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Co-factor prosthesis facilitates biosynthesis
of azido-pseudaminic acid probes for use as
glycosyltransferase reporters†

Tessa Keenan, a Harriet S. Chidwick,a Matthew Best,a Emily K. P. Flack,ab

Nicholas D. J. Yates,a Natasha E. Hatton,a Matthew E. Warnesa and
Martin A. Fascione *a

Truncated thioester N,S-diacetylcysteamine (SNAc) was utilised as a

co-factor mimic for PseH, an acetyl-coA dependent aminoglycoside

N-acetyltransferase, in the biosynthesis of the bacterial sugar, pseu-

daminic acid. Additionally, an azido-SNAc analogue was used to

smuggle N7-azide functionality into the pseudaminic acid backbone,

facilitating its use as a reporter of pseudaminyltransferase activity.

5,7-Diacetyl pseudaminic acid (Pse5Ac7Ac, 1) and its analogues
are rare non-mammalian sugars belonging to the nonulosonic
acid family, a group of nine-carbon a-keto-acid sugars that are
widely distributed in nature and found in diverse cell-surface
glycoconjugates.1 Pse glycans are particularly prevalent in
pathogenic bacterial species, including Campylobacter jejuni,2

Helicobacter pylori,3,4 Shigella boydii,5 Aeromonas caviae and
multidrug resistant ESKAPE pathogens Pseudomonas aeruginosa
and Acinetobacter baumannii.6–10 They are also recognised as
virulence factors and are essential for correct flagellar assembly
and motility in some bacteria,2,4,11 as well as playing a role in
immune evasion.12 There is therefore a vital need to under-
stand the biosynthesis of Pse derivatives and how they are
incorporated into cell-surface glycoconjugates. Although signif-
icant progress has been made in understanding the biosynth-
esis of CMP-Pse5Ac7Ac 7 (Fig. 1A), the nucleotide activated
form of the parent sugar that is the substrate for glycosyltrans-
ferases (GTs), the discovery and characterisation of GT enzymes
that catalyse the incorporation of the sugar into glycoconjugates,13

termed ‘‘pseudaminyltransferases’’ (PseTs), has lagged behind.
This area of research has been hampered by requirement for
straightforward access to Pse-based chemical probes, as well as
sensitive and straightforward methods to screen for PseT activity.
Using metabolic glycan engineering, others have demonstrated

the ability to label Pse-containing glycans in bacteria using
chemical synthesis to access an ester-protected N5-azidoac-
etamide-functionalised Pse analogue,14 or a functionalised
intermediate in the Pse biosynthetic pathway, 6-deoxy-Alt-
NAc4NAz.15,16 To be incorporated into the cell-surface glycans,
these analogues would need to enter the Pse biosynthetic
pathway in vivo to produce CMP nucleotide activated forms of
the sugars, and then be processed by PseTs. In this study we
therefore explored whether similarly azido functionalised Pse
analogues could serve as bioorthogonal probes that would
facilitate preliminary in vitro screening of enzymes for PseT
activity, prior to time and resource intensive full characterisa-
tion of an enzyme and challenging scale up of the glycoside
forming reaction.

Fig. 1 (A) The biosynthetic pathway for CMP-Pse5Ac7Ac 7 reconstituted
in vitro. (B) Crystal structure of C. jejuni PseH (PDB 4XPL)17 in complex with
its co-factor acetyl-CoA 8 (ball and stick model, carbon-bright green,
oxygen-red, nitrogen-blue, sulfur-yellow, phosphorus-magenta) showing
hydrogen bonds (black dotted lines) between residues (stick model,
carbon-ice blue, oxygen-red, nitrogen-blue) and the pantetheine arm
and pyrophosphate group. The acetyl group of 8 is highlighted in a red
box. (C) Structural similarity between 8 and SNAc 9 (highlighted in blue).
(D) PseH co-factor prosthesis with 9 and CoA.
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In previous work we reconstituted a biosynthetic route for
the synthesis of CMP-Pse5Ac7Ac 7 in vitro, starting from
UDP-GlcNAc 2 and using enzymes from C. jejuni (PseBCHGI)
and A. caviae (PseF) (Fig. 1A).18 Additionally, we established a
method for co-factor regeneration using PseH, the third
enzyme in the biosynthetic pathway, demonstrating that the
natural co-factor acetyl coenzyme-A (Ac-CoA, 8) could be sub-
stituted for S-acetyl thiocholine iodide and coenzyme-A (CoA).
PseH is an aminoglycoside N-acetyltransferase that catalyses
acetyl transfer to C4 of UDP-4-amino-4,6-dideoxy-b-i-AltNAc 4,
and part of the GNAT enzyme superfamily which utilise 8 as a
co-factor.17,19 It has been proposed that the reactivity of the
acetyl transfer in these enzymes stems from the pantetheine
arm, and is largely unaffected by the distal parts of the Ac-CoA
structure.20 This is evident in the crystal structure of C. jejuni
PseH in complex with Ac-CoA, where three hydrogen bonds are
formed between the pantetheine arm and the surrounding
active site residues (Fig. 1B).17 Interestingly, there are examples
of CoA thioester utilising acetyltransferases that have shown
promiscuity towards truncated thioesters such as N,S-diacetyl
cysteamine (SNAc), facilitating the introduction of unnatural
functionality, in an approach we denominate ‘‘co-factor pros-
thesis’’.21–23 Considering this precedent and the similarity of
SNAc 9 to the pantetheine arm of 8 (Fig. 1C) and the positioning
of the co-factor in the PseH active site (Fig. 1B), we hypothe-
sised that SNAc 9 might serve as an alternative PseH co-factor
(Fig. 1D) and enable us to smuggle unnatural functionality into
Pse5Ac7Ac at the N7 position, via our reconstituted biosynthetic
pathway.

To investigate the utility of SNAc 9 in a co-factor prosthesis
approach for PseH catalysed acetylation, small-scale reactions
were assembled containing UDP-GlcNAc 2 (2 mM), PseB (5 mM)
and PseC (20 mM), as well as their associated co-factors.
Following PseBC product 4 formation, PseH (10 mM), SNAc 9
(5 mM) and Co-A (0.3 mM) were added and the samples were
analysed by negative ESI-LC-MS. A peak consistent with the
mass of the acetylated PseH product 5 ([M � H]� m/z 631) was
observed in the reaction and absent from the no SNAc control
(Fig. S1, ESI†), suggesting that 9 could indeed serve as a co-
factor for PseH. The utility of 9 was further demonstrated in the
one-pot biosynthesis of Pse5Ac7Ac 1 on a semi-preparative scale
starting from UDP-GlcNAc 2 (65 mg) with enzymes from
C. jejuni (PseBCHGI) and their associated co-factors. The use
of SNAc 9 as a PseH co-factor facilitated the isolation of 27 mg
of Pse5Ac7Ac 1 in a yield of 76%. Next, functionalised N-acetyl
cysteamines SNAc-N3 10 and SNAc-Alk 11 were investigated in
our in vitro biosynthetic pathway, as a route to accessing
Pse5Ac7N3 12 and Pse5Ac7Alk 13 (Fig. 2). In preliminary
experiments using SNAc-N3 10 in a one-pot biosynthesis start-
ing from UDP-GlcNAc 2 with C. jenuni PseBCHGI and the
associated co-factors, we observed PseBC product inhibition
(data not shown). Therefore, the biosynthesis was split into two
parts where PseBC reaction was allowed to proceed first to
afford 4 and then PseHGI and the associated co-factors, includ-
ing the functionalised SNAcs, were added second (Fig. 2A). In
reactions assembled with SNAc-N3 10, a peak consistent with

the mass of the desired product, Pse5Ac7N3 12 ([M � H]� m/z
374) was observed after analysis by negative ESI-LC-MS (Fig. 2B
and Fig. S2a, ESI†). In contrast, no Pse5Ac7Alk 13 product was
observed in reactions assembled with SNAc-Alk 11 (Fig. S2b,
ESI†). Additionally, there was no evidence of the alkyne-
functionalised PseH product ([M � H]� m/z 641) suggesting
that the biosynthesis had stalled at PseH. This may be attrib-
uted to the low solubility of SNAc-Alk 11 or a lack of conforma-
tional flexibility. Following the successful demonstration on a
reaction scale that SNAc-N3 10 could be used in co-factor pros-
thesis in our reconstituted biosynthetic pathway, Pse5Ac7N3 12
was then synthesised on a semi-preparative scale starting from
21 mg of UDP-GlcNAc 2. As in the small-scale reactions, the PseBC
reaction was carried out first. While it was possible to perform the
PseGHI reaction without purification of the PseBC product first,
we found that it was difficult to achieve pure Pse5Ac7N3 12 using
this strategy. Therefore, PseBC product 4 was first purified by
Biogel P2 column chromatography and then converted to
Pse5Ac7N3 12 using SNAc-N3 10, PseGHI and the associated co-
factors. Following a second Biogel P2 column purification, 3.9 mg
of Pse5Ac7N3 12 was isolated in an overall yield of 33%. Next, we
sought to demonstrate that Pse5Ac7N3 12 was a suitable substrate
for A. caviae PseF, a CMP-Pse5Ac7Ac synthetase, for the formation
of the activated glycosyl donor aCMP-Pse5Ac7N3 14.24 Pse5Ac7N3

12 was incubated with PseF in the presence of cytidine tripho-
sphate (CTP) and the formation of the desired crude product 14
was validated by negative ESI-LC-MS (Fig. 2C) and by NMR
following treatment with alkaline phosphatase (Fig. S5 and S6a,
ESI†). Notably, we observed some evidence of hydrolytic instability
of 14, as is a classic feature of many sugar nucleotides.25,26

However, calculation of the difference in chemical shift between
the H3ax and H3eq (Dppm H3eq–H3ax = 0.62 ppm) validated the
axially orientated O-CMP group (Fig. S5C, ESI†).27 Having unequi-
vocally confirmed turnover of 12 by PseF, we set out to demonstrate
the utility of aCMP-Pse5Ac7N3 14 as a bioorthogonal reporter of
PseT activity (Fig. 3). To limit potential CMP-donor hydrolysis,

Fig. 2 (A) Two-step in vitro biosynthesis of N7-functionalised Pse analo-
gues. (B) Reaction-scale screening of SNAc-N3 10 and SNAc-Alk 11 shows
that only 11 can be used as a co-factor prosthesis with PseH, facilitating
the biosynthesis of Pse5Ac7N3 12 with PseBCHGI in two steps. (C)
Pse5Ac7N3 12 conversion to CMP-Pse5Ac7N3 14 by A. caviae PseF, as
validated by negative ESI-LC-MS. Base peak chromatogram (BPC) shown in
black. Extracted ion chromatogram (EIC) for CMP-Pse5Ac7N3 14 [M� H]�m/z
679 shown in blue.
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in a proof of concept experiment we opted to use Pse5Ac7N3 12
in a one-pot reaction with both PseF and a sialyltransferase
with PseT activity.

We selected the promiscuous inverting sialyltransferase
(SiaT) from Pasteurella multocida, tPm0188Ph for this experi-
ment, as it was previously shown to convert aCMP-Pse5Ac7Ac 7
to b2,3-linked Pse5Ac7Ac-terminated glycosides.24 Therefore,
Pse5Ac7N3 12 (1 mM) was first incubated with A. caviae PseF
to allow the formation of aCMP-Pse5Ac7N3 14, as validated by
negative ESI-LC-MS (Fig. S7, ESI†), before the addition of SiaT
tPm0188Ph and LacNAc to drive the formation of the antici-
pated product, Pse5Ac7N3-LacNAc 15. However, after 18 h, no
evidence of the desired product 15 ([M � H]� m/z 738) was
observed (Fig. S8, ESI†), suggesting that either the SiaT
tPm0188Ph could not use 14 as a substrate, or that the low-
level formation of the Pse5Ac7N3-LacNAc 15 product could not
be detected under the conditions of the reaction. To enable
detection of low-level PseT activity we therefore used the azide-
functionality in the Pse5Ac7N3 moiety to label the reaction
products with an alkyne functionalised fluorescent sulfo-
cyanine 3 probe 16 using a copper-catalysed alkyne–azide
cycloaddition (CuAAC) reaction. We anticipated that bioconju-
gation to 16 would facilitate the detection of our reaction
products by both LC-MS and absorbance at 545–565 nm. Fol-
lowing analysis of the reactions by negative ESI-LC-MS, we
observed a clear peak in the UV/Vis chromatogram with a
retention time of 7.25 min, that was not present in the no SiaT
and no LacNAc control reactions (Fig. 3 and Fig. S9, ESI†).
Additionally, the average mass spectrum under the peak
showed an ion at m/z 1406.56, which is consistent with the

expected [M � H]� for the sulfo-Cy3-conjugated Pse5Ac7
N3-LacNAc product 17 at 1407.5 Da. These results demonstrate
that sulfo-Cy3 labelling of Pse5Ac7N3-LacNAc 15 also aids the
detection of the glycoside by negative ion LC-MS, showcasing
the potential of Pse5Ac7N3 12 as a probe to screen for PseT
activity.

In summary, we have shown that the truncated thioester SNAc
9 can serve as a co-factor for PseH in our reconstituted Pse
biosynthetic pathway, enabling the facile, one-pot synthesis of
Pse5Ac7Ac 1. Additionally, we have demonstrated that SNAc-N3 9
can be used in an in vitro co-factor prosthesis strategy with PseH,
enabling N7-azide functionality to be smuggled into the Pse
backbone. In contrast, SNAc-Alk 11 was not a suitable PseH
substrate and therefore could not facilitate the introduction
of alkyne functionality into Pse. Grimes and colleagues previously
demonstrated the introduction of alkyne functionality into
N-acetylglucosamine in peptidoglycan using an elongated
alkyne-functionalised SNAc.22 It is therefore possible that similar
use of a more conformationally flexible SNAc-Alk probe might
enable turnover by PseH and subsequently facilitate the introduc-
tion of an alkyne functionality into the Pse backbone. Finally, we
demonstrated the utility of Pse5Ac7N3 12, in combination with A.
caviae PseF activation, as a bioorthogonal reporter of PseT activity.
We therefore anticipate this methodology will facilitate the dis-
covery and validation of new bona fide PseTs.

TK, HC, MB, EF, NY, NH and MW performed the experi-
ments and analysed the data. MAF designed the study and
supervised the project. TK, HC and MAF wrote the manuscript.

We thank Dr Ed Bergstrom and The York Centre of Excel-
lence in Mass Spectrometry. The York Centre of Excellence in

Fig. 3 Strategy for using Pse5Ac7N3 12 as a bioorthogonal reporter for PseT activity. Overlayed 545–565 nm chromatogram shows a peak eluting at
7.25 min in the reaction (black) that is absent from control reactions (red and blue). The mass spectrum under the peak shows an ion at the expected mass of
the sulfo-Cy3-conjugated Pse5Ac7N3 -LacNAc 17 [M � H]� m/z 1406.5. Full chromatogram shown in Fig. S10 (ESI†). Note that the regio and stereochemistry
of the glycosidic linkage to Pse5Ac7Az in trisaccharide 15 are omitted as they cannot be unambiguously assigned without full NMR characterisation, although
sialyltransferase tPm0188Ph was previously demonstrated to afford Pse-b2,3-Gal linkages using aCMP-Pse5Ac7Ac as a donor.24
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