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Abstract

Derivatives of 3-amino-3,6-dideoxyhexoses are widespread in Nature. They are part of the
repeating units of lipopolysaccharide O-antigens, of the glycan moiety of S-layer (bacterial cell
surface layer) glycoproteins and also of many antibiotics. In the present study, we focused on the
elucidation of the biosynthesis pathway of dTDP-a-o-Quip3NAc (dTDP-3-acetamido-3,6-
dideoxy-a-o-glucose) from the Gram-positive, anaerobic, thermophilic organism
Thermoanaerobacterium thermosaccharolyticum E207-71, which carries Quip3NAc in its S-layer
glycan. The biosynthesis of dTDP-a-o-Quip3NAc involves five enzymes, namely a transferase, a
dehydratase, an isomerase, a transaminase and a transacetylase, and follows a pathway similar to
that of dTDP-a-o-Fucp3NAc (dTDP-3-acetamido-3,6-dideoxy-a-o-galactose) biosynthesis in
Aneurinibacillus thermoaerophilus L420-917. The ORFs (open reading frames) of interest were
cloned, overexpressed in Escherichia coli and purified. To elucidate the enzymatic cascade, the
different products were purified by HPLC and characterized by NMR spectroscopy. The initiating
reactions catalysed by the glucose-1-phosphate thymidylyltransferase RmlA and the dTDP-o-
glucose-4,6-dehydratase RmIB are well established. The subsequent isomerase was shown to be
capable of forming a dTDP-3-0x0-6-deoxy-o-glucose intermediate from the RmIB product
dTDP-4-o0x0-6-deoxy-o-glucose, whereas the isomerase involved in the dTDP-a-o-Fucp3NAc
pathway synthesizes dTDP-3-0x0-6-deoxy-o-galactose. The subsequent reaction steps of either
pathway involve a transaminase and a transacetylase, leading to the specific production of
nucleotide-activated 3-acetamido-3,6-dideoxy-a-o-glucose and 3-acetamido-3,6-dideoxy-a-o-
galactose respectively. Sequence comparison of the ORFs responsible for the biosynthesis of
dTDP-a->-Quip3NAc revealed homologues in Gram-negative as well as in antibiotic-producing
Gram-positive bacteria. There is strong evidence that the elucidated biosynthesis pathway may
also be valid for LPS (lipopolysaccharide) O-antigen structures and antibiotic precursors.
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INTRODUCTION

S-layer (bacterial cell surface layer) proteins frequently constitute the outermost cell
envelope of archaea and bacteria, and many of them are glycosylated. Typically, bacterial S-
layer glycoproteins consist of a long heteropolymeric glycan chain composed of individual
repeating units and of a short oligosaccharide core, making them structurally similar to the
O-antigens of LPS (lipopolysaccharide) (for a review, see [1]). The assembly of the sugar
chains of LPS is quite well characterized [2], whereas the biosynthesis of S-layer
glycoproteins remains still to be explored in detail. Several reports have shown that the
biosynthesis pathways of nucleotide-activated sugar precursors follow identical routes, both
in Gram-positive and Gram-negative organisms [3-5]. The genetic information of S-layer
glycan biosynthesis is organized in slg (S-layer glycosylation) gene clusters [6].
Thermoanaerobacterium thermosaccharolyticum E207-71 is a Gram-positive, anaerobic,
thermopbhilic organism. It possesses a glycosylated S-layer protein with hexasaccharide
repeating units consisting of o-glucose, o-galactopyranose, o-galactofuranose, o--mannose, .-
rhamnose and a-o-Quip3NAc (3-acetamido-3,6-dideoxy-a-o-glucose) [7]. Among the
biosynthesis pathways of nucleotide sugar precursors required for the biosynthesis of the T.
thermosaccharolyticum E207-71 S-layer glycan, the reaction sequences leading to TDP-.-
rhamnose [8], UDP-o-Galp [9] and UDP-o-Galf [10] are well described in the literature. The
biosynthetic route for dTDP-a-0-Quip3NAC, in contrast, is still unknown. o-Quip3NAc and
other 3-amino-substituted sugars, such as o-Fucp3NAc (3-acetamido-3,6-dideoxy-a-o-
galactose), have already been identified as part of LPS O-antigens of several Gram-negative
organisms [11-14]. Only for o-Fucp3NAc occurring in the Aneurinibacillus
thermoaerophilus L420-917 S-layer glycan, the biosynthetic route has been elucidated so far
[15].

Perelle et al. [16] identified the gene cluster responsible for the biosynthesis of the O-antigen
in Escherichia coli 091, which contains a modified o-Quip3N among other sugar residues.
These authors identified a gene that may possibly code for an isomerase catalysing the
conversion of dTDP-4-0x0-6-deoxy-o-glucose into dTDP-3-0x0-6-deoxy-o-glucose.
However, neither biochemical experiments nor complementation experiments with knockout
mutants have been performed to demonstrate the proposed protein function. Derivatives of
o-Quip3N have been described not only as components of S-layer glycoproteins and LPS O-
antigens, but also as important biosynthetic precursors of o-desosamine and o.-mycaminose
[17], both being sugar residues that are frequently found in antibiotics. Among these 3-
amino-6-deoxy-sugar-containing antibiotics are erythromycin [18], oleandomycin [19,20]
and tylosin [21]. There are several reports on the biosynthesis of the respective sugar
precursors. For instance, in Streptomyces fradiae, which produces the antibiotic tylosin, a
3,4-oxoisomerase was found [22]. The biosynthesis of nucleotide-activated o-mycaminose
follows a similar pathway to that described for o-Fucp3NAc and as postulated for o-
Quip3NAc, starting from glucose-1-phosphate. This compound is converted by RmlA- and
RmIB-homologous enzymes into dTDP-4-ox0-6-deoxy-o-glucose, which is the substrate for
the 3,4-isomerase. The produced 3-0x0-6-deoxy sugar is subsequently aminated and
methylated. Recently, the 3,4-isomerase of S. fradiae was characterized as a dTDP-4-0x0-6-
deoxy-o-glucose-3,4-oxoisomerase (designated Tylla) [23]. A comparable pathway is also
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proposed for the biosynthesis of dTDP-o-desosamine. The putative isomerase involved is
designated OleP1 and belongs to the cytochrome P450 mono-oxygenase family [19]. The
occurrence of o-Quip3N derivatives as part of macrolide antibiotics and the presence of
similar isomerases in organisms that produce these antibiotics illustrate the importance of
the elucidation of the biosynthesis pathway of dTDP-a-o-Quip3N. The implication of these
studies for the development of novel antibiotics was demonstrated recently. Replacement of
the dTDP-4-0x0-6-deoxy-o-glucose-3,4-oxoisomerase (Tyl1a) activity with FdtA from A.
thermoaerophilus L420-91T, synthesizing non-naturally occurring dTDP-4-epi-o-
mycaminose, resulted in the formation of a derivative of the macrolide antibiotic tylosin
[24].

In the present study, we show that the biosynthesis of dTDP-a-o-Quip3NAc follows a
similar pathway to that described for dTDP-a-o-Fucp3NAC [15]. This pathway starts from
glucose 1-phosphate, representing a compound available from the general sugar metabolism.
Glucose 1-phosphate is activated by the glucose 1-phosphate thymidylyltransferase RmlA to
form dTDP-o-glucose and dehydrated by the dTDP-o-glucose-4,6-dehydratase RmIB to form
dTDP-4-0x0-6-deoxy-o-glucose. Both proteins are key enzymes in the biosynthetic pathway
of dTDP-£-.-rhamnose [8]. We could demonstrate that the isomerases of A.
thermoaerophilus L420-91T and T. thermosaccharolyticum E207-71 use the same precursor
— dTDP-4-0x0-6-deoxy-o-glucose — but the synthesized reaction products are dTDP-3-
0x0-6-deoxy-o-hexose epimers that are further processed by subsequent amination and
acetylation reactions.

EXPERIMENTAL

Materials

-Glutamate and acetyl-CoA were obtained from Sigma (Vienna, Austria) and dTDP-o-
glucose was from Fluka (Buchs, Switzerland). GSTrap, HiTrap Chelating, MonoQ HR5/5
and Sephadex G-10 were purchased from Amersham Biosciences (Uppsala, Sweden). For
RP-HPLC (reversed-phase HPLC) analysis, a Nucleosil 120-3C18 column (Macherey-
Nagel, Dlren, Germany) was obtained from ARC (Seibersdorf, Austria). All primers used in
the present study were synthesized by Invitrogen (Lofer, Austria). GSH and imidazole were
obtained from ICN Chemicals (Eschwege, Germany).

Bacterial strains and culture conditions

T. thermosaccharolyticum E207-71 was grown under anaerobic conditions in S-medium at
60°C [7]. E. coli DH5a (Invitrogen) was used for cloning purposes. Enzyme overexpression
was performed in E. coli BL21(DE3). For selective growth, ampicillin (Sigma) and
kanamycin (Invitrogen) were used at a concentration of 100 and 50 pg/ml respectively.

DNA manipulations, DNA sequencing, PCR and gene identification

Standard DNA manipulation procedures were performed using the methods described by
Sambrook and Russell [25]. To identify the genes involved in dTDP---Quip3NAc
biosynthesis on the chromosome of T. thermosaccharolyticum E207-71, PCR with
degenerate primers was performed (Table 1). Primer design was based on sequence
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comparison of known transaminases of organisms containing isomerase-like enzymes. For
further sequencing, chromosome walking [15] and inverse PCR [25] were used. The
obtained PCR products were purified by agarose gel elution (Qiagen, Hilden, Germany) and
sequenced (AGOWA, Berlin, Germany). PCR was performed using a PCR Sprint
thermocycler from Hybaid (Ashford, Kent, U.K.). The nucleotide sequences were analysed
with the sequence analysis program OMIGA™ (Accelrys, Unterhaching-Minchen,
Germany). Homology searches and sequence alignments were performed with the BLAST
tool at NCBI (National Center for Biotechnology Information) [26] and Multalign [27]
respectively.

Cloning, overexpression and purification of the ORFs (open reading frames) of interest

To characterize the newly identified enzymes QdtA, QdtB and QdtC, they were cloned and
overexpressed in E. coli. To clone the ORFs, the Gateway "™ system from Invitrogen was
used. Briefly, the genes of interest were amplified by PCR with primers containing defined
nucleotide sequences at their ends (Table 1) in order to allow insertion into the vectors. For
qdtA and qdtB, pDest17 vectors containing a Hisg tag and, for qdtC, pDest15 vector
containing a GST (glutathione transferase) tag were used. E. coli BL21(DE3) was used as
expression host. Cells carrying the plasmids were grown in 0.7 litre culture volumes of LB
(Luria—Bertani) medium containing 50 pg/ml ampicillin at 37°C. At an attenuance at 600 nm
(Dggo) of 0.6, the cells were induced for expression with 1 mM IPTG (isopropy! f-o-
thiogalactoside) for 3 h. The cells were harvested, washed and resuspended in 10 ml of 20
mM phosphate buffer (pH 7.4). To lyse the cells, ultrasonication on ice was performed and
cell debris was removed by ultracentrifugation at 331000 g for 45 min. Protein purification
was performed as recommended by the manufacturer, by using HiTrap chelating columns
with bound Ni2* ions for Hisg-tagged proteins or GSTrap columns for GST-tagged proteins.
Protein-containing fractions were pooled and concentrated with Ultrafree-MC centrifugal
devices (cut-off 10 kDa; Millipore, Vienna, Austria). The protein concentrations were
adjusted to 1 mg/ml and DTT (dithiothreitol) and glycerol were added as stabilizers to a
final concentration of 1 mM and 20% respectively. The purity of the enzymes was checked
by SDS/PAGE [28] and the protein content was determined by the method of Bradford [29],
using the Bio-Rad protein assay (Bio-Rad, Vienna, Austria).

Enzyme assays and substrate synthesis

dTDP-4-0x0-6-deoxy-o-glucose 111, which is the substrate of the isomerase QdtA, and
dTDP-o-Fucp3N V111, for the incubation with the transacetylase QdtC, were obtained in
milligram amounts as described previously [15]. Standard assays contained 50 nmol of the
nucleotide-activated sugar and 5 nmol of enzyme and were performed in 50 mM K,;HPO,
buffer (pH 7.4) with 5 mM MgCl,. Mixtures for the transamination and transacetylation
reactions additionally contained 50 nmol of .-glutamate, 5 nmol of pyridoxal phosphate and
50 nmol of acetyl-CoA respectively. The assays were performed at 37°C for 30 min. The
reaction products were analysed by RP-HPLC with 0.5 M NaH,PO4 (pH 6.0) as the mobile
phase at a flow rate of 0.6 ml/min and monitored by UV detection at 254 nm [30]. Large-
scale purification as required for NMR analysis was performed by RP-HPLC using 0.2 M
triethylammonium acetate, pH 6.0, as the eluent.
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To investigate the substrate specificity of the isomerase QdtA and the transaminase QdtB,
and due to the impossibility to isolate the 3-oxo substrate 1V, cross-incubations of these
enzymes with the corresponding enzymes from the dTDP-o-Fucp3NAc pathway were
performed. In detail, the isomerase FdtA from A. thermoaerophilus L420-91T was incubated
with QdtB, the transaminase from the dTDP-»-Quip3NAc pathway of T.
thermosaccharolyticum E207-71. The reaction mixtures contained the same cofactors and
co-substrates as described above for the single incubations.

NMR analysis

Spectra were recorded at 300 K at 300.13 MHz for 1H and at 75.47 MHz for 13C with a
Bruker AVANCE 300 spectrometer equipped with a 5 mm QNP (quadrupole nuclear
probehead) with z-gradients. Data acquisition and processing were performed with the
standard XWINNMR software (Bruker). 1H spectra were referenced to internal 2,2-
dimethyl-2-silapentane-5-sulfonic acid (5= 0) and 13C spectra were referenced externally to
1,4-dioxane (5= 67.40). 1H/13C HMQC (heteronuclear single quantum correlation) spectra
were recorded in the phase-sensitive mode using TPPI (time-proportional phase increments)
and pulsed field gradients for coherence selection. Spectra resulted from a 256 x 4096 data
matrix, with 1800 or 800 scans per t; value respectively. For in situ experiments of the
isomerase reaction, samples containing dTDP-4-0x0-6-deoxy-o-glucose 111 (dTDP-6-deoxy-
o-xylo-hex-4-ulose; 9 mg) in 20 mM K,HPO,4 buffer (in 0.6 ml of 2H,0, pD 7.4) were
prepared and kept at 318 K. After adding QdtA (0.113 mg) or FdtA (0.1 mg) respectively
and mixing in the NMR vial, NMR measurements were immediately started and recorded at
distinct time intervals.

RESULTS AND DISCUSSION

Identification of the dTDP-a.-o-Quip3NACc gene locus

Based on protein homology of the isomerase FdtA involved in the biosynthesis of dTDP-a-
o-Fucp3NAc in A. thermoaerophilus L420-91T [15] and the proposed isomerase involved in
dTDP->-Quip3NAC biosynthesis in E. coli 091 [16], it is conceivable that both nucleotide-
sugar pathways follow similar routes. The crucial step of either pathway is the transition of
the 4-oxo educt, dTDP-4-0x0-6-deoxy-o-glucose 111, into a 3-oxo product, dTDP-3-0x0-6-
deoxy-o-hexose 1V, which is catalysed by a 3,4-oxoisomerase. Thus an isomerase similar to
that involved in the biosynthesis of dTDP-a-o-Fucp3NAc was very likely to be present in
the dTDP-a-0-Quip3NAC biosynthesis pathway of T. thermosaccharolyticum E207-71. To
obtain entry into the chromosomal locus encoding the isomerization event, several
aminotransferases of different organisms, which are located in close proximity to the
respective 3,4-oxoisomerase on the chromosome, were aligned. Especially the amino acid
composition of the hypothetical pyridoxal-phosphate-binding site seemed to be a typical
feature of the compared transaminases. Based on the amino acid sequence next to the N-
terminus (EGDVI) and the C-terminus (DELQAA) of the compared enzymes, two
degenerate primers (wQdtB_forl and wQdtB_rev1) were designed. A PCR fragment of 450
bp was amplified using DNA from T. thermosaccharolyticum E207-71 as a template, whose
sequence revealed an incomplete ORF, similar to that encoding FdtB of the dTDP-a-o-
Fucp3NAc pathway. Further sequencing starting from this fragment by chromosome
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walking and inverse PCR revealed the complete ORF for QdtB and, in addition, the
presence of the genes encoding an isomerase and a transacetylase upstream of qdtB (Figure
1). The rml genes, which are responsible for the biosynthesis of dTDP-/.-rhamnose as well
as the 4-oxo precursor 111 of dTDP-a---Quip3NAc, were identified downstream of qdtB.
Between the clustered genes encoding the enzymes of either nucleotide-sugar biosynthesis
pathway, an ORF coding for a Wzx homologous protein, possibly involved in
polysaccharide export, was found. In summary, sequencing experiments revealed a genetic
locus that contains eight ORFs (Figure 1). It can be assumed that this 7000-bp sequence
represents a partial slg gene cluster of T. thermosaccharolyticum E207-71 (GenBank®
accession number AY422724). Following the nomenclature for dTDP-a-o-Fucp3NAc
biosynthesis [15], the identified genes, whose gene products are responsible for the
biosynthesis of dTDP-a-0o-Quip3NAc, were designated QdtA (dTDP-4-0xo0-6-deoxy-o-
glucose-3,4-oxoisomerase), QdtB (transaminase) and QdtC (transacetylase). In this
nomenclature, ‘Q’ stands for quinovosamine, ‘d’ for the o-configuration and ‘t” for the C-3
atom of the sugar ring.

Sequence comparison of QdtA with proteins from the database at NCBI revealed high
homology with more than 80 ORFs exhibiting pfam05523 domain (pfam05523: FdtA,
WxcM-like, C-terminal). This family includes FdtA from A. thermoaerophilus, which has
been characterized as a dTDP-6-deoxy-3,4-oxohexulose isomerase, and WxcM from
Xanthomonas campestris pv. campestris [31]. Some of these homologous proteins originate
from organisms that are known to synthesize derivatives of o-Quip3N and o-Fucp3N, such as
E. coli, X. campestris and A. thermoaerophilus. High similarity was observed with FdtA
from A. thermoaerophilus L420-917 [identity/similarity (%) 55/69, GenBank® accession
number AAO06351] and WhbsB from E. coli 091 (48/64, GenBank® accession number
AAKB0451). Biochemical data are available for FdtA that demonstrate that this enzyme
catalyses the formation of dTDP-3-0x0-6-deoxy-o-galactose V11 from the substrate dTDP-4-
0x0-6-deoxy-o-glucose 111. WhsB from E. coli 091, harbouring o-Quip3NAc residues in its
O-antigen, was identified by sequence comparison to be an isomerase [14]. Interestingly, S.
fradiae is known to be a producer of tylosin, which contains the 3-amino-6-deoxy sugar
residue o-mycaminose in its structure. While the QdtA-like enzyme Tylla was not annotated
in the original GenBank® submission [22], the in vitro activity of this enzyme was
demonstrated recently [23].

QdtB homologues are present in organisms that contain isomerase-like proteins. QdtB
shares highest homology with the transaminase FdtB from A. thermoaerophilus L420-917
(60/74, AAO06353). Among other enzymes presumably involved in the biosynthesis of
nucleotide-activated o-Quip3N and o-Fucp3N, the transaminases from the o-desosamine
(OleN2 47/67, AAD55458 and DesV 45/63, AAC68680) and o-mycaminose (TyIB 46/64)
biosynthesis pathways share high similarity with QdtB. All these enzymes are members of
the DegT/DnrJ/EryC1/StrS family of aminotransferases.

Alignment of QdtC with enzymes from the database revealed that this enzyme shows to
some extent homology to other known acetyltransferases, but almost no homology to
acetyltransferases catalysing the acetylation of 3-amino-6-deoxy sugar residues.

Biochem J. Author manuscript; available in PMC 2015 March 31.



s1duosnuBIA Joyiny sispund DN edoin3 ¢

s1dLIOSNUBIA JoLINY sispund DN 8doin3 ¢

Pfostl et al.

Page 7

Nevertheless, like all other aligned acetyltransferases, QdtC possesses a hexapeptide repeat
motif [32], which unambiguously identifies it as a transferase.

The rml genes of T. thermosaccharolyticum E207-71 responsible for the biosynthesis of
dTDP-#--rhamnose are highly homologous with the corresponding enzymes identified in
Clostridium acetobutylicum [33] and A. thermoaerophilus DSM 10155 [3], and occur in the
order rmIB, rmlA, rmID and rmiC.

Based on the genetic data obtained in the present study, we propose the biosynthetic
pathway for dTDP-a->-Quip3NAc VI as depicted in Figure 2.

Cloning of qdtA, qdtB and qdtC and overexpression of the encoded proteins of T.
thermosaccharolyticum E207-71 in E. coli

All enzymes involved in the biosynthesis of dTDP-a->-Quip3NAc were cloned with the
Gateway "™ system from Invitrogen. Prior to heterologous expression, the plasmids were
verified by nucleotide sequencing. In order to allow rapid and efficient purification, QdtA
and QdtB were expressed as Hisg-fusions and QdtC was expressed as a GST-tagged protein.
Since affinity chromatography resulted in enzymes of high purity, no further purification
steps were applied. According to the SDS/PAGE evidence, the molecular mass of the
enzymes QdtA, QdtB and QdtC of 18.6, 42.1 and 56.9 kDa respectively corresponded to the
masses predicted from the amino acid sequences (results not shown).

The isomerase QdtA forms dTDP-3-0x0-6-deoxy-»-glucose

BLAST search revealed the high similarity of QdtA to FdtA, which is the isomerase
involved in the biosynthesis of dTDP-a-o-Fucp3NAc I1X. Thus it was concluded that QdtA
may also act as an isomerase. The dTDP-4-0x0-6-deoxy-o-glucose 111 educt of this enzyme
is obtained by the sequential action of RmIA and RmIB. Initial experiments performed with
QdtA, QdtB and QdtC, acting on the required substrates and co-substrates, revealed a rather
fast conversion of dTDP-4-0x0-6-deoxy-o-glucose 111 into dTDP-a-o-Quip3NAc VI. In
contrast, experiments without addition of the isomerase to the reaction mixture showed only
poor yields of the final product dTDP-a-0-Quip3NAc V1. This observation is in agreement
with previously published data [15] and clearly shows the necessity of QdtA in the pathway.
Conversion of the 4-oxo substrate 111 into the 3-oxo product 1V was initially monitored by
RP-HPLC. The elution profile showed a similar chromatographic pattern to that described
for the FdtA-catalysed reaction, implicating that this method was not suitable for the
separation of educt and product due to chemical similarities of the substances (Figure 3).

To verify the function of the enzyme, online-NMR monitoring of the enzymatic reaction
was applied. Although highest enzyme activities were obtained between 60 and 65°C
(results not shown), the direct conversion of dTDP-4-0x0-6-deoxy-o-glucose 111 into the 3-
oxo product IV by the action of QdtA was studied by NMR measurements recorded at 45°C
in order to obtain detectable quantities of the isomerization product and to prevent its
degradation. Formation and increase of a new anomeric signal at 5.87 p.p.m. (3JH_1'H_2 =
4.3, 3\]H_1’p, = 7.1 Hz) was observed within 10 min and reached a maximum signal intensity
of ~25% after ~3 h. The signal of H-1 was correlated with a solvent-hidden signal of H-2 at
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4.65 p.p.m. by a COSY experiment lending support to the formation of a oxo group at C-3,
thus causing the observed downfield shift of H-2. Due to concomitant degradation of the
material, a full spectral assignment of the 3-oxo intermediate 1V was not possible. The
spectral characteristics, however, are in agreement with those of the reaction product
reported for a Tylla-catalysed conversion of 111 [23] and with the NMR data published for
dTDP-3-0x0-6-deoxy-a-o-galactose V11 (dTDP-6-deoxy-o-ribo-hex-3-ulose), obtained from
a reversed transamination reaction [34] and prepared via a non-enzymatic conversion of the
substrate [35]. For comparison, a control experiment without the addition of enzyme was
performed, which revealed the formation and increase of the new anomeric 1H signal within
30 min to a maximum of ~5% of the mixture, followed by a subsequent decrease in its
signal intensity and appearance of signals arising from degradation of the sample (Figure 4).
Due to inherent instability of the 3-oxo intermediate, direct conversion was not attempted.

QdtB aminates the 3-oxo-6-deoxy-gluco-epimer forming dTDP-a.->-Quip3N

The formation of dTDP-a-0-Quip3N V was observed in a combined reaction of QdtB with
the isomerase QdtA and, in another reaction, without the isomerase. In an assay containing
the isomerase, quantitative turnover of the dTDP-4-0x0-6-deoxy-o-glucose 111 substrate was
obtained over a time period of 30 min at 37°C. However, also without addition of QdtA a
turnover of approx. 25% was observed after 12 h of incubation. These results are in
agreement with previous data from the biosynthesis of dTDP-o-Fucp3NAc IX, where the
transaminase FdtB was able to convert dTDP-4-0x0-6-deoxy-o-glucose 111 directly into
dTDP-o-Fucp3N VIII (over 36 h) [15]. Obviously, over a certain time span, both
transaminases, QdtB and FdtB, are capable of synthesizing the respective 3-aminated 6-
deoxy sugar product V and V111 without the involvement of an isomerase.

To investigate the specificity of QdtB, enzyme assays were also performed with the
substrate V11 for the transaminase FdtB, formed by the isomerase FdtA from the dTDP-a-o-
Fucp3NACc biosynthesis pathway. Incubations were done at 37°C for 3 h and the reaction
products were monitored by RP-HPLC. Inspection of the HPLC chromatograms showed that
QdtB has a clear preference for the substrate provided by the isomerase QdtA from T.
thermosaccharolyticum E207-71. The amination of the 3-oxo-gluco-epimer 1V is approx. 3
times more efficient than that of the 3-oxo-galacto-epimer VII.

The introduction of the 3-amino-group into the product of the enzymatic reaction was
clearly visible in the 300 MHz 'H NMR spectrum of V. The spectrum revealed two upfield-
shifted triplets for H-3 and H-4 respectively, with large values of the vicinal coupling
constants and with H-3 being correlated to a nitrogen-bearing carbon occurring at 56.04
p.p.m. (Table 2).

Acetylation is catalysed by QdtC

QdtC turned out to be responsible for the transfer of the acetyl group from acetyl-CoA to
dTDP-a-0-Quip3N V. dTDP-a-o-Quip3NAc VI obtained in this reaction was purified by
RP-HPLC (Figure 3D) and further analysed by NMR spectroscopy. The product V1 of the
N-acetylation reaction (Figure 4) displayed signals of an N-acetyl group at 2.05 p.p.m./22.45
p.p.m. for the 1H- and 13C NMR signals of the methyl group and a substantial downfield
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shift of the proton signal of H-3 (Table 2). In addition, small downfield shifts were observed
for the neighbouring carbons. Signals of the pyranose unit were in good agreement with the

data for a terminal a-o-Quip3NAC unit observed in an O-antigenic bacterial polysaccharide

[36].

The substrate specificity of the transacetylase QdtC was determined by incubating the
enzyme also with dTDP-a-o-Fucp3N VII1. According to the chromatographic profile, the
transacetylation reaction catalysed by QdtC turned out to be bifunctional, acetylating both
epimers, dTDP-a-0-Quip3N V and dTDP-a-o-Fucp3N VIII. Interestingly, alignment of
QdtC from T. thermosaccharolyticum E207-71 and FdtC from A. thermoaerophilus
L420-91T revealed that their amino acid sequences are not highly homologous.

Conclusions

Biosynthesis of dTDP-a-0-Quip3NAc and dTDP-a-o-Fucp3NAc follows similar pathways.
The crucial reaction of either pathway is the conversion of dTDP-4-o0x0-6-deoxy-o-glucose
into the respective dTDP-3-0x0-6-deoxy-o-hexose epimer by the 3,4-oxoisomerases QdtA
and FdtA respectively. In a previous report, it was shown that FdtA is able to provide a 3-
oxo substrate in the galacto-configuration at C-4 [15]. In the present study, we could show
that QdtA forms a similar sugar residue, but retains the gluco-configuration at C-4. The
transition of the 4-oxo group into the 3-oxo group is the crucial event for a component to be
recognized as a substrate for the transaminases (QdtB and FdtB), followed by the last step of
the cascade, the acetylation by the transacetylases (QdtC and FdtC).

Only recently, Davis et al. [37] have elucidated the X-ray structure of FdtA. These authors
have determined the active site of the enzyme to be built by conserved His*® and His®!
residues. The third His% of the active site is supposed to be specific for 3,4-oxoisomerases,
which convert the configuration at C-4. Furthermore, they speculate that His% is replaced
by an arginine residue in 3,4-oxoisomerases with function being retained. All of these
relevant amino acids can be found in the QdtA sequence (Figure 5).
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RP-HPLC reversed-phase HPLC
S-layer bacterial cell surface layer
dg S-layer glycosylation
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Figure 1. Chromosomal organization of the genes encoding dTDP-a-o-Quip3NAc and dTDP-£-.-
rhamnose biosynthesis in T. thermosaccharolyticum E207-71 (partial slg gene cluster; GenBank®
accession number AY422724)
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Figure 2. Comparison of the biosynthesis pathways for dTDP-a-o-Quip3NAc and dTDP-a-o-

Fucp3NAc

(1) o-Glucose-1-phosphate; (11) dTDP-o-glucose; (111) dTDP-4-0x0-6-deoxy-o-glucose; (1V)
dTDP-3-0x0-6-deoxy-o-glucose; (V) dTDP-0-Quip3N; (V1) dTDP->-Quip3NAgc; (VII)
dTDP-3-0x0-6-deoxy-o-galactose; (V111) dTDP-o-Fucp3N, (1X) dTDP-o-Fucp3NAc. RmIA,
glucose-1-phosphate thymidylyltransferase; RmIB, dTDP-»-glucose 4,6-dehydratase; QdtA,
dTDP-4-0x0-6-deoxy-o-glucose-3,4-oxoisomerase; QdtB, dTDP-3-0x0-6-deoxy-o-glucose

aminase; QdtC, dTDP---Quip3N acetylase; FdtA, dTDP-4-oxo0-6-deoxy-o-glucose-3,4-
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oxoisomerase; FdtB, dTDP-3-0x0-6-deoxy-o-galactose aminase; FdtC, dTDP-o-Fucp3N
acetylase.
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Figure 3. HPLC analysis of the products of the enzymatic reactions catalysed by QdtA, QdtB

and QdtC

(A) dTDP-glucose 11; (B) dTDP-4-0xo0-6-deoxy-o-glucose 111, synthesized from Il by
RmIB; (C) dTDP-5-Quip3N V, synthesized from I11 by sequential action of QdtA and QdtB;
(D) dTDP-0-Quip3NAc VI, final reaction product of the concerted action of RmIB, QdtA,
QdtB and QdtC using Il as substrate. The numbers used for designation of enzymatic
products are identical with those used in Figure 2.
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Figure 4. 300 MHz IHNMR spectrum of dTDP-Quip(3)NAc VI recorded at 300 K in 2HZO
The signal at 3.7 p.p.m. (indicated by an arrow) corresponds to residual Tris buffer; the

signal at ~7.4 p.p.m. (indicated by an arrow) is due to residual imidazole.
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QdtA l ~--memeeeee- MLYNVALIKFKDIADKYGHLTPIEGKIDIPFDIKRVYY
FdtA l ~e-ccccceencn- MENKVINFKKIIDSRGSLVAIEENKNIPFSIKRVYY
Tylla 1 MAASTTTEGNVGRIKACRLITLEQHNDERGSLSVVEPENAVGFTVRRVYY
Clustal Cons. sk, *, 0k * S RS el
)

QdtA 39 ITKVDKDITRGYHAHKKLHOVLICLNGSVKIRLKIPDEEKIIELNDPSVG
FdtA 37 IFDTKGEEPRGFHAHKKLEQVLVCLNGSCRVILDDGNIIQEITLDSPAVG
Tylla 51 LHDLQAGTWRGGHAHRSLEQLIIAVHGSFRLTIDDGFRRTDHLLDRPGIG
Clustal Cons. 3o e Rk kkk. ok kooo otk oo By ok ok
QdtA 89 LYIGPFLWREMFDFTEGCVLLVLASEYCDETDYIRNYD-FYIDEAKKRF -
FdtA 87 LYVGPAVWHEMHDFSSDCVMMVLASDYYDETDYIRQYDNFKKYIAKINLE
Tylla 101 MYIGPMVWRDLSEFSPGAVCLVLASGHYDESDYHRDYDEFLRAGRSHP- -
Clustal Cons. phokk koo gk |k ckkdkk o kk kR ko kk X

Qdta ---
FdtA 136 KEG
Tylla ---

Figure 5. Amino acid sequence alignment of T. thermosaccharolyticum E207-71 QdtA, A.
mammwnmmmLMGmTFmAmmSjmmmTwm

The amino acids of the active site are in boldface letters and the characteristic signature
sequence is highlighted in grey. The positions of the conserved histidine residues (His*® and
His®L in FdtA) are indicated by black dots. Note that His®® (indicated by a grey dot) in FdtA
is an arginine residue in QdtA and in Tylla.
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Table 1
Strains, primers and vectors used in the present study
Description Source
Strains
T. thermosaccharolyticum E207-71  Wild-type strain
A. thermoaerophilus L420-917 Wild-type strain
E. coli DH5a fs;ﬁfﬁ'\fiﬁﬂg; f;(ﬁii[gF) U169 recAl endAl hsdR17 (r~, m*) phoA Invitrogen
E. coli BL21(DE3) [F~ ompT hsdSg (rg~ mg~) gal dem (DE3)] Invitrogen
Primers
wQdtB_forl GARGGNGAYGARGTNAT
wQdtB_revl GCNGCYTGNARYTCRTC
gQdtA_forl GCATTTTGTATAACGTTGCGTTAATA
gQdtA_revl TTCATTTTTGCACTCTCTCC
gQdtB_forl GCATGAAAATATCATTTGCAAGCT
gQdtB_revl GCTAATAACACTTCCTAATCCG
gQdtC_forl GCATGCCAAATAATATTTCTAAAAGTG
gQdtC_revl CGTTATACAAAATTCTTCCCCC
Vectors
pBCKS 11 Chromosome walking Stratagene
pDonr201 Cloning vector Invitrogen
pDest15 Expression vector (GST tag) Invitrogen
pDest17 Expression vector (His tag) Invitrogen
gFdtAl5 FdtA in pDest15 [15]
gFdtB17 FdtB in pDest17 [15]
gFdtC15 FdtC in pDest15 [15]
gQdtA QdtA in pDonr201 The present study
gQdtB QdtB in pDonr201 The present study
gQdtC QdtC in pDonr201 The present study
gQdtA17 QdtA in pDest17 The present study
gQdtB17 QdtB in pDest17 The present study
gQdtC15 QdtC in pDest15 The present study
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NMR spectroscopic data” of dTDP-a->-Quip3N V and of dTDP-a-o-Quip3NAc VI

Table 2

\Y Wi
Atom  H@ppm) I [Bhed (H2) BC(ppm) Hppm) I [Pred (H2) 23C (p.p.m.)
1 5.58 3.5/[7.4] 95.00 5.56 3.4/[7.0] 95.32
o 3.78 [3.4] 6957  3.60 [3.0] 70.85
3" 3.42 10.0 56.04 4.04 105 54.62
47 3.35 9.2 72.01 3.17 9.8 74.28
5” 4.01 6.4 69.73 4.02 6.2 70.39
6” 1.28 - 17.16 1.26 - 17.12
NH(Ac) 205 2245
1 6.34 7.0 85.83 6.33 7.2 85.65
23’12’ 2.39/2.35 7.0 39.38 2.39/2.34 7.2 38.92
3 4.62 ndt 71.79 4.63 n.d. 71.94
4 4.17 n.d. 86.03 4.18 n.d. 86.06
5a’/5'b 4.17/4.15 n.d. 66.27 417 n.d. 66.09
2 152.55 n.d.
4 167.38 n.d.
5 112.53 n.d.
6 7.72 n.d. 138.15 7.72 1.2 138.37
Me 1.92 - 12.44 1.92 - 12.01

*
Spectra were recorded at 300 K for solutions in 2H20 atpD 7.4.

Tn.d., not determined.
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