
wall teichoic acid requires the enzymes TarF, TarK, and TarL to
complete the polymeric main chain (Lazarevic et al., 2002). Once
polyribitol wall teichoic acid has been completed, still attached
to the undecaprenyl carrier lipid, it is flipped to the external
surface of the cytoplasmic membrane (Swoboda et al., 2010)
where it is linked to peptidoglycan involving a LytR-CpsA-Psr
(LCP) family ligase (Kawai et al., 2011; Zilla et al., 2015; Schaefer
etal., 2017).

Generally, polymerization of SCWP repeats and SCWP
ligation to peptidoglycan are remaining challenging open
questions in SCWP biosynthesis pathways. According
to a recent model of B. anthracis SCWP biosynthesis

(Missiakas and Schneewind, 2017; Oh et al, 2017), an
undecaprenyl-pyrophosphate linked GlcNAc-GlcNAc-ManNAc
trisaccharide repeat would be preassembled in a cytoplasmic,
TagO and TagAl/-2 catalyzed reaction followed by membrane
flipping involving the multidrug and toxin extrusion-like protein
Bas5279. At the outer surface of the cytoplasmic membrane, the
lipid-bound SCWP would be ligated onto murein linkage units
and the final polymer would be attached to peptidoglycan by a
LytR-CpsA-Psr ligase. The newly identified WpaA and WpaB
proteins are anticipated to be involved in both polymerization
and ligation reactions, however, without experimental evidence
of activity. These proteins are categorized as Pfam protein family
PF13425, which belongs to clan CL0499 that also encompasses
Wzy (polymerases) and WaaL (ligases) proteins involved in
bacterial polysaccharide biosynthesis, such as LPS (Raetz and
Whitfield, 2002). Depletion of either protein was shown to
affect vegetative growth, cell shape, and S-layer assembly,
supportive of a role of these proteins in B. anthracis cell wall
metabolism (Oh et al., 2017). Strikingly, the B. anthracis SCWP
biosynthesis model does not take into account the pyruvylation
reaction.

We provided the first functional proof of a bacterial
pyruvyltransferase CsaB by a stepwise enzymatic synthesis of
the required acceptor substrate, taking the structurally defined
SCWP of P. alvei as a model system. In a one pot reaction
applying a reaction cascade of UDP-GIcNAc epimerization
and ManNAc transfer, a lipid-pyrophosphate linked ManNAc-
GlcNAc disaccharide species was generated whereon CsaB-
catalyzed pyruvyl transfer was executed. This is a key step in
deciphering the biosynthesis of pyruvylated SCWPs as found not
only in our model organism but also in Gram-positive pathogens,
where due to the essentiality of the SCWP, the mechanistic
characterization of the involved enzymes may reveal possible
antimicrobial targets.

AUTHOR CONTRIBUTIONS

FH, PK, and CS conceived and designed the experiments. FH,
MP, SK, and AL-G performed the experiments and developed
methodology. FH, SK, MB, MP, PK, and CS analyzed the data.
SK and IB contributed reagents, materials, and analysis tools.
FH, PK, and CS wrote the manuscript. All authors revised and
approved the manuscript.

FUNDING

Funding was provided by the Austrian Science Fund FWF Project
P27374-B22 (to CS) and the Ph.D. Program “Biomolecular
Technology of Proteins” W1224.

ACKNOWLEDGMENTS

The authors would like to thank Prof. Stephen G. Withers
(University of British Columbia, Vancouver, BC, Canada)
for provision of pNP-B-ManNAc, Prof. Walter A. Szarek

Frontiers in Microbiology | www.frontiersin.org

June 2018 | Volume 9 | Article 1356


https://www.frontiersin.org/journals/microbiology/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/microbiology#articles

Hager et al.

In Vitro Study of a Bacterial Pyruvyltransferase

(Queen’s University, Kingston, ON, Canada) for synthesis of
the 11-phenoxyundecyl-diphosphoryl-a-GlcNAc acceptor, Dr.
Andreas Hofinger-Horvath (Universitat fiir Bodenkultur Wien)
for NMR recordings, and Sebastian Loftler for help with the
characterization of the UDP-GIcNAc-2-epimerase.

REFERENCES

Archibald, A. R, Hancock, I. C., and Harwood, C. R. (1993). “Cell wall structure,
synthesis and turnover,” in Bacillus subtilis and Other Gram-Positive Bacteria,
eds A. Sonenshein, J. A. Hoch, and R. Losick (Washington, DC: ASM Press),
381-410.

Bax, A., and Summers, M. F. (1986). Proton and carbon-13 assignments from
sensitivity-enhanced detection of heteronuclear multiple-bond connectivity by
2D multiple quantum NMR. J. Am. Chem. Soc. 108, 2093-2094. doi: 10.1021/
ja00268a061

Blume, A. (2003). Expression and Functional Characterisation of the Key Enzyme of
the Sialic acid Biosynthesis, UDP-GIcNAc 2-Epimerase/ManNAc Kinase. Berlin:
Freie Universitit of Berlin.

Bradford, M. M. (1976). A rapid and sensitive method for the quantitation of
microgram quantities of protein utilizing the principle of protein-dye binding.
Anal. Biochem. 72, 248-254. doi: 10.1016/0003-2697(76)90527-3

Brown, S., Meredith, T., Swoboda, J., and Walker, S. (2010). Staphylococcus aureus
and Bacillus subtilis W23 make polyribitol wall teichoic acids using different
enzymatic pathways. Chem. Biol. 17, 1101-1110. doi: 10.1016/j.chembiol.2010.
07.017

Brown, S., Santa Maria, J. P., and Walker, S. (2013). Wall teichoic acids of Gram-
positive bacteria. Annu. Rev. Microbiol. 67, 313-336. doi: 10.1146/annurev-
micro-092412-155620

Brown, S., Zhang, Y. H., and Walker, S. (2008). A revised pathway proposed
for Staphylococcus aureus wall teichoic acid biosynthesis based on in vitro
reconstitution of the intracellular steps. Chem. Biol. 15, 12-21. doi: 10.1016/].
chembiol.2007.11.011

Cava, F., De Pedro, M. A., Schwarz, H., Henne, A., and Berenguer, J. (2004).
Binding to pyruvylated compounds as an ancestral mechanism to anchor the
outer envelope in primitive bacteria. Mol. Microbiol. 52, 677-690. doi: 10.1111/
j.1365-2958.2004.04011.x

Chan, Y. G,, Frankel, M. B., Dengler, V., Schneewind, O., and Missiakas, D. (2013).
Staphylococcus aureus mutants lacking the LytR-CpsA-Psr family of enzymes
release cell wall teichoic acids into the extracellular medium. J. Bacteriol. 195,
4650-4659. doi: 10.1128/JB.00544-13

Chapot-Chartier, M. P., and Kulakauskas, S. (2014). Cell wall structure and
function in lactic acid bacteria. Microb. Cell Fact. 13(Suppl. 1):S9. doi: 10.1186/
1475-2859-13-51-S9

Chateau, A., Lunderberg, J. M., Oh, S. Y., Abshire, T., Friedlander, A., Quinn,
C. P, et al. (2018). Galactosylation of the secondary cell wall polysaccharide
of Bacillus anthracis and Its contribution to anthrax pathogenesis. J. Bacteriol.
200:00562-17. doi: 10.1128/JB.00562-17

Cheng, H. R, and Jiang, N. (2006). Extremely rapid extraction of DNA from
bacteria and yeasts. Biotechnol. Lett. 28, 55-59. doi: 10.1007/s10529-005-4688-z

Choudhury, B., Leoff, C,, Saile, E., Wilkins, P., Quinn, C. P., Kannenberg, E. L.,
et al. (2006). The structure of the major cell wall polysaccharide of Bacillus
anthracis is species-specific. J. Biol. Chem. 281, 27932-27941. doi: 10.1074/jbc.
M605768200

D’Elia, M. A., Henderson, J. A., Beveridge, T. J., Heinrichs, D. E., and Brown, E. D.
(2009). The N-acetylmannosamine transferase catalyzes the first committed
step of teichoic acid assembly in Bacillus subtilis and Staphylococcus aureus.
J. Bacteriol. 191, 4030-4034. doi: 10.1128/JB.00611-08

D’Elia, M. A., Millar, K. E., Beveridge, T. J., and Brown, E. D. (2006a). Wall teichoic
acid polymers are dispensable for cell viability in Bacillus subtilis. J. Bacteriol.
188, 8313-8316.

D’Elia, M. A,, Pereira, M. P., Chung, Y. S., Zhao, W., Chau, A., Kenney, T. ], et al.
(2006b). Lesions in teichoic acid biosynthesis in Staphylococcus aureus lead to
alethal gain of function in the otherwise dispensable pathway. J. Bacteriol. 188,
4183-4189.

Desvaux, M., Dumas, E., Chafsey, L., and Hébraud, M. (2006). Protein cell surface
display in Gram-positive bacteria: from single protein to macromolecular

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/fmicb.
2018.01356/full#supplementary-material

protein structure. FEMS Microbiol. Lett. 256, 1-15. doi: 10.1111/§.1574-6968.
2006.00122.x

Forsberg, L. S., Abshire, T. G., Friedlander, A., Quinn, C. P., Kannenberg, E. L.,
and Carlson, R. W. (2012). Localization and structural analysis of a conserved
pyruvylated epitope in Bacillus anthracis secondary cell wall polysaccharides
and characterization of the galactose-deficient wall polysaccharide from
avirulent B. anthracis CDC 684. Glycobiology 22, 1103-1117. doi: 10.1093/
glycob/cws080

Forsberg, L. S., Choudhury, B., Leoff, C., Marston, C. K., Hoffmaster, A. R., Saile, E.,
et al. (2011). Secondary cell wall polysaccharides from Bacillus cereus strains
(G9241, 03BB87 and 03BB102 causing fatal pneumonia share similar glycosyl
structures with the polysaccharides from Bacillus anthracis. Glycobiology 21,
934-948. doi: 10.1093/glycob/cwr026

Freese, S.]., and Vann, W. F. (1996). Synthesis of 2-acetamido-3-O-acetyl-2-deoxy-
d-mannose phosphoramidites. Carbohydr. Res. 281, 313-319. doi: 10.1016/
0008-6215(95)00345-2

Gemmill, T. R, and Trimble, R. B. (1996). Schizosaccharomyces pombe produces
novel pyruvate-containing N-linked oligosaccharides. J. Biol. Chem. 271,
259452594-259452599. doi: 10.1074/jbc.271.42.25945

Ginsberg, C., Zhang, Y. H., Yuan, Y., and Walker, S. (2006). In vitro reconstitution
of two essential steps in wall teichoic acid biosynthesis. ACS Chem. Biol. 1,
25-28. doi: 10.1021/cb0500041

Higuchi, Y., Yoshinaga, S., Yoritsune, K., Tateno, H., Hirabayashi, J., Nakakita, S.,
etal. (2016). A rationally engineered yeast pyruvyltransferase Pvglp introduces
sialylation-like properties in neo-human-type complex oligosaccharide. Sci.
Rep. 6:26349. doi: 10.1038/srep26349

IIk, N., Kosma, P., Puchberger, M., Egelseer, E. M., Mayer, H. F., Sleytr, U. B., et al.
(1999). Structural and functional analyses of the secondary cell wall polymer
of Bacillus sphaericus CCM 2177 that serves as an S-layer-specific anchor.
J. Bacteriol. 181, 7643-7646.

Janesch, B., Koerdt, A., Messner, P., and Schiffer, C. (2013a). The S-layer
homology domain-containing protein SIhA from Paenibacillus alvei CCM
2051T is important for swarming and biofilm formation. PLoS One 8:€76566.
doi: 10.1371/journal.pone.0076566

Janesch, B., Messner, P., and Schiffer, C. (2013b). Are the surface layer homology
domains essential for cell surface display and glycosylation of the S-layer protein
from Paenibacillus alvei CCM 2051T? J. Bacteriol. 195, 565-575. doi: 10.1128/
JB.01487-12

Jansson, P. E., Lindberg, J., and Widmalm, G. (1993). Syntheses and NMR-studies
of Pyruvic acid 4,6-acetals of some methyl hexopyranosides. Acta Chem. Scand.
47,711-715. doi: 10.3891/acta.chem.scand.47-0711

Kawai, Y., Marles-Wright, J., Cleverley, R. M., Emmins, R. Ishikawa, S.,
Kuwano, M., et al. (2011). A widespread family of bacterial cell wall assembly
proteins. EMBO J. 30, 4931-4941. doi: 10.1038/embo0j.2011.358

Kern, J., Ryan, C,, Faull, K., and Schneewind, O. (2010). Bacillus anthracis surface-
layer proteins assemble by binding to the secondary cell wall polysaccharide in
a manner that requires csaB and tagO. J. Mol. Biol. 401, 757-775. doi: 10.1016/j.
jmb.2010.06.059

Laemmli, U. K. (1970). Cleavage of structural proteins during the assembly of the
head of bacteriophage T4. Nature 227, 680-685. doi: 10.1038/227680a0

Lazarevic, V., Abellan, F. X., Moller, S. B., Karamata, D., and Mauel, C. (2002).
Comparison of ribitol and glycerol teichoic acid genes in Bacillus subtilis
W23 and 168: identical function, similar divergent organization, but different
regulation. Microbiology 148, 815-824. doi: 10.1099/00221287-148-3-815

Lee, S. Y., Choi, J. H., and Xu, Z. (2003). Microbial cell-surface display. Trends
Biotechnol. 21, 45-52. doi: 10.1016/S0167-7799(02)00006-9

Lunderberg, J. M., Zilla, M. L., Missiakas, D., and Schneewind, O. (2015). Bacillus
anthracis tagO is required for vegetative growth and secondary cell wall
polysaccharide synthesis. J. Bacteriol. 197, 3511-3520. doi: 10.1128/JB.00494-15

Mann, P. A, Miller, A, Wolff, K. A., Fischmann, T., Wang, H., Reed, P.,
et al. (2016). Chemical genetic analysis and functional characterization of

Frontiers in Microbiology | www.frontiersin.org

June 2018 | Volume 9 | Article 1356


https://www.frontiersin.org/articles/10.3389/fmicb.2018.01356/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fmicb.2018.01356/full#supplementary-material
https://doi.org/10.1021/ja00268a061
https://doi.org/10.1021/ja00268a061
https://doi.org/10.1016/0003-2697(76)90527-3
https://doi.org/10.1016/j.chembiol.2010.07.017
https://doi.org/10.1016/j.chembiol.2010.07.017
https://doi.org/10.1146/annurev-micro-092412-155620
https://doi.org/10.1146/annurev-micro-092412-155620
https://doi.org/10.1016/j.chembiol.2007.11.011
https://doi.org/10.1016/j.chembiol.2007.11.011
https://doi.org/10.1111/j.1365-2958.2004.04011.x
https://doi.org/10.1111/j.1365-2958.2004.04011.x
https://doi.org/10.1128/JB.00544-13
https://doi.org/10.1186/1475-2859-13-S1-S9
https://doi.org/10.1186/1475-2859-13-S1-S9
https://doi.org/10.1128/JB.00562-17
https://doi.org/10.1007/s10529-005-4688-z
https://doi.org/10.1074/jbc.M605768200
https://doi.org/10.1074/jbc.M605768200
https://doi.org/10.1128/JB.00611-08
https://doi.org/10.1111/j.1574-6968.2006.00122.x
https://doi.org/10.1111/j.1574-6968.2006.00122.x
https://doi.org/10.1093/glycob/cws080
https://doi.org/10.1093/glycob/cws080
https://doi.org/10.1093/glycob/cwr026
https://doi.org/10.1016/0008-6215(95)00345-2
https://doi.org/10.1016/0008-6215(95)00345-2
https://doi.org/10.1074/jbc.271.42.25945
https://doi.org/10.1021/cb0500041
https://doi.org/10.1038/srep26349
https://doi.org/10.1371/journal.pone.0076566
https://doi.org/10.1128/JB.01487-12
https://doi.org/10.1128/JB.01487-12
https://doi.org/10.3891/acta.chem.scand.47-0711
https://doi.org/10.1038/emboj.2011.358
https://doi.org/10.1016/j.jmb.2010.06.059
https://doi.org/10.1016/j.jmb.2010.06.059
https://doi.org/10.1038/227680a0
https://doi.org/10.1099/00221287-148-3-815
https://doi.org/10.1016/S0167-7799(02)00006-9
https://doi.org/10.1128/JB.00494-15
https://www.frontiersin.org/journals/microbiology/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/microbiology#articles

Hager et al.

In Vitro Study of a Bacterial Pyruvyltransferase

Staphylococcal wall teichoic acid 2-epimerases reveals unconventional antibiotic
drug targets. PLoS Pathog. 12:e1005585. doi: 10.1371/journal.ppat.1005585

Marchler-Bauer, A., Derbyshire, M. K., Gonzales, N. R, Lu, S. N, Chitsaz, F., Geer,
L. Y., etal. (2015). CDD: NCBI’s conserved domain database. Nucleic Acids Res.
43, D222-D226. doi: 10.1093/nar/gkul221

May, A., Pusztahelyi, T., Hoffmann, N., Fischer, R.-J., and Bahl, H. (2006).
Mutagenesis of conserved charged amino acids in SLH domains of
Thermoanaerobacterium thermosulfurigenes EM1 affects attachment to cell wall
sacculi. Arch. Microbiol. 185, 263-269. doi: 10.1007/500203-006-0092-x

Mesnage, S., Fontaine, T., Mignot, T., Delepierre, M., Mock, M., and Fouet, A.
(2000). Bacterial SLH domain proteins are non-covalently anchored to the cell
surface via a conserved mechanism involving wall polysaccharide pyruvylation.
EMBO J. 19, 4473-4484. doi: 10.1093/emboj/19.17.4473

Messner, P., Egelseer, E. M., Sleytr, U. B., and Schiffer, C. (2009). “Bacterial
surface layer glycoproteins and “non-classical” secondary cell wall polymers,” in
Microbial Glycobiology: Structures, Relevance and Applications, eds A. P. Moran,
P.J. Brennan, O. Holst, and M. Von Itzstein (San Diego, CA: Academic Press),
109-128.

Missiakas, D., and Schneewind, O. (2017). Assembly and Function of the Bacillus
anthracis S-Layer. Annu. Rev. Microbiol. 71, 79-98. doi: 10.1146/annurev-
micro-090816-093512

Morgan, P. M,, Sala, R. F., and Tanner, M. E. (1997). Eliminations in the reactions
catalyzed by UDP-N-acetylglucosamine 2-epimerase. J. Am. Chem. Soc. 119,
10269-10277. doi: 10.1021/ja971718q

Murkin, A. S, Chou, W. K, Wakarchuk, W. W, and Tanner, M. E.
(2004). Identification and mechanism of a bacterial hydrolyzing UDP-N-
acetylglucosamine 2-epimerase. Biochemistry 43, 14290-14298. doi: 10.1021/
bi048606d

Oh, S. Y., Lunderberg, J. M., Chateau, A., Schneewind, O., and Missiakas, D.
(2017). Genes required for Bacillus anthracis secondary cell wall polysaccharide
synthesis. J. Bacteriol. 199:e00613-16. doi: 10.1128/]B.00613-16

Raetz, C. R, and Whitfield, C. (2002). Lipopolysaccharide endotoxins. Annu. Rev.
Biochem. 71, 635-700. doi: 10.1146/annurev.biochem.71.110601.135414

Rajagopal, M., and Walker, S. (2017). Envelope structures of Gram-positive
bacteria. Curr. Top. Microbiol. Immunol. 404, 1-44. doi: 10.1007/82_2015_5021

Riley, J. G., Menggad, M., Montoya-Peleaz, P. J., Szarek, W. A., Marolda, C. L.,
Valvano, M. A, et al. (2005). The wbbD gene of E. coli strain VW187 (O7:K1)
encodes a UDP-Gal: GlcNAca-pyrophosphate-R B1,3-galactosyltransferase
involved in the biosynthesis of O7-specific lipopolysaccharide. Glycobiology 15,
605-613. doi: 10.1093/glycob/cwi038

Samuel, J., and Tanner, M. E. (2002). Mechanistic aspects of enzymatic
carbohydrate epimerization. Nat. Prod. Rep. 19, 261-277. doi: 10.1039/b1004921

Séra, M. (2001). Conserved anchoring mechanisms between crystalline cell surface
S-layer proteins and secondary cell wall polymers in Gram-positive bacteria?
Trends Microbiol. 9, 47-49; discussion 49-50. doi: 10.1016/S0966-842X(00)
01905-3

Schade, J., and Weidenmaier, C. (2016). Cell wall glycopolymers of Firmicutes
and their role as nonprotein adhesins. FEMS Microbiol. Lett. 590, 3758-3771.
doi: 10.1002/1873-3468.12288

Schaefer, K., Matano, L. M., Qiao, Y., Kahne, D., and Walker, S. (2017). In vitro
reconstitution demonstrates the cell wall ligase activity of LCP proteins. Nat.
Chem. Biol. 13, 396-401. doi: 10.1038/nchembio.2302

Schiffer, C., and Messner, P. (2005). The structure of secondary cell wall polymers:
how Gram-positive bacteria stick their cell walls together. Microbiology 151,
643-651. doi: 10.1099/mic.0.27749-0

Schiffer, C., and Messner, P. (2017). Emerging facets of prokaryotic glycosylation.
FEMS Microbiol. Rev. 41, 49-91. doi: 10.1093/femsre/fuw036

Schiffer, C., Miiller, N., Mandal, P. K., Christian, R., Zayni, S., and Messner, P.
(2000). A pyrophosphate bridge links the pyruvate-containing secondary cell
wall polymer of Paenibacillus alvei CCM 2051 to muramic acid. Glycoconj. J.
17, 681-690. doi: 10.1023/A:1011062302889

Schleucher, J., Schwendinger, M., Sattler, M., Schmidt, P., Schedletzky, O.,
Glaser, S. J., et al. (1994). A general enhancement scheme in heteronuclear
multidimensional NMR employing pulsed field gradients. J. Biomol. NMR 4,
301-306. doi: 10.1007/BF00175254

Sharma, S., Erickson, K. M., and Troutman, J. M. (2017). Complete tetrasaccharide
repeat unit biosynthesis of the immunomodulatory Bacteroides fragilis capsular
polysaccharide A. ACS Chem. Biol. 12, 92-101. doi: 10.1021/acschembio.
6b00931

Sleytr, U. B., Egelseer, E. M., Ik, N., Messner, P., Schiffer, C., Pum, D., et al.
(2010). “Nanobiotechnological applications of S-layers,” in Prokaryotic Cell
Wall Compounds - Structure and Biochemistry, eds H. Konig, H. Claus,
and A. Varma (Berlin: Springer-Verlag), 459-481. doi: 10.1007/978-3-642-
05062-6_16

Stahl, E., and Kaltenbach, U. (1961). Diinnschicht-Chromatographie: VI
Mitteilung. Spurenanalyse von Zuckergemischen auf Kieselgur G-Schichten.
J. Chromatogr. 5, 351-355. doi: 10.1016/S0021-9673(01)92868-7

Swoboda, J. G., Campbell, J., Meredith, T. C., and Walker, S. (2010). Wall
teichoic acid function, biosynthesis, and inhibition. Chembiochem 11, 35-45.
doi: 10.1002/cbic.200900557

van Sorge, N. M., Cole, J. N, Kuipers, K., Henningham, A., Aziz, R. K., Kasirer-
Friede, A., et al. (2014). The classical lancefield antigen of group a Streptococcus
is a virulence determinant with implications for vaccine design. Cell Host
Microbe 15, 729-740. doi: 10.1016/j.chom.2014.05.009

Wang, S., Czuchry, D., Liu, B., Vinnikova, A. N, Gao, Y., Vlahakis, J. Z., et al.
(2014). Characterization of Two UDP-Gal: GalNAc-diphosphate-lipid b 1,3-
galactosyltransferases WbwC from Escherichia coli serotypes 0104 and O5.
J. Bacteriol. 196, 3122-3133. doi: 10.1128/JB.01698-14

Wang, Y. T., Oh, S. Y., Hendrickx, A. P., Lunderberg, J. M., and Schneewind, O.
(2013). Bacillus cereus G9241 S-layer assembly contributes to the pathogenesis
of anthrax-like disease in mice. J. Bacteriol. 195, 596-605. doi: 10.1128/]B.
02005-12

Weidenmaier, C., Kokai-Kun, J. F., Kristian, S. A., Chanturiya, T., Kalbacher, H.,
Gross, M., et al. (2004). Role of teichoic acids in Staphylococcus aureus nasal
colonization, a major risk factor in nosocomial infections. Nat. Med. 10,
243-245. doi: 10.1038/nm991

Xia, G., Kohler, T., and Peschel, A. (2010). The wall teichoic acid and lipoteichoic
acid polymers of Staphylococcus aureus. Int. J. Med. Microbiol. 300, 148-154.
doi: 10.1016/j.ijmm.2009.10.001

Xia, G., and Peschel, A. (2008). Toward the pathway of S. aureus WTA biosynthesis.
Chem. Biol. 15, 95-96. doi: 10.1016/j.chembiol.2008.02.005

Xu, C, Liu, B, Hu, B, Han, Y., Feng, L, Allingham, J. S, et al. (2011).
Biochemical characterization of UDP-Gal:GlcNAc-pyrophosphate-lipid beta-
1,4-galactosyltransferase WfeD, a new enzyme from Shigella boydii type 14 that
catalyzes the second step in O-antigen repeating-unit synthesis. J. Bacteriol. 193,
449-459. doi: 10.1128/JB.00737-10

Yamazaki, T., Warren, C. D., Herscovics, A., and Jeanloz, R. W. (1980). Convenient
synthesis of uridine 5’-2-acetamido-2-deoxy-a-D-mannopyranosyluronic acid
pyrophosphate. Carbohydr. Res. 79, C9-Cl12.

Yoritsune, K., Matsuzawa, T., Ohashi, T., and Takegawa, K. (2013). The fission
yeast Pvglp has galactose-specific pyruvyltransferase activity. FEBS Lett. 587,
917-921. doi: 10.1016/j.febslet.2013.02.016

Zarschler, K., Janesch, B., Kainz, B., Ristl, R., Messner, P., and Schiffer, C.
(2010). Cell surface display of chimeric glycoproteins via the S-layer of
Paenibacillus alvei. Carbohydr. Res. 345, 1422-1431. doi: 10.1016/j.carres.2010.
04.010

Zhang, Y. H., Ginsberg, C., Yuan, Y., and Walker, S. (2006). Acceptor substrate
selectivity and kinetic mechanism of Bacillus subtilis TagA. Biochemistry 45,
10895-10904. doi: 10.1021/bi060872z

Zilla, M. L., Chan, Y. G. Y., Lunderberg, J. M., Schneewind, O., and Missiakas, D.
(2015). LytR-CpsA-Psr enzymes as determinants of Bacillus anthracis secondary
cell wall polysaccharide assembly. J. Bacteriol. 197, 343-353. doi: 10.1128/JB.
02364-14

Zolghadr, B., Gasselhuber, B., Windwarder, M., Pabst, M., Kracher, D., Kerndl, M.,
et al. (2015). UDP-sulfoquinovose formation by Sulfolobus acidocaldarius.
Extremophiles 19, 451-467. doi: 10.1007/s00792-015-0730-9

Conflict of Interest Statement: The authors declare that the research was
conducted in the absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

Copyright © 2018 Hager, Lépez-Guzmdn, Krauter, Blaukopf, Polter, Brockhausen,
Kosma and Schiffer. This is an open-access article distributed under the terms
of the Creative Commons Attribution License (CC BY). The use, distribution or
reproduction in other forums is permitted, provided the original author(s) and the
copyright owner are credited and that the original publication in this journal is cited,
in accordance with accepted academic practice. No use, distribution or reproduction
is permitted which does not comply with these terms.

Frontiers in Microbiology | www.frontiersin.org

June 2018 | Volume 9 | Article 1356


https://doi.org/10.1371/journal.ppat.1005585
https://doi.org/10.1093/nar/gku1221
https://doi.org/10.1007/s00203-006-0092-x
https://doi.org/10.1093/emboj/19.17.4473
https://doi.org/10.1146/annurev-micro-090816-093512
https://doi.org/10.1146/annurev-micro-090816-093512
https://doi.org/10.1021/ja971718q
https://doi.org/10.1021/bi048606d
https://doi.org/10.1021/bi048606d
https://doi.org/10.1128/JB.00613-16
https://doi.org/10.1146/annurev.biochem.71.110601.135414
https://doi.org/10.1007/82_2015_5021
https://doi.org/10.1093/glycob/cwi038
https://doi.org/10.1039/b100492l
https://doi.org/10.1016/S0966-842X(00)01905-3
https://doi.org/10.1016/S0966-842X(00)01905-3
https://doi.org/10.1002/1873-3468.12288
https://doi.org/10.1038/nchembio.2302
https://doi.org/10.1099/mic.0.27749-0
https://doi.org/10.1093/femsre/fuw036
https://doi.org/10.1023/A:1011062302889
https://doi.org/10.1007/BF00175254
https://doi.org/10.1021/acschembio.6b00931
https://doi.org/10.1021/acschembio.6b00931
https://doi.org/10.1007/978-3-642-05062-6_16
https://doi.org/10.1007/978-3-642-05062-6_16
https://doi.org/10.1016/S0021-9673(01)92868-7
https://doi.org/10.1002/cbic.200900557
https://doi.org/10.1016/j.chom.2014.05.009
https://doi.org/10.1128/JB.01698-14
https://doi.org/10.1128/JB.02005-12
https://doi.org/10.1128/JB.02005-12
https://doi.org/10.1038/nm991
https://doi.org/10.1016/j.ijmm.2009.10.001
https://doi.org/10.1016/j.chembiol.2008.02.005
https://doi.org/10.1128/JB.00737-10
https://doi.org/10.1016/j.febslet.2013.02.016
https://doi.org/10.1016/j.carres.2010.04.010
https://doi.org/10.1016/j.carres.2010.04.010
https://doi.org/10.1021/bi060872z
https://doi.org/10.1128/JB.02364-14
https://doi.org/10.1128/JB.02364-14
https://doi.org/10.1007/s00792-015-0730-9
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/microbiology/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/microbiology#articles

	Functional Characterization of Enzymatic Steps Involved in Pyruvylation of Bacterial Secondary Cell Wall Polymer Fragments
	Introduction
	Materials and Methods
	Bacterial Strains and Culture Conditions
	RNA Purification and Reverse Transcription-PCR
	DNA Techniques and Plasmid Construction
	Heterologous Overexpression and Purification of Recombinant Enzymes
	Protein Analytical Methods
	Chemical Synthesis of UDP-α-D-ManNAc
	Enzymatic Synthesis of UDP-α-D-ManNAc Using P. alvei UDP-GlcNAc Epimerase MnaA
	Sep-Pak Purification of Enzyme Products
	LC-ESI-MS of Purified Enzyme Products
	NMR Spectroscopy of Enzyme Products
	TagA in Vitro Activity Assay
	Coupled MnaA/TagA in Vitro Activity Assay
	Determination of a Donor Substrate for Pyruvyltransfer by CsaB
	Enzymatic One-Pot Reaction for the in Vitro Reconstitution of a Complete SCWP Repeat

	Results
	Transcription Analysis of csaB, tagA, and tagO Encoded in the P. alvei SCWP Biosynthesis Locus
	Overexpression and Purification of Recombinant mnaA, tagA, and csaB
	Chemical Synthesis of UDP-α-D-ManNAc
	Recombinant P. alvei MnaA Shows UDP-GlcNAc-2-Epimerase Activity
	Recombinant P. alvei TagA Shows UDP-ManNAc:GlcNAc-Pyrophosphate-R Transferase Activity
	Recombinant CsaB Shows Interaction With PEP but No Pyruvyl Transfer to Free UDP-ManNAc
	Choice of an Appropriate Acceptor Substrate Enables CsaB-Mediated Pyruvyl Transfer in Vitro

	Discussion
	Author Contributions
	Funding
	Acknowledgments
	Supplementary Material
	References


