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SUMMARY

Pseudaminic acid is a non-mammalian sugar found in the surface glycoconjugates of many bacteria,
including several human pathogens, and is a virulence factor thought to facilitate immune evasion. The final
step in the biosynthesis of the nucleotide activated form of the sugar, CMP-Pse5Ac7Ac is performed by a
CMP-Pse5Ac7Ac synthetase (PseF). Here we present the biochemical and structural characterization of
PseF from Aeromonas caviae (AcPseF), with AcPseF displaying metal-dependent activity over a broad pH
and temperature range. Upon binding to CMP-Pse5Ac7Ac, AcPseF undergoes dynamic movements akin
to other CMP-ulosonic acid synthetases. The enzyme clearly discriminates Pse5Ac7Ac from other ulosonic
acids, through active site interactions with side-chain functional groups and by positioning the molecule in a
hydrophobic pocket. Finally, we show that AcPseF binds the CMP-Pse5Ac7Ac side chain in the lowest en-
ergy conformation, a trend that we observed in the structures of other enzymes of this class.

INTRODUCTION

5,7-Diacetyl pseudaminic acid (Pse5Ac7Ac, 1) and its analogs
are non-mammalian sugars found on the surface glycoconju-
gates of many bacteria, including several pathogenic species
on the WHO global priority pathogens list (Pseudomonas aerugi-
nosa, Acinetobacter baumannii, Campylobacter jejuni, and Heli-
cobacter pylori)."® As a key component of structural glycans
(lipopolysaccharide and capsular polysaccharide) and glycopro-
teins (flagellin and pilin), pseudaminic acid is an important viru-
lence factor and even required for the correct assembly of
flagella and motility in some species.”*'° Additionally, Pse gly-
cans have a proposed role in host immune evasion that is partic-
ularly intriguing as their structural similarity to abundant eukary-
otic sialic acids such as N-acetyl neuraminic acid Neu5Ac, 2
(Figure 1A) has been suggested to facilitate “molecular mimicry”
and dampening of the host immune response.’""'?

The biosynthesis of CMP-Pse5Ac7Ac 3, the glycosyl donor
substrate of Pse glycosyltransferases, is well understood in bac-
teria, beginning with UDP-N-acetylglucosamine (UDP-GIcNAc)
and proceeding through an efficient multi-enzyme pathway (Fig-
ure S9).*"31* The final step in the biosynthetic pathway involves
the nucleotide activation of Pse5Ac7Ac 1 by PseF, a CMP-

Pse5Ac7Ac synthetase (Figure 1B). PseF catalyzes the formation
of CMP-Pse5Ac7Ac 3 using cytidine triphosphate (CTP) as a
cofactor while releasing pyrophosphate as a by-product. In
C. jejuni, the psef gene is located in the flagellum glycosylation lo-
cus and psef defective strains were shown to be non-motile.'®
Similarly, in the opportunistic pathogen Aeromonas caviae, neuA
(which encodes AcPseF as referred to herein) forms part of a
Pse5Ac7Ac biosynthetic gene cluster (fim locus) located in a
genomic island encoding O-antigen biosynthesis and flagellin
glycosylation, with mutants defective in the gene displaying loss
of motility, flagella, and LPS O-antigen (Figure 1C)."®'” We previ-
ously demonstrated the in vitro activity of AcPseF as a synthetase
in the chemoenzymatic synthesis of CMP-Pse5Ac7Ac 3 and an
azide-functionalized analog,'®° and A. baumanii PseF (AbPseF)
was also recently demonstrated to be active on Pse5Ac7Ac, in
addition to formyl and hydroxybutyryl-functionalized analogs.?’
Yet, despite our increasing understanding of the activity of Pse
processing enzymes, very little is understood at the molecular
level about how Pse is recognized by macromolecules, with
currently no structures in complex with a Pse sugar in the PDB.
Akin to PseF, CMP sialic acid synthetases use CTP to activate
their substrates for subsequent use. Several crystal structures of
bacterial CMP-ulosonic synthetases have been published, such
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Figure 1. The biosynthesis of CMP-
PseS5Ac7Ac is mediated by a CMP-
Pse5Ac7Ac synthetase

(A) Structural comparison of PseS5Ac7Ac 1 and
Neu5Ac 2.

(B) Reaction mediated by NeuA, a CMP-Pse5Ac7Ac
synthetase to afford nucleotide donor o-CMP-
Pseb5Ac7Ac 3.

(C) Organization of the CMP-Pse5Ac7Ac biosyn-
thetic genes in A. caviae, adapted from Tabei et al.’”
rmiB, dTDP-D-glucose-4,6-dehydratase; flmA, de-
hydratase/epimerase; flmB, aminotransferase;
neuA, CMP-Pse5Ac7Ac synthetase; fimD, bifunc-
tional N-acetyltransferase and nucleotidase; neuB,
PsebAc7Ac synthetase; Isg, flippase; Ist, glycosyl-
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as the CMP-Neu5Ac synthetases from Neisseria meningitidis
(NmCSS) and Vibrio cholerae (VbCSS),?*** and the CMP-KDO
synthetase from Escherichia coli (EcCKS), which have facilitated
mechanistic studies of these enzymes.?>*® Overall, sialic acid
synthetases appear to have a conserved mechanism involving
an “open” and “closed” conformational transition, which occurs
upon binding of the CTP and sialic acid substrates in the active
site. Catalysis by these enzymes is dependent on two Mg®*
ions positioned by two active-site aspartic acid residues
(Asp209 and Asp211 in NmCSS) constituting the DXD motif,**
which appears to be critical for the correct positioning of the
CTP a-phosphate for activation. In CMP-Neu5Ac synthetases,
the Mg?* ions are also thought to co-ordinate to the C2-OH
group in Neu5Ac, facilitating deprotonation of this hydroxyl by
a general base hydroxide ion.>* A similar mechanism has been
proposed for CMP-Kdo synthetases.”’In silico study of the
H. pylori CMP-Pse5Ac7Ac synthetase (HpPseF) has predicted
the overall fold of the enzyme and putative active site residues,
based on published NmCSS structures,”® with the authors
postulating the enzyme may follow a similar catalytic mechanism
to other CMP-sialic acid synthetases.

Herein we report the biochemical characterization and struc-
tural analysis of the CMP-Pse5Ac7Ac synthetase from
A. caviae (AcPseF). Our structures in the ligand-free state (Apo)
and in complex with the product CMP-Pse5Ac7Ac 3 reveal
how this sugar interacts with this protein for the first time and
spotlight the importance of conformational changes in this
enzyme family. We highlight residues of likely importance for
recognition of Pse5Ac7Ac that may help to differentiate the
sugar from other nonulosonic acids. Finally, we show that the
Pse5Ac7Ac moiety adopts the low energy trans-gauche (tg)
side chain conformation around the C6-C7 bond, which could
have important implications for rational design of PseF inhibitors.

RESULTS

Biochemical and kinetic characterization of AcPseF

Recombinant AcPseF was produced in E. coli BL21 (DE3) and
purified to homogeneity. To investigate AcPseF as a bona fide
CMP-Pse5Ac7Ac synthetase, the activity of the enzyme toward
Pse5Ac7Ac 1, NeuSAc 2, NeubGc 4, and KDO 5 was determined
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in the presence of cofactor cytidine triphosphate (CTP) using
our previously established methodology.'® Following analysis
by negative high performance liquid chromatography electro-
spray ionisation mass spectrometry (ESI-LC-MS), we observed
full conversion of Pse5Ac7Ac 1 to CMP-Pse5Ac7Ac 3 (IM-H]™
m/z 638) after 30 min (Figures 2A and S2). No conversion of
Neu5Ac 2 or Neu5Gc 4 was observed (Figures S4 and S5), while
trace-level conversion of KDO 5 was observed in reactions with
140 uM AcPseF (Figure S3). Overall, our results suggest that
AcPseF is indeed a dedicated CMP-Pse5Ac7Ac synthetase.

To determine the conditions for optimal AcPseF activity, the
effects of temperature, pH, and metal ions were investigated.
The optimum temperature was found to be 45°C, while the
enzyme displayed high activity between 4°C and 45°C, which
rapidly declined at higher temperatures (Figure 2B). AcPseF ex-
hibited activity over a broad pH range, with >80% relative activity
observed in the pH range 5-10 and the highest activity observed
at pH 8 (Figure 2C). AcPseF displayed metal-dependent activity,
with the highest activity in the presence of Mg?*, Mn?*, and Zn?*.
Activity observed in the absence of divalent cation was consis-
tent with preloading of the enzyme active site, most likely with
Mg?* which we found to be required for enzyme stability and
was therefore added to the protein purification buffers. Overall,
AcPseF displays high activity over a broad pH and temperature
range, which could make the enzyme an attractive target for
future application in the enzymatic synthesis of carbohydrates
using multi-enzyme systems.

Employing conditions within the optimum activity range for
AcPseF (pH 7.4, 37°C, 5 mM MgCl,), the apparent Michaelis-
Menten kinetic parameters were then determined for
Pse5Ac7Ac 1 and CTP. A discontinuous kinetic assay was per-
formed where CMP-Pse5Ac7Ac 3 product formation was quan-
tified over a 10 min time course, following separation of the reac-
tion products by high-performance liquid chromatography
(HPLC) and monitoring the absorbance at 270 nm. First, enzyme
titration curves were prepared by incubating a fixed concentra-
tion of substrate with increasing concentrations of AcPseF, to
estimate the concentration of enzyme required to observe the
reaction during initial velocity after 10 min (Figure S8). Kinetic
parameters were then measured under pseudo first order condi-
tions, in which one substrate was held at a constant
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Figure 2. Substrate specificity and biochemical characterization of AcPseF

(A) Activity of AcPseF toward various sialic acids.

(B) Temperature-dependent activity profile.

(C) pH-dependent activity profile.

(D) Divalent cation screen. Error bars represent the SEM of three replicates.

concentration while the other substrate concentration was var-
ied (Figure 3; Table 1). At constant CTP, the apparent kinetic pa-
rameters for Pse5Ac7Ac 1 were kgt = 4.308 s, Kwv =0.895 mM,
and keat/Ky = 5.210 s™' mM~". At variable CTP, the Michaelis-
Menten parameters at constant concentration of Pse5Ac7Ac 1
were Kear = 4.891 577, Ky = 0.586 mM, and Kea/Ky = 8.350 s~
mM~". Overall, the AcPseF kinetic parameters for Pse5Ac7Ac
1 are strikingly similar to those previously reported for AbPseF
(Keat = 3.690 s, Ky = 0.783 mM, and kga/Ky = 4.712 s~
mM~") a homolog from A. baumannii that shares ~61% amino
acid sequence similarity (Figure S10),%" but notably the overall
catalytic efficiency is ~5- to 20-fold less efficient than bacterial
CMP-Neu5Ac synthetases.?®

Overall structure of AcPseF

AcPseF was crystallized in the absence of any substrate and in
complex with the product CMP-Pse5Ac7Ac 1, with each struc-
ture determined to 1.9 A and 1.5 A, respectively (Table 2). Apo
AcPseF crystallized with a single protomer in the asymmetric
unit and the continuous polypeptide could be modeled from res-
idues 13 to 246, though there were some regions for which the
electron density was less well defined as a likely result of local

flexibility in the protein. The PseF homodimer was formed across
the crystallographic 2-fold axis (Figures 4A and S11) consistent
with previous findings that the enzyme forms a dimer in solu-
tion'® and confirmed using PDB ePISA®® analysis revealing a
buried surface area of 3380 A2, Each protomer consists of two
domains; a nucleotide binding domain (His20 - Thr157,
His195 — Arg248) and a dimerization domain (Arg158 — Tyr194),
with dimerization mediated by domain swapping analogous to
what has been observed with CMP-Neu5Ac synthetases.*
The CMP-PsebAc7Ac:PseF complex crystallized differently
with a dimer in the asymmetric unit. Again, there was some flex-
ibility evident in the model and Asp231 in chain A and residues
227-229 in chain B were omitted from the final model due to a
lack of electron density. These regions contain the DXD motif
that has been implicated in metal binding in related enzymes
(discussed in more detail later). This structure confirmed that
upon binding of CMP-Pse5Ac7Ac 3, PseF adopts a more
“closed” conformation around the ligand as revealed by com-
parisons against the apo structure (Figures 4A and S12). Subtle
conformational changes occur in the enzyme, particularly in flex-
ible regions consisting of residues Arg29 - Arg37, Arg89 -
Thr100, and lle214 — Thr219 contained within the nucleotide

A 0.0005- B 0.0003 Figure 3. Michaelis-Menten plots of reaction
rates measured for AcPseF
0.0004- Plots with varying concentrations of Pse5Ac7Ac 1
— ~  0.0002+ (A) and CTP (B), respectively, are shown. Error bars
§ 0.0003- § represent SEM of triplicate (3 independent experi-
§ 0.00024 f— ments, n = 3) or quadruplet (2 independent exper-
0.0001+ iments with 2 technical replicates, n = 4) samples.
0.0001+
0.0000 T T I r . 0.0000 T . r r .
0.0 0.5 1.0 1.5 2.0 25 0.0 0.5 1.0 1.5 2.0 25

[Pse5Ac7Ac] mM [CTP] mM
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Table 1. Michaelis-Menten kinetic parameters for AcPseF

Variable substrate Km (MM) Keat (577 KeaKm (87" mM ™)
Pse5Ac7Ac 0.895 + 0.215 4.308 + 0.550 5.210
CTP 0.586 + 0.126 4.891 + 0.443 8.350

binding domain, and lle163 — Glu191 encompassing the dimer-
ization domain. This also revealed an asymmetry between the
two protomers within our CMP-Pse5Ac7Ac:PseF complex struc-
ture, with chains A and B adopting slightly different conforma-
tions. This is most obvious by superposing the chains on top
of each other (Figure 4B, root-mean-square deviation [RMSD]
of chain A vs. chain B = 0.85 /O-\), with the major difference be-
tween the chains located in a flexible region harboring the
conserved Lys33 (discussed in more detail with reference to
the active site later).

The open vs. closed conformations observed in our structures
echo similar movements that have been observed in NmCSS,**
but with some differences evident as well. In NmCSS, structures
of the Apoenzyme and complexes with CTP and the CMP-
Neu5Ac product all adopted the open conformation whereas
our product complex appears to be more closed. This is most
obvious when we superpose the individual chains of our CMP-
Pse5Ac7Ac:PseF complex onto chain A of the Apo and CMP-
Neu5Ac complex structures of NmCSS where we can observe
that the nucleotide domains superpose relatively well, but the

positioning of the loop from the opposing dimer (not used in
the superposition) is significantly different (Figure S13A). In
NmCSS, the only time a closed state could be observed was
when the protein was co-crystallized with CMP (resulting from
the hydrolysis of CTP) and an inhibitor Neu5Ac2en.>* Superposi-
tions of the individual chains of our CMP-Pse5Ac7Ac:PseF
complex with chain A of the CMP-Neu5Ac2en:NmCSS complex
reveals the closest overall structural match with the loop reach-
ing over from the opposing dimer now matching more closely be-
tween the structures even though it was not included in the su-
perposition (Figure S13B). Our Pse5Ac7Ac ligand has thus
induced a closed conformation that the product did not appear
to doin NmCSS. This analysis highlights that there are significant
dynamic movements of these proteins during catalysis, and
those observed in other family members are likely recapitulated
in AcPseF. The conformations of chain A and B in our structure
also appear to be subtly different, particularly near the ribose
and phosphate moieties of the product that we will discuss in
more detail in the following. Given this analysis we consider
that the distinctions we observe between chains are not crystal

Table 2. Data collection and refinement statistics for Apo-PseF and CMP-Neu5Ac7ac-PseF

Apo-AcPseF CMP-Neu5Ac7Ac:PseF
Data collection
Space group P6522 P2,
Cell dimensions
a,b,c (A) 109.5, 109.5, 87.1 42.6,79.0, 74.0
o, B,y (°) 90.0, 90.0, 120.0 90.0, 92.5, 90.0

°

Resolution (A)

64.22-1.90 (1.94-1.90)"

42.57-1.50 (1.53-1.50)"

Rimerge 0.22 (4.415)* 0.044 (0.120)*
Roim 0.035 (0.683)" 0.028 (0.076)"
CC(1/2) 0.999 (0.917)* 0.997 (0.975)°
Mean(//sl) 14.8 (1.5) 15.0 (6.2
Completeness (%) 100 (100)* 99.7 (98.4)%
Multiplicity 40.0 (41.8)° 3.5 (3.5
Refinement
Resolution (A) 64.22-1.90 42.57-1.50
No. reflections (all/free) 24803/1187 78042/4148
Rwork/Riree 0.192/0.241 0.167/0.185
B-factors (Az)

Protein 43.9 16.8

Ligand N/A 12.5

Water 43.2 27.2
Root-mean-square deviations

Bond lengths (A) 0.0165 0.0107

Bond angles (°) 2174 1.729
PDB ID 9FTB 9FTC

#Values in parentheses are for highest-resolution shell.
PThese data diffracted beyond the limits of the detector.
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artifacts, but likely represent snapshots along the conformational
landscape that the protein adopts through catalysis that need to
be considered if using rational design to make inhibitors of these
enzymes.

AcPseF active site architecture
Close examination of the residues surrounding the CMP-
Pse5Ac7Ac product shows that the ligand sits in a large pocket
making both direct and water-mediated interactions with the
protein (Figures 5A and S14A). The asymmetry in the overall
structure of each protomer is also reflected in the interactions
observed between protein and ligand in each chain. Considering
the nucleotide portion of the product first there are relatively few
differences between the two active sites in our structures when it
comes to interactions with the cytosine ring. In chain A (Fig-
ure 5B) four hydrogen bonds (H-bonds) were observed between
active site residues and the cytosine moiety of the ligand; one
between Ala98 backbone carbonyl oxygen and the cytosine
4-NHy; two between Arg89 side chain amines and the cytosine
ring nitrogen, and keto substituents, respectively; and one be-
tween Arg29 main chain amine and the cytosine keto substitu-
ent. In chain B (Figure S14B) the H-bond between Arg29 and
the cytosine keto substituent is absent, which is reflective
of the slight difference in overall conformation of the chain.
Indeed, the electron density surrounding the cytosine ring in
chain B showed significantly more disorder in this region likely
reflecting the fact that this chain is more open and thus the ligand
has more freedom to move in the crystal (Figure S14A).
Examination of the ribose ring and phosphate of the nucleo-
tides revealed more obvious differences in active site architec-
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Figure 4. The crystal structures of AcPseF
and CMP-Pse5Ac7ac:AcPseF complex

(A) For the Apo structure (left), the dimer around
the 2-fold symmetry axis is shown with each pro-
tomer colored red and lilac. For the CMP-
Pseb5Ac7ac:AcPseF complex (right), a dimer was
modeled in the asymmetric unit that is shown with
chains A and B colored in red and lilac, respectively.
The ligand is shown as sticks colored by element
with carbons in peach.

(B) Superposition of Apo PseF (gray) with
CMP-Pse5Ac7Ac:PseF chain A (left - red, RMSD =
0.967 A; over 1,348 atoms) and chain B (middle —
lilac, RMSD = 0.824 A; over 1,418 atoms). Align-
ment of CMP-Pse5Ac7Ac bound AcPseF chain A
vs. chain B (right - RMSD = 0.435 A; over 1,354
atoms). The image below each respective align-
ment shows a close-up view on the nucleotide
binding domain, where differences are evident in
flexible loop regions surrounding the active site.

ture between protomers. In chain A (Fig-
ure 5C) the Asn39 side chain (ND2 and
OD1) H-bonds to the ribose 2’-OH and
3'-OH groups, while these H-bonds are
absent in chain B (Figure S14C) and
instead a network of water molecules
form compensatory H-bonds. Addition-
ally, the positively charged Lys33 side
chain amino group ion-pairs with the negatively charged phos-
phate in chain A, while in chain B the density for the Lys33 side
chain was absent and the main chain was more distant from
the ligand.

Finally, the Pse5Ac7Ac moiety is located in a largely hydro-
phobic pocket formed by residues Tyr126, Phe161, Leu184,
Tyr201, lle214, and Phe215 that surrounds the non-polar C5-
C9 regions of the sugar in both chains (Figures 5D and S14D).
This is not dissimilar to the CMP-Neu5Ac bound NmCSS struc-
ture in which hydrophobic residues surround the C5 N-acetyl
group of the sugar,® with mutational analysis demonstrating
they were crucial for NmCSS activity.®' There are additionally
some direct H-bonds between protein and ligand with differ-
ences evident once more between protomers. In the chain A
active site, direct H-bonds can be observed between the carbo-
hydrate and Lys33, Thr100, Tyr126, Asp196, and Tyr201, while
interactions are also formed with the loop that reaches over
from chain B making H-bonds with Arg165, Ser187, and the
main chain amide of Arg188. In chain B, the hydrophobic pocket
is largely identical but H-bonds to Lys33 and Thr100 have been
lost due to the difference in conformation of the chain. Interest-
ingly, the H-bonds to the residues that reach over from the other
protomer are still formed in this active site.

Following comparison against the AcPseF structure in the
absence of substrate, it is evident that the nucleotide binding
site is prepared for interacting with the cytosine moiety with
only small movements evident here upon closure. The conforma-
tional changes in the protein are thus mainly driven by polar inter-
actions with the phosphoribose moiety and Pse5Ac7Ac portions
of the substrate. The slightly different conformations of each

Structure 32, 2399-2409, December 5, 2024 2403
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chain appear to represent a more open (chain B) and closed
(chain A) conformation as reflected by the smaller number of
direct interactions between protein and ligand in the slightly
more open state. These differences may thus reflect the motions
that are required for product release following catalysis by this
enzyme.

AcPseF metal dependency

Our biochemical analysis clearly demonstrated that AcPseF activ-
ity is metal-dependent with Mg®* being the preferred metal
cofactor (Figure 2D). Though we included Mg?* in all of our sam-
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Figure 5. Active site view of CMP-Pse5Ac7Ac
bound in chain A of AcPseF

(A) The residues that bind to the product via either
sidechain or main chain interactions are shown as
sticks. Chain A and chain B are colored in red and
lilac, respectively. The inset shows the F,-F; omit
map for the CMP-Pse5Ac7Ac ligand contoured at
4.0%, with positive density in green and negative
density in red.

(B) Interactions with the nucleotide portion of the
ligand in chain A, with water molecules shown as
red spheres and hydrogen bonds as yellow dashes.
(C) Interactions with the Pse5Ac7Ac portion of the
ligand in the chain A active site.

(D) The hydrophobic pocket surrounding
PseS5Ac7Ac where all carbon atoms not bound to
nitrogen and oxygen atoms are highlighted in yel-
low.*® See Figure S14D for equivalent views for the
active site in chain B.

ples, we did not see any evidence of metals
being present in either of the Apo or
PsebAc7Ac:PseF structures. Indeed this is
a distinct difference to the structure of the
CMP-Neu5Ac:NmCSS in which a single
Ca?* ion coordinated by Asp209 and
Asp211 that constitute the DXD motif,
bridged the negative charges provided
by the phosphate group and the carbox-
ylate group of Neu5Ac.?* In chain A of our
CMP-Pse5Ac7Ac:PseF  structure  (the
more closed conformation), the Lys33
amino group takes up a position equivalent
to the Ca®* ion present in the CMP-
Neu5Ac:NmCSS structure (Figure 6A). As
a result, the DXD motif has moved away
from the active site and become disordered
due to its mobility in the crystal. Meanwhile,
in chain B, there were only water molecules
that hydrogen bonded to the phosphate
and carboxylate groups of the product (Fig-
ure 6B). Lys33 in this chain has moved away
from the active site and has also become
rather disordered such that we were unable
to model the sidechain of this residue into
any electron density (Figure S16). This
conformation is thus more open than that
observed in chain A.

The binding of metals has been studied extensively in NmCSS
and related ulosonic acid-synthetases with metals most
commonly observed in structures containing CTP or CDP.??2°
Indeed, in these structures the metals are coordinated by the
DXD motif but crucially interact with the - and y-phosphates
where they are thought to help position them appropriately for
catalysis. Mutations in Asp209 and Asp211 constituting the
DXD motif in NmCSS have previously been shown to reduce
enzymatic activity intimating their importance for catalysis. This
effect was partially rescued by increasing the amount of Mg?*
in the reaction that presumably allowed correct positioning of
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substrates without the coordinating aspartic acid residues being

present.®’ The prevailing thinking in the field is, therefore, that the

metals are most important before and during catalysis and likely
leave with the pyrophosphate group post reaction.?* While we
were unable to capture a precatalytic state of AcPseF with
CTP bound, our results align well with this dogma. The confor-
mations we observed with the DXD containing loop moved out
and the distinct positioning of Lys33 in the two chains in the
dimer may represent distinct post-catalytic states that the
enzyme can adopt to assist with the leaving of the pyrophos-
phate and metal ions before further opening of the structure al-
lows the release of the CMP-Pse5Ac7Ac product.

Features determining specificity to Pse5Ac7Ac

Our analysis highlights significant commonalities, as well as
some interesting differences, between the molecular motions
present in our structures as compared to those that have been
observed in CSS and CKS enzymes previously.>*2® Considering
that our biochemical analysis revealed that AcPseF is specific for
Pse5Ac7Ac and will not accept other nonulosonic acids like
Neu5Ac as a substrate, we were also interested in how the
enzyme might discriminate between sugars. PseSAc7Ac and
Neu5Ac differ structurally in several ways, notably (1) the in-
verted stereochemistry of the C5 N-acetyl group, (2) the side
chain PsebAc7Ac contains a C7 N-acetyl group, where
Neu5Ac contains an OH group with the inverted stereochemis-
try, (3) inverted stereochemistry of the C8-OH groups, and (4)
Pse5Ac7Ac side chain terminates with the C9-CHs; while
Neu5Ac has an extended side chain that terminates with a pri-
mary alcohol. The inverted stereochemistry of the C5 N-acetyl
in Neu5Ac is unlikely to be responsible for the lack of AcPseF ac-
tivity toward the substrate, as it could potentially be accommo-
dated in space taken up by the C7 N-acetyl of Pse5Ac7Ac 1,
which is absent in NeuSAc (Figures 7 and S15). If the stereo-
chemistry of Pse5Ac7Ac at the C5 N-acetyl were inverted, this
would result in a clash with the C7 N-acetyl. Instead AcPseF
recognition of Pse5Ac7Ac appears to be primarily through the
side chain of the sugar, with crucial interactions made between
Arg165 and both the C7 N-acetyl and C8-OH groups, respec-
tively (Figures 7A and S15A). These interactions could not be
made with Neu5Ac that has an inverted C7-OH instead of the
N-acetyl and inverted stereochemistry of the C8-OH. In contrast,
NmMCSS recognition of Neu5Ac 2 appears to be mainly through
Lys142 that interacts with C7-OH and C5-N-acetyl (Figures 7B
and 7C). Considering the extended C9 primary alcohol contain-
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Figure 6. Metal binding site in AcPseF
compared to NmCSS
Comparison of (A) chain A (red) and (B) chain B (lilac)
from our CMP-Pse5Ac7Ac structure against CMP-
Neu5Ac:NmCSS (gold) around the NmCSS Ca?*
binding site. The position of the DXD motif (residues
= 209-211) from NmCSS is shown with residues
represented by sticks with equivalent residues from
PseF also shown where possible. The position of
Lys33 and the equivalent sidechain from NmCSS is
also shown as sticks. Coordination around the Ca*
is shown as dashed lines with relevant water mol-
ecules shown that bridge to the aspartates of the
DXD motif. Water molecules from our PseF struc-
ture have not been included for clarity.

ing side chain of Neu5Ac, we would anticipate this to clash with
AcPseF Phe161, suggesting that the active site is not large
enough to accommodate the sugar and potentially explaining
the lack of activity toward it in our biochemical studies
(Figure 2A).

The active site surrounding the C5 and C7 N-acetyl groups
(Figure 5A) is spacious which may shed light on why AcPseF is
able to use N7-azide functionalized Pse5Ac7Ac substrates
and, the related enzyme AbPseF, can use Pse5Ac7Ac analogs
modified with bulky hydroxybutyryl groups at the N5 and N7 po-
sitions.?®?" Nearly all of the Pse5Ac7Ac binding residues in the
AcPseF active site are conserved in AbPseF (Figure S11), sug-
gesting that AbPseF might have a similarly spacious active site
region around the N-acetyl groups, a pocket that may represent
fertile ground for the design of specific inhibitors of PseF.

Pseudaminic acid adopts the low energy tg
conformation

Glycosyl donor reactivity is influenced by the carbohydrate side
chain conformation: gauche gauche (99), gauche, trans (gt), or
trans, gauche (tg); and these can affect both the stereoselectiv-
ity®? and rate of glycosidic bond formation and hydrolysis.**~*°
Crich and co-workers, who have extensively studied nonulo-
sonic acid side chain conformation, established that in solution
the Pse5Ac7Ac side-chain adopts the predicted lowest energy
tg conformation around the exocyclic C6-C7 bond, consistent
with experimental Pse5Ac7Ac 3JHBW coupling constants of
10.5 Hz,*° in contrast to the lowest energy gg conformation
exclusively adopted by Neu5Ac in solution.*?*>*” Through a sur-
vey of >300 crystal structures in complex with glycosides, Crich
and co-workers also established that enzymes that proceed
through oxocarbenium ion formation, such as glycosyl hydro-
lases and transferases, display a preference for a specific side
chain conformation.®® This is generally a conformation best
able to additionally stabilize the transition state en route to oxo-
carbenium ion formation, which for pyranoses is often a higher
energy rather than a lower energy conformation. Importantly,
knowledge of these preferences has been successfully exploited
in the design of more effective conformationally restricted
enzyme inhibitors.>*>*" For nonulosonic acid processing en-
zymes the situation may be more complicated, however, with
neuraminidases exclusively binding the gg conformer that is
both the lowest energy in solution and best able to facilitate ox-
ocarbenium ion formation through electrostatic interactions.
This preference could therefore reinforce Crich’s side chain
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Figure 7. Carbohydrate binding in the Ac-
PseF and NmCSS active sites

Equivalent active site views showing residues in
closest proximity to the carbohydrate moiety in (A)
CMP-Pse5A7Ac:AcPseF, (B) CMP-Neu5Ac:NmCSS,
and (C) CMP-Neu5Ac2en:NmCSS. In all panels,
amino acid residues and ligands are shown as sticks
with carbon atoms colored by chain using the same
color schemes used in earlier figures. The dots show
the van der Waal’s radius of the atoms present in the
residues that are shown and yellow dashes denote

hydrogen bonds between the protein and ligand. Any waters and metal ions have been omitted for clarity. (A) Shows only the active site in chain A of our CMP-
Pse5A7Ac:AcPseF structure, the equivalent comparison for chain B is shown in Figure S15.

transition state stabilization hypothesis, or simply reflect a pref-
erence to bind sialic acids in their most solution abundant, lowest
energy conformation, as lectins have seemingly evolved to do.*?
Analogously, we observe that the side chain conformation of
CMP-Pse5Ac7Ac, in our ligand bound AcPseF structure, adopts
the lowest energy tg conformation (Figure 8A), while the CMP-
Neu5Ac side chain in both the ligand bound NmCSS (Figure 8B,
PDB: 6CKM and 6CKL)>* and murine CSS structures (1QWJ) is
also orientated in the lowest energy gg conformation,*® and
CMP-Kdo also adopts its predicted lowest energy tg side chain
conformation in the active site of EcCKS (PDB: 3KED).*
Although a small sample size, these observations might suggest
that akin to lectins,*> CMP-ulosonic acid synthetases have also
evolved to bind the lowest energy conformations of their sub-
strates in solution. As oxocarbenium ion formation is not involved
in the proposed synthetase mechanism?®* it could be argued that

A

there is seemingly little benefit to adopting a higher energy side
chain conformation to gain additional transition state stabiliza-
tion of this oxocarbenium ion.

DISCUSSION

Significant advances have been made in understanding
the biosynthesis of Pse5Ac7Ac 1 and Pse processing en-
zymes,'®'%%5 yet molecular level insights into how the sugar is
recognized by macromolecules have remained elusive. Having
previously established in vitro activity of AcPseF,'®'® a CMP-
pseudaminic acid synthetase from A. caviae, we elected to
structurally characterize the enzyme with a view to revealing
novel insights into how a protein interacts with Pse5Ac7Ac 1.
We have demonstrated that AcPseF is a bona fide CMP-
Pse5Ac7Ac synthetase, which displays metal-dependent

- OH
~r H o COOH
o)
HO
0 YNH
tg 2C, chair

Figure 8. Side chain conformations of Pse5Ac7Ac and Neu5Ac

OH
HO OH
R
5 OHHO
gg 2C, chair

AcPseF shown in (A) and NmCSS (6CKM) shown in (B). Again, color schemes are retained from earlier figures.

2406 Structure 32, 2399-2409, December 5, 2024



Structure

activity over a broad pH and temperature range. Our structural
data suggest that AcPseF undergoes dynamic movements
upon CMP-Pse5Ac7Ac binding, strongly reminiscent of other
CMP-ulosonic acid synthetases. Active site “closure” appears
to be driven by polar interactions with the phosphoribose moiety
and Pse5Ac7Ac portions of the substrate. The AcPseF active site
is conveniently structured to recognize and accommodate the
side chain of Pse5Ac7Ac, both through direct interactions with
side-chain functional groups and by positioning of the molecule
in a hydrophobic pocket. While demonstrating a clear propensity
to discriminate Pse5Ac7Ac from other ulosonic acids, the
considerable space surrounding the C5- and C7-N-acetyl
groups suggests that the enzyme may tolerate Pse analogs de-
rivatized at these positions. Finally, we show that AcPseF binds
the CMP-Pse5Ac7Ac side chain in its lowest energy conforma-
tion, a trend that we observed in the structures of other enzymes
of this class. Taken together, this work provides valuable insight
into the recognition and binding of Pse5Ac7Ac by AcPseF, which
could not have been gained purely through in silico study of the
enzyme. We anticipate that our structure may inform the design
of novel chemical tools or even antimicrobial inhibitors.
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Chemicals, peptides, and recombinant proteins

AcPseF This paper GenBank: WP_139737850.1
Psel This paper N/A

6-deoxy-AltdiNAc S8 This paper N/A

Pse5Ac7Ac 1 This paper N/A

CMP-Pse5Ac7Ac 3 This paper N/A

N-Acetylneuraminic acid 2 Carbosynth Cat# MA00746
N-Glycolylneuraminic acid 4 Carbosynth Cat# MG05324

3-Deoxy-D-manno-2-octulosonic acid
ammonium 5

Cytidine triphosphate disodium salt Merck Cat# C1506
Deposited data

Carbosynth Cat# MD04654

AcPseF (Apo structure) This paper PDB:9FTB
AcPseF (CMP-Pse5Ac7Ac complex) This paper PDB:9FTC
Recombinant DNA

AcPseF_pET28a Dr Jonathan Shaw, University N/A

of Sheffield. Unpublished.

Software and algorithms

GraphPad Prism v. 9.5.1

GraphPad Software Inc.

https://www.graphpad.com/

DIALS Waterman et al., 2016.%” https://dials.github.io/

CCP4 suite Potterton et al., 2018.%° http://www.ccp4.ac.uk/

Coot Emsley et al., 2010.%° https://www?2.mrc-Imb.cam.ac.uk/
personal/pemsley/coot/

AIMLESS Evans and Murshudov, 2013.%% https://www.ccp4.ac.uk/

MOLREP Vagin and Teplyakov, 1997.%° https://www.ccp4.ac.uk/

BUCANEER Cowtan, 2006.°* https://www.ccp4.ac.uk/

REFMAC5 Murshudov et al., 2011.%° https://www.ccp4.ac.uk/

Alphafold Varadi et al. 2022.°" https://alphafold.ebi.ac.uk/

Chemdraw 22.2 Revvity Signals https://revvitysignals.com/products/

research/chemdraw

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Bacterial strains

For protein expression, commercially available chemically competent E. coli BL21(DE3) cells (fhuA2 [lon] ompT gal (A DE3) [dcm]
4hsdS A DE3 = A sBamHlo AEcoRI-B int::(lacl::PlacUV5::T7 genel) i21 4nin5) were used (NEB, C2527H). The bacterial cells were
grown on LB agar at 37°C or in liquid LB medium at 37°C with shaking at 180 rpm, unless otherwise stated.

METHOD DETAILS

General methods

All commercially available reagents were used as received and were supplied by Sigma-Aldrich, Fisher Scientific, VWR International,
Carbosynth and TCIl. NMR spectra were recorded on a Jeol ECX-400 (400 MHz) spectrometer. All chemical shifts are quoted on the
d scale in ppm using residual solvent as the internal standard. Coupling constants (J) are reported in Hz with the following splitting
abbreviations: s = singlet, d = doublet, t = triplet, q = quartet, m = multiplet, app = apparent, br = broad.
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Chemical and chemoenzymatic synthesis

The synthesis of 6-deoxy-AltdiNAc S8 has been reported previously '®; the methods and characterisation data have been reproduced
herein and detailed in Data S1. CMP-Pse5Ac7Ac 3 was prepared as previously described.'® The chemoenzymatic synthesis of
Pseb5Ac7Ac 1 is detailed in Data S1.

High performance liquid chromatography coupled to mass spectrometry (LC-MS)

High Performance Liquid Chromatography-Electrospray lonisation Mass Spectrometry (ESI-LC-MS) was accomplished using a Di-
onex UltiMate® 3000 LC system (ThermoScientific) equipped with an UltiMate® 3000 Diode Array Detector (probing 250-400 nm) in
line with a Bruker HCTultra ETD Il system (Bruker Daltonics), using Chromeleon® 6.80 SR12 software (ThermoScientific), Compass
1.3 for esquire HCT Build 581.3, esquireControl version 6.2, Build 62.24 software (Bruker Daltonics), and Bruker compass HyStar 3.2-
SR2, HyStar version 3.2, Build 44 software (Bruker Daltonics) at The University York Centre of Excellence in Mass Spectrometry
(CoEMS). All mass spectrometry was conducted in negative ion mode. Data analysis was performed using ESI Compass 1.3
DataAnalysis, Version 4.1 software (Bruker Daltonics). Samples were analysed on an Accucore HILIC column (2.6 um particle
size, 50 x 2.1 mm). Water, 0.1% formic acid by volume (solvent A), and acetonitrile, 0.1 % formic acid (solvent B) were used as
the mobile phase at a flow rate of 0.3 ml/min at room temperature. A multi-step gradient of 15 min was programmed as follows:
95 % B for 1 min, followed by alinear gradient to 5 % B over 9.5 min, followed by 5 % B for an additional 0.5 min. Then a linear gradient
to 95 % B over 1 min, followed by holding at 95 % B for 3 min.

High performance liquid chromatography (HPLC)

Analytical HPLC was performed using an XBRIDGE HILIC column (3.5um, 4.6 x 100 mm, Waters) on an Agilent 1260 Infinity Il Qua-
ternary System equipped with a 1260 Quaternary pump G7111B, 1260 Vial sampler, G7129A, multicolumn thermostat G7116A oven
and a 1260 multiwavelength detector G7165A. Solvent A: H20 + 100 mM Ammonium acetate pH 5.35, solvent B: MeCN. 70% B
ramping down to 65% B over 15 min, back up to 70% B over 0.5 min, hold at 70% B for 9.5 min. Flow rate: 0.25 mL/min, 40°C,
5 pL injection volume. UV absorbance monitored at 254 nm, 270 nm, 280 nm and 220 nm.

Psel protein production

Psel (WP_002870258.1) cloned into a pET15b expression vector (restriction enzymes Ndel and BamHI) was purchased from
GenScript and introduced into chemically competent E. coli BL21(DE3) cells by heatshock. A starter culture was prepared by picking
a single colony transformant into 50 mL of LB + ampicillin (100 ng/mL) and grown at 37°C with shaking (180 rpm, 16 h). The starter
culture was diluted 1/100 into 1 L of fresh LB + ampicillin (100 ng/mL) and grown until an ODggo of ~0.6 was reached. IPTG (final
concentration of 0.5 mM) was added to induce recombinant protein expression and the cells were grown for 20 h at 37°C. Cells
were harvested by centrifugation (6000 X g, 20 min, 4°C) and the pellet stored at -80°C. For protein isolation, cell pellets were thawed
on ice and suspended in ice cold lysis buffer (50 mM HEPES buffer pH 7.5, 0.15 M NaCl, protease inhibitor, benzonase). Cells were
lysed on ice by sonication (30s on/30s off for 12 min) and the lysate was centrifuged (20000 x g, 50 min, 4°C). The supernatant was
purified using a HisTrap HP Ni?* affinity column, pre-equilibrated with binding buffer (50 mM HEPES buffer pH 7.5, 0.15 M NaCl,
20 mM Imidazole). Protein was eluted using elution buffer (50 mM HEPES buffer pH 7.5, 0.15 M NaCl, 500 mM Imidazole). Fractions
containing Psel (expected Mw. = 38.6 kDa) were pooled and desalted using a HiPrep™ 26/10 Desalting column (GE Healthcare) in
desalting buffer (50 mM HEPES buffer pH 7.5, 0.15 M NaCl).

AcPseF expression and purification

A plasmid encoding PseF (AcPseF_pET28a) from Aeromonas caviae (WP_139737850.1)'° was introduced into chemically competent
E. coli BL21(DE3) cells by heat shock and selected on LB agar with kanamycin (50 ng/mL) at 37°C for 16 h. Starter cultures were
prepared by picking single clones into LB with kanamycin (50 pg/mL) and grown at 37°C for 16 h with shaking (180 rpm). 10 mL
of starter culture was added to 1L of LB with kanamycin (50 pg/mL) and grown to an ODeco of 0.6 — 0.7 at 37°C with shaking
(180 rpm). IPTG was added to a final concentration of 0.1 mM and the cultures were grown at 16°C for a further 20 h with shaking
(180 rpm). Cells were harvested by centrifugation (6000 x g, 4°C, 20 min) and the pellet was stored at -80°C until use. For protein
purification, cell pellets were thawed on ice and resuspended in lysis buffer (50 mM sodium phosphate buffer pH 7.4, 50 mM
NaCl, 1 mM MgCl,, benzonase (0.4U/mL) and 1 x protease inhibitor. The cells were lysed by sonication on ice and the lysate was
clarified by centrifugation (18 000 rpm, 4°C, 50 min). The lysate was loaded onto a 5 mL HisTrap FF column (GE Healthcare) pre-equil-
ibrated with binding buffer (50 mM sodium phosphate buffer pH 7.4, 400 mM NaCl, 1 mM MgCl,, 10 mM B-mercaptoethanol, 20 mM
Imidazole). After washing the column with 20 column volumes (CV) of binding buffer, recombinant AcPseF was eluted using a
0-100% gradient of elution buffer (50 mM sodium phosphate buffer pH 7.4, 400 mM NaCl, 1 mM MgCl,, 10 mM B-mercaptoethanol,
500 mM Imidazole). The protein was desalted and exchanged into desalting buffer (50 mM sodium phosphate buffer pH 7.4, 50 mM
NaCl, 1 mM MgCly) using a HiPrep™ 26/10 Desalting column (GE Healthcare). Further purification was carried out by using gel filtra-
tion chromatography (HiLoad 16/600 Superdex 200 pg) in desalting buffer. Purity was assessed by SDS-PAGE (Figure S1). AcPseF
was then concentrated using a spin concentrator (MWCO - 10 kDa) to approximately 20 mg/mL.
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Substrate specificity screening

Reactions were assembled on a 30 uL scale, containing 1 mM sugar (1-2, 4-5), 5 mM CTP, 5 mM MgCl,, 50 mM sodium phosphate
buffer pH 7.5 and AcPseF (0.4 mg/mL or 4 mg/mL). Alongside the test reactions, no enzyme and no sugar control reactions were
assembled. Reactions were incubated at 37°C for 30 min. Following incubation, reactions were diluted 1 in 3 in MeCN. Samples
were centrifuged at 13 000x g for 2 min, and the supernatant was analysed by HILIC negative ESI-LC-MS.

Temperature, pH and metal-ion screening

Preparation of a CMP-Pse5Ac7Ac 3 standard curve by LC-MS

A 10 mM stock of 3 (in dH,0) was diluted 1/10 in 60% v/v MeCN/dH,0 to prepare a 1 mM stock solution. A serial 2-fold dilution was
then performed with the 1 mM stock of 3 in 60% v/v MeCN/dH,0, to prepare a series of standards ranging from 1 mM to 3.9 uM.
(1, 0.5, 0.25, 0.125, 0.0625, 0.03125, 0.0156, 0.0078, 0.0039 mM). The standards were analysed by HILIC LC-MS and 3 was
monitored by measuring the UV absorbance at 280 nm. 3 typically eluted from the column at 5.6 min. In the UV traces, the peak
corresponding to 3 was integrated and the peak area was plotted as a function of concentration (mM) to produce a
CMP-Pse5Ac7Ac standard curve (Figure S6).

Temperature-dependant activity screen

Reactions on a 20 pL scale contained 1 mM Pse5Ac7Ac 1, 5 mM CTP, 5 mM MgCl,, 100 mM sodium phosphate buffer pH 7.5 and
AcPseF (0.4 mg/mL). Reactions were assembled in triplicate in PCR tubes, containing all components except for AcPseF enzyme.
Reactions were pre-incubated at the reaction temperature (4°C, 16°C, 22°C, 30°C, 37°C, 45°C, 55°C or 65°C) for 5 min, in a PCR
thermocyler. Following the addition of AcPseF, the reactions were incubated for a further 20 mins in a PCR thermocyler, at the desig-
nated reaction temperature. 40 ul of MeCN was added to stop the reactions. Samples were centrifuged at 13 000 x g for 2 min, and
the supernatant was analysed by HILIC negative ESI-LC-MS. In the UV-Vis 280 nm traces for each reaction, the peak corresponding
to CMP-Pse5Ac7Ac 3 was integrated and the concentration was determined from the standard curve (Figure S6).
pH-dependant activity profile

Reactions on a 20 pL scale contained 1 mM Pse5Ac7Ac 1,5 mM CTP, 5 mM MgCl,, 100 mM buffer (Glycine-HCI pH 2 Glycine-HCI pH
3, NaOAc pH 4, NaOAc pH 5, NaOAc pH 6, Sodium phosphate pH 7, Tris-HCI pH 8, Glycine-OH pH 9, Glycine-OH pH 10, Glycine-OH
pH 11) and AcPseF (0.4 mg/mL). Reactions were assembled in triplicate in PCR tubes, containing all components except for AcPseF
enzyme. Reactions were pre-incubated at 37°C, for 5 min in a PCR thermocyler. Following the addition of AcPseF, the reactions were
incubated for a further 30 mins in a PCR thermocyler at 37°C. 40 pl of MeCN was added to stop the reactions. Samples were centri-
fuged at 13 000 x g for 2 min, and the supernatant was analysed by HILIC negative ESI-LC-MS. In the UV-Vis 280 nm traces for each
reaction, the peak corresponding to CMP-Pse5Ac7Ac 3 was integrated and the concentration was determined from the standard
curve (Figure S6).

Metal dependant activity

Reactions on a 30 pL scale contained 1 mM Pse5Ac7Ac 1, 5 mM CTP, 5 mM divalent cation, 50 mM sodium phosphate buffer pH 7.5
and AcPseF (0.4 mg/mL). Reactions were assembled in PCR tubes, containing all components except for AcPseF enzyme. Reactions
were pre-incubated at 37°C, for 5 min in a PCR thermocyler. Following the addition of AcPseF, the reactions were incubated for a
further 30 mins at 37°C. Samples were diluted in 60 uL of MeCN and centrifuged at 13 000 x g for 2 min, and the supernatant
was analysed by HILIC negative ESI-LC-MS. In the UV-Vis 280 nm traces for each reaction, the peak corresponding to
CMP-Pse5Ac7Ac 3 was integrated and the absolute concentration was determined from the standard curve (Figure S6).

Michaelis-Menten kinetic analysis

Standard curve

A 10 mM stock of CMP-Pse5Ac7Ac 3 (in dH,0) was diluted 1/10 in 50% v/v MeCN/dH,0 to prepare a 1 mM stock solution. A serial
2-fold dilution was performed with the 1 mM CMP-Pse5Ac7Ac 3 stock in 50% v/v MeCN/dH,0, to prepare a series of standards
ranging from 1 to 0.00098 mM. (1, 0.5, 0.25, 0.125, 0.0625, 0.03125, 0.0156, 0.0078, 0.0039, 0.0019, 0.00098 mM). Standards
were analysed by HPLC and 3 was monitored by measuring the absorbance at 270 nm. CMP-Pse5Ac7Ac 3 retention time =
10.7 min. A calibration curve was generated by plotting the peak area as a function of concentration (Figure S7).

Enzyme titration curves to determine optimal enzyme concentration for kinetic experiments

A two-fold serial dilution of AcPseF was prepared in 50 mM sodium phosphate pH 7.4, 50 mM NaCl buffer to afford enzyme stocks at
the following concentrations: 0.136, 0.271, 0.543, 1.086. 2.172, 4.344, 8.688, 17.375 and 34.750 uM. Reactions were assembled in
50 mM sodium phosphate buffer pH 7.4 containing 5 mM MgCl, and either 1 mM Pse5Ac7Ac 1 and 2.5 mM CTP (a representative
example of Pse5Ac7Ac kinetic conditions) or 4 mM Pse5Ac7Ac and 0.8 mM CTP (a representative example of CTP kinetic conditions)
in a reaction volume of 24 pL. Following pre-incubation of the reaction mixture at 37°C for 5 min, 6 uL of AcPseF stock solution (final
concentration 0.027 — 6.95 uM) was added and the reactions were incubated for 10 min at 37°C. Reactions were quenched with
acetonitrile (30 L), incubated on ice for 5 min and centrifuged (13 000 x g, 5 min, 4°C). The supernatant was analysed by HPLC
monitoring the absorbance at 270 nm and conversion to product 3 was determined by using a calibration curve (Figure S7). Curves
of CMP-Pse5Ac7Ac (mM) against enzyme concentration were plotted (Figure S8). Initial velocity (i.e region of linearity in the curve)
was observed after 10 min at 0.027 — 0.207 pM AcPseF for the reaction with 1 mM Pse5Ac7Ac and 2.5 mM CTP, and 0.027 -0.108 uM
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AcPseF in reactions with 4 mM Pse5Ac7Ac and 0.8 mM CTP. Therefore, the concentration of AcPseF for the kinetic experiments was
set at 0.109 uM for Pse5Ac7Ac 1 (where CTP is held at 2.5 mM) kinetics and 0.054 uM for CTP (where Pse5Ac7Ac is held at 2.5 mM)
kinetics.

Michaelis-Menten kinetics experiments

Michaelis-Menten kinetic analyses were performed for PseSAc7Ac 1 and CTP under pseudo first-order conditions in which the con-
centration of one substrate was varied while the other was held constant, and vice versa. For the Pse5Ac7Ac 1 kinetics, reactions
were assembled in 50 mM sodium phosphate buffer pH 7.4 containing 5 mM MgCl,, 109 nM AcPseF, constant 2.5 mM CTP and
varying concentrations of Pse5Ac7Ac (0.05 -2 mM) in a final reaction volume of 100 uL. For the CTP kinetics, reactions were assem-
bled in 50 mM sodium phosphate buffer pH 7.4 containing 5 mM MgCl,, 54.5 nM AcPseF, constant 4 mM Pse5Ac7Ac 1 and varying
concentrations of CTP (0.05 — 2 mM) in a final reaction volume of 100 uL. All reaction components minus AcPseF were assembled &
pre-incubated at 37°C for 5 min. AcPseF was then added to the reaction, which was further incubated for 10 min. Samples (15 plL)
were taken over the time course (2.5, 5, 7.5 & 10 min) and quenched with acetonitrile (15 pL). After incubating on ice for 5 min, samples
were centrifuged (13 0000 x g, 5 min, 4°C) and the supernatant analysed by HPLC. The concentration of CMP-Pse5Ac7Ac 3 was
determined using a calibration curve (Figure S7) and plotted as a function of time to generate curves of initial velocity (v°). The
apparent kinetic parameters, kcat, Km, and kea/Km were calculated using the Prism 9 software package (GraphPad Scientific
Software).

X-ray Crystallography

Initial crystallisation conditions were identified using commercially available screens from Hampton in a 96-well sitting drop screening
format. The following provided crystals which led to the solving of the Apo structure. Screening hits were optimised in a 48-well sitting
drop format and optimal crystals were obtained at 20°C by mixing 0.5 L of a protein solution (22 mg/mL in 50 mM sodium phosphate
buffer pH 7.4, 50 mM NaCl, 1 mM MgCl,) with 0.5 uL of reservoir solution (1% w/v tryptone, 0.05 M HEPES sodium pH 6.5-8.0, 8 - 16
% w/v polyethylene glycol (PEG) 3350 and 0.001 M sodium azide) in plates containing 150 uL of reservoir solution per well. Crystals
were observed within 2 weeks. All crystals were fished via a cryoprotectant, which comprised of reservoir solution with 13% v/v glyc-
erol (75 uL of glycerol + 500 pL reservoir solution) into liquid nitrogen. Data were collected from AcPseF Apo crystals at beamline 103,
Diamond Light Source (Didcot, UK). The data were processed using DIALS and scaled using AIMLESS*"+*® before subsequent pro-
cessing was performed in the CCP4i2 suite of programs.*® The AcPseF Apo data were phased using molecular replacement in
MOLREP, using an Alphafold model for PseF from Campylobacter jejuni (Q2M5Q2) as a search model.*"

The CMP-Pse5Ac7Ac:PseF complex was prepared by mixing 20 mg/ml of purified AcPseF with a small volume of concentrated
CMP-Pse5Ac7Ac 3 to give a final concentration of 10 mM. Both the protein and ligand were prepared in the same buffer - 50 mM
sodium phosphate buffer pH 7.4, 50 mM NaCl, 1 mM MgCl,. Screening hits were optimised in 24-well plates via 2 uL hanging
drops which were prepared above a 500 plL reservoir solution. Crystals were obtained at 18°C by mixing equal volumes of protein
and reservoir solution containing 0.2 M sodium nitrate, 0.1 M Bis Tris propane pH 6.5, 15 - 25% w/v PEG 3350. Resulting crystals
were cryo-cooled in liquid nitrogen following a brief incubation in mother liquor containing 20% ethylene glycol. Diffraction data were
subsequently collected at Diamond Light Source, beamline 104. The autoprocessed data from Xia2/XDS were then scaled using
AIMLESS and all subsequent data processing performed in the CCP4i2 suite of programmes. The CMP-Pse5Ac7Ac:PseF structure
was then solved using molecular replacement with PHASER, starting from a truncated model of our Apo AcPseF structure encom-
passing the nucleotide binding domain (residues 13 — 157 and 195 — 246). This model was extended using BUCANEER before further
iterative cycles of manual model building and refinement which were performed in COOT and REFMACS respectively for both the Apo
and CMP-Pse7Ac5Ac structures.®”>* Data collection and refinement statistics are reported in Table 2.

QUANTIFICATION AND STATISTICAL ANALYSIS
Data collection and refinement statistics for all structures described in this work are available in Table 2, as well as the specific PDB
entries for each dataset. Kinetic experiments were carried out in triplicate (3 independent experiments, n=3) or quadruplet (2 inde-

pendent experiments with 2 technical replicates, n=4) and data fitting and statistical analysis was performed using GraphPad Prism
version 7.05. Error bars representing standard error of the mean (SEM) are shown on the Michaelis Menten kinetic curves.
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